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INTRODUCTION

The Ul,d Nations Conference on New Sources
of Energy ,.{S held in Rome from 21 to 31 August
1961. A br f review of the proceedings, of the papers
submitted :0 the Conference and of the related
discussior: has been printed in New Sources oj
Energy n,! Energy Development: Report on the
UnitedNo ',ms Conjerence on New Sources oj Energy»
That pub. ation also contains the agenda and the
lists of pa' : icipants and conference officers, as well as
lists of all ;'he Papers and reports:

The Pr.. oedings of the Conference comprise seven
volumes, ',' follows:

Volum.: !, General sessions.
VoluIT1\ ), Geothermal energy: L
Volurn .:. Geothermal energy: H.
Volurr',. Solar energy: L
Volun. ,l. Solar energy: H.
VolUlrL Solar energy: HI.
Volun: "1. Wind power.

.The pI ".::nt volume, "Solar energy: IH", contains
the pap,,; and reports relating to the following
agenda i;;'ms : IH.D. Use of solar energy for cooling
purposes TILE. Use of solar energy for production
of fresh rvater ; HLF. Use of solar energy for high
temperaj::re processing (solar furnaces).

The rapporteurs' general reports and their sum
mations of the proceedings in connexion with each

1 United Nations publication, Sales No.: 62.1.21.

agenda item are given in full in both English and
French, as are those individual papers that were
submitted to the Conference in both languages.
With a few exceptions, all the papers are summarized
in both English and French.

Within each agenda item, the papers are printed
in the alphabetical order of the authors' names.
References supplied by the authors are listed after
the text. As a rule, they are numbered consecutively
throughout each paper and are indicated by arabic
figures in parentheses.

The reports and papers are printed in the form
in which they were presented to the Conference,
and the affiliations of the participants are those in
effect at that time. Corrections to the papers have
been incorporated; some of the figures have been
rearranged; and minor editorial changes have been
made. .

The views and opinions expressed are those of the
individual authors and do not imply the expression
of any opinion on the part of the Secretariat of the
United Nations.

The symbols appearing after the titles of the papers
and reports, and in references to them in the text,
correspond to the symbols under which they were
presented at the Conference. They have been here
abbreviated by the elimination of the prefix "El
CONF.35j", which should be iricluded in all full
references.

INTRODUCTION

La Conference des Nations Unies sur les sources
nouvelles d'energie s'est tenue a Rome du 21 au
31 aout 1961. Le document intitule Sources nouvelles
d'energie et production d'energie : Rapport sur les
travaux de la Conference des Nations Unies sur les
sources nouvelles d'energie 1 donne un apercu des
travaux des memoires soumis a la Conference et
des deb~ts dont ceux-ci ont fait 1'objet. Il contient
en outre l'ordre du jour la liste des membres du
Bureau et des autres per~onnes ayant pris p~rt ~ la
Conference, ainsi qu'une liste de tous les memoires
et rapports presentee.

Les Actes officiels de la Conference comprennent
les sept volumes suivants :

Volume 1. Sessions generales.

1 Publication des Nations Unies, numero de vente : 62.1.21.
Hi

.. Volume 2. Energie geothermique : I.
"Volume 3. Energie geothermique : H.

Volume 4. Energie solaire : L
Volume 5. Energie solaire : H.
Volume 6. Energie solaire : Ill.
Volume 7. Energie eolienne.
Le present volume, « Energie solaire : IH », groupe

les memoires et rapports ayant trait aux points
suivants de 1'ordre du jour: IILD. Emploi de l'ener
gie solaire pour la production de froid; IlLE. Emploi
de l'energie solaire pour la production d'eau douce;
IlLF. Application de l'energie solaire aux operations
a haute temperature (fours solaires).

Les rapports generaux des rapporteurs et le resuJ?e
des debats sur chaque point de 1'ordre du jour qUI a
ete etabli par le rapporteur interesse sont donnes



integralement, en anglais et en francais, ainsi que
les memoires qui ont ete soumis a la Conference
dans les deux langues. Sauf quelques exceptions,
ils sont tous resumes en anglais et en francais,

Pour chaque point de 1'ordre du jour, les memoires
sont classes dans l'ordre alphabetique des noms
d'auteurs. La liste des references foumies par les
auteurs figure a la suite du texte. D'une Iacon gene
rale elles sont numerotees consecutivement pour
chaque memoire, et sont indiquees par des chiffres
arabes entre parentheses.

En regle generale, les rapports et memoires sont
publics sous la forme dans laquelle ils ont ete pre
sentes a la Conference, et les fonctions indiquees

iv

pour chaque participant sont cell.'. qu'il occupait
a cette epoque, Toutefois, les con "~'ns necessaires
ont 6t6 apportees et certaines fit-;,:, .. ont ete rerna
niees: des modifications de r6dac",,~ mineures ont
de meme ete faites.

Les vues exprimees n' engager. i " ,1~ leur auteur
et n'impliquent aucune prise de ;' i ion de la part
du Secretariat de l'Organisation'~ations Unies.

Les cotes indiquees apres lcs , des memoires
et des rapports, ainsi que clans le .. ois qui y sont
faits clans le texte, correspondcll~,cotes utilisees
pour la Conference. On les a Cl'}!' »t abregees en
eliminant « EjCONF.35 », qui ('tre maintenu
dans les cas ou la reference C('''' ; I e est donnee,
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EXPLANATORY NOTE

The following symbols have been used in this volume:
A full stop (.) is used to indicate decimals; spaces are inserted to dis

tinguish thousands and millions.
In most cases abbreviations used by the authors have been retained.
For conversion factors to be used in obtaining metric equivalents of

British units, or British equivalents of metric units, see World Weights and
M_easures, prepared by the Statistical Office of the United Nations in collabor
ation with the Food and Agriculture Organization of the United Nations
(Statistical Papers: Series M, No. 21; United Nations publication, Sales No. :
1955.XVII.2).

NOTE EXPLICATIVE

Les signes suivants ont ete employee dans ce volume:
La virgule (,) indique les decimales: les espaces entre les chiffres dis

tinguent les milliers et les millions.
Dans la plupart des cas, les abreviations utilisees par les auteurs ont ete

retenues.
Pour la conversion des mesures metriques en mesures anglaises et pour

l'operation inverse, consulter la brochure World Weights and Measures,
que le Bureau de statistique des Nations Unies a etabli avec le concours
de l'Organisation des Nations Unies pour l'alimentation et l'agriculture
(Etudes statistiques : serie M, nO 21; publication de l'ONU, numero de vente :
1955.XVII.2).
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GENERAL REPORT - RAPPORT GENERAL

USE OF ~.;OLAR ENERGY FOR COOLING PURPOSES

Harry 1\, "O( *

GR/18 (5)

The use of solar energy for cooling purposes,
whether o{ rood or of dwellings, has a two-fold
attraction:

(a) The '\'mand for cooling is generally greatest
at times 01 maximum solar intensity, in contrast to
the use of sol.ir energy for winter heating of dwellings.

(b) The c ~ .ling of food and of man is more import
ant in hot Lh m in cold regions. Refrigeration and air
conditionin.: that might otherwise be considered
luxuries m: , in fact, become necessities for the
developmei: of hot under-developed countries.

It is thu: v.ot surprising that on the subject of solar
cooling, st: \ies are being conducted in various
research ir vitutes. It is helpful for the discussion to
clarify cer: '. in general concepts.

Firstly, t;'C' use of conventional electrically oper
ated comv.:osion cooling machines, with the electric
power provded by a solar power plant, need not
concern us ';cre because this is entirely a problem of
solar pow:«.

Secondly, any solar cooling system comprises two
parts: the cooling machine or mechanism and the
solar heat source to operate it. (Only heat-operated
systems are considered, as no other practical means
of harnessir.j- sunshine in the amounts required have
been proposed.)

A number of heat operated cooling and air
conditioning systems are already known, such as
a?sorption systems, dehumidification systems, jet
ejectors and the like, which are conventionally
operated by sources of heat such as gas or kerosene
(occasionally electricity). It is hardly to be expected,
therefore, that solar scientists will suddenly produce
new devices of this kind that are vastly superior to
those already produced in a competitive technolo
gicaj world. Rather the problem is that, beca\,-se
solar heat has certain limitations compared WIth
f~el, i.e., intermittancy, low energy concentration,
dlffi.culty of control etc., the solar operated c~oling
deVIce may have to be specially designed to SUIt the
characteristics of solar heat collectors.

A:> an example of the difference between a solar
coohng device and a fuel operated device, we consider
an absorption cooling unit. According to the system
chos~n. a~d the type of cooling required (e.g:, air
COndIhomng or ice production) the energy input
temperature may be 60° or 90° or 120°C. As far as
fuel heating is concerned, these various tem
peratures do not create any problems but when solar----* Director, National Physical Laboratory of Israel, Jerusalem.

3

heat is used there is a profound difference. Whilst
60°C can readily be obtained from a fiat plate solar
collector, the higher temperatures mean lower
collector efficiencies or more sophisticated (and hence
more expensive) collectors.

If, therefore, we recognise that a solar cooling
device can be considerably less efficient, but never
more efficient, than a fuel operated device, we have
a measure of the limits that can be approached but
not exceeded in solar cooling devices.

For the source of heat we require some form of
solar collector and must borrow from the experience
gained in other aspects of solar energy utilisation
such as solar water heating and solar power.

Technical and theoretical aspects

THE HEAT SOURCE

Experience already gained in solar collectors has
brought out several points.

1. The collection efficiency of solar collectors de
creases with increase in temperature of the output.

2. Present day fiat plate collectors are satisfactory
for temperatures up to about 70-80°C under favorable
climatic conditions. For example, for a typical fiat
plate collector under bright sunshine conditions,1

the daily collection' efficiency E has been computed
as follows:

E = 0.71- 0.003 tiToF = 0.71- 0.0054 tiToC

where ti T is the temperature rise above ambient.
Thus for a temperature rise of 39°C the efficiency is
down to 50 per cent. For a rise of 70°C the efficiency
is down to 33 per cent. These results are for a good
collector in clear strong sunlight. Many practical
collectors give much poorer results.

3. Focussing collectors which track the sun can
give much higher temperatures. However, it is
extremely unlikely that a tracking collector would
be acceptable for domestic needs, except for rather
primitive applications and where the collection time
is short. (Paper S/82 deals with a domestic solar
refrigerator where regeneration is effected during

1 Assumptions: Single water-white cover glass; selective
absorber emissivity 0.12, absorbtivity 0.92; 5 cm rear insulation;
large area collector, no edge losses; 10 per cent losses in extraction,
shading, dirt ctc.: mean solar intensity during sunshine hours
200 btu per hr, ft2 or 74 kcals per hr, m2 . Efficiency is for "boiling",
i.e., the whole collector is approx. at 50 per cent of the output
temperature (1, 2).
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a period of about 2 hours using a paraboloidal
mirror.)

4. Cylindrical parabolic mirrors can give tem
peratures between those obtained from flat plate
collectors and those obtained by fully sun-tracking
focusing collectors. If the optical concentration is
limited to about 3, no daily adjustment is needed
for about 7-8 hours of collection, through seasonal
adjustment of tilt is required (3) and collection
efficiencies of the order of 40 per cent can be obtained
for temperature rises of lOO-130°C above ambient.
A higher optical concentration, giving better efficiency
at the same temperature (or permitting the omission
of a glass cover on the receiver), is possible if one,
is prepared to make periodic adjustments of the
mirror during the day. In Paper 5/100, such a
system is used for ice making. The tilt of the mirror
must be adjusted 5-6 times on the solstice days, less
on other days and not at all on the equinox days.

5. The problem of elevated temperatures is less
important in cooling machines than in solar power
units (where the higher the temperature the better),
but it is, nevertheless, significant, particularly as
the domestic user of a solar device will demand a
simpler system than, say, the operator of a solar
power unit supplying a village.

6. Solar collectors are not as cheap as one would
like and much work still has to be done to decrease
their first cost and increase their longevity.

THE COOLING DEVICE

As mentioned before, a solar cooling device will be
similar to any other heat operated cooling device
except for the added limitations imposed by the
solar source of heat.

Heat operated coolers are of two classes: the
absorption cycle and other, cycles related to it and
the jet compression cycle.

The absorption cycle

This is a well-known and technically successful
system, exemplified by the units built by Electrolux,
ServeI (Arkla) and others. Large commercial units
and small units giving sub-zero temperatures (i.e.,
for refrigeration) usually use water as the absorber
and ammonia as the refrigerant. For air conditioning,
i.e., above-zero temperature, the lithium bromide
water combination is popular.

In all absorption cycles, heat at a temperature T g ,

the generator temperature, is supplied whilst heat
is extracted at the evaporator where "cold" is pro
duced at a temperature T e• Heat is rejected from the
system to the surroundings (outside the space to be
cooled) from a condenser at temperature T e and
from an absorber, at temperature Ta. Ta and T e

are about equal (and will be referred to as T c), being
a few degrees above ambient for air-cooled condensers
and absorbers (and being a few degrees above local
wet-bulb temperature for water-cooled systems).

T\yo important facts en1l'r~:,', !;(11ll thermodynamic
considerations of the absorp: :;1 cycle, which are
quite independent of the syst. .• '>1' materials used,2

(a) The amount of heat S1' ·):il'd at the hot end
will always be more than, amount of "cold"
produced. In an ideal syst r: .hese quantities ap
proach equality. As the eo i!, ut of performance
(COP) of a cooling machiuc . "'fIned as the ratio
of calories extracted at the C • ' . -nd to the calories
of heat supplied, the COP is , T\'S less than unity.

(b) The temperature "lifi" :'" Tg-Tcis, in an
ideal system, approximately (11 ' ,1 10 the temperature
"depression", i.e., Tc-Te. l : ,':11 systems the lift
is always a little greater \ i';'ll the depression.
(Examples are given in Pape-r .'::'; where we findthat
for T', = 55°F and T'; = ."", 1" i.c., depression of
30°F, T g = 118°F, i.c., the li l: 1'0 :\;1°: for T; = 90°F
the depression is 35° and 1I " : I! t 45°F: for T c =
100°F the depression is 40' llr1 the lift is 55°F).

These two facts arc vitnl i: , :.preciating the pro
blem of solar cooling. TIll' i ; fact indicates the
minimum quantity of heat [, :" supplied fr?m the
collector for a given rcfrigcr.: ' '11 effect. Whilst the
ideal COP can approach unit. I ,':11 values are about
0.7 for large industrial plan; .ulling to about 0.4
for small units (Paper 5/82),

The second fact fixes t lu: :"rating temperature
for the generator and hew. .f the c~llector. For
example, normal air-conditi. ,;0 practice ~alls for
an evaporator temperature if' ,.,:lee (40°F) m order
to be able to cool the air d(,' :1 with a small ~eai
transfer surface on the cvaj«..: .tor. If the ambien
temperature in the summer :-. say, 30°C, andog
could easily be more, thus l1j:d-:ing T c about 35

Utwe see that the depression is :::i-[) = 30°C. ~he ~
will therefore be in the region d 40-45°C, makmg t .~
generator temperature 75°C-HO''C.. The collector ~~
be a little hotter. This is rather hIgh for a flat p a e

collector. " 5/37
This point has been appreCiated m Paper t e

where the authors make the evaporator t~mp.era U:n55°F instead of 40°F, thereby necessltatmg but
increase in the size of the evaporator surface

T,
_

. for c-reducing the generator temperature, l.e., lift 550F
05°F (35°C) the depression is 40°F and the I ble
making r, = 140°F (50°C) which is a reas~:rve
temperature for a flat ~late ~ollector. We

t:an the
at once that as the lift IS a little !Sreat~r f about
depression, a rise of lOin T c results m a ns= ~r 5/27
2!0 at the generator. The authors of ~t ~he con
have, of course, used water cooling to f r Were
denser temperature to 05°1' or even owe.

Multiple stage
2 These facts apply to "single stage" systems, be obtained

" I IJ' h r COPs can ssvstems can gIve different resu ts. ug e temperature,
at the expense of greatly elevated generator ch systems,

, sued on su mSWhilst some experiments are bemg, pur, Iti-stage syste
no commercial units are presently built, usmg mu rato r temper
because of the increased complexity. wiu. the gende COP about

- stem an a t'jiedature at about 180'C for a two stage sy .' Id be JUS 1
twice the usual value it is very doubtful 1£ It cou

o much more
.' I I'es were s mefor solar operation unless so ar ea on might beco

expensive than fuel calories that heat economy
the key factor in over-all cost.
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air-cooling used, T c would shoot up to well over
lOO°F in 'he summer, thereby requiring generator
and collector temperatures considerably higher than
140°F. Tl.us, by using water cooling, which may
not be to.. popular in some areas, and the highest
possible f:;':~,porator temperature, the authors have
been able 0 consider flat plate collectors where
otherwise tl.ese could not have been used efficiently.

We not' .rt once that the relationship of temper
ature lift<) temperature depression makes it vir
tually imf<)ssible to operate a refrigerating cycle
(i.e., subzero temperatures) with a flat plate collector.
Thus the;)apers dealing with solar refrigerators

'(5/82, 5/7\1, 5/109) all indicate focusing collectors
for obtaining subzero temperatures.

A full cl i "'.'ussion of all the types of cooling considered
is not pos..ible here and reference should be made
to the orisinal papers. As is to be expected, every
system fL,:; advantages and disadvantages. The
lithium b. o.nide-water system is probably the best
for air conIitioning as it is a well-tried system, but
it cannot ».ovide subzero temperatures and is there
foreinapp1:"able for ice making and food refrigeration.
The water-ammonia system is established in this
field and if large plants gives a good COP. However
m commc.r.ial small units, i.e., domestic refrigerators,
the COP :~. .nuch lower 3 so there is room for further
research ' '.;ing into account that in a solar unit it
IS the toti. capital cost (cooler plus collector) which
must be ;Ilinimised. Thus, Prof. Daniels has started
some stuflies on the combination of sodium thio
cyanate <le, absorber and ammonia as the refrigerant
mstead c f water and ammonia. The possible ad
va~tages arc that lower pressures result, permitting
a hghter structure, and, as the absorber does not
vaporise, the rectification needed in water-ammonia
?ystems to prevent distilling over of water is elim
mated.

Intermittent and continuous cycles

. The earliest absorption machines were intermittent
m operation. The refrigerant was first boiled out of
~he generator and condensed; then it was expanded
m the evaporator and reabsorbed to return the
generator to its original condition. Intermittent
behaViour was not viewed kindly by the user, so
c?ntinuous cycles were developed whereby regenera
tion goes on simultaneously with the other processes
and there is no interruption of the cooling effect.

Solar radiation is itself intermittent and it was
thus natural to consider, once again, intermittent
absorption cycles. These are well described in Paper
5/82 .and the simplest refrigerator comprises t.wo
sphencal containers at the ends of a connectmg
tube, and containing an absorber-refrigerant solution.
For a period of 2 hours one sphere, containing all
the solution, is heated in the focus of a solar mirror,
the ammonia being distilled over into the other---3 To avoid the use of mechanical pumps the Plattens-Munther
~Ystem used on small equipment incorporates an inert gas which
mevitably reduces the efficiency.

sphere. This sphere is then put in the cold box and
the evaporation of the ammonia on its way back
to being absorbed in the first sphere (now at ambient
temperatures) produces the desired cooling effect
which can last most of the remaining 22 hours of the
day. The COP is rather low, about 0.4, because there
are no heat-recovery exchangers used. The unit is
rather heavy to manipulate. With some improvement
in performance and reduction in internal pressure
and weight, such a system might be quite attractive
for under-developed countries where the manual
manipulation, including periodic adjustment of the
solar mirror during regenerating, would be accept
able. The mirror, which has about 40 per cent heating
efficiency, can probably also be improved.

The continuous cycles are, of course, more com- '
plicated and one problem is the circulation of the
working fluids. When electricity is available, small
pumps are used, but where there is no electric power
the system has to pump itself by some form of thermo
pump. This is not possible with all systems and
constitutes a further limitation in completely solar-
operated absorption machines. '

So far we have discussed only "closed cycles", i.e.,
where no component in the cycle, other than heat,
is consumed and such cycles are essential for refri
geration. For air conditioning, when the "refrigerant"
is water, "open" cycles are sometimes used, i.e.,
water is added or subtracted from the atmosphere.
Such systems are often far simpler than closed
systems but the COP is low principally because the
regeneration process involves heating a great mass
of air as well as the absorber and the water vapour.
One example in this class is Paper 5/88 which de
scribes what appears superficially to be a very simple
system of cooling a dwelling - an open intermittent
cycle using absorbent material in the walls of the
dwelling - but the COP is of the order of 0.10-0.15
so that the heat supply required for operation is
very large.

Jet cooling

High pressure steam is sometimes used for air
conditioning machines. By means of a jet pump, a
suction is caused in an evaporator and coolingoccurs.
In effect, this is a compressor type cooling machine,
the mechanical compressor being replaced by a jet
pump. The wear and tear of mechanical systems is
avoided.

The mechanical efficiency of a jet pump increases
with the pressure of the steam, i.e., with the tem
perature, but is far below that of conventional heat
engines and pumps.s and the performance of jet
cooling machines appears to be satisfactory only
in large sizes. (Steam jet pumps cannot be used to
produce subzero temperatures so that a Freon jet
pump would be necessary for refrigeration.)

4 Jet pumps are used in power station equipment where the
emergent steam is used in the process. The mechanical output
is low but the thermal efficiency is virtually 100 per cent. Only
"temperature" is lost.
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Because of the rather high steam temperatures
required for efficient operation, the system has not
attracted much attention in solar energy research
centres, though Ward believes that a reasonable
system with 180°F at the collector, can be designed
for' an evaporator temperature of 60°F with an
over-all performance coefficient, including the collec
tor, of 0.3 (4). This is an interesting line of research
and should be examined further.

Economic aspects

Conventional air conditioning is not cheap and
there is no reason to expect that solar air conditioning
would be vastly cheaper. Domestic refrigeration
being a smaller item, the cost factor is less significant.

It has been pointed out that solar cooling is similar
to other forms of heat-operated cooling except that
the source of heat is from a solar collector whilst the
cooling. machine will.. in general, be somewhat less
efficient and perhaps more expensive than a fuel
operated machine.

If, therefore, we assume that, as the result of
further research, the solar operated cooling machine
can be made for the same cost and with the same
COP a~ a convent~onal machine, the comparative
economics of coolmg resolve themselves into the
cost of solar calories as compared with calories from
fuel.

Let Q, - total solar radiation falling on 1 m2 of
collector, during the summer season
(kcals per m2, season).

E; - collector efficiency.
C = cost per m2 of collector US $.
le = annual charges on capital (amortisation

and interest).

Then the annual cost Pc of 106 calories of solar
heat is:

C lepe=-- X 106 ($)Q,Ee

If we assume that fuel with a calorific value of H
kcals per ton, costing $K per ton, is burned in a
furnace with an efficiency E], then the cost PI of
106 fuel calories is: '

K
h= H El X 10

6

Solar heat is thus equal in cost to fuel heat when
PI = pe,5 i.e., when the fuel cost is

K=HECle

Q,
Inserting some representative values gives a picture

of the chances of economic viability.

Assume H 107 kcals per ton.
Ee = 0.5. This is on the high side.

S Maintenance costs are arbitrarily assumed to be the same
in both cases.

0.7. This is low for very large units
but high for '''iJall ones.
$20 per m-. '1 :,:~\ is lower than any
present-day .. 'Iectors but is a
fair target p r v,

0.103. Asstl:' 15 years'life and
6 per cent in ', _.et rate and sinking
fund. (See p'.: ·'r S/54.)
1~6 kcals pI. " ',;', season, A sunny
climate WIll ,i J(? about twice this
value for th. 7' iole year.

Then K = $28.8 per ton.

This price is about twice th- \ "st of imported fuel'
oil on a seashore. However, I n.~ !1 Y small consumers
in isolated places pay up to; times this price for
fuel oil or its calorific equiva Lld delivered.

The sample representative \;diH'S are optimistic.
Flat plate collectors today ('I,:,: about $60 per m2

according to Sheridan (Paper :>:(5), type B) which
might fall to about $46 if lw';: as part of a roof.
Ashar & Reti (Paper S/37) ,1 irnate $24 per m2

for flat collectors built in I ne]; . j<ocusing collectors
are at present more expensive r t :» flat plate collec
tors, but there are hopes thal:)rice of $20 per m2

will be attained by the use of .• Aics. In this case a
15-year lifetime is unrcalisti , -ix years probably
being more reasonable, and t 1· makes]c = 0.203
or almost twice the assumed .,; ne.

The value for Q, depends 11' the lo\al climate
and in particular on the lengtl ,! the cooling season.
For the case of the interrnitt .: 7. solar refngerator
using only two hours of SUnShIl'" a day, Qs woul~ be
only 0.6 X 106 kcals/per m", (,','11 for 365 days use
a year in a clear sky.

The over all picture is, however, encouraging.
Wherever fuel is scarce or expensive the solar collector
has a chance to compete in the supply of ~ow-tem
perature calories. In highly developed areas WI.t~ cheap
fuels, solar calories are presently non-competItIve.

Climatisation of dwellings

The Secretariat of this Conference agrer~ ~o
accept, in this section, papers that dealt with c rrna cl
isation of buildings even if the systems propos~e
were not energised by solar energy..There m;~ er
circumstances which permit climatlsatlOn 1ll a c ~i~es
and simpler manner than by heat-operate~m~~e use
- whether fuel or solar; further, a compre ensi mple,
of all climatic factors is logical. Thus, for l~anights
hot sunny desert climates often. have eo be used
and very clear skies. The cold ll1g~ts ,;a~ ht cold.
to cool down the building by "stonng ll1·tding by
The clear skies can be used to cool a b~~ "cold"
outgoing radiation from roof and walls to eorative
sky. Where the climate is hot and dry, eV~~re to a
cooling will in general reduce the tempeJahumidity
comfortable level, .and if the increase . can be

idifi d aircauses discomfort, the cool humi I ~ surface.
used to cool dry air through a heat exc ange
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Of course «vaporative cooling systems can be very
expensive in their use of water.

Finally, : t is a problem for the architect to design the
dwelling se :~s to obtain the best compromise between
indoor climate and the number of auxiliary aids.

French s:iC'utists, thinking in terms of Saharan
conditions, leave been active in this field and three
papers (S/7G, 5/64, 5/111) have been contributed.

. Paper S/3D, from Australia, pays much attention
to the hous- design and considers a solar absorption
machine for areas too moist to use evaporative
cooling.

Paper 5/1 I1 gives an interesting account of how to
exploit nigh t radiation to cool a roof and cause cold air
to descend into the dwelling, whilst "windows" can
be used (Cl lher for heating purposes (by incident
solar radiation) or for cooling by radiation. The
selectivity of special surfaces can also be exploited.
Selective "hot" surfaces are those which absorb
solar radiation but emit little heat, and selective
"cold" surfaces those which, being white, absorb
little sunshine but may approximate to black
body therm.il emitters.

Paper Sj76 deals with evaporative cooling in a
?a~aran climate but the cold humidifed air passes
mside the ~lOllow walls of the dwelling thereby
coo~ing the interior of the dwelling without adding
moisture.

(The authors correctly point the need to have low
heat capa,Ay walls in this special case in contrast
to the more usual system, as given in Paper S/39,
of ha,,:ing .~, high wall heat capacity to even out day
and mght time temperature variations.)

It is suggested that the movement of the air can
be caused by solar energy falling on the blackened
~a~ls and roof producing a "chimney" effect though
It IS admitted that if air filters are employed a
mechanical fan is needed. (Paper 5/88 reports the
solar .chimney effect in another experimental house
as bemg very small.)

. A full analysis may show that, where electric~ty
IS avaIlable, the solar chimney might be an expenSIve
way of moving air compared with a small fan.

Paper 5/64 is a special case of climatisation, i.e.,
of a ~ot-house, wherein water trays under the roof
permIt solar distillation and control of the micro
climate in the hot-house. This paper should prove
of gre~t interest to farmers trying to raise special
crops In a too-sunny climate.

Economic analysis of these various systems .is
not presented and much work still has to be done III

this field to determine technical practicability and
economic justification.

Conclusions

Solar cooling for food and dwellings is attractive
b~cause of the extra value of cooling in sunny
clImates and the correlation between cooling load
and solar intensity.

Of the types of heat-operated cooling devices
considered the most promising are the closed cycle.
absorption machines which should follow conven
tional design but be modified to suit solar heat .
sources, in particular to have the lowest possible
supply temperature. For air-conditioning the supply
temperature may be sufficiently low (60°C) to
permit the use of flat plate collectors. Refrigerating
units for food preservation or ice-making require
higher source temperatures, thus necessitating some
form of focusing collector which, apart from the
cost, involves more manipulation. Open cycle ab
sorption systems require more input calories and are
thus not attractive though their first cost, apart from
the collectors, may be low.

Much work still has to be done to establish the
best absorption cycles for solar operation but con":
siderable progress has been made. .

Jet pump cooling is a possible alternative to the
absorption machine and may be cheaper and simpler
to construct though the heat consumption is likely
to be large, thereby calling for large collectors,
unless the jet pump is very skillfully designed and
the supply temperature can be kept up. Careful
studies and experiments are required to determine
whether this relatively untried system is a valid
alternative to the absorption systems.

Assuming that cooling machines adapted for
operation by solar collectors will ultimately be
about as efficient as similar machines operated by
fuel, it is seen that the solar operated system cannot
at present compete with fuel systems where fuel
costs correspond to the normal world price for fuel,
but may compete in remote areas where fuel costs
are many times the world price," Under these
circumstances solar air conditioning may not be
far from practical realisation.

A promising development, particularly suitable for
more primitive communities in hot areas, is the
intermittent absorption cycle domestic refrigerator
regenerated by a solar mirror. The improvements
needed are a lower pressure system to permit a
lighter construction (and reduce the danger of
bursting by overheating), an improvement in the
COP and a more efficient mirror for regeneration.
(The mirror can be used for other purposes, such as
solar cooking, when not being used for regeneration.)

Certain auxiliary cooling methods for dwellings
should not be overlooked as an aid to solar cooling or
even by themselves. These include evaporative
cooling in hot dry climates (assuming adequate
water supplies) and radiation cooling at night
in clear-sky regions, whilst sound design principles
in the dwelling construction itself are very impor
tant.

6 It has been suggested that the under-developed nations
would do better to invest their capital in good roads and railways,
so as to bring down the cost of transported fuel, than in solar
devices. This might possibly be true for large solar installations;
it is far less likely to be true for large numbers of dispersed
small solar devices such as refrigerators and air conditioners.
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Topics for discussion

1. Differences between solar cooling and conven-.
tional cooling in the absence of electric power.

2. Possible role of food refrigeration in less
developed countries, with particular reference to
small and/or large solar-operated refrigerators and to
ice made in solar. devices as. well as to permissible
costs, Importance, if any, of centralized cold storage
of food for villages as distinct from individual
domestic cold storage. .

3. Cooling requirements for human comfort and
effect on human productivity, related to degree of

temperature and humidity change that may b
worth while an~ ?btainabJe through solar device~
as well as permissible on all intermittent basis.

4. Co-operation between solar specialists and
architects in providing desii-ns in themselves con
tributing to better cooling a!",! incorporating solar
devices.

5 "Cl' ti ti "f . '1. ima iza IOn or vcgc: ,tu c growth by. joint
production of fresh water and humidity control in
arid areas,

6, Degree of complexity ol solar cooling devices
acceptable in less-developed ",Hlntries,
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EMPLOI nE L'ENERGIE SOLAIRE POUR LA PRODUCTION DE FROID

[Traduction du rapport p~ecident)

Harry To bOT *

:{

LA SOURCE DE CHALEUR

de refrigeration a energie solaire qui soient specia
lement concus pour s'adapter aux caracteristiques
des insolateurs, parce que la chaleur solaire presente
certains inconvenients par comparaison avec , la
chaleur produite par des combustibles : l'intermit
tence, la faible concentration' d' energie, la' difficulte
de regulariserIa chaleur, etc.

Examinons un appareil refrigerant a absorption
pour illustrer la difference entre un appareil refri
gerant solaire et un appareil utilisant un combus
tible. Selon le systeme choisi et le genre de refri
geration requis (par exemple, climatisation deI'air
ou production de glace) la temperature de I'energie
foumie peut etre 60° ou 90° ou 120°C. La production
de ces temperatures ne pose pas de probleme lorsqu'il
s'agit de chauffage au combustible. Mais 'lorsqu'on
utilise la chaleur solaire, il y aune difference pro
fonde : alors qu'une temperature' de. 60 °C 'p~ti~

etre obtenue facilement avec un insolateur a
plaques plates, les temperatures plus eleveesien
trainent une baisse du rendement de l'insolateur, ou
l'emploi d'insolateurs plus ·compliques,,·. done plus
chers. . ':,;

Si done nous admettons qu'un appareil refrige
rateur solaire peut avoir beaucoup moins de rende
ment, mais jamais plus qu'un .appareil utilisant un
combustible, nous pouvons mesurer les performances
qui peuvent etre atteintes, mais ne peuvent etre
depassees, avec un appareil refrigerateurrsolaire.v..

La source de chaleur sera un insolateur.vet-rious
devons avoir recours a l'experience acquise- dans
d'autres utilisations de l'energie solaire, telles que
le chauffage de l'eau et la production d'energie,

Aspects techniques et theoriques

.L'experience deja acquise en matiere d'insolateurs
fait ressortir plusieurs points. . .

1. Le rendement du captage des insolateurs
diminue en fonction de l'elevation de la temperature
produite.· i •

2. Les insolateurs a plaques plates d'aujourd'hui
ont un rendement satisfaisant pour la gammedes:
temperatures allant jusqu'a environ 70, ou 80'oC,
dans de bonnes conditions climatiques. Par exernple,
dans le cas d'un insolateur a plaques plates typique,:

9

L'emploi de I'energie solaire pour la production
de froid, soit pour proteger les aliments, soit
pour climat iser les habitations, presente deux avan
tages :

a) La dcmande de froid est generalement la plus
elevee lorsr.ue l'intensite solaire est, au maximum,
ce qui n'. :,t pas le cas lorsqu'il s'agit d'utiliser
l'energi« ,;()[aire pour chauffer les habitations en
hiver;

b) La »roduction de froid pour preserver les
aliments ", en vue du bien-etre des hommes revet
plus d'importance dans les regions chaudes que
dans les j'(;1ons froides. La refrigeration et la clima
tisation 0,:1, en d'autres circonstances, pourraient
etre cons::;erees comme un luxe, peuvent en fait
devenir indispensables pour le developpement de
pays chalds sous-developpes. 00

11 n' est donc pas surprenant que divers instituts
de recherche effectuent des etudes sur la production
de froid an moyen de l'energie solaire. L'examen
d~ problems sera plus facile si nous 0 precisons cer
tames notions generales.

Primo, I'ernploi de refrigerateurs ~ compression
classiques fonctionnant a l'electricite (foumie par
une installation d'energie solaire) ne nous interesse
pas, puisqu'il s'agit uniquement ici d'un probleme
d'energie solaire. .' .

S~cundo, tout systeme de refrigeration p~r energie
so~alre. comprend deux parties : la machine ou le
mecalllsme de refrigeration et la source de chaleur
solaire qui l'actionne. (Nous n'etudions ici que les
systemes actionnes par la chaleur, car on n'a propose
aucun autre moyen pratique d'utiliser le rayon
nement solaire dans les quantites necessaires.)

On connait deja un certain nombre de systemes
de refrigeration et de climatisation actionnes par la
c!:taleur : citons par exemple les systemes a absorp
!lon, les systemes a deshumidification, les syst~mes
a melange, etc. qui utilisent des sources classiques
de chaleur, telles que le gaz, oule petrole lampant
~parfois l'electricite). I1 ne faut done guer~ s'attendre
a ce que lesspecialistes de l'energie solaire mettent
a~ point rapidement de nouveaux procedes qui
SOlent tres' superieurs a ceux deja inventes dans
un monde technologique ou la competition est grande.
Le probleme consiste plutot a. trouver des systemes--.* Directeur du Laboratoire de Physique d Tsrael, Jerusalem.



10 m.n Production de froid

.utss] bon marche
travaux devront

:u-r le cofit initial
ipareil,

ui donne de bans
,l;ms les appareils
(Arklat) et autres
.,nmerciaux et les

temperatures en
~.:ration) utilisent

',i.T et l'ammoniac
. 'on c'est-a.-dire la
:. -SS;IS de zero, on

;1 eau-bromure de

approvisionnant

nATION

Le cycle cl absorption

C'est un precede bicn C01\I'

resultats techniques; il est ui
construits par Elcctrolux, ;-';,1

fabricants. Les grands grolli!'
petits apparcils fourniss.uu
dessous de zero (pour la
habitucllcmcnt l'eau pour ;11)

pour rcfrigerer. Pour la cli m.i r

production de temperatures "
utilise couramrncnt la corn hi,
lithium.

Dans tous les cycles it aL'-'· .ion, la chaleur it
une temperature Tu (la temp. ·;:re du gener~teur)
est fournie tandis que la cl' 'il[ est extralte ,a
I'evaporateur 011 le « froid )) est; . \1c1uit a. une t~mp~
rature T e• La cha1cur rejetee (l! l ~ysteme vers 1exte
rieur (hors de l' espace it rcfro i(I:i ) sort d'un con~en
sateur a la temperature To et .I'un absor~eur a la
temperature Ta. Ta et T'; sont ;'l pcu pres egales (et
seront appelees T c) ; elles sont sup{:rieures ~e q,uel.quJ

s

degres a la temperature :lmbiante 10~sgU'I,1 s ,a~lt (et
condensateurs et d'absorbeurs refroidis a 1air
superieures de quelques degrcs it la temperat~Je
locale prise avec un thermomCtre a boule huml e
lorsqu'il s'agit d'appareils rcfroidis a l'eau). .

L'etude thermodynamique de cycles a absorptIOn
fait apparaitre deux faits importa?~s: quels que
soient le svsteme ou les matieres utrhses.

2
,"

. '1' xtremlte
a) La quantite de chaleur produite a e ite du

chaude sera toujours superieure a la quantr e

. • ' 'h unique. Les
2 Ces faIts s appliquent aux systemes a p ase, It ts diffe-

systemes a phases multiples peuvent don~er ,des 7e~u ~s forts,
rents : on peut obtenir des coefficients d ut~!IsatlO'd? blernent
les temperatures de regenerateur etant toutefOls con

s\
eraysternes,

plus elevees. On experimente actuellement ~e te s s systerne
mais on ne construit aucun groupe commercIal aveCrnpliqueS.
a phases multiples, parce qu'ils sont beaucoup plus co'ron pour
A

' . . . t d 180 oC envlvec une temperature au regenera eur e 'I' tl'on deuX, t d'utl lsa
un systeme it deux phases et un coeffiClen d teuX qu'OD
fois plus eleve que la normale, il est extremernent °luur solaire,

. . 'fi I' l' t' e de la cha epUlsse Jush er emp 01 pour cc sys em I couteuses
a moins que les calories solaires ne soient tellem

ent l' ~~nornie de
que les calories produites par combllshbles qU,e ~cbal.
chaleur ne devienne I'element prinCIpal du cout go

L'APPAlmu. DE Ht'..

Comme nous l'avons c](-j:'1 . un appareil de
refrigeration solairc sera :U'ld:'" :\ tout appareil
de refrigeration utilisant k: . [fage, si ce n'est
qu'il comporte certaincs l ii I i .l'cmploi supple-
mentaircs dues a la sourccv :« . '. de chaleur.

Les rcfrigcrateurs utilisan t chaleur sont de
deux sortcs : le cycle il ;11)·;, ,; ion (et les autres
cycles qui en dcrivcnt) et k- ( ,. :1 injection.

exemple, l'operateur d'un gJ' ',",'
un village en encrgie solain-.

6. Les insolateurs Ill' 5011t
qu'il le faudrait, et de 1101nl.:
encore etre effectues pour eJi;

et augmenter la longevitc ell

1 On est parti des hypotheses suivantes : un seul revetement
de verre blanc-eau; capacite d'emission selective de l'absor
beur 0,12; capacitc d'absorption, 0,92; isolement arriere 5 cm'
insolateur de large superficie, sans pertes sur les bords; 10 p. 100
de perte par transfert, ombre et poussieres etc.; in tensite solaire
moyenne 1?endant ,Ies heures d'ensoleillement : 200 Btu par
heure et pled carre, ou 74 kcals par heure et metre carre, Le
rendement est suppose etre celui necessaire pour une condition
d'cbullition, c'est-a-dire que l'ensemble de l'insolateur est approxi
mativcment a 50 p. 100 de la temperature produite (I, 2).

E = 0,71- 0,003 ~ToF = 0,71- 0,0054 ~ToC

ou ~ T represente l'elevation de la temperature par
rapport a la temperature ambiante. Ainsi, Iorsque
la temperature s'eleve de 3!) °C, le rendement tombe
a 50 p. 100 et pour une elevation de temperature
de 70°C, le rendement n'est plus que de 33 p. 100.
Ces resultats sont valables avec un bon insolateur
par temps clair et fort ensoleillement : nombreux
sont les insolateurs pratiques qui donnent des resul
tats beaucoup moins bons.

3. Les insolateurs a foyer qui concentrent les
rayons solaires et suivent le soleil peuvent fournir
des temperatures beaucoup plus elevees. Toutefois,
il J.l'est guere vraisemblable qu'un insolateur oriente
puisse servir aux besoins domestiques, sauf lorsqu'il
s'agit d'applications assez primitives et que le
captage est de courte duree. (L'auteur du mernoire
Sj82 etudie un refrigerateur solaire dornestique 011

la re.generation s'effectue pendant une periode
d'environ deux heures au moyen d'un miroir para
boloide.)

4. Les miroirs cylindro-paraboliques peuvent don
ner des temperatures se situant entre celles obtenues
au m.oyen d'insolateurs a plaques plates et celles
fo~rl11;s p~r des insolateurs a foyer pleinement
onentes. SI la concentration optique est lirnitce a
environ ?' il n'est pas necessaire de regler l'appareil
~haque J?ur (~?ur.7 ~ 8 he~res de captage), mais
11 faut regler 1inclinaison suivant les saisons (3) et
~n peut obtenir des' rendements de captage de
1 ordre de 40 p. 100 pour des hausses de temperature
de 100 a130°C au-dessus de la temperature ambiante.
Un~ concentration optique plus elevee donnant un
meilleur r~ndement a la merne temperature (ou qui
perrnettrait de supprimer le revetement en verre du
re,c~pt~ur) est possibl~ s~ l'on est dispose a regler
pe~lOd.lquement le rruroir durant la journee. Le
mernorre SjlO!) ~ecrit un systeme de ce genre utilise
po~r la production de glace; l'inclinaison du miroir
dOl~ etre reglee 5 a 6 fois aux jours de solstice,
rnoins entre-temps et pas du tout aux equinoxes.

~. Le wobleme des temperatures elevees presente
mOIn.s .d Importance dans le cas des appareils de
refroidissernent que dans celui des groupes produc
t~urs d'en~rgie solaire (ou I'appareil fonctionne
d a~ta.nt mleux que la temperature est plus elevee),
maIS 11 faut nea~n:o.ins en tenir compte, du fait
n~tamm.ent q~e 1 utIhsateu,r domestique d'un appa
reIl solalre eXIgera un systeme plus simple que, par

dans des conditions de bon ensoleillement 1, le
rendement quotidien du captage E a ete calcule
comme suit:
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« froid ) p;', «hrite dans un systeme ideal ces deux
quantites ~;~:it presque egales. Le coefficient d'utili
sation (CD!) d'un appareil refrigerant etant le
rapport d, calories extraites a. l'extremite froide
aux caloric ·le chaleur produites, le CDU est toujours
inferieur 8. 'unite,

b) Le « r, ,] ) de temperature, c' est-a-dire T g - T e

est, dans ".' systeme ideal, a. peu pres egal a. la
« perte ))(' temperature, c'est-a-dire T c - Te.
Dans la re:: ite, le gain est toujours un peu plus
eleve que " perte. (Des exemples en sont donnes
dans le mc.i.oire S/37 ou nous constatons que T; =
55 of (13) et T e = 85 of (29°C), soit une perte
de 30 of (r; 0C), r, = ll8 of (48°C), c'est-a-dire
que le gaJ.1 est de 35 of (17°C); si T c = 90 of
(32,2 0C)' l.. perte est de 35 of (17°C) et le gain
de 45 of (:: QC); si T c = 100 of (37 QC), la perte
est de 40 c:' (20°C) et le gain de 55 of (27 QC).

Ces deu faits ont une importance capitale lors
qu'on etu.t. le probleme du refroidissement par la
chaleur s~,'.ire. Le premier indique la quantite
minimale (' chaleur a. fournir par 1'insolateur pour
un effet (.' refrigeration donne.. Si le CDU ideal
peut appn :.cr de l'unite, les chiffres reels se situent
autour de ,.7 pour les grandes installations indus
trielles, ei .ornbent a. environ 0,4 pour les petits
groupes (j . .moire S/82).

Le seco.«I phenomene fixe la temperature de
fonctionnc.c,,;nt du generateur et, par consequent
de l'insol., ,,~ur. Par exemple, dans des conditions
normales (.1,~ climatisation, la temperature a. l'evapo
rateur doi: etre de 4 a 5 °C (40 OF) afin de pouvoir
refroidir i'air au moyen d'une petite surface de
transfert i:e chaleur a l'evaporateur. Si la tempe
rature ambiante en ete est, par exemple, de 30 QC
(et elle peut facilement etre plus elevee), ce qui
donne une T c d'environ 35°C, nous voyons que la
perte est de 35 - 5 = 30°C; le gain sera done de
l'ordre de 40 a 45 QC et la temperature du generateur
doit etre de 75° a 80°; l'insolateur sera un peu
plus chaud. Et c'est la une temperature un peu
trap elevee pour un insolateur a plaques plates.

Les auteurs du memoire S/37 se sont rendus
compte de cette difficulte et ils situent la temperature
it l'evaporateur a. 55 OF (12,8 0c) au lieu de 40 OF
(4,4°C), ce qui necessite une augmentation de la
surface de I'evaporateur mais abaisse la tempera
ture du generateur : c' e~t-a-dire que si T c = 95 OF
(35 QC) la perte est de 40 OF (20°C) et le gain de
55 QF (27°C); et T g = 140 OF (60°C) qui est une
temperature raisonnable pour un insolateur a plaques
plate~. Nous remarquons tout de suite que comn:e
le ga;n est un peu plus eleve que la perte~ un Sal?
de 1 de T c entraine une hausse de 2 1/2 au gene
rateur. Les auteurs de S/27 ont naturellement utilise
le refroidissement par eau pour rame~er la te~pe
rature au condensateur a. 95 OF (35 C), ou me~e

plus bas : si I'on utilisait le refroidissement par air,
T', monterait bien au-dessus de 100 OF (37,8°C) en
ete, ce qui exigerait des temperatures au generateur
et a l'insolateur tres superieures a. 140 OF (60°C).
Donc, en utilisant le refroidissement par eau (ce

qui peut etre un inconvenient dans certaines regions)
et la temperature la plus elevee possible a I'evapo
rateur, les auteurs ont pu envisager l'emploi d'inso
lateurs a plaques plates dans des regions OU autre
ment ils n'auraient pu etre utilises efficacement.

Nous notons tout de suite que le rapport entre
le gain de chaleur et la baisse de la temperature
rend pratiquement impossible de faire fonctionner
un cycle de refrigeration (temperature inferieure a.
zero) au moyen d'un insolateur a plaques plates.
C'est pourquoi les memoires qui traitent des refri
gerateurs solaires (S/82, 5/70, 5/109) preconisent
tous 1'emploi d'insolateurs a foyer pour obtenir des
temperatures inferieures a zero.

Il est impossible dans le present rapport d'examiner
en detail tous les types de production de froid
etudies, et il convient que le lecteur se refere aux
memoires originaux. Ainsi qu'on pouvait s'y attendre,
chaque systeme a ses avantages et ses inconvenients,
Le systeme bromure de lithium-eau est probablement
le meilleur pour la climatisation, car il a fait ses
preuves, mais il ne peut produire des temperatures
inferieures a zero et est done inapplicable pour
la production de glace et la refrigeration des denrees
alimentaires. Le systeme eau-ammoniac convient
dans ce domaine et, lorsqu'il s'agit de grandes
installations, son CDU est satisfaisant. Toutefois,
dans les petits appareils commerciaux, c'est-a-dire
les refrigerateurs domestiques, le CDU est bien
inferieur 3, et il y a done lieu de continuer les
recherches, compte tenu du fait que dans un appareil
solaire ce sont les frais de premier etablissement
(refrigerateur plus insolateur) qui doivent etre
reduits au minimum. C'est pourquoi le Professeur
Daniels a commence des experiences ou il utilise la
combinaison du thiocyanate de soude comme absor
bant et de 1'ammoniac comme refrigerant au lieu
d'eau et d'ammoniac. Ce procede peut presenter
l'avantage de reduire les pressions (ce qui permet
de realiser un materiel plus leger); de plus, 1'absor
bant ne s'evaporant pas, il n'est plus necessaire de
rectifier les quantites comme dans les systernes
eau-ammoniac ou 1'on doit eviter la separation de
l'eau par distillation.

Cycles intermittents et continue

Les premiers appareils 2. absorption fonction
naient en cycle intermittent : le refrigerant sortait
du generateur sous l'effet de la chaleur, et il se
condensait; puis ilse dilatait dans l'evaporateur et
etait reabsorbe pour revenir au generateur sous sa
forme initiale. Les utilisateurs n'aimaient pas ces
cycles intermittents, et 1'on a mis au point des
cycles continus ou la regeneration se fait en meme
temps que les autres processus et ou il n'y a pas
d'interruption dans l'effet refrigerateur,

Le rayonnement solaire etant intermittent, il
etait naturel qu'on envisageat de revenir aux cycles

3 Pour evit.er l'emploi de pompes mecaniques, le systernc
Plattens-Munther utilise pour les petits appareils ajoute un gaz
inerte qui reduit inevitablemcnt le rendement.
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a absorption intermittents. Ceux-ci sont tres bien
decrits dans le memoire S/82, et le refrigerateur le
plus simple est compose de deux recipients sphe
riques aux extremites d'un tuyau de jonction qui
contiennent une solution d'absorbant-refrigerant,
Pendant une periode de deux heures, une sphere,
contenant toute la solution, est chauffee au foyer
d'un miroir solaire, et 1'ammoniac passe par distil
lation dans la seconde sphere. Cette sphere est alors
placee dans 1'armoire froide et I'evaporation de
1'ammoniac qui est reabsorbe dans la premiere sphere
(maintenant a la temperature ambiante) produit
1'effet de refroidissement souhaite qui peut durer
pendant la plus grande partie des autres 22 heures
de la joumee, Le CDU est assez faible (environ 0,4)
parce qu'on n'utilise pas d'echangeurs pour la recu
peration de la chaleur; l'appareil est assez lourd a
manipuler. Si 1'on parvient a ameliorer le rendement
et a reduire la pression interne et le poids, un tel
systeme pourrait etre fort apprecie dans les pays
sous-developpes, ou 1'on accepterait la manipulation
manuelle, y compris le reglage periodique du miroir
solaire pendant la regeneration. 11 est egalement
probable que 1'on pourrait ameliorer le miroir, dont
le rendement de chauffage est d'environ 40 p. 100.

Les cycles continus sont, bien entendu, plus
cornpliques et l'un des problemes qui se posent est
la circulation des fiuides. Lorsqu'on dispose d'elec
tricite, on utilise de petites pompes, mais HI. OU il
n'y a pas d'electricite, le systerne doit pomper lui
merne au moyen d'une thermopompe. Cela n'est
pas possible dans to us les appareils, ce qui est un
nouvel obstacle a 1'utilisation d'appareils a absorp
tion uniquement actionnes par l'energie solaire.

Nous n'avons traite jusqu'ici que de « cycles
ferrnes », c'est-a-dire de cycles OU on n'utilise aucun
element en dehors de la chaleur; ce sont HI. les cycles
indispensables pour la refrigeration. Lorsqu'il s'agit
de climatisation OU le « refrigerant» est 1'eau on a
parfois recours a des cycles « ouverts ». c'est~a-dire
que de 1'eau est ajoutee ou soustraite a I'atmosphere.
Ces systemes sont souvent beaucoup plus simples
que les systemes fermes, mais le CDU est faible,
surtout parce que le processus de regeneration
necessite le chauffage d'une grande masse d'air, de
l'absorban~ et de. la vapeur d'eau, Un exemple de
ce genre d appareil est donne dans le memoire S/88,
qui decrit ce qui semble a premiere vue un moyen
tres simple de climatiser une habitation : un cycle
intermittent ouvert qui utilise une matiere absor
bante placee a I'interieur des murs de 1'habitation.
Mais le CDU est de l'ordre de 0,10 a 0,15, si bien
que le volume de chaleur necessaire au fonction
nement est tres eleve,

Refroidissement par injection

On utilise parfois de la vapeur sous haute pression
pour les appareils de climatisation; au moyen d'un
injecteur, on provoque une aspiration dans un
evaporateur, ce qui produit le refroidissement. En
fait, c'est un appareil de refroidissement du type

a compression - le comprc-s.v.r mecanique etant
rernplace par un injecteur. \ -, 1 evite l'usure des
systemes mecaniques,

L'efficacite mecanique ck : .jecteur augmente
avec la pression de la vap('1' , ,~'est-a-dire avec la
temperature, mais reste bier, /Tieure a celle des
moteurs et pompes traditior.. J, et le rendement
des appareils de refrigeratioi. 'icction ne semble
satisfaisant que dans les gLl;:: ' ;nstallations. (Les
injecteurs a va peur ne peu\"(', ' 'i re uti~ise~ pour l.a
production de temperatures i., I. : «-ures a zero, et 11
faudrait donc avoir recours .: injecteur a Freon
pour la refrigeration.)

A cause des temperatures I i' ':lpeur assez elevees
qui sont necessaires pour qu.';, "'l1ctionnement soit
satisfaisant, Cl' systeme na L:," retenu l'attention
dans les centres de rechcrch. '- I T l' energie solaire,
bien que Ward (4) cstime quuo v.vstcme satisfaisant,
avec 180 OF (82,2 "C) a I'in. Hr, peut etre mis
au point pour obtenir UJ1l' ' . 'perature de 60 OF
(15,6 "C) a l'evaporatcur. an ,I coefficient general
d'utilisation, notamment ;\ 1 i:' 'Iteur, de 0,3. C'est
la une direction intcressantc (l,~"it'nterde nouvelles
recherches.

Aspects econc-. .ues

La climatisation avec des: jl .ircils classiques est
assez cofiteuse, et rien ne p(;; , t de croire que la
climatisation par energie so1<lifl1trainer~beau;:oup
moins de frais. La rcfrigcrut".. dornestique et~nt
un petit poste de depenses, le [; ,'[CUT cofrt est moms
important.

On a fait observer que la proz:,l1ction de froid par
energie solaire est sernblable a ux autres formes de
production de froid par la chakur, si Cl' n'e~t que
la source de chaleur est un insolateur et que I al?pa;
reil de refrigeration aura en general un cAoeffic11n
d'utilisation plus faible et cout era peut-etre pus
cher qu'un appareil fonctionnant avec du combushble.

Si done nous partons de l'hypothCse que, ~[a~:
a des recherches plus approfondies, 1'appare\ . e
production de froid au moyen de l'energ1e so ~1re
peut etre fabrique au meme cofit et aura le mem
CDU qu'un appareil classique, l'economie compara~
tive de la production de froid se rcduit aune C?~a~s
raison du cofit des calories solaires et du cou
calories produites a partir de combustibles.

. . t t I frappant
SI Qs le rayonnement solaire 0 al"t' (kcals

1 m2 de l'insolateur pendant e e
par m2 par saison),

E c - le rendement de l'insolateur, dollars
C _ le cofrt par m 2 de l'insolateur en

E.-V., ( mortisse-
J c - les frais de capitaux par an a

ment plus interet),
, la vapeur

4 Les injecteurs sont utilises dans lcs centrales. ou rnecanique
qui s'echappe entre dans le processus: la prodUCtI~'~uernent de
est faible mais le rendement thermique est pr; 1

100 p. 100; seule de la « temperature» est per ue.
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G

le

Si H
Ec
Et

le cout annuel de Pede 106 calories de chaleur solaire
5'etablit ainsi :

Pc = ~ {cc X 106 (en dollars)

Si nous supposons qu'un combustible d'une
valeur caloririque de H kcals par tonne, qui cofite
K dollars 1:1 tonne, est brule dans une chaudiere a
rendement Er, le cofrt Pj de 106 calories de combus
tible est :

Kr, = HEt X 106

La chalcnr solaire est done egale a la chaleur
produite F,r le combustible lorsque P, = Pc 5,

c'est-a-dire lorsque le cofit du combustible est :

K - HEG]c
- Q$

L'introduction de certaines valeurs representatives
permet de se rendre compte des chances de viabilite
economiquc .

107 kcalsjtonne.
0,5. Chiffre plutot eleve.
0,7. Ceci est faible pour de gros appareils
mais eleve pour les petits.
:W dollars le m2• Ce cofrt est moins eleve
que celui des insolateurs d'aujourd'hui,
rnais on peut considerer que c'est un
prix qu'il est raisonnable d'esperer
atteindre.
0,103. Dans l'hypothese d'une longevite
de 15 ans, d'un taux d'interet de 6 p.
cent et d'un fonds d'amortissement (voir
rnemoire Sj54).
10 6 kcalsjm2jsaison. Un climat enso
leille donnera pres de deux fois plus pour
7'annee entiere.

Alors K = 28,8 dollars la tonne.
. Ce prix est apeu pres le double du cout du mazo.ut
Importe Iivre a quaL Mais de nombreux petits
~onsommateurs dans des regions isolees paient
J,usqu'a trois fois ce prix pour le mazout ou son
eqUIvalent calorifique qui leur est livre.

Cet echantillon de valeurs representatives est
op~imiste. Les insolateurs a plaques plates cou.tent
aUJourd'hui environ 60 dollars le m2 selon Shendan
(memoire S/39, type B), cout qui peut etre ramene
Jusqu'a environ 46 dollars lorsque l'insolateur es~

cor:str~it en tant que partie du toit. Ashar et R~tl
(~emOlre S/37) estiment a 24 dollars le m2 le pnx
d Ins?lateurs a plaques plates construits en Inde.
Les msolateurs a foyer cofrtent actuellement plus
cher que les insolateurs a plaques plates, mars on
p;ut esperer que l'emploi des plastiques permettra
d.obtemr un prix de 20 dollars le m", Dans c~ cas,
une longevite de 15 ans n'est pas probable et 11 est
plus raisonnable de prevoir une duree de six ans,--Ii On a suppose arbitrairement que les frais d'entretien sont
les memes dans les deux cas.

et ceci fait que]e = 0,203, soit pres de deux fois
la valeur que nous avons supposee.

La valeur de Q$ est fonction du climat local et
en particulier de la longueur de la saison OU la
climatisation est necessaire, Dans le cas d'un refri
gerateur solaire intermittent qui n'utilise que deux
heures d'ensoleillement par jour, Qs ne serait que
0,6 X 106 kcals/m", meme pour une utilisation de
365 jours par an par temps clair.

Dans l'ensemble, neanmoins, la situation actuelle
est encourageante. Partout ou le combustible est
rare ou cher, l'insolateur solaire peut concurrencer
les autres sources de chaleur pour la production de
calories a basse temperature; dans les regions tres
developpees ou les combustibles sont bon marche,
les calories solaires ne peuvent actuellement soutenir
la concurrence.

Climatisation des habitations

Le Secretariat de la Conference a decide d'accepter,
dans cette section, les memoires qui traitent de la
climatisation des immeubles, meme si les systemes
proposes ne fonctionnent pas au moyen de l'energie
solaire. Il peut y avoir des circonstances qui per
mettent la climatisation d'une maniere moins cofi
teuse et plus simple qu'au moyen d'appareils fonc
tionnant a la chaleur (combustible ou soleil); de
plus, il est logique de tirer tout le parti possible
des facteurs climatiques. C'est ainsi par exemple
que les climats chauds et ensoleilles dans le desert
ont des nuits froides et des cieux tres clairs. Les
nuits froides peuvent etre utilisees pour climatiser
l'habitation en « accumulant » le froid de la nuit;
les cieux clairs peuvent servir a climatiser I'habi
tation par rayonnement du toit et des murs vers
le ciel (( froid », Lorsque le climat est chaud et sec,
le refroidissement par evaporation ramene, en
general, la temperature a un niveau supportable,
et si l'accroissement de l'humidite est genante, l'air
frais et humide peut etre utilise pour refroidir l'air
sec a travers la surface d'un echangeur de chaleur.
Il faut noter bien entendu que les systernes de
refroidissement par evaporation peuvent etre con
teux, a cause de la quantite d'eau utilisee,

Enfin, il incombe a l'architecte de faire le plan
de l'habitation de maniere a obtenir le meilleur
climat a l'interieur avec le minimum d'appareils
d'appoint.

Les savants francais, qui ont a resoudre ces
problemes au Sahara, ont beaucoup travaille dans
ce domaine et ils ont presente trois mernoires (S/76,
S/64, S/lll). L'auteur du memoire S/39, venu
d'Australie, attache beaucoup d'attention au plan
de la maison et il etudie un appareil a absorption
solaire pour les regions qui sont trop humides pour
·que l'on puisse utiliser le refroidissement par evapo
ration.

L'auteur du memoire S/lll donne un expose
utile de la maniere dont on peut utiliser le rayon
nement de nuit pour refroidir un toit et faire des-
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cendre l'air froid dans l'habitation, tandis que des
vitrages peuvent servir soit au chauffage (par rayon
nement solaire incident), soit a la climatisation par
rayonnement. On peut egalement exploiter la selec
tivite de surfaces speciales : les corps selectifs
« chauds » sont ceux qui absorbent les rayons du
soleil mais emettent peu de chaleur, et les corps
selectifs « fraids » sont ceux qui, de couleur blanche,
absorbent peu le rayonnement du soleil mais sont
fort proches des corps noirs emetteurs thermiques.

Le memoire Sj76 traite du refraidissement par
evaporation dans un climat saharien, mais l'air froid
humidifie passe a l'interiettr des murs creux de
l'habitation et climatise done l'interieur de la maison
sans elever le degre hygrometrique,

Les auteurs soulignent avec raison que les murs
doivent dans ce cas particulier avoir une faible
inertie thermique par opposition au systeme plus
classique, expose dans le mernoire Sj3IJ, ou l'inertie
thermique des murs doit etre elevee pour egaliser
les variations de temperature entre le jour et la
nuit.

Certains auteurs sont d'avis que le mouvement
de I'air peut etre provoque par l'energie solaire qui,
frappant les murs et le toit noircis, produisent un
effet de tirage, encore qu'il soit admis que si l'on
utilise des filtres d'air, il faut employer un venti
lateur. (Dans le mernoire Sj88, il est indique que
l'effet de tirage solaire etait tres faible dans une
autre maison experimentale).

Une analyse plus approfondie prouvera peut-etre
que, dans les regions qui sont alimentees en elec
tricite, la cheminee solaire peut etre un precede
cofiteux pour deplacer l'air, par comparaison avec
un petit ventilateur.

Le mernoire Sj64 presente un cas special de
c1imatisation : il s'agit d'une serre ou des bacs
d'eau places sous la toiture permettent la distillation
par le soleil et le controle du micro-climat a l'inte
rieur de la serre. Cette communication devrait
presenter beaucoup d'interet pour les agriculteurs
qui essaient de faire certaines cultures speciales dans
un c1imat trop ensoleille.

Les analyses economiques de ces divers systemes
ne figurent pas dans les communications, et il reste
encore beaucoup a faire dans ce domaine pour
determiner s'ils sont techniquement realisables et
s'ils se justifient du point de vue economique.

Conclusions

La refrigeration solaire en vue de preserver les
aliments et de climatiser les habitations offre beau
coup d'interet en raison de la grande utilite que
presente la refrigeration dans les c1imats ensoleilles
et de la correlation qui existe entre la charge de
refrigeration et I'intensite solaire.

Parmi les modeles d'appareils de refrigeration
utilisant la chaleur, les plus satisfaisants sont .les
appareils a cycle d'absorption ferme qui doivent
etre des modeles classiques adaptes aux sources de

chale~r solaire, et qui doiveut j;~)tamment capter la
temperature la plus basse pi), ;DIe. Pour la clima
tisation, la temperature ca]';." :,eut etre suffisam
ment basse (60 QC) pour que 1 ,), -rtilis« les insolateurs
a plaques. plates; l~s appar.i: ,drigerants pour la
conservation des ahments 01: I production de glace
exigent des temperatures clj.",~ plus eleveas et il
faut done avoir recours ;1 c'. rnodele d'insalateur
a foyer qui , abstraction faj t l' (; , coli t, necessits des
manipulations. Les apparci cycle d'absorption
ouvert exigent un apport cl.: ,.,jories plus eleve et
ne prescntent pas d'iritcrct I • "ore que leur prix
initial (non compris les i,\,i"tcurs) puisse etre
faible.

Beaucoup d'ctudes doivi-ut ,~,,'ore etre effectuees
pour determiner quels SOil; 1,,; meilleurs cycles
d'absorption pour utiliser l.: . h.ilcur solaire, mais
des progres sensiblcs ont (k'J.' : i<~ faits.

La refrigeration au 1110)"'" .I'un injecteur peut
rem placer l'appareil ;1 absoJ]'" L1, et ce systeme est
peut-etre moins couteux et I"" -.imple a construire,
mais la consommation de <': :. ur sera sans daute
forte (ce qui ncccssitera l '.»: ,.f"i d'insalateurs de
grandes dimensions), ;1 muin-. ': t', J'injecteur ne soit
tres bien concu et que 1.\ "'''j'l'rature captee ne
reste elevee. Il faut proccd. l les etude.s et a. des
experiences minutieuses a 11 i : C dCtermmer SI ce
systeme relativerncnt pen Cl';.:' j peut valablement
remplacer les systcmes i1 a L:', :.tion,

On peut supposer que le:, ;'~)pareils refrigerants
adaptes al'emploi d'insolatcui.. .mront avec le temps
un rendement a peu pres al1~,;i l:lcve que des appa
reils analogues utilisant les CO];, i.ustibles ; on constatc

,. , . '1' t l' 'nerglepour I instant que les Systlli:L'S uti isan ,e ,
solaire ne peuvent concurrent LT les systemes a
combustibles dans les regions OU les cofits des
combustibles correspondent <lUX prix m~~dl~U~
normaux, mais qu'ils peuvcnt pr?senter de lm~~~e
dans les regions ecartees OU le pnx des co~bustl es

I · f ' , . . mondlal 6 Dansest p usieurs OlS supeneur au pnx . . '
ces conditions, le temps n'est pe~t-etre pas,l~~n ~l~
la climatisation par energie solaire sera rea isa
dans la pratique. t

Un nouveau precede qui semble promette~r"t~s
particulierement adapte aux besoins de collec}fV~ge_

, ,. , . h d est le re nprimitives dans les regions c au e~,. 'ttent
rateur domestique a cycle a absorptIOn ;nte;{?lrer il
regenere par un miroir solaire. P~ur 1am:

t
lO une

faut diminuer la pression, ce qUI. perme l:ngers
construction plus legere (et red~lra les i aug
d'eclatement dus au surchauffage);.Il faut aUf:oir de
menter le CDU et mettre au 'po~nt un:; utilise
regeneration plus efficace. (Ce mlrO!r.peut :/~haleur
a d'autres fins, telles que la cuisme P

. sous_developpes
6 Certains auteurs sont davis que les pays d la construC-

auraient interet a investir leurs capitaux non pas ansroutes et de
tion d'appareils solaires, mais dans celle de bonne: des coIIlbus
chemins de fer afin dabaisser le cout du transpc;; installations
tibles. Cela est peut-etre vrai dans le cas des gran e~l s'ag it d'nn
solaires, mais l'argument est mains v,:lable lor~~~SI tels que les
grand nambre de petits appareils s~laIr~s d~spe ,
refrigerateurs et les appareils de clIIIlatIsatlOn.
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solaire, qu. r.d on ne l'emploie pas pour la regene
ration).

11 ne fa pas negliger certains autres pro cedes
de climati- .; ion des habitations qui peuvent servir
d'appoint ;, la climatisation solaire, ou meme etre
employes :..uls. Citons notamment la climatisation
par evapor.. ion dans les climats chauds et secs (a
condition ( .J" l'approvisionnement en eau soit suffi
sant) et htJimatisation par rayonnement nocturne
dans les rei ;~ns de ciel clair, mais il importe d'appli
quer de 1:.1S principes dans la conception meme
des habita "ms.

S '!.iets de discussion proposes

1. Diffenl1ce entre le refroidissement par energie
solaire et !. refroidissement classique, en l'absence
d'energie C' ctrique.

2. Role ,ossible de la refrigeration des denrees
alirnentair.. dans les pays sous-developpes, et notam
ment etuc: des refrigerateurs de petites dimensions
et/ou de '~Tandes dimensions fonctionnant par
energie so: .re, de la production de glace dans les
appareils .' »laires et des cants economiquement

admissibles. Examen de I'interet que pourrait
presenter eventuellement la centralisation de I'emma
gasinage frigorifique des denrees alimentaires dans
les villages, par contraste avec l'emmagasinage fri
gorifique domestique chez les particuliers.

3. Necessite du froid pour le bien-etre de l'homme
et son effet sur la productivite de l'homme examines
en correlation avec le degre des variations de tempe
rature et d'humidite qui peut etre realisable au
moyen des appareils solaires et qui pourrait etre
utilise sur une base intermittente.

4. Cooperation entre les specialistes de I'energie
solaire et les architectes en vue de la construction
de maisons selon des plans qui contribueraient a
une amelioration du refroidissement grace a- I'energie
solaire.

5. L'emploi de la climatisation pour faciliter la
croissance vegetale grace a- la' fois a- la production
d'eau douce et au controle de l'humidite dans les
zones arides.

6. Degre de complexite des appareils refrigera
teurs a- energie solaire que l'on peut tolerer dans
les pays sous-developpes,

References

La liste de references suit immediatement le texte anglais original.



USE OF SOLAR ENERGY FOR COOLING PURPOSES

Rapporteur's s.ummation

units are
technical,

I device at

In summarizing the discussion of agenda item IILD
at the Conference some preliminary comments on
the use of solar energy - and power - are in order.

We need have no illusions. Solar energy will not
solve all problems, not even most of them, but only
some, even with new breakthroughs.

The fundamental limitations of the amount of
sunshine in a given place and of thermodynamics are
unaltered by any technical breakthrough; the regions
of viable applicability are merely increased. It is
necessary to consider each area separately: to con
sider its problems and then see if solar energy can
help.

As an example: one delegate spoke of the need
of solar energy for air conditioning in industries in
hot climates in order to increase productivity.
Another delegate pointed out that in such cases there
was competition from electricity, and solar energy
was therefore not practical. Yet another said that
there was electricity in the factory, but not enough,
and the authorities would not agree to its use for
such "luxuries" as air conditioning. It appeared as
though these three delegates were referring to three
different places. Thus it is extremely dangerous to
generalize; though this is exactly what a summation
inevitably does.

The use of solar energy for cooling purposes may
be divided into (a) cooling and refrigeration for the
preservation of food (including ice-making); and
(b) the cooling of dwellings (air conditioning).

energy should in general be harnes"lt the point
of use.

The question arose as to which \\ nore impor-
tant: domestic units or village uni: Fhe general
feeling was that, at least in the ill'; .d stages, we
should concentrate on village or CUI '.' unity units
(although one delegate pointed out t ,r in his area
dwellings were so spread out that vil! quits would
not be very practical).

The reasons in favour of commn
numerous and rather convincing, 1"
economic, social and anthropological

(a) A large unit is usually more cfl« l and hence
relatively cheaper;

(b) It is easier to maintain a tccl,
the communal level ;

(c) A community often has mo. 10 buy a
machine whereas the individual h: older does
not;

(d) Refrigeration, unlike cooking, quite new,
and the introduction of a complete: .cw device,
not an alternative device to that \VII'! the people
are accustomed, meets with great n-· .:.ince.

There is, in many cases, a strong pri'j~"lice against
eating any food which has been kept 1n(lr~ t~an one
day. The hygienic reasons for this prCJud~ce ~re
obvious; the food is said to be "dead" (a hactenolog1st
would say the opposite l). To persuade anyone th~t
a new device that he does not undcrstand will
allow him to keep his food for long periods requires

Refrigeration a long, difficult educational process.
A farmer or trader, however, is apt to l~arn much

Research to date has shown that in the use of faster. One delegate pointed out that in his country
solar energy, more progress was recorded with inter- there was an over-production of food; what was not
mittent machines than with continuous operation sold on market day was thrown away. The wastage
machines; this is to be expected from the intermittent was so high that food actually had to be Imported
nature of sunshine. One matches the device to the . Another delegate referred to a common commod1ty
solar cycle. with price variations of twelve to one, simply because

There were reasonable prospects for producing there were no food preservation facilities.
a very simple household device for cooling a food It was further pointed out that many ne~ States
container which required some manual manipulation have central governments with policies des1gned ~o
(Paper 5/82). More research was needed, however, strengthen local agriculture, and these governme~ s
to reduce internal pressures and thus lower the weight would support the purchase of refrigeration ~qU1P
and cost of the device. ment - particularly solar equipment, if practlcal-

Another successful solar device manufactured ice for village, farm and market use.
at a price competitive with ice delivered from a large One delegate stated that further development was
distant central ice-making plant. This is an example needed; this could not be accomplished in the ne;
of a general principle in solar energy utilization: countries, but if a manufacturer from an econom1cal Y
because solar energy is distributed free whereas other advanced country were able to supply the proper
forms of energy involve distribution costs, solar equipment, he would find a market.

16
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Air conditio:; ing

With re:: . et to the 9-uestio~ of air conditioning
(i.e., ~oolE :. ?f .dw~lhngs), It was pointed out
that air COl ',.'ltlOmng IS never cheap, and there is no
reason to b <eve that solar air conditioning will be
cheap.

Thus the' . was almost unanimous agreement that
we should::>t interest ourselves, at this stage, in
air conditi ling of dwellings in under-developed
countries. ~; was further pointed out that in many
cases the C' nate in areas under review was not as
bad as gel. .vally believed (with of course many
exceptions), .md that what was needed was to pay
much more .ttention to the design of the dwelling
sothat no 11) -chanical aids (or only the very simplest)
would be I,,·ded. We could often learn a great deal
from the bi-: cling traditions of people who had lived
in a region . . .ong time; the addition of a little knowl
edge of the :~rysics of heat transfer would be helpful.

The cooli ',; or air conditioning of public buildings,
schools, ho: -itals and factories, however, was quite
another ll1:' tcr. In many such cases, of course,
electricity (. fuel for absorption machines would be
available a,' ; would be competitive with solar cooling.
In fact, no «xamples or papers were submitted at
the Confer, '~.::c on the solar cooling of such public
dwellings, : lit it seems that it would be practical

(though not cheap) in areas where other fuels were
expensive.
. It may be noted that much of the research regard
mg solar air conditioning - heating and cooling 
has been done in economically advanced countries,
where the psychology of the researcher has been
attuned to conditions in such countries.

Conclusions

There is a need for refrigeration for food preserva
tion, and the emphasis should be on village or com
munal units first.

Air conditioning should be limited to public build
ings; more attention should be paid to simple methods
of improving individual dwellings by intelligent
construction.

What of the future? I am quite optimistic in this
respect, if more research is done in economically
advanced countries. A simple intermittent household
unit should be quite feasible; larger intermittent
units for communal use seem practical and are
sufficiently developed to permit their use by industrial
concerns.

The approximate synchronization of cooling
demand and solar radiation supply is obvious. This
whole area has a future if proper care is paid to
exactly what is required, and where.



Refrigeration

Il Y a lieu, en resumant 1'examen du point Ill. D
de l'ordre du jour de la Conference, de faire quelques
observations preliminaires sur 1'emploi de l'energie
- et de la puissance - solaire.

Ne nous faisons pas d'illusion. L'energie solaire
ne resoudra pas tous les problemes, ni meme la
plupart; elle ne peut en resoudre que quelques-uns,
meme si 1'on fait de nouvelles decouvertes, En effet,
aucun progres technique ne pourra prolonger la
duree de l'ensoleillement en un lieu donne, qui est
soumise a des limitations fondamentales, ou alterer
les lois de la thermodynamique; tout juste pourra-t-il
elargir l'eventail des regions ou les applications
pratiques de l'energie solaire sont possibles et ren
tables. Il faut done examiner, d'une part, les pro
blemes particuliers a chaque region et, d'autre part,
la question de savoir si l'emploi de l'energie solaire
peut y etre utile.

C'est ainsi qu'un participant a declare qu'il fallait
capter l'energie solaire en vue de la climatisation
des entreprises industrielles des pays chauds afin
d'accroitre la productivite, Un autre a fait observer
qu'en ce domaine l'energie solaire se heurtait a la
concurrence de I'electricite, et qu'elle ri'etait done pas
d'un emploi pratique. Un troisieme a ajoute que les
usines disposaient bien d'energie electrique, mais pas
en quantite suffisante, et que les pouvoirs publics
n'accepteraient pas de l'utiliser a des fins aussi
« superflues » que la climatisation. On aurait dit
que ces trois participants parlaient de trois endroits
differents. 11 est done extremement dangereux de
generaliser; or, c' est exactement ce qui se passe dans
des conclusions.

En ce qui concerne la production de froid, l'energie
solaire peut servir : a) a refroidir et a refrigerer les
aliments en vue de leur conservation (et a fabriquer
de la glace); b) a refroidir les locaux (climatisation).

EMPLOI DE L'ENERGIE SOLAIRE POUR LA PRODUCTION DE FHd)

Resume du rapporteur

afin de diminuer les pressions inter . ' ,~ et d'abaisser
ainsi le poids et le cout de I'appan il.

Un autre appareil solaire fonctionu.i.' bien fabrique
de la glace a un prix qui permet (;" concurrencer
la glace livree par une important.. usine centrale
assez eloignee. C'est I'illustration .i'un principe
general applicable en matiere d'utilisr ':., ,n de l' energie
solaire : cette derniere etant gr~ll,,!e, alars que
d'autres formes d'energie impliqnci : des cofits de
distribution, elle doit, d'une manicr ::(~nerale, etre
exploitee au point d'utilisation.

La grande question qui s'est po:,: -st de savoir
s'il etait preferable d'avoir des in-: .vtions domes
tiques ou des installations de \';';", De l'avis
general, il faut, du moins au stadc i 11: :' . faire porter
les efforts principalement sur lcs '; allations de
village ou les installations collccfi.- encore qu'un
representant ait fait observer ql1". "1S la region
d'ou il venait, les logements etait > .irtis sur une
superficie telle que des installatiOil' e village ne
seraient pas tres commodes).

Les raisons qui militent en favem"~ installati~ns
collectives sont toutefois nombreusc- '!ssez convam
cantes, car elles sont d'ordre technic ,economique,
social et anthropologique :

a) Une grande installation est g('·,Jralement 1?lus
efficace qu'une petite et, par conscq ncnt, relattve
ment plus economique:

b) L'entretien d'une installation technique est plus
facile al'echelon communal;

c) Une collectivite a souvent - cc que n'a pas
toujours le proprietaire d'une habitation - les
moyens d'acheter une installation;

d) La refrigeration, a l'inverse de la cuisson. .est
un procede tout a fait nouveau, et la presen~atlOn
d'un appareil entierement nouveau, qui ne soit pas
un appareil qu'on utilise en remplacement d'u,n autre
auquel on est habitue, se heurte aune forte reSIstance.

11 existe souvent un fort prejuge contre 1'ab~orp
tion d'aliments qui ont ete conserves plus ~'~n Jour:

Il ressort des recherches effectuees que, dans ce Les raisons hygieniques de ce prejuge sont ev!~enteus~
domaine, les progres ont ete plus grands pour les les aliments sont dits « morts » (un baetenol09'
machines intermittentes que pour les machines a dirait le contraire 1). Persuader une personne qu u~
fonctionnement continu, ce qui etait previsible, appareil nouveau dont elle ne comprend pas l~ font
etant donne le caractere intermittent de 1'ensoleille- tionnement lui permettra de conserver ses ahmen s
ment. Le systeme est adapte au cycle solaire. pendant longtemps requiert une education longue

On peut raisonnablement esperer mettre au point et difficile.
un appareil menager familial tres simple capable Un cultivateur ou un commen;ant, toutefo~~,
de refroidir un recipient contenant des aliments et devrait apprendre bien plus rapidement. U~ )ar ~
ne demandant qu'un minimum de manipulations cipant a fait observer que dans son pays, ou I y'ts
(memoire 5/82). .Maisil faut poursuivre les recherches surproduction de denrees alimentaires, les prodUI

18
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qui ne pom .:ent pas etre vendus le jour du marchs
etaient jetes, .t que le gaspillage etait tel qu'il fallait
me~e i~pc:r ~es denree.s. Un autre participant
a slgnale le .'S dun produit de base commun dont
leprixv~~iz' .. .l~ns l.apropo~~ion de 12 a1 simplement
paree qu ll.xlstalt pas d installation de conserva
tion.

On a egal .icnt fait observer que nombre de jeunes
Etats s'eff ·cnt de renforcer leur agriculture;
leurs gouv. '']'?n:ents. I?re.n~rai~nt a leur ~harge
l'achat de II .tcriel de refrigeration - en particulier
deID;ateriel: refrigeration solaire - commode pour
les villages, ; -; fermes et les marches.

Un partic nant a dit que de nouveaux progres
etaient .necl';saires! ceux-ci ne peuvent pas etre
accomplis cL ns les jeunes Etats, mais tout construe
teur d'un p;"s avance capable de fournir le materiel
approprie trcivcra ainsi des debouches.

Climaiisatio.

On a fai observer au sujet de la climatisation
(c'est-a-dir, iu refroidissement des locaux) qu'elle
n'est jamai. )on marche et il n'y a aucune raison
de penser I .~ ,l'emploi de l'energie solaire a cette
fin sera pe" ..nereux.
, ~es partvipants ont done ete presque unanimes
a dire qu'il ; faut pas se preoccuper, au stade actuel,
d~ la clim. isation des locaux dans les pays sous
developpes, TIs ont egalement fait observer que bien
souvent le climat de ces regions n'est pas aussi
mauvais cl' 'on le pense generalement (il y a, bien
e~tendu, tk nombreuses exceptions), et qu'il faut
s attacher plutot aconstruire des logements oil aucun
appareil (Oil seulement les appareils les plus simples)
ne serait necessaire. On peut parfois s'inspirer
l~rgement des techniques traditionnelles de construe
tIon des populations qui ont longtemps vecu dans
une region donnee ; il serait utile d'avoir egalement
quelques connaissances de la physique du transfert
de la chaleur.

Le refroidissement ou la climatisation des batiments
pUblics, ecoles, hopitaux et usines, cependant, est

une toute autre question. Dans bien des cas en effet
o,n disposerait d'appareils fonctionnant par absorp~
tion, consommant de l'electricite ou un combustible
quelconque, qui entreraient en competition avec
les ,appareils. de climatisation utilisant l'energie
solaire. En fait, aucun exemple ou aucun mernoire
sur la climatisation solaire des batiments publics
n'a ete presente a la Conference, mais il semble
que ce procede aurait des avantages (a defaut d'etre
bon marche) dans les regions OU les combustibles
sont onereux.

. On peut noter que la plupart des recherches rela
tives a la climatisation et au chauffage solaires ont
ete entreprises dans les pays avances oil la psycho
logie des chercheurs est fonction des conditions
existantes.

Conclusions

La conservation des aliments par refrigeration est
une necessite, et il convient de considerer en premier
lieu les installations de village ou les installations
collectives.

La climatisation, quant a elle, doit etre limitee
aux batiments publics; il faut se preoccuper davantage
de rechercher des methodes simples visant a ameliorer
les logements particuliers au moyen de plans bien
concus,

Pour l'avenir, je suis tres optimiste a condition
que les recherches se poursuivent dans les pays
avances. Une installation familiale intermittente
simple doit etre tout a fait realisable; des installa
tions collectives intermittentes, plus importantes,
semblent commodes, et leur mise au point est suffi
samment avancee pour en permettre l'utilisation
dans les entreprises industrielles.

La synchronisation approximative de la demande
de climatisation et de la quantite de rayonnement
solaire disponible est evidente. C'est la tout un
domaine qui a beaucoup d'avenir si 1'0n s'attache
a faire exactement ce qu'il faut dans les regions oil
un tel effort s'impose.
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COOLING WITH SOLAR ENERGY

R. C/mng and J. A. Duffie *

The application of solar energy to refrigeration
or air cooling is an appropriate combination of
energy source and energy utilization, as there is
frequently a direct relationship of high ambient
temperatures to high incident solar radiations.
Absorption type cooling or refrigerating units appear,
at the present state of development, to be more
suited to solar operation than other types of machines.
The Solar Energy Laboratory of the University of
Wisconsin has carried on studies pertaining to solar
operation of small capacity intermittent absorption
refrigerators and continuous absorption air coolers.

For convenience of discussion, the over-all perform
ance of solar operated equipment may be expressed
by a term E defined as the ratio of cooling obtained
to solar radiation incident upon the collector.
Expressing the performance of the two components
of the system separately is also convenient: for the
solar heat exchanger let ~ be defined as the ratio of
useful energy delivered to the solar radiation incident
upon the exchanger, and let 1) be the ratio of cooling
obtained to the energy input (or output of the
solar heat exchanger). E, hence, is the product of ~

and 1). The merit of a piece of solar operated equip
ment, from the standpoint of energy utilization, does
not necessarily. depend upon most efficient operation
of each component but upon the product of these
ratios. The most economical provision of cooling
depends on the costs of obtaining acceptable ratios.

and the absorption unit perm,l; 'tly mounted if the
dual functions of the conclcn ;' vvaporator were
separated. This is known as th.: . "-n~ cycle, when the
condenser is mounted outside l! ,,' refrigerated space
in such manner that the rdr,,;:',ant can flow by
gravity into the evaporator ,,::'r regeneration is
completed. The manipulation i L v,.lx-d will then be in
directing the proper flow of 1111' i., before and after
regeneration. The performaiv. 'd these units is
substantially the same as t l«: . unpler ones. The
efficiency of the intermitt,'cl:'lll.chines can be
improved through recovery of ;",'nsible heat from
the hot absorbent during rcgch' .on. Such schemes
as dual units with common (" j-;er and evapora
tor (4), or the system of Troru' ,'-1([ Foex (5), have
provisions for heat exchange.

Continuous absorption cool, "-'l1ld be operated
with solar energy in conjunctio with either a flat
plate or a focusing solar cxcL.';',T. Such .sys!ems
are better suited to air-con.l ; ,.ling apphcatlOns,
where evaporator temperature' . ,.11 be substantially
higher than in food refrigeratoi s. :\ design study (6)
indicated over-all performance r,.:i~Js, E, of about 0.25
for an air conditioning systcr. using a flat~plate
solar heat exchanger which is a1:.:,(; .uitable for winter
time space heating. Dcvelopmc.nbl study ~:)ll this
design is being carried out using the refngerant
absorbent combination Freon-z l and tetraethylene
glycol dimethyl ether.

MECHANICAL SYSTEMS AND OTHER METHODS

Cooling may be accomplished with so.lar energy
by first converting radiation into mechanIcal energy

r--- ---,
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. 'ttent cooler.
Ftgure 1. Dfagr-arn of a simple lUterm;. ns : during

Each of the two vessels has dual func l~or_~bsorber
regeneration as shown on the left, genera tracts as
acts as generator and condenser-evapora 0 right, the
condenser; during refrigeration as shownho~ondenser
generator-absorber acts as absorber and t e
evaporator acts as evaporator* University of \Visconsin, Madison, Wisconsin.

ABSORPTION SYSTEMS

Absorption coolers may be broadly classified as
intermittent or continuous. The simplest intermittent
cooler is the domestic portable food cooler, such as
the American "Icyball" and the French "La Frigor",
as schematically shown in figure 1. Detailed studies
of several models, differing in refrigerant-absorbent
combination and in physical design, have been
carried out (1) and some of the results from these
studies pertaining to solar operation will be sum
marized below. Intermittent systems have also been
studied by Farber (2) and Chinnappa (3). The E for
these units is low, in the range of 0.1 to 0.2. Also,
they require manual manipulation, physically remov
ing the entire cooling unit for regeneration. However,
these units are simple in construction, rugged, and
have no moving parts. They are suitable in areas
where little or rio power is available and maintenance
requirement should be at a minimum.

Manual manipulation can be considerably reduced

20



Cooling with solar energy 8/82 Chung and Duffle 21

and then :);)crating a compression-type cooler with
the conv- :cd energy. The conversion of energy
from SOLL :0 mechanical encounters serious limita
tions. Th- ,:oefficient of performance of conventional
compressi» units are in the range of 4.0 or better.
As E for,' zermittent absorption units is about 0.2,
then a co. .crsion of 5 per cent of incident radiation
to mecha .cal energy would yield the same over-all
performs- :/: ratio. This is as yet difficult in the small
Sizes reqr.: 'cd for ordinary coolers.
. In area. of high relative humidity, dehumidifica

tion systems such as that studied by Lof can be
~sed (7). Uther possible methods are: dehumidifica
tion follo'i\'ed by adiabatic humidification as the
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Fh'" re 2. Ideal intermittent cooler cycle
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Lizenzia n;achine. or as proposed by Dannies (8),
air expansion engme as proposed by Heywood (9),
nocturnal radiators as studied by Bliss (10) and
others, and vaporization of the refrigerant by jet
ejectors.

Intermittent absorption coolers

SELECTION OF ABSORBENT-REFRIGERANT SYSTEM

The selection of absorbant-refrigerant combina
tions involves simultaneous considerations of many
factors. Availability and cost are important. Certain
physical and thermodynamic properties are desirable.
Qualitatively, some of these are: low volatility of the
absorbent, to minimize fractionation requirements;
vapor pressure of refrigerant not excessively high to
avoid constructional difficulties inherent with the
relatively large vessels of the intermittent coolers
and not excessively low to hinder mass transfer;
low heat capacity of the absorbent to minimize
irrecoverable sensible heat losses; temperature coef
ficient of solubility such that the absorbing capacity
is high at absorber temperature and low at generator
temperature; viscosities, thermal conductivities, and
diffusivities favorable for mass and heat transfer.

ABSORPTION COOLING RATIO OF INTERMITTENT UNITS

The performance of potentially useful systems
expressed as 1) can be evaluated from the thermo
dynamic properties of the systems. For absorption
systems 1) is defined as

heatjabsorbed by refrigerant during refrigeration
. 'Yj ='heat absorbed by generator contents during regeneration

refrigerant ceases to vaporize at the operating
temperatures of the evaporator and absorber. (This
description is more general than the original presenta
tion of the ideal cycle (1) but is not at variance with
it. In cases where the absorbent can be considered
non-volatile, both descriptions of the ideal cycle
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Figure 3. An experimental intermittent cooler cycle
for an ammonia-water system
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This ratio is not a point function and does depend
~pon the path of the cycle and the designated operat
Ing conditions. Adopting an ideal cycle as a standard
an.d calculating an ideal cooling ratio, 'Yji, based on
this cycle facilitates comparison of various systems.
Such an approach has been followed by Willian:s
et al. (1), and the ideal cycle chosen closely apP~oxI

mates an actual one. Figure 2 presents the Ideal
cycle and figure 3 presents an actual cycle. Referring
to figure 2, the cycle is briefly described as follows:
heat is added to the generator from 1 to 2 (numbers
correspond to those on the figure) at which point the
s?lution has been brought to its boiling point: Addi
tion of more heat from 2 to 3 vaporizes the refngerant

. and increases the temperature of the genera!or
contents while the condensing pressure remams
constant. When heating is stopped at 3, the &ener~tor
now begins to function as an absorber and IS chilled
quickly to initiate cooling in the evaporator. Fr?m 3
to 4, the refrigerant in the evaporator cools It~elf
down to the operating temperature without removmg
heat from the surroundings. From 4 to 5, the evap
orator removes heat at a constant temperature
and the absorber cools gradually, losing sensible
heat accumulated during regeneration and the
heat of absorption of the refrigerant. At 5, the
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Figure 4. Ideal cooling ratios for the system Freon-21
tetraethylene glycol dimethyl ether. Generator tempera
ture at start of regeneration is 90°F
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Figure 5. Ideal cooling ratios for s. c,ystem Freon-21
tetraethylene glycol dimethyl e th-.': . (aerator tempera
ture at start of regeneration is .' . r:
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with decrease in evaporator ::'iicrature, these
curves as presented do illustratc v": ideal ratios ~f
both systems are in the same r;.IlI;. ~'n~e~ approxI
mately the same set of operatir. .-onditions, e.g.,
evaporator temperature at ·11)',. final absorber
temperature at 100°F, final reger,: .: .•ion tempe!~t~re
at 250°, and condensing tempera. ..re in the vicinity
of 80°F, the "fJi for ammonia-water ;~ 0.37 and 1)i for
Freon-glycol ether is 0.3~. .

For systems with volatile ab:S('lbent such as !he
ammonia-water system, provision for fractwnatlOn

should be considered. Figure 8 illustrates, for t~e
system ammonia-water for the conditions noted m, . f non
the caption, the effect on "fJi as inc~eaSl?g ra~ 11
of the vapor leaving the generator. IS dl~erent1a e~
condensed. In this example, a maximum IS rea~h11
when 9.5 per cent of the vapor is differentIa Y
condensed. Note that the curves in figure 6 ~nd
figure 7 are based on 10 per cent of the vapor bemg
differentially condensed.

become identical.) Throughout the cycle, mixing in
the absorber-generator is assumed to be complete,
vapor is assumed to be in equilibrium with the
liquid with which it is in contact, and the total pres
sure of the whole system is assumed to be constant
at the saturation pressure of the condensing vapor
during generation and of the vaporizing refrigerant
during refrigeration.

Based on this ideal cycle, then "fJi can be calculated
for various refrigerant-absorbent combinations with
different operating parameters. Figure 4 and figure 5
are sets of curves of "fJi for the system Freon 21-tetra
ethylene glycol dimethyl ether; figure 6 and figure 7
are sets of curves for the system ammonia-water. The
difference in the shape of curves for the two systems
is due to the fact that glycol-ether is non-volatile
while significant amounts of water are vaporized
along with the ammonia during regeneration. These
sets of "fJi curves were not calculated at the same
operating parameters for both systems and they
should not be used for direct comparison. The
greatest difference is in the evaporator temperature, SOLAR HEATING RATIO
that of the Freon 21-glycol ether system is set at
35°F (appropriate for short-time food preservation), The heating ratio, ~, expressing th~ perf~~~a~~:
and that for the ammonia-water system is set at of the solar heat exchanger operatIOn wi .

25°F (for ice production). As the values of "fJi decrease intermittent cooler, is defined as :

~ = heat absorbed by the contents of the generator
incident direct solar radiation on effective area (aperture) of the collector

etion to
of the solar exchanger system, t? conve ~etal
reradiation and to the heat capacity of t~e f the
parts of the generator. General treatmen th~ solar
factors to account for the energy balance of nitude
heating system is difficult. However, t~e m~£11 and
of these factors has been measured .expenme~ ~ion.
typical ~ values will be presented III the nex se

In actual tests, the generator is directly heated with
the concentrated radiation from a parabolic reflector,
and the denominator is taken as the beam component
intercepted by the unshaded area of the collector.
The difference between the intercepted energy and
the heat absorbed by the contents of the generator
is the sum of the losses due to optical imperfections



Cooling with solar energy S/82' Chung and Duffle 23

O.6r-----,r-----,r----,-----,------.

CONC. OF CHARGE-0.50 WT. FRAC. OF NH3
FINAL ABSORBER TEMP. AT BO OF

0.5 FINAL EVAPORATOR TEMP. AT 25 OF

350

200

, . 250
REGEN. PRESSURE~
. in Ibs./sq.in. obs. .

0.1

0.4

0.2

7]. 0.3•

150 200 250 300

FINAL GENERATOR TEMPERATURE, Of

Figure 6. Ideal cooling ratio for the system ammonia
water. Generator temperature at start of regeneration

. is 80°F. Fractionation is equivalent to differential
condensation of 10% (by wt) of vapor leaving generator

inside of the generator, thus lowering metal
. temperature and thermal losses.

In typical experiments with the ammonia-water
units, the distribution of the incident beam radiation
was; 33 per cent optically lost (due to departure of
reflectivity and absorptivity from unit), 3 per cent
lost by heating of the metal of the generator, 40 per
cent to generator contents, and 24 per cent .to thermal
losses. For the Freon 2l-glycol ether units, the typical
distribution is: 33 per cent optical loss, 2 per cent
metal storage loss. 30 per cent to generator contents,
and 35 per cent thermal losses.

S01_AR REGENERATION EXPERIMENTS

Three sets of experiments were performed'with
three intermittent absorption units which differ
from each other either in refrigerant-absorbent
system or :Cl physical design. The units used in sets
No. 1 and No. 2 are similar in design but have
different cb .rges, The unit used for set No. 3 differs
fromthe oti.ers in design: the bottom of the generator
is concave; n contrast with the convex shape of the
other mo.lels ; the constructional design. of this
generator L shown in figure 9. The reflectors used
were parabolic molded polystyrene shells lined with
aluminizec1 Mylar polyester film and were mounted
on a support convenient for manual altazimuth
adjustments. The condensers were water-cooled
in some ex.periments and air-cooled in others. During
the progre-ss of these experiments, temperatures
were measured by means of thermocouples in wells
located at appropriate points in the equipment.
Solar radiuion was measured with either a total or
direct Ep~.;y pyrheliometer or with a G. E. radiation
meter.

The resiits of these experimental runs are sum
marized iu 'able 1. The values of the cooling ratio of 'Yl

(experime.: :ally determined), the solar heating ratio ~,

and the 0'. .-all performance ratio E (the product of 'Yl

and ~) an. shown with the condensate temperature,
final gene.ator temperature, time of regeneration
~n~ the .znount of refrigeration produced. The
indicated l":::rformance of the ammonia-water system
f?r set 1 ')r the experiments is based on the assump
tion that ;.d of the condensate was ammonia, and the
values of refrigeration (also 'Yl and E) shown are high
by 5 to 10 per cent. The higher solar heating ratio
obtained with the ammonia-water system is due
III part to the lower viscosity of ammonia solutions
which result in better heat transfer characteristics

Table 1. Summary of experimental solar cooler regeneration data

Run No. Final gen. temp. Condensate temp. Time, hours Refrigeration, btu Cooling ratio 7j Heating ratio 1; Over-all ratio E

Set 1 (Ammonia _ water unit, charge 3.47 # NHa and 4.4 # H2O)

10-15' 255 86°F 2.0 787 0.38 0.39 0.15

10-16' 265 85°F 2.0 847 0.38 0.41 0.16

10-17' 251 82°F 2.2 814 0.40 0.38 0.15

10-18' 259 81°F 2.5 892 0.41 0.35 0.14

Set 2 (Freon-21 -glycol ether unit, charge 7.44 # F-21, 12.5 lb. glycol ether)

6-15' 260 82°F 3.0 473 0.26 0.29 0.075

6-21' 283 79°F 2.8 522 0.25 0.31· 0.078

9-27b 256 80°F 4.3 401 0.26 0.19 0.049

10-20 • 277 . 92°F 3.0 447 0.22 0.26 0.057

10-40 • 320 79°F 4.5 575 0.23 0.22 0.051

Set 3 (Ammonia _ water unit, c~arge 3.64 lb. NHa and 4.63 lb. H2O)

2·29b 217 50cF 3.4 1092 0.40 0.40 0.16

3-l b • 238 59°F 3.8 107·2 0.41 0.37 0.15
O'

3-7b . 291 73°F 3.7 I 152 0,33 0.46 0.15

a Rigid unit, water-cooled condenser. .
b Unit with flexible connection, water-cooled condenser.
C Unit- with flexible connection air-cooled condenser. .
NOTE: Refrigeration, cooling ratio and over-all ratio are based on the assumption that all condensate is refrigerant for sets 1 and 2.

2
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PROGRESS OF REGENERATION
OF FREON-GLYCOL ETHER UNIT

unit was designed to have a long cooling period
following a short period of regeneration with a
reflector used for other purposes also. Cost of energy
collection becomes of prime importance when the
solar exchanger is used primarily with the cooling
units. The collector. size will be greatly r:duced by
extending the regeneration period, so th» t most of
the daily radiation is collected. To accomplish this
change, the design of the simple household unit may
be modified by increasing the evaporator hea t transfer
surface to decrease the refrigeration perio.i, By this
change, the relative lengths of refrigeratio.. period to
regeneration period may be reduced from \2 (as for
the small food cooler) to 3 or 4. It is then necessary
to provide sufficient storage of "cooling" to provide
needed refrigeration during regeneration.

Utilization of the solar collector could also be
increased by any of a number of cycle modifications
which permit . regeneration to proceed without
interfering with refrigeration. For example, a dual
intermittent unit with common condenser and
evaporator would accomplish this end (2). Jf indirect
heating of the generator were used, in C3.:·;;S where
regeneration and refrigeration proceed simultane
ously; the size of the generator can also t·; reduced
by providing heat storage in the heating system and,
operating the generator over longer period • of time.
The economic advantage of this process de lends on
savings realized with the smaller equ11"nent as
against the costs and operation of a storag- syst~m

with provision for circulation of heat transfer fluid,
The cost of the solar heat exchanger could be

further reduced by increasing the cooling ral io of the
absorption unit by operationandjor design r:lOdific~
tions. For ice-producing units with low coohng ratio
due to low evaporator temperatures, increasing 'f)

becomes more desirable. The following paragraphs
present three possible methodsto obtain better per
formance ratios with the ammonia-water system.
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. In experiments in which the units with flexible
connections were used, it was possible to follow the
progress of regeneration by weighing the amount of
refrigerant in the condenser. The results of one of
these experiments is shown in figure 10 as 1), ~, and

'E vs. the regeneration temperature. The amount of
refrigeration obtained is also shown. The 1) vs.
generator temperature curve is, in effect, an experi
mental, generation of a curve similar to those of
figures 4 and 5, except that the condensing tem
perature varies (as is the case in practical operations).

250 300
TEMPERATURE. of

, Figure 7. Ideal cooling ratio for. the system. am.m.onia
water. Generator temperature at start of regeneration
is -lOO"F. Fractionation is equivalent to differential
condensation of 10 % (by wt) of vapor leaving generator

REFRIGERATION WITH AMMONIA-WATER UNIT
OAOr-----r---r---,....----,----,---....,.-,

In the third set of experiments, the weight of the
evaporator was continuously measured by means of
a strain gage arrangement. Records of the relationship
among time, amount of refrigeration,. and. various
pertinent temperatures were obtained. Heat transfer
to the evaporator was found to be the rate determining
step during refrigeration. The mode of this heat
transfer is natural convection and the rate of transfer
was found to be proportional to the surface area of
the evaporator and to the 1.25 power of the difference'
in bulk temperatures of the refrigerated space and
the refrigerant.

Intermittent absorption unit of higher capacities

Larger refrigeration units could. be based on the
same design as the small intermittent unit. But,
simple enlargement of the equipment would mean
an excessively large solar collector, as the household
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"7;.
0.34

0.32

0.30
0

14
.02 .04 .06 .08 .10 .12 .

FRACTION OF VAPOR DIFFERENTIALLY CONDENSED

Figure 8. Effect of differential condensation of vapor leaving
generator on the ideal cooling ratio. System. is am.m.onia
water. Operating parameters are: final generat~r
temperature 250°F" condensing. pressure 150 lbjsq In
abs, final absorber tem.perature 100°F, and evaporator
temperature 40°F
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. BLACK SURFACE
Figure 9.' Schematic diagram showing the internal con

struction of the generator of an intermittent absorption
Cooler of the type shown in figure 1

A. sim1?le method to increase 'YJi is to alter the
refrigeration part of the cycle somewhat so that the
final evaporator temperature is higher, For example
in p~odl'cing ice from water initially at 90°F, it i~
possible 10 remove most of the sensible heat from
the water .during the last part of the cooling period
and per-nit the evaporator temperature to rise to
40°F; tuis pre-cooled water is then frozen in the
s?cceedi!jg cycle during the first part of the refrigera
tion period, The effect on 'YJi is almost equivalent to
operating the evaporator at 40°F, much above the
freezing point .o! water. For example, 'when the
operating conditions are: final regeneration tem
peratur« 250°, condensing pressure 10 atm, final
ab~orber temperature lOO°F, the 1)i value is 0.32.
WIth tho same operating conditions but with evapor
~tor t~rnperat~reat 25°F, 1)i value as given in figure 7
IS ?~ I. In this example, not only was the cooling
ratio m, Teased by 18 per cent, but also the evaporator
tel?I?er"ture is 17°F at end of freezing, thereby
gamlllf et better potential for heat transfer. ' ,

The cooling ratio could also be increased by reducing
the ab-v.rber temperature during the latter part of
~he cy: ;Co. This. is :=tccomplished with an auxiliary
interm: .ent unit wihch can be regenerated with the
sensible heat from the hot absorbent in the main unit.
For exr -nple, for operation with the final regeneration
t.emper.rure reaching 250° to 300°F, the hot absorbent
hq~lld c.n be used to distill ammonia in an auxiliary
unit h;·.ving 0.54 as much charge as the main unit
by weight but at a higher concentration, 55 wt per
ce~t .01' ammonia, The cooling effect from this small
unit IS enough to lower the final absorber temperature
to 70°F. The 1)i of the main unit is increased to 0.31.

The low 1) valu~s of the simple ammonia-water
units are due partly to the large amounts of residual
refrigerant retained by the water in the evaporator,

zo
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Figure 10. Progress of regeneration of an intermittent
absorption cooler; condenser was air-cooled; refrigerant
a~sorbentsystem used was Freon-21-tetraethylene glycol
dimethyl ether

003,r---_-.c

e~pecially'in th~ case of ice production, and 'partly
to rejecting and losing .the sensible heat of the hot
absorbent. The cooling ratio will be substantially
increased if heat exchange is provided to recover this
sensible heat and a fractionating unit is provided
to reduce the amount of water distilling into the eva
porator. A refrigerating system with these improve
ments is, schematically presented in figure 11.
The solar heat exchanger is assumed to be similar
in characteristics to that described by Lof et al. (11).
The radiation is concentrated by a parabolic cylinder
reflector on to a tubular receiver. The length of the
cylinder is 12 feet, the aperture is 6.19 feet, and the
reflectivity of the reflecting surface is 0.76. This
exchanger is assumed to perform as the .thermo
syphon reboiler (generator) of a distillation column.
The separator as illustrated could be part of the
column. The stripped hot liquid from the generator
gives. up its sensible heat to the fractionator feed
stream before' entering the absorber. The rate of
liquid flowing from storage to be regenerated depends
on the radiation available; it should be so regulated
to maintain the proper temperature at the outlet
of the tubular receiver. A fractionator with the
equivalent of three theoretical plates (e.g., about
2 ft of, packing) and operated with a reflux ratio
of 0.47 (i.e. 32 per cent by wt of the liquid from the

.condenser is returned to the top of the rectifier) will
yield a distillate of better than 99 per cent ammonia.
Refrigeration and regeneration can proceed simultan
eously in this system except for a short time when
the rich absorbent drains by gravity from the
absorber to storage. The evaporation period, hence,
could be extended over 24 hours exceptirig for the
short intervals necessary to change operations. This
arrangement will reduce the requirement for evapor
ator heat transfer area to a minimum and take
advantage of the lower night-time temperature as
suggested by Trombe and Foex (5).

........
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Summary

The application of solar energy -to refrigeration
or air cooling is an appropriate combination of
energy source and energy utilization, as there is
frequently a direct .relationship of high ambient
temperatures to high incident solar radiations.
Absorption type cooling or refrigerating units
appear, at the present state of development, to be
more suited to solar operation than other types of
machines. The Solar Energy Laboratory of the
University of Wisconsin has carried on studies
pertaining to solar operation of small capacity
intermittent absorption refrigerators and continuous
absorption air cooler.

Performance of solar coolers is conveniently
described in terms of an over-all performance ratio, .
E, the ratio of cooling obtained to solar radiation
incident on the collector. E is the product of a solar
heating ratio,~, the ratio of solar exchanger output
(cooler input) to incident radiation, and a cooling
ratio, 'Yl, the ratio of cooling obtained to heat input
to the cooler.

Intermittent absorption coolers of the simplest
type have the functions of generator and absorber
combined in one vessel, and condenser and evaporator

. combined in another; they are of simple design,
with no moving parts. They require manual mani
pulation and can be readily adapted to solar regenera
tion with typical experimental performance ratios
for ammonia-water systems, of E = 0.16, ~ = 0.4:
and 'Yl = 0.4. Used for small food coolers these
units are regenerated with a solar reflector; a 48"
reflector with a 2-hour regeneration period can pro
vide 1 000 btu of cooling.

The selection of refrigerant-absorbent systems
for intermittent absorption coolers can be based
on physical and thermodynamic properties; system
evaluations have ~een ~ade for a number of systems
and are summanzed 10 the paper.. The ammonia
water system appears to be the best, of those con
sidered, and can yield cooling ratios of 0.4 under
realistic conditions for food preservation.

Experimental regeneration and refrigeration stu
dies have been carried out with two refrigerant
absorbent systems and in units of two different
designs. A typical solar regeneration performance of an
ammonia-water unit showed the incident beam radia
tion on the reflector distributed as follows: 33 per
cent optical loss, 3 per cent heat capacity loss in
the generator, 40 per cent to generator contents,
and 24 per cent to thermal losses from the generator.

For larger capacities, changes ir the simple
food-cooler designs are indicated, to. 'rain better
use factors on the reflector and improv-. t he perform
ance of the coolers by recovery of i.sible heat.
Improved reflector use-factor (i.e., longer 'generation
times) can be achieved by use of dual tc;·:ts, by cycle
modifications which permit refrigeration to proceed
during regeneration, or by provision (,; additional
storage of "cooling" to carry through 101'i:,'r regenera- ,
tion times. Improved cooler performance coefficients,
particularly important for ice manufacture, which
requires lower evaporator temperatures, can be
obtained by precooling water which is io be frozen
in the later stages of the refrigeration cycle, and freez
ing the water in the earlier part of the cycle when
the evaporator temperature is lowest. Anot her method
to obtain better coefficients is to cool j l'e absorber
during the later part of the cooling cycle with
an auxiliary cooler.

A study of an ice-producing machiu: based on
an intermittent ammonia-water cycle, t: ing a solar
exchanger consisting of a cylindrical 1 -flector of
72 square feet area and a receiver-pipe' serving as
the generator of the cooler, indicates that its produc
tion of ice from water at 90°F should be about
145 pounds on a day when the beam ~idiation is
2 000 btu per square foot of the oriented receiver.
In this cycle, nearly complete rectification is us~d,
as is some sensible heat recovery, and evaporatIOn
(refrigeration) proceeds through all but a few
minutes of the 24-hour day.

Continuous absorption air-conditioners are of
interest, as there is frequently good correlation ?f
solar energy supply and cooling requirements." 10 .

temperate climates the process is more attractive
if the solar exchanger for supplying energy to .the
cooler can also be used for wintertime heating
Design and experimental studies of continuous air
conditioners operating with flat-plate solar exchangers
indicate that such systems are feasible if adequate
performance of the absorber can be achieved.

While cost estimates of the equipment' used. in
,solar cooling are only tentative, with the coohng
processes still for the most part in developmen.tal
stages, preliminary estimates put the cost of oWll1Og
a minimum size manually manipulated food cooler
at about $8 per year. The cost of ice from the
larger ice-making machine, considering only the cost
and lifetime of the equipment, is estimated at
about $4 per ton.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LA REFRIGERATION

Resume
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L'apFlj;:atio? d~ l'energie solaire a la refrigeration
ou a: la cimatisation represente une heureuse combi
naison c: la source de force motrice et de l'utilisation
de cett., energie, pour autant qu'il existe souvent
un rapport direct entre des temperatures ambiantes
elevees l~ .l'incidence, elevee elle aussi, du rayonne
ment solaire, Les groupes de climatisation ou de
refrigera lion a absorption semblent se preter mieux
(dans l'tlat actuel de nos connaissances) que d'autres
types ck- machines a l'utilisation de la force motrice
fournie par le soleil, Le laboratoire d'energie solaire
de l'Universite du Wiscontin a mene des etudes
sur la (;-iestion de I'utilisation de cette energie dans
des refri~!,erateurs a absorption intermittente et des
climatis.mrs a. absorption continue.

Le rcndement des refrigerateurs solaires peut
comrnod.iment s'exprimer par un coefficient global
d~ fonc.ionnernent E, rapport entre le nombre de
fngoric' produites et le rayonnement solaire recu
pa~ le .ollecteur. E s'obtient en faisant le produit
du coeriicient de chauffage solaire ~ par le rapport
entre k debit de I'echangeur solaire (a l'entree
du refr igerateur) au rayonnement incident et par
un coefficient de refroidissement 'fj, rapport entre
le degn5 de 'refrigeration obtenu et la chaleur recue
par le refrigerateur. .
. Les refrigerateurs a absorption a fonctionnement
mtermittent du type le plus simple combinent les
fonctions de generateur et d'absorbeur en une seule
et mem« enceinte, tandis que le condenseur et l'eva
porateur sont reunis dans une autre enveloppe.
Leur conception est simple et ils n'ont pas de pieces
mobiles. lIs exigent des operations manuelles et
peuvent facilement s'adapter ala regeneration solaire
avec des coefficients d'utilisation experimentaux
type, pour les systernes ammoniac-eau, de E = 0,16,
~ = 0,4 et 'fj = 0,4. Il en est fait usage pour de,
petits refrigerateurs destines a conserver les denrees
a~lmentaires. La regeneration y est assuree par un
reflecteur solaire. Un reflecteur de 48 pouces (1,22 m)
ayant une periode de regeneration de deux heures
peut produire 251 frigories (1 000 Btu).

Le choix des systemes refrigerant-absorbant pour
les refrigerateurs a absorption intermittente peut
reposer sur des considerations physiques et thermo
dynamiques. Des evaluations des divers systemes
ont He faites pour nombre de combinaisons et sont
resumees dans le mernoire. L'association ammoniac
eau semble etre la meiIleure de celles qui ont ete
prises en consideration - et elle peut donner des
raPl?orts de refrigeratio~ de 0,4 dans des. condit~ons
reahstes de conservation des denrees alimentaires,

On a precede a des recherches experimentales
SUr la regeneration et la refrigeration, avec deux

systemes refrigerant-absorbant et des groupes de
conceptions differentes, Il ressort du comportement
type, vis-a-vis de la regeneration solaire, d'un
groupe ammoniac-eau, que le rayonnement contenu
dans le faisceau incident qui porte sur le reflecteur.
se repartit comme suit: pertes optiques, 33 p. 100;
perte de capacite thermique dans le generateur,
3 p. 100; perte dans le contenu du generateur,
40 p. 100; et pertes thermiques du generateur,
24 p. 100.

nest indique, aux plus grosses capacites, de pro
ceder a. des modifications de la conception des refri
gerateurs simples, de maniere a. obtenir de meilleurs
facteurs d'utilisation au reflecteur et a relever leur
rendement par la recuperation de la chaleur sensible.
On peut realiser de meilleurs facteurs d'utilisation
du reflecteur (c'est-a-dire des temps de regeneration
plus longs) en se servant de groupes jumeaux,
en modifiant le cycle de refrigeration de telle sorte
que la refrigeration se poursuive pendant la regene
ration, ou en augmentant la capacite de mise en
reserve du (( refroidissement» de maniere a pouvoir
faire appel a de plus longs cycles de regeneration.
On peut ameliorer le coefficient du refrigerateur,
particulierement important pour la production de
glace, qui exige de plus basses temperatures d'eva
porateur, en refroidissant tout d'abord l'eau qui
doit etre congelee au cours des stades ulterieurs
du cycle de refrigeration et en congelant cette eau
pendant le debut du cycle, moment auquella tempe
rature de l'evaporateur est a son minimum. Une
autre methode propre al'amelioration des coefficients
consiste a. refroidir l'absorbeur pendant la seconde
phase du cycle de refroidissement, en se servant
pour ce faire d'un refrigerateur auxiliaire.

L'etude d'une machine productrice de glace, dont
le fonctionnement repose sur un cycle intermittent
ammoniac-eau, faisant usage d'un echangeur solaire
constitue par un reflecteur cylindrique d'une surface
de 72 pieds carres (6,7 m2) et d'un coIlecteur jouant
le role de generateur pour le refrigerateur, indique
que sa production de glace, a partir d'eau a 90 of
(32°C) doit etre de l'ordre de 145 livres (66 kg)
par jour quand le faisceau solaire fournit 2000 Btu
(502 calories) de rayonnement par pied carre,
(5397 calories par m2) de surface du collecteur
oriente. On se sert, dans ce cycle, d'une rectification
presque complete, ainsi que de la recuperation de
la chaleur sensible, et l'evaporation (refrigeration)
se poursuit sur la presque totalite (a quelques
minutes pres) de la journee de 24 heures.

Les climatiseurs a absorption continue sont i~te
ressants, car i1 y a souvent une bonne correlation
entre l'apport d'energie solaire et les exigences du
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conditionnement. Dans les regions aclimat tempere,
le processus est plus interessant si l'echangeur
solaire qui sert a fournir de l'energie au refrigerateur
peut egalement s'employer pour le chauffage d'hiver.
Les recherches sur la. mise au point de ces appareils
et les experiences faites sur eux, particulierernent
sur le type a fonctionnement continu, utilisant des
echangeurs solaires a plaque plate, indiquent que
de tels systemes ne sont realisables que s'il est possible
de tirer un rendement satisfaisant de l'absorbeur.

S'il est vrai que les evaluations relatives au cofit

du materiel sont purement provisoires, pr-nr autant
que les pro cedes de refroidissement ou de 1,:Jr igeration
en sont encore a leur stade de develop, -c',1ent dans
la majeure partie des cas, des evaluat , " prelimi
naires fixent les frais afferents a un "frigerateur
aaliments de taille minimum et acomma {i', rnanuelle
a 8,00 dollars par an environ. Le pnx 'e revient
de la glace que peut fournir la machine d- ~ LISgran de
taille, si on n'envisage que le prix de n.' .cnt et la
duree de service du materiel, est evalue , ,; qo dollars
par tonne environ. .
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UNITE: FRIGORIFIQUE A ABSORPTION' AVEC REFLECTEUR CONOIDAL FIXE

Teodot» Oniga *

Si 1'(':"rgie solaire est habituellement consideree
comme l;ne source de chaleur, il ne faut pas oublier
qu'il s'a.ri ten realite?e radiations electromagnetiques,
comme i.:L montre PIerre Casal (1), et que 1'utilisation

-de ~etk energie radiante pourrait etre rendue
particul.-rement efficace, tout en evitant le passage
appararurnent obligatoire par I'intermediaire ther
mique,ii 1'on copiait le mecanisme de la photo-
synthes. (2). .

D:auj:'e part, une source chaude peut tres bien
servir ]"!Hr pamper la chaleur d'un endroit et la
deverse dans le milieu en creant des trous froids
dont I'r.rilite est manifeste surtout pour les pays qui,
~omme '. Bresil, sont abondamment servis en photons
lllfrar01',c~s: 11 n'y a aucun secret dans la technique
de pr?c1 ,hon du froid par ce moyen, a mains que ce
ne soit . aspect competitif avec les sources solaires
second« es elaborees sous forme de houilles (noire,
blanche bleue, verte... ) et qui se presentent sous
une cov.entration dangereusement seduisante si
l'or: ne .onge au desheritement energetique de'nos
pehts-fL~; qui en sera la consequence (on leur laissera,
11 ~st vrai, un supplement d'energie deuterique,
maIS OL ne saura leur transmettre le supplement
d" 'I'ame lee ame par Bergson). . .

On. a maintes fois souligne 1'emploi a des fins
g~erneres de presque toutes les conquetes de la
s~lence. L'energie solaire ne fait pas exception,
SI l'on convient de situer 1'origine de son utilisation
systematique dans les miroirs ardents d' Archimede
defendant Syracuse contre Marcellus (vers 212 ay.
].-~.). Cependant son emploi pacifiqueest bien plus
a.nClen encore, car les Egyptiens du millenaire ante
neur connaissaient deja l'effet de serre qui est a la
base des collecteurs solaires de nos jours.

Premieres realisations

Les cycles frigorifiques a absorption sont toutefois
de. date relativement recente. C'est Francois Carre
qUI, entre 1859 et 1862, construisit la premiere
machine utilisant le melange eau-ammoniaque (3).
La Suppression de la pompe, tentee tout d'abord
sans. succes par le physicien Gepperten 1899; fut
re12nse par les ingenieurs suedois Platen et Munters,
PUIS par Maiuri, qui realiserent la machine a diffusion
clans un gaz inerte, I'hydrogene, dont est sorti,
eptre autres realisations industrielles, le refrigerateur
Electro-Lux.

E * Directeur, Instituto' Nacional de Tecnologia, Centra de
studos de Mecanica Aplicada, Rio de Janeiro.

Deja en 1937 on enregistrait (au Bresil notamment)
quelques tentatives d'adaptation d'un reflecteur
par.abolique a un refrigerateur a absorption (4).
Mats les essais n'ont jamais depasse le stade experi
mental, peut-etre pour des raisons de commodite
ou de manque d'interet. De nos jours, 1'intervalle
qui separe la naissance d'une idee, issue. du reve
d'un savant, de sa realisation pratique n'est plus
mesuree en' siecles ; il a Me reduit a des annees,
On est done en droit de s' etonner que le progres
ait .ete si lent en ce qui conceme les applications
pratiques de I'energie solaire. Ce ri'est certainement
pas en raison de quelque contradiction de principe,
car les realisations sontIa pour demontrer qu'il est
parfaitement possible d'extraire de la chaleur et
du fraid, de l'energie mecanique ou electrique, de
1'eau distillee ou des produits de photosynthese
des qu'on se donne la peine de mettre a
l'ceuvre l'energie solaire. Mais a cOte des sommes
fabuleuses qu'on a reservees pour resoudre des pro
blemes infiniment plus compliques mais qui presen
taient un interet militaire (on parle deja de la bombe
a califomium, dont on n'avait fabrique, il y a deux
ans, que quelques milliers d'atomes), les ressources des
centres pour I'etude des applications de l'energie
solaire sont distribuees au compte-gouttes. L'idea
lisme est une condition necessaire au progres, mais
il ne suffit pas.

Ceci nous amene a examiner du point de vue stric
tement economique l'interet de poursuivre des
recherches de ce genre.

2*
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11 est vrai que les refrigerateurs a absorption ne
se fabriqucnt normalement que pour des capacites
inferieurcs a Hj() dm3 (5,:1 pieds cubes), etant donne
leur consornmntion elevee en gaz de ville ou en petrole
lampant. Mais une Iois que le cofit de l'energie dimi
nue scnsiblement, rien n'empeche la construction
d'unites plus grandcs, atteignant 7 a 10 pieds cubes
(200 a :100 drn" environ).

En dehors' de l'aspcct purcment economique,
d'autres avantagcs supplemcntnires doivcnt ctre
signales :

a) Production subsidiairc d'cau chaude, au moyen
d'une circulation par thermosiphon de l'eau de
refroidisscmcnt du precondenscur ;

b) Indcpcndancc cnergctiquo totale, ce qui permet
d'installer des appareils de refrigeration dans les
licux lcs plus isoles, cloigncs ou inacccssiblcs ;

c) Demande de froid proportionnelle a l'insolation
(ce qui n'est pas le cas lorsqu'on utilise l'energie
solairc pour le chauffagc : l'insolation est reduite
en hiver lorsqu'on a le plus besoin de chalcur, et
ceci conduit a des installations trop grandcs).

En vue de ces perspectives, le CEl\lA 1 a entrepris
unc etude plus detaillee du probleme, et les resultats
obtenus jusqu'a present, font l'objet de cette commu
nication. Les deux sections en sont consacrecs
respectivement a l'ctude de la construction interne
de l'unite frigorifique et au captage de l'energic
solaire au moycn d'un rcflccteur conoidal fixe spe
cialcmcnt concu pour ce genre d'applications. Ces
idees ct resultats n'ont rien de spectaculaire, mais
leur discussion dans le cadre de la Conference des
Nations Unies sur les sources nouvelles d'encrgic
pourrait suggerer des moycns pratiqucs et coordon
ncs d'action visant surtout les pays sous-devcloppcs.

Le cycle a absorption

Pri/lcipc dc jO/lc/io/l/lclllc/lf ct choix du fll/idc

La machine it absorption cst une machine purement
thermique, c'est-a-dire que I'energie necessaire a
I'entretien du processus est fournie sous forme
de chaleur. Le processus peut ctre continu ou perio
clique, ce dernier mode etant normalcment adoptc
dans les petitcs installations menagcres it cause de
sa simplicitc.

Le chauffage fait passer it I'etat gazeux le fluide
frigorigcne en dissolution dans un fluide absorbeur;
aprcs separation de la vapeur entrainee, on Iiqucfie
le fluide frigorigcne sous la pression de sa propre
vapeur dans un condenseur rcfroidi it I'air ou a
I'eau; le Iiquide pur ainsi obtenu est ensuite dctendu
au moyen d'un robinet de rcglage et amenc dans
I'cvaporateur it I'etat gazcux a\'ec rafraichisscmcnt
dc I'ambiance. Les vapcurs sont absorbl-cs dans
I'absorbcur par la solution pauvrc rcfroidie pour ctre
de nouveau chassces de la liqueur enrichie.

I Le ('..ntro de ERllul(K de :l1N'.lnica ,\plica"" (CE:lI,\) a "le
en'': ell 1!Jr.:! eol11l1le organ" allnr>;" ;i I'ln"lilllln :-:acinnal de
Teennlngia dl' Hin de Janeirn, ....~ I'Jan~ de rN'hcrchl"5 ('tant
su!wl'nlinnm's par le Cnllselh" :-:acinna! de 1'('S<ll1i!'.1.~.

Le fluide frigorigene le plus indiqu.' . -tr le cycle
a absorption est l'ammoniaque, et f i pour Its
raisons suivantes : a) elle est tres solllalls l'eau
et Iacilement Iiberable par la chalcu: c'est une
substance tres commune et non toxiqv ) la pres-
sion de vapour est, de tous lcs flui-: "OIllIllUIIS,

la plus elevee (voir, par cxcmple, le ,: .r.unme fi
gure 14 de la reference 5); d) l'absorpti',lls I'inlru
rouge est tres bonne, tout comme cell- :,' l'eau.

Les courbes pression-tcmpcraturc \'1, '>Ilction de
la concentration figurent dans presquc t, . It'S traitcs
de thcrmodynamique et de refrigcratio: \I>US avons
etabli, pour la commodite du trav.n I 'Ill rcscau
d'iso-p avec t Xl en abcisse et NHaP,lOt'", ordonnee.

Description de l'lIuitC [rigorifiquc
La figure 1 montre schematiquemcnt j, :,f~;\IIisation

de l'unite frigorifique, qui comprend cs:--,::: u-llcmcnt :
a) Un geuerafellr constitue par la , .nnbrc de

chauffe 1, le corps du gcneratcur :!. ,ill conduit
de sortie 3 des vapeurs et un scparat,·\;

b) Un condenseur a deux ctagcs. I, f -rcmier li
a l'cxtcrieur et le second 7 a I'intcricur I: : chambrc
froide 14, separes par un clapct de J", retour G;

c) Un evaporafellr 10, precede par]. .nduit de
sortie 8 du liquide et le detendcur n:

d) Un absorbeur 11, relic au gener~l1 par des
valves 12 apression constante et muni d'; ..«-rpcntin
auxiliaire a valve de controle 1:1;

c) Enfin, une chambre[roide 14 qui S('J ' !",r cxcm
pie l'interieur de I'armoire frigorifiqu. 1;"

Le generateur 2, qui contient init i..::; ut-ut unc
solution riche (a40 p. 100 d'ammoniaqu« ,L111S l'cau},
recoit la chaleur solaire concentrec soit :, l'illtcrieur
[lorsqu'on utilise une «cellule solaire », Clllllllll' nous
I'expliqucrons plus loin, ou un conccntr;l!cur para
bolique), soit a l'extcrieur du recipient cylillllriquc
(c'est le cas, notamment, lorsqu'on emploic le rcflcc
teur conoidal decrit dans la dernicre sect iOll du pre
sent mcmoire). Les vapeurs de NH a, lih\~r{>es de la
solution ammoniacale par echauffemcnt ;\ iO, cc
(8 atm. de pression), passent a travers le comhut 3
vers le scparateur 4, qui reticnt la vapeur d'cau
entraine~ (la proportion de vapeur cntrainc~ cst
rclativement faible, de l'ordre de 1 a5 p. 1on sUl\'al~t

la temperature, mais il est important de la rctelllr
afin d'cviter qu'cHe ne se depose sous forme de glace,
cc qui boucherait les conduits). Du scparateur,lcs
vapcurs pcnctrent dans le serpentin n, oil !cur
temperature baisse jusqu'a 50°C environ, awe unc
chute correspondante de pression, laqueHe tOI111>c
a 5,2 atmospheres. Le second etage du condcnsellr
(et c'est la une des originalites du systcl11e) se trou\'e
a I'interieur de la chambre fmide, de sortc q\~'~lI1c
partie des frigories produitcs en exccs est Utllt!'o(.~
pour des fins de condensation, cc qui climine I~
parties,mobiles (pompe de circulation, vcntilateur!,

Du reservoir d'ammoniaque liquide 7, un condlll~
a section capillairc 8 alimentc le dctencleur n, l}1II
dchouche clans I'evaporatcur In, oil la pre.<:.sion I'st
maintenue autour de 3,6 atm. Dans I'absorlwllr 11,
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la pn .on n'etant que de 3,0 atrn., les vapours
seront .ntinument absorbees, ce qui aura pour effet
d'enri,.lr progressivernent la solution. Le serpcntin
~'appl ;: t 13 maintiendra la pression constante
jusqu'. ,'C que la pression au generateur soit tombee
en dc", >lIS de 3 atrn.: a partir de ce moment, il y
a,ura (~( 11allge de NH3 atravers les valves 12,Ia liqueur
fiche ~, ra reconstituee et le cycle pourra recommencer.
L'appnrt de chaleur sera fait durant quatre heures
d'insoLttion et, la capacite du condenseur 7 est
sUflis<lnte pour assurer le fonctionnement pendant
24 heHrcs sans interruption.
. Cl' cycle, dont la realisation pratique et le fonc

honncment cntieremcnt automatique sont dus a'
Remigio Franco Lazo, technicien peruvicn et colla
boratcur du CEMA, a fait I'objet d'une dcmandc
de brevet d'invention au Bresil.

Calwls thermodynamiques

On part d'une arrnoire frigorifique de {) picds cubes
(255 litres environ) de capacite utile, soit environ
12 pieds cubes de capacite interne brute. Ceci
correspond a une surface exterieure totale d'cnviron
4,7 m2 (dimensions: 76 X 72 X 120 cm). En ad
mettant une temperature ambiante de 30 "C et une
temperature interne de - 2 "C, la perte horairc,
pour une isolation de 8 ern de liege, est de 20 fg/m 2h.

11 s'cnsuit que la perte journalierc sera de :

4,7 X 20 X 24 = 2 256 fgfjour

Pour refroidir 40 kg de dcnrccs, de chalcur speci
fiqlle 0,85, on depcnscra :

40 X 0,85 (30 - (= 2) ) = I 088 fs/jour

En y ajoutant les penes par ouvcrture Irequcnte
de la porte, qui doivcnt attcindre 20 p, 100 cnviron
du total ci-dessus, on arrive a une dcpcnsc [ouma
Here de 4012 fs/jour.

Un kilogramme d'ammoniaquc produit 305,6 fg
en s'evaporant a - /j "C. En retranchant la chaleur
du liquide, maintenue a+ fi "C, et lcs besoins en
Irigorics au second etase du condcnscur, wit

0,5205 kc.11/kS ~. [50 - (- fio) + (fiOo- 00))
= 28,6 fg!kg,

ainsi que l'cchauflcmcnt de I'absorbcur, qui est
de l'ordrc de 1,4 °C par heure et consomme environ
15,6 fg par cycle, il restc une production utile de
froid de :

300,6-(28,6 + 10,6) = 261,4 fg!kg

Pour Iairc face a la dcpcnsc journalierc de Irigories
il faudra done vehiculcr

4012:261,4 = 15,:Jokgde~H,

Des concentrations initialc et finale (de 40 p. 100
et de 21) p. 100) on Mdnit cn....uitc la quantite totale
de ~H, et d'eau necessairc :

d'ou

~H,
XII, +·II~O = 0,40,

~1I2 = 2 X 15,35 = 30,iO k~

1120 = 1,5 X 30, iO = 46,05 k~

Tolal : i6,ir. k~ <It' !'oOlution.
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L'unite prototype a Me projetee pour 32 kg de NH3
(dont 16 kg effectivement vehicules) et 48 kg d'eau,
soit un total de 80 kg de solution riche dans le gene
rateur et 64 kg de solution pauvre dans l'absorbeur
au debut du cycle. Au bout de quatre heures d'echauf
fement, des 16 kg de NH3liberes, 1/6 ou 2,67 kg
auront passe dans l'absorbeur et le restarit se sera
accumule dans le condenseur pour continuer a
alimenter l'evaporateur pendant les 20 heures sui
vantes, avec une marge d'au moins 20 p. 100 a
pleine charge.

Details techniques et essais

La chaleur fournie au cycle doit etre suffisante
pour liberer les 16 kg de NH3 et, de plus, chauffer
les 80 kg de solution qe 30° jusqu'a 70°C. La chaleur
de vaporisation de l'ammoniaque a 50°C (moyenne
entre 30° et 70°C) etant de l'ordre de 250 kcal{kg,
on aura done besoin de :

Q = 16 X 250 + (64 + 1 + 16 X. 0,5205)"(700- 30°)

= 4000 + 2 893 = 6893kcal

Avec une constante solaire de 2 cal/cm-min =
1 200 kcal/m-h et une transparence moyenne de
l'atmosphere de 0,7q on peut escompter 900 kcaljrn-h
de puissance solaire incidente. Il s'ensuit que la
surface efficace du collecteur, pour un rendement
global de celui-ci d'environ 60 p. 100, devra etre
au moins egale a

6893: (4 X 900 X 0,60) = 3,19 m 2

Le eollecteur plan ne semble pas convenir pour
une application de ce genre, en raison du cout assez
eleve de la tuyauterie. Il est preferable d'utiliser
un recipient cylindrique chauffe au moyen d'un
concentrateur conoidal, dont la description figure
a la section suivante. Il suffit pour eela d'assurer
un gradient de temperature suffisant pour que la
transmission se fasse au debit voulu. Un cvlindre
de 40 cm de diametre et de 90 cm de hauteur (volume
utile de 110 litres environ) presente une surface
exterieure d'echauffement de 1,13 m 2 et transmet
300 kcal/m-h QC. Il s'ensuit qu'une difference de
temperature d'environ

6 893: (4 X 1,13 X 300) ::: 5°C

serait suffisante (ce qui justifierait l'emploi d'un
collecteur plan, s'il n'y avait l'aspect economique
signale plus haut).

Un calcul simple montre que I'echangeur atmos
pherique de precondensation 5 doit avoir une surface
exterieure d'environ 0,50 m2•

Le prototype, qui est en phase finale de montage,
a ete realise avec une machine frigorifique d'occasion
de 9 pieds cubes dont on a retire le groupe hermetique
et modifie la disposition interne pour y loger les
accessoires mentionnes plus haut.

Le coefficient d'utilisation sera relativement faible
si l'on compte qu'il faudra recueillir 6893 kcal pour

produire au moins 4 012 fg (58,3 p. 10(; :ce rendement
apparent). Mais anotre avis, cela n'altc.-. pas l'aspect
economique analyse au debut de cc :~'emoire, une
fois que le prix de fabrication en Serif .i'excede pas
de plus de 20 p. 100 celui des armoirr, frigorifiques
menageres,

Le reflectcur conoidal 1h:l)

Les collecteurs classiques

Dans les applications de l'energie soi.ure et tout
specialement dans celles qui se destinen i a un usage
domestique (chauffage, refroidissernent, irrigation),
il est important d'avoir une installation fixe, meme
si le rendement n'est pas le meilleur 1,ossible, car
cela en simplifie la construction et I' en tretien tout
en apportant une bonne « motivation » nour l'utili
sation des engins solaires. (L'echec dei cuisinieres
solaires dans certaines regions de I'Inde montre que
cet aspect n'est pas negligeable.)

Le collecteur plan offre l'avantagc .nrnediat de
pouvoir fonctionner pendant une gr.u'c1e periode
de temps avec des rendements accejv.ables, car
la surface projetee reste superieure :, 70 p. 100
de la surface totale du collecteur 10 i ' : ae le solei!
decrit un arc de 90° (six heures d'in,.:',]ation). En
outre, le collecteur plan ne peut recur-iii.r le rayon
nement diffuse par les nuages, qui <t,:"jnt parfois
jusqu'a 20 p. 100 du rayonnement direct. Par contre,
son rendement est assez faible par ciel couvert
lorsqu'il s'agit de produire de la vapeur, done d'assu
rer des temperatures au-dessus de 100°C, d'ou la
necessite de prevoir un taux de concentration de
l'ordre de 4 a 5 au moins si l' on desire maintenir
la temperature d'ebullition (quitte a limiter le flux
calorifique enlevable).

Normalement, cette concentration est obtenue
a l'aide d'un collecteur parabolique (de revolution)
ou paraboloidal (cylindrique), ce qui permet d'at
'teindre, sous incidence directe, des temperatures
assez elevees.Tle 1'ordre de 3000 °C ou plus pour les
premiers, et jusqu'a 1 000 °C pour les seconds.

Deplacement du foyer

Mais le gros inconvenient, a notre avis, des concen
trateurs de ce type est le fort deplacement du foyer
lorsque le faisceau incident est devie de quelques
degres a peine par rapport a la direction axiale.

C'est un fait d'experience, mais on peut ten.ter
une analyse plus precise en cherchant 1'equation
de la caustique pour une incidence ~ quelconque.
Le rayon incident

y =mx +n (m =tg~)

rencontrera la parabole y2 = 2 px en M et l'equation

du rayon reflechi sera :

Y-YM = (X-XM) tgy.
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Apres substitutions successives de

1
X1l1 = m2(p-mn-.Jp -2mn)

1
Y1I1 = - (P- .jp2-2mn) .

m
tg20(-tgfJ.

tg Y = tg (20( -~) = ~---;--::--",-,I"',-::
1 + tg 2 0( tg ~

t
. p

g « =YJI =
YJt

t 20(= 2 tg 0(
g I-tg 2 0(

et en prenant pour pararnetre YJ.l = t, l'equation
se transforme finalement en :

o = j (x y t) = y _ t _ ,....,--:..(2~p'---:--=m-=t'-:-)(~p_2m~+_2~p--=-t-:-:-m~t2)~(,-x--,-,-t-,-2/-,2P~)~
, , t (P2m + 2 pt - mt2) - 2 P (p - 2 pt + m2t2)

dont l~euveloppe s'obtiendra en eliminant t entre f = 0 et '8f/'8t = 0, ce qui, tous calculs (assez longs) faits,
conduit aux expressions parametriques suivantes :

x = _1_ mt5+ 3 m2pt4
- 2 mp2t3+ (1 + 3 m2) ps t2- 3 mp4t +p5

2 p2 . (1 +m2) t2+ (1 + m3) p2
_ m mt5- 3 pt4- 2 mp2t3- 2 ps t2- 3 mp4t + p5

Y - - 2p2 (1 + m2) t2+ (1 + m3) p2

(il s'agit, evidemment, d'une courbe unicursale et, a titre de verification, pour m = 0 on obtient effecti

vement x = ~ et y = 0, qui sont les coordonnees du foyer d'un miroir parabolique).

Le pseudo-foyer F(xo, Yo), c'est-a-dire le point de rebroussement de la caustique, se trouvera sur celui
des rayons incidents qui touche le miroir normalement en N (proposition non demontree, mais assez intuitive).
Or, puisque dans ce cas

P 1 1
tg 0( = - = - - = - -

t tg~ m

il s'ensnit que t = - mp et, apres simplification
et grou pement des terrnes :

p 1 + 4 m2+ 5 m4+ 2 m 6x 0 = - --'-------;;----;;:-'---,...--
2 1 + m2+ m3+m4

pm(1 +m2) (l-m4)

Yo = - "2 1 + m2+ m3+m4

y .

Figure 2

Ainsi, par exemple, pour m = 1 (~ = 45°) il vient :

Xo = 1>.., 3, Yo = 0, ce qui montre que, tout en restant
/2

sur l'axe Ox, la distance focale s'est allongee trois
fois. Pour de faibles inclinaisons, on peut negliger
les termes a partir de m3 :

Xo '==:' ~ (1 + 3 m2
)

p
YO'==:'-"2° m

et l'on voit que, au cours d'une demi-heure, le
deplacernent du foyer sera de :

tg 7,5 0 = 0,1315

P
X o = 2 X 1,052

'\.'0 = _I!. X 0 1315
~ 2'

c'est-a-dire qu'il aura avance de 5 p. 100 tout en
descendant de 13 p. 100 de la valeur de pj2 la dis
tance focale.

Par suite· de cet important deplacement de leur
foyer, les fours solaires paraboliques doivent obli
gatoirement suivre le mouvement du soleiI et pre
senter une surface de reflexion aussi parfaite que
possible.

Solutions intermediaires

Ces exigences peuvent etre sensiblement attenuees
lorsque l'application vise des temperatures moyennes,
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de quelques centaines de degres. C'e~t ainsi .que.1~s
reflecteurs cylindro-para~oliqu~s malI.1tes fois ~Ites
dans la litterature sur I energie solaire pourraient
etre orientes dans la direction nord-sud et incli.nes
sur l'horizontale de maniere que les rayons solaIr~s

tombent perpendiculair~ment, a midi: il 'suffiraI~,
selon H. Masson (6), dun reglage azimutal relati
vement simple pour obtenir un rendement convenable.

Mais independamment de la forme plus ou ll!0ins
simple du reglage, une installation fixe est toujours
preferable pour les raisons indiqu~es plus ~aut.

Le CEMA a etudie et essaye plusieurs solutions,
qui n'ont pas donne de resultats satis~aisants et
que 1'on cite ici simplement pour memoire :

a) Paraboloide de revolution a axe vertical obtenu
par rotation lente d'un liquide reflechissant (Hg)
ou supportant de petits miroirs flottants (ce qui
exige un montage heliostatique et une vitesse d'en
trainement rigoureusement asservie);

. b) Surface de revolution parabolique obten?e par
refroidissement centrifuge d'un metal fondu (Impos
sibilite de realiser une surface convenablement lisse
et reflechissante};

c) Cylindre parabolique fixe, legerement toroidal,
oriente dans la direction est-ouest (essais a reprendre,
resultats incomplets);

d) «Cellule solaire» constituee par un assemblage
de miroirs plans rectangulaires concentrant le
rayonnement a l'interieur d'une cavite cylindrique
(bonne concentration, en echange d'une grosse
depense en miroirs, d'ou la necessite d'un reglage).

Le CEMA a ensuite .entrepris l'etude systema
tique d'un reflecteur tronconique fixe, en reprenant
des idees anciennes (Auguste Mouchot, 1866; A.G.
Eneas, 1901; voir aussi Jordan et Ibele (5)) mais
en les traitant dans un esprit different.

Fi~ure 3

.Le refiecteur conoidal

De ces considerations et tcntatives diverse- decoule
l'idee d'examiner la possibilite d'un compromis
qui consiste a agencer plusieurs surfaces de n~vol~tion

tronconiques de maniere a obtenir, sur ut. rylindre
coaxial intercepteur, une quantite d'energic -uffisante
pour assurer un fo.nctionnement, satisfais.i»t da~s

un angle de 90°, qUI correspond a un ecar: de trois
heures avant et apres le moment de l':'Jcidence
normale (par exemple de 8 ha 14 h, avec un "';' ximum
a 11 h). L'on a surtout developpe la solut: ;,l aya.nt
en vue l'unite frigorifique a absorptioi, de~nte

plus haut, qui n'exige que quatre heures d'i» ')latlO!l;
mais il faut compter aussi avec les heurr de ciel
couvert, qui, pour la region consideree, a,l]<)11t une
probabilite de l'ordre de 1/3, ce qui oblir., ;\ aug
menter dans une meme proportion la durcr utile de
captation.

I1 est a noter tout de suite que dans nu- region
desertique, ou la nebulosite n'atteint ni-me pas
3 p. 100 (comme au nord du Chili, ou il pk.ut deux
fois par siecle) (7), l'intervalle d'insolat ion .sera
limite a la.duree strictement necessaire, afin de laisser

....------- 260 rp ---tr-----r--.---$----...

-.:....L.4a- 200r)t--,.-+-f-+-:I--__1fI

Fi~ure 4
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Calcul des performances

Il.est assez difficile, et d' ailleurs sans grand interet
prat1~ue, de calculer les performances exactes de
ce reflec.te?r pour UI~e incidence ~ quelconque,
s~rtout SI I o~ ve1!t tenir compte des parties ombra
gees et des reflexions multiples. On peut neanmoins
d?nner. une methods simplifiee de calcul qui permet
d y arnver sans trap de difficultes. Il suffit pour eela
de remarquer que :

a) Le faisceau intercepte correspond i S. cos ~;

b) Le flux incident F peut etre decompose en
un flux vertical F. cos ~, qui sera integralement ren
voye sur le cylindre (comme on peut facilement s'en
renc:re. compte par simple inspection des rayons

.reflechis), et une compos ante horizontale F. sin (j,
qui ne penetrera pas et, par.consequent, n'agira point.

Dans ces conditions, et au facteur de reflexion
pres, la surface equivalente, mesuree perpendiculai
rement aux rayons solaires, est proportionnelle a
COS2~, ce qui donne : "

~n teI?ps suffisant pour ~a reconstitution de la solu
tion nehe . Par contre, SI le reflecteur etait destine
ades ~ns (:!~ferentesA (production de vapeur, sechage,
e!c.), 11 se: \,It pe~t-etre opportun d'envisager deux
refleetel1~c; un oriente vers le solei! de 11 h et l'autre
vers celui r. 15 h (figure 3), avec superposition entre
12 het 14 ! et fonctionnement ininterrompu de 8 h
a18 h.

Le reJ], 'I cur est constitue par trois surfaces
tronconiqu de 60, 200, 240 et 260 cm de
diametre ,.; 58 + 34 + 38 = 130 cm de hauteur
totale, in: ,:necs d'cnviron 40°, 60° et 75°. Les
rayo~s rt' r,'This sont interceptes par un cylindre
coaxial de~1) cm de diametre et 00 cm de hauteur
(figure 4).

La surf» 'C' projetee 5 represente 5,30 m2 (cerc1e
de 2,.6~ n I de diametre), la superficie reflechissante
totahse n,:, I 1112 et le taux de concentration maximum
serait de'

;>,30 : (Tt X 0,4 X 0,0) = 4,69.
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(j ~f)o cos ~ = 0,707 eo52 ~ = 0,500 S . cos- ~ = 2,65 m2 <p S . cos- ~ = 2,25 m2

:\00 0,866 0,750 3,97 ' 3,37
UjO 0,066 0,933 4,94 4,00

()O 1,000 1,000 5,30 ' 4,50

. 1
soit en mr,,':,nne (} (0,500 + 2 X 0,750 + 2 X 0,933 + 1,000) = 0,811 ou 4,30 m 2 durant les six heures.

En intr.. luisant maintenant un facteur de reflexion 1: 5) et on est en train d'achever le montage du
~ ~ o,sr; .valeur faible, qui vaut surtout pour des prototype reel.
mClde~cc~ bien eloignees de la normale], on aura La surface reflechissante a ete obtenue grace a
les chiffrc- de la derniere colonne, soit en moyenne un perfectionnement de la technique de fabrication
3,65 m2 (f;;1 p. 100) de flux normal utile. des miroirs plans, en delayant 15 a30 g/m2 de nitrate
,La mcthode simplifiee de calcul exposee ci-dessus d'argent sur un .support d~ gelati.ne, ce ql;i ~onne

pec~e plurot par defaut, de sorte que les resultats un~ couche. flexlb~e de ~ a 2 microns d .epal~seur
pratlques doivent au moins atteindre les niveaux qm est ensuite appliquee directement sur feuille d alu
prevus. 1)"5 experiences sont en cours qui semblent minium et recouverte d'une laque ,transparente. de
confirmer ccs precisions sur modele reduit (echelle protect~on. La figure 5 montre I aspect relative-

~>-.:rt;..~ ! ....
. , d' surface reflecbissante de mylar (it 'gauche) et de Ag (it droite).

Flllure 5. Comparaison entre 1aspect . une Augmentation: 70 X .
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t:
- -- - Cl..

2

ment continu de cette surface comparativement au
mylar.

Le cylindre coaxial intercepteur sera recouvert
de noir de fumee ou d'une couche d' oxyde cuprique
(surface selective d'absorption avec faible emission
dans 1'infrarouge) et entoure d'un cyclindre de verre
(piege a radiations). La hauteur du cylindre etant
inferieure a celle du reflecteur conoidal, 1'effet du
vent est elimine. De plus, le cylindre est perce
afin de pouvoir y installer, le cas echeant, un element
chauffant a bois, charbon, gaz ou petrole.

(figure 6) que le flux vertical (en negligeant la compo
sante horizontale F.sin~) qui penetre (Lens la CQU

ronne de rayons x et x + dx, se retrrn rvera, apres
refiexion en M, sur un anneau cylind. iillle dz de
rayon r, de surface k fois plus petite

1 .
21tr dz = k 21tX dx

11 est facile de voir que

(NN'II MM') <):: N'NN" = <):: N"N'!'-'

Recherches apoursuivre

Aucune solution n'est parfaite, et le reflecteur
conoidal ne saurait echapper a cette regle. L'incon
venient majeur d'un reflecteur tronconique reside dans
le fait que l' echauffement est plus fort a la partie
superieure du cylindre, ce qui retarde le melange
de la solution ammoniacale et risque de creer des
stratifications dans le fluide. La disposition adoptee,
a cones multiples, permet de pallier ce defaut sans
toutefois I'eliminer completement.

On pourrait done se proposer de determiner une
courbe meridienne capable de fournir une distribution
hornogene du flux reflechi. En designant par k
le taux de concentration suppose constant, on ecrira

et, par integration directe

Done, puisque

N ' MM' d ds d . 2C1.. i ..• 'N = = s'"2 = z sm 2 C~. d. sm Cl..

et l'equation ci-dessus devient :

ds
krdz = kr -2-'- = x dx

SIn Cl..

k id 2 + d 2 - 2 y' i .'r 'V' x Y - I - X u .
. 'V1 + y /

2

k r (1 +y'2) = 2 y' x,
d'ou

, dy x ± ,Jx2-k2r2

v---
J - dx - k r

Conclusions

Les 'etudes faites au CEMA, surtout depuis1~58
et avec des ressources assez limitees montrent qu on
est encore loin d' epuiser toutes les s~lutions possibles
pour rnettre l'energie solaire a l'ceuvre afm d'enFtgure 6

y

,....---+--- Z --__~~""''-

. I

y = k1r (~2 ± f.JX2 - k2 r2 dX) + C

= 2x; r ± 2 ~ r [x ,Jx2
- k2 r2

- k2 »t« (x + ~x2
- k2 r2

)1+ C

Avec la condition initiale : y = 0 pour x = r, la solution s'ecrit finalement :

. x . /x2

x2
- r2 1 [ • / x2

--] kr i + V r2 - k
2

Y =~ ± 2 k x V 2 - k2
-- r ,J1 - k2 ± - In . I

r . r 2 1 + 'V 1 - k2

Mais cette solution, qui est la seule possible simple raison qu'elle n'est pas reelle si k > 1,
theoriquernent (avec, toutefois,. deux branches tan- c'est-a-dire si on veut reellement concentrer le flux
gentes a 45° en x = kr), ne convient pas, pour la (et il ri'est pas interessant de le diluer encore dayan

tage).

On pourra sans doute choisir une forme differente
(tronconique, par exemple) pour la surface inter
ceptnce et chercher une distribution optimale des
differents secteurs tronconiques (ce serait un pro
bleme de recherche operationnelle a travers un
programme Iineaire}; on pourra egalement abandon
ner la forme de revolution et chercher a etendre
1'intervalle d'utilisation en adoptant des sections
transversales elliptiques; maisce sont 13. des re
cherches a poursuivre.
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extraire to~tessortes ~e ~ommoditeset, en particuIier,
du froid qUIest essentiel a la conservation des aliments.

L'a"'pec~ economiqne est le plus souvent invoque
pour justifier 1'absence d'interet pratique des re
chercl.es de ce genre. Il n'en est rien, et nous avons
essa;>" de demontrer qu'upe installation frigorifique
solair- pour la conservation des denrees, bien que
20 I' 100 plus chere qu'une armoire frigorifique
a gn .ipe herrnetique ou a diffusion, s'amortirait
comj: etement' au bout de cinq ans, et ceci dans les

conditions economiques bresiliennes ou la fabrication
industrielle coute relativement cher et ou le prix
de l'energie est reste assez bas.

Il serait done souhaitable que les Nations Unies
cons~ituent un comite permanent pour centraliser
et diffuser les resultats obtenus dans les institutions
d' etudes et les laboratoires solaires du monde entier
en stimulant les recherches et en orientant leur
specialisation. C'est un devoir de l'humanite envers
les generations futures.·
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Resume

DI, machine frigorifique de fabrication locale,
de 9 lieds cubes (environ 255 litres) de volume utile,
cofrt« -ictuellernent au Bresil l'equivalent de quelque
200 (iollars et consomme annuellement 600 kWh
(1/6 ( V pendant 40 p. 100 du temps), soit environ
1 500 cruzeiros ou 8 dollars. Une machine frigorifique
a ahi'lrption cofiterait jusqu'a 20 p. 100 plus .cher
(colle, teur soIaire inclus), mais ne consommerait rien,
de sorte que la difference s'amortirait au bout de
ci~q ans. 11 n'y a done pas d'obstacle d'ordre econo
rniqur- a la fabrication industrielle de ces machines
(ou plutot de ces unites frigorifiques, car e1les sont
exemptes de pieces mobiles), des que le probleme
sera convenablement resolu du point de vue technique.

Arnme par cette perspective et par les avanta~es
supplementaires d'une installation solaire (production
subsidiaire d'eau chaude, independance energetique,
demande de froid proportionnelle a l'insolati?n),
le CEMA a entrepris l'etude d'un prototype fonction
nant a base de NH3 en solution ammoniacale et a
cycle intermittent. Pendant quatre heures, le gene
rateur, qui contient 80 kg de solution riche a'40 p. 100,
s'echauffe a 70 QC et libere 16 kg de NH3 a 8 kgJcm 2

•

Apres separation des vapeurs d'eau entrainees,
on refroidit dans un serpentin exterieu~jusqu'a 50 QC
(5,2 kg/cm2) et on introduit l'amrnoniaque dan~ le
condenseur situe a l'interieur de la chambre froide,

, V?e valve d'expansion fait debouche; le NH3 dans
1evaporateur a 3,6 kgjcm2 et de la le,s. v.apeurs,
sous 3 kg/cm2, sont absorbees par le .reCIpIent de
solution pauvre qui s'enrichit progressivement- ~a
charge du condenseur est suffisante pour maintenir

le froid pendant 24 heures. Une intercommunication
avec le generateur permet en meme temps de recons
tituer dans celui-ci la solution riche initiale.

Ce cycle, dont la realisation pratique et le fonc
tionnement entierement automatique sont dus a
Remigio Franco Lazo, technicien peruvien et colla
borateur du CEMA, recoit l'energie soit d'une
cellule thermique solaire, soit d'un reflecteur conoidal
de 4 a 5 m2 de surface diametrale muni egalement
d'une cherninee centrale pour recevoir, le cas
echeant, la chaleur d'une source artificielle (bois,
gaz, etc.).

On examine ensuite de plus pres le probleme du
concentrateur, apres avoir montre que dans les
applications industrielles de I'energie solaire, il est
important d'avoir une installation fixe, meme si
le rendement n' est pas le meilleur possible, car cela
en simplifie la construction et 1'entretien. Le collec
teur plan qui est essentiellement fixe presente en
outre l'avantage de recueillir le rayonnement diffuse
par les nuages, mais son rendement par del couvert
est tres faible, surtout lorsqu'il s'agit de produire
de la vapeur, done d'assurer des temperatures bien
au-dessus de 100 QC. De plus, lorsqu'on veut 1'utiliser
pour chauffer la solution ammoniacale, le cofrt des
tuyaux devient prohibitif.

Le collecteur parabolique ou paraboloidal permet
d'atteindre, sous incidence directe, des temperatures
assez elevees, mais le foyer se deplace fortement
lorsque le faisceau est devie de quel~lues d~gres
a peine. Il s'ensuit que les fours solaires dOlyent
obligatoirement suivre le mouvement du soleil et
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presenter une surface de reflexion aussi parfaite
que possible. Ces exigences peuvent etre sensiblement
reduites lorsque l'application vise des temperatures
moyennes de quelques centaines de degres.

De ces considerations decoule l'idee d'examiner
les possibilites d'un compromis qui consiste aagencer
plusieurs surfaces de revolution tronconiques de
maniere a obtenir, sur un cylindre coaxial intercep
teur, une quantite d'energie reflechie suffisante pour
assurer un fonctionnement satisfaisant dans un angle
de 90°, qui correspond a un ecart de trois heures
avant et apres le moment de l'incidence normale
(par exemple de 8 h a 14 h, avec un maximum
a 11 h).

Les experiences en cours semblent confirmer les
previsions, au facteur de reflexion pres. Un reflecteur
constitue par trois surfaces conoidales de 60, 200,
240 et 260 cm de diametre et inclinees a 40°, 60°
et 75°, concentre les rayons reflechis sur un cylindre
coaxial de 40 cm de diametre et de 90 cm de hauteur.
La surface projetee represente 5,30 m2, la superficie

reflechissante est de 9,51 m 2 (15 a 30 g!m~ .le nitrate
d'argent, qui donne une couche de 1 :t? microns
d'epaisseur appliquee directement sur feuill-. d'alumi
nium et recouverte d'une laque traJJ~',.;cixente de
protection) et la surface efficace equivalent-. mesuree
perpendiculairement aux rayons solai r, : est de
2,25 m 2 (42,5 p. 100) a 45°, 3,27 m 2 (t:',n p. 100)
a 30°,4,00 m 2 (75,5 p. 100) a 15° et 4,50!H' ::<jp. 100)
a 0°, soit en moyenne 3,65 m2 (69 p. ]" '\ durant
les six heures, en admettant un facteur \', r,~flexion

de 0,85.

On pose ensuite le problerne plus gtW; -I qui est
de definir un ensemble de surfaces conoi- hies ellip
tiques realisant, par un agencement O~·i i-nal, un
reflecteur fixe de rendement acceptabl: -lans un
intervalle plus etendu,

L'auteur suggere, en guise de conclusion, l,t consti
tution par les Nations Unies d'un cornite ! «-rmanent
pour centraliser et diffuser les resultats r, :,.tifs aux
applications de l'energie solaire, tout en ·Iimulant
les recherches et en orientant leur speciaii-. tion,
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ABSORPTION COOLING UNIT WITH FIXED CONOIDAL REFLECTOR

(Tran.Jation oj the joregoing paper)

Teodcro Oniga *

at the very beginning, in 1899, by the physicist
G:eppert, was taken up again by the Swedish en
gmeers Platen and Munters, and later by Maiuri,
,,:ho ~or~ed out a machine using the principle of
~IffuSlO~ m hydrogen, as inert gas. Among other
mdustnal developments, the Electro-Lux refriger
ator was derived from this machine.

As far back as J937 there were several attempts
(especially in Brazil) to adapt a parabolic reflector
to an absorption refrigerator (4). But the work
never went beyond the experimental stage, perhaps
on account of convenience, or of lack of interest.
Today the interval between the birth of an idea in a
scientist's dream and its practical development is no
longer measured in centuries. It has been shortened
to years. We have thus every right to be surprised

. that progress in the practical applications of solar
energy has been so slow. It has certainly not been
on account of any contradiction in principle, for
developments already exist to demonstrate the
entire possibility of extracting from it both heat and
cold, mechanical or electrical energy, distilled water
or products of photosynthesis, as soon as one takes
the trouble of putting that solar energy to work.
But, compared to the fabulous sums appropriated for
the solution of problems infinitely more complicated,
but which are of military interest (a californium
bomb is already under discussion, although two
years ago only a few thousand atoms of that element
had been created), funds are supplied with an eye
dropper to centres trying to develop the applications

. of solar energy. Idealism is a necessary but not a
sufficient condition for progress.

This brings us to the examination, from the strictly
economic point of view, of the interest of research
of this kind.

The economic aspect

. A compressor refrigerator manufactured in Brazil
(the foIlowing data are based. on 1960 Brazilian
prices), with a useful volume of 9 cubic feet (about
255 litres) costs the equivalent of about $200 and
uses 600 kWh a year (1/6 hp, operating 40 per cent
of the time, as it does at Rio de Janeiro, for instance,
where the mean annual temperature is 25.6°C,
with an absolute minimum of 12.8°q, costing 1 500
to 2 000 cruzeiros, or $8. An absorption refrigera~or

would be as much as 20 per. cent more expensive
(solar collector included), but would use no pur-
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Wh 'l' .solar energy is usually regarded as a source
?f he;", It .must not be forgotten that what is really
invol. ,,1 IS electromagnetic radiation, as Pierre
CasaJ lias shown, and that the utilization of this
rad~an f energy may be made particularly effective,
aVOl~l;·,g the .apparently obligatory passage through
the I.n :•zrrnediate form of heat, by copying the me
chani:» of photosynthesis (1, 2). .

On he other hand, a heat source may very well
~erve 0 pump the heat out of a place and deliver
I~ to 'he. surrounding medium, by creating heat
smks,whICh are of obvious utility, especially for
coum nos which, like Brazil, receive an abundant
suppl- of infrared photons. There is no secret what
ever i., the technology of producing cold in this way.
But L.'re is the question of competition with second
ary SI .i ..rr heat sources in the form of what are called
coals (black, or fossil coal, .white coal, or water
powo. blue coal, or windpower, green coal, or tidal
power), and which are available today in concen
~ratI, 'is that would be dangerously easy to exploit,
If we did not think of the disinheritance of our
gran(khildren in terms of power resources, which
wo:rJd be the consequence of our present consumption
pohcJes. (It is true .that we will still leave them the
~upplementary power represented by the deuterium
m the seas, but it would be difficult to transmit the
Supplementary spiritual resources demanded by
Bergson.) '. .

The use of almost all the achievements ofscience
for purposes of military defence has many times
?een emphasized. Solar energy will be no exception,
If ~e date its systematic utilization from the burning
mIrrors of Archimedes, defending Syracuse against
Marcellus (about 212 RC.). But its peaceful use is
ev:en more ancient, for the Egyptians of the second
ml1lenium B.C. were already familiar with the hot
house effect, the principle on which the solar energy
collectors of today are based, .

Early development

Frigorific absorption cycles, however, are of
relatively' recent date. Between 1859 and 1862
Fran<;ois Carre built the first refrigerating machine,
USing a mixture of water and ammonia (3). The idea
of eliminating the pUJ11P, unsuccessfully attempted

* Director, Institute Nacional de Tecnologia,
Estudos de Mecanica Aplicada, Rio de Janeiro.
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chased energy, so that the difference would be amor
tized in five years. There would thus be no economic
obstacle to the industrial production of these machines
(or rather, of these refrigerator units, for they have
no moving parts), as soon as the problem is satis
factorily solved from the technical point of view.

It is true that absorption refrigerators are nor
mally manufactured only in sizes smaller than
150 dm" (5.3 cu ft) capacity, in view of their high
consumption of town gas or kerosene. Once the
energy cost disappeared, however, there would be
nothing to prevent the manufacture of larger units
of 7 to 10 cu ft (about 200 to :lOO dm").

Besides the purely economic angle, other additional
advantages 'should be pointed out:

Subsidiary production of hot water by means of
thermo-siphon circulation of the cooling water of the
pre-condenser;

Complete independence from power sources, which
would permit installing the comfort of cold in
the most isolated, remote or inaccessible places;

The proportional demand for cold is to the amount
?f sunshine (which is not the case when solar energy
IS used for heating: sunshine duration is shorter
in. winter, when the need for heat is greatest, and
this leads to oversize plants).

Inspired by these prospects, the CEMA 1 under
took a more detailed study of the problem, The
results to date will be the subject of the following
chapters of this paper. Chapter 2 is devoted to the
~tudy ?f the ,internal arrangement of the refrigerat
mg unit, while chapter 3 discusses the harnessing
of solar energy by means of a fixed conoidal reflector
special~y designed for applications of this type.
These ideas and results have nothing of the spec
tacular, but their discussion at the United Nations
Conference on New Sources of Energy might suggest
practical and co-ordinated means of action with
special reference to the under-developed countries,

The absorption cycle

Principle of operation and choice of working fluid

An absorption machine is a purely thermal machine
that is, the energy required to maintain the process
is furni~hed in the fo~m.of heat. The process may
be continuous or periodic, The latter is normally
adopted in small household installations, on account
of its simplicity.

By heating, the refrigerant, which is dissolved in
an absorbent, is caused to pass into the gaseous
state. ~fter se~ar~tion from the entrained vapour,
the rcfngerant 1S hquefied under the pressure of its
own vapour in an air-cooled or water-cooled
condenser. The pure liquid so obtained then expands
through an expansion valve and passes into the

I The Centre for Studies in Applied :\lechanics (CE:\IA) was
organized in I !l.~2 as an affiliate of the National Institute of
Technology at Rio de Janeiro. Its research programmes are
financed hy the National Research Council.

gaseous state in the evaporator, rernovint- heat from
the surroundings in so doing. The V,I) )(':lr is then
absorbed in the absorber by the impover. ncd cooled
solution, and is then once again driver- out of the
enriched liquid.

Ammonia is the refrigerant most suit.il ,1(' for the
absorption cycle, for the following reason - . (a) it is
highly soluble in water and is readily lilvi.rtcd from
water by heat; (b) it is a very commo». non-toxic
substance; (c) of all commonly availablr : .il.stanccs,
its vapour pressure is the highest; sec, [or instance,
figure 14 of reference 5; (d) its absorpi ion in the
infrared is very good, just like that of \'..ucr.

Pressure-temperature vs. concentration lllfves are
given in almost all treatises on thermodyr-.nnics and
refrigeration. (For convenience, we hav- plotted a
family of iso-p-lines with tOC as abscissa :111l1 %NHa
as ordinate).

Description of the refrigerator unit

Figure 1 is a schematic diagram of the ;.·frigcrator
unit, essentially comprising:

A generator, consisting of the heating rL.mbcr (1),
the generator casing (2), the vapor outl .. : duct (3)
and the separator (4);

A two-stage condenser, the first stag t . ~)) being
outside the cold chamber (14) and the sel:"')ld stage
(7) being inside it; the two stages arc .' parated
by the non-return valve (6);

An evaporator (10), preceded by the Jiql,j,l outlet
duct (8) and the expander (9);

An absorber (11), connected to the generator by
the constant-pressure valves (12), with an auxiliary
coil having the control valve (13);

Finally, the cold chamber (14), which might be,
for instance, the interior of the refrigerator itself (15).

The generator (2), which at first contains a ~ich
40 per cent solution of ammonia in water, receives
the solar heat, concentrated either inside it (when
a "solar cell" is used or a parabolic concentrator),or outside the cylindrical receiver (which is, in par
ticular, the case when the conoidal reflector descnbed
below is used). The NHa vapour liberated from the
ammonia solution by heating it to 70°C (under 8 atrn
pressure) passes through the duct (3) into the separ
ator (4), which frees the vapor from the entraine.d
water vapor (the entrained water-vapor content IS
relatively low, of the order of 1 to 5 per cent, accord
~ng to the temperature, but it is important to remove
It to prevent it from being deposited in the form of
ice, which would block the ducts). From the separ
ator, the vapor passes into the coil (5), where Its
temperature falls to about 50°C with a correspond
ing pressure drop to 5.2 atm. Th~ second stage of the
condenser (one of the original features of this system)
is inside the cold chamber, so that part of the excess
cold produced is utilized for condensation, thus
eliminating the moving parts (circulating pump, fan).

From the liquid ammonia tank (7), the capillary
duct (8) feeds the expander (9), which discharges
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into; le' evaporator (10), where the pressure is held
at ar. md 3.6 atm. In the absorber (11), where the
press: "c' is only 3.0 atm, the vapor is continuously
absor..cd, thus progressively enriching the solution.
The. ;,.ixiliary coil (13) holds the pressure constant
until ! he pressure in the generator falls below 3 atm.
As s.-.n as this level is reached in the generator,
NH3 will be exchanged through the valves (12),
regen, rating the rich solution, so that the cycle can
recommence. The required heat will be supplied
during four hours of exposure to sunshine, and the
capacity of the condenser (7) is sufficient to ensure
umnterrupted operation for twenty-four hours.

Application has been made for a Brazilian patent
on this cycle. Its practical development and its
completely automatic operation are due to Remigio
Franco Lazo, a Peruvian technologist and staff
mernber of CEMA.

Thermodynamic calculations .

We start with a refrigerator box having a useful
capacity of 9 cubic feet (about 255 litres), or about
12 cubic feet of gross internal volume. This corres
ponds to a total outside area of about 4.7 m2 (dimen
sions; 76 X 72 X 120 cm). Assuming an ambient
temperature of 30°C and an inside temperature of
-2°C, the hourly loss, with an 8 cm cork insl.!lation,
would be 20 fg/m 2h.2 . It follows that the dally loss
would be:

4.7 X 20 X 24 = 2 256 fg/day

To refrigerate 40 kg of material of specific heat
0.85 would take

40 X 0.85 (30 - (-2) = 1 088 fg/day

Adding the losses due to frequent opening of the
door, which would probably amount to about 20 per
cent of the above total, we arrive at a daily consump
tion of 4 012 fs/day.

1 kg of ammonia produces 305.6 fg when evaporated
at _5°C. Subtracting the heat of the liquid, held at
+5°C, and the cold requirements of the second
stage of the condenser, or

0.5205 kcaljkg cC [5°- (-5 0
) + (500-50

)]

'. = 28.6 Cg/kg,

and the heating of the absorber, which is of the
order of 1.4°Cfh and consumes about 15.6 fg per
cycle, the useful cold production that remains will
be:

305.6 - (28.6 + 15.6) = 261.4 fg/kg

Thus, to meet the daily consumption of cold, the
quantity of ammonia to be circulated would
be:

4 012{261.4 = 15.35 kg of XH 3

From the initial and final concentrations of
ammonia (40 per cent and 25 per cent respectively],
we now calculate the total quantity of ~H3 and
water required:

--'--
, 2 1 fg (frigorie) = _I keal, or about 3.07 btu/min. It is the

French unit of refrigeration.

NH
NH

3
+H~O = 0.-10
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Figure 2

The fixed conoidal reflector

The conventional collectors

difference to the economic analysis above so ~"ng as
the series manufacturing cost is not more tha: I :20 per
cent higher than that of conventional h. .ehold
refrigerators.

In the applications of solar energy, espc; Iy of
those for household use (heating, coolin.. water
supply), it is important .to have a fixed. inst r v.rtion,
even if the output is not the best possible, " r- this
simplifies both design and maintenance ;i;.: also
provides a good "motivation" for the use' solar
equipment. (The setback suffered by solar 1 '~hens

in certain regions of India shows that this a-, -ct of
the problem is by no means negligible.)

The flat collector offers the immediate ad-, ntage
of being able to operate with an acceptable utput
over a long time interval, for the project- area
remains greater than 70 per cent of the total c'" :,'ctor
area when the sun describes a 90° arc (six II:;"TS of
sunshine). Moreover, the flat collector can also {,Ilect
the radiation diffused by the clouds, which son : :mes
reaches 20 per cent of the direct radiation. I the

. other hand, 'its yield is rather low for an o ' cast
sky-when steam is to be produced, and tempt" ,mes
over 100°C are thus needed. Hence we ha, the
necessity of providing a concentration ratio I , the
order of at least 4 or 5, if the boiling point i:, i Cl be
maintained (even though the heat flux that c.,n be
drawn off is limited).

This concentration is normally obtained b. the
aid of a parabolic collector (paraboloid of revolution]

whence'
NHa = 2 X 15.35 = 30.70 kg
H20 = 1.5 X 30.70 = 46.05 kg

Total: . 76.75 kg of solution

The prototype unit was designed for 32 kg of NHa
(16 kg of which were effectively circulated) at 48 kg
of water, or a total of 80 kg rich solution in the gener
ator and 64 kg of dilute solution in the absorber at
the beginning of the cycle. After 4 h of heating, out
of the 16, kg of NHa liberated, 1/6, or 2.67 kg, will
have passed into the absorber, and the remai~der

will have accumulated in the condenser to continue
to feed the evaporator during the next 20 h, with
a margin of at least 20 per cent when fully charged.

Technical details and tests

The heat supplied to the cycle must be sufficient
to liberate the 16 kg of NHa and to heat the 80 kg
of solution from 30 to 70°C. The heat of vaporization
of ammonia at 50°C (average of 30 and 70°C) being
of the order of 250 kcal/kg, we shall thus require:

Q = 16 X 250 + (64 X 1 + 16 X 0.5205) (70°-30°)
= 4000 + 2 893 = 6 893 kcal.

With a solar constant of 2 cal/cm- min = 1 200
kcal/rns h, and an average transparency of the at
mosphere of 0.75, the incident solar power may be
taken at 900 kcal/mth. It follows that at a global
collector efficiency of about 60 per cent, its effective
surface must be at least:

6893/(4 X 900 X 0.60) = 3.19 m2

The flat collector does not seem suitable for an
application of this kind, in view of the rather high
cost of the piping. It would be preferable to use a
cylindrical receiver heated by means of the conoidal
concentrator to be discussed in the following chapter.
For this purpose it would be sufficient to provide a
temperature gradient high enough for heat transfer
to proceed at the desired rate. A cylinder 40 cm in
diameter and 90 cm high (with a useful volume of '
about 110 litres) has an external heating surface
of 1.13 m2 and transfers 300 kcaljm2hoC. It follows
that a temperature difference of about

6893/(4 X 1.13 X 300) = 5°C

would be sufficient (which would justify the use of a
flat collector, were it not for the economic aspect
pointed out above).

A simple calculation indicates that the pre
condensation atmospheric exchanger (5) would need
an outside surface of about 0.50 m2•

The prototype, now in the final stage of assembly,
has been built from a second-hand 9 cu ft refrigerator,
by removing the sealed unit and modifying the
inside arrangements to make room for the accessories
mentioned above.

The efficiency will be relatively low, .if we take
account of the fact that 6893 kcal must be collected
to produce at least 4 012 'fg (an apparent yield of
58.3 per cent). But, in our opinion, this makes no



meetstha parabola y2 = 2 px at M, and the equation
ofth~reflected ray will be: ,

Y-YM = (X-XlII) tany;
After the successive substitutions:

1 '
XM = m2(p-mn- ..)p2-2mn)

1
YM = - (p- ..)p2-2mn)m .

tgy =tg (2oc-~) = tg2oc-tg~
. . L+ tg 2 oc tg ~

_tgoc <v'» = L
YlII

tg 2 oc = 2 tg oc
. I-tg 2 oc

Absorption cooling unit

or a ~~;lboloidal.collector (paraboli~ cylinder), which
p~rmlt t~e at~al~ment of very high temperatures
withou direct lllcld;nce of radiation-temperatures'
of the, der of 3 000 C ~r higher for collectors of the
former ype, and runmng up to 1 OOO°C for those
of thv vatter, .

Displa.c.nent oj the focus

But 'le. greatest disadvantage of concentrators of
this 1\ " IS, in our opi?io?, the great displacement
of th~ .-cus whe? the incident beam deviates only
a few '~'grees with respect to the axial direction.

This " a fa~t known from experience, but a more
precise .nalysis may.be attempted by seeking the
equa~I' of the caustic for any angle of incidence B.
The 111' idcnt ray

y = mx + n (m = tan ~)

8/70 Onlga 45

and a, l .pting Y.u = t as parameter the equation is finally transformed into :, . .
0= j (x,y, t) = y-t- 2p -mt) (P2m + 2 pt- mt2) (x-t2/2P)

t (P2m·+ 2 pt - mt2) - 2P (p -'- 2 pt + m2t 2)

whose nvelope ~s obtained by eli~inating t between j = 0 and aj/at = 0, which, after performing all the
calcul.: ions (which are rather tedIOUS), leads to the following parametric expressions:, .

X= _1_ mt5 + 3 m2pt4
_ 2 mpt3 + (1 + 3 m2) p3t2- 3 mp4t + p5

2P (1 + m2) t2+ (1 +m3
) p2 .

m mt5 - 3 pt4 - 2 mp2t3 - 2 pt2- 3 mp4t +ps
y = 2 p2 (1 + m2) t2+ (1 +m3)p2 .~

. .

(obvio ,jy we have a unicursal curve; to verify this, for m = 0 we do get X = P/2 andy = 0, which are the
co-orcluiates of the focus of a parabolic mirror). .

I'he pseudo-focus (F (xo, Yo); which is the cusp of the caustic, is found on those of the incident rays
that touch the mirror normally at N (a proposition that has not been demonstrated, but is intuitive enough).
But, Slllce in this case

P 1 1
tgoc = - =--=--

t tg~. m

it follows that t = mp, and, after simplification and
grouping the terms, we get:

p 1 + 4 m2+ 5 m4 + 2 m6

Xo = '2 1 + m2 + m3 + m4

. p m (1 + m2) (1- m4
)

Yo.= '2 1 + m2 + m3 + m4 -

Thus, for instance, for m = 1 (~ = 45°), we have:

Xo = p.. 3 Y - 0 which shows that, while still2 '0 - ,

remaining on the axis 0 x, the focal length has
lengthened to three times its former value. For
low angles of inclination the terms after m3 may be
neglected:

Xo ::: ~ (1 + 3m2
)

p
Y ~--. m
0_ 2

and it will be seen that in the course of only half
an hour, the displacement of the focus will be:

tan 7.50 = 0.1315 '

%0 = ~ X 1.052

v» = ~~ X 0.1315

that is, it will have advanced 5 per cent, and de
scended 13 per cent of the value of P/2, the focal
length.

As a result of this great displacement in focus; para-
. bolic solar furnaces are compelled to follow the motion

of the sun and present as perfect a reflecting surface
as .possible.

Intermediate solutions
These requirements may be appreciably relaxed

when the application is to moderate temperatures
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It should be noted at once that in a desert (('gion,
where the cloudiness does not even reach th. ;{ per
cent level (as is the case in Northern Chile. where
it rains twice a century) (7) the duration of ("l'osure
to sunshine will be limited to what is strictlv :1cces
sary, to leave sufficient time for the regencr.u ion of
the rich solution. On the other hand, if the t, llector
is intended for other purposes (steam pn~">lction

generation, drying, etc.), it would perhaps lw, ppro
priate to provide a pair of reflectors, one ,; -nted
towards the sun's 11 h position, and th. other
towards its 15 h position (figure 3), with S11,', ;;iosi
tion between 12 and 14 hand uninterrupted "pcra
tion from 8 to 18 h.

The projected area 5 is 5.30 m2 (circle 2.6" m in
diameter). The reflecting surface is 9.51 m", ,~jo! the
maximum concentration ratio will be

5.30/(1t X 0.4 X 0.9) = 4.69

Performance calculation

It is very difficult, and devoid of much practical
interest, to calculate the exact performance of this
reflector for any given angle of incidence ~,especially

if account is to be taken of the shaded portions and
of the multiple reflections. A simplified method of
calculation, involving little trouble, may nevertheless
be given. It will suffice, for this, to note that:

(a) The interception beam corresponds to 5 cos ~.

(b) The incident flux F may be decomposed into a
vertical flux F cos 13 all of which will be reflected
on to the cylinder (as will be readily seen by a simple
inspection of the reflected rays), and a horizontal
component F sin ~, which will not penetrate at all,
and consequently will have no effect.

Under these conditions, at the reflection factor
adopted, the equivalent area, measured perpendi
cularly to the solar rays, is proportional to cos" ~,
which gives:

Figure 3

noon
12:002:00

p.m,

6:00
p.m,

The conoidal reflector

Out of these varied thoughts and attempts there
evolves the idea of examining the possibility of a
compromise, by so disposing several truncated
conical .surfaces of revolution as to obtain, on a'
coaxial intercepting cylinder, a quantity of energy
sufficient to ensure satisfactory operation over a
90° angle, corresponding to a difference of 3 h before
and after the time of normal incidence (for instance, .
from 8 h to 14 h, with a maximum of 11 h). The solu
tion was developed primarily for use in the absorption
refrigerator unit, which requires only four hours of
sunshine; but one must also reckon with the hours'
of overcast, which, for the region under consideration,
have a probability of the order of t, making it
necessary to increase the useful duration of energy
collection in the same proportion.

of several hundred degrees. Thus, the cylindro
parabolic reflectors often mentioned in the literature
on solar energy can be oriented due North-South
and be inclined to the horizon at such an angle that
the solar rays at noon fall on them perpendicularly.
According to H. Masson, a relatively simple azimuthal
adjustment is sufficient to ensure a satisfactory
yield (6).

But, regardless of the more or less simple form of
adjustment, a fixed installation is always preferable,
for the reasons given above. The CEMA studied and
tested several solutions, which did not give satisfac
tory results and are mentioned here merely for
reference.

Paraboloid of revolution with vertical axis, formed
by slow rotation of a reflecting liquid (Hg) or by
supporting small floating mirrors (requires a helio
static mount and a rigorously coupled rate of en-
trainment) ; ,

Parabolic surface of revolution obtained by cen
trifugal cooling of a molten metal (impossible to obtain
a surface of suitable polish and reflecting power);

Fixed parabolic cylinder, slightly toroidal, oriented.
East-West (tests to be resumed, results incomplete);

"Solar cell" comprising an assembly of mirrors
concentrating the radiation in the interior of a
cylindrical cavity (good concentration, at a high
cost for mirrors, which makes it necessary to have an
adjusting mechanism).

After these studies and tests, the CEMA then
took up the systematic study of a fixed reflector
in the shape of a truncated cone, reviving old ideas
(August Mouchot, 1866; A. G. Eneas, 1901; see also
reference 5), but treating them in a different spirit.

ep 5 . cos- ~ = 2.25 m2

3.37
4.00
4.50

cos ~ = 0.707 cos- ~ 0.500 5 . cos- ~ = 2.65 m 2

0.866 0.750 3.97
0.966 ,0.933 4.94
1.000 1.000 5.30

1
or, on the average (3 (0.500 + 2 X 0.750 + 2 X 0.933 + 1.000) = 0.811

the six hours.or 4.30 m 2 in
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Figure 4. The reflector consists of three truncated .conical surfaces, 60, 200 240 and
260 cm in diameter, and 58 + 34 + 38 = 130 cm in total height, Incltned about
40°, 60° and 75°. The reflected rays are intercepted by a coaxial cylinder 40 cm in
diameter and 90 cm high

If we now introduce the reflection factor rp = 0.85
.(a ~ma;l quantity, applying primarily to angles of
lllclden;:e rather far from the normal direction),
we get 1he figures of the last column, or an average
of 3.6;') m2 (69 per cent) of the normal useful flux.

. This simplified method of calculation tends to
give low results, so that the practical results should
~t least reach the predicted levels. Experiments now
in progress appear to confirm predictions on a scale
model (1 : 5) and the assembly of the actual pr6tQ-"
type is now nearing completion.

The reflecting surface was obtained byan improved
method of making plane mirrors by mixing 15 to
30 gjm2 of silver nitrate with a gelatine support,
yielding a flexible layer 1 to 2 microns thick which
is then directly applied to aluminium sheet and
covered with a transparent protective varnish .
Figure 5 shows the relatively continuous appearance
of this surface, as compared with mylar. '

The intercepting coaxial cylinder will be covered
with lampblack or with a layer of cupric oxide
(surface with selective absorption and low emission

Figure 5.. Comparison of the appearance of amylar reflecting surface (left) and that of a silver
.. ' ' . surface (right); magnification 70 X ..
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in the infrared) and surrounded by a glass cylinder
(radiation trap). The height of the cylinder being lower
than that of the conoidal reflector, the effect of the
wind is eliminated. The cylinder is pierced for.instal
lation, if desired, of a heating unit burning wood,
coal, gas or oiL

x + dx, will fall, after reflection at M, 0') ;' cylindrical
ring element dz of radius r, and k L;','CS smaller
in area:

1
2 Tt r dz = k 2Tt X dx

It is easy to see that

J1uture research

No solution is perfect. The conoidal reflector is no'
exception to this rule. The major disadvantage of a
truncated conical reflector resides in the fact that'
the heating is stronger on' the upper part of the
cylinder, which slows the mixing of, the ammonia
solution and may cause stratification in the liquid.
The arrangement adopted, using multiple cones,
alleviates this shortcoming without completely elim-
inating it. . .

One may thus propose to determine a meridional' ,
curve able to provide a homogeneous distribution of
the reflected flux. If k is the concentration' ratio,
assumed constant, we shall write (figure 6) that the
vertical flux (neglecting the horizontal component J1
sin ~) penetrating in the annulus. of radii x and

(NN'II MM') <):N'NN~= <): N"N'},' .

Hence, since

, NN' = MM' = ds, dsJ2 . dzsin (2 rxl:':';

and the above equation becomes:

ds
k r d« = kr -.- = x dx

2SlllCJ.

kr .Jdx2 + dy 2 = 2 .J1~ y;:i); ,\

kr (1- y'2) = 2y' x,

whence
, dy x ± .Jx2- k21~!

y =-= ..
'dx k r

dz sin CJ.

and, by direct integration,

y = ~ (X
2
± [.Jx2 - k2r2dX) + C

, k r 2 ~

= 2
x
k; ± 2 ~r [x .Jx2 - k2r 2 - k2r 2ln (x + .Jx2 - k2r2)1+ C

as follows:

X VX2, [V ] - --k
2

x2
- r2 1 x2 -- kr r + r2

y = 2 k r ± 2 k x r2 - k
2

- r .J1 - k
2 ± 2: In 1 + .J1 _ k2

But this equation, which is the only one theore-
. tically possible (however, with two branches tangent
at 45° at x = kr) is unsuitable, for the simple reason
that it is only real if k > 1, that is to say.jf one wants
really to concentrate the flux (and there is certainly'
no point in diluting it again).

y
~---+--- % ----~7.tIo--

Figure 6

A different shape could doubtless be selected for
the intercepting surface (that of a truncated. cone,
for instance), and seek an optimum distributlOn of
the various truncated-conic sectors (this would be a
problem of operational research on a linear pro
gramme); and one could also abandon the s~r!ac~ of
revolution and seek to extend to interval of utilization
by adopting transverse elliption sections; but these
are lines of research to be followed.

Conclusions

The studies conducted at CEMA, mainly since
. 1958 and with rather limited resources, show that

we are still far from exhausting all the possible solu
tio~s for harnessing solar energy to extract cOl!
vemences of all kinds, especially cold, WhICh IS
essential for food sotrage. .

The economic aspect is most often invoked. to
prove that research of this kind is not of practl~al
interest. This is not true at all, and we have trie
to demonstrate that a solar refrigerator for food
storage, even though it is 20 per cent more expensIve
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than a refrigerator with a sealed unit or of the diffu
sion t y t,e, would pay for the 20 per cent excess cost
compk ely in five years, and this under the economic
condit i.ins of Brazil, where manufacturingis relatively
expen-v.e and the cost of energy has remained fairly
low. .

It .would therefore be desirable for the United
Nations to establish a permanent committee to
centralize and distribute the results obtained at the
solar research institutes and laboratories of the
world; stimulating and orienting research. This is
a duty of humanity to generationsy et to come.

References
. ,,'

1. Casal Pierre, Solar Energy. World Power Conference, Rio
de j.·ciro, 1954.

2. Dani. ,', Farrington, editor, Photochemistry in the liquid
and "die! states (based on papers presented at a symposium
helel :l-7 September 1958). Wiley, New York, 1960.

3. Gott-. he, G. and Pohlmann, W., Refrigeration Manual
(tran-r.itcd from the 12th German edition). Dunod, Paris,
1951, ~). 96.

4. Fan;', cs, Apolon, Some objective aspects of the utilization

of solar energy in Brazil.' In: Trans. I Symposium on Sola
Energy CEMA, Rio de Janeiro, 1959.

5. Jordan, Richard C. and Ibele, Warren E., Mechanical Energy
from Solar Energy. In: Proc.. World Symp. on Applied Solar
Energy, Phoenix, Arizona, 1955. Stanford Research Institute,
1956, p. 96.

6. Masson, H., The conversion of solar energy. Acta Electronica
3 (2):117, April 1959.

7. Frick, G., and Desvignes, F., Solarimetric measurements in
Northern Chile. See reference 6.

Summary

A D en ft (225 litre) refrigerator made in Brazil
costs ; he equivalent of $US200 there, and uses
600 k\ .h a year (t hp, operating 40 per cent of
the tin.»). The cost of this energy is about 1500 cru
zeiros, or $8. A solar-energy absorption refrigerat
ing ut.it (including the solar collector) would cost
about 20 per cent more, but the absence of any.
c~arg( for the energy would make up this ini~ial
dlffere,ice in about five years. Once the technical
problems are solved, there will be no economic
reason why these units should not be manufactured.

Impressed by the prospects and by the additi~nal
advantages of solar refrigerators (water heatmg,
independence from conventional power sources and
the fact that the demand for cold varies seasonally
with isolation), the CEMA has studied. a prototy~e

operating on an intermittent cycle, usmg ammonia
and water. The generator contains 80 kg of 40 per
cent rich solution, which.. when heated four hours,
reaches a temperature of 70°C and liberates 16 kg
o.f ammonia at a pressure of 8 kg/cm2

• After sep.ar::
hon of the entrained water vapour, the ammorua IS
Cooled to 50°C (5.2 kg/cm2) in an outside coil, whence
it passes to the condenser, inside the cold cham?er.
Hence it passes through an expansion valve ~nto
the evaporator at 3.6 kg/cm2, and from ~here l~to
the absorber, containing impoverished solution, WhICh
?ecomes progressively enriched. The condenser charge
IS sufficient to maintain the cold for twenty-four
hours. By means of an interconnexion with ~h~ gener
ator, the initial rich solution is regenerated m It.

The practical development a~~ operation of this
cycle are entirely due to Remigio Franco Lazo, a
Peruvian technologist and staff member of CEMA.
It receives its energy either from a sola~ ~hermal
cell or from a conoidal reflector 4 to 5 m m area,

with a central chimney for auxiliary heating, if
necessary, by wood, gas, etc.

The problem of the conce~trator is then d~scussed
in greater detail, after showing that a fixed installa
tion is important in the industrial applications of
solar energy, even if the yield is not the maximum
attainable, for this simplifies design and maintenance.
The flat collector, which is essentially fixed, also has
the advantage of collecting the radiation diffused by
the clouds, but its output under an ov~rcast SkY.lS
very low, especially for steam generation, that IS,
for providing temperatures. over !OO°C. Moreov~r,
to use it to heat the ammoma solution would require
piping at prohibitive cost.

The parabolic or parabol~idal ~oll~ctor gives very
high temperatures under direct incidence, but. the
focus is sharply displaced when the beam deviates
only a few degrees; It follows that solar furna~es

must necessarily follow the sun and have a reflecting
surface as perfect as possible. These.req~irements .n~ay
be appreciably relaxed for applications requmng
only moderate temperatures of several hundred
degrees.

These considerations give rise to the idea of
examining a possible compromise, by arranging
several surfaces of revolution in such a way as to
obtain on a coaxial intercepting cylinder, a quantity
of refl~cted energy suffi;ient for sati?factory opera
tion over an angle of 90 , correspondlI~g to an mter
val of three hours before and after the time of normal
incidence (for instance from 8 h to 14 h, with a maxi
mum at 11 b).

Experiments now in progr~ss confirm the pre
dictions, except for the reflection factor. A reflector
consisting of three conoidal surfaces 60, 200, 240
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and 260 cm in diameter, inclined 40°, 60° and 75°,
concentrates the reflected rays on to a coaxial cylinder
40 cm in diameter and 90 cm high. The area projected
is 5.30 m2, and the reflecting surface is 9.51 m2

(15 to 30 gJm2 of silver nitrate, giving a layer 1 to
2 microns thick, applied directly to aluminium
sheet and covered by a transparent protective var
nish), and the effective equivalent area, measured
perpendicularly to the solar rays, is 2.25 m2 (42.5
per cent) at 45° inclination, 3.37 m2 (63.6 per cent)
at 30°, 4.00 m2 (75.5 per cent) at 15°, and 4.50 m2

(85 per cent) at 0°, or an average of 3.65 m2 (69 per

cent) for the six-hour period, assumiu-, 3. reflection
factor of 0.85.

A more general problem is then p"l: to define
a set of elliptical conoidal surfaces S"~1) as to give
a fixed reflector of satisfactory yield ')(1 optimum
efficiency over a more extensive inter- J.

The author suggests in conclusion t1<;' the United
Nations establish a permanent commit: (; ;0 centralize
and diffuse the results of research o: .rpplications
of solar energy, stimulate investigation, md provide
orientation for its specialized develop» knt.
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BILAN ECONOMIQUE ~E LA FABRICATION DE GLACE
AVEr UN APPAREIL A ABSORPTION
UTILISANT LE SOLEIL COMME MOYEN Dt CHAUFFAGE

F. T, ombe et M. Foex *

Dan-. la plus grande partie des zones arides, au
voisinage des tropiques, regne en general un climat
chaud "t sec accompagne d'un ensoleillement le plus
souvenr intense etregulier. Dans ces zones, 'pour la
plupar: encore actuelIement privees d'energie, la
produ. t ion de froid, a 1'aide du rayonnement solaire,
peut presenter. un interet exceptionnel. Diverses
recher: hes et mises au point ont deja eM faites dans
ce sen.-: en particulier V. A. Baum, a Tachkent
(Uzbek istan, URSS), a construit un ensemble de
refrig('~ ateurs solaires produisant 250 kg de, glace
par jo .r (1, 2). La vapeur necessaire au Ionctionne
ment .lu refrigerateur proprement dit est produite
par ui: .'. chaudiere placee au foyer d'un grand miroir
parab.. lique oriente constamment vers le soleil.

N01:,' nous sommes propose, au Laboratoire de
I'ener.,« solaire de Mont-Louis, de' realiserun refri-

. geratc,:r fonctionnant a 1'aide d'un cycle ammoniacal
intern, .ttent, la solution ammoniacale etant directe
ment chauffee dans la zone de concentration du
rayonncment solaire, Un tel cycle s'adaptebien a
1'utilis<Ltion des rayons du soleil. La solution ammo
niacak. est chauffee pendant 1'ensoleillement etdonne
du gaz ammoniac sous pression qui se Iiquefie,
Le froid (distillation et redissolution du gaz ammo
niac) est produit apres le coucher du soleil et pendant
la nuit. '

Description de l'appareil (3, 4)

L'appareil, entierement soude en acier, comporte
les differentes parties suivantes (figure 1) :

a) Une cuve reserve A, completement ' remplie
de solution ammoniacale et qui doit rester froide.
La partie superieure de cette cuve contient, pendant
l~s differentes phases de fonctionnement, dess?lu
tions plus riches en ammoniaque que celle q~I. se
frouve dans la partie inferieure, Cette superposition
peut et re stable, les solutions pauvres etant plus
denses que les solutions riches; . . .

b) Un echangeurde temperature. B forme de
tubes concentriques; '. •

c) Un tube de chauffage C sur lequ~l' ~'ener~ie
solaire est concentree au moyen d'un rmroir c~lm
droparabolique en alliage aluminium-magnesmm

* Laboratoirede I'energie solaire du C~ntre national de la
recherche scientifique, Mont-Louis, Pyrenees-Orientales, France,
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(3 p. 100 magnesiumj.rbrillante par oxydation ano
dique et appele brillalumag. Le miroir a une distance
focale de 25 cm' et une ouverture voisine de 4;
il peut tourner autour de son axe focal, de direction
est-ouest, aumoyen de supports metalliques circu
laires, de maniere a realiser 1'inclinaison la plus
favorable a une bonne concentration de l'energie
sur le tube. Un reglage par jour suffitau voisinage
des ;equinoxes ; cinq ou six reglages sont necessaires
au moment des solstices;

d) Un bouilleur D contenant assez de liquide pour
permettreladistillation de la quantite degaz ammo
niac susceptible' d'etre produite au coursd'une
journee ; .

e) Un condenseur E refroidi pat une reserve d'eau
Fnon renouvelable, placee dans une cuve protegee
contre l'action du rayonnement solaire par un
revetement 'convenable; ce revetement devant, en
outre, permettre le refroidissement nocturne de l'eau;

f) Une reserve d'ammoniaque liquide H, surmontee
d'un serpentin-G et communiquant avec un autre

H
K

:N ,~a..... ::,.
, B' "'.' ===.,
".' ~~~ '.~

Figure I
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serpentin I entourant un bac a glace J; l'ensemble
est contenu dans une chambre froide K:

g) Des vannes ou des clapets L et M permettant :
de realiser, de jour, la distillation de l'ammoniac,
de nuit, sa reabsorption dans la .solution ainmonia
cale appauvrie pendant la joumee ;

h) Une vanne V pour la purge a la fin de la periode
de refrigeration des residus liquides de l'evaporateur 1.

Pendant le chauffage, la vanne Lest ouverte et la
vanne M Iermee. La circulation de la solution ammo
niacale, est assuree par le degagement de bulles de
gaz ammoniac, au niveau du tube C et jusqu'au
bouilleur D. Le liquidechaud appauvri venant de
ce dernier echange ses calories avec le liquide froid,
aspire a la partie superieure de la reserve, puis rejoint
le fond de cette meme reserve., Le gaz ammo
niac degage passe par le condenseur OU il se liquefie
et rejoint, a travers le serpentin G, la reserve H .et
le serpentin 1. .

Pour la production' de' froid, apres suppression
ou disparition du chauffage solaire, la vanne M est
ouverte et la vanne L fermee, L'aspiration du gaz
ammoniac due a,u, refroidissement du bouilleur
D s'effectue par les tubes N et O. Le melange liquide
gaz dans le tube 0 assure la circulation generale
des solutions ammoniacales dans le sens des fleches,
Le refroidissement du bouilleur est, de ce fait,
accelereet la pression baisse, provoquant la distil
lation du gaz ammoniac. Cette distillation aTieu,
au debut dans I'ensemble serpentin I - reservoir H,
mais ce dernier etant calorifuge, sa temperature
s'abaisse et la consornmation de frigories a lieu, par
la suite, uniquement .au niveau du serpentin 1.
La vitesse de distillation est fonction, d'une part,
de la vitesse de refroidissement des solutions ammo
niacales et, d'autre part, des apports therrniques
sur le serpentin 1.

Les avantages de l'appareil precedent sont les
suivants :

a) Une faible inertie. En effet, en dehors d'une
courte periode initiale necessaire au chauffage du
tube chauffant, du bouilleur et de la solution ammo-

, niacale qui y est contenue, on ne consomme prati
quement que l'energie 'necessaire a la distillation .du
gaz ammoniac, les calories fournies en dehors des
precedentes etant recuperees pour la plus grande part
dans l'echangeur ;

b) Une efficacite de refrigeration evoluant peu
du debut a la fin de 1'absorption, le gaz degage
rencontrant toujours les solutions les plus pauvres;

c) Une difference peu elevee entre les temperatures
d'absorption et de distillation; ce resultat est obtenu
grace aux bonnes conditions de 1'absorption et a la
presence d'une reserve froide, dont 1'importance
relative peut etre choisie ;

d) L'absence totale de pompes destinees a faire
circuler la solution ammoniacale, ou a tout autre
usage. L'appareil fonctionne uniquement au moyen
de l'energie solaire, sans aucun autre apport d'energie,
en particulier sans le secours de l'electricite ;

e) Une refrigeration ne comportant vas de renou
vellement de la masse d'eau utili.s.-, condition
indispensable dans les pays arides, Oil ',ctte derniere
est rare.'

Resultats

Les essais ont Me faits avec un app:' .~il de 1,5 m2

, de surface captante de l'energie sola i: et un autre
de 18 m2 (4). On obtient respectrvciv-nt 6 kg et
95 kg de glace par jour, pour une d . ,':e reelle de
distillation du gaz ammoniac de 4l ~l .-eures, sans
compter la periode de prechauffag. 'lui est de
1'ordre de 1 h t.

Le rendement energetique, meilleur I" .ur l'appareil
de 18 m2 que pour celui de 1,5 m2 , .rble encore
pouvoir etre notablement arneliore,

Ameliorations envisagec-.

Les recherches sont poursuivies ;( tuellement
dans diverves voies :

a) Diminution, duprix de revient s surfaces
reflechissantes ; , '

b) Comparaison des installations it 1air para-
bolique est-ouest et a miroir tourna , ',~ltour de
1'axe du monde;

c) .Comparaison desiu'stallationsa mu ", ,:ylindro
paraboliques et paraboloides couples a ,. des orien
teurs;

d) Allegement de l'ensemble du circuit .unmoniacal:

e) Etude des rendements pour diverse", tempe~a
tures des' sources chaudes et froides lors de la dIS
tillation diurne (production de NHa Iiquidc}:

f) Etude des rendements en fonction de la tempe
rature de la distillation nocturne (production. de
glace ou refroidissement de locaux sans productlOn
de glace);

g) Etude ide prototypes plus, puissants donnant
de 100 a 500 kg de' glace par jour.

Etude du prix 'de revient de la glace
produite avec l'appareil de 18 m"

Le prix du modele actuel (18 m2) est de I'ordre de
d~ux millions d'anciens francs (soit 20 ,000 ~F);
bien que' ce prix puisse etre notablement baisse,
nous l'adoptons comme base. L'amortissement de
.I'appareil, 10 p. 100, est done de 200 000' anciens
francs par an. La production annuelle de glace est de :

28 500 kg pour 300 jours d'ensoleillement;
23 500 kg pour 250 jours;
19 000 kg pour 200 jours. .
Les prix du .kilo de glace seront respectivement

(en anciens francs) : 7,8, 50et 10,50. La main-d'reuv.re
necessaire pour le fonctionnement des apparel1s
n' est pas comptee : elle serait proportionnellement
tres onereuse pour le fonctionnement d'une seule
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Tableau 1. Prix 'de la ~lace dans divers pays

. Prix en nouveaux francs

Gras (usine) Detail
Gras

(100 kg)
Detail

(100 kg)

Barre de 25 kg : 15 francs beIges Barre de 25 kg : 24 francs beIges

5,3

5,9

4,03

5,9 (usine)
9,4 (~omicile)

7.3 (domicile)

3,4

2,9 a 3,9

3,1 a 4,9

£ 0/6/2

2,9

5,6 (usine)

Les 100 kg : 680 lires

Barre de 25 kg: 1,10 florins

Les 100 kg:
16 forints

4,40 drachmes

La tonne: £ 4/10

3,80 drachmes Barre de 25 kg : 6,10 drachmes

La tonne: £ 4

Barre de 25 kg
(non taxee)

Barre de 25 kg
(taxee)

Les 100 kg:
14,50 forints'

. 16 forints

Les 100 kg: 440 lir~s '

Ba~e de '25 kg : 0,56 florins
La tonne :,20 florins (pe~he)

Barre de 25 kg : 0,60 a 0,80 florins
, ; (C.A.F. pour industries chimiques)

La tonne : 4 000 dinars La tonne : 6 300 dinars

La tonne :' 80 couronnes danoises La tonne: 104 couronnes danoises
(rabais sur les prix indiques

pour une grande consommation annueIle)

0,75 couronnes danoises 1,50 couronnes danoises
1,00 couronnes danoises 2,00 couronnes danoises
1,25 couronnes danoises '2,50 couronnes danoises
1,50 couronnes danoises 3,00 couronnes danoises

'2,00 couronnes danoises 4,00 couronnes danoises
2,50 couronnesdanoises 5,00 couronnes danoises

Dan.vrark

IOi, i.

I;:;' t
20, {+

Gran ~,'-Bretagne

Grec. (Salonique)

HOI': "c
(13 ':apest) .
(1' -vince]

!taL

Pay. .as ,

Europe

Belgi<,'e.

Le kg:, FCFALes 10 kg : 180 FCFA

Le kg: 40 FCFA
Le kg : 40 FCFA

Afriquc

Repu olique Centra
, fricaine

(Irangui) .
(Iu tcrieur]

Republique Mal-
gache (Tananarive)

Republique du Niger
(Niamey) .....

Republique du Tchad
(Fort-Lamy) . . .

Le kg : 25 FCFA

Le kg: 20 FCFA

de 0 a 500 kg
de nOO a 750 kg
de 750 a 1 000 kg

au-dessus de 1000 kg:

13 FCFA
12 FCFA
11 FCFA
10 FCFA

50

36

80
80

40

40

20

Haute-Volta (Ouaga-
dougou) . . . . . La barre de 25 kg : 120'FCFA

Gabon (LibrevilIe et
Port-Gentil] Le kg : 4 FCFA Le kg: 6 FCFA 8 (pecherie) 12

Divers pays

Argentine
Aires) ,

Haiti
Prince)

"Tharlande

, (Buenos

, (port-au-
' .. ',- ..

Barre de 25 kg : 16 pesos

Les 100 Iivres (45 kg) : 0,80 dol
lars E.-D.

19 ticaux = 300 Pbs
, 1 Pb = '453 gr "

Barre de ,25 kg : ,25 a 30 pesos

1 cent la.livre '

9 ficauxee 100 Pbs

3,7 (usine)

8,8

3.3

5,8 (domicile)

11

4,7
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Tableau 2. Prix de la gtace en France
(En nouveaux .francs par 100 kg, juillet-aout 1960)

Quai usine Livrc.:

Gras Demi-gros
Gras plus de 20 T Pains enticrs ], .rations de pains

par an

Lille 6 6 8,4 9,6

Strasbourg. 3,9 4,8 6,8 8

Nancy 4,4 4,8 7,6 1',1 11. 11,2

Paris. 4,25 5,611.6,5 8,511.9 s.s 11. 14

Nantes 4,6 5,811.6,4 5,8 7,2 S 11. 10,4

Dijon. 4 4,62 7,37 7,5 11. 9

Lyon. 4,4 5,25 5,25 6,511.8 !l 11. 10,5

Clermont-Ferrand 4,62 8 s.s 11. 10,4

Bordeaux 6,2 6,8 7,6 7,6

Bayonne 5,5 6,5 6 9 10

~ Toulouse 4,4 6,8 6,6 7,6 8,8

Carcassonne 5,6 6,4 7 8,8

Perpignan .' 5 6,5 6,25 6,511.8 9
Bcziers 4,8 5,211.6 6,2 8,4 8,8

SHe 4,8 5,211.6 6,4 8,8 9,6
Marseille 4,9 6 5 8 S,8 11. 10
Avignon. 411.4,5 5 7 8
Toulon 4,87 5,75 6 6,9 9,37
Nice 7,211.8 6,411.7,2 8 10,4

unite, mais il est a remarquer que, pour servir un
groupe d'unites ou de grosses unites, un seul homme
suffit.

A titre de comparaison et pour montrer que ce
genre d'appareil n'est pas tres loin d'etre rentable

etIe deviendrait probablement avec qm:t~ues ame
liorations, nous donnons ici le prix de I. t~Jace (gras
et detail) qui semble etre pratique da'1>. que1ques
regions durnonde (tableau 1) et dans divcrses villes
de France (tableau 2).
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Resume

L'appareil ,Merit est 'du type a absorption a
ammoniac, a caractere intermittent. Le jour, on
precede a la distillation du gaz ammoniac en chauf
fant la solution aqueuse ammoniacale circulant
dans des tuyauteries de fer chauffees par le rayonne
ment solaire rendu convergent par des miroirs
cylindro-paraboliques en alliage aluminium-magne
sium. La nuit, l'ammoniac liquide stocke sous
pression est evapore et reabsorbe par la solution

refroidie et qui presente alors une concen~rati?n
minimum. Cet appareil presente une faible mert;e,
une petite partie seulement de la solution ammon1a
cale etant chauffee et les calories fournies, en dehors
de celles qui sont necessaires pour distiller le gaz
ammoniac, etant recuperees dans un echant:;eur
prevu a cet effet. II fonctionne sans le secours d au
cune pompe, electrique ou autre, et comporte une
refrigeration sans circulation ni renouvellement de
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l'eau. Deux prototypes donnant respectivement
6 kg et 100 kg de glace par jour ont ete realises.
Des etudes sont poursuivies pour ameliorer le prix
de revient d'un appareil donnant 100 a 500 kg de
glace par jour. En se basant sur le prix de revient
des appareils actuellement construits, on calcul
le prix du kg de glace en divisant la pro
ductiol' annuelle de glace, en kg, par le dixieme du
prix de revient. On obtient un prix, au kg, de 1'ordre

de !3 a 10 anciens francs (il n'est pas tenu compte de
la main-d'ceuvre, minime, qui est necessaire pour le
fonctionnement de 1'appareil). Un bilan du prix
de la glace (detail et gros) est donne pour la France,
1'Europe ct l'Afrique. Il apparait que, dans certaines
zones, en particulier africaines, les appareils decrits
donneraient de la glace moins chere que celle qui
est actuellement proposee.

3
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ECONOMIC BALANCE SHEET OF ICE MANUFACTURE
WITH AN ABSORPTION MACHINE
UTILIZING THE SUN· AS THE HEAT SOURCE

(Translation of the foregoing paper)

F. Trombe and M. Foex *

The climate prevalent in most of the arid zones
near the tropics is in general hot and dry, accom
panied by insolation which is most often intense and
regular. In these zones, still for the most part without
developed sources of energy, refrigeration by the
aid of solar radiation may be of altogether excep
tional interest. Various research and development
work has already been done along this line; in par
ticular, V. A. Baum, at Tashkent (Uzbek S.S.R.)
has designed and built a set of solar refrigerators
with a daily ice production of 250 kg (1, 2). The
steam required for operation of the refrigerator
itself is generated by a boiler placed at the focus
of a large parabolic mirror constantly oriented
towards the sun.

At the Montlouis Solar Energy Laboratory we
proposed to develop a refrigerator operating on an
intermittent ammonia cycle, with the ammonia
solution directly heated in the zone of concentrated
solar radiation. Such a cycle is well adapted to the
use of such radiation. The ammonia solution is
heated during insolation, yielding ammonia gas under
pressure, which is then liquefied. The cold (due to the
distillation and redissolving of the ammonia gas)
is generated after sunset and during the night.

Description of the apparatus (3, 4)

The apparatus, entirely of welded steel, comprises
the following parts (figure 1) :

(a) A reserve tank A, completely filled with ammo
nia solution. This tank must remain cold. During
the various phases of operation, its upper part
contains solutions richer in ammonia than the solu
tion in its lower part. This superposition may be
stable, since the weak solutions are denser than the
richer ones.

(b) A heat exchanger B, consisting of concentric
pipes.

(c) A heating tube C, on which the solar energy
is concentrated by a cylindro-parabolic mirror made
of aluminium-magnesium alloy (3 per cent of magne
sium), brightened by means of anodic oxidation and

* Laboratoire de I'energie solaire du Centre national de la
recherche scientifique, Mont-Louis, Pyrenees-Orientales, France.

termed Brillalumag. The focal length of the mirror
is 25 cm, and its aperture is about 4. It ;0; rotatable
about its optical axis, which occupies an East-West
position, by means of circular metal supports, so
as to obtain the inclination most favourable to a
good concentration of energy on the tu1) _,. A single
daily adjustment is sufficient, close to .ui equinox;
while 5 to 6 adjustments a day are required at
solstice time.

(d) A boiler D, containing enough liquid to permit
the distillation of the quantity of ammonia gas that
can be produced in a single day.

(e) A condenser E, cooled by a non-rep:cnish~ble
water reserve F, placed in a tank protected agamst
all action of the solar radiation by means of a suitable
coating. This coating must also permit the cooling
of the water at night.

(1) A liquid ammonia reservoir H, surmounted
by the coil G and communicating with another COlI I

-p

A

Figure 1

56
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Table 1; Ice prices in various countries

Price in new francs

80 Danish krone per metric ton 104 Danish krone per metric ton
(discounts on these prices for large annual consumption)

Per kg: 20 FCFA

Per 10 kg ; 180 FCFA Per kg: FCFA

From 0 to 500 kg : 13 FCFA
From 500 to 750 kg : 12 FCFA

From 750 to 1000 kg : 11 FCFA
Over 1 000 kg : 10 FCFA

Europe

Belgium

Dcnmarl

5
25
50

lOO
150
200 ~:

Great no :!ain .

Greece (~:"loniki)

Hungar
Buda..ost
Prov.r«:e

Italy . . .

Netherl.. nds . .

Yugoslavia.

Africa

Central African Re
public

(Bangui) ....
(Interior)

Malagasy Republic
(Tananarive) .".

Niger (Niamey) .

Chad (Fort Lamy) .

Wholesale (at plant)

25 kg cake: 15 Belgian francs

Danish krone

0.75
1.00
1.25
1.50
2:00
2.50

£4 per ton

25 kg cake; 3.80 drachmas
(untaxed)

25 kg cake : 4.40 drachmas
. (taxed)

Per 100 kg:
14.50 forints
16 forints

. Per 100 kg: lire 440

25 kg cake: florins 0.56
Per metric ton: florins 20 (fish)
25 kg cake : florins 0.60 to 0.80

(cif for chemical industries)

Per metric ton : 4 000 dinars

Per kg: 25 FCFA

Retail ~~ ~ ~

25 kg cake : 24 Belgian francs

Danish krone

1.50
2.00
2.50
3.00
4.00
5.00

£4/10 per ton

25 kg cake: 6.10 drachmas

Per 100 kg:
16 forints

Per 100 kg : lire .680

25 kg cake: florins 1.10

Per metric ton : 6 300 dinars

Per kg : 40 FCFA
Per kg: 4q FCFA

Wholesale
(lOO kg)

~ 5.6 (plant)

£0/6/2

2.9

. 3.4

2.9 to 3.9

3.0 to 4.9

50

36

Retail
(lOO kg)

5.9 (plant)
9.4 (home)

7.3 (home)

4.03

5.3

5.9

80
80

40

40

20

Upper Volta (Ouga-
dougou) . . . . . 25 kg cake: 120 FCFA

Gabon
Libreville and Port

Gentil. . Per kg; 4 FCFA

Various countries

Per kg: 6 FCFA 8 (fisheries) 12

Argentina
Aires) .

Haiti
Prince)

Thailand.

(Buenos

(Port-an-

25 kg cake: 16 pesos

100 pounds (45 kg) :US$0.80

19 ticals = 300 pbs
1 pb = 453 grammes

1 cent per pound

9 ticals = 100 pbs

3.7 (plant)

8.8

3.3

5.8

11

4.7
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Table 2. Price of ice in France

Price in new francs per 100 kg, July-August 1960

A t plant dock

France Wholesale, over
Wholesale Semi-wholesale 20 metric tons

annually

Lille 6 6

Strasbourg 3.9 4.8
Nancy 4.4 4.8
Paris. 4.25 5.6 to 6.5

Nantes 4.6 5.8 to 6.4 5.8

Dijon. 4 4.62
Lyon. 4.4 5.25 5.25
Clermont-Ferrand 4.62
Bordeaux 6.2 6.8
Bayonne 5.5 6.5 6
Toulouse. 4.4 6.8 6.6
Carcassonne 5.6 6.4
Perpignan. 5 6.5 6.25
Beziers 4.8 5.2 to 6 6.2
Sete 4.8 5.2 to 6 6.4
Marseille 4.9 6 5
Avignon. 4 to 4.5 5
Toulon 4.87 5.75 6
Nice 7.2 to 8 6.4 to 7.2

Whole cakes

8.4
6.8
7.6

8.5 to 9
7.2
7.37

6.5 to 8
8
7.6
9
7.6
7

6.5 to 8
8.4
8.8
8
7
6.9
8

Deliver,;',l

1 'aft 01 cake

9.6
8

1'>. ~ to 11.2
c:.,; to 14
H to 10.4

7.5 to 9
') to 10.5

:-;.8 to 10.4
7.6

10
8.8
8.8

8.8
0.6

0,.3 to 10
8
').37

:0.4

surrounding the ice freezer J; the entire assembly
is contained in the cold chamber K.

(g) The cocks or valves L and M permitting the
distillation of the ammonia during the day and its
reabsorption during the night in the ammonia solu
tion that has become weak _during the day.

(h) A cock V for purging the liquid residues from
the evaporator I at the end of the refrigerating
period.

During heating, the cock L is open and the cock
M closed. The circulation of the ammonia solution
is maintained by the liberation of bubbles of ammonia
gas at the level of the tube C, and as far as the boiler
D. The weak hot solution coming from D exchanges
its heat with the cold liquid, aspirated to the upper
part of the reservoir, and then rejoins the bottom of
the same reservoir. The ammonia gas liberated passes
into the condenser, where it is liquefied and returned
to the reservoir H and the coil I through the coil G.

To produce cold after the solar heating is stopped
or ceases, the cock M is opened and the cock L is
closed. The ammonia gas is aspirated through the
pipes Nand 0 as a result of the cooling of the boiler D.
The liquid-gas mixture in the pipe 0 ensures the
general circulation of the ammoniacal solutions
in the sense indicated by the arrows. This accelerates
cooling of the boiler, and the pressure falls; leading
to distillation of ammonia gas. This distillation takes
place at first in the assembly: coil I, reservoir H
- but since H is insulated, its temperature falls,
and the consumption of cold then takes place only
at the level of the coil I. The rate of
distillation depends, on the one hand, on the rate
of cooling of the ammonia solutions, and, on the
other hand, on the heat flow to the coil I.

The advantages of the above apparatus are as
follows:

(a) A low inertia. Except for the shoi t initial
period required for heating the heating mbe,. and
the ammonia solution contained therein, practIcally
no energy is consumed other than that required to
distil the ammonia gas, the heat supplied in ~xcess

of these requirements being largely recovered III the
heat exchanger.

(b) The refrigeration efficiency varies little from
the beginning of absorption to the end, the gas
liberated always encountering the weakest solu
tions.

(c) There is only a slight difference between the
absorption and distillation temperatures. This ~e:mlt
is obtained owing to the good absorption condi~IOns

a?d the presence of a cold reserve of optIOnal
Size.

(d) The total absence of pumps for circulating
the ammonia solution, or for any other purpose.
The apparatus operates exclusively by solar e~ergy,

without any other energy input, in partIcular,
without using electricity.

Results

The tests were made on an apparatus with 1.5 m2

of solar collecting surface, and a different apparatuJ
with 0.18 m2• 4• The daily output of ice was .6 an
95 kg, with the actual duration of ammOllla gas
distillation ranging from 4 1/2 h to 5 h, without
counting the preheating period, which was about
1 1/2 h. The energetic efficiency, which was bette:
for the 18 m2 apparatus than for that of 1.5 m,
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Study of the cost of ice produced
with the 18 m 2 apparatus

T~e. cost of the present model (18 m2) is about
2 million old francs (or about 20,000 NF). Although
this cost could be appreciably reduced we shall
nevertheless adopt it as the base. The an~ual depre
ciation of the apparatus (IQ per cent) is thus of the
order of 200 000 old francs. The annual ice output is:

28 500 kg for 300 days of sunshine;
23 500 kg for 250 days;
19000 kg for 200 days.

The cost of ice per kg will be respectively, in old
francs, 7, 8.50 and 10.50. This does not include the
cost of labour necessary to maintain the refrigerator.
It would be proportionally a very heavy burden for
the operation of a single unit, but it should be noted
that a sing~e man will do to service a group of units,
or large units, .

For comparative purposes, and to show that
apparatus of .this kind is not very far today from
being eco~om1C, we append the prices of ice (wholesale
and retail) that appear to be current in several
regions of the world.

Economic balance sheet of ice manufacture
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seems to be amenable to still further substantial ----'--------.:==-:...::.=-.:..:.~------~
improvement.

Improvements envisaged

-r:he research is at present being prosecuted along
vanous lmes:

(a) Reducing the cost of the reflecting surfaces.
(b) Comparison of installations with East-West

para~ohc mirror and installations with mirror
rotating about the celestial axis.

(c) Comparison of installations with cylindro
parabolic ml!'rors .and. those with paraboloidal
mirrors used m conjUnctIOn with orienting devices.

(d) Reducing the weight of the ammonia circuit.
(e) Efficiency study for various source and sink

t~mperatL1res during daytime distillation (produc-
tion of liquid NH

3
) .

(j) Study of. e~cie.ncy ~t varying temperature
of ~octur~al distillation (Ice production or space
cooling WIthout Ice production).' .'

(g) Study of more powerful prototypes giving
100 to 600 kg of ice per day.
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Summary

. The machine described is of the ammonia absorp
tion type and operates intermittently. During the
day, an:monia gas is distilled by heating the aqueous
~mmollla solution circulating in iron piping heated
~ solar radiation focused by cylindro-parabolic

mlrr~rs .of aluminium-magnesium alloy. At night,
the hqUId ammonia accumulated under pressure is
e~~porated and reabsorbed by the cooledsolution,
Thich then has a minimum ammonia concentration.

IS machine has only a low inertia, since only
a small part of the ammonia solution is heated, and
t~e heat supplied in excess of that required to distill
t e ~mmonia gas is recovered in a heat exchanger
provl~ed for that purpose. It requires no pu!Up,
elec~nc or non-electric, for operation, and provides
refngeration without .circulation or replenishment

of water. Two prototypes producing 6 and 100 kg
of ice per day have been developed. Studies are in
progress to reduce the cost of a machine with a
daily production of 100 to 500 kg of ice. Based on
the cost of the machines that have been built, the
cost of ice per kg is calculated by dividing the annual
ice output, in kg, by 1/10 of the machine cost. The
cost per kg so found is about 8 to 10 old francs
(without taking account of the very low labour cost
required to keep the machine in operating condition).
The authors present a statement of the retail and
wholesale prices of ice in France, Europe and Africa.
It appears that in certain areas, especially in Africa,
these machines would produce cheaper ice than that
now on the market.
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THE ALTENKIRCH SOLAR-COOLED HOUSE

s. Adler, G. Levite and H. Tabor *

Figure 1

Description of the experimental house

. The experimental house had a floor area

.of 5 X 12 metres, i.e. 60 sq m and a room height
of 2.5 m. The east and west walls each contained
11 panels 1.1 metres wide and 2.2 m high. Eac~
panel was, for construction purposes, divided verti
cally into two half panels 0.53 m wide. In effe~t the
whole 'of the east and west facing walls were in the
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heating of the east-wall regenerates (il., dries) the
absorbent material therein.

At noon, the western wall panels ~\,t' saturated
vis-a-vis the incoming air whilst the eastern are in a
regenerated condition. When the sun passes to the
west, it regenerates the western panel" whilst the
eastern panels act as absorbers. The cycle proceeds
as before except that the air flow is r.-versed.

For humid climates, the evaporators 'ire omitted,
the householder being content with a reduction of
humidity, but without reduction of dry l-ulb tempe
rature. Indeed, under the best conditions, there will
always be a slight rise in temperature III the drying
process.

It is observed that no power supply is required
and there are no mechanical parts. Th« system IS

thus particularly. attractive for construction in hot
under-developed areas.

For these reasons it was decided to put up an
experimental house in the Negev Institute for Arid
Zone Research in Beersheba to test out the idea.
Dr. Ing. ]. H. Dannies, a former coJJaborator of
Prof. Altenkirch, was invited to act as consultant
and he supervised. the design and execution of the
experimental house and the first tests.

The idea of a house cooled by solar energy, built
in the form of an open cycle absorption machine
using water as the "refrigerant", was first proposed
by the late Pro£. Altenkirch (1). It was mentioned
briefly in Dr. Dannies' book "Absorbtionskaelte
maschinen" (2) and was recently described in "Solar
Energy" (3).

It appears that two houses built on these ideas
were constructed in Europe in the 1930s, but there
are no published results and the houses were de- .
strayed in the Second World War.

The idea is ingenious and attractive in its apparent
simplicity. Its execution in practice turns out to be
extremely difficult.

The idealised operation of the house is best ex
plained by reference to figure 1 which shows a sche
matic vertical cross section of the house. (or of one
storey) which in plan is rectangular with the long
sides facing east and west. Thee ast-facin gand west
facing walls, or parts of them, are made hollow and
called "panels", the outer face of the panel being
very thin, the inner face being well insulated therm-:
ally and the space between the faces containing an
absorbent material such as cellulose or silica gel.
Openings are provided in the panels as shown in
figure 1. All windows are kept shut.

In operation, sunshine' falling on the east wall
in the forenoon heats the panels - which act as
solar' collectors - and causes a chimney effect
pulling fresh air into the house through the cool west
wall panels. This air is dehumidified while. passing
over the absorbent in the west wall, rejecting the
heat .of absorption through the thin face to the
environment. Ideally, the dehumification is isother-
mal. .

The air then passes through a:specially constructed
evaporator and is adiabatically cooled. This is the
end-pnrpose of the construction. After passing
through the house, the air passes through the east
wall out to the outside atmosphere. The solar

Basic concepts

The work reported here shows negative results.
It is, however, presented because of the general
interest in the subject-matter and in the hope that
it might stimulate new ideas. .

* Negev Institute for Arid Zone Research, National Physical
Laboratory of Israel, Jerusalem.

60



Altenkirch solar-cooled house S/88 Adler et al.

torm of c?ll~ctor panels. Whilst window areas were put
1ll the building, they were filled in for the experimen
tal period (to be knocked out later). The entrance to
the house was from the south end where a refrigerator
type ,~lOor and an air lock were incorporated to reduce
th~ C1.1sturbance ~aus~d by entering and leaving the
~Ulld~ng. The. llltenor. was divided temporarily
mto three sections by insulated partition walls so
that up to three experiments could be conducted
simuJ raneously, ~f necess3:ry, for comparison purposes.
At Dr. Dannies suggestion, the entire wall, ceiling
and floor area was lined with 10 cm of cork board
to provide thermal insulation thereby permitting
better control of the thermal conditions in the
structure.

As originally designed, the panels had black metal
outer faces. This yielded a poor solar collector and .
several of· the panels were subsequently converted
to have glass on the outer face, the absorbent being
blackened to absorb solar energy: It may readily
be shown that, as a rejector of heat, a glass faced
panel is almost equivalent to a metal faced panel,
for. the thermal resistance is mainly in the air films,
whilst; ~s a solar collector, the glass faced panel
IS superior as the heat is generated inside the
panel. . _ .

The absorbent used was wood cut in slices
120 x 60 X 12 mm and mounted in racks with
12 mm spaces between adjacent slices. Wood was
selected because it was considered to be relatively
c~eap and readily available, and because an enthalpy
diagram was available in Altenkirch's "Absorbtions
kaeltcmaschiIien "(4).
. Facilities were provided for the insertion of record-'
lllg thermohygrographs at the top and bottom of
selected panels. .

The house was completed in June 1960. The first
results showed very small temperature rise in the
panels and the chimney effect was almost unmeasur
able. This was with the metal faced panels. A slight
Improvement was registered when glass faced panels
were introduced but it was clear that the house would
have negligible cooling effect. For this reason the
evaporators were not introduced into the house
at this stage, and it was decided to make a more
thorough study of the theory of the house and of the
collector panels.

Basic theory

THE COLLECTOR PANELS

When used as a solar collector, the panel must
lose the minimum amount of heat to the environ
ment. When used as an absorber, it must reject
heat freely to the environment. This'contradiction
m function is one of the weak points of the whole
concept and, as 'will be shown in a later. section,
renders the house unworkable until some new ideas are
forthcoming. Appendix I shows that whilst a metal
faced and glass faced panel have almost the same
performance for heat rejection, the glass faced
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panel is far superior as a solar collector and only
this form can, be considered further. .

Calculations showed that peak air temperature
rises (for zero air flow) of the order of 7QoC should
be obtained with the glass faced panels, but in
fact the temperature rises recorded were only about
half this. It was subsequently proved that this was
due to the high heat capacity of the concrete walls
of the. panel..and the very short insolation period
(3~4 .hours) .. This means that the cork insulation
placed inside the walls of the house should be on the
outside of the walls (i.e., inside the panels). so that
the sunshine does not have to heat up the concrete.
When 2" of celotexwas put inside the panel to insulate
the concrete wall from the airstream, airtemperature
rises approaching the computed value were obtained.

. THE ABSORPTION- CYCLE

This is best described with refere~ce t~: figur~ 2:
which shows. constant water content curves ,(of
the absorbent) Xl> X 2 against water vapour pressure
and temperature, for an absorbent such' as wood
or silica gel. If the pressure ordinate is logarithmic
and the temperature abscissa reciprocal absolute
temperature, the constant water content lines are
practically straight.

After the absorbent has been dried to the lbw water
content Xl at the regeneration temperature th, (point 3)
it is allowed to cool down -to ambient temperature
to, (point 2). The air to be conditioned, with the
initial vapour-pressure Pi and temperature to, (point I)
is passed over the absorbent and dried to the low
vapour pressure P2 (point 2). Heat of absorption is
assumed to be removed constantly so that the
process is isothermal. This is continued until the
absorbent is saturated (in respect to the incoming
air) at the high water 'content of X 2 that corresponds
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to the water vapour pressure in the incoming air
(point 1).1

The absorbent (at point 1) is then heated to
th, point 4, and regenerated isothermally, through
a continuous supply of heat, down to a water content
of Xl> and water vapour pressure Ps (point 3).
(After cooling from point 3 to point 2 at constant
water content Xl the absorbent is back at the start
ing point of its cycle.)

The air that has been dried isothermally, i.e.,
ta, vapour pressure p2 (point 2) can be humid~fie.d
adiabatically to reduce its temperature until it
reaches a temperature tc and a vapour pressure Ps
(point 5). The air, after passing through the house
and regenerating the panel, leaves with a vapour
pressure P4' after carrying with it the water vapour
driven out of the absorbent by the heat of regenera
tion. It is this vapour pressure that exists at the
leaving end of the regeneration panel (point 4)
whilst the rest of the panel has reached point 3.

By studying the enthalpy diagram for the absor
bent, the quantities of heat required for the heating
process and the rejection process can be determined.

It will now be shown that, under ideal conditions,
the coefficient of performance COP, expressed as
total cooling effect in kcal per kcal of heat supplied,
is inevitably low. This is predominantly the result
of the open cycle, i.e., the air introduced for con
ditioning the house leaves during the regeneration
process thereby carrying away an unnecessary
amount of sensible heat. If an absorbent could be
found that had a large difference of water content
(at the same vapour pressure) for two temperatures
not far apart, the performance would be much better,
but even the best absorbents appear to be remote
from what is required here.

We first consider a purely hypothetical absorbent
that can be regenerated, i.e., dried out, with negligible
rise in temperature.

Thus, to expel 1 kg of water would, ideally, require
simply the latent heat of vaporation L kcals of heat,
there being no heating up of wood or air.
(L = 540 kcals if there is no heat of wetting.)

The quantity of air w that passes through the
absorber to give up 1 kg of wa5er is given by :

.l
w=--s s;

where il X a is the change of water content of air in
kg/kg between the outside condition and the condition
after drying.

This air is subsequently humidified adiabatically
and thereby cooled to a temperature tc after which
it warms up, by absorbing heat from the room,
to t-,

1 The drying of the air and the gradual humidification of the
absorbent is a counterflow exchange process. It can be considered
complete when all the absorbent, except for the last portion of
the air-flow outlet, is saturated but the last portion is still dry.
Thus the air emerges dry.

The cooling effect R is, therefore,

R = w Ca (tr - tc)

where Ca = specific heat of air = 0.:~4.

The COP of this idealised system is

COP = cooling effect (tr ~~~,;) W Ca
regenerator heat L

_ (tr - tc) _ (tr - tc)
- ilX

a
. !:... - 2250ilXa

Ca

taking L = 540 and C« = 0.24.

In no practical case will the numerator exceed
. 10°C - it will often be considerably less. ilXa

depends upon the initial air condition.T'orexample,
for air at 35°C and 45 per cent RH, dned. do~n
to 10 per cent RH il X a = 0.012 : t-, after adiabatic
humidification will be 16-17°C : assume LT = 26-27°e
and we obtain:

COP = 0.37

Now because any real absorbent requires a con
siderable temperature swing to change its wa!er
content by a reasonable amount, it may readily
be shown that, under ideal conditions. r.e., pe~fect
heat transfer and mass transfer, the COP is given
by:

tr - tc
COP = ilX C - L'

__a. -.!!:. (th - ta) + (th - tr) + ilXa-C
ilXb Cb a

regeneration temperature
outdoor temperature
change of water content of absorbent
kg/kg between the moist and regener-
ated conditions

Cb - specific heat of absorbent
L' - latent heat of vaporisation of water

plus heat of wetting.

We note that the denominator now contains two
additional terms' the first is due to the sensible
heat supplied to' the absorber, the second .is due
to the sensible heat supplied to the air dunng re
generation.

We consider the likely values of the quantities
appearing in the equation: tc and tr have beeddiscussed and tr - tc can hardly exceed lOoe an
will often be far less.

il X a will always be less than X a, the moist';lre
content of the outdoor air since it cannot be dned
down to zero moisture. In the example given il X«=
0.012. (For small values of il X a, i.e., very low outdoor
humidity, the COP is improved but a point is reached
where the Altenkirch drying is unnecessary; t~e
evaporative cooler alone suffices.) il X b depen S
upon the absorbent used and will in practice alwayS
be several times il X a. Indeed it should b~ large,
for the ratio of weight qb of absorbent reqUlred to
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or

weight qa of air handled per cycle is, for ideal mois
ture exchange,

qb=~Xa=N
qa ~Xb

and w.: ha,:"e to keep the quantity of absorbent low
for eo .normc reasons.s The ratio N in two practical
cases was 1/3 for wood and 1/11.2 for silica gel.

c, is vpprox. 0.5 for wood, or ~: ,...., 2. This then

yields :t value for the COP of the order :

CO-;) ,...., 10 ~

- 2 (th - ta) N + (th - tr) + 2 500 ~ X a
I

,....,-;:;-:;;-;-;--;-;--;,--,--;:c-=----;-:--:-c--~
0.2 (th -- ta) + 0.1 (th - tr ) + 3.0

takin., 6.X a = 0.012 and L' ,...., 600. A regeneration
temperature of at least 60°C is required for practical
absorbents, so taking th = 60, ta = 35, t; = 27,
we ob' .iin

- 1
COP ,...., 7.6 for N = 1/3

1
,...., 6.7 for N = 1/11

Thc,c coefficients are based on completely idealised
condi ;ems of temperature and vapour pressure
equili: ria in the panels. When the calculations are
~eped i,d, making reasonable assumptions concern
l~g t mperature differences, and using enthalpy
dlagr:' .ns for such materials as wood and silica gel,
the (i)PS come out somewhat lower.

The following table gives the results as obtained
from uie enthalpy diagrams for wood and silica gel.

Table 1

Examples of three cases. Initial air condition 34°C and 45 per
cent RH. Final room temperature 25°C; regeneration temper
ature 60°C. Regeneration energy supply 300 kcal(per sq m
of panel per hour for three hours.

Case 1. 'Wood as absorbent. Assumed to be 40°C during absorption
process. Air assumed to emerge at 37°C.

Case 2. As Case 1, but using silica gel.

Case 3. As Case 1, but "tdealised", i.e. allowing no temperature
difference, i.e., wood and air 34°C in absorber.

Tabulation of results
Case 1 Case 2 Case 3

COP. ..... 0.10 0.123 0.15

Panel area per ton of cooling a
m2 • ......... 101 81 68

Weight of absorbent required,
per ton of cooling, kg . . 1475 400 704

Heat rejected during drying,
kcals/m2, hour. 164 132 186

a Ton of cooling means 3 000 kcals per hour, for. thr~e hours in pres~nt
example, I.e., the areas shown give 9 000 kcals of coolm~ m a cycle. FO.T twice
the area of panels, i.e., using both east and west walls, SIX hours of cooling arc
obtained per day.

2 Or because of space limitations in the panel.

It is these rather low COPs that make the Alten
kirch house difficult to execute. In the first place
the area of collector must be very large. Secondly
~he amount of heat to be rejected during absorption
IS large and the air dehumidification process conse
quently is far from isothermal.

_Energy availability

. ..In the previous section we assumed a regeneration
heat. of 900. kcals/ms per cycle. ~his was based upon
an assumption of 33 per cent efficiency of collection for
the collectors, which being vertical will have a lower
efficiency than the same collectors when tilted because
of large incidence angles and lower peak intensity.
. For. local conditions (latitude 32°) the solar
insolation on an east or west vertical wall, for clear
days, is approx.:

May 2720; June '2 780; July 2 870; August 2800
September 2380; mean 2710 kcalsjper m2

To the extent that the collector might be more
efficient than the 33 per cent assumed, the area
of collector panels required would be correspondingly
reduced.

Conclusions arid recommendations

It is seen that, with the type of absorbents con
sidered (wood or silica gel), the area of collector
panel required to produce the equivalent of one
ton of cooling for six hours, i.e., 18 000 kcals of
cooling, will be of the order of 150-200 sq metres,
half on each side of the building, and a method must
be found for removing the absorption heat from the
panels. The "chimney effect" on a 2 m high wall
appears to De inadequate, so either a fan must be
used or much taller panels employed. Better absorption
materials requiring lower regeneration temperatures
might improve the COP thereby reducing, the size
of the panels and a further improvement would
result from a better collector efficiency. But low
regeneration temperatures mean, generally, that more
absorbent is needed and there may be insufficient
space in the panels to hold it.

Whilst no attempt has been made to determine
the cost of the panels and absorbent for the present
system, it is clear that such large areas are out of
the question. For this reason work on the experi
mental house has been suspended until new ideas on
raising the efficiency are forthcoming.

Can anything be done to'improve the situation?
Dr. Dannies, in a private communication, has
suggested that the sensible heat requirements in the
regeneration process are less than those .postulated
here and similarly the problem of heat rejection
in the absorption process is not as serious as it
seems. The reason given is that in both processes
there is a moving zone of wetness or dryness in the
panel as the air moves along so that the processes
are analogous to a counterflow heat exchanger.
Analytical studies to date suggest that th~s argument
is not valid or if so, then only to a very mmor degree.

3"
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Case 2.

where ex = absorption coefficient of black ;'.':It'i face taken
as 0.9 in the present calculations.

T p - Ta = ex Q = T j - T"
ho

where Q is the solar intensity. For an east (,r \.' -st facing wall
the peak value of Ql is taken as 600 kcalsL.: '01

2, DC.

A Tj = Ti - Ta = temp. rise inside p:<:.( t .bove ambient

ATo = Tp - Ta =temp.riseofpanelb .....iovc ambient T,

As ho is the outside coefficient, dependci. .i on the wind,
and hj is a free convection coefficient insiduc 0 ;·ane!, hi < h»,
i.e., k < I. A value of hj = 8.25 kcals/hr, ,,, i.: (1.5 btujhr,
ft 2, of) is assumed. This is probably the L;~:'t value likely
to occur unless forced convection is employe,i, value for ho
is taken as 19.4 kcalsjhr, m2, °C (4 btu/hr, lt 0, 'J") for a wind
of 16 kph (10 mph) and as 10 kcals/hr, Iq, °C for zero
wind.

At zero collection efficiency, i.e., AT; = -,\ f'" i.e. Ti = Tp

(and no air flow in the panel) the panel 1·:"(' temperature
rise is

. "CC inwards
'; ,e out wards

hj heat transfer coeff. from p~, ,
k = - = ..

h» heat transfer coeff. from pi" 0

The daily sunshine falling on a unit area of a tilted
collector facing south (in the northern hemisphere)
will be almost three times that falling on an east
or west facing vertical collector. The mean intensity
during the day will also be considerably greater,
leading to a higher collector efficiency. This means
that a "roof" collector will give 3-4 times as much
energy as a "wall'" collector of the same area. This
suggests that an absorption cycle - even of the open
cycle type - would have a better chance of success if
based on roof collectors than wall collectors. Of course
some mechanism for cycling would be necessary.

The Altenkirch "house" may be more successful
as a drying chamber, i.e., used without evaporators,
than as a cooling chamber, and Dr. Dannies has
reported on such use for the drying of timber. In the
first place the absorption process need not be iso
thermal. In the second,' the air passing through the

.chamber to the regenerator is not moistened to the
same degree as with the evaporative cooler, so the
regenerator can dry to a lower water content. It
would be interesting to makeari economic analysis
of such an application.

Appendix' I .
If the panel is glass covered and the inr-rio. ':. blackened to

absorb energy, the collection efficiency is

COMPARISON OF BLACK METAL PANELS AND GLASS-FACED PANELS

Case I. Metal faced panel

The efficiency E of a panel face in transferring absorbed solar
energyi nto the airspace within the panel is' readily shown to be :

E _ ex [ k (1 - A TdA To) ]
- I-k (I-ATj/ATo)

ho k ,.,'
E = ex ~ - - -- U 1 i

Q (1 + h)

where ~ = transmission through glass, t<JJ,' .. about 0.8
(due to large angles of incidence)

ex = absorptivity inside panel taken as I!.')~",

The following table summarises the results:

Temporise inside panel for peak solar incidence: °C 10 15 20 25 30 36

(a)
E %: Metal panel . 17.2 12.8 7.4

Glass panel . 61 54 48 41 35 28

(b)
E % : Metal panel . 33 29 26 22 18 14

Glass panel . 64 59 54 48 43 38

(a) is for 16 kph wind: (b) is for zero wind.

The calculations assume the same mean temperature over the whole length of the panel. In practice the panel is hotter at the
top. Values are for peak solar incidence, taken as 600 kcalsjhr, m 2, DC. For lower values, the temperature rises are proportionately lesS.

When the panels are used for heat rejection, the resistance R to heat flow outwards is

1 1
R = - + - + rf

h o hi

where rf is the thermal resistance of the panel face. This term is very small compared with the other two terms and there is
very little difference between the metal faced and glass faced panels.

As a collector of heat, the glass faced panel is far superior to the metal faced panel. As rejectors of heat the performance is
about the same in both cases.
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Summary
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Altc.ikirch suggested that a house could be con
struct-id with the east and west-facing walls hollow
and containing an absorbent such as wood or silica
gel. L the forenoon the eastern wall acts as a solar
collec or, heats up and, by chimney effect, draws
air in.-. the house via the west wall which acts as an
Isothumal drying chamber. The dried air is then
adiabu ically cooled by contact with water in an
evaporator. After passing through the house, this
air p,h"CS through the east wall and out of the house,
the Get wall being regenerated (i.e., dried). In the
aftern. .on the west wall is regenerated and the east
wall ", IS as absorber, the air flow through the house
being reversed. There are no mechanical parts and no
electric power is required. ,

Th theory of such a house' is discussed in detail
and i~ is shown that the open cycle results in low
COP (coefficient of performance) of the order of
0.1, ev.rressed as cooling effect per unit heat delivered

by the collectors. Furthermore the collector panels,
facing east and west' arid being vertical, have a low
energy yield.. Using, a regenerator temperature of
60°C, some 150-200 m 2 of collector panel is required
for one ton of cooling for six hours and this is imprac
tical. The drying process is farfrom isothermal because
of the large heat of absorption to be dissipated.
The chimney effect (on a 2 m high wall) was too
small to be effective and a. mechanical fan would
appear to be essential.
. Experiments on a 60 m2 floor area house construc
ted on these principles have been suspended.

The COP and the collector efficiency could ~be
improved if better absorbents were available requir
ing lower regeneration temperature. "Roof" collec
tors would give some four times more output than
the "wall" collectors. The "house" may be more
suitable as a dryirig chamber (i.e., without the evapo
rators) than as a cooling chamber.

LA MAISON A REFROIDISSEMENT SOLAIRE D'ALTENKIRCH

Resume

Altcnkirch a laisse entendre qu'il serait possible
de ccustruire une maison dont les murs orientes
vers rest et l'ouest seraient creux et contiendraient
un absorbant tel que du bois ou du gel de silice.
Pendant la matinee, le mur oriental jouerait done
le role de collecteur solaire, s'echaufferait et, par un
effet du tirage, entrainerait de I'air dans la maison
it travers le mur occidental, qui jouerait alors le
role de chambre de sechage isothermique. L'air
dessecM est ensuite refroidi adiabatiquement par
contact avec l'eau, dans un evaporateur. Apres
avoir traverse la maison, cet air passe par le mur
oriental et sort de cette maison, ce mur oriental
et~nt alors regenere (c'est-a-dire seche). L'apres
midi, c' est le mur occidental qui est regenere et le
mur oriental qui joue le role d'absorbeur, l'ecoule
~ent de I'air par la maison se faisant dans le sens
lllverse. Il n'y a pas de groupes mecaniques et on
n'a besoin d'aucune energie electrique.

Ce memoire passe en revue dans le detail la theorie
sur laquelle repose la realisation d'une telle maison,
ce qui revele que le cycle ouvert donne un faible
coefficient de rendement, de l'ordre de 0,1 p. 100
exprime sous forme de l'effet de refroidissement

par unite de chaleur livree parIes collecteurs. Au
surplus, les panneaux du collecteur, orientes vel'S
l'est et l'ouest, etant verticaux, donnent peu d'ener
gie. En se servant d'une temperature de regenerateur
de 60°C, il faut entre 150 et 200 m2 de panneaux
de collecteur par tonne de refroidissement sur
6 .heures, et ceci n' est pas pratique. Le processus
de sechage est loin d'etre isothermique, en raison
de la grande chaleur d'absorption qui doit etre
dissipee, L'effet de cheminee, avec un mur de 2 m
de haut, est trop faible pour et re efficace, et un
ventilateur mecanique semblerait etre essentiel.

Les experiences commencees sur une :maison
ayant une surface de 60 m2 construite d'apres ces
principes ont ete suspendues. Les coefficients d'u.tili
sation et de rendement du collecteur pourraient
etre ameliores si de' meilleurs absorbants etaient
disponibles, exigeant une temp~ratur~ de regener~
tion moindre. Les collecteurs installes sur le toit
donneraient environ quatre fois plus de chaleur
que les collecteurs montes sur les murs. La « maison »
serait peut-etre plus indiquee comme chambre de
sechage, (c'est-a-dire sans evaporateur) que comme
enceinte de refroidissement.
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ENGINEERING AND ECONOMIC STUDY OF THE USE OF SOLAR ENLHGY
ESPECIALLY FOR SPACE COOLING IN INDIA AND PAKISTAN 1

N. G. Ashar * and A. R. Reti **

The choice of a refrigerant-absorben: combination
would be a compromise of the ideal ,'I .aracteristics
of a refrigerant or an absorbent. The -vater-lithium
bromide system seems to offer the bes ~ .iombination.
However, the requirements of a p.pec' pump to
remove non-condensable vapors and j l j { , existence of
low pressure in the evaporator and ;' ",':orber make
this combination less attractive. Lof le ,d Duffie (10)
describe a system using Freon-21 an(i,dra-ethylene
glycol dimethyl ether. The experienc ,.Jf a research
group at the University of Wisconsin :"licated that
chemical instability and corrosioli'loblems are
associated with organic refrigerant-r l.sorbent com
binations. The ammonia-water combii.:.. ion has been
used in most commercial application:.. Also, a fair
amount of thermodynamic data is .ivailable on
ammonia-water mixtures such as that DV Scatchard
(13) or ]ennings and Sh~nnon (8). Ammonia-water
has been chosen for use in this study.

The air conditioning system (figure 1) essentially
comprises a solar energy collection unit, an ammonia
water absorption cooling unit, an air-to-water heat
exchanger and a heat storage tank. The main cOf!lpo
nents of the cooling unit are: a generator, a rectifier.
a condenser, an evaporator, a chilled water cooling
coil and an absorber.

To obtain a quick rise in the collector plate tempe
rature during early morning hours, it is necessary
to have low heat capacity of the collector assembly.
Hence, after each daily collection cycle the collector
must be drained. The storage tank would offer
thermal inertia and even though collector outlet
temperature may be in the operative range of the
generator, it would take some time before the genera
tor could function advantageously. Hence by-pa~s
valves Vv V2, Va, V

4
and V

7
are provided. After t e

cycle has been initiated, the collector outlet wat~~
can be circulated directly through the generator CO\
and the return water from the generator coil be seVto the collector by keeping V open and Vv V2, 3

and V7 closed.
During periods of low incidence, the hot wateJ

storage can be heated by closing Va, :'4 a;nd V7~~d
opening VI and V2. When space heatmg IS requlr d
during winter, valves Va ,VD and V9 should be opene

66

There is great interest in any device or process
which can contribute to the economic industrial
growth of under-developed nations such as India
and Pakistan. Harnessing every available source
of energy and providing comfortable working and
living conditions would accelerate the pace of
industrialization. In these countries solar energy
has been used extensively for the production of
common salt and for drying various fruit and food
products. However, very few attempts have been
made to use solar energy for power production, saline
water conversion, or environmental control. This
paper presents an engineering and economic study
of a solar powered air-conditioning unit. A large
body of experimental data has been gathered on the
performance of flat-plate solar collectors in the
United States, Israel and Japan. Flat-plate collectors,
due to their simple construction and economy,
have been used in experimental solar houses for
space heating: Coupled with this solar collector unit,
an absorption refrigeration system could be used
for air-conditioning. " .

Commercial absorption refrigeration units use a
conventional fuel source and hence are designed to
operate at high generator temperatures (250 to 300°F).
The thermal efficiency of a flat-plate solar collector
decreases very rapidly with increase in the collection
temperature. Hence an absorption refrigeration
system which can operate at low temperatures
is essential in order to obtain satisfactory efficiencies.

Climatic conditions of India and Pakistan

It is difficult to put into one generalization the
climatic conditions of a vast subcontinent such as
India and Pakistan. The hot and humid climate
of Calcutta and Bombay is less favorable to solar
air-conditioning than the hot but dry climate of
Delhi, Karachi or Poona. Also, in the latter cities,
themonsoon is less severe. A comparison was made
of the climates of Delhi, Karachi and Poona. The
monthly maximum and minimum temperatures are
given in table 1, and the monthly average values of
the hourly solar incidences are given in table 2.

1 Publication No. 72, Mass. Inst. of Tech., Cabot Solar Energy
Project.

* Former Research Associate, Department of Chemical
Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts.

** Research Assistant, Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts.

From the point of view of summer i,; .vell as winter
use of solar energy, New Delhi was ,:;;;lsen for this
study.

Absorption refrigeration system
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Table 1. Weather data

Delhi (28°35'N) Karachi (24°53'N) Poona (18°32'N)
(77°12'E) (67°07'E) (73°51'E)

Month
Max Min Ave Max Min Aveof of of Max Min Ave

of of of of of of

January 68.7 46.9 56.3 81.0 54.5 67.7 86.1 54.2 70.2
Februarv 76.1 48.4 62.2 83.7 55.4 69.5 90.6 56.2 73.4
March 86.2 61.2 73.7 91.3 64,.9 78.1 97.1 62.8 90.0
April. ' 96.1 65.1 80.6 93.6 74.0 83.8 lOLl 68.9 85.0
May. 103.1 77.0 90.0 98.2 78.5 88.3 ' 99.7 71.9 85.8
June. 103.8 83.0 93.4, 95.8 83.1 89.5 89.6 72.6 8Ll

.july : 90.0 81.5 85.7 92.2 82.3 87.3 82.8 71.0 76.9
August. 92.3 79.0 " 85.6 90.6 79.5 85.1 81.7 69.6 75.6
Septemxr 92.3 76.1 84.2 88.9 " 76.2 82.5 84.6 68.6 76.6
October. . 87.0 66.9 77.0 90.5 69.2 80.1 84.1 66.5 75.3
November 81.7 53.8 67.8 90.0 64,.7 77.3 86.8 59.4 73.1
Deceml-i r 73.2 48.4 60.8 80.3 55.4 67.9 84.7 53.9 69.3

---".
Sourc. of data: i. Delhi (Ref. 1); 2. Karachi (Ref. 14); 3. Poona (Rei. 11).

Table 2. Solar incidence on a horizontal surface

Btu per hour per square foot

Me: '1 Place 6·7 7-8 8-9 9-10 10-11 11-12 ,12-1 1-2 2-3 3-4 4-5 5-6 Total

Januarv · Delhi 2 33 85 141 180 197 196 181 140 ,93 36 3 1287

Karachi 4 35 90 141 177 201 201 117 141 90 35 4 1296

Poona 21 60 126 187 225 24,8 24,5 223 183 122 57 9 1 706

Februarv . · Delhi' 8 58 127 186 222 237 239 211 176 119 58 10 1651

Karachi 8 M 128 183 225 256 256 225 183 128 M 8 1696

Poona 19 84 157 218 262 288 290 270 220 162 83 19 2072

March. · Delhi 29 97 166 220 262 283 277 251 210 150 88 20 2053

Karachi 22 82 153 211 257 285, 285 257 211 153 82 22 2020

Poona 34, 105 182 24'" 285 303 298 266 221 157 85 24, 2204,

April Delhi M III 179 239 272 292 295 270 225 161 102 4,0 2230

Karachi 36 74 204 211 281 308 308 281 211 204 U 36 2228

Poona M 116 . 192 254, 290 311 298 267 212 153 94 36 2267

May. · Delhi 60 126 192 241 282 302 298 266 221 161 108 49 2306

Karachi 34 95 156 209 24,8 270 270 248 209 156 95 34 2024,

Poona 47 118 184 245 287 312 320 296 24'" 191 131 60 2435

June · Delhi 53 114, 180 232 267 284, 270 255 218 182 121 61 2237

Karachi 60 109 166 209 24,7 262 262 247 209 166 109 60 '2106

Poona 48 107 172 230 257 267 268 238 220 104, 119 55 2155

July. · Delhi 17 40 67 83 110 98 95 98 93 84, 67 40 893

Karachi 37 82 131 168 198 216 216 198 168 131 82 37 1664,

Poona 31 69 111 156 183 187 192 174 145 102 69 30 14"'9

August. · Delhi 34 78 117 165 199 208 204 202 191 " 134 90 36 1658

Karachi 32 85 142 190 227 245 245 227 190 142 85 32 1 842

Poona 26 62 107 158 197 182 184 187 163 120 67 26 1478

September · Delhi 22 67 126 174 215 248 262 248 205 138 80 27 1812

Karachi 24 81 144 195 232 257 257 232 195 144 81 24 1866

Poona 21 70 128 179 234 230 243 238 212 160 88 28 1831

October · Delhi 10 67 138 198 244 266 265 241 203 134 67 11 1844

Karachi 17 67 137 199 245 275 275 245 199 137 67 17 1880

Poona 16 ' 74 142 201 249, 273 267 244 200 148 79 17 1910

November. · Delhi 3 46 111 169 210 230 227 205 166 108 44 4 1523

Karachi 8 48 ' 114 176 220 249 249 220 176 114 48 8 1630

Poona 8 59 129 187 231 250 258 233 190 132 61 10 1748

December · Delhi 0 26 85 143 184 201 202 174 140 87 31 2 1275

Karachi 4 36 95 154 195 218 218 195 154 95 36 4 1404

Poona 6 55 120 182 227 247 242 224 173 113 53 7 1649
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Figure 1. A schematic diagram of the solar heating and air-conditioning system

and V4, VG and Vs should be closed. Domestic hot
water is provided by heating the city water to the
storage tank temperature by means of a submerged
coil.

Data indicate that most of the cooling load occurs
when the solar collector output is large. However,
some' storage is necessary to act as a fly-wheel be
tween supply and demand. A detailed discussion on
storage is made in the later part of the paper.

Coefficient performance
versus generator temperature

The coefficient of performance, hereafter referred
to as COP, for an absorption refrigeration system is
defined as the ratio of heat input to the evaporator
to the heat supplied to the' generator plus the work
done by the circulation pump. Calculations were
made to determine the effect of generator tempera
ture on the COP, keeping the evaporator, the con
denser and the absorber temperatures constant.
A 90 per cent effectiveness of the heat exchangers
was assumed, since preliminary economic calculations
showed this to be a reasonable figure. It was observed
that the COP increased from zero to its asymptotic

value within a 10°F rise in the generator tcmp~rature.
A slight fall in the COP occurs with a further Increase
in the generator temperature (see figure 2). .

For a given absorber and condenser temperature
which depends on the city water temperature or
cooling tower return, the generator te~perature of
zero refrigeration (Le., when the circulatIOn of a~mo
nia liquor becomes infinite) and maximum refrIgera
tion (i.e., when the COP vs generator temperaturdcurve just reaches its asymptotic value) are plot~~h
in figure 3. An absorption refrigeration system Wl
the evaporator at 55°F would be operable within the
range of 120°F to 170°F generator temperature ~t
the maximum COP with condenser and absorber. III

the range of 84 to 100°F. With the evaporator runTI1~~
at 40°F and the absorber-condenser between
to 100°F, the generator temperature would operate
in the higher range of 147 to 190°F.

Collector performance
.versus' temperature of collection

, d i theA flat plate collector similar to the one use m.
MIT Solar House IV was taken as a basis. The desl~)
is described in detail by Engebretson and Ashar ( .
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, Figure 2. Generator temperature versus coefficient of performance

The useful collection for such a collector at New
Delhi ill May was calculated using the methods of
Hottel and Woertz (6) and Hottel and WhiIlier (5).
The results are plotted in figure 4. It can be observed
that the useful collection diminishes rapidly with a
rise in the collection temperature. Also, for a given
collection temperature the collection efficiency is
very low in the early morning hours, compared to
the noon hours.

Similar calculations were made for other months
and absorber-condenser temperatures. If for the
month of May, the absorber-condenser were kept
at 85°F, the peak value of available refrigeration
would be 589 btu per sq ft per day at a collector inlet
water temperature of 125°F. However, if the absorber
condenser were at 95°F, the peak value would be
only 525 btu at a collector inlet temperature of
155°F.

70 '--_.L-_...l-_...l.-_....L_-L_-L_--.l.._--L_-:-'
110 130 150 160 170 180

GENERATOR TEMPERATURE

Figure 3. Generator-coolirigwater temperature relationship
for zero and maximum refrigeration effect

Optimum temperature of collect,ion

The COP increases up t'o a certain asymptotic
value with increase in the generator temperature. The
useful collection decreases with the increase in the
collector temperature and consequently the generator
temperature. Assuming the temperature of the inlet
water to the collector equal to the generator tempera
ture plus 5°F, calculations were made for available
refrigeration for a given collector inlet water tempera
ture. The condenser and absorber were assumed to
operate at 90°F. The values of available refrigeration
versus collector temperature for every hour of the
day during the month of May are plotted in figure 5.
It can be observed that all the curves reach a peak
value at about 140°F. The dotted curve represents
the daily total, with a peak value of 544 btu per sq
foot per day.
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Annual utilization of solar energy in New Delhi

Calculations were made for the two-story house t~
determine the heating and cooling load for eac
month. It was found that November, December,

available refrigeration should be th,:; .:.:termining
value to decide the maximum capacity ~/ the system,
if a liquid ammonia storage is not desirt~:L The area
between the available refrigeration and cooling lo~d
curves represents the storage capacity necessary III

the form of heat of vaporization of liquid ammonia or
sensible heat in chilled water if no carry-over storage
is needed for the next day. During the month of May,
the refrigeration capacity to be stored per square
foot of collector area was estimated to be 145 btu
per sq ft per day for the low cost house and 190 btu
per sq ft per day for the two-story house. The cor
responding amounts of liquid ammonia to be stored
are 0.3 lb of ammonia per square foot of collector
and 0.39 lb of liquid ammonia per square foot of
collector respectively. For an alternate arrang~me~t
of storing chilled water and assuming 10°F ~Ise III

the water stream, 14.5 lb will be necessary III the
first case' and 19 lb in the later case per sq ft of
collector. .

One can observe from figure 7 that the cooling load
distribution during the day is well spread for the
two-story house as compared to the cooling load on
the single-story house. The ratios of the roof area to
the required collector area are 1.88 and 2.7, and.th~
ratios of the roof-plus-wall area to the reqUIre
collector area are 6.6 and 6.2, respectively, .for t~:
two-story and the single-story houses, dunng t
month of May.
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Available refrigeration and cooling load
in New Delhi during May

To calculate the cooling load of a modest dwelling
in New Delhi, two designs were considered. The details
of a low cost house designed by Le Corbusier and his
team are given in a Government of India publica
tion (4). The designers estimated the cost of this
single story house with living area of 433 sq ft at
Rs. 3996/- (or approximately D.S. $800). A second
design considered a two-story, hollow concrete block
structure for a modest size family. On the first floor
are the living room, dining room, child's bedroom
and a kitchen. The second floor contains two large
bedrooms, a bath and a study room. The total
usable living area is approximately 1600 sq ft.
It was assumed that the later design would be better t 40

insulated than the former and would be more expen-· g
sive, ' !3 30

Figure 6 represents the values of average hourly. 'f 20

incidence on a horizontal surface, the corresponding ~

useful collection with a collector operating at 140°F
and the maximum available refrigeration with the
evaporator operating at 55°F and the condenser
absorber at 90°F. The cooling load in the morning
hours was found to be smaller than the available
refrigeration and in the late afternoon hours the
cooling load was larger than the available refrigera
tion. The difference between the available refrigera
tion and the cooling load at different hours of the
day for both the designs is shown in figure 7.

On the basis of one square foot of collector area
the peak value of 84.5 btu per hour per sq ft of

Figure 4. Useful collection versus temperature of collection
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Figure 6. A time variable picture of solar incidence,
respective collection and available refrigeration

January and February needed space heating, whereas
April, May, June, August and September needed
space cooling. In the months of March and October
no heating or cooling was needed (see table 3).

The most severe months for air-cooling were found
to be May-June and for winter heating were Decem
ber-January. The major portion of the yearly preci
pitation occurs in the month of July..

. The hot water load was calculated on the assump
tion of an average consumption of 80 gallons per day.
No auxiliary source of energy was included in the
system. A storage tank temperature of 140°F was
~ss~med. Experience at the MIT Solar House IV (3)
indicater] that during the winter season, storage tank
temperatures lower than HO°F would consume large
amounts of power to transfer a unit of thermal energy
to the living area. Furthermore, operating the collector
at high temperatures reduced the collection efficiency.

There are many ways to consider the economics
of a new source of energy such as solar energy. Apart
from the non-tangible considerations like the architec
tural aspects, aesthetic values, intention to conserve
fossil fuels, etc., a solar heating and air-conditioning
system should be considered on the basis of the
comparative costs of the other means of achieving
the same results. There are two bases for comparison.
First, using the same type of absorption refrigeration
unit for summer air-conditioning and a water-to-air
heat exchange unit for winter heating, how much can
be saved by the use of solar energy instead of any

Economic considerations

In the present solar house, which is primarily design
ed for summer comfort, the collector area is over
designed for winter requirements and henec operation
of the collector at 140°F is permissible in spite of
the low collection efficiency. This eliminates the
need of an auxiliary unit further to heat the domestic
hot water from the storage tank temperature to
l40°F.

On the basis of the foregoing assumptions, calcula
tions were made of the collector area necessary to
satisfy the daily requirements during each month.
The maximum area was 643 square feet for
the month of June. If a 100 per cent solar
system is desired, the choice of the collector size
lies on the maximum requirement. It is therefore
concluded that 650 square feet should be the collec
tion area in the case studied. The additional area of
about 100 square feet for months other than June
would help build up cold storage for a day with low
solar incidence or with a cooling load larger than
the average design conditions. The system would
not, however, be able completely to air-condition
the dwelling during abnormally hot weather in
June.

MONTH MAY

PLACE NEW DEL ...'
rn, T HORIZONTAL

TIME -

SOLAR INCIDENCE
ON HORIZONTAL SURFACE

280

320

240

Table 3. Calculated monthly heating and cooling requirements and collector output

Location: New Delhi. House design: Two-storey, I 600 it 2 living area

Month Jan Feb March April May June July Aug Sep Oct Nov Dec

1 62 66 78 90 95 94 87 86 84 80 71 63
2 75 75 80 80 80 80 80 80 80 80 75 75
3 1.4 1.0 2.1 2.6 3.1 1.6 1.8 0.6 1.3
4 1287 1651 2053 2230 2306 2237 1893 1658 1812 1844 1523 1275
5 140 140 140 140 140 140 140 140 140 140 140 140
6 423 636 859 1082 1171 1081 654 770 792 601 434
7 401 508 544 508 304 358
8 0.5 0.5 0.4 0.4 0.3 0.3 0.4 0.4 0.4 0.4 0.5 0.5
9 450 240 106 452 504 643 Rain 594 566 54 176 416

1. Mean outdoor temp., 5 am to 7 pm, of.
2. Mean house temp., OF.
3. Mean cooling or heating load, lO'btu/day.
4. Average solar incidence on a horizontal surface, btujday-ft",
5. Mean temperature of water inlet to collector, OF.
6. Calculated solar collector output, btu/day-ft",
7. Available refrigeration with evap. at 55"F and abs. and cond. at 90"F btujday-ft",
8. Hot water load, lO'btu/day_
9. Collector area needed assuming no storage, ftl.
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Figure 7. A time variable picture of outside air temperature,
cooling load and available refrigeration

other conventional source of energy such as oil,
kerosene, gas or electricity? Second, if the unit is
differently designed, such as a vapor compression
unit or a steam jet unit for the summer and panel
or other mode of heating during the winter, how
much additional capital cost is justified for a solar
powered unit in view of savings in the operating
costs?

In New Delhi, the cost of a solar collector covered
with two layers of glass is estimated to be Rs. U/
(or $2.20) per square foot. Using an annual fixed
charge of 10 per cent makes solar heat costRs;
6.90/106 btu delivered ready for use. The yearly output
of a solar collector operating at 140°F and mounted
horizontally in New Delhi is estimated to be 0.26
million btus. The retail price of furnace oil with a
preheating value of 18500 btu per lb is Rs. 1/- per
gallon or Rs. 12/- per 106 btu assuming a combustion
efficiency of 70 per cent. Burma-Shell gas in 220 lb
packings with a heating value of 21500 btu per lb
is available at Rs, 0.45 per lb. High grade kerosene
with a heating value of 20 000 btu per lb would cost
Rs. 1.25 per gallon. '

The advantage of fossil fuels is the flexibility iri
use. Of the collector output of 0.26 million btus
per year, a sizable fraction is wasted since the energy
supply and demand are not well synchronised. A
study by Speyer (15) suggests that long term energy
~torag~would be ~conomical only if better and cheaper
insulating matenals were available or a mode of

Conclusions

Commercially available absorption units ~anl!'0~
be used for solar air-conditioning due to their h1g'

tgenerator temperature operation. Hence a u~
operable in the range of 120 to 170°F must e
specially designed.

For a hot and dry climate, operation of the eV:Fporator at 55°F instead of the usual level of 40
favors solar energy utilization. Howeve~, for Id
very dry and hot climate evaporative coohng cou

storage other than sensible heat' ckv,.Joped. From
table 3it can be estimated that approx. .nately 0.16mil
lion btus per square foot of coll-: or per year
would be utilized without using a largv.,cuYage system,
On the basis of a solar collector life expectancy of ten
years and assuming that the useful h.:tt available is
0.10 million btus per gallon of oil or C.:; million btus
per gallon of kerosene burnt, a c';,' of Rs. 16/
per square foot is permissible, assumircuo difference
between the efficiencies of solar heat> ~ and oil fired
systems.

The relative merits of four methods c:,drigeration:
vapor compression, absorption, Si,"I'n jet and
dehydration through chemical absorption or adsorp
tion with subsequent evaporative cooli: ~;2 are discussed
by Kapur (9) in relation to the .1 "dian .climatic
conditions. Mr. Kapur recommends t h: last method
for a very hot and dry climate. Howev Cl', the overall
efficiency of such a system would be 25 per cent
if the DB were 105°F and WB 75°P efficiency
drops to a low of 12.5 per cent with a I )j' of lOO°F and
WB of 84°F. For New Delhi during vorch to Sep
tember, 44 per cent of the time the we" : -lb tempera
ture is above 75°F and the ambient ;,;tperature is
generally below 105°F. Efficiency 0' : steam jet
system was found to be very low for : .ractical con
sideration. Hence a cost compariso.. .: made h~re
between an electrically operated vaV); «ompresston
unit and an absorption system as shov in figure 1.

A vapor compression unit of ;,.i')l capacit~
would cost approximately Rs. 15000/- i.i New Delh1
and would consume It to 2 kWh per ton-hour. Also,
if winter comfort and hot water are tl,':;ired, an ad
ditional heating unit must be installed. The savings
in power costs at Rs. 0.06 per kWh were estimated
to be Rs. 700/- per year by the use of a solar powe~ed
unit for a two-story house in New Delhi. Assummg

/-a 10 per cent yearly depreciation, the allowable cost
of a 5-ton solar air-conditioning unit would be Rs.
22 000/-, including the cost of 650 square feet of
collector. One must appreciate the fact tha~ .t~~se
'costs are only approximations to indicate poss1b1hh.es
of promise offered by solar energy utilization. It 1S,
however, interesting to note that the ~ost of a m~ss

produced 3-ton Carrier-Bryant unit usmg ammollla
water is only $1 000' in the United States or
Rs. 5000/-. It should b~ further noted that at the pre
sent moment a solar collector has yet to be de:rel?ped
which will last for the 10 years over which 1t 1S to
be depreciated.
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be advantageous. For a hot and humid climate like
that uf Bombay and Calcutta, the use of a solar
powl'; .-d air-conditioning has to await new develop
ment; in absorption refrigeration performance.

For maximum year round use of a solar collector,
the r '~io of the summer requirements to the winter
load <:,ould be such that the collection area needed
to sa-: .Iy them should be more or less the same. This
can ;'; achieved by a judicious choice of the tilt
and ;-, careful design of the heating and air-condition-
ing u .its. .

Ou of the locations considered, New Delhi offers
the I-;t promise for maximum utilization of solar
enen:v to provide summer as well as winter comfort
in a )j'lClest-size house.

Tl«: optimum temperature of collection resulting
in m.i.cirnum available refrigeration for a horizontal
colle: 1or was found to be 140°F. This optimum was
basec: on the assumption of condenser and absorber
temp rature of 90°F and the generator temperature
of 1:i,0F. The optimum varied with the change in the
cond-., ser-absorber temperature.

Th-: maximum available refrigeration increased
with ) he decrease in the condenser-absorber tem
peratrre. For the month of May in New Delhi 'with
the <> .udenser-absorber at 85°F the available refri
gerat-.n was 589 btu/sq ft day and with the condenser
absor: .er at 95°F the available refrigeration was
only.25 btu/sq £t day.

Mcs: of the cooling load occurred during the period
of hiG!; solar incidence and hence very little overnight
storag-. was necessary. For the month of May, the
peak value of available refrigeration was 84.5 btu/
sq ft collector hour or approximately 55 000 btu
per I.our for a 650 sq ft of collector.

The maximum cooling load occurred' during the
late afternoon hours and hence a storage capacity
of 145 btu/sq ft day for the single-story house

and 100 btu/sq ft day for the two-story would be
essential during May. The solar air-conditioning unit
should be designed on the maximum storage needed.

On the basis of maximum collector area required,
a 650 sq ft collector for the two-story house was
chosen for comparison. Assuming no long term storage
of the 0.26 million btus of solar energy collected
per square foot per year only 0.16 million btus can
be usefully employed.

A flat plate solar collector costing less than Rs.
16/- (or $3:20) per square foot would be economical
in New Delhi area when compared with the cost
of fuel oil or kerosene, assuming that it will last long
enough to be depreciated over ten years.

Considering the savings realised in the operating
costs by use of a solar powered unit instead of an
electrically operated vapor compression unit, an
additional capital cost of only Rs. 7000/- (or $1 400)
would be allowable for a solar unit assuming 10 per
cent amortization.

A carefully designed solar operated air-condition
ing unit using an ammonia-water absorption system
appears to be economically feasible in New Delhi. This
does not necessarily mean that such a system will be
successful and should be built, but further investi
gation, leading to a more detailed estimate of the
advantageousness of this system, is definitely
warranted.
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Summary

A preliminary technical and economic feasibility
study has been performed to establish the possibilities
of utilizing solar energy for space cooling in India
and Pakistan.

The system under consideration consists essentially
of a flat plate solar heat collector coupled to a specially
designed absorption refrigeration system. A flat
plate collector similar to the one used in the MIT
Solar House IV was taken as a basis, and its expected
performance was calculated using the methods of
Hottel and Woertz (6) and Hottel and Whillier (5).
The absorption refrigeration unit to be used in this
system is especially designed to operate at a lower
generator temperature and at a relatively higher
evaporator temperature (55°F) than in conventional
systems, with very high effectiveness of heat and
mass transfer throughout.

It was found that such a system would be technical-

ly feasible in a climate such as the 0; e Cif New Delhi.
Most of the cooling load occurs dur. ,!, the periods
of high solar incidence and hence very 1.t tle overnight
storage is necessary. For the month t'; :~ray the peak
value of available refrigeration is f,· btujsq ft of
collector-hour.

Such a system would become ecou..' ically attrac
tive if a solar heat collector could be !':;]t to last long
enough to be depreciated over 10 y,;,:', costing less
than about Rs. I6J-(VS $3.20) per :-:uare foot. In
New Delhi the cost of a solar collect»: .overed with
two layers of glass similar to the 0"': used in the
MIT Solar House IV is estimated l" be Rs IIj
(V.S. $2.20) per square foot.

Experience from operation of the J\~ : T Solar House
IV shows that further development i: ! his direction
of improved collector life is necc.vvy to justify
use of a IO-year depreciation figure.

RECHERCHES TECHNIQUES ET ECONOMIQUES SUR LES UTIU'TIONS
DE L'ENERGIE SOLAIRE, PLUS PARTICULIEREMENT EN VUE DE LA CU;·'· TISATION

. DES LOCAUX EN INDE ET AU PAKISTAN

Resume

Les auteurs ont procede it des recherches techniques
et economiques sur la possibilite pratique d'etablir
les moyens d'exploiter I'energie solaire pour la clima
tisation des locaux en Inde et au Pakistan.' .

Le systeme cl l'etude est essentiellement constitue
par un collecteur d'energie solaire du type cl plaque
plate, complete par un systeme de refrigeration par
absorption. Un collecteur it plaque comparable it
celui dont fait usage la maison solaire IV de l'institut
MIT a ete pris comme base de comparaison, et on a
calcule son rendement probable en se servant des
methodes de Hottel et Woertz (6) ainsi que de celles
de Hottel et Whillier (5). Le groupe de refroidisse
ment par absorption cl utiliser dans le cadre de ce
systeme est specialement etudie pour fonctionner
aune temperature plus basse, augenerateur de vapeur,
et une temperature relativement plus elevee, cl l'eva
porateur (55 OF, ou 13 "C), que dans les systemes
classiques, avec un rendement de la transmission
de chaleur et de masse tres eleve,

On a etabli qu'un tel systeme serait techniquement
realisable sous un climat cornme celui de New Delhi.
La majeure partie de la charge imposee au systeme

de refrigeration se presente pendant ;':'-; periodes ou
1'incidence des rayons solaires est elc et on peut
done se contenter d'une accumulation tres modeste
de l'energie disponible pour les besoins de l~ nuit.
Pour le mois de mai, le maximum absolu de I'energie
disponible pour le refroidissement de l'air est de 84,5
Btu par pied carre de surface de collecteur et par
heure.

Un pareil systeme deviendrait economiquement
attrayant si on pouvait construire un collecteur de
chaleur solaire susceptible de durer assez l~ngtemps

pour etre amorti en dix ans, au c01It de rnoms de I~
roupies (3,20 dollars). par pied carre. A Ne~ ,Del~l,
les frais d'etablissement d'un collecteur d energIe
solaire recouvert de deux couches de verre, a.nalogur

. cl celui qui est en service cl la maison solaIre MI )
nO IV, sont evalues cl 11 roupies (2,20 dollars
par pied carre.

L'experience acquise avec la maison solaire MIT
nO IV demontre que de nouveaux perfectionnemer:ts
dans la voie de 1'augmentation de la d~re~ de s~rv~fi~
utile des collecteurs s'imposent pour JustI~er I uti
sation d'un chiffre d'amortissement de dlX ans.
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ETF~lE D'UNE MAISON SOLAIRE SAHARIENNE

E. (:rausse * et H. Gachon **

UJ,:" habitation saharienne experimentale doit etre
construite a Biskra (latitude 34° 51' nord, longitude
Greenwich 5° 44' est, altitude 124 metres). La concep
tion tt,.- cette habitation doit etre telle que le chauffage
de I'rau et le conditionnement interieur de l'air en
toutes saisons soient realises en utilisant l'energie
solaire.

Conditions naturelles

Biskra est I'oasis situee le plus au nord du Sahara.
Les c.cracteristiques naturelles restent en ligne gene
rale c-Iles que l'on observe sur 1'ensemble du Sahara.
En F~rticulier, son climat est semblable a celui de
Ouau.la (latitude 31° 54' nord, altitude 135 metres).

Climai, - Le climat est caracterise par:
Unr: temperature elevee en ete, relativement basse

en h.ver (figures 1 et 2);
D~ grandes variations diurnes de temperature;
U"iC humidite assez faible et tres faible pendant

les fortes chaleurs (tableau 1);
UEe nebulosite constante et assez faible (tableau 2);
Une insolation forte pendant la saison chaude

(en moyenne 80 p. 100) et assez forte pendant la
saison froide (70 p. 100) "(tableau 3);

Un rayonnement solaire direct assez fort du fait
de la purete de l'air et de sa faible teneur en eau,
d'intensite maximum instantanee de 960 kcal/rn- h.
(figure 3);

Un rayonnement de la vofrte celeste qui peut attein
dre 100 kcal/m'' h. a midi en ete ;

Un rayonnement reflechi et emis par le sol a un
taux variable suivant la nature du sol, mais eleve:

Des vents assez violents, du fait du manque
d'obstacles pour les ralentir, et le plus souvent por
teurs de sable et de poussiere ;

Tres peu de pluie.

Animaux genants ou nuisibles. On y trouve des
insectes (mouches, guepes, termites), des arachnides
(scorpions, anopheles), et assez peu de serpents
(viperes a comes).

Ejjets psychologiques. L'effet de la chaleu~ est
cause, chez l'individu, de decouragement, de lassitude

* Professeur a la Faculte des sciences d' Alger et Directeur de
recherches a I'Institut de l'energie solaire de I'Universite d'Alger,
Algerie.

** Professeur a I'Ecole nationale dIngenicurs d'Alger et Inge
nieur de recherches a I'Institut de I'energie solaire de I'Universite
d' Alger, Algerie.

mentale et d'enervement. L'uniformite et le vide
du desert creent 1'ennui et la rnelancolie.

Conditions de confort

Les exigences fonctionnelles auxquelles un loge
ment doit satisfaire au Sahara sont assez mal definies.
Nous ne traiterons dans notre etude que du niveau
de confort correspondant a 1'isolement thermique,

.a la protection contre le rayonnement solaire et a
l'etancheite au vent. Nous laisserons" de plus a
1'occupant la possibilite de regler le conditionnement
de 1'air et le niveau d'eclairement.

Le conditionnement interieur sera defini pendant
les periodes de chaleur par une temperature variant
de 26 a 30°C et par un degre hygrometrique corres
pondant variant de 70 a 30 p. 100, ce qui est carac
terise par une temperature effective de 24°C.

Principes directeurs

La protection de la cellule d'habitation contre
les rigueurs des phenomenes naturels exterieurs
sera assuree dans de bonnes conditions en respectant
les principes suivants.

Le plancher du logement sera a deux metres au
dessus du niveau du sol, de maniere a soustraire la
cellule habitable a!'effet des elements denses des vents
de sable.

Les parois exterieures de la cellule seront isolees
thermiquement et protegees du rayonnement direct
et diffus. . "

Les parois est et ouest seront aveugles.

Tableau 1. Humldlte relative

7 h 13 h 18 h

Janvier 71 42 54
Fevrier 65 38 45
Mars 53 29 31
Avril 50 31 31
Mai. 47 28 30
Juin. 42 23 25
Juillet. 40 24 25
Aofrt 45 27 31
Septembre. 51 31 31
Octobre . 62 35 37

Novembre. 72 48 54

Decembre 72 46 55

75
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Figure 1. Temperatures

Les parois nord et sud comporteront ouvertures
et loggias.

Les ouvertures seront dans la mesure du possible
etanches au vent et a la poussiere.

La capacite thermique des elements interieurs a
la cellule sera faible.

Le conditionnement interieur de la cellule sera
realise par convection et par.rayonnement de parois
dites fonctionnelles. Les parois exterieures verticales
et le plafond seront creux et permettront une cir
culation d'air fraid. Le plancher sera chauffant a
circulation d'eau, Le renouvellement cyclique de
l'atmosphere de la cellule permettra d'amener le
degre hygrometrique a un taux convenable.

La circulation de l'air dans les parois s'effectuera
par tirage a l'aide d'une cherninee solaire.

L'abaissement de la temperature de 1'air circula~t'
dans les parois fonctionnelles sera obtenu par e
precede classique de l'humidification.

f esLe chauffage de l'eau pour les besoins domes iqu t
et le chauffage interieur seront assures en cap1ant
l'energie rayonnee par le soleil et en accumu an_
cette energie sous forme de calories dans des accumu
lateurs a eau.

La maison solaire

DESCRIPTION SOMMAIRE (figures 4 et 5)

C . , f d'un paralIeette maison se presente sous orme de
lipipede a base carree de 81 m2 porte par un S?neeen maconnerie et coiffe d'une toiture avec cheml
solaire.



nive~~te. - Il ne s'agit que de nebulosite totale, c'est-a-dire fraction de del couvert par les nuages quels que scient lcur nature et lcur

Tableau 2b. Nom.bre de jours de del clair

(N = 0) a 7 h, 13 h, 18 h

J F M A M J J A S 0 N D

Biskra. 5,0 3,8 3,4 3,3 , 3,2 5,7 12,3 9,1 3,4 3,9 3,6 3,0
Ouargla ·11,1 9,8 9,2 8,5 10,2 14,2 20,9 18,5 10,5 8,8 8,4 8,2

Le ~:)de en maconnerie est constitue par quatre
murs i.cttement en retrait par rapport aux parois
du log,-rnent. Ces murs delimitent un volume servant
de sas entre I'exterieur et la cellule habitable, et
permer: ent de plus de surelever le logement.

La t-. ture est aquatre pans constituee par des feuil
les pla: 'S metalliques peintes en noir destinees acapter
le max. .num d'energie rayonnee par le soleil, Elle
compo-te en son centre une cheminee assurant le
tiragc GC l'air circulant dans les parois fonctionnelles
de refroidissernent.

La C'~Jlule habitable est amenagee interieurement
~e maniere a ereer une . ambiance agreable. Les
hgnes sont simples, les parements clairs et nets.
L'organisation interieure tient compte des exigences
fonctionnelles de chaque piece. Le maximum de
confort domestique est recherche.

Le pIafond est constitue par deux parois distantes
de 10 cm. La paroi inferieure de faible epaisseur est
en eternit, la paroisuperieure de 10 cm d'epaisseur
est en un materiau isolant, le polystyrene expanse
(A = 0,02 kcaljrn h. QC).

Les panneaux verticaux bordant la cellule se
composent de trois parois. Les parois interieures et
exterieures sont en eternit de faible epaisseur. La
paroi interieure est de teinte claire, la paroi exterieure
est de teinte Ioncee. La paroi intermediaire de 5 cm
d'epaisseur est en polystyrene expanse.

L'assemblage du plafond, des panneaux verticaux
et de la toiture est realise de maniere a creer le circuit
suivant : plafond, panneaux (circuit descendant
interieur, circuit ascendant exterieur) toiture et
cheminee. Ce circuit d'air continu et etanche est
alimente a partir de deux prises disposees sur les
parois nord et sud au niveau du plafond et dissimulees
par les loggias. L'air est conduit, apres avoir Me
depoussiere et humidifie, par deux gaines qui
convergent au centre du plafond.

Le plancher est porte par des solives en profiles
metalliques, L'aire du plancher est constituee par
une dalle en beton arme qui repose sur une couche
de polystyrene expanse de 10 cm d'epaisseur. Une
tubulure de circulation d'eau est prevue dans la
dalle. Cette tubulure constitue le circuit de chauffage.
Elle est reliee aun reservoir de 5 000 litres fortement
calorifuge.

Des bouches d'aeration sont ouvertes sur le circuit
d'air au niveau du plafond et au niveau du plancher.

CONDlTIONNEIIIENT

Refrigeration'

Le vehicule utilise pour le transport du froid
est I'air, Ce dernier, preleve a l'ambiance exterieure
que nous supposerons caracterisee par une tempe
rature de 44 QC et par un degre hygrometrique de

Tableau 3. Insolation

(Duree en heures et fraction d'insolation en pourcentage)

J F A M J J A s o N D

Biskra
Heures 7,2 8,4 8,9 9,3 10,1 11,1 12,2 11,7 9,6 8,2 6,6 6,6

Pourcentage 72 79 75 72 72 77 85 87 77 73 64 67

Ouargla
Hcures 7,9' 9,4 9,9 10,4 10,8 10,7 12,4 11,5 10,1 9,0 7,8 7,6

Pourcentage 77 83 83 81 78 75 89 86 81 79 74 76
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Figure 5. Coupe en elevation de la maison

conception traditionnelle. L'equipement permettant
d'assurer le conditionnement se compose d'un inso
lateur constitue par le pan sud de la toiture, d'un eva
porateur constitue par le pan nord de la toiture, de
deux reservoirs servant d'accumulateur et d'echan
geur, l'un de I 000 litres, 1'autre de 6 000 litres entoure
de 50 tonnes de moellons. L'eau circulant par gravite
dans 1'insolateur est recueillie dans les reservoirs
montes en serie, Le premier de I 000 litres sert aux
besoins domestiques, le second de 6000 litres sert
d' echangeur et d' accumulateur pour le chauffage
des locaux par air pulse a travers les moellons. La
refrigeration est obtenue en isolant le grand reservoir
du circuit eau chaude et en le transferant sur un
circuit refroidi par evaporation sur le pan nord de
la toiture. Ce precede est extremement interessant,
mais il est bien evident qu'il ne saurait convenir
au climat du Sahara.

Le principe de climatisation par humidification
utilisant la 'Circulation d'air dans les parois creuses
a deja ete utilise au Sahara dans les regions de
Colomb-Bechar et de Reggane par le Genie militaire
francais, Ces realisations sont dues pour une grande

80

PLAfQNP BAYQNNANT

I
.000EST '.
~ .

BDUCH[ REeLAa ...E

. POUR AIR HUMIDE

III.D.2

:r 000

-aec

Production de froid

part au colonel Roubinet. Initialernont, le proceds
consistait a accroitre la resistance thcrmique d'une
paroi double semi-lourde en y faisant circuler de
1'air refroidi a une certaine vitesse. Le precede actuel
mis au point par le colonel Roubinet fait l'objet d'un
brevet d'invention. La climatisation est obtenue par
rayonnement des parois refroidies par evaporation
d'eau a son contact. La circulation de I'air est assures
par gravite d'une part, puisque 1'air se charge d'humi
dite en descendant, et par tirage solaire le long des
parois exterieures d'autre part; un ventilateur d'ap
point contribue a creer une vitessc de circulation
suffisante, necessaire a une evacuation rapide des
calories.· L'emploi de parois humides rayonnantes
pose des problemes delicats de constitution, d'etan-

.cheite et d'entretien.

Dans l'etude que nous avons entreprise, les pa,rois
sont seches et polies, le vehicule porteur de froid
est 1'air, les echanges thermiques sont realises en~re

les parois et 1'air par convection. La vitesse de CIr
culation du fluide est faible (0,2 m/s). Les pertes
de charge dans le circuit sont done H:~du~tes. Aussi
en periode d'insolation normale le Ionctionnement
est entierement solaire.

De plus, a 1'inverse des habitatiorls sahariem~es

de construction traditionnelle, celle-ci se caracterise
par une faible inertie thermique des patois exterieures.
Cette particularite, qui pourrait etre un §?r?-ve mcon
venient, est valable par le fait que le condlhom~e1?ent

peut etre total et permanent, et offre les posslblhtes
d'un equilibre thermique rapide.

Le present projet a Me realise avec le souc~ d'avoir
des circuits simples et directs; en ~ons~que~ce,

aucun systeme de recuperation des fngones nest
prevu, et de ce fait la consommation d'eau est assez
importante (20 a 30 ljh).

Les panneaux verticaux de la toiture sont demon
tables, dans le but d'essayer des par~is de differentes
natures, et en particulier des parois transparentes
en double epaisseur en verre.

L'interieur de 1'habitation comportera un tableau
d'appareils de mesure avec enregistreur. afin ~~
tirer de l'exploitation normale le maximum de rensei
gnements.
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STUDY OF A SAHARAN SOLAR HOUSE
/' ..

(Translation of the foregoing paper) .'

E. Crausse * and H. Gachon **

Conditions of comfort

Sky radiation may reach 100 kcal/m" h in summer;
Radiation reflected and reradiated by the ground

varies with the nature of the ground, but in any case
is high; , . '

Rather strong winds; owing to the lack of obstacles
that would retard them. Usually they carry sand
and dust;

Very little rain.
Annoying 'or harmful fauna. Insects (flies, wasps,

termites, scorpions, anopheles mosquitoes) and very
few snakes (horned vipers) are found.

Psychological effects. The heat induces discourage
ment, mental lassitude and enervation. The unifor
mity and emptiness of the desert cause ennui and
melancholy.

The functional requirements for a dwelling in the
Sahara are very poorly defined. We shall here consider
only the level of comfort corresponding to thermal
insulation and to' protection against solar radiation
and wind. We shall also make provision for regulation
of the air conditioning and illumination level by
the. occupant.

The air. conditioning will hold the temperature
between 26 and 30°C and the relative humidity be
tween 70 and 30 per cent, a range characterized by an

. eff~ctive temperature of 24°C.

An experimental Saharan dwelling is to be built at
Biskra (34° 51' N. lat., 59 44' E. long.; elevation,
124 m), This dwelling is ~6 provide year-round solar
water- heating and air7conditioning;.. ~

Natural conditions

Biskra is the northernmost oasis of the Sahara.,
In general, the natural conditions are the same as
those observed throughout the Sahara. More speci
fically, its climate resembles that of Ouargla (31° 54'
N. lat.: elevation;' 135 m).

Climate. The climate is characterized by the
following:

Elevated summer temperatures and relatively
low winter temperatures (figures 1 and 2);

Great daily temperature range;
Fairly low relative humidity; very low in 'very hot

weather (table 1); ,
Constant and very low cloudiness (table 2); .
High percentage of possible sunshine during the

hot season (average, over 80 per cent) and rather
high during the cool season (70 per cent) (table 3); ,

Rather high insolation owing to the purity of the
air and to its low water-vapour content (instantaneous
maximum 960 kcaljm- - figure 3); ,

Table 1. Relative humidity

* Professor, Faculte des sciences d'Alger.and R~searchDir~~tor,
Institut de l'energie solaire de I'Universite d'Alger, Algeria,

** Professor, Ecole nationale dIngenieurs dAlger, and Research
Engineer, Institut de I'energie solaire de I'Universite d'Alger.
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January.
February
March.
April .
May.
June .
July .
August ..
September.
October, .
November.
December.

. .

7 h 13 h 18 h

·71 42 54
65 38 45
53 29 31
50 31 31
47 28 30
42 23 25
40 24 25
45 ". " 27 31
51 31 31

- '62 ',.. .c:' ~35 37
,72 ,"(:48 54

72 v ' 46 55
"

Guiding principles

Protection of the dwelling unit, or habitable cell,
against the natural phe.nomena outs~de it. wi!l be
reliably ensured by obeymg the followmg principles.

The floor of the dwelling will be 2 m above the
ground level, to eliminate the influence of the heavier
particles carried by sandstorms.

The outside walls of the dwelling unit will be
insulated and protected from both direct sun and
sky radiation.

The east and west walls will be blind.
All openings and loggias will be in the north and

south walls.
The openings will be as wind and dust-tight as

possible.
The specific heat of the materials of interior ele

ments will be low.
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Figure 1. Temperatures

The internal air conditioning of the unit will be
accomplished by means of convection and by reradia
tionof what are called functional walls. The exterior
vertical walls and the ceiling will be hollow and
permit the circulation of cold air. The floor will be
a heating element, heated by water circulation.
Cyclical air renewal will hold the relative humidity
at suitable levels.

The air will be circulated in the walls by the
draught from a solar chimney.

The temperature of the circulating air in the walls
will be lowered by the conventional method of
humidification.

Water for domestic use will be heated, and pro
vision made for interior space heating, by collecting

radiant solar energy and storing it in hot-water
storage tanks.

The solar house

BRIEF DESCRIPTION (figures 4 and 5)

The house is a parallelepiped. Its 81 m2 ba~e rests
on a masonry footing. The roof has a solar chImney.

The masonry footing consists of four walls witht~
appreciable set-back relative to the walls above s
ground. These walls bound a space which serves ad
an air-lock between the external atmosphere

f
ailie

the dwelling unit. It also permits locanon 0

dwelling unit at a level above the ground.
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Table 2a. Cloudiness

(Expressed in tenths of the total sky covered)

J F M A M J J A S 0 N D

Biskra. 2.5 2.6 2.6 2.6 2.6 2.2 1.2 1.6 2.6 2.5 2.7 2.8
Ouargla 2.1 2.2 2.2 2.4 2.3 1.6 0.6 0.9 2.1 2.6 3.0 2.6

leve!:.ote : Only the values for the total cloudiness are given, l.e., the fraction of the sky covered by clouds of all kinds and at all

Table 2b. Number of days with clear sky

(N = 0 at 7 h, 13 h, 18 h)

J F M A M J J A S 0 N D

Biskra. 5.0 3.8 3.4 3.3 3.2 5.7 12.3 9.1 3.4 3.9 3.6 3.0
Ouargla ILl 9.8 9.2 8.5 10.2 14.2 20.9 18.5 10.5 8.8 8.4 8.2

The roofing consists of four panels made of flat
sheet metal painted black, designed to collect the
maximum radiant energy from the sun. It has a
chimney at the centre to provide a draught for the
air circ.ilation in the functional cooling walls.

The interior lay-out provides a pleasant environ
ment. The lines are simple, and the decoration follows
clear and distinct motifs. The interior is so organized
as to tc';~e account of the functional demands of each
room. Every effort has been made to provide maxi
mum domestic comfort.

The Iloor consists of two levels, 10 cm apart. The
lower level is not very thick and is of eternite; the
upper level, 10 cm thick, is made of an insulating
material, polystyrene foam (A = 0.02 kcal/m hOC).

The vertical panels bounding the unit are composed
of three walls. The thin inner and outer walls are of
eternite. The inner wall is of light colour, the outer
of dark. The intermediate wall, 5 cm thick, is of
polystyrene foam.

The ceiling, vertical panels and roof are so assem
~led as to create the following circuit: ceiling, panels
(interior descending circuit, exterior ascending circuit),
r?of and chimney. This continuous and air-tight
circuit is fed by the two air intakes on the north and
south walls at ceiling level, which are concealed
by. the loggias. After dust-removal and humidifi
cation, the air is conducted through two ducts con
verging at the centre of the ceiling.

The floor is carried by joists made of metal shapes.
The area under the floor is paved with reinforced
concrete on a bed of polystyrene foam, 10 cm thick.
A piping system for water circulation is provided
in this pavement, constituting the heating circuit.
It is connected to a heavily insulated 5000-litre
tank.

The air circuit has air .intakes at the levels of the
ceiling and floor.

AIR CONDiTIONING

Cooling

Air is used as the cooling medium. The air is taken
from the outside, which is assumed to be at 44°C
and to have a relative humidity of 20 per cent.
(These are substantially the conditions during the
hottest days of July and August at about 16 h).
The air enters the circuit described above, first
passing into a dust-removal chamber, then into a
commercial-type dehumidifier, where the operation
most important for the effectiveness of the air con
ditioning takes place. By evaporating a certain quan
tity of water here, the air is humidified and loses heat,
thus lowering its temperature.

If we consider the transformation to be isentropic,
taking the possible performance of the humidifiers
into account, we may expect a fall of 16°C in the
temperature for an increase of 60 per cent in the

Table 3. Sunshine

(Duration in hours and percentage of possible sunshine)

J F M A M J J A s o N D

Biskra
Hours. 7.2 8.4 8.9 9.3 10.1 ILl 12.2 11.7 9.6 8.2 6.6 6.6

Percentage . 72 79 75 72 72 77 85 87 77 73 64 67

Ouargla
Hours . 7.9 9.4 9.9 10.4 10.8 10.7 12.4 11.5 10.1 9.0 7.8 7.6

Percentage . 77 83 83 81 78 75 89 86 81 79 74 76
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Figure 3., Radiation,

Total radiation on a horizontal
. surface.
Total radiation on an East '
wall.
Total,radiation on a West walL
Total radiation on a South walL
Total radiation on a North wall.
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sheet-metal elements. These elements constitute the
outer wall of the 'draught circuit and play the part

""of heat exchanger and radiant wall.
The heat exchanger constituted by the entire

assembly of these elements must necessaril~ opera~e

during the entire time of exposure to sunshme. T?~s

gives us 'every right to expect purel~ solar operation
of the air conditioning system during a good part
of the day.

A chimney 2 m high is Jlecessary to provide a
good draught.

Renewal and humidification oj the interior,
atmosphere

The interior atmosphere ISrenewed and humidified
by simultaneous introduction, into the ~ooling cir
cuit, of humid cool air, and of dry hot arr from the

,external atmosphere.

The occupant can regulate the volume of both the?e
flows from the air intakes, on which filters will

Figure 2

relative humidity, giving us air at 28°C and 80 per
cent relative humidity.

This cooled air circulates through the functional
walls. These walls are so designed as to promote heat
exchange with the interior and decrease it with the
exterior. The air transfers cold to the walls by
convection and conduction and itself takes up heat
there.

The speed of the air circulating in the walls is
determined by the thermal equipment provided.
That is, taking account of the desired temperature
in the unit, and the heat flux to be removed, which
originates in the unit and is due, to the occupants,
the electrical household equipment, the lack of air
tightness and heat-tightness of the unit; and to the
heat flux across the outside walls, the temperature
of the circulating air must not at any point of the
circuit be higher than the atmosphere temperature
inside the dwelling unit. The air circulation speed
will be rather slow, of the order of 0.2 ta]«, to limit
the losses of cold in the circuit. .

The air flow through the walls is due to the fact
that the descending column is of cold and humid air,
while the rising column of air at a temperature that
has progressively been brought up to a level above
that of the outside air. ~,

The temperature rise in the ascending column is
obtained by collecting energy radiated by the Sun
on all the vertical faces and on the roof of the dwell
ing, by means of flat, dark-colouredeternite and
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Figure 4. Plan of the house

be m.ounted. Low-power fans are provided to force
the air through these filters. The foul air is exhausted
at floor level through a "draught" circuit.

Heating

The heat-transfer medium used is water. The
Iunctional wall is the paving of the floor; within
WhICh a water circuit is provided (steel pIpmg).

The water is heated in a "heliothermic" collector
near the house, is stort<Cin a 5 OOO-litre insulated
tank, and is circulated in the floor system .by a
low-power electric pump.
. The collector has been placed outside the house
Itself in order to have circuits with their own heat
exchangers, to facilitate experimentation on each
of the circuits.· . -

Under the most unfavourable external conditions,
heating is ensured during a period of 24 h.

Analysis of several similar den~lopmcnts
throu~hout the world

Mention should first be made of the solar house
designed by Harry E. Thoma..~n.1 This house is
a solution of the problem of solar air-ronclitioning.
It is traditional in concept. TIlC air-conditioning
equipment consistsof a solar collector, formed bv th("
south side of the roof, an evaporator, formed 11,- the
north side of the roof, and two tanks of t OClO and
6000 litres capacity, rcspccth-c1y, used as heat
accumulator and heat exchanger, and 5-uITOtmclcd
by 50 tons of rubblc. The water circulating hy ~a\ity
in the collector is rcceh'cd in tanks as!'<'mhlNI in
series. The first tank, t 000 litres, pro\;des ",atfr
for domestic uses; the second, 6 000 litres, ~f\'es
as heat exchanger and heat accumulator for !-1'.'lC"C'

heating by means of air forced through the nlhlllt-.
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Figure 5. Elevation of the house

Refrigeration is obtained by insulating the large
tank of the hot-water circuit and transferring it to
a circuit cooled by evaporation on the north side

. of the roof. While this method is extremely interest
ing, it would obviously be unsuitable for the climate
of the Sahara.

The principle of air conditioning by humidification,
utilizing the circulation of air in hollow walls, has
already been employed in the Sahara by the French
Army Engineers in the regions of Colomb-Bechar
and Reggane. These de:velopments have been largely
due to Colonel Roubmet. The method consisted
initially in increasing the thermal resistance of a
medium-weight double wall by circulating cooled
air through it at a certain speed. The present method
which has been developed by Colonel Roubinet, ha~

?een. p~tented. Air conditioning is obtained by
irradiation of the walls cooled by evaporation of
water on contact with it. The air circulation is due
both to gravity, since the air takes up humidity
as it descends, and to solar draught along the exterior
walls. An auxiliary fan helps to produce the circulat
ing air speed sufficient and necessary for rapid heat
removal. The use of moist, radiating walls poses
delicate problems of design, air-tightness and main
tenance.

In the present study, the walls are dry and polished.
The cold transfer medium is air, and the heat exchange
is accomplished by convection between the walls
and the air. The speed of circulation of the fluid is
low (0.2 m/s). The losses of pressure in the circuit
are thus decreased. Also, in periods of normal
sunshine, the operation is entirely solar. '

Moreover, in contrast to Saharan dwelling houses
of traditional design, this new type is characterized
by outer walls of low thermal inertia. This peculiarity,
which could be a serious disadvantage, is of value,
owing to the fact that the air conditioning can be
complete and permanent and enables thermal
equilibrium to be rapidly reached. .

In the present project, particular care has been
devoted to simplicity and directness of the circuit?
Consequently, no system of recovering the cold IS

provided, thus making the water consumption rather
high (20-30 I/h).

The vertical panels of the roof may be disassembled,
for the purpose of testing walls of various kinds,
especially transparent walls made of glass of double
thickness.

The interior of the dwelling is provided with.a
panel of instruments with recorder, in order to obtalU
the maximum amount of information from normal
operation.
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PRO~\PECTS FOR SOLAR AIR CONDITIONING IN AUSTRALIA

Norm' n R. Sheridan *

* University of Queensland, Brisbane, Australia.

also costly because the areas of interest are remote
from the sea ports.

As much of the area in question is liberally supplied
with sunshine, it seems logical to enquire whether
the solar source could provide the energy require
ments. Use of the sun's energy involves no transport
cost fuel and could prove to be economic. The main
arguments in favour of using solar energy for air
conditioning are:

(a) Since solar radiation is one of the largest
airconditioning loads, the supply of energy matches
the energy requirement. .

(b) Solar energy when, absorbed by practic~l

devices is of low availability in the thermodynamic
sense. Since airconditioning only requires a change
of ambient temperature of the order of ten to fifteen
degrees Fahrenheit, it would seem that solar energy
could be suited to the application..

1 The 5 per cent figure is taken as it represents a significa~t1.y

long period. By taking the lO per cent level, the temperature limit
is lowered only 1 or 2 degrees in most cases.

Climatic considerations

In considering climatic conditions for solar air
conditioning, there are two requirements:

(a) To define areas where' airconditioning is
desirable.

(b) To check that. the incoming radiation will be
sufficient to meet the airconditioning loads.

(a) It is difficult to define areas wher~ airconditi~n

ing is justified. It may be possible to gIve boundanes
to areas where the climate is uncomfortable but
just how much a particular climate will reduce a
person's work output is not so easi~y determ~ned.

Thus it is hard to say that a certain expenditure
on airconditioning will be recovered by an increase
in work output.

Much work has been done to determine comfort
conditions for man but these conditions are still
subject to much debate.. The best re~ults are. those
determined for the particular areas m questIon. as
two of the main variables are the amount of clothing
socially acceptable and the normal level of activity.

The author has collated available information and
defined a comfort area for the Australian tropics (2).
The main features of this are that the upper dry-bulb
temperature is 85°F and the upper wet-bulb tempe
rature is approximately 73°F. Places exceedi1?g these
conditions for more than 5 per cent 1 of the time are
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Australia has vast :areas which urgently need
populanon and development, e.g., Australia has
about HI per cent of its land area in the tropics but
only about 4.0 per cent of its population. Even by
Australian standards,. the north is underpopulated
and bv world standards no part of Australia is
really ·crowded. ' .

It has been stated by Macpherson H), who reported
on "Environmental problems in tropical Australia"
for the; Commonwealth Government, that aircon
ditioning "would provide the most' important sin~le

contrib.ition to increasing the output of effective
work ;~.·!d improving the health and morale of th~se

living 'H these areas". Thus it is thought that air
conditioning could substantially assist development
of the .mderpopulated areas by ameliorating the
undesi: able influences of. the environment.

Sine power is needed for any new developments
and ail !;Jnditioning would greatly increase the power
demand, the possible' sources of power should be
consid: ed. Coal is still plentiful in Australia and
there "re vast untouched reserves. Coal is probably
not sui, able, however, for a basic fuel in an area
which is unlikely to ever support a re<l:sonable
density of population. Oil is a more versatile fue.l,
particularly for use in smaller powerplants. It IS

3000

2500
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MONTHS OF THE YEAR

Fi~ure 1. Average daily insolationt~rou~hout.the year
for. tropical radiation stations In AustralIa
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Figure 2. Sunshine for the summer months in Australia.
(Isohels give the average number of sunshine hours per
month)

taken as having climate~ that' are severe enough to
warrant consideration 'of. airconditioning,

(b) The systematic' collection of radiation data
for Australia was not attempted before 1953 when
a network of eight stations was established (3).
Previously, some datawas available.from the Mount
Stromlo Observatory. Three of the stations, Darwin,
Townsville and Alice Springs, are in tropical or near
tropical parts of Australia and average values of the
daily insolation on .a .horizontal surface are shown
for each month in figure 1. These are averages over
a three year period, 1953-1955, for which the records
are published (4). It will be noticed that the insola
tion for the months of Januaryand February at the
coastal stations of Darwin and Townsville is only
,about 70 per cent of that at the inland station of
Alice Springs. Since these months are likely to be
critical for solar airconditioning, the inland locations,
which are less affected: by the cloud cover causing
these low values of insolation, would probably prove
more suited to solar equipment.

The small number of radiation recording stations
does not enable the general pattern of Australian
radiation to be visualised. It has been suggested that
sunshine hours, as recorded with the Campbell
Stokes instrument,can be used for predicting total
insolation (5). Since the sunshine in the hottest
months is of most importance for airconditioning,
isohels" have been plotted in figure 2 giving the aver
age monthly sunshine hours for the five months of
November, December, January, February and March
(6). If it is allowed that the inclination of the absorb- .
ing surface be optimised for each locality, the isohels
should define areas receiving approximately the
same radiation .on the optimised surface.. The

2 An isohel is a line joining localities receiving an equal number
of sunshine hours.

greatest amount of sunshine fer these summer
months is received outside the f ropics in western
New South Wales and in the soutl-west of Western
Australia. The maximum average m..nber of sunshine
hours per month represents about 76 per cent of
the possible number of hours.

Areas of Australia suited to solar ';l irconditioning

Figure 3 3 shows areas (unshade.i) which exceed
the suggested comfort zone maxiu-nm of 85°F for
more than 5 per cent of the time." i~. is thought that
provision of airconditioning for tiicse areas could
be considered as the conditions arc j.robably severe
enough to reduce efficiency especially for the more
highly skilled operations. Comparison with figure 45

will show that this area exceeding :3:jOF design dry
bulb temperature is also largely uru il:1abited, having
less than 1.0 person per square mi'e. Much of this
country is capable.of supporting o. -,',mewhat higher
population (though it will never be ;·;~·hly populated
due to water shortage over much c: 'he area) and It
is suggested that a deterrent to ddop:uent i.s .the
physical hardship of the climate. 'f" ,:5 a1rCOn~ltlOn

ing in relieving' this hardship cc be considered
as a development expense.

Areas having design wet-bulb ;.mperatures in
excess of 73°F are shown in figure 5; the unshaded
region. It will be noted that an 'h"se areas also
exceed the design dry-bulb temperature of 85°F.

Having decided on the possibility of aircondition
ing, it is pertinent to see just what power can be

. . rature in ofFIgure 3. Isotherms of destgn dry-bulb ternpe

hical data of
3 Figures 3 and 5 were prepared from the grap

(7). . , 5 per
4 The temp~rat~re,which is excee~ed for not more t~:~an be

cent of the trme IS called the DeSIgn Temperature.
applied to wet-bulb and dry-bulb temperatures.

5 Figure 4 was prepared from data in reference 8.
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used to operate the equipment. Electricity is the
usual sou, ce of power, if freely available, The extent
of the ICtjor electricity distribution lines is shown
on figur- 1. As could be expected, these major lines
do not reach out to the areas of low population den
sity. In ~i .ldition, electricity is generated at concen
trations L f population in the sparsely populated area
with oil c:,gines or other internal combustion engines.

Howev r, the price per kilowatt-hour is propor
tionately i.igher than is paid by consumers of the main
grids, e.t:.. figure 6 6 shows the cost of electricity per
kW hr s~<,i in Queensland depending on the number
of consu .ners connected to the supply authority.
It will be noticed that the price is as high as 12 pence
per kW Lr in small consumer areas and this gives
every in.i-ntive to develop other forms of energy.

A form of airconditioning that has low demands on
power is evaporative cooling and this could be
consider-cl as an alternative to any solar aircondi
tioning »roposals." It is generally considered that
evaporatve cooling can be reasonably successful
in areas where the design wet-bulb temperature does
not exceed 68-70°F and where the design dry-bulb
ternperaure is high enough. Thus the inland areas
below th 70°F design wet-bulb isotherm on figure 5
may be suitable for' evaporative cooling.

The r.cas most suited to solar airconditioning
can nov' be defined as on figure 7. The most suited
area (Ul:haded) is one where the design dry-bulb
tempera: Lire exceeds 85°F, where evaporative cool
mg is unsuited, where there is ample sunshine and
where c;. ctricity is not available or is expensive.
The arec possibly suited to evaporative cooling is
considerdl marginal as evaporative cooling would
probably be a better investment. An area to the

Figure 4. Population density and e~~ctricity distrib~tlon
(Unsh:ided area has less than 1 person per square mile.
Only main electricity transmission lines are shown)---
6 Figure 6 was prepared from a table in reference 9.

1'>

Figure 5. Isotherms of design wet-bulb temperature in of

north has been considered marginal because ,the
sunshine hours in summer are less than two-thirds
of the maximum for Australia. A further area where
electric power is cheap is not considered to be of
immediate interest.

,
Applications for solar alrcondltionlng

Solar airconditioning is not li~ited to any parti
cular type of airconditioning. However, in the area
most suited to solar airconditioning there is not
likely to be great industrial development because
of a fuel shortage and the great distance to ports.
The economy of the area is expected to be largely
based on primary products and minerals. These'
are produced mainly by outdoor work to which
airconditioning is not readily applicable. It would
thus seem that the biggest potential for aircondi
tioning is in the domestic field.

There are other reasons for concentrating interest
in solar airconditioning on domestic applications:

(a) Indoor requirements for domestic purposes
are not as stringent as demanded for industrial or
commercial applications. The activity in the home
is usually light to sedentary and higher temperatures
may be more suitable than in cases with hard manual
labour. In addition, there is probably no need to
supply standby plant for the odd occasion when solar
energy would be unable to meet the demand. There
is no product to spoil, no employees or customers to
satisfy.

(b) While economic justification of domestic air
conditioning must be' difficult, this is perhaps the
only opportunity to provide outdoor workers and
workers in such places as smelters with any relief
from the climate.. The securing of a comfortable'
night's sleep may provide the stimulus for extra
productive effort the following day.
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Figure 6. Cost of electricity in Queensland depending on number of consumers

(c) The peak airconditioning load on a house is
generally small when compared on a basis of floor
area with other buildings, but the period of occupancy
tends to be longer. The capital cost of the equipment
to meet the small peak load would be lower than for
comparative 'industrial or commercial applications
but the. power cost would be large due to the long
time of operation. Since capital investment is one
of the drawbacks of solar installations, this would
not be unduly exaggerated by peaky loads. The power
cost is the expenditure that can be saved by solar
energy and, where this is proportionately high,
solar energy is at an advantage.

(d) To save additional land or structural costs,
there is some advantage in having the solar absorber
mounted on the building to be conditioned. This
may restrict solar conditioning .to one or two storey
buildings as the roof area maybe insufficient for
the solar absorbers of buildings with a greater number
of floors. Most domestic buildings' would be of one
or two storeys.

Domestic airconditioning

It is completely useless to estimate aircondition
ing loads on existing tropical houses which are design
ed for natural ventilation and which have a light
wall structure ·to allow quick cooling at night. In
order to arrive at a satisfactory design, the require:
ments for a tropical airconditioned house were
specified as follows: .
. (a) To be suitable for a location approximately

20°5 latitude, either coastal or inland climates.
(b) To be fully airconditioned.

(c) To allow for economical OF:· . .on of the air
conditioning equipment.

(d) To be suitable for the instalL::.m of flat-plate
solar absorbers.

(e) To be suitable for an average; ramily, provide
amenities at present thought neCLS,:~,l"Y for comfort-

M... ·
V

. ditioning
Figure 7. Area most suited to solar alrcon ..

(unshaded) 85'F;
. . less than

A Area with design dry-bulb temperatures . ble ;
B Area where evaporative air cooling may be sUlta e;

fici t :C Area where summer sunshine may be de cient : lectrieity
D Area (not otherwise excluded) within reach of cheap e
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sought when some. lesser degr~e of conditioning
may adequately satisfy the requirements, However,
it is thought preferable to know the costs and benefits
for th-. best system and later to lower the sights
if fared by economical considerations.

There is no doubt of the need for development
of the tropical north of Australia. If solar aircondition
ing can be developed, it should have good prospects
for acceptance in this area which is singularly well
suited to_ the utilisation of solar energy.
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Summary

Aus.ralia, with 40 per cent of its land area in
the tr, [Jics but only 4 per cent of its population,
has \ "st tropical areas awaiting development.
BeCiw-:'" of the rigours of climate, it has been suggested
that';;-conditioning could do much to assist in
popul» ii.ng this ar~a.

Airconditioning has a reasonably large demand
for power but the normal fuels, oil and coal, are not
gener"lly indigenous to the area. Imported fuels
are expensive and it would seem that solar energy,
with which the area is liberally supplied, should be
investigated as a possible source of power. There
are two reasons why airconditioning is one of the
more attractive avenues for solar research:

(a) Since solar radiation is one of the largest
airconditioning loads, the supply of energy matches
the energy requirement;

(~) Solar energy, when absorbed by practical
devices, is of low availability in the thermodynamic
sense and should be suitable for the small temperature
changes required in airconditioning.

To decide areas of Australia where solar aircon
di.tioning could be effective (unshaded area in figure 7),
clImatic and economic data are considered. Area A
is excluded as its design dry-bulb temperature is
b~low 85°F (figure. 3) and thus may not warrant
alrconditioning. Area B, below the 70°F design
wet-bulb isotherm (figure 5) may be more suitable
for evaporative cooling. In area C, the radiation is
reduced by cloud in summer (figure 2) and may
not be sufficient to meet the load. Economic factors
would make area D less suitable immediately as
this area receives relatively cheap electric power
(figure 6) by comparison with the uninhabited area
(figure 4).

In this most suitable area, domestic airconditioning
would be the most likely application because of the
outdoor nature of work in the area. Other reasons
for favouring domestic applications include less
stringent indoor requirements, need for a good
night's rest in the tropics, large power demand in
relation to plant capacity due to 24-hour operation,
and ability to accommodate a solar absorber on the
existing structure.

As conventional houses are designed for natural
ventilation, the requirements of an airconditioned
tropical house are specified and a design produced
for study and calculation. The specifications stipulate
that the house should be suitable for a location at
20° South latitude, economical in construction and
operation, adaptable to modern living habits, able
to accommodate solar absorbers on the roof and
simple in floor plan to facilitate model studies.
. The resulting design (figures 8 and 9) is mechanical

ly ventilated, provided with plant and instrument
accommodation and has a single pitched roof opti
mised for summer absorption of solar energy. Features
aimed at economy of air conditioning operation
include the two-storey construction on a slab floor,
insulated walls, sun shades, reflective exterior
cladding, use of bulky wall materials to provide
thermal storage and separation of day and night
living areas.

With design outdoor conditions of 98°F dry-bulb
temperature and 75°F wet-bulb temperature and
corresponding indoor conditions of 82°F and 73°F,
the peak load is about 24 000 btu/hr of refrigeration
and the total daily load is 250 000 btu.

Various means of obtaining refrigeration by solar
energy are listed but only absorption refrigeration
and dehumidification systems are considered suitable.

4*



96 III.D.2 Coolln~

For the particular project, absorption refrigeration
has been chosen as most likely. It is expected that,
with 160°_180°F obtained from a flat-plate solar
absorber, a lithium bromide-water refrigerator of
two tons capacity would produce the required total
capacity from about 800 sq ft of absorbers.

An analysis of expected costs is given in tables 1
and 2. Table 1 shows a comparison of costs for
airconditioning, with vapour compression refrigera
tion, a. conventional 1 400 sq ft house and the design
shown in figure 8. In addition, the house of figure 8
is costed for solar airconditioning. It will be noticed
that, for the same investment, the operation cost
of the insulated special design is only 64 per. cent
of the conventional construction. The cost of operat
ing the solar house is only 45 per cent of the cost
of the same house with vapour compression air
conditioning but the cost of absorbers must be taken
into account.

Table 2 analyses the cost struct 11!" of the solar
absorbers and shows a downward 1', -nd from 50/.
per sq foot to 42/- per sq ft with .~\lj- seemingly
possible with quantity production !Iowever, the
price would have to fall to 20j- l: c' sq ft before
the above proposition would be ;,; .ctive at the
estimated power cost of 3d per k\\, With higher
power charges, the system may C\' be economic
at present costs.

It is hoped to construct the ;11·'" house and,
in the meantime, to study it Iurt 1l. with models.
Even if complete house conditionin, I. uneconomic,
some part conditioned system may" «lve from the
study. There is certainly a need for" IJ~ economical
means of controlling the climat« ;:1 Australia's
underpopulated tropics so that mm, ,)l'ople can be
attracted to live their lives in tlu- .uva. Thus the
prospects for solar energy can be Cl -n-idcred quite
bright.

PERSPECTIVES EN CE QUI CONCERNE LE CONDITIONNEMENT D'AIR t 'TILISANT
L'ENERGIE SOLAIRE EN AUSTRALIE

Resume

L'Australie, dont 40 p. 100 de la surface se trouve
dans la zone tropicale, qui n'est occupee que par
4 p. 100 de sa population, possede ainsi de vastes
regions qui n'attendent que leur mise en eeuvre.
Eu cgard aux rigueurs d'un tel climat, on a mis
en avant I'ldeo que le conditionnement de l'air
ferait beaucoup pour en faciliter le peuplement.
. Le conditionnement de l'air ou climatisation

demande la mise en ceuvre d'une energie assez
appreciable, rnais les combustibles classiques, tels que
le petrole et le charbon, ne sont pas gcneralement
indigenes a ces regions. Les combustibles irnportes
sont chers, et il scmblerait que I'encrgic solaire,
disponible en abondance, dcvrait faire l'objet de
recherches en tant que source possible d'cnergie.
Il y a deux raisons pour lesqueIles le conditionnement
de I'air constitue l'une des orientations les plus
attrayantes pour les chercheurs qui s'interessent
aux applications de I'energie solaire :

a) Pour autant que cette cnergie elle-merne consti
tue l'une des principales charges imposecs aux instal
lations de conditionnement, l'apport d'energie cor
respond aux besoins de force motrice;

b) L'energie solaire, quand eIle est absorbec par
des dispositifs pratiques, est disponible en quantites
restreintes, au sens thermodynamique, et serait done
indiquee pour les faibles changements de temperature
qu'exige la. clirnatisation.

Pour determiner queIles seraient les regions de
I'Australie oil le conditionnement de l'air pourrait
avoir un bon rendement (regions non hachurees
de la figure 7), on passera en revue les conditions
climatologiques et cconomiques. La zone A est
exclue, car sa temperature au thermometre a boule

seche, teIle qu'on peut la 'prevoir 1 ,'1' les projcts,
est inferieure a 85 OF ou 29,4 o~ ('oir figure 3),
et ceci ne peut pas justifier la c~ >. 'Itisation. La
region B, au-dessous de l'isothcrmc (1, 70 OF (21°C)
au thermometre a boule hurnidc, 1,,",r les besoins
des calculs (voir figure 5), peut se J,Jlcr davantagc
au refroidissement par evaporation. D;'ilS la region C,
le rayonnement est reduit en et{~ par les nuagcs
(voir figure 2) et ne. serait peut-ctrc pas suffi~ant
pour la charge. Des raisons cconomiques rcndraient
la region D moins bien adaptce a 1111e apphcatI~n

immediate du systemc, car elle rccoit de l'energic
clectrique rclativement peu COlltC11SC (voir figure. 0),
par rapport a son prix dans la region inhabltec
{voir figure 4}.

Dans cette region, la plus adaptec pour l~ pr~jct
envisage, le conditionnemcnt d'air des Imbltatlons
representerait l'application la plus probable pour ~;
climatisation solaire, etant donnc que le traval,
dans cette region, se fait generalement au dch?rs.
D'autres raisons qui militent en faveur des apph?"
tions mcnagcres comportent des exigences mOlns
extremes pour l'interieur le besoin d'unc temperature
confortable pour le repos nocturne dans Ies clitl1~ts
tropicaux et les exigences considerables d'cl1ergt~
par rapport a la capacite de l'installation, eu Cj;ar
au fait qu'eIles se presentent 24 hcures par Jour.
Citons enfin la possibilite d'installer un absorbcur

solaire sur un edifice deja construit.
~ . ~~
Etant donne que les maisons classlqtl~ 'on

construites en tenant compte de Ieur vcnttlatl
naturelle, on a etabli les cahiers des charges J>0I1~
une maison « tropicale » avcc climatisation et m(' t
point tin projet, aux fins d'ctudcs et de ea en .
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Les s\," cifications stipulent que la maison doit se
\Irctel" ,I Ctre construitc par :?O0 de latitude sud,
et do:; (!tre economlquo a batir ct a exploiter,
adapt.« ·il' aux coutumes rnodernes de la vie, capable
d'ctrt'ltcc d'absorbeurs solaires sur son toit, ct
simpl« ! uant a la disposition des pieces a chaque
ctag!', .ur Iacilitor les etudes sur maquctte,

Le I'Jt't qui en resulte (figures 8 et 11) est ventile
mdcan. n-ment, dote de l'installation et des instru
ments ':'L~l'ssaires, et on y prevoit un toit incline
uniqu- (11Ii se prete idealement a l'absorption de
I'cnerg; solaire pendant I'ete, Les carnctcristiqucs
visant I l'economic de fonctionnement du systeme
de dim: 1isation comportent la construction en deux
ctages'llr des planchers faits de ciment nrme,
des nun , isoles, des stores, un rcvetcmcnt extericur
capnbl. ell' reflechir le rayonncmcnt, l'cmploi de
subst:u- ,'s volumineuses dans les murs de maniere
,\asSUI, 'I I'accurnulation des calories, et une separation
des pi;'",-s Oil I'on se tient pendant la journec et
pcndan: la nuit, rcspcctivemcnt.

AWl' ks temperatures cxterieurcs de 08 OF ou 30°C
au tl\l" .nornctre a boulc seche et 75 OF ou 24°C
au th-: ..rometro n boule hurnide, ainsi que des
temper. ;urcs intcricurcs de 82° et 73 OF (28°C et
2:1 "C) _' I charge maxima est de I'ordre de 24000 Btu
par het,',' <le refrigeration ct la charge totale quoti
dicnn« ",' 250000 Btu,

On .1 prcsente diverses methodes pour assurer
la rchi'Tation au moyen de I'energie solaire, mais
on 11';, retenu comme indiqucs que les systcmes
a refri ;:ration par absorption aYec asscchement.
Pour 1,· projet qui nous interesse, la refrigeration
par aJ".lrption a etc choisic eomme ctant la plus
indiqlll':", On s'attend a Cl' que, cn se servant de
tempt'lAmes de 160° a180 OF (71° a82°C) obtenucs
au moycn d'un absorbeur solaire a plaque plate,
un rcfrigcrateur utilisant du bromure de lithium

et de l'eau, ayant une capacite d(" deux tonnes,
donnerait le debit I;lob.'\t necessaire en el1lplo)'ant
800 pieds carres d'absorbeur environ.

Les tableaux I et 2 donnent une analvse des rr:,is
prevus. Le tableau I donne line comparajson dt'Srraill
<le climatlsation :1\'eC rcrri,::fralion par compression
de vapour, pour 'lilt' maison classique tI(· I -lOCI pieds
c~rrfs, et suivant le plan qu'indique la fi,::UfC 6.
En outre, la maison de la fi,::tlf(' H a rail I'objt·t
de calculs relatifs ala climatisatton solaire, On obser
vera que, pour un IllCIll(' placement initial, 1(' coilt
d'exploitation de la maison sll&ialc n'est que IH p, lOO
de celui de la maison classique. Le coilt d'exploitatlon
de la maison solaire n'est que 45 p, WO du coilt
de la memo avec climatisation par compression
de vapour, mais il Iaut tcnir compte du prix d'achat
des absorbcurs,

Le tableau 2 analyse les Irais a{Un'nts aux absor
beurs solaires et revelo une tcndance a la baisse
de ccs Irais, de 00 shillings a 42 shillings par pied
carre, avcc la possibilite d'Clre ramcnes a. 30 avec
la production en seric, Ces Irais nuront a tomber
a 20 shillings par pied carre avant que la suggl'l'lion
mentionlice ci-dcssus soit attrayante pour un cOlit
d'cllergie eYalue:\ 3 pence par k\\'h. Avcc des charges
cncrgctiqucs plus elevCcs, le systeme scrait mcltle
economiquc aux prix actucls. 011 compte construire
la maison mcntionnec ci-dessus et, entre temps,
I'etudier plus ell detail sur des maqucltcs. ~Mme

si la clililatisation de I'cnsemble d'une rnaiwn <'5t
anti·economique, iJse peut que la valeur d'un systcmc
partiellement con<litionnc soit mise ell hnnicre p.u
ccs travaux. On a certainelllent ~)in de mo\'cns
cconomiqucs de modifier a volontc I'amhiance {ntc
rieure dnns lcs regions tropic.'\lcs sous-peuplN.-s de
l'Austrnlie, de telle sorte que plus d'hahitants puissent
ctre attires pour y {aire !cur vie. Dans cc conlcxle,
Ics pcrspccti\·cs d'avenir de I'cncr,;ie solaire pcu\'cnt
ctre jusCcs comlne clant asscz cncouragcantC'S.
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UTILISATION DE L'ENERGIE SOLAIRE POUR LA REALISATION .,; i ULTANEE
DE LA DISTILLATION DE L'EAU SAUMATRE ET LA CLIMATISA'LJ ,'\
DES SERRES EN ZONES, ARIDES

F. Trombe et M. Foiix *

Description des montages et essais realises

inferieure a la temperature exterieu ~ , et en tout cas
a celle que l'on obtiendrait dans 1~;,' serre du type
classique non pourvue d'ecrans et (1.. )>:trois isolantes.

En effet, le solei! n'est que pari-Ilcment admis
dans la partie inferieure, en dessou- des bassins, et
l'air chaud existant sous la toiturc \ itree ne descend
pas, en raison de sa faible dcnsir.'. ·~11 niveau des
cultures. Par ailleurs, l'evaporatiou ,k I'eau des bas
sins limite egalernent cette tern l),", lure produite
sous la toiture. La disposition des I» -,:,iris, des ouver
tures et des parois reflechissan k:- ,',)it permettre,
en cours de journee, un balayag« ,':, cultures par
les zones d'ombre et de lumiere.

Le gradient de temperature, ,,' 1,<1.S en ~aut,

est accompagne d'un gradient d'el;" i-,ygrometnque,
car l'air sature de vapeur d'eau, i;~(JlllS dense qu~

l'air sec et par ailleurs surchaufi-'. a tendance a
rester sous le vitrage.

La masse d'eau contenue claw, ; ,) bassins peut
etre relativement importante, c;crt de v~l~nt
thermique et d'ecran pour protegctes plantes dun
refroidissement nocturne excessif.

La nature de la paroi transparcutc qui recouvre
la serre presente une certaine importance. Le v~:re
est plus cofiteux que certaines Icuilles de matIere
plastique.

La transparence au rayonnement solaire des deux
rnatieres est a peu pres la meme (10 p. 100). Cepen
dant, on note une plus grande transparence de.s plas
tiques pour l'ultraviolet, ce qui presenterait une
certaine importance pour la floraison des plantfs.
Dans les differents domaines de l'infrarouge- es
plastiques presentent, lorsqu'ils sont t;es ~lllces;
de nombreuses bandes d'absorption separees pat
des zones plus transparentes. Le verre est transparen
jusque vers 2,7 microns, puis totalement opaq~e
apartir de 4,5 microns. Il presente en o~tre une ban e
de reflexion bien marquee vers 9,5 microns. .

Dans le cas des couvertures en plastique tres ml(~ce~
une partie du rayonnement direct de la serr~ as
. 1 ' lIt" 11 serasms, cu ture) passera a travers e p as tque ;

bloque entieremsnt dans le cas du verre.

U ., . d' . 't' ff tuee en 1956-ne premiere serie essais a e e e ec
1957, avec un petit dispositif experimental, co;n~o;;
tant un sol de 1,90 m X 0,90 m = 1,7 m,
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* Laboratoire de I'energie solaire du Centre national de la
recherche scientifique, Mont-Louis, Pyrenees-Orientales, France.

Les regions arides disposent parfois de quantites
.appreciables d'eau saumatre (eau de mer, d'etang
ou de nappes souterraines). Par contre, elles sont
en general tres pauvres en eau douce. Il en resulte
souvent dans ces regions que les cultures, encore
plus exigeantes pour la qualite de l'eau que les etres
vivants, sont tres difficiles. Par ailleurs, beaucoup
de zones dites arides beneficient d'un ensoleillement
exceptionnel et de ciel tres clair entrainant une grande
secheresse de I'atmosphere. Ce dernier facteur res
treint ainsi beaucoup les possibilites de cultures, l'eau
apportee etant rapidement perdue par evaporation.

La question change d'aspect si on cultive les plantes
non plus a l'air libre, mais dans des milieux relati
vement clos, permettant l'acces de la lumiere et
limitant beaucoup l'evaporation de l'eau. L'interet
de telles cultures en espace clos a ete souligne par
differents auteurs, et en particulier par P. Chouard (1).

Nous avons mis au point, au Laboratoire de l'energie
solaire de Mont-Louis, un dispositif simple de culture
qui s'inspire du meme souci id'economie d'eau, en
y ajoutant la possibilite de produire une eau pure
in situ, a partir d'eau saumatre (2, 3, 4).

La serre representee sur les figures 1 et 2 comporte
essentiellement les caracteristiques suivantes :

a) Une base impermeable recouverte d'un milieu
propre a la culture.

b) Des bassins sureleves, par rapport au niveau
de culture precedent, et contenant l'eau saumatre
a distiller. Ces bassins ne recouvrent qu'une partie
de la serre.

e) Une toiture formee d'elements inclines, en verre
avitre ou en plastique, transparents au rayonnement
solaire.

d) Des parois pouvant presenter un isolement
thermique convenable et etre refiechissantes.

L'eau saumatre contenue dans les bass ins est
evaporee sous l'action du rayonnement solaire, puis
se condense sur la paroi transparente inclinee qui est
au-dessus et s'ecoule au niveau du sol. La distance
entre ce dernier et les bassins est de l'ordre de deux
metres; elle doit etre' suffisante pour permettre le
developpement des plantes et eventuellement l'acces
du personnel.

La culture est favorisee par le fait que pendant
le jour la temperature au niveau du sol peut etre
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En ce qui concerne l'action de la lumiere, il convient
de distinguer entre I'intensite recue, souvent surabon
dante, et la repartition des heures :d'eclairement
suivant les saisons et les latitudes. De nombreuses
plantes des regions tropicales et equatoriales n'ont
besoin que d'une courte duree de jour pour fleurir
ou fructifier. Certaines autres ne peuvent se develop
per convenablement que dans les regions ou existent
de longs jours pendant la saison d'ete. Certaines
plantes cultivees ont besoin pendant toute la duree
de leur vie, ou simplement leur jeune age, d'etre,
dans une certaine mesure, abritees du soleil.

On peut regler I'eclairement des plantes en augmen
tant ou en diminuant la surface des bassins de distil
lation d'eau, ou encore au moyen de panneaux
reflecteurs du rayonnement solaire (panneaux en
feuille d'aluminium ou panneaux peints en blanc)
venant se placer dans les ouvertures laissees libres
par les bassins.

Par ailleurs, clans bien des cas, il est souhaitable
d'augmenter la lumiere diffuse en utilisant des
parois interieures, reflechissant aussi le rayonnement
solaire.

Sortie des bacs

Ecoulemenl de I'eeu
distillee--

\\\

'..,.;jr-'i' ":~~'':;X!~'''~::J~:?}~.~~~;]:~~{?''''\';~f'':~Yr~~;Yf;Yfi;i::.:t~.; ..

Sol cullivebl~

Figure 1. Coupe d'une serre permettant de realtser
stmuuanement la distillation de l'eau saurnatre et la
clim:nisation en zones arides

Echelle:.l .
. 20

Figure 2. Detail d'une partie de la serre montr.ant la
disposition des collecteurs d'eau et la constttunon des
parois Iaterales

Eau saumatre
surface des bassins de 1,1 m2, une hauteur sous bassin
de 0,70 m. On dispose ainsi de 5 a 6 litres d'eau
distilleo par jour. L'etat hygrometrique de I'air au
niveau de la culture est de 1'ordre de 75 p. 100.
On a ainsi precede a Mont-Louis, au cours de ~eux
rnois d'ete, a la culture de haricots verts hybndes,
qui a donne une bonne floraison et une recolte conve
nable.

Un appareil plus important a ete construit I?ar
notre laboratoire et mis en service au debut du prm
temps 1961, au laboratoire Arago de Banyuls (Pyre
nees-Orientales); ce laboratoire dependant de l'U~i
versite de Paris, est dirige par le Professeur Petit,

Nous allons passer en revue les differents facteurs
conditionnant la vie des plantes dans les serres
decrites, en examinant comment il est possible de
controler chacun d'eux. Ces divers facteurs sont
l'eclairement, la temperature, les besoins en eau,
l'atmosphere, la nature du sol, la lutte contre les
parasites.

Role del'ec1airement

Le rayonnement solaire agit ~irecte~en~ ~ur .les
plantes en reglant les phenomenes d assimilation
chlorophylienne et de transpiration; il a aUSSl une
influence sur la temperature de l'air et du sol et
le degre hygrometrique de I'air.

Echelle : 1.
5

Sortie des bacs

Ecoulement de I'eau
dislillee

Paroi isolanle

(laine de verre el aluminium)

Volet



100 III.D.2 Production de froid

Influence de la temperature

Ce facteur est dans une certaine mesure lie a celui
de I'eclairement, le chauffage des compartiments de
culture etant du pour une grande part au rayonne
ment solaire arrivant a :ce niveau. Il conviendra
d'eviter un echauffement excessif des plantes, les
temperatures optima etant souvent de 20-25 °C,
et les phenomenes vegetatifs s'arretant vers40 °C.
Pour cela la proportion decouverture des zones
cultivees devra etre suffisamment importante.

Il est presque toujours avantageux d'isoler thermi
quement les bassins de distillation des zones de
cultures en placant entre les deux des ecrans d'alu
minium limitant les transmissions de chaleur par
rayonnement. Les ecrans d'aluminium permettent
aussi . de limiter I'action du rayonnement solaire
et celle du rayonnement des vitrageschauffes par
I'eau distillee. .

Par une journee d'ensoleillement moyen des zones
tropicales.. on recoit du soleil environ 7 kW par m 2

(surface horizontale), dont environ 6 kW sont
susceptibles de penetrer a travers les vitrages. La
quantite d'eau distillee atteint 4 a 5 litres par m2

de bassin, ce qui correspond a peu pres a 3 kW
d'energie absorbee, On note qu'une partie notable
de I'energie est perdue par rayonnement de l'eau
portee a 60° ou 70°, par exemple.

Au.cours de la nuit, la serre cesse de s'echauffer,
cependant que la:distillation de l'eau dans les bassins
s'arrete, Il se produit alors un refroidissement des
vitrages soumis a l'action de l'air froid de la nuit
et perdant .de I'energie par rayonnement sur l'espace.
Si l'on admet que le verre a la temperature ambiante
presente dans ces conditions un facteur d'emission
de 0,9, une surface horizontale -de verre dans res
regions arides a del clair perdra par rayonnement
de 100 a 150 Watts/m» (soit environ 3 kWh/m2 par
24 h et 1,5 kWh/m2 par nuit).J;..'air froid forme
au contact du vitrage ne restera pas dans la zone
superieure de la serre, mais descendradans la zone
de culture par les ouvertures, destinees aI'eclairement
des plantes pendant le jour, des que la temperature
de la partie superieure aura baisse suffisamment.
Si bien que l'ensemble du batiment sera interesse
par le rayonnement nocturne des vitrages.' L'energie
rayonnee permet aisernent de limiter la temperature
moyenne de la zone de culture. Les variations de
temperature de la partie inferieure de la serre peuvent
etre limitees en augmentant sa masse calorifique,
au moyen de masses de beton ou de reservoirs
d'eau.; -

Le controle de la temperature depend aussi des
dimensions des batirnents. Le developpement relatif
des parois exterieures est evidemment fort important.
Il est toutefois facile de les equiper de reveternents
selectifs permettant d'eviter leur echauffement pen
dant la journee et d'obtenir un refroidissement noc
turne important. La nature du sol et de la vegetation
voisine joue egalement un grand role.. . . .

La temperature moyenne des serres ne devra pas
trop depasser la temperature moyenne exterieure,

mais les ecarts de temperature y seront moins
importants. On note en effet dans les regions «type
saharien» des ecarts de temperature jour-nuit
pouvant depasser 15°C 1.

Besoins en eau

La quantite d'eau saumatre distille- est de l'ordre
de 4,5 litres par metre carre de sur (lce de bassin,
La quantite d'eau par metre carre (L sol cultivable
depend done de la surface utilisable eouverte par
les bassins. En admettant 300 jours de fonction
nement par an, on recevra done p;Lf metre carte
de sol: I 050 litres par an pour 80 p. Ion de couverture,
900 litres par an pour 70 p. 100, 750 litres par an
pour 60 p. 100. Ces quantites sont tres importantes
pour un travail en economie d'eau: elles pourraient
suffire a plusieurs etages de culture, ou. encore a
satisfaire d'autres besoins humains OH ammaux.

Notons qu'en dehors des regions aridos pro'premen~

dites il existe beaucoup de regions ensoleillees ou
les quantites d'eau de pluie sont tres insuffisa~te~

et surtout beaucoup trop irregulieres. OJ.l note amsi
que seule une petite partie de l'eau de nluie (20 p. 100
par exemple) est mise a la disposition de la plante,
les pertes par ruissellement atteignant au cours de
certaines pluies violentes 60 a 70 ]'. 100. De plus,
il conviendrait de tenir compte des pertes par
evaporation.

- On comprend des lors tout l'interct que peu,:"ent
presenter les dispositifs per.mettan-:: .de travailler
en economie d'eau, meme SI leur pnx de revient
peut atteindre un certain prix.

ROle de I'atmosphere

- Le bux d'humidite de I'atmosphere est reglable
en agissant sur l'ensoleillement de la zone de culture.
Il semble cependant etre indispensable d~ procede;
a une certaine aeration de la partie mfeneure ~'l
la serre par des canaux prevus a cet effet, sans qu 1

soit necessaire de perdre une quantite importante
d'eau. L' air tres sec des regions desertiques permet~ra
facilement de diminuer I'humidite et de proce e:
aux apports d'oxygene necessaire. On p~ut a~ss~
prevoir des dispositifs permettant de recup~rer 1h)
miditeevacuee lors des aeraticns (desslcateurs

l·Vne autre facon de limiter les echanges entre e
compartiment de distillation et -celui des c1;1ltur~s
consiste a interposer .. entre les deux une feUll1e e
plastique. .

On accroit sensiblement le rendement des cultures
en augmentant .. artificiellement la.teneur en gaz
carbonique de I'atmosphere (Iou 10 p. 1)00 par
exemple, an lieu de 0,1 p. 100 en moyenne.

- . O~~-
1 A Colomb-Bechar, on observe en moyenne t era-

temperature annuelle la- plus basse, 45 it 50 oC comme ernp _
tures les plus hautes. . .
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Comparaison des conditions de culture
avec celles de la palmeraie
ou de la foret equatoriale

La voute protectrice realisee par les vitrages permet
de realissr dans la serre un micro-climat qui n'est pas
sans rappeler celui que 1'on observe sous les ombrages
de certains arbres. Suivant la disposition des diffe-

Lutte contre les parasites

Tout d'abord, les serres qui sont sensiblement
~tanchcs forment un barrage important pour les
insectos et certaines autres especes animales, comme
les oiseaux ou les rats. Cette protection peut etre
amelioree par la presence d'un dallage cimente ou
de plaques metalliques disposees en profondeur sous
la zone de culture. De merne, on limitera .ainsi
beaucoup les contaminations par les parasites vege
taux.

Par ailleurs, nous avons constate, lors de nos
premiers essais, que de tres nombreux insectes,
et en particulier les insectes ailes, attires par la
lumiere beaucoup plus vive qui regne dans la partie
s~perieure de la serre, penetrent dans ce compar
hment et se noient dans les bassins d'eau chaude,
sans qu'il soit besoin de prendre des mesures.speciales
pour cela.

En fin, il sera plus aise de limiter les pertes de
produits chimiques ou biologiques susceptibles d'etre
utilises pour lutter contre les parasites ou les maladies
des plantes, ou pour ameliorer certaines formes de
culture. .

Nature du sol

La nature du sol sur lequel la serre est batie
n'a q ~j 'une importance reduite, etant donne que les
planches de culture pourront le plus souvent etre
etablics. avec u~ terre.au artificiel, melange de terre,
de f~:':uer et d e~gral~. De plus, il sera egalement
possuue de proceder a des cultures sans sol dans
des bacs de ciment, contenant des solutions nutritives
conveuablement disposees,

D>:~~e Iacon generale: la c~ltu~e en serre permet
de lirniter les pertes d engrais divers ou de terres
arablcs par erosion lors des periodes de grand vent
ou lor? des orages,. tres rares mais violents, qui se
produisent souvent dans les regions arides ou semi
arides. De plus, l'action de l'eau de pluie se manifeste
SOUVCllt aussi par des effets d'ordrechimique,
avec :'ntrainement de 1'humuset de sels mineraux.

En zone aride, il conviendra le plus souvent de .
conditionner entierement la nature du milieu .de
culture. Les cultures sans sol presentent a cet egard
un aV~llltage certain. On pourra aussi recuperer les
produits vegetaux inutilisables en vue de la fabri- .
cation par fermentation de fumier artificiel a I'inte
rieur de la serre. Si les pertes sont ainsi lirnitees
au minimum; on devra apporter par ailleurs dans les
meillcures conditions possibles tout ce qui est
necessairs a la production de matiere vegetale..

rentes parties de la construction, et plus specialernent
des bassi.n? de distillation d' eau, on peut obtenir
des conditions voismes de celles des sous-bois de
la foret equatoriale, de la palmeraie' ou d'autres
types de climats intermediaires,

Notons en passant que la foret a l'avantage d'etre
une source importante d'humus (100 a 200 tonnes
p~r. hectare et par an pour la foret equatorlale,
5 a 50 tonnes pour la savane), mais presente la contre
partie d'immobiliser une quantite considerable de
matiere vegetale (1 000 tonnes par hectare hors du sol,
300 tonnes de racines pour la Ioret equatoriale),

I1 ne faut pas se faire d'illusions sur l'importance
des reserves dans les sols de foret. Les terrains n'y
sont en effet que tres relativement riches, et il faut
tenir compte de la puissance du systeme radiculaire
de certaines especes. Mais de plus, on peut considerer
que la Ioret est sensiblement en equilibre avec le
milieu dans lequel elle se constitue: les debris
vegetaux restituent au sol a peu pres tout ce que
les arbres et les plantes y avaient pris. On ne pourrait
sans danger y fairedes prelevements trap importants.

11 convient, pour obtenir des rendements eleves,
de realiser un equilibre judicieux entre les differents
faeteurs precedents, et plus specialement entre la
lumiere, la temperature et l'humidite, ces conditions
pouvant differer d'une facon considerable suivant
les especes cultivees et evoluant en general sensible
ment au cours de la croissance d'une plante deter
minee.

La construction des serres etant relativement
onereuse, les cultures doivent y avoir necessairement
un caractere intensif et Hre organisees, du point
de vue humain, d'une facon rationnelle.

De telles installations n'ont de reel interet que dans
les regions arides ou 1'on dispose de journees enso
leillees et d'un ciel nocturne clair, facteur indispen
sable pour limiter la temperature moyenne de la
serre. Les zones equatoriales et tropicales humides
n'ont pas besoin de tels dispositifs, qui ne pourraient
du reste y fonctionner convenablement.

Si 1'on considere que 20 p. 100 du rayonnement
solaire est suffisant pour eclairer les plantes, 80 p. 100
seront utilisables pour la distillation de l'eau.
A surface de parois transparentes egales, on produira
done avec les serres quatre-cinquiemes de l'eau
distillee donnee par un distillateur simple.

Le facteur le plus delicat adeterminer est la quan
tite d'eau necessaire aux cultures par m2, autrement
dit la surface utile des cultures a proteger par rapport
a la surface des bassins d'eau. Tout depend evidem
ment, et pour beaucoup, des cultures envisagees;
seuls les essais scientifiquement menes permettront
de le determiner. Admettons toutefois qu'une hauteur
d'eau de 0,50 m par an soit suffisante en economie
d'eau; on pourrait cultiver dans ces conditions une
surface egale a deux fois la surface du sol de la serre,
ou 1,5 fois si on admet certaines pertes provoquees
par les aerations, Des planches de cultures disposees
ami-hauteur permettraient d'utiliser cette ~~u a
l'interieur de la serre merne. Dans ces conditions,
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lateur silllph' r\ tIt' (I.M + I, r. F' 2.:1 pour It-s cultures
en t!.conolllit' d'eau, soil:! Oil :!.r. Io].. plus lit' surfart'

l,ollr 11' IliSIIII,itif t\tmhlt', Par contre. la serrv tlistil·
atrio- 1ll~'t'Ssitr. 11I1t' sur{-I~vation III'S ha....ills. Oil

dcvra 1I111ll~ t-nlr compte du prix des sUPllllrls IIt~

Cl'S ha"ill" et dt' celui tk.. patois pl-riphfrhl'll'S.
Ct'S tkfllii·ft·s devront t~trt· rMuih's alii ani CIUC! IIIIS·
sihle en aU~IIII'lIlallt 1;\ surface clt,s serrcs.

l,e elimat It' plus Iacile a rr;llisrr ctallt a la foil'
eh.nul et humide, iI !\C'm plus utile tI'('1I tenlr compte
IIalls lr- choix tks cu\t\U('sarl\\list'r, l>r IKlIlS n<Sultals
lIt'vrait'nt t-trt' aillsi ohlt'nus nvec la manioc, It,s

l,ala,t's tloucc's oulrs i~namc's.nu r-ncore avec crrtains
1"~:1\n\l'S \'t'rts comme It's sa!;lIk... [scatole surtout],
IOlllah's. aulk·r~illC's.

Remurqucs sur le" prlx de revlent

1.0 prix cll' fl·virnl clr tellt's scrrcs n'est pas tri'5
llul"'ril'ur :\ ('dui elt's srrres ordinair,'s. clont dl,'s
cliffhrnt ('S~nlirllc'ml'nl par It! clisllIlSilif dc! dislil·
lalioll cl'(';", plac(( :\ Icur parlil' SUI)(~r!c'ure. Vnc s('rrc
cll' fl X :1 --. IM m' clr surfacc~ ulile 1'1'1 rt'\'elllIC
:', 7 "'HI :-a: : :I ·IlHI :-JF Ill' malrriaux (pmfil{-s dc' fer:
I :1111 SF; IMrs: (lllO NI:; vitragc's: lino SF; calor!.
fll~l': :llln NF; h<-Inn: lin NF) et ·f noo NI: tic main·
tl'(t'\I\'rr, soit ('t\"iron ".Ht NI: le ml , 11 cOl1\'i('nl
cll' s()uli~nrr qu'i1 Ill' !l'ngit 1;\ (Iue (rUne serf(' dc
pelilrs c1imrnsinns. pour laqu('llc l'importance des

l,atnl" latl-mlrs (,llt con!'\iMrahlc, En trC5 ~rand.
r prix pOllrrait cite ahaissc clc rnnillc,

1,.(' \ltiX de 1.1 maln·d·crn\·rc \1lJ\lrrnit clrc r,;llIit
dan!l ( r lar~l'lI prOI1l)rtiOll!\ par 'eltlploi de prtlri!t'S
slxXlallx rn rornicrc prrfor{'C. l:cltlploi d'lIn IcI
rnatrriall tl'Jalh'crncnt U~cr climinllcrait alnsi dan!l
1!!lr t~~. Jar"e prtll1l1rtion le. prlx till tra.nsl1l1rt,
C rsl alOsl Cl11l" If'profile nN:CSs,'urc f1l1l1r la rr.lh~lllon.
d'lIne part, d'lInc platc·forrnl" dt':! mcl~ de hauleur.
sllsccplihll" dc llllPI1l1rtrr (',41 kE:/m' cl. d'alllrc p.ut,
dl"S slIPI1l1rts dc \'itragr!\ (Oil dc pla..slicJ1lc) rC\'icnclmil
it rl1\'irnl1 till :-;F k Ill' !1{)ur llIll" !'('ftC de tr~ gral1dl'5

dimension..: (faihll! influence clt-.. l: " 'h b!rrol!r.l.
En tenant compte du prix tll'o; \'111, ". tI,·, 1•.1,.
tic' distillation d'eau et tit' la maiu-d'i ,'·.I'I"II..... I11I,ll'
Ill' devrnit pas Mpasser :.mu :\ F I,

On Ikl\1rr.\it a pn'mil-rl' vu« I' : 11·11l},I.H rf
Ic's sern-s telles qu'ellcs vienIll" 11t .111' .h-niln
par nn ensemble d'appan'ils 'orl '..! • 1)1111'1"11.1111
ch-s distillatcurs 11',,;\11 et d,'s ,\j"l'" tit· tllhlll ..
en C!.collolllit, d'eau, Pour l'ln! \';11.11·: ., c1i'I""jllt.
en ('('Cll\omic d'eau doivr-nt rOllllll"li'! .l," .lIl1rn.\·
~('l\It'l\ls \1l'rllldtanl tit' limitcr b t ··,;,t'-I.Itllll" I\l'
controler '1lIlIniclillt , de doser la q.t.",.,I'· tl<- Itllllii'rl'
et de pcnnettre 1111 acres COIllIIIl"! 'iI" rultutrv,

On rt'manJ"I' que la const ruct i011 <! ;. 1'1.,1,·, fOllllr
qui diffcn'nc'l~ 1111 typo d'apparvil tI,·" .11 ,",cL,,,i'I'll""
n'a qu'unc incidence assez Iaihl« "Ill " :.,:" t "·II·\·tr ut,

L'usagc dt! simples couvcrturc- ,'1. i,]" ..liijll'· Ill'"
bon marche pcrmct dt! travaillvr "11' "lItollli.' ,1'1'.111,
mnis lion tie r{-alist'r des condit i, ':'. ,"1111'..",1,11-,
,'\ cclles que l'on trouve dans b. ""1 I 'I'ti vicnnrn!
d'(~trc decritcs. 11 scrait rlt{cl'ssain' 1,..' I ':('11 r.Il'l'ro•
chcr cJlldlJlIC PCII cl't'lI1ployl'r cl"., " 'i1" ,'xtctrh-lIl1l

Iimitallt I'aetion dll raVOnnt'1I11'1I1 ,'Iil'·. TOII!r
cl1lnparabon ;\\,I'C till tcis ap\l;IIT1 1 .1 dOllc foIl
cliflidll', d'alltanl pIllS IJII'acltwll'll .! I'I1"ahl' llr'
feulll('s tie plastillllc ('n agricllltlllC"" '·I1!il'llrl11r.nl
sabonni('r. l't IJue le mat<-rld l1·t· .... \,.·111 \1,\<' "1"'(
:\ n{clIll({rer,

,\ctuelll'nll'nt. nOlls pre\'oyon.... (oll"lrUrliol1
prclChaine d'ul1e serrc dc grand .. .lll' ,jon C\.lII\ Ir'
regions s.lhariennl's. C<'s regiolls "01.1 • t,,, fa\"or.ll,lr,
a une lelle experience till point tiC' \ , ~'" "Ollllitiol1'
c1lmaliqlll'S: latitllde asseT. has,... fll:. '"olrillrll1rnl.

cid clair. grande s{'Chetl'sse tic 1'.11" "l'hi-rl'. ('f:1rl.
(le tcmperature jonr'"11lt il11porlatll'. I.,';' (01111111 0 11 '

(~()I1()llliCJlles sonl egalenll'nl «'xc' ~;, n"''': cU/;llll
prc~l"e lolal dc legllll1cs {rai.. 011 IlH 1.\1' cl; I'T1>,llII!'
alimcntaircs. plus spccialcl11cnt 0110 \oi"It1.1gr ,Ir·
noll\'CallX centres erees alllllllr cl.., milll'S rt .11"
concessions de pclrolc,

I IU.:Ili",hl", m jll"f.:lrn~nf pll1<kllf' .1,. ,I, m'nl- pt(·"·"''''
m~l1t "<'(ltb.
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UTILIZATION OF SOLAR ENERGY FOR SIMuLTANEOUS DISTILLAI'~'~~N

OF BRACKISH WATER AND AIR-CONDITIONING OF HOT-HOUSE~3

IN ARID REGIONS

(Translation of the foregoing paper)

. F. Trombe and M. Foex *

* Laboratoire de l'energie solaire du Centre national de la
recherche scierrtifique, Mont-Louis, Pyrenees-Orientales, France.

Cultivation is promoted by rGICiJll of the fact
that during the day the temperature at soil level
may be lower than the outside temperature and,
in any case, lower than that of l conventional
hot-house without screens and insulating walls.

As a matter of fact, the sun is .idmitted only
partially into' the lower part below l he pans, and
the hot air under the glazed roof <.1, ,'; not desc~nd
to the level of the plants, owing to 1:" low density.
Moreover, the evaporation of the v;;ikr in the pans
also limits the temperature produced under the roof.
The arrangement of the pans, the "j,::nings and ~he
reflecting walls must be such as to prrnrit the growmg
plants to be swept during the C();!;:~'C of the day
by zones of shade and light.

The temperature gradient in all uoward dir~ct.ion
is accompanied by a gradient of p;I"tive humidity,
for the air saturated with water v.i.pour, WhICh IS
less dense than .the dry and superheated air, tends
to remain under the glazing.

The mass of water in the pans may be relatively
large, serving them as a thermal flywheel and. as
a screen to protect the plants against exceSSIVe
cooling at night.

The nature of the transparent wall covering ~he
hot-house is rather important. Glass is more expenSIve
than certain plastic films.

The transparency of both materials to solar
radiation is about the same (90 per cent~. Howev:e~
plastic is more transparent in the ultraviolet. W~IC
is important for the flowering of plants. In vano~s

. regions of the infrared very thin films of plastIC
, db morehave numerous absorption bands separate Y t

transparent zones. Glass is transparent up to abou
d

~.7 microns, and then completely opaque beytn
4.5 microns. It also displays a well-marked reflec 10

band towards 9.5 microns. h
In the case of very thin plastic covers, part of ~ e

direct radiation from the hot-house (pan~ and ~I~~:~~
plants) will pass out through the plastic, WhI
completely blocked in the case of glass.

Description of the installations and tests made
. . . 1956-1957

A first senes of experiments was ru? III rowing
on a small experimental set-up, compnsmg a f11m2
area of 1.90 X 0.90 m = 1.7 m", a pan area o· '
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Arid regions sometimes have substantial amounts
of brackish water (sea water, pond water, or ground
water). Fresh water, on the other hand, is usually
very scarce. In consequence, it is sometimes very
difficult to raise certain crops that require even
higher water quality than living beings. Furthermore,
many areas that are termed arid enjoy exceptional
sunlight conditions and very clear skies, making
the atmosphere extremely dry. The latter factor
greatly restricts the opportunities for growing plants,
since the water provided for them is rapidly lost
by evaporation..' .

The question assumes a different aspect when the
plants are cultivated, not in the open air, but in
relatively closed environments, permitting the access
of light and sharply restricting the evaporation of
water. Various authors, especially Chouard (1);
have stressed the interest that attaches to such
cultivation in closed spaces.

At the Mont-Louis Laboratory of Solar Energy,
we have developed a simple method of growing
plants, motivated by the same concern for economiz
ing water, with the added feature of the production,
on the spot, of pure water from brackish water
(2, 3, 4).

The hot-house shown in figures 1 and 2 consists
essentially of the following characteristic components:

(a) An impermeable base covered with a medium
suitable for growing purposes; .

(b) Pans located above the level of this growing
medium, and containing the brackish water to be
distilled. These pans cover only part of the hot-house;

(c) A roof formed of inclined elements, with glass
or plastic glazing transparent to solar radiation;

(d) Walls that can provide appropriate thermal
insulation and reflect the radiation.

The brackish water in the pans is evaporated
under the action of the solar radiation; it then
condenses on the inclined transparent wall above
and runs off to the soil level. The distance between
this level and the pans is of the order of two metres.
It must be sufficient to give the plants room to grow
and permit access of personnel when necessary.
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Distillation tanks

Insu'Lat.Ing wall
and aluminium
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to flower or bear fruit. Certain others can develop
properly only in regions with long summer days.
Certain cultivated plants need to be somewhat
sheltered from the sun during their entire lifetime,
or only when young.

The illumination of the plants can be controlled
by increasing or decreasing the surface area of
the water distillation pans, or by means of .panels
that reflect the : solar radiation (aluminium foil
panels or panels painted white) placed in the openings
left free by the pans.

In many cases, it is desirable to increase the
diffuse light by means of interior walls which also
reflect the solar radiation.

Outlet of tanks

\ \\

Influence of the temperature
Gakvan Laed iron sheet

Run-off of
distilled water -----=--

<~, ~~:;~?~ ~.. ?;·\:::,:-.-;··,?~:}~·.~~~;2;:,·~\1;F:·:~·:~;"~f::~~.:, ~~:;~~ ~~:ii~}!,~ :~~i.~J:{'.:/ . ,~~': :.

• Cultivable soU Scale: 1/20

Figure 1. Cross-section of hot-house permitting slrnul
taneous distillation of brackish water and air condi
tlontng in arid regions

and a height of 0.70 m above the pan. This yielded
5 to 6 litres of distilled water a day. The relative
humidity of the air at the growing level was the order
of 75 per cent. In this way, hybrid French beans
were grown at Mont-Louis during two summer
months. Flowering was good and the yield satis-
factory. .. .

Our laboratory built a larger installation and put it
into service at the beginning of spring 1961, at the
Arago Laboratory.' Banyuls, Pyrenees Orientalcs,
That laboratory is under the University of Paris
and is directed by Professor Petit. .

We shall now review the various factors that affect
plant life in these hot-houses, and shall examine
how each of them may be controlled. The~e factors
are: illumination, temperature, water r~qUlrements,

the atmosphere, the nature of the soil, and pest
control.

The role of illumination

Solar radiation acts directly on plants by control
ling the phenomena of chlorophyll assimilation and
transpiration. It also affects the air and soil tempera
ture and the relative humidity of the air.

In discussing the action of light,. one should
distinguish between the intensity received, which is
often extremely great, and the distribution of the
hours of sunshine according to the season and the
latitude. Numerous plants of the tropical and equa
torial regions need only a short duration of sunshine

To a certain extent, this factor is connected
. with that of illumination, since the heating of the
growing compartments is largely due to the solar
radiation reaching that level. Excessive heating
of the plants should be avoided. The optimum

i o - , . - ,

!
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I

I

J

!
I

Brackish water

Shutter

Run-off of distilled
water

Insulating wall
(~ass..,ol and aluminium)

Figure 2. Detail of part of the hot-house, showing the
arrangement of the water collectors and the structure
of the lateral walls
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temperatures are often 20-25°C; vegetative pheno
mena cease when 40°C is approached. The cover
ratio of the growing zones must be adequate for
this purpose.

It is almost always advantageous to insulate
the distillation pans from the growing zones by inter
posing aluminium screens between them to limit
radiative heat transfer. These screens thus allow us
to .limit the action of the solar radiation and of the
radiation from the panes heated by the distilled
water.

In a day of average sunshine duration in the tro
pical zones, about 7 kW/m2 of horizontal surface
is received from the sun. About 6 kW of this can
penetrate through the panes. The amount of water
distilled is 4 to 511m2 of pan surface, which corres
ponds to about 3 kW of energy absorbed. It will be
noted that a considerable portion of the energy is
lost by radiation from the water heated, say, to 60
or 70°C.

In the course of the night, the heating of the
hot-house stops, and the distillation of the water
in the pans is interrupted. The panes are then
c?ole?- by the cold nigh~ air and lose energy by radia
tion into space. Assummg the emission factor to be
0.9 under these conditions for glass at the ambient
temperature, a horizontal glass surface in an arid
region, under a clear sky, would lose from 100 to
150 watts1m2 by radiation (or about 3 kWh/m2 in
twenty-four hours and 1.5 kWh/m2 at night). The
cold air formed on contact with the glass would not
remain in the upper part of the hot-house, but would
descend,into .the growing zone through the openings
used to illuminate the plants during the day, as soon
as the temperature of the upper part had fallen
sufficiently. In this way, the whole building would be
affected by the nocturnal radiation of the panes.
The radiated energy makes it easily possible to limit
the average temperature of the growing zone.
The temperature variations of the lower part of
the hot-house may be limited by increasing its
calorific mass by means of masses of concrete or tanks
of water.

Temperature control also depends on the dimen
sions of the building; the relative area of the outside
walls is obviously very important. However, it is
easy to cover them with selective linings to prevent
them from becoming heated during the day and
to obtain substantial cooling at night. The nature
of t?e soil and of the adjacent vegetation also plays
an Important role.

The average temperature of the hot-houses should
not too greatly exceed the average outside tempera
ture, but the daily range of temperature is less
important.. In regions of the "Sahara type", indeed,
the day-night temperature difference may exceed
150C. 1 .

1 The mean annual minimum temperature observed at Colomb
Bechar is ooC, while the mean annual maximum ranges from
45 to 50°C.

Water requirennents

The quantity of brackish water distilled is of the
order of 4.5 litres per square metre of pan surface.
The quantity of water per square meter of cultivable
soil thus depends on the utilizable surface covered
by the pans. Assuming 300 days of «pcration per
annum, we thus obtain, per square metre of soil:
1050 litres per annum for 80 per cnt coverage,
900 litres per annum for 70 per cent, and 75.0 litres
per annum for 60 per cent. These amounts are very
large for operations under water-saviii!; conditions,
and could grow several crops a year or meet other
needsof human beings or animals.

We note that besides what are termed arid regions,
strictly speaking, there are also many sun-drenched
regions where the rainfall is very inadequate and,
above all, far too irregular. We also note that only
a small part of the rain-water (say :20 per cent)
is available to the plants, for the percolation losses
may reach 60 to 70 per cent during some violent
rainstorms. The evaporation losses must also be
taken into account.

We are now in a position to understand all the·
interest that might attach to device, permitting
operation under water-saving condiuons, even If
their first cost were rather high.

The role of the atmosphere

The relative atmospheric humidity may be reg~la
ted by varying the sunshine duration in the grow~ng

zone. It seems nevertheless to be necessarv to provide
a certain. amount of aeration for the lower part of
the hot-house by means of air ducts provided for
this purpose. Otherwise, the loss of a large amount
of water would be unavoidable. The very dry air
of desert regions would make it easy to reduce
the humidity and bring in the required ?xygen.
Devices might also be provided for recover~ng the
humidity discharged during aeration (a deSIccator,
etc.). Another way of limiting the exchange. between
the distillation compartment and the groWI?g com
partment would be to interpose a plastic sheet
between them.

The yield of the crops will be appreciably increased
by artificially increasing the carbon dioxide content
of the atmosphere (to 1 or 10 per cent, for instance,
instead of its average value of 0.1 per cent).

Nature of the soil

The nature of the soil on which the hot-ho~se
is built is only of minor importance, since the gr?wI~1
be?-s can i.n most cases be built with an art~~cl~
soil, a mixture of earth manure and fertIhz~,
Moreover, hydroponic cultivation could also 't~
practised in suitably arranged cement tanks wt
nutritive solutions. ....

In general, hot-house growing limits. the lO~s~S
of fertilizer or arable land by erosion dunng peno s
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of high wind or during storms, which are very rare
but violent, and occur in many arid and semi-arid
regions. Furthermore, rain-water sometimes also
produces chemical effects by entrainment of humus
and leaching of mineral salts.

In an arid zone, it is most often appropriate
to completely condition the nature of the culture
medium. Soil-less cultures present a certain advantage
in this respect. Waste vegetable products may also
be collected for making compost inside the hot-house.
If the losses are minimized in -this way, all things
necessary for the production of vegetable matter
should be otherwise brought in, under the best
possible conditions.

Pest control

First of all, hot-houses that are substantially tight
constitute a major barrier to insects and certain
other animal pests, such as birds and rats. This
protection may be still further improved by cemented
paving stones or metal plates arranged in depth
beneath the growing zone. Infestation by vegetable
parasites will thereby also be much diminished.

We also noted during our first experiments that
very large numbers of insects, especially winged
insects, were attracted by the much brighter light
in the upper part of the hot-house, entered that
compartment, and drowned in the pans of hot water,
without making it necessary to take special measures
to stop it.

Finally, it will be easier to limit the losses of che
mical or biological products that can be used to
control pests or plant diseases, or to ameliorate
certain crops.

Comparison of the cultural conditions with those
in the palm grove or equatorial forest

The protective vault formed by the panes yields
a micro-climate in the hot-house somewhat recalling
that observed in the shade of certain trees. According
to the arrangement of the various parts of the design,
especially the water distillation pans, conditions
similar to those in equatorial forest under growth
may be obtained, or those of the palm grove or other
types of intermediate climates.

We note, by the way, that-the forest has the ad
vantage of being a major source of humus (100
200 metric tons per hectare per annum in the equato
rial forest 5 to 50 tons in the savannah), but also
presents the corresponding disadvantage of immo
bilizing a substantial amount of vegetable matter
(1 000 metric tons per hectare outside t~e ground,
300 metric tons of roots for the equatorIal forest).

No illusions should be cherished about the import
ance of the reserves in the forest soils. These lands
may, in fact, be considered rich only in a very relative
way, and the great extent of the root system of
certain species must be taken into acccunt. But

the forest may be _considered, more or less, to be
substantially in equilibrium with the environment
in which it is formed: the vegetable debris returns
to the soil almost everything taken previously from
it by the trees and plants. Removals on too great
a scale will not be unattended by danger.

To obtain high crop yields, one must realize a
judicious equilibrium between the various factors
discussed, particularly between the light, temperature
and humidity; these conditions may differ consider
ably according to the species being cultivated, and,
in general, vary appreciably during the growth
of a given plant.

Since the building of a hot-house is relatively
costly, the crops grown in them must necessarily
be intensive and be organized rationally from the
human point of view.

Such installations are of no real interest outside
the arid regions, where the days are sunlit, and the
night sky is clear, which is an essential factor in
limiting the average temperature of the hot-house.
The humid equatorial and tropical zones have no
need of such arrangements, and they could not
operate thereanyway..

If 20 per cent of the solar radiation is considered
sufficient to illuminate the plants, 80 per cent
will be available for distillation of water. With equal
transparent wall surfaces, four-fifths of the distilled
water delivered by a simple still will thus be produced
with hot-houses.

The most sensitive factor to be determined is
the amount of water required by the crops per m2,

or, in other words, the useful cultural surface to be
protected, related to the surface of the water pans.
Obviously, and to a great extent, everything depends
on the crops to be grown, and only experiments
scientifically conducted will permit their determina
tion. Assuming, nevertheless, that an annual water
depth of 0.50 m would be sufficient, under water
saving conditions, a surface equal to twice the hot
house soil surface could be cultivated under these
conditions, or to 1.5.times the surface of the hot-house
soil, assuming certain losses due to the aeration.
Culture beds placed half way up would permit
utilization of this water inside the hot-house itself.
Under these conditions, the total surface to be
covered would be of the order of 1 for the"distilling
and cultivating hot-house, of 0.8 for the simple still,
and of 0.8 to 1.5 = 2.3 for the cultures under water
saving conditions, or 2 or 2.5 times more surface
for the double set-up. On the other hand, the distilling
hot-house requires elevation of the pans over the
cultural surface. The cost of the supports for these
pans and the cost of the peripheral walls would thus
have to be taken into account. These walls should
be diminished as much as possible, while increasing
the surface of the hot-houses.

The climate most easily produced here being both
hot and humid, it would be more useful to take
this fact into account in selecting the crops to be
grown. Good results should be obtained in this way
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with manioc, sweet potatoes ()r yams, or with
certain green vegetables, such as salads (escarole
above all), tomatoes and eggplants.

Remarks on the cost

Such hot-houses would not cost very much more
than ordinary hot-houses, from which they differ
essentially in the water distillation' arrangement at
the top. A hot-house of 6 X 3 m = 18 m2 useful
surface cost 7 400 NF: material, 3 400 NF (iron
shapes, 1 340 NF; sheet metal, 690 NF; glass, 600 NF;
heat insulation, 360, NF; concrete, 170 NF); and
labour, 4 000 NF. This makes about 400 NF per sq m.
It should be emphasized that this was only a small
hot-house, for which the lateral walls are a rather
important element of cost. For very large hot-houses,
the cost might be cut in half.

The labour cost could be substantially decreased
by using special shapes with perforated angle pieces.
The employment of such a relatively light material

_would very greatly decrease the transportation cost.
Thus the iron shapes required to build a platform
2 m high, able to carry 60 kgfm2, and also to support
the glass (or plastic) panes, would cost about 50 NF
per sq m for a very large hot-house 2 (slight influence
of the lateral walls). Taking account of the cost
of the glass, the water distillation tanks, and the
labour, the total cost would not exceed 200 NF
per sq m.

At first glance, one might think of replacing
the hot-houses, as we have described them, by'a set

2 Such supports can be built by using, side by. side, several of
the elements described above. '

of separate apparatus, comprising water stills and
arrangements for culture on a water,'·:,wing basis.
To be satisfactory, the set-up for ecoJ1'~lnizing water
would have to have facilities for limitin: the tempera
ture, controlling the humidity, provi (: ,:6' measured
quantities of light, and providing cor: ", nient access
to the plants.

The construction of the platform. \ 'rich distin
guishes this type of equipment from tL';mventional
hot-house, has only a rather slight ,:~ct on the
total construction cost.

The use of simple coverings of pla-. ,C, which are
very inexpensive, 'permits operation :!i1der water
saving conditions, although it doe.: 1I0t realize
conditions comparable to those int L' hot-houses
just described. To approach these cou.luions some
what, outside screens would be requi ,,<1, to limit
the action of the solar radiation. AllY comparison
with such equipment would thus be y,'ry difficult,
especially since the present use of iJ:,stic sheets
in agriculture is essentially seasonal ;i. ill it is often
not easy to salvage the material :<:(:[ a single
use.

At the present time, we envisage in Lh,: near future
the construction of a large hot-house !J! the Sahara.
This area has climatic conditions vc: \' favourable
for such an experiment. The latitudes ('" rather low,
the sunshine is intense, the sky clear, ,1;,' atmosphere
very dry. There is a large day-to-nigh: temperature
variation. The economic conditions arc ;,j.:o excellent:
almost no fresh vegetables are prodrrcd, or any
other food products, for that matte, particularly
in the neighbourhood of the new centres that have
grown up around the mines and oil-well conces
sions.

References

For references, see end of French version.

Summary

Arid and sunlit regions often have considerable
amounts of brackish water that can be used, after
distillation, for human or animal consumption, and
for plants. On the other hand, the dryness of the
atmosphere sharply restricts the possibilities of plant
culture, since the water evaporates rapidly and only
Cl: small fraction is really used by, the plants. '

A special type of hot-house has been designed
and built at the Mont-Louis Laboratory of Solar
Energy; it permits the distillation of brackish water
and, at the same time, plant culture under water
saving conditions.

These hot-houses comprise: (a) a roof glazed or
covered with transparent plastic, serving as a conden
ser for the distilled water; (b) immediately below it,

tanks filled with brackish water, which absorb the
larger part of the solar energy; (c) space, over t~e en
tire planting surface of the hot-house, and suffic~ent1y
~igh above it (about 2 m), to give a cllma:~
independent of that existing directly undernea
the panes.

Both illumination and temperature can be regu
lated by increasing or decreasing the relative a~ea
of the water tanks. Aluminium screens placed un ks
these tanks limit the radiation from these tan

t
s

on t~e plants, and pr~vent overheating of the ,plar ~f
At mght, the cold air formed at the upper par
the panes descends to the lower part of the hot-house,
thus helping to lower its temperature. In genderal, the average temperature should not excee
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the average outside temperature, but the diurnal
range of temperature will be far narrower than
those observed in arid and sunlit regions (about
15°C).

The imount of water available on the cultivable ..
surface of this hot-house may reach 1 000 11m2,
which often more than abundant when operating
under w.iter-saving conditions. The relative humidity
of the :;imosphere near the cultures is conditioned
by the .mnlight received directly in the hot-house
and by rhe introduction of outside air..

This .urangement also prevents the erosion of
the soi: by the wind, as well as the leaching of
mineral salts by the torrential rains. It likewise
provid«: extremely effective protection against
various pests, especially against insects.

Favourable tests have been run on small elements.
A hotuouse 6 m long (in a west-east direction),
3 m wi-.:c and 3 m high (2 m under the tanks) has
been installed at the Banyuls Marine Laboratory
(Faculty of Science; University of Paris), and tests
are now in progress. Another installation of the same

type, but much larger, is to be built in 1961 in
Sahara.

The protective vault formed by the transparent
wall yields a micro-climate inside the hot-house
which. has certain analogies to that observed in
the shade of certain trees. According to the arrange
ment of the various parts of the hot-house, and in
particular that of the water distillation tanks, one
may obtain conditions approaching those in tropical
forest undergrowth, the conditions of the palm
grove, or those of other types of intermediate climate.

Cultivation must necessarily be intensive.
Such hot-houses are not very much more expensive

than the conventional types, from which they differ
essentially in the arrangement for distilling water
located in their upper part. One might also imagine
locating the water stills and the water-saving hot
houses separately, but the possibilities of culture
in such separate hot-houses would differ greatly
from those of -the arrangement discussed here, and
would be much inferior to them, without diminishing
the cost of the installation.
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malaisee it obtenir lorsqu'il s'agit de r,,!;')idir un air
trop chaud; parfois, on doit egalemcnt desaturer
cet air, car son refroidissement pe ut "onduire au
voisinage de la courbe de rosee (figure 1) et donner
des ambiances desagreables et rnerne ;xmibles.

Le probleme que nous examinerons id est celui
du chauffage et du refroidissement des habitations
dans les pays it ciel clair, soit les pay:: froids, par
exemple certaines regions de montagnc, soit les pays
chauds, type Sahara. Ces pays sont caracterises
les uns et les autres par de grands ell.,deillements,
un air tres sec et une grande variation elf; temperature
entre le jour et la nuit.

Dans de telles regions, type froid, le r{;::hauffement
de l'air conduira it un etat hygrom6L;tlUe encore
plus faible que I'etat initial. On devr.. done pour
obtenir une climatisation convenable ~'tOvoquer a
l'interieur des habitations" comme nO'J:, i'avons dit
plus haut, des apports de vapeur d'eau.

Par contre, dans les regions it ciel clair, +ype chaud,
le refroidissement de T'air (voir figure 1) condUlra
le plus souvent it un etat hygrometrique convenable.
tout en etant encore assez bas et favorable it l'ehml
nation des calories par sudation. Par excinple, un air
initialement it 15 p. 100 d'humidite relative et it ~5 .0C
aura par simple refroidissement it 25 QC une humld1te
relative de 25 p. 100.

On a' envisage d'utiliser la siccite i nitiale de l'air
pour obtenir son refroidissement en le saturant
partiellement en vapeur d'eau. La chaleur d'evaro
ration de l'eau et ant d'environ 600 grandes calones
par kilogramme, on peut avoir ainsi it part~r d'~n
air sec et chaud, type saharien, par exemp~e a 35 C
et 15 p. 100 d'humidite relative, des aba1ssements
de temperature de 6 it 8°. L'humidite relative passe
alors it 70 p. 100. Il faut signaler que, dans c~ cas,
le «grain d'euphorie» sera faible, car l'amb1ance
obtenue, 27 it 29°C et 70 p. 100 d'etat hygromet~i9.ue,
sera it peu pres aussi penible que l'ambiance illlt1ale.

De plus, les etats hygrometriques eleves a de tellee
temperatures favorisent les developpements de m1cfo
organismes (moisissures). Il serait, par contre, pys
interessant d'utiliser les effets thermiques dus: a

-saturation de l'air it condition que l'air satur ne
participe pas dire~tement it la climatisation. D~=
dispositifs it circulation alternee ou it echange pe~me .
traient d'utiliser rationnellement les. effets fn goflt
fiques de la saturation de l'air, tout en conseryt~e
les avantages d'une faible valeur de I'hur~l1 t1 r

. t s' JOu erelative. Naturellement, ces effets pourralen sa ti n
it ceux produits par les methodes dont il est ques 10
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Climatiser une· maison consiste it modifier le
climat qu'elle presente naturellement pour rendre
son habitat plus supportable et meme agreable it
I'homme. Celui-ci est sensible, particulierement, it
la temperature, it l'etat hygrometrique de l'air et
aux possibilites qui lui sont offertes de pertes ou de
reception d'energie par rayonnement. Ce que 1'0n
appelle les conditions d'euphorie pour l'homme au
repos se situe entre certaines limites de temperature
de l'air et des parois des habitations et certaines
limites d'humidite relative de l'air. La figure 1
donne une idee de ces limites pour la temperature
et l'humidite relative.

Pour l'etat hygrometrique, les conditions les plus
agreables se situent entre 25 et 60 p. 100 d'humidite
relative et pour des temperatures de 5 it 25°, etant
bien entendu que l'homme au repos supporte diffi
cilement, en permanence, des temperatures au-des
.sous de 10°C et que l'homme en activite, au contraire,
accepte beaucoup mieux des temperatures au-dessous
de 20°C.

Les conditions d'euphorie sont egalement tribu
taires du climat de rayonnement: vie it I'exterieur
avec possibilite de rayonnernent du corps sur l'espace
et reception par le corps du rayonnement de surfaces
diverses (cas de surfaces froides ou de surfaces sur
chauffees), vie it l'interieur des habitations dont les
surfaces echangeant leur energie avec le corps peuvent
etre plus chaudes ou plus froides que l'air ambiant.
Les mouvements de l'air, brise, vent faible, vent fort
ou ventilation, ont egalement une grande importance
pour les climats exterieurs et internes.

La climatisation la plus facile it realiser, dans une
habitation, consiste it rechauffer artificiellement un
air humide et froid et it abaisser, de ce fait, son
humidite relative; par exemple, en nous referant
it la figure 1, un air sature d'eau it 0 °C, rechauffe
it 20°C, aura une humidite relative de l'ordre de
40 p. 100, ce qui represente une ambiance excellente
pour l'habitat humain. Par contre, un air encore
plus froid, rechauffe it la meme temperature, sera sec
et irritant. On a souvent des airs trop secs dans les
habitations it chauffage central, dont la temperature
moyenne est, en general, elevee. Le remede couram
ment employe consiste it laisser s'evaporer au contact
des sources de chaleur une certaine quantite d'eau
dans I'atmosphere pour relever l'humidite relative
it une valeur convenable. La climatisation est plus
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PREMIER PRINCIPE DE LA CLllllATISATION NATURELLE

Le premier principe de la climatisation naturelle
consiste a capter selectivement les calories localisees
sur la surface terrestre. Par exemple, une surface
terrestre solidaire d'une masse thermique suffisante
et se conduisant comme le corps noir de la figure 2
prendra la temperature resultante representant la
« somme » de toutes les temperatures de la courbe
A'B'C'. Le resultat sera different si, par un artifice
quelconque, on supprime a certaines heures les
apports calorifiques exterieurs, L'isolement, le jour,
aux heures de soleil, conduira a abaisser la tempe
rature moyenne; l'isolement, la nuit, a l'augmenter.
C'est ce que 1'0n fait d'une rnaniere approximative
en protegeant les lieux d'habitation du rayonnement
solaire ou du fraid de la nuit par des ecrans disposes
convenablement.

Examinons maintenant le problerne en supposant
que la masse thermique des surfaces receptrices
du rayonnement solaire ou des surfaces emettant
de l'energie sur l'espace soit faible. Ces surfaces
prendront tres vite la temperature d'equilibre.
Exposees au soleil, elles s'echaufferont rapidement;
mais elles se refroidiront egalement tres vite, par leur
perte d'energie sur l'espace et leurs echanges avec
l'air, des que cessera le rayonnement solaire. Le
moyen d'emprunter selectivement des calories (dans
le sens chaud ou dans le sens fraid) aux surfaces
precedentes consistera a utiliser un ftuide interme
diaire, de preference gazeux, qui transportera ces
calories dans les locaux d'habitation. Le transport
selectif (froid ou chaud) est obtenu sans l'intervention
d'aucun agent moteur, en utilisant simplement d'une
maniere rationnelle les pressions motrices creees par
les differences de densite entre l'air chaud ou froid
produit au contact des surfaces chauffees ou refroidies
,et l'air des habitations.

Examinons, pour illustrer ce qui precede, le schema
. de la figure 3, qui represente une piece munie d'un
vitrage derriere lequel se trouve un rideau permettant
al'air de circuler de haut en bas et de bas en haut,

.... ... ....
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Figure 1

Climatisation dans les pays it del clair

10

----:-:--:-~,---::__--:__~_.I ment terrestre, ou perte d'energie infrarouge des
s~~face~ sur I'espace. I~appelons que cette perte
d energte represente la difference entre le rayon ne
ment i.nfrarouge propre de ces surfaces et le rayonne
me~t mfrarouge qu'elles recoivent de l'atmosphere.
Le JOur, les corps soumis aI'action du soleiI s'echauf
fent,· ~ertains. relativernent peu, d'autres bcaucoup ;
la nuit, certames surfaces terrestres sont refroidies
par leur propre rayonnement vers I'espace, Certains
corps rayonnent beaucoup et sont bien plus froids
que l'air ambiant, d'autres rayonnent peu et prennent
pratiquement la temperature de l'air.

L'idee generals de la c1imatisation naturelle consiste
a exploiter rationnellement les variations de tempe
rature de surfaces terrestres pour obtenir des eleva
tions ou .des diminutions de la temperature moyenne
des habitations, De plus, un choix rationnel des
qualites optiques des surfaces receptrices permet
d'augmenter les effets obtenus dans le sens recherche.

Prtucipes de la climatisation naturelle
des habitations

o

Dans tout climat, on observe des variations
annusll-« et journalieres ~ de temperature et d'etat
~ygramCtrique. Ce sont les amplitudes de ces varia
ho?s, particulierement celles de la temperature,
qt;I permettent de definir de nombreux types de
cllI~at. Nous n'examinerons id que le cas des pays
a ciel clair caracterises par desvariations annuelles
de .temperature assez importantes et, surtout, des
vanations journalieres de tres grande amplitude.
Dans ces pays, l'etat hygrometrique peut atteindre
parfois des valeurs elevees, mais il est eri general
faible.

Les variations de temperature journalieres peuvent,
dans les pays adel clair, depasser 20°C. Il est bien
co~nu qu'au Sahara les journees sont torrides et les
nuits glaciales. De plus, ce sont la les variations de
temperature de l'air; or, l'air empruntant la plus
grande partie de ses calories aux corps terrestres,
ceux-ci doivent etre soumis a des variations de
t~mperature tres superieures acelles de l'air. L'expe
nence montre que les corps terrestres subissent des
variations de temperature qui peuvent parfois
depasser a l'air libre 60°C. On aura par exemple
(figure 2) la courbe A'B'C' representant les variations
de temperature d'un corps noir responsable des
variations de temperature de I'air A,B,C.

L'origine de ces variations est due adeux facteurs
antagonistes : le rayonnement solaire et le rayonne-
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Ainsi dispose, le rideau ne s'opposera pas aux apports
thermiques provenant de l'exterieur, Le jour, il sera
frappe par le solei!,' s'echauffera et Il se produira
une colonne d'air plus chaud que celui de la piece et,
par consequent, moins dense; une circulation d'air
de bas en haut entrerideau et vitrageapportera des
calories au milieu interieur. La nuit, le vitrage
rayonnant sur 1'espace et echangeant des calories
avec 1'air exterieur se refroidira et refroidira
l'air place a son contact. .Un courant-d'air de haut
en bas s'etablira, 1'air entre rideau et vitrage etant
encore plus froid que.celui de la piece et, par conse
quent, plus dense. Le systeme ne presente qu'un
.caractere selectif mediocre dil a la protection du
vitrage; la temperature moyenne de la piece sera
assez peu differente de celle qui correspond a la
somme des apports thermiques du jour et de la nuit.

Imaginons maintenant d'obturer completement,
avec le rideau, la base et les cotes du vitrage (simple
ou double) en laissant le passage superieur (figure 4).
Le jour, l'intervention des rayons du soleil, ou meme
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l'elevation de temperature exterieure echauffant
le v~trage, pourra echauffer 1'air compris entre rideau
et vitrage, suffisamment pour qu'il soit plus chaud que
l'air de la piece. Etant plus chaud, il sera mOl1!-s

dense et iradans la piece en etant remplace par un .alr
plus froid provenant de celle-ci. Une circulatIOn
s:~tablira Iimites, dans le cas de la figure 4,. par
I echauffement localise de l'air de la partie supen.eure
de la piece. On pourra, pour eviter cet inconye~le~t,
repeter le motif de rideau le long de la parol vlt!e~,
ce qui permettra de debiter de l'air chaud a dlffe
rentes hauteurs de la piece a chauffer (figure 5) .
Le comportemenr du systerne precedent, la n~lt
ou en l'absence de solei! 'montre son role seleetlf.
L'air.entr~ rideau et vitrage est refroidi au contaci
du vitrage, , refroidi lui-meme par rayonnement e
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Figure 5

-.
Ext.

rature moyenne, inferieure ala: « somme » des tempe
ratures exterieures. Par ailleurs, dans ce dernier cas,
il ne sera plus necessaire de disposer d'un vitrage,
mais seulement d'une paroi opaque, tole par exemple.

Des dispositifs permettant des. separations plus
completes d'air froid et d'air chaud peuvent etre
adoptes (figure 7 : echauffement : figures 8 et 9 :
refroidissement). Sur la figure 7 est represente un
systeme de captage d'air chaud dans lequel le dis
positif de chauffage se trouve situe entierement en
dessous de la piece a xhauffer. Cette disposition,
quand elle peut etre adoptee, est tout a fait ration
nelle, car le systemechauffant peut etre d'une
seule piece, presenter une hauteur suffisante et le
volume total de l'air de la piece a climatiser passe
progressivement dans le· circuit chauffant. L'air
chaud produit se localise dans le haut et est remplace
par de l'air froid entrant dans le circuit B et pro-
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echange. ea air' est plus froid et, par consequent,
plus lourd que celui de la piece; il restera. de ce fait
enferme .dans la poche constituee par ~e. n~eau ~t le
vitrage et n'apportera pas ?-efr?i~a~ milieu interieur.
On aura realise, par un dlSpbSltIf simple ne c0t,npo~
tant aucune depense d'energie, un captage selectIf
de calories. : . •

Si maintenant l'obturation du rideau est faite
en haut au lieu d'~n bas (figure 6), les echanges sero~t
selectifs dans l'autre sens. L'air ehauffe par le soleil,
de densite relative plus faible, restera enfe~~e dans
la poche du rideau; il n'ira' pas. dans la pIece. Par
centre, l'air froid, produit la nUlt, plus d~ns.e, aura
la liberte de s'ecouler le long de Ia parol vitree ~t
dans la piece. On aura realise un selecteur de froid
conduisant la piece en question aprendre une tempe-
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selrctifs que nons appelleruns optiqucs,
saire tic I'~cciscr. quelques caracteres d.
mcnts (I'" intcrviendront ponr apportt-r
(rayonnemcnt solaire] OIl pour en soustr.u
ment terrestre] all milieu amhiant.

Le rayonnemm! solaire est caractfon, l'ar 1I1lt"
rcpartition cnergcti!Jlle pratiqucment COli' ht' cntr
0,:1 ct :1 I.t (voir figure 10), c'est-a-dir. .llant tlr
l'ultraviolet all proche infrarouge. Quel". p, IlK)
de l'energie apportee sont dus a I'llIt t ,1('\, UIl
pen moins de 50 p. 100 ;\ cc qllc nons :'," «{ons le
visible et /'iO p. 1(1) cnviron ;\ l'infraro»: prochr
O,B a 3 IJ.. L'apport global d'cnergic du 1.1\ "'lIlt'lIlt'llt
solnire depasse 1:150 W/m2 au nivcau lit- •. <tratos
pherc, 11 est de l'ordre de un kilowatt ;" I nll"tn'

In t.

F'llure 6
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vcnant du niw.1u du sol, l.A'5 mrm('S observations
sont afain' pOUT le schema de la fifiUtI' ~, qui comporte
un circuit rcfroidissant situe au-dessns de la piece
a clirnatiscr. J.'amcnaficmcnt rationnel du scherna
de la fifillrc tI conduit ,\ cclui de la figure n qui montre
l'utilisation (Ill ravonncmcnt d'une tciture !'flN:th'c
pour re rcfroi!li~~'mrnt d'une piece !'itllC1:- irnmedin
tcmcnt an-dessous, C'C'!'t cc schema qui !\CTa ~rnrrali~

et perfectionne pour IC!'I tf.11i....ations des rnaisons
rcfrnidir-s.

Dr.l:XlblE rlUSClrE DE LA CU).IATISATIOS
SATCREtLE

1.(' dcuxieme principe de 1.'\ climati....ation naturclle
consiste ,1 supcrposcr 311X mcthod~ de captage
!\clN:tif illCliqll~ phl5 h,111t des ('ffrt5 ~Icctif!\ dU5
:lUX proprictcs optiques dNl surfaces on des montages
utilises. Avant d'aborder 1.'\ description des !o)'stcmcs
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d) D'autres substances, classees dans les corps
transparents pour le rayonnemeni solaire soni le plus
souoeni opaques pour I'ensemble du rayonnemeni
propre terrestre; leur opacite peut ctre due a leur
pouvoir reflecteur eleve, mais le plus souvent ils se
conduisent comme des corps noirs, c'est-a-dire comme
des absorbeurs et emetteurs integraux pour le
rayonnement terrestre (4 !J. a 24 !!).

L'exploitation des proprietes precedentes conduit
aux perspectives suivantes (voir figure 2).

a) Un corps reflecteur pour les deux domaines
(solaire et terrestre) donnera une courbe de tempe
rature A,B,C, dont le maximum Rest notablement
plus eleve que le maximum B donne par l'air ambiant.
En effet, le reflecteur integral ne conserve que tres
peu de calories du soleil, mais il en perd tres peu
aussi par son rayonnement propre, et sa temperature
s'eleve au-dessus de celle de l'air.

b) Un corps noir integral, comme nous l'avons
deja vu, donne la courbe A'B'C'.

c) Les corps reflcchissant le solei! et Ctant corps
noir pour le rayonnement terrestre seront des

« corps selectijs froids », L'experience montre que les
courbes de temperature journaliere peuvcnt etre
representees par A'B/C'; le jour, leurs temperat?res
restent au-dessous ou au niveau de I'air amblant
(peu d'energie recue du soleil, grande emis.sion
d'energie sur l'espace); la nuit, on observe un abalSSe
ment de temperature notablement au-dessous de
celle de l'air ambiant A' et C'.

d) Les corps absorbant le soleil et se conduisant
comme des reflecteurs , c'est-a-dire des emetteurs
faibles pour leur rayonnement propre seront des
« corps silectijs chauds )) (figure 2). On peut meme
aisement, dans certaines conditions, depasser large
ment les valeurs indiquees et monter bien au-dessus
de 100°. .

e) Aux effets precedents peut etre ajoute, P?ur le
c~auffage par rayonnement solaire, celui qUI pro
vient de I'interposition d'une surface transparente
entre le rayonnement solaire incident et le .corps
recepteur (eJfet de seTTe). L'ernission energetique !nfra
rouge (terrestre) de 4 a24 !J. est bloquee par le vltrage
qui s'echauffe et reemet vers l'espace et vers le
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plusieurs vitrages, Par exemple, en l'absence de toute
perte par convection, une surface rayonnant libre
ment sur l'espace et soumise a l'action perpendi
culaire d'un rayonnement solaire de l/kW/m2 attein
drait une temperature de 90°C environ. L'interposi
tion d'un vitrage permettrait d'atteindrc 160°C.
L'interposition de plusieurs vitrages pourrait conduire
aplus de 200°C. En outre, la combinaison de l'effet
de serre et du revetement 11 selectif chaud »conduirait
ades temperatures de surface beaucoup plus grandes
(plusieurs centaines de degres, B", figure 2), et ceci
sans aucune concentration du rayonnement solaire
incident.

f) Il faut distinguer id entre I'ejfe! de temperattlre
obtenu dans les serres chauffantes et le rendemeni
energetiqtle de ces serres. Avec des vitrages multiples,
l'energie adrnise sur la surface captante, corps noir
ou selective, est notablement affaibIie par les reflexions
du rayonnement solaire sur les vitrages. Il est recu
moins d'energie, mais en raison de l'isolement ther
mique, la temperature de la paroi s'eleve tres haut,
meme si eUe n'est pas selective. On obtient experimen
talemeni, avec cinq vitrages et une energie solaire
incidente normale de l/kWjm2, entre 165 et 190°C

tOe
I" 1 \ I "71-
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(FABRY) (ine la temperature obtenue sur la surface
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suivant la valeur de la temperature ambiante. De
tels resultats sont exploitables lorsque les systemes
capteurs doivent fournir peu d'energie par unite de
surface. Par contre, lorsque la paroi receptrice de
grande surface doit echanger avec l'air de climatisa
tion le maximum de calories pour dormer a la serre
chauffante son rendement maximum le role des
vitrages multiples est beaucoup plus r~streint.Deux
vitrages, qui donnent un gain de temperature de
paroi de plusieurs dizaines de degres et n'affaiblissent
pas trop le rayonnement solaire incident· sont cer
tainement utilisables; trois vitrages n'apporteront
que des gains relativement faibles. Nous n'insis
terons pas sur le dispositif effet de serre qui est bien
~onnu ~t dont now~ r.eparlerons par la suite; par contre,
11 convient de preciser quelques caracteres des sur
faces selectives,

Corps selectijs chauds

. Les corps selectifs chauds sont en general realises
par formation de depots tres fins sur des surfaces
reflechiss~ntes, type aluminium ayant un bon facteur
de reflexion pour toutes les longueurs d'onde (de
0,3 a 25 [1.). On obtient ainsi la suppression ou une
atte~uation de la ~eflexion des rayons solaires sans
modifier les proprietes optiques de la surface en
question pour l'inf~arouge de 4 a 24 [1. 1. Les depots
o;cyde de manganese, oxyde de cuivre, oxyde de
mckel sont realises dans diverses conditions de pH
et .de temperature sur des surfaces metalliques Iege
rement oxydees au prealable. Si l'effet absorbant
pour les .rayons solaires n'est que partiel, on peut
y remedier en recevant le rayonnement sur des

1 Voir F. Trombe, M. Foex et M. Le Phat Vinh, Recherches
sur .Ies. surfaces selectives utilisables pour la climatisation des
habitations, Actes officiels de la Conference des Nations Unies sur
l;s sources .nouvelles d'~nergie, 1961; volume 4, point III B de
I'ordre du Jour, me moire '5/6.

surfaces pliees de maniere a realiser plusieurs re
flexions du merne rayon incident.

Corps selectijs jroids

Les corps selectifs froids peuvent etre classes en
deux categories : les metaux reflecteurs et les pig
ments divises.

Ejjets silecti]« des meiau» reflecteurs revetus de
surjaces transparentes. Le cas le plus typique est
celui de l'aluminium et de certains de ses alliages
par exemple le Brillalumag (AI a 3 p. 100 de Mg):
Ce metal, apres laminage, est un reflecteur integral
de 0,3. a 24 fL. Son facteur d'absorption inferieur de
0,2 pour les longueurs d'onde solaire devient negli
geable au-dela de 4 [1. (figure 13, courbe 1). Une etude
sy.st~inatique de l'oxydation I a montre que l'alu
ml!1lUm recouvert d'alumine pouvait devenir corps
nOI~ pour les grandes longueurs d'onde. .

F;jjets sileciijs de pigments dioises. La plupart des
composes oxydes-carbonates, etc. sont absorbants
pour l'infrarouge correspondant au rayonnement
terrestre, et plus ou moins transparents pour le
rayonnement solaire. Le facteur de reflexion p =.

(: + ~) 2 de ces substanc~s pour le rayonnement

solaire est, en general, faible. Pour l' oxyde de zinc,
l'indice de refraction n = 2,02, on a un facteur de
reflexion (visible) de 11 p. 100; pour l'alumine,
n. = 1,7~, P visible = 7,5 p. 100; pour l'oxyde de
tItane,. ,T~02 (Anatase), n = 2,55, P = 19 p. 100;
la vanete rutile de Ti02 donnerait n moyen = 2,8
et p = 20 p. 100. En procedant aune pulverisation
poussee de ces produits, on arrive a multiplier le
nombre de reflexions sans accroitre trop l'absorption
pour le rayonnement solaire. On constitue ainsi un
produit presentant une forte reflexion diffuse pour
le rayonnement solaire, tout en conservant un facteur
d'absorption ou d'ernission important pour l'infra-
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Tableau 1. Pouvoir reflecteur des pigments (d'apres Lecomte)

Reflexio.. (en pource..tage)
Nature du corps

0,60 0,95 4,4 8,8 24

(hyde de cobalt (Co20a) . 2,5 it 4 13,9 Il,8 it 14,6 5,9
\:;:<yde de cuivre (CuO) 25,3 15,2 4,4
( '<yde de chrome (Cr2Oa) 44,6 32,9 5,0 8,2
()Cyde de plomb (PbO) 50,6 25,6 9,5
,,·,yde de fer (Fe2Oa) 41,0 29,9 3,7 9,1
Uxyde d'yttrium (Y20a) " 31,4 Il,I 10
(',';.-omate de plomb (PbCr04)

"
41,2 4,74 7,4

t : .yde d'aluminium (A12Oa) 84,1 87,7 20,8 1,34 it 1,64 6,5
(::cyde de thorium (Th02) 46,9 7,Il 10,0
(J'cyde de zinc (ZnO) , 82,2 86,4 8,4 3,2 it 2,1 5,1
U;cyde de magnesium (MgO) .. 16,0 2,5 9,1
( '''yde de calcium (CaO) . 22,3 3,6 6,2
'hyde de zirconium (Zr02)

'86,8a 89,9
84,1 23,2 5,1 5,4

C:;xbonate de plomb (PbCOa) 90,8 it 94,5 29,2 8,3 it 13,2 6,9
C.,,-bonate de magnesium (MgCC\) 89,4 10,8 4,1 8,8

rouge loil;:«in. Le tableau 1 (~~trait de:Lecomt~,
Gauthiers ','illars editeur, 1949)illustre cequi precede.
o~ voit ev !.;ement (figure 14) le comportement d'une
pemture'iective froide a l'oxyde de zinc. Il est
probable -: 'le la finesse des, grains cristallins (non
precisee r:~~r les valeurs indiqueeset la figure 14)
intervienr Dour definir la valeurdu facteur de
refle.xion.c:J,ous verrons par la suite les .resultats
p:ahques obtenus avec les .' peintures chargees de
pigments ';,~lectifs. La courbe de la figure 14 est
neanrnoin.. des maintenant, a rapprocher de celle
que donne le beton brut (figure 15). On voit que la
surface du beton est a la fois beaucoup plus absor
bante pour le rayonnement solaire et plus reflectrice
pour les grandes longueursd'onde que l'oxyde de
zinc. Elk prend done plus d'energie que ce .dernier
et en perd moins; de ce fait, elle s' echauffe beaucoup
plus,. le jour, sous l'action desrayons solaires et se
refrOldit aussi moins vite la nuit. Aces inconvenients,
il faut ajouter celui de la conductibilite calorifique

assez elevee du beton conduisant a mettre en jeu,
le jour, de tres importantes masses thermiques qui
interviennent ensuite pour creer, la' plus grande
partie deJa nuit, un climat interne desagreable,

TROlSIEME PRINCIPE DE LA CLIMATISATION
NATURELLE

'Le troisieme principe de climatisation naturelle
consiste a stabiliser autant que possible la tempe
rature obtenue par les apports thermiques realises
par .l'exploitation des deux principes precedents.
L'etancheite thermique des habitations etant realisee
le plus parfaitement possible avec le minimum de
masse . thermique, la temperature la plus favorable
a l'habitat sera stabilisee : par l'introduction de'
masses thermiques a l'interieur meme des pieces
a climatiser. Les materiaux masses thermiques
devront etre relativement conducteurs de la chaleur.
Le beton, par exemple, pourrait etre utilise comme

.
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Tableau 2. Energte solalre recue au cours d'une journee sur dlfferents plans .

Monl·Louis Colomb-Bich ar

Plans Solstices
(py,enees·O,jmlales ) (No,d du Sahara)

A - 42' 30' 45" A = 31' 47'
(kIVk/m') (kWk/m')

Horizontal Etc 8,8 8,7
Hiver 2,3 3,7

Vertical sud Etc 1,7 0,6
Hiver 7 6,9

Vertical est-oucst (~tc 4,9 4,5
Hivcr 2,1 . 2,6

massc therrnique interne, alors qu'il est tout a fait
dcconseille de I'employer comme ecran thermique
ou cornme paroi, memo s'il est revetu de peintures
selectives, entre l'atrnosphere exterieure et celle des
habitations. .

Etudes techniques relatives a la climatlsation
des habitations

LES Al'l'ORTS D'tNERGIE

Considerons tout d'abord les conditions dans
lesquelles peuvent etre utilisees les energies solaire
et terrestre.

Cap/age de l' bzergie solaire
Les apports d'energie solaire sur un plan horizontal

et sur differents plans verticaux sud, est et ouest
sont donnes dans le tableau 2 pour Mont-Louis
(sud de la France) et Colomb-Bechar (limite nord du
Sahara) pour les solstices d'hiver et d'ete, Des valeurs
indiquees, on peut deduire :

a) Que les toitures voisines de I'horizontale sont
insolees au maximum, en cte, alors que les besoins

. de chauffage sont inexistants et que, au contraire, on
cherche ase proteger des cchauffements dus au soleil;

b) Que l'encrgie recue vers la facade verticals sud
(identique a Mont-Louis et a Colomb-Bechar] est
tres elevee en hiver. Elle est done utilisable pour le
chauffage;

c) Que les facades verticales est et ouest, tres insolees
en ete, le sont encore suffisamment en hiver pour une
utilisation des calories solaires. Neanrnoins, la sornrne
des energies recues de l'est et de l'ouest est encore
inferieure a l'cncrgie recue par la seule facade sud.

d) Pour le chauffage par l'energie solaire, interes
sant particulierement autour du solstice d'hiver,
on peut done retenir soit la facade verticale sud,
soit une toiture a pente sud. L'exploitation d'une
facade verticale sud, qui interesse toute la hauteur
du batiment, est bien plus facile a realiser pratique
ment que celle d'une toiture. L'air chaud sous une
toiture doit etre ramcne, par ventilation artificielle,
vers les parties infericures du batiment, alors que
la facade sud peut distribuer ses calories par circula
tion naturelle dans tous les etages. De plus, les
facades verticales a recuperation de calories solaires
sont protegees des intcmperics, alors que la toiture
doit presenter une etancheite et une solidite qui
cxcIut parfois I'ernploi de surfaces transparcntcs.

Captage de l'bzergie du rayonnemeni icrresire

. Contrairement a ce qui est recherche pour le
captage de l'energie solaire, l'angle solide de rayonne
ment de surfaces rayonnant sur I'espace doit ctre
maximum. Les toitures presentent, ace point de vue,
un avantage certain; De plus, leur dcbordement
autour du batiment peut augmenter les apports d.e
frigories et constituer egalement les brise-soleil
indispensables a la protection de certaines fac;~des,

en particulier les facades sud et nord. L'crnploi des
toitures presente egalement un autre avantage,
Elles representent la meilleure disposition du cap
tage selectif de l'air froid, celui-ci descendant par
gravite dans les pieces climatisees, L'air chaud
produit pendant les periodes d'ensoleillement est,
par ailleurs, bloque sous la toiture, ou elimine au
dessus dans les meilleures conditions, grace a sa
densite plus faible que celle de l'air des habitations.

ETUDE SUR LES SURFACES RECEVANT OU EMETTANT
DE L'tNERGIE

. Le probleme fondamental de la climatisation est de
transmettre par un fluide situe au contact des surfaces
chauffantes ou refroidissantes le maximum de calones
vers les locaux aclimatiser. A vrai dire, si 1'0n utili
sait comme fluide un liquide, ce problerne serait
facilement resolu, mais le prix et la complication des
installations rendraient sans interet le precede en
question. Le probleme se pose pour l'air d0l!'t. la
capacite calorifique est faible et dont il faut utiliser
des volumes tres importants pour obtenir des ~~ets
notables. Les premiers caissons chauffants utilises
a. Mont-Louis avaient Cte construits sans ten~r

compte de ces considerations, et leur efficacitC et~lt
notablement plus faible que celle des apparclls
construits actuellement.

Surfaces chauffantes

Examinons tout d'abord le cas du chauffage par
le rayonnement solaire, a l'aide d'une surface I( corps
noir » sans revetement selectif, placee derriere un
vitrage dans un caisson etanche communiquant avec
les pieces achauffer suivant le schema de la figure 7.
On aura (d'apres Fabry, La Chaleur, Dunod Cdit~ur)
~es valeurs suivantes (tableau 3) qui sont rel~ttves
a des echangcs entre l'air et une surface vertlcalc.

Or, la tOlc recoit du rayonnement solaire une cncr
gie incidente variant de quelques centaines de watts
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Tableau .,. :tchanges entre l'air et une surface verticale

27. + 10 35,6
37. 20 85
47. 30 140
57. 40 202
67. 50 266
77. 60 334
87. 70 404
97. 80 478

107. 90 544
117. 100 , 692

11. pres de i kilowatt. On voit que cette tale, pour
evacuer, FiT convection del'air qui est ason contact
seulemenl le quart de l'energie maximum qu'elle
peut recc voir, soit 200 a 250 wattsjrn-, devra etre
portee a l:HC temperature superieure de 50°C a ceUe

. de l'air. ; h1 observe; en effet, dans les montages
simples (It· temperatures de tale voisines de 70°C,
ce qui III ntre que les pertes par rayonnement et
convectio: d'un dispositif capteur a surface de tale
simple ~. 11t considerables. Les conditions sont
meilleure. si l'air circule plus vite grace a un effet
de chemi- j ••.e realise au-dessus des systemes capteurs
ou par I'. 'lploi d'un ventilateur, mais la veritable
arneliorat i.m qui a ete realisee recernment a Mont
Louis cm- iste a augmenter les surfaces d'echange
avec l'air un utilisant des tales rayonnant les unes
Sur les au. res.

On sait que les energies transmises par rayonne
ment entre deux surfaces corps noir verticales entre
lesquelIes il existe tine difference de temperature
At sont tres superieures a celIes qui sont eliminees
par un contact surface-air pour le meme /)"t entre
l'air et la surface. On aurait, par exemple, pour une
surface froide ou un air recepteur a 17°C, les valeurs
figurant au tableau 4. .

Les experiences preliminaires, effectuees a Mont
Louis pour verifier l'importance du phenomena
produit, donnent les resultats suivants :

a) Chauffage avec une seule tale receptrice : air
entrant : 14°; air sortant : 36°;

b) Chauffage avec quatre tales paralleles rayonnant
les unes sur les autres et ouvertes en haut et en bas :
air entrant: 14°; air sortant : 47°.

D'autres experiences avec divers types de recep
teurs a grande surface ont don ne des gains de tem-

Tableau 4. Echanges par rayonnement et convection
(d'apres Fabry)

J1change par rayonnement J1change par conoeaio..
. watt m

'
sur/rue ai" walt/m'

Tnnptratuft' ,i
la We

+ 0,5 0C
I .
5 .
10
20

Excis de la temperature de la
tiJle chauttte par rapport a
l'air ambiant (pris a17 .C)

2,80
5,6

28,5
58,7
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Energie extrait» de la lole
par convection naturelle de

I'air (en watts par metre carrel

0,84
20
14,9
35,4
85

perature encore un peu plus importants. Les expe
riences sont poursuivies actuellement a Mont-Louis
avec divers types de recepteurs du rayonnernent
solaire a surfaces selectives ou non selectives et des
courants d'air a differentes vitesses, afin de definir
quantitativement les gains realises.

La conclusion qui s'impose, pour le captage et le
transport par l'air de l'energie solaire, est qu'il faut
avoir de grandes surfaces d'echange avec I'air
transporteur. Les caissons chauffants doivent done
comporter de nombreuses lames receptriccs presen
tant une surface de contact avec l'air bien plus grande
que la surface vitree par laqueUe est adrnis le rayonne
ment scolaire. Par ailleurs, l'augmentation du rende
ment dans la climatisation depend encore, comme
nous l'avons souligne, d'autres facteurs qui sont
etudies a Mont-Louis : nombres de vitrages des
serres, revetements selectifs des surfaces, tenue en
service de ces reveternents selectifs, Certaines aug
mentations de rendement sont econorniquement
valables, d'autres sont prohibitives. Il est probable
que les doubles vitrages, malgre leurs prix plus eleves
que les simples vitrages, seront rentables, alors que les
triples vitrages, sauf dans les cas exceptionnels,
ne le seraient pas. Le problerne se posera aussi
de l'efficacite des revetements selectifs, notablement
plus couteux que les reveternents « corps noirs »
dans les serres pourvues d'un double vitrage et
dont les pertes thermiques sont reduites,

Surfaces refroidissanies
Nous avons vu precedemrnent comment pouvaient

etre constituees ces surfaces (rnetaux polis revetus
d'oxydes par oxydation anodique, ou surfaces peintes
avec certains pigments). De nombreuses etudes sont
effectuees a Mont-Louis sur ces questions. Divers
resultats obtenus sont exposes dans le memoire
5/6 signale plus haut.

Pour le transport dans les pieces a climatiser
de la plus grande quantite possible de frigories
obtenues par le rayonnement des toitures, il sera,
comme pour le chauffage, necessaire de realiser des
surfaces d'echange suffisamment importantes entre
l'air de climatisation et la surface interne de la toiture.
Un tel resultat sera obtenu, par exemple, en dispo
sant des surfaces paralleles ou perpendiculaires a
celle de la toiture, de maniere a realiser des echanges
par rayonnements plus importants que les echanges
par convection. Il faut bien souligner que la surface
exierne de la toiture doit conserver la plus petite
valeur possible, ceci pour eviter son rechauffement
par l'air externe.

Realisation de maisons cllmatlsees
prototypes

Diverses cellules experimentales d'une vingtaine
de metres cubes chacune sont en cours d'experimen
tation pour la climatisation chaude et la clirnatisa
tion froide. Les rcsultats obtenus sont deja suffisam
ment encourageants pour que l'on envisage la cons
truction de prototypes reellement habitables.
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Rcsumc

La climatisntion d'une maison consiste a realiscr
des conditions de temperature et d'etat hygrome
trique corre5p~ndanta c~ que l'on appelle l~s co~di
tions d'euphoric, Celles-ci sont egalcmcnt tributaires
du climat de rayonnement : rayonnement du corps
sur I'cspace et reception par le corps de rayonnements
divers.

La climntisation la plus facile a realiser consiste
arechauffcr un air humide et Iroid, Elle est beaucoup
plus difficile lorsqu'il s'agit de refroidir un air trop
chaud et, particuliercmcnt, si cet air est humide.

Les climatisations envisagees se rapportent aux
pays a ciel clair : rechauffage d'air sec et froid,
refroidissement d'air sec et chaud.

Le refroidissement par evaporation d'eau dans
l'air sec provoque bien des diminutions de tempe
rature, rnais ne parait pas conduire toujours a une
amelioration des conditions d'euphorie. Il serait
interessant d'utiliser les effets therrniques dus a la
saturation de l'air sans augrnenter l'humidite de
l'nir de climatisation,

PlUNCll'ES DE CLlMATlSATlON
DANS LES PAYS A CIEL CLAIR

Dans tout climat, on observe des variations
annuelles et journalieres de temperature; ces dernieres
sont tres grandes dans les pays a ciel clair.

Les variations de temperature de l'air sont dues
a des variations de temperature encore plus grandes
des surfaces terrestres (parfois plus de 60°).

Ces variations de temperature sont dues a deux
facteurs antagonistes, le rayonnement solaire et le
rayonnement terrestre.

Premier prillcipc de la climatisatioll naiurelle
Le principc consiste a captor selectivement les

frigories ou Ies calories produites sur les surfaces
terrestres par leur propre rayonnement ou par
absorption du rayonnement solaire; on obtiendra ainsi
une modification dans le sens «chaud » ou dans le
sens 11 froid J) de la temperature moyenne des habita
tions.

Le precede consiste a utiliser un fluide interrne
diaire, de preference gazeux, qui transformera les
calories sans l'intervention d'aucun agent moteur,
en utilisant les differences de dcnsite entre l'air
refroidi ou chauffe et l'air des habitations.

Le dispositif de climatisation naturelle peut ~tre
realise suivant divers schemas, qui permettent soit
le captage des airs chauds produits par le rayonne
ment solaire, soit le captage des airs froids produits
par rayonnement des surfaces terrestres sur I'espace.

Les dispositifs les plus rationnels consistent aplacer
le systerne chauffant en dessous des pieces aclimatiser
et le systeme rcfroidissant au-dessus (amenagcmcnt
des toitures pour refroidir les pieces situees au
dessous).

Deuxieme principe de climatisation. natIt,';e

Il consiste a superposer aux methodc. 'll premier
principe des effets selectifs dus an: !)roprietes
optiques des surfaces ou des montag. utilises.

Les caracteristiques energetiques d', rayonne
ments solaire et terrestre sont donnees,

11 existe des corps reflecteurs pour le r. . \-nncmcnt
solaire et « corps noir » pour leur propre r.r, ,lJlnemcnt
(corps silectifs froids). On tro~ve d';",,;('s corps
absorbant le rayonnement solaire et Cll', ttant peu
d'energie (corps sclectifs chauds). Enfi.: il exi~te

des corps transparents pour le rayonner .. lit solaire
et opaques pour l'infrarouge correspondai. I \U rayon
nement terrestre (corps a effet de serre).

L'exploitation des proprietes precedcn-vs perrnet
d'augmenter considerablernent les int valles de
temperature des surfaces terr~stres ~er~, i, ?as et
vers le haul. Le captage selectif par 1 ut i: ",thon du
premier principe des calories produites W" ' :i~a done
a des possibilites de climatisation accrue' .oit pour
chauffer, soit pour refroidir les maisons.

Des exemples sont donnes de corps selc.. .s chauds
et de corps selectifs froids.

Troisieme principe de climatisation naiur "

Le troisieme principe consiste a locali-.. I:~ m.asscs
thermiques aI'interieur des habitations et, .Iiminuer
autant que possible les masses thew .ques des
rnateriaux servant a l'isolement ther u<jue. On
obtient ainsi une stabilisation de la t. mperature
choisie pour la climatisation.

ETUDES TECHNIQUES RELATlVE~;
A LA CLIMATISATION NATURELLE

Les apports d'cnergie
Le captage de l'energie solaire est realise. dans

d'excellentes conditions par les parois vertIcal~
sud, surtout dans les pays temperes, Les pa.rOls
verticales est et ouest sont plus utilisables en hiver
dans les zones sud, Au Sahara, pays froid ~I~ hiver,
les parois verticales est et ouest sont utIhsables.

Les toitures presentent les meilleures conditions de
captage selectif de l'energie du rayonnement terrestre.

Etttdessur les surfaces recevant ou emettant de l'cnergic
Surfaces chauffantes. - Les energies transmis~

par rayonncment sont tres superieures acelles tr~nsml

ses par convection. On doit done, si la convectIOn est
seule utilisee , multiplier les surfaces d'echange. pes
exemples montrent l'importance de cette observation.

Surfacesrejroidissasues, - Les surfaces intcmes des
corps rayonnant sur l'espace doivent ctre tr~s g:andes
pour pcrmettre un transport suffisant de fngones.

REALISATION DE MAISONS CUMATISEES PROTOTYPES

Les autcurs citcnt diverses realisations de l11aisol1s
climatisees. Les resultats sont encourageants.
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PRINC1';,JES OF AIR.CONDITIONING IN COUNTRIES WITH A CLEAR SKY

(Translat n of the foregoing paper)

F. Tron ;',c and Ch. Henry La Blanchetais •

FJ~ure 1

cause an approach to the dewpoint curve (figure 1)
and make the air disagreeable and even definitely
unpleasant.

The problem to be examined here is that of heat
ing or cooling dwellings in countries with a clear
sky, for instance, certain mountain regions or hot
regions of the Saharan type. Regions of both types
are characterized by high insolation, very dry air,
and a great daily range of temperature.

In such regions, of the cold type, heating of the
air would bring the relative humidity even lower
than its initial level. For satisfactory air-condition
ing, therefore, water vapour must, as already men
tioned, be added to the air in the interior of such
dwellings.

On the other hand, in regions with a clear sky,
of the hot type, cooling of the air (see figure 1) would
most often give a satisfactory relative humidity,
although it would still be rather low and conducive
to the elimination of excess'heat by perspiration.
For instance, if air at 15 per cent relative humidity
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• Laboratoire de I'energie solaire du Centre national de la
recherche scientifique Mont-Louis, Pyrdndes-Orientalcs, France.
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To air-condition a house means to modify the
climate it "'lturally presents to make its environment
more tok-r.i ble, or even agreeable, to human beings.
People an' particularly sensitive to temperatnre
and relan (~ humidity, and to the possibilities of
radiative loss or reception of energy. What are
called COli' litions of comfort for people at rest are
condition- -rnder which the temperature of the air
and the W.I lis of a dwelling, and the relative humidity,
are all wi-t-in certain limits. Figure 1 gives an idea
of these hn' \ts for temperature and relative humidity.

The CO:I ..itions are most agreeable when the rela
tive humi.uty is between 25 and 60 per cent, and the
temperate ;. between 5 and 25°e, since it is obviously
difficult fer a person at rest to tolerate permanent
temperatu.« levels below 1Ooe, while the physically
active pc.son, on the contrary, tolerates tem
peratures under 200 e much better.

The cornfort conditions also depend on the radia
tion conditions - outdoor life, with possible radiation
of the body into space and with possible reception,
by the body, of radiation from various surfaces
(in the case of cold surfaces or of superheated sur
faces), or life at home where the surfaces exchanging
their energy with the' body may be hotter or colder
than the atmosphere. The movements of the air
~reeze, gentle wind, strong wind, or ventilation-are
~Ikewise of great importance for both external and
Internal climates.
. The easiest air-conditioning to realize in a residence
IS the artificial heating of humid, cold air, thereby
l?wering its relative humidity. For example, refer
nng to figure 1, air saturated with water vapour
at ooe will, if heated to 200e,have a relative humidity
of about 40 per cent, which is an excellent environ
ment for human habitation. On the other hand,
air even colder than that, heated to the same tern
I,>erature, would be dry and irritating. Excessively
?ry air is often used in centrally heated dwellings,
In which the average temperature is in ge.neral hi~h.
The remedy now applied is to allow a certain quantity
?f water to evaporate, in contact with heat sour~es,
Into ~h.e atmosphere, in order to it,1crease th~ relative
humidity to a suitable level. It IS more difficult to
get air-conditioning when air that is too hot must,
on the other hand be cooled; Sometimes this air
must also be des~turated, for its cooling might
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FIRST PRINCIPLE OF NATURAL AIR-CONDITIONING

The first principle of air-conditioning is the selec
,tive capture of heat localized on a terrestrial surface.
For instance, an unbroken terrestrial surface of suf-

radiation become heated, some of them relatively
little, others very much. By night, certain terr~st~ial
surfaces are cooled as a result of their own radIatIOn
into space. Some bodies radiate considerably and
become much colder than the atmosphere; others
radiate little and assume practically the same
temperature as the atmosphere.

The general idea of natural air-conditi0r;ing
~onsists in the rational exploitation of the v~riatIOns
III the temperature of terrestrial surfaces III order
to increase or decrease the mean temperature of a
dwelling. In addition, the rational choice of t~e
optical properties of the receiving surfaces perI?lts
the further increase of the effects in the deSIred
direction.
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Principles of natural residential
air-conditioning

Annual and daily variations of the temperature
an~ relative humidity are observed in every climate.
It IS the range of these variations, especially those
of the temperature, that permits us to define numer
ous types ~f clim.ate. We shall discuss here only the
case of regions WIth a clear sky, characterized by a
rather great annual range of temperature, and,
above all, by a very great daily range of temperature.
In such !egions, the relative humidity may sometimes
reach high levels, although as a rule it is low.

In regions with a clear sky, the daily range of
temperature may exceed 20°C. It is well known
that. the days in the Sahara are torrid and the nights
glacial, But these are only the temperature varia
tions of the air. Since the air gives up most of its
heat to terrestrial objects, the range of temperature
of these objects must be far greater than that of the
air. Experience shows that terrestrial objects do'
undergo temperature variations that may sometimes
exceed that of the free air by as much as 60°C. In
figure 2, for instance, curve A'B'C' represents the
temperature variation of a blackbody responsible
for the temperature variation ABC of the air.

The origin of these variations is due to
two mutually antagonistic factors: the solar radia
tion, and the terrestrial radiation, or loss of infrared
energy, from the surfaces into space. We recall
that this energy loss represents the difference between
the outward infrared radiation of these surfaces
and the infrared radiation they receive from the
atmosphere. By day, the bodies subjected to solar

and 35°C were simply cooled to 25°C, its relative
humidity would rise to 25 per cent.

The utilization of the initial dryness of the air
to cool it by partially saturating it with water vapour
has been. envisaged. The heat of evaporation of
water being about 600 kcaljkg, one might reduce
the temperature 6 to SOC in this way, starting out
from a dry, hot air, of Saharan type, say at 35°C
and with a relative humidity of 15 per cent. In that
case, the relative humidity would rise to 70 per cent.
It should be noted that in this case the "gain in
.comfort" would be slight, for the air so obtained,
at 27 to 29°C and with a relative humidity of 70 per
cent, would be almost as uncomfortable as the
original air. Furthermore, such high relative humi
dities at such temperatures would promote the
development of micro-organisms (moulds). On the
other hand, it would be more advantageous to utilize
the thermal effects due to the saturation of the air
with water vapour, provided that the air so saturated
did not directly participate in the air-conditioning.
Arrangements for alternating or exchanging the
circulation would permit rational utilization of the
refrigerant effects of air saturation without sacrific-

. ing the advantages of low relative humidity. These
effects could naturally be added to those produced
by the methods discussed in the present report.
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it will be less dense, and will pass into the room, and
be replaced by colder air coming from the room. A
circulation will be established, limited, in the case
of figure 4, by the localized heating of the air in the
upper part of the room. To avoid this disadvantage,
the curtain theme might be repeated along the glazed
wall, thus permitting the flow of the hot air at
different levels into the room to be.heated (figure 5).
The behaviour of the above system at night or in the
absence of sunshine shows its selective role. The air
between curtain and pane is cooled on contact with
the pane, which itself is cooled by outward radiation
and heat exchange. This air is colder and consequently
heavier than the air in the room, and therefore
remains imprisoned in the. pocket formed by the
curtain and the pane, and will not contribute cold

ficient thermal mass, and behaving like the black
body of f'sure 2, will assume a resultant tempera
ture represe-nting the " sum" of all the temperatures
of the cur;" A'B'C'. The result will be. different, if,
in one W2Y or another, the heat influx from outside
the systerr IS suppressed during these hours. Day
time insui rtion during the sunshine. hours will
lower the "1ean temperature; night-time insulation
will incre.: ' it. This is what is, in fact, done in a
rough wav when dwelling sites are protected from
solar radi.tion or from the cold of the night. by
appropriately positioned screens.

Let us now examine the problem under the assump
tion that the surfaces receiving the solar radiation
or the su: faces emitting energy into space are of
small thermal mass. These surfaces will very rapidly
assume the equilibrium temperature. When exposed
to the sun. they will heat rapidly, but they will
also cool v-ry rapidly, as soon as the solar radiation
ceases. Th: means for drawing the heat selectivity
(towards ;'c>at or towards cold) from the above
mentioned .urfaces will involve the use of an inter
mediate fl.ud, preferably a gas, to transmit this
heat (or ccld) into the dwelling. The selective trans
mission (cold or hot) is accomplished without the
intervention of any mechanical agent; simply by
the ratio!";' j utilization of the motive pressures created
by the di i'terences of density between the hot or
cold air: 'ioduced on contact between the heated
or cooled' surfaces and the air of the dwelling.

To illustrate the foregoing, let us examine the
sc!reme of figure 3, which represents a room provided
WIth a window-panel behind which is a curtain
permitting downward and upward circulation of
t~e air. In this position, the curtain will not interfere
WIth the introduction of heat from outside the system.
During the day, the sunlight will fall on it. It will
thus be heated, and a column of air warmer than that
in the room will be formed. This air will consequently
also be less dense than the air in the room. An
utward circulation oj air between the curtain and
window will therefore contribute heat to the interior
of the room. At night, the window, radiating into
s~ace and exchanging heat with the external air,
will become cooled and will in turn cool the air
c~ming in contact with it. A downward current oj air
WIll now become established, the air between curtain
and window being still cold er than the room, and,
consequently, denser than the. air in the room.
The system will only be slightly selective owing
to the protection of the window; the mean tempera
ture of the room will differ rather little from that
c?rresponding to the sum of the thermal contribu
tions of the day and the night.

Now let us imagine that the curtain shuts off
c~mpletely the base and the sides of the window-pane
(Slllgle or double), leaving the upper passage free
(figure 4). By day, the action of the solar rays, or
even the rise in the external temperature, heating
the Window-pane, will also heat the air between the
curtain and the window-pane sufficiently to make it
Warmer than the air in the room. Being warmer,
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In t.

Figure 5

but-merely an opaque wall' of, for 1);0, vnce, sheet
metal.

One may adopt arrangements per.o: ting more
complete separation of cold air from hot ' ir (figure 7,
heating;' figures 8 and 9, cooling). Figu 7 shows a
hot-air collection systemin which the'lting unit
is situated entirely underneath the room '.' i)e heated.
This set-up, in cases where it can b: dopted, is
thoroughly rational, for the heating syc' m may be
in a single piece and be of sufficient heit, and the
total volume of air in the room to be air ·mditioned
passes successively into the heating ,·;;cuit. The
hot air produced is localized at the top, an: is replaced
by cold air entering the circuit Band r.: ')ling from
ground level. The same observations w,;! be made
for the scheme of figure 8, which compri.. 'i a cooling
circuit located above the air-conditi- ,t .ed room.
The rational development of this scherr> (figure 8)
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to the interior. By a simple device, involving no
energy expenditure whatever, the selective collection
of heat will have been successfully accomplished.

If, now, the blocking by the curtain is on top
instead of on the bottom (figure 6), the exchanges
will be selective in the other sense. The air, heated
by the sun, of lower relative density, will remain
enclosed in the pocket formed by the curtain and
will thus not pass into the room. On the other hand,
the cold air, produced at night, being denser, will
be able freely to flow along the glazed wall and into
the room. A cold selector will have been realized
that will cause the room in question to assume a,
mean temperature lower than the "sum" of the
external temperatures. In this latter case, moreover,
it will no longer be necessary to use a glazed window
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B

Figure 7

Ext.~

The solar radiation is characterized by an energy
distributionrariging practically between 0.3 and
3 (1. (see' figure 10)' that is.rfrom ultraviolet to near
infrared. A small percentage of the incoming energy
is due to the ultraviolet, a little less than 50 per cent
to what 'we call the visible range, and about 50 per
cent to the near infrared, from 0.8 to 3 (1.. The over-all
solar radiation incidence exceeds 1 350 wattsjm"
at the level of the stratosphere. It is of the order
of one kilowatt per square metre of insolated surface
(normal to the direction of the sun) at ground level.
This value is currently observed in countries with
a clear sky.

The terrestrial radiation, or radiation from bodies
at or near ordinary temperatures, is far from being

In t.

Figure 6

Ext.~

leads to th.: scheme of figure 9,-showing the utiliza
tion of the radiation from a selective roofing to
cool the room immediately beneath. This is the
scheme wliih will be generalized and improved for
the develui'ment of cooled houses.

SECOND Pl ~ ~;CIPLE OF NATURAL AIR-CONDITIONING

The seco«] principle of- natural air-conditioning
consists in the superposition, on the methods ~ of
selective cui lection just indicated, of selective effects
due to th-: «ptical properties of the surfaces and
assemblies utilized. Before describing the selective
systems we .shall term optical, we must first specify

'certain characteristics of the radiation that act to
contribute heat (solar radiation) to the ambient
air, or to l' move it from the ambient air (terrestrial
radiation),

5*
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negligible from the point of view of energy. Figure 11
shows that, theoretically, the radiation of a black
body at ooe is of the order of 300 watts/m'', or a
third of the energy received from the sun; at 1000 e,
the energy radiated by the blackbody would be
equal to the energy received from the sun, or 1 kW1m2

•

This equivalence is due to the fact that the
terrestrial surfaces radiate their energy, as a rule,
over a solid angle (close to 2 7t steradians) much
greater than the angle at which they receive the
solar radiation, emitted from a source that is very
distant from the earth, and has a mean apparent
diameter of only 32' of arc. The above values for
the theoretical radiation of a blackbody at various
temperatures are far from agreement with the
observed values for what is called "terrestrial"
radiation. The resultant actual energy losses from
"blackbody" surfaces, even under the clearest
skies, at elevations of the order of 1 000 m, do not,

<.
<.

Exterior <,

-.
<.

!
Figure 8

t
Interior

8

Figure 9

in fact, exceed 150 watts for emission tcu.peratures
close to that of the ambient. This meai.. that the
terrestrial atmosphere, even if it is,pparently
very clear and transparent, emits on to rerrestrial
surfaces an infrared radiation at least eC!· .nl to half
the theoretical blackbody radiation ;::'iound Ooe
(see curve of figure 11). Another characteristic of
the terrestrial radiation is the region of w;(velengths
in which its energy is emitted. Figure 12 shows
spectral energy distribution curves for bLJ.ckbodies
at temperatures of 259, 273, 293 and 313"K, or -20,
0, 20 and 400 e. Practically, for these temperature
regions, the energy emitted at wavelengths shorter
than 4 fL is negligible. The maxima of emission are
located between 10 and 12 fL, and then the cu~ve

flattens out beyond 24 fL. The outward radianon
from the terrestrial surfaces is thus rather far 1ll

the infrared.. and is well separated from the solar
radiation. .

The ·principle of selective contribution of heat
for the rational exploitation of the optical properties
of radiation is based on the following ideas. Besides
the blackbody, which is an emitter and acceptor
of integral energy for both solar radiation and
terrestrial radiation, there exist the following:

(a) Surfaces that reflect both these radiations
(unoxidized aluminium, for instance);

(b) Surfaces that reflect the solar rays and absorb
the terrestrial radiation as would a blackbody;

(c) Surfaces that absorb the solar radiation and
behave like reflectors, that is, they do not emIt
energy, for the infrared between 4 and 24 fL;

(d) Other substances, included among the bodies
transparent to solar radiation, are most often opaque
for the over-all terrestrial radiation. This opaCIty
may be due to their elevated reflective power, b~t
most often they conduct like blackbodies, that !s,
like integral absorbers and emitters for the terrestnal
radiation (4 to 24 fL).
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The exploitation of the above properties opens
up the following prospects (see figure 2):

(a) A body that reflects in both domains (solar
and terrestrial radiation) will have a temperature
curve ABC with the maximum R markedly higher
than the maximum B for the ambient. The integral
reflector retains only very little of the heat from the
sun, but it also loses very little by its own radiation,
and its temperature rises above that of the air;
. (b) An integral blackbody, as we have seen, will

gIVe the curve A'B'C';
(c) The bodies that reflect the solar radiation

and are blackbodies for the terrestrial radiation
will be "selective cold bodies". Experience shows that
the daily temperature curves may be represented
by A'B'C'; by day, their temperatures remain
above, or at the level of, the atmosphere (little
energy received from the sun, great emission of
~nerg:y into space); by night, there is a marked drop
In temperature to levels below that of the ambient
atmosphere A' and C';

(d) The bodies that absorb the sun and conduct
like reflectors, that is, like weak emitters of their

own radiation, will be "selective hot bodies" (figure 2).
Under certain conditions, the above values may
easily be greatly exceeded, and the temperature
may climb well above 100°C;

(e) In discussing heating by solar radiation, we
may add the hot-house effect to the above effects.
This effect results from the interposition of a trans
parent surface between the incident solar radiation
and the receiving body. The infrared energetic
emission (terrestrial) from 4 to 24 (-L is blocked by the
glass pane, which becomes heated and re-emits
the same amounts of energy into space and towards
the receiving body. It has been demonstrated (by
Fabry) that the temperature obtained on the heated
surface may be equal to what would be given by
an incident solar radiation of twice the value. The
effect is still further increased by the interposition
of several panes. For instance, in the absence of
all convection losses, a surface freely radiating into
space and subjected to the perpendicular action of
a solar radiation of 1 kWJm 2 would reach a tem
perature of about 90°C. The interposition of a glass
pane would permit it to reach 160°C instead. The
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the multiple panes play a much more Iimiu-d role.
Two panes, which yield a wall-temperature gain of
several tens of degrees and do not unduly ;>'~cnuate

the incident solar radiation, can certainly b: usefully
employed; three panes would only give rr.atively

interposition of several panes might bring it up to over
200°C. Moreover, the combination of the hot-house
effect with that of a "selective hot" coating would
yield much higher surface temperatures (several
hundred degrees, B", figure 2), and this without
any concentration of the incident solar radiation;

. (f) We must distinguish here between the tempe
rature effect obtained in the heating hot-house struc
ture, and the energy efficiency of these hot-house
structures. With multiple panes, the energy reaching
the collecting surface, whether blackbody or selective
surface, is appreciably diminished by the reflections
of the solar radiation on the panes. Less energy
is received, but owing to the thermal insulation,
there is a very great rise in the wall temperature,
even if the wall is not selective. With five panes and
an incident solar radiation of 1 kW/m2, a temperature
of 165 to 190°C has been experimentally obtained,
depending on the ambient temperature. Such results
can be practically developed when the collector
systems are required to provide only a little energy
per unit of surface. On the other hand, when a
receiving wall of large area is to exchange the maxi
mum heat with the air-conditioning air to give the
heating hot-house system its maximum output,
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slight gains. We shall not emphasize the hot-house
effect arr.mgement, which is well known, and which
we shall discuss later; on the other hand, certain
propcrtio.s of selective surfaces must be discussed
here in gr,'ater detail.

Selective J,I)t bodies
Selectilie hot bodies are in general prepared by the

formation of very thin deposits on reflecting surfaces
of the aluminiurn type with a good reflection factor
at all wavelengths (from ,0.3 to 25 fL). In this way,
the reflection of the solar rays is suppressed or atten
uated w.thout modifying the optical properties
of the surf.ice in question for infrared from 4 to 24 fL.l
The depcsits-e-manganese oxides, copper oxide,
or nickel oxide ~ are formed under various pH and.
temperature conditions on metal surfaces that have
first been lightly oxidized. If the absorbent effect
for solar radiation is only partial, it may be palliated
by reception of the radiation on surfaces so folded
as to proci .ce several reflections of the same iricident
ray.

Selective ccld bodies
Selectiv. cold bodies may be classified into two

categories, reflecting metals and finely divided
pigments.

Selective- effects of reflecting metals coated with
transparc 1;' : surfaces.. The most typical' case is that
of aluminium and certain of its alloys, for instance
Brillalu~;'5 (AI with 3 per cent of Mg). This metal,
after roll;:Jg, is an integral reflector from 0.3 to 24 fL.
Its absorotion factor, which is under 0.2 for the
solar wavelengths, becomes negligible beyond 4 fL
(figure 13, curve I). A systematic study of oxidation 1

1 See Trombe, F., Foex, M., and Le Phat Vinh, M., Studies on
selective surfaces for air-conditioning, dwellings, Proceedings of
the United Nations Conference on New Sources of Energy, 1961;
vol. 4, agenda item III B, paper 5/6. '

has shown that aluminium coated with alumina
can act as a blackbody for long wavelengths.

Selective effects of finely divided pigments. 1\Iost
oxides, carbonates, and similar compounds are
absorbing for the infrared wavelengths correspond
ing to the terrestrial radiation, and are more or less
transparent for solar radiation. The reflection factor

p = (: + ~r
of these substances for solar radiation is in general
low. For zinc oxide, the refractive index n = 2.02,
and its reflection factor (visible light) is Jfper cent;
for alumina, n = 1.76, and p visible = 7.5 per cent;
for titanium oxide, Ti02 (Anatase), n = 2.55 and
p = 19 per cent; the rutile variety of Ti02 gives an
average value of n = 2.8 and p = 20 per cent. When
these substances are reduced to exceedingly fine
powder, the number of reflections is multiplied
without excessive increase of absorption for solar
radiation. In this way, one may prepare a product
with strong diffuse reflection for solar radiation
accompanied at the same time by a high absorption
factor or emission factor in the far infrared. Table 1
(taken from Lecomte, published .by Gauthie~s

Villars, '1949) illustrates what has Just ~een s~ld.
The behaviour 'of a selective cold paint WIth a zmc
oxide base will likewise be seen from figure 14.
The fineness of the crystalline grain~ (~vhich has
not been determined for the values indicated nor
for figure 14) is probably what defines the value
of the reflection factor. We shall see later the prac
tical results that have been obtained with paints
loaded with selective pigments. The curve of figure 14
is nevertheless now comparable with that of concrete
(figure 15). It will.be seen that the surfa~e of concrete
is at the same time far more absorbing for solar
radiation and more reflecting in the longwave
region than zinc oxide. It therefore absorbs more
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Table 1. Reflectivity of plgments (after Lecomte)

RtfllClivily lP" "",) •

,v4lu" 01 body 0.60 0.95 4.4 8.8 :!/

Cobalt oxide (CoIO,) 2.5 to 4 13.9 11.8 to 14.6 5.B

Copper oxide (CuO) • 25.3 15.2 -lA

Chromium oxide (CrIO,) . 44.6 32.9 5.0 8 .,

Lead oxide (PbO) •• 50.6 25.6 n.r,
Ferrous oxide (FeIO I ) • 41.0 29.9 3.7 o.t

Yttrium oxide (YtIO.). • 31.4 11.1 10.n

Lead chromate (pbCrO,) .• 41.2 4.74 7..t

Aluminium oxide (AI10.) • 84.1 87.7 20.8 1.34 to 1.64 6.5

Thorium oxide (ThO,). • 46.9 7.11 10.0

Zinc oxide (ZnO) • So) 'l 86.4 8.4 3.2 to 2.1 5.1...
Magnesium oxide (MgO) • 16.0 2.5 -o.i
Calcium oxide (CaO). • 22.3 3.6 6 .)

Zirconium oxide (zrOl ) . 84.1 23.2 5.1 5.4
Lead carbonate (PbCO.) .. 86.8 to 89.9 90.8 to 94.5 29.2 8.3 to 13.2 6.ll
Magnesium carbonate (MgC011 • 89.4 10.8 4.1 8.8

energy than zinc oxide and loses less; owing to this
fact, it becomes far more heated by day. under the
action of the solar radiation, and cools off more
slowly by night. To these disadvantages, one must
also add that of the rather high thermal conductivity
of concrete; this has the effect of bringing into play
during the day masses of very large thermal capacity,
which then create a disagreeable internal climate for
most of the night.

of thermal masses into the interior of t i air-con
ditioned rooms themselves. The materi.... for the
thermal masses must be relatively good (' .ductors
of heat. Concrete, for instance, might i.· used as
an internal thermal mass, while it is h i., 'v inad
visable to use it as a thermal screen or as ;\ ,,'.11, even
if it is coated with selective paints, betwccl' he out
side atmosphere and the atmosphere of tl.. .welling.

TIIlRn PRINCIPLE OF NATURAL AIR-CONDITIONING

The third principle of natural air-conditioning
consists in the greatest possible stabilization of the
temperature obtained from the thermal contributions
realized by the exploitation of the first two principles.
If the residences are made thermally leak proof, as
perfectly as possible with the minimum. of thermal
mass, the temperature that is most favourable for
the dwelling will be stabilized by the introduction

Technical studies on residential air-con;\itionin~

ENERGY INPUTS

Let us first consider the conditions under which
the solar and terrestrial energy can be utilized.

Collection of solarenergy
The incidence of solar energy on a horizontal

plane, and on various southern, eastern and wcstcr,n
vertical planes, are given in table 2 for l\[ont-LoUlS
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Table 2. Solar enerlb' received per day on various planes

Plane

, rorizontal . • , .

""rtieal southern .

"'rtieal eastern and
western

Solstic«

summer
winter

summer
winter

summer
winter

Jlool·1.t>Mi.
( Py,lnlts·O,i,nlallS)

). - IZOJO'IS'
(AIVA/..,)

8.8
2.3
1.7
7

4.9
2.1

Colo..~·llId"
(NO#IA"n Sda,a)

). - JI-I1'
(AII'A/.. ,)

8.7
3.7
0.6
6.11

4.6
2.6

(southern France) and Colomb-Bechar (northern
edge of l!JC Sahara) for the winter and summer
solstices. horn these values, the following may be
conclude:1:

(a) Aln. -st horizontal roofs receive maximum
insolation in summer, when there is no need at all
for hcati.:--. and when, on the contrary, one tries
to gain ~ .tection from excessive heat due to the
sun;

(b) Th: 'l1ergy received on the southern vertical
wall (whi I is the same at Mont-Louis and Colornb
Bcchar) I:' very great in winter. It can therefore
be utilize for heating;

(c) The astern and western vertical walls, which
3;e very ,'catly insolated in summer, are still suffi
ciently ill. alated in winter for utilization of the
sola~ hc..". Nevertheless, the sum of the energy
received [:om the east and the west is still less than
the energy received by the southern wall alone.
. (d) I~Ol heating by solar energy, which is of par

ticular interest around the winter solstice, either the
southern vertical wall or a roof with a southern
slop~ may be used. The exploitation of a southern
yertl~al wall, involving the entire height of the build
Ing, IS much easier to realize practically than that
of a roof. The hot air under the roof must be brought
by art~fic.ial ventilation towards the lower parts of
the bmldmg, while the southern wall can distribute
Iths heat hy natural circulation in all floors. Moreover,
t e vertical walls to collect the solar heat are protec
ted against bad weather while the roof must be of a
tightness and solidity that sometimes precludes the
Use of transparent surfaces.

Collection of the energy of terrestrial radiation
Contrary to the objective for collection of solar

~nergy. the solid angle of radiation of the surfaces
I~to space should be maximum. From this point of
vle~v, roofs have a certain advantage. Moreover,
t~elr overflow around the building may increase the
Withdrawal of heat and likewise form the sun-shields
that are essential for the protection of certain facades,
especially those on the south and north. The use
of roofs also has another advantage. They are the
behs.t arrangement for selective collection of cold air,
W ich descends by gravity into the air-conditioned
rooms.. The hot air formed during the periods of
Insolation is immobilized under the roof, or, under

optimum conditions, eliminated at the top, since
it is less dense than the air in the dwelling.

STUDY OF SURFACES RECEIVING OR EMITTING ENERGY

The fundamental problem of air conditioning
is to transmit, by a fluid located at the contact of
the heating or cooling surfaces, the maximum heat
towards the rooms to be air-conditioned. As a matter
of fact, if a liquid were used as the working fluid,
this problem would be easily solved, but the cost
and the complexity of such installations would rob
this method of all interest. The problem arises for
air, which has a very low heat capacity and which
must be used in very large volume to obtain an appre
ciable effect. The first heater chests used at Mont
Louis were designed without taking these con
siderations into account, and their efficiency was
substantially less than that of the devices now
being built.

Heating stirfaces
Let us first examine the case of heating by solar

radiation by the aid of a "blackbody" surface without
a selective coating, placed behind a glass pane in
an air-tight compartment communicating with the
rooms to be heated according to the scheme of
figure 7. Table 3 gives the following values in this
case (according to Fabry, Heat, published by Dunod)
for the heat exchange between the air and the
vertical surface.

Table 3. Heat exchange between air and vertical surface

Exuu 0/ lA, """"111." of lu E~(Oa..J,4II.-4 tro .. I~' _41
T, ..,."at•., of _41 .ud """ lu at"",.pllniJ: d.-d ~, 0I4I.,a1 ~,,",~,di_ <>f
lu _41 d,d le..,...at~' (.....""" I~' ai' (in ,,411. ,...

10 be 17.C) .f...., ..d"}

27. +10 35.6
37. 20 85
47. 30 140
57. 40 202
67. 50 266
77. 60 334
87. 70 404
97. 80 4iS

107. 90 5H

117. 100 6112
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But the incident energy from solar radiation re
ceived by the metal sheet ranges from several hun
dred watts to about one kW. It will be seen that this
metal sheet, in order to lose, by convection through
the air in contact with it, only one-fourth of the
maximum energy it can receive, that is, 200 to
250 watt/m2, would have to be 50°C hotter than
the air. In simple. designs, indeed, sheet metal
temperatures close to 70°C are noted, which shows
that the losses by radiation and convection of a
collector system with a single sheet metal surface
are substantial. The conditions are better if the
circulation of the air is more rapid as a result of
the chimney effect above the collector systems,
or by using a fan, but the real improvement, which
has recently been accomplished at Mont-Louis,
consists in increasing the exchange surfaces with
the air by the use of metal sheets radiating on each
other.

It is well known that the energy transmitted by
radiation between two vertical blackbody surfaces,
differing in temperature by Ii. t, will be very much
greater than the energy removed by a surface-air
contact at the same Ii. t between air and surface.
For example, we shall have the values given in
table 4 for a cold surface or a receiving air at 17°C.
, Preliminary experiments performed at Mont-Louis

to verify the importance of this phenomenon give
the following results:

(a) Heating with a single receiving metal sheet:
entering air: 14°C; leaving air: 36°C; .

(b) Heating with four parallel metal sheets,
radiating on each other and open at the top and
bottom: entering air: 14°C; leaving air: 47°C.

Other experiments with various types of large-area
receivers have yielded somewhat greater tem
perature €!ains.. Experi.ments are now in progress at
Mont-LoUIS with vanous types of solar-radiation
receivers with selective or non-selective surfaces
and with air currents at various speeds, in order
to define quantitatively the gains realized.

Table 4. Radlative and convection exchanges (after Fabry)

The necessary conclusion, for the calk, tion and
transmission of solar energy by means .:[ air, is
that one must have large exchange surfac. with the
heat-transfer air. Heating chests should l) 'us com
prise numerous receptor sheets, presenting " contact
surface to the air very considerably great- " i han the
glazed surface through which the solar r.v .iation is
admitted. Moreover, the increase in cif, ;,'ncy of
air conditioning also depends, as we have already
emphasized, on other factors, which are uow under
study at Mont-Louis: the number of gla~; !Janes in
the hot-house structures, selective coati ];"S of the
surfaces, and the maintenance of thes. selective
coatings. Certain increases in efficiency an. «conomi
cally valid, while others involve a prohi L, live cost.
Double panes, in spite of the fact that l heir cost
is higher than single panes, will probabl. still be
economic; triple panes will be economic only in
exceptional cases. The problem of the.{ficiency
of selective surfaces will also arise, for sw;; surfaces
are substantially more expensive than tL· "black
body" coatings in hot-houses provided witt. a double
pane, where the thermal losses are 10\\,(',',

Cooling surfaces
We have already seen how these surfarr-. may be

prepared - polished metals coated with oxides by
anodic oxidation, or surfaces painted \yj::: certain
pigments. Many studies of these quest :,,;:s have
been performed at Mont-Louis. Various C{sults of
these studies are given in Paper S/6 mentioned above.

In order to transport into the air-conditioned
rooms the largest possible amount of cold produced
by the radiation from the roofs, it will be necessary,
as in the case of heating, to have sufficiently large
heat-exchange surfaces between the conditioning
air and the inside surface of the roof. Such a result
will be obtained if, for instance, we dispose of surfaces
parallel or perpendicular to that of the roof, so that
the radiative heat exchange shall be greater than the
convective heat exchange. It must be particularly
emphasized that the external surface of the roof must
be' as small as possible to avoid its heating by the
external air. '

+0.5°C
1 .
5 .
10.
20.

Radiative eschawg«
(wattl"")

2.80
5.6

28.5
58.7
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Convection exchange,
suriace-air (wattl"")

0.84
20
14.9
35.4
85

Realization of prototype air-conditioned houses

V:arious experimental cells, each of about twe~ty
CUbIC metres, are now undergoing tests for heatmg
and ~ooling air-conditioning. The results are alrea?y
sufficiently encouraging to make it possible to enVIS
age the construction of prototypes that are actually
habitable.

Summary

. Air-conditioning means to establish conditions of
temperature and. relative humidity corresponding
to what are called the conditions of comfort. The
latter likewise depend on the radiation conditions:

radiation of the body into space and radiation of
various kinds received by the body. .

The type of air-conditioning that is easle~t to
realize consists in heating humid, cold air. It IS far
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more difficult when air that is too hot must be
cooled, especially if this air is also humid.

The types of air-conditioning here considered
- heating dry cold air, cooling dry hot air - relate
to regions with a clear sky.

Cooling by evaporation of water in dry air does
decrease the temperature but does not appear
always to improve the conditions of comfort. It
would be of interest to utilizethe thermal effects due
to air saturation without increasing the humidity
of the air-conditioned air.

PRINCIPLES OF AIR-CONDITIONING
IN REGIONS WITH A CLEAR SKY

Annual and diurnal variations of temperature
are observed in all climates. The diurnal variations
are very great in regions with a clear sky.

The variations of atmospheric temperature are
due to still greater variations of temperature of the
earth's surface (amounting sometimes to over 60°C).

These temperature variations are due to two
antagonistic factors, solar radiation and terrestrial
radiation.

First principle oj natural air-conditioning
This principle consists in the selective collection

ofjrigories, or calories produced on terrestrial surfaces
by their own outward radiation or by the absorption
of solar radiation. In this way, the mean temperature
of a dwelling is modified in the "warm" or "cold"
direction, as the case may be.

The method consists in the utilization of an inter
m.ediate fluid, preferably, a gas, to transfer the heat
WI~~~ut the intervention of any moving body, by
uhhzlllg the density- differences between the cooled
or heated air and, the air of the dwelling in question.
T~e natural air-conditioning set-up may be

reahzed by various schemes which permit either the
coll~ction of the hot air produced by the solar
radIation or of the cold air produced by radiation
from terrestrial surfaces into space.

The most rational arrangements place the heating
system below the rooms to be air-conditioned and
the cooling system above them (arranging the roofs
so as to cool the rooms located below them).

Second principle of natural air conditioning

This principle consists. in superposing on the
methods of the first principle the selective effects
due to the optical properties of the surfaces or
assemblies utilized.

-r:he. energy characteristics of solar and terrestrial
radiatIOn are given.

There exist bodies that are reflecting for solar
radiation and are "blackbodies" for their own
radiation (selective cold bodies). There also exist
bodies that absorb the solar radiation and themselves
emit little energy (selective hot bodies). Finally, there
exist bodies transparent to the solar radiation and
opaque to the infrared corresponding to the terrestrial
radiation (hot-house-effect bodies).

The exploitation of the above properties permits
a considerable upward and downward extension of
the temperature limits of terrestrial surfaces. The
selective capture, by the use of the first principle,
of the heat produced, will thus lead to increased
possibilities for air conditioning, for either space
heating or space cooling.

The authors give examples of selective hot bodies
and selective cold bodies.

Third principle of natural air conditioning

The third principle consists in localizing the thermal
masses in the interior of the dwellings, and in dimin
ishing, as much as possible, the thermal masses of
the materials used for the thermalInsulation. In
this way, the temperature selected for the air con
ditioning may be stabilized.

TECHNICAL STUDIES ON NATURAL AIR CONDITIONING

The inflows of energy

Capture of solar energy is effected under excellent
conditions by vertical southern walls, especially
in temperate zones. Eastern and western vertical
walls are of greater utility in winter in the southern
zones. In the Sahara, a cold region in the winter,
eastern and western vertical walls lean be utilized.

Roofs offer the best conditions for the selective
capture of the energy of terrestrial radiation.

Studies on surfaces receiving or emitting 'energy

Heating surfaces. The energy radiatively transferred
is very much greater than the energy convectively
transferred. If convection is the only means utilized,
therefore, the heat exchange surfaces must be mul
tiplied. The authors cite examples to show the
importance of this observation.

Cooling surfaces. The internal surfaces of bodies
radiating into space should be very great to permit
a sufficient transfer of frigories.

REALIZATION OF PROTOTYPE
AIR-CONDITIONED HOUSES

The authors mention various realizations of such
houses. The results are encouraging.
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EMPLOJ DE L'ENERGIE SOLAIRE POUR LA PRODUCTION D'EAU DOUCE

Cyril Gomello. *

genre collecteurs plats selectifs, thermocouples pro
duisant . de l'energie electrique, ou appareils de
dessalement par electrodialyse.

<L'energie electrique peut evidemment etre pro
duite par une machine thermique. Les schemas de
dessalement impliquant une energie electrique pro
duite de cette facon ont ete jusqu'a present generale
ment rejetes par les specialistes. Il faut cependant
noter que Baum. (S/U9) le considere comme presen
tant suffisamment de possibilite pour que son etude

. soit entreprise dans les details, et ceci plus parti
culierernent dans le. cas du dessalement des eaux
saumatres (salure inferieure a 10000 ppm).

La transformation de l'energie rayonnante en
energie thermique peut se faire au niveau meme ~u

collecteur d' energie dont il existe deux types pnn
cipaux : les collecteurs plats et les collecteursa
concentration.

Un progres considerabl~ .a ete obtenu par 1'~tili
sation de nouveaux matenaux et par I emploi de
surfaces transparentes ou absorbantes a faible
pouvoir emissif. En ce moment meme, des recherches
interessantes sont en cours dans de nombreux pays
pour ameliorer la qualite de ces nouveaux materiaux
et surtout pour abaisser le prix de revient des sur
faces selectives a faible pouvoir ernissif.

Avec des collecteurs plats ordinaires, on obtient
des temperatures de conversion de 100°C. Av,ec d~s

concentrateurs somrnaires et un collecteur selectif,
on atteint aisement 250 a 300°C. L'obtention de
temperatures plus elevees exige l'emploi de dispositifs
optiques plus onereux et delicats,

L'obtention de hautes temperatures n'est pas le
seul critere de qualite qu'il faut appliquer aux
con vertisseurs -thermiques .L'emissivite, c' est-a-dire
le pouvoir de rerayonner l'energie recue, augmente
tres vite avec la temperature, et uncollecteur plat
a temperature elevee reemet vers l'exterieur une
grande .partie de 1'~nergi~ qu'il vien~ .d'absorber et
qui ne peut done etre reel~ement ~hhsee. On peut
done parler du rendement d 3;bso;ptIOll du c~llect~ur,

qui est le rapport de l'energie reellement disponible
a I'energie solaire incidente.. . .

Dans le cas d'un collecteur plat ordinaire (surface
noire recouverte d'un vitrage mince), le rendement
est de l'ordre de 80 a 30°C. Il tombe a 30 p. 100 aux
environs de 90°C. L'elevation du niveau de tempera
ture de conversion qui facilite 1'emploi ulterieur
de l' energie thermique et ~melio,re.... ~e r.endement
thermodynamique des operations d utilisation subse
quentes conduit pas ailleurs a une perte importante
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L'energ l;' solaire est une energie rayonnante de
courte lor-ueur d'onde dont le maximum d'intensite
se situe ~; 0,47 microns. Aucun des procedes de
dessalement dont on peut serieusernent envisager
l'emploi, »ctuellement ou a moyen terme, n'utilise
directement l'energie rayonnante.

L'utilisation de l'energie solaire pour le dessale
ment impiique par consequent sa transformation
prealable (on energie thermique, mecanique ou
electrique, c'est-a-dire en une des trois formes
utilisees (!.UlS les procedes de dessalement faisant
appel dirccternent a l'energie. Ces procedes sontles
distillateur. thermiques (simples, a effets. multiples,
It evapora: ion instantanee ou « flash »), les distilla
teurs a c.-mpression de vapeur, la separation par
congelatioi, et l'electrodialyse.

La transformation directe de I'energie rayonnante
en energie .necanique n'est pas concevable pratiq~e

ment dan- I'etat de choses actuel; la production
d'~nergie ;necanique a partir de l'energie. s?la~re
doit par consequent passer par un stade prehml.nalre
de conversion, soit en energie electrique, soit en
energie th-rmique.

La conversion directe de l'energie rayonnante en
energis electrique a fait des progres considerables,
et des renJements de conversion de 10 a 20 p. 100
peuvent etre consideres comme acquis ou comme
It la veilJc d'etre obtenus.

Ces rendementsrelativement eleves supposent
l'emploi de substances tres pures, et le prix ,~e ces
convertisseurs est tel (1000 NFjWatt) qu ils ne
peuvent trouver des applications que dans de~

domaines tres particuliers qui n'englobent pas celui
du dessalement des eaux. .

L'energie electrique peut etni.obtenue en passant
par le stade de la conversion thermique. Les ther
mopiles a semi-conducteur ont ete tres serieusement
perfectionnes ces dernieres annees. Mais le' prix
e~eve de l'ensemble de l'appareillage ne perme~ pas
den envisager le couplage avec . un appareil de
dessalement. Certains specialistes pensent cependan~
qu'aux temperatures moyennes obtenues avec des
colIecteurs plats selectifs sans concen~rateurs, les
thermopiles pourront d'ici dix ans ~volr un, ,rend~
J.Uent suffisant pour que le prix de revient de I e~e!gle
electrique obtenue soit acceptable dans des regIOns
non industrielles.
, Si cette prediction se verifie, on peut .es~erer que

I On verra la mise en service de combmalsons du-* Directeur de la Societe d'etudes pour le traitement et l'utili-
sation des eaux, Alger.
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de l'energie incidente, et ceci au niveau merne du
collecteur convertisseur.

Les collecteurs selectifs apportent un remede
efficace en reduisant fortement les pertes par rerayon
nement aux temperatures elevees,

Pour un collecteur plat selectif analogue au prece
dent, le rendement sera egalement de 1'ordre de
80 p. 100 a. 30 QC, mais de surcroit restera au voisinage
de ~51?' 100 a. 90 QC contre 30 p. 100 pour le collecteur
ordinaire,

Il resulte de ce qui precede que le dessalement des
caux par energie solaire doit etre precede d'une
conve.rsion pr~alable de l'energie rayonnante en
energie thermique, Les procedes ayant conduit,
d~ns le passe, a. des realisations pratiques ont utilise
directement cette energie thermique pour obtenir
le dessalement, c'est-a-dire sont a. ranger dans les
precedes de « distillation »,

De :neme, la plupart des projets envisages pour
l'avenir sont egalement des distillations en dehors
de quelques cas particuliers, comme celui de 1'hypo
these de Baum deja. citee (S/119).

La faible densite de l'energie solaire reellement
dispo~ible a. la surface ~e la terre (800 Watts/m»
en. pOI?te 4 a. 6 kWh/m2/Jour) et les contradictions
qm existent entre les parametres (haut rendement
de. c~ptage, ~emp~~ature elevee de captage, prix
unitaire et simplicite des collecteurs facilite et
rende~ent ~e l'utilisation ulterieure 'de l'energie
t~ermIque dlSp?m~le) expliquent pourquoi la concep
h.on et la r~ah.sahon du collecteur font partie des
dIfficu~tes pn.ncIP~les rencontrees sur le plan pratique
dans 1ernploi de 1 energis solaire au dessalement des
~aux. Ce probleme n'est pas propre au domaine qui
interesse le present rapport, et si des progres impor
tants se trouvent realises dans le mode de collecte
ou de conversion de l'energie solaire a. la suite des
t~~vau~ effectues dans un des nombreux domaines
d interet wesentes par 1'ener&ie solaire en general,
c~s 1?rogres peuvent completement modifier la
situation actuelle des choses.

Les differents stades de la distillation solaire

Si I'on fai! abstraction de quelques anciennes
recherches qui relevent de la curiosite intellectuelle
plutot que ~'~ne preoccupation reelle par le problems,
on peut distinguer les stades ci-apres.

L'a.nnee 1883. ~ v,u la realisation d'emblee par
Harding au ~hIh .d un distillateur du type serre
de grandes dimensions (23 Tfjour pour 4800 m2) .

A Vers 1925~19.28, ~m note. un brusque regain d'inte
ret p.ou.r la dlshllah?n solaire. La realisation pratique
de dIshllat~urs solaires s'oriente essentiellement vers
les appareils de type serre, construits en bois et
n;tetal, couverture de verre a vitre. Il convient de
citer les travaux de Richard (Monaco) Ginestous
(Paris et Tunis), Seltzer (Alger), W~ynberg et
Trofimov (URSS).

Parallelement, quelques chercheurs se sont inte
resses a des dispositifs a. temperatures plus elevees

ou sous vide: Pouget (Alger), Abbot (li:>ats-Unis) et
Trofimov (URSS).

Ces premiers essais dans leu~ enseml.i.- relevaient
de la methode experimentale synthetiqu ' qui consis
tait, sans une connaissance approfond.» des para
metres en cause, a realiser directement '.; appareils
a. partir d'une idee de base, pour ensu.i: constater
le resultat global obtenu.

Alors qu'en France et ailleurs, aprc. la flambee
d'interet des annees 1925 a 1930, la qw ,!ion retom
bait dans un quasi oubli, quelques trav.arx se pour
suivaient en URSS, en particulier ceux de Tckoutchev.

Il faut attendre la guerre, et surtout la periode qui
a suivi immediatement celle-ci, pour vorr s'epanouir
une floraison d'appareils et de travaux ,'11 de nom
breux pays, qui en quelques annees ont co.npleternent
change l'etendue et la nature de nos connaissances.

L'interet a ete general dans le mond« entier, et
il est difficile de nommer l'ensemble des chercheurs
qui ont contribue a. cet effort collectif et soutenu,
qui continue de se developper encore de nos jours,
comme peuvent l'attester le nombre et l.: r;ualite des
memoires presentes a. cette Section de la Conference.

Ce nouvel effort a d'abord repris la fe,nne de celle
des annees 1925, et a conduit a. un nom ere de reali
sations d'appareils de forme, de nature ,( de concep
tion tres differentes et a. l'etude de l'er: ,,;] oi de tres
nombreux materiaux de constructior:.· Mais tres
rapidernent, et en particulier sous l'iJ"imlsion du
Office of Saline Water in the D.S.A. du ~aboratoire
heliotechnique de Krzhizhanovsky' en URSS, et
egalement des Services de l'hydrauliquc ell Algerie
et de l'Organisation commune des regions s:chariennes,
les etudes ont pris un caractere .plus systematique
de recherche des donnees de base, tant par l'expe
rimentation que par les considerations th60riques
et le calcul, .

Nous nous trouvons done maintenant a l'oree d'un
nouyeau stade de developpement de la distillation
solaire, ou plus generalement du dessalement par
cmploi de I'energie solaire. L'ensemble des enseigne
me?ts et considerations theoriques reunis permet
maintenant de soumettre a une analyse prealable
detaille.e les problemes que l'on a a. resoudre et ~e
determiner ainsi, soit les solutions a adopter, soit
les directives essentielles a dormer aux recherches
ulterieures,

La presente conference se place done a. une period.e
. charniere, C'est ce qui en fait le grand interet. et 11
serait fort souhaitable que dans les conjonct,!res
actuelles puissent Hre degagees d'une facon r~tlO.n
nelle et appuyees sur des donnees materiellee indis
~utables des c.onclusions provisoires pouvant guider
1effort collectif dans les annees a venir.

Point des connaissances actuelles

DrSTILLATEURS DE PETITES DIMENSIONS

, Les distillateurs de petites dimensions sont ap~eles
?- repondre aux. besoins en eau potable d'indivI~uS
Isole~ ou de pehts groupes humains et a. des besomS
SpeCIaUX de faible importance unitaire (eau pour
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TYPE 5ERRE. A DOUe.LE PENTE

.
TYPE. INCUNE. A TI55U MOUILLE

TYPE S~RRE A UNE PENTE

TYPE. INCLINE A G12A01NS

Figure 1. Petits distillateurs

a~cumulateurs de voiture ou de station .telepho
mq~e, radio ou meteo, infirmerie et pharmacie de
petits postes, systeme hydraulique de refroidisse
ment ?es moteurs, etc.). Ces besoins se limitent a
~-15 litres par personne et par jour, a quelques
htre~ ou quelques dizaines de litres au plus pour les
besolllS speciaux susmentionnes.

C'est la un domaine OU la distillation solaire peut
rendre, et rend d'ailleurs, des services fort apprecies
su!" le plan humain, meme si son importance econo
rnlque generale a l'echelle des problemes mondiaux
ou nationaux n'est evidemment pas essentielle.

Les distillateurs solaires utilises sont : ceux du
type serre a cuve horizontale, encore appeles dis
tIllateurs a toit (roof type solar stills) ou boites
~hau.d~s (hot boxes), et ceux du type serre a .meche
urnldlfiee par la saumure ou a cuve en gradins,

e~core appeles distillateurs inclines (tilted solar
stills] ou distillateurs a surface mouillee (stills with
soaked surface).
1 Plus rarement ont ete proposes ou realises, pour
~ production de faibles quantites d'eau, des dis

hllateurs a concentration avec condensation separee
~e la vapeur produite a plus de 100°C, le systerne
~ .condensation pouvant. servir de depart a un

dlshllateur a multiples effets.
La description detaillee des appareils du type

serre a cuve horizontale ou a meche a deja ete faite

dans plusieurs conferences ou rencontres internatio
nales precedentes, On la trouve egalement dans
plusieurs mernoires publics dans la presente section
(Hafez et Elnesr S/63, Howe S/29, Fontan et Bara
soain S/73, Gomella S/107, Nebbia S/113, Khanna et
Mathur S/1l5, Baum S/119).

Ce sont des appareils dont nous avons maintenant
une connaissance approfondie. Ils ont ete soumis
a des experimentations diverses, sont en service
en divers points du globe, et ont fait l'objet de bilans
thermodynamiques et d'experimentations systerna
tiques concernant les parametres de base (Howe S/29,
Gomella S/107, Baum S/119).

Construits suivant les regles rationnelles que l'on
peut tirer de l'analyse et de l'experimentation, ces
appareils peuvent atteindre une efficacite de 70 p. 100.

(
. e_?....e--'rg"-ie_de_va--'po~ri_sa_t_io_n_u_n_it_. .:..;x,--,p,--r_o.::.du_c:....t=ion unit.)

Efficacite =
energie rayonnante unitaire captee

On peut affirmer qu'en ce qui concerne leur
conception meme, ils ne sont plus guere perfectibles
dans leur principe. La seule voie de progres toujours
ouverte, et ou le progres serait d'ailleurs tres souhai
table, reside dans la recherche du meilleur mode de
construction de facon a conduire ades prix de revient
moins eleves,

Le debit de ce petit appareil, construit avec le plus
de soin possible et en respectant les regles definies
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Le critere de choix doit Cire celui du prix ,11' rcvient
de l'eau distillee produite.

, On peut cependant remarquer avec B.WI" (S/llG)
que le distillateur a meche, incline sur l'h» izontale,
est mieux adapte a l'emploi sous des la(;1;[('5 rela
tivement elevees (30° a 40°), car I'incl., ; ison du
collecteur solaire est favorablc ala collcc.. ',ar unite
de surface de collecteur d'une quant it:' ',l'cnergic
rayonnante superieure a celle captee dan. Ll dispo
sition horizontale qui est obligatoire pour \' ' «ppareils
a surface libre.

On peut par consequent conclure que j,.. '[ ppareils
ameche sont, dans leur principe, mieux ill i: ptes aux
pays eloignes de l'equateur. et que les a, i.areils .a
cuve horizontale le sont par contre aux jl :\'5 tropi
caux ou equatoriaux.

Nebbia ·(5/113) et Wilson ont par ailk-i i I -; chcrche
a concilier la surface d'eau libre et le clap«t ;, cncrgie
rayonnante vertical en realisant un appan' i I ,\ vitres
verticales dans lequel l'eau a evaporer (',,; disposee
dans une serie de cuves superposees (figlll' :l), Cette
sorte d'appareil estparticulierement bicu :» laptee a
l'emploi de la distillation solaire dans j.; regions
temperecs, voire polaires.

On a cherche dans les petits 'distillatcn:·', separcr
le chauffage de l'eau de la condensation .Jtcrieure
de la vapeur produite. Il faut separer (lVl): cas b~en
distincts, celui des collecteurs sans C('I:' .ntration
et celui des dispositifs a concentration.

.',J~ .- f·-·· M ~·-A-"-~-H-~ ..... -tJ ,- ..-----.J - -A-<-'-~-'-"'--O--'-N-""-O-'"

• MO~

Figure 2. Dl!blt d'enu dlstlllee pour dlffl!rents dlstlllateurs

,
par le calcul et l'experimentation, devrait Hre
d'environ 6 litres/m 2/jour en moyenne annuelle, dans
les pays ou la valeur de l'insolation horizontale
moyenne annuelle atteint 5 500 keal/m2/jour (voir
figure 2). , .

En fait, il faut avoir present a l'esprit, 'cornme le
montre I'experiencc, qu'en hiver le rendement des
appareils les mieux construits tombe sensiblement
au-dessous des valeurs enregistrees au cours du reste
de l'annee. L'inc1inaison des rayons du soleil, qui,
augmente les pert es par reflexion, la plus courte
duree de l'insolation quotidienne, qui accroit la
valeur relative des calories perdues au cours de la
« mise en regime II matinale, ainsi que d'autres
facteurs, conduisent a adopter pour la valeur pra
tique de rendement des distillateurs solaires des
nombres plus faibles, a savoir, 60 a 50 p. 100.

Dans ces conditions, les productions qui peuvent
Ctre raisonnablement esperees dans les regions ou
l'utilisation des distillateurs solaires peut etre envi
sagee sont de I'ordre de 1,5 a 2 m3/m2fan, c'est-a
dire 4, 1 a 5,35 litresfm2fjour en moyenne annuelle.

La production reelle est de l'ordre de 7 a8litre$fm2f

jour au maximum en ete, pour tomber quelquefois
a 1 litrefm2fjour,et merne moins, au cours de cer
taines journees d'hiver. .

Ces variations saisonnieres et quotidiennes tres
importantes constituent un point qui nous parait
devoir ctre souligne tout particulierernent.

Remarquons aussi que toute construction d'un
appareil du type serre s'ecartant des regles opti
males conduira a une moyenne plus faible.

On a cherche quelquefois a opposer les deux prin
cipaux modes de realisation des appareils du type
scrre, c'est-a-dirc, ceux a cuve horizontale et ceux
<'I. meche. C'est Ut tine crreur. lIs representent deux
realisations differentes en leurs details, mais qui
s'appuient sur le meme principe. Figure 3. Dlstlllateur a effets multiples
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Dans I, ..rcmier cas, on se heurte a deux obstacles
(ondamcl' "IX :

a) D'al v-d le rendernent plus faible des collecteurs
plats sell •fs destines uniquement au chauffage de
l'eau si (J': le compare a celui des collecteurs plats
distillant-: .lu type serre (Baum SIll!), Gomella
5/107). F :f une meme temperature de l'eau, les
pertes p,l rayonnement sont plus faibles dans le
cas du cl, . illateur ; de plus, les calories evacuees
par la su: (-e de condensation de la serre sont pour
leur plus: .mde part utiles au processus de dessale
ment, con .' rirement aux pertes du coIlecteur a eau
chaude 11\;, distillant.

b) Ensu Ll: la faible vitesse de transfert, sans
moyens d.: convection forcee, de l'air humide du
scin de l'cvaporateur au sein du condensateur separe
(Baum SjI !!I).

Comrnc clans un distillateur du type serre la
surface de condensation est tout a fait suffisante
pour I'evacuation des calories, voire surabondante
dans cert ,.ines conditions de fonctionnement, un
dispositif· .:nple effet avec collecteur piat d'une part
et eondclI·",teur separe d'autre part ne peut Hre
que plus e'),.nplique et plus cher, et ne doit conduire
qu'a une !),'r)duction plus faible pour la merne inso
lation qU';,'1 distillateur simple effet du type serre.

La sepantion du chauffage et de la condensation.
n'est don- concevable que s'il existe un apport
d'energie c.xterieure assurant la circulation forcee, ou
si la pror11 lction de vapeur se fait a une pression
suffisante »our assurer naturellement le transfert de
l'air humi.lo.

Par aillonrs, la coIlecte de l'energie doit se faire
avec unc efficacite semblable ou, mieux encore,
meilleure que dans le cas des colleeteurs plats ou
selectifs ordinaires.

L'utilisation des eollecteurs plats selectifs asurface
exterieurc de faible emissivite peut etre envisagee
pou~ le c~lauffage de I'eau a distiller au voisin?-g~ de
100 C. L application d'un tel schema pour la distilla
tion des eaux saumatres ne nous a pas ete signalee.

Des hautes temperatures peu,vent s'obtenir egale
ment par des systemes foealisants (figure 4). La
eonstmction de miroirs reflecteurs qui a longtemps

Figure 4. Petits dlstl1lateurs it r~ftecteur

ete consideree cornme delicate et onercuse peut Cire
maintenant cnvisagee d'une facon plus rustique en
employant des rnatieres plastiques rcflechissantes car,
dans le cas du chauifagc de I'eau, une qualite optique
sommaire est suffisante.

Il semble egaiemcnt que I'utilisation de rdflecteurs
cylindro-paraboliques a chaudieres tubulaires dis
posees le long de la focale sirnplifierait considera
blement l'exploitation du dispositif Iocalisant, et en
partieulier perrnettrait soit de supprirner le dispo
sitif heliostatique, soit, si on ne prevoit pas l'crnploi
de ce dernier, d'eviter de trop nombreuses operations
quotidiennes de reoricntation du reflectcur.

Parmi les realisations ou les projets decrits, on
peut citer Weynberg (1939) qui, avec un miroir para
bolique de 2,42 m2 et un condenseur a plusieu~

etages, a produit 23 litres/jour, et Baum (5/119) qui
dans son memoire etudie en detail les possibilites
de production de distillateurs a multiples eife.ts,
en fonction de la forme du reflecteur, de sa qualite
optique et du nombre d'etages de la distillation.

On peut retenir que, pour ctre utilisable a cette
fin, un miroir cylindro-parabolique doit dcja ctre
realise avec un certain soin (coefficient de concen
tration minimum de 30) et que les possibilites de pro
duction sont alors pour cinq etages de 2 a 2,2 litres par
heure et par m2 de miroir, soit 20 a 25 Iitrcsjjour/rn"
au eours des saisons. .

Si nous considerons l'ensemble des connaissances
accumulees a ce jour, nous pouvons constater ce qui
suit:

a) L'appareillage distillatoire solaire de petites
dimensions sera a simple effet avec effet de serre,
ou amultiples effets avee dispositif de concentration.

b) Nous eonnaissons bien maintenant les criteres
principaux de qualite auxquels doivent rdpondrc les
distillateurs simple effet de type serre : temperature
de regime elevee, inertie therrnique faible (l!1me

. d'eau mince), distance evaporateur-conde,nseur Iaible,
ombres portees sur la surface evaporatOlre. Pour les
appareils les plus faibles possibles repondant. aces
conditions, nous pouvons prevoir la production de
1,5 a 2 m3/m2/an de collecteur plat, avee de fortes
fluctuations quotidiennes et saisonnieres,

c) Les appareils a concentration, pour lesquels
I'experience acquise est moins ~nde, peuvent nean
moins Cire calcules avee assez d exactitude, et leurs
performances peuvent ctrc estimees de 3 a 5 Iois
superieures a celles des distillateurs du type serre,
soit 4,5 a 1~ m3/m2/an de reflecteur,

d) Les materiaux qui servi.ront a la con~t.ruction
des distillateurs seront sourms a des conditions de
service tres dures : corrosion, entartrage, deformation
par humid!te, deformation p~r ?cssication, deforma
tion sous I effet de fortes variations de temperature,
erosion eolienne. action des agents atrnospheriques,
vieillisscment sous l'effet des rayons actiniques. Une
bonne resistance de materiaux a ccs agents d'agres
sion doit ctre obtenue, car, suivant Ies parties ~n

cause, la transparence, I'etanchcitd a I'cau et ~ 1'~lr,
l'absence de decollements et dc fissures et le rnainuen
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de la planeite peuvent avoir une importance consi
derable sur le rendement pratique de .I' appareil.

Le constructeur et 1'utilisateur ont lechoix entre
differents types d'appareils et de materiaux.

Le choix entre les differents appareils dependra de
plusieurs facteurs: fixite ou mobilite de I'installation,
situation geographique, utilisation permanente ou
periodique, presence ou absence d'eau de refrigera
tion, qualite :de la main-d'ceuvre : disponible et
importance du facteur prix de revient. .

La mobilite de I'installation ecarte 1'emploi d'appa
reils a serre du type classique a cuve rigide. Les appa
reils en film plastique a meche du type Bjorksten
ou 1'appareil gonflable spheroide utilise dans les
canots de sauvetage de la Marine des Etats-Unis
seront d'un usage plus' commode.

. De meme, les appareils a concentration se prete-
ront a I'equipernent d'un convoi lourd a condition
que les miroirs reflechissants soient repliables sur
eux memes.· . .

La situation geographique peut donner la prefe
rence aux appareils horizontaux pres de I'equateur,
aux appareils a meche aux latitudes plus elevees,
Les appareils aconcentration s'emploient sous toutes
les latitudes.

L'utilisation permanente peut donner la preference
. a des appareils ne necessitant pas de reorientation

(appareil type serre).
- L'absence d'eau de refrigeration aisernent acces

sible empechera 1'utilisation d'appareils a conden
sation separee,

La qualite de la main-d'oeuvre disponible pourra
dans certains cas imposer 1'usage des appareils les
plus rustiques de conception et d'exploitation (serre
a cuve horizontale).

Enfin, le facteur prix de revient sera primordial
pour les appareillages fixes a priori destines a desser
vir des centres habites qui ont des besoins en eau
plus importants et une grande exigence d'economie..
Pour les equipes mobiles, par contre, le facteur
~( commodite d'emploi en deplacement » est le plus
Important.

Le choix entre les differents appareils du type
serre s~ra souv~nt dete~mi~e ~ar la valeur du prix
de revient de 1eau, qui lui-meme est fonction du
prix de revient unitaire de 1'appareil et de la longe
vite de ce dernier. '.-

Pour les petits appareils, des prix unitaires tres bas
ont ete quelquefois avances dans le passe. 11' est
certain en particulier que la realisation d'appareil a
meche a enveloppe transparente plastique peut etre
rendue d'un prix relativement faible dans le cas d'une
production en masse. Des renseignements definitifs
sur le prix de production et sur la longevite des
appareils a films plastiques restent encore a obte
nir. Pour les petits appareils du type verriere, les
appareils construits avec des materiaux de grande
longevite (amiante, cimentjverre, polyester strati
fiejverre) les prix unitaires oscillent entre 72 a
145 NFjm2.

Ces prix peuvent certainement etr: .liminues sensi.
blement par une production en gra i' ~c; quantite, et
des prix de l'ordre de 50 a 100 NT, :}2 ne sont pas
absurdes.

Une longevite de 20 ans peut F 'nitement etre
admise, ce qui conduit (dans I'hyp . hese de 1,5 a
2 m3jm2jan) a des prix de revient d. :"au de 1'ordre
de 1,25 a 3,33 NFfm 3 , en supposant ':.~ exploitation
et un entretien par de la main-cl -wre familiale
gratuite.

Ces prixsont tres eloignes de ceu» .ui ont pu etre
estimes dans le passe.' Je les crois t : ;':, sincerement
bien plus proches de la realite pm, l de tout petits
appareils et pour des surfaces equips de quelques
dizaines de metres carres, .

Si on considere 1'estimation la plus tiible (1,25 NFI
m"), elle ne constitue que le double on le triple du
prix qui est admis pour certaines dis: , ibutions d'eau
potable urbaines. Appliquee a la dist i: l.ition de 1'eau
de mer, elle est tout a fait cornpetit: c' avec les prix
de precedes classiques. 11 y a lic.: cependant ~e
remarquer que cette estimation n':'" a mon avis
tres optimiste, meme dans l'hypor l1:',e d'une p~o

duction de petits distillateurs en L ,'., grande serie,
Dans l'etat de choses actuel, le P' >, reel de l'ea,u
distillee solaire dans des petites i lHaUations doit
osciller entre 5 et 10 NFfm 3 suiv t Jes lieux et
1'appareil.

Je ne dispose pas de renseignemci..s serieux s~r1~ ,
pnx de revient de 1'eau distillee pour des apparel1s a
concentration a multiples effets. Compte tenu d~
leurs possibilites de production, qui. «ont de trois a
cinq foissuperieures acelles des disti Iiateurs du tYRe
serre a cuve horizontale, on peut comlure que le pnx
de revient de l'installation complete, rarnene au m

2

de surface de miroir, devrait etre de l'ordre de 2?O
a 725 NFfm2 pour etre competitif avec les appar.ells

du type serre, et de 150 a 500 NFjm2 pour e~re
competitif avec les appareils du merne type constrults
en grande serie.

C'est la un objectif, pour les estimations inferieur~s
surtout, qui parait tres difficile a atteindre. Il apparalt
ain~i que 1'emploi d'appareils a concentration de
petites dimensions ne peut etre envisage, et dans
certains cas seulement qu'en raison de faeteurs ~e
com,modite, en exclua~t les considerations de pnx

de revient.

Que.lle.s sont done les perspectives dans le d?ma~~
des dIshllateurs de petites dimensions? Tres h
net t'l f • d rnieresemen ,I aut reconnaitre que ces e.
annees on pietine. C'est une question de pnx de
revient.

L'emploi des matieres traditionneUes greve le
prix de revient d'une charge de main-d'reuvre de
Iaconnage que seule une production en tres gran e
sene pourrait faire sensiblementtomber-

D ' . 'des
e plus, le volume et le poids des apparelIsng~ t

produits vient greyer lourdement le prix de revl~nt
rendu sur les lieux d'utilisation et c'est la un po:n
qu'il ne faut pas negliger, p~isque la produet

lOn
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en grande serie s'oppose en fait a la: realisationdes
'appareils ;"'E place.

Remarqr -ms cependant qu'il existe une methode
d'aborder k probleme du prix de revient, qui consiste
it en masq.i-r la vraie valeur en l'integrant volon
tairement ,LUS des depenses generales d'urbanisme
ou d'habit.>. " "

, , '

Il faut co.isiderer d'une part qu'un metre carre de
distillateur <olaire du type serre classique est suscep
tible de forinir 1'eau de boisson necessaire a un seul
individu et que, d'autre part, le prix de ce metre
carre, mem-: dans l'etat actuel des prix de construc
tion des ha..rtations, est du meme ordre que celui d'un
metre earn; de logement tres sommaire et qu'il est
de tres loii. inferieur a celui d'un metre carre d'un
logement nun luxueux.

Dans ces conditions, on peut se demander si une
methode cl'.itilisation de l'energie solaire qui peut
etre adopter ~ d'ores et deja ne consisterait pas a aug
menter le capitaljnvesti dans les logements d'une
part correspondant a une fraction de m2 ou meme a
1 m2 de Sl uIace habitee reservee a un individu, en
dotant ces Jogements neufs de distillateurs solaires
du type inlividuel etablis sur letoit des maisons.

L'action desdetergents qui permet 1'utilisation des
eaux dures, saumatres etmeme cellede 1'eau de mer
pour les besoins de proprete ou du nettoyage permet
d'envisager serieusement une distribution d'eau filtree
et sterilisee, mais non demineralisee, dans les distri-

"butions publiques des nouvelles cites, avec une pro
duction separee a chaque maison de 1'eau de boisson
saine et potable necessaire a ses habitants.
,;Pour l'avenir, 1'abaissement du prix de revient
pourra certainement provenir de l'emploi des matieres
plastiques.

Dans l'etat de choses actuel, elles ont trois inconve
nients : le prix de revient encore eleve, la non mouilla
bilite, et le vieillissement rapide sous 1'effet du temps
et des agents atmospheriques, et plus particuliere
ment du rayonnement ultraviolet. Elles presentent
par contre de grands avantages t.legerete, non fragi
lite, et facilite de mise en ceuvre.

Si 1'on considere lesprogres considerables accom
plis ces dernieres annees dans la lutte contre les trois,
inconvenients principaux, on peut etre resolurnent
optimiste et esperer aboutir a des prix de revient,
tenant compte de la longevite, qui seraient tres
inferieurs aux chiffres actuels.
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Figure 5. Epatsseur' de la lame d'eau et production quotidienne
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METHODES D'APP,ROCHE POUR LA REALISATION

DE DISTlLLATEURS DE GRANDES DIMENSIONS

Dans la conception d'un distillateur de grandes
dimensions, on peut soit extrapoler les dimensions
d'un appareil de petites dimensions, soit chercher
a construire un appareil derive mais different dans
certaines parties, soit encore faire appel a des dispo
sitifs completement differents, avec emploi de

. I'energie exterieure non solaire comme energie auxi
liaire pour assurer des transferts de masse d' eau ou
de vapeur, etc.

Une methode egalement signalee par Gomella en
1957 comme tout a fait admissible dansson principe,
idee qui est reprise par Howe (S/29), consiste a
realiser de grandes surfaces de distillation au moyen
d'une juxtaposition d'une multitude de petits appa-
reils. '

VERRIERE DE GRAN DES DIMENSIONS

Depuis quelques annees, il a ete soutenu que la
verriere a plan d' eau de grandes dimensions realisee
avec des moyens de travaux publics conduirait a des
prix de revient beaucoup plus bas que ceux des distil
lateurs de petites dimensions. La question a ete en
particulier soulevee au Symposium de Washington
(1957), au Colloque de Mont-Louis (1958) et au
Symposium de Cleveland (1960).

A l'heure actuelle, les idees sont devenues beaucoup
plus claires grace a l'experimentation systematique
et aux calculs effectues par plusieurs chercheurs,
dont certains sont mentionnes dans les memoires pre
sentes a la presente reunion (Strobel Sj85, Howe
S/29, Gomella S/I07, r.er S/77, Baum S/U9).

Des publications anterieures, notamment celles de
J. M. Bloemer, N. A. Collins, J. A. Eibling, Maria

Telkes et B. W. Wilson, ont egalem:c,t contribns
d'une facon fondamentale a notre comprehension du
fonctionnement des appareils du type .'. [re.

Dans ces conditions, il est mainte: . .rt possible
de prevoir ce qui resultera de I'augrr 'tation des
dimensions d'un appareil verriere,

Trois communications presentent un 1. . ~ret consi
derable (Vif S/77, Baum S/U9, GOL'Ha S/I07).
Elles fournissent des conclusions pn',,".es et des
elements chiffres qui permettent d' c"duer une
comparaison entre des travaux effeci;{;s en des
endroits eloignes, par des chercheurs "\11S liaison
directe entre eux, et qui ont suivi des Li/;thodes de
travail differentes,

Baum (S/U9) arrive a ses conclusions par le
calcul en partant de donnees de base 'i rees d'une
verriere a lame d'eau mince.

Lof (Sin) tire egalement des conclusi 1S a l'aide
du calcul en operant en deux temps. partir de
donnees recueillies sur une verriere a L1'~i'~ epaisse,
un jour donne du mois de mai, il eLUit par le
calculles equations de fonetionnement d": ne verriere
a lame d'epaisseur nulle. Ensuite, a p:,l:ir de ces
equations de base, il calcule les modificatons ap'por
tees par la prise en compte de I'inerti 1 herIIl;lque
introduite par des lames d'eau d'epaisO'ic. ' variable
(figure 5).

Gomella (S/I07) a precede d'une fe'V"!l experi
mentale systematique sur des verrieres fc.:\ctionnant
en parallele dans des conditions identiqucs, al'excep
tion d'un seul parametre. 11 a ensuite c1<Si.:;rn:i~e les
equations experimentales qui traduisent c:tatIstIque
ment l'ensemble des observations enregistrees-

Le premier fait remarquable est la concordance
qualitative des conclusions de ces trois mernoires :

Le facteur est-i! [auorable a l'accroissement de la production
Eacteur

Lot Bauin Gomella

oui oui oui
oui oui non mentionne
oui non mentionne oui

oui oui non mentionne
oui oui oui

Radiation solaire accrue. . . . . . .
Temperature atmospherique eievee . .
Difference temperature eau-vitre faible
Coefficients ,reflexion et absorption

vitre faibles . . . . . . . . . . .
Temperature eau elevee . . . . . . .

. Lame d'eau mince, inertie thermique la
plus faible possible . . . . . .

Rapport de surface eau/vitre faible .
Distance eau-vitre faible .
Vent faible . .

oui
oui

non mentionne
oui

oui, implicitement oui
oui +

non mentionne oui
non mentionne non mentionne

+ oui pour T > 60.C < 1 po~r T < 50 ·C.

Parailleurs, les valeurs numeriques sont assez
voisines et quelquefois coincident remarquableIIlent.
Il faut noter que les resultats obtenus directement
a I'experimentation sont toujours legerement plus
faibles que les valeurs numeriques deduites des
calculs estimatifs.

Il apparait en particulier que le calcul de Lot
conduit a des resultats sensiblement plus opti-

mistes que ceux de Baum, qui' par contre donnent
des valeurs numeriques legerement superieures aux:
valeurs obtenues avec les formules experimen~ales
tirees par Gomella de l'observation systematIqlle
d'appareils fonctionnant en parallele au Sahara.

Il faut cependant remarquer que les appa~eils
utilises par Gomella pour l'experimentation etale.nt

derives des appareils a haut rendement constrUlts
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<D'Re~ultats 'o~nus -~ar- LOF 110is de t1ai
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. . '. .
, Figure 6. Epaisseur de 1~ lame d'eau et productionquotidienne 1

- 'Production en _fonction de I'epatsseur de lame.
Pourcentage de la production 11 distance 0 cm

au Sahara pour l'usagepratique, mais s'en differen
ciaient Iegerement par certains details, en raison de
commodites experimentales,
, -Par exemple, .I'appareil experimental de 2 cm
d'epaisseur de lame fournissait 15 p. 100 de moins
en moyenne que les appareils non experimentaux
de meme epaisseur de lame.

De ce fait, la corncidence avec le calcul de Baum
devient absolument vremarquable, surtout si 1'0n
tient compte de la temperature plus basse des eaux
saumatres utilisees par Gomella (15 QC contre 20 a
30 QC) et du volume prechauffe avant evaporation
(deux a trois fois plus chez Gomella que chez Baum).

Les resultats calcules par Lof et observes par
Gomella coincidentegalernent fort bien, si 1'on met
en parallele les valeurs rel,:tives _:

100

Epaisseur (cm)

o.
, 2.
, 5:

:15.
40.

100.

1-.01

100 p. 100
86
76
60,5
54 ---

Gomella

100 p. 100
80
74,5
63,5
58,5
53

r.r I;,{F\!} L.V Epc.issaur dcz: la lame d'cz:au = 0 ccz:nt.imcit.rcz:

@ BAUM Volome UlU brute = ""'umcz: «au1dlstillicz:

@ BAUM ', b t 2"olumcz:-":au disl:.ill~~vorome eau ru e =.' ~ ~

~GOMELLA' 2 I ~au disllllecz:~ Volume cz:au bruta == vo umes •

Figure 7. Temperature de l'eau et debit

Comme l'indiquent Lcf, Strobel, Baum et Gomella,
un distillateur verriere de grandcs dimensions, pour
une meme intensite de rayonnement recue, f6nctionne
obligatoirement aun regime de temperature inferieur
a.celuid'un petit appareil. Si on examine les diffe
rentes realisations proposees, on peut estimer que la
production initiale de ces grandes verr~eres sera .de
I'ordre de 70 a50 p. 100 de celles des pehts.apparetls.
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Les grandes verrieres produiront done, suivant
leur mode de realisation et 1'endroit OU elles seront
exploitees, 0,75 a 1,4 m 3jm2jan .

Ces donnees de base, qui sont maintenant etablies
par le caIcul et verifiees par l'experience, perrri.ettent
de juger de l'interet que peut presenter la construc
tion d'une verriere de tres grandes dimensions.

Pour qu'il soit preferable de faire appel a cette
technique plutot qu'a celle de la juxtaposition de
petits appareils construits en grande serie, il faut
que la construction de la grande verriere revienne
a un -prix unitaire largement inferieur a la moitie
du prix unitaire d'un petit appareil.

De plus, ces donnees permettent de fixer le prix
de construction du metre carre des grandes verrieres
en tenant compte de la longevite des materiaux
employes et des frais d'exploitation et d'entretien,
de facon que 1'emploi de 1'eau distillee d'origine
solaire puisse etre envisagee :

a) Dans le futur pour 1'alimentation en eau potable
de ville et pour l'irrigation; .--
. b) Dans .l'immediat pour concurrencer les autres
procedes de demineralisation, la OU ces derniers
trouvent actuellement usagermalgre le prix assez

eleve du traitement (distillation thermiqus, elec.
trodialyse, congelation).

Pour etre admise par l'usager, la demiEtTalisation
'ne doit pas depasser un certain prix (~. revient.
Selon 1'utilisation envisagee, nous avons ,:d,opte les
prix' complernentaires suivants comme ac. vptables :

0,02 a 0,05 NFjm 3 pour 1'eau d'irrigatiwc,
0,15 a 0,50 NFjm3 pour l'eau potable d- ville,
2,00 NFjm 3 pour la demineralisation .ies eaux

saumatres, dans l'etat de choses ac.viel,
5,00 NFjm 3 pour la demineralisation cl" eaux de

mer, dans l'etat de chases actuel.
Le prix de revient de 1'exploitation d'ui verriere

solaire est tres different suivant que I'on ti.:d ou non
compte du prix de la main-d'oeuvre neo--saire.

Considerons d'abord les petites installatons, sans
main-d'ceuvre d'exploitation payee. La verrur« solaire,
pourpouvoir concurrencer les precedes cl., dessale
ment actuels, devrait revenir a :

50 a 100 NFjm2 pour traiter l'eau de ,'ler,
,20 a 40 NFjm2 pour traiter les eaux ~'.- umatres.

. -Quant aux grandes installations avec ma';t-d'ceuvre
d'exploitation payee, le tableau suivant '!onne la
gamme des prix de revient admissibles :

Capacite de traitement
Pris de revient maximum admis;ible

Production actuelle Production future
---------- - ----

Demineralisation des
eaux de mer eau» saumdtres

eau potable
pour villes

can ,'}gation

impossible
impossible

0,9 a. 9 NF
1,4 a. 10 NF

idem

impossible
14 a. 27 NF
20 a. 40 NF

idem
idem

1811.36 NF
44 a. 97 NF
50 a. 100 NF

idem
idem' '

27
270

2700
13500
27000

10000 .
100000 ..

1 million.
5 millions

10 millions

im; ,'osible
im.cssible
im "-'3sible

0,8 :, (l,80 NF
0,14 J ",90 NF

-------:----------------~---
Les conclusions a tirer de cet ensemble de chiffres

sont fort claires.
Dans une premiere etape, et. pour pouvoir simple

ment concurrencer les autres moyens de dessalernent
pour la fourniture d'une eau de boisson ou pour
usages industriels aun prix encore eleve mais accep
table, le prix de revient installe du m2 dedistillateur
verriere devrait osciller entre 20 et 100 NF, suivant
1'importance de I'installation, la nature de 1'eau
traitee, les conditions d'insolation, etc.

Dans une deuxierne etape, et pour pouvoir envi
sager la fourniture en gras d'eau potable a .des
agglomerations, ce rneme prix devrait tomber a des
valeurs comprises entre 1 et 10 NF, etant bien entendu

que le procede ne serait economiquement applicable
qu'a des installations de grande importance (plusieurs
milliers de m 3jjour).

La troisieme etape, qui est celle de la fourniture
~es eaux d'irrigation, parait tout simplement inacces
sible, sauf decouverte de procedes de terrassement,
d'etanchement des sols et de materiaux transparents
de grande longevite, d'un prix de revient qui n'est
meme pas envisageable a l'heure actuelle et pour
les annees immediates a venir.
. Les ?bjecti~s de prix de revient etant deterrr:ines,
11 est interessant de considerer les valeurs reeHes
ou estirnees a 1'heure actuelle pour la construction
de grandes verrieres (figure 8) :

Auteu« Matbiaux Dimensions (m'Y Pris (NFfm'J

Strobel et Lof . betonjverre 230 280 a. 380
100000 74

Strobel et Lof : asphahe/verre 270 97
100000 72
100000 61

Gomella , beton/verre 10000 100 a. 80
asphalte/verre 10000 65 a. 50

Strobel, Lof et Edlin . film plastique 225 ?
(figure 9) 100000 ?
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Figure 8. Grands distillateurs

A I'heur« actuelle, ilOUS en sommes done au stade
oill'on peu .-nvisager de concurrencer par distillation
avec de f'." .ndes verrieres les autres procedes de
dessalemer .. et ceci surtout dans le cas du traitement
d'eaux trc chargees en sels, par exemple .l'eau de
mer, et a .ndition de .realiser des installations de
grandes di -cnsions, 10 000 m2. au. moins.

Nous ne '; trouvonsdonc tres loin du stade ou
l'~n pourr. ;t envisager dans des conditions econo
nnques aocptables d'alimenter les agglomerations
en ,eau po able de distribution publique. Pour en
arnver la . .] faudrait baisser les prix de revient de
10 a7 Iois

La. question de savoir s'il est possible d'obtenir
une teile.-diminution reste a discuter. 'Tout ce que
l'on peut dire, c'estque la methode a-suivre. pour
y arrivern'est pas evidente, surtout avec les. mate
riaux traditionnels.

Il serait interessant de connaitre le point de vue des
industriels et des chercheurstravaillant dans le
domaine des plastiques en film. Les progres enre
gistres' ces demieres annees wont-ils se. poursuivre
a la meme cadence? Dans l'affirmative, la voie la
plus prometteuse. pour les verrieres . de .grandes
dimensions sera celle :qui conduira a un emploi
generalise de films plastiques dans leur construction'

FILM MATIERE PLASTIQUE TQANSPARE.NT

......__....._----.....,--- ----.......

FILM MAT/ERE PLASTIQUE NO/RE

eot, ISOLATiON

i Me.f're

DISTILLATEUQ EN MATIERE DLASTIQUE
Figure 9. Grands distillateurs : Distillateur en matlere plastique
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JUXTAPOSITION DE PETITS DISTiLLATEURS

La realisation de tres grandes surfaces de distilla
tion est possible en faisant appel a la juxtaposition
d'un nombre eleve de petits distillateurs.

Les problemes de collecte de 1'eau distillee, de
distribution des eaux brutes et d'evacuation des
saumures . concentrees . relevent d'une technologie
simple et peuvent etre resolus d'une maniere peu
onereuse, . .

Cependant, dans l'etat actuel des chases, les prix
lesplus bas que 1'on peutesperer obtenirpour une
telle Tealisation ont ete estimes plus haut de 50 a
100 NF/m2• . ,.... .

, C'est la un ordre de grandeur de prix tout a fait
similaire a ceux des grandes .verrieres en asphalte
et verre, et le choix entrel'un ou 1'autre des modes
de construction relevera du cas d' espece,

On peut cependant remarquer que 1'exploitation
d'une mosaique de petits appareils conduira vraisem
blablement a une charge de main-d'oeuvre plus
elevee que 1'exploitation d'un ensemble de grande
surface' unitaire. Lesjuxtapositions de petits appa
reils seront done mieux adaptees aux surfaces les
moins grandes et .aux regions oii la-main-d'ceuvre
est la moins onereuse.. . .

11 faut noter que Howe (S/29) estime qu'une
mosaique de distillateurs inclines disposes sur un
terrain terrasse en grande masse reviendrait sensi
blement moins cher au m2 installe et produirait une
eau moins chere au m S qu'un distillateur beton-verre
duo type .Lcf (S/77)., Notons cependant .que Howe

, , ~ ,

n'a pas fait la comparaison avec le distillateur
asphalte-verre de tres grandes dimen ':'ons derive
de 1'appareil experimental de LOf.

AUTRES METHODES DE DISTILLFiWN
EN GRANDES QUANTITES

Les distillateurs verrieres sont cL,; appareils
therniiques simple effet. Dans la techru-m- classique
des distillations industrielles, pour ameli 't er le rende
ment energetique, on cherche d'une pc']' a recycler
l'energie, et d'autre part, dans chacur: des etages
d'utilisation, a ameliorer le rendement d· J'utilisation
de. l'energie. 11 est naturel que le- chercheurs
aient tente de transposer a la distillatio : solaire ces
methodes d'amelioration.

Les etages successifs d'un distillateur ,L multiples
effets(figure 10} fonctionnent a des ,,'essions ~e

plus en plus faibles. 11 y a done lieu ~il:' de partir
d'une temperature elevee, ce qui exige d-, collecteurs
a concentration ou des collecteurs pl : selectifs,
soit de disposer d'auxiliaires assurant' transfert
accelere des masses de vapeur et assura. " des vides
partiels degressifs, '

La: difficulte a laquelle se heurtent k.hercheurs
sera 1'obtention d'un appareillage rep« .ant aces
exigences mais restant simple et peu (>;' . -ux. I! ne
faut pas en effet que la majoration de P :. .Ie revient
provenantdu prix de 1'appareillage et c ,: sujetlOns
d'exploitation et d'entretien soit en [I:; de compte
superieure a-I'accroissement de production par unite
de surface de collecteur. .

--

BOUIL.LEUR

------

r---------i'"'\NVV\ri------
I r-:--------fJ"lWVV+--.;,,-------
I I r-------I-'\IWI/\rf-------
I I I r-.:.------f-'VV1W\r+--------

EAU DISTlLLEE

BOUILLf.UR

-'~---.l--'-+--

EAU SAutE ' .

eOUfL.L£UR

i
.'". . I
----------, "..'r-----'---r----- .' ~i· . j ·-----C~=U-R--·----

I I

.,r-~-----------------:----
I -
I

t
I

I
I

!

EVAPORATEUR

Figure 10. Grands distillateurs : installation it effets multiples
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COlNERTURE TRANSPAAENTE.

AIR HUM/DE

CONDENSEUR

RRJViE' EAU BRUTE

VENTH..ATEUR

.
EAU DISTIU-EE

Figure 11. Grands distillateurs i nouveaux types

Dans 1;'3 installations thermiques en general, un
des factc-irs les plus importants qui commandent
le rende.ncnt d'utilisation de l'energie thermique
est consti tue par I'ensemble des differents coefficients
de transmission de la chaleur, et par les coefficients
de transfort de masses. ':'" ,

Dans I'etat actuel de nos connaissances, les moyens
quipermettent d'augmenter 'les valeursde ces
coefficients de transmission consistent a :

a) Utiliser des parois de bonne conductivite ;
b) Soumettreles fluides au contact des parois aux

conditions hydrauliques de I'ecoulement turbulent;

FONCTIONNEMENT PENDANT HEURES INSOLEES

UMUQE

..

~-
er . • • I ,
~ .. I I I

~ . I I I I I- t. t.:.. __ ..t---.!-T ~ '! ____ L~._ _ '.1
. -ECHANGEUR DE CHALEUR

t--'
l mn

- ..
- .... __ - _-I----

I I ~CONDENSEU~
.. " . . t ,

- EAU DISTJLl.EE. .

FONCTIONNEMENT PENDANT HEURES NOCTURNES

SAUMURE

EAU.DISTILLEEo s

.

.. f---
,

a • I

« i I I
I I 1_ I I I

~ ____ t.~~ __ t.._
.r-~- - -"-+- - __t

•
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I- T
l RIn1 ----- .... ---- --I

I I ~CON ~N ltiJQ t ,

Figure .. 12•. Grands distillateurs : .nouveaux .types
6
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en raison du manque de details dans le memoire
recu, L'auteur aura certainement a repondre a des
questions concernant aussi bien le .schema theorique,
les conditions de captage de l'energie solaire et..de
son utilisation; dans l'evaporateur instantane, les
modes de mise; en ceuvre des immenses surfaces de
film plastique..

De toute facon, cet avant-projet constitue une
illustration extremementsuggestive et interessante
des difficultes auxquelles se heurteront le chercheur
et l'ingenieur quand ils .voudront,. atres grande
echelle, recycler l'energie solaire et mettre en ceuvre
des matieres plastiques en film.

Notons que l'auteur dans son etude economique
estime pouvoir obtenir de l'eau distillee a un prix
de revient de 0,37 NFjm3~. ,

On ne peut que souhaiter qu'une ~analyse plus
complete de son avant-projet conduise a confirmer
la possibilite d'une realisation pratique. Le procede
de Hummel permettrait en effet d'atteindre d'emblee
une zone de prix de revient acceptable pour l'alimen
tation en eau potable des agglomerations. ,

J. Hirschmann (Sj23) presente un avant-projet
appliquant les principesdes machines .thermiques
fonctionnant entre de faibles differences de tempe
ratures qui dans le passe ont ete longuement etudiees
par Georges Claude et Nizery pour la fourniture
d' energie et par Howe dans une perspective limitee
a la production d'eau potable.

D.ans' cet. avant proje~, l~ captage, de l'energie
solaire se fait au moyen duncollecteur plat classique
non distillant OU I'eau saumatre- est portee de sa

temperature naturelle 18°C a 70°C; c.s valeurs cons
tituent done les valeurs extremes [If'S temperatu
res des sources froide et chaude entr: Iesquelles doit

· fonctionner 1'ensemble du systeme (voir figure 15).
Un calcul economique, qui ne figv.e pas dans le

memoire, estime a 3,4 NFjm3le prix ll~ l'eau distillee
produite, en supposant par ailleur: que l'energie
electrique produite egalement par le ,.3positif serait
vendue a 1,7 NFjkWh. Ces prix ass. z eleves sont,
signale 1'auteur, parfaitement accepta..les a l'endroit
OU la construction de 1'installation est envisagee.

Baum (Sjll9) considere que si 1'on peut envisager
la production de grandes quantites cl'P(iU au moyen
de distillateurs .verrieres de grandc-s dimensions,
il est possible que d'autres methodes soient mieux
adaptees a une production a grande echelle.

Il considere que la question n'est p;~s encore mnre
et necessite des travaux et des reflexic->s approfondis
complementaires. Il remarque cepend.mt que si l'on
produit a 1'aide de I'energie solaire de la vapeur
d'eau sous 2 a 3 atmospheres, on pent soit utiliser
cette vapeur dans undistillateur r.u.ltiples effets,
soit au contraire produire de l'encri.ie electrique.

· elle-meme -employee a dessaler r,;, electrodia-
lyse. ., ,

· ,La production en eau potable ,:1'1 distillateur
· multiples effets serait de 1'ordre de 1 GO 000 m3/an

dans le cas OU on utiliserait la eh udiere solaire
dont il a etudie anterieurement le pr..jct.

Par contre, la production d' eau potable que
permettrait une installation d'elecLi,)dialyse elle
meme' alimentee en energieelectrlque par un turbo-

CENERATRlCe

TURBINE

COLLECTEUR

D'ENERGie

SOLAIR£

SAUMURe

EAU 'SALE- e: I.

Figure 15. Distillateur a,faibledifference de temperature
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35
0,28

d'estima-

alternatcnr mu par la vapeur issue de la chaudiere
est donnee dans le tableau ci-apres :

Salure i:'t:iale de l'eau g/l . 9 "4,6' 10
106 m3jan 7 1,8 0,85

Baum ne donne pas malheureusement
tions de prix.

Conclusions

De gr.mds progres ont ete accomplis ces dernieres
annees d.ms nos connaissances concernant les distil
lateurs solaires du type verriere. Nous savons main
tenant (iuels sont les parametres qui gouvernent
leur fonctionnement, et nous connaissons les carac
teristiqucs de construction qu'il y a lieu de recher
cher.

Les possibilites de production unitaires de telles
verrieres sont limitees de 1,5 a 2 m3Jm2Jan.

L'augmentation des dimensions des verrieres doit
dans la G{>neralite des cas conduire a une diminution
de rend-merit.

Il ne uarait pas possible d'ameliorer sensiblement
le rendcrnent des appareils par des perfectionnements
construe. ifs.

L'effor: ulterieur est done a porter sur la dimi
nution ch prix de revient unitaire du distillateur,
en tenar.: compte, bien entendu, de la longevite
des mate: '<lUX et de la production unitaire escomptee.

Compr-. tenu des sujetions d'exploitation (main
d'ceuvra) et de la faible production unitaire des
distillaten-s verrieres simple effet, meme un abais
sement fL, prix unitaire considerable exigera toujours
des installations de tres grandes dimensions.

Pour que le prix unitaire de l'eau reste acceptable,
la rnethode de realisation' d'immenses surfaces
couvertes d'une matiere transparente et recouvrant
une lame d'eau sur un sol etanche et thermiquement
isolant doit etre un des sujets principaux de preoccu
pations des chercheurs dans les annees a venir. 11
semblerait que 1'utilisation de films plastiques specia
leme.nt traites (transparence, selectivite spectrale,
mO~l1llabilite) constituerait une methode fructueuse
~~IS comportant pour l'instant un grand nombre
d lllconnues.

La difficulte que 1'on rencontre dans la realisation
~es grandes surfaces mentionnees ci-dessus donne un
lllteret particulier a deux voies de recherches :
. a) Distillation multiples effets a partir d'eaux

h.Mes d'une temperature comprise entre 50 et.60°C.
SI un dispositif peu onereux de construction et
d'exploitation etait mis au point, il permettrait de
reduire sensiblement la dimension des surfaces de
collecte de I'energie solaire ou, reciproquement,
d'autoriser des prix de revient unitaires plus eleves
de ces surfaces.

b) Production d'eau distillee comme eau de conden
sation de turbines fonctionnant sous faibles diffe
rences de temperatures. La mise au point de telles
machines, qui ont deja fait 1'objet de recherches
anterieures, pourrait simplifier considerablement le
probleme du . collecteur, qui constitue a 1'heure

actuelle la pierre d'achoppement economique qu
empeche 1'emploi de la distillation solaire a grande
echelle. ->

Le collecteur d' energie solaire pourrait alors etre
simplement une lagune protegee contre I'evaporation
par un film (film plastique, liquide, flottant, etc.).
On peut egalement chercher a eviter le refroidisse
ment de la lagune par des dispositifs anti-convection.
Le prix de revient unitaire du collecteur relativement
imparfait ainsi constitue pourrait etre tres faible,
ce qui compenserait largement le mauvais rendement
de la collecte de l'energie solaire.

On peut egalement envisager la collecte de l'energie
solaire par I'air chaud.

Les differents specialistes ne sont pas unanimes
sur l'interet que pourrait presenter l'elevation de la
temperature de collecte en vue de faeiliter 1'utilisation
ulterieure de l'energie solaire et son recyclage en
particulier. 11 serait interessant que des etudes
chiffrees pour de tres grandes installations soient
faites pour trancher la question. Il apparait cependant
que, pour de petites installations, un tel precede
doit etre plus onereux,

ANNEXE

Lorsque l'eau est rare ou lorsque son prix de revient est eleve,
une methode consiste a diminuer les quantites d'eau necessaires.
C'est ce que proposent Trombe et Foex en recommandant l'utili
sation de cultures en regions arides sous serres distillantes.

Le microclimat ainsi realise sous certaines conditions d'exploi
tation et de rapport entre la surface insolee et la surface maintenue
dans l'ombre permet de se rapprocher de celui de la foret tropicale
ou de la palmeraie saharienne.

L'eau necessaire a la vie des plantes est produite par des
distillateurs places dans la partie superieure de la serre. La
quantite d'eau necessaire est de tres loin inferieure a celle exigee
par l'irrigation a del ouvert.

La methode en est encore au stade de I'etude et fait l'objet
d'experimentation systematique par les auteurs dans le sud de
la France et par Gomella (S/107) a Touggourt au Sahara.

Les eaux produites par les distillateurs sont souvent impregnees
de gouts et d'odeurs peu agreables. Par ailleurs, elles sont trop
faiblement mineralisees pour etre ingerees d'une facon permanente
sous un. climat ou la sudation humaine est abondante. Les eaux
doivent done etre potabilisees, La lutte contre les goats et odeurs
ne presente aucune difficulte et la percolation sur charbon actif
apporte generalement une correction parfaite. La remineralisation
des eaux peut se faire, soit en melangeant aux eaux distillees
une faible fraction des eaux chargees de sel (grandes installations),
soit en faisant percoler les eaux distillees au travers d'un petit
filtre charge des elements mineraux necessaires (distillateurs :
domestiques).

Enfin, les distillateurs solaires n'echappent pas aux problemes
poses par les depots salins provenant des saumures soumises
a evaporation. L'augmentation de l'epaisseur de lame d'eau
permet, surtout dans le cas de I'eau de mer, d'eviter la sursatu
ration et les depots. Cependant l'augmentation de I'epaisseur
de la lame d'eau n'est pas toujours souhaitable, comme nous
l'avons vu plus haut. Par ailleurs, certaines eaux de nappes,
meme de salure moyenne (3 a 6 g/Iitre) peuvent etre d'une compo
sition ionique telle que les precipitations de gypse et de carbonate
de calcium se produisent avec abondance. Il y a la un probleme
qui a ete deja discute au cours des reunions anterieures et dont
Lejeune (S/89) traite dans sa communication.
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Sujets de discussion proposes

1. Quelle est la meilleure forme a do~:mer aux
petits distillateurs solaires a usage domestique dans
les zones arides?

2. Quelles sont les possibilites actuelles et les
perspectives offertes par l'utilisation des matieres
plastiques pour les distillateurs ~olaire.s de ~andes

dimensions et pour ceux de petites dimensions, et
quelles sont les proprietes des matieres plastiques a
rechercher pour les collecteurs d'energie?

3. La production d'eau douce en grandcs quantites
par l'energie solaire doit-elle Hre. recherchee au
moyen de distillateurs ~e gra!ldes. d;meus15ms,ou au
moyen de collecteurs d energie distincts (le I appa
reillage utilisant l'energie?

4. QueUesperspectives offrent respectiveinent pour
la distillation solaire : a) un collecteur a h.rut rende
ment et haute temperature; b) un collecteur rustique
a faible rendement et basse temperature;'



(a) Solar energy is a .short-wavelength radiant
energy with its maximum intensity at 0.47 microns.
No desalting method that could be seriously con
sidered ior use today or in the relatively near
future makes direct use of radiant energy.

The use of solar energy for desalting thus implies
its conversion, as the initial step, into: thermal
energy, mechanical energy, or electrical energy,
that is, into one of the three forms of energy utilized
in the d-salting methods that directly consume it. .
These methods are thermal stills (simple, multiple
effect, or instantaneous evaporation - "flash"), stills
using pressurized steam, separation by freezing and
electrodialysis,

The di rect conversion of radiant energy into
mechanical energy is not practically conceivable' in
the present state of the art, so that the production
of mechanical energy from solar energy must pass
through an intermediate stage of conversion into
either electrical or thermal energy. .

The direct conversion of radiant energy into
electrical energy has made considerable progress,
and conversion efficiencies of 10 to 20 per cent may
now be considered as having been attained,. or as
on the verge of attainment. .

These relatively high efficiencies assume the use
of very pure substances, and the cost of such con
verters (1 000 NFJwatt) is so high that they can find
application only in highly specialized fields, which
do not include the desalting of water.

Electric energy may be produced by passing
through the stage of thermal energy. Semiconductor
thermopiles have been very greatly improved during
the last few years. The high cost of the equipment,
however, precludes any idea of its use for a desalting
plant. But some specialists believe that, at the mean
temperatures obtained with selective flat collectors
without concentrators, the efficiency of thermopiles
ten years from now may be high enough to make the
ele~tric energy cost acceptable in non-industrial
regIons.

If this prediction comes true, we may expect to see
combinations of the following kind put into ssrvice: .
selective flat collectors, thermocouples produc~ng
electric energy and a desalting plant employing
electrodialysis. .

GRJ19 (S)

USE Os? SOLAR ENERGY FOR THE .PRODUCTION OF·FRESH WATER

(Translation oj the joregoing report)

Cyril Comella *

Electric energy may of course be generated by a
thermal machine as well. Desalting schemes involving
the generation of electric energy in this way have
up to now been generally rejected by experts. It
should be noted, however, that Baum (S/119) con
siders such schemes to be possible and has undertaken
a detailed study of their application to the desalting
of brackish water (salinity under. 10 000 ppm).

Radiant energy may be converted into th~rmal
energy at the level of the' energy collector Itself.
There are two· principal types of such collector:
flat collectors and concentrating collectors.

Considerable progress has been accomplished .by
using new materials and transparent or absorbing
surfaces of low emissivity. Interesting research IS
going on at this very.moment, in numerous !ocalItIes,
to improve the quality of these new materials, and,
above all, to lower the production cost. of low
emissivity selec.tive surfaces.

Conversion temperatures close to 100°C are
obtained with ordinary flat collectors. With total
radiation concentrators and a selective collector,
250 to 300°C is easily reached. Temperatures hi.gher
than this require more expensive and more delicate
optical devices.

The production of high temperatures is n<;>t the
only criterion of quality that must be applIed to
thermal converters. . The emissivity, that is, the
power of reradiating the energy received, increases
very rapidly with temperature, a,nd a flat collector
at high temperatures reradiates, into .the surround
ings, a large part of the energy It ha.s .Just absorbed,
which cannot, thus, be actually utilized. We may
thus speak of the absorption efficiency of a coll~ctor,
which is the ratio of the energy actually available
to the incident solar radiation.

In the case of an ordinary flat collec!or (b~ack
surface covered with a thin pane), the efficiency IS of
the order of 80 per centat 3~oC. It f.alls. to 30 per cent
in the neighbourhood of 90 C. A ~Ise m !~e level of
the conversion temperature, which f~cIhtates the
utilization of the thermal energy and Improve~ .the
thermodynamic efficiency of the .subsequent.ut~hza
tion operations also leads to a senous loss of incident
radiation, at th~ very level of the conversion collector..

.Selective collectors contribute an efficient remedy
by strongly reducing. the reradiation loss~s at <hIgh* Director, Societe d'etudes pour le traitement et l'utilisation . .'

des eaux, Algiers. temperatures.' . '.<.' .' <....
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The efficiency of a flat selective collector of this
type will likewise be of the order of 80 per cent
at 30°C and, in addition, it will remain in the neigh
bourhood of 65 per cent at 90°C, against only 30 per
cent for the ordinary collector at this temperature.

As we have seen, the desalting of water by solar
energy must be preceded by conversion of the radiant
energy into thermal energy. The methods that have
led in the past to practical realizations have directly
applied this thermal energy to desalting, that is,
they must be classified as "distillation" methods.

Similarly, most projects planned for the future
are also distillers, except for several special cases,
like that considered by Baum(S/119), or the scheme
mentioned above.

The low density of the solar energy actually
available at the ground level (800 watts/ms, or at most
4 to 6 kWh/m2/day) together with the conflicts between
the following parameters-high efficiency of energy
capture; high temperature of capture; low unit cost
and simple design of collectors and facility and effi
ciency of subsequent utilization of available thermal
energy - explain why the design and realization of the
collector are among the major practical difficulties
encountered in the use of solar energy for desalting
water. This problem is not peculiar to the field of solar
distillation, and if important progress is registered in
the ,collection or conversion of solar energy, in one of
the numerous other fields of application of solar
energy, it may completely modify the present state of
the art of solar demineralization as well.

The stages through which solar distillation
has passed

Excluding a few old studies which were due to
intellectual curiosity rather than to any practical
concern with the problem, the following stages may
be distinguished:

First realization, by Harding in Chile, of a large
glass-house type still in 1883 (23 tons/day for
4800 m 2 area).

Around 1925-1928, a sudden revival of interest in
solar distillation. The practical realization of solar
sti~ls was mainly in glass-house type installations
built of wood and metal, and covered with window
glass: Richard (Monaco);· Ginestous (Paris and
Tunis); Seltzer (Algiers); Veinberg (USSR)' Trofimov
(USSR). '

At the same time, several workers concerned
themselves with systems operating at higher tem
peratures or in vacuo: Pouget (Algiers); Abbot (Uni
ted States); Trofimov (USSR).

These first attempts were examples of the synthetic
experimental method; the equipment was first
?esigne? and cons~ructed on the basis of general
Ideas WIthout knowing the parameters in detail and
the results so obtained were then determinel

While in France and elsewhere the problem almost
fell into oblivion after the initial surge of interest

from 1925 to 1930, some work was done i'l the USSR,
especially by Tekuchev.

However, the intense activity in the development
of solar stills, and the work in many countries, which
has in a few years completely changed tt.; scope and
nature of our knowledge, came only with the Second
World War, and, in still greater measure, during the
immediate post-war period.

Interest now became general throughout the
world, and it would be hard to name all the investiga
tors who contributed to this collective, sustained
effort, that still continues today, as will he seen from
the number. and high quality of the papers presented
to this section. of the Conference.

At first this new effort took the same form as in the
. 1925 period. A number of models were developed,

varying widely in shape, nature and design, and very
many .materials .were studied. But very rapi~ly,

especially under the impetus given by the Umted
States Office of Saline Water, and the USSR Krzhi
zhanovsky HeliotechnicalLaboratory, as well as

. the Hydraulic Service in Algeria, and the Comm?n
Organisation of the Saharan Regions, the studies
assumed a more systematic character of searching
for basic data, both by experiment and from theo
retical consideration and calculation.

We thus find ourselves today at the threshold of
a new stage of development of solar distillation, or,
more. generally speaking, of desalting by means of
solar energy; The information and theoretical reason
ing, taken together, now permit a preliminary
detailed analysis of the problems that must be solved,
and allow the. determination, in this way, of the
solutions to be adopted or the fundamental lines to
be taken by subsequent research.

This Conference thus takes place at a turning
point in the history of the problem. This is what
gives it its .great interest, and it would be indeed
greatly to be desired that provisional conclUSIOns,
which might guide the collective effort during the
years to come, could be rationally evolved, on the
basis of unquestionable data.

The present state of our knowledge

SMALL STILLS (figure 1)

Small stills have the function of meeting the
drinking water requirements of isolated individuals
or small groups, and special needs for small amoun~s
(water for storage batteries in automobiles, or III

t~lephone: radio or meteorological stations, for ~he
dispensaries and pharmacies at small posts, en~llle
water-cooling systems, etc.). These needs are limIted
to 3-15 litres per person per day, or to several litres,
or, at most, several tens of litres, for the above
special needs.

This is a field where solar distillation can be, and
is now, of very greatly appreciated service from th~
purely human point of view even if its genera
economic significance, 011 the scale of world or



General report GR/19(S) Gomella 159

fOO

-
~,-;-

Two- slope glasshouse type (me-slope glasshouse type

Soaked'; cloth inclined type
Step- inclined type ,

Figure 1. Small stills

national problems, is obviously not of primary
Importance.

The solar stills used for this purpose are of glass
house type, with horizontal tank, also termed
roof-type solar stills or hot boxes; glass-house type
with brine-soaked wick, or step-type tank, also
termed tilted solar stills; stills with soaked surface.

Concentration stills with separate condensation
of superheated steam have been less often proposed
or developed· for the production of small amounts
of water. The condensation system of these stills
may service as the point of departure for a multiple-
effect still. . .' .

Glass-house type stills with a horizontal tank
or wick have already been described in detail at
many international congresses and conferences.
Such descriptions will also be found in a number
of papers published in the present section (Havez,
S/63; Howe, Sj29; Fontan and Barasoain, Sj73;
Gomella, Sjl07; Nebbia, Sj113; Khanna and Mathur,
Sj1l5; Baum, Sj119).

These are models with which we are now thor
oughly familiar. Various experiments have been
made on them; they are in service at various points
of the world, and have been' the object of thermo
dynamic balances and systematic experimental
studies of their basic parameters (Howe, Sj29;
Gomella, S/107; Lof, S/17; Baum, S/119).

When designed in accordance with the rational
rules that can be deduced from analysis and experi
ment, these devices may reach an efficiency of 70 per
cent.

(
ffi

·. unit energy of vaporization' X unit productiOn)
e ciency = -----:~-~-----~'----

. unit radiant energy collected

We may state that, as far as basic design is con
cerned, no further improvement in their principle
can be made. The only path for progress that is still
open - and progress here would be very desirable
indeed - is the quest for better design, 'to reduce
manufacturing costs.

The possible output of such a small still, designed
with the greatest possible care,. and following the
rules defined by calculation and experiments, should
be fairly close to an annual average of 6litresjm2/day,

in regions with a mean annual horizontal insolation
of 5500 kcalfm2/day (see figure 2).

But it must be borne in mind, as shown by expe
rience, that in winter the output of even the best
designed still falls substantially below. the values
recorded during the rest of the year. The inclination
of the solar beams, increasing the reflection losses,
the shorter duration of sunshine, which increases
the relative importance of the heat lost during the
morning "starting period", as well as other fact?rs,
lead to the adoption of lower values for the practical
efficiency of solar stills, i.e., 60 to 50 per cent.
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solar distillation in temperate, and ever: in polar,
regions.

. . Some investigators have tried to sep.irate the
heating of the water in small stills from C~le subse
quent condensation of the vap.ou.r fOL;Jc;d. Two
very different cases must be distinguish-d : non
concentration energy collectors, and colle. tors that
also concentrate.
.There are two fundamental obstacles in the

former case :
First, the efficiency of selective flat collectors

-designed only to heat the water is lower tban that of
glass-house type distilling flat collectors (Baum,
S/119, and Gomella, S/107). For the same water
temperature, the radiation losses of the still are
lower. Moreover, the heat removed by the condensing
surface of the glass-house is, for the most part, more
useful in the desalting process in contrast t< i the heat
losses in the non-distilling hot-water typf of solar
energy collector.

The second obstacle is the low rate of transfer,
unless forced convection is used, of the humid air
from {he interior of the evaporator to the' interior
of the separate condenser (Baum, S/119).

Since, in a glass-house type still, the c.ndensing
surface is entirely adequate to .remove .he heat,
which may under certain operating cond.tions be
excessive, a single-effect design, with a £1<.': collector

, on the one hand and a separate condensc r on the

A--J-S 0 N 0

Month
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Fi~ure 2. Distilled water production of various stills

2

Under these conditions, the production reasonably
to be expected in regions where the use of solar
stills can be considered is of the order of -1.5 to
2 m3/m2/year, that is, 4.1 to 5.35 litres/m2/day on

.the average, over the year.

The actual output is of the order of 7-8 litres/m2/day

at the maximum in summer, and falls sometimes
to 1 litre/m2/day, or even lower, for some winter
days. These very great seasonal and daily variations
seem to us to demand altogether particular emphasis.

We note also that a glass-house type still of any
design will give an even lower average if it departs
from the optimum rules of design.

The two principal designs .of glass-house ,type
stills, the horizontal tank type and the wick type,
are sometimes contrasted. This is a mistake. They are
two embodiments differing in detail, but based onthe
same principle. The criterion of 'choice should be the
production cost of the distilled water.

There is, however, reason to agree with B~um
(S/119) that the soaked wick still, inclined to the
horizon, is better adapted for use at relatively high
latitudes (30° to 40°), for. a tilted collector favours
the capture of a more radiant energy per unit collector
surface than the horizontal arrangement necessary
for stills with a free water surface. "-

The conclusion may consequently be, drawn that
wick stills are in principle better adapted to regions
far from the equator and that, on the other hand,
horizontal tank stills are better adapted to tropical
or equatorial regions.'

Nebbia (S/113) and Wilson have; however, sought
to reconcile the free water surface, with the vertical
radiant-energy valve by building a stillwith vertical
glass panes, in ~hich the water for evaporation is
placed in a senes of superposed .trays '(figure 3).
This type of still is particularly well adapted to
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other, must necessarily be more complicated.. and
more e:,pensive, and would not fail to give a lower
unit production for the same. insolation, than a

.single-eHect glass-house type still.. .'. ".
The c;~paratioh of the processes of heating and

condens",Lion is thus inconceivable unless external
energy ,'~ supplied for forced circulation or the steam
is formed at a pressure sufficient to ensure natural
transfer of the humid air.

The energy must also be collected at the same
efficien: .;,or, better yet, a higher efficiency than in the
case of ordinary flat or selective collectors.

The use of flat selective collectors with an outer
surface of low emissivity may be envisaged for
heating feed water to around 100°(. The application
of such t scheme to the distillation of brackish water
has not been reported to us.

High temperatures may also be obtained by
focusing systems (figure 4). The construction of
reflectir.n mirrors, which has long been considered a
delicate and expensive task, may now be undertaken
by a simpler method, if reflectin~ plastics are used,
since, in the case of water heating, a moderately
good 0l •ical quality is sufficient.

It wo-rld likewise appear that the use of cylindro
parabol.; reflectors with tubular boilers located along
the focus would considerably simplify the operation
of the iocusing system and, in particular, ~ould

make tr.e use of a heliostat unnecessary .. or, If no
heliosta is originally provided, would avoid the
numerous daily readjustments of the ;reflector
position that would otherwise be required.

Among the embodiments or plans describe~, we
may cite Veinberg (1939), who produc~d23 litres/
day with a parabolic mirror 2.42 m2 m area and
a multi-stage condenser and Baum (S/119), .who
discusses in detail the possible output of multrple
effect stills as related to reflector shape and optical
quality, and to the number of stages of distillation.

It may be held that to be useful for this pu~pose.' a
cylindro-parabolic mirror mus~ ~ave been built w.lth
a certain amount of care (a mimmum concentrat~on

factor of 30) and that the possible un~t· production
In this case, for each of, five stages, IS from 2 to

Condenser

.. Figure 4. Small stills

2.2 litresjhrjms of mirror surface, or a seasonal
average of 20 to 25 Iitresjday/rn",

If we consider the entire body of knowledge accu
mulated up to now, we find that the equipment for
small solar stills will be single-effect, with the glass
house effect or multiple-effect, with a concentration
system; that the principal criteria of quality for
single-effect glass-house type stills are well known
today (high operating. temperature, low thermal

.storage (shallow water layer), short distance between
evaporator arid condenser, faintest possible shadow
on the evaporating surface) and that, for stills meeting
these conditions, we can predict a unit production
of 1.5 to 2 m3/year/m2 of flat collector surface,
with wide daily and seasonal fluctuations.

We also find -that concentration stills, for which
the experience has been less extensive, may never
theless be calculated rather exactly, and that their
unit production may be estimated at 3 to 5 times
that of glass-house stills, or 4.5 to 10 m3/year/m2
of reflector surface; that the materials used in still
construction will be subject to very severe service
conditions (corrosion, scaling, deformation due to .
humidity, deformation due to desiccation, defor~a

tion due to the great range of temperature, erOSIOn
by the wind, action of atmospheric agents, aging
under the action of actinic radiation).

The materials must possess good resistance to
these aggressive agents, for, depending on the, parti
cular parts involved, th~ transparency, the Imp~r

meability to water and air, the absence of, adhesive
failure orjoirit separation and the malI~tenance

of superficial flatness, ma);" all have a c?nslderable
effect on the practical efficiency of the still.

The designer and user have a choice between the
various types of stills and materials.

The choice between the various types of stills
depends on a number o~ factors : whethe~ the ins~al
lation is fixed or mobile, the geographic location,
whether use is continuous or periodic, whether or not
coolant water is available, the qualifications of the
available labour, and the importance of the factor
"unit cost of water".

A mobile installation cannot use the conventional
rigid-tank still. A pla,stic-film, soaked~wick,. Bjork
sten-type still, or the mfla~able spheroidal still used
on United States Navy life rafts, would be more
convenient for such use.

Similarly concentration stills would be available
for .use on' a heavy track provided the reflecting
mirrors could be folded.

The geographic location may make horizon,tal
stills preferable near the equator, an~ soak~d-Wlck

stills at higher latitudes: Concentration stills are
used at all latitudes. .

For continuous use, stills that do not need repe~ted
reorientation are Er~~erable (glass-house type stills).

The lack of readily accessible coolant wat,er would
prevent the use of;sep~rate-con~ensatIOn stills. ' .

. The qualifications' of the available !abour ?lay m
some cases make it necessary to use stills of Simplest
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· This is an objective which seems very difficult to
reach, above all' for the lower estimates. Thus it
would seem that the use of concentrating stills of
small size cannot be envisaged, except in certain
cases, in which, in view of the factor of convenience,
considerations of cost are excluded.

What then are the prospects in the field of small
stills? Very frankly, it must be recognized that we
have been marking time these last few years. It is
a question of production cost.

The use of conventional materials burdens the
, cost price with a labour cost for fabrication and only

very large-scale production could decrease this labour
cost appreciably.

· Moreover, the volume and the weight of the rigid
stills impose a heavy burden on the installed cost
at the site of use, and this is a point which should not
be neglected, for large-scale production is in fact
opposed to the building of the equipment on site.

We note, however, that there is a method of
attacking the problem of equipment cost, which is
to conceal the true cost by including it voluntarily
in the general expense of town-planning or housing
and amenity costs.

It should be considered, on the other hand, that
a square. metre of solar still of conventional glass
house type can provide the drinking water required
by a single person, and that, on the other hand, the
cost of this square metre, even at present levels
of housing construction costs, is comparable to that
of a square metre of very primitive housing facilities,
and far less than that of a square metre of a non-

'. luxury dwelling.
Under .these conditions, it might well be asked

whether solar energy could not be utilized, even
today, if the capital investment in housing were
merely increased by an amount corresponding to
the cost of a fraction of a square metre of additional
dwelling space per occupant, or even of a whole square
metre, by providing new housing with individual
solar stills located on the roofs.

· The action of detergents, which permit the use
of hard water; brackish water, or even seawater, for
washi!1g ~nd ~leaning, permits us seriously to envisage
the distribution of filtered and sterilized, but not
dernineralizsrl .water, in the public water syste;ns
of new cities, WIth each building separately produ~mg
the wholesome and potable drinking water reqUITed
by its occupants. .

Fa: the future, a lowering of construction cost may
certamly come from the use of plastics.

. In the presentstate ofthe art, plastics have t~ree
different disadvantages : a cost that is still high.
non-we~tability, rapid aging with time and under.
t~e actIOn. o~ atmospheric agents, especially ultra
VIOlet radiation,
, On th.e other hand, they have certain great ad,:an

tages : lIght weight, non-fragility, ease of installatIOn.
If we co~sider the substantial progress in the l~st

few years In eliminating these three' principal dIS
advantages, we may be firmly optimistic and hope

design and operating technique' (horizontal-tank
glass-house stills).

Finally, the factor "unit cost of ,water" will be
basic for fixed plants,' essentially designed to serve
inhabited localities, where the' demand for water
is greater, and where production cost is extremely
important. For mobile equipment, on the other hand,
the factor of "convenient use after change of loca
tion" is of greatest importance.

The choice between. the various glass-house stills
will often be determined by the unit .cost of water,
which depends on the unit cost of the equipment
and on its service life'.,· ' ..

Several authors have in the past suggested very
low unit .construction costs for small stills. It. is
quite certain, in particular, that a soaked-wick still
with transparent' plastic cover can be produced
at . relatively low unit cost by mass-production
methods. No definitive information on the.construe
tion cost and service life of plastic-film stills is as
yet. available. For small glass-house stills, using.

. long-lived materials {asbestos-cement-glass or. poly
ester-glass sandwich), the unit cost ranges from 72
to 145 NFJm2.. '

These costs can. certainly be decreased substan
tially for large-scale production, and' costs of the
order of 50 to 100 NFJm2 are .not at all absurd.

A service life of 20 years can very well be assumed,
which,' under the further assumption of unit produc
tion of 1.5 to 2 m3JyearJm2, would give water produc
tion costs of the order of :1.25 to 3.33NFJm3 if the
equ~pment is operated and maintained by unpaid
family labour. . .• .. ..

, .'
I t is a far cry from these' figures to any that could

possibly have been estimated in the past. I believe
them to be close to reality for the smallest stills, and
for reflector surfaces up to several tens of square
metres. ..,.. ..

. . .' .-. . . . ' .

..If we consider the lower e~timate, 1.25 NFJm2,

It ISno more than two or three times the cost incurred
by certain city drinking water systems. Applied to
the distillation of seawater, it is entirely competitive
with the cost of 'the conventional methods. It must
~owever, ~e ~ot.ed that this estimate, in my opinion:
ISvery optimistic, even under the assumption of very
large-scale production of small stills: As things are
at present, the real cost of solar distilled water in
small plants probably ranges between the following
two levels: 5 to 10 NFJm3 , according to location and
equipment. . .

I have no information on the cost of water distilled
by multiple-effect concentration plants. Allowing
for their capacity, which is 3 to 5 times as great as
those of glass-house type horizontal tank stills;
we may conclude that the cost price of the complete
plant, per square metre of mirror surface, must be
of the order of : 200 to 725 NF1m2 to be competitive
with glass-house type stills, or 150 to 500 NFJm2 to
be competitive with glass-house type. stills manu':'
factured in large series.
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to reach a cost level, allowing for service life, very
much lower than it is today. .

METHODS OF APPROACH TO THE DEVELOPMENT
. OF LARGE STILLS

In designing a large still, one may either extra
polate the dimensions of a small still or seek to
design a plant that is derived from it but differs
in certain parts, or one may also use entirely different
arrangements, employing non-solar external energy
as auxiliary. energy to ensure mass transfer of water
or steam, etc.

A method pointed out by Gomella in 1957 as
entirely admissible in principle, which has now been
taken up again by Howe (5/29), consists of realizing
large distillation surfaces by juxtaposition of a large
number of small stills.

LARGE GLASS-HOUSE STILL

For the last few years it has been claimed that a
glass-house type still with a large water surface,
constructed like other public works, would supply
water a t much lower cost than small stills.

This question was raised in particular at the
Washington Symposium (1957), at the Mont-Louis
Colloquium (1958) and at the Cleveland Symposium
(1960).

Our ideas today have been greatly clarified, owing
to the systematic experimentation and calculation
by several investigatiors, which are, in some respects,
mentioned in papers presented to this Conference
(Strobel, 5/85; Howe, 5/29; Gomella, 5/107; Lof,
5/77; Baum, 5/119). . -

Earlier publications, such as those of J. M.Blocmer,
N. A. Collins, J. A. Eibling, Maria Telkes, B. W. Wilson
and others, have likewise made fundamental con
tributions to our understanding of the operation of
glass-house stills.

Under these conditions, it is now possible to
predict the results of increasing the dimensions of
a glass-house still. .

Three papers are' of considerable interest in this
connexion (Lof, 5/77; Baum, 5/119; Gomella, 5/107).
They give precise conclusions and numerical data
permitting comparison between work done at widely
separated localities, by investigators not in direct
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contact with each other, following different experi
mental procedures.

Baum (S/119) arrives at his conclusions by calcula
tion starting out from basic data provided by a
shallow-layer glass-house still.

Lof (S/77) likewise draws his conclusions from cal
culation. On the basis of data from a deep-layer
glass-house still on a day in the month of May, he
calculates the operation of a glass-house still with a
water layer of thickness zero. Then, from these
basic equations, he calculates the changes that would

result from allowing for thermal storage for water
layers of varying depth (figure 5).

Gomella (5/107) made a systematic experimental
study of glass-house stills in parallel oj-vration, with
all conditions identical except for a sins j" parameter,
which was varied.

Then he determined the experiment .~l conditions
statistically corresponding to the group of observa
tions' made.

The first noteworthy fact is the qual.tative agree
ment of the conclusions of these threi-,Japers:

Factor
Is this factor favourable to increased production?

Increased solar radiation. . . . . . .
Increased atmospheric temperature. .
Small water-glass temperature"differ-

ence .
Low _coefficients of reflection and

., absorption of glass . . . . . . . .
Elevated temperature of water . '. ..
Shallow water layer, smallest possible

thermal storage. . . .'. .
Small water-glass surface ratio
Short water-glass distance .
Gentle breeze: . . .

+ Yes for T > 60'C < 1 for T < 50·C.

Lof

Yes
Yes

Yes

Yes
Yes

Yes'
Yes

Not mentioned
Yes

Baum Gomella

Yes Yes
Yes Not mentioned

Not mentioned Yes

Yes Not mentioned
Yes Yes

Yes, implicitly Yes
Yes

Not mentioned Yes
Not mentioned Not mentioned

The numerical values are likewise rather close
together (figures 6 and 7), and sometimes in marked
agreement. It should be noted that the results of
direct. experiment are always slightly below the
numencal values based on the theoretical calcula
tions.

It appears, in particular, that the L i calculation
gives appreciably more optimistic esults than
Baum, and that Baum in turn gives numerical
values slightly higher than tho~e re suiting fro!?

, Gomella's experimental formulas, based, in system~hc

observation of Saharan stills in parallel operation.

(1) Results obtained by Lof , month of May

® fLesults obtained vs Gooella, month of Hay

'~ Results obtained by Gomella, annual average

---'--.J2r----- -----J

------J3r- ~

Z~ ~O 7:5 100
. Thickness of water film,Cm

FIgure 6. Thickness of water film versus daily production '
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100Temperature, C

BAUM Volume of feed water =twice the volume of distilled
'\-!ater

GOMELLA Volume of feed water - twice the volume of
distilled water

BAUM Volume of feed ",ter = volume of distilled >later

LOF Thickness of water layer ,,(Jcm

q

Figure 7. Water temperature versus daily production
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Small 'installation without paid operating labour.
The solar glass-house still, to be able to compete
with present desalting methods, would have to cost
not more than :

50 to 100 NFjm2 for treatment of seawater,
20 to 40 NFjm2 for treatment ofbrackish water.

Gomella

100 per cent
80
74.5
63.5
58.5
53

Lo!

100 per cent
86
76
60.5
54

Up;! production as a function of film thickness.
Per cent of unit production at water depth 0 cm

It should, however, be noted that the stills of
the Gomella experiments were derived, from high
efficiency equipment built in the Sahara for practical
use, with certain slight modifications for experimental
convenience.

For instance, the experimental still with a water
layer 2 cm deep had an average unit production
15 per cent lower than the non-experimental still
with Cl water layer of the same depth.

This fact makes the agreement with the Baum
calculs tion absolutely remarkable, above all if we
remen: ber that the temperature of Gomella's brackish
water was lower (15°C against 20 to 30oq , and that
his volume preheated before evaporation was 2 to
3 times as great as Baum's,

The results calculated by Lof and those observed
by Gomella are likewise in very good agreement
if the respective values are compared:

O.
2.
5.

15.
40.

100.

_._-----------------
---_.~-----------------

As indicated by Lof, Strobel, Baum and Gomella,
~ larf::c glass-house still, at the same radiation
intensity, necessarily operates at lower temperatures
than a small still. If we examine the various embodi
ments proposed, we can estimate that the initial
unit production of these large glass-house stills
will be of the order of 70 to 50 per cent of the values
found for the small stills.

The large glass-house stills will thus produce, To be satisfactory for use, the cost of demineraliza-
according to their particular type and the locality, tion must not exceed a certain level.
0.75 to lA m3jm2jyear. , I According to the utilization envisaged, we have

These basic data, which have now been established adopted the following complementary costs as
by calculation and confirmed by experience, permit acceptable:
us to judge the interest that would reside in the 0.02 to 0.05 NFjm3 for irrigation water,
construction of a very large glass-house still. 0.15 to 0.50 NFjm3 for city drinking water; .

For this technique to be preferable to that of 2.00 NFjm3 for the demineralization of brackish
the juxtaposition of small stills manufactured in water, under present conditions, .
large series, the unit cost of construction of the large 5.00NFjm3 for the demineralization of seawater,
glass-house would still have to be substantially under present conditions.
less than half the unit cost of a small still. - The production cost of water produced by a solar

These data also permit us to determine the glass-house still is very different according to whether
construction cost plus square metre of large glass- the cost of the required labour is or is not taken
house stills, allowing for the service life of the into account.
materials used and for the operating and maintenance
cost, so that the use of solar distilled water might
b~ envisaged in the future, for supplying a city
WIth drinking water and irrigation; at pr~sent, .for
c?mpeting with the other methods of demll:erah~a
tion in cases where they are now used III sp~te

o.f the rather high cost of' treatment (thermal dIS
tIllation, electrodialysis, freezing).

.-~._------------------
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Treatment capacity

III.E Production of fresh water

M aximuin' production cost admissible

Present production Future production

m3/year m'/day Demineralization 0/
S ea water Brackish waler

City drinking
water Irrieotio» water

10,000. .
100,000..

1 million.
5 million.

10 million.

27
270

, 2700
-13500

27000

18 to 36 NF
44 to .97 NF
50 to 100 NF

do
do

, Impossible
14 to 27 NF
,20 to 40 NF

do,
do

Impossible
, Impossible
0.9 to 9 NF
lA to 10 NF

do

Impossible
Impossible
Impossible

O,R to 0.80 NF
0,1·1 to 0.90 NF

Large plants with paid operating labour. The conclu
sions to be drawn from these figures are very
clear.

, In the first stage, to be able merely to compete
with the other means of desalting to supply drinking
water of water for industrial use at a cost which
is still high but acceptable, the installed cost of
a glass-house solar still per square metre would have
to run between 20 to 100 NF according to the size
of the plant, the nature of the water treated, the
insolation conditions, etc.

In the.second stage, to be able to envisage the
large-scale supply of drinking water to agglomera
tions, this cost would have to fall to 1 to 10 NF,

this, method not", of course, being economically
applicable except for large-scale plants (several
thousand mS/day). ,
,The third stage, that of supplying irrigation
water, appears to be quite impossible unless methods
of terracing the soil and making it impermeable to
water are discovered, together with long-hved trans
parent materials, at a production cost that cannot
even be envisaged .today nor for the next few
years.

The objectives stating production cost being de
termined, it is now of interest to consider the actual
or estimated costs of construction todav for large
scale glass-house stills (figure 8).

Author Materia/s Size, m' t;ost, NF/m'

Strobel and LOf Concrete and glass 230 280 to 380
100000 74

Strobel and LOf Asphalt and glass' 270 97
100000 . 72
100000. 61

Gomella. Concrete and glass 10 000 100 to 80
Asphalt and glass 10000 65 to 50

Strobel - LOf and Edlin Plastic film (figure 9) 225 ?
100000 ?

Thus we are now in the stage at which we may
envisage competition between distillation using large
glass-house stills and other desalting methods, above
all where highly saline water is to be treated, for
instance sea water, and provided the plants in ques
tion are large: 10,000 m2 at least. " '

We .are therefore sti.ll very far from the stage
at which we can envisage the supply of public
drinking water systems of agglomerations: by' this
means, under acceptable economic conditions. To get
there, the production cost would have to be decreased
by a factor of 10 to 7.

The question whether such a decrease' is possible
remains for discussion. All that can be said is that
the method to be followed to attain this aim is not
obvious, especially with the traditional materials.

It would be interesting to know the viewpoint
of industrialists and investigators in the field of
plastic. film. Will the advances made in the last
few years continue at the same rate? If the answer
is in the affirmative, the most promising way for

large scale glass-house stills will be the way lea~ing
to the general use of plastic film in their constructIon.

JUXTAPOSITION OF SMALL STILLS

The realization of very large distilling surf~ces
is possible if a large number of small stills are JUx-
taposed. ' ,

The' problems of collecting the distilled wa~er,
of distributing the feed water, and of rem?vmg

, the concentrated brines are all technologically SImple
and can be solved at low cost. '

Under present conditions however the lowest cost
that one can hope to reach'Jor such ~n embodiment
has been estimated above at50 to 100 NF/m2

•

This is a cost .Ievel very similar' to that of la~ge
glass-house stills of asphalt and glass, and !he chOIce
between these two types of construction will depend
on each specific case.

We ~ay note, however, that the operatio~ of
a mosaic of small stills will probably involve a hIgher
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Asphalt

Window glass

Brackish
water

.Concrete
.. Figure 8. Large stills

OTHER METHODS OF LARGE-SCALE DISTILLATION

Glass-house stills are single-effect thermal devices.
In the conventional technique of industrial ' distil
lation, one seeks, in order to improve the energetic

labour cost than the operation of a group of large efficiency, to recycle the energy, on the one hand,
unit surface. The juxtaposition of small- stills will and, on the other, in each stage of utilization,
therefore be better adapted to smaller' surfaces, to improve the efficiency of the utilization of energy.
and to regions where labour costs are lowest. <, • It is natural that investigators should attempt to

It should be noted that Howe (Sj29) estimates' apply these methods of improvement to solar distil-
that a mosaic of inclined stills, arranged on grounds lation. '. . .
terraced ,in grand masses, would cost considerably' . The successive stages of a multiple-effect still
less per installed square met:e and would produ~e (figure 10) operate at lower and lower pressures.
water aj a lower cos~ per CUbIC metre than .of a Lof It is thus appropriate either to start from a higher
type concrete-glass still (Sjn). We also ~ote, h?wever,' initial temperature, which requires concentration
that Howe has not made a companson WIth the collectors or flat selective collectors, or to provide
very large asphalt-glass still derived from the Lof auxiliary means to ensure the accelerated transfer
experimental plant; .' .'. ..' of the vapour masses and provide iricreasing degrees

of partial vacuum.
The difficulty encountered by these investigators

will be to obtain equipment meeting these require
ments; yet simple and inexpensive. The increase
in water production cost due to the increased cost

... '-'......----------........-- ----- ..
Black lastic film

Figure 9. Large distillers. Plastic still

Earth Insulation
1 metre
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Figure 10. Large stills. Multiple-effect plant

of the apparatus, and to the burdensome conditions
of operation and maintenance must not, in the last
analysis, exceed the increase in production per unit
collector surface.

In thermal installations in general, one of the most
important factors controlling the efficiency of utiliza
tion of thermal energy is the group of coefficients
of heat transfer and of mass transfer.

In the present state of our knowledge, transfer
coefficients may be increased by using highly con-

ductive walls, subjecting the fluids ir; contact with
the walls to the hydraulic conditions of. tu!bulent
flow, obtaining the thinnest possibl- liquid film
in cases where a liquid film separates the vapour
from the wall, subjecting the liquid films to !hh
conditions of turbulent flow and impress a hig
velocity on the vapour, seeking the formation of
condensation in drops, and taking the greatest
possible care to avoid the formation of lo~-conduC
tivity granules (scale or corrosive granulatIOn).

Transparent cover

Humid air

Vent

Condenser

Feed water intake

Fan

Figure 11. Large stills. New types
Distilled wat.er
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Figure 12. Large stills of new types

Grune, Collins and Thompson (S/14) have made
an experimental study of apparatus with forced
convection of the saturated humid air inside a
~onventional glass-house still, with the condensation
In a separate apparatus cooled by the feed water
of the glass-house still, thus leading to a partial
recycling of the heat. (See figure 11.) The coefficients
?f heat transfer arid mass transfer are improved
In this system, owing to the motion of the air,
and the dispersion of the feed water into drops
at the instant of its introduction into the still. 0

. The production of such a still per square metre
IS appreciably increased; for 5 600 kcaljday of aver
age insolation: 7.6 litrejm2jday, or 2.8 m3jm2jyear,

whIch is lA to 1.5 times more than could be
expected from well built small glass-house stills,
and 2 to 3.8 times as 'much as the unit production
of large glass-house -stills,

For a small still, the additional complexity of
the installation and the high cost of the auxiliaries
would probably make this method uneconomic.
On the other hand, for a plant with 50000 m2 of
!5lass-house surface, the authors estimate the total
Investment at 55 or 93 NFjm2 of glass-house surface,
and determine the production cost per cubic metre of
demineralized water to range from 1.57 to 2.60 NFjm3 ,

according to whether the cover of the glass houses
is of plastic film or glass.

The same authors, after having rejected as un
economic the methods of multiple-effect distillation
at high initial temperatures obtained with concentrat
ing collectors, have extended their original idea
to a multiple-effect system in which the air, in
forced circulation, passes through a series of glass
house stills with higher and higher operating tem
peratures. These different temperatures are obtained
by using different water depths in the successive
glass-house stills. The direction of travel of the air
is reversed at night, to continue extraction of the
heat accumulated in the deep-basin stills, employing
the same principle (figure 12).

The authors have no experimental data, and there
fore present no economic estimate.

The same authors have carried the logic of their
idea a step further, and have likewise calculated
a set-up reproducing in principle the various elements
of an industrial still, with separate and distinct
stages of heating, evaporation, condensation, and
recovery of the heat of condensation (figure 13).

To improve the heat-transfer and mass-transfer
coefficients, and to increase convection, since natural
convection is slow at the temperatures considered,
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the system makes provision for forced convection
of the steam, circulation of the brines, and their
spraying into the air to be saturated.

For an' average insolation of the order of
5 400 kcal/day, the authors estimate the production
of distilled water at 26.5 litresjm2jday, or 9.7 m3jm2j

year per unit surface of the solar collector used to
heat the water.

These figures are 4 to 6 times as great as for
small glass-house stills, and 7 to 13 times as great
as for large ones.

For an installation with a collector surface of
14400 m", the total unit investment estimated by
the authors is 90 to 100 NFjm2 of collector.

The production cost of demineralized water cal
culated by them is 1.00 to 1.25 NFjm3•

Hummel (5j28) has developed a preliminary plan
for a huge still with separate heating, evaporating
and condensing equipment (figure 14).

The solar energy.is collected in an immense basin
with a shallow water layer, protected by a trans
parent cover of plastic film, itself covered by a second,
similar, cover. Carbon dioxide gas is injected between
the two covers, and helps to diminish.the reradiation
losses. The author considers that the energy collection
system will be extremely efficient, and states that

the operating temperature attained by the water,
will be of the order of 100°C (210 to 215°F).

The water, so heated, is then routed into a quad:
ruple-effect flash evaporator and heat exchangers.
The distilled water is finally discharged at a tem
perature close to 30°C.

It is difficult to analyse this preliminary plan f~om
the standpoints of thermodynamics and engineer~ng,

since the paper lacks details. The author will certalply
have' to answer questions about the theoretical
scheme, the conditions of collection, of solar energy
and its utilization in the flash evaporator, and on
the technique of 'installing these immense surfaces
of plastic film. .

In any case, this preliminary plan is an extremely
interesting illlustration of the difficulties met by
the research worker and engineer when he attempts
to recycle solar energy on a very large scale and
work with plastic film. '

We note that in his economic study the ~uthor
estimates the unit production cost of distilled water
at 0.37 NFjm3•

We can only hope th~t a more complete a~a~y:sis
of his preliminary project will confirm the posslblhty
of its practical realization: The Hummel method
would in fact permit us to reach in a single jump
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a zone of production costs that would be acceptable
for the drinking water supply of agglomerations.

J. Hirschmann (S/23) presents a preliminary plan
applyin;<the principles of thermal machines operating
on sm~lJ temperature differences, which in the past
have long been studied by Georges Claude and Nizery
for power supply and by Howe in a framework
limited to the production of drinking water.

In this preliminary sketch, the solar energy is
collected by means of a conventional non-distilling
flat collector in which the brackish water is brought
from its natural temperature of 18°e up to 70°C;
these values bring the extreme temperatures of
the sink and source between which the system as
a whole must operate (figure 15).

An economic calculation, not included in the
paper, estimates the production cost of the distilled
water at 3.4 NF/m3 , assuming that the electric
energy likewise produced by the system will be sold
at 1.7 NF/kWh.

These very high costs are, according to the author,
entirely acceptable at the location where the con
struction of the plant is envisaged.

Baum (S/119) considers that, while the production
of large quantities of water by means of large-scale
glass-house stills can be envisaged, other methods
might possibly be better adapted to large-scale
production. He considers that this question is not
yet ripe for discussion, and requires additional
thorough work and consideration.

He does say, however, that if steam ata.pressure
.of 2 to 3 atm. is produced by means of solar energy;
it could either be used in a multiple-effect still,
or, on the other hand, to produce electric energy,
which itself could be employed for desalting by
electrodialysis.

The drinking-water production of the multiple
effect still would be of the order of 160000 m3jyear

if the solar boiler whose project was previously
studied by the author is used..

Solar energy collector ,... ~ I
I
I

Evaporator...
I

Discharge .1 Iof coolant water I-
1
I

~"'El
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I
Coolant water I
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I .
.- '-

•

----,
I
I
I
I
I

t

----
Distilled water

Figure 14. Large stills. New types
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Figure 15. Still operating'on small temperature difference

On the other hand, the drinking waterproduction
of an electrodialysis plant itself fed with electric
energy by a turbo-alternator driven by the steam
from the boiler, is given in the following table:

initial salinity of the water, gjlitre.. 9 4.6 10 35
106 m3{year. . . . . . . . . •... 7 1.8 0.85 0,28

Professor Baum unfortunately fails to give cost
estimates.

Conclusions

Great progress, has been made during recent years
in our knowledge of glass-house type solar stills.
.We know today the parameters governing their
operation, and we are aware of the design character-
istics that must now be sought. .

The possible unit production of fresh water' by
such stills is confined to the range: 1.5 to 2 m3jm2j

year.
For such stills, an increase in size should in most

cases lead to diminished efficiency.
It does not seem possible to improve the efficiency

of these plants appreciably by means of design
improvements.

Our efforts should thus. be concentrated on
decreasing their unit construction cost, naturally
bearing in mind the service life of the materials
and the unit water production anticipated.

Allowing for the operating conditions (labour),
and for the low unit production of single-effect
glass-house stills, even a substantial decrease in'

the unit construction cost would still ,l~'mand very
large scale installations.

For the unit cost of the fresh water to be acceptable,
the method of forming immense surfaces covered
with a transparent material, which, in turn, covers
a layer of water on an impermeable and t?ermally
insulating soil, should be one of the principal sub
jects of concern to investigators in the years to come.
It would seem that the use of specially treated
plastic film (transparency, spectral selectivity, wh-t~
ability) would be a fruitful method, but one w le
would still involve a large number of unknown factors.

The difficulty encountered in realizing t~e large
surfaces just mentioned gives particular lllterest
to two lines of research :

Multiple-effect distillation of warm water at 5~
to 60°C. If a system inexpensive to construct. an
operate were developed, it would allow an apprec1a~le
decrease in the size of the surface necessary or
collecting the solar energy, or would validate higher
unit costs for these surfaces;

Production of distilled water as the conde~sate
from turbines operating at small temperature d1~.erh
ences. The development of such machines, w 1C
have already been the object of previous research,
might considerably simplify the collector problrt
which today is the economic stumbling block t a
prevents the large-scale use of solar distillation.

. ly
The solar energy collector might then be slm~

a lagoon protected against evaporation by a m
(plastic film, liquid, floating material, etc.). o~e
might likewise seek to prevent the cooling of t 1S
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lagoon by means of anticonvection systems. The
unit capital cost of the relatively imperfect collector
so produced might be very low, which would to a
considerable extent compensate the low efficiency
of the collection of solar energy.

One might equally envisage the collection of
solar energy by hot air.

Speci.uists are not unanimous on the advantage
that m',:ht be gained by increasing the collection
tsmperr., ure, in order to facilitate the subsequent
utilization of the solar energy and, more particularly,
its recycling. It would be of interest to have numerical
studies of very large installations made to settle
this question. It does appear, however, that such
a procedure would probably be more expensive
for small installations.

ANNEX

When -vater is scarce, or when its production cost is high,
one mcth.xl consists in decreasing the amount of water required,
This is we.at Trombe and Foex propose, in recommending the
use of cuitivation of crops in arid region under distilling glass-
~-, . \

The m .croclimate thus produced, under certain conditions
of operation and certain ratios between insulated surface and
the surfar e kept In the shadow, permits the conditions of the
tropical i,'rest or the Saharan palm grove to be approximated.

The water required for the life of the plants is produced by
stills closr. in the upper part of the glass-house, The quantity
of water required is very much less than that demanded by
irrigatior. in the open air.

This method is still in the study stage and is the subject of
systematic experimentation by the authors in the South of
France, 'lad by Gomella (S/107) at Touggourt in the Sahara,

Water produced by stills is often of disagreeable taste or odour.
But its mineral content is also too Iow for constant consumption

in a climate where people perspire abundantly. Such water must
therefore be made potable, The control of taste and odour presents
no difficulty, and percolation through activated charcoal usually
corrects these conditions perfectly, Such water may be reminera
-lized by mixing with the distilled water a small fraction of the
saline water (large installations), or by percolating the distilled
water through a small filter charged with the required mineral
elements (domestic stills),

Finally, solar stills will not be immune to the problems posed
by the saline deposits from the brackish <water evaporated.
Supersaturation and deposition can be avoided by increasing
the depth of the water layer, especially in the case of sea water.
But it is not always desirable to increase the depth of the water
layer, as we have already seen, Moreover, certain underground
waters, even ot'medium salinity (3 to 6 g/litre) may be of an ionic
composition causing abundant precipitation of gypsum and
calcium carbonate, This is a problem that has already been
discussed at earlier meetings, and which has been treated by
Lejeune in his paper (5/89).

Suggested topics for discussion

1. What would be desirable designs for small
solar stills for household use in arid zones?

2. What are the present possibilities and future
prospects for the use of plastics in large and small
solar stills and what properties of plastics should be
sought for the energy collectors?

3. Should research on the large-scale production
of fresh water by means of solar energy be concen
trated on large-scale stills or on energy collectors
separate from equipment utilizing such energy?

4. What are the respective prospects for solar
distillation offered by:

(a) Large-capacity, high-temperature collectors,
(b) Low-efficiency, low-temperature collectors of

simple design?



EMPLOI DE L'ENERGIE SOLAIRE POUR LA PRODUCTION D'EAU nOUCE

Resume du rapporteur

Une distance surface evaporatoire - condenseur
faible;

"Des ombres portees sur la surface evaporatoire
, les plus faibles possible.

On saitegalement apresent dessiner un bon distil
lateur de type «serre »; par contre, OIl sait egalement
que sa realisation exige l'emploi de materiaux
susceptibles de repondre a des conditions de service
tres dures:

Corrosion;
Entartrage; ,

.Deformation par l'humidite:
Deformation par la dessication;
Deformation sous l'effet de fortes variations de

. , temperature;
Erosion eolienne:
Action des agents atmospheriques :
Vieillissement sous l'effet du ravonnement acti-

mique. .

L'art de l'ingenieur etant celui du compromis
intelligent et rentable, il est certain CJue 1'0n ne peut
aveuglement chercher a appliquer Ies enseignements
theoriques, et que pour assurer simultanemeut un
bon rendement des conditions de fabrication on de
construction admissibles, une bonne longevite et ~es
conditions d' exploitation acceptables, il faudra Slm
plement tendre a respecter les caracteristIques
optimales, sans pouvoir toujours s'y plier entierement.

Par exemple, si une epaisseur d'eau voisine de
zero est theoriquement souhaitable, les chercheurs
sont unanimes pour la fixer pratiquement entre 2,5
et 5 cm da~s de petites serres, et de 5 a 15 cm dans
des appareils de grande dimension. .

Dans l'etat actuel des choses, la distillation sola:re
a atteint le stade ou elle peut satisfaire ades beso1ns
d~ tres faibla ?? de moyenne importance, an moyen
d appareils utilisant l'effet de serre.

Il convient d'inaistar sur le fait qu'on est HI. de;:nt
u~e a~quisition definitive, et que ceci- merite d etre
diffuse dans les pays interesses.

Seulle manque d'information empeche la genera

lisation ~e l'emploi .de ces appareils en de ~omb~e~~
points ou la fourmture de faibles quantltes de
de boisson ou de bonne qualite est indispensable.

La technique actuelle a mis au point deux modes
de realisation:

1) Celle de tout petits distillateurs unitair~s de
un ~u q?elgu.es metres cartes, qui repondent a des
besoins llldlvlduels ou familiaux :

2) Celle d'appareils de dimensio~s plus importantes
construits avec des materiaux classiques (aspha1te,
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L'application de l'energie solaire au dessalement
des eaux pose un 'probleme d'une importance pri
mordiale, puisque sa solution permettraitde repondre
simultanement a deux besoins essentiels de l'huma
nite : I'energie source de toute activite organisee
et l'eau source de la vie.

Depuis les derniers congres de Tucson-Phoenix
en 1955 et de Mont-Louis en 1958, les connaissances
dans le domaine qui interesse le point III.E de l'ordre
du jour sont devenues beaucoup plus precises, a la
suite de tres nombreuses et excellentes etudes experi
mentales et theoriques, .menees par les chercheurs
dont les noms sont presents a tous les esprits. '

De l'avis presque unanime de toutes les personnes
competentes en la matiere, la Conference actuelle
a lieu aune date fort bienchoisie en ce qui concerne
le point III.E. Elle nous 'permet de faire le point,
de jeter un regard en arriere, et d'essayer de deviner
quel succes l'avenir reserve aux efforts que' nous
deploierons.

Il semble bon de se' fixer 'un programme pour
les cinq annees a venir, comme ledisait notre presi
dent. Mais faudrait-il encore distinguer les objectifsa
portee immediate qui doivent donner des resultats
concrets au cours de ces cinq annees a venir, et les
objectifs plus generaux dont les resultats, positifs ou
negatifs, ouvriront la voie a un choix rationnel pour
les sujets de recherche dans les periodes ulterieures,

Dans I'etat actuel des choses et en ce qui concerne
les possibilites pratiques dans un proche avenir,
pour etre appliquee au dessalement des eaux, il
est indispensable que l'energie rayonnante solaire
soit transformee en energie thermique. De plus,
les precedes de dessalementqui apparaissent les
seuls immediatement utilisables sont ceux qui rea-
lisent une distillation. '

Enfin, le seul precede qui ait donne lieu a ce jour,
a la construction d'appareils d'usage public est
celui de la distillation a simple effet utilisant le
processus de la ( serre », Ce processus est maintenant
fort bien etudie dans ses details, aussi bien par experi-
mentation que par le calcul. '

Un des points fondamentaux acquis au cours de
cette Conference est la tres bonne concordance
des conclusions de chercheurs travaillant suivant des
rnethodes differentes et sans liaison entre eux en ce
qui concerne la distillation utilisant l'effet de «serre ».

Les criteres des qualites auxquels doivent repondre
ces distillateurs pour avoir le meilleur rendement sont:

Une temperature de fonctionnement elevee ;
Une inertie thermique faible; "
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beton, vi-res) ou des materiaux nouveaux (films
plastiques maintenus en forme par une pression d'air).

Il est d.fficile, a l'heure actuelle, de dire laquelle
de ces sol-uions est la plus avantageuse,et beaucoup
de specia .stes sont partisans de la realisation de
surfaces iistillatoires de dimensions moyennes a
l'aide d'v .e juxtaposition de petits appareils uni
taires.

Le cho -, entre tel ou tel dispositif est essential
lement co.r.mande par des imperatifs locaux. Onpeut
seulerneni. dire que les appareils d'une certaine
dimensioi sont mieux adaptes a une realisation
locale qm n'est pas toujours possible et souvent
difficile, et que les appareils de petites dimensions
sont par contre parfaitement adaptes a une fabri
cation en [;rande serie qui peut en faire sensiblement
diminuer 1e prix. .

La production de l'ensemble de ces appareils
varie sui vant leur conception ou le fini de leur
realisatio: de 0,8 a 2 m" d'eau par m2 et par cm.
Les prix .u m2 pour des appareils d'une -longevite
voisine d: :W ans varie de 300 a 75 NF au m2• Dans
ces condiions, le prix de revient de l'eau produite
reste ene "e considerable et" ne peut concurrencer
les prix :::duellement pratiques dans les adductions
d'eau potable et dans les systemes d'irrigation.

Par co·1tre, ces prix sont tout a fait admissibles
lorsqu'il sagit de mettre en place des groupes
humains ians des regions depourvues d'infrastructure
energetiq re, pour assurer aussi bien les"· bes?ins
en eau de boisson que l'alimentation des machines
et des apuareils, souvent plus exigeants que .l'hornme
en ce qu. concerne la qualite des eaux. "
. Dans le cas present, des resultat~ d'un interet

hmlte mais certain ont done Me atteints.

Que devons nous faire a l'avenir? Avant toute
chose, developper et perfectionner les precedes qui
ont d'ores et deja atteint un stade pratique. L'una
nimite de la Conference est totale. Des perfection-
.nements substantiels sont possibles. Ils sont deja
entrevus dans certaines branches, et on peut tres
serieusement penser que les prix indiques plus haut
seront divises par deux ou peut-etre plus. Par ailleurs;
il faut chercher des voies nouvelles. L'exploitation
des plus evidentes a deja ete entreprise : c'est celle
des appareils. a recyc1age de l'energie a multiples
effets. D'autres ont leurs partisans: par exemple
celles des appareils: utilisant .1'energie a tres bas
niveau, captee par des moyens peu· onereux dans
des lagunes.

Ces deux; voiesdoivent etre exploitees, et on doit
y consacrer du temps et des moyens financiers.
Elles n'aboutiront vraisemblablement pas a des
realisations pratiques spectaculaires dans la periode
de cinq ans qui vient.. mais on peut esperer qu'elles
donneront la possibilite, dans la prochaine.decennie,
dediviser les prix de revient actuels par 10 ou merne
plus, ce qui permettra au dessalement par l'energie
solaire de deboucher dans le domaine de l'alimen
tation des agglomerations et dans celui de l'irrigation.

11 convient cependant de noter que le chercheur,
engage dans les voies nouvelles dont je viens de
parler, beneficierait certainement des resultats ob
tenus dans les domaines plus generaux quesont
ceux des collecteurs plats ou a concentration et
de la production d'energie mecanique et d'electricite.

Il est done particulierement important que les
chercheurs interesses par le probleme particulier
du dessalement des eaux se tiennent tres etroitement
au fait des travaux menes par leurs collegues dans
les autres domaines d'application.de l'energie solaire.



USE OF SOLAR ENERGY FOR PRODUCTION OF FRESH WATER

Rapporteur's summation

The use of solar energy for the desalination of Faintest possible shadow on the evaporating
water represents a problem of vital importance, surface. .
for its solution would make it possible to meet Adequate information is now availa Lle on how
simultaneously two essential needs of mankind: to design a good distilling device of t~e 'glass-hou~e"
the need for energy as a source of all organi~ed type and on the, need to use for 1t.S construction
activity, and the need for water as a source of life. materials that will be capable of meeting very severe

Since the last congresses - the one held at Tucson service conditions, such as:
and Phoenix in 1955, and the one at Mont-Louis Corrosion;
in 1958 - knowledge in the field with which agenda Scaling;
item III.E is concerned has become far more exact Deformation due to humidity;
as a result ofa great number of excellent experi- Deformation due to desiccation;
mental and theoretical studies carried out by Deformation due to great range of ~ -rnperature:
researchers whose names are known to all. Erosion. by the wind;

In the virtually unanimous opinion of all persons Action of atmospheric agents; .. .
specialized in the field, the present Conference has Aging under the action of actinic ra -iiatIOn.
been held at a particularly appropriate time as far Since the art of the engineer is the 8" ..of making
as item IILE is concerned. It enables. us to take intelligent and advantageous compro. -uses, It. 15
our bearings, to consider the past and to try to obvious that theories cannot be put i .o prachc.e
guess how successful our efforts may be in the future. blindly and that to achieve a combinaf en .of maxi-

Although it seems advisable to draw up a pro- mum efficiencyin manufacture or construction. !ong
gramme for the next five years, as our President service life and satisfactory operating cond1t.IO~S,
has recommended, it. is also necessary to draw a dis- it is necessary to strive for optimum ch:Ci.raetenshcs
tinction between objectives immediately within without always being able to conform to them
reach which .should yield concrete results within completely.
the next five years, and more general objectives For example, while a water depth close t~ zero
the results of which, whether positive or negative, is theoretically desirable, researchers are unalllmouS
will open the way to a rational choice of research in fixing it for practical purposes between 2.5 and
topics in later periods. 5 cm in small glass-houses and between 5 and 15 cm

In the present state of knowledge and as far in large-scale plants.
as the practical possibilities in the near future are In present circumstances, solar distillation has
concerned, the energy from solar radiation must be reached the stage where it can satisfy needs of very
transformed into thermal energy to be used in the low or medium magnitude by means of apparatus
desalination of water. Moreover, the only desalination of the glass-house type. It must be stressed. ~hat
procedures which seem to be immediately feasible this is an established fact which should be pubhclzed
are those which involve distillation, and the only in the countries concerned. It is only lack of informa
procedure which has so far led to the construction tion which prevents a wider use of such appar~t.u5
of devices for general use is that of single-effect in many places where the provision of small quanh~lels
distillation by means of the so-called glass-house of drinking water or of good quality water is essenha .
process. This process has now been thoroughly I
studied in all its details, both experimentally and Present techniques have made it possible to deve op
theoretically. two methods of operation:

One of the outstanding features of this Conference (I) The use of very small distilling units of fro~
has been the great measure of agreement between one several square metres to satisfy the needs 0

the conclusions of researchers using different methods individuals or families; d.
and working independently of one another in regard (2) The use of larger-scale equipment construete
to distillation by means of the "glass-house" process. with either conventional materials (such as asphalt,

For optimum efficiency, these distilling devices concrete or plate-glass) or new materials (such as
should possess the following properties: plastic film kept in shape by air pressure).

High operating temperature; At the present time it is difficult to say which
Low thermal storage; of the two possibilities is the more advantage?us,

Short distance between evaporator and condenser; but a number of specialists favour medium-SIzed
176
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distilling surfaces in conjunction with small distilling
units.

The choce between one type of device and another
is essent, illy determined by local needs. It can
merely be said that plants of a certain size are better
adapted '0 some local situations but are often
~ifficult aid sometimes impossible to install; small
sized plants, on t~e contrary, are perfectly suited
to mass production, which would significantly
diminish ~he price.

The 0111 put of these devices as a whole ranges
according to their design and degree of refinement
from 0.8 to 2 cubic metres of water per square metr~
p~r year. ~he l?rice per square metre for plants
with a service life of approximately twenty years
ranges from 75 to 300 new frames. In these circum
stan~es, tll~ cost of the water produced remains
relatively high and is not competitive with natural
dr~nking water or irrigation systems at present-day
prIces. .

W?ere, on the other hand, it is a question of
settlmf? groups of persons in regions which have
no basIc. 0nergy resources, such prices are perfectly
re~sOl:ab> in order to satisfy both the need for
drinking water and the requirements of machines
and equi; -ment, which are often more demanding
than mC"1 in regard to the quality of water.

In th- present case, some limited but certain
results [EVe therefore been achieved.

What, then, should we do in the future? First
of all, develop and perfect the procedures which have
no~ reached the practical stage. The Conference

~s in complete unanimity on this point. Substantial
Improvements are possible. These are already being
co~templated in some branches, and there are very
senous grounds for thinking that the costs indicated
above will be cut by half or even more. Moreover,
newrnethods must be sought. The exploitation of
the most obvious of these -has already begun,
namely, the method of multiple-effect plants for
the recycling of energy. Other methods also have
their champions: for example, that of plants using
a very low level of energy derived from lagoons
by fairly inexpensive means..

Both these methods should be used, and time
and money should be expended on them. They will
probably not produce spectacular practical results
within the next five years, but it may be hoped
that, within the next decade, it will be possible
through these means to reduce costs to one-tenth,
or even less, of what they are now, an achievement
which would make desalination by means of. solar
energy feasible for supplying drinking water to large
population groups and for irrigation.

It must, however, be pointed out that the re
searcher, working in the new fields just mentioned,
will certainly benefit from the advances in the
more general fields of flat or concentrating collectors
and of the production of mechanical and electrical
energy.

It is therefore particularly important for research
workers interested' in the particular problem of
the desalination of water to keep very closely in touch
with the work carried out by their colleagues on
other aspects of the use of solar energy.
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SOLAR DISTILLERS

Valentin A. Baum *

S/119

Considerable attention has been paid to solving the
problem of water supplies in arid and semi-arid zones.
In addition to the many othermethods, the method
of utilizing solar energy to distil water has been
considered.

At present, it is possible to obtain by calculation
the technical characteristics of solar installations and
how they are influenced by the materials used for the
different parts of the installation, the .influence of
conditions in which' they operate, etc.

This paper discusses cert~inmethods of distilling
salt water by using solar energy." . .

Hot-box stills

The design of this type of still is very simple
(figure 1) and at the same time extremely rational
fro~ the po~nt. of view. of .the physical processes
takmg place m It. The efficiency of a still carefully
and cor.redly built amou.nts to 60-70 per cent.
Calculations show that this figure is close to the
maximum which can be obtained in stills made out of
ordinary materials: glass or plastic for the top
asbocement, plastic or wood for the structure: cork
or plastic for the insulation~. '

This construction was repeated in different varia-
tions by many investigators (1-8). .

In recent years, it has again attracted the attention
of investigators. The most extensive experiments
were made by M. Telkes (9), K. Gomella (10),
G. Nebbia (11) and E. Howe (16).

A great deal of information has already been
accu~ulated on the specific capacity' of such con
structlO.ns. However, th~ capacity varies greatly in
the estimates of the vanous researches. This can
be expl~ined by the sl?ecific features of the design
of the different installations, as well as by the climatic
conditions. in which they operated.

Figure 2 shows the results obtained by M. Ginestous
~n 1927 (4), A. N. Tekuch~vin 1933 (8) and K. Gomella
m 1955 (10) on the specific capacity of stills in litres
per squa~e. metre per day. The efficiency is a
characteristic more stable than the capacity and
depends comparatively little on climate conditions
(figure 3).. It is d~termined mostly by the quality
of the design. It IS noteworthy that the efficiency
of the installations used by Ginestous and Gomella
were very different, although actually they used
the same materials for construction purposes. Con-

* Deputy Director, Krzhizhanovsky Power Institute, Moscow.

sequently, the reason for the difference in efficiency
should be sought elsewhere. Judging from the
description, the Ginestous distiller had comparatively
high sides, non-transparent to the sun'. rays: the
front southern wall was 10 cm higher than the water
level and the back wall 29 cm higher. They threw
a shadow on the tray filled with water and this,
naturally, was one of the reasons for the low efficiency.

In our Hello-laboratory, a distiller with high side
walls was also investigated (12); we also obtained a
low efficiency rate (about 20 per cent) and the daily
capacity was about two litres per square metre per day.

In Gomella's distiller, however, the hl'ight of the
sidewalls did not exceed the height of the tray and
practically no shadow was cast. Similar designs
were made and tested by M. Telkes in Cohasset,
United States, and G. Nebbia in Naples, Italy.
They obtained a specific capacity of about 611m2 per
day with an efficiency of approximately 70 per cent.

These have been done before on the bacis of certain
laws of heat transfer arid data obtained when testing
stills (6, 8 and 9). At present, a system of equations
can be formulated which will describe sufficiently
accurately the thermal processes in the still and make
it possible for a given design to calculate the efficiency
and capacity, knowing only the radiation and sur
rounding conditions. .

The proposed system of equations is based qualita
tively on the picture of the flow of the vapour-air
mixt:ure i~ the still. In order to compose the quantity
relationships, equations are used from the field
of optics and thermophysics which describe the
processes of transformations and distribution of
energy. Since these processes in the still. are
ex~remely complicated and their detailed conslder
atlOn. would result in a very clumsy system of
equations, certain simplifications have been intro
duced, which do not distort the results. These
simplifications are not always stated in the text,
m o~der not to complicate it by a large number of
details, The system of equations obtained can be

Fi~ure 1. Hot-box still
178
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Figur<? 2. Specific capacity of stills investigated by
(1) Gomella, (2) Tekuchevand (3) Ginestous

made [flare precise in any part by replacing separate
equations with more accurate ones or by introducing
additional equations. More precise results can also
be obtained by an analysis of the figures in the various
variants of the calculations conducted according to
the proposed system.

The qualitative work of the distiller is regarded
as follows. Part of the radiant energy falling on the
distille::: is lost as a result of the reflection from the
glass, the surface of the water and the bottom.
However, the main part of this energy is ~bsorbed
by the bottom and the layer of water and IS trans
·formed into heat. Consequently, the bottom and
the water in contact with it have the highest
temperature in the system.' The heat will, therefore,
be conveyed to the ambient air in quantities corres
ponding to the temperature of the .variouspa~ts
of the installation and the thermophysical properties
of the materials of which these parts are built.

The steam-air mixture in the vicinity of the glass
has a lower temperature and a greater specific
gravity than near the water. Consequently, from the
surface of the glass, the mixture goes down, and fr?m
the surface of the water, it rises. The angle at WhICh
the glass is set imparts a certain order to the
movement and circulation flows are formed (figure 4).

. In passing close to the water, the mixture ~s heated
up and saturated with vapour; when touching glass
it cools off becomes over-saturated and moisture
falls out and settles on the surface-of the glass and rolls
down. The abovementioned processes of heating

and cooling off (and, consequently, the evaporation
of the water and the condensation of vapour) take
place in a comparatively thin layer close to the water
and the glass. It practicaIIy does not penetrate
into the rest of the mass, since the diffusion and
molecular heat conduction are smaII and there is no
noticeable mixing of the cold and warm masses in the
volume. '

On the basis of thisgeneral qualitative picture of
the work of the distiller, the thermal processes taking .
place in it can be pictured as foIIows.

The heat arising from the absorption of the radiant
, energy by the layer of water and the bottom is

expanded in a stationary process for the evaporation
of water on the tray and to cover up the losses of
heat, the principal ones being the foIIowing:

(a) The loss of heat from the water in the tray
through the bottom of the distiller (Q2);

(b) Losses due to radiant heat transfer between
the layer of water and the surface of the glass (Qa);

(c) Losses due to the transference of heat from the
surface of the water to the glass by the air contained
in the mixture in the course of its circulation in the
distilling chamber (Q4). (these losses, however, are
very smaII); .

(d) ,If there are cracks in the roof of the still, a
considerable part of the steam-air mixture will be lost
and the efficiency of the still will faII sharply. We are
examining cases in which, the still is well made
and these last losses do not occur..

The quantity of heat given off by the steam-air
mixture when passing in the vicinity of the glass Q4
determines the quantity of water condensed on the
glass surface.

Obviously, the sum Q2 + Qs + Q4 plus the heat
which is formed by absorption of solar radiation
by the glass represents the quantity of heat that
must pass through the glass as a result of heat
conductivity and then must be given off from the
surface of the glass by convection and. radiation
to the ambient air.
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1 If the glass' has a greater coefficient of ~bsorption and the
bottom is badly insulated and cools off rapidly, the gl~ss. can
~ave a higher temperature than the oth~r part of the distiller,
In which case the distiller will .not function,

'Figure 3. Efficiency of stills: (1) Gomella, (2) Tekuchev,
(3) Ginestous
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Figure 4. Diagram of circulatory flows of vapour-air mixture in still of hot-box type

T=

Qz = 0 - V [2a]
. The heat loss to the glass from the water by radia-

tion .

Qa = C[(0 ~:73) 4_ e1 to~73) 4] [3J

Direct and diffuse radiation pass through the glass
differently, as the average path of the rays of diffuse
radiation in glass is greater than the path of the
rays of direct radiation which fall on th« glass perpen
dicularly, and the resulting reflection of these two
forms of radiation is also different. Consequently,
the passing of direct and diffuse radiation through
the glass should be estimated separately. It is possible,
however, for the convenience of calcui: ..tions, to take
into account the diffuse radiation by nLdTIS of a coeffi
cient. Thus, for instance, D. Parmell: showed that
the passing of diffuse radiation thn:'1gh the glass
could be regarded in the same way as " similar quan
tity o"f direct radiation falling on the g:' ss at an angle
of 60 . Consequently, the calculations c~n be carried
out as if given a conditional radiation

10 = I dir + Kldir

where K is a coefficient less than 1.
We can now compose the system of equations

determining the thermal balance for one square
metre of surface of the still per hour.

On the basis of the above, the quantity of radiant
~nergy absorbed by the bottom and transfor~ed
mto heat can be determined from the followlllg
approximate formula:

Ql = 10 (l_p)2 (I-Ay) (I-Rw) Ab [1]
The heat losses through the bottom which has an

insulation of thickness ~ and a heat conductivity
A kgcal/m» hour °C, with a coefficient of heat loss
from the lower surface of the installation into the
ambient air

[2]

IX = 15 kgcaljm-hour'C,

Q2 = 1 (0 - V)
! + ~g
IX A

being good enough, IX slightly
take an insulation layer 25 mm

The insulation
affects Q2' If we
thick, with

. 1 ~
Ain = 0.03 then' - + - ~ 1, • IX A-

so that

The system of equations for hot-box stills can then
be expressed as follows, with

I solar radiation on the horizontal surface in
kgcal/mshour

T transparancy of the glass
p reflectivity of glass surface.
A absorptivity of glass (or other materials)
K absorption coefficient of glass, Ijm
d - thickness of glass, m. .
Q - heat flow per square metre in the construc

tion kgcaljm2hour

o temperature of water and steam-air mixture
QC '

V ambient temperature, QC
t1 . temperature of inner surface of glass, QC
t2 - temperature of outer surface of glass, QC
A - h.eat conductivity coefficient of glass, insula

tion, etc., kgcaljm hour, QC
C - radiation coefficient kgcaljm-hour (QC)4

F" .
j - F: ratio of surface of glass to surface of

water in the tray of the distiller.
The indices If, b, w! in, ~ and st stand for glass,

bottom, water, insulation, arr and steam,respectively.
The heat .b,~.lance of. the still depends on many

factors, but It IS unfeasible to use complicated exact
formula~. For example, it is possible for preliminary
calculations to neglect the repeated absorptions
and reflections in the glass, etc. . .

Thus the amount of direct radiation let through
by the glass, which is determined from the formula

-kd

(l-p)2 eCOSt

-kd

I-p eCOS i

can be calculated from one of the following simplified
formulae

-kd

T----(I_p)2 ecos i= (l-p)2(I-Ai)'" 1-2p-A

w~ere Ai is the ~bsorptivity of glass having a
thickness d and with an angle of refraction i.

The first simplified formula' for high-grade glass
gives an error of not more than 0.1 per cent, and
the last formula an error which does not exceed
1.5 per cent. The differences between the accurate
and some of the approximate formulae were examined
by D. Parmelly (14).
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Figure 5. Heat-transfer coefficient cc depending on
tempero ture of steam-air mixture 6 and difference of
temperatures of the mixture and condensation surface

Llt = 6-t1

2 Here we have also taken into consideration the heat loss
in the glass as a result of absorbed radiation IoA g (1 - ). Since
A g is small compared with 1 ,the absorption of radiation in the
thickness of the glass can be considered to take place evenly.
Then

_ A dt _ Q + Q + loA (1 - p) X'
dx- 3 4 il '

X I A (l-p)
-t _ (Q +Q)_ + 0 X!+e

x- 3 4 A Aa

{
X = 0 t = t1 . [5]and with we get equatlOn
X = b t = ta

[llJ

[I2J

kg
hour m2

G = .10 '1.
28t - 2w

Results of calculations and their analysis

The system of equations [I-9J was used to study
the influence of the conditions in which the distiller
operated on its technical characteristics. Variant
calculations were carried out on a computer.

Inthis distiller, there is no regeneration of heat;
therefore, like' most other authors, we regard the
efficiency to be the ratio of the heat used to heat
the water in the distiller and to evaporate it to the
energy received from the sun. Consequently, it can
be calculated from the following equation

'1j = QI- Q2 - Q3 - Qa [10J
1 0

where Qa is the heat lost by the air in the circulating
vapour-air mixture, when it is cooled off from 0 to tI •

The specific capacity (per square metre of water
surface in the tray) is obtained from the obvious
equation

The coefficient of heat transfer from the steam-air
mixture. to the glass can be computed from the
approximate formula

dconv ,...., 152 - 5.75 0 + 0.0583 0 2 [9J

More precise meanings of tXconv can be taken
from figure 5, which is also based on these experi
ments.

where i st is the enthalpy of the vapour in the distiller
kgcaljkg, and i w is the enthalpy of the water poured
into the distiller.

The temperature of the vapour-air mixture in
the distiller usually has a temperature of 50-80°C
and then i st = 618-630 kgcaljkg.

If the temperature of the water poured into the
distiller is taken to be equal to 20-30°C, then

G=- ~ kg
- '1j 600 hour m2

The influence of the following factors was investi
gated: (a) solar radiation 10 : 1 200, 1 000, 800, 700,
300 kgcaljm-hour: (b) temperature of ambient
air V: 5, 10, 15, 25, 30, 40, 50°C; (c) absorptivity of
the glass A g : 0.05, 0.10,0.15,0.20,0.30; (d) the ratio
of the surface of condensation (i.e., the surface
of the glass on which the condensation takes .place)
to the surface of the water in the tray; 1, 1.2, 1.5,
2.0, 2.5. The results of the calculations are given
in figures 6-13.

On the basis of this material, as well as from the
results obtained by a number of authors, the
following conclusions could be drawn.

.The efficiency of the distiller is fairly stab~e;
even if the radiation drops to one-fourth of Its
initial value (from 1.200 kgcal/m'' hour, when there
is a simple device for concentrating the rays, to
300 kgcal/m" hour), it changes within the limits from
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The heat loss from the vapour-air mixture to the
glass

Q4 = tXconv (V - tI) [4J

Heal conduction through the glass 2

Qs = + Q4 + IQ A g P- p) = (tI - t2) ~; j [5J

Heal loss by radiation and convection from the
glass to the ambient air

Q =! ~. [(t2 + 273)4 _ (V + 273)4]
6 l Cz 100 100

+ 15 (t- V)} j [6J

The equation for the heat balance received by the
water QI and given off through the bottom Q2'
as well as the result of heat exchanges with the
glass Q3 + Q4
10 (I-p)2 (1 ~Ag) (I-Rw ) Ab = Q2 + Q3 + Q4 [7J

The equation for the heat loss from the glass by
convection and radiation into the ambient air Q6
being equal to all the heat brought to the glass
Including the heat received by the glass as a result
of the absorption of radiation in it, is as follows:

Q6 = Q3 + Q4 + 10 (1 - p) A g [8J

20
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.Fi~ure 6. Influence of outside temperature V on heat
balance of still

1 ~ losses (in per cent of 1) as a result of reflection of rays
from glass, water and bottom; 2 = losses of heat through bottom;
3 = losses through heat transfer by radiation between surfaces
in water and glass; 4 = losses due to cooling off of air circulating

.of distiller chamber; 5 = useful heat spent on distilling water

73 -to 43 per cent. For approximate calculations of
the annual capacity of a well-built distiller from
ordinary materials, the efficiency can be taken as
50-60per cent for the warm months (outside tempera
ture, 20-40°C) and 40-50 per cent for the cooler
months (5-15°C). The formula [12] should be used,
.replacing in it the monthly sums of radiation on a
horizontal surface minus 5-15per cent, and remember-
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Figure 8. Influence of radiation absorptivity of glass A,
on heat balance
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ing that when the sun is low in th~ sky, the greater
part of the ray's energy is lost .

With the help of the given charts, an approximate
calculation of the distiller can be made; taking .intc
consideration the non-stationary character of its
operation, however, this is of no practica~ interest,

. since the non-stationary factor hardly influences
the average capacity.

The following conclusions can also be drawn from
the results of the calculation. It is difficult to increase
the efficiency further than that given in the calcula
tion. 'Even by increasing the thickness of insulatIon
of the bottom, through which about 10 per cent of
the energy is lost in .the examined type, losses are

:5:
c.

rr.....

~ (j
~

~........
.--"
~~

( ~ I":

I
'00 fOOO 800 soa J08

tJ)

G) -

1,,3)
i~

V t::::=P--

10

o 10 20 30 40 50 0

IZ

IflOX
gO
80

70

fiO

SO

40

30

.20

10

tooz
90

80

70

60

50

40
30

20

'Figure 7. Heat balance of still depending on incident
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Figure 9. Influence of ratio of condensation surface ,
to water surface in tray F w on heat balance
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reduced by only 5-8 per cent. In view of the conditions
in which the distiller operates, a glass with surfaces
having low reflection cannot be used.

A distiller of the type shown in figure 14 was
desigmd and investigated by K. Trofimov (7)
and by M. Telkes (9). The evaporation of moisture
takes place from a soaked fabric placed in a flat
box in such a way that the bottom of the box is also a
condensation surface. There are no losses by heat
conduction through the bottom Q2' which saves
about 10 per cent of the energy falling on the distiller,
but direct losses by radiation are doubled, since the
heat-loss surface is 'twice as big (the fabric having
two sides) as in a distiller with a tray. As a result,
the heat balance will be somewhat worse (see heat
balance charts). The fact that the fabric distiller
has a specific capacity greater than that of a distiller
with a tray can be explained by the fact that it is
mclined and in non-tropical areas receives more

300 0500 700
energy per square metre than if placed horizontally.
.For Tashkent, for instance, the average amount
of energy on an inclined surface (IX = 40°) is greater
than on a horizontal plane.

When the radiation on the horizontal surface equals
700 kgcal/mshour, and the outside temperature is
25°C and there is a light wind, the temperature of
the water is about 70°C and the temperature of the
glass t1 = 60°C.

Good technical results can be obtained from a
distiller, however, if it is correctly designed and
sufficiently carefully built and if operated properly.
On the basis of conducted experiments, the following
recommendation could be made.

In designing a distiller, it is necessary to ensure
that the tray be as little as possible in the shadow of
the structure. The angle at which the glass in inclined
should be sufficiently large for the drops of the
condensate to slip down the glass and not fall back
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FIgure 14. The scheme of the still with soaked fabric

into the tray. The glass or transparent. plastic
should have a surface which can be sufficiently well
moistened, otherwise a mist will form on the surface
and not allow the rays through; the insulation of the
bottom must have a low heat-conductivity; no
moisture should be allowed to fall on it, as it would
lessen the heat insulator properties of the material.
Special attention should be paid to sealing the
chamber of the distiller hermetically. Experiments
conducted in such a way that a balance between
the evaporated and condensed water is. formed, as
well as calculations, showed that even the slightest
cracks in the upper part of the distiller lead to
greater losses-even as a result of natural pressure
of the steam-air mixture. These losses are greatly
increased when the wind "blows out" the mixture,
as then the distiller practically stops working. These
losses can be computed. A number of- authors point
out the need to drain regularly the salt solution in the
tray, in order to prevent· the salt falling out on the
bottom, since a salt layer would lessen the absorption
of radiant energy.

Since the examined type of distiller has practically
been brought up to a maximum efficiency, the cost
of the distilled water can be reduced further only by
cutting building costs.

The main direction which this work should take
in. our opinion is the use of films and plastics, and
the mass production of standard boxes. Recently,
a number of successful works have been carried
out with the use of transparent plastic (15-18).

We believe it would be useful also to make the
following points.

The idea of creating a distiller in which the water
would be heated to a temperature ef 50-80

aC
in

the hot box and in which the condensation of the
steam from the vapour-air mixture would take pla~e
in a separate condenser has been pul forward III

different forms. However, the attempts to construct
such an installation ended in failure, as the specIfic
capacity of the distiller was negligible. This is .easily
explained: the circulation of the vapour-air mixture
in the heater-condenser is difficult, the speed of the
diffusion of steam from the heater to the condenser
being absolutely insufficient for the normal. ~ork
of the distiller. Moreover, there exist addItIOnal

J;O+--1---\---+~.--+----t--1

ROt---+---+----+--\--~rl_-I

20 30 40 50 60 (B-V) "C
Figure 15. Efficiency of water-heater (1) and still (2)
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Figure 16. Quantity of condensate obtained from 1 kg
of steam depending on number of stages of still

be Li t = 15-25°C. At smaller ~ t, the size of heat
exchange surfaces increases. For concrete conditions,
several variants can be calculated and the most
profitable number of stages chosen. For solar stills,
the number of stages should be from 5 to 8.

The calculations of the evaporation installations
have been well worked. out.

In 1952, our Helio-laboratory tested a three-stage
still (figure 17). The steam for it was obtained from
a solar boiler, which consisted of a paraboloid mirror
10 m in diameter. In the focus of the mirror a boiler
was placed, which produced about 50-60 kg of steam
an hour; the steam pressure during the tests was
about 6 atm. The still gave, in the month of June,
about one ton of distillate a day. The efficiency of the
solar boiler was equal to 60 per cent (12).

For economic estimates of the cost of the fresh
water, one could give the efficiency of the different
types of solar boilers at different steam pressures and
different temperatures of the ambient air.

Solar boilers with paraboloid mirrors (even if the
mirrors are rough and give a concentration of rays of
at least K = 200-300) have an efficiency which
depends very little on the pressure of the steam
(within the limits of required pressures) and on the
temperature of the ambient air, since the heat loss
from hot surfaces of the solar boiler in these installa
tions is insignificant. However, in boilers having
concentrating mirrors of a parabolo-cylindrical shape,
the efficiency depends noticeably on the pressure
(temperature) of the steam obtained in it.

The heat balance of the solar boiler with concentrat
ing mirrors can be represented by the following
simplified equation:

Output litres of fresh water per 1 kg of steam

"- Tempezatuze 0/
200 -·C steam170

f
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N
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heat losses which are absent in the simplest types
of distillers.

It is, true that i~ the hot box all the heat conveyed
through the glass mto the ambient air is lost, while in
the d_istil~er a large part of the h~at passing through
the g1::ss IS the heat of condensation, which has to be
transferred in accordance with the working scheme
of the ideal non-regenerative distiller. It is sufficient
to draw attention to the fact that the efficiency of
the hot box is lower than the efficiency of the simplest
distillers, even though the water in them has the
same temperature (figure 15).3

The question of design is completely simplified if
the vapour is obtained in a separate boiler at a
pressure higher than atmospheric. Then this steam,
which does not contain air, easily passes to the
condenser, where it is condensed. However, heaters
of the hot-box type are of no use for obtaining
steam by using solar energy. It is necessary to use
solar boilers with devices for concentrating rays
(mirrors), If the principle of the regeneration of
heat is not used, then distillers of this type will be
more expensive than hot-box distillers and more
complicated in operation.!

Regenerative distillers

The process of desalting water can be conducted in
a much more economic way from the point of view
of the energy used if the principle of regeneration
of heat is used in distilling. It is true that in the
distillers examined above, almost all the heat spent
on the evaporation of water is then (during the con
densaiion of the steam) let out into the ambient
air and thus lost.

In regenerative stills, however, a considerable part
of the heat of the condensation is used to heat.
While in stills without regeneration of heat, about
one kg of condensate is obtained from one kg of
steam, in stills of the regenerative type, the weight
of the produced distilled water is several times greater
than the quantity of steam used.

.The more stages of evaporation (evaporators) a
still has, the higher its capacity with the same
expenditure of steam (figure 16). The fall in tempera
ture in each of the evaporators of the still should

3 The efficiency of the water-heater with one glass at a tem
perature t = 55°C in figure 15 has been taken from Hotte1's
paper (19).

• 4 Veynberg (12) has constructed and made a regenerative
distiller, working at atmospheric pressure, which gave up to
1.84 litres distilled water per I kg of vapour at atmospheric
pressure.

IFmir = (is! - i w) B + (1 + Rmir) IFmir +
+ (1 - Ab) IRmir Fmir + r, E b·4.95 [(f<fo) 4- (~6) 4] +

+ IX conv (Tb- To) Fb+ ! ~ ~ (Tb - To) Fb
IX~ A



186 III.E Production of fresh water
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Figure 17. Tashkent distilling i,nstallation
with three-stage still

The components of the equation (from left to right)
are as follows: solar radiation energy received by

, mirror, useful heat of steam, radiant energy losses
as aresult of imperfect reflection from mirror surface,
radiant energy losses due to imperfection of absorption
surface of boiler, heat loss from boiler by means of
radiation, heat losses from boiler by convection,
losses of insulated surfaces of the boiler. '

In this case :
I = direct solar radiation on surface, perpen

dicular to solar rays, kgcd/m2hour

i st , i w = enthalpy of vapour and water, kgcaljkg.
B = capacity of boiler per hour, kg/hour
R = resulting reflection coefficient of mirror,

can be taken to be equal for: elec
tropolished aluminia mirror 0.75-0.9
(depending on thickness of oxide film);
backside silvered glass mirror 0.75-0.87

Ab, €b = absorptivity and blackm~?:; of boiler.
For ordinary blackened surfaces A" = !;b

can be taken to equal 0.85-0.95; for
selective, specially processed surfaces,
E = j (Tb) (20, 21)

Fmir = surface of mirrors (or, to be more exact,
the projection of mirror to a surface
perpendicular to the sun's rays) con
centrating rays, m2

F b = illuminated surface of the boiler, m2

Clconv '= heat transfer coefficient.
When the geometrical concentration of rays is

more than K = 30 the surface of the boiler is not
screened by glass from convective losses. For appr~xi
mate calculations, one can take 'at small wind
velocities Clconv = 10-20 kgcal/m-hou- °C.

For boilers with a parabolo-cylind.ical mirror,
one can take (22) for free convection

NUm = 0.62 (Gr)mO. 25
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Figure 18. Efficiency of solar boilers

1, 2, 3 = boilers with paraboloid mirrors; 4, 5, 6 = with parabolo-cylindrical mirrors; 6' same as 6, but surface of the boiler has
selective painting (to reduce radiation losses) and glass top (to reduce convection losses); 6" same as 6', 'but without glass top
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Figure 19. Specific capacity of solar stills depending on
number of stages of distillation and of boiler design

a 6-9 stage still using steam of 10-30 ata; and boiler
with a parabolo-cylindrical mirror K = 30 with
a 4-5 stage still using steam at a pressure of 5-9 ata.

In the first case, the specific capacity of the instal
lation will equal about 3 litres per m2 of mirror an
hour, and in the second case, about 2 Iitres/ms
an hour.

Obtaining fresh water in large quantities

The methods for distilling water described above
can also be used on a large scale. However, in that
case it may be more advantageous to use another
system for obtaining fresh water. Thus, for instance,
the steam could be produced in a big solar boiler of a
type described earlier (23); in this case, the steam
should first be used in a turbine to generate electricity
with a counter-pressure of 2-3 ata, and the spent
steam should be switched over to the still. The steam
could also be used in a condensation turbine and the
generated electricity could be used to distil water
by means of electrodialysis.

The question of choosing a concrete scheme for the
variant mentioned is far too' complicated. Detailed
technical and economic calculations are necessary
before giving any general recommendations. That
such a scheme could be economically profitable
seems clear from the fact that if a slight reduction
of the salt content in brackish water is needed, then
the expenditure of electricity is very small.

To make some estimate of the possible results,
let us examine the case in which a big solar installation
described in (23) is taken as the power unit. We
shall mention some general characteristics of this
project prepared at the Krzhizhanovsky Institute.
The solar station will consist of a tube-screen boiler
135 m2 irradiated by concentrated sun rays reflected

and for forced convection

. Nu! = 0.136 (Re)/O.73

(
1 "'" a)· .!l = ~ +~ ~ is the heat resistance to the transfer

of heD;t from, the surface of t~e boiler through the
heat insulation to the ambient air; depending
on the construction, it can be taken to equal
0.5-2.0 kgcaljm-hour'E (ex = coefficient of heat
transfer into ambient air, a= thickness of insulation
layers, A = heat conductivity coefficients).

Paraboloid mirrors of a searchlight type, having
an ap~~rture angle o! 100°-120°, give the average
coefficient of geometncal concentration K = 10.000.
However, for solar boilers it is quite sufficient to
have K "" 200-400, that is the mirrors can be made
roughly and consequently comparatively cheaply.

Precisely made parablo-cylindrical mirrors can
give. a K = 100. If they are made of sheet metal,
for Instance polished aluminium (by affixing sheets
to dummies), they give a concentration which does
not exceed K = 20-30.

The calculations and some experiments show that
the steam output of a solar boiler with a paraboloid
mirror practically does not depend on the pressure
of steam (from p = 1 to p -.:. 30 atmospheres). It is
therefore obviously feasible to obtain steam with a
pressure of 20-30 ata.

When parabolo-cylindrical mirrors are used, the
capacity of the solar boiler is reduced and it is neces
sary to calculate the most advantageous pressure.

On the basis of calculations, figures 17-19 were
d:awn. Figure 19 shows the capacity of stills with
different solar boilers.

The following conclusions can be drawn from these
figures:

(a) The stills having boilers with paraboloid .mirrors
can give a specific capacity of up to 3.4 litres of
fresh water an hour per square metre ofmirror surface;
6-9 stage stills should be used with an initial steam
pressure of 12-30 ata. .

.(b) The stills having boilers with parabolo-cylin
dncal aluminium mirrors attached to dummies can,
if accurately made (K = 30), give a specific capacity
of. up to 2-2.2 litres per hour per square metre of
mirror surface (stills having 4-5 stages should be used).

The stills having boilers with non-accurately shaped
parabolo-cylindrical mirrors (K = 10)·cannot yield
~ore than 1 Iitrejm-hour and their use is unfeasible,
SInce they cannot compete with the simpler types
of .stills - the hot-box type. The capacity of these
bOIlers can be increased if glass tops are used which
reduce convection heat losses, and with selective
surfaces that cut down radiation losses (figure 19,
curves 6', 6").

(c) The choice of a type of boiler (with a para
boloid mirror or parabolo-cylindrical mirror) should
be made on the basis of comparative costs of these
?oilers.. The following boilers should be examined
In making the choice (preliminary. calculations) :
boiler with a paraboloid mirror K = 300-200 and
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from 1 300 flat mirrors. The total surface of the
mirrors will be 20 000 m2 •

For conditions prevailing in Tashkent, where the
annual energy of direct solar radiation to a surface
perpendicular to the rays equals 1 700 <tOO kgcaljm2

year, the following results could be given.
(a) If the solar boiler alone is used and its steam is

transmitted to an 8-9 stage distiller, then the yearly

output of such an installation would equal about
1.6 X 105 tons of distillate.

(b) If the steam from the solar boiler is used in
a 2 500 kW condensation turbine to produce electri
city and the electricity is used for the olectrodialysis
of water, it would be possible to obtain t he following
quantities of fresh water containing about 350 rug
of salts per litre (24) :

Initial salt-content mg/litre
Annual yield of installation in

tons of water, salt content,
350 mgjlitre .

885

7 X 106

4635

1.8 X 106

10000

0.85 X 106

35000

0.28 X 106

(c) The capacity of the hot-box type still with an area of 20 000 m2 would be equal to 17 200 tons of
distillate per year.
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QUELQUES EXPERIENCES SUR LA DISTILLATION SOLAIRE DE L'EAU
A PE'fITE ECHELLE

L. Fonuin et J. A. Barasoain *

La dernande croissante d'eau potable de par le
monde entier milite en faveur de l'execution d'un
effort technique et economique concerte, visant
a mettre au point des installations de conversion
d'eaux saumatres en eaux douces. Il convient de
signaler, dans cet ordre d'idees, le financement,
par le Departement de I'Interieur des Etats-Unis,
d'un programme de recherches et de realisation de
centrales pilotes de conversion d'eau salee (1).

Dans les zones arides et semi-arides, cette necessite
prend un caractere vital, car une abondante conver
sion d\"au saumatre en eau douce a faible prix
aurait des repercussions considerables sur le niveau
de vie, partant sur le progres economique et social.

Dans les pays, tels que l'Espagne, qui disposent
d'une abondante energie solaire et dont les cotes
sont longues, pays qui, de surcroit, souffrent d'un
deficit d'eau douce et disposent de peu de sources
d'energie, le probleme consistant a obtenir de 1'eau
douce ~ partir de l'eau de mer acquiert un interet
de tout premier ordre ainsi, de meme, que dans
certaines regions interieures des iles et du desert
du Sahara, OU certains puits donnent des eaux
saumatres.

Parmi les precedes .actuellement a l'etude (2)
et en voie de perfectionnement dans le but de resoudre
ce probleme, figure celui qui prevoit la mise en oeuvre
de I'energie solaire qui, outre le fait qu'elle est
gratuite (3), est la source d'energie naturelle des
grandes regions arides et semi-arides,

Les besoins d'eau douce, en Espagne, s'etendent
aux domaines menager, municipal, industriel et
agricole. Nous croyons que, pour l~s pays p~e~ent~nt
des caracteristiques telles que le notre, la distillation
solaire trouverait ses applications, mais a une
echell« rednite, car il faut tenir compte de la grande

* Cornisior; Nacional de Energfas EspeciaJes, Madrid.

surface des terrains dont il faudrait disposer pour
real iser des installations de grande production.

Les sommes afferentes aux frais d'eau douce
a des fins menageres et autres sont tres exagerees
dans certaines zones, precisernent de la cote, abon
damment ensoleillee, de l'Espagne peninsulaire et
africaine. En voici un exemple : dans certains
centres urbains du sud-est de la peninsule, 1'eau
potable se paie plus d'un dollar par m": aux iles
Canaries, 1'eau qui sert a 1'arrosage atteint le prix
de 0,20 dollar par m" et, dans certaines de ces iles,
il est necessaire de la transporter par voie maritime
pour satisfaire les besoins les plus elementaires
de la population.

Pour les raisons indiquees ci-dessus, il est impor
tant, en Espagne, de faire face aux besoins des petits
consommateurs, a ceux des familles et des commu
nautes de peu d'importance, pour des fins menageres,
C'est la raison pour laquelle nous nous pencherons
sur le problems de la distillation de l'eau saumatre
a petite echelle (4).

L'energie solaire en Espagne

Le service meteorologique espagnol enregistre
la duree d'insolation depuis nombre d'annees au
moyen d'un reseau etendu d'observatoires, et il
a mis au point la carte d'isohelies que donne la
figure 1, exprimees en heures de soleil par an.

Aux Canaries, on enregistre, dans certains lieux
tels que Izafia (Tenerife), situesur les pentes du
volcan Teide, des valeurs de 3600 heures par an et,
sur la cote d' Afrique occidentale, l'insolation atteint
3 103 heures a Villa Cisneros.

I1 ressort de 1'examen de ces donnees qu'il y a
plus de 3 000 heures d'insolation dans la partie
meridionale de la peninsule, On enregistre des
chiffres tout a fait analogues en Afrique.

Tableau I

Jfois Calories cm- 2fjour-1

Lieu Piriode Maximum Minimum Moyenne
jour [ou» quotidienne

Las Rozas (Madrid). 39 716 16 376
Badajoz. 31 125 28 372
Almeria , 46 698 30 406
Seville 37 711 33 375

189
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2.400

C~3.050

jJ2.920

Figure 1. Carte d'insolation (periode 1931-1959)

La Commission nationale des sources speciales
d'energie a commence 1'installation d'un reseau
d'observatoires d'energie solaire en se' servant,
comme materiel enregistreur, de l'actinographe de
Robitzsch. Les figures 2 et 3 donnent les variations
annueIles de l'energie solaire enregistree en quatre
lieux, sous forme du rayonnement solaire quotidien
moyen par mois que recoit une surface horizontale.

Le tableau 1 donne les valeurs extremes enre
gistrees pendant toute la periode d'observation,
ainsi que l'energie quotidienne moyenne, .

Experiences sur la distillation

On a choisi comme centre d' experiences un lieu
situe a 20 km de Madrid et nomme Las Rozas,
qui est bien degage et dont les statistiques solaires
ont Me donnees a la figure 2 et au tableau l.

Nous avons fait des experiences avec 10 types
differents de distillateurs, dont certains etaient
plus ou moins classiques, tandis que d'autres repre-

sentaient des innovations faites dans le but d'etudier
divers aspects du probleme de la distillation.

Les figures 4 et 5 montrent certains des groupes
de distillation que nous sommes en train de slu
mettre a des experiences a notre centre de as
Rozas.

Les alambics representee schematiquement. au;
figures 6, 7 et 8 sont d'un modele classique. f~bndue~
avec des materiaux nationaux, sauf le dernter .on
la surface transparente est encomposition plastlque
« Mylar » (5).

L'alimentation de ces alambics se fait au moyen
d'un reservoir d'une capacite d'un m", p~r Yintertmediaire de regulateurs a flotteur qui mamtrennen
constant le niveau de l'eau dans les distillateur~.
L'eau qu'ils contiennent noircit, a cause de la lr cl
sence d'aniline dans le bain et, au surplus, le on
de la cuve est peint en noir.

Nous disposons d'assez de jours d'observation po~~
les trois centres, et il nous semble opportun te
faire figurer a ce memoire une etude du com~~r de
ment du material pendant la duree de sa P no
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o

o

Figure 4. Photographle des alambics I, 2 et 3

Figure 5. Photographle des alambics 4 et 5

sur l'energie solaire totale mesuree sur une aire
horizontale, c'est-a-dire precisement des memes
intervalles de temps que ceux qu'on a consideres
comme normaux pour le fonctionnement de chaque
distillateur.

Les courbes ont Me obtenues a partir des statis
tiques etablies d'apres des observations quotidiennes
sur la distillation et le rayonnement, en eliminant
de l'une et l'autre les jours de fonctionnement
anormal des alambics, soit pour revision, soit en
raison d'avaries.

Nous n'avons pas observe le rayonnement pendant
la periode comprise entre le 13 juillet et le 23 octobre
1960, mais, pour cette periode, on fait neanmoins
figurer les donnees ayant trait a la distillation.

Comme on verra aux figures indiquees, on peut
apprecier d'une maniere generale le parallelisme
entre les variations du rayonnement et celles de la
distillation. I1 y a quelques points, toutefois, sur
lesquels il manque une correspondance claire. En
principe, nous les attribuerons a des variations de
temperature ambiante et des vents.
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de fonctionnement qui, d'autre part, est de nature
afournir assez de donnees sur le rayonnement solaire.

Les figures 9, 10 et II indiquent la marche de la
distillation quotidienne moyenne pour chaque mois
pendant la periode de fonctionnement, en litres
de production pour chaque distillateur ou alambic,
On indique egalement les moyennes quotidiennes
des dennees correspondantes, pourchaque mois,
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Il convient de souligner la production superieur~
de l'alambicen verre incline a 10° par rapport .a
celui quin'est qu'a 40°. Le distillateur en compost
tion plastique incline a 40° donne une production
Iegerement superieure a celle du cristal incline d.u
merne angle, bien qu'il n'ait pas Me possible.d'ob~elllr

. que les gouttes formees sur la surface mteneure
de .la composition plastique descendent jusq~'~u
petit canal de recuperation avec la merne faclhte
qu'elles le font sur le verre, ce qui est provoque en
outre par line insuffisance appreciable de rayonne
ment par reflexion, avec perte d'eau parce que des
gouttes tombent dans la cuve.

Les courbes des figures 12 13 et 14 representent
I'importance de la distillatio~ quotidienne en fo~c
tion du rayonnement journalier pour les alamblcS
correspondants. .

En partant des valeurs quotidiennes du r~y~nne
ment et de la production, on a etabli des sta~lstlques

dans lesq,uel~es on ~roupe les vale:urs qui ~orr:i
pondent a cmq pahers de 50 calones cm-2 J?ur ,
en comme:rc;ant par le palier de 0 a50 et en filllssant
avec celui de 700 a 750 calories cm-2 jour". On a
obtenu, de la sorte, les valeurs totales du rayonne
men~ et de la production realisees pour les jours de
service correspondants. Ceci a done donne les valeurs
quot~diennes moyennes du rayonnement et de la pro:
?U~tlOn: Les valeurs moyennes trouvees o~t. serVI
a etablir. les courbes de production quotldlennes
moyennes pour chaque distillateur.
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Ave« ces courbes, on peut prevoir approximative
ment le comportement de ces genres d'alambics
en un lieu climatologiquement comparable et sur
lequel on dispose de donnees sur le rayonnement
solaire. .

Les alambics representes schematiquement aux
figures 15, 16 et 17 correspondent a des modeles
recemment construits et sur lesquels, jusqu'a present,
on ne dispose pas de donnees suffisantes pour realiser
une etude de leur production.
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Aspects economiques

L'utilisation de petits alambics a des ;:pplications
menageros milite en faveur de la rc.iuction des
frais de fabrication et d'entretien,

Avec ces nouveaux alarnbics, doni on pourra
apprecier I'aspect a la photographic (::,:lre 5), on
espere obtenir des donnees experimenta I, :, suffisantes
pour la date oil la conference se tiendri car il faut
prevoir des jours de bon rayonnemen t .' .laire pen
dant les mois de mai, juin et juillet.
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en verre Inclln6 n 40'

Surface cnsolcil"~e transparenle en
zonlale .....•.....

Surface d'cvaporation . • • • . .
Surface de condcnsafinn • • • • •
Volume d'air humide . . . . . .
Dimensions borizonl,lIcs rnaxima , .
Hauteur maximum . . . . . . .

projection hori-
1.41'3 rn'
0,71'2 rnJ

3,6 m t

• • 0,409 rn'
1,73 X O,M rn
• •• O,r.Ji rn
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"'I!lure 16. Alamble a ~nerl1le solalre n' 11 avee rben'olr
eolleeteur lncllne a 40'

O.\I~ll m'
0.6M ml

1.3 ml •

0.098 m l

1.16 x 1.0; m
0.48 m
1.05 m

Surface cn~)lci1lce han~I"lrcnte en projection hori-
zontale ...•...•..

Surface d'evaporation . • . . .
Surface de condcnsation . • . .
Volume d'air humide • • • • .
Dimensions horilontal~maxima.
Hauteur maximum Mns pinb
Hauteur maximum avec picds .

(I,IlS!! m'
O,Ii m'
1,31 m'
0.028 m'

1,12 x 1.05 m
O.M m
),2; m

Surface cnsolcillec transparente en projection hori-
zontalo ..•.•••••.

Surface ,l'cvaporation .....
Surface de condensation. . . .
Volume d'air humide •.•..
Dimensions horizontalcs maxima
Hauteur maximum sans picds
Hauteur maximum avee picds

Le tableau 2 presente les donnees relatives a la
production annuelle des alambics I, 2 ct 3, ainsi
que les frais de materiaux ct de main-d'oeuvrc pour

six prototypes. 11 donne cgalelnent des evaluations
des frais unitaircs, dans l'hypothesc Oil la production
se fait en seric (1 dollar = 60 pesetas).

'Tableau :l

A"'",b~ I : J I S ,
Production annuelle en litres . I 821 13~a 1492
Coilt dC'3 matdriaux • 2212 263/1 22.15 3 (',;)4 29;,0 :I :12;
Coilt de la main-d'eeuvrc. 2866 2950 2"600 32;. 2610 :I 4!,o

Coilt total (Prototype) en pesetas • 50;1\ 5 ~S6 41'35 6928 :; 500 ,.0;;
Coilt cvaluc pour une unite de scrie. 2980 3320 2 !lOO

Dans nos travaux, nous avons cte guides, notarnmcnt, par les publications interos
santes sur les alambics des cherchcurs Wil~n (Australic], Gomclla (Algcrie), Howe,
Lof et Tclkes (Etats-Unis), et Xcbbia (Italic).
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Resume

La preparation d'eau douce a partir d'eau saumatre presente un vif
interet dans les pays tres ensoleilles, particulierement dans les regions cotieres
ou l'eau douce et l'energie manquent.

Le present memoire indique les donnees relatives a l'insolation et a
l'energie solaire qui ont ete enregistrees en Espagne. .

Pour faire face aux besoins menagers des petits consommateurs, on
precede actuellement a l'etude de divers modeles de distillateurs solaires
construits avec des materiaux nationaux.

On a soumis dix modeles d'alambics ou distillateurs de ce genre aux essais
et on etudie, dans le present memoire, le comportement de trois d'entre eux
sur une periode relativernent longue, ce qui permet d'aboutir a quelques
conclusions quant a leur production.

On decrit trois prototypes d'une conception nouvelle et actuellement
en cours d'experimentation,

On donne les chiffres annuels de production, ainsi que le COlIt des mate
riaux et de la main-d'eeuvre pour plusieurs d'entre eux.

SOME EXAMPLES OF SMALL-SCALE SOLAR
DISTILLATION OF WATER

Summary

The conversion of brackish water to fresh water is of great interest in
countries with abundant sunshine, especially in coastal areas where water
and sources of energy are scarce.

This paper gives Spanish sunshine and solar energy records.
Several types of solar stills using Spanish materials, and designed to serve

small household consumers, are under study.
Ten still types have been tested. The performance of three of these

types over a relatively long period is discussed and conclusions on their
industrial production are drawn. '

Three recent prototypes of new design, now under test, are described.
~he annual production and costs of material and labour for several types

are gIven. .



Unc unalyse parallele des procedes de dessalement
et des i'rocedes de captage et de transformation de
l'energic solaire fait apparaitre que, dans l'etat de
choses .ictuel, le dessalement des eaux saumatres ou
de l'ca.i de mer par l'energie solaire se ramene a
celui du dessalement par un precede utilisant I'ener
gie thermique, cette derniere etant elle-meme obtenue
par conversion de l'energie solaire. Il apparait
egalem-nt que la collecte de l'energie solaire constitue
la diffi. ulte fondamentale.

AVCI' des coIIecteurs plats, horizontaux, simples
et peu onereux, mais deja d'un prix non negligeable,
on peut esperer mobiliser pratiquement des puis
sances de l'ordre de 800 Watts au m2 en pointe
journa here, avec un total quotidien de 4 kWh en
hiver (.~ 6 kWh en ete, si on collecte l'energie a de
tres b.. ses temperatures (30 a 50°C), et ceci encore
dans 1(; regions les plus favorisees du globe. Avec les
~emes collecteurs, les valeurs sont adiviser par deux
SI on c -llecte l'energie a une temperature nettement
superi. .ire (80 a 100°C).

Le captage de quantites plus importantes a des
tempcntures superieures conduit imrnediatement
a des surfaces de collectes complexes, d'un prix
sensiblement plus eleve, et a des dispositifs concen
tratenr-, eux-rnemes compliquant le dispositif et
grevant le prix de revient.
. Ceci explique pourquoi la transposition pure et

Simple des dispositifs de dessalement thermique
classiques a jusqu'a present echoue, On comprend
~galement pourquoi la mise au point de dispositifs
lUgenieux necessitant au depart des temperatures
relativement elevees reste encore a faire. L'obstacle
principal reste toujours le prix eleve, la cornplexite,
le mauvais rendement des collecteurs-convertisseurs.

Le distillateur du type serre, bien connu main
tenant, n'echappe pas a la fatalite qui pese sur les
appareils solaires. C'est cependant un appareil
beaucoup moins simple qu'il n'en a l'air au premier
abord et un appareil bien adapte a l'utilisation
rationnelle de l'energie solaire.

Son principal interet economique reside dans le
fait qu'il constitue dansses parties principales un
collecteur convertisseur plat, et que. ces memes
parties servent simultanernent aI'ernploi de l'energie
thermique obtenue aux fins du dessalement par
distillation simple effet.

La surface de collecte est constituee par le fond
de la cuve-chaudiere, la masse d'eau elle-rnerne
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participant a l'absorption du rayonnement, surtout
si elle est coloree au prealable.

La couverture transparente protegeant le colicc
teur piat contre les deperditions par convection
delimite simultanement le volume de stockage et de
transfert de la vapeur d'eau, la surface transparente
elle-meme servant de surface de condensation. De cc
fait, la deperdition calorique par convection par l'air
exterieur et par rayonnement vers l'arnbiance
represente I'evacuation des calories de condensation
et rend ainsi utile ce qui, dans un collecteur plat,
ne serait qu'une perte d'energie.

En regardant de plus pres les phenomenes a
l'interieur de la serre, on s'apercoit que ce role de
surface de condensation reduit considerablernent les
pertes provenant du rerayonnement de la surface
de collecte (surface libre de l'eau evaporee). En effet,
la formation d'une pellicule d'eau condensee a la
partie interieure du vitrage, et qui se trouve etre
a une temperature peu differente de celle de la
surface d'eau libre soumise a I'evaporation, reduit
a peu de chose le transfert d'energie par radiation
entre l'eau et la surface de condensation, transfert
qui est fonction de la difference des temperatures de
ces deux surfaces.

L'apport principal d'energie ala surface de conden
sation se resume alors acelui de la chaleur latente de
condensation, et l'evacuation vers l'exterieur qui se
produit au travers de la surface vitree participe
utilement au processus de distillation.

C'est en raison de ceci que les distillateurs du
type serre n'obeissent pas directement aux lois de
rendement des collecteurs plats ordinaires non
selectifs, Les pertes par rerayonnement dans un
distillateur ne s'accroissent pas aussi rapidement
quand la temperature de regime augmente. Pour des
temperatures de l'eau de l'ordre de 75° a 80°C et
plus, on a obtenu un rendement de conversion de
l'energie solaire incidente restant de I'ordre de
60 p. 100, et merne legerernent plus. Le distillateur
solaire du type serre se comporte en fait comme un
collecteur convertisseur selectif de bonne qualite.

On a realise depuis plusieurs annees dans le monde
des prototypes de petits distillateurs solaires de
type serre dormant toute satisfaction. En Algerie
en particulier, un appareil dornestique produisant
de 2 a {) litres d'eau par jour suivant les saisons et
le lieu d'emploi a etc mis au point et se trouve
maintenant en service en plusieurs centaines d'excm
plaires. Il constituc une solution rustique pour la

d ti d l' d boi Cc i a un• Societe d'etudcs pour le traiternent et I'utilisation des caux, prdO. ~dc 10~ e. cda,u e d I
t
550
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Quand on a voulu passer a une production d'eau
plus considerable, meme a I'echelle d'une toute
petite agglomeration humaine, on a cherche a extra-

. paler les dimensions du distillateur du type serre
afin d'en conserver les avantages cites plus haut.
Cependant la similitude geometrique dans un appa
reillage ne conduit generalement pas a la conserva
tion des parametres caracteristiques des phenomenes
en cause. C'est pourquoi, avant d'entreprendre la
construction de distillateurs solaires du type serre de
dimensions notables, on a juge utile, en Algerie, de
proceder aune experimentation permettant de mieux
definir les lois de production d'eau distillee par les
distillateurs serre.

Parametres gouvernant la production
des distillateurs type serre

Dispositij experimental

Nous avons etabli a Touggourt (33°7'N) six
appareils identiques en tout, sauf en ce qui concerne
la profondeur de la cuve. Ces appareils, d'une surface
captante utile de 1,765 m2, etaient recouverts d'un
toit vitre a double pente (inclinaison 10°). Leurs
parois exterieures etaient tres soigneusement isolees
thermiquement au moyen d'une double couche de
laine de verre et de mousse de polyurethane.

La surface superieure de la lame dcau etait dans
taus les appareils a la meme distance de la surface
vitree de condensation. La distance ».oyenne etait
de 7 cm. Les differentes epaisseurs '.\c lame d'eau
choisies, etaient de 2 cm, 5 cm, 15 ':;~, 40 cm, et
100 cm.

Les appareils etaient munis de ~'des thermo
metriques disposees a differents endr..h des lames
d'eau, On mesurait le volume prod;t quotidien,
et une fois par semaine le debit horair: pendant les
heures d'insolation.

Periodiquement, on mesurait egalen',. nt les tempe
ratures de la surface exterieure des vitr.-s de conden
sation, a I'aide d'un pyrometre a contact.

.La masse d' eau etait coloree par U 1\ melange de
quebracho, noir animal et vert naphtol, de facon que
l'absorption du rayonnement solaire Si: fasse unifor
mement pour tous les appareils, da ns la couche
d'eau superieure,

Epaisseur de lame et production quoiidlenne

Dans le tableau ci-apres figurent Tes resultats
moyens obtenus au cours d'une period« d'experimen
tation d'un an, apres trois mois envirc.: de mise en
regime des appareils (periode de In,- en regime
necessaire aux appareils les plus pretends).

Production quotidienne moyenne, en litres/jour

Appareils 2cm 5cm 15 cm 40 cm 100 cm

Mois VII 10,2 10,1' . 8,7 8,2 7,4
VIII. 10,4 9,2 8,5 ,7,8 6,0
IX. 8,0 7,3 6,4 5,9 5,6
X 5,0 4,5 3,9 3,7 3,6
XI 2,7 2,4 2,0 1,9 1,8
XII 2,0 1,8 1,5 1,2 1,4
1. 2,4 2,0 1,8 1,6 1,5
11 3,1 2,8 2,3 2,0 1,7
Ill. 5,3 4,2 . 3,2 3,5 2,9
IV. 8,0 7,5 6,0 5,4 5,4
V 9,1 8,2 7,4 6,5 5,9
VI . 9;8 10,0 8,5 7,8 7,0

Les productions quotidiennes moyennes annuelles,
pour chacun des appareils, sont les suivantes :.;

Prolondeur (cm) Production (l/iour) Rapport/2 cm

La forme hyperbolique de I'equation est verifiee
pour les productions quotidiennes moyennes men
suelles . .on peut done dire que la relation liant l~
production d'un distillateur solaire du type serre a
la profondeur de la lame d'eau est de la forme:

La relation liant la production quotidienne
moyenne annuelle a la profondeur en cm de la lame
d'eau, est la suivante : '

a
Y ..:.. x + b + c.

, Les constantes a, b et c dependent de la forme ?~
1appareil et des conditions locales (latitude, intensIte
du rayonnement, epoque de l'annee, etc.)

On en deduit que la production d'un distillateur
du type serre sera tres sensiblement influencee par la
hauteur de lame, dans les appareils a faible epaiss~ur
de lame. Par cantre l'influence relative d'une vana
tion d'epaisseur sera' d'autant mains sensible, que la
profondeur de lame sera grande.

100 %
92 %

.80 %
73%
66 %

6,33
5,83
5,02
4,62
4,18

22,754
x cm + 7,872 + 4,025.Y ljj

2
5

15
40

100
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Debit Instantane en litresjheuresjm2

Appareils 2cm 5cm

(nombre d'heures}

° 0,00 0,03
1 0,00 0,03
2 0,00 0,03
3 0,00 0,03
4 0,00 0,03
5 0,00 0,03
6 0,00 0,03
7 0,00 0,04
8 0,03 0,05
9 0,10 0,08

10 0,25 0,16
II 0,44 . 0,26
12 0,62 0,38
13 0,73 0,48

,14 0,80 0,57
15 0,78 0,63
16 0,60 0,60
17 Q,40 0,50
18 0,28 0,40
19 0,17 0,31
20 0,12 0,23
21 0,G7 0,16
22 0,04 0,12
23 0,01 0,07

15 cm

0,10
0,10
0,10
0,10
0,10
0,10
0,10
0,10
0,10
0,13
0,20
0,26
0,34
0,38
0,40
0,40
0,33
0,27
0,23
0,19
0,18
0,16
0,16
0,12

40 cm

0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,16
0,20
0,25
0,28
0,30
0,31
0,28
0,25
0,21
0,17
0,16
0,14
0,14
0,13

100 cm

0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,13
0,08

, 0,09
0,12
0,17
0,22
0,24
0,25
0,24
0,20
0,18
0,16
0,14
0,13
0,13
0,13

Le debit maximum represente en pourcentage du
debit minimum :

I
L'amplitude de la variation du debit instantane

en cours de journee est de l' ordre de :

Appareils Debit maximum Debit minimum Pourceniage

2cm 0,80 0,00 infini
5cm 0,63 0,03 2100

15 cm 0,40 0,10 400
40 cm 0,30 - 0,13 230

100 cm 0,25 0,13 192

L'augmentation d'epaisseur repartit la production
sur l'ensemble de la journee, mais le resultat global,
comme on l'a vu precedemment, est moins bono

Epaisseur de lame et temperatures
Le depouillernent des tres nombreuses mesures

accumulees pendant l'experimentation conduit aux
conclusions ci-apres :

a) Pendant les heures d'ensoleillement, la tempe
rature des couches superieures, dans le distillateur
a lame de profondeur 100 cm, est plus elevee et

0,80
0,60
0,39
0,18
0,12

Amplitude en litre/him'ilppareils

2 cm.
5cm.

15'cm.
40 cm.

100 cm .

Cel. est fort affiigeant, car il aurait Me commode
de p"!Jvoir disposer d'une latitude de quelques
centimetres dans la realisation des appareils. de
grande surface a lame d'eau mince.

Onen deduit egalement qu'a partir du moment ou
on ne peut trouver une solution satisfaisante pour
maintenir la lame d'eau aux environs de 2 cm, on
peut franchement faire faire un saut considerable
a l'epaisseur de la lame d'eau. L'appareil aura
certes une production sensiblement inferieure, mais
la fixation de la cote d'eau au cm pres ne presente
plus grande importance. On peut alors, en particulier,
admettre une variation sensible de l' epaisseur de
la . lame d'eau dans le meme appareil (c'est-a-dire
utIliser un radier incline, favorisant l'ecoulement
de l'eau et le nettoyage).

On en deduit aussi qu'a partir d'une epaisseur
de l'ordre de 100 cm la production deviendra sensi
blement constante.

Epaisseur de lame et productions insianianees
L'augmentation de I'epaisseur de la lame d'eau

accroit l'inertie thermique, ce qui a pour effet
~'attenuer l'amplitude des variations de debit
lllstantane en cours de joumee.
. Alors que pour un appareil a lame mince la varia

tion de debit instantane suit de tres pres la variation
de l'apport d'energie solaire, un appareil a lame
epaisse absorbe de I'energie au moment du maximum
d'insolation pour restituer lentement cette energie
pendant les periodes d'insolation plus faible, et
meme pendant la nuit, ou une partie de celle-ci,

Par exemple, le debit instantane au cours d'une
journee donne (en et e) les chiffres ci-dessus.
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s'accrott plus rapidement que la temperature des
couches sous-jacentes; I

b) Chaque jour, chaque couche passe a un maxi
mum et un minimum de temperature, d'autant plus
accuses que la couche est plus proche de la surface;

c) Le maximum de temperature est atteint d'au
tant plus tot dans la journee que la couche est plus
proche de la surface;

d) La situation est la meme pour les minimums,
les couches superieures se refroidissent' plus rapide-
ment que les couches profondes; .

e) Dans les couches superieures, il y a inversion
du gradient de temperature apres le coucher du
solei! les couches les plus proches de la surface sont
plus 'froides que les couches immediaternent sous
jacentes;

J) Cette i~v~rsion du gradient de' ~emperature
se fait quotidiennement dans la premiere couche
de 5 cm, assez frequernment dans la couche des
20 premiers centimetres, tres exceptionnellement
dans la couche des premiers 40 cm, et jamais en
dessous.

Il en resulte qu'il y a formation de strates de
couches d'eau isothermes au cours de la periode
d'ensoleillement; en d'autres termes, l'energie rayon
nante absorbee par 1'eau coloree dans les couches
superieures fournit des calories dont une partie se
propage verticalement vers le bas.

L'examen des courbes traduisant cette propaga
tion montre une similitude frappante avec les
courbes de propagation a travers un milieu isotrope
d'une perturbation thermique superficielle, On peut
done affirmer qu'au cours de 1'ensoleillement du
distillateur, il se produit une fuite thermique par
conduction vers les couches inferieures.

Au cours de la periode de refroidissement, les
couches situees tout pres de la surface evaporatcire
fournissent l'energie necessaire a l'evaporation et
deviennent plus froides que les couches situees
dans les 20 premiers centimetres.

Ces dernieres fournissent en retour les calories
a la couche evaporatoire superieure au mo~ent de
l'inversion du gradient. de temperature. M,~IS cette
recuperation des calones ernmagasinees n interesse
generalement que ces 20 premiers. centim~tr~s, et
tres exceptionnellement les 40 premIers centimetres,
Elle ne touche jamais les couches plus profondes.

On peut done considerer que les calories emmaga
sinees dans les couches situees a une cote inferieure
a 30 ou 40 cm, sont definitivement perdues. ~eur
reutilisation demanderait un brassage mecanique
du liquide dans toute sa masse. '

Si' on compare maintenant entre eux les appareils
de differentes .profondeurs, on constate,. comme
cela est previsible, que la temperature maxImuIIl: de
la surface evaporatoire est d'autant plus faible
'que la lame d'eau est plus epaisse, "

Void quelques valeurs releve~s en co~~s d experi
mentation et qui permettent de Juger de I importance
des differences, enregistrees suivant les saisons :

Temperature maximum de l'eau en sur/ace
(,l,gres cenlBsimaux) ,

Appareils

Ell Automne Hiver
et printemps

2cni 85° 67° 53°

5cm 76 57 39

15 cm 62 48 23

40 cm 56 43 21

100 cm 53 40 20,5

L'amplitude des variations de temperatures en
cours de journee est d'autantplus elevee qu~ les
variations de temperature de l'ambiance exten~ure
sont plus fortes et que l' epaisseur de la lame d eau
est plus faible. .

Pratiquement, les appareils de 2 et 5 cm voient
la temperature de 1'eau tomber au cours de la nuit
au voisinage de la temperature de 1'ambiance, ~xte
rieure, c'est-a-dire 25 a 300 en ete, 80 a 30 I hiver-

Temperatures
Saisons Appareils

Ambiance Eau Vitre

\
2cm

I
83° 58°

5cm 72° . 53°
Etc!.

{
15 cm } 37° 62° 47°
40 cm

\
51° 45°

100 cm 50° 46°

\
2cm ) 63° 35°

Automne et 5cm 52° 32°
printemps. ( 15 cm • 25°, 39° 28°

l
40 cm \ 36° 36° 28°

100 cm 36° 28°

\
2cm

I
52" ' 26°

Gem 38° 22°
Hiver. < 15 cm ) 17° 23° 20°

( 40 cm

\
22° 20°

100 cm 22° Illo
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Les autres appareils conservent toute la nuit une
temperature legerement superieure a celle de l'am
biancc ..,En hiver en particulier, les appareils de
40 et '. lO cm de profondeur conservent en surface
une tC"i?erature voisi~e de 10 a12°et, a cette epoque,
leur ru.rumum ~st moms bas que celui des appareils
a lame plus mince.

11 es: interessant de dormer une vue sur les diffe
rences de temperatures existant entre l'ambiance
la surf- .e vitree de condensation et l'eau ala surfac~
evapor: .oire. Voir quelques chiffres assez signifi
catifs :;1 page precedente.

11 al '~)aralt tres nettement que lorsque la tempe
rature de l'eau tombe au voisinage de 50 a 40°, la
temper «ture de la vitre de condensation devient
tres vo.sine de la temperature d'ambiance. Le rapport
surfao d~ condensation/surface d'evaporation est
alors manifestement trop eleve, Le merne pouvoir
d'evacu.ition de calories pourrait etre obtenu
a partir d'une surface de condensation plus
faible.

. Qua:Hl la temperature de l'eau atteint 60°, la
dlffereiJce de temperature entre la surface de conden
sation et l'ambiance atteint 10° et croit ensuite
tres . Li:)idement lorsque la temperature de l'eau
continue a augmenter. La surface de condensation
travail' ~ alors fortement, et il faut etre prudent si
o,n de<re diminuer le rapport surface de condensa
hon/sl,'face d'evaporation,

Temperature de l'eau et debit

NOIl:; avons cherche a determiner s'il existait
une relation entre le debit instantane et la ternpe
ra~urc de l'eau dans la surface evaporatoire. 11 est
eYldent que ce debit instantane est egalement fonc
t~on d'autres parametres, ne serait-ce que les condi
tions exterieures. Nons considerons cependant que
les distillateurs solaires doivent etre employes
frequemment dans les regions arides de latitude
assez basse, ou les conditions sont voisines de celles
qui regnent au Sahara.

,Nous avons depouille des observations faites en
dlfferents points du Sahara et a AIger meme.

Nous avons determine ainsi, que la courbe de
pro.duction d'un distillateur plat du type serre
et~l.1t fonction de la temperature de l'eau suivant une
101 hyperbolique.

Les deux courbes enveloppes des valeurs trouvees
sont les suivantes :

y = 51,607 _ 0 613
117 - X O

,

et

y = 51,607 _ 0 613
112 _ XO ,

ou Y est le debit instantane exprirne en litres par
heure et par m2 de distillateur solaire (surface
utile), et .

X
O est la temperature en degres centesimaux

de l'eau dans la couche superieure.

L~s ~aleurs numeriques sont propres au cas
~arbcuher. On peut cependant estimer que la rela
tion hyperbolique exprime une loi generale de debit
pour les distillateurs du type serre.

Ces ~quations expriment bien la chute tres rapidc
du debit lorsque la temperature s'abaisse, Au-dessous
de 40 a30°C, la production devient quasiment negli
geable.

C'~st la .raiso~ pour laquelle la recuperation de
calories qui se fait au cours de la nu it dans les appa
reils a grande profondeur de lame d'eau, recupera
tion qui s'effectue a un niveau de temperature
voisin de 30 a 40°C, ne peut compenser le manque
de debit de ces appareils au cours des heures d'en
soleillement.

Distance eau-surface de condensation et debit

Les vitesses instantanees d'evaporation et de
condensation sont cornrnandees par un coefficient
de transfert de masse qui a la forme :

7 D. P.
IJIJ =--

Y'Pm

ou D est un coefficient appele diffusivite,
P la pression totale de l'air humide,
Pm la pression moyenne logarithmique de l'air

dans l'epaisseur d'air humide ou se produit
la diffusion, et

Y I'epaisseur d'air humide interessee par la
diffusion.

Le rapprochement de la surface de condensation
au plus pres de la surface evaporatoire doit par
consequent augmenter la production. Le transfert
des molecules d'eau en est facilite. La diminution de
l'espace intermediaire agit sur la violence des cou
rants de convection qui, pour une merne energie

.motrice, interessent un volume d'air humide bien
moindre. Le brassage de l'air au voisinage des
surfaces d'evaporation et de condensation diminue
I'epaisseur de la couche d'air humide Y dans laquelle
le transfert de vapeur ne se fait que par diffu
sion.

De plus, au sein des courants de convection eux
memes, la diffusion continue a faire son effet et
s'ajoute aux transferts de vapeur dus aux mouve
ments des filets d'air humide, Cette diffusion doit
s'effectuer a travers tout l'espace separant l'eau
de la vitre, et la diminution de la distance
eau-vitre donne une importance plus grande a cc
transfert cornplementaire,

Une verification experimentale a etc faite en
augmentant de 2 cm la distance moyenne separant
le plan d'eau de la surface de condensation, tout
en restant egal par ailleurs. Le resultat obtenu a etc
conforme aux previsions : l'appareil avec la plus
grande distance eau-vitre a fourni moins d'eau que
l'appareil temoin.

Pour une augmentation moyenne de la distance
de 20 p. 100, la chute de production quotidienne
moyenne annuelle a ctc de l'ordre de 6 p. 100. Le
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Mficit le plus important a ~te constate pendant les
mois d'hiver et utteignlt 12 p. )00 environ.

Au~mcntl\tlondca dlmenslons des dlstllllltcurs
du type cc serre It

Une installation de ~randc dimension peut ctre
concue conune :

1) Un pavage ell' la superficie a l'aide d'une
mosalque e1e petits nppareils;

2) Uno juxtaposition de couloirs paralleles e1e
grande longueur mais e1e largeur raisonnable, pcr
mettaut la pose ;liscle~ des surfaces de condensation
et llIl ncces commode, ;\ ponce lnunainc, en tons
points de l'Instnllatiou:

3) Un immense bassin el'un scul tenant, cloisonne
011 11011, mais dont la surface de condensation dcvra
ohllgatoircmcnt ctre realisce sous forme d'unc
juxtaposition de toits allonges parnllelcs, un soul
toit d'un seul tenant n'etant pas concevable pour la
couverture d'un bassin de tres grande dimension
ell raison de la pcntc (IU'U Iaut obligatoircment
donncr ;\ cc toit pour permcttre le rccucil des caux
condcnsecs.

I.<~ rcndcmcnt unitnirc d'unc mosalquc de petits
aJ,pareils sera scnsiblcment identique a cclui de
claque appareil pris separt~mcnt. Par centre, le
rcndcmcnt unitairc des deux aut res types de reali
sation sera a priori moins bono

l.cs grands apparcils Ionctionneront ell effct
ohli~at()irc!11cnt a 1111 regime de temperature plus
has, du fait que:

a) L'epaisscur de la lame d'ean ne pourra ctre
maintenue h M valour exacte, sur line grandc sllr
facc, awe la Illcme precision que dans Ie.'i petits
appareils; pour cviter la mise all sce d'une partie
du radicr, Oil ~ra obligatoirement tel1u a utiliser
llIle cpaisscur de lame pltl~ grande;

b) nans la gcncralit6 des ca.'I, le constructcur sera
POU55C a choi5ir une cpai!'oscur cle lame d'cau a."'SC1.
grande, et ccd pour des commoclites d'approvision
llctncnt en cau en tous points de la grandc surface
pour fadliter le nettoiemcnt cl pour lutter pa;
dilution contre Ics depots salins;

() t'i50lcment thcrmil)uc du radier seta toujours
diffidle ;\ rcali~r cl'une fa~on convenable dans un
grand app,uril b.lti.

La distance entre la surface evapOral:lire et la
surface de condcnsation sera obligatoir-v-cnt plus
grandc qllc dans I.cs pe~its app~rcils, :t Cl ,i da~s la
proportion des dimensions prises suiva t la ligne
de plus grnndc pente des surfaces de eu", lcnsation
inclinccs.

Pour presenter un interct econorniqu. pratique,
I'allgmentation des dimensions d'u.n ,::"tilla.tcur
du type sC!Tc devra aVOIr. pour.co.rolJam· ,',l ahal~se
ment considerable du pnx unitaire de (',,l~;tructJon
et evcntucllcmcnt des frais d'entrcticn (. d'exploi
tation,

II reste bien cntendu par ailleurs que Li -omparai
son des prix de revient unitaires dcvr.. drc faitc
entre cclui d'un nppareil de petite dimcnsi: Ji ~ construit
en grandc seric (en y incluant le prix dl"; canalisa
tions et des dispositifs d'alirncntation. <it' collectc
et de vidange) et celui d'un apparcil brit i de grande
surface.

Une etude econorniquo comparative ;, ae Iaite
en Algerie pour determiner le prix de C",l;;tructlon
unitairc nu Sahara en line region d'accessi' ;:Jite aisee
(chemin de fer, route, aerodrome) d'u ',' surface
distillante du type serre de 10000 11)2,

L'etude a porte sur la realisation de Cl" i" surface
sous les formes ci-apres :

a) Pavage a l'aide de petits appareib ,,'rre pre
Iabriques en amiante ciment de 1,25 1112

;

b) Couloirs juxtaposes en forme de talv de beton
surelcvcc de 2,7 m de large, isolee thern"'ltlCment,
toit en double pente 10°, couverture vit r'.':

c) Idcntique au precedent, non isole 1:lcrmiquc
ment;

d) Analogue a b, rnais 2,5 m de large, toit simple
pentc;

c) Identique au precedent non isolc thcrmique
ment;

J) Couloirs juxtaposes de beton, batis it mcme
le sol, ayee radiers abeton cellulaire, 2,50 111 de large,
toit simple pente;

g) Identique au preccdent, 1,50 m de large;
") Couloirs terrasses, entre murettes, fond bitu

mineux, 2,50 m de large, toit simple pente.

Le tableau ci-apr&> donne les prix de revient
ct le." relldements compares de ces appareils, ceux
<Ill petit appareil ctant pris comme reference :

ll.•

b. ,
c, .

". .
('..
f. .
It· •
h••

I
1.1
I
O.lt

0.7
O,ll

0.65
0.3r.

I
0,8
0,7
0,7S
0,7
0,5
O,M
O.G

1,35
1,4
1.06
J
1.2
1,18
0,7
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L'ex '~fimentation systematique qui a ctc conduite
en AI:. rie et all Sahara a permis de detcnnincr
les va: .irs numeriques et les relations concernant
ccrtau des parametrcs qui gouvcrncnt le fonctionne
ment : "s distillnteurs du type serre.

Les ,:SlIltats obtcnus ont permis :
a) I' fixer les cri teres de qualite filii doivcnt ctrc

recher. 'I"·S pour lcs distillatcurs :
l~cgi)lIe de temperature elcvee:
Epa;pur de lame d'eau Iaiblc:
Dist a lice eau-surface de condensation la pills

Iaihlc.
b) I), prevoir les baisses de production qui resulte

ront cl. l'augmcntntion des dimensions des apparcils.
c) 1)· dctcrrnincr que l'utilisation de l'inertic

thcrmirue qui repartirait une production instantanec
plus fa il-lc sur unc durec plus grandc doit conduire n
des rC~'iltats moins rontablcs que le fonctionnement
avcc I, de incrtie thermique minimum.

d) J} verifier experimentalemcnt ou nurncriquc
mcnt . «rtaincs indications globules d'autres chcr
cheurs .roit en faiblc pente, epaisseur de lame, dis
tance ' :u-vitre, etc.).

c) J!xpliquer pourquoi les distillateurs inclines
a tissu (meche) humide, p~rallcle,a.la vitre, ont un
rcndcn.cnt superieur acelui des distillatcurs du type
serrc ('.nssique.

Ccs apparcils inclines reunissent l'avantagc d'une
i~ertic thermique mini~um, ~l.'uneepaisseu,r de lame
d eau. [uasi nulle et dune distance tres faiblc e~tre
la surhce evaporatoire et la surface de condensation.

L'ctllc1e de diffCrents projcts dc realis.'ltion de
~isti1latcurs de grande dimension, a m~ntrc que
I abaisscment du prix de construction etmt genera
lement accompagne d'un abaissement parallcle de
la production unitaire.

Le paramctre caractcristiquc dont il faut obtcnir
l'abaisscment est le suivant :

prix unitaire
production unitaire

Le simple fait de realiser des appare,ils ~\'ec des
moycns industricls ne permet pas d abats-'Cr cc
paramCtre.

11 semble bien que la transposition pure ct simple des
distiIJatcurs de type serre a u~e echelle p.I\l5 ~nclc,
:Wec des materiaux conventlOnnc1s, dOlt t~)\1JO~lrs
conduire n des resultats soit deccvants SOlt d un
inten~t mediocrc. 11 faudrait imaginer un modc de
realisation a l'aidc de material1x trCs bon marchc
ct ne dem.'lndant que tres peu de main-d'reu\'rc
specialisec pour leur mise en <rl1\'lC. .

Le but n atteindre serait l'abais..'Cment d.u pnx
de construction unitairc au ccnticme, \'Olre nu

dcux-centieme, de cdui ,IM prlil'i ;11'I';crrih ar llI.-h.
a condition lUlltdois que- I;, producuon ullilairt' Iit'

tombc' point :UHIM~>llS dl' 5111'. '00 dr n"!lll' <10IIlIr11 I
Cl'S petits appan-ils,

L'abaisscment tres l'l'n"ihl.. c1u pfix ,Ir.. lIlalihM
pla..stiques et la trk Kr.lI\lle ;lI,,(-lior;,tion dr C!U;,litct

qui ont ~t~ cllre-"islrcrs ces cinq d.-ntic'·rf"S alln~ ..
pcrmcttent dt' penser Ilue le- but P'IlP()~ 11'..'1 1"'"
lnaccessi ble.

Ccpendant, a la dale d'aujourd'hui. 1'cII'\.('l1Ihll'
des caract~risti'luc:-s (loIlKc\'itc\ ,6ht.lI\n· 1IlN-.lIli·
que, prix, fad ite de mise en o-nvre) n'a p,,",
encore atteint un niveau ~lIffi~lnt pour 11111' 1'011

puisse esperer un succes significati! d.lI's IIn l'tochl'
nvcnir,

La production de IJllantilCi importantt'1L d'r;lll
par energie solaire merite done d'cut' f('(:hcrch~

dans d'autres voies que cclles tlCri\'ant du distillatcur
du type scrrc classique. Un des pro('(~J(':S po"ihlcs
consistc n augmcnter trb sensiblcment 1(' nivcau tit'
temperature de collectc de l'encrgic capt~. pour
l'utiliser ensuite dans des conditions Iavorablcs ;'11\

scin d'un app..areil a eflcts multiples.
Ccttc voie satislalt thoori'llIcrnl"nt l'esprit. ('I)('n,

dant les realisations pratiqucs ala date d'aujourd'hui
n'ont pas permis d'abaisser le parametre

prix unitaire
production \inIiaIre

~(ais ceUe voic n'est certainemcnt pas stftilt-. et
meritc d'Ctre exploitee a fOlld.

t'autre proc&le consistc a rcali~r le c..'pt;lJ;e p;lt
des moycns peu oncreux de quantitfs tt~ imJ~l!
tantes d'cnergie soJairc (Iagllnc ou ("(mrant cI;ut

chaud) nun ni\-.:;au a..,,~z ll.lS. ,le t.~ml'ft;lture. et ~1('
transporter cnsUlte ~ <:110r:'~ t!e'd~ \'~ un ,hs,
positif adCquat de dlsttllatlon a 1l.1.....!oC tempera,
ture.

CcUe \'oie a deja ete explorCc par Gf"Otm Chul1I'
ct p.u Ics chl'reheurs qui s'appli1lu('nt ~ mettre an
point des app..'1reils dits .. a fath!e dlfUrence d..
temperature -.

Cctte \'oie prescntc un intCITt tout p.lrtiC1J1i('~ ; J~
quantit~ d'cncrgie ~I.lire captees a f.llh1e Jln~ cll'
rc\'icnt IlCU\'cnt Hre enon~c:!-: On relit. tmlJout!'
concc\'oir \lne khe1Jc de reah!-.ltlon tellc qn un ~Pl'.l'
reillage d'extraction complcxe et onctfllx. ,le\1rl1n('
rentable ct pennelle de faire tomber tt"C!' ha~ la
\'aleur du rapport :

prix unitaire
im)(luction-,inli'ilre

I.... difficultc prindp;tle p1ll\;rndr.1 ~~nrTaJr~'(j'f
de l'enonnitc de l'in.t,lall.ltion C'Ortt!'ponl!.tnt .1 un
prix unitaire :lcccptable.
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POSSIBILITIES OF INCREASING THE DIMENSIONS OF SOLAR -STfLLS

Summary

The objective should be to lower t> unit con
struction cost to a hundredth - or -ven a two
hundredth - that of the small stILL, of today,
provided that the unit output does ne: fall below
50 per cent of what the small stills I(VC.

But today the combination of characteristics
(durability; ruggedness; cost; facility of installation)
has not yet reached a level sufficient to justify
the hope of significant successes i u the near
future. .

The production of large quantities of water by
solar energy should thus be sought on other roads
than those involving the conventional hothouse
type still. One of the possible metho: is would be
a very appreciable increase in the coll.ction tem
perature of the energy, for subsequen I use under
favourable conditions in a multiple-eftet system.

This way theoretically satisfies the mind. But
its practical embodiments, as of toda -, have not
permitted a decrease in the parameter -

unit cost
unit output

But this way is certainly not sterile, ac-l it deserves
to be explored fundamentally.

The other method consists in capturing every
large amount of solar energy by inexpensive means
(a lagoon or current of hot air) at a fairly low tem
perature level, and then to transfer these warm
calories to an adequate low-temperature distillation
set-up.

This way has already been explored by Georges
Claude, and by investigators who seek to develop
devices operated at what are called "small differences
of temperature" .
. !his way is of most particular interest; the quan

tities of solar energy captured at low cost might be
immense. It is always possible to conceive a scale
of realization that would make even a complex
and costly extraction plant economic, and would
depress the value of the ratio

unit cost
unit output

to very low levels indeed.

Th,e primary difficulty would generally reside in
the immense size of the plant corresponding to
any acceptable unit cost.
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FonCED.CONVECTION, MULTIPLE·EFFECT SOLAR STILL
FOn DESALTING SEA AND BRACKISH WATERS

Werner N. Grune,* Richard A. Collins and T. Lewis Thompson **

New concepts in solar distillation

economic standpoints and probable minimum costs.
On.e of the thirty distillation processes described was'
a single-effect evaporator, modified to circulate vapor
laden air to an external, water-cooled condenser.
Lof. pre~icted that "An efficiency gain might be
~eahzed III some ?f the previously described units
If lower conde~smg temperatures (and resulting
lower evaporating temperatures) were achieved
by employing external condensers. Some heat
recovery by exchange with entering sea water
could also be realised."

. By ~pplying the forced-convection principle and
·mcreasmg the rate of mass transfer from the brine
~o the air stream, a more advanced design is shown
m figure 1. As seen in this illustration, a dispersion
tray over which the basin water is circulated increases
the interfacial area for mass transfer into the air
stream, while the area for thermal radiation between
brine and cover is unchanged. This relationship
between the areas increases the internal efficiency
for the ~ti~l.and yields correspondingly higher specific
productivities,

The maximum production obtained from such a
· design was 0.186 gal/sq ft.jday with a solar radiation
of 1 957 Btujsq ft/day. Of the total production,
21 per cent was collected from the troughs and 79 per
cent from the heat exchanger. The air flow through
the still was 5.7 dm in the optimum range of 5 to
7 cfrn. Table 1 shows sample production rates for

· six high efficiency days during the 1960 experimental
period.

It has been found that daily production rates may
range from below to nearly twice those of natural con
vection stills, depending on the air-flow rate. In
general, the following behavior may be expected
for this still design. At excessive air-flow rates,
little or no condensate appears on the cover, resulting
in low gutter production, and exchanger production
will be poor. Near, or at the optimum flow rate,
the trough production will be approximately half
the total production from a shallow-basin, natural
convection, still and the exchanger will produce
at its maximum rate around the middle or late
afternoon, usually dropping to a minimum of about
half this value during the night and early morning.
At flow rates below the optimum, gutter production
will increase, approaching that. from a deep-basin,
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* Professor of Sanitary Engineering, Georgia Institute of
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All life. ultimately depen~s upon the supply of
~r.esh w~ter. T~e earth and Its atmosphere hold an
m~onceIVably Immense store of water in ariequili
bnum that cannot be changed. Practically all of
the 'lYo~ld's water wealth is in the oceans, but this
w~t('r IS polluted with the salt accumulation of
millions of years. Nature must be credited with
providing ample water, but timing and delivery
are ;mperfect.. ~ur!hermor~, in anyone region,
the total precipitation vanes widely from season
to season and from year to year. Water supply
and demand are not evenly distributed.

.G:E'!lerally, the shortage of fresh water is more
~ntIC1.1 where an abundance of the sun's energy
IS available. At the.present state-of-the-art, the cost
of si.rcessful conversion of sea water to fresh water
?y tt.e use of solar energy is excessive. Solar energy
IS aVLlla?le ~nly ~n the form of low temperature
heat which IS difficult to convert economically
into work, difficult to store and to transport. The
efficicncy of solar energy conversion achieved by
photosynthetic processes is about 20 per cent (1).
In cor:trast; efficiencies as high as 62 per cent (2)
and higher for solar collection may be. achieved,
makmg demineralization of saline water by solar
energy conversion potentially attractive.

Because of the difference in wave-lengths between
solar radiation and thermal radiation from a heated
bo~y, it is possible to construct an energy trap
which allows the short-wave solar radiation to enter
but is opaque to the long-wave thermal radiation
emanating from the collector plate. The collected
energy can be utilized to distil sea or brackish
water. .

Evaluation of the performance of several theoreti
cal and experimental solar demineralization systems
has shown that numerous economic, construction
?-nd operating problems exist. These problems
include initial high capital investment, low effi
CIency, maintenance difficulties, unsteady operation,
leakage, large heat loss and impracticability for
large-scale installations. .

.The greatest amount of experimentation has been
WIth horizontal basin distillers. About thirty methods
for demineralizing saline water with solar energy
were analysed by Lof (3) from the engineering and
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FLOW DIAGRAM OF PROCESS

AIR (EXHAUST)

/-"",..,...,rv"SEA WATER
INTAKE

TEMPERATURE WELL

DISTILLATE COLLECTION
(SIPHONIC FLOWCELL)

SEPARATION PLANE FOR
REMOVABLE TOP

AIR

RELATIVE HUMIDITY CELL ,4--Ht

I1I.E

GUTTER

Production of fresh water

TEMPERATURE WELL

SECTION AA
TyPE W MYLAR

FIBERGLASS TRAY WITH 1/16"
HOLES ON 3" x 3" CENTERS

3/4" EXTERiOR PLYWOOO

ROCKWOOL INSULATION

DISTILLATE CDU.: "liON
(SIPHONIC FLO"U \ ,)

PERSPECTIVe

STILL IV IC';

DEEP BASIN FORC'EDCONVEC I ',MYLAR CANOPY)

ALL PLYWOOD IS 3/4" 5,",' EXTERIOR

MYLAR PLASTIC IS0.005' , .. 'CK

ALL SEALING IS DONE '0, CAULKING
COMPOUNO

2" x 2" OIL" BRACKETS 't1:HSTOVE BOL!~
HOLD THE BASIN COVER ::. eLACE

).)/2" E.M.T. MAKES ALL .,," CONNECTIDNS

Figure 1. Perspective drawing of still IV (DFM)

natural-convection still and exchanger production
will decrease, though not directly, with the air
flow rate. A photograph of the improved design
(Still IV) is shown in' figure 2 and a view including
all experimental stills in figure 3. .

Some extremely high efficiencies were encountered
due to extraction of moisture from the ambient air
by the .condenser. This contribution' depends on
the air-flow rate and the humidity (lb of water/lb
of dry air) of the ambient air relative to that of the
air leaving the condenser. This energy gain may
amount to as much as one-third of the total received
solar radiation.

If the enthalpy of. the air leaving the condenser
exceeds that of the ambient air, recycling of the
heat exchanger effluent air contributes to the over
all efficiency.

Heat recovery

As solar energy is in the form of low temperature
heat as well as only intermittently available, the
investment must be minimized so that fixed costs
are not excessive. The use of focusing or trackin.g
collectors (4-9) has not effectively reduced the U!l1t
cost of fresh-water production. Instead, a solutIOn

Table 1. Sample production rates

Date
.Daily production Solar radiation

(lblsq It). (gallsq It) [btwlsq It)

August 4 . 1.51 0.181 2237
August 16; 1.48 0.178 1817
August 30. 1.55 0.186 1957
September 5. 1.48 0.178 1905
September 6. .1.54 0.185 1746
September 9. 1.51 0.181 1769
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Figure 2. Close up of still IV (DFM)

to increase the productivity from solar distillers
might be obtained by more efficient and relatively
economical heat-recovery systems from so-called
flat plate collectors.

NIGHT EVAPORATION OF CONDENSER COOLANT STORED

IN THE DAYTIME·

The enthalpy given up by the saturated air
vapor mixture during distillate production was
transferred to the cooling water in the exchanger.
This water was stored during the warmest part of
the day and used to provide energy for additional
distillate production during the night. A diagram
of the storage system and associated relay circu.it
for automatically timed recirculation is shown m
figure 4.

Figure 5 shows the results from the reuse of energy
stored in the condenser coolant during a 24-hour
period. Condenser coolant was stored from 1 to 5 p.m.
while its temperature dropped from 106°F to 82°F.
The flow rate of condenser coolant was 1.6 lb/min.
sending 47 gallons to storage during the four-hou,
period. During the day, the production rate reached
a peak of 0.1 lb/sq ft/hr and gradually dropped to
a value near 0.002 lbjsq ft/hr shortly before midnight.
The production rate was increased to 0.005 lb/sq ft/hr
at about 2 a.m. by recirculation of the st<:red con
denser coolant. The basin temperature mcreased
9°F (from 75°F to 84°F) between midnight and 1 a.m.,
and fell gradually to 76°F at 5 a.m. Without use of
the stored coolant, production would have ceased
near midnight as may be observed from !he de~reasmg
temperature difference between the arr leaving the
still and the air leaving the heat exchanger.

It may be observed that maximum night tim~
production occurred when the temperature of the air.
leaving the: heat exchanger was 70°F.. which
corresponds closely to a similar set of conditions at
9 p.m., prior to the recirculation of stored coolant.
9bviously, if recirculation had been ?tarted ear~ler
in the evening, a greater increase m' productlOn
Would have been observed.

While the observed effect on production was
.small, greater increase in production due to recycling
stored coolant would have been obtained if the fol-

. lowing had been carried out: .
(a) Recirculation of coolant earlier in the evening;
(b) Storage of coolant during the period of maxi

mum temperatures;
(c) Operation at the optimum air-flow rate through

the still; .
(d) Larger heat-exchanger area;
(e) Improved insulation of the storage basin.
Due to inclement weather and the wetting of

storage basin insulation, further experimentation
was not possible ..

Multiple-effect distillation

Either associated with some of the existing solar
still designs or in entirely new arrangements, the
use of multiple-effect evaporation in conjunction
with solar energy has been proposed, for example
the methods by Ginnings (10), Oxford (9) and Landry
et al. (6). Lof (3) also investigated the merits of
combining a reasonably conventional flatplate solar
collector with a standard multiple-effect evaporating
unit, but no experimental results along these lines
have been reported.

Ginnings (10) designed a single unit for solar
energy collection and water evaporation, having
a self-contained condenser which employs multiple
effect by means of porous wicks and plastic films.
Saline water is fed into the proper layers of a series of
porous films and wicks in sheet form and solar energy

Figure 3. Over-all view of experimental stills at Georgia
Institute of Technology, 1960 season

Physical description of stills: Still I [DNM] Deep basin; natural
convection; Mylar; Still Il [SFM] Shallow basin; forced con~ec:
tion; Mylar; Still III [SNT] Shallow basin; natural.convectlOn:
Teslar' Still IV [DFM] Deep basin; forced convection: ~ylar.
Still V[SNG] Shallow basin; natu:al convection; glass; sun VI
[DFT] Deep basin; forced convection: Teslar.
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Figure 4. Storage system for excess condenser coolant

is absorbed by the black wick A portion of the
saline water evaporates from the wick, diffuses
back through a porous film, condenses in another
wick and drains to storage; The heat of condensation
is transferred to a second evaporating wick, operating
at the same total pressure but at a lower temperature.

MULTIPLE-DEPTH, FORCED-CONVECTION STILL

A series of solar stills may be arranged, as shown
in figure 6, such that the first has a relatively deep
layer of brine, the second a smaller brine depth, and
so forth, until a very shallow basin is reached.
The difference in brine depths causes a natural
temperature gradient to be established during the
day, due in part to the different heat capacity of
each unit. Air is circulated over each basin in turn,
becoming successively warmer with an increasing
humidity until the final basin is reached, at which
time it will have its highest temperature and moisture
content. The air is then passed under each basin
opposite to its previous direction, such that heat
will be transferred from the air stream back into the
basins having the deeper brine layers and lower
temperatures. Further cooling may then be accom
plished by passing the air steam from underneath
the deepest basin to a heat exchanger, allowing
the relatively warm air to give up a portion of its
heat to the air leaving the heat exchanger, thus pre
heating it. Distillate may be collected from un-

derneath each basin (while heat is returned to the
brine in the basins), from the heat exchanger where
the condenser effluent is preheated, and from the
external condenser.

When conditions are such that the temperature
gradients between basins are reversed, the flow
may be changed to pass the air first over the shallow
est basin (which has given up most of its heat),
then to the deeper basins which retain higher ~~m
peratures due to their higher thermal capa~Itl~S.
The saturated air is passed under each basm. In
succession to return the heat to the shallower basInS,
as shown in figure 6.

The efficiency of such a system tends to decrea~e
as the difference in temperature between each ~a~In
decreases, until the normal operating charactenstlcs
of a forced-convection still are reached. The tem
perature difference, and hence the over-all efficiel!-cy,
wou~d tend to be increased by the use of .multIple
glazings for the shallow-basin units and by dIspersIOn
of the brine into the influent air stream for the deep
basin units.

This type of distiller may be constructed of plastic
sheet tubing and the air piping may be great~y
shortened and simplified beyond that shown In
figure 6, by the use of valve arrangements. The econo
mic aspects of this system have not been thoroug~ly
investigated due to the lack of reliable productIOn
data.
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MULTIPLE-EFFECT, .CIRCULATING WATER SOLAR STILL

This process for the demineralization of sea water
extends' the concept of the forced-convection solar
still by further separation of heat collection and
evaporation units. A solar collector for trapping
the sun's energy, a packed column for evaporation,
and an external condenser for removing the vapor
from the air stream are provided as separate items
of equipment.

The process was conceived to combine the benefits
of brine dispersion for increased evaporating surface
and from re-use of the heat of condensation.

Dispersion may be achieved within the solar col
lector itself by the use of wicks or brine spray devices;
however, a de finite limitationis imposed on the process
because the temperatures of heat collection and brine
evaporation must necessarily be equal. This limitation
is relaxed by completely separating the basic processes.
It mav be shown that the number of times the heat
of cori'dcnsation can be re-used is a function of the
temperature of the two basic processes of energy
collection and evaporation. Furthermore, with separa
tion of all three of the basic processes, the only
limitation on the multiple re-use of the heat of

condensation is the maximum temperature to which
the brine can be heated in a solar collector and the
minimum temperature at which cooling water is
available. In addition, because each item of equip
ment serves only one function, all items may be
independently engineered for maximum efficiency.

Figure 7 shows a flow sheet of the over-all process
accompanied by mass and energy balances. The
heated brine from the solar heater is cycled through
a packed column, a water-to-water heat exchanger
and a condenser, and then is recycled to the solar
heater. Air is recirculated between the packed
column and the condenser in a separate cycle.
The water vapor created in the packed column,
which goes into distillate production, is replaced
by make-up brine from the heated cooling water.

Although the experimental work on this process
has not been completed, the component parts have
been used in various applications. Considerable
operating experience has been gained with an
external condenser in connection with forced con
vection solar stills, i.e. a heat exchanger operating
at low temperatures. Solar heaters have been exten
sively used in some areas of the world and recent
studies by the Fluor corporation (ll), investigating
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FI~ure 6. Flow dlagram of multiple-depth, forced-convection still

the feasibility of thc specific application of solar
water heaters to .1. dcsalting process, show that the
solar collector may be constructed at a unit cost
of U.S. $0.34 per sq ft (excluding land costs). Packed
columns have been widely used as absorption
columns and cooling towers. However, additional
research must be undertaken to economize their use
as evaporators in this process.

The specific production of the process may be
computed from the theoretical mass and energy
balances shown in figure 7. These computations
yield a production rate of O.lJH lbjsq ft/hr (0.06 gal/
sq ft/hr), as shown in table 2.

It may be noted that the energy balances outlined
in figure 7 include internal convection losses in the
air cycle and consider the collection efficiency of
the solar collector. The only losses of energy to
the ambient air considered are those from the collec
tor. Energy losses from other items of equipment are
minimized by insulation and may be compensated

for in the water-to-water heat exchanger. The,
energy balances yield a production rate of 5.4 Ib
sq ft/day (0.64 galjsq ft/day) for a solar energy
collection rate of 2000 btu sq ft/day.

The improved economics of the process are derived
from increased unit production rather than fr?m
decreased unit costs. The theoretical unit productlO~
of this process is from four to seven times as great
as the unit production achieved by singl~·efiec
solar stills that employ one piece of eqUlpm::
to accomplish all three basic functions. The S

estimates, based on currently available cost informr
tion for a lOO 000 gal/day plant, indicate that t le
cost of the product water may be reduced .to
near $1.00 per 1000 gallons. This approach t~kCS
into consideration improvements believed p?s.slb;~
with further research and development. AddltlOl~'
information of the cost factors assumed for t le
economic analysis, based on a modification of t1!e
standardized procedure for estimating costs (12) IS
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Table 2. Operating conditions and prod~ction

(Based on 200 btu/sq ft/hr collection rate)

Plant size w,
(lb/hr)

w,
(lb/hr)

r.,
(oF)

Tb,
(oF)

Tb,
(oF)

r.;
(oF)

eq,
btu.

(/t'/hr)

h"
lb H,O uapor

(lb dry air)

hS2

lb H 20 ra pcr
(lb drv u.«)

p
(lb/hr)

One sq ft of hori
zontal collector
area. . . 10 , 3 160 100 80 140 90

100000 gpd . . . 1540000 462000 160 100 80 140 90
150
150

200
200

0.03118
0.03118

0.212:;1'
0.212;";<)

0.544
83300

presented below, in the section entitled "Economic
analysis".

-
Comparison of production with transmissivity

and geometry of cover materials

Three types of cover materials were tested in
conjunction with shallow-basin natura~ convectio~
stills: Teslar, PVF type 20-A, 1.5 rnlI, at a 45
angle with the horizontal; Mylar, type W, 5 mil,
at 30° and 45° with the horizontal; and sheet glass,
triple strength, 7/32 in., at 30° and 45° with the
horizontal. Production data were collected during
the summer of 1960 and plotted against solar radia
tion, yielding the information set forth in table 3.

Table 3 shows that there is little difference in
the performance between the still with a 30° Mylar
cover and that equipped with a glass canopy. This
similarity. of performance may be explained by the
similar transmissivities of the two types of cover
materials (0.86 for glass and 0.85 for 5 mil Mylar).
A comparison of productivities between the still
with the 45° Teslar and that with the 45° glass indi
cates that the Teslar cover tends to produce more.
A direct comparison is difficult to make in this case,
because a difference in gutter areas between the
two stills resulted in different effective absorption
areas.

Transmissivity data for the various materials
were obtained by placing a varying number of sheets
of the material between the sun and an Eppley
pyrheliometer, such that the rays of the sun were
perpendicular to the surface of the sheets. The
transmissivity of the material was plotted against

the product of thickness and. number. of sheets.
Such a plot is shown for 1.5 mll Teslar l~ figure. 8.
Droplet formation, similar to that o~cnrnng dunng
still operation, could not be duplicated due. to
coalescence of the individual droplets. Data relating
to the transmissivity of the wet films may best 1;>e
obtained by placing a pyrheliometer inside a still
covered with the film to be tested.

Economic analysis

The total economy of any process il,dude~ the
energy cost, capital investment, and «perational
expenses. All of these must be include-d in order
to estimate the total costs realistically. Reports
made by numerous investigators in .xmnection
with the cost of construction and pro' Inction are
so varied that a comparison is impossible and pub
lished cost data are not consistent. I I l many of
these reports, such items as taxes, land, interest,
labor, and building costs are not adequately ~on
sidered and, when estimated, the assumptions
vary considerably.

The purpose of this study is not to compare ~he
economy of still construction and operation WIth
the cost reported in the literature, but to repo!'t
what may be expected from the improved solar stIll
design (Still IV) under conditions prevailing f?r
Atlanta, Georgia. The analysis was performed III

accordance with the modification of the standard
procedure (12) established by the Office of ~aline
Water, V.S: Department of the Interior, to estlmat:
the cost of saline water conversion. A sample calcula
tion is shown in table 4.

Table 3. Expected daily production from natural convection stills

(shallow basin)

Canopy

30° Mylar
45° Teslar
30° glass.
45° glass.

Linear regression equation

P b = 2.38 X 1O-<Sc + 0.014
P = 3.32 X 10-<S - 0.041
P = 2.28 X 1O-4S + 0.044
P = 1.86 X 1O-4S + 0.070

Correlation
coefficient (r)

0.835
0.838
0.667
0.441

Production a
lblsq tt/day

0.490
0.623
0.500
0.442

• Based on 2000 Btu sq. ft./day
b P = total production, Ib/sq. ft./day
c S = Solar radiation, Btu/sq. ft./day
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TOTAL

TOTAL ESSENTIAL PLANT COSTS

Table 4. Modified cost analysis procedure

Capital costs (100000 gals/day plant; 12.75 acres)

1. Essential plant costs:

(a) Special equipment (installed)
Solar still frame, incl. insulation . . . . .
Still cover, Mylar type W, 5 mil. . . . . .

(b) Standard engineering equipment (installed)
Heat exchanger. . . . . . . . . . . .
Blower (82 600 cfrn}. . . . ; .
Cooling water pump (2 500 gpm)

2. Other plant costs:

Raw water supply . . . . . . . _. .
Product water storage . . . . . . . .
Contingencies (2 per cent of above totals)
Engineering (2 per cent of above totals). . . . . . . .
Interest on investment during construction (4 per cent) .
Site $6/1 000 gal prod.jstrearn day . . . . . . . . . .

TOTAL

TOTAL PLANT INVESTMENT

Operating costs

Electric power (below 100000 kW) .
Supplies and maintenance materials (0.0015 per cent tpi)
Operation and maintenance labor (2 men/day) . . . . .
Amortization (rate, 4 per centjyr]:

(a) Mylar (4 yr. life) . . . . .
(b) Equipment (20 yr. life) . .

Taxes and insurance (0.006 per cent tpi)
Interest on working capital (above X 0.00725) .

TOTAL OPERATING COSTS

Cost per 1 000 gal product. . . . . • . . . . .

Table 5. Comparison of cost estimates

(Based on 100 000 gpd plant)

$

249926
19244

46800
4420
3250

323640

43367R

500
1000
8704
8878

18 no
600

37792

471 470

.Cost per
strea$' day

7.52
7.07

40.00

15.78
101.30
28.29

1.45

201.41

2.01

1 2 3 4 ~5

Glazing material
(thickness) . Mylar Teslar Glass Glass' Teslar Teslar

(3 mill '(3 mill (1/8 in) (3/16 in) (4 mil top) (4 mil top)
(1 mil inner) (1 mil inner)

Unit
(3 mil bottom) (3 mil bottom)

cost of glazing
material ($/sq ft) .. . . 0.03 0.03 0.188 0.41 0.17 0.17

Useful life (years) . . . . 4 5 20 20 5 5
Angle of glazing with
~orizontal (degrees) . . 30 0 0 0 0 0

Unit cost still frame
($/sq ft).. . . . 0.45 0.45 0.45 0.45 0.14 0.14

~sefullife (years) . 20 20 20 20 50 50

ssential plant costs,
o total pie (installed) . . $326340 $321058 , $408809 $532105 $131998 $154206

ther plant costs,
total plant investment. $471470 $467724 $594956 $773722 $193608 $225807

Total capital costs $483530 $479484 $608576 $790582 $200988 $234027
C ...

ost per gallon per day of
$6.09 $7.91 $2.01 $2.34prOduction $4.84 $4.79T ......

otal essential operating
$56.44 $59.61 $57.94 $58.43costs.. $54.59 $54.54

Cost for 1000 gal, of
Product water. $2.01 $1.96 $2.27 $2.81 $1.23 $1.37
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wI = water flow' rate through the solar collector

w'l = water flow rate leaving the packed column

'W2 = moist air flow rate leaving the condenser

w'2 = moist air flow rate leaving the packed column

wa = cooling water flow rate

w4 = .make up water flow rate

cp = specific heat of water

Cs = humid heat of moist air

e = collector efficiency

qs = solar radiation

p = production rate of potable water

h, = absolute humidity of moist air

Tal = temperature of air-vapor mixture entering packed column

T a2 = temperature of air-vapor mixture leaving packed column

Tbl = temperature of brine entering packed column

Tb2 = temperature of brine leaving packed column

hSI = absolute humidity of air-vapor mixture entering packed
column, lb H 20/lb dry air

hS2 = absolute' humidity of air-vapor mixture leaving packed
column, lb H 20/lb dry air .

GLOSSARY OF TERMS

Appendix A

......-- TESLAR, TYPE 20A

'-"~ -- -7 =,F=-- =-6

5

4

.3 LEGEND:
A DRY FILM 10/23/60

c weT FILM 10/24/60

o DRY FILM 10/24/60

.2

.1

Figure 8. Absorption properties of Teslar

Conclusions

5 6 7 8 9 10 11 12 13 14
TESLAR THICKNEss, MIL5

All cost estimates are based on a 100000 gallon
per day plant. For the purpose of the analysis,
the following factors were varied:

(a) Type and thickness of glazing material (Mylar,
Teslar, glass); ,

(b) Angle of glazing with the horizontal (0° and
:WO); •

(c) Type of still frame construction (unit cost);
(d) Useful life of glazing material and still frame.
The results presented in table 5, columns 1-4

are based on the measured production of 0.180 gal/sq
ft/day. As may be seen from table 1, the average
yield from this still was 0.181 gal/sq ft/day for a
six-day period with an average solar intensity of .
1 905 btujsq ft/day. The cost analysis for the multiple
effect, circulating water solar still, shown in columns
5 and 6 of table 5 is based on a production of 0.64 gall
sq ft/day (100 per cent efficiency) and 0.45 gal/sq
ft/day (70 per cent efficiency) at an assumed solar
intensity of 2 000 btu/sq ft/day.

Depending on operating conditions and design,
a forced-convection still may be expected to produce
from below to nearly twice that of a natural-convec
tion still.

There is a well-defined optimum air flow rate for a
forced-convection still.

High apparent efficiencies may be encountered
due to extraction of moisture from the ambient air
by the condenser of a forced-convection distiller.
The heat exchanger effluent air should be recycled
if its enthalpy exceeds that of the ambient air.

Under closely controlled conditions, night evapo
ration of condenser coolant can appreciably increase
the over-all efficiency.

Mylar film, when used as the cover material,
performs nearly as well as glass, with slight differences
due to the transmissivities.
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APPENDIX B (continued)

DAILY STILL PRODUCTION (LB/sQ FT)

Solar stsll No. SolarDat.
radiation(1960)

Il III IV, IV, IVT V VI, VI. VIT btu]sq It/day

9/11 • .367 .378 .361 .259 1.013 1.272 .280 .073 .614 .68G 1436
9/12. .384 .189 .410 .332 .873 1.205 .469 .136 .599 .735 2081
9/13 . .380 .378 .393 .311 .774 1.085 .414 .161 .548 .708 2094
9/14 . .274 .248 .317 .164 .490 .653 .284 .075 .374 .449 1489
9/15. .182 .047 .217 .150 .400 .550 .127 .051 .245 . .296 503
9/16. .070 .088 .225 .140 .475 .614 .204 0 .226 .226 583
9/17 . .049 .197 .283 .153 .653 .806 .276 .001 .283 .284 766
9/18. .183 .361 .360 .208 .308 .311 .060 .464 .524 1480
9/19. .280 .482 .488 .283 .842 1.125 .427 .026 .590 .611) 1904
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Summary

The state-of-the-art of\solar distillation has pro
gressed over the years, h~further research and
development are needed i order to achieve an
economically competitive st tus in the field of
saline water conversion. .

One approach to minimizing unit conversion cost
is to first develop high unit ProdUCti~'tyfrom a given
process and then to optimize the mponents by
improved engineering design.

This approach led to the development f a forced
convection still with an external condenser. The
internal efficiency of this still was incre~ed by
dispersion of the basin water to increase the rate of
mass transfer to the condensing surfaces, relative
to the t~ermal heat ~osse~. The maximum prod~c
tion obtamed from this design was 0.186 gal{sq ft/day
with a solar intensity of 1 957 btu{sq {ft{day. It\

was found that a well-defined optimum air flo.w rate
exists and that operation at this optimum air flow
is critical to forced-convection still performance.
During the operation of this still, some high appar~nt
efficiencies were encountered due to the extractIOn
of water vapor from the ambient air by the condenser.
A contribution was obtained equivalent to as. much
as one-third of the total collected solar radIatIO~.

It was established that when the enthalpy of the. aI~
leaving the condenser exceeds that of the ambIen
air, recycling of the heat exchanger effluent becomes
advantageous.

Storage of heat exchanger coolant during the ,Period
of highest temperature operation was investIgated.
Limited success with this heat economy measure
demonstrated its feasibility under more carefully
controlled conditions.
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The application of the multiple-effect principle
~o soL~r processes for desalting saline water was also
lllvesL{ated. Tw~ processes appear technically and
econo:cucally feasible. The first of these involves the
use ot. temperat~re gradients developed in a series
of basi.is of varying depths, which allow the heat of
con~e!1sation of product distillate from shallow
basins to be recovered by de~p basins during the
day, .v.id that from deep basins to be recovered
by sL7~10w. basin~ during the night. Additional
produ .uon IS obtained from an external condenser.
The. o.her proc~s~, w~ich promises a much higher
specifi.. J2roduchvlty, involves the separation of the
three blSIC pro~essesof energy collection, evaporation,
and condensation. This feature permits the recovery
of the lle~t of condensation for return to the system.
Evapor:atlOn of hot water from the energy collector
occurs m a packed column by direct contact with a
closed air cycle. After lea~ing the packed column
the brine is further cooled and passed through ~
condenser, where it recovers the heat of condensation
~n~ rei urns it to the collector. Preliminary estimates
indicate that three effects are readily attainable.

The best estimates for the unit cost of product
~vat.er, based on currently available information,
m~lcate that a 100 000 gal/day plant may convert
sahne water at around $1.000 per thousand gallons.

Ex~eriments .were performed with various canopr.
mate!lals. at different angles with the horizontal,
StudJes Wlt~ (j ~il Mylar and triple-strength glass at
a 30 slope indicated that both materials' performed
~qually w~ll, with glass producing slightly more,
m proportion to the transmissivities.

Several economic comparisons were made to
determine the effect of various component costs and
increased specific productivities on the unit cost
of conversion. The comparisons show that either
reduction of unit collector construction costs or the
decrease .of .required collector. area is necessary to
effect a significant cost reduction. These conclusions
verify observations made by other investigators.
In the case of forced convection and multiple-effect
solar distillation processes, the decrease in the unit
cost of conversion is achieved from increased specific
productivity rather than from decreased unit costs.

ALAMBIC SOLAIRE A MULTIPLE EFFET ET A CONVECTION FORCEE
POUR LE DESSALAGE DES EAUX DE MER ET SAUMATRES

Resume

La ..istillation solaire a fait des progres au cours de
ces dernieres annees, mais il faut proceder a de
nouveiles recherches et a. d'autres mises au point
pour qu'elle soit en mesure de faire concurrence
aux autres procedes utilises pour la conversion des
eaux salines.

Un moyen de reduire les frais de conversion
unitaires consiste a. realiser tout d'abord une grosse
productivite unitaire, puis aperfectionner les elements
constitutifs du systerne en ameliorant leur conception.

Cette methode aboutit a. la mise au point d'un
alambic aconvection forcee avec condenseur exterieur,
Le rendement interne de l'alambic a ete augrnente,
dans ce cas, par la dispersion de l'eau du bassin en vue
d'augmenter le taux de transmission de masse aux
surfaces de condensation par rapport aux pertes
thermiques. La production maxima qu'autorisa cette
formule fut de 0,186 gallon par pied carre et par jour,
avec une intensite solaire de 1 957 Btu par pied earre
e~ par jour. On a etabli qu'il existe un debit d'air ideal
bien defini et que le fonctionnement a ce debit est
d'importance critique en ce qui concerne la bonne
marche d'un alambic a. convection forcee, On observa
de gros rendements apparents pendant le fonctionne
rnent de cet alambic en raison de l'extraction de
vapeur d'eau de l'air ~mbiant par le condenseur. On
realisa ainsi une fraction equivalente a. une valeur
atteignant le tiers du rayonnement solaire total
recupere. On a etabli que, lorsque l'enthalpie de I'air
qui sort du condenseur depasse celle de l'air

ambiant, il devient avantageux de refaire passer
l'effiuent de l'echangeur de chaleur par le circuit.

On a etudie la mise en reserve du liquide de refroi
dissement de l'echangeur de chaleur pendant la
periode de fonctionnement a la temperature la plus
elevee, Le succes limite obtenu avec cette mesure,
concue pour economiser la chaleur, en a dernontre
la praticabilite dans des conditions plus soigneuse
ment controlees,
. On a egalement etudie l'application du principe
des effets multiples au precede utilisant l'energie
solaire pour le dessalage des eau x saumatres, Deux
precedes semblent techniquement et economiquement
realisables. Le premier de ceux-ci comporte l'utilisa
tion de gradients de temperature crees dans une serie
de bassins ayant des profondeurs differentes, cc qui
permet ala chaleur de condensation du distille produit

. dans les bassins peu profonds d'etre recuperee pendant
la joumee par les bassins profonds, avec une recupe
ration de la chaleur produite dans les bassins profonds
par les bass ins de faible profondeur pendant la nuit.
On obtient un supplement de production au moyen
d'un condenseur exterieur, L'autre precede, qui
promet de donner une productivite specifique beau
coup plus grande, fait intervenir la separation ?es
trois processus fondamentaux que sont la recuperatIOn
de l'energie, l'evaporation et la condensation. Cette
caracteristlque permet la recuperation de la chaleur
de condensation en vue de son retour au systeme.
L'evaporation d'eau chaude du collecteur d'energie
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se produit dans une colonne garnie en contact direct
avec un cycle d'air ferrne. Apressa sortie de la colonne
garnie la saumure est encore refroidie et passe par
unco~denseur,dans lequel elle recupere sachaleur de
condensation et la renvoie au collecteur. Les evalua
tions preliminaires indiquent que trois effets peuvent
etre realises facilemen t. Les evaluations les plus exactes
pour le cofit de l'eau produite, sur la base des rensei
gnements actuellement disponibles, indiquent qu'une
usine produisant 100 000 gallons par jour peut
assurer la conversion de l'eau saumatre a un prix
inferieur a un dollar par mille gallons. .

On a execute des experiences avec divers rnateriaux
de recouvrement, inclines a divers angles sur l'hori
zontale. Les travaux faits avec du Mylar de 5 mil
liemes de pouce d' epaisseur et du verre triple incline
a 30° indiquerent que les deux materiaux donnaient

d'aussi bons resultats, le verre debitant un peu plus
proportionnellement aux transmissibilites.

On proceda a plusieurs comparaisons economiqur-,
pour determiner les repercussions des frais afferents
aux divers elements et celles de I'augmcntation des
productivites specifiques sur le cout nnitaire de
conversion. Ces comparaisons indiquert qu'il faut,
soit reduire le cofrt unitaire de construct r.n du collec
teur, soit diminuer la surface de collecte: necessaire,
pour realiser une reduction significative des frais.
Ces conclusions confirment les 0 bserva Lions faites
pas d'autres chercheurs. Dans le cas des precedes de
distillation solaire a convection forcee et a multiple
effet, la reduction du cofit unitaire de conversion est
realisee a partir d'une augmentation de la producti
vite specifique plutot que par une reduction du cofit
unitaire.
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DEM.fNERALIZATION OF SALINE WATER BY SOLAR RADIATION
IN THE UNITED ARAB REPUBLIC

M. M. HaJez and M. K. Elnesr "

One way to lower costs of distilled water from solar
stills would be to find units of high efficiency. For
this reason various small mobile stills were construc
ted and te~ted. The experimental studies undertaken
can be summarized as follows.

(a) An L-shaped wooden still (50cm wide X 100cm
l?ng) was first constructed. It was covered by .a
smgle glass pane inclined at 25 degrees to the hori
zontal. Its impermeable base was covered. by a
stretched black loose-wovenc loth, kept continu
ously wet by im~ersing its two ends in a reservoir
containing the saline water. The purpose ~f this
procedure was to increase the water production by
letting only a thin layer of the brine be exposed to

solar radiation. This would permit rapid evaporation
and reduction of loss of heat stored as sensible heat
in the brine. After running the experiment, it was
found that the feed by the cloth was not as rapid as
the evaporation, causing its uneven wetting. The
difficulty was obviated by placing along the still a
tubing with holes drilled in it, which served the
purpose of spraying the brine on the cloth. Although
the yield was increased by about 20 per cent when
compared with a similar still provided with an
evaporator tray, the experiment was abandoned,
as we were looking for simply constructed equipment
which could be carried out by personnel without
special training.

It was that the shadows of the sides and back of
the still shield an appreciable fraction of the evapo
rator area from the solar radiation, especially at low
angles of the sun, and that any excess of water left
in the tray at sunset represents stored heat to be
lost at night.

(b) A different design was then tested. It was
based on the preheating of the brine by solar energy.
An insulated reservoir covered with double glass
was used. It contained the brine, which was covered
with a thin layer of oil to prevent evaporation from
its surface. The purpose of this design was to incre~e
the yield by reducing the time required for the b1"!ne
to reach its distillation temperature, and byincreasmg
the effective length of the distilling day, as evapora
tion and condensation would continue after sunset
due to the higher temperature of the brine and the
lower temperature of the glass affected by nocturnal
cooling.
. When running the experiment, the results obtained
were not encouraging. The increase in the yield was
small (less than 10 per cent), not justifying the high
cost of the preheating unit.

(c) It was found in the previous tests that wood
and rubber are not suitable in hot countries. An
aluminium still (figure 1) was then constructed.
It has the advantage that (i) its cover, .which is of
the roof type, is foldable and can be easily attached
to the outer side of the base when transported;
(ii) it is provided with a small reservoir whi~h
feeds the still with the brine, so that Its level III

the evaporator tray is continuously the same; and
(Hi) repairs are practically non-existent.

The still was tested daily from 10July to 10August
1960. The duration of each test was 24 hours, sta~
ing and ending at 9 a.m. local time. The mean daily
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Preliminary experiments

• National Research Centre. Cairo.

The cultivated area in Egypt forms a narrow strip
on bo.h sides of the Nile; the rest of the country,
constituting 97 per cent of the whole area, is arid
and suffers from difficult communications, expensive
transportation and absence of fuel. In many parts
of the desert, underground water is available. It is
mainly brackish, having a total mineral content
between 1 500 and 20 000 parts per million (ppm).
Water is considered acceptable in these areas for
irrigation, and for human or stock consumption
when \he mineral content is low, i.e. up to 3 000 ppm.
(Usually, animals have a relatively high tolerence
for sclinity in water-s-up to 10000 ppm.)

The development of these remote arid areas
requir.s reducing the salt content of the brackish
water or the sea water (35 000 pprn.) available along
the R 1 Sea and the Mediterranean. The conven
tional techniques of saline water demineralization
are W'l practical, owing to the high cost of power
and the lack of skilled labour for installation and
rnaint.nance.i.On the other hand, the possibility
of substituting solar energy for fuel seems promising
as it eliminates the cost of fuel. Moreover, these
areas are characterized by their favourable climatic
conditions, high solar intensity and long sunshine
duration (see tables 1-4).

In this paper, we give the results of work intended
to develop and improve various solar demineralization
stills, whose performance data will certainly lead
to reduction of both capital investment costs and
operation and maintenance costs.
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Table I. Mean dally values of total solar radiation (Iy/day) received on a horizontal surface at Giza (30· 2'N, 31° 13'E)

Yta, I«... Feb. su« AP" May Ju"e July Aug. Sept. Oct. Nov. Dec.

19M. 290 376 619 576 643 633 607 566 526 421 306 248
1967. 287 397 493 582 595 672 665 630 547 413 298 282
IM8. 276 386 520 576 622 654 643 598 518 411 287 241
Mean 285 386 511 578 626 653 638 598 530 415 300 257

Table 2. Number of days in per cent of all days for which the radiation has exceeded certain limits (Giza)

RlIdiatio"
flce;ved Ja". Feb. Ma,. Apr. May Ju"e July Aug. Sept. Oct. Nov. Dec.
(Iyfday)

> 300. 54 91 99 lOO 99 100 100 100 100 95 70 29
> 400. 42 87 93 97 100 100 lOO 99 67 2
> 1100. 4 58 85 92 100 100 99 84 7
> 600. 8 57 83 99 81 55 7
> 700. 3 4 5

Table 3. Mean monthly values of sunshine duration per day at Giza

Ja". Feb. Ma,. Ap,. May Ju"e July Aug. Sept. Oct. Nov. Dec.

Sunshine duration
(hours) .. . . 6.9 8.2 9.1 lOA 12.1 13.2 13.0 12.4 11.3 9.9 8.6 7.5

Per cent of possible
sunshine.•••• 66 73 76 82 88 94 93 93 92 87 80 73

Table 4. Number of days in per cent of all days for which the duration has exceeded certain limits (Giza)

SN,ultin,
duration Ja". Feb. Ma,. Ap«, May Ju"e July Aug. Sept. Oct. Nov. Dec.(lou,.)

> 5. 73 86 91 92 97 100 100 100 100 95 89 81> 9. 29 40 47 77 91 100 99 100 97 65 50 21> 12 4 39 58 39 11

water yield was about 5.5 litres per square meter
corresponding to an efficiency of 42 per cent. (Effi~
ciency is defined as the ratio of the actual to the
theoretical water yield, which is one gm of distilled
water for 600 calories.)

Construction of permanent base stills

. The development of the arid areas requires the
installation of large-scale plants producing water
suffici~nt for t.he daily consumption of family or
collective dwellings. For this reason, an experimental
solar distilling plant was constructed in a desert
area near Cairo.' It consists of two units; each has
a permanent concrete base ofan area 20meters square
(2 m wide X 10 m long). The pan was waterproofed

1 The authors wish to express their thanks to Dr. Ibrahim
H. Abdel Rahman for proposing the construction of this still
and for his continuous interest.

Figure 1
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Table 5. Monthly values of the dally water yll"ld
(Litres per sq meter)

:m

. Jan. Feb. Ma,. AI". May Joly .lot· sa« 011•
---'~--

Numb, of runs 25 20 23 29 14 30 31 30 III
Mean (~: ly yield. 0.44 1.25 1.90 2.72 3.62 3.67 3.18 2.116 1.92
Maxilll.:l daily yield 0.57 1.70 2.55 3.115 4.30 4.25 3.70 3.45 2."0
Mirrirn-.«, daily yield. 0.35 0.65 1.55 1.75 3.20 2.70 2.iO 2.10 1.50

and l'ackened with a thin layer of asphalt. The
glass .iover was fixed on a metallic framework,
incline l 30 degrees to the horizontal.

The installation was tested for nearly a whole year.
The cLta collected show considerable fluctuations of
the dai Iy water yield. Table 5 gives a summary of the
results for each month of the year, except those
for June, as those were found to be in error due
to a break discovered at some joints of the collecting
channels. . .

When plotting the mean daily water yield L, against
the corresponding mean horizontal intensity Q,
recorded at the agro-meteorological station located a
few k.Iometers from the still (figure 2), a straight
line WtS found to pass through the majority of points,
showing the expected trend in increased L with
increased Q. Only one point, that of March, showed
some deviation, due probably to the variability
of we. 'her conditions and the Khamsin dust storms
durin.: that month. In the same figure the straight
line w,s replotted with the substitution of an efficiency
ordino le for the water yield ordinate. The following
points. were revealed.

(a) The rate of production of water is very low
compared with the aluminium foldable still. It is
about l.0 litre per square meter during the winter

period (Q = 350 ly, per day), increases to about
3.5 litres during the summer period (Q = GOO), corres
ponding respectively to 18 and :15 per cent efficiency.

(b) The rate of production can be considered nil
when Q falls to 250 ly per day.

Experimentation with this still for such a long
period allowed us to put our finger on the technical
difficulties causing the decrease in the water yield,
which can be attributed to the following:

(a) The bad insulation underneath the base of the
still;

(b) The bad construction of the collecting trough.
To avoid break or leakage this should not be fixed
beside the walls but should be fabricated with them as
a concrete part;

(c) The use of a long inclined glass pane. This
will cause the condensed water to take a longer time
to reach the trough, and consequently a rise in glass
temperature and fan in the rate of condensation.

Cost estimates

The above study was intended for the purpose of
experimental research and consequently no co~t

estimates were undertaken. To allow for such esti
mates a new permanent base concrete still was erected

30 30

•
,.:
11 ,.
~

~i
200 Jt

~•.,;
:i!....
i
i

100
10

400 sm 6CXl
Intensl tl of totat IOIar radJahOft C"I dtr1.

Figure 2



222 III.E Production of fresh water

~· '.' . ," ." " ' .,

4'',.:" • ~~ ••• ;~. ~;:::. --.:. .,;......... z- •.====:
eley,,~ion

0

· .'

· .· .
= =··

.··
. .

pia.

brick

ISllMl TRV WITIOJT
COIlSTRUCTION ME MBE RS

Figure 3

glass

., ISOMETRY

avoiding all the drawbacks described in the preceding
paragraph. The constructional details are shown in
figure 3. The still has an area of 1.20 m2 and is 1.20 m
wide X 1.00 m long; these dimensions were chosen
so that the still can be produced by factory methods,
easily transported, assembled and fixed. It was found,
from present-day local material and labour, that the
capital investment is 5· pounds per square meter,
whatever the size of the still. Obviously, there is no
fuel cost, while for operation and maintenance,
costs are very low, .as solar stills are automatic in
operation and only one labourer is needed for its
cleaning. It is estimated that 2 or 3 per cent of the
capital investment is required for a moderate size
still producing from 50 000 to 100000 gallons per day.

During March 1961, this still was compared with
the aluminium foldable type and it was found that it

gives a greater 'yield; by 15 per cent, and that an
estimation of 5 litres/m'' is considered acceptable
as an average daily production for the whole
year. ", '."

According to the above information, the construc
tion of a non-profit and non-taxable plant, of an area
200 X 250 m2, will produce water. for 0.35 pounds per
1 000 gallons of distillate andfor about 0.25 pOl;ln~
for blended water required. for human and amm ,
consumption. Estimates are 'based on ·30 years
amortization of capital investment:

It should be noted that a concrete still represents
the least and cheapest material requirements and
that the only possibility of reducing inyestment
costs may be through replacing the metallic frame
work and the glass cover by plastics supported on a
simple wire frame. . .

Summary

The development of the remote arid areas in Egypt
requires the reduction of the salt content of the
available underground water, which varies between
1 500 and 20 000 ppm. The conventional techniques
of water conversion appear disadvantageous owing
to the high cost of power and lack of skilled labour,
while, on the other hand, solar energy seems pro
mising owing to the high solar intensity and long
sunshine duration, which amounts to 3500 hours per
year.

To increase the efficiency of solar distillation,
the following preliminary experiments have been
undertaken.

(a) Athin layer of brine was'eiposed to solar radia
tion. This was done bycovering the waterpro~fed ba~e
of the still with a streched cloth kept contmuou~Y
wet by immersing its two ends in a reservoir conta;m
ing the brine or by spraying.the.brine with a tubmg
with holes drilled' in it.

(b) The saline water was preheated by solar ene!gy
in a reservoir beside the still, so as to reduce the time
required to reach the distillation temperature and to
increase the effective length of the distilling d~Y,

These two experiments gave valuable info.rmatlO~
on details concerning construction, operatlOn and
maintenance of the stills. They were abandone
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because the increase in the yield was small thus not
justifying the high maintenance and i~vestment
costs.

(c) As wood and rubber are not practical in hot
count ries, an aluminium foldable still of the roof
type -ilas constructed. It was provided with a small
reserv oir which permits a constant level of water.
The ;esults obtained were encouraging, reaching
more rhan 42 per cent.

A .noderate-size experimental distiller was also
constructed. It has a permanent concrete base of
40 mS area and a glass cover of the roof type. The
res~lt~ obtained on practically every day during the
peno« of 10 months showed that the daily water
yield increases with the increase of the solar inten
sity.

It has a maximum value slightly higher than 3.5 1.
per n12 of the effective area of the pan, corresponding
to an efficiency of 35 per cent. The operation of
t~is stH! for sl;lch a l?ng period revealed many tech
nical difficulties which could be obviated in the
construction of big distilling plants.

To allow for cost estimates, a new model concrete
still was erected, avoiding all the drawbacks which had
been discovered, and such that its components can
be produced by factory methods, easily transported,
assembled and fixed. The estimated cost of distilled
water was found to be 0.35 pounds per 1 000 gallons
on the assumption that the plant is nonprofit
and nontaxable, that its capital investment is to
be amortized in 30 years and that its operation costs
are 3 per cent of the investment.

DEMINERALISATION DES EAUX SAUMATRES PAR LE RAYONNEMENT SOLAIRE
DANS LA REPUBLIQUE ARABE UNIE

Resume

La mise en valeur des regions eloignees et arides de
l'Egypte exige la reduction de la teneur en sel des
eaux souterraines disponibles, teneur qui varie
entre I 500 et 20 000 ppm. Les techniques classiques
de conversion de I'eau semblent desavantageuses en
raison du cout eleve de l'energie et du manque de
personnel specialise, tandis que I'energie solaire, au
contnire, semble beaucoup promettre, etant donne
la forte intensite du soleil et la duree d'insolation
qui atteint 3 500 heures par an.

Pour augmenter le rendement de la distillation
solaire, on a entrepris les experiences preliminaires
suivantes:

a) On expose une mince couche de saumure au
rayonnement solaire. Ceci a ete fait en couvrant la
base irnpermeabilisee de I'alambic avec un morceau
d'etoffe tendue, que l'on tient constamment humide
en .enimmergeant les deux extremites da~s le reservoi~
qUI contient la saumure ou en pulverisant celle-ci
par un tube dans lequel sont perfores de petits
orifices'

b) O~rechauffe la saurnure au moyen de l'energie
solaire dans un reservoir situe a cOte de l'alambic,
de maniere areduire le temps necessaire pour arriver
a la temperature de distillation et a augmenter la
duree utile de la journee de distillation;
~es deux experiences ont fou~i ~es renseignem~nts

utiles sur les details ayant trait a la construction,
al'exploitation et al'entretien des alambics solaires.
Mais on a du laisser ces methodes de cote, car l'aug
mentation de rendement qu'ils autoriseraient etait
trop petite pour justifier les frais eleves d'entretien
et de premier etablissement; .

c) Pour autant que l'emploi du bois et du caout
chouc n'est pas pratique dans les pays chauds, on a
realise un alambic demontable en aluminium. Il
est dote d'un petit reservoir qui permet de maintenir
un niveau d'eau constant. Les rendements obtenus
sont encourageants et atteignent plus de 42 p. 100.

On a realise egalement un distiIlateur experimental
de petites dimensions. Il a une base permanente en
ciment arme de 40 m2 de surface et une couverture en
verre du genre employe pour les toitures. Les resultats
obtenus presque chaque jour sur une periode de dix
mois ont demontre que le rendement quotidien en
eau augmente avec l'intensite du solei1. Il a une
valeur maxima legerement superieure a3,5 litres par
m2 de surface utile du collecteur, ce qui correspond
a un rendement de 35 p. 100. L'exploitation de cet
alambic pendant une aussi longue periode a mis en
lumiere plusieurs difficultes techniques qu'il a He
possible d'eviter dans la construction des gros
alambics.

Pour tenir compte des evaluations de prix, on a
mis au point un nouvel alambic en ciment arme,
realise en evitant tous les inconvenients deja decou
verts, concu de telle sorte que ses elements puissent
etre fabriques par des techniques d'usine, et soie~t
faciles a transporter, a monter et a fixer. Les .fraIs
approximatifs d'eau distillee se sont etablis a
0,35 livre egyptienne par 1 000 gallons, en admetta~t

que !'installation ne realise p~ de benefices, ne S?It
pas sujette au fisc, que ses frais de premier etabh~
sement soient amortis en trente ans et que ses frais
d'exploitation representent 3 p. 100 de la somme
investie.

s·
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du Loa represente 33 91~ ~m2 ma;is, !llalgr~ cette
surface relativement considerable, 11 ne debite que

Desole riche en sel, ,enclave entre la Cordillere 2 000 litres a la seconde. Ses eaux sont alimentees
des Ande~ et l'Ocean Pacifique, le desert septentrional, par la fonte des neiges des sommets eleves de la
du Chili dont la surfaceatteint 200000 km", s'etend Cordillere, et ce n'est que pres de la source qu'elles
en latitude de 17°30' S a 27°20' S. Il englobe les sont douces, car elles deviennent de plus. en plus
provinces de Tarapaca et Antof~gast~ et le depar- saumatres au fur et a mesure qu'il descend dans le
tement de Chafiaral (1). Cette region ande represente desert. A la hauteur de I'installation nitratiere
plus du quart de l'etendue du territoire total du Maria Elena la teneur de ces memes eaux en sels
pays, laquelle est' de 742000 km2 (2). i·,' 'dissous est de 4661 ppm, avec predominance du

Geographiquement parlant, la region en cause se vchlorure de sodium.
caracterise par un relief domine par un jeu de paliers ,Le climat de cette region, qui constitue un desert
plats, oil regnent les conditions desertiques les plus au sens absolu du mot, se caracterise par le manq~e

extremes. On trouve un large plateau dans sa partie . de pluie et, vers I'interieur, par la secheresse de l'air
meridionale, lequel s'etend de la cote a la frontiere et les ecarts de temperature. Ce n'est qu'en bord ~e
argentine et au-delavIl: 'est connu sous le nom de mer qu'apparaissent quelques brouilla;rds d~ I?atm
Puna de Atacama et limite par le massif du Salado (3). (~om regional : « ca~anchaca ))) qUi ~p.. ,dIssIpent
Cette region des Andes se' caracterise par son abon- des que l'on franchit les hauteurs cotieres. Les
dance de volcans et sa largeur considerable, puisque temperatures moyennes les plus frequemment o~~er
son ampleuraugmente jusqu'a cequ'elle forme le vees varient entre 17,8°C, pour la saison d ~te,
haut plateau bolivien. et 11,1 °C pour celle de l'hiver, tandis que les pluies,

Nous nous en tiendrons, dans le present memoire, tres rares pour autant qu'il n'y a que de modestes
a la province d'Antofagasta et plus specialement a precipitations en juillet et en octobre, ne depassent
la region qu'indique la carte de la figure 1, c'est-a- pas un total de 1,4 mm par an.
dire a la zone comprise entre les vingt et unieme La flore et la faune sont limitees par les conditions
et vingt-quatrieme paralleles etles soixante-septieme propres au milieu qui vient d'etre decrit, si bie~ que
et soixanteet 'onzieme meridiens., l'humidite des gorges et des versants de la Corddlere

Le desertd'Atacama s'etend vers le sud, a partir n'autorise que l'existence de quelques especes bota
d'un fleuve, le Loa.' Il comporte de grandes depres- niques, telles que le « tamarugo », qui a pres~ue

sions, dont le diametre atteint plusieurs kilometres, disparu, et la «llareta » qui fournit le seul combust~ble
au fond desquelles on trouve d'enormes quantites, industriel de la region, outre une faune plus restremte
de sel en provenance de lacs appartenant a une ere encore.
geologique disparue, qui donnent leur origine a de 'Malgre la grande aridite du desert d'Ata~aroa,
nombreuses salines, dont la plus grande est celle sa crofrte calcinee et rugueuse recouvre un ventable
qui porte le nom de Salar de Atacama. laboratoire petrifie, et ses gisements de cuivre. de

L'hydrographie, a la. seule exception du Loa et de fer, de soufre, de borax et d'uranium, ainsi que se~
ses affluents, est constituee par de petits ruisseaux gites d'une ample variete de sels mixtes, parrol
qui, encaisses aufond d'etroites vallees, ne parviennent lesquels se detache le nitrate de potasse, represente~t
pas a la mer, etant absorbes par les terrains per- l'une des richesses extraordinaires du pays. jtn y
meables qu'ils traversent. Le Loa, qui est le plus a' done rien de surprenant a ce que cette regI.on,
long des fleuves: chiliens, trouve sa, source sur les geographiquement si peu hospitaliere, ait vu naltre
pentes du volcan Mino, par 21°12' de latitude sud d~ grandes ind~stries liees a l'exploitatlon ~e s~~
et'18°54' de longitude 'ouest, descend vers le sud mineraux, parmi lesquelles se detachent les lUst,a

ljusqu'a Chiu-Chiu, s'oriente ensuite a l'ouest sur lations de .Chuquicamata, entourees d'une vil e
Chacance, puis decrit une vaste courbe pour aller de 24000 habitants, et celles de Maria Elena, Coya
se jeter dans le Pacifique au bout d'un cours de Sur et Pedro de Valdivia dont la derniere compte
440 km. Ce n'est que dans la partie superieure de 28000 habitants. C'est autour de ces industries que
ce cours qu'il a des aftluents tels que le San Pedro, se developpa le port d'Antofagasta, ville la plus
le Salado et le San Salvador. Le bassin hydrographique importante du Chili septentrional, metropole mod~rne

et active, qui offre tous les avantages d'installat1on~
portuair~s completes, avec un magnifique aeropor
international. (

224
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Figure 1. Carte du desert d'Atacama, dans le nord du Chili

Malgre toutcela,sa population de 80000 habitants
a toujours dft lutterpour se procurer quelque chose,
de plus essentiel encore: I'eau potable. Ce ne fut
qu'en 1958 que se termina la pose d'une nouvelle
conduite principale d'amenee d'eau longue de 307 km,
partant de Toconce, a une altitude de 3 600 m,
pour aller deboucher finalement dans les etangs
d' Antofagasta.

Considerations solarlmetrlques

On sait que le des~rt d'Atacama constitue I'une
des meilleures regions 'du globe pour I'utilisation
de I'energie. solaire.. Suivant les. indications' de 'la
carte publieepar le departement des services clima
tologiques du bureau meteorologique des Etats-Unis
d'Amerique du Nord (4), dont on reproduit a la
figure 2 la partie .qui correspond aux Ameriques,
le nombre total des heures d'ensoleillement y atteint

une moyenne de 4 000 heures, chiffre extrernement
voisin du maximum theorique de 4 383 heures. Il
Iaut ajouter a ceci que, compte tenu de la nature
collante du sol salin de cette region, le rayonnement
solaire n'y est intercepte que dans une tres faible
mesure par les tempetes de poussiere si frequentes
dans d'autres deserts.

Bien que cette situation favorable ait ete connue
de longue date, on ne dispose pas encore de mesures
solarimetriques systematiques pour la province d'An
tofagasta. On a seulement precede a quelques
mesures individuelles, au sujet desquelles nous pre
sentons id quelques notes sommaires.

Au lieu dit Montez~ma~pres de la ville de Calama,
la Smithsonian Institution, -dont le siege est aux
Etats-Unis, a Washington, a precede pendant plu
sieurs annees a des mesures du rayonnement solaire.
Malheureusement, cet observatoire fut demonte
en. 1948 parce que, lorsque l'usine de sulfure de
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Figure 3. Courbes solarfrnetrfques etablles par Desvlgnes et Fr1ck en trois points dlfferents du
desert d'Atacama

cuivrr. de Chuquicamata, tres voisme de Calama,
corm.ienca ses travaux, la quantite de poussiere
en suspension dans l'atmosphere augmenta de facon
tres sensible.

Depuis septembre 1957, le Service de la recherche
scientifique appliquee (abbreviation espagnole DICA)
affili6 au Centre Universitaire de la Zone Nord
de I'Universite du Chili, precede a des mesures
du rayonnement solaire en divers lieux de la province
d'Antofagasta. Francois Desvignes et Germain Frick
ont publie les premiers resultats de ces mesures (5),
dont nous tirons le graphique de la figure 3, qui
mdique les courbes solarimetriques obtenues pour
trois points differents du desert d'Atacama.

Le tableau 1, tire de la meme publication, indique
l'ennuagement au lieu dit Oficina Alemania, situe
a 160 km au sud d'Antofagasta et a 20 km de la
cote, exprime en pourcentages de perte diurne de
l'energie solaire incidente. Ainsi qu'on pourra l'obser
ver, l'ennuagement a ete extremement faible pour
la periode passee en revue, s'etablissant a une
moyenne annuelle de 3,1 p. 100 de pertes seulement.

En se basant sur les mesures faites par Desvignes
et Frick, Victor Bocic a etabli, pour Antofagasta, l~
courbes mensuelles moyennes d'energie solaire InCI

dente pendant une journee sans nuages pou~ chacun
des rnois indiques (6). Ces courbes sont repnses a la
figure 4.

Le Centre de recherches sur les applications de
l'energie solaire (CIESA) de l'Universite du. Nord,
affiliee a l'Universite Catholique de Valparaiso, et

le Laboratoire d'energie solaire de l'Universite tech
nique Federico Santa Maria sont actuellernent en
train de proceder a l'installation de solarigraphes
Fuess en divers points du desert d'Atacama, et on
compte disposer avant peu de donnees solarime
triques plus completes qu'il n'a ete possible d'en
recueillir jusqu'a present.

Considerations hfstoriques

C'est la nature elle-merne qui a enseigne al'homme
le precede de l'evaporation solaire pour cxtraire
les sels de ses solutions aqueuses. Le nombre incal
culable de marais salants, aux dimensions parfois
extraordinaires, que l'on trouve tout le long de la
cote occidentale de l'Amerique du Sud en est le
temoin, et on est en droit de supposer qu'ils ont
arnene l'homme primitif de ces regions ase procurer
du sel, produit apprecie de longue date, par l'evapo
ration de I'eau de mer. En divers licux de la cote
du Perou, dont les noms sont encore indiens, on
trouve la racine 11 cachi lI, qui signifie 11 sel II en langue
quichua; mais, malgre l'aimable collaboration qu'a
bien voulu nous preter le Professeur Hans Hork
heimer, a qui nous devons I'observation etymolo
gique citee plus haut, it n'a pas ctc possible, jusqu'a
present, d'etablir des faits dcmontrant. de fa~!,n
probante l'existence de surfaces d'cvaporatton solaire
a l'epoque pre-hispanique, Pour l'ere qui s.uit la
conquete, en revanche, nous disposons du tcmolgnage
d'une grande autorite, en la pcrsonnc d'Alexandre
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I ti Al i d'apres Desvignes et Frick. Pertes [ournalleres d'energle, en pourcentageTableau 1. Ennuagement a a sta on eman a,

1958Annee 1957

Dec. Janvier Fevrier Mars Avril Mai Juin jl<illet AoatDate Sept. Oct. Nov.

O' 10 5 0 20 0 0 10 5 01. 10
0 15 5 00 5 10 5 15 02. 10

0 10 0 5 03. .' -- . 10 0 0 10 0 0
0 0 10 0 0 0 5 0 ()4. 0
0 0 10 0 0 0 0 0 05. 10 10

5 0 0 0 0 0 0 5 0 06. 10
0 30 0 0 0 0 10 0 5 0 57.
0 70 0 0 0 0 15 0 .5· 0 [08.

10 40 0 0 0 0 0 20 0 0 09.
5 0 0 0 0 0 0 0 10 010.

11. 0 0 0 0 0 5 0 0 25 0
12. 0 0 0 0 5 10 0 0 10 20
13. 0 '0 0 '0 5 0 0 0 0 15
14. 0 0 .0 0 0 0 5' 0 0
15. 0 5 0 0 0 0 0 0 0
16. 0 5 20 0 0 0 0 5 0
17. 0 5 30 0 0 5 0 5 5
18. 0 10 0 0 0 15 - 5 5 0
19. 0 0 5 0 10 0 . 15 0 020. 0 0 10 0 10 0 0 5 021. 0 0 0 0 10 10 0 20 0 022. 0 0 5 0 10 0 - 0 0 0 023. 0 0 10 5 0 5 0 0 0 024. 0 0 0 0 0 0 0 0 10 ()
25. 0 0 0 0 0 0 0 5 0 a26. 0 5 0 0 0 0 0 5 0 ]J:J27. 0 0 0 0 0 5 0 0 5 028. 0 0 20 5 0 10 0 0 25 5 I)29. 0 0 15 0 0 5 0 0 5 030. 0 0 0 0 0 ·0 0 5 031. 0 5 0 '0 0 0

de Humboldt qui, au cours de l'un de ses voyages,
passa aLas Salinas, pres de Huacho, au nord de
Lima (7), oil il vit les bassins permettant de proceder

. sur une echelle industrielle a l'extraction du sel de
l'eau de mer par l'evaporation solaire. On est en droit
de se rallier au point de vue suivant lequelles Espa
gnols ont egalement .apporte cette methode au Chili.

, " ' ,

Il se trouve, par une curieuse coincidence, que
la denomination « Las Salinas ». (Les Salines) est
egalement celle du lieu oil se trouvait la premiere
installation de. distillation solaire :industrielle dont
on ait connaissance. C'est en cet endroit mem«,
mieux connu aujourd'hui sous le nom d'installation
de Chacabuco, sur la ligne du chemin de fer qui relie
Antofagasta a la Bolivie,. que l'Americain Charles
Wilson, des 1874, avait concu etrealise un collecteur
de chaleur solaire dont il faisait usage pour distiller
I'eau saumatre en provenance du sous-sol.C'est en
son voisinage, a I'installation dite Domeyko, qu'un '
distillateur solaire analogue fonctionna avec succes
pendant quelque temps (9) ...

L'installation dite «Las Salinas » avait une surface
globale de 4757 m2et produisait 22,5 m3 d'eau distillee
par jour (10); laquelle etait tres recherche- par les
entreprises minieres et les commercants de toute la
region. Elle fonctionna de facon continue pendant
plus de 40 ans et ne fut abandonnee qu'apres l'ache-

vement de la premiere conduite qui ame~a I'eau
potable des Andes a Antofagasta. Il y a cmq .a~s,
Maria Telkes publiait une photographie du distil
lateur (ll), prise en 1908 et reproduite a la figure 5.
Il ne reste aetuellement que quelques fosses et une
abondance de petits morceaux de verre POUl:' r~pp~!er
le site de la premiere installation de dlstIl~atlOn
solaire qui ait recu des utilisations industnel1e~.
La figure 6 est une reproduction d'une photograp?le
prise tout recemment au meme endroit, a 1'0cc~SlOn
d'une visite du Professeur John Duffie, de I'Um~er
site du Wisconsin. Elle a ete prise dans la m~m~
direction que celle, plus ancienne, que 1'0n VOlt a
la figure anterieure. .

Evaporateurs solaires de la compagnle
nitram~re Anglo-Lautaro, Coya Meridional

En 1948; a moins de cent kilometres au nord ~e
Las Salinas (installation Chacabuco), la compag!l1e
de nitrates Anglo-Lautaro commenca la reahs.atlOn
d'une installation : d'evaporation solaire, qUI fut
inauguree en 1951 (voir figure. 7). Elle co~porte
actuellement dix grands bassins faits d'un cl~en~
arme special mis au point par la compagme e
constitue par un melange a 1 : 2,5: 3 de chaux, de
graviers (dechets de la lixiviation du nitrate nature!)
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Figure 4. Courbes mensuelles donnant la moyenne de l'energie solaire inddente pendant un jour
sans nuages sur l'ensemble du mols Indlque. Etablies a Antofagasta par Victor Bode

e~ de pierre broyee. Chacun de ces bassins d'evapora
tion solaire presente une surface de 44000 m2 et
assure l'evaporation de 236 m" d'eau par jour, ce
qui correspond aune capacite moyenne de 5,34 dm 3j
m2 par jour. '

L'economie de petrole qu'autorise ce precede
d'evaporation se chiffre, d'apres des donnees aima
blement communiquees par la compagnie, a quelque
158 tonnes par jour. Si on se rappelle que tout
combustible a consommer dans cette region doit etre

amene de tres loin, on est en droit d'estimer que ces
dix evaporateurs solaires representent un gros succes.
Mais il ne faut pas oublierque, du point de vue thermo
dynamique, leur rendement est tres faible, pour
autant que la totalite de la chaleur latente de vapori
sation est gaspillee en pure perte.

En integrant au planimetre sous les courbes d'ener
gie solaire incidente, telles qu'elles ressortent de la 
figure 4, tracees par Victor Bode, nous avons obtenu
les valeurs de l'energie solaire El disponible en theorie

Figure 5. Photographle du distillateur solaire « Las SaUnas »,
prise en 1908 et publlee par Maria. Telkes

Figure 6. Photographle 'prise a la fin de 1960 de l'emplace
ment qu'occupait le distillateur solaire de « Las SaUnas»
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Figure 7. Bassin d'evaporatlon solaire dans le Coya meri
dional. On voit « l'Hephant», machine speciale mise
au point par la compagnie Anglo-Lautaro pour le travail
avec les concentres

pour un jour moyen du mois en cause. Ces valeurs
sont portees au tableau 2. La deuxierne partie de
ce meme tableau indique l'evaporation quotidienne
pendant le mois choisi comme norme et mesuree
par la compagnie, ainsi que sa chaleur equivalente
de vaporisation Hi: Finalement, on a calcule le
rendement, quotient obtenu en divisant cette chaleur
par l'energie solaire incidente theorique mesuree
au bassin.

La figure 8 donne une representation graphique
de ces deux chaleurs. On observera .facilement qu'il
existe une dependance marquee. entre les variations
mensuelles de la chaleur de vaporisation et l'energie
solaire incidente. Nous devons done, aboutir a la
conclusion que la grande secheresse de l'air dans
cette region ne represente pas une influence directe
et immediate aussi prononcee que le supposaient
certains auteurs. Ceci est encore confirms par le fait
que l'evaporation quotidienne moyenne au meme

lieu, pour l'eau pure, a ete determinee comme etant
inferieure de 20 p. 100 acelle de la solution de nitrates
qui est color~e et nor:r:naleme~t concentree dans les

, bassins par I evaporation solaire,
, Les bassins d'evaporation du Coya Meridional
representent actuellement la seule utilisation indus
trielle importante de l'energie solairr au Chili,

.Divers projets sont en cours dans le bu' de trouver
d'autres formes d'application de cette {'clergie, et
trois universites chiliennes, a savoir t Universite

. du Chili, l'Universite du Nord (affiliee ~, iUniversite
Catholique de .Valparaiso) et I'Universr o technique
Federico Santa Maria, precedent deput- quelques
annees a des recherches dans les divers domaines
d'application de .l'energie solaire.

Projet d'installation pilote destinee a trans
former l'eau saumatre en eau douce au moyen
de I'energie solaire et a produire en meme
temps de I'electrlclte .

Voici plusieurs annees que le service du genie
civil de l'Universite technique Federico ~;~tnta Mafia
travaille adivers projets de distillation cle l'eau salee
par l'energie solaire, car le manque d'ead douce est
un des problemes les plus graves qui se posent pour
la mise en ceuvre des provinces septen~,ionales du
Chili.

Sous la direction de l'auteur du presei.t memoire,
Victor Bode a mis au point le projet d"llle instal
lation pilote qui utilisera l'energie solaire pour
la distillation d'eau saumatre et produira en merne
temps de l'electricite, La figure 9 donne un schema
de cette centrale. '

L'eau saumatre, apres avoir ete portee a la tempe
rature voulue dans le collecteur solaire l , passe a
l'accumulateur 2, ou l'air est separe du liquide.
Cette eau saumatre chauffee sort alors de l'accumu
lateur et penetre dans le bouilleur avide 3. Une partie

Tableau 2. Evaporation solaire dans le Coya meridional

Energie solaire incidente Evaporation quotidienne Chaleu» moyenne RendementMois moyenne par jour Et moyenne a quotidienne de
1) = H. [_J(kcal/m'liouT) (dm'/m'/iour) . vaporisation b

(kcal/m'/iouT) E,

I. 7620 7,00 4200 0,551II 7172 5,90 3540 0,494III . 6328 5,86 .3516 0,556IV. 5452 4,54 2724 0,550V 4408 3,71 ' 2226 0,505VI . 3924 3,48 2088 0,532VII. 4408 3,82 . 2292 0,520VIII 5452 3,94. 2364 0,434IX.. 6328 5,44 3264 0,516X 7172 6,29 3774 0,526XI. 7620 6,23 3738 0,491XII 7920 7,91 4746 0,599 'Moyenne annuelle. 6150 5,34 c 3204 0,52

• De juillet 1959 it [uin 1960. "
b Avec une chaleur latente de vaporisation de 600 kcal/kg. ' '. '. ,
C Une valeur moyenne ne depassant pas 4,28 dm'/m'/jonr a ete determinas pour I'eau pure; <
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~ Mol.

Figure 8 Energte solaire incidente Ei et chaleur de vapo
risation Hv rnesurees aux bassins d'evapcraticn solaire
du Coy.i meridional
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de l'eause .vaporise dans -cette chaudiere, ou une
pompe pneumatique maintient une faible pression, 10,
empruntant la chaleur voulue au reste de la masse
d'eau. La vapeur et l'eau sortent du bouilleur a la
meme temperature. La vapeur passe a la turbine 4,
dans laquelle une' partie de son energie thermique
est transformee ,en energie mecanique pour etre
finalement livree a la consommation sous forme
d'energieelectrique par l'entremise du train reduc
teur 5 et de la dynamo 6.

La,vapeur qui sort de la turbine se condense dans
le condenseur 7 et sort de l'installation sous forme
d'eau distillee. La chaleur de condensation est par-
tiellement utilisee pour le rechauffage de l'eau sau
matre qui entre dans le collecteur d'energie solaire
apres son passage a l'echangeur de chaleur 8. Dans
cet echangeur, le concentre qui vient du bouilleur
livre une partie de sa chaleur al'eau saumatre moins
concentree en provenance du fleuve ou de toute autre
source,12, apres son passage par le condenseur.

Les pompes 9 assurent une circulation continue
de I'eau.saumatre, du concentre et de l'eau distillee.

Concentre

6

5

I
I
I

cP 9

I Go.d.L ~

Eau di stillee

.te[oe]

t

-
11

34,56 Go.d. t
11

61,70 Go.d.Vapeur

-44 [oe]

Eau

Condense

----- Air

. •2

1) Collecteur d'~nergie sol~ire .
2) Accumulateur .
3) Bouilleur a depression (a VIde)
4) Turbine a vapeur
5) Train reducteur
6) Alternateur

, . 11 ti n pilote qui utilise I'energte solaire pour distiller de l'eau saumatre
Figure 9. Schema d une l::~aro~u~reen rneme temps de l'energie electrique .

7) Condenseur ..
8) Echangeur de chaleur
9) Pompes de circulation .

10) Pompes pneumatiques (a vide)
11) Vannes de reglage . ..
12) Fleuve ou puits .
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Les vannes 11 servent aregler la quantite de vapeur
produite et le volume de concentre a eliminer, la
depression voulue etant maintenue dans le condenseur
par une seconde pompe pneumatique..

Victor Bocic (12) a procede au calcul des conditions
thermodynamiques et economiques ideales pour
1'exploitation d'une centrale debitant 50 kW de
puissance electrique utile,. en admettant que la
temperature" d'admission vde 1'eau saumatre soit
de 18°C et qu'elle soit portee a 70°C dans le collec
teur solaire. Dans ces conditions, la centrale fournirait
en moyenne 9,5 m" d'eau distillee par jour. En pareil
cas; le rapport entre la vapeur ainsi produite et
le volume d'eau saumatre chauffee serait de 36 kg par
metre cube' d'eau arrivant au collecteur solaire.
Ceci revient a dire que chaque metre cube d'eau
saumatre admis dans le collecteur produit 36 litres
d'eau distillee. . '. ., '.

L'eau lsaumatre entre dans le condenseur'a une
temperature moyennede 18°C et en sort a 27°C.
La proportion de l'eau utilisee a refroidir le conden
seur qui est ensuite .acherninee vers l'echangeur
de chaleur ne depasse pas 45 p. 100. Le reste, soit
55 p.100, est purement et simplement rejete. La
temperature de 1'eau saumatre qui reste en circuit
dans l'echangeur, monte a44°C et;dans le collecteur
solaire, elle arrive enfin a 70°C. La vapeur et le
concentre sortent du bouilleur a une temperature
de 50°C, et la temperature de ce concentre tombe

,a 31 °Cdans 1'echapgeur. La temperature de hI.
vapeur en condensation danslebouilleur est main-
tenue a 30 °C. .

Dans 'l~s conditions indiquees ci-dessus, le collec
teur ~olalreprevu du type plan, incline a 23,5°,
constitue par destubes de cuivre ayant 19 mm de
diametre, presente une surface totale de 4280 m2

laqu~lle cOI:resp~lI~d ~ une aire specifique de450 m2jm3•
par JOur d eau distillee, Le bouilleur a une section
interieure de 1,88 m2, ou 0,198 m2 de surface speci
fique par metre carre et par metre cube par jour.
Les valeurs correspondantes pour le condenseur
et I'echangeur de chaleur sont une surface de 853m2 '

avec une difference de temperature moyenne de
6,50 au condenseur et 318 m2 et 4,24° pour I'echangeur
de chaleur. Les surfaces specifiques s'etablissent a
8,97 m2jm3fjour et 33,5 m2fm3jjour respectivement.

Les puissances a fournir pour maintenir I'instal-'.
lation en fonctionnement dans des conditions .nor
males d'exploitation sont 1,65 kW et 1,45' kW .
pour deux pompes de circulation en fonctionnement
con!inu, et 2,8 kW pour unepompe auxiliaire. Le '
s,~hema ~e la ,~g~re 9, dans le but de simplifier
I I1~ustratlOn, I! indique qu'une seule pompe .de circu
lation. Celle qui sert a 1'extraction du produit de
condensation ne cons~mme que 0,18 kW. Des deux
pompes pneumatiques, celle qui. est destinee au
condenseur a une puissance de 1,15 kW et 1'autre
qui doit maintenir la depression voulue dans le
bouilleur, consomme 0,68 kW.

Peu apres la publication des premiers rensei
gnements (13) sur le projet de cette installation I

pilote destinee au desert d'Atacama, un article de

Asa Snyder (14) paraissait dans la revue « Solar
Energy», dans lequel il decrivait une autre centrale
de distillation solaire pour l'eau de me", dont le
fonctionnement devait reposer sur le l'A:me cycle
thermodynamique. Bien qu'il ne s'agisse pas d'une
installation -pilote dans le projet sounn- par, Asa
Snyder, mais bien d'une centrale inru.strielle ' de
beaucoup plus graride envergure, son : -incipe de
fonctionnement .est le meme, Apres nous etre mis
en rapport avec M. Snyder, qui a ete ass- 2 aim able
pour nous communiquer des details suppi- mentaires,
nous avons presente une analyse des differences
entre les deux projets dans un article qui fut publie
par la revue « Solar Energy» (15).

Bilan thermique 'pour la cenrrale

Nous avons-demontre dans un travail de date
anterieure (16), qu'il existe· une temperature bien
definie pour laquelle le rendement est maximum
dans les cycles moteurs d'autovaporisauon, Deux
phenomsnes simultanes se produisent cl u cours de
celle-ci : la vaporisation et le refroidi-sement de
1'eau restante, ainsi que 1'indique l'eqn:Hion diffe-
rentielle suivante: ,

dQ = r, dM = :'M. c. dT (kcal/k<o)
dans laquelle :

r (kcalr'kg) est la chaleur latente de v ; »orisation,
de .I'eau,

c (kcatrkg) est la capacite .calorifiqu« specifique
. de l'eau, .

T(°K) est la temperature absolue qui ;:-egne pen
dant la vaporisation,

et M (kgjkg) represente la masse d'eau necessaire
pour produire un kilogramme de vapeur.

. Entre les limites de temperature de 0 et 100°C,
1'expression qui represente la chaleur de vaporisation
d~ .1'eau peut etre remplacee par la fonction li
neaire r , a~b; T (kcaljkg), dans laquelle les cons
tantes, dapres E. Schmidt (17) sont a = 755,5 kcaljkg
et b ,0,58 kcatrkg. Ceci nous mene a l'integrale :

'. (M-I dM J'T, dT
M M = T. a - bT - (-)

d'ou:

M 1.

= 1 (: =~ :~:)l!b (kg/kg)

D'autre part, le travail realise pendant le cycle
peut s'ecrire. :

AL = it, - T 2) • (1 - b + ;J
,,i:.. T 2 • In T 1 (kcaljkg)

T2

e~ le rende~en~ thermique de l'ensemble du cycle
d autovaponsatlOn s' etablit ci:.,

"l therm .= A . L [_]
M· to '
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Figure 10. Rapports de temperaturesrgarantissant le rendement maximum des cycles moteurs
avec autovaporisation



expression dans laquelle to indique la temperature
d'admission de 1'eau au bouilleur.

En reprenant les equations anterieures et en ren
dant la premiere derivee de ce rendernent (par
rapport a Ts, prise comme variable) egale a zero,
il vient : .

Production d'eau douceIII.E

le diagramme se rapportent a un metre cube d'eau
distillee produite par cette methode.

. Les valeurs portees au diagramme du bilan
thermique montrent que le precede est rel» tivement
bon, bien que la fraction de l'energie solaire ccnvertie
en energie mecanqiue utile par I'entremise de la
turbine a vapeur ne depasse pas 3,4 p. 100 de la
chaleur totale recueillie par le collecte ur. Si on
se rapporte a 1'enthalpie de la vapeur prc.duite au
cours du cycle, le rendement thermique s'etablit
a 24640 X 100/600900 = 3,9 p. 100, valour assez
proche du maximum represente par le rendement
du cycle de Carnot, qui est de 6,2 p. 100 pour les
limites donnees de 50°C au bouilleur et 30°C au
condenseur. Les 3,4 p. 100 d'utilisation mecanique
de l'energie solaire recue paraissent assez bons,
si on les compare ace que donnent les autres precedes,

ce que represente graphiquement la figure 10. particulierement si on considere que 1'on transforme
On verra, sur ce graphique, que la temperature en meme temps de 1'eau saumatre en eau distillee.

de la vapeur produite dans le bouilleur doit etre de Bien entendu, les considerations theoriques, telles
49,6 "C, soit sensiblernent 50°C, pour utiliser l'ener- . que celles du bilan thermique, ne justifient pas en
gie dans les meilleures conditions possibles entre les elles-memes le cofrt eleve de realisation d'une centrale
limites de temperature imposees, si celle de 1'eau ayant 1'ampleur voulue pour essayer le precede
saumatre a 1'admission doit etre to' 70°C et celle que nous recommandons. Pour cette raison, Victor
qui est maintenue dans le condenseur t2 = 30°C. Bocic a precede, dans son mernoire, au calcul complet
C'est la temperature choisie comme definitive par des frais d'installation de la centrale pilote propre
Victor Bocic pour son etude thermo-economique de ment dite et du cofrt de l'energie electrique qu'elle
la centrale pilote.. produit. Aux fins de ces determinations, on a admis

Le tableau 3 donne le bilan thermique pour que le rapport entre les prix de l'eau et de l' electricite
l'ensemble du cycle. On 1'a divise en deux sections, est le meme que celui qui prevaut actuellemcnt dans la
dont 1'une correspond au circuit primaire d'eau region d' Antofagasta, soit 2 aI pour des unites compa
saumatre et de concentre et 1'autre au circuit secon- rables, En d'autres termes, on a suppose un prix du
daire de vapeur et produit condense. La figure 11 metre cube d'eau deux fois plus eleve que celui du
donne le diagramme de Sankey du bilan thermique kilowatt-heure d'energie electrique. Le cofrt calcule
rapporte ala chaleur empruntee au collecteur solaire par Victor Bocie serait de 0,68 dollar des Etats
par 1'eau salee. On observera qu'il y a des differences Unis par metre cube d'eau distillee et 0,34 dollar
entre quelques unes des valeurs numeriques du par kWh d'electricite. Meme dans les conditiOl;S
tableau 3 et de leurs contreparties du diagramme de favorables inherentes a toute centrale pilote, ce prtx
Sankey. Ceci s'explique par le fait que ce dernier . est raisonnable, particulierement si on se rappelle
ne tient pas compte de 1'enthalpie de 1'eau saumatre que, dans certaines regions de la province d'Anto
qui entre dans le circuit primaire. Le tableau et fagasta, les entreprises minieres en sont aetuellement

ALmax =

234

Tableau 3. Bilan thermique

Position
Enthalpie

du fluide sortant
(keal/m')

Condenseur .
Eau chassee .
Echangeur ,
Collecteur .
BouiIleur .
Echangeur ,

1692860

1238 120
1 969760
1346820

838480

619000
594360

30100
24640

-564260
619000
594360

:::
~ ".. ~.~

.~ <\~ Bouilleur.
1~ ~ Turbine. .
~ ~ ~ Condenseur. "
tI)~~

~.;....-------------------------------------------'
La difference relevee entre quelques valeurs numeriques du tableau 3 et celles que donne le diagramme de Sankey s'explique par I'enthalpie de I'eau 11 18 -C,

tempera! ure 11 laquelle elle entre dans I'installation. CeUe enthalpie est de 18100 grandes calories par metre cube.
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Turbine Utile

29.960 [ ~;IJ 4,' "I.

Pertes clans l't!changeur
de chaleur

Pertes dans le bOuilieur

0,5 ".

3.940 f k:Q~J

Pertes clans le concentre 47,9'"

350.100 [k;SIJ

3,4 "I.

10.650

[~;IJ

24.640 [ ~Q~]

Chute A

theorique
a la A
turbine

35.200

Vapeur [~J Coneentre

600.900 fm
kC

3
Q1

] [k ]858.400 :~

Bouilleur
1.463.280 [k~~]

Pertes
avec l'eau
distfllee

1,6%

Perte au condenseur
311.000

42,S %

Collecteur
d'energie
solaire

731.640 [~;'l

Figure 11. Dlagramme de Sankey: bilan thermique

r~duites a payer jusqu'a 15 dollars par metre cube
d eau pure, liquide indispensable a la bonne marche
de leurs travaux.

Considerations economiques

Nous avons eu l'occasion, en aout 1960, d'accompa
g~~r le Professeur Farrington Daniels au cours d'une
VISlte qu'il fit au desert d'Atacama, et nous lui
avons rnontre le site de la premiere centrale piIote
destinee a faire usage du precede, Ce site se trouve
Sur la rive ouest du fleuve Loa, au sud du pont qui
le traverse et qui porte la route de Tocopilla aChuqui
camata.

On a donne la preference a ce site pour deux
rais?ns : en premier lieu parce qu'il est tres pres des
ateliers de l\Iarfa Elena de la compagnie nitratiere,
qui pourraient venir en aide a la centrale en cas de
besoin et, en second lieu, parce que la difference
entre les niveaux definis par la cote choisie pour la
centrale et celle du fleuve, au fond d'un lit profond,
represente une hauteur de chute hydraulique dispo
nible permettant de realiser une compensation econo
mique des variations de la demande et de la produc
tion d'energie electrique au moyen d'un systeme
constitue par une pompe et une turbine hydraulique.

Notre visiteur s'est declare totalement d'accord
quant a la valeur du site choisi et s'est rnontre
assez aimable pour suggerer l'emploi d'une matiere
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plastique nouvelle dans le but de reduire les frais
de realisation du collecteur solaire. Ceux-ci constituent
en effet la principale depense, representant, pour la
centrale projetee, pres de 89 p. 100 de l'investisse
ment total prevu. C'est dire que toute reduction
appreciable dans le cout de construction du collecteur
reduirait sensiblement le prix de l'eau distillee et
de l'electricite. Nous sommes convaincus du fait
qu'avec des materiaux nouveaux et des machines
modernes il serait possible de reduire sensiblement
l'investissement au titre du collecteur, aspect de
la question. qui exige toutefois des etudes plus
poussees,

Meme si on laisse de cote la possibilite de realiser
un collecteur a peu de. frais, la centrale-pilote envi
sagee represente deja une solution au probleme sou
leve par le manque d'eau potable dans les regions
arides du Chili septentrional, L'eau se trouve en
abondance dans le sous-sol de nombre' de regions
de ce desert, mais elle est plus ou moins saumatre,
car le sol lui-meme contient une serie de sels qui se
dissolvent facilement. Le seul cours d'eau important
qui traverse le desert d'Atacama devient de plus en
plus saumatre en avancant vers la mer.

Le service de recherches en sciences appliquees
de l'Universite du Chili pro cede actuellement a des
etudes, aux salins du lieu dit El Carmen, quant a
la possibilite d'utiliser ces terres pour I'agriculture
apres un lavage. Les premiers resultats de ces recher
ches ont ete fort satisfaisants, confirmant ainsi
notre point de vue, suivant lequel la centrale peut
aider a resoudre un des problemes agricoles de notre
region septentrionale en fournissant 1Ll moyen
d'utiliser l'abondante energie solaire dispouible pour
elever l'eau saumatre et la transformer en eau
potable. Nous avons done soumis notre projet a
l'attention de la Corporacion de Fomento de Chile.
Malheureusement, en raison du dernier trernblement
de terre survenu dans notre region meridionale,
il a ete necessaire d'ajourner toute decision en la
matiere.

En resume, il semble indique de construire en
premier lieu la centrale pilote envisagee, et ce le plus
vite possible, de maniere a la montrer ?. I'eeuvre.
Il s'averera alors possible de realiser des centrales
plus importantes, visant a resoudre le probleme
agricole des regions arides du Chili septentrional
avec l'aide de l'energie solaire.
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Resume

L'auteur commence par' presenter des conside
rations geographiquessur la region septentrionale
du Chili, dont le regime desertique absolu se carac
terise par le manque de pluie, puisque la precipi
tation annuelle n'y depasse pas une moyenne de
1,4 mm., pour la province d'Antofagasta, sur laquelle

P?r.te ce tr~vail. U~e autre caracteristique de. l~
region est. 1abondance generale de mineraux. amsi
que de divers sels solubles, que l'on trouve dans
le sol du dese~t. En consequence, l'eau du sous-sol
est plus ou mo~ns saumatrs, ainsi que celles du fleuve
Loa, le seul qui traverse le desert, qui deviennent de
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plus en plus salees le .long de son cours, bien qu'elles
sortent pures des nelges de la. Cordillere, , . '

Apres /lvoir~ndiq~e le~ donnees solarimetrique,
do?t on G"sposeJUs,qu amaintenant pour cette region,
qUI confirrnent .qu elle presente une situation extre
me~ent ,'avorable pour l:utilisati?n de' l'energie
S?lalre, I auteur do~~e c~rtams r~nselgnementshisto
nques SIF les prermeres installations utilisees a cette
fin, notarr.ment I'alambic solaire de « Las Salinas »

qui a fonr .ionne, sur une echelle industrielle, pendant
plus de :uarante ans. . '. . ...

On mcntionne ensuite les evaporateurs s~laires de
Coya S.ur, seule installation dequelque importance
qUI exist» actuellement dans le pays pour faire
usage de. l'energie solaire. et inauguree en. 1951.
Les proprietes physiques determinees jusqu'a present
mettent vn lumiere la dependance marquee entre
les variations mensuelles de la chaleur de vapori
sation el de l'energie solaire incidente, phenomene
pour lequcl on a .etabli un rendement, quotient pris
entre ces deux quantites, qui depasse environ 50 p.
100 en moyenne, " '.'

La partie essentielle du memoire e~t· co~~acree
cl. la desc-iption et a I'etablissement des bases thermo
dynarnicies theoriques d'une centrale . a, echelle
reduite ..rojetee pour le desert d'Atacama, dont le
but sera de transformer les eaux saumatres du fleuve
Loa en C'.U distillee, en faisant appel a I'energie solaire .
et e~ »roduisant .en meme . temps du, courant
electnqw'.. ' :.

L'aun LIr, en s'appuyant sur le schema de .l'instal
lation, c:ccrit son fonctionnement qui, enprincipe,
est le suivant. Dans un premier circuit, l'eau saumatre
est chauffee dans un collecteursolaire a plan incline
ayant une surface de 4 280 m2 et portee a une tempe
rature de 70°C; puis, apres avoir traverse un accumu
lateur au l'air est separe de la phase liquide, elle
penetre dans un bouilleur a vide, dans lequel une
partie de I'eau est vaporisee, empruntant dans ce
processus la chaleur du restede ce memediquide.
Dans un deuxieme circuit, la vapeur ainsi.produite
passe par une turbine OU elle realise un travaIl
mecanique qui produit de I'energie electrique. Fina
lement, la vapeur qui sort de la turbm; se cOI:d~nse,
et eUe est disponible sous forme d eau distillee.
L'usine alimentee en eau saumatre froide a' 18°C
pr9duit en moyenne 9,5 m" d'eau. distillee par
Jour et debite iune puissance electnque utile de
50 kW.

.:pans les conditions thermodynamiques et econo
miques les pl~s favorab~es, la temperature de la
vapeur produite dans I autobouilleur est fixee a
50.°C. Ceci se bas~ sur le.raisonn~ment mathematique
sl!'l,:ant. . En . fals~nt .mtervenir, dans I'equation
dIffer~nh~Ue de I autovaporisation,la chaleur de
vaporisation en tant que fonction lineaire entre
le? !imites donnees et en supposant que la premiere
derivee du rendement thermique du cycle moteur
d'autovaporisation est egale: a zero, la temperature
de la vapeur produite etant la variable, on obtient
une Iormule qui indique, pour le travail maximum
the?riqu.ement po~sible, la ~emperature qu'il faut
mamtemr dans I autovaponsateur pour certaines
temperatures fixes de 1'eau a son admission au bouil
leur e~ au condenseur. Cette formule est representee
graphiquement par un diagramme mis au point
par 1'auteur, qui permet de trouver facilement la
temperature en cause.
~n bilan ~hermique, avec sa representation gra

phique par diagramme de Sankey, termine les consi
derations theoriques. En se servant de ce bilan,
on a calcule unrendement de 3,4 p. 100 pour l'energie
utile de la turbine par rapport a l'energie thermique
recueillie au collecteur solaire. Pour le calcul econo
mique, dans les conditions decrites, et en admettant,
pour le rapport entre les prixde 1 in3 d'eau et de
1 kW/h d'energie electrique, le chiffre de 2 a 1 qui
existe actuellement.'dans la province d'Antofagasta,
on aboutit a 0,68 dollar par m" d'eau distillee et
0,34 .dollar par kW/h d'energie electrique. Dans
certaines parties de cette region, les entreprises
minieres doivent actuellement payer jusqu'a 15 dol
lars par m 3 d'eau pure.

L'auteur termine son travail par quelques conside
rations economiques se rapportant, plus particu
lierement, a la possibilite de reduire le prix du
collecteur solaire qui, dans l'usine envisagee, repre
sente pres de 89 p.lOO des investissements totaux.
Mais, sans meme se servir d'un collecteur plus econo
mique, la centrale pilote envisagee peut deja Hre
consideree comme representant une solution du
probleme r souleve par le manque d'eau potable
dans les zones arides du nord du Chili. En conse
quence, 1'auteur estime qu'Il est recommandable
de construire cette centrale pilote le plus tOt possible,
pour demontrer qu'elle est capable de fonctionner
effectivement et, par la suite, de realiser des centrales
plus grandes visant a resoudre le probleme agricole
de la region en faisant appel a I'energie solaire.

SOLAR EVAPORATION AND DISTILLING PLANTS IN CHILE

Summary

The author first describes the geography of the
North of Chile, a desert area with an average annual
raInfall in the province of Antofagast.a of 1.4. milli
meters. Another characteristic of this area IS the

abunda~ce of mineral deposits, especia:Ily vario?s
soluble' salts which are mixed with the desert SOIL

For this reason, the water in the subsoil has a ~igh
salt content and the River Loa, the only flyer, ,
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that crosses the desert, gets more and n:ore salty
as it progresses, in spite of, the fact t~at Its source
is the pure snow of the Andes mountains.. ,

After indicating the solar. meas~rements so far
carried out in this region.rwhich venfy the extraor
dinarily favorable conditi~nsf~r solar e~ergypurposes,
the author gives some historical details ?f the first
installations that have been" used for this purpose.
The most important of these applications ~as the
solar distillery plant' in "Las'Salinas"; ., which was
in industrial use for more than forty years. '

The author then refers to. the solar evaporators
at Coya Sur inaugurated in 1951, the only important
solar energy plant now existing in Chile. Of the
physical characteristics noted to date, one of the
most striking is the marked d~pendency of the
monthly variations of evap~ratlOn heat on the

'incident solar energy. An efficiency factor has been
established, being the ratio between, these two
factors, which has an average value of.~ little more
than 50 per cent.,' < .

• The main part of t~e paper is devoted.:to the. des
cription and theoretical thermodynamic basIs. of
a pilot plant project 'for the Atacama desert, w~lch

is intended to transform, the salt water of.the RIver
Loa into distilled water by using solar energy,
generating, at the same, time, electric power.

With the aid of diagrams,theauthor describes
the operation of this plant.' In the primary circuit,
salt water is heated in an inclined plane solar collector
of 4280 m2 area to 70°C., passes 'throughan accumu
lator to separate the air from the water' and then
to a vacuum evaporator where part of' the water
evaporates, taking the" necessary heat' from the
rest of the water. ' "

In the secondary circuit, the steam thus produced
passes through a turbine to generate electric energy,
and finally is condensed to provide distilled water.
If the salt water intake is at 18°C, the plant will
produce an average of 9.5 ins of distilled water per
day and 50 kW of useful electrical energy. ,

Under the most favorable thermodynamic and
economic conditions, the' steam temperature on
leaving the, evaporat?r is "set a~;jO°C. This
is based on the following mathematical procedure.
Assuming a linear relationship .for tl;: )y.ten~ heat
of evaporation, between the. given l:'l'jts, m the
differential equation of the auto-eyaP?Ic': ion process,
and equating to zero the first denvah~lJf the ther
mal efficiency of the motor cycle \Vi,l:, respect. to
the temperature of the steam producec(m equation
may be form~d i.ndica~ing the tern} ...ature that
should be maintained m the evapor:cl,\)f for the
theoretical maximum possible work, ki given tem
peratures of the hot wate~ enteri~g t~, evaporator
and in the condenser. ThIS equation l~, represented
graphically in such ~ manner t~at the temperature
in question can easily be obtained.

A heat balance, represented by a Sankey diagram,
concludes the theoretical treatment. By means of
this balance an efficiency of 3.4 per cent is obtained
between mechanical energy produced and solar
energy intake. The econo~ic calculaticn, for the
conditions described, assummg the pnc. of 1 mS of
water to be twice that of 1 kW of electrical energy,
as is the case at present in Antofagasta Pj':,:Jince,gives
a price of US $0.68jrn S of water and ~j:) ~0.34/~W
of electrical energy. In some parts O:,~hIS region,
the mining companies have to pay up L US $15/m3

of water.

The author concludes his paper with se me eC0!1~~ic
considerations, referring especially to th-:: possibility
of lowering the' cost of the solar CO! kdor, which
represents 89 per cent of the total ir.vestment ill

the pilot plant. But even without a cheaper for~ of
collector, the pilot plant projected already provides
a 'solution for the lack of fresh water m the and
zones of North Chile. For this reason, the author
considers it justifiable to .construct this. pilot p~ant
as soon as possible so as to demonstrate ItS effe~tlve

ness, and to follow this up with larger plants designed
to solve the agricultural problem of this region.
by using solar energy.
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SOLAR DISTILLATION RESEARCH AT THE UNIVERSITY OF CALIFORNIA

Eoerett D. Howe *

Performance characteristics

Description of University of California solar
. stills

Since the major cost in solar distillation is the
amortization of capital, the criterion of low unit
cost of product is synonymous with low initial capital
cost. To date,the experience on the University of
California project indicates initial capital costs per
daily unit of capacity to be several times as much as
the corresponding costs for other types of distillation
equipment. Before dealing further with the matter
of costs, it is well to consider the performance charac
teristics of the units tested.

The several 'configurations of simple solar stills
which have been tested at the University of California
are indicated in table 1. It will be noted that, although
some attempts were made to use plastics for the
transparent cover of the stills, the majority of the
tests have used glass for this purpose. The reason
for this lies in the fact that sheet plastic materials
with properties attractive for this application have
become available only recently.

From table 1, as well as from the photograph of
. figure 1, it will be apparent that all of the tests have

been conducted on units fabricated in the shop and
supported above the ground surface. This. type of
construction requires that the water tray be msulated
on its underside and is in contrast to the on-the
ground, field-constructed type used by the Ll.S.
Department of the Interior ~on~ractors at the
Florida installation. Shop fabrication has seemed
to have potential economies for .mass productIOn
which outweigh the added cost of insnlation.T'roto
type units would be placed on the ground since the
test units were mounted above ground largely for
convenience in controlling test conditions and mak
ing measurements.

The performance of a particular solar still. in a
given location will depend upon the solar altitude,
the weather, and the haziness of the atmo.sphere.
Figures of average or total annual production are
important from the view-point ?f the user who may
have 'to depend on a solar still, but are aff~cted
more by weather and haziness. than by .the efficIe~cy
of the still. Thus, forcompanson of different stI~ls,
data will be limited to those for clear. days WIth
radiation intensities, as measured WIth Eppley
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* University of California, Berkeley, California.

The Sea Water Conversion Project of the University
of California began research early in 1952 on several
methods for recovering fresh water from the sea.
This work was undertaken at the request of the
California State Legislature and has derived most
of its financial support from State of California
appropriations. The general objective of the program
is to determine whether any scheme can be found or
developed which will produce large quantities of
fresh water at a low unit cost. Tentative price goals
were set at about 38 cents per thousand U.S. gallons
for municipal supplies and 12. cents per thousand
gallons for irrigation supplies, these prices correspond
ing to the highest prices then being paid for the two
types of water supply indicated.

An examination of the cost figures for water
distil<tion as practised in 1951 indicated that fuel
costs represented more than half of the total cost
of th.: product. Thus, it was evident that considera
tion ~. hould be given to schemes using "free" energy.
Solar distillation, the use of waste heat, and the
possible use of the small temperature differences
between the surface waters and the deep waters
of the ocean were chosen for the first investigations.
SinCE that time, many other phenomena and schemes
have been investigated as possible solutions to the
serious problem of water supply in asemi-arid state,
such as California.

The experimental program on solar distillation
was initiated in January 1952, when Dr. Mana
Telkes was employed as temporary co~sultant.to
the Project. Using her previous e;xpenence w~th
solar distillation Dr. Telkes supervised .the design
of the first six 'units and the construction of the
first unit. The latter was placed in service in February
1952 and the other five at various times during the·
spring and summer of that year. Since 1952, the
Project staff members have designed and. t.ested
various configurations of simple solar distillers.
All of these units were tested at the Department of
Engineering Field Station at Richmond, California.
The solar test area lies within a few hundred f~et
of the shore of San Francisco Bay, just oppOSIte
the- Golden Gate and at a latitude of 37°55' N. !'
photograph of the solar distillation test area IS
shown in figure 1.

The objective of all of the tests has been to. deter
mine whether a solar distiller could be devised or
developed which would be capable of pr?ducmg
large quantities of distilled water at low umt costs.
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Figure 1. Solar distillation test area, Richmond, California: University of California Sea Water Conversion Project.
View looking northeast, pyrheliometers on tower center rear

Table 1. Solar distillation equipment at University of California

Unit No. Brie! description Tray dimensions Area
(sq It)

Date Placed
in operation

Situation
".' of Jan. 1961

9. Tubular plastic
10, 11," 12. Tubular plastic

Out of service

In operation

In operation

In operation

In operation

In operation

Dismantled
Out of service

Out of service
Dismantled

Dismantled
Dismantled

Dismantled

No. ;> dismantled,
4, 5, 6, 7 in operation

In O\JFation
Dis,wl.1ltled

May 1959

Mar. 1959

Aug. 1957

Nov. 1958

Sept. 1958

Fall 1953
Dec. 1953

Mar. 1960

June 1958'

Sept. 1954·
Apr. 1954,

Sept. 1952

June 1955,
Aug. 1956

. Mar. 1952
May 1952

27.8

31.3

19.8

3.38
5.92

27.6
22.74

3.19
25.5

14.94

32.0

25.5
4.0 .

411.2

203.0
71.6

199.9

41.75" X 68.5'
less two 3"
bottom openings

47.25" X 95.5"

95.5" X 51.67'

(2 tubes)
4.125" X 59" ea.

12" X 72" approx.
(2 trays)

23.25" X 52.375'·
36" X 23.176'

18" X 25.5"
43" X 82.5"

44.5" X 90"

47.3" X 50.67'

44" X 83.5"
2' >:2'

Originally
4' X 8'
Modified to
47.25" X 84.25"

Pond: 10' X 10'
Air heaters:
23.5" X 46.5"

asbestos-

tray with longitudinal

Tubular glass

Greenhouse, with vertical mirror
back

Greenhouse (lab. model)
Greenhouse, with symmetrical

glass hood

Parabolic reflector
Greenhouse, witb aluminium reflec

tor along back
Wick still
Greenhouse, with symmetrical

glass hood
Greenhouse, with· symmetrical

glass hood
Inclined natural convection, with

rear aluminium condenser

Forced convection system, with'
solar heating pond, solar air
heater, evaporator and con
denser

Australian molded
cement tray

Inclined
baffles

Inclined tray with longitudinal 22.5" X 95.625"
baffles'

2.
3-7.

8.

1.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22-33," 34

• Not pertinent to this report.
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Figur.: 2. Solar radiation on a horizontal surface on clear
days during 1960, Richmond, Callfornla

pyrhc:iiometers, consistent with the solar altitude.
This _-,oint is illustrated in figures- 2 and 3. Figure 2
shown observed radiation intensities as functions
of sc.ar altitude for selected clear days and figure 3
show', the production rate for a given solar still as
a fur ction of solar altitude. The data in figure 2
show some scatter, which probably reflects the
variable clarity of the atmosphere. This data is as
consistent as similar data reported by I. F. Hand (1).
The clear days were selected by inspection of recorder
charts from the pyrheliometers. The criteria used
in reviewing the charts were noon-time radiation

o - 80

intensities and smoothness of curves, the latter
being the more important. Figure 3 indicates that
the clear-day production data follow a definite curve
but that the other data form only a scatter diagram.
Thus, in the following comparisons of performance
characteristics, the data considered will be limited
to that for clear days.

Data for some 50 clear days were available for
the calendar year 1960. Production data were recor
ded in terms of volume and the daily production
rates were reduced to production per unit area, the
area used in each case being that inside the boundaries
of the water tray. Seven units have been selected
for comparison, four of them having horizontal
water trays and symmetrical sloping clear glass
covers. The other three are arranged so that the
effective incident solar energy intensity is increased
for low solar altitudes. Descriptive information
concerning these units is given in table 1and detailed
photographs are shown in figures 4 and 5. The

Table 2. Monthly production data, 1960. University of California solar distillation equipment
(All figures in V.S. gal1ons)

Mont" Unit No. 1 Unit No. 7 Unit No. 16 Unit No. 17 U"it No. 20 U"it No. et» U"il No. JI·

January. 16.94 67.3 114.4 6.66 1>.07
February 38.05 118.4 233.9 17.50 17.45 56.94
March. 41.55 180.7 387.9 25.82 27.86 72.96 30.02
April . 72.89 386.9 821.1 52.53 53.39 104.10 41.34
May 71.64 429.0 997.2 66.89 66.92 106.20 57.89
June 63.13 382.4 760.3 62.69 58.78 78.13 45.96
July 60.02 360.4 603.8 56.61 59.46 77.08 43.94

August 66.35 325.3 574.2 49.88 57.51 84.20 48.38

September. 34.47 297.1 338.7 21.26 21.52 50.87 23,47

October. 48.54 196.6 350.5 24.28 27.53 77.68 33.03

November. 16.05 66.2 107.7 7.82 8.31 27.93 11.71

December. 14.04 51.7 86.8 5.35 5.57 24.65 10.21
--- --- 760.7 345.9

TOTALSc 543.7 2862.0 5376.5 397.3 409.4

" This unit placed in service on February 6, 1960.
b This unit placed in service on March 12, 1960. d tl>
e These figures do not include the output for approximately 26 days of rainy weather and 50 days when no records were mad e, tl>e "'Uu urine e

period June to December. .



Still No. 7
(4' X 50')

Production of fresh water

Still No. 16
(8' X 51')

Still No. 17
(45" x 90")

Still No. 20
(42" X 68")

Figure 4. Greenhouse-type solar stills (University of California Sea Water Conversion Project)

production by the various units of distilled water
for the year 1960 is indicated in table 2.
, •Considering first the production rates for the

four symmetrical type units shown in figure 4, the
pertinent data are plotted in figure 6. In each case,
the unit production rate versus the observed diurnal
solar radiation intensity. has been plotted. The
scatter of the points reflects atmospheric variability,
as suggested by the variation of radiation measure
ments in figure 2, as well as local variations of
atmospheric temperature and wind. Since the general
arrangement of the points suggests a linear varia
tion, the centroidal method was used to find the best
straight line representing these points. The centroidal
method gives results approaching those of the least

. d
squares method, is much shorter than the latter, an
is regarded as sufficiently accurate for the purpose.

Figure 7 is a composite chart on which ~re shO~
the average lines from figure 6. Also shown III figrt .
is an average line for Still No. 16 using. 1958 a ~
Radial lines are drawn on figure 7 to indIcate valu .
of efficiency. These values were determined by USl~~
the ratio of the heat energy required to evapora t
water to the incident solar energy. The latent heat
used in these calculations was assumed const~y
at 1025 btu per pound, the value .for l~O°F.
inspection it is seen that all of these stll!s hav~
efficiencies which increase with solar intenSIty an f
that the rates of increase of efficiencies and 0

production rates vary from one still to an~ther.
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Still No. 1
. (4' X 8')
with mirror. back

S/29l1ow~ 243

Still No. 21
(4' X 8')

3S· tUt - longitudinal baffles

. Still No. 34
(2' X 8')

, 25° tilt - longitudinal baffles

Figure 5. Tilted-type solar stnts (University of California Sea Water Conversion Project)
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dimensional characteristics which make for superior
performance as compared with Nos. 7, 16, and 17.

The reduced effectiveness of Still No. 16 in 1960,
as compared with 1958, is of interest. This unit and

. No. 7 were used for the investigation of paints suit

. able for the wood trays used in these stills. The
paints tried had included various commercial pro
ducts that on the stills in 1958 being a black vinyl
mate;ial. ,As this was no longer available in 1959,
a new material, "Micaseal", was put on. This material
was rather expensive to apply and has not lasted
well, its present state bein~ one characterized by the
presence of several large blisters on the ~ray b~ttoms.

The deterioration of output of No. 16.1S due m part
to the presence of the dry spots caused by t~ese

blisters and in part to, a probable low coefficient
of absorptivity for solar energy.

Figure 8 shows the performance data for Still
Nos. 1, 21, and 34, plotted as a function of sol~r

altitude. Curves have been faired through the expen
mental points, using visual estimates for selecting
the positions of the lines. Plots of these data o?
co-ordinates of solar radiation intensity on a hori
zontal surface would not seem appropriate because
the effective solar intensity within these stills may
be appreciably greater than that in the greenhouse
type units.

In comparing these three units, it should b~ noted
that No. I is a mirror-backed unit with honzontal
tray and I" thick insulation, and that Nos. 21 ~nd

34 are tilted flat-type units with 2" thick insulation.
The three units are mounted at different angles,
No. 34 being tilted at 250 with the horizontal and
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Figure 6. Production rates of greenhouse-type solar stills
on clear days durlng 1960
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The superior performance of No. 20, as compared
with the other greenhouse-type units, is due to
several factors, among which are the following:

(a) Greater freedom from leakage of air and water
than the others. This unit is molded from a single
sheet of transite so that both the distillate channels
and brine tray are tight. Also, the glass cover is
more secure than in the others;

(b) Better tray insulation than the large units.
The insulation on No. 20 consists of glass wool 2"
thick, whereas that on Nos. 7 and 16 is only I"
thick;

(c) Flatter glass angle than the others. No. 20
has a glass cover which slopes at about 20°, whereas
No. 7 has an angle of 45° and No. 16 an angle of
about 33°. The flatter angle permits solar energy
to penetrate the glass through a greater range of
hour angles.

It is appropriate here to observe that the efficiencies
of the several units on a given day seem to be in the
approximate order of the glass temperatures, Le. the
higher the glass temperature, the greater the effi
ciency. Thus, for this type of still, the glass tem
perature should be highest for the units having the
smallest ratios of glass area to evaporating area and
for those having the best insulation under the tray.
A further factor suspected of being important isthe
distance from the tray water surface to the glass..
For very small magnitudes of this distance, the mass
transfer should occur primarily by diffusion rather
than by convection and would be more effective.
Definitive data on this point are not yet available.
In any event, Still No. 20 logically seems to have
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Discussion

The experimentai program at the University of
California has given greatest emph~ts to the stmp.le
solar still as opposed to the m~ltI-effe~t solar ~ttll
or to solar water heating for use III multi-effect stills.
While the advantages of these other schemes are

Table 3. University of CaUfornla solar still output.
March through September, 1960 a

30 40 50 60 70 80

SOLAR ALTITUOE AT NOON - OEGREES

Figure 9. Summary of production rates of tilted-type
solar stills on clear days durlne 1960

in the solar still for low sun angles. Further justifica
tion of this conclusion is to be found in table 2. Due
to incompleteness of observations in other months,
the period of March through September has been
totalled with the result shown in table 3. This table
serves to confirm the impression from figure 9,
namely, that the flat tilted units yield performance
data markedly superior to those of the greenhouse
type with horizontal water tray.
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No. 21 at about 38°, and No. 1 having a front glass
sloped at about 321°. .

The curves for Nos. 1 and 34 are drawn with
positi;:o slopes, while that for No. 21 has a maximum
point at about 52° solar altitude, at which angle the
noon-' ime . solar beam would be perpendicular to
the b:e of the still. It will be evident on reflection
that, .or all angles greater than this, the effective
width of the receiving face of No. 21 will be less
thans actual width, and hence will receive less
energy than if it were flat. In contrast with this,
it will oe observed that No. 1, with its flat tray and
vertic. .l north face, will not suffer any diminution
of its effective aperture below the actual width
of the water tray. The case of No. 34 is intermediate
between those of Nos. 1 and 21. The angle of tilt
of 25° used for No. 34 results in a minimum noon
time angle of about 80° between the solar beam and
the receiving face of the still at the time of the
summer solstice. Since the effective width of the
still receiving insulation is proportional to the sine
of the above angle, the radiation received will be
over [18 per cent of that incident on a horizontal
surface.

Figure 9 repeats the faired curves of figure 8 and
also shows the best curve from figure 7, the transfor
mation to altitude angle from radiation intensity
having been made according to the faired curve of
figure 2. Inspection of the curves on .figure 9 clearly
indica.es the considerable gain possible by utilizing
some means of increasing the solar energy intensity
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recognized, ·the present discussion will be limited
to the simple solar still. The obvious disadvantage
of the simple solar still is its lack of re-use of the heat
energy-a disadvantage which must be weighed
against the advantages of simple construction and
relatively low cost.

In contemplating the possible design of a large
solar distillation plant; the two most important
considerations would be the selection of the type
of still and the selection of the materials to be used
in construction. Experience on the University of
California Project may be helpful in both these
areas since several of the units tested have been
in continuous operation for over nine years.

Considering first the matter of materials, the units
built on the University of California Project have
utilized wood trays in most cases, with metal trays
.having been used. in some. The wood used has been
marine plywood for tray bottoms and structural
redwood for side rails and ends. Special precautions
have always been taken to seal the wood when

.painting. In spite of these precautions, the paint
coatings have contained minute imperfections through
which the sea water could come into contact with
the wood. By capillarity, this water then works
its way through the wood, evaporates from the outer
surface, and leaves the precipitated salt crystals
trapped between the wood fibers. This type of seepage
has caused considerable separation of the fibers
on the redwood side rails of the older units.
Thus, the use of coated wood does not seem satisfac
tory in places where sea water may come in contact
with it. The alternative of using wood impregnated
with plastics has not been investigated by the Univer
sity of California Project but may have some merit.

The use of glass as opposed to plastics for the
transparent cover' is a matter of economics. The
desirable properties of glass-stability with respect
to time, wetability and rigidity-must be weighed
against the disadvantages of the heavy construction
required to support its weight, the difficulty of
sealing edges, and the possibility of breakage. The
nine years of experience with glass covers at Rich
mond has demonstrated that damage due to wind
and weather is slight, less than one per cent per year
of the glass panes having been replaced. Plastic
sheet materials have the advantages of extremely
light weight and low cost per unit area. With further
development, they may be produced with high sta
bility under the effects of solar irradiation and con
tact with warm water vapor. Thus, it may be con
cluded that present designs should probably utilize
glass but that future designs may take advantage
of the low cost and weight of plastic covers.

Turning now to the design of the solar still unit
itself, the' performance data presented in figures 7
and 9 indicate the production rates of the flat
tilted units to be quite superior to those of the
greenhouse-type units when based on unit area of
the water surface. Data presented by Telkes . (2)
and by the Bjorksten Research Laboratories (3)
seem to be in agreement with this conclusion. The

few clear-day results presented by Telkes for stills
tilted at 30° show production rates very similar to
those for University. of California Still No. 34 as
shown on figure 8. The major difference between
these two designs lies in the use by Telk-s of a wick
for holding the water and the use of bngitudinal
baffies by the University of California Project design.
The wick-type unit requires continuous feed for
water . supply, with the accompanyi.ig possible
loss of heat in the effiuent brine. The longitudinal
baffle construction permits batch-type operation,
with refilling possible during the non-operating
night hours. The' Bjorksten results deal with a
flat-type wick unit similar in many respects to the
Telkes .units. The one major difference lies in the
method of support, the Bjorksten units being sus
pended from horizontal wires while the Telkes units

. are supported by posts in the ground. Tree Bjorksten
tests were made with some of the wicks in a vertical
plane and others tilted toward the south making
an angle of 15° with the vertical. Results of a few
clear days indicate unit outputs of the same order
of magnitude as those for the Telkes units.

The flat-type unit should be economical to con
struct since the glass cover is parallel to the average
water surface and is nearly equal in area to it.
Also, it is flexible in that it will operate at any
angle between the minimum angle with the hori
zontal at which water will slide down the glass
rather than drip, and the maximum angle required
to make the solar beam perpendicular xo the glass
at noon on the day of the winter solstice. Thus,
one might arrange a. flat-type installation of solar
stills with groups of the units at several different
angles in order to assure nearly constant a year
round production capacity.

The cost of large solar stills of the greenhouse
type is uncertain because of the lack of experien~e

with this type of construction. The deep-basin U~J.1t
constructed by the U.S. Department of the Intenor
from the Lof design (4) is reported to have cost
$5.25 per square foot and apparently could produce,
on the average, about 0.05 gpd per square foot.
Thus, the cost per gpd is of the order of $100. Bloemer
et al. (5) reported tests of this unit and indicate
ways in which such a unit could be built more
cheaply and for higher productivity. ..

:Vhile ~etailed design has not been made, t~e
wnter believes that flat tilted stills using the longi
tudinal-baffie type of construction could be mess

.produced at a cost per unit area somewhat less
than that for the deep basin still. The stills would
be mounted on a series of inclined embankments
produced by the usual earth-moving machinery.
The trays would be four or five feet wide and would
be lined either with sheet copper foil (about 15 ce~ts
to 20 cents per square foot of tray area) or WIth
black polyethylene sheet. These linings would be
backed up by machine-molded vermiculite concrete
stringers running across the width of the stills
and spaced. closely enough to support the tray.
Other machine-molded concrete members would



Solar distillation research at University of California 8/29 1I0we 247

comP:"te the upper and lower borders to furnish sup- .
por~ ,":d seal for. the glass panes. Assembly would
be .I~ "he fiel~, using a movable jig for securing
satIsfd,;to.ry . alignment, of, the, parts. . .. .;

In c.osmg, It seems to the writer that test units of
the OICiPr of 1 000 square feet could give an excellent

e~timat~ of t?e p~oba~le cost of larger units. Expe
nence In this direction must somehow be gained
before .solar distillation is either abandoned or
placed o~ a firm basis. Surely the few types of
construction already advanced to the pilot plant
stage do not exhaust the range of possibilities .
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. Summary

. The study cif solar distillation has been carried
on e: :1erimentally since: 1952 by the Sea. Water
Conv. rsionProject of, the University of California.'
Numc ;'~us variations;" of the. simple ..single-effect
s?lar still have been-tested, including several varia
tions of' the' greenhouse-type with, symmetrical
glass cover;. as well as several inclined-tray units
and a mirror-backed unit. The objectives of the tests
have been to evaluate .the efficiencies and relative
costs of the units.i.. , '. ' '. ."

Experimental results:~re reportedfor seve~ units.
Four of these . were, greenhouse-type 'units with
symmetrical glass ,covers', and. horizontal water
trays; two were flat-type units with inclined water
trays; and the; .remaining one was a greenhouse
type unit with an unsymmetricalglass cover, includ
ing a vertical mirror as its north face.'

The performance data> for clear days only are
used in comparing the efficiencies of the several
units, since it: is argued that cloudy-day data
do not fit. on the same performance curves as the
clear-day. data' and, reflect :the local. vagaries of
weather ratherithan the· true efficiency of the
still. ',."', .: .'

The performance data for. the symmetrical green
house units are .plotted by. using co-ordinates of
gallons per day (gpd) per square foot of water tray
surface. These four .units vary in' size from about
20 to over 400 square feet of tray area. The production
rates for these units are shown to be linear functions
of the diurnal solarradiation on a horizontal surface,
Maximum production', rates for the several stills
yaried from, .09 to .15 gpd persquare foot. Efficiencies
lllcreased with radiation and reached a maximum
of 45 per cent for the best unit.

Cle~r-day data for .the inclined-tray units and for
the mirror-backed umt were plotted versus the mid
day angle of solar altitude rather than versus the
solar intensity, since the angles of inclination varied
and hence the radiation intensity relative to the tray
surface would differ from unit to unit. The two flat
type units tested had slopes of 25° and 38° relative
to the horizontal. The data when plotted showed the
production rates in gpd per square foot to vary
with the solar altitude in a non-linear fashion.
The unit inclined at 25° showed a production rate
increasing continuously with solar altitude along a
curved path and reaching a maximum of .15 gpd
per. square foot. The unit inclined at 38° showed a
production rate curve having a maximum point at
about 52° solar altitude, at which altitude the sun's
rays would be perpendicular to the effective tray sur
face. The mirror-backed unit showed performance
similar to, but less effective than, the 25° inclined
tray, its maximum being about .125 gpd per square
foot. It should be noted that two of these units were
approximately 4' X 8' in outside dimensions, and
the third was about 2' X 8'. ,

When the best performance of the horizontal-tray
greenhouse-type units was compared with that of
the inclined-tray units, it was noted that the produc
tion rate of the horizontal-tray unit approached that
of the 25° inclined-tray unit at maximum solar alti
tude but was appreciably less at all other solar
altitudes. It was therefore concluded that, so far as
production rates are concerned, the inclined-tray
arrangement is superior to the horizontal-tray
arrangement. Since the inclined-tray unit consists
of a flat box with a flat glass cover the same size
as the box, this form of construction involves the

g
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smallest quantity of materials and should be the
cheapest to construct. . .

In closing, it is noted that the costs of solar distil
lation equipment are presently so high that the
product water is more expensive than that produced

using fuel heat. The paper suggests some economies
of construction pertaining to the fiat-type unit and,
it is hoped, may stimulate others to conc.ive further
simplification which could make solar .listillation
feasible on a large scale.

RECHERCHES SUR LA DISTILLATION SOLAIRE A. L'UNIVERSITE DE CALHORNIE

Resume

On precede a. des etudes experimentales sur 'la
distillation solaire depuis 1952,dans le cadre du projet
de conversion de 1'eau de mer qu'execute l'Universite
de Californie. On a soumis nombre de variantes du
distillateur solaire elementaire a. simple effet, dont
plusieurs types sont du genre serre avec couverture
symetrique en verre, a une serie d'essais, ainsi que
plusieurs groupes constitues par des plateaux inclines;
et un autre a surface arriere reflechissante. Les
essais visaient a evaluer les rendements et les prix
de revient relatifs de ces dispositifs.

Le present memoire donne les resultats experimen
taux pour sept d'entre eux. Quatre de ceux-ci etaient
du genre serre avec couverture symetrique en
verre et des plateaux horizontaux pour 1'eau. Deux
autres etaient des appareils plats, avec plateaux a
eau inclines, et le dernier etait constitue par une
unite vdu genre serre a couverture asymetrique,
comport ant un miroir vertical en sa surface nord.

On ne s'est servi que des donnees sur le rendement
pour les jours clairs, dans les comparaisons entre
groupes, car on fait remarquer que celles qui ont
trait aux jours nuageux ne peuvent pas s'adapter
aux memes courbes de rendement que celles des jours
clairs et representent les variations locales du temps,
pIutot que le rendement veritable de 1'appareil.

Les donnees sur le rendement pour les unites syme
triques du genre serre ont He reduites a des
graphiques en se servant de coordonnees rapportees
au nombre de gallons produits par jour (gpd) et
par pied carre de surface de plateau d'eau, Ces quatre
unites varient quant aleurs dimensions entre environ
20 et plus de 400 pieds carres de surface de plateau.
Les regimes de production, pour ces unites, ainsi
qu'on le demontre, sont des fonctions lineaires de la
quantite de rayonnement solaire diume 'qui porte
sur une surface horizontale. Les regimes, au maximum
de production, pour les divers alambics, ont varie
de 0,09 a. 0,15 gpd par pied carre, Le rendement a
augmente avec le rayonnement et il est passe par un
maximum de 45 p. 100 pour le meilleur des groupes.

On a retenu les donnees applicables a. un jour clair
pour les installations a plateau incline et pour le
groupe a surface arriere reflechissante en fonction
de la hauteur du solei! amidi, plutot que de son inten
site, etant donne que les angles dont les collecteurs
etaient inclines sur l'horizontale etaient differents,
si bien que l'intensite du rayonnement par rapport a

la surface du plateau aurait varie d'un . ollecteur it
1'autre. Les deux elements du type plat qui ant ete
soumis aux essais avaient des pentes d- ;!5° et 38°
sur 1'horizontale. Les donnees inscrites ont reveIe
des regimes de production, mesures en gild par pied
carre, qui variaient avec 1'altitude du soieil suivant
une fonction non-lineaire. Le groupe incline a 25°
a donne une production qui augmentaii continuel
lement avec 1'altitude solaire, suivant unor.ourbe qui
passaitpar un maximum de 0,15 gpd pa, pied carte.
Pour le collecteur incline a 38°, la courbc du regime
de production passait par un maximum a L.:1C hauteur
de soleil de 1'ordre de 52°, pour Iaquellc ves rayo;ns
de 1'astre etaient perpendiculaires a la s,~; face utile
du plateau. L'unite a surface arriere rejf,§chissante
a fonctionne d'une maniere analogue, m-iis avec un
moindre rendement que celle qui etait indinee a 25°.
Le maximum etait alors de 0,125 gpd par pied carte
environ. Il convient d'observer que deux de ces
groupes avaient des dimensions exterieures de 1'ordre
de 4 X 8 pieds (1,20 X 2,40 m) tandis que le troisieme
mesurait environ 2 X 8 pieds (0,61 X 2,40 m).

Quand on a compare les meilleurs resultats donnes
par les dispositifs du type serre a plateau horizontal
avec ceux des unites a plateau incline, on a observe
que le regime de production du systeme horizontal
se rapprochait de celui du systeme a plateau incline
a25°pour 1'altitude solaire maximum, mais qu'il etalt
appreciablement moindre pour toutes les autres.
On en a doric conclu que, en ce qui concerne les regimes
de production, la disposition a plateau incline est
a preferer au systeme a plateau horizontal. Etant
donne que le systerne a plateau incline est constitue
par une boite plate avec un couvercle en verre egale
ment plat, ayant les memes dimensions que la boite,
ce mode de construction exige moins de materiaux
et doit etre plus economique a realiser.

En conclusion, on observe que les frais afferents
aux sytemes de distillation solaire sont tellement
eleves actuellement que l'eau ainsi produite revient
plus cher que celle que 1'on distillerait en utilisant la
chaleur fournie par un combustible. L'auteur recom
mande, .dans le memolrs, quelques economies de
construction ayant trait au systeme a plateau plat,
et on espere que ceci pourra encourager d'autres
cherche.urs a songer a des simplifications ulteri:ure~
susceptiblss de permettre la distillation solalre a
grande echelle.
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A L/ RGE. SCALE, LOW COST, SOLAR HEAT COLLECTOR
AND ITS APPLICATION TO SEA WATER CONVERSION

Riclu rd L. H ummel *

such a comparison will justly be more satisfying
and convincing than absolute cost figures which may
be suspected of incompleteness and/or undue opti
mism. To obtain the predicted water costs the design
proposed must be a substantial improvement over
all current designs in regard to either construction
costs and/or maintenance costs and/or operating
efficiency.

The comparison still is that designed by 1\Ir. Edlin
of duPont (3), erected at Datona Beach, Florida in
1958, and shown in figure 1. It was not chosen as
being the best current design.P but was chosen as
being the most convenient for this development.
It consists of a clear plastic film anchored in concrete
gutters, supported by air pressure and covering a
brine-filled basin which is waterproofed by a black
polyethylene film and separated from the ground
itself by a few inches of insulation. The width was
fixed at roughly three feet, by the fact that the
plastic is fabricated in rolls four feet wide. The possible
length is unlimited since longitudinal forces do not
accumulate over the entire length but are transmitted
to the concrete gutters within a few feet. A plastic
thickness of three mils was chosen in the expectation
that this thickness would survive a hurricane provi
ded that ageing had not decreased the strength by
more than half, and that tension could be maintained.
The thickness required is a function of the size and
shape.
. Operationally, the design can operate at over
80 per cent, evaporation efficiency under controlled
laboratory conditions of constant high heat flux and
relatively still air. (4)The efficiencies in actual opera
tion are considerably lower-exceeding 40 per cent
on favorable summer days and dropping quite low
during the winter months. This, as Dr. Gomella has
observed (5) and as the calculations of Dr. Lof (6) and
the writer (1) demonstrate, is due to the fact t~at
operating efficiency is strongly related to operating
temperature. The design is sensitive to vapor leakage
at the edge seal, will dry co~densate.back into !he
brine from the horizontal section partIcularly dunng
wind vibration, and like most designs suffers some
condensate re-evaporation.

To improve upon the design, the first step will
be to eliminate or reduce any major costs .that ~n
be eliminated or reduced for a one-square-mile bas!n.
The cost of the transparent plastic itself must remain,

* Institute for Atomic Research, Iowa State University,
Ames, Iowa.. 11 1 I'• 2 Mr. Edlin has improved on its design partia y a ong mes

1 This is' similar to the mathematical technique of prOVIng
theorems by inequalities when direct proof is difficult. suggested in this paper.
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Thee object in developing this solar distillation
design was to convert large quantities of sea water
to coord fresh water at a cost low enough to compete'
favora bly both with other methods of sea water
conver .ion, in use or proposed, and with natural
fresh .vater sources. To meet these objectives, a
more ·.. omplex and complete design resulted than
is usual for solar distillation. The heat collecting basin,
itself, is augmented for greatly increased efficiency
by additional surfaces and external equipment to
develop multiple effect evapor.-'~:pn ~s well as the
cooler! product consumers woulJ require. Costs have
been \~, lculated for a system with a one square mile
solar j",at collecting area located in the huge shallow
bay, Ll.guna Madre, which extends over the south
west coast of Texas. The calculated water costs of
betwe-n 22 cents to 35 centsjl 000 gallons, for the
over-a ! unit, are almost unbelievably low in view of
preset» experience with sea water conversion systems
and epecially so in comparison with current solar
distill •. lion. The heat collecting basin operating alone
should produce water (non-cooled) at a cost low relative
to currently operating plants. Further, the costs
for ei: her the complete system or, specifically, the
basin operating alone, should drop strongly as
suitaLle transparent plastic is improved or made
cheap, as its initial and replacement cost is the major
item in the annual cost. of production for this design.

The object of this paper is to convince you, the
experts in solar distillation, that low cost water .by
solar distillation is both possible and probable, as
well as acquainting you with some of t~e c~)llcep~s
of this system. To best serve the first objective t?IS
paper will be largely confined to the ~eat C?llectlll.g
basin itself and in particular to the detaIls of Its fabri
cation erection and maintenance. The thermodyna
mic d~tails of the whole system have been explore~ in
a previous paper presented at the ACS meeting
in March (1), and another paper is being pre~ented at
this symposium (2) discussing thermod>:namlc aspects
of the system with particular emphasis on the p.ro
duction of by-product power. The he.at collecting
basin will be initially developed as a 10gI~allmprove
ment on a current, hurricane tested design and the
result will be compared in all important aspects of
construction and operation 1 in the expectatIon that
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5 Two-foot-diameter transite (an asbestos loaded concrete)
h~lf-pipe will be used for the trough but low grade concrete
WIll be dumped in as ballast and to allow formation of a groove
for retaining the plastic.

S !' loss. in air pressure due to a ~ower failure resulted in
the immediate loss of the reference stills after they had survived
half a hurricane.

pounds tension and the plastic were then supported
by the same air pressure as in the r.ierence still
then the wind forces on the surface woul.i be identical
to that over a battery of reference stii.., whether or
not the wires were containing seams [('·,Hng on the
ground or were supported horizontally high above
the ground. The plastic.would form .rallel semi
cylinders of the same size and shape as .ore and the
wind would be in contact only with the ";per surface.
The only difference is that in a cross wi,:d the point
of contact between semi-cylinders Iound by the
reinforcing wire seams would curve slitt .ly between
supports;'· '

Erected as described, the surface would not direct
the condensate to the collecting guti ers. It will
not be used to collect condensate, but will serve only
to absorb the wind forces. Its presence will permit
simple installation of a lower condensing cover which
may be quite thin and fragile and l'1:,Y cover a
basin section 50-100 feet wide. This lc-wer surface
will be lightly inflated and need hav reinforcing
steel wires in seams where they will contribute to
erection ease or t<d~toviding a sharp ~'j:',ex for im
proved condensate drainage. The coll-eting gutter
must be enlarged to a trough to handle t'h'3 increased
runoff;" but the seal of the edge of the ,JIVer to the
trough is less critical because of the gre.~;:y increased
quantity of vapor contained.

Since the upper surface will not handle condensate,
it canbe streamlined to eliminate the h: h wind drag
of a .series of semicylinders. Moving thu wires apart
to ~lV~ flat arcs of plastic will greatly reduce the
eddies induced, thus reducing the wind force and the
plastic thickness required as well as reducing the
area of plastic required and the air pressure required
for tautness. The limit, a surface stretched flat, would
require no air pressure 6 and have only friction drag,
but would require a somewhat higher tension to
prevent harmful wind flutter since its restoring
forces are completely symmetrical to displacement
and the surface movement is therefore subject to
resonance. The combined tension from high wind
drag and tension added to .prevent flutter is
considerably less for a flat surface than for
the hemisphere, but a slightly arched surface may
haye a lower sum yet and is certainly easier to
adjust, '".

The operating basin would then consist of very long
50' to. 100' wide basin sections separated by t?e
collectmg tro.ughs a~d covered' by an air and ~1fe
supported thin plastic cover. Pairs of concrete p1pe
supports joined into triangles to straddle the troughs
and conne.cted transversely by heavy steel wires
under possibly 20 tons' tension will support the lower
surface and form transverse supports on which. to

CLEAR PLASTIC
FILM

INSULATION
t-------I METER --------1
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,~----========::::=-- --:"

CONCRETE

Figure 1. Reference solar still

but in this reference design it is not the major cost.
First of all, large scale operation makes the layer of
insulation almost useless. 3

For large basin areas, i.e., one square mile or more,
the waterproof ground plastic can be largely dispensed
with, provided that the basin operates below mean
sea level; but, as the eventual design will very
e~e~tiv~ly utilize this plastic .la~er in multiple effect
distillation, we shall leave it m the simple heat
collecting basin. _

The major amortized expense of the reference
desig~ can b.e reduced to quite minor proportions in
a ~es1gn taking advantage of the huge area involved.
Th1S expense results from the hand labor of installing
an~ sealing the plastic in the concrete gutters.
Th1S labor can be reduced by increasing the width
between the gutters and thus reducing the number
of gutter~ and th~ ha~d labor.by a factor proportional
to the width ratio. Single width rolls can no longer
b~ used but must be joined to obtain the greater
width..However, the seams may be fabricated
mechanically at a cost exceedingly small relative
to the cost of the hand labor eliminated. Mr. Edlin
h~s ta~en a sma,u step in this direction by going to
stills eight feet wide but, although a sizable reduction
in cost can result, the residue cost of installation
remCl:ins intole.raJ:>ly large co~sidering that it can
be virtually eliminated by usmg wider stills.

Since the wind forces exerted on the cover depend
on th~ width. bet~een th~ suppo~ting gutters, would
not wider unit stills require heavier plastic offsetting
the labor savings economically? Not if the plastic
were still supported at the same width as before
For this purpose it is proposed that thin steel wires
of several tons breaking strength sealed into the seam
between rolls of plastic as the seam is mechanically
fabricated.f If the wire extensions from the seams
were attached to the ground at the same three foot
spacing as before and placed under a few thousand

3 Dr. Lof (7) has previously noted that insulation was unnecess
ary for :'constant" temperature still~ (deep basin) but detailed
calculations (1) show Iittle production effect of insulation for
"shallow basin" stills also. '

4 Anyone who has watched his wife sew on a machine may
realize that the seamer which can incorporate lace etc. into
the seam is, a simple.device w.ith. no moving part;, and may
susp~ct that IncorporatlO~of a WIreinto a mechanically fabricated
plastic seam would add Iittle to the complexity of the fabricator.



Large scale, low cost, solar heat collector

INITIAL STAGE

8/28 lIummel 251

/HEAT SEALING FABRICATOR

~~~

LSINGLE FILM WITH
WIRE SUPPORTS

END VIEW OF SEAL

FINAL STAGES

-:
FILM ·~PPORT WIRES

FABRICATOR

Figure 2. Plastic fabrication
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re.st the upper surface. Very long panels of convenient
width steel wire reinforced panels of plastic will
be streched tautly over this support bed with the
edges of the panels overlapped to minimize air trans
port between the outside winds and the interior.
The additional surface will reduce the quantity of
radiation which reaches the water, with the conse
quence that a total loss still (no heat recovered for
multiple effect evaporation) of this design cannot
re~ch the 80 per cent efficiency that the single cover
still can exceed under laboratory.conditions. However,
the added resistance of two additional air films to heat
conduction and the added resistance of an infrared
absorbing surface to radiation more than doubles
the tlT required for the heat loss. Consequently the
operating temperature will be raised, which will
permit a greater retention of laboratory efficiency
under actual operating conditions. During the summer
a dual cover still may retain an efficiency of almost

60 per cent when a single cover still has dropped
to 45 per cent. During the winter a dual cover still
may retain 40 per cent efficiency when a single cover
still has dropped to 10 per cent. The lower cover also
will not be shaken by the wind to lose condensate
back into the brine and will have no horizontal
segment to hold condensate for such loss or to reflect
additional sunlight. Advantages due to the larger
size sections include proportionately less vapor
leakage, proportionately less area for condensate
re-evaporation, and fewer forming drops of condensate
to reflect the solar radiation.

But these advantages are minor relative to the
question of whether. this design costs less to build
and maintain. First in this respect let us note the
surprising fact that dual covers will most likely
require less total weight of plastic rather than more,
since the upper surface can be thinner or at least as
thin as the previous single surface and considerably
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less area will be required, and the lower surface
can be quite thin. Let us also note that erection and
fabrication of the upper and lower surfaces are
comparable with the problems involved for the
upper surface panels due to plans to use greater
widths for these. panels.

As a reliable starting point, the G. T. Schjeldahl
Company which fabricated the large balloon satellite
"Echo" from Mylar and has fabricated a number of
larger plastic structures including their 500' manu
facturing plant, has given an estimate of $3200-$3600
to fabricate for a one-acre pilot plant, a 230' X 230'
steel wire reinforced ripper cover and four 80' X 200'
lower covers from Mylar and to vacuum pack these
into rolls for delivery. This includes $600 for the
material cost of their special thermoplastic bonding
material, but does not include the costs of the Mylar
or wire. A 60' X 60' section to cover the reference
still area of 2 300 ft2 could be thrown up in a Iew
hours by 4 Boy Scouts, if the materials were on site
and pedestals for the supports were in place. First
two supports on the two sides of the area would
be raised erect with the aid of the transverse wire
they are to support and the transverse wire anchored
tightly at both ends. Then the cover would be unrolled
to a flat folded strip with the wires extending the
length of the strip. Using rings attached to the
extended ends of the wires as handles, the boys
would stake the two ends of the outer wire of the
lowest panel t.o the ground and then flip the remaining
panels off this panel exposing new wire ends. This

would be repeated 17 times rolling the plasic cover
over the support wire until the 34 wire ends had been
tightly staked. Then sand would be shovelled to
close the edges. A fairly strong wind would cause
less trouble to this erection of a surface 60' wide
than it would cause to the erection of a four-foot
section of the reference design. The man hours
involved are probably the same, or less. The lower
surface can of course be unfolded in the shelter of
the upper regardless of wind conditions and then
sealed at the edges and inflated.

The one-acre cover first mentioned would require
more supports (12), four times as many Boy Scouts
for the increased length and more time because of
the increased width, but could be erected in essentially
the same manner provided it were not too windy.
The entire upper cover wire supports included would
weigh roughly 600 pounds. The estimated cost
of fabrication and erection for the one acre still
excluding materials is less than that expended on the
reference stills 1/16 the area. Thus, if better were
not possible, the one-square-mile plant could be
constructed in 640 one-acre sections at a lower cost
than for one square mile of 3' wide sections.

But we are not Boy Scouts erecting a somewhat
spectacular tent with limited equipment. We· can
make full use of our technology and our special
situation which especially facilitates the handling
of huge plastic surfaces whether rolled up or extended.
First of all we are not cramped for space. We have
atleast one square mile available. Second, we may

Unit cost = 29 centsjl 000 gal

Unit cost = 73 centsj l 000 gal

Description

Heat collecting basins
Land cost .
Land preparation (leveling, troughs, and blackening).
Pumps and piping '.
Mylar W1 28 000 000 ft 2, 201 000 lb. . .
Mylar 28000000 ft2, 201000 lb. . .
Mylar 42 000 000 ft2, 301 000 lb. . .
Steel 2 500 000 lb. . .
Concrete . 1 000 cu.yds,
Fabrication unit. . . . . . . . . .
Labor (equipped) : 100 man months.

Operating costs
Labor .
Power and maintenance .

Single effect operation. . •
Water production 4 100000 gal/day

1 353 000 000 gal/year (330 days)

Multiple effect evaporation
Black plastic 56 000 000 ft 2, 402 000 lb . .
Water storage 50000000 gals .
Additional pumps and blowers . . . . . . . . . . .
Vapor reheat system. . . . . . . . . • . •....
Cooling system . . . . . . . . . . . . . . . . • .
Additional power and maintenance. . .. . . . . . . .

Multiple effect evaporation
Water production 14500000 gal/day .

4 785 000 000 gal/year .

Unit price
$

lOO/acre

3.85/lb
I.60/lb
1.60/lb
0.12/lb
80/cll.yds.

Total cost
$

64000
2000000

200000
773850
321 600
483000
300000·

80000
250000
200000

4672450

643200
1000000

700000
500000
700000

8215650

A morlization
%

7.4
7.4
7.4

31.3
31.3
31.3
31.3

7.4
7.4

31.3

17.0
7.4

12.0
7.4
7.4

Annual cost
$

4736
148000
14800

242215
100661
151242
94000

6000
18500
62400

50000
50000

985178

109344
74000
84000
37000
51000
75000

1,416322



have the pumps and the construction up to allow
the area to be flooded with sea water if it is not
already so flooded. \Vater makes an ideal support
for the handling of the plastic. Extended sheets
of any size will slide smoothly over its surface with
no chance for abrasion while the water will hold
the thinnest film flat and out of the grasp of the
wind. If massive rolls are to be handled, their
entrapped air wiII permit the water to support
them without any need for massive frames, axles
and equipment. Taking advantage of this, Hummel
and Rudd (8) discuss the fabrication and erection of
an upper surface in sections l-mile wide and I mile
long, although in fact the length is immaterial.
Special fabricating machines are used to form the
sheet in two passes with the first pass forming a
section wide enough to be used for lower covers.
The fabrication and erection of a complete plant
is estimated to require but 60 man months, with the

~ ..
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Figure 3. Proposed heat collecting basin
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Figure 4. Multiple effect operation
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special fabricating machines costing $250 000. 7 The
addenda of this paper covering cost estimate follow.

In conclusion, compare the reference and proposed
system for a total coverage of one sq.uare mile. The
land costs are the same. The material costs of the
covers arc roughly the same with the proposed system
-probably cheaper, The troughs for the proposed
system definitely cost less. The fabrication and
erection should cost a great deal less for the proposed
system. The black waterproofing plastic may cost
more in the proposed system because the operating
temperatures will be higher, but its fabrication and
installation should cost less. Insulation has been
eliminated. Inspection will be more difficult for the
proposed design, but should matter less. Heat will
be a problem and an expense during the erection
of the lower surface under the upper for the proposed
system but wind should matter less in general.

Minor repairs to the plastic surface will be more
difficult {or the proposed system than for the reference
s~stem because the uppe~ surface will be high and
W!t1lOu~ any means of direct access. A rip of any
dimension m the upper surface would be repaired
b~ passing a mile-long reinforced panel of appropriate
Width OVer the' surface and anchoring it to cover
the hole. The panel or a guide wire could be slipped
up from the side. Small rips will not generally occur
except when something is thrown through the surface
an.d the large. size of either system should limit
t~IS to ~hc pe.nphery. ~ rip occurring during a high
wind Will quickly whip through the entire length
of the panel for either system and in the reference

f TIle machine and the operation has been discussed in detail
with the G. T. Schjcldahl Company personnel and, although
they brought up several additional aspects (such as the need
to preproc~ the M)'lar rolls to replace duPont splices with a
thermoplastic bond), they ended in general agreement with
thc cost and time estimates,

system this may relieve the air pressure 'uid cause
the remaining panels to go also. A large r i;: probably
costs a comparable amount for both sysr-rus if the

. reference system uses long cells. Extcn-.. cc repairs
for the reference system would cost 1: '.TC than
complete replacement for the proposed ..ystcm.

It is necessary for maximum efficicmt hat the
transparent surfaces remain clean and de ,1I1d that
the black surface remain free of depo, . Present
experience is that rain keeps the , " surface
reasonably clean in most locations and t L I; deposits
need not occur if the degree of concei ration is
limited.

Operationally the proposed design shou-: produce
a bit more water especially in winter even III a total
loss version, and this becomes much 1:;(lrC when
multiple effect operation is added. Figu. \' a shows
multiple effect operation and figure -1 ;', a table
giving estimated costs for water producc: by total
loss and multiple effect versions. More ,[.-tail was
given in an earlier paper (1). The prr... .rct water
from the total loss version proposed ill is less
desirable than that of the reference still f\l drinking
because of its higher temperature. Thi defect is
not shared by the complete system whi.' supplies
cooled water and could market hot wat: .lso as a
by-product. Another by-product which vnould be
considered for any system of large out; t is salt
pro.ducts. That these must pay in some c -s can be
easily proven by considering locating th.. .;till by a
location now producing salts by solar c:,'poration.
Feeding this evaporator with a concent: .icd brine
would permit it to produce more salt i, less area
reducing its handling and possibly Jiiirification
problems. The writer's feeling that th« prospects
are better than this are given in the table showing
the cost estimate, above.
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Summary

It is proposed .that ~ multiple layer, transparent
cover of steel Wire reinforced plastic film can be
mechanically fabricated and erected in very huge
sections and at very low per area cost by the use of a

flooded basin of large dimension to provide wat~r
su~port and control of the huge sheets during fabri
cat!on an~ erection. The wind cannot pick up and
whip to pieces a plastic surface that is resting upon



lIummtl

1 \\~, tting an undcrsurface by bulk watcr removes two inter
faces .ud adds but one, and is thc rule for plastics while wetting
an U)'i'er surface by spreading is the exception since it adds
two r.it crfaces and removes but one. .

2 C. T. Schjeldahl, fabricators of the satelloon "Echo", have
esti III " led their fabrication costs for the reinforced surfaces for
a l-a'Te plant.

"'/1

UN COLLECTEUR DE CHALEUR SOLAIRE DE GRAT'DES DIMENSIONS
'ET DE','PRIX MODIQUE; SON APPLICATION A LA CONVERSION

DE VEAU DE MER EN EAU DOUCE

Risumc

On propose la fabrication rnecanique d'une pellicule
de composition plastique transparente, faite de
plusieurs couches et renforcee par du fil d'acier, ainsi
que son montage en panneaux gigantesques aun cout
tres modique par unite de surface, en se servant
d'un vaste bassin plein d'eau qui jouerait le role
de support aces enormes feuilles et les tiendrait en
place pendant leur pose. Le vent ne peut pas enlever
une surface de composition plastique et la dechiqueter
si elle repose sur de I'eau qui, en meme temps, la
mouille.s Pour autant qu'une enorme surface suscep-

1 Le fait de mouiller une surface infericurc par une m~
d'eau elimine deux interfaces et n'cn ajoute qu'une, et est de
regie pour les composes plastlques, tandis que le fait de mouillcr
~ne surface supericure est cxceptionnel. puisqu'i! ajoutc deux
mterfaces et n'en climine qu'une seulc.

tible d'Ctrc inondee ct les moyens de la COU\T1r ainsi
d'eau de mer sont des conditionsprCJiminairesn~
saires a toute entreprise de distillation solaire a
grande echclle, on suggere que des bassins de distil
lation solaire peuvcnt etre construits de la sortc
ponr convertir l'ean de mcr cn eau donee dans des
conditions relath·cmcnt economiqncs. On examine la

"conception et le mode de Ionctionncment d'un
semblable alarnbic solaire,

Point n'est besoin, cependant, de s'en rcrnettre
a une installation de grande cnvcrgure on de bite
appel a des techniques specialcs de fahric-atian et
de montage pour rCaJi~r un avantage ('On~idmhl('
sur le plan des frais de premiere ill$tall.ltion et <Y'Jui
de l'exploitation quotidicnnc, "ace n la conception
merne d'une tclle distillcric solairc, On c'xaminc done.'
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egalement le cas d'une installation a petite echelle
disposee de la maniere circulaire classique avec ~es
surfaces prefabriquees," car .Ies interesses sont bien
familiarises avec les elements en cause sur la base
de l'experience acquise avec les distillateurs solaires.
Pour faciliter au maximum l'appreciation des avan
tages et des inconvenients du systeme propose,
ainsi que leur importance, quand on les rapproche
des methodes plus classiques, on a precede a une
comparaison complete et detaillee du projet sou1?is
a une technique de realisation et de. fabrication
des surfaces en composition plastique connue et
eprouvee,
. La version a grande echelle du distillateur solaire
occuperait une surface d'un mille carre (2,56 km").
Elle serait constituee par des bassins a fond noirci
de 50 a 100 pieds de large (15 a 30 m) sur une longueur
de 1'ordre du mille (1 600 m) (1'augmentation de la
longueur ne souleve pas de probleme), separ~s

par des auges de condensation en forme de demi
conduit et recouverts, en premier lieu, par une mince
couverture de condensation (appelee couverture
inferieure). Une couverture superieure s'etend sur
toute la surface (protegeant done completernent la
couverture inferieure de tout .contact avec les vents
exterieurs). Elle est realisee en deux couches, tendue
et maintenue raisonnablement plate par les fils de
renfort en acier convenablement disposes tous les
quatre pieds (1,2 m), lesquels jouent ainsi egalement
le role d'entretoises entre ces deux couches. La couver
ture superieure est faite de panneaux d'une longueur
d'environ 1 600 m (la encore, la longueur ne souleve
pas de probleme) et aussi larges que possible. On
prevoit que le recouvrement des bords de la substance
plastique constituera un joint suffisamment etanche,
Une unite plus petite (dont la largeur ne depasserait
pas 50 pieds, ou 15 m) presenterait la meme largeur
que le bassin elementaire et la largeur de la couverture
inferieure serait la merne que dans le cas precedent
avec des bassins plus courts et moins nombreux,
pour autant que la compression de frais la plus impor-

2 La maison G. T. Schjeldahl, fabricante du ballon satellite
« Echo », a evalue les frais de fabrication des surfaces renforcees
pour une installation couvrant un acre ou 0,4 hectare.

tante reside dans la reduction du nombre de bords
de bassins sur lesquels il faut faire des Joints etanches
a la main.

Les comparaisons qui suivent entre la formule
projetee et la conception prise comm.. terme de
r~ference ont ete suggerees pour toutes les tailles
d'evaporateurs ou distillateurs, depuis le" [,IuS grands
jusqu'a 50 pieds sur 50, ~ais elles donne.rt habi~uel

lement des resultats extremes pour les grcades tailles.
1) Les frais d~ main-d'eeuvre a!fe!ents a 1·i.'1stall~ti?n

sont bien moindres pour le distillateur rJropose (ils
constituent le plus gros poste pour le .projet pris
comme terme de comparaison). 2) Les frr.is afferents
aux materiaux plastiques sont a peu pres les memes
pour les deux formules (un panneau expose au soleil
et relativement plat a une surface momdre que celle
des autres formes et offre moins de prise au vent).
3) Les deux techniques sont a!'epreuve des ourag~ns,

mais celle que represente le terme de c;)mparalso~

sera detruite si la pression d'air tombe (In si cet air
s'echappe, 4) Les petites reparations seront plus
cofrteuses, avec le projet soumis, que clans le cas
auquel on le compare, mais pas d'ui.- difficulte
excessive. 5) La formule projetee transrnet moms
de radiation solaire a 1'eau, mais les u.mperatures
de fonctionnement plus elevees qu E;nt' autorise
assurent une utilisation plus efficace ct2 l'energie.
En consequence, le distillateur choisi cornme terme
de comparaison produit davantage que l'c;"tr~ lorsque
les flux de rayonnement sont tres grand;." mars moms
dans les conditions de fonctionnemenr normales.
6) Les temperatures d'exploitation r.Ius elevees
qu'envisage la realisation proposee pcrrnettent la
construction d'evaporateurs a multiple effet avec
recuperation de chaleur.
. La derniere comparaison, qui est egalement la l?lus
importante, reside dans le fait que des prix de revler:t
compris entre 0,60 et 0,80 dollar les mille gallons (pnx
unitaires) pour le distillateur de grandes dimenslOns
peuvent etre serieusernent envisages, tandis que les
modalites actuelles doivent envisager des prix de
revient beaucoup plus eleves, Si on ajoute l'evapora
tion a multiple effet, le chiffre tombe a 0,30 dollar
par mille gallons.



11: certain .pa~ts of !ndia, par~icularly the north
western .serni-arid region of Rajasthan desert the
sub:-',oilwateri~ bra~kish and unfit for drinking. Trial
boriigs made III this area show existence of sub-soil
water at many places at depths ranging from 40 feet
to a few hundred feet. With some exceptions much of
t~e wat~r-bearing strata contain water with a fairly
high mineral content making it unfit either for
drinking or for irrigation. The Rajasthan region
offers vast scope for utilisation of solar energy for
purposes of demineralisation, and the economical
conversion of saline water offers a challenge to solar
scientists. The conditions here are almost ideal from
the point of view of solar conversion since the
region has bright sunshine for most of the year, and
the .nm angle is high.

Though the use of sun's energy for distillation of
water eliminates the cost of fuel, the first cost of
inst.-Ilation may be excessive and together with the
maintenance costs the whole scheme may be wholly
unremunerative even for the limited purpose of pro
viding drinking water for men and animals, let alone
irrigation.

Various methods and devices have been tried to
make solar distillation processes more compact and
less expensive to install and in this connection ref
erence may be made to the work of Maria Telkes (1)
particularly regarding the wick type distillation
units, whose higher efficiency holds out promise
of much wider use once the basic problems of a suit- .
able wick material and of means of keeping it wet
are satisfactorily solved.

Keeping in view the vast scope for practical utilisa
tion of solar energy for distillation, it was decided
to obtain some data on the conventional types of
distillation units. In the conventional type of still,
saline water is contained in a shallow metal basin
with blackened surface resting on some insulating
material. Above this basin, sloping transparent glass
surfaces are provided. These surfaces slope downwards
into small channels at the sides along the length of
the basin. Suitable pipe connections are provided
to fill the basins with saline water and to dram out
fresh water. The two side channels in which the
condensed water flows are given a little slope to
allow the distilled water to drain and collect in
suitable containers.

In operation solar energy is absorbed on the
blackened bottom of the metal basin which is thus

5/115

EXPERIMENTS ON DEMINERALISATION OF wATER IN NORTH INDIA

M. L. Khanna * and K. N. Mathur **

warmed and the evaporation of the warm saline
water saturates the enclosed space. The vapour
c~mdenses on the sloping glass plates (which are kept
somewhat cooler by the outside air draughts) and
condensed water flowsdown to collect in the channels
provided. The ~epth of water in th~ basin is usually
kept about an Inch or so. As a vanant on this con
ventional design, .some workers in the USA have
employed deep troughs about a foot or so in depth.
This cons"tru~tion has the merit .that the troughs
c~n be ?Ullt right o~ the ground WIthout any insula
tion, Since a considerable quantity of water is
,,:armed up, the distillation process continues by
night also. G. Lof (2) has carefully compared the
efficiency of the deep and shallow types and has come
to the conclusion that the two efficiencies are about
the same, though the distillation process goes on
more uniformly over a 24-hour period in the deep
basin type. LOf estimates the utilisation efficiency
in either case to be about 50 per cent. Experiments
made mostly in the USA have been directed towards
cheapening the cost of construction. Use has been
made of plastic sheets for lining the sides of the
basin and also replacing glass sheets on the top.
Thus, a trough can be formed on the ground itself
and lined with a thin black film of a material like
polyethylene. The top glass could be replaced by
a transparent film of a polyester like Mylar which
has proved to be quite durable.

A type of distiller used by Maria Telkes (1) employs
a tilted basin in which the saline water is retained
in a porous fabric. Means are provided to feed the
saline water slowly at the top. The tilted surface
facing south and orientated at the correct angle can
gain much more heat than a horizontal surface and
has been found to be more effective. .

Though the. use of plastic materials appears to
be simple (3), yet the economy of its use remains to
be seen. Plastic cover material suffers from two
important disadvantages. Firstly, since the surface
is not wetted, condensation of water takes place in
droplets and these instead of coalescing and running
down in. a stream, as on glass, continue to grow
until they drop down by weight. The droplets act
as lenses of very small focal length and thereby
cut off a considerable portion of solar radiation with
consequent fall in efficiency. A second effect is
that the plastic material is more easily scratched
by dust particles than glass and in areas subject to
dust storms the ground glass effect caused by the

" abrasive action of the dust particles can re.due.C
* National Physical Laboratory of India, New Delhi, A. N D lh" efficiency to a very considerable extent. gam m
** Central Scientific Instruments Organisation, ew e 1.
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, Fll1ure 1. Side view of solar still dimensions:
A _ 4 It 2 in, D = 3 It 8 in; a "" c == 150 and b == 1500

areas subject to high winds and storms, the plastic
material is liable to be torn off. In our experi
ments, therefore, we have preferred to use the
conventional arrangement which has the virtue of
long life and low maintenance costs, The question
of the orientation of the stills is also of some impor
tance and we have tried to investigate if there is
any marked effect of orientation on the field of
distilled water. For this purpose, the stills were
arranged with their lengths along east-west and
along north-south directions. Experiments are in
progress and no conclusive results have yet been
obtained. However, if a number of units have to
be arranged in rows, then the rows should preferably

run north-south, since the sun, in this arrangement,
will not be obstructed by shadows of one row falling
on the other. Also, since the prevailing winds in
Delhi are mainly east-west, it follows that in rows
running north-south the glasses will offer more surface
to the wind than the east-west orientation and thus
may produce somewhat greater cooling effect on the
glass and hence greater condensation of vapour.

Construction of the stills

The framework was' constructed as shown in
figure I from ordinary cheap wood and installed on
a masonry platform, The metal basin measuring
8' X 3' 8* X It" deep was made out of galvanised
iron sheet and was painted black with a bituminous
paint. Two inches of sawdust was used as insulation
for the tray. For collecting distilled water sheet
zinc was used for making channels.

One filling of water in the tray could last for three
to four days. The tray was only cleaned as needed.
In any commercial unit an' automatic 'arrangement
for cleaning and refilling of trays will have to be
employed. Figure 2 shows a photograph of a solar still.

Observations

The data accumulated over a year 'are given in
table I in which the daily output has been averaged
over each month. It will be seen from the curve in
figure 3 that while there are appreciable variations
in the volume of water collected each day, the
monthly average values give a fair idea of the output
of distilled water. The variations in day-to-day
output arise no doubt from change in the weather
conditions such as clouds, haze or dust in the atmo
sphere, the' ambient temperature and the velocity

Table 1. Showing average dally output of solar distilled water In l1allons per sq ft per day monthwlse in a year of 1959·60.
Fll1ures In parentheses show litres per sq m per day .

},folflh
Diml;"" 0/ slUl

J"". Fib. At"re" Af>ril },f"7 J,,,.. J..17 Aug. Sept. OCt. Nov. Vet.

Long side placed
north-south . .028 .037 .040 .054 .059 .057 .058 .060 .061 .055 - , .029

(1.3!) (1.S0) (1.93) (2.60) (2.85) (2.75) (2.80) (2.90) . (2.97) (2.67) (-:-) (1.41) ,

Table 2. Chemical analysis 01 samples 01 water used for distillation and 01 the distilled
water collected. .

Riv"fIJ_ S ..b-$oil "'ale,
/'0'" .. tube-",eU Solu distilled flJaIe,

Pn- .
Conductivity in dionic units at 33·C.
Total solids, ppm. • •
Iron, ppm ••••••
Other metals tested ••••..••

7.3
357
181

8

7.4
2 857
1 706

12

6.3
17.8
10.8
4.0

Zn, Cu, Sn
absent
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•·Igure 3. Cun-e showln~ norord of clal\)' output of • toOlar
stili In gallons of waler .,er day (1959.60)

and direction of wind. Table I shows that these
var iations are largely cancelled out if we consider
the monthly averages.

I! would appear that with the advent of summer
mol': lis, i.e., beginning with March, the output of
dist: led water begins to show an appreciable increase.
Th« -mtput during the five months May to September
ren: ins at a fairly constant high value which is
alnust twice the output of the winter months
De: mber and January. This is a very satisfactory
feat .re since the requirement of water by any corn
mu« ty will be the highest during the summer
mm' hs. It may also be remarked that the output
doe» not seem to show any marked diminution
during themonsoon months.

F! orn the data presented, the maximum output
is Sti'n to be about .058 to .060 gallons per sq ft per
day, i.e., it will require approximately 16 to 20 sq ft
of distilling area to yield a gallon of solar distilled
wat..r. If we take a community of 100 people for a
small village, the minimum daily requirement of
watvr will be about 500 gallons taken" at a rather
mea 'ire figure of 5 gallons per head of population.
To .-btain this quantity of water, the distilling area
ne('(:"d comes to 10000 sq ft. If a distilling unit is
mad': 2t ft wide and we separate each row by a
dis: ": nee of 2t ft, it will be seen that a total ground
arc: of one acre will yield about 1 300 gallons of
wat. r per day. It may be possible to somewhat
redu-:e the separation between the rows and thus
to (;,tain a daily yield of up to 1 500 gallons per acre.
Thi- quantity of water a~ the rate of cons~m~tion
of ;; gallons per head WIll be able to maintain a'
village community of 300 people or 250 people with
40 to 50 heads of cattle.

I~' is not possible at this stage to estimate the cost
of ;,11 installation of this magnitude. So much will,
in any case, depend upon the locatian. There are
many remote areas in Rajasthan, where the water
situation is extremely acute and the only supply
available is what is delivered by the cameleer who
bring it in leather bags f~om distant sources; In our

Figure 2. PhotqgrliP.~ of II solar stili
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estimate of requirement we have taken a figure of
5 gallons per head. For remote areas, situated ~t

large distance from potable ~ater supply sour~es~ It
may be safe to reckon the dally demand of drinking
water at a lower figure of 2t gallons per head, which
will require only half an acre of installation, thereby
reducing the first cost to half the .amount. On a
very rough calculation the cost of installation works
out at Rs. 4/- per sq ft. If a large area is to be
covered we may take a figure of Rs. 2/- per sq ft
as a workable minimum. Thus a distilling area of
10000 sq ft will cost Rs. 2~ 000 exclusive of. cost
of land. This we reckoned will suffice for a village
community of 100 people at 5 gallons per head or
200 people at 2t gallons per head. It is presumed
that the unit will be erected near the source of supply
which may be an open well. Some means will have
to be found for drawing this water from the open
wells or tube-wells. In areas not supplied by elec
tricity, a small pump worked by a 5 hp diesel engine
will fully meet the needs.

In Table 2 is given the chemical analysis of
samples of water used for distillation and of the

distilled water collected. Improvements in still
construction are under way so that sol.-r distilled
water may be able to meet the Indiar. Standards
Specifications for distilled water.

Conclusions

It appears froni t~e foregoir:g. that :' solar st~ll
installation is. a practical proposition for :-mote a.nd
areas having no potable .water supp~y rit havmg
a sub-soil supply of brackish ~ater. Sme!, th~ needs
of such communities are exclusively for d~mkmg and
cooking purposes for themselves and for drink~ng

purposes for their draught cattle.: a solar 1i1s.tallatlOn
can bring much relief. The somewhat J11gh first
installation cost will be to a fair extent compensated
by the low working costs. Howeyer, .bef~re a. large
scale experiment is conducted, It ~Ill. ,JC .d1f~.cult

to be certain of the full economic implications.
However, the benefit it may give to remote village
communities in arid areas impels the scheme to be
given a trial on human considerations ak:le.
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Summary

The semi-arid region of Rajasthan offers vast
scope for utilisation of solar energy for purposes of
demineralization of saline or brackish water. Condi
tions are almost ideal since the region has bright
sunshine for most of the year and the sun angle is high.

Experimental results of extended observations
made on distillation of brackish sub-soil water from
a tube-well using a solar still are presented. One set
of observations extending over a year were made on
a conventional type of solar still made from such
commonly available materials such as galvanized
iron sheets for making troughs, ordinary window
glass fitted in a frame of cheap wood and sawdust

and rock wool as insulating materials. Experiments
with this still, with its long side placed east-west
and north-south, are' in progress.

Beginning with March, the output of fresh water
shows an increase. During the summer months the
output remains at a fairly constant high value of
0.058 gal. per day per sq ft (2,8 litres per day per
sq m). This is satisfactory because, the water requ~re
ments of any community are' the highest during
these summer months. The output of fresh wa~er
has been discussed in relation to a village commulllty
of 100 people with water requirements of 5 and 2tgal
lons per head.

EXPERIENCES SUR LA DEMINERALISATION DE L'EAU EN .INDE SEPTENTRIONALE

Resume

Le Rajasthan, region semi-aride, offre de vastes
possibilites pour 1'utilisation de l'energie solaire a
la demineralisation des eaux salines ou saumatrss.

Le~ conditions y sont presque ideaies car, d~ns. cette
r,eglOn, le soleil est brillant pendant la majorite de
1annee et monte haut dans le ciel.' ..
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Les resultats experimentaux obtenus a la suite
d'observations prolongees faites sur la distillation des
eaux saumatres du sous-sol fournies par un puits
tubu hire faisant usage d'un alambic solaire sont
deci its dans le present memoire, Une serie d'obser
vatir-ns faites au cours d'une annee portent sur un
type classique d'alambic solaire construit avec des
mat-xiaux d'emploi commun tels que des toles
galvuisees pour les auges, du verre avitre ordinaire
dan: un cadre fait d'un bois peu cofiteux et de la
sciu»: de bois et de la laine minerale comme produits
isolaits. Les experiences avec cet alambic, dont le

cote le plus long a ete oriente est-ouest et nord-sud,
sont en cours.

A commencer en mars, le debit d'eau douce est en
augmentation. Pendant les mois d'ete, iI reste a un
niveau eleve relativement constant de 0,058 gallon
par jour et par pied carre (2,8 litres par jour et par
metre carre). Cet etat de choses est satisfaisant, en
ce sens que les besoins d'eau de toute communaute
passent par un maximum pendant ces mois d'ete.
Le debit d'eau douce a ete examine pour une commu
naute rurale (un village) comptant 100 personnes,
dont les besoins d'eau sont de 5 et 2,5 gallons par tcte.



8/89

ENTARTRAGE. ET, INCRUSTATION DANS LES DISTnLATEURS 'SOLAIHFS

G., Lejeune *

L'entartrage par les eaux saumatres
du Sud-Algerfen

en sulfate .de chaux.Ceiui-Ci 'se: depose ,\'5 que-la
concentration se 'prodMt en dormant fill depot
cristallise adherent tres difficile a elm; ::!er par la
suite sans avoir recours aun demontage d, l'appareil,
ce qui est souvent tres delicat.

Ceci nous a conduit a rechercher une ,,:Cthode de
traitementsimple ayant pour but cl ,!iminer le
sulfate de chaux tout en respectant le-, normes de
potabilite : precipitation des sulfates p:ll le chlorure
de baryum, et controle de la presence FJ,ible d'ions
baryum dans l'effiuent. On peut alors cyi ter l'entar
trage en se contentant d'une vidange p,:,';odique de
l'appareil avant qu'il ne se forme un d,';,\t de chlo
rures.

Il nous a paru bon d'abord, etant do" C les diffi
cultes que presentent aussi bien la rec1i·,jution du
sulfate de chaux que le demontage cL • appareils,
d'etudier la possibilite d'un traitem(:~. prealable
des eaux en tenant compte de la necec d'eviter
la presence de sels de baryum soluble: : ans l' e~u,
ce metal etant tres toxique pour l'organi-vie humain.
Ensuite, il nous a semble interessant,' etudier la
decomposition des solutions de bicarbon. ~l; de soude
exposees a l'atmosphere pour mettre {f: evi~~nce
le processus le plus lent qui regit cette dcc ..mposlt1?n.
Les solutions de bicarbonate presentant ':i1e ten~lOn

de dissociation proportionnelle a la cOj1centratlOn;
il etait interessant de mettre en evidence l'influence
des sels etrangers sur cet equilibre.

Ces eaux chlorurees calciques et magnesiennes
sont pratiquement saturees en sulfate de cha~x;
leur teneur est voisine de 2 g par litre. Or, il es~ blen
connu que si -les inhibiteurs d' entartrage ralent1sse~t
la decomposition des bicarbonates et evitent le grOSSlS
sem~nt des cristaux fixes sur les parois, ils n'ont
pratiquement aucune action sur les depots de s~lfates
peu solubles. Les appareils de .distillation solalre du
type serre, Iorsqu'ils sont alimentes avec les eaux du
Sud, se remplissent rapidement de depots de gyps.e
tres difficiles a eliminer sans demonter l'appareI1
pour .e~ectuer le nettoyage, ce qui pose le probl~I?~
des joints de verrieres, Le mastic souple utlhse
devi~nt en effet tres dur au bout de quelques m.ois, et
le demontage est alors aleatoire et ne se fait pas
facilement sans casse.

Nous pensons que l'on pourrait pallier ce defaut
en effectuant uneepuration prealable, eliminant les
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de recherches, Institut de l'energie solaire de I'Universite d'Alger,
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La' distillationdeseaux saumatresoude .l'eau de
mer au moyen de l'energie solaire est un des problemes
les plus importants que pose l'exploitation des zones
arides, qui sont generalement tres ensoleillees,
Encore faut-il que les appareils utilises soient de
construction extremement simple et bon marche,
qu'ils puis sent fonctionner avec un minimum de
surveillance, et que leur entretien soit aise,

L'Institut de l'energie solaire de I'Universite
d'Alger, qui s'interesse 'plus specialement au deve
loppement des regions sahariennes ou 1'utilisation
du rayonnement solaire peut se faire dans les meil
leures conditions, a constitue une unite de recherches
particulierement orientee vers les problemes de distil
lation des eaux saumatres qui se trouvent en quan
tites relativement abondantes en de nombreux
points du Sahara.

Les appareils de distillation du type serre resolvent
le probleme, mais a relativement petite echelle.
Ils n'en presentent pas moins un tres grand interet,
car ils permettent la production de l'eau de boisson
pour les petits groupes humains qui sont obliges de
vivre ,dans les postes eloignes : postes meteorolo
giques, missions de prospection geologique, postes
militaires, etc. Leur rusticite et leur exploitation
facile sont une condition essentielle a leur succes:
or l'experience montre qu'ils s'entartrent tres rapide
ment, avec formation d'incrustations tres dures,
et leur nettoyage se fait avec beaucoup de difficultes.

L'utilisation des eaux saumatres dans les distilla
teurs solaires amene, en effet, au cours de I'evapo
ration, la precipitation des sels peu solubles comme
le sulfate de calcium, ou instables comme les bicar
bonates.

Si une installation industrielle a gros debit peut se
permettre un service de traitement prealable des
eaux, les appareils de distillation solaire, prevus pour
une petite production d'eau d'alimentation humaine
dans les lieuxdesertiques, posent le probleme d'une
maniere bien differente :

a) Il n'existe generalement pas de technicien
averti pouvant faire une correction complete deman
dant une installation qui n'est plus rentable a cette
echelle ;

b) La caracteristique des' eaux desertiques est
d' etre non des eaux tres chargees en chlorures
solubles, comme c'est le cas de l'eau de mer, mais au
contraire des eaux sulfatees pratiquement saturees
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se~e' sans risquer d'entartrage notable, meme en ne
fal~an.t que des purges espacees tons les deux ou
trois jours. ... .

La decomposition des solutions' de bicarbonate
de: soude

.Le. bicarbonate de soude en solution. subit une
reaction de dismutation ; il se forme du 'carbonate
n~utre et de l'acide ca~bonique instable qui se
decompose en gaz carbomque et eau. Si la surface
de la soIu~i~n est en contact avec I'atmosphere, on
peut considerer que la teneur en acide carbonique
y e~t. nulle. Comme, d'~pres la loi de Henry, il y a
eqmhbr~ entre la tension du gaz,carboniquedans
la SOIUtIO~ :~ celle qui existe dans l'atmosphere, le
gaz tend a s echapper de la solution et cette derniere
voit sa composition varier. 11 etait interessant de
mettre en evidence les facteurs qui influent sur cette
decomposition. . , ' . , '

. Dan? m~e ,premIere serie d'experiences, des solu
tI~ns a differentes concentrations ont ete placees
sort dans des bechers a25° et 60°, soit dans des tubes
a essais a 60°. La teneur en bicarbonate restant est
dosee en fonction du temps: Le tableau 1 resume
les resultats obtenus. . " . ,

~es experiences conduisent a faire les remarques
suivantes : . " '
.a) Le taux de bicarbonate restant est independant

de la concentration initiale de la solution. Le pro
cessus qui determine la vitesse est done un processus
du premier ordre ; .

b) Le coefficient de temperature entre 25° et 60°
estvoisin de 8, et on sait qu'en. moyenne la vitesse
d'une reaction double quand la temperature aug
mente de 10°, alors que le taux d'augmentation d'une

- vitessede- diffusion est de 1,25 seulement pour 10°
ce qui correspondrait aune augmentation voisine de
2 pour passer de 25° a 60°; 0

c) Le rapport des vitesses entre bechers et tubes
a essais est de 12, alors que le rapport des surfaces
est de 16 et celui des hauteurs des solutions est de 10.
o Cette premiere serie d' essais ne permettant pas
demettre nettement en evidence le role des diffe-

Entartrage et incrustation dans les distillateurs

sulfates, Cette operation ne peut: se faire '
til t 1" 1 bili , qu enu ~ ~:~n lllS0.u t,lte du. sulfate de baryte. On a

utilise autrefois 1epuratlOn par un melange, de
carbo?ate de baryum et de chaux, methode aban
donnee comme trop cofiteuse.

Ut1lisee' avec les eaux du Sud, cette methode nous
avo;3 pu. le const~ter, donne des resultats i~teres
~anv,. ~aIS elIe l?resente le defaut de demander une
instzllation d'agitation, le melange solide devant
rest~,"~; en. suspension pendant deux heures pour que
Ies 1 eactions ,~hlll.11ques puissent s'effectuer: 11 ne
restr- plus qu a, f~~re une decantation, et le 'liquide
surl1,igeant ne corttlentpas de sels de baryum solubles
tOXI; luespour l'organisme humain. '

, N',';U~ avonsdonc etudie un precede plussimple :
,I addition dec,h~o~ure de baryum en quantitesutti
sank" pour precipiter les carbonates et les sulfates.
~l sll:fit de melanger en quantite convenable' I'eau
a tr-citer et la quantiteequivalente de solution' de
chk,?re de baryum, puis de laisser deposer pendant,
la :r:-lIlt le sulfate de baryte produit; il ne reste alors
qu' a decanter l'eau traitee, , :.,

Le ,sulf~te de baryte peut d'ailleurs etre utilise par
les Idroher,s pour les ~oues.de ~orage, si la quantite
obtE'iUe presente une certame Importance. La me
thod; est tres simple" mais elle risque de laisser des
sels -olubles debaryum dans I'eau en cas de sur
dosa.e. : " ~'j' ,"

, 0 'i peut effectuer facilement l~ control~ d~ l' abs~n~e
de l'·,.ryum au moyen d'une reaction a la touche sur
pap. T, tres sensible (la coloration rose d~ rhodi
z?n" ,e, ?-e baryum, quipeut se faire sans avoir a, sa
~lspSltIon un laboratoire complet). Une correction
ever. ruelle pent etre faite par une addition convertable
d' eel'[ brute. '

" , U n essaJ-.Pt~tlqU~ a ete effectue au l~boratoire ave~
une eau, de .provenance d'El-Oued, titrant 186°
hydwtiriJ.etriques et contenant environ 2 g de sulfate
de calcium par litre: Evaporee directement, cette
eau . commence . a deposer lorsque son volume est
reduit a 80 p. 100 seulement et donne deja .environ
~ .. g p~~ litre de depot lorsque son volume est reduit
a lnOltIe. Traitee au chlorure de baryum et reduite
au 1/20, le depot qui se forme est seulement de I'ordre
de 0,05 g, ce qui permettrait d'utiliser les appareils

Tableau 1

Duree ''de
,I'experience
(en heures}

Bechers Tubes aessais -

Temperature.
"

, 25° 60° 60°

1 89,7 % '89,5 % 64,3 % 64,3 %
2 84,8 % '84,8 % 53,1 % 53,1 %
3 ' '79,3 %, ·76,9 % ,41,4 % 41,4 %
4 ' ./ " 't' .74,5 % 74,2 % , 34,8 % 34,2 %
5 70,7 % 69,5 % 28,1 % 28,0 %

, 17,5 50,9 % 48,9 % 9,8 % 9,1 %
, ~ ,

24 45,7 %,' 46,1 % '4,5 % 4,0 %

saturee au 1/10Concentr~tion initial~. .
Teneur en bicarbonate

restant
. ,i

,sat~ree au 1/10
"

saturee au 1/10

93,7 %
91,1 %
88,2 %
84,7 %
81,2 %
57,9 % '
53,1 %

94,2 %
90,7 %
88,2 %
84,7 %
81,2 %
57,9 %
53,2 %



1l1.V. production d'~au deuce

TAblfAU 3

T.blfAU 4

ItAl'J'Oft <l1"!I aur·
fa(l"!I. 1,4 2.2 4.7

Tall11 .11' 1,,0",
I","AI" ""'tAnt. M~.~ 1\8 ~~ M~~ r.o ~~

Hauteur du
li<1ui<le • . 2cm 4 cm Gem 8cm 10 cm

Tatlll de hkAfbo-
nate ,"lAnt. . GU'~ 73 ~,~ 81./1% M'~ lU./I':-~

iI Y a e\'aporntion irnportante de l'eau, Le Iacteur
obsc;'T\'c correspond sensiblcment au rapport c!C'S
tensions de vapour de l'cau it 2,')° r-t 110°.

La mesure de In tension d'cqulllbre
du gnz cnrbonlque

Lorsque la solution n'est plus en contact avee
l'atmospherc mais se trouve en presence d'un volume
d'air limite, la tension partielle du gaz cnrbonique
va nugrnenter jusqu'a une certaine valcur, Elle se
stabilise quand la loi de Henry est satisfaite.

Cet equilibre est tres lent a s'etablir: Cl' qui est
normal, puisque dcja en presence d'une concentration
pratiquemcnt nullo en gaz carbonique dans l'atmos
phere, nous avons pu constater que la decomposition
dcmandait plusieurs jours,

Par centre si, an lieu de laisscr evolucr le systeme
de lui-meme, on le soumet aune agitation cnergiq\lc,
on constatc que la prcssion particlle monte asscz
rnpidemcnt, et on obtient la pression d'equilibre
au bout de quelques heurcs sculerncnt. 11 nons
semble que l'on peut comparer cc resultat au fait
qu'il est possible de chaufler de l'eau convcnablemcnt
MgazCc ncttcment au-dessus de 100° sans provoquer
l'cbullition, s'il n'y a pas de centres favorisant I.a
formation des bullcs de vapour, Cela exphqueTalt
d'ailleurs le fonctionnement des inhibitcurs d'cntar
tragc qui evitent le dCgagemcnt brutal de gaz carbo
nique par formation de bulles: le depart de gaz C.1~\)()
nique ne se fait plus que tres Icntement par diffusion.

Nous avons done chcrche a mcsurcr la tension de
gal. carbonique d'equilibrc en fonction de la conce~

tration en bicarbonate de soudc, d'abord scul, plllS
en presence de differents sels. Des resultats intc
ressants ont alors pu ctre mis en evidence :

a) Si, pour le bicarbonate de soude seul, la tension
d'Cquilibrc crolt proportionncllement a la COllcrn
tration en bicarbonate, aHant de 36 mm de mcrcurc
pour 2 p. 100 a102 mm pour 6 p. lOO, cc qui co~
pond a une concentrntion en gal. c.1rbonique hbrc
de I'ordrc de 1/100 de la concentration en ion bic.1f
bonate, d('S resultats tres diffcrents peuvent ctrc
obtcnus en presence de sels neutrcs.

b) En presence de concentration!'> crois5.1ntcs dc
chlomrc de sodium, la tension d'cquilibre de gat
c.ubonique erolt legcrcment, cc qui correspond it la
diminution de solubilite du gaz C<1rbonique dans IcS
solutions de sels.

c) En presence de chlorure de magnesium, l'auS·
me!,tation d~ prcs.t;ionest ncttement pIllS imlX?rtante,
mollS cc qlll nOIlS a semble intcrcssant :\ slgnalcr,
e'C$.t qlle si I'on fait la mesure en presence de chlo~lrc
de c..dcillm ou de chlomre de baryllm, la prcs.t;!on
d~\;ent pres de 50 fois pIllS forte, camme si tO\lt I'lOn
bIcarbonate pr~nt ctait dkompose en donnant
du carbonate insoluble et d\l gaz carboniqlle Iibrc.

~ous avons done I'intention de contin\ler ccUe
ctude pour determiner Ics conditions les plus ~a"O
rabl('S pour ceUe mise en libertc d'acide carbontq\le.

AU 1/10

117%

AU 1/4au 1/2

Tabl,au :I

Concl"nl,atln\l do
la .. 'll1u"\I •• ..tunlo

Tallll <II' hiea"
h""alo ,",I ant. (10 ~

rent s Incteurs, trois nouvelles ~rit"S ont alors eh~
r(fC'ctll("t'~ en ne changeaut cI"e l'un drs Iacteurs a la
'(lis.

I) VI\t· "{-ric est dfrcllll'-e dans d~ b(-cllt'rs ideu
tiques, avec line hauteur de liquide eonstante et line
s\lrfncl' identique: les r!\.-':Iis sont dfc'ctllk a la m~nw
tl'ml)(~ratllfc. On constate alors que I~l."r IIn n.lcllw
laps tie trmps, le tnux de McompoSltlon est mM
prnclant tie la concentration, comme l'lndique le
tahleau 2.

Cl' tableau indiquc qu'au bout d'un laps de temps
dnnllc on a dC!\ variations de 2 p. 100 !\Culcmcnt,
alotll (11Ie le rapport d(':!\ s\lr,ac~ ,'arie de I a 4,7.
L1 vit~~ de c1kompmition ~t done independante
dl' la conrrntrntion ct de la surface.

3) Vne clc'mi~rc ~ril' ~t aloT!4 eff('(tuCe en mCUant
dans des hcchrl1l icIentiqucs dC!\ quantit6\ "ariables
de !'oOllItion, de manierc aavoir une surface constante
mais des halltrul1l de liqllide diffcrcntN'. On ctahlit
le tableau 4.

2) VIII' scrie ~t ('ffeduel' ntemperature constantc
et hauteur de liquide cnnstnnte. La memc qllantite
de bicarbonate est lllacec dans des recipients de
cliamHre variable, et a hauteur de liquide est ajustee
pour rtre la meme par addition d'eau distillec. Cctte
fnis, le rapport des surfaces varie en scns inverse du
rapport tll'S concentrations, On ctablit le tableau 3.

Cc tahll".1u mo"tT'e done n('Heml'"t que la vit~~
"an(' ('n !o("n~ in,'c~ de la hauteur, cc qui "oUSamcne
a conchlTl' Clue le phrnomcnc le plus lent ('St la
diffu.,ion du ~.u c:arboniqur dan!lo la pha..~ liquidC'.

Cc r6mltat !o("mhle en opposition a,'cc le coefficient
de t(,l1ll~rnttlrr, et doit ctrc (1(1 nu fait qu':\ 60°



f.nllU1naltt " 'n('Ntt.llon .'-ft_ '" dlttUlalnl'.

:\.·,1' pI'nSOIlS appliquer I·nsuil .. c..s llh.....f";\tiol\s
a I', ! 'Ill., des eaux naturelh-s. 11 Sl'lI\hll' '1II'il M"f;til
inlt-I' , ...ant, C'Il c'fld, de compan-r cc'll.. II\nur..
din" . c111 ~a1. carbonique libn- et c11' l'ion hk..r
bOil,' pr{'sl'nt ainsi IIUl' Its r6oulla'" ohll'nus l&\'~
It·s , -rnulcs thl'()rilJlIt's ulilisl~ actu..lh-ment,

Conclusion

F' n~slllnc, nons avons done ch('rch(~ II ctluC'itlrr
deu: I joints importnnts pOllr l'utilisation c1.-s c1islil·
latvi. " solaires :

I) '\OIlS nvons chcrche a prcciser 1('5 corrections
~)1lI1 .iin-s a Iaire subir aux eaux S,1UIll1lr.-s pOllr
c\'il. l'entnrtragc, ct nons ctuclions actucllcmrnt
un I' deeM de dissolution des croutos c11' sulfatc cl..

('h.\lI~ Illli w" '''flUrtll A\n' Ir~ "'.\11\ lI:11..un .",1. )'JIW~
du ~II.J.

::, 1:111111(" 11(" 1.\ .Ii "... "Utltl11 .k" h::CJllt."'I.l\r<;'

Ilf'fllld 11(" llldU.. rll 1-\I,ln)/... Ir~ l"f\l("'''',~l'' ck f'>Im..·
lion ttn ctfp,'.\>. ,-..f .!I'1.tn 1111 ~'" c..ub>:a')ul" '_'11'
In illfflhl.\llllll" .k <.1,J,,,n.. lr. 11 1.1'11" ....lnl,ll" '1111"
ks fhllll ..", tlhlrllll~ ''''' IllMlllr IIr 1.. Irll"'>!l ,r/'lal.
Iih, ...111 ~.lL ....\,I_lIIi'll1(" ,"Ulldl">fll ,,\lulcSr l"f/O....,
c1ifrt'trltlrnl In nolioll\ I (" J:.ll (,11),"111'1')1' I'1I1I1I1".\111
("I Il'illl\' hk",l>I'Il.\ln 'lf/.....llh cb"" k~ 1"""\ h.>W·
fr\l..-.

11 !l('ltlhl .., cl'al"M If' '>frltHr,'" 'Mull .." c,h'rflm,
clIll' l'on pni.."" "I\\'i~~r, till" ilUlt.. cS.. b ,,~IJlII'"
c n ('allX nallllrlll"'l 11111 S->tlff.lIl ('Cllllplt',rf Ir' 'f'''II,
1:l1~ ohlrnll" "cl 111"111'11\1'111 '\,\f In. ....lIlr' I\W"IlIM
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• ..'~ • , ~ j' ~ "- ,
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>I< Consulting Chemical Engineer, Denver, Colorado; also,
Research Associate, University of Wisconsin, and Resources
for the Future, Inc.

The figure shows the design of an experimental;
glass-covered solar distillation pilot plant-constructed
in Florida about two years ago (2). Factors dis
tinguishing it from earlier designs area deeper water
layer; no bottom insulation, andconstruction directly
on the ground rather than on an elevated platform.
Conservation of heat from the distiller bottom
is made possible by the large ground area covered
and the negligible downward conduction loss. The
advantage of this' design is its simple and cheap
construction. The distiller will produce about
0.1 gallon per sq ft on a sunny day, at a fairly
uniform rate through the 24-hour period.

Figure 2 is a sketch of a basin-type still provided
with a plastic film cover supported by slight internal
air pressure from a small blower (2). Operation of
the still is similar to that previously described,
with the exception that this design responds much
more rapidly to changes in solar radiation and
atmospheric temperature. The shallow layer of water
achieves a higher temperature during mid-day hours
than the deep-basin still, and the unit operates
at a high rate during this part of the day. Total
production appears slightly higher than the deep
basin output, under comparable conditions. .

Numerous experimental modifications of this baSIC
type solar distiller have been made (3). In most c~es,
such as the tilted-wick type still and each sec~lOn
of a multiple-effect solar still, the operating princIple
and the energy balance relationships are the same
as those applicable to the basin-type still. When
judiciously applied, therefore, the quantitative tre.at
ment outlined in this paper may be used in evaluatmg
and designing these- modifications.

Quantitative aspects of the solar distillation
process

Several recent studies have contributed materially
toward a full understanding of the complex pr~ce:'ses
taking place in a basin-type solar still. Lof, EIbhng.
and Bloemer (4) have made an analytical study
o.f most of the variables affecting solar distiller opera!
tion. A review of the more siznificant results. 0
this analysis is presented here,o and an extenSIon
of the study into the quantitative effects of water)
depth and thermal storage is discussed. Baurn (1

, has also reported a study, along similar lines: . 1
Figure 3 shows diagrammatically the pnncIpa

energy exchange mechanisms in a basin-type solar
266

Solar distillation methods and equipment

Before the significance of the new solar distillation
research work is explained, the general characteristics
of the process and its equipment should be briefly
examined. A paper by Strobel (6) contains detailed
information on this subject, so only the essential
features are mentioned here. The basin-type solar
still, shown diagrammatically in figure 1, consists
principally of a shallow black basin or pond covered
by sloping transparent surfaces of glass or plastic
film. If sea water is placed in the pond, slow evapora
tion takes place from the water surface due to the
heating by solar radiation absorbed on the basin
bottom. The cover is cooled by the atmosphere,
so condensation of pure water occurs on the inside
of that surface, the distillate being collected in small
gutters or troughs at the low edges of the trans
parent cover. Discard of a portion of the un evaporated
brine prevents accumulation of salts in the basin.

The' production of pure water from Hie seal is
one of numerous applications of solar energy readily
workable from the technical standpoint, but-difficult
from the economic point of view. The processing
of raw material by use of, energy and .equipmenc,
at a total cost of less than 20 cents per ton is an
exceptionally difficult task.

As a consequence. most of the recent development
work has been directed toward reducing the cost
of solar distiller construction through use of cheaper
materials, simpler designs and other measures.
Less effort has been devoted to technical improve
ments which might increase distiller efficiency and
reduce the necessary size of a unit for a certain
water production capacity. There has been even
less work in the study of the basic principles in
the solar distillation process. It is with these two
technical areas that this paper is concerned. A recent
study of fundamental principles in the solar distilla
tion process is summarized and some new work
on the effects of thermal storage in the distillation
basin and its contents is reported. The manner in
which these technical developments may influence
the practical design of solar stills and the economics
of the solar distillation of sea water is indicated.
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the vapor .moves to the cover by diffusion and
convection where its latent heat is liberated by
condensation. Some heat is also transferred to the
cover by the aircirculating in the distiller. Thirdly,
heat is radiated from the water surface to DIC cover
where it is largely absorbed. The cover l~lay, however,
be partially transparent to thermal radiation, and
some may pass directly through into the surroundings.

Heat conducted through the cover is transferred
to the atmosphere by radiation and convection.
Additional thermal flows may be as sensible heat
in the entering sea water and sensible heat in. the
brine and. distillate leaving the distiller. Leakage
of vapors and liquids may also involve thermal
losses. A final energy term is the change In enthalpy
of the basin contents during a particular time
interval. This is an important item because of un
steady state operation due primarily to highly variable
solar radiation rate and considerable thermal capacity
even in shallow-basin ·stills.·

The energy transfer relationships outlined above
show that the direct, solar-heated solar still is not
a simple device from the point of view of the processes
taking place within it. The mechanism of transfer of
water from salt water surface to condensing surface
is particularly complicated. In addition to questions
of conduction and diffusion resistances, there are
problems concerning eddy diffusion, degree of
approach to saturation at the two surfaces, buoyancy
effects due to density differences, and others.

In an evaluation of the effects of certain design
and operating variables in a solar distiller of the
basin type, y,arious energy transfer. and mass flow
relationships .w~re f~rmulated as completely ~
possible, and the specific effects of changing certain
variables were determined by means of computer
analysis. The procedure involved setting up a com
plete. overall energy balance on the entire distiller,
a second energy balance around the condensing
surface, and a mass flow balance equating water

.'..
.. ' _L

Ctound
lhel

I
.j

Ground Stlffl
InsulalFon, 2- thIck

~---- 37·0,39- unIt" --------1

Fi(:ure 1. Cross section of glass-covered deep-basin
solar still

distiller. Solar radiation, direct and diffuse,' is
absorbed on the black bottom of the basin. The
quantity of radiant energy absorbed is decreased
by reflection losses from the cover surfaces, the water
surface, and the bottom itself. There may also be
some absorption of solar energy in the distiller cover.
Energy absorbed on the basin bottom is then largely
transferred to the salt water by conduction and
convection. A small fraction of the absorbed heat
may be lost by conduction into the ground.

At the water surface, energy is transferred to
the cover bv three mechanisms. The principal means
is by vaporization of water from the liquid surface;

III FI" u re 3. Ener"u-flo'v dlanram of a basln-"'Jlc solar stiliFigure 2. Cross section of air-supported plastic solar st & &J' & -"
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production rate to its equivalent in terms of a con
vection coefficient.

The three complete equations representing energy
and material balances in the basin-type distiller
depend on only the two assumptions that there are
no temperature gradients in the cover surface or
in the salt-water pool. Without materially impairing
their general applicability, the complexity of these
equations can be reduced. For their simplification
and solution, the following additional assumptions
and approximations were therefore made:

(a) The cover cannot "see" itself,' i.e., negligible
interception of radiation from the cover by other
parts of the cover.

(b) Glass cover, assumed, with 0.94 emissivity
and zero transmissivity for thermal radiation.

(c) External, non-glazed areas of still have average
effective absorptivity of 0.55, and of this absorbed
radiation, 10 per cent is usefully conducted to the
still.

(d) Distilled water leaves still at temperature
of cover.

(e) Two-thirds of feed is distilled; one-third is
discarded as approximately 10 per cent salt solution
of 0.9 specific heat.

(I) Negligible leakage of brine, distillate, and
vapor. "

(g) Conduction loss to ground based on assumed
soil conductivity of 0.5 btu/hr sq ft of/ft.

(h) Thermal capacity of basin structures and of
the ground layers under the still which undergo
significant temperature change can be represented
by an equivalent additionaldepth of water. (In most

computations, thermal storage was neglected, i.e.,
the results are applicable to a" hypothetical still
of zero heat capacity.)

(i) Internal convection coefficient in the distiller
can be represented by a relationship for freeconvec
tion heat transfer between parallel plates, modified
empirically by multiplying it by a function of water
temperature to make it applicable to wetted surfaces.

(j) Factor for radiation transfer from water to
cover, based mainly on shape factor for parallel
plates, is 0.85.

(k) Re-evaporation of condensate from collection
troughs is proportional to their fraction of the total
solar intercepting area. Zero reflux assumed.

(1) Heat of condensation of water vapor assumed
constant at 1 040 btu/lb.

(m) Negligibleheat transfer from structures to cover.
(n) For heat transfer from internal structures to

cover, assume the coefficients for water to cover
are applicable.

(0) Moisture carried from basin to cover can be
represented by the absolute humidity difference of
saturated air at water and cover temperatures,
multiplied by an experimentally determined correc-
tion factor less than unity. .

(p) Sensible heat. in distillate and brine plus heat
loss to ground minus sensible heat in sea-water
supply were found experimentally to be less tha~

4 per cent of solar input and were considered negh
gible in the calculations.

By use of the above assumptions and conditions,
the complete equations were simplified to the fol
lowing:

Over-all energy balance:

10 (1 - ~r - 0.5 A'Bt/A p) = :; rho (te- ta) + 0.173 X 10-8 (Te4- (fTa)4) X 0.94]

+ Lx (Aw/A p ) X 62.4 X (tw2- tw1) (1)
Energy balance around cover:

(Ae/A p ) rho (te - ta) + 0.173 X 10-8 (Te4- (fTa)4) 0.94] = (A w 1
p

A i st) X C (tw
av

_ tc)4/3

+ A
w ~ Ai Bt [0.173 X 10-8 (T'}av - T c4) 0.85] + A p

; A'st 1
0
~c s + D (1 + K) 1040 (2)

p p

Evaporation rate:

(3)

The above equations contain three unknowns
(t w, te, and D), and 17 constants or parameters.
The equations were first put into more convenient
form for solution by substituting equation (3) for D
into equation (2) and combining the resulting relation
ship with equation (1). In most of the computations,
thermal storage in the distiller was taken as zero,
so the last term in equation (1) was omitted. It was
included in the determination of storage effects,
as explained below.

The parameters C and F were not directly measure
able, and in order that computed results could be
based on realistic figures, their "standard" or actu~l
values in the 2 500-square-foot experimental unit
in Florida (4) were determined by substitution of
operating data in the equations and solving them
simultaneously for these two factors. F was found
to have a nearly constant value of 0.255, whereas C
was found to vary with water temperature as
C = 0.0372 tw - 3.273. For the computation, W was
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also .clated to the temperature by an empirical
equa.ion of best fit to the humidity curve.

Ah.:r substitution of the above values in the three
final i'<;1uations, "standard" or typical values of
all v.iriables except t w, te, and D were chosen.
Choir was based on experience with solar distillers
prop-r ties of materials, and the characteristics of
the {" <perimental unit in Florida. (Physical dimen
sions of the Florida unit were chosen as "standard"
for tiJ'~ computations.)

By holding all variables at their standard values,
except one, and varying that one factor over a
practical range, its particular effect on water temper
aturc. cover temperature, and hourly distillate yield
was .lctermined by automatic computer analysis.
These determinations were all made at the chosen
"stan.jard" thermal storage capacity of zero. This
IS not really a typical situation, inasmuch as all
basin stills have at least moderate thermal capacity,
but Ule computations are greatly simplified if this
facto' is neglected when determining the influences
of th other variables.

In 'he analysis of thermal storage effects, the last
term in equation (1) was retained, and all variables
were neld at their "standard" values except effective
water depth, atmospheric temperature, solar radia
tion, and effective reflectivity of the still for solar
radiation. The energy balance equations were then
employed in determinations of the 24-hour tempera
ture and productivity histories of solar distillers
having effective water depths of t foot and 1 foot.
For these analyses, hourly solar radiation and tem
perature records for a clear day (May 5, 1959) were
employed, and solar reflectivities were determined
by use of actual angles of incidence on horizontal
glass surfaces, assuming 100 per cent direct radiation.
The day was then divided into bi-hourly periods

for calculation, and the salt water temperature in
the basin at G a.m, Was estimated. Use of the energy
balances, by trial and error. permitted determination
of cover temperature. productivity, and 8 a.m. water
temperature. This procedure was repeated 12 times
through the 24-hour period. and the final (\ a.m. salt
water temperature was then compared with the
initial assumption. Unless they agreed within one
degree F, the entire calculation was repeated.
with the new initial temperature. When agreement
was obtained, the hi-hourly yields were totalled
for the full day.

Results

The principal results of the computer analysis of
a zero thermal capacity distiller are shown in
figures 4 to 11, wherein basin water temperature,
cover temperature, and hourly productivity arc
correlated with solar radiation, wind velocity, atmo
spheric temperature, reflectivity of. the still, cover
area, cover absorptivity, degree of approach to
equilibrium in the vapor space, and re-evaporation
of distillate. Figure 12 shows the results of the
hi-hourly calculation of performance of three dis
tillers having zero, I-foot, and l-foot equivalent
salt water depths. and figure 13 is a correlation of
productivity with water depth.

It is seen from the zero-storage results that in all
but two cases, a change in a variable which caused
an increase in productivity also caused an increase
in water temperature and cover temperature. Pro
ductivity is improved by increases in solar radiation,
atmospheric temperature, and approach to vapor
liquid equilibrium at water and cover surfaces.
Productivity is reduced by increases in wind velocity
(external heat transfer coefficient). solar reflectivity

Table I, Values of parameters used In analysis

VARIABLES

Va,iable

I., solar radiation, btu/(hr)(ft2) ••

E:,. reflectivity. . . . . . . . . • .
A clAp. cover area/plant area . . . •
ho• external coefficient, btu/(hr)(ft2)(F) .
ta• atmospheric temperature. F. . .
F. absolute humidity ratio. . . •
K, reflux and re-evaporation ratio.
f, ratio T.ITa .
exc•• absorptivity of cover . . . .

proj ected structure
A'IIA ....

• p. plant area
water + intcrior structure

(A w + AI••I)/Ap, plant area
L, equivalent water depth, ft. . . . . • •

CONSTANTS

R••ge

10-350
.05-.30
0.8-3.0
1.0-10.0
50-110
0.1-0.7
0-0.50
0.86-1.0
0.01·0.6

0·0.15

0.9·1.1

0-1.0

200
0.10
1.0
2.0
80

0.225 (pilot plant)
0.02 (pilot plant)

0.95
O.O(

0.10

1.0

o

E:c (emissivity of cover). . . . . . . .
E:w (emissivity of water). . . . . . . .
ewc (internal radiation exchange factor) .
ApIA w • • • • • • • • • • • • • • • •

0.9-1 (glass)
0.96
0.8;'
1.205 (pilot plant)
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FIg,ure 4. Effect of solar Intensity on distiller performance

of ?is!il1er, cover area,cover absorptivity. for solar
radmh?n, and re-evaporation of distillate. Three
other mdepe~dent varia~les (shown in table 1)
were also varied, but their effects on productivity
were small, and the results are omitted here. Par
ticularly interesting because of their trend or magni
tude.are: (figure 4) - the large influence of radiation
on yield (a radiation increase from 100 to 250 btu/ft2

hr causes a 4-fold increase in productivity) ;
(~gure 5) -:-. the serious decrease in yield under
:-vmdy Co~dIhons; (figure 6) -' substantial yield
Increase with atmospheric temperature; (figure 8) _
the sharp decrease in yield as cover area is enlarged

1601r------,----,-,.-,-------r---:-__ 02(1 ,

N:
IJ.. 14011----+-----h.-I!:----,,,L-:-j-----lO.l6¥

E-a
z:.
~,
u

0.12 ~

It

60 BO 100

la. Almospheric Temp, F

Fig,ure 6. Effect of atmospheric temperature on solar
distiller performance

(clearly pointing out the fallacy in a steeply pitched
cover); (figure 9) - the rather small effect of cover
absorptivity in the practical range encuuntered with
window glass of reasonable quality; and (figure 10)
- the major importance of a' close approach to
saturation and temperature equilibrium at the two
surfaces in the distiller enclosure.

In general, these results are self-evident in showing
the design and operating objectives which should be
:,ough~. Distiller location in hot, sunny, calm regions
IS desirable. Covers of high transmissivity at the
lowest practical angle with the basin should be used.
Enclosure designs, yet to be determined, which
facilitate the best possible vapor transfer rate' to
and from the air circulating in the enclosure are
advantageous. The apparent beneficial effects of
i~creased .operating temperatures suggest the pos
sible advantage of a system of double transparent
Covers. This additional heat transfer resistance would
p~oduce a temperature rise, and possibly a higher
yield, The added reflection loss might be great
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Figure 5. Effect of wind velocity (external heat transfer
coefficient) on solar dlstlller performance
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Basin-type solar distillers 8/77 LM 271

IS

et

0
0

~
!-

~~(.

./
V

0 -

V
'-0

_L
/ Water t~p

:; - COver lemp

0100
01 03 o~ OJ

F, Fraction 01 Humidit, Dillerence

Figure 10. Effect of approach to vapor-Ilquld equilibrium
. In solar dlstllIer

IS

,It...'
.?
e
8e
~ 140

22

380 4

g
i----~_\:-'--.....::::.....:;~-----10.l2 1:

~
~
;;
~
-g

0.08 et

14'.: -----'\\-t-----+------10.l6

1.0 2.0

Ac/Ap• Area Ratio, (cover/plant'

Fj~ure ,8. Effect of cover area on solar distiller
performance

u,

'eo 1<':'-/

::>e...
0.
E
~

100

Iec,

'.0

..

o
04o. a! as

K.Rt -e.o~"'_

Flilure 11, Effect of re-evaporatton of dllltlllate
on performance

00

40

wo'or Itmp

I
Co¥tf'_

r----
~r----~.....

-

eo
lO'

Of4

02
060.5030.20.1

0

~
<,

0
......... Wafer femp......K_I- Cover temp

0
r-,
Pr~"c';~";

100
00

enou- 'I to offset the potential temperature rise, and the numerical values reported herein are based
so th actual effect of a second cover needs further on such choices as they apply to the Florida test
appr. .sal. installation. It should be noted that each of the

Th- !esults of the study of thermal storage effects graphical correlations is applicable, in so far as absolute
~how ':lgure 12) that the deeper the water, the smaller values are concerned, only when a full set of specific
1S th-. fluctuation in temperature and productivity "standard" conditions prevail. These conditions
throu rh the 24-hour period. Maximum distillation involve two experimentally determined factors, F
rate (,:cursnear noon in the zero storage still, and and C. In addition to the possibility of reasonable
sho~t1y after sunset in the still having thermal storage experimental error in these two terms, their values
equ1v;ilent to one foot of water. Figure 13 shows' might show variability with design changes and radia
that the 24-hour water production decreases sharply tion and temperature levels beyond those experienced
from a maximum in the hypothetical still (zero in the experiments in which these factors Were
thermal capacity) to a little over half that output evaluated. It is probable, for example, that the zero
In a still having 1 foot of water storage. A "shallow- thermal capacity still, operating at its high noon
basin" still of two-inches equivalent water depth time temperature, would have lower or higher values
should have a productivity about 80 per cent of of F and C than those determined at fairly low
the ~J:pothetical still operating under these specified temperature in a still having a water depth of i-foot,
Cond1tIons. Another factor in performance differences is the
. A certain amount of caution should be exercised cloudiness of the day. At low radiation levels
In generalizing from these results. All of the design the difference in productivity or deep and shallow
and operating parameters in the equations can be basins would be smaller than in sunny weather,
chosen to apply to a particular design and situation, possibly reversing in very cloudy periods.

It is believed, however, that the trends indicated
by these results are universally valid for distillers

<x.c•s" Cover Absorptivit,

Figure 9. Effect of cover absorptivity on solar distiller
performance
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Definition of symbols

bottom.. In addition, for low thermal capacity,
conduction to and from the soil would have to be
minimized, and the cost of bottom insulation would
have to be weighed against its benefits in minimizing
thermal storage.

It appears that if the uninsulated shallow basin
distiller can be built on the ground at costs per unit
area not substantially in excess of the corresponding
deep basin still, and if the operating costs are compar
able, the higher efficiency of this unit should make it
a preferred design. Unless these cost requirements
can be met, efficiency differences may not be great
enough to offset the construction and operating
expense items. Further theoretical and experimental
work is needed for a full evaluation of performance
and cost factors.

4
,

(

2

\
'\

-,
i'--

)8

Figu:,;, 13. Effect of water depth on distiller performance

of He basin-type, and that the numerical values
are closely applicable to a still of the same general
design features and in conditions roughly comparable
to the Florida test installation. The average experi
mental productivity of the Florida 'unit, at a i-foot
water depth and a radiation level of 2 300 btujsq ft,
day, compares closely with the theoretical value
determined by totalling the bi-hourly yields found
III the thermal storage analysis.

In light of the results of the thermal storage study,
the value of the deep-basin design concept may be
examined. Unless some unforeseen factor should have
a very large influence in reducing the computed
yield in the zero storage still, there can be no question
that its clear-day performance is substantially better
than the deep basin design. The comparison is closer,
however, when a "shallow-basin" still, of small but
~nite storage, is evaluated. And unless ,such a still
IS bottom-insulated, its salt water content, coupled
with a delay factor for conduction resistance into
and out of the ground, gives it considerable thermal
capacity. It appears that the design having the
smallest practical thermal capacity is the wick-type,
but heat loss through insulation and edges needs
to be weighed against the benefits of smaller storage
capacity.

. Thus, the practical comparisonof deep an? s~allow
distiller designs resolves itself mto a weIghmg of
construction and operating costs (whi.ch have ~eached
the lowest values in the deep-basm expenments)
against potential higher efficiencies ~n the low the:~al
?apacity stills. To achieve notably higher productivity
111 the shallow basin designs, it is apparent that very
thin water layers should be employed, t~er.eby
requiring high precision in levellmg the distiller

EQUIVALENT WATER DEPTH (FT.)

".6
o 0.5 1.0 1.5

A c

A'st

A w

C

D

F

K

L
~r

= total surface area of transparent cover,
sq ft.

= surface area of structures above water
and below cover, ft2.

= horizontal projected area of exposed
portions of plant other than glass surface,
ft2.

= total horizontal area of distiller plant,
comprising area of water surface and
ground area of structures, sq ft.

= area of water surface, ft2.
= parameter in equation, ht = C (tw - tc)1/3,

btuj(hr) (ft2) (p4J3).
= net distilled water production rate, Ibj

(hr) (ft2 plant).
= fraction of the limiting absolute humidity

difference in the distiller enclosure which
is actually achieved in operation, di
mensionless.

= T sjTa, dimensionless.
= coefficient of heat transfer by convection

from water surface to lower side of cover,
btuj(hr) (ft2 of water surface) (F temp.
difference between water surface and
cover surface).

= coefficient of heat transfer by convection
from transparent cover to atmosphere,
btuj(hr) (ft2 cover) (F temp. difference
between cover and air).

= solar radiation incident on horizontal
surface, btuj(hr) (ft2) of gross distiller
plant area .

= ratio of re-evaporation plus reflux, to
distillate yield, dimensionless.

= equivalent depth of water in basin, ft.

= total effective reflectivity of distiller
plant for solar radiation, including re
flection from cover surfaces, water sur
face, basin bottom, and supporting
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structures above and below cover, dimen
sion-less.

t«, Ta = temperature of atmosphere, F. R.
te, T e = temperature of transparent cover, F. R.
T, = effective temperature of the atmosphere

for exchange of radiation, R.
tW1 = temperature of water in basin at start

of test period, F.
tU'2 = temperature of water in basin at end

of test period, F.
tw... Tw•• = average temperature of water in basin

during test period, F. R, .
W, = absolute humidity of air saturated with

• water vapor at te, lb water/lb air.
W.. = absolute humidity of air saturated with

water vapor at tw, lb water/lb air.

= effective absorptivity of CO\i, for solar
radiation, averaged over :'; .iropriate
angles of incidence, dimcn- i- ».lcss,
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Summary

The practical apflication of solar energy to the
demineralization 0 sea water in large quantity
is contingent on the development of solar distillation
equipment having low construction cost, long service
life, and adequate productivity per unit of solar
receiving area. Recent experimental programs have
been directed primarily toward cost reductions and
improving durability. This paper deals with the
fundamental principles and the energy transfer
relationships in basin-type solar stills, with the
object of improving their productivity and efficiency.

Complete energy balances and material balances
were formulated for the processes occurring in a
basin-type solar still. Three equations involving
nineteen operating and design variables were
developed.

The full equations were simplified by substituting
constant values for a few of the parameters. The
values of three factors were determined by use of
operating data on an existing 2500 square-foot
glass-covered, deep basin distiller, and solving the
equations for these three unknowns after substitution
of data in the equations.

The remaining variables were arranged in a form
permitting solution of the equations for temperature

of the salt water in the basin, temperature of the
cover, and distillation rate, as each of the eleven
other factors was varied through a range of valU;cs.
A still having zero water depth and an effecbve
thermal storage capacity of zero was assumed. ~he
numerical analysis was performed by machIne
computation.

The quantitative influence of salt-water depth
(i.e., thermal storage) on distiller productivity '('US
determined by making bi-hourly energy balances or
distillers having effective water depths of !.~~t
and 1 foot throughout a particular 24-hour pen ,
considering variation in atmospheric temperat~re
and solar radiation on a clear day. These resu 15
were compared with the figures applicable to the
hypothetical still of zero heat capacity.

Graphical relationships between the most signifi
cant of the variables are presented in the p~p'cr.
They show in general that distiller producbVI~y
rises with increases in solar radiation, atmosphenc
temperature, and closeness of approach to vapor
liquid equilibrium at salt-water and cover surf~c~.
The yield is reduced by increases in solar rel1ecbVl~y
of the still, area of the cover, wind velocity, and y
solar absorption in the cover. In most instances,
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inct ' sed productivity is accompanied by increased
tem rature of water and cover surfaces. The study
of tl· rmal storage effects shows that the hypothetical
still i zero heat capacity has the maximum 24-hour
pro« .ctivity, decreasing sharply to about half the
outj t at an effective water depth of one foot.
A d tiller of nominal two-inch equivalent water

depth should yield about ttO per Cent of the output
of the zero storage still.

The results of the investigations arc of major
value in establishing desirable design allll operalin~
criteria in solar distillation systems and arc being
used in orienting current solar distill.ation develop.
ment effort.

APPLICATION DE PRINCIPES TII~ORIQUI~S I-;N VUI~ D'AM~UORI-;R

LE RENDEMENT DE DISTILLATEURS SOl-AIRES I)U TYPI-; UASSIN

Rcs,mrc

L';' pplication pratique de l'energie solaire a la
demi.icralisation d'eau de mer en grande quantite
est f notion de la mise au point d'instaJlations de
disti: '\ tion solaire d'un cofrt de construction peu
elev: d'un service durable et d'une productivite
suffi; nte par unite de zone de reception solaire.
Des ..rojets experirnentaux recents avaient pour but
princpal de reduire le cout et d'augmenter la dura
bilit. Le present memoire traite des principes fonda
ment.iux et des rapports de transfert d'energie dans
des «.stillateurs solaires du type bassin, en vue d'ame
liorc: leur production et leur rendement.

01: a formule des bilans complets d'energie et
de m.itiere pour les processus qui ont lieu dans un
distil' iteur solaire du type bassin. On a etab!i trois
equations portant sur 19 variables de fonctionne
men t et de conception.

011 a simplifie les equations completes en
substituant des valeurs constantes a quelques uns
des parametres. On a determine les valeurs de trois
factcurs en employant des donnees ob~enues au cou:s
de l'exploitation d'un distillateur existant a bassin
pro fond de 2 500 pieds cartes recouvert. d: verrc et
en resolvant les equations pour ces trois m~onnues

apres substitution de donnees dans les equatIOns.
On a dispose les autres variables de facon a per

mettre de resoudre les equations pour la temperature

de l'eau salee dans le bassin, la temperature de la
couvcrturc, et le tau x de distillation, en dormant
a chacun des II autres Iacteurs unc ~rie de valeurs
varices. On est parti de I'hypothese d'un distillateur
ayant une profondeur d'cau de zcro et uno C.11),,\citc
effective de reserve thermique de lCro. L'analyse
numeriquc a ctc effcctuee par des machines a
calculer.

On a determine J'infJuencc quantitative de la
profondcur d'cau saurnatre (reserve thennique) sur
la productivite du distillateur, en ctabJi5.c;",\nt des
bilans thcrmiques toutes les dcrni-heures pour des
distillatcurs ayant une profondeur d'eau effective
de ~ pied et de I pied pendant toute une periode
particuliere de 24 hcures, compte tenu des variations
de temperature atmosphcriquc et du rayonncment
solairc pendant une journec ensolcillee. On a compare
ccs resultats awe lcs chiffres applicables au distil
lateur hypothctique d'une capacite thennique logale
a zero.

L'autcur prescnte Ics rapports graphiques entre
les variables les plus importantes. lis demontrcnt,
en general, que la productivite du distillatcur est
Ionction de I'accroisscmcnt du ravonncrncnt solaire,
de la temperature atmospherique et de J'equiJibre
vapeur-liquide le plus rapproche possible aux surfaces
de l'eau saumatrc et du rI.'COU\TCment.
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PRESENT STATUS AND FUTURE OF THE SOLAR STILLS

Giorgio Nebbia *

Present diffusion of the studies on solar stills

The solar stills, used for the first time in Chile
at the end of the last century in the only large scale
plant so far built (1), attracted renewed interest
around 1930 (2, 3, 4) but became a subject of sys
tematic studies only during the Second World War in
the United States (5). Dr. Telkes studied the funda
mental elements' of the thermodynamics of the
system and this gave a basis for her own and for
the next developments.

After 1950, the studies on solar stills spread
greatly in various countries; due to the publicity
given by the Office of Saline Water of the U.S.
Department of the Interior to the general problem
of the demineralization of saline waters.

The results of many workers have been publicized
through the Annual Reports and the Research and
Development Progress, Reports of the Office of
Saline Water (6); this office also organized a Sympo
sium in Washington, D.C., in November 1957 (7).

To the writer's knowledge, the following groups
have recently been, or are at present, engaged in
the development of solar stills. The name of the
principal investigators is also indicated.

New York University, Solar Laboratory, New
York, N.Y. (Maria Telkes) (5, 8, 9, 10, 11, 12, 13).

'University of California, Richmond, Cal. (E. D.
Howe) (14, 15, 16, 17).

Du Pont de Nemours and Co. Inc. at Daytona
Beach, Florida.

University of Wisconsin, Solar Energy Laboratory,
Madison, Wisconsin (J. A. Duffie).

Bjorksten Research Laboratories Inc., Madison,
Wisconsin "(Risto P. Lappala) (18, 19).

Denver, Colorado (George O. G. LOf) (20, 21, 22).
Centre Etudes Hydrogeologiques du Maroc, Rabat,

Morocco (R. Ambroggi) (23).
Comision Nacional de Energias Especiales, Madrid

(L. Fontan) (24).
SETUDE, Algiers, Algeria (Cyril Gomella) (25,

26, 27).
Universita di Bari, Istituto di Merceologia, Bari,

Italy (Giorgio Nebbia).
Kyrenia, Cyprus (R. Fitzmaurice) (28).
Israel Scientific Research Council. '
Kenya Ministry of Works, Nairobi, Kenya (Gordon

T. W. Blake).

* Istituto di Merceologia, Universita di Bari, Bari, Italy.

Egypt, Cairo University and Alex.u..iria Univer
sity.

Teheran, Iran, Lichtfield, Whiting, P:l;,"reJ, Severud
and Associates Cons. Engrs. (Tim de J(: '<) (29).

Soviet Union, Energetichskii Institu., Akademiya
Nauk, Moscow, USSR (V. A. Baum anci!'. :\1. BrdIik)
(30).

C.S.I.R.O., Division of Industrial Cl. .iistry, Mel
bourne, Australia (B. W. Wilson) (31)

The main purpose of the above gr, ,'<;'3 i~ (a) to
develop new models of solar stills in arc;, 'to Increase
the water production per surface unit ,t) to check
the use of new construction material 'tt order to
lower the cost of the stills and (c) i: study the
applicability of solar stills for the V oduetion of
large amounts of fresh water.

Almost all the present models presen r a collecting
surface of a fraction of one or of a few sq meters
but their development and observation have given
an enormous amount of information on the usefulness
of further developments.

To the writer's knowledge, there are two thermo
dynamic treatments of the efficiency of the solar
stills, one developed by Telkes (5, 11) and one
outlined by Brdlik (30). These treatments are of great
interest although perhaps the complete knowledge
of the phenomena related to the working of a ~olar
still requires further refinements on the baSIS of
experimental data.

An excellent review of the various models of the
solar stills is contained in a report by Lof (20).

In general the work of the above listed groupS
proceeds along a few common lines:

(a) The testing of solar stills of the roof-type model.
varying details of. design and the cons~ruct1O~
materials both for the water tray and the rigid roof,
usually in these models the tray contains a thin ~ayer
of saline water and the bottom of the tray IS lllSU
lated.

(b) The development and testing of plastic film
stills, especially of inflatable type, using newly
developed plastic materials (films of Mylar. Te~o~
and Teslar) which are rendered permeable WIt
various processes (32). .

(c) The development of tilted flat stills, bot? with
rigid glass cover (11, 12, 13) and with :plastIc fi ~
cover (18, 19); in such stills the water IS absorb

t
e

by a black p~rous evaporator whi~h ~eeps the wa ~~
layer perpendicular to the solar radiation: the a~ou
of solar heat which reaches the water is maXImum.
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(d) The development of deep basin solar stills
prop~' .ed by LOf. In such stills a great amount of
water (a l.ay~r of 30 cm and more) is heated by solar
energv within a roof-type solar still placed in the
gW~ll_l.; the water heats the surrounding ground
until It reaches a rather constant temperature
great: ; than the external one, and begins and con
tinues the distillation, day and night (22).

The ~vork on the solar stills at the Universita
di Bari

In ihe present paper some emphasis will be given
to th. work of the writer who became interested
in the field in 1953. The experimental work has been
carried out. in the Universities of Bologna and Bari,
Italy, and was supported financially by various
organizations (33).

Du-ing the spring and summer of 1953 three units
were »ssembled ; each was a roof-type model of solar
still I-rilt using different construction materials.

Th- main characteristics of these stills and of
those built in the following years are collected in
table ;. Figure 1 shows photographs of the same stills.

The first model (figure 1, No. 1) was an all-pIexigIas
box, ".ith a tray surface of 0.16 sq meters, uninsulated,
and distilled some hundreds of ml of water per day.
With this unit the first difficulties in assembling
the plexiglas plates were encountered and also the
drop condensation on the plastic surface of the con-
densing area was met. .
. The model No. 2 was glass-and-wood; it appeared
heavy and of low efficiency; better results .were
obtained with the model.No. 3 which combined the
easy assembly of plexiglas with a glass-wettable con
densing surface, mounted in a plexiglas frame (34, 35).

In the next months between 1953 and 1954, an
investigation was carried out on the fresh water

needs in many sites in southern Italy and in a few
sites abroad (36, 37).

It is the opinion of the writer that' a world-wide
investigation of the market for solar stills-and
in general, for the equipment using the solar energy ---.:.

. is not yet available and should be very useful.
In 1954, a new series of solar stills was built

according to anew model (No. 4) with iron tray and
frame and glass roof. The three units so prepared
were very simple to manufacture and assemble and
rather efficient but very heavy (36, 37).

The No. 5 model was developed-in 1955 (38) in
order to study the possibility of adapting the solar
stills on the roofs of houses. Such units, with 10 sq
meter trays, gave a rather low yield of fresh water
and this was caused by an insufficient insulation
of the bottom of the water tray and by a re-evapora
tion of the distilled water in the collecting channel
which had an insufficient inclination.

All the above models presented a roof inclination
of about 45° and the experience of other workers
has shown that better results are obtained when
such inclination is lowered to 10° (25).

In 1957 a plexiglas tubular solar still (Model No. 6)
was tested. It was similar to other stills tested
by Howe (15, 16, 17) and Fitzmaurice (28) and gave
very satisfactory results (39, 40). This solution seems
one of the best, for simplicity and efficiency.

In 1958 the last model (No. 7) of this series was
built. It was a vertical structure still designed for
temperate zones with a high water yield for surface
unit of occupied ground and a very good insulation
of the four trays placed one above the other in a
glass cage. As in the Model No. 6 all the external
surfaces are .condensing ones.

The results obtained with this: unit were very
interesting and showed that it was possible to obtain
appreciable amounts of water in the months in which

Table 1. Characteristics of the seven models of solar stills developed and tested in the Universities of Bologna and Bari,
Italy, after 1953

Modet No.

1-1953
2-1953
3-1953
4-1954

(3 units)
5-1955
6-1957

7-1958

Maximum water A pproximate cost
Construction material production of the experiment-

Insulation
Tray surface liters at unit in US Ref.

Water Transparent
sq meters dollars per

tray roof sq meters/day sq meter

Plexiglas Plexiglas None 0.16

Wood Glass Cork 2.5 3 60' (34) (35)

Plexiglas Glass Cork 0.25 4 50 (34) (35) .

Iron plate Glass Compressed 1.5 and 3 3 50 (36) (37)

cellulose fibers

Concrete Glass Pumice 10 2.5 50 (38)

Aluminum Plexiglas Inner hot air 0.33 4" 40 (39) (40)

plate tubular
(41) (42)

Aluminum Glass Inner hot air 1.08 b 3.5 c. 40

plate

a The data of the amount of distilled water have been correlated with solar energy measurements and an efficiency of about 40 per cent was recorded.

b Four trays 0.27 sq meters each, assembled one above the other within- a glass cage. . ' ,,- d 45 er cent was
C The data of the amount of distilled water have been correlated with solar energy measurements and an efficiency varying between _0> an P

recorded, according to the inclination of the sun.
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Figure 1. Photographs of the seven rnodets of solar stills developed and tested in the Universities of Bologna and Barl, Italy, starting froITl 1953
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Future of. the solar stills

, A critical survey of the present· knowledge in this
!ield ~hows that the present models, although very
mgemous, all suffer from the same drawback: the
amount of water produced is little and appreciable
amoUI~ts of water are av~ilable only with very large,
complicated and expensive units ..

The amount of distilled water vanes in the range
!rom 2. to 5 liters/(sq meter/day) in the clear days
10 the Simple-effect stills, up to perhaps 10 to 15liters
(sq.meter/~ay) in the multiple effect stills of best
design, which must still be developed and thoroughly
tested.

At present the best models require about 200 sq
meters of tray surface to give one cubic meter of
fresh water per day.

The cost of the solar stills (not considering the
~ost of the ground) per surface unit is still high even
10 the cheapest models. Such cost is hardly lower
t~an US $20 per sqmeter of tray area. The solar
stII~s present the advantage that the operation and
mamtenance costs are very low and the only large
expense Concerns the building of the unit or of
the plant.

The present experience shows that, although
the solar stills may not solve the problem of obtaining
fresh water on a.Iarge scale, e.g., for the needs of
a. town, they can solve various.very important indi
VIdual problems in arid zones and they remam one
of the most interesting, easy and efficient systems
for the utilization of solar energy. .. . '

With this picture, in mind one may consider the
possibility of a mass production of little solar stills
to be installed in deserts or in arid zones in order

the inclination of the sun is low recovering ve t . f
high percentages of'the low' t "t I ry, 0 give resh water to one or very Iew persons in
available in such months.' III ensi y so ar energy emergency conditions. .

-At the present, experimental work is dev I' . ~fng. th~s line it is interesting to study the work
in the field of multiple effect plastic frame~ o~;~~ ~~la getr:t,al O?te by. Ghomlella (27) who has de\'e!opcd
stills. r. s 1. U!l1 s Wit t le cement tray and with a

low inclination glass cover.
Anot~er approach to the problem is to use the

solar stills as structural elements in buildings in arid
zones, arranged on the roofs of the houses. TIle salt
water IS charged or pumped in the trays every 2
or 4 days and the fresh water flows by gravity in
the collection tank inside the house and under the
~oof. The concrete solar still developed by the writer
III 1055 was designed with this purpose and its
operation has suggested various improvements (38).

If the distilled water is to be used (or drinking
purposes, it is necessary to consider the need of
adding salts, possibly by mixing with a part of the
saline water, and of aeration.

.In ~ny case the problem of the knowledge of solar
stills IS by no means closed. TIle literature reports
designs of the present models as well as some new
designs.

Some improvements may be expected by a more
extensive testing of multiple effect solar stills, which
so far have been tested only on a limited scale by
a few workers (11, 43).

It has been reported (Il) that a three-effect unit
may give an amount of water double that of the
single-effect unit.

Another project considers the possibility of heating
the water within pipes exposed to the solar radiation
and condensing the vapor in a conventional multiple
effect still. This idea, had already been quoted in
a review by LOf (20) as well as Soviet workers (30).
A detailed calculation of the efficiency of this design
has appeared in the literature (44).

The knowledge gained in the experiments carried
on in the past 10 years on solar stills permits us
to consider the maturity of the development and the
practical applicability of these designs, with the
limitations outlined above.
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Summary

In the past ten years the problem of developing
solar stills has received great attention from many
workers. A list is given of the laboratories and groups

·more actively engaged in such studies and an outline
is also given of the main goals of such research and

·of the scientific' and technical lines followed at
present. .

The experience gained with the solar stills so far
tried has given interesting information which is
useful for the evaluation' of the economics of the

·system and' for the design of future models.
Emphasis is given. to the wor~ ca:r!ed'on in the

Istituto di Merceologia of the Universities of Bologna
and Bad, Italy. Seven different models of solar stills
have been built and tested, the results tabulated
and the observed drawbacks' indicated.

The present knowledge permits us to state that
the solar stills cannot give fresh water for a great
number of people because of the very great surface
necessary to obtain appreciable amounts of water
and of the very·high plant cost.
.. S~all, tr~nsp~rtable s~lar stills may be built and
distributed m and zones m order to give fresh water
to one or more people. Such stills might also be
mass-produced.

Solar stills could also be built as structural elements
on the roofs of hOUSeS or small buildings, thus giving
fresh water to the inhabitants.

Other improvement can be obtained through new
research, both on the thermodynamics of the system
and. on the use of new. models and.iconstructicn
materials. " "
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ETAT ACTUEL ET AVENIR DES ALAMBICS SOLAIRES

1,lesume
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Au cou ,; de ces dix dernieres annees, le probleme
pose par ., mise au point d'alambics ou de distilla
teurs sola res a recu bcaucoup d'attention de la part
d'un gnu 1,1 nombre de chercheurs. L'auteur donne
une Iiste tics laboratoircs et autres groupes qui
travaillcn \ particulierement ces questions, ainsi qu'un
apercu cl,'s principaux objectifs de ces' recher
ches et ,i"s orientations scientifiques et techniques
actuelles.

L'expe: ir-nce acquise avec les alambics solaires
essayes j:"qu'a present a donne des renseignements
interessal'';, qui sont utiles pour l'evaluation de
la valeur ';conomique du systeme et la realisation
des mod' " s de l'avenir.. ,

L'aute»: s'attache plus specialement au travail
execute :. l'Istituto de Merceologia des Universites
de Bolo.ne et de Bari, en Italie. Sept modeles
different d'alambics solaires ont ete construits
et essay. '. et les resultats sont rassembles d~ns
une tabl.. les inconvenients observes en, etant m
diques.

Dans l'etat actuel de nos connaissances, on peut
affirmer que les alambics solaires ne peuvent pas
fournir d'eau douceade grands nombres de personnes
en raison de la tres grande surface qu'il faut pour
obtenir des quantites d'eau appreciables et du cOlIt
tres .eleve des installations.

On peut fabriquer de petits alambics solaires
transportables pour les distribuer dans les regions
arides de maniere a Journir de l'eau douce a une
ou a quelques personnes. Ces alambics peuvent
egalement etre produits en grande serie.
, On pourrait egalement construire des alambics
solaires comme elements de la structure d'une mai
son, notamment sur le toit de celle-ci, ou sur le toit
de petits edifices, ce qui fournirait de l'eau douce
aux habitants.

On peut realiser quelques autres perfectionnements
au moyen de nouvell~s recherches, tant sur la t?ermo:
dynamique des systemes en cause que sur 1. ernploi
de modeles originaux et de nouveaux materiaux de
construction.



Sj85

DEVELOPMENTS IN SOLAR DISTILLATION
UNITED STATES DEPARTMENT OF THE INTERIOR

.losepb J. Strobel *

* Chief, Division of Processes Development Office of Saline
Water, Department of the Interior, Washington, D.e.

required. The diffuse nature ofsolar ener~\', howe~er.

makes necessary the use of large areas for ~ollechon,

Research has indicated that for solar stills to be
economically practicable they must ha\"~' (a) si~ple

design, (b) low initial cost, (c) long l~je, (~). little
maintenance expense, and finally, requir-: mimmum
operating labor.

A need exists for two types of sola t distillation
equipment - small stills (some portable) and .1arge
capacity stills. Small-still capacity would be III the
range of twenty to several hundred gall,ms per day
of fresh water. Such small stills would be most
useful where other methods are malt costly or
impracticable. There have been various small solar
stills designed, and they are in use in v.nious are~s.

The primary objective of this paper is to deal WIth
solar stills of large capacity, which must compete
with other distillation processes, and to pre~ent
information and data that has led to ;1 practIcal,
economically feasible design for a solar distillati~n
plant up to 100000-gpd capacity. Such a solar still
should be found most useful in arid regions where
solar intensities are high, conventional fuel costs
high, and land costs low. Such stills also have attrac
tive possibilities in areas that lack industrial develop
ment but where stills can be constructed, operated,
and maintained with materials and labor available
in the locality.

In earlier research on solar distillation, various
design approaches had been investigated. Very small
models were used, usually in places where sea ~ater
was not available and often in places of relatIvely
poor sunshine. It became apparent to OSW that
a need existed for a distillation program at a seashore
location.

The Department of the Interior established a solar
distillation research station at Daytona Bea~h,
Florida, in 1958 to provide a field installatIon
for inte~ated sol~r-still development programs w~er:
sm~ll pilot plants or equipment prototypes of vanour
designs could be installsd.. operated, and furthe

ddevelo~ed. ~t was believed that emphasis w.as needea
on engmeenng aspects and on obtaining relIable da;t
on construction, operation,. maintenance, and hfe
expectancy of different types The station has bee~
established and operated th~ough a resea;rch an._
development contract with Battelle Memonal jnsti
tute.

Since ~hat time, a 2 500 sq ft, glass-covered-, dee~f
basin still and two air-supported plastic stIlls
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The possibilities of utilizing sola~ energy fo; con
version of saline waters were realized early In the.
Saline Water Conversion Program. Since 1953 the
Office of Saline Water has had projects in this field,
carried out primarily by means of contracts with
R & D organizations. Although efforts to produce
fresh water bY; some means' of solar distillation
have been proceeding for many years, the number
of solar evaporators actually produced for use is
small. One practical application often referred to
is a large still built in 1862 in Las Salinas, Chile,
to supply water for. a. mining camp.
. "Solar distillation methods fall into two main groups:
(a) those producing steam or other heated fluid,
usually by means of a focusing-type collector, for
use in conventional distillation equipment such as
a multiple-effect evaporator unit and (b) those in
which absorptionof the solar energy and the evapora
tion of water takes place in one piece of equipment,
usually with self-contained condensing surface.

One of the first solar investigations under the
program was conducted by Dr. George O. G. LOf (7).
He made an engineering survey and evaluation of
possible methods for converting saline water by use
of solar energy. His investigation indicated that the
most practical way of using solar energy for saline
water conversion was by means of solar distillation.
It was concluded that among the numerous processes
and. types of equipment, those of simplest design
offered the best~hance of producing fresh water
at the lowest overall cost.

About the same time that the Laf survey was made,
Battelle ~emor~al. Institute studied the feasibility
of producmg distilled water from sea water with
multiple-effect evaporators using steam generated
in solar collectors of the parabolic cylinder type.
Although it was determined that such a system was
technically feasible, it did not appear attractive
enough economically to justify further work at
that time.

Thus, on the basis of these initial "investigations,
OSW has sponsored further research with emphasis
on developing non-focusing types, of simple design,
in efforts to lower costs by increasing efficiency
and by reducing costs of the equipment and operation.

Distillation by means of solar heat has the advan
tage o~ eliminating the cost of fuel energy otherwise
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and average productivity of 0.09 galjsq ft/day
(table 1). Productivity increased threefold when
solar radiation increased twofold from 1 000 to
2 000 btujsq ft/day. An example of the distribution
of s.olar energy on the glass-covered deep-basin still
dunng a 3-day period in October 1959 when average
solar radiation was 1 400 btujsq ftiday, follows:

Studies of this still showed that the cost of con
struction could be reduced substantially through
design improvements, and the useful life of the still
could be increased, possibly to 50 years. An improved
basin still along these lines was completed in April
of this year (1961), and details are given later in
this paper. Using the OSW procedure (ll), modified
for solar, estimates of the total cost of fresh water
on a 100000-gpd still would be about $2.50 per
thousand gallons, based upon this improved design
and further optimization. Battelle Memorial Institute
estimates, on the basis of a municipally owned
installation, give present water costs of $2.44, with
a prediction of further optimization to reduce the
cost to $1.22.

The experimental work at Daytona Beach on
the use of plastics confirms the promise of the tech
nical and economical feasibility of these types of solar
stills; beginning in 1959, further developments of

500 and 2 3~0 sq ft have been constructed and oper
ate~ for penods of more than 1 year (1, 4). The deep
basl~ still. was based upon Lof's design, and the
pla~t1cs still w~s b~sed up~m.Du Pont design, with
their co-operation III furnishing materials and con
struction assistance.

Additional research on other designs such as
ti~t(:d stills, suspended envelope-type stills, and stills
with external condensers has been carried out under
other contracts. New pilot units, based upon some of
the ":esearchresults, are being installed at the research
stati,on .for evalua~ion and further development.
Evaluation of vanous plastics materials is also
under way.

The first .two. approaches taken at Daytona Beach
for developing Improved solar stills involved the use
of the basin-type concept. One of these makes use
of low-cost conventional construction materials such
as concrete and glass, which have very long life
and low maintenance. The other was the use of new
transparent plastics materials, which resist solar
degradation, in designs that make use of thin films
and offer possible lower initial cost. .

Extensive instrumentation at the Daytona Beach
site, particularly on the glass-covered, deep-basin
still, made possible energy-balance runs that produced
much valuable information. Results of the perfor
m~nce tests show that productivity of the basin-type
stills was almost entirely dependent on intensity
of solar radiation and that it was not affected appre
ciably by other weather conditions. There was little
difference in the performance of the deep-basin and
air-supported stills when both were in good operating
condition (free of vapor or distillate leaks). Overall
thermal efficiencies 1 were in the 35 per cent range
with an average solar radiation of 2 000 btu/sq ft/day

1 Sce appendix for method of calculating efficiency.

(a) Evaporation of distillate (efficiency)
(b) Ground and edge heat losses. . . .
(c) Solar radiation reflected ·from still .
(d) Solar radiation absorbed by cover . .
(e) Radiation from basin water to cover .
(f) Internal convection . . . . . . . . . . . . .
(g) Re-evaporation of distillate and unaccounted-for

losses . . . . . . . . . . . . .

Percent 01
solar

radiation

32
2

11
4.5

26
8

16.5

100.0

Table 1. Distribution of solar radiation incident on deep-basin still

Average solar r;diation, btuj(sq ft) (day) .
Average air temperature, F .....
Average cover temperature, F. ., ~

Average brine temperature, F. . . .
Average productivity, gaH(~q ft) (day)

Components :
Reflection. .
Absorption by glass cover.
Net radiation from water.
Internal convection . .
Ground and edge losses. .
Distillation·. . . . . . . .
Re-evaporation and unaccounted·for losses

Dates 01 3·day performance runs

Dec. 16·18, Oct. 7·9, May 18·20,
1959 1959 1960

756 1400 2318

76 79 77

71 89 98

82 102 III

0.021 0.051 0.105

Per cent 01 solar radiations

11.8 10.7 11.8

4.1 4.6 4.4

36.0 26.4 16.9

13.6 7.9 8.4

2.1 1.6 3.5
' .. 40.524.5 32.2

7.9 16.6 14.5-
100.0 100.0 100.0

. . bri "divided proportionately among net radiation. distillation, and internal convection.
NOTE. _ Energy resulting from heat storage In rine was
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Figure 1. Aerial view of Lighthouse Reservation

Solar Research Distillation Station

plastics-covered basin' stills was undertaken by
E. 1. Du Pont de Nemours & Company at a site
near Miami, Florida: The results of those further
developments will be reported by Du Pont (11, 12)..

placed on level ground and covered with [,Jass plates
sloping at a low angle. The design utilizes t so-called
deep basin that allows a water depth of 12 inches.
The principle of operation 'is to utilize t' 2 thermal
inertia of the large mass of water to provi .' continu
ous distillation, even during the night. ~ he design
calls for placement of the basin directly on ".X' ground,
with-no thermal insulation, on the premi. that heat
losses to the dry earth would be small.

The o~eralldimensions of the still are [ji, iJV 55 feet.
This provides, approximately 2450 squ In: feet of
basin area in six bays. The feed-water in]' is and the
blowdown overflows are so arranged th.. the flow
of water in the basin is in three circuits. ')1;(' nominal
depth of feed water or brine residue in tl« still basin
is 12 inches, although this depth may i ,f' changed
as desired.

The cover of each bay consists of tv» rows of
4-ft-sq glass panels arranged in gable-i ',If fashion
with a slope of 15°. The upper edges (. the glass
panels are supported by timber-framinr, members
and sealed with a neoprene channel; the wer edges
are supported on the bay walls and ,lIed with
neoprene extrusions; spaces between the "ss panels
are sealed with pressure-sensitive tape Figure.4
shows the completed deep-basin still. ~'~ure 5; IS
a cross-sectional diagram of one bay (,' the still;
blowups show how the glass is sealed.

RESULTS

After some problems were overcome the still
was operated successfully for long periods. A summary
of distribution of incident solar energy is gJVen above.
Det~ils of productivity, heat flows, and temperature
of still during a 72-hour period are shown in figure 6.

There were difficulties with the original distillate
troug~s because of leakage back to the brin~ and
leaks m parts of the prefabricated asphalt mat lIners.
There was considerable difficulty in obtaining seals
between glass panes that would withstand weather
ing. It was necessary to use a black pressure-sensitive
t~pe (Joh~s-Manville, V-IO, 2 inches wide). Three
sIxteenths-mch glass was used in four of the six bays
as a precaution against high winds occasion3:l1y
occurnng m northern Florida. One-eighth-inch-thIck
glass was used in the other two bays: Experience
has shown that the 1/8-inch-thick glass is satisfactory.
!n fact, the still went through a severe hurricane
m the fall of 1960 without damage.
. Other c?nclusions reached on the basis of experience
m operatmg the still are:

(a) It is .not worthwhile to provide for continuouS
flow of bnne. Batch operation is satisfactory and
has the advantage of simplicity in operation and
control. '

(b) With solar-radiation intensities of 2000 btu{sq
~t/day,. productivity of at least 0.10 galjsq ft/day
IS pOSSIble.

(c) Heat~osses ~o the ground are so small that use
of thermal Insulation is unnecessary.

70.5
51.2
80.0

9.3
SSW
57
62

.per cent

· .. of
· inches
.percent
· mph

(a) Average temperature . . .
(b) Average precipitation . . .
(c) Average relative humidity.
(d) Average windspeed . . . .
(e) Prevailing wind direction. .
(f) Average cloud coverage . .. .
(g) Per cent 'of possible sunshine. .

Figure 1 is an aerial view' of the Lighthouse
Reservationj also shown are the Atlantic Ocean
and th~ Hali~ax River. The sea-water supply from
the Halifax RIver at the point of intake has a salinity
of about 35000 ppm.

Figure 2 is a plot of' Ponce de Leon Lighthouse
Reservation., .

Figure 3, ~how~ t~st site from 'top of lighthouse;
the deep-basin still, inflated plastic stills, feed-water
sto,rage tank, and instrument shelter are shown.

DESCRIPTION OF STILLS (1)

Deep-basin still

The.. deep-basin still .was designed initially by
Dr. Lof. As constructed m Flonda, the still consists
essentially of a watertight, multiple-channel basin,

The station was established in 1958 on land made
available by the US Coast Guard; it is on the Ponce
de Leon Lighthouse Reservation near Port Orange,
Florida. The location is well suited to the objectives
of the research program. For much of the year
the weather is clear, with high-intensity solar radia
tion. Seasonal variations allow evaluation of the stills,
however, under many operating conditions. Yearly
data.from records of the US Weather Bureau follow:



(I) The largest loss of incident solar energy is by
radiation from basin water to Cover. Reduction
of radiation by some means would increase solar
still efficiency; one suggestion is a cover material
that would reflect radiation emitted by the water
surface.

Developments in solar distillation

(d) Sealing techniques require further improve
ment

(e) Several design improvements should be possible
to lov-er construction costs and improve performance.
(There are discussed in the section Improved Basin'
Still.)
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Figure 3. Solar still test area as seen from top of lighthouse

286 III.E Production of fresh water

Table 2 is a summary of the construction features
of the Lof deep-basin still and the Du Pont plastics
still. "-

Theoretical analyses of energy balances (8, 9) on
solar stills, by Lof, Eibling,' and Bloemer, compared
with actual performance data, show the importance

~

Figure 4. Completed deep-basin stl\<

and relationship of various parameters in uasin solar
stills. Major conclusions are:

(a) The performance of basin-type ""l]ar st~lls
under varying atmospheric conditions and operatlllg

Table 2: Summary of. construction features of experimental solar distillation plants

-seu .Unit 1, Lot deep-basin still Unit 2, small Du Pont plastic still Unit 3, large Du Pant plasticsl~

2 in of perlite loose-fill insulation
4-mil Alathon-14 polyethylene resin film

Impregnated Celotex sheating, i-in each bay
Black Orlon acrylic fiber mat

controlled se-

Section !>fin

Upper. Il
Center. H
Lower. 2

Each bay batch
parately

2'6" X 62'4"
155.6
39"
0.095

2300
5-mil weathcrable vlylar film
49'9" X 63'5"
3 157
15
15 bays in parallel

MaxMin

End curbs poured concre~e;
side curbs lintel block With
poured concrete contours

U 4 b s wet·ntreated II bays untreated, ay
, , tably treated

Air supported (approx. i-in water gage pressure)
8-mil Black Alathon-5F polyethylene resin film

o- 3i
2 0 21
3 Oa 21
4 0 21
5 0 2i
End and side curbs, poured

concrete

500
3-mil Teslar film
16'5" X 38'3"
628
5
5 bays in series

2'8" X 37'2",
99.1

, 37"
0.072

Bay

Concrete block laid on poured
concrete footers

Untreated

Panels supported on framing
i-in prefabricated asphalt mat

on bottom, i-in on sides
None
None
2 in foamglass, perimeter only
Asphalt liner

2450
Glass panels
55'2" X 55'7"
3069
6
Adjacent bays in series, 3 pairs

in parallel
Controlled as a unit, either Batch controlled as a unit

batch or continuous
7'9!" X 51'1l f'
408.8
8'5t"
0.028·
May be controlled at any point

in the range 7 to II inches

Inside bay dimensions
Basin area of each bay, sq ft.
Curb centerline spacing
Basin and curb slope, each bay, in.1ft.
Minimum and maximum water depth

when purging, inches. . . . . .

Wall or curb construction

Approximate total basin area, sq ft.
Cover material.:.. '
Over-all dimensions of structure .
Over-all area of structure, sq ft
Number of bays. . . . . . . .
Feed-water flow for filling and purge

ing .
Feed-water control. .

Treatment on cover condensing sur
face ....

Cover support.
Basin liner . .

Bottom insulation.
Ground sheet. . .
Side insulation . .
Radiation-absorbing surface.

, • Water does not cover entire bay because of slope of basin.



Developments in solar distillation S/85 Strobel 287

FJ~ure 5. Typical cross-section of glass-covered,
deep-basin still

Exlruded
neoprene seals

f----- Concrete
fooler

methods and with various design features may be
appraised by the solution of theoretical energy
balance equations. Because even the simplified
equations involve more than a dozen variables,
analysis by digital computer methods is practically
required. Determination of the ranges and represen
tative values of most of the parameters is facilitated
by use of pilot-plant data.

(b) Results of the computer analysis, in the form
of graphical relationships between hourly distillation
rate, basin temperature, cover temperature, and
11 design and operating variables, show the following
principal effects:

1. High distillation rates are accompanied by high
temperatures and relatively small temperature dif
ferences between basin and cover.

2. Distillation rate and operating temperatures
increase with increase in solar radiation, atmospheric
temperature, and degree of approach to equilibrium
in the distiller. Productivity and temperatures rise
with decrease in wind velocity (external coefficient
of heat transfer), reflectivity of the system, ratio
of cover area to water area, and re-evaporation and
reflux of condensate.

3. Effects of moderate changes in the size of
structural components and transmissivity of the
cover for solar radiation are small.
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Pan sheet

Concrete curbs

Ground sheet

Transparent plastic sheet
inflated to 1/4" hydrostatic air pressure

Fiberboard

insulation

block Orlon mat

Pan sheet

Insulation, 2" thick

37"or 39" centers

,

I~
Figure 7. Cross-sectional elevation showing basic construction of inflated plastics stills

ately .Du Pont Teslar film .of 3-mil thickness, w3;sl
. , d 5 rnIused for the cover on the small unit, an -

Du Pont weatherable Mylar .was use? on. the lar~e
unit. Properties of plastics films are gIven m table .

RESULTS

The large air-supported still ~as operatedlt~ill
January 1959 until September 1960. The sma sb
was operated from January 1959 until Septem

l
~r

1959. Instrumentation was not nearly as comp.e ~

as for the deep-basin still; however, it was s?ffiCI~~
for determining. productivity and evalua!mg a~

. components of energy balance. ProductlO~ Will
roughly equivalent to that of the deep-baslll st d
(for bays that did not leak vapor). It was learne
that air support of thin films was a practical rne:~
of solar-still construction. A major lesson was t \
such plastics units should be prefabricated so t~a
joining and sealing is avoidedin the field. The major
problem in using plastics is insuring vapor tightness;
With present sealing techniques, this does not a.PPtd
practical for field installations; the prefabnca cl.
types were, however, satisfactory from the stan -
point of vapor tightness. '.

The weatherability of plastics is also a probhlem.
will aveSome of the newer plastics films apparently

Air-supported plastics stills

The stills were built with the co-operation and
assistance of E. I. du Pont de Nemours & Com
pany, which also supplied the. plastic m~terials.
Frank E. Edlin, of Du Pont, "designed the stills and
assisted in installation and construction techniques.

The stills consist of separate channels provided
with plastics film basins and. air-supported tra~s
parent plastics covers. Relatively shallow basins
having li to 4 inches of water are used. T~e 500-sq-ft·
unit has five bays and the 2 300-sq-ft unit, 15 bays.

Figure 7 shows the basic co~struction of one b.ay
of the plastics stills. ~ plastics pansheet conta~ns

the feedwater in the basin, and a transparent plastics
cover serves the dual purpose of transmitting the

.solar radiation and providing a condensing surface
for the vapor. The cover film is supported by air
pressure, supplied by a small blower '. Concrete curbs
constitute the side walls of the basin and also an
anchor for the pansheets and cover film..

The stills are operated batchwise, with feedwater
makeup and purging of brine residue scheduled at .
intervals of approximately one week. The 15 bays
of the' large unit are arranged for parallel flow,
so that the. individual bays can be controlled separ-
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Table 3. Properties of Du Pont ~eatherable films used on plastics stills

Film

289

Status offilm , . ...
Thickness used on experi~e~t~1 ~tills: ~lil~ :
Density, glee . . . .
Sq ft/lb (1 mil) . . .

. Cost, centjsq ft/mil -
Present .
Projected , , .

Estimated outdoor life in Florida, years' "
Tensile strength, 103 psi . . . . . " .
Tensile modulus, 103 psi ....,...
Elongation, per cent. . . . . . .. ", . .
Tear strength, gjmil . . . . . . . . , . .
Flex cycles (1 mil). . . . . . , . . . . . ..
Moisture-vapor transmission, g/100 m2/hour/mil .
Oxygen transmission, gl100 m2/hour/mil . • . .
Use temperature, F

Upper .
Lower .

Chemical resistance . . . . . . . .
Solar-energy transmission, per cent ..
Refractive index ..
UV transparency . . . '. . . . . .
Heat sealability . . . . . . . . . .

a Not exposed to excessive temperature or humidity.

Tesla, film,
500 'q /t ,till

Experimental (1960)
3

1.38
140

1-2
7-10
14

300
100
20

100000
180

'0.4

250
-100
Excellent

95
1.47
Yes
Yes

IVtalhtfabl. M)'I4,
pol)''''tf film,

II 300 .q /1 .till

Semi-commercial
5

1.38
140

2.3
1·2
3-5
24

600
HO
20

20000
HO
0.4

250
-60

Good
85

1.65
No
No

satisfactory life. Of the ones tested, a polyvinyl
fluoride type, is the most satisfactory. The use of
plastics films for the condensing surfaces has the
~urther problem of wettability. Condensate forms
III droplets and interferes with the passage of solar
radiation. A means of insuring film-type condensation
when the films are used in this manner appears
advantageous.

Figure 8 shows measurement on one adequately
sealed bay of the large Du Pont still during a 72-hour
energy-balance run. Operation of these stills showed
that even though the depth of water in the basin
IS small, if the solar still covers a large area the use
of bottom insulation is probably unnecessary and
not economically justified. During hurricane Donna,
which struck the Florida station in September 1960,
all but, two plastics bays were tom beyond repair;
however, the stills withstood the storm without
damage when inflation was maintained.

Based upon the results obtained and the experience,
and -knowledge gained through operation of these
units, the Du Pont Company proceeded to develop
improved designs and established a solar-energy
development center near Miami, Florida. Improved
results have been reported to OSW informally, and
it is expected that publication will be made at the
appropriate time by the Du Pont, Company.

Tilted stills

Several research contracts were carried out by
Dr. Maria Telkes. One of the results was the develop
ment of tilted-type solar stills (13, 14). Curtiss-Wright

Corporation incorporated design improvements; they
fabricated five 100-sq-ft stills for evaluation at the
Daytona Beach station. The stills consist of modules
each 25 sq ft; thus a 100-sq-ft still consists of four
of the modules. Stills face south and are tilted about
300

• The general design features of all are the same,
but they vary in types of transparent covering,
pan materials, etc. Combinations of Teslar, Mylar,
and Polykraft pans and Teslar, glass, and Mylar
covers are being evaluated.

Figures 9 and 10 show the tilted still; it is essenti
ally a black absorbent fabric supported at an angle
from the horizontal by an impermeable sheet of
plastics or metal and surrounded by a transparent
cover above and an opaque material below. The units
constructed at the Florida station were assembled
with redwood framework and steel angle-iron sup
ports. Preliminary results indicate good performance
with somewhat greater productivity as compared
with the basin-type still.

Practical difficulties, however, are becoming appa
rent; these include deterioration of wick materials,
controlling flow of feed streams, shrinkage or wrink
ling of some pansheets, and leakage of brine and
distillate.

The performance of the tilted still is encouraging
and can be made satisfactory; however, it is question
able that this type of design and construction would
be as practical and economical for large-size solar
stills as a basin-type design. It would appear that
this type of still would be most useful for smaller
units.
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SIHpenJ(J (tIt-t/ope still

The njork~lrn Research I_'\horatori~ have been
in\'~lil:atin~ the \1~ of plastics materials in solar
stills (3). Onc result was a design for a suspended
rn\'Clope·typ(' construction, Such stills consist esscn
lial'" o( an envelope !\('paratrd from but surrounding
an al)!\orhrnt evaporating surface, The framework
along the lop is provided with a channel to allow saline
water to flow slowlv from the top down along the
evaporating surface.The excess hrine and fresh water
ate collected in separate channels along the bottom
of the still. The stills arc s\1...pended hv steel cable
or other means from posts set in the'ground and
opcralC'd in close to vertical position,

I>uring the past year the Bjorkstcn laboratories
have been working on design'! and production of
six lOO·"'l·f! stills for testing at the !'{)1.1t !'Iation.
These units ate based upon the module concept,
each apprnximatr-ly IJj Ieet Ions and 8 fcct wide,
Figute 11 shows the ha...ic comtmction of the
r-nvclope-Ivpc units. J>ifficultics in opera.ting the
unit." produced so far have delayed production data.
These c1iffiCtllti~ include in.~ufficicnt resistance to
wind, il11ptoJ><,r. wcttability ~f \\;c~ material, and
cowring (11m t><'JOf) blown n~aln...t WIck and conl.lm.
inating cli~lillatl....

Basin stills with external condensers

For several years the Georgia Institute of Techno·
logy has been investigating the use of for~ed c~n·
vection combined with external condensers III basin
type solar stills. The experimental work has J>:en
done on table-model solar stills, and the new design
and natural<onvection, shallow-basin stills have 1x;cn
compared. Figute 12 shows the experimental cqmJ:
ment installed on the roof of a building at Gcorgta
Tech.

In these designs, air is continuously blown through
the still and externally dehumidified in a tubul;r
condenser cooled with incoming feed. Part of t e
ptehcatcd saline-water feed enters each still direct!ii
- the remainder is stored in the basin of the sh.
or in a separate tank for night-time use-and IS
di!-~rsed Uirough a nozzle or over packing slats
to ancrea.~ the rate of evaporation. The tubu)ar
condenser can be replaced by a contactor into \\~lIcll
a portion of the product, previously cooled 10 .n
tuhular heat exchanger with saline-water feed, IS

sprayed to dehumidify the air-vapor mixture. The
drhumidified air can be recycled to the still. .

TIle analysis of forced.convection stills is C0l11phc.1·
tcd hy a gre.'\tcr number o( variables. There see.01s
to be a definite optimum airflow rate, dependIng
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Iy. (lperation near the optimum airflow rate, (or
a still with an increased water-surface area, showed
tJ~a I production of 0.18 gal{sq ft{day can he obtained
with solar radiation at 2000 btu/sq ft/day. However,
part of this production is obtained bv extraction
of water vapor from the ambient air by tIle condenser
ane! from solar energy gained from the pipin~ and
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Precast reinforced
'concrete beam "".

118'window
glass

Fi~ure 12. Overall view of experimental stills at Geor~ia
Institute of Technology, 1960 season '

Still 1. Deep basin; natural convection; Mylar; Still.2. Shallow." ..
basin; forced convection; Mylar; Still 3. Shallow basin: nat~ral Figure 14. Typical cross-section of improved l~lass-covered,
convection; Teslar; Still 4. Deep basin; forced convection ; deep-basin still
Mylar; Still 5. Shallo~ basin; natural co~vection; glass; Still 6.

Deep basin; forced convection: Teslar

previous cost figures are lowered to $3.48 and $2.15,
respectively (6). . .

Improved basin still

The several years' experience, including design,
construction, modification, and operation of glass
covered basin stills has led to a new design of greater
simplicity with expected greater still life and less
maintenance. A new still having a 3000-sq-ft single
basin was begun in January 1961. The basin liner
consists of prefabricated asphaltic mat without
submerged perforation. All support columns for
the glass rest directly on the liner. Special concrete
beams support the glass and simplify sealing. T):1e
major phases of construction include (a) grading,

. (b) installation of asphaItic mat, (c) erection of
concrete blocks and beams, and (d) installation of
glass and distillate troughs. The still is not instrumen-

Figure 13. Improved ~lass-covered basin stilI .being
installed at Solar Distillation Research Station,

ted as extensively as the first deep-basifl still: instead.
only a few thermocouples were placed at strategic
locations to indicate still performance. A re~Ol:dmg
dump-type water meter is used to measure distillate

. output and brine overflow rates.
. The preliminary cost estimate fo~ this still was
$1.26 per sq It, completely installed, i.e., 81 cents

t
fo~

material and 45 cents for labor. Wh?ll some ac ~~
costs were obtained during constructIon of the S~I\'
the cost increased to $1.84 per square foot - maten~~
at 91 cents and labor 93 cents. (This compared.~ al
actual' cost of $7.00 per square foot for the ongm

hdeep-basin still built at the Daytona Beach site.) The
largest increase was in grading and compadmg \/
soil base-essentially a hand-labor operation for t/tr
small size. The cost break-down for the new SI

is given in table 4. Figure 13' shows the still near
completion. Figure 14 is a cross section of the ne.W

still design. Details of construction are giV~1~)
drawings in the appendix (figures 15, 16, ~7 ~n .
Operation of this still is expected to begm III May,

. 1961.
, d basedSeveral cost estimates have been rna e, d

upon th~ d3;ta obtained from ~he gla.ss-cover:d~
deep-basin stills. Battelle Memorial InstItute m .
estimates on a 100000-gpd still, based upon -f~
municipally owned plant. Assuming a $1.37-S[
cost installed and production estimated at 0.09 g/~/i
ft/day at solar radiation of 2000 btu/sq ft t~
their estimate is $2.44 per thousand gallons. 0

an optimize~ basis of ~O.99-sq-ft cost and 0.11 P~5.
duction, their estimate IS $1.22 per thousand gallo

Furtherestimate~ h~ve been made by OSW, ba~e;
upon' the standardized procedure modified for s t
application.. For' a 'lOOOOO-gpd still, present ~~:r

'per thousand gallons per day of prodUct W d
is $3.25, based upon $1.37-sq-ft cost installe~ a~
0.10 galjsq ft/day production. A projected estlma d
based upo~ further optimization, is $2.06 per thousa~l/
gallons, usmg $1.00-sq-ft cost installed and 0.12 g
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All dimensions in feet and inches

_______________ 64'( total length)

(approx JI.

--, r-1 ro ........ -i-, , r-1 r-1 ,....., ,...., ,....., r-

~' deep sump for Tdraining purposes
"

, ~~""'''''!-
~ ~ ~ 1~IlIIIU\\~

I.i
•R
~

I, 5S'-5' basin (inside edge • top of slope) I t(mound crest width) 14'-1 -

.~
- --

Glass spaced ffrom endwa"~
...,.

ell

Q -~ The 6' lintels are spaced~' apart

,
[7

-<Tt
<r

- - "- := ~ i
--The bottom of the basin has no slope A- ~

--
..
ell..
ell

£
4S"xM'xf lass spaced 2" -- See detail A-A

~/ ~

seam covere with a_ 4" glass strip f\
0
e

'F
End glass panes48"x2S'x~ If J

0•
- Spaced - from end wall. Space l1--6~i'-

..
filled with asphallic cement

: 11 :
u
0
1Il

b L:J 0 -LJ , L:: LL4 xS XI~IOCkS
'-' J LJ -L

\' 5S'-9t"
I

I
, 1..

Q)
c.-5.

Area inside edge and 'end walls=2930 It'

Fi~ure 15. Improved ~Iass-covered basin still. Drawing No. 1

Table 4. Estimated cost break-down of new deep-basin still

Cosl, doll/ml Sf II

Item
Labo, To/Ill

1. Layout, grading, soil sterilization .
2, Asphalt-mat basin liner .....
3. Concrete blocks for pillars and edge

wal1s .
4, Concrete lintels. . .
5. Glass . -.•.....
6. Miscellaneous piping.
7. Distillate troughs . .:

8. Subtotal. . -. . . . .
9. Sales tax and contractor's labor t'ax.

10. Contractor's overhead and profit..

11. Total. . . . . . • . • ....•

0.28 &

.17 &

.06 &

.22 &

.13

.03

.04

.93

0.04 &

.28 &

.04 &

.13
.35
.03
.04

.91

0.32 &

.45&

.10 &

.35

.48
.06
.08

1.84
.09 &

.16 &

2.09

, A~tual cost. Unmarked figures are estimated.
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Table 5. Cost estimates based upon Battelle data and OSW standardized procedure (modified f,':' solar) *

250 000 sq ft still

(25000 gpd)
Present b Projecteda

Installed costs :
Other plant costs

Raw water supply ..
Product storage.
Contingencies (2% of above)
Engineering (2% of above) .
Interest on investment during con-

struction (4%) , .

TOTAL PLANT INVESTMENT •

Operating costs (365 days per yr.] :
Supplies and maintenance materials

(0.0014% TPI)
Operating labor and maintenance

(I man)
Amortization (20 or 50 yr. at 4%).
Taxes and insurance (O.006% TPI).
Interest on working capital

(O.00725 X above)

TOTAL OPERATING COST/STREAM DAY.

Cost per 1 OOO-gallon product water

$
342500,

125
250

6850
6987

14256

370968

50

$
5.19

20.00
48.23
22.26

0.69

96.37

3.85

$
250000

125
250

5007.50
5107.64

10420.00

270910.14

50

$
3.79

20.00
35.22
16.24

0.55

75.80

3.03

1000 000 sq ft still 833333 sq It

(100000 gpd) (J 00 000 gPd)
Present b Projected' Projected C

s $ $
1370000 1000000 833333

500 500 500
1000 1000 1000

27430 20030 16697
27949 20431 17006

57015 41678 34681

1483894 1083639 903217

Life (years)

20 50 20 50 50

$ $ $ s $
20.77 20.77 15.17 15.17 12.65

20.00 20.00 20.00 20.00 20.00
332.39 192.91 242.74 140.89 117.42
89.03 89.03 65.02 65.02 54.19

3.35 2.34 2.49 1.74 1.48

465.54 325.05 345.42 242.82 205.74

4.65 3.25 ,3.45 2.43 2.06

• Average daily solar intensity figures as 2000 btujsq ft/day.
• Based on $l.OO{sq It installed cost and 0.1 gal{day/sq It production.
b Based on $1.37/sq ft installed cost and 0.1 gal{day{sq It production.
C Based on $l.OO/sq ft installed cost and 0.12 gal/dayjsq ft production.

Blocks set on pods with no grout, '
and leveled by moderate pounding
with hammer

Nominal Bx8xl2 block made
with special mix, 99 required

View A-A

I I

C""f1=';rI6"- "
(Width of 49'-4"'----

mound crest) 52' _

". . ,One' inch plastic over-flaw pipe
3. plosfic blawdown siphon ,\sealed with asphalt in depression
PIP~ to be located near In the mat. Locate near drain sump.
dram sump 00 not pierce mat.

, .

Bury edge of
asphalt mat.

Distillate header runs
Width of stilll2"pipe)

Ridge ,slope, and basin bottom
covered With f thick asphalt mat.

All dimensions in feet and~

View B-B

Figure 16. Improved glass-covered b . t'll
asm SI. Drawing No. 1 (continued)
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o
Inch

r dia. steel (3)

f-- 2f- -i
T

48")(34")(i'glass

All dimensions in ·inches

Poured. asphalt
applied cold

Asphaltic cement
applied beneath and
on top of glass ~-+=::::::;:s~"":

4 oz. )(4in. wide
I"j.continuous copper. sheet

hand formed in place 3 f ---

Pre - cast concrete
lintels 6 ft long

rdia. steel (3)

j"----r
I ,~I

c=
o

l,

i,>,J
-") 0

i .£:.

'001 ..
10

I

Figure 17. Improved glass-covered basin still. Drawing No. 2

sq ·'tjday production. Further details are given in
table 5.

It is obvious that almost all the cost of water pro
duced by solar distillation is in materials and installa
tioi. If only operation and maintenance costs are
considered, then. the cost. of the fresh water is
extremely low.

Std. axa x 16 concrete block

Plastics films

EVALUATION

The advantages of being able to use thin trans
parent plastics films in solar stills have been mentioned
previously; however, for plastics films use to be
economically feasible, it is necessary that they have

View C-C
All dimensions in inches

6 ft long Cl
lintel beam_ 1,...------->-----\

C
k-----IOO" to the edge of ---

the next opening

This space filled
with asphaltic
cement after instal ation
of distillate troug son
distillate outlet en of still

__..:-.:------..:-.:-...--~:= 2"dia. plastic pipe

e- Grout to this level F:j=========~
on other end of still

o 2

Scale
4

Figure 18. Improved glass-covered basin still. Drawing No. 3
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Table 6. Economics of solar stills
(Battelle Memorial Institute)

Performance available
with today's technology

Best performance
to be expected in near future

Production rate, gal/day
270 100000

0.11 0.11
2560 910000
.059 20.8
50 50

$ $
.70 .60

.50 .30

.19 .09
--
1.39 0.99

3560 901 000

$ $
nil 6000
10 3000

1.46 540
226 35100--
237 44640

2.40 1.22

$
6000
5000
540

77 500

89040

2.44

100000

.48

.12

1.37

1520000

270

$
nil
20

1.46
443

464

4.70

.80

.27

2.04

6120

Performance of still

0.09 0.09
3 000 1 110 000
:069 25.5
30 30

Yearly cost of still operation in dollars

Initial cost of still,b dollars per square foot

$ $
.97 .77

,", .

TOTAL COST IN DOLLARS

Water cost, dollars[1 000 gal. . .

Labor e ••

Materials.
Electric power c

Capital charges d •

TOTAL YEARLY COSTS

Total cost

Basic materials. . . . . . . .
Labor, site preparation and assem-

bly..... '.
Contractor's fee r. . . . . . . .

Gal/(ft2) (day) ".
Area of still, ft2

Area of still, acres
Expected life, years ..

• Average solar radiation = 2000 btu (ft·) (day). .
b Land acquisition and property taxes not considered. Materials and labor costs are appropriate for eastern seacoast, continental

United States. '
C Distillate, brine, and raw water pumped against 10-foot, head. Brine concentration 4:1. Over-all pumping efficiency 10 per cent

with electric power at 2 cents per kWh.
d Determined' on equal yearly payment basis during expected life. This amount would repay initial cost of still and interest

charges of 6 per cent on small still and 3 per cent on large still. These interest rates ate considered appropriate for private and
public ownership, respectively.

e Assumed labor cost for one full-time maintenance man with necessary supervision and incidental employment charges.
r 16 per cent for small stills and 10 per cent for large stiUs.

reasonable life in the environment encountered by
solar stills. Evaluation of plastics films was part of
the Bjorksten Research Laboratories investigations.
Many materials were tested from 1956 to 1958 (2).

It was found that results obtained by the usual
plastics weathering exposure test, under dry condi
tions, were not suitable for evaluating films under
solar-still conditions. For this reason, an actual
exposure test was. developed that more nearly
simulated solar-still operations. Battelle has continued
and expanded these tests since operations were begun
at Daytona Beach.

Two samples of each plastics filmsmaterial are being
tested on small zero-output stills, which consist of
5-gallon paint drums containing salt water over
which the plastics films are placed. The plastics film
is held on the top of the paint drum by black poly
ethylene tubing wrapped around. the drum and film
and held tightly by a spring. The drums are set so
that the plastics film is at an angle of 300 to the
horizontal, facing south.

At the present time some 4,0 transp~re~t plastics
films available from commercial organizations have

been or are being tested. The film that stands up
without noticeable change for as long as the tests
have been underway is polytetrafluoroethylene; next
in rating for use is polyvinylfluoride and polychloro
trifluoroethylene types; next. polyglycol te~ephtha
late,2 particularly that treated for weatherab1hty.

TREATMENT

The Franklin Institute conducted research on
producing permanently hydrophilic surfaces on plas
tics films for solar stills (5). Two principal means
of producing transparent hydrophilic surfaces o~ a
variety of plastics films for solar-still condenslll.g
surfaces were investigated; one was vacuum depoSl
tion of silicon monoxide on the surfaces; the other,
the chemical deposition of titanium dioxide on the
surface via the hydrolysis of tetraalkylorthotitanates.
Both proved to be technically feasible; howev~r,
the titanium dioxide process is the present ohorce

2 Some of these materials are also known under the following
names: polytetrafluoroethylene, Teflon; polyvinylfluoride, Teslar;
polychlorotrifluoroethylene, Kel-F; and polyglycol terephthalate,
Mylar.
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for Iarrre-scale film treatment because of lower cost
and adaptability to a large-scale operation. A lab.
study c,( immersion durability of Ti02 coated polymers
showed no apparent coating failure after 7 months
of immersion in distilled water.

Titaiiurn dioxide-coated Teslar was used as the
cover n.aterial on part of the installation at Daytona
Beach. and production improved. Both Mylar and
Teslar samples also have been tested in the zero
outpu: small drum stills previously described. Mylar
has r. tained its wettability since October 1959;
however, the Teslar began losing its wettability
after sr.veral months of exposure.

The Franklin Institute is also carrying out research
to produce selective infra-red-reflecting surfaces on
plastics films for solar stills.

in the still' area. The net radiation exchange between the stills
and the atmosphere is measured with a Beckman & Whitley

'net-exchange radiometer. The radiometer is mounted above
the still being investigated in a plane that has been experimentally
determined to have a constan~ flux density across the still.

Reflected and transmitted solar radiation

The amount of solar radiation reflected from the water surface
and bottom of a still is measured with an Eppley pyrheliometer
inverted over the water surface. The solar radiation transmitted
by the cover of the still is measured with the instrument facing
upward directly beneath the cover. The solar radiation reflected
upward by the covers is measured with pyrheliometers inverted
above the still. The readings of transmitted and reflected radiation
are recorded alternately on a single-point recorder for 15 minutes
of each hour; for this purpose the instruments were wired through
a cam switch. The area under each I5-minute segment is integrated
with a hand planimeter, and the readings between segments arc
interpolated.

eo -exc <, -.
• 047-2 ~.

V46-1 V45-1 V44-1 V43-\ V42-1 V41-1

646-2 645-2 644-2 643-2 ' 642-2 641-2

G44° G44-3 G43- G43-3
• • • •

G43-
G41-4 IG 41-3

G16 G4f3 5.S. 't 6.9. lil . .
V44-5 643-1 V43-11 rt4N 641-6 V41-5

V46-5 645'4 V45-3

x582,-1i
Thermocouple prefiX code:

B Brine or soil woter Inside basin
G Gloss
o Overflow or blowdown
V Vopor- oir mixture beneoth gloss

Figure 19. Thermocouple locations for meas~rl~~:;~~:r~
atures of brine, vapor, and glass cover n
still

H 1 honger flume

Solar radiation absorbed by still cover

Solar radiation absorbed by .the still cover was determined
partly by experimental measurements and partly by theoretical
calculation. Absorption of a glass plate can be represented by
the equation

a = I_e- kL,

where a = absorptivity,
k = extinction coefficient of glass, in.-1,

L = length of path of -light in glass, in.

General conclusions

On ;he basis of R & D results it is concluded that
basin-type stills built directly on dry ground ~re

the or: y presently practical type for large-cap~clty

solar .tills, Two general approaches are possible:
one r' I kes use of thin plastics materials, the other 
of m. .« durable materiais - glass, concrete, and
asph» ."0 On the latter approach, OSW has records
of pr.. ved performance, which includes long-term
field 'evaluations and determinations of energy
balances and production data, with actual costs ~f
prototypes of sufficient size to '~ive a reliable basis
for projected costs of a larger SIze. Thus, alt~ough
further development and impr~vement are likely,
there is available at the present time a glass-covered
basin, solar-still design, as described and shown
in drawings (figures 15-18), which can be recomm~n

ded for a large solar-still installation and whl~h
would have predictable performance and econo~mc
feasibility in areas advantageous to use of solar stills,

INSTRUMENTATION AND METHODS OF RECORDING DATA (1)

Evaluating the performance of the solar stills constitutes
a ma] or share of the work at the Florida station. Two general

d ti °t data andtypes of data are being obtained: daily pro uc 1V1 y _
data collected continuously for 72 hours for determining energy
balance of stills. .

Solar radiaiion.

Both total and diffuse solar radiation are measured witdh
. t d on permanent stan slO-junction Eppley pyrhellOmeters moun e _. t

near the center of the test area. The output of each pyrheho:~ er
• 0 d The record from eac ay
1S recorded on a single-point recor er. 0 th total
is integrated with a hand planimeter to determme e

. h 72 hour energy-balance runs,
radiation for the day. Durmg t e - . . tegrated
the area under the total-solar-radiation curve 1S m 1

d t mine the hourly so arfor each hour during the day to e er
radiation intensity.

APPENDIX

Total radiation
• 0 h urn of the atmospheric

The total 'radiation, which 1S t e s B k & Whitley
. d ith a ec manand solar radiation, 1S measure W1 manent stand

. . . t unted on a pertotal hemispherical radiome er mo
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,Figure 20. Location of ground instrumentat' "
Ion .or deep-basin still

X 5820"8

Extinction coefficient, k, for the glass was determined experi
mentally to be 0.222 in.r'. Using this value of k, it is possible
to calculate solar radiation absorbed by cover from value of L
for various angles of incidence during the day and from correspond
ing solar-radiation intensity. Values of absorbed solar radiation
can then be plotted and resulting curve integrated to determine
total absorbed solar radiation.

Temperatures and ground-heat flow

anFdigtuhresh19, 20, and 21 show the locations of the therrnocoUp~es
e eat-flow m t . 1 tlCSstills Th th e ers m the deep-basin and large P as

of '. e ermocouples are used to measure the temperatures
vanous compo ts f tTh nen 0 the stills and of the brine and vapo .
ermocouples I . the

are a so buried at several depths beneath
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o Heet- flow meter

ELEVATION-SECTION A-A

Figc.re 21. Location of instrumentation for Iarge plastics still

stills to determine isotherms and heat-flow. paths beneath the
stills. Each thermocouple is connected through a separate switch
in the instrument house to an indicating potentiometer calibrated

Sec. .: I

~3 trYY~~fGD acstn
2-l ' . ' grOd;level
4 j&I. I Thermocouples

6 ~ • • • • • Ground or curb
e~. • • x Insulation

Ll. Water
o Vapor
... Film

~~ degree.s Fahre.nheit. ~hus, a given thermocouple can be read
theany tlm~ of its particular switch is closed. Also, several of

more im?Ortant temperatures are recorded continuously
on two l2-pomt recorders.

Water-flow rates

The.fe~dwater supply is measured with a Neptune water meter.
The distillate produced is measured by means of special dump
type meters. Each meter consists of a tank provided with upper
and lower float switches connected to solenoid valves so that
the tank automatically ~lls and empties. Each dump is recorded,
and the meters are cahbrated in gallons per dump.

OTHER INSTRUMENTATION

A wind-speed and direction instrument was loaned by the U.S.
Weather Bureau; also a small instrument shelter houses a hygro
thermogr.a~h and a thermocouple to record air temperature
and humidity. Speed and direction of the wind and the tempera
ture and hU~i~ityof the air were averaged for each day; the maxi
mum and minimum values of each and the time at which they
occurred were also noted each day.

The salinity of the feedwater was spot-checked at the storage
tank and at the source in the Halifax River during tide changes
Salinity was measured by means of a Sol-U-Bridge conductance
probe. .

SPECIFIC PRODUCTIVITY AND EFFICIENCY

. The specific productivity of a solar still is expressed in units
of galjsq ft(d~y and is determined by dividing the total daily
g~llons of.distlllate p~o~uce~ by the basin area. For comparison
With previous solar distillation work, the efficiency of the solar
stills is based upon the amount of solar radiation intercepted
by ~h: sti!l. The efficiencies were calculated considering all solar
radiation mtercepted by the still. The efficiencies were calculated
considering all solar radiation incident on the stills as available
for distillation. It was assumed that the heat required in sensible
heating and evaporation of each pound of distillate is 1070 btu.
Therefore, the efficiency of the still is given by the expression

N. = [Specific production, gal/sq ft) (day)] [8913 btu/gal] (100)

[Solar radiation, btu/(sq ft) (day)]

where N. is the efficiency based only on solar radiation.
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" Summary

Per cent01
solar radiation

that show productivity of the b~sin-ty~, stills was
almost entirely dependent on mtens'L,' of solar
radiation' and was not affected appreCia~):v by other
weather conditions. There was little ,;,Cference in
performance of the glass-covered, deq', basin and
air-supported, plaste:-covered~~asin stil1,~ when both
were in good operating COndIh?n (~ree "r vapor or
distillate leaks). Thermal efficiencies \, ere IX: !he
35 per cent range with an average sol"" radiation
of 2000 btujsq ft/day and average productivity of
0.09 galjsq ft/day. Productivity increased threefold
when solar radiation increased twofold fvom 1 000 to
2 000 btu/sq ft/day. An example of the distri?uti~n

of solar energy on the glass-covered, deep-basm still
during a 3-day period in October 1959, when average
solar radiation was 1400 btu/sq ft/day, follows:

32
2

11
4.5

26
8

16.5

100.0

(a) Evaporation of distillate (efficiency) .
(b) Ground and edge heat losses. . . .
(c) Solar radiation reflected from still .
(d)-Solar radiation absorbed by cover. .
(e) Radiation from basin water to cover .
(f) Internal convection . . : . . . . . .
(g) Re-evaporation of distillate and unaccount.oIor

losses . . . . . . . . • . . . • . . .

The possibilities of utilizing sola~ energy fo~ con
version of saline waters were realized early m the
Saline Water Conversion' Program.' Since 1953, the
Office of Saline Water has had projects in this 'field;
carried out primarily by means of contractswith
R & D organizations., " .' ':, ,_...

On the basis of initial investigations of means
of utilizing solar energy for saline water conversion, '
OSW has sponsored further research, with emph~sis

on developing nonfocussing types' of i so!arsh~ls,

of simple design, in efforts to lower costs by lllc~easmg

efficiency and by reducing costs of the equipment
and operation. '

.' Distillation by means of s~lar heat has. the advan
tage of eliminating the cost of fuel energy otherwise
required. The diffuse nature of solar energy,however,
makes necessary the use of large areas for ?ollection.
Research has indicated that ·for solar stills to be
economically practicable they must have (a) siI?ple
design, (b) low initial cost, (c) long fife, (~). httle
maintenance expense, and, (e) require rmmmum
operating labor.

The primary objective of this paper is to deal
with solar stills of large capacity, which must compete
with other distillation processes, and to present in
formation and data that .has led to a practical,
economically feasible design for a solar distillation
plant up to 100 OOO-gpd capacity. " . ' .

The Department of the Interior established a: solar Studies of the glass-covered, deep-basin still
distillation research station at DaytonaBeach, showed that cost of construction could be reduced
Florida, in 1958, to provide a field installation for substantially through design irnproveiuents. ~nd
integrated solar-still de.velopme~t programs w~ere useful life of the still could be increased, possibly
small pilot plants or equipment prototypes of various to 50 years. An improved basin still along these lines
designs could be installed, operated, and further was completed in April of this year (1961). The. basin
developed. The station has been established and liner consists of prefabricated asphaltic mat WIthout
operated through a research and development ',-submerged perforation. All support columns for the
contract with Battelle Memorial Institute. glass rest directly on the liner. Special concrete bea~s

Since that time, a 2 500-sq-ft, glass-covered, deep- support the glass and simplify sealing. The .maJor
basin still and two air-supported plastics stills of ph~ses of const~ction included (a) grading, (b) instal
500 and 2300 sq It have been constructed and lation of asphaltic mat, (c) erection of concrete b~ocks
operated for periods of more tha~, 1. ye.a:r.,. The ,and beams, and (d) installation of glass and distIlla~e
deep-basin still was based upon Lo~ s des~gn, an.d !roughs. Operation of this still is expected to begm
the plastics .still ul?o~ Du Po~t design, With t~eir III May 1961. ' ,
cooperation m furnishing matenals and constructIOn Costs for construction of the still were $1.84 per
assistance. . sq ft-materials at 91 cents and labor 93 cents.

Additional research, on other designs such as (This compares with actual cost of $7 per square foot
tilted stills, suspended envelope-type stills, and stills for the original deep-basin still built at the Daytona
with external condensers has been carried out under ~each .site.) A large part of the labor cost .was
other contracts. New pilot units, based upon some m grading and compacting the soil base _ essentially
of the research results, are being installed at the a hand-Iabor operation for this small size.
research station for evaluation and further develop- S
ment. Evaluation of various plastics materials is also . everal cost estimates have been made, based upon

t~e dataobtained from the glass-covered, dee~-basm
under way. ,,' still. BattelIe Memorial Institute made estl1nates

Extensive instrumentation at the Daytona Beach' on a 100000-gpd still, based upon a municipally
site, particularly on the glass-covered, deep-basin owned plant. Assuming a $1 37-sq-ft cost installed
still made possible energy-balance runs that produced and production at 0.09 gal/sq ft/day at solar radiation
much valuable information. Results of the tests of 2 000 btujsq ft/day, their estimate is $2.44 per
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thous~l1d gallons. On an optimized basis of $0.99-sq-ft
cost and $0.11 production, their estimate is $122 E. I. Du Pont de Nemours & Company at a site
per thousand gallons. . . near Miami, Florida. '

Further estimates have been made bas d ~n the basi.s of R&D results, it is concluded that
th O'::\V' t d di ' e upon bas t t 11 be . k'. S an ar ized procedure modified for solar m- ype s 1 s uilt directly on dry ground are
application. For a 100000-gpd still, present cost the onl~presently practical type for large-capacity
per thousand gallons per day of product water is solar stills. Two ge~eral a~proaches are possible;
$3.25, based upon $1.37-sq~ft cost installed and one makes use of thm plastics materials the other
$0.10 ;:;-aljsq ftjday production. A projected estimate of more durable materials-glass, concrete, and
based liPO~ further optimization, is $2.06 per thousand asphalt. On the latter approach, OSW has records
gallom;, usmg $l.O~-sq-ft ~ost ins.talled and $0.12 galj of proved pe.rformance, which includes long-term
sq ftj',,'J.y production. It IS ObVIOUS that almost all field' evaluations and, determinations of energy
~he cost. of water produced by solar distillation is balances and production data, with actual costs
III ~atenals and installation. If only operation and of prot?types of sufficient size to give a reliable basis
maintenance costs. are considered, then the cost for projected costs of' a lar.ger size. Thus, although
of the fresh water IS extremely low." ' furthe.r de,:elopment and improvement are likely,

The experim.ental work at Daytona . Beach on the~e IS avaIla~le at ~he present time a glass-covered-
th f basm,' solar-still design that can be recommended

e use 0 plastics confirms the promise of the techni- for a large solar-still installation and which would
c3:1 and economical feasibility of these types of solar have predictable performance and economic feasi
stills .. Beginning in 1959, further developments of bility in areas advantageous to use of solar stills
plastics-covered basin stills were undertaken by (See 'figures 14, 15 and 16, attached.) .

PROGRES REALISES DANS LA DISTILLATION SOLAIRE
(DEPARTEMENT DE L'INTERIEUR DES ETATS-UNIS)

Resume

. La possibilite d'utiliser l'energie solai;~ ala conver
SIOn ces eaux saumatres en eau douce a ete entrevue
~es le debut de I'execution du Programme de conver
SIOn des eaux saumatres. Depuis 1953, le Bureau
competent a entrepris des projetsdans ce domaine,
lesquels sont en voie d'execution, principalement
sous forme de contrats avec des entreprises qui se
chargent d'etudes et de mises au point.

Sur la base des premiers travaux de'recherches
port ant sur les moyens d'utilisation de l'energie
solaire ala conversion des eaux saumatres, le Bureau
a patronne d'autres programmes de, recherches,en
s'attachant particulierement a la mise au point des
alambics solaires du type sans concentration au foyer
et d'une realisation simple, dans le' but de reduire

, les prix en augmentant le rendement et en reduisant
les prix du materiel. et les frais d'exploitation.

La distillation par la chaleur solaire al'avantage
d'eliminer les frais de combustibles qui intervien
draient dans le cas contraire. La nature diffuse de
l'energie solaire impose toutefois l'emploi d~g~andes
surfaces de, recuperation. Les recherches mdlquent
que, pour que les alambics solaires soient economi
q,uement realisables, ils doivent : a) etre d'une concep
tion simple; b) exiger des investissements. Imh~ux
rMuits; c) avoir une longue duree de service utile:
d) demander peu de frais d' entretien; e) se contenter
d'un minimum de main-d'ceuvre. '

Le present memoire se consacrera, a~ 'pre~ier .chef;
aux alambics solaires a grande capacite qui .dOl,:ent
faire concu~ence aux autres procedes de distlllatlon,

et presentera des renseignements et des donnees
aboutissant a la realisation d'un systeme pratique
et economiquement valable de distillation, avec une
capacite allant jusqu'a 100000 gallons par jour.

En 1958, le Departement de l'interieur a etabli
un poste de recherches dans le domaine de la distil
lation solaire a Daytona Beach, en Floride, pour
disposer d'une installation servant a realiser des
programmes de mise au point d'alambics solaires
integres dans le cadre desquels de petites instal
lations pilotes ou des prototypes d'equipement de
divers modeles pourraient .~tre ,exploites et perfec
tionnes. L'installation a ete creee et elle est exploitee
dans lecadre d'uncontrat de recherches et de mises
au point avec l'Institut Battelle.

, Depuis cette epoque, un alambic a bassin profond
de .2500 pieds carres (232 m2

) recouvert de verre
et deux alambics en composition plastique soutenue
par l'air, de 500 et 2 300 pieds carres (46m2 et 213 m2

) ,

ont ete construits et fonctionnent depuis des periodes
de plus d'un an. Le systeme a bassin profond reposait
sur la conception de Ldf et le modele en composition
plastique sur un projet de Du Pont, avec la collabo
ration de' cette compagnie pour la foumiture de,
materiaux et d'aide a la construction.

Certaines recherches compIementaires sur d'autres
conceptions, telles que les alambics inclines, les alam
bics du type a enveloppe suspendue et ceux ayant des
condenseurs exterieurs, ont ete menees dans le cadre
de certains .autres contrats. De nouveaux groupes
pilotes, bases sur certains des resultats de ces
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Pourceniage
"du rayonnement

solaire

Les etudes sur l'alambic a bassin profond couvert
de verre ont indique que les frais de construction
pourraient etre reduits d'une maniere appreciable
par des ameliorations de la conception de l'installation
et que I'on pourrait augmenter la vie utile de l'alam
bic, pour la porter peut-etre it cinquante ans.· On a
construit ainsi un alambic a bassin d'un models
ameliore en avril 1961. Le revetement interieur du
ba.ssin est constitue p~r un tapis asphaltique prefa
brique, sans perforations submergees, Toutes les
colonnes de soutien du verre reposent directement
sur le reveternent. Des poutres speciales en' ciment
a~~e so~!i~nnent l~ v:erre et simplifient le systeme
d etancheite. Les principales phases de la construction
ont compris : a} la preparation de la surface du terrain'
b} l'installation du support en asphalte; c} le montag~
des blocs en ciment arme et des poutres; d) I'instal
lation du verre et des auges de distillation. Le fonc
tionnement de cet alambic doit commencer en mai
1961.

recherches, sont en cours d'installation au poste de
recherches, aux fins d'ovaluation et-de perfection
nement ulterieur. On precede egalement a une
evaluation des diverses substances plastiques.

Les tres nombreux instruments disponibles au site
de Daytona Beach, particulierement pour l'alambic
a bassin profond reconvert de verre, ont permis des
calculs de bilans energetiques qui ont fourni nombre
de renseignements precieux. Les resultats des essais
ont demontre que la productivite des alambics du type
a bassin depend presque entierement de l'intensite
du rayonnement solaire et ne souffre pas de facon
appreciable du chef des autres conditions meteoro
logiques. On a note peu de differences dans le ren
dement des alambics recouverts de verre a bassin
profond etceux qui sont du type soutenu par l'air
et recouverts de platre quand ils fonctionnent dans
de bonnes conditions (sans vapeur et sans fuites
des produits de la distillation). Les rendements
thenniquesetaient d'environ 35 p. 100 pour un
rayonnement solairemoyen de 2 000 Btu par pied
carre par jour et une productivite moyenne de 0,09
gallon par pied carre par jour. La productivite a
triple quand le rayonnement solaire a double, passant
de 1000 a 2000 Btu par pied carre par jour.
Un exemple de la repartition de l'energie solairedans
un alambic it bassin profondcouvert de verre pendant
une periode de trois jours, en octobre 1959, avec
un rayonnement solaire moyen de 1400 Btu/pied
carre/jour, est donne ci-dessous :

a) Evaporation des produits distilles (rendement) .
b) Pertes de chaleur sur les bords et par le sol . .
c) Rayonnement solaire reflechi par l'alambic . . .
d) Rayonnement solaire absorbe par le couvercle .
e) Rayonnement entre I'eau du bassin et le couvercle.
f) Convection interne. . . . . . . . .' . . . . .
g) Re-evaporation du produit distille et pertes in-

visibles. . . . . . . . . . . . . . . . . . .
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Les frais 'de construction ont ete de I,Si dollar
par pied carre, les materiaux etant chiffres .: 0,91 dol
lar et la main-d'ceuvre a 0,93 dollar. t:j"ci est it
comparer avec un prix effectif de 7 dolla.v par pied
carre pour l'alambic original a bassi- profond
construit a Daytona Beach.} Une gross part des
frais de main-d'eeuvre est applicable [i,L mise it
niveau et au tassement de la base en te- ~,,~, travail
qui se fait essentiellement a la main pone une telle
operation de petite envergure.

On a precede a plusieurs evaluations des frais
qui reposent sur les donnees fournies par 1111 alanibic
a bassin.profond couvert de vl1rre. L'Iristitut Battelle
a fait des evaluations sur un alambic capable de
donner 100000 gallons par jour, en cnvisageant
le cas d'une installation municipale. Si on admet
des fraisde 1,37 dollar par pied carre installe et
une production de 0,09 gallon par pied caj~(! par jour
avec unrayonnement solaire de 2000 Bt.i par pied
carre par jour, l'evaluation ressort a :~ H, dollars
par I 000 gallons. En ramenant les valeur- :' 0,99 dol
lar par pied carre pour les frais de prer '.' or etablis
.sement et O,II dollar pour la production, ",;',raluation
ainsi faite tombe a 1,22 dollar par I 000 :;.i.llons.

On a procede a d'autres evaluations vvisees sur
la procedure standardisee du Bureau, mocJiees pOUf
les applications solaires. Pour un alamb-: donnant
lOO 000 gallons par jour, les prix actuels 1=' .: 1000 gal
lons d'eau produite par jour sont de :3, ,;; dollars,
sur la base d'un cofit de 1,37 dollar par ~)ied carte
installe et 0,10 dollar par gallon/pied car-jour pour
la production. Une evaluation projetee. reposant
sur des perfectionnements ulterieurs, ressort it
2,06 dollars par 1 000 gallons, en prenar; i. des fr.ais
de 1,00 dollar/pied carre installe et une production
quotidienne de 0,12 gallon/pied carre. Il est evident
que la presque totalite des frais de production de
l'eau par la distillation solaire porte sur les materiau?,
et I'installation. Si on ne considere que les frais
d'exploitation et d'entretien, le prix de l'eau douce
est done tres modique.

Les travaux experimentaux de Daytona Beach
sur l'utilisationdes matieres plastiques confin~ent
la promesse d'une realisation technique economlque
de ces types d'alambics solaires. A dater de 195~,
la societe E. 1. Du Pont de Nemours a entrepns
de nouveaux perfectionnements sur les alambics'
a .bassin couvert de composition plastique, pres de
MIami, en Floride. .

Sur la base des resultats deja obtenus, on pe?t
conclure que les alambics du type a bassin constrUlts
directement sur un sol sec sont les seuls actuellement
pratiqu;s pour les dispositifs solaires a grandr

. capacite. On peut envisager deux manieres generales
d'attaquer la question: dans l'une il est fait usage
de . composition plastique mince et dans l'autre
de ~ateria,;x plus durables tels qu~ le verre, le ciI~ent
arm~, et 1, asphalte. Si on envisage la deuxlerne
mamere d attaquer le probleme, on trouver3;' au
B,ureau, des donnees qui demontrent la qualite des
resultats, comportant des evaluations a long terrne
sur place et des determinations de donnees sur les
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bilans energetiques et la production, avec les prix
reels des prototypes de dimensions suffisantes pour
foumir une base sure a l'usage des evaluations
portant sur de plus grandes installations. De la sorte,
bien qu'il soit probable que de nouvelles ameliorations
soient realisees, on dispose actuellement d'un alambic

solaire constitue par un bassin couvert de verre
que l'on peut recommander pour les grosses instal
lations, dont la production pourrait etre predite
et les possibilites d'application economique seraient
avantageuses dans certaines regions propres a leur
emploi (voir figures 14, 15 et 16).
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Les usages de I'energiesolaire Merits dans cett'~
s~ctlOn comportent l'intervention d'appareils d'op
t!9ue 'permetta?t de. grandes concentrations de
I ~nergIe ~pportee par le rayonnement soIaire direct.
L ab~o:ptlOn totale de cette energie, concentree sur
une Iaible surface ou dans un faibIe volume .relatifs
conduit a produire localement des temperature~
tres elevees: C'est l'effet qui est obtenu dans les
« fours. solaires » appeles ..ainsi iinproprement par
~xtenslOnde la zone receptrice, elle-meme constituant
eve!ltuelIeme~tu~four, ~ ~'ensemble de l'appareillage
optique et meca~llque utilise. Il faut souligner aussi
que. pour certains usages, du rayonnement solaire
concentre optiquement, ce n'estpas l'elevation de
tell?perature, souvent tres nuisible, qui est recherchee,
malS I'effet photochimique dft a une absorption de
photons pour certains domaines de longueurs d' onde
seulement. Le rapporteur estime dono qu'il y a lieu
d'etendre le domaine dupoint III.F de l'ordre du jour
a toutes Ies utilisations du rayonnement solaire a haute
concentration, qu'il s'agisse de I'emploi du rayonne
ment. total ou seulement de I'energie apportee dans
certains domaines de longueurs d' onde. Il faut
egalement rappeler que de nombreuses techniques
de captage du rayonnement solaire convergent
decrites ici sont valables pour l'exploitation des effets
thermiques donnes par la convergence de rayonne
merits artificiels divers; ces montages, appeles aux
E,~ats Unis « fours-a image »,prennent beaucoup
d Importance dans les laboratoires de recherches.
11 peut etre egalement suggere de realiser, pour
certaines sources artificielIes riches en longueurs
d'onde utilisables en photochimie, des montages
convergents du meme type que ceux qui servent
ala concentration des rayons solaires et a leur exploi
tation, photochimique.

L'energie solaire disponible dans le rayonnement
solaire direct semble.va-premiere vue, derisoire pour
son exploitation en vue d'obtenir des hautes tempe
ratures. On dispose .au-dela de la stratosphere de
1 350 watts environpar metre carre et de
1 000 wattsjm'', dans les meilleures conditions, au ni
veau de la surface terrestre. Une telle densite d'energie
correspond apeu pres.au rayonnement du corps noir
porteseulement a·lOO°C.L'examen de la repartition
spectrale energetique du rayonnement solaire, re
portee en particulier dans la figure 1 du rapport 5/66;
conduit; a des perspectives.r-rneilleures. L'energie

APP~ICATION DE L'ENERGIE SOLAIRE AUX OPERATIONS
A hAUTE TEMPERATURE (FOURSSOLAIRES)

F€lix Trombe*

J !'

soIai;e, c9rre~pond aurayonnement d'un corps noir
porte a environ 6000 oK.' Au niveau de la terre
;lIe e~t dispersee, mais non degradee. La faibl~
elevation de temperature qu'elle produit est due
a I'angle solide tres faible, 7. 10-5 steradian sous
lequel le soleil «eclaire . la terre. II suffira' done
d'augmenter beau coup cet angle solide d'eclairement
pour obtenir une localisation d'energie superficielle
pouvant conduire a des temperatures elevees. Prati
q~lement, ~ette loc~lisation,est realises au « foyer»
dun systeme optique tres ouvert. L'ouverture
maximum du paraboloide pour I'eclairernent d'un

D '
plan est donnee par le rapport - = 4, D etant le

diametre du miroir et t la dist~nce focale. Pour
I'eclairement d'un cylindre ou d'une sphere, la valeurD . '
de 7 peut encore Hre notablement augmentee.

Les grandes concentrations de rayonnement neces
saires pour les operations de haute temperature ou
les localisations d'energie a usage photochimique
conduisent a utiliser les systemes optiques dans des
conditions assez rigoureuses. L'axe du systeme doit
etre parallele au rayonnement incident. Cette condi
tion est egalement imperative pour recevoir, aux
differentes heures de la journee, le maximum d'energie
incidente. La position apparente du soleil etant
variable pendant la duree d'un jour et differente
chaque jour, il est indispensable d'orienter constam
ment le systeme recepteur pour realiser les conditions
precedentes. Deux methodes ont ete utilisees :

a) Le dispositif optique «concentrateur» (miroir
parabolique ou lentille) est braque directement sur
le, soleil;

b) Le dispositif optique «concentrateur» est fixe;
il recoit le rayonnement solaire suivant son axe,
par I'intermediaire d'un miroir plan « orienteur »
mobile. ;

. Le principal defaut que presente le rayonnement
solaire, pour une utilisation pratique, est son inter
mittence, soit reguliere (intervaIle des jours et des
nuits), 'soit fortuite (interposition de nuages ou de
brumes formant ecran entre la surface terrestre et
le soleil). Dans beaucoup de regions entre les tropiques
et les zones temperees, la « panne» de solei! est rare,
mais l'intermittence journaliere conduit a prevoir
soit des operations realisables dans un cycle joumalier
d'ensoleillement, soit des operations sans intervention
demasse thermique pouvant etre mises en route
et interrompues rapidement.

307
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Les machines solaires
Les recepteurs directs, les dispositifs a orienieurs et

leurs guidages
La reception directe pre~ent~ l'avant~ge d~ ~e

comporter qu'une seule reflexion v-sur le rmroir
concentrant le rayonnement. On .trouvera" dans la
communication S/16, fi~re. 1, ~lfferen~s. types de
recepteurs directs. Le principal mconvement de ce
dispositif est le deplacement dans l'espace d~ l'axe
de convergence du rayonnement et, par consequent,
le deplacernent du foyer si~ue sur cet axe. Cette
disposition est egalement defavorable, le rayonne
ment convergent attaquant. les subst~~ce's d~ ~as
en hautou lateralement, et 11 est malaise d~ realiser
certaines operations, ~arexemple des fUSl~~S" p~r
l'emploi de tels appareils, Par c~ntre, l?rsqu 11 s agit
d'operations sur des surf~ces.sohd~s, reactions entre
gaz, .cracking, etc:, la reception dlrec~e est la plus
simple. Dans certams montages (appareils de Meudon,
1946), l'irnage du soleil est renvoyee vers le ~as

au moyen d'un miroir plan interJ?ose sur, le trajet
des rayons convergents. 11 faut signal er egalement
que la reception directe peut ietre envisagee plus
favorablement pour des appareils ,moins. ouverts
que les paraboloides et c?mp;>rtant. I empl~l d~ l~n:
tiUes.Le seul four solaire a lentilles qui iait ete
construit et qui fonctionne, au California Institute
of Technology, se deplace autour d'unfoyer dont
la position dans l'espace est fixe. :.

La reception du rayonnement solaire par un miroir
plan orienteur, p.uis par un rni'roi: parabolique fi~e,

a He mise en pratique par Cohn, pUIS par le laboratoire
de Mont-Louis. Cette methode parait maintenant
se generaliser, aussi bien pourlaplupart des appareils
de laboratoire que pour les grandesinstalIations.
L'avantage considerable de ce dispositif est de
comporter un foyer fixedontl'orientation,horizon
tale, verticale ou inclinee, peut etre choisie enfonction
de l'operation a affectuer., " " ,

Le guidage des recepteurs directs pour maintenir
l'axe optique des appareils dans la direction du soleil
peut etre fait, soit par .une methode astronomique,
soit par un controle de cellules o,u de transistors.
Quelques appareils, en particulier le grand four
solaire d' AIger, sont places sur un axe equatorial
dont le mouvement est asservi a celui d'une horloge
astronomique. Ce precede presente l'avantage de
maintenir dans la direction du soleil I'axe du-parabo
loide, meme si le rayonnement solaireest intercepte
momentanement par un nuage. La declinaison du
miroir est changee, naturelIement, ala main, chaque
jour. 11 semble que cette methode d'asservissement,
pour les grandes machines comme ceUes d' Alger,
soit assezcouteuse Xeanmoins, elle parattetre rete
nue pour lespetits appareils, , par Peter E. Glaser
(5/16). Frequemment, Ie-guidage automatique des
miroirs recepteurs est obtenu par.il'emploi d'une
lentille auxiliaire dont-.I'axe optiqueest parallels
acelui du paraboloide. Un. ecran circulaire E. situe
dans le plan focal et ayant sensiblement les dimensions
de l'image du soleil donnee par la lentille, est entoure
de quatre celIules ou transistors de controle inter-

venant deux a deux pour commander Ies deux direc
tions de site et les deux directions d':nimut. Un

, leger debordement de ,nm~ge du sol,eiI au-dela de
l'ecran E provoque I eclaIreJ?ent. ? u,::~~ 017 deux
des cellules de guidage. Ce dispositif e~ L umversel
lementadopte, soit pour guider les appareils directs,
soit comme nous le verrons,' pour co.umander le
mo~vement des heliostats. Les methode de guidage
different surtout par les conditions d'u ilisation de
courants de cellules pour obtenir fn.ulement le
mouvement des appareils. Nous reviend.» is sur cette
question a propos de~ heliostats. . , ,

Le guidage des heliostats est effectuc en general,
par un dispositif de controle (lentille, ( ran, et cel
lules d'encadrement) situe sur le trajet du rayonne
ment reflechi. Ce dispositif de conti o.e est .fixe,
et la direction lentille-centre de I'ecr.i n definit la
direction du rayonnement reflechi, L'1I1 ilisation des
courants de cellule pour obtenir le m(;iiVemen~ de~

heliostats comme d'ailleurs, celui des appareils a
reception'directe, peut etr~ faite de diver"~ rnanieres.
Le premier montage realise a Mont.-L';IlS C01?por
tait lacommande de moteurs electriqu. .; par mt~r

vention d'une serie de contacts de sensih lite decrois
sante provoquant le mouvement, dans L' deux s.ens,
de moteurs asynchrones modifiant l"':l les SItes,
l'autre les azimuts de l'heliostat. Actu-r'cment, des
realisations paralleles, effectuees simult« 1,,';ment dans
differents pays (Etats-Unis, ~RS~,. FJ"'lee: Japon,
Israel, etc.), comportent la dISpOSItIOn 'chema~lque

suivante : courant de cellule ou de ph.)[otranslstor,
amplification electronique de ce courant , e~mmande
de l'excitation d'une dynamo, type ;J.i'iph?yne ou
dispositif analogue, courant continu donne par la
dynamo permettant le mouvement dans Ies deux,sens
d'un moteur a courant continu. Un de ces systemes
est charge des mouvements de site, l'antre des m,ou
vements d'azimut. La commande electriq,ue prec~;
dente permet de realiser les mouvements slmultane
d'un certain nombre d'heliostats asservis a ur
heliostat guide par liaisons mecaniques. Il ne se.mb e
pas que les asservissements par liaisons eleetnques
aient ete utilises. La liaison mecanique peut do~ner

une excelIente precision dans l'asservissement sl.l es
arbres de transmission ont une vitesse de rotat~on
suffisante. I1 faut signaler egalement que certalUS
dispositifs ne comportent pas, pour la mise en pla~e
des appareils, de moteur electrique, Les cour~nts le
cellules, amplifies, interviennent pour modifier a
position de tiroirs distributeurs ou servo-valv.es,
admettant de 1'huile sous' pression dans des ver.lt
hydrauliques adouble effet commandant, 1'un let\e,
l'autre l'azimut. Comme precedemment, deux eel u es
de site, haut et bas, interviennent sur les deux .fac~s
d'un meme cylindre moteur et deux cellules d'aZlm

l
? '

, d y m-droite et gauche,interviennent sur un secon c
dre. Les· axes de rotation des orienteurs sont, e~
general, perpendiculaires. Ce systeme est emplo~~
pour le fonctionnement du grand orienteur de ~on t
Lo~is et sera utilise pour les 63 orienteurs ql7i dOlve~_
eqUlper le four solaire de 1000 kW d'Ode11lo-Fon
R S . ' ., dansomeu. on emplOl est egalement menhonne
le rapport 5/57 de cette Conference.
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Les rtflcxions planes

, Div:er,es, experience.s ont montre que, pour les
reflexio.is a longue distance, lessurfaces deverre
revetue-: sur leurs faces avant ou arriere de reflec
teurs rr.etalliques donnaient de bons resultats. Elles
paraiss-rit . superieures aux reflecteurs constitues
par des plans metalliques polis. Il ne semble pas que
l'?n ait experimente, pour la reflexion plane alongue
distanc. les verres plastiques metallises ou les plas
tiques minces metallises et tendus sur cadres metal
liques.

Les dispositifs a orienteurs decrits dans les diffe
rentes ,~ommunicationscomportent tous des surfaces
de verre metallise. Les dimensions de la surface unite
sont choisies en fonction de divers facteurs. Dans les
apparezls francais (Mont-Louis) et l'appareil de
I'armee americaine (Natick), communication 5/79,
on uti tise la reflexion sur la face arriere apres tra
versee du verre. L'epaisseur du verre et sa transpa
rence ont done beaucoup d'importance pour le ren
dement de la reflexion plane. D'autre part, le sup
port de verre doit etre sensiblement plan pour les
differeutes positions de l'heliostat. Les epaisseurs qui
permeitent ce resultat sont naturellement d'autant
plus grmdes que la surface eIementaire est elle-meme
plus g ande, Par ailleurs, pour eviter les pertes de
lumierc aux joints de glaces, il vaut mieux adopter
les .dimensions .maxima. Pour tenir compte de tous
les facteurs precedents, les dimensions et les epais
seurs adoptees sont de 50 cm X 50 cm et de 6 a7 mm
dans les appareils de Mont-Louis, de 62 cm X 62 cm
et 0,6:35 cm dans l'appareil de Natick. La surface
reflectrice est constituee dans ces deux montages par
un depot chimique d'argent recouvert de cuivre par
e,lectrolyse, puis par un vernis p:o~ecteur;.d~~s
I appareil de Natick une surface adhesive alumllllsee
est encore ajoutee, De tels reflecteurs donnent une
transmission normale d'energie compnse en~re 8? et
84 p. 100 suivant la quantite des verres, les reflexions
vitreuses etant retrouvees dans le rayonnement
reflechi, Par ailleurs, la tenue de telles surfaces aux
intemperies est excellente; les reflecteurs de M?nt,
Louis, en particulier, sont depuis 10 ans e~posesa

un climat rigoureux, et leurs qualites reflectnces sont
encore excellentes.

Une autre classe de reflecteurs plans est constituee
par des surfaces de verre revetues sur leur face a,:"ant
d'aluminium depose par voiethermique. En raison
du facteur de reflexion eleve qu'elles donnent, ~es
surfaces ont ete adoptees par les auteurs du me.mOlre
S/21 pour la construction du grand four solaire .de
Sendai (Japon). L'experience relatee dans le memoire
S/21 comporte les precisions suivantes : ,~n !IllrOlr
de verre de 90 cm X 100 cm et de 10 mm d epalsseur,
argente ou aluminise sur sa face arriere, dOlll;e P?ur
un rayon incident incline a15°, un facteur de reflexIOn
de 67 p. 100, pour un rayon incident a40°, un.facteur
de 57 p. 100. Le depot d'alumilllum donneralt, dans
les memes conditions, 95 p. 100 et 92 p. 1~0. Les
surfaces d'aluminium presentent l'avantag~ I~por
tant en particulier pour les reactions photochlmlques,
de r6flechir l'ultraviolet solaire; par contre, leur tenue

au~ intemperies est incertaine. On ameliore leur
r~~I~tance par un depot protecteur de protoxyde de
silicium, .

Un autre facteur a considerer est la resistance des
glaces au choc thermique et aux contraintes meca
niques. L'experience montre que les glaces de
1 m X 1 m et de 1 cm d'epaisseur sont thermique
ment et mecaniquement bien plus fragiles que les
glaces de 50 X 50 cm d'epaisseur plus faible.

L'alignement des plans reflecteurs elementaires
pour obtenir un faisceau reflechi parallele et continu
necessite un reglage individuel de chaque plan sup
porte en trois points. De tels alignements sont en
gener~l~ ~ealises .avec des appareils de topographie
de precision en VISant un point suffisamment eloigne
directement et a travers la glace.

On doit tenir compte, dans l'exploitation de la
reflexion plane, de l'augmentation relative des zones
de penombre en fonction de la distance entre l'orien
teur et le recepteur parabolique. Ces zones n'inter
viennent que dans les contours exterieurs de lanappe
reflechie. La surface du recepteur parabolique doit
etre a l'interieur de cette aureole d'energie decrois
sante.
- Il n'est pas question ici des descriptions des char

pentes metalliques supportant les miroirs reflecteurs,
Bien entendu, ces charpentes doivent etre realisees
dans les conditions voulues pour ne pas constituer
des bilames, et doivent rester planes aux differentes
temperatures d'utilisation des appareils.

Les refiexions convergentes

Le problerne de la realisation des surfaces refle
chissantes ou refringentes comporte des solutions
varices.

En raison de la grande ouverture indispensable
pour obtenir une accumulation suffisante d'energie,
il est pratiquement exclu d'utiliser des lentilles, par
aiIleurs bien plus onereuses que les miroirs. Le seul
four solaire actuel a lentille, installe au California
Institute of Technology, comporte d'ailleurs une
combinaison de refractions et de reflexions planes
pour augmenter l'angle de convergence.

Pour les miroirs de petites dimensions, la surface
reflectrice est, en general, d'une seule piece. Les
premiers fou~s ~olaires de l~borat?~re. ont la~gem.ent
utilise les miroirs de controle militaire anti-aerien,
Ces miroirs, de 1,50 m a 2 m de diametre, sont .soit
en verre blanc special argente sur la face arriere, soit
en alliage metallique polio La severite de leur recep
tion leur confere une qualite optique tres suffisante
pour obtenir de g~a,ndes concentrations d'energie.
Ils constituent des elements precieux pour les recher
ches fondamentales, soit a.l'aide de fours solaires,
soit ~ l'aide de fours a image. Les reflecteurs en alu
rninium peuvent etre -de plus grandes dimensions; le
plus grand qui soitd'une ~eule piece (3 m de diametre)
a,ete construit par Cohn a Kansas CIty..

D'autres miroirs d'aluminium, constitues de pieces
metalliques .assemblees.: ont ete const.I111ts (Alger).
Le rapport S/16 comporte la description {figure 3)
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d'un miroir leger en aluminium de 30 pieds (pres de
10 m) de diametre. Bien qu'il ne semble pas que ces
appareils presentent les qualites optiques des miroirs
plus petits, comme en particulier celui de Cohn, ils
constituent une interessante solution economique
pour la concentration moyenne de quantites d'energie
exploitables. L'aluminium peut etre preforrne par
emboutissage sur une forme ou plaque sur cette forme
par la. pression brutale d'un gaz degage par une
explosion (rapport S/16).

Vne autre solution interessante pour les appareils
de petites et moyennes dimensions est celIe de l'uti
lisation de plastiques. On a realise des formes plas
tiques paraboliques par solidification d'une resine
sur une surface de mercure tournant a vitesse cons
tante. L'emploi de Mylar aluminise appuye sur une
forme de polyurethane permet d'obtenir des miroirs
de bonne qualite optique (rapport S/16, figure 5).

Dans les appareils de grandes dimensions, la reali
sation de secteurs independants et regles individuel
lement sur un support rigide commun est indispen
sable. On peut adopter la disposition utilisee a Mont
Louis et AIger et indiquee aussi dans le rapport S/21,
figure 3. ElIe presente l'avantage de comporter des
elements qui sont tous identiques dans une merne
couronne reflechissante. Le nombre de types d'ele
ments reflecteurs est egal seulement au nombre de
couronnes, ce qui permet une repetition interessante
pour la fabrication des elements comme pour leur
reglage. On peut egalement disposer les elements
reflecteurs sur des supports schematisant des profils
paraboliques horizontaux et verticaux (appareil de
Natick, rapport S/79 et appareil d'Odeillo-Font
Romeu, rapport S/48)~

Le probleme qui s'est pose pour la realisation de
grands fours solaires a haute concentration energe
tique est celui de l'element reflecteur unite, comme
nous I'avons dit precedernment, soit suivant des
couronnes concentriques, soit en alignements hori
zontaux sur des supports materialisant le parabo
loide. Chacun des grands fours solaires actuellement
construits ou en cours de construction a recu, a ce
point de vue, une solution differente.

Le premier four construit a Mont-Louis (France)
en 1952,- et .qui est toujours en service, comporte des
elements situes sur des couronnes concentriques.
Chaque element supporte un certain nombre de
glaces qui sont reglees individuellement. Ces glaces,
initialement planes, sont assez minces pour etre
deformees par pression;elles sont soumises d'une
maniere permanente, a des poussees avant et arriere
qui leur donnent approximativement la forme du
petit secteur de paraboloide qu'ellesdoivent occuper
sur la surface reflechissante. Il- a ete demontre, pour
l'appareil de Mont-Louis et actuellement pour des
glaces plus importantes destinees au grand four
solaire de 1000 kW d'Odeillo-Font-Romeu, que des
glaees ainsi soumises a une contrainte permanente
donnaient au moins la meme concentration que cinq
glaces .planes reglees pour faire converger leurs
images au foyer du systeme (voir rapport S/48),
Dans l'appareil installe a Mont-Louis, quicomporte

cinq couronnes concentriques et 3 500 glaces sou
mises a une contrainte, les types d'elements reflec
teurs sont au nombre de cinq. Dans l'appareil
d'Odeillo~Font-R6meu, qui aura un beau coup plus
grand nombre de glaces elementaires, il ri'v aura pas
de repetition' de reglage, et ee dernier sera fait sur
place. Le dispositif precedent permet de construire
des miroirs donnant de grandes concentrations a la
condition, evidemment,que le nombre (1.,: glaces
soit suffisant. Il presente, en outre, l'avantage de
bloquer les glaces sur leur support, ce qui permet
d'eviter toute oscillation du rayonnement reflechi,
en particulier sous !'influence du vent. Le dispositif .
precedent parait etre le plus economique pour la
realisation de tres grands fours solaires comrne celui,
par exemple, d'Odeillo-Font-Rorneu, dont le nombre
tres grand de glaces reflectrices convergentes est
impose par le choix d'elements reflecteurs econo
miques ahaute resistance mecanique et therrnique.

Le second appareil .realise, l'appareil cl'Alger, de
8,40 m de diametre, comporte des secteurs d'alumi
nium obtenus par emboutissage sur des formes
rigides. Cet appareil est a reception directe, et les
surfaces d'aluminium, brillantees chimiquernent et
soumises ensuite a oxydation anodique, reflcchissent
pratiquement tout l'ultraviolet solaire qui parvient
a la surface du sol. Le degre de perfection que peut
donner cette methode n'est pas encore connu. Il
semble que la concentration obtenue soit egaJe aceIles
que donnent les autres types d'appareils. L'avan
tage principal de l'emboutissage reside dans le faible
prix de revient des tales embouties, si la quantite est
suffisante pour amortir le prix des formes rnetalliques.
. Le grand four solaire construit a Natick (Massa

chusetts) par I'armee arnericaine eomporte des
elements' focalisants d'un type particulier. Les sur
faces elementaires sont au nombre de 180 et sont
constituees par des segments demiroirs concaves de
62 X 62 cm: Elles sont alignees par profils horizon
taux successifs sur un support materialisant le para
bol~ide. Chaqt;e element spherique a ete obtenu par
aff~lsse~ent, a temperature convenable, d'une glace
deja polie sur un moule de ceramique spherique. La
face de la glace au contact de la cerarnique est en
partie deterioree, mais la face restee libre conserve
son poli et presente une bonne sphericite, Ces miroirs
sont aluminises sur la face avant (face concave) et
sont ensuite. orientes individuellement pour obtenir
la convergence des rayons reflechis au foyer (VOIr
rapport S/79). .

.Le grand' four solaire en construction a Sendai
(Japon) (voir rapport S/21) comporte 181 surfaces
de yerre poli, moulees achaud dans une forme para
bolique ; la partie concave est ensuite aluminisee
thermiquement. On ne connait pas encore l'efficacite
du procede precedent qui s'apparente a ce1ui utilise
pour le four solaire de Natick. 11 est a remarquer,
neanmoins, que les secteurs de paraboloide realises
doivent presen.ter la meme qualite de surface que les
secte~rs ~phenques de l'appareil de Natick. E~ant
donne qu ilssont rnoules dans la forme parabohque
correspondant aleur position sur la surface reflechis-
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sante, on peut penser qu'ils donneront de hautes
concentr'Jions optiques.

Descriptions comparees des grandsfours solaires:
A. I'exc-v.tion de l'appareil ~~AIger; qui recoit
directemrnt le rayonnement solaire et semble reserve
pour les etudes photochimiques et les reactions
gazeuses tous les fours solaires semi-industriels
con:porLj~t u~ orienteu; eclairant un miroir para
bolique nxe a. a~e horizontal, Le seul projet qui
comport« un rmroir dont le rayonnement reflechi est
parallek ~. 1'axe du monde est decrit dans le rapport
?/3?, n;;' :', les dirnensio~s de l'installation ne sont pas
indiquec-. La cornparaison des grands fours solaires
montre 'i; le les differents pays ont realise ou realisent
des app.ireiis assez analogues} et dans leurs dimen
sions et d.ms leurs principes de guidage, a1'exception
des surJ;(CCS focalisantes elles-memes (voir rapports
5/79, S/:.;] , S/48). L'appareil de Natick comporte un
grand erran attenuateur place sur le trajet du rayon
nement oarallele horizontal. Les ecrans de 1'appareil
francais (Mont-Louis) sont places sur letrajet du
rayonnr-nent convergent.

Le: concentrations d'energte au foyer '

Une ,;:5 caracteristiques des generateurs solaires
est que, ..articulierement avec des appareils de petites
dimens..ms, on peut obtenir des concentrations
d'energ.. tres importantes. Cecin'implique pas, nean
moins, ~:'apres le rapporteur, que l'augmentatio~ des
dImens;',Jils soit un facteur defavorable pour obtemr de
grande~ concentrations au foyer des appareils (voir
rapport S/5). 11 apparaitrait plutOt, d'apres le rap
porteur, que les concentrations peuvent etre tres
grandes pour des miroirs uniques atres grande ouver
ture et presentant une perfection optique suffisante,
mais que les appareils plus grands, asecteurs, peu,,:e~t
etre realises d'une facon aussi parfaite, en conside
ra?t cornme secondaire le prix de r~vient. 'pour. de
tres grands appareils, la fragmentation. obhgatOlr~
ment plus poussee, des elements refle~teurs, dOl~
conduire a des concentrations energetiques au;ssl
grandes que celles que donnent les petits ,appar~Ils.
Pou.r ces grands appareils, il semble. qu~ I ~n pUIs~e
avoir, a la fois des conditions de reahsatIOn economl-
ques et de gra~des concentrations d'energie. .

Les concentrations donnees par les fours .d~ petIte
puissance paraissent, dans certains cas, con.slderables.
Les miroirs de 2 rn, en verre, de Mont-Louis ~France)
donnent des flux d'energie expe~ime~ta~x ?epassan~
350 caloriesjcms/sec pour une energie mCI~en~e d
1 kW par metre carre. Rappelons que 1 kW eqUIvaut
aenviron 240 calories/cm2/sec. Dans le rapport S/7?,
tableau 1 sont reportes des flux mesures. donnes
par differ~nts appareils. On trouve 220 cal(cm

2/sec

Pour 1'appareil a lentilles du California I?stltu~e of
Technology 600 pour le four solaire Curtlss Wr~~ht,
864 pour l~ four solaire de 1'URSS. Ces der?le~eS
valeurs doivent. evidemment, correspondre a es
appareils d'une tres haute qualite optique. ,

Les concentrations des fours solaires de,~ande
puissance determinees aetuellement sont, evidem-

me~t, inferieures aux precedentes. Le grand four
so~aIre de Mon~-Louis donne de 0,75 a 0,8 kW/cm2,

soit un peu moms de 200 cal/cm2/sec. Le four solaire
du service de l'Intendance de l'Arrnee des Etats
Unis (rapP?rt S/79) donne un flux de 100 cal/cm2/sec.

Il fau! souhgner que cet appareil n'a pas ete fait pour
obtemr de tres hauts flux, mais pour realiser une
ene~gie aussi uniforme que possible dans la tache
solaire. Il est remarquable, en particulier (voir
figure 7, rapport S/79), que la concentration maximum
calculee pour la zone centrale de 1'appareil corres
ponde sensiblement aux resultats experimentaux, La
courbe experimentale montre que 1'on peut avoir
une energie constante amoins de 5 p. 100 pres, pour
une tache de 3 cm de diametre, et une energie cons
tante a 10 p. 100 pres pour une tache de 4 cm de
diametre, L'appareil actuel de Mont-Louis, dont la
distance focale est de 6 metres, donne une courbe
energetique assez semblable, bien que la concentra
tion centrale, sur quelques centimetres de diametre,
soit presque double. Il faut souligner ici que de telles
variations de densite d'energie affectent assez peu
les temperatures d'equilibre. Rappelons ici la rela
tion de Stephan entre l'energie totale E rayonnee
par le corps noir et sa temperature, E = a P. Nous
n'avons pas encore de mesures de temperature
concernant 1'appareil en cours de construction a
Dendai (Japon) (rapport S/21), mais il semble que
1'on puisse esperer avoir des flux energetiques assez
importants. Les calculs effectues dans le rapport
S/48, relatifs au grand four solaire francais en cons
truction a Odeillo-Font-Romeu, indiquent que 1'on
devrait obtenir, dans la tache centrale, compte tenu
de toutes les pertes, une energie de 1 700 watts/ems,
soit plus de 400 cal/cm2/sec. La temperature d'equi
libre au foyer, en comptant seulement les pertes par
rayonnement, serait, pour un corps noir, de 3900 °C.
11 convient, a ce sujet, de souligner que les tempe
ratures d'equilibre ne sont pas les temperatures
d'exploitation des fours solaires.· .Meme pour des
operations de recherche fondamentale, les tempe
ratures de travail utilisables, par exemple, aux
environs de 3000°, sont de plusieurs centaines de
degres au-dessous de la temperature d'equilibre.

La reception de I'energie solaire au foyer

De nombreuses publications ont ete f~ites sur ces
questions, en particulier par le laboratOlre de Mont
Louis. On trouve dans l'expose S/35 (figures 5, 6, 7,
8 9 10 1112 et 14) un certain nombre de
~ethodes' de 'reception de l'energie solaire. On en
trouve egalement dans les memoires S/5, S/16, S/108,
S/66, S/52 et 5/57. Ces methodes peuve~t se ramener
a un certain nombre de modes operatoires types.

Reception directe
Traitement au foyer sur surfaces horizontales,

inclinees ou verticales : on peut traiter, sur 1!ne .sur
face horizontale, un corps s?~tenu par lui-meme.
C'est 1'operation type en milieu oxydant et sans
contamination des substances traitees.

11
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.Le procede precedent peut etre ameliore, au point
de vue rendement, enl deplacant la substance sous le
rayonnement, de facon a obtenir des trainees de
produits fondus ou frittes de formes diverses.

On peut egalement apporter, d'une maniere conti
nue, de la substance pulverulente sur la' surface
traitee qui est abaissee progressivement. On obtient,
de cette facon, des tiges fondues dont le diametre
est sensiblement celui de l'image donnee par lesys
teme optique. Une rotation ameliore la regularite des
masses fondues obtenues.

Les traitements directs peuvent egalement s'effec
tuer sur des substances solides, par exemple des
tiges tenues verticalement a chacune de leurs extre
mites et pratiquement confondues avec l'axe focal
du systeme optique. Le deplacement de la tige dans
le sens de l'axe focal put permettre de faire migrer
une zone fondue d'une extremite a l'autre de la tige.
On peut egalement utiliser cette methode la tige etant
soutenue lateralernent par des machoires refroidies
(voir rapport S/52, figures 4, 5 et 7).

.l!ne vari~nte du traiteme~t ,direct, qui permet de
traiter pratiquement la totahte de la substance mise
en jeu, sans contamination, est presentee xlans le
rapport 5/35, figure 12. La matiere est chauffee
sur une plaque metallique (aluminium ou cuivre) a
gran~e. conductibilite calorifique et energiquement
refroidie par-dessous. On a interet autiliser des lames
m~talliques relativement minces (quelques milli-
metres). .

, L:ensemb~e. des m~t~ode~ p~ecede~tes peut etre
r;al:~e e~ milieu conditionne, L emploi de vide exige
I utilisation de parois mecaniquernent resistantes et
transparentes. Pour les petite.s. unites de chauffage,
le verre Pyrex et le verre ~e silice; qui sont transpa
rents au rayonnement solaire, conviennent bien. Pour
les grandes unites, le probleme de la 'paroi transpa
rente, a grande resistance mecanique, reste pose.
• Une sol~tion int.e:-essante et peu cofrteuse, lorsque

I atmosphere conditionnee peut rester a la pression
a~bian~e, est ~ndiquee daI!s le rapport 5/52, figure 3.
L ene;gle solaire ~st a~mlse a travers un plastique
g.onfle p~r une tr~s farble. ~urpr;ssion du gaz cons
tituant I atmosphere conditionnee. Des capacites de
grandes. dimen~~ons et de. faible~ prix, par consequent
susceptlb!es d et~e sacrifices a chaqueoperation,
peuvent etre realisees avec des plastiques minces de
differentes natures.

D'apres les indications donnees dans le rapport
S/35~ on observe, sur .les parois transparentes tra
versees par le rayonnement solaire, des phenomenes
de I?hot.ophorese positive qui sont observables, en
partlcuhe.r, dans les gaz comme l'hydrogene et pour
des pressIOns allant de quelques millimetres a 1 cm
de mercure. Le phenomene ne semble pas lie au
chauffage de la paroi transparente. '

, Reception en cavite

Le rapport S/35, ainsi que divers autres rapports
(S/66, S/36, S/5, 5/16), mentionnent I'interet de
traitements en cavites, soit pour obtenir de meilleurs

rendements avec les substances reflechissantss, soit
pour obtenir des variations de temperature plus regu
lieres dans un processus operato ire determine. Les
cavites r~alisees [voir rapport S/3~, figures 9 et 10)
se conduisent comme des corps nons, et Ieurs parois
internes. s'echauffent regulierement grace it de nom
breuses reflexions internes. Elles sont, en general,
caracterisees par une surface interieure bCdUCOUp plus
grande que la surface permettant la penetration du
rayonnement convergent.

Le schema de cavite corps noir qui c,;t particu
lierement a souligner est represente dans le rapport
5/35 (figure' 10). La substance, maintenue sur les
parois du four par l'action de la force centrifuge, est
traitee sans aucune contamination. Ce type de four,
en particulier, presente les avantages du traiternent en
cavite et celui du traitement direct d'une substance
supportee par.elle-rneme.

Les operations en cavite peuvent etrc effectuees
sous vide(pour les petits appareils) ou sous gaz inerte.
Il est a remarquer qu'une atmosphere c,mditionnee
peut etre realisee, dans les fours centrifuges, par
apport de gaz a I'interieur meme du four.

Le. traitement en cavite se comportant comrne un
c?rps noir trouve son application pour la :lCiermina
tion de la repartition energetique de l'enl':.~ie solaire
sur le plan .focal. Des cavites corps noi r.-. equipees
pour des. mesures calorirnetriques, son: utilisees
pour explorer la tache focale en differents points de
sa surface, la surface de l'orifice d'acces .lu rayonne
ment- pouvant etre modifiee a volonte par I'inter
position. d'ecrans refrigeres pourvus d'orifices de
diametres differents.

Resultate obtenus dans le domaine des hautes
temperatures

L'energie apportee sur la surface focale presente
l'avantage considerable d'intervenir sur les subs
tan.ces sans l'intermediaire d'aucun support materiel,
n;als, c?m~e le souligne le rapport 5/5, cet apport
d energie a lieu seulement sur la surface des matenaux
a ,traiter e~ ceci peut etre parfois un desavant~ge.
D autres difficultss se presentent : celle de la falble
surface sur .1aquelle, s'effectue l'apport d'energie;. on
peut y. pallier par I emploi de traitements en cavlte.
De meme, cette methode de traitement peut per
~ettre d'evit~~ des inegalites de temperatures dues
a une repartiticn energetique decroissante dans la
tac,he focale. ,une excellente a~alyse des conditions
operatoires necessaires pour diverses mesures phy
siques et des operations chimiques est donnee dans
le rapport S/5.

MESURES PHYSIQUES

Afesuresd'energie.

Nous avons deja parle, precedemment, du princ~pe
des mesures calorimetriques pour la determina~lOn
absolue du flux total apporte sur differents POI?tS
de la tache focale. L'emploi de cavites « corps noir »
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aussi parfaites que possible est necessairs. La mesure
de l'energie apportee est donnee par l'echauffement
d'une IIJ3.sse metallique en fonction du temps, ou
par la difference de temperature produite sur, un
courant rl'eau de debit connu. Ces experiences ont
He decrites precedemment et dans le rapport S/35
par le Ltboratoire de Mont-Louis et sont egalernent
relatees. en particulier, dans les rapports S/16, S/5 et
5/79. O;J aurait, suivant les auteurs, uneprecision
de ± 5 p. 100 ou de ± 2 p. 100. Les mesures d'energie
al'aide /le radiometres (Gardon ou autres) sont relatees
dans !cs rapports S/16, 5/5 et 5/79. On trouvera,
dans le rapport 5/16, figure 9, une representation
d'un type de ces radiometres comportant un circuit
refroidissant, Ces appareils, qui ne sont pas absolus
et doivent, evidernment, etre etalonnes, perrriettent
une exploration fine de la tache focale.: .

Regulation et redistribution de l'energie

La regulation de l'energie peut etre faite sur le
rayonnrment parallele ou le rayonnement convergent
al'aide de stores type jalousie (S/79, 5/16) ou d'e~rans
de formes diverses intervenant dans le temps suivant
un pr.igramme (Mont-Louis). Le rapport 5/7.9
mention ne l'emploi de redistributeurs de flux (vo~r
figure lO) permettant d'obtenir des flux plus. urn
formes au point de vue energetique. 11 faut souhgn~r
que cr-t te redistribution est effect,:ee ave~ une tres
imporr.mte diminution de l'energie maximum.

Mesurcs de temperatures
Ces mesures, tres importantes, ont ete effectuees

soit sur des surfaces, tenant corripte de.1eur ~o':V?lr
emissif, soit sur des cavites « corps noirs » reahsees
dans des fours centrifuges ou autres. Dans .tous les cas:
les reflexions directes des rayons solaires so~~ a
eviter, car eUes peuvent conduire a- de grossieres
erreurs. .

Les premieres mesures precises de temperature
dans les fours solaires ont ete. faite~ pa~ .Conn. Le
principe de sa rnethode consiste a utiliser deux
ecrans tournant rapidement, l'un obtu~ant le rayon
nement solaire pendant que l'autre laisse pas?~r ~e

. ' nt Conn utIhsaltrayonnement du four, et mverseme .
un pyrometre a disparition de filament pour~e~~~er
les brillances obtenues, evidemment trLe~ a.l.al t·

les
, b '11 d 1 source uti isa Ionpar rapport a la rt ance e ia souo-e- ffici t de

des relations de la pyrometrie et du c.oe cientt .~
transmission de l'ecran obturateur lui per:e ff~l
de ca1culer la temperature reeUe de la surface c au e.

P. E. Glaser rappelle, dans le rapport SI;:; i:~
methodes qu'il a publiees precedemmentd~' .( de

, . 1 rincipe est enve
rnesures de temperature, .e P d' areils
celui de Conn mais l'emploi de cellules .et app

, . 1 . t d'avOlr des mesures
de mesures sans inertie Ulperme 1 tern s d'obtu-
directes de la temperature p~ndant e P
ration du rayonnement solalre.. "

S/66) 'tend largement 1ern-
M. Foex (voir rapp~rt. e ethodes d'ecrans

ploi des appareils sans mertle et des m. s des subs
au controle des transformations physllque t S/66
tances. On trouve, en particulier dans e rappor ,

la determination d'un certain nombre de points de
solidification d'oxydes refractaires chauffes en cavite
tournante (fours centrifuges). Une autre methode
indiquee dans le rapport S/66 (voir figure 2) consiste
a filtrerIe rayonnement solaire incident a l'aide de
materiaux donnant des bandes d'absorption etroites,
mais tres intense. C'est a l'interieur de ces bandes
que s'effectuent, a l'aide de filtres appropries, les
mesures de temperature.

Les mesures de temperature, et particulierement
celles des points de transformation des substances,
font apparaitre la grande importance de la regulation
de l'energie solaire au moyen d'ecrans, le controle
etant fait alors, non en energie, mais en temperature
obtenue au cours d'une operation determinee.

Mesures d'emissivite

Elles ont ete entreprises precedemment par P. E.
Glaser. Dans le rapport S/66, il est mentionne egale
ment quelques mesures sur la reflectivite des corps
fondus. 11 serait souhaitable que les mesures sur
l'emissivite et la refiectivite a diverses temperatures
soient poursuivies. '

Mesures desproprietes· thermiques (S/66, 5/5, S/95,
S/79)

.Chaleurs speciflques. Un montage, a ete don~e
precedemment par P. E.' Glaser. D,au.t~es .essals
effectues a Mont-Louis ont cornporte 1utilisation de
chambres « corps noirs » servant a echauffer le pro
duit a examiner et a mesurer sa temperature avant
introduction dans le calorimetre.

Chaleurs de transformation. Ces essais, tres impor
tants, n'ont pas encore ete entrepris a l'aide des
fours solaires.

Dilatation. Le precede a ete utilise a Mont-Louis
en chauffant les substances sous form.e de baguettes
a extremites pointues, dans une cavite corps noir ;
la longueur de l'echantillon et sa te~~erat~re sont
reperees optiquement. On. a pu ~1~SI sUlvre~ en
particulier, les- transformations du silicate de ZIrco
nium et de l'oxyde de zircoruum.
, Conductibilite thermique. Des e~sais par~issent en

cours dans differents laboratOlres, mats aucun
resultat ne semble public.

Mesures physiques dioerses
11 serait probablement tres in~e~e?sant d'e~tre-

rendre des mesures de conduc~IbI~lt~ electrique.
~e susceptibilite magnetique, d emIssIOn. thermo-
.' de pression de vapeur de rmcroscopreiomque, , 11 1'.( .
optique ou electronique pour lesque es energie
solaire ou des rayonnements. convergents seraient
utilises pour obtenir les elevatIOns de temperature.

REACTIONS CHIMIQUES

Nous verrons, a propos des applicat~ons in~us
trielles, les reactions qui sont susceptIbles d Hre
exploitees dans les grands fours solaires. Dans la
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recherche fondamentale, les e~udes chimi~ues au
four solaire presentent un certain nombre d aspects.

La fusion sans creuset (fusion d!rec~e ou en cavite),
en milieu conditionne OU a- l'air libre, per!llet la
preparation d'innombrables m~lange~ binaires et
ternaires de composes refractaires divers, en v~e

de I'etude de leur diagramme d'etat et de la defini
tion de diverses proprietes physiques. Il est regret
table que les communications presentees a la Confe
rence ne comportent pas plus de .resultats dans ~e

domaine. Signalons que le laboratoire de Mont-Louis
a etudie la conductibilite electrique des melanges
Zr02 - CaO, Zr02 - La20a et les proprietes de .divers
produits a base d'alumine : alumine ~, spinelles
(AI°MgO), chromites (Cr20aMgO), etc. Da.n? le
ra~po~t S/57 (Japon), ont ete etudiees les conditions
de fusion de divers oxydes : AI20a, MgO, CaO et Zr02•

Il faut signaler egalement que les etudes sur les
oxydes refractaires classiques, Si02 et Al20a en par
ticulier, ont permis d'etudier les re.ndements des
fours solaires en fonction de leur puissance.

Quant aux purifications, une etude. de la purifi
cation de l'alumine (AI20a) a ete faite dans le rapport
S/57. Il apparait, d'apres ce rapport, que, ~es.ope.ra
tions sous vide permettent une bonne elimination
des impuretes. . .

Des etudes de purification ont egalement ete
effectuees sur une assez large echelle au laboratoire
de Mont-Louis (S/52), soit par distillation d~s subs
tances, soit par elimination d'impuretes relativement
volatiles, soit par cristallisation selective ou rneme
segregation, soit par fusion de zone. Ces methodes
de purification s'averent comme tres importantes
pour l'avenir des fours solaires.

Parmi les autres reactions chimiques effectuees
au four solaire et conduisant ades produits nouveaux,
il faut citer les resultats donnes dans les rapports
S/108 eLS/36. Le rapport S/108 mentionne l'emploi
de techniques de haut vide au four solaire qui ont
permis la mise au point de nouvelles .methodes ~e
traitement des oxydes de terres rareset, en parti
culier, la preparationvdu protoxyde d'europium.
Il faut signaler egalement la description d'appareils
du merne genre dans les rapports S/16, S/5 et S/57.
Le rapport S/36 mentionne la preparation du carbure
de bore et l'attaque du beryl pierreux; cette derniere
operation etant relativement difficile a effectuer
dans le grand four solaire d'Alger, l'auteur preconise
la realisation d'un appareil a- foyer fixe. Nous repe
tons ici que l'etude des reactions chimiques au four
solaire est encore tout a- fait insuffisante en raison
des programmes de recherches extremement riches
en perspectives diverses qui ont ete etablis par
divers laboratoires.

Resultats obtenus en photochimie

Vne premiere etude effectuee anterie~1rement a
cette Conference par ]uston Coumat, a Alger, a
moritre I'interet de I'utilisation de l'ultraviolet
solaire qui est concentre au foyer des appareils

possedant des surfaces reflechissantes e.n alu;:~:;niu~.
11 faut souligner que la concentration (~CnergIe

lumineuse, photochimique so~s !o~me. ?e, E,,'onne
ment convergent, semble avoir .ete uhh~ee jour la
premiere fois dans ces eXP,en~~ce~ d ~!,' ;~'. La
methode decrite comporte I utilisation CJ arvers
types de selecteurs : .

a) Filtres laissant passer l'ultraviolet et I': .lechis
sant le visible (film mince d'argent);

b) Filtre laissant passer l'ultraviolet et alr.orbant
le visible; . .

c) Solution absorbant le visible et lais~an' passer
l'ultraviolet (melange de sulfate de curvr.: et d~

cobalt; dans ce dernier, la soluti.on absorbm.te, qm
est refrigeree, est placee sur le.tra]et d~ rayc~;mement

convergent). L'energie ultraviolette disponible dans
le grand four d'~lger eS,t de l'o:dre de Hll(;, wat!s
effectifs (c'est-a-dire apres filtration) ..Cette ener.gIe
a ete utilisee en particulier pour obtemr la .loration
du xylene CSH10 et du benzene, avec de boi., rende
ments.

Une seconde etude, commentee dans k ·.1.pport
S/25, est effectuee avec un app~reil beaucv '.p plus
petit, donnant quelques centalI~es. de ," ".l ts de
puissance totale. Cet expose est. tres rmpor ':. .t ,Pour
l'avenir economique des reactions photoc: .niques
solaires, et il convient de s'y reporter.

Utilisations possibles des fours soLlres

L'interet des fours solaires pour la ~2cherche

fondamentale a ete souligne precedemrne: t, e~ le
developpement de ces appareils et de leurs f:-eres
jumeaux, les fours a images, qui utilisent le; memes
techniques, est important; mais alors que res fours
a images semblent devoir rester un instrument de
laboratoire, meme relativement puissant, on peui
se poser la question du developpement even~1!e

du four solaire a- l'echelle industrielle. La premiere
remarque que 1'on peut faire est encourageante
Le rendement d'un four solaire, dans lequel ~'et;ter~le
est utilisee sous sa forme initiale, est, a Prt?rt bl.en
plus eleve que celui d'un moteur solaire tnbut~lre
d'un cycle de transformations d'energie a faible
rendement. Le raisonnement preceden~ ~st aUSSI
valable pour la transformation photochimique. 0.0
peut done esperer, d'apres ce qui precede, obtemr
un amortissement du capital investi notablement
plus favorable dans le cas des fours solaires que dans
le cas du moteur. Une autre re marque peut Hre
faite en s'appuyant sur les conclusions du r~pport
S/81. L'augmentation de puissance de « I'unite de
chauffage » four solaire conduit a- une augmentatIOn
de rendement des operations a- haute temperature
qui est considerable. Les conclusions du rapport
S/81, en ce qui concerne le traitement des refrac
taires, sont tres positives. Les quantites d'oxydes
ultra-re£ractaires fondues ou frittees par jour avec
un four de 1 000 kW, devraient atteindre 2 a3 tonnes,
soi~ 2 a3 kg par kW et par jour, alors qu'une instal
lation de 50 kW ne produit guere que 1 kg par kW,



Rapport general GR/20 (S) Trombe 315

soit 50 k~ par jour. On observe des rendements
encore pi',.:, faibles pour les petites unites de 2 kW.
Une inst: 1]ation de I 000 kW, placee dans une zone
tres ensci: 'nee, devrait produire ainsi 1 000 tonnes de
produits refractaires, Les fours beaucoup plus
puissant! .mcore (10000 ou 20000 kW) n'auraient
pas des i ndements beaucoup plus eleves et seraient
relativer.int plus cofiteux, la construction du para
boloide ': de son support augmentant dans de plus
larges pn1]iortions que la puissance de 1'installation.
Un certain nombre d'exemples de traitements qui
ont ete realises, au cours de ces dernieres annees,
avec le lour solaire de moyenne puissance actuelle
ment en service a Mont-Louis (rapport S/81) peuvent
etre donnes, Les operations en milieu oxydant .
convienn-nt, en particulier, fort bien au traitement
de nomlircux produits a base d'oxydes refractaires.
Ces trai: -rnents ont recu un debut d'application
pratique au laboratoire de l'energie solaire de M~nt

Louis, (-1', une dizaine de tonnes d'oxydes refractal!eS
ont ains de fondues ou traitees, Parmi ces produits,
on doit "iter le corindon, le spinelle de magnesium
et le zii-onate de calcium, prepares s~uvent a l:etat
pur, et .arfois sous forme de monocnst~ux. DIvers
minerai ont aussi ete traites aMont-Louis au moyen
des tec-niques permettant d'el~n::iner le, problerne
des par':" refractaires dont la resistance a la corro
sion est en general, si preca~re a ~au~e ~e~pcrature.
Parrni ; s traitements de rnmerais realises, on peut
citer : '1 fabrication de 1'oxyde de zirconium par
fusion, lcaline du zircon au carbonate de sodium, ~e
traitern-nt du beryl ou celui du ~olf~~m. L'ave!l1f
des fours solaires se dessine partIculIerement bien
aussi pour la preparation de pr?~uits pur~ o~, de
produits prepares dans des conditions partlcuheres
(milieu totalement oxydant ou totalement neutre),
ou encore de produits speciaux tels que les m~no
cristaux. Il convient de rappeler id que les operatlO~S

. . avemrSur (( front chaud » peuvent auss! a';'Olr "".
industriel de meme que les operatlOns metallur
giques qu'i sont relatees dans le rapport S/3? ~ous
pensons aussi que les reactions. photochlml~fes
peuvent conduire a des preparatlOns renta e~i
Etant donne les informations fragmentee; dbol?t 11
di t core eta ir eispose, le rapporteur ne peu en I' de
prix de revient au kW installe des four? so alrets d
'. l' 'tabhssemen edlverses puissances. Il p~opose , e. ff ruees

ce bilan, de merne que celui des operat1?ns e ec ,
comme sujets de discussion a la Conference.

Sujets de discussion proposes

1. Bilan compare des machines solaires (prix de
revient, consommation d'energie, stabilite, precision,
tenue en service) :

a) Comparaison des methodes d'asservissement;
i) Dispositifs de controle et d'amplification

(systerne a cellules, systeme a transistors).
ii) Comparaison des mecanismes de commande

(commandes electriques et commandes hydrauliques).
b) Etudes comparees des diverses surfaces refle

chissantes planes et convergentes (surfaces planes
metalliques, surfaces planes de verre, resistance des
revetements metalliques, absorption de l'energie ;
surfaces convergentes : optiquement travaillees,
spheriques, paraboliques, surfaces convergentes obte
nues sous contrainte).

c) Perspectives sur les prix des machines solaires
en fonction de leur puissance.

d) Comparaison des rendements energe.tiques des
fours solaires et des fours aimage en fonction de leur '
puissance.

2. Echanges de vues sur les methodes. d'utilisation
de l'energie convergente pour la production de ha?tes
temperatures (mesures physiques et reactions
chimiques) :

a)· Chauffage direct;
b) Chauffage en cavite ;
c) Etude des parois transparentes.

3. Tentatives de bilan des fabricati~ns, ~uscep

tibles d' etre effectuees econcmiquement a I aIde. des
fours solaires et pouvant conduire a des operations
industrielles :

'a) Corps refractaires:
b) Metallurgie;
c) 'Reactions sur front chaud.

4. Tentatives de bilan des operations photo
chimiques realisables a l'aide des fours solaires et
des fours a image de diverses sources ;

a) Conditi.ons d'elimination ou d'attenuation des
effets thermiques

b) Propositions de re~ctions presentant un interet
scientifique ou economlque.



* Research Director, Centre national de la recherche scien
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The uses of 'solar energy described in this section
of the Conference involve the employment of optical
apparatus giving high concentrations of the energy
received from direct solar radiation. The total absorp
tion of this energy, concentrated on a relatively
small surface or in a relatively small volume, results

, in. very high local temperatures. This is the effect
obtained in what are incorrectly termed "solar
furnaces", by extension of the term applied to the
receiving zone, which may itself be a furnace under
certain circumstances, to the entire set-up, including
the optical and mechanical equipment. It should
also be emphasized that, for certain uses of' opti
cally concentrated solar radiation, the. effect desired
~s .n~t the temperature rise, which is often very
mjunous, but the photochemical action, due to
photon absorption in certain restricted wavelength
regions. The rapporteur therefore feels that the field
covered by Section IILF should be extended to
include all uses of highly concentrated solar radiation,
whether they employ the total radiation, or only
the. energy contributed by certain wavelength
reglO~s. It should als? be recalled that many of the
techniques for collecting convergent solar radiation
that are ~ere. described are similarly applicable to
the exploitation of the thermal effects resulting
from the convergence of various types of artificial
radia~~o~; These ir;stallations,' termed "image fur
naces In the United States, are becoming very
important in research laboratories. Convergent ar
rays of the type now used to concentrate solar
rfldia~ion and utilize its photochemical effect might
Iikewise be suggested for certain artificial sources
with an abundant emission of wavelengths suitable
for photochemical uses.

The solar energy available in direct solar radiation
s~ems so ?mall at first .glance as to be altogether
disproportionate for use III producing high tempera
tures. Beyond the stratosphere, there is about
1 350 w/m2 so available, and at ground level under
optir~1Um .conditions, some 1000jm2• This 'energy
density corresponds roughly to the radiation of a
black body at a temperature of only 100°C. Exami
nation of the spectral distribution of energy, espe-
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cially that given in figure 1 of Paper S/66, discloses
better prospects. The solar energy corre-ponds to
the radiation of a black body at about 6 noo°K. At
ground level it is dispersed, but not degraded. The
small temperature rise it induces is due t\· the very
small' solid angle of 7 x 10-5 steradian through
which the sun "lights" the earth. A grea: increase
in this solid angle of illumination would thus be
sufficient to obtain a localization of surface energy
that could yield high temperatures. This loc.ilization
is realized in practice at. the "focus" of ;11! optical
system of very great aperture. The maximum aper
ture of a paraboloid for the illumination ut a plane
is given by the ratio D/f = 4, where D is the diameter
of the mirror and f the focal length. For illumination
of a cylinder or a sphere, the value of D/f can be
still further, and substantially, increased.

The high concentrations of radiation required for
high temperature operations" or to localize energy
for photochemical use, lead to the employment of
optical systems under rather severe conditions. The
axis of the system must be parallel to the incident
radiation. This condition is likewise imperative for
maximum incident energy reception at the various
hours of the day. Since the apparent position of the
sun varies during.the course of a day, and is different
each day, the receiving system must be constantly
kept oriented if the above conditions are to be
satisfied. Two methods have been used for this
purpose:

1. The optical "concentrator" (parabolic mirror
or lens) is turned- directly towards the sun.

2-.The optical "concentrator" is fixed and receives
the ~olar radiation following its axis by means of a
moving plane "orienting" mirror.

Th~ principal shortcoming of solar radiation for
practical uses is its intermittence, whether regular
~sequen~e. of days and nights), or accidental, due to
interposition of clouds or fogs, screening the ter
restrial surface from the sun. In many regions be
tween the tropics and the temperate zone, a solar
"breakdown" is rare, but the daily intermittence
leads one to envisage either operations that can be
c?mp~eted ~unng a daily radiation cycle, or op~ra
tions involving no thermal mass, which can be rapidly
started and stopped.
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or by a control mechanism with cells or transistors.
Some installations, especially the large solar furnace
of Algiers, are mounted on an equatorial axis whose
motion is controlled by an astronomical clock. This
method has the advantage of holding the axis of the
paraboloid in the direction of the sun, even if the
solar radiation is briefly intercepted by a cloud. The
declination of the mirror is naturally adjusted daily
by hand. It would seem that this method of control
would be rather expensive for large machines like
the one at Algiers. Nevertheless it appears to have
been checked for small devices by Peter E. Glaser
(Paper S/16). The collector mirrors are often auto
matically trained on the sun by using an auxiliary
lens with its optical axis parallel to that of the para
boloid: A circular screen R, located in the focal plane
and substantially of the same size as the solar image
given by the lens, is surrounded by four control
photocells .or transistors, operating pairwise to
control the two directions in elevation arid the two
directions in azimuth. A slight displacement of the
solar image to outside the screen E illuminates one
or two of the control photocells. This arrangement
has been universally adopted for guidance of' direct
receivers, or, as we shall see, to control the motion
of heliostats. The methods 'of guidance differ primar
ily in the conditions under which the currents from
the cells are used to produce the ultimate motion
of the mirrors. We shall return to this question when
discussing heliostats.

4. Heliostats are, in general, guided by a control
system (lens, screen, and framing cells)' located in
the path of the reflected radiation. This control
arrangement is fixed, and the direction from the
lens to the screen centre defines the direction of the
reflected radiation. The photocell currents may be
used in various ways to cause motion of the heliost~t
or the direct reception devices. The first Mont-LoUIS
model controlled electric motors by means of a series
of contacts of decreasing sensitivity, which initiated
the operation, in either sense,. of, asynchronous
motors, one adjusting the elevation, the other the
azimuth .of the heliostat. Parallel developments,
simulta~eous in different countries (United States,
USSR, France, Japan, Israel, etc.), today employ
the following schematic arrangement : c~rrent fr?m
a photocell or phototransistor, electroD;Ic ?-mplIfi
cation of this current, control of the excitation of a
dynamo, of amplidyne type or similar device, d~rect
current generated ?y the. dynamo, running a direct
current motor in either sense. One of these systems
controls the changes of elevation, the other the
changes of azimuth. This electrical command system
permits realization of simultaneous motion of a
certain number of heliostats controlled by a mast~r
heliostat using mechanical coupling. Electronic
coupling does not seem to have been used. Mecha
nical coupling can ensure excellent accuracy of
control if the transmission shafts run a~ adequate
rotary speed. It should also be mentioned that
certain devices do not include an ~lectnc motor
for aligning the machines. The amplified 'ph?tocell

t t to change the position of dIstnbutorcurren s ac

A study of the papers submitted to this section
and of vario,?s earlie: wo~k, leads to the adoptio~
of the following classification for this report:

1. Solar machines.
(a) Direct receivers,' oriented receivers and their

heliostats.
(b) Plane reflections.'·
(cl Convergent reflections.
(d) Comparative description of large solar furnaces.

2. The concentration of solar energy at the focus.

3. The reception of solar energy at the focus.

4. Results obtained in the high-temperature region.
(a) . Physical measurements.
(b) Chemical reactions.

5. Results obtained in photochemistry.

6. Possible uses for solar. furnaces.

Solar machines

Dm:,CT RECEIVERS, ORIENTED REC;EIVERS AND THEIR
HELIOSTATS

1, Direct reception has the advantage of only
invo lving a single reflection on the mirrors that concen
trate the radiation. Various types of direct receivers
will be found in figure 1 of Paper S/16. The principal
disad vantage of this type is the fact that the axis of
corn ergence of the radiation is displaced in space,
and, consequently, that the focus, located on th~s
axis, is also displaced in space. This arrangem~n~ IS
also unfavourable, since the convergent radiation
attacks substances from down to up, or laterally,

•and it is difficult to perform certain operations, for
instance melting, with such apparatus. On t~e other
hand, for operations on solid surfaces, re~ctIO? bet
ween gases, cracking, etc.; direct rec~ptIOn IS the
simplest method. .In some assemblies (Meudon.
apparatus, 1946) the image of the sun IS reflected
downward by m~ans of a plane mirror placed in the
path of the convergent rays. It should also be noted
that direct reception may be viewed more favourably
for apparatus with a smaller aperture than para
boloids and using lenses. T~e only, s.olar fur~ace
using lenses that has been built and IS m operation,
at the California Institute of Technology, moves
about its focus which is itself fixed in space.

2. The recep~ion of. the solar radiation by. a p~ane
orienting mirror, followed by a fixed parabolIc rmror,
was first put into practice by Cohn, and later by
the Mont-Louis Laboratory. This method can now
be generalized for most laboratory devices and large
scale installations. It has the considerable advantage
of having a fixed focus of orientation. whether
horizontal vertical or inclined, that may be selected
according 'to the operation being performed. .

3. In order to keep the optical axis of dI~Ct
receivers pointing in the direction of t~e sun, t

h
ea

may be guided either' by an astronomfcal met 0
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slides or servo-valves, admitting oil under pressure
into double-action hydraulic jacks, one controlling
the elevation and the other the azimuth. As before,
two elevation photocells, upper and lower, act on
the two faces of the same actuating cylinder, while
two azimuth photocells, right and left, act on the
second cylinder. The axes of rotation of heliostats
are in general perpendicular. This system is used
to operate the large Mont-Louis heliostat and will be
used for the 63 heliostats to be installed at the
1 000 kW solar furnace at d'Odeillo-Font-Romeu.
It is also mentioned in Paper S/57 of this Conference.

PLANE REFLECTIONS

1. Various experiments have shown that for long
distance reflections, glass surfaces coated on their
front or rear faces with metallic reflectors give good
results. They appear to be better than reflectors
made of polished metal planes. Metallized plastic
glass or metallized plastic film stretched on metal
frames do not seem to have been tried for long

. distance plane reflection.
2. The heliostats described in various papers all

use surfaces of metallized glass. The dimensions of
the unit surface are selected on the basis of various
factors. The French installations (Mont-Louis) and
the United States Army installation (Natick) of'
Paper S/79, use the reflection on the rear surface
after passing through the glass. The thickness and
transparency of the glass are thus very important
for the efficiency of the plane reflection. On the other
hand, the mounting of the glass must be substantially
plane for the various positions assumed by the helio
stat. The thickness permitting this result will natur
ally be greater, the larger the elementary surface
itself. Moreover, to avoid losses of light at the glass
interfaces, it is better to adopt the maximum dimen
sions. To give effect to all these factors, the dimensions
adopted are 50 X 50 cm by 6 to 7 mm thickness in
the Mont-Louis installations, and 62 X 62 cm by
0.635 cm at Natick. In these two set-ups, the reflect
ing surface consists of a layer of chemically depos
ited silver electrolytically coated with copper, and
then coated with a protective varnish. At Natick
one aluminized adhesive surface is also used. The
normal transmission of energy by such reflectors is
from 80 to 84 per cent, according to the number of
glass plates, the vitreous reflections being recovered
in the reflected radiation. The behaviour of such
surfaces in bad weather is excellent. The Mont-Louis
reflectors, in particular, have been exposed for the
last ten years to a severe climate, and yet their
reflecting properties are still excellent.

3. Another class of plane reflectors consists of
glass ~urfaces C?3:ted on t~e front f~ce .with thermally
deposited aluminium, Owmg to their high reflectivity,
these surfaces were adopted by the authors of Paper
S/21 for t~e large solar furna~e at Sendai (Japan).
The expenence they reported includes the following
details : a glass mirror 90 X 100 cm, by 10 mm
thick, with silvered or aluminized rear face, had a
reflection factor of 67 per cent for an incident ray at

a 15° inclination, and one of 56 per cent for etr incident
ray of 40°. The aluminium deposit under r]le same
conditions gives 95 and 92 per cent resr- ..zctively.
Aluminium surfaces have the important a. vantage,
especially for photochemical reactions, of '~flecting

solar ultraviolet radiation. On the other h "id, their
resistance to bad weather is uncertain. '; 'lis resis
tance is improved by a protective deposit '1 silicon
monoxide.

4. Another factor to be considered is the .csistance
of glass to thermal shock and mecham. «I stress.
Experience shows that glass sheets 1 -, 1 m by
1 cm thick are much more fragile, thermally and
mechanically, than glass plates 50 X [iH cm but
less thick. .

5. The alignment of the elementary reflecting
planes to obtain a parallel and continuous reflected
beam requires individual alignment of c;\ch plane
supported at three points. Such alignm-nts are
in general accomplished with precise t ('~10graphic
instruments, by sighting a point sufficientlv distant
directly and through the glass.

6. In the use of plane reflection, one " ust take
account of the relative increase in the V numbral
zones with increasing distance between tl . heliostat
and the parabolic reflector. These zone act only
on the outer contours of the reflected nupes. ~he
surface of the parabolic reflector must he inside
this aureole of decreasing energy.

7. The metal framework supporting tl reflecting
mirrors cannot be described here. Such k,meworks
must of course be built under the desired~onditions
so as not to form double sheets and must remain
plane at the various operating temperatures of the
installations.

..
CONVERGENT REFLECTIONS

The problem of creating reflecting or refracting
surfaces has various solutions:

1. The large aperture which is necessary to get
appropriate accumulation of energy practically rules
out the use of lenses, which are incidentally, con
siderably more expensive than 'mirrors. The only
sola~ furn~ce that uses lenses today is at the ~alI
f?rma Institute of Technology. It employs a combllla
tion of refractions and plane reflections to increase
the angle of convergence.

2. Fo~ small mirrors, the reflecting surface is
usually m a single piece. The first laboratory solar
furnaces made extensive use of military anti-aircraft
mirrors. Such mirrors, 1.5 to 2 m in diameter, are
made either of special water-white glass, silvered on ~he
rear face, o~ of a polished alloy. Because of the sev~nty
of the speCIfications, their optical quality is entIrely

. adequate for high concentration of energy. ~hey
are valuable for fundamental research with eIther
solar furnaces or image furnaces. Aluminium re~ec
tors ~ay .be larger. The largest one in a single p~ece
(3 m m dIameter) was built by Cohn at Kansas CIty.

3. Other aluminium mirrors, made up of al:"rays
of metal segments, have been constructed (AlgIers).
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Paper 5/16 describes a light aluminium mirror 30 feet
(about .,) m) in diameter (figure 3). Although they
do not appear to have the optical qualities of smaller
mirrors, especially that of .Cohn, they do constitute
an interesting and economical solution for moderate
conc~n~Iation of useful amounts of energy. The
alummum sheets may be fabricated by drawing
on a mould 0: explosive forming on a. mould by the
sudden and violent pressure of a gas hberated by an
exploslCl1 (Paper 5/16). . .. . ..

4. Another interesting solution for small and
medium size equipment is the use of plastics. Para
bolic plastic moulds have been produced by solidi
fication of a plastic resin on a mercury surface rotat
ing at constant velocity. The use of aluminized
Mylar on a polyurethane mould gives mirrors of
good optical quality (figure 5, Paper 5/16) ..

5. Large installations require the use of separate
sectors, individually aligned on a rigid common
mounti.g. The arrangement used at Mont-Louis
and Ai~iers, which is also mentioned in Paper 5/21,
figure :l, may be adopted. It has the advantage
that ail the elements in a single reflecting ring are
identic 1. There are only as many types of reflecting
elements as there are rings,thuspermitting advan
tageou. duplication in the fabrication and alignment
of the elements. The reflecting elements may also
be alis,'led on mounts outlining horizontal and ver
tical i'J.rabolic profiles (Natick installation, Paper
S/79) (d'Odeillo-Font-Romeu installation.": Paper
S/48). .

6. The problem posed by the design of larg:e solar
furnaces with high concentration of energy I~ that
of the unit reflector element, as already mentlOned,
Whether used in concentric rings, or in horizontal
alignment on mountings, to form the paraboloId.
Each of the large solar furnances that have b~en
built or are now under construction has embodied
a different solution in this respect. . .'

The first solar furnace built at Mont-Louis, France;
in 1952, which is still in'service, comprises elements
positioned on concentric rings. Each element .s~pports
a number of glass plates which are individually
aligned. These glass plates, which are plane at first,
are thin enough to be deformed by pressu!e, .and
they are permanently subjected to pr~ssures m front
and behind, giving them the approXImate sh~pe of
a smaII sector of the paraboloid to be occupIed on
the reflecting surface. It has been demonstrated
by the Montlouis installation, and now by the larger
glass plates for the large 1 000 kW solar furr~ace
of Odeillo-Font-Romeu that glass plates so subject
to permanent stress giv~ at least the.same concen~:~;
tion as five plane glass plates so adjusted that t (
images converge at the focus of t~e system. ?ee
Paper 5/48). The Mont-Louis installatlOn, comprIsmg
fi ., d 3 500 'glass plates, under

ve concentnc rings an
stress has five types of reflecting ele~ents:l·IAththe

. ' . l' . hich WI ' ave
Odelllo-Font-Romeu instal atlOn, W h'll b
a much larger number of glass elements, t . ere .Wl

d
e

, , li t which will be one
no repetition of the a 19nmen, . it . ible
on the site. This arrangement makes I POSSI

to .construct mirrors giving high concentrations,
subject to the obvious condition that the number
of glass.plates is sufficient. It also has the advantage
of hol~mg the glass plates firmly in place on their
mountings, thus avoiding all oscillation of the
reflected radiation, especially under the action of
the wind. This arrangement appears to be the most
economic for very large solar furnaces, such as the one
at Odeillo-Font-Romeu, which has a very large
number of convergent reflecting glass elements,
made necessary by the choice of economic reflecting
elements of high mechanical and thermal resistance.
. The second installation built, the one at Algiers,
is 8.40 m in diameter, and is composed of aluminium
sectors produced by stamping on rigid dies. This
installation is a direct reception model, and the
aluminium surfaces, chemically polished and then
anodically oxidized, reflect practically all the solar
ultraviolet that reaches the ground. The degree
of perfection that can be given by this method is not
yet known. The concentration is apparently the same
as that yielded by other types. The principal advan
tage of stamping is the low cost of stamped sheet
if the quantity is large enough to amortize the cost
of the dies.

The large solar furnace built at Natick, Massa
chusetts, by the United States Army, has focusing
elements of a peculiar type. There are 180 elementary
surfaces, formed of concave mirror, segments
62 X 62 cm. They are aligned in successive horizontal
profiles on a mounting holding the paraboloid.
Each spherical element was produced by forming,
at a suitable temperature, a glass plate already
polished, against ~ spherical cer~micm~uld.The glass
face in contact WIth the ceramic deteriorates partly,
but the free face retains its polish and has a good
sphericity. These mirrors are aluminized on the
front (concave) face and are then individually aligned
to cause the reflected rays to converge at the focus
(see Paper S/79).

The large solar furnace unde~ constructio~ at
Sendai Japan (seePaper S/21) consists of 181pohshed
glass s~rfaces hot moulded into paraboloidal shape.
The concave faces were then thermally aluminized.
The merits of this process, which resembles the one
used for the Natick solar furnace, are not yet known.
It should, nevertheless, be noted that the sectors
of the paraboloid should present the s~me. surface
finish as the spherical sector~ of the Natick ~nstalla
tion. Since they are moulded .u~to the parabohc sh~pe
corresponding to their posl!lOn on the re~ect~ng
surface there is reason to think that they WIll gIve
high optical concentrations.

Comparative descri~tions of large. solar furna~es:
With the single exceptlOn of the A~gI~rs installation,
which directly receives the solar ~adlatlOn~llld appears
to be intended for photochemIcal studies and gas
reactions, all semi-industria! solar furnaces have
a heliostat reflecting th~ sunhght ?11 to a fixed para
bolic mirror with a horizontal aXIS. The only pl~nt
whose mirror reflects the radiation in. a d~rectlOn
parallel to the celestial axis is that described m 5/36,

11'
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but this paper fails to give the dimensions of the
installation. A comparison of the large solar furnaces
shows that the plants developed or being developed
by the various countries resemble each other rather
closely in dimensions and principles of tracking,
except for the focusing surfaces themselves (see S179,
S/21 and S/48). The Natick installation includes
a large attenuator screen placed in the path of
the parallel horizontal radiation. The screens of
the French installation (Mont-Louis) are placed in

. the path of the' convergent radiation.

The energy concentrations at the focus

One characteristic of solar generators is that,
especially with small ones, very great concentrations
of energy may be obtained. In the rapporteur's
opinion, nevertheless, this does not imply that an
increase in size is a factor unfavourable to the pro
curement of high concentrations at the focus (see
Paper S/5). It would seem, rather, according to the
rapporteur, that the concentrations may be very
great for single mirrors of very great aperture and
optically perfect enough, but that the larger models,
using sectors, may be realized just as perfectly,
provided cost is no object. For very large solar fur
naces, the subdivision of the reflecting elements,
which is necessarily more advanced, should give
energy concentrations as high as those from the
smaller ones. For these large installations, it seems
that economic conditions of realization and high
concentrations of energy are simultaneously possible.

The concentrations given by low-power furnaces
appear in some cases to be very substantial. The
2 m glass mirrors at Mont-Louis, France, give experi
mental energy fluxes In excess of 350 cal/cm2/sec

for an incident energy of 1 kW/m2• We recall that
1 kWis equiva~ent to about 240 cal/m2/sec. Table 1
of Paper S/79 gives the measured fluxes for various
furnaces. The lens solar furnace at the California
Institute of Technology has a flux of 220 cal/cm2/sec'

the Curtiss-Wright solar furnace has 600, and th~
USSR solar furnace 864. These latter values must
obviously correspond to apparatus of very high
optical quality.
. The concentrations of high-power solar furnaces
determined today are clearly below these levels.
The large solar furnace of Mont-Louis gives 0.75 to
0.8 kW/emS, or a little less than 200 cal/cms/sec.
The Quartermaster solar furnace (Paper S/79) gives
a flux <;,f 100 cal/cms/sec. It should be emphasized
t~at this furnace was l!0t designed to obtain very
high fluxes, but to realize the most uniform energy
possible in the solar spot. It is especially noteworthy
that the maximum concentration calculated for the
central zone of the furnace should be substantially in
agreement with the experimental results. The experi
mental curve shows that energy constant to within'
less than 5 per cent may be obtained for a spot 3cm in
diameter, and energy constant to within 10per cent for
a spot 4 cm in diameter. The present Mont-Louis
furnace, which has a focal length of 6m, gives a rather

similar energy curve, although the central concen
tration, several centimeters in diameter, is almost
double. We must stress the fact that such variations in
energy density have only a rather slight cficct on the
equilibrium temperatures. We recall the Ste Ian relation
between the total energy E radiated by a black body
and its temperature: E = GT4. The t.mperatura
measurements for the plant now under construction
at Sendai, Japan (Paper S/21) are as yet unavailable
to us, but it would seem that rather high energy
fluxes may be expected. The calculations given
in Paper S/48 on the large French solar furnace
under construction at Odeillo-Font-Rom-u indicate
that, allowing for all the losses, an energy of 1 700
w/cm2, or over 400 cal/cm2/sec, should be obtained
in the central spot. The equilibrium temperature
of the focus, counting only the radiation losses,
would be 3900~C for a black body. In this connexion
we must stress the fact that the equilibrium tempe
ratures are not the operating temperatures of solar
furnaces. Even for fundamental research work, the
working temperatures used, for instance, in the neigh
bourhood of 3000°, are several hundi.d degrees
below the equilibrium temperature.

The collection of the solar energy at the focus

There are numerous publications on thc~:-;e subjects,
especially by the Mont-Louis Laboratory. A number
of methods of collecting the solar energy will be
found in S/35 (figures 5, 6, 7, 8, 9, 10, 11, 12 and 14).
They will also be found in Papers S/5, Sj16, SilOS,
S/66, S/52 and S/57. These methods may be reduced
to a number of typical operating patterns.

DIRECT COLLECTION

1. Treatment at the focus on h~rizontal, vertical
or inclined surfaces. - A self-supporting' body ma);' be
treated on a horizontal surface. This is the typIcal
operati~n in an oxidizing medium, and involves no
contamination of the substances treated.

2. :rhe efficiencyof this procedure may be improved
by dIsI?lacmg the substance being irradiated. s~ as
to obtain belts of melted or fritted products m various
shapes. .

3.. The powdered substance may likewise be spread
continuouslv on the treated surface, which is progres
sively lowe~ed. In this way one obtains melted rods
of substantially the same diameter as the image cast
by the optical system. Rotation makes the melted
masses more regular. .

~. Direct treatments may likewise be applied to
solid substances, for instance to rods held vertically
at. each end, practically collinear with the foc~l
aXIS ?f t~e optical system. By shifting the rod In
the dIrectIOn of the focal axis a molten zone may be
ma.de to migrate from one end of the rod to the othe~.
ThIS method may also be used when the rod IS
supported laterally by cooled jaws (see Paper S/52,
figures 4, 5 and 7). .
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Results obtained In the hll1h temperature field

bution o~ ~he sol~r energy on t!IC focal plane, Black
body cavities equipped for calorimetric measurements
areused to explore the focal spot tit different point'
of Its su.rface, since the surface of the radiation
acc~ss Orifice can be modified at will by interposing
r~frJgerated screens provided with orifices of various
diameters.

The e~ergy supplied to the fOCo'\1 plane affords
the consl~erable advantage of acting on the sub
stance.s Without passing through any intermediate
material suppor~. But, as emphasir.ed by S/5, this
supply of energy IS only on the surface of the materials
tobe treated, and this may sometimes be a disadvan
~age. T~ere are other difficulties as well. TIle energy
IS supplied to.a very small surface. This disadvantage
may be palliated by cavity treatment. Similarly
~his m~t~lOd of treatment avoids the temlX'ratu~
~nequahtlCs due to a decreasing energy distribution
m the focal spot. 5/35 gives an excellent analysis
of the operational conditions required for various
physical measurements and chemical operations,
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1. Energy measurements: We have already men
tioned the principle of calorimetric measurements
for the absolute determination of the total incident
flux on the various points 01 the focal spot. It is
essential to have black-body cavities as perfect
~ possible. The ~casure of the incoming energy
IS given by the heating of a metal mass as a function
of the time, or by the temperature difference produced
in a current of water of known rate of flow. These
experiments have been described previously, and in
Paper 5/35, by the ~lont-Loui5 Laboratory, and are
also discussed in particular in 5/16, 5/5 and S/79.
The accuracy according to the authors is ±5 per cent or
±2 percent.These three papcrsalso describe the enClID'
measurements by radiometas (Gardon et ill.). Onc
type of such radiometers, including a cooling circuit,
is shown in figure {} of 5/16. These instruments,
which are not absolute and must, of COUN-C, be cali
brated, allow detailed exploration of the focal spot.

2. Regulation and redistribution of the l'ncrl:Y:
The energy may beregulated on parallel or convergent
radiation by means of vcnctian blinds (Sf7!l, 5/16),
or of screens of various shapes interposed after a
programme (~lontloui5). 5/79 mentions the use of
jl.,X redistributors [see figure 10) to give the fluxes
a more uniform energy distribution. Wc must
emphasize the very great energy decrease involved
in this redistribution.

3. Temperature measurements: These \'C1)' impor
tant measurements were made, either on the sllrta("('$.
taking their emissivity into account, or on black-body
cavities in centrifugal or other furnaces. In all ~"""<.("$
the direct reflection of the solar ra~'S must be .1.\'Oldt'd,

since it may lend to gross errors.

. !'i. Paper 5/35, figure 12, presents one version of
dlrec, treatment permit.ting treatment of practically
all 1 ,le .substance, without contamination. The
mat, .ial IS ~eated on a metal plate (aluminium or
COPl',") of high thermal con~uctivity, and vigorously
cool, , on th~ bottom. It IS advantageous to use
re~al ,I'dy thin metal plates (several millimetres
thic::).

6',;\11 the above methods may be employed in
a co;..'r~lled atm~sphere. The use of vacuum requires
mec :,lmcal!y resl~tant and transparent walls. For
sma L heating units, Pyrex glass and silica glass,
both of, them transparent to solar radiation, arc
very suitable, For large units, the problem of the
tr~n"paret;lt wall with high mechanical resistance
still remains open.

7. The following is an interesting and inexpensive
soluI ion. I?- cases where .the controlled atmosphere
may rem,am. under ambient pressure, Paper 5/52,
figure; 3, mdIca~es that the ~olar energy is admitted
thro,'gh a plastic membrane inflated by a very slight
ovei »ressure of the gas constituting the controlled
atm~sphere. 5uc~ containers, of large dimensions
and .ow cost, which are consequently economically
exp ndable for each operation, may be made of thin
pla-: le films of various kinds.

8. According to Paper 5/35, phenomena of positive Physical measurements
phot.1phoresis are observed on transparent walls
~hf('lgh which the solar radiation passes, especially
In. {<:lses like hydrogen, at pressures from several
mll',metres to I cm Hg. This phenomenon does not
appar to be connected with the. heating of the
trai.sparent wall.

CAVITY RECEPTION

1. Paper 5/35, and several others - 5/66, 5/36,
~/5 and 5/16 - mention the advantage of treatment
10 cavities, either to obtain better yields with
r~flecting substances, or to get more regular varia
tions of temperature in a given operation. The cavi
t.les developed (see 5/35, figures 9 and 10) behave
hke black bodies, and their inner walls heat up
regularly, owing to the numerous internal reflections.
They are in general characterized by an internal
Surface much larger than the outer surface, permitting
the penetration of convergent radiation.

2. The scheme of black-body cavity that should
be especially emphasized is represented in 5/35
(figure 10). The substance, held against the furnace
Walls by the action of the centrifugal force, is treated
with no contamination whatsoever. This type of
furnace, in particular, affords the advantages of
cavity treatment and of direct treatment of a self-
sustaining substance. '

3. Cavity operations may be conducted in VlUUO

(for small devices) or in an inert gas. It should be
noted that a controlled atmosphere may be realized
in centrifugal furnaces by supplying the gas to the
furnace interior itself.

4. Treatment in a cavity behaving like a black ~dy
finds application in determining the energy distri-
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(a) The first precise temperature measur~m~nts

in solar furnaces were made by Conn. The pnnc~ple

of his method comprises the use of two r~pI~lly

rotating screens, one cutting off the sola;r ~adIatlOn
while the other passes the. furnace radiation, and
vice versa. He uses a disappearing-filament pyro
meter to measure the brightness, obviously very l.ow
compared to the b!ightness of the so.ur~e. Us10g
the pyrometric relations and the transmission factor
of the rotating screen, he calculates the real tempera
ture of the heated surface.

(b) P. E. Glaser, in Paper S/16, recalls the methods
of temperature measurement previously published
by him. The principle is derive~ fr0!ll that of Conn,
but the use of photocells and inertialess measunng
instruments permits direct temperature measure
ments during the period of interruption of the solar
radiation.

(c) M. Foex (Paper S/66) greatly extends the use
of inertialess devices and screen methods to the study
of the physical transformations of substances. He has
found a number of solidification points of refractory
oxides heated in rotating cavities (centrifugal fur
naces), especially in S/66. Another method mentioned
in that paper (see figure 2) is to filter the incident
solar radiation through materials with narrow but
very intense absorption bands. Within these bands
the temperature measurements are made by the aid
of suitable filters.

4. The temperature measurements, especially the
measurements of the transformation points of sub
stances, show the great importance of regulating
the' solar energy by means of screens, and checking
the operations, not with respect to energy, but to
the temperature obtained.

5. P. E. Glaser previously made emissivity meas
urements. S/66 also mentions several measurements
of the selectivity of molten bodies. The measurements
of emissivity and reflectivity at various temperatures
should be continued.

6. Measurements of thermal properties (see Papers
5/66, S/5, S/95 and 5/79).

Specific heat: A set-up for this purpose has been
given earlier by P. E. Glaser. Other tests at Mont-Louis
have used black-body chambers to heat the product
under examination and to measure its temperature
before it is placed in the calorimeter.

Heat of transformation: These very important
experiments have not yet been undertaken by the
aid of the solar furnace.

Thermal expansion: This method has been utilized
at Mont-Louis. The substances, in the form of rods
with pointed ends, are heated in a black-body
cavity. The length and temperature of the specimen
are found optically. In this way, in particular,
the transformations of zirconium silicate and zirco
nium oxide have been followed.

Thermal conductivity: Experiments are now in
progress in various laboratories, but no result appears
to have been published yet.

7. Various physical measurements: It would pro
bably be of very great .ir:terest to ma~e me;l"ur~~e.nts
of electrical conductivity, magnetic sus-:e ptibilitv,
thermionic emission, and in optical xr electron
microscopy, while using solar energy {"'llvergent
radiation to increase the temperature.

Chemical reactions: When we come to th-. ;ndustrial
applications, we shall discuss reactions j;.at can be
exploited in large solar furnaces. In Iur.damental
research,' chemical studies in the solar furnace have
a number of aspects.

1. Melting without a crucible (direct melting or
melting in a cavity), in a controlle~ atmi)~phere or
in the free air, permits the preparatlO?- 01 innumer
able binary and ternary mixtures o~various re~ractory

compounds, in order to study their phase ~Iagra~s

and to determine various physical properties. It IS
to be regretted that the papers presented to this
Conference do not. give more results in this field.
We may mention that the Mont-Louis Laboratory
has studied the electrical conductivity ci Zr02-CaO
and Zr02-La203 mixtures, and t~e pr0pert~es of
various products based on alurnina, :~'.cum1Oa ~

spinels (AI203MgO), chromites (Cr2C?3MgC), etc. 1;'he
author of 5/57 (Japan) has studied ':,.; melting
conditions for various oxides: A1203, "JgO, CaO
and ZrO. It should also be noted th'd studies
on the conventional refractory oxides ,"specially
Si02 and A1203, have permitted study Cl the e~
ciency of solar furnaces as a function of their
power.

2. Purification: S/57 concerns a study of th~ purifi
cation of alumina (AI203) . It appears from this paper
that operations in vacuo permit good eliJlJinatlOnof
the impurities.

Purification studies on a fairly large scale h~ve
been run at the Mont-Louis Laboratory (5/52), using
the methods of distillation, of elimination of .the
relatively volatile impurities, of fractional crystall!za
tion or even segregation, and of zone meltil;1g.
The great importance of these methods of punfi
cation for the future of solar furnaces has now been
established.

3. Among the otherchemical reactions accomplished
in the solarfurnace, which have led to the new products,
we must cite the results given in Papers 5/108 and
S[36. ~/108 mentions the use of high-vacuum tech
mque m the solar furnace, which has led to the
development of new methods of treating rare-earth
oxide~, with spe~ial reference to the prepara?on 0i
europium protoxide, The description of deVIces 0

the same kind in 5/16, 5/5 and 5/57 must also .be
noted. S/3~ mentions the preparation of boron carb!de
and the attack on stony beryl. This latter operation
was accomplished with relative difficulty in the. large
solar furnace at Algiers, and the author now enVIsages
a fixed-focus plant. We must repeat here that the
study of chemical reactions' in the solar furnace
is still entirely inadequate, in view of the resea~ch
programmes that are so extremely promising, WhICh
have been drafted by the various laboratories.
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Topics of discussion proposed for section IIt.F

J. Comparative review of solar machines (cost,
energy consumption, reliability, precision, perfor
mance) :

A. Comparison of tracking methods:

J. Control and amplification systems (system
using photocells, system using transistors]

2. Comparison of drives (electric drive, hydrau
lic drive).

B. Comparative studies of various plane and
convergent reflecting surfaces (plane metal surfaces,
plane glass surfaces, resistance .of metal coatings to
corrosion, ctc., energy absorpt!on; con\"Cq:-~nt sur
faces (optically treated, spherical, para.hohC', con
vergent surfaces obtained under mechanical stress],

Results in. photochemistry

An it:it ial study performed prior to this Conference
by ]u.stm Coumat at Algiers has shown the advantage
of usmg ultraviolet radiation, concentrated at the
focus of an installation with aluminium reflecting
s;trfaces. It .must be emphasized that the concentra
tion of luminous, photochemical energy in the form
of convergent radiation seems to have been utilized
for the first tim~ in these. Algiers experiments.
The method desenbed compnses the use of various
types of selectors : .

1. ~'i.lters 'passing. the ultraviolet and reflecting
the visible light (thin silver film);

2. Filter passing the ultraviolet and absorbing
the visible light;

3. Solution absorbing the visible light and passing
~he ultraviolet (mixture of copper and cobalt sulfates;
~n the latter, the cooled absorbing solution is placed
I~ the path of the convergent radiation). The ultra
:VIOlet energy available in the large Algiers furnace
IS of ~he order of 800 watts effective (that is, after
filtr~tlOn). This energy has been utilized, more
partIcularly, in the chlorination of xylene, CsH1o,
and of benzene, in good yield.

A second study, on which 5/25 comments, was
performed on a much smaller device, with a total
power of several hundred watts. This paper is very
Important for the economic future of solar photo
chemical reactions, and the reader should refer to it.

Possible utilization of solar furnaces

The interest inherent in solar furnaces for funda
mental research has already been emphasized, supra,
and the development of these devices and their
twin brothers, the image furnaces, which utilize
the same techniques, is important. But while image
furnaces seem destined to remain laboratory instru
ments, the question of the ultimate development
of the solar furnace on the industrial scale may al
ready be raised. The first remark that anyone can
make is encouraging. The efficiency of a solar furnace~
whic.h utilizes the energy in its initial form, is apr!ort
consIderably higher than that of, a solar engine,
which must follow a whole cycle of low-efficiency
transformations of energy. Thi~ reasoning also ~pp~les
to photochemical transformation. The amortization
of invested capital may thus be expected to be
considerably faster in the case of solar furnaces
than in that of solar engines. Relying on the conclu
sions of 5/81 another remark may be made. An
increase in the power of the "heating unit': solar
furnace yields a substantial impro~ement III the
efficiency of high temperature operations. The c~n
clusions of this paper on the treatment of refractories
are very favourable. The amount of .ultra-refractory
oxides melted or fritted per day WIth a 1 000 kW
furnace should reach 2 to 3 metric tons, or 2 to 3 kg
per kW per day while a 50 kW plant produces
only 1 kg/kW, or 50 kg/day. The efficiencies observed
with small 2 kW units are even smaller. A 1000 kW
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plant, installed in a highly insolated zone, should
th;ts produce 1 000 metric tons of refrnctorv products.
Still more powerful furnaces (10000 or 20000 kW)
would n.ot have much higher efficicncies and would
be relatively more expensive, since the construction
cost of tl!e paraboloid and its mounting increases
more ~pldly than the power of the installation.
Onc might cite a number of examples of the treat
ments t1~at have been performed during the last few
years .WIUl the medium power solar furnace now
?peratmg.a! ~Iont-Louis (Paper S/~J). The operations
III an oxidizing atmosphere arc III particular verv
appropriate ~or treating many products based on
refractory OXIdes. These treatments were first prac
tically applied at the Solar Energy Lnborntory
of Mont-Louis, where some twelve metric tons of
refractory oxides have been fused or treated. These
pro~ucts include corundum, magnesium spinel, and
calc1U!U zirconate, often prepared in the pure state,
sometimes even as monocrystals. Various minerals
h~ve a~so b~en treated at ~Iont-I:<>uis by methods
dlspen~mgwith refractory walls, with their generally
precarious high-temperature corrosion-resistance.
AmoI}g these treatments of minerals, we may
mention : production of zirconium oxide hy alkaline
fusion of zircon with sodium carbonate, the treatment
of beryl, or that of tungsten. The future of the solar
furnace also appears particularly bright for the
preparation of pure products or of products prepared
under special conditions (totally oxidizing or totally
neutral medium), or of special products, such as
monocrystals. It is appropriate to recall, in this
place, that the operations on a "hot front" may also
have an industrial future, like the metallurgical
operations reported in 5/35. Wc are also of the belief
that photochemical reactions may lead to econo
mically feasible methods of preparation. In view of
the fragmentary information available to him, the
rapporteur is as yet unable to establish the capital
cost, per installed kW, of solar furnaces of various
power outputs. He proposes that the establishment
of this capital cost, and of the operations effected,
be adopted as a subject of discussion at the Con
ference.
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: C. Prospective developments in the cost structure
of solar machines as related to their power.

D. Comparison of energetic efficiencies of solar
furnaces and of image furnaces as related to their
power.

2. Exchange of views on the methods of utilizing
convergent energy to produce high temperatures
(physical measurements and chemical reactions). .

A. Direct heating.
B. Heating in cavity
C. Study of transparent walls
3. Attempt at analysis of manufacturing opera

tions that could be economically performed by the.

aid of the solar furnace, and might be industrially
developed :

A. Refractories
B. Metallurgy
C. Hot-front reactions
4. Attempted balance sheet of photo-chemical

operations that could be realized by me..:]", of solar
furnaces and image furnaces using various sources
of energy:

A. Conditions for eliminating or attenuating the
thermal effects

B. Suggested reactions of scientific or economic
interest.



APPLiCATION DE L'ENERGIE
A HAUTE TEMPERATURE (FOSUOLRASIRSE AUX OPERATIONSOLAIRES)
Resumf du rapporteur

Comu«- I'indique le rapport ge r al 1de l'e . 1 . ner , es usages contami ti Id l' n(;I~~Ie so .ane decrits au titre du point III.F ' na l~n par .es rayons solaires, et ceci a des
e .or,Jre du Jour comportent l'inte t' d' fins tfres variees : fntta. ge, fusion, reaction chimique

P
ared -" ti . . rven ion ap- sur ront eh d t tti s (1 o~ lque. permettant de grandes. concentra- hvsi . au, rat ement en cavites mesures
lon~ (le. 1 energie apportee par le rayonnement p ysiques diverses, '

so!al~e direct, Cette concentration peut conduire . Une autre ques.tion traitee a ete celle de l'agrandis
soit a des temperatures elevees par utilisation d~ ?ement .des machines solaires et de leurs applications
~ayollIwrne~t total, soit a des effets photochimiques l~dustnelles en c~ncurrence avec les fours utilisant
intenses qui sont dfis a l'intervention de rayonne- d autres formes d energie,
~:nt:,,(;(mcentres correspondant seulement acertains .LesI;Jerspectiv~s ace point de vue sont favorables
m en alles d.e longueur d'onde. Ces deux. questions pour diverses raisons : '
serant ,'xammees separemeI1t.· 1) I:e rendement energetique des fours a concen-

La p~oduction de h.autes temperatures par action tration de rayonnement (type four a cavite) deja1u rayonnement solaire et Ieur utilisation forment yaIable pow: les petites unites, croit consid&able-
e sUJCt, de la l?rande majorite des communications ment avec l~ puissance mise en jeu. Par exemple,

presen-ces alf titre du point IILF et des discussions un four solaire de 1 000 kW donne, pour le trai-
et mterventions des seances. Quelques conclusions tement de substances refractaires (frittage fusion)
se deg.rgent de cet ensemble. . . ~n rendement qui p~ut atteindre 70 p. 100;

1

, La ~endance, l?enerale des opinions exposees, que l~ est pl~s de deux Iois plus eleve que celui que
on ~clrouve d ailleurs dans les interventions relevant Ion obtient avec un appareil de 50 kW;

de divers autr:es points de l'ordre du jour, est qu'il 2) Les ope~ations ayant lieu sans contamination
n~ fa~t pas cramdre, au prix de l'emploi d'instruments l~ four solaire entre en competition avec des tech~
d ?ptlque et de machines plus ou moins precises, Dlque~ compliquees conduisant, en general, a des
suivant les buts recherches, de tenter de restituer produits chers.
th: rayonnement solaire une partie dupotentiel Une autre question examinee a ete celle de I'utilite
t ermodynamique qu'il possede pres du soleil, des fours solaires pour les pays sous-developpes.

Le .rapport general a souligne que l'eneigie solaire -. Les, grands fours solaires, adaptes aux tres hautes
est dispersee, mais non degradee au point de vue temperatures et capables de fournir des produits
ther~odynamique. Divers orateurs ont demande, sp,eciaux a des prix competitifs, 'ne sont pas, pour
parfois avec passion, que 1'0n etende les recherches l'instant, sauf ~ans les cas tres particuliers, utiles
consacrees aux machines (orienteurs, concentrateurs) aux pays en VOle de developpement.
pour les rendre plus simples et plus accessibles a Par contre, comme l'ont souligne certains orateurs
un ~mploi generalise, non seulement pour les fours la possibilite de produire economiquement des tempe:
solaires, mais pour chaque application ou le rende- ratures moyennes peut presenter un grand interet
ment est particulierement tributaire des gradients pour ces pays. A titre d'exemple, la cuisson econo
de. temperature ou de l'amplitude des cycles ther- mique des b.riques a la chaleur solaire a~rait paru
rniques, - - lmpensable 11 Y a quelques annees. Aujourd'hui,

.D'interessants dispositifs ont ete decrits et il a Me grace au developpement des reflecteurs legers on
discute en seances des temperatures limites que 1'on peut envisager une telle operation. '
pouvait atteindre. La mise au point d'orienteurs et de concentrateurs

. Pour les fours solaires proprement dits, qui utilisent economiques n'interesse d'ailleurs pas seulement la
dlrectement l'energie thermique, il est apparu indis- production de temperatures moyennes ou elevees,
cutablement que leur emploi, en recherche fondamen- mais aussi la production competitive de force motrice
tale, se generalisait. Le four solaire et son succedane. ou de frigories, question capitale dans les zones arides.
le fO~lf a images d'arc intensif, representent l!ne . La concentration du rayonnement solaire pour
technique prototype et irremplac;able pour les traite- obtenir des. reactions photochimiques a egalement
ments a haute temperature sans conta~ination;. fait l'objet d'exposes tres interessants. Les rayon
Ces :=tppareils et leurs applications, sont mallltenant nements convergents apportent une solution nouvelle
decrits dans de nombreux congres se rapportant a l'etude des reactions photochimiques.
aux hautes temperatures. ~iverses' re.che~ches d'un grand inter~t sont .a

Les communications presentees a cette Conference enV:lsager, et 11.n est pa.s excl~ que certal!les fabri
decrivent de nombreux procedes de traitement sans catlOns economlques puissent etre entrepnses.
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USE OF SOLAR ENERGY FORHIGH.TEMPERATURE PROCESSING
(SOLAR FURNACES)

l{apporteur's .summation

As the general report points o~t, the uses ?f solar purposes such as calcination, .fusion,.~hemjcj~ reac~ion
energy described under agenda Item III:~ involve on a hot front, treatment m cavities, ano vanous
the employment of optical apparatus grvmg ~l1gh physical measurements.
concentrations of the energy produced by direct A further question dealt wit.h was ~he.building ?f
solar radiation. These concentrations may result larger solar furnaces and thel~ use m industry 1ll

either in high temperatures through utilization. of competition with furnaces usmg other forms of
the total radiation or in intense photochemical energy. The prospects in this regard appear Ltvourable
effects through the action of concentrated radiation for the following reasons:
corresponding to only certain wave-length intervals. (1) The energy efficiency of radiat~on concentration
The two questions will be treated separately. furnaces (cavity-type furnace), WhICh ha'.,;. already

The production of high temperatures, through proved valuable for small unit.s, increases~w;;c;lderably
the action of solar radiation and the use of such with the amount of power mvolved. 1< or ,example,
temperatures constitute the subject of the great a solar furnace of a capacity of 1 000 kilowatts
majority of communications submitted under item will, in the treatment of refractory :..rbstances
III.F and of the discussions and statements at meet- (cal~ination and fusion), have. a.n efficic;.::~:r rating
ings. Certain conclusions may be drawn from these of as much as 70 per cent; this IS more ',lll twice
various sources. as great as that obtained with an ap .': ratus of

The general trend of the opinions expressed, which 50 kilowatts.
was incidentally echoed in the statements made (2) Since the operations take place wit ;I&t ~(:m
in connexion with various other agenda items, tamination, the solar furnace becomes r':;l1petltlve
was that there were no grounds for hesitancy in with complicated techniques which in gen·ral cause
trying, through the use of optical instruments and the items produced to be expensive.
precision machinery of various types, to restore to solar Another matter considered was the usefulness
radiation part of the thermodynamic potential it of solar furnaces for the under-developed countries.
possesses close to the sun.

The general report stressed that solar energy was Large solar furnaces adapted to very high temper-
dispersed but not degraded from the thermodynamic atures and capable of providing special p~"oducts at
point of view. Some speakers asked, sometimes competitive prices are not, for the time beIr:g, useful
vehemently, for an amplification of research on to the developing countries except in speCIal cases.
machines (tracking and concentrating) with a view On the other hand, as some speakers pointed out,
to simplifying them and making them more accessible the possibility of producing medium-range temper
for general use, not only in solar furnaces but. also atures economically could be of great interest to
for any application in which efficiency is especially those countries. For example, an economical metho~
dependent on temperature gradients or the amplitude of baking bricks by solar heat would have seeme
of the thermal cycles.' unthinkable a few years ago, but today the develop-

Some interesting devices were described, and some ment of light-weight reflectors has made such an
discussion took place at the meetings on the tem- operation feasible.
perature limits which could be achieved. . The development of economical tracking and

As far as solar furnaces in the strict sense are con- concentrating devices is of interest not only for the
cerned, namely, those which make direct use of ther- production of medium or high temperatures ~ut
mal energy, it seems indisputably clear that their use also for the competitive production of mot1v£
in basic research is becoming more widespread. power or for refrigeration purposes, a matter 0

The solar furnace and its substitute, the image capital importance in the arid zones.
furnace with a high-intensity arc, constitute a proto- The concentration of solar radiation for the
type technique which is invaluable for contamination- purpose of producing photochemical reactions was
free high-temperature heat treatment. These devices also the subject of highly interesting papers. Con
and their applications have already been described vergent radiation offers a new solution for the study
at a number of congresses dealing with high' tern- of photochemical reactions.
peratures. Various highly interesting research projects .are

The communications submitted to this Conference also under consideration, and it is not imposs!bl e
describe a number of procedures for contamination- that some economical manufacturing processes mIght
free treatment by solar radiation for very diverse ,be undertaken.
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MElViOIRES - INDIVIDUAL PAPERS 5/108

TRAE'EMENT SOUS HAUT VIDE AU FOUR SOLAIRE :
DISPOSITIF EXPERIMENTAL,

PREP1RATION ET ETUDE DE NOUVEAUX COMPOSES DES TERRES RARES

Jean Claude Achard *

carbures stables, analogues aux carbures alcalino
terreux. Cette formation semble plus difficile dans
le cas des elements a caractere divalent. La presence
de phases intermediaires volatiles, telles que les
protoxydes ou les metaux, empeche la formation
de carbures quand la reaction est effectuee sous vide
et a haute temperature. Les carbures de samarium
et d'ytterbium prepares a la pression ordinaire ont
ete decrits: par contre, le carbure d'europium n'a
pas ete prepare.

La reduction des oxydes de terres rares par le bore
se poursuit, en general, jusqu'a la formation d'hexa
borures, composes refractaires et tres stables. Dans
le cas du samarium, de l'europium (5) et de l'ytter
bium, les parametres des borures formes sont anor
malement eleves, ce qui laisse penser que l'etat
d'ionisation est l'etat divalent ou que les composes
formes ne sont qu'en partie ioniques. Une au.tre
serie de composes formes au cours de la reduction
sont les tetraborures, Les valeurs des parametres
de ces composes decroissent regulierement quand
on passe du lanthane au lutecium, ce qui suppose
que les elements rare~ y s~nt a l:etat tr.ivalent.
Le tetraborure d'europium n a pas ete decrit.

Le comportement particulier des sesquioxydes des
elements des terres rares a caractere divalent, lors
de leur reduction nous a conduit a etudier systema
tiquement certaines de leurs reactions, en fonction
de la temperature. Les oxydes ont eM etudies seuls
ou additionnes de reducteurs tels que le carbone
et le bore. Ces elements forment, en general, ~es
composes stables avec les terres r~res, leurs produits
d'oxydation sont gazeux ou vo~at1ls. Afin de ~ettre
en evidence l'existence et le role des phases inter
mediaires formees, les reactions ont He effectuees
dans des conditions tres differentes de temperature
et de pression. Elles ont ete faites:

a) Soit sous haut vide, soit en atmosphere inerte;
b) Avec des temps de contact brefs ou prolonges:
c) Avec une temperature portee soit rapi~ement

a une valeur tres elevee, soit au contraire maI.ntenue
a une valeur donnee pendant une longue periode,

L'energie solaire paraissant etrey.n moyen pratique
derealiser les differentes. condItIons prece~entes,
une premiere serie d'essais por~ant sur l'oxyde
d'europium a ete faite au four solaire, avec un ap:pa
reillage permettant la realisation d'un haut VIde
ou d'une atmosphere inerte.

327

C t ational de la recherche
.* Laboratoire des terres rares du en ratoi de l'energie solaire

sClentifique, Bellevue. Egalement, Labora. Ol~~fique Mont-Louis,
du Centre national de la recherche SClen 1 ,

Pyrenees-Orientales, France.

Les .ilements des terres rares, dont l'etat normal
d'ionisation est l'etat trivalent, donnent tous un
meme type d'oxyde: les sesquioxydes de formule
Ln2 0". Le cerium, le praseodyrne et le terbium
donnenr, en outre, des peroxydes correspondant a
la tet: Cl valence, alors que, comme on 1'a montre
recemrnent, le samarium, 1'europium et 1'ytterbium
peuvcrt former des protoxydes correspondant a la
divale: ce. Cet etat de valence a ete obtenu par
differerts procedes :

a) T." premier compose de ce type a ete observe
en llr.<' par Ellinger (1) a la surface d'echantillons
metaliJ1UeS de samarium traites a chaud.

b) i.rauer (2), en 1955, obtient des cristaux mixtes
Eu 0- Sr 0 a partir de melanges EU2 0 3 - Sr °
traite; sous vide a haute temperature. Le role
de l'oxyde de strontium, qui a meme structure
c~ista]1ine et un parametre voisin de celui de.1:oxyde
d europium divalent, est de permettre la sta~llIsatlOn

de ce dernier. Les cristaux obtenus ne doivent pas
contenir plus de 8 atomes p. 100 d'europium lI.

c) L'utilisation d'un metal reducteur a permis a
Eick (3) de preparer, en quantites minime~, les :p~o:
toxydes d'europium et de samarium. Le metal ut~lIse
etait le lanthane dans le cas de 1'oxyde d'europmm

. et le samarium pour l'oxyde de samarium. ~es ~xydes
etaient prepares par distillation en atmosphere inerte.

d) La premiere, methode generale de preparation
des protoxydes de samarium, europiumet y~terbmm
a ~~e decrite par l'auteur en 1957 (4). ~e reducteur
utilise etait le carbone, les oxydes etaient obte!lUS
par distillation a haute temperature, sous VIde,
a partir de melanges de sesquioxyde ~t de carbone.
Le carbone lui-meme tres peu volatIl, forme ~:rec
1'oxyde un~ phase gazeuse qui s'elimi~e du milieu
de la reaction et I'arret. de la reactIOn au st~de

, . l' n pUlsse
protoxyde est assez marque pour que 0 tite
preparer ces composes a l'etat pur, en quan I es
notables. La reduction peut cependant, dans cr
taines conditions, donner des melanges protoxy e-
metal ou du metal.

La reduction' par le carbone des sesquioxydes
, , I a la formation dede terre rare conduit, en genera,
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obscurcies parJes dCp<'>ts formes par \ ,,; .rilisation
au cours des traitcmcnts.

Les socles de coupolcs sont fixes par l'in\' ' l1Irdiaire
d'un joint torique a la partie supcricurr " ;~nc cuvc
cylindrique en Older de 200 mm de dj', r \\'t re'. 1..a
partie infericurc de cette cuvc recoit I(-~ ii ffere'nte'S
platines portc-echantillon :

a) Unc platinc (d) cornportant en ~,(m centre
line glace de visee pyrometrique, et un J"'rk·cchan:
tillon en cuivre, rcfroidi par circulation d 'eau, C)Ul
cpouse la forme du rayonnerncnt solairc I-~ pcrmct
de condenser une partie des produits volatils:

l.'ItNc:ItINTI~ lilt \'WIt HT I.I~ mUlUl'..: PI': I'OMI'AGF.

I:(nu;"'t (flJ;urcs 2 et :1)

1.'1 nN-~~it~ d.. Mkrrninl'f I\\'('C precision In posi
tion tlr I'('("hantillon par rapport nu point de conver
J.:l'n("t' till ravonm-mcnt solnirc impost' soit IIn Mpln'
('l'l1\l'nt 1'(' \'khantillon !\ l'int~ricur de l'enceinte,
!Ioit le Mplncemrnt lie l'cnccinte cllc-rneme. C'est
In (IrllxicO\" solution qui l\ ~t6 adoptee pour des raisons
lIe !\implicit6 de construction.

I~'\ partie trnn!lparcnte de l'enccintc (a) est Iormee
d'unc coupole MmispMriqllc en vcrrc P>Te" de
2:ltl IIUIl Ill' dinrnetrc. Cette coupolc est sccllec sur
nne hl\~l(" ('11 acier (h), rclrnidic par une circulation
(1'(';\11, ;\ l'aide d'une r6inc orgamquc polymerisable,
1.M rnllpolrs, solldalres de lcur socle, peuvcnt ainsi
~trr k'hnnF:Cr!l rnpidcmcnt IO~II'eIlC!l ont ctc

b

Description de l'llppllrellln~c

1.1\ .'mm ~()I.Allm (fl~tlrc 1)

Le miroir paruboliqllt' fixl' (a) a axe v~rtical,
d'un lli:llnl\trl' tie III'IIX metr~, avee line distance
ftle,,11' tit' Hr. cm, en verre ar~cnt~, est ~\X~" tlnns
11' laboratoire, au-dessus de la trappe d acces du
rnyonnement solnlre. . .

AII'IIt"...llIs dl' la trappe (b) se trouve le nuroir
plan (c) l\ orientation automntique de 7,r. rn' lie
l\\Iff;\Ct', form~ de I;lact's ~I~mcntairt·s de O,2li m'.

Le rnvonnement convergent occupe done tout
I\U IOIlJ; i'lI jOllr unc position invariable.

FIAu", I. tkhlma du 'our IOlal,.. Fll1u~ J. EnceInte de vIde et canallsatlon.support
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11) UIII' pl.: ~ i ::,' 1'0mport11 11t un portr,«!I:mlillofl

~XCt~lI~r~ du /lll':lI: 1rpe entralne par UII aXr Ir~\·r''It.;l''t
I enceinte d,' \:".; die pennet de portrr lIucn,,.,j.
\'e1_~~lIt :IU (Il\' , -tIl,lItre ~dlalltill,lIl1s f't COlllpo'l ..
auss) 1111\' ~h,.' !l" \'Isre pyrometriquc:

c) YIIC ph:,it·, :O!llportant un lIUPI)()'1 en euivre,
rcfrll\d~ p;~r I': ('''ltlon d'(:all; till.' ~rt tlr lIuppo'l
nux creusets I" 11,: !"5 r~acllons en crrusct, :\ trlllpf.
r.tt~lrt! mO)"'11 1.1: oil cn, creuset Iormant coq), noir,

Chacunc cl" (, • platines et drs pnrh·.(oc!l;"llillons
~1I\'~.'lt etn', f:,\'> :1 I~ pa~ti,c inf~r!curc (1') dr la (11\'1'
p.lr l'iutcruu' u.un- d III~ JOint tOWIUl', dont le I'I/\r
ment est rl'fl ..i.li par circulation d'eau,

La canali-a: inl1 de haut vide, d'un flirt ,lial1l~lrc

(120 mm~ C'Il r.iirun de sa longueur (I m), f'st (IX~

a la sortie Iathd.' de la CII\'e par l'intrrl1lNliJirr
d'~lIlc bride rt rl'un joint torique, Le ~rtll~C dM
brldcs aml'll" all contact les parties l1lftl1l1iclllrs dll
r.t~cord: la (,;1I1:t~iqtion pCllt ainsi ~r"ir d" !iupJlort
aI Cllcelllt\' d,' \'1<1.. sails '1l1e c(')a IlIU!\C ;\ 1'~ll1"cMil~

du Illontagl',

Groflpc cif l'ni.'i:\1gt' (figures" ct lii
Vide S(COI:.1<1;;',:

La callali,.:ll;, III (a) qui SlIpporte I'('ncl.'inlt' de "i,l..
est fixec :IlI·d," n" de la \'anne·~ran (Il) de la polllpC
a diffusion .\'ildih- (cl, 1..'\ vanne·~r.tn ~t ft'lifc
r,ar la canali",:ioll (le by.pass (d), nil vide prirn:lif\',
ElIe comport" ,111'.;si une nrrivCc d'l\r~()n puri(I~ ...
trois manOln;':n:~ pcrmettnnt de COIl\'ri, la 11l:tJ\l'
750 a 1O-~ Torr.
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1..:1 liIl1flll" .It .ltffm....' .n.!.n~ ",,1.. "".;;. h "lUll"
kUtI c:,1 ,,,hi.. ~ b • AIU!luh,Jtt' ,St H $t' I"u:caU. It'

~:r'\(l"'1I1tr .Ic: \,.$.." h clr...II>,..h''41 .St' H'~t' tot'O<"h'

.I.d' .., b liIl>fIlI'" " \ l'S" ........:;,hu....1 b C.li~ .. I .....H'>!\
,II' 1'>"1\.\\\ wm' ""h'~Un .., t<I' .Slrh '!;, .t ~m ",..d
bloc. I uti, crb, I.. 1••flIPt' ...w-.,<~,!u,'C' , t~aiM''!'IUt'

r!, I,IM" A nlll/Ut't:' .ftln d.h'h t!,/hlh il,>t HI
hll(' 1:".. , 'ul'liIl""" I'''' u,~ \I' "u" flll h:l t.{h'l!'".I'.l.,.
,\.\, un lIluln" Iln'U'lu" (111 ('I "":1'\1'.... IU' III pun..
wfet,irurr 11.. b f"m.\h"h'>f1 ,~ '.,St' 11I1l1'l~jfr 'it;t
lui r:-I ••oll"bb.. (I) rl ...~lhu , '''''111'>1' IU' 1'1n!'"
mftll"lr.. cl un I",ltft c:n ' ... >fur :'1.... ",13t' "n:, .s,,.,.,(
rflrttur' un rtI.t11\"('ftthl ,Se- If,Ullhh."h \Y1h' Jil 'lui
l)("ftnd .1.. ,fr.lt" b luUlrll, ,"" 1'/"'!,.';hll,l'l'l ...1 II1n
mnuwmrnt ,t,. ,nlaltc>t' alll ..u, ,rtln .\v '1fhul
'I"i pr,mr' .11' l,b. r1 I"it ha11 h U"n .ht'l~ ..u,. .t"
r"'>,onnrrnc:nt 1'1 , '"mc-or, I'nXtlllt... St- \ ,.~,. HI .\,~... ~

.11" b IUI'IW', c\',,(ch .Ill f.\\l.111....r"t n' rut' h ""Itor

t'I,' l'lact' ell' I fdlant~lI'l1\. Ik- l'ln" I.. cM,u,...'~j1·"'t
l'l\'olr :\lIlou, .Ir I uo .S......... m<~ht1h "uhl."'"
IIC»lr rofnl'Utrf In Iw""i",h"'. ,Se- "'d'~'~ .hrl' tU,
pl.\n hUHlOnl""

I'Mf primAltf

Cn f.'lll\lll(' .1,. c1r",; 1-'fIll- I~mai'n. 1 ".1,1H-;
..~I "i'r.~ :411 \-o1 t ioaJ:" .lr h ''''m.'''' ,..,,,,a,hit',"
1..:\ I"'rtit 'llll""irtlf't' .St- la (';,\o.h","I'41 ,~ '1'\'

'

.rinlol irl' 'llllut..\i'l' elu (1.1..." (f'f;lli".... et (, '11"1" ..

'int/ril"m ,I.. la l\.t,tl,. mf/flt''!nt' ,,,. la (:JI....ll...h~
~)Iill.\irt' .1... la 1.....,0'.. ,..,(."",1";'1',, 1"/1u..t,l~'1 (ott

llt.\I"f(- I'ar un rn ....ml,J.- .~ ,.1Iint t in,'n.1',I', ,to)

,. 111f arhft' tnununL I~ ".U""'" r~tt ... h I~u.:hl' .-\,
.l c",nali"'tloo .1,. \'ll~ ,mmait.,. ....:JIU:tT ~'1 .. ~.!I"';'

t'l I", ,.'Illl'" .... hit Jl.lf .1'" ~tT.I)( .. r>':4c foftrpk. et
mw r"'n.lli"'hl'lo U('IISt'.

1,(' mnnla('l' .I(fit ("'T'..I....~' .. un tll'l:')".l <:y' hi"
limilc .1,. ;flin'. fiv't .ho' 14 ",,'h" .h ,..I" ."nr. hm
I:('tl~ml';.. ,IM rnin" tJ,. ..u.irT, ~ b tf'.iJ..~h·""
,1\1 mrnl\Tmt'nt .~ 1"/.rhl"hi}f.;l .... U'(o:t..,~ ~,,,:IIH

d.ltl' b f'-lfhl" .In \i& ft1r:".AitT I,. <y:(')t,..~ '1
I~ .lIf:4II(' .rctan<hl'lll tn:'lt, ..b:-t' .,H' ;""",
hr:CU('01lp rnnin' nlh':"" ''G'''~;l.'' ¥ i"'~i':U:' i"'t'
\' fttl' """'1fi f'1l (n:'\'I:<n et 'tta~';' n":'~~J'1" i'''' ~',,'t
I.. \i<k tT:l;T'.ant .1,,0.' r'1"'I'H'" .h tf~H;t

f'Almrortttmt11t du M"<qukt"..tt 4'fV""1'f-m J
haute tfm~ra(Ur't' .. ~, e..ut ,i6t~I''1~' .:

1)('4 f'-\-thlk' t'l:'<7ifll'i~l...~ .~....t'ttli~';1,1'I'" .'1 ''It''f''

r ium• r"t~({!(:' ''Ct 'C"r't4" r,,"l~~l:-lf tr~~(I1r;"1t .J~f "~l"~;l~~rtt,

el'r~u, atm "-/""t'1 :'-'11' 1'/:lIl~;l.ICJ >to: 'f'" 1"',\1'!" 11
k ~nplY,'1 m/t.:lH~'if:lf', ..~~t ;-.-.:1 /1''' JI ~:W 1'~r;"'1' ~!1lt'1
"I,"'nn'f,(, ~ : ~'."'. ri...t.l:".hDn:'1 fb:"i'l S,'lWlI 111 p'n1Y
,k (Nl"l''t1''(~U' ,~;J tlll\"".:,,,~w:,' •..,1~'-:1 t ,11 .1""'''''''1 'It,

....,\n .. rff"ll'nt.,..r..' m,i~,r-:'~l' -'':l<''....·l1t.~, li' '1!/"1
Illn- C't~ cll"-.e'I~it)(o/:..... h ~·;;.:rl:t 11 h ,'~ll~{:hnnt! lI,
I'''''',k itlttn,rT.T#'-r.: u'h UrQ!tI't:"~'

,,;. ,h'hlbt tT'CCnUl t";;' b oi1tt::,p-j\t 11 tltff ~, .• 7'1,:!~ ""
ftomS~ .St h I~:m" (','1 l-J!-:.:"! f"'I'l"~, ,N' ~.;t:1 ill.,:,.,,"ll
in,l"lt,rf cl"/iI' ,Ttl'Qlhl.;l ~... rol,!::l' fo,~",t;11 ib W'~:UII'

"'\\".Sr, r"r-r~lhr.L .'" t"JI,~m,,I\'''f~t jill'\"lt"'r, ,f;: ,"I'
t",m .Il"t. u~,~t ~, ..u~#l:',1 ..hrCJ llt i"".'lt 4 "111
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Figure 5. Ensemble de l'appareltlage de vide

echantillon lors de sa calcination sous oxygene) sont
trop peu sensibles et n'ont pas permis de mettre
en evidence une reduction queIconque du sesquioxyde.

Reduction du sesquloxyde d'europium par le
carbone

Les experiences precedentes ont Cte reprises en
ajoutant au sesquioxyde des quantites variables de
graphite en poudre. Les deux constituants intime
ment melanges sont cornprimes a la presse hydrau
lique pour assurer un bon contact.

Chauffage rapide du sesquioxyde d'europium en pre
sence de carbone

Les melanges carbone-oxyde sont portes rapide
ment a une temperature superieure a 2 500° sous
haut vide. La encore, le sesquioxyde distille sans
que l'on pu~sse mettre ~n.evid~nce la ,:eduction.
La vaporisation se poursuit jusqu a ce qu 11 ne reste
plus que le graphite.

Chauffage progressij en atmosphere inerie dss sesqut
oxyde d'europium en presence de carbone

L'utilisation d'une atmosphere inerte est destil!ee
aralentir la volatilisation du sesquioxyde. La presslOn
dans 1'enceinte est maintenue a 500 Torr.

Les experiences sont faites dans un creuset de
tantale; celui-ci est place a l'interieur d'un creuset
cylindrique en carbone en evitant le contact tantale
carbone. Le creuset de carbone recoit le rayonnement
solaire par sa surface laterale. Dans le fond du creuSet
de carbone est menagee une cavite qui permet ~'eva
luer les temperatures al'aide de visees pyrometnques.

a) Le sesquioxyde, pese apres calcination,· est
melange avec la proportion choisie de poudre de
graphite pour spectrographie et comprime a. la
presse hydraulique sans addition de liant. La past111e
obtenue est placee sur la tranche dans le creuset
de tantale afin de limiter la contamination.

b) Le melange est tout d'abord degaze sous vi~e
entre 900 et 1 000°, puis l'argon purifie est introdu1t
dans I'enceinte, la pression etant maintenue a500 Torr.
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c) Le produit est maintenu a la temperature de
reaction voisine de 1 300 °C pendant une ou deux
heures, puis porte a 1 7000 pendant une a trois
minutes afm d'augmenter la compacitc des produits
obtenus.

Les produits de la reaction sont soumis al'analyse
par diffraction X (diagrammes de Debye). Un autre
echantillon est calcine a 9000 sous un lent courant
d'oxygene purifie.: Cette calcination permet, d'une
part, le dosage du carbone total contenu dans l'echan
tillon par dosage gravimetrique de l'anhydride carbo
nique forme, d'autre part, la determination du degre
d'oxydation de l'europium.par la mesure de l'augrnen
tation de poids de l'echantillon lors de sa transfor
mation en sesquioxyde. Le carbone libre et la quan
tite d'europium present dans l'echantillon sont
doses par dissolution de l' echantillon en milieu
acide, pesee du carbone residuel, et precipitation
dans le fi.1trat de l'oxalate d'europium, qui est calcine
a l'air a 900 0 et donne le sesquioxyde.

Le rapport atomique C/Eu dans le melange initial
varie entre 0,15 et 0,6. Lorsqu'il est compris entre
0,15 et 0,4, le sesquioxyde n'est que partiellernent

.111

reduit, et est de teinte rouJ.:c' brique. 1.."\ prol)(lrlio n
atomiCJue OJEu ('51, d'\I1S k-s proc!uits 0 >"'"ll",
compnse entre 1"1 et 1,111; die, Maolt IO~lu(, \;1
proportion ell' carbone dans le metlalll:l' initi;1 '1llJ.:.
mente. 11 ne reste prntiquement pas dc' carbone
dans les produits de reduction, I.('S spectres dt"diffrac
tion sont Iormes des raies du protoxydc Ell 0,
d'autres raies, que nous nttribuons a 1I11t' nouvcll..
phase bien que nous n'ayons 111I ('IICOIl' en pr(-ci....·r
la nature, et aussi, dans certains eS~li.., de-s raies
du sesc\,lioxyde (forme n de Goldschmid! (i)).
Le maximum d'intcnsite des raies de la pha~' in
connue correspondrait ades rapports atomiques O/EII
voisins de l,a.

Lorsque le rapport atomique CJEII est compris
entre 0,4 et 0,6, les echantillolls ohlcnus sont rouge
sombre, et les diagrammcs de diffraction montrrnt
que le .constituant principal est le protoxyde Ell O.
Pour un rapport atomiquc C/Eu~. O.Ii, rapport
correspondant a la reaction EIIJ 0J + C .... C 0 +
JEu 0, le diagrnmme de diffraction conticnt encore
quelqucs rail'S ctrangeres a cellos du protoxyde
ct le rapport ntornique O/Eu est encore If,;cfCmrllt

..Aralure et .aUt haul ,.1.1('
ItJ' de trnltement A haule tempeFigure 6. Dispos
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entre 2 et 13, le seul produit fixe est l'hexaborure,
le rapportatomique B/Eu correspondant ala n',,;etion
EU2 0 3 + 14 B -+ 2Eu B 6 + B203 est egal a 7.
Lorsque, dans le melange utilise, le rapport B/Eu
est inferieur a 7, l'on peut admettre la volatF>,ation
de metal OU d'oxyde, lorsqu'il est superieur, celle
du bore.

Proprletes particullsrss des elements des terres
rares a caractere divalent

Ce~lropri~tes~nt .ete mises en evidence par cette
p;emler~ serie d experiences portant sur l'oxyde
d europium.

. I:e protoxyd; d'e?ropium est un produit interme
dlalr~ .de la reduction du sesquioxyde, lorsque les
,condl.tlOns de concentration, de temperature et de
pressl~n sont convenables; la totalite du sesquioxyde
peut. et.re transformes en protoxyde, la reaction
ayant heu en phase solide. Le carbone et le bore
se comportent d'une maniere vanalogue : ils s'eli-

Reduction du sesquioxyde d'europium
par le bore'

Le mode operatoire est analogue a celui utilise pour
les reductions par le carbone ..

Le bore element est utilise sous forme pulverulents .
il est melange a sec avec le sesquioxyde d'europiu~
et le melange est comprime sans addition de liant
a la presse hydraulique. '

ChaujJage rapide, a haute temperature et sous vide
du sesquioxyde d'europium en presence de bore

Un melange intime de sesquioxyde et de bore
dans un rapport atomique BjEu = 7, est port6
brutale~entau?-e temperature superieure a2 500°C.
La reaction est instantanee et conduit ala formation
d'hexaborure d'europium. .

superieur a 1. Pour des rapports C/Eu egaux a 0,6,
on obtient un produit pour lequelle rapport atomique
O/Eu est egal a 1 ± 0,02. Ce produit ne contient
pas de carbone, et les raies du diagramme de diffrac
tion sont celles du protoxyde Eu 0. Le compose
appartient au systerne cubique faces centrees, son
parametre est de 5,14 A. Le rayon d'ion pour En'
que l'on peut deduire de la structure est celui de
l'ion divalent. L'exces de carbone necessaire a la ChaujJage progressif en atmosphere inerte d~t scsqui-
preparation du protoxyde pur peut etre utilise, soit oxyde d'europium'en presence de bore
pour une carburation limitee dii creuset de tantale
dans la partie en contact, soit, plutot, par la formation ' Les pastilles comprimees, placees dans un creuset
d'une faible quantite d'europium metallique suscep- de tantale Iui-merne contenu dans un creusot de
tible de se former et de se vaporiser au cours de la carbone recevant le rayonnement solaire par sa
reaction. surface laterale, sont tout d'abord degazees SOilS vide

Lorsque le rapport C/Eu est superieur a 0,6, les a900°. Elles sont ensuite chauffees pendant un certain
produits formes sont instables et se decomposent temps, a des temperatures comprises entre 1 200
rapidement au contact de l'air. On n'a pu mettre et 1500 °C, en atmosphere inerte, sous une pression
en evidence la formation de carbures. . de 500 Torr.

La methode decrite permet la preparation de Lorsque le rapport atomique BjEu est, dans le
quantites importantes de protoxyde d'europium. melange initial, compris entre 0,3 et 0,6 et que la
Celui-ci se montre un produit interrnediaire stable reaction est effectuee a 1 200-1 300°, le produit
de la reaction de reduction du sesquioxyde qui, forme est en majeure partie le protoxyde d'eu: ,'pium.
nous l'avons montre (1), peut conduire au metal. Il est a peu pres pur lorsque le rapport est voisin
La formation de carbure n'a pu etre mise en evidence. de 1/3, valeur correspondant a la reaction 3~(lechi
Sans doute necessite-t-elle l'interverition d'une pres_metrique 3 EU2 0 3 + 2 B -+ 6Eu 0 + B20;;.
sion elevee limitant la vaporisation du protoxyde Lorsque la proportion de bore est superieure, les
et du metal.diagrammes de diffraction laissent apparai.rc un

Le protoxyde a ete fondu. Il est rouge sombre" .systeme de raies, non encore identifie, a cote de celui
relativement stable a l'air sous cette forme. Il se ,.duprotoxyde.
detruit lentement par action de l'eau. Sa densite Lorsque le rapport atomique BjEu est snperieur
est voisine de 7,7 g/cm3 (densite calculee d'apres a 0,6 et que la. temperature est maintenue au voisi
la structure 8,14 g/cm3) . Sous vide, le protoxyde nage de 1 300°, il y a formation d'une ou piusieurs
distille sans decomposition. On obtient, comme dans phases inconnues, certains des produits formes sont
les experiences de reduction effectuees sous vide .instables et se decornposent aussitot al'air atmosphe
des condensa!s bleus ou rouges selon la temperature rique. Les differentss phases n'ont pu encore etre
de condensation, mais de structure cristalline et de identifiees,
parametre identiques. 'Sila temperature est portee aU-dessus de 1 400°C,

on. no~e l'apparition de l'hexaborure d'europium,
qUI, SI le chauffage est prolonge, devient le seul
compose dont les raies apparaissent sur les dia
grammes.
. L'hexaborure d'europium forme dans ces expe

nences appartient au systeme cubique simple; son
parametro est de 4,18 A. Il ~st tres stable et refrac
taire et n'est pas detruit, meme apres un chauffage
prolonge a haute temperature et sous haut vide.

Chauffage sous haut vide et 1500-1600 °C

Le bore, dans ces conditions, reagit tres rapide-'
ment, pour f~rmer l'hexab~rure. Alors meme que le
rapport atomique BjEu vane dans le melange initial'



dant. comporter plusieurs phases cristallines qui n'ont
pu etre caractensees et dont certaines sont tres
instablss ~t se detruisent tres rapidement a l'air
atmospMnque.

La reduction des oxydes de terres rares n'ayant
pas de caractera divalent donne seulement les car
bures quand elle est realises par le carbone, les tetra
et hexaborures quand elle est realisee par le bore.

Traitement de nouveaux composes des terres rares

minent ,du ~elange reactionnel par volatilisation
sous forme d oxydes.· . :.,

Le (;trbu:e, d'europi~m n'a pu etre prepare ni
s,ous n,,,:Je, ill a, la pression atmosph~rique, alors que
I hexaoorure d europium se forme aisement dans les
conditions precedentes. . .

Let etraborurs d'e~ropium n'apparait pas dans
les pr, xluits de reduction, Ceux-ci paraissent ceperi-
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Resume

. L'(' .ude du comporternent du sesquioxyde d'euro- a. haute temperature, sous haut vide, le sesquioxyde
plum. a. haute temperature et sous vide, et de la distille sous reduction notable.
redli'~t:ion en phase solide de ce compose pour des Si les reactions sont effectuees en atmosphere
reducteurs tels que le carbone et le bore, est realisee inerte (argon, pression maintenue a 500 Torr), la
au four solaire. . reduction a lieu pour des temperatures de l'ordre

. Le four solaire, d'une puissance voisine de deux . de 1 300°C.
kllo\vatts, comports,' un miroir parabolique fixe de: Pour les melanges dont le rapport atomique CfEu
deux metres de diametre et de 85 cm de distance est compris entre 0,15 et 0,4, le sesquioxyde n'est
focale. Ce dernier recoit, suivant une direction que partiellement reduit, et est. de teinte rouge
verticale, le rayonnement solaire reflechi par un . brique. La proportion atomique O/Eu est, dans les
miroir plan a. orientation automatique. produits obtenus, comprise entre 1,4 et 1,04; elle

L'enceinte de vide est en acier, sauf la partie decroit lorsque la proportion de carbone dans le
soumise au ' rayonriement convergent, qui est en melange initial augmente. Les spectres de diffraction
verre Pyrex. Elle est' reliee rigidement a la po~pe sont formes des raies du protoxyde ·Eu 0, d'autres
secondaire, placee en dehors des .rayonssola~res. raies que nous attribuons a. une nouvelle phase,
La pompe secondaire et l'enceinte ~-yide sont ~obIles, bien que nous n'ayons pu encore en preciser la nature,
ce qui permet de iregler les positions ~elatIves de et aussi, dans certains essais, des raies du sesquioxyde.
l'echantillon et du foyer, ainsi que la mise en place . Lorsque le rapport atomique CjEu est compris
du produit dans l'enceinte. Le groupe des pompes entre 0,4 et 0,6, les echantillons obten:us sont rouge
primaires est fixe, le deplacement relatif des de~~ sombre. Les diagrammes de diffraction montrent
parties (vide secondaire et vide primaire) est .rea~lse que le constituant principal est le protoxyde Eu 0.
grace a des joints speciaux situes sur la canalisation Celui-ci est obtenu pur lorsque le rapport CjEu est
de vide primaire. . de 0,6, iegeiement superieur a. la quantite stoechio-

metrique de la reaction EU2 03 + C~ 2 Eu °+ CO.
C .: . '.. d " h' t' 't 'p iraiure Dans ce dernier cas, le rapport O/Eu est egal aomportemen; dusesquioxy e a au e em e
et sous haut vide 1 + 0,02.

'.,. .' .. . Lorsque le rapport atomique C~E~ est superieur
Le sesquioxyde distille sans que puisse etre rmse a. 0,6, les produits formes sont tres instables e~ .se

en evidence la reaction EU2 0 3 -+ Eu 0. +: i O2 que decomposent tres rapidement au contact de I arr,
parait indiquer la coloration rouge des distillats. On n'a pu mettre en evidence la formation de

Reductiondu s;squi~iyde d'europiumpar le carbone ca~u;:~toXYde d'europium est r?uge somb.r~, rela-
La reduction est effectuee en phase solide apartir tivement stable a l'air. Sa densite est voisme de

de melanges intimes d'oxyde et de carbone. . 7 7 g/cm3• Sous haut vide, il distille sans .deco~po-
, id t sition, sa structure cristalline demeure identique,Lorsque ces melanges sont portes tres rapl emen



334 . III.F . Fours solaires

mais selon les conditions de condensation, les distil
lats sont bleus ou rouges.

Reduction du sesquioxyde par le bore

Lorsque les melanges oxyde-bore sont portes ~res
. rapidement a temperature elevee, sous- haut vide,

la reduction est tres rapide et conduit al'hexaborure
Eu B 6 •

Lorsque la duree de I'operation est augmentee
et la temperature maintenue a environ 1500-1600°,
le seul produit de la reaction efiectuee sous vide
est encore l'hexaborure, bien que le rapport atomique
BJEu varie dans le melange initial entre 2 et 13,
le rapport 7 correspondanta la reaction Eu2·0a +
14 B -+ 2 Eu B 6 + B 2 aa- '

Lorsque les reactions sont e~ectuees en at~osphere
inerte au-dessous de 1 400°, I un des produits de la
reaction est le protoxyde.

Lorsquele rapport atomique BJEu est dans ~e

melange initial compris entre 0,3 et 0,6, le consti
tuant principal est le protoxyde. Il est pur lorsque
le rapport est voisin de IJ3, valeur correspondant
a la reaction aEu2 Oa + 2 B -+ 6 Eu °+ B2 0a'

Lorsque la proportion est superieure, les dia
grammes de diffraction laissent apparaitre un systeme
de raies, non encore identifiees, a cOte de celui du
protoxyde.

Lorsque le rap~ort est supe~ieura o.o, il y; a
formation de plusieurs :phases lllconnue,s Certmns
des produits formes sont instables et se de, nmposent
a l'air.

Si la temperature s'eleve au-dessus "', 1 400°,
on note l'apparition de l'hexaborure qui pour un
chauffage prolonge, devient. le seul compoc,.dont. les
raies apparaissent sur les diagrammes de (, ffraction.

L'hexaborure d'europium appartient ,\, systeme
cubique simple, et son p~rametre, est (l 4,18~.
Il est tres stable, refractaire, et nest p", detruit,
merne apres un chauffage prolonge a hau '.' tempe
rature et sous haut vide.

.Proprietes particulieres

Le protoxyde d'europium est un prod.rit inter
mediaire de la reduction du sesquioxyde )"lr le bore
et le carbone. L'europium ne donne, dans )'cs condi
tions de temperature et de pression realis-es. aucun
compose stable avec le carbone. Avec le bore, au
contraire, l'europium forme tres facilemen un hexa
borure qui est tres stable. On n'a pu P': oarer du
tetraborure d'europium. Le systeme B-' -Eu est,
dans les conditions experimentales, beau- )lip plus
riche en composes que le systeme C-O-Eu Peut-etre
renferme-t-il des composes contenant simr anernent
du bore et de l'oxygsne.

HIGH VACUUM TREATMENT IN THE SOLAR FURNACE:
EXPERIMENTAL SET-UP, PREPARATION AND STUDY

OF NEW RARE-EARTH COMPOUNDS

Summary

The behaviour of europium sesquioxide at high
temperature in vacuo, and the reduction of this
compound in the solid phase by reducing agents
such as carbon and boron, have been studied in
the solar furnace.

The power of the solar furnace used was' about
two kilowatts. It had a fixed parabolic mirror,
two metres in diameter and with a focal length
of 85 cm, receiving the solar radiation reflected
vertically on to it by an automatically oriented plane
mirror. . ,

The vacuum chamber was of steel, except for
the. portion subjected to the convergent radiation,
which was of Pyrex glass. It was rigidly connected
to the secondary pump, located outside the path
of the solar rays. The secondary pump and vacuum
chamber were both movable, permitting adjustment
of the relative positions of specimen and. focus,
and the positioning of the product in the chamber.
The group of primary pumps was fixed, and the
mutual displacement of the two parts - secondary
vacuum and primary vacuum - was accomplished
by means of special joints located in the primary
vacuum ducts.

Behaviour of europium sesquioxide at high temperature
. . under high vacuum

The sesquioxide distills without definite proof
of the reaction Eu 20a -+ EuO + 1. ° which the red
eo lour of the distillates appe:trel to ~ndicate.

Reduction of europium sesquioxide by carbon

The .re~uction was accomplished in the solid phase,
using mtimats mixtures of the oxide with carbon.
Wh~n these mixtures were brought very rapidly

to .ahlg? t~mper~tureunder high vacuum, the sesqUl
OXide distIlled Without appreciable reduction.
, When the reactions were run in an inert atmosphere
(argon,. wi~h the pressure held at 0.6 mm Hg),
the reductIon took place at temperatures of the
order of 1300 0 C. .

, For mixtures with a CJEu atomic ratio between
0.15 and OA, the reduction of the sesquioxide was
only .parti~l; its color 'Vas brick red. The O/Eu
ato~Ic ratio ranged from 1.4 to 1.04 in the products
°rtamed. I! decre~s~~ with increasing proport~on

. 0 .' carbon m the initial mixture. The diffractIOn
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spectra rmsisted of lines of the protoxide EuO,
of other lmes attributed to a new phase, although
we have ,:-; yet been unable to determine its nature,
and also, .n some experiments, of sesquioxide lines.

At C/"~l atomic ratios between 0.4 and 0.6,
the speci: ':"ns obtained were dark red. The diffraction
spectra i '" licated that the principal component was
the prate ,ide EuO. The pure protoxide was obtained
at the C/':u ratio 0.6, slightly above the stoichio
metric r tio of the reaction EU20 3 + C -+ 2EuO
+ CO. : ,} the latter case, the ratio OjEu was
equal to : + 0.02.

At CjF'i I atomic ratios higher than 0.6, the products
formed were very unstable and decomposed very
rapidly in contact with air. No carbide formation
could be noted.

Europium protoxide is dark red and is relativ~ly
stable ir air. Its density is about 7.7 gjcm3

• It dIS
tilled without decomposition in a high vacuum,
and its rrystalline structure remained unch~nged,
but the distillates were blue or red, according to
the con" -tions of condensation.

RCI. ,ction of europium sesquioxide by boron

Whe: .he oxide-boron mixtures were very rapidly
heated ., a high temperature unde~ a high vacuum,
the red' .-tion was very rapid, leading to the hexa-
boride ,'nB6. . '

Wher the duration of the heating was prolonged
and th-: temperature held ~t ~bout 1500-1600o~,
the onl: product of the reaction zn vacuo w~s aga~n

" BjE t ratiothe hexaboride, although the u a omic
of the initial mixture was varied between 2 and 13.

. E °+14BThe ratio 7 corresponds to the reactIOn u2 3 .
~ 2EuB6 + B203 •

When the reactions were run in an inert atmosphere
below 1 400°C, one of the reaction products was
the protoxide.

At BjEu atomic ratios in the initial mixture be
tween 0.3 and 0.6, the main component was the
protoxide. It was pure at a ratio of about 1/3,
corresponding to the reaction 3EuP3 + 2B -+ 6Eu°
+ B203•

At higher ratios, the diffraction spectra showed
a system of unidentified lines alongside that of the
protoxide.

At ratios over 0.6, several unknown phases were
formed. Some of the products so formed were un
stable and decomposed in air.
, At temperatures over 1400°C, the appearanc~ of
the hexaboride was noted. On prolonged heating,
this became the only compound with lines appearing
on the diffraction spectrum.

Europium hexaboride belongs t? the cubic system,
with a parameter of 4.18 A. It IS very stable and
refractory. It is not destroyed even ~y prolonged
heating at high temperatures under high vacuum.

Specific properties
• Europium protoxide is ~n i~termediate product of
the reduction of the sesqmoxIde by bor?~ or carbon.
Under the temperature and pressure conditions of these
experiments, europium forms no stable co~pound
with carbon. With boron, on the other hand, It does
very readily form a hexaboride, which is very stable.
Europium tetraboride could not be prepared. Under
the experimental conditions, the system B-O-Eu has
many more compounds than the system C-O-~u.
It may perhaps also include compounds of europIUm
with both boron and oxygen in the same molecule.



Principal features

The Quartermaster solar furnace utilizes a two
mirror optical system; it consists of a movable array
of flat mirror segments, called the heliostat, which
reflects solar radiation horizontally, and a fixed array
of concave mirror segments, called the concentrator,
which receives the reflected radiation and forms
the convergent beam. These two components are
located about 30 meters apart on a meridian, so
that the reflected solar radiation from the heliostat
is always directed toward the south. Between them
is a framework containing vanes which can be
rotated around horizontal axes. These vanes regulate
the fraction of the reflected solar radiation which
passes from the heliostat to the concentrator. This
intervening device is called the attenuator.

The radiation which is focused by each mirror
segment on the concentrator produces a solar
image at a distance of 10:7 meters. By properly
aligning the individual segments, a composite solar
image can be formed at a point on the system axis

The U.S. Army Quartermaster Corps has been
concerned for a number of years with the need for
protective materials which may be exposed to intense
thermal radiation for short periods oftime. To facili
tate these studies (1), a solar furnace was completed
in September 1958 which produces an image approxi
mately 10 cm in diameter. Since that time, the device,

.which is the largest in the United States, has been
continuously employed in experimental research on
the behavior of various materials and systems.
This furnace is shown in figure 1.
. We' shall describe the general features of the solar
furnace, its unique optical characteristics, its per
formance as an imaging device, and the types of
research for which it is suited. It is hoped that our
experience will aid in the planning for other large
concentrating devices of equal or lesser' precision.
The criteria for performance of solar furnaces must be
defined in terms of their eventual -use; however,
in all cases the purpose is' to produce a solar image,
or a volume of convergence, with as high a precision
as is consistent with cost and effort. It is with this
aim that we present the results of our work to those
concerned with the utilization of the earth's many
sources of energy. . . ; "
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IMAGE QUALITY AND USE OF 'THE UNITED STATES ARMY
QUARTERMASTER SOLAR FURNACE '
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inside the testchamber, which isa working enclosure
and control center for the entire system. Figure 2
shows the radiation paths between the four major
components.

The heliostat is composed of 356 segments of flat
glass, each 62' cm by 62 cm, and 0.630 ern thick,
mounted on a movable steel framework, I ~.2 meters
wide and 11 meters high. The glass used is water
white plate, manufactured b~ the Pitt~b:;r~h ~late
Glass Company. The reflecting materra I IS sIh:er,
chemically deposited on the rear surface: protectIon
from the atmosphere is provided by cU1'per-plat~,
mirror-backing paint and pressure-sensitve alumi
num tape. The mirror segments shown ;,! figure 3
are held on the framework by stainless : ~ eel studs
which pass through three holes in H,(' segme.nt,
on a centered circle. On each stud is a; Jf-lockmg
stainless steel nut and washer, which press the mirror
against a spring on the back. Mirror J.lignment
can thus be accomplished from the front; the .loaded
springs maintain the alignment for long perIods ?f
time. The objective during heliostat alignment. IS
to bring the various segments into planes WhICh
are mutually parallel. It is not necessary that they
be in the same plane, and, in fact, we have offset
the stud lengths on alternate mirrors so that the
structure has gaps between segments to provide
some relief from wind pressure. A negligible amount
of radiation is lost because of this offset and the
subsequent shadowing.

The heliostat rotates about horizontal and vertical
axes in order to reflect solar radiation along the con
centrator optical axis without deviation in tiJ!le.
Automatic servomechanism control of this motIOn
is produced by electrical drive systems from error
signals developed in a stationary photoelectric "~un
finder" viewing the reflected beam. TheoretIcal
studies based on component characteristics .and
laboratory simulation with these components verIfied
the stability and satisfactory response of the syste1.11

before actual use. Manual control of the electrIC
drive motors for both tracking and slewing is also
possible.

Reflected radiation from the heliostat must pasS
through the attenuator which contains 17 rows
of rotating blades. The' blade angle is controlled
by the operator and varies from 45 0 to 900 from
the vertical for complete to minimum attenuation.
Automatic safety circuits are co-ordinated with the

* Pioneering Research Division, United States Army Quarter-' attenuator drive circuit, so that any failure'. or
master Research and Engineering Center, Natick, Massachusetts. dangerous condition removes power from the driVIng
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Figure 1. General view of Quartermaster solar furnace

f= d/~

9.9 cm
= .0093 = 10.7 meters

Optical design

The focal length of the concentrator surface was
fixed wh~n ~he image diameter was chosen to suit
our ,appltc~tlO!lS. The average angle subtended by
the sol~r disk IS ~ = .0093 radians, so that the focal
length IS:

where d is the imag~ di~meter: Also, our requirements
for useful ~ux density In the Image gave a minimum
concentrating area ~f about 50 square meters, making
reaso?able assumptions regarding performance. This
area IS more than double that of the world's largest
telescope, so that a segmented surface was mandatory
if any degree of precision was' desired. Segmented
surfaces composed of flat pieces were employed in
other solar furnaces (2and 3), but for the large number
of segments nee?ed here, this seemed impractical.
Also, one ~ad either to bend these flat pieces (2),
or accept ltght losses due to the divergence from
a parallel beam (3).

We decided to use larger segments which could be
pre-formed into concave mirrors and function as'
parts of an over-all array. Each of them would then
serve to produce a separate solar image, and if
properly oriented, these images would form a compo
site image. One possible approach was to make each
segment a portion of a paraboloidal surface, with
radii of curvature which varied according to the radial
distance from the system axis. An approximation

f~ut~t~ 'll~~ permits the ~lades t~ ~lose under gravity
t L .1,.., , or overlappmg, position. .'

ill Th~ radiation which passes through the attenuator
11 ummates the concentrator' surface shown in
~re 4. This array is composed of '180 concave

~lrror s:gments, one-half of which are 62 cm by
Thcm, WIth the remainder measuring 64 cm by 66cm.
f e segments ~re mounted on a spherical framework

o .square outltne, about 9.1 meters on each side,i hICh stands about 3 meters from the ground level.
s ach mIrr~r segment, is a portion of a spherical
T~face.having a radius of curvature of 21.4 meters.

e mirrors now in use are made of plate glass
~.635 cm in thickness; they were slumped to achieve
he proper curvature and then vacuum-coated with
~vaporated aluminum and silicon-monoxide on the

rst surface (concave). '. .

. Each mirror is aligned so that it forms a solar
Image at the same point on the optical axis of the
array, 10.7 meters from the center of theconcentra
;or, which is also the center of curvature for the sur-
ace formed by the centers of the mirror segments.

The Image position occurs inside the test chamber,
Where shutters are' employed to control its use,
as s~own in figure 5. A water-cooled shutter protects
~he Image area before exposures are desired. When
It has been withdrawn fast-acting aluminum shutters
~Iternately expose and cover the sample to yield
rectangular" pulses, after which the water-cooled

shutter again covers the entire area. The test chamber
also houses the heliostat and attenuator controls,
1llonitoring and measuring instruments, and limited
laboratory facilities. " ;' . .
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Figure 2. Radiation paths and concentrator shapes

to this paraboloid would have required at least
6 zones of mirrors, within each of which the mirrors
could have been identical spherical segments.

Figure 3. Heliostat mirror segments

Having studied these conclusions, we t,,~n deter
mined that the number. of mirror types could be
reduced by relaxing the need for a '~mtinuous

optical surface, that is, for the mirror e(i:~es to. be
contiguous. Assuming that we could obtain sphencal
segments at a reasonable cost, we investigated .sur
faces with fewer zones, and finally with m~rror

segments which were all identical. As long as the mirror
segment could be positioned with respect .to. the
focal plane so that its aberrations were minimized
it was apparent that the shape of the mounting
surface was important only from a structural stand
point. Consideration of third-order aberrations indi
cated that the use of a spherical framework would
accomplish this objective and permit the use of
identical segments at all points.

The fundamental optical problem was the. ~se
of ~ spherical mirror segment at an off-axis pOSItIOn
w~Ich would produce its best image at a prede~er
mined point. Geometrical considerations reqUlred
that th~ off-axis angle be between 40 and 32°, and
as mentioned above, the focal distance of the entI~e

a~ray was ~o be approximately 10.7 meters. ~hIS
grves a radius of curvature for each segment (SlllCe
th~y are to be all alike) of 21.4 meters. A small
mirror of such a long radius can be shown to have
negligib~e sph~rical aberration. and coma (I), so that
only astigmatic effects disturb the image. An exten
ded source, such as the solar disk will thus be imaged
at two points by an off-axis' spherical segment,
the "tangential" and "sagittal" foci. The sagittal
focus lies on the symmetry axis of the sphere of
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Figure 4. Concentrator mirror segments

whic'i the segment is a part, while the other is
near-r the segment by the "astigmatic difference".

as - at = !!. (_1_ - cos ~)
2 ,cos ~ .

where .as and at refer to the image distances from
the Tl1l~ror segment, R is the radius of curvature,
and ~ IS the angle which the incoming radiation
makes with the mirror normal. For the maximum
yalue of ~ contemplated here, 16°, the difference
IS 8 per cent of the focal length, a significant deviation.

The choice of a "best image" requires some arbitrari
ness; we define it as the composite image of least
are~. Allison, Carr and Hughes (4) showed that for
a smgle spherical segment of square shape, imaging
the sun, the best image is at at and has a rectangular
s~ape.. However, when one considers composite
CIrcular images formed by rings of such segments
about a symmetry axis, then it is found (5) that the
mean image, midway between as and at, is the
"best". The mean image position differs from RJ2
only by 0.1 per cent for the angles used here; thus,
as a first approximation, we may place the individual
segments so that their centers lie on a sphencal
surface which has a radius of curvature one-half
of that for the mirrors themselves. Each segment
must then be tilted so that its mean image is' RJ2
from the focal point' of the array.. (Essentia~ly,
this is the same as correcting a sphencal reflect~ng
surface of radius R for spherical aberration by cuttmg
out segments, moving them closer .to the focus,
and changing the angle of incidence slightly for each
one.)

When ray tracing methods were applied to this
scheme, substantial agreement was found, except

that at the largest angles of incidence used here
the segments needed to be about 1 per cent close;
to the f?cus. A spherical framework was then designed
(5). which held the .~irrors rigidly and permitted
a~Justment for position and angle in agreement
with all of these conclusions. The result is an optical
concentrator which has properties somewhat different
from those calculated for the usual paraboloidal
solar furnace.

Baum and Strong (6) have pointed out that the
optimum surface for a solar concentrator is one
which meets the Abbe sine condition (7); when

Figure 5. Shutter systems
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FI~ure 6. Concentration ratIo and efficlency as a function
of rim angle

the object plane lies at infinity, this stigmatic
condition has the form It = / sin 0, where It is the
perpendicular distance from the concentrator axis
to the point of incidence, and 0 is the angle which
the reflected beam makes with this axis. In our
case, 0 = 2 ~, and / is a constant, so that the

surface is a sphere with radius ,d/rx, just as given
by the anastigmatic scheme .outhn~d alx.v-. These
relations are shown schernatically 10 fig'!'!' 2.

This discontinuous surface has the disadvantage
of lost solid angle due to the breaks in tlw surface.
This can be evaluated quantitatively by (" lculating
the concentration efficiency as compare- I with a
paraboloidal surface. Loh et al. (8) shO\:. that ~he

power contribute~ to the solar Im~ge Ily _a ring
element (symmetncal about the optical aXIS) of a
concentrating surface is :

dW = 2 TtW
of2 sin 0 cos 0 cos 6/2 [(d p)2 + (p d6)2Jl12

P

where Wo is the flux density of the incident radiation
and p is the radius of curvature of the segments
in the element. This expression assumes that the
surface is continuous' we shall account for our
surface breaks later. For a paraboloid,

. 2/
P = 1 + cos 6

while for a surface satisfying the Abbe condition,
p=f.

When these expressions are inserted an,d the
integrals performed for 61 < 6 < 62, one ~'!)tams for
the power concentrated by the paraboloii,

W p = Tt wof 2 (sin2 62 - sin- (1)

and for the spherical surface
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where A is the projected area of the entire concen
trator surface on a plane perpendicular to the
optical axis. This factor is 'also plotted in figure 6
for the paraboloidal and spherical (Abbe) surfaces.
Because of its increasing radius of curvature ~nd
larger area, the paraboloid becomes quite ineffi?le'!t
at large rim angles for concentrating radiation within
the ideal image diameter, while the spherical surface
retains its efficiency.

Actually, of course, there is no way to create
such a surface. By segmenting it, as we have, a
considerable part of the total solid angle is lost for
concentration purposes. In addition, by using seg
!"ents .of a larger sphere, astigmatic losses oc.cur
10 the image. These, however, also occur in practical
efforts to create a paraboloid, and we can, in general.
assume that the precision achieved in simulatmg
a pa~aboloid can be matched by taking smaller
sphencal segments of equal precision for another
surface.

We have calculated (5) the losses in efficiency'
and concentration due to the loss of solid angle for
the discontinuous surface; these are plotted in fi~ure 6
also. The largest number of mirror segments 10 our
concentrator occurs at about 25° rim angle; these
curves show that a paraboloid at that angle concen-

w

TV
't)=

woA

From these quantities, one may calculate the con
centration ratio

C = - (d)2
Tt Wo 2

which is the ratio of flux density in the ideal solar
image to the actual flux density received, corrected
for reflectivity. This ratio is a function of concentrator
geometry; by plotting C as a function of rim angle e,
it can be seen from figure 6 that

Cp 1->C.
at all values of 0, where 01 is taken as zero. This
interpretation, that no concentrator gathers more
light than a paraboloid, can also be shown thermo
dynamically by calculating the equilibrium tem
perature attained by a cavity target.

However, the concentration ratio does not measure
performance as well as the concentration efficiency,
which is the ratio of the flux received within the
ideal solar image to the total reflected flux. This is
also a function of concentrator geometry and is
given by
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Performance

IMAGE PROPERTIES

At' objective evaluation of solar furnace perlor
~ance can be derived by studying the flux density
distribution in the region surrounding the focal
point. If we use the criterion discussed previously
- concentrator efficiency - then we need to measure
the distribution of flux density on the plane of
maximum convergence, perpendicular to the optical
axis. We first calculated (1) the distribution on the
~ssumption of segments which form perfect individual
Images and are perfectly aligned. This was done
by calculating the astigmatic solar image spread
for mirrors at various off-axis angles and summing
their contributions in annular zones. The zonal
contributions were then weighted and a final resultant
flux density plotted as a function of image radius.
This calculated profile is shown in figure 7. It should
be noted that this curve is based upon the actual
distribution of radiance across the solar disk averaged
over all wave-lengths (9); an image of the sun
would be sharply cut off at 9.9 cm if there were
no aberrations.

We have measured the flux density produced
by our concentrator using instruments of several
types and with both pulsed and continuous beams.
The most reliable instruments for this purpose have
been the Gardon radiometer (10) and the Quarter
Jl?-aster disk calorimeter (11). These measur~ments
gIVe the experimental curve in figure 7, WhICh. has
been normalized along with the calculated distri
bution to have a maximum irradiance of 100 cal
c:n-2 sec-I. (This value, .of course, varies .\~ith the
time of day and year, mirror surface condItIon and
meteorological environment.) yve have m.easure~
a flux density which exceeds this only on 1\\0 occa

sions. Geometrical attenuation of the beam d~ not
change this distribution, hut lowers the central
maximum. As might be expected, the experimental
~urve .has a s!l1aller width at all points within the
Ideal Image diameter. At O.li maximum. the width
of the image is 8.2 cm, and at O.D maximum. it i~
4.2 cm. Reduction of the half-Width is thus ); per
cent, which represents an image distortion comparable
to paraboloidal surfaces and arc-image furnaces.
Comparisons of this image shape with other pnhli!'hl'd
data are given in table I, where we haw calculated
the ratio dIDI ; DI is the diameter of the image
at 0.1 of the maximum irradiance.

Other parameters are also of considerable interest.
The concentration efficicncv can be calculated hv
integrating the experimental curve of figure ; OW'f

the area of the ideal solar image and di\;din#: the
average flux density so obtained by the theoretical
flux density which should be concentrated in this
area. We did this by calculating the volumes of
concentric cylindrical rings difierinl; in radius hy
0.32 cm (I/O-inch), using the flux density Kale .u
the height. Summing these volumes over a total
radius of 5.08 cm (for convenience in calculation),
we found a total flux of 6 3-18 cal ~I. The a\·("r.l~e

flux per unit area for this area is then

63-18 -8" 1 -I -I----i = , -..l c;l cm $C'C
:: (5.08)

(The value Ior the ideal image are~ should be !-Ji~htl~'
higher than this.) When the maximum \\".1$0 Wo (al
cm-: sec-I we measured an incident 1111'0 in tht'
heliostat beam of .022 c,11 cm-I !o('C-1 with an F.rl'ky
direct incidence pyrohdi0fl.1cttr. ~C' th~T('tk~1
concentrated flux drnsity In the Ima~ at<"a , ..
computed by multiplying this solar con...tant h~' trn
area concentration factor:

69.7 ~:i (.022) = 8 PS:.'! (.022)
:: (4.1l,) I

= IP7.6 cal cm-l!o("C-
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!'() that the ow,·all efficiency of the furnace is (at
least]

iR.3 ..
'fUi:il = :m, / per cent

111i~ hR\lfe includes all losses in the system,
such a~ mirror imperfections, alignment errors,
optical d~iRT1. shadowing and reflection losses,
Of thr-sc, the la!'t two should he eliminated if one
wisbes to jurlKe the performance of the concentrator
itself, TI,e maximum reflectance of the heliostat
mirror is (1.93. and that of the aluminum concentrator
mirrors is O.Ri. The attcnuator was designed to
obscure only i per cent of the incident radiation
when fully opened, and the supporting structures
of the test chamber are I"stimated 10 obscure about
:l per cent. Thus the maximum flux density which
the concentrator could contribute to a theoretical
imal;c is actually : (1Ili,fl){.1l3){.8i){.OO) = U3.fl cal
cm-I !I('C-I. 111is gh'C5 an "index of geomctric'.11
prrfrclion" of

iK3
r ..:(u"'" .1a

which ap"N"!' quite well with the rmmmnm value
cstimater] fmm thr calculations of concentration
efficiency and .1$tigmatic image !\prt'.1c1.

,\ view nf the irnagr zone perpendicular to the
optical axis is ShO\\l1 in ti~...ute 8. The drpth of focus

is quite large, due to the long focal lcr.j h chosen
for our concentrator. The "hole" in Ill!' ccntcr of
the beam at 30 cm behind the focus i~'.\\Ised hy
the unusable central area of the COilccntrator.
11,e distribution of figure 8 is not syrnmct rical ahout
the optical axis, except near the focus, br-cause of
the square shape of the concentrator surface. Our
principa! irradiation planes are at the focus and 20 cm
back of It; the latter position yields a 6 ern X 6 CI11
area which is approximately uniform, at a reduced
irradiance.

DIFFICULTIES A~D POSSIBLE 1MPRO\'EME~TS

. 11,e most serious difficulty we have exp~rien:ed
In our use of the solar furnace is the deteTloratlOn
of. the alumi!li1.Cd coating on the conce.ntrator
mlrro:-,. 11,e m~rrors are exposed outdoors contm~IOU~'
ly: this results In a gradual loss of both the alul11lnllJn

and the silicon-monoxide coating which is evap~rat('c!
over the aluminum to protect it. ApproXlIl1att'
measurements show that a decrease in reflectancc
from 87 per cent to about 55 per cent can be cxpectt'c!
fro!11 this weathering process. A small part of ~hc
residual reflectance may also be diffuse. wl1lch
amounts to a further loss. 111isdecrease in reflectancc
occurs over a period of several months to 2 years.
and is quite variable, according to the quality of
the. aluminum coating. One remedy for this is .a
pcnoc.!Ic rencwal of the coatings, which we ha\e
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arral.lgcd for 100 segments thus far. Thl~ solution
recjlllres It large amount of mirror handlin~.

,\ nothcr s?lution is the use of hack"~l1ffaCt' mirrors
of ..... ater-whitc ~lass. as are our heliostat M'~m('nt~.
It I,' not yet possible to slump plate ~Ia~~ to the prn\lCr.
CIII -ature and keep the rear surface smoolh (IIC

to ; he necessary contact with the cframic ~lold.
TIll' front-surface remains smooth and hi~hlypoli,h("(l.
!JI1.t ~ he rear-surface lIlust be ground and poli,hNI
If It IS ,to become the reflecting surface. We arc now
procuring 7fi such mirrors for comp.1Ti~n with our
fir~f -su.rface reflectors. These mirrors arc much more
eXI'I'nslve. hecause of the grinding and J1'()Ii~hin~;
C\'.1'1l , thougl~ they will he imp,rowd 0llticallr. the
princIpal gain WIll be one of II1Crc.1.~ dllt3bilit\',

I n practice, the optical llCrformancc of the YlI;r
furnace is limited hy the heliostat mirror 5<'l:menl~
and their relath'e alignmcnt. Wc ha\'C lie\;~1
a. progressi~'e system of heliostat alignment (.~l
\\ hlch pcrnllts the 5<'gments to be plaCt'd in ""mild
planes by autocolJimation \\;thin 1 minule of arc
tinder good conditions. and \\;thin :J minult:S of arc
tlnclcr all conditions. Thc dcgrt'C of nliplmrnt amI"
racy is sufficient for the plate sla.!t~ '-CRmrnb. "tnet'
many of them deviate from flatncss It\' thi!' amount,
The aligned heliostat is u~d as a Iw.c plane for tht'
ali/7nm('nt of the concentrator Stt;ll1cnl$. after Iht'
heliostat normal is made parallel to the optk.ll axi~
The over-all alignment procedure. which i~ too
lengthy to describe here in detail, could hr imprm-rd
by more stable physic:ll conditions for autoroUinuliOfl
of the heliostat scgment!'. lto\\'t'\"Cr. th~ oplir.ll
performance would still be limited hr Ihe quaht)· of
the segments themsch·cs.
. The automatic guid,lnce s)'5tem of the hrli~IAt

g!vcs satisfactory pcrformance unMr l'lcarl)' ron'
(htions. The position detcctor rtttiw:s Ihe trtlt('lC'd
solar radiation from onc of six helioslAt ~mC'nti
at any given time; the detcctor in turn (Icwlopt
amplitude-dependent error signal" in bolh clc\""liOfl
and azimuth which are sh'en to the tWOO<AAnnd
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Figure 9. Irradiated steel cylinder

image diameter, while attempting to produce a flux
density sufficiently high to be usable on all cloudless
days. This result was achieved, and. the device has
been. used since late 1958 for an average of about
400 hours per year in thermal irradiation studies.
Through its use, much valuable information regarding
the behavior of protective materials has been accu
mulated.

In recent months, we have begun to utilize the
solar furnace beam in studies relating to the thermal
properties of materials. The flux density in the
center of the image is nearly uniform (within 5 per
cent) over an area 2.5 cm in diameter and can thus
be used to irradiate the ends of cylindrical rods
for one-dimensional heat flow analysis. Bolometer
radiometers and fine thermocouples are used to give
temperatures at various points in the sample and
at the ends during the radiant exposures. A long
focus 16 mm motion picture camera mounted in
the center of the concentrator records the surface
behavior of such samples under rapid irradiation,
particularly after melting has begun. A sample of irra
dia ted stainless steel in its is holder shown in figure 9.A
chamber is available for exposure of similarly shaped
samples in controlled environments, including high
vacuum, as shown in figure 10: Constant irradiance
pulses applied to the samples can be made as short
as 0.1 second by means of the light aluminum
shutter blades which expose and cover the sample
in 0.01 second intervals. A third shutter system can
also be swung into the beam just outside the entrance
window in order to deliver. pulses with a time
varying flux density. This shutter utilizes radial
vanes and is cam-driven at variable speeds, so that
a pulse of any prescribed time variation can be
reproduced by designing a specific cam shape.
The use of the shutter pulses, together with the

manually controlled attenuator, makes it possible
to control the heating cycle of samples quite accu
rately. For specific exp~riments, automa:,~c tem~er
ature control could easily be arranged. 1 he design
of receptacles for sample h.eating: s~ou];; be based
on the volume flux density distribution shown
in figure 8. We have procured magnesia and zirconia
crucibles, 9.5 cm in diameter and 16 cm ;',J11g, which
enclose this "hot zone" quite well. '

Conclusions

Although the Quartermaster furnace i~, used for
research and engineering studies, the (cxper.i~nce

gained in its design and performanc~ ~aJl I,le ~tIhzed
in fields which demand, less precision U1 image
forming. We found that the use of slumped plate
glass for concave segments is quite sati- fa~to~y f?r
almost all applications. The standard rkvlatlOn III

the radius of curvature for our concav. segments
is approximately the same as for the fLt segments
used for the heliostat, and indeed it -vas found
possible to match the deviations to s,;:"c extent
by placement on the frameworks (fi:'. Slumped
segments are, of course, quite inexpensive compared
to ground and polished segments of the ';: me curva
ture (the ratio is nearly 1:3). The proi.v-rn .of the
deterioration of the front reflecting SUrf8C~ mIg~~ be
considerably less in an arid climate; i.: addItIon,
a more durable coating of lower reflectance could be
used. A large installation could also include a vacuum
re-coating unit near the concentrator to save on costs
and time.

The use of concave segments which are all t~e
same in design is also a cost-saving measure. ThIS
method of achieving a concentrator surface reduces
the original cost on both segment manufacture
and framework construction; less precision is needed

Figure 10. Controlled environment irradiation chamber
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for the framework, since the adjustments are made
in alignment. For high rim angles, even using
spherical segments, more than one curvature might
be needed, however, due to the increased astigmatic
errors.

Heliostats larger than the one we have used are
probably not practical, due to the wind load and
alignment problems. In our opinion, a larger installa
tion should utilize more than one heliostat, with
the separate units being electronically coupled, as
Trornbe (2) has suggested. Our design required a
horizontal beam, but for general industrial use, an

optical axis parallel to the earth's axis would make
the control system more stable, and also would
afford some shelter to the heliostat units. The design
of Baum and Strong (6) is particularly intriguing.

As with all research equipment, we have devised
and installed many improvements in the solar
furnace since its initial use, and shall probably
continue to do so. However, the performance of the
device has amply met all of our original requirements,
and we are hopeful that our experience can be of
benefit to others who desire to utilize solar energy
for specific research or engineering purposes.
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Summary -

- Th U' t d States Army Quartermaster Corps
e 111 e b f ears with thehas been concerned for a num er 0 y d

. I hi h may be exposeneed for protective materia s w IC . d f ti
to intense thermal radiation for short perlO s 0 rme.
T . f ilit te'these studies (1), a solar furnace was

o aCII a hi h roduces an
completed in September 1958 W IC. P . S·
. .. 10 in diameter. mce
Image approxImately. .cm . . t in the
that time, the 'device, which IS. the larges 10 ed
United States has' been - contlnuous.1y efmp .y

, h thbehavlOr 0 varIOUS
in experimental researc on f is shown in
materials and systems. This urnace I .
figure 1.

Principal features

Th Quartermaster solar furnace utilizes a two
mirro~ optical system; it consists of a ~ovable an:ay
of flat mirror segme~ts, call~d the heliostat, which
reflects solar radiatIon horizontally, and a fixed
arra of concave mirror segments, called ~h~ concen
t t Yr . which receives the reflected radlatlOns and
f~~;:S'the convergent beam. These two co~P?nentl;

I ted about 30 meters apart on a men~han, ~o
~~~t ~~: reflected solar radiation from the he~ost~t IS

always directed toward the south. Between t em IS a
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framework containing vanes which can be rotated
around horizontal axes. These vanes regulate the
fraction of the reflected solar radiation which passes
from the heliostat to the concentrator. This inter
vening device is called the attenuator.:

The radiation which is focused by each spherical
mirror segment on the concentrator produces a solar
image at a distance of 10.7 meters. By :properly
aligning the individual segm~nt~, a composite sol~r

image can be formed at a point on the system aXIS
inside the test chamber, a working enclosure and
control center for the entire system. Figure 2 shows
the radiation paths between the four major compo
nents.

Optical design

We determined that the number of mirror segment
types could be reduced by relaxing the need for a
continuous optical surface" that is, for the mirror
edges to be contiguous. Assuming that we could
obtain spherical segments at a reasonable cost, we
investigated surfaces with fewerzones, and finally
with mirror segments which were all identical. As
long as the mirror segment could be positioned with
respect to the focal plane so that its aberrations were
minimized, it was apparent that the shape of the
mounting surface was important only from a struc-
tural standpoint. '

The choice of a "best image" requires some arbi
trariness; we define it as the composite image of
least area. When one considers composite circular
images formed by rings of spherical segments about
a symmetry axis, then it is found that the mean
image, midway between the astigmatic images, is
the "best". The mean image position differs from
Rj2 only by 0.1 per cent for the angles used here;
thus, as a first approximation, we may place the
individual segments so that their centers lie on a
spherical surface which has a radius of curvature
one-half that for the mirrors themselve5.' Each
segment must then be tilted so that its mean image
is'Rj2 from the focal point of the array. "

Baum and Strong (6) have pointed out that the
optimum surface for a solar concentrator is one
which meets the Abbe sine condition (7); when
the object plane lies at infinity, this stigmatic
condition has the form h = f sin e, where h is the
perpendicular distance from the concentrator axis
to the point of incidence, and e is the angle which
the reflected beam makes with this axis. In our case
e = 2 ~, and f is a constant, the focal length, so

that the surface is a sphere with radius !i1 just as. . 2
given by the anastigmatic scheme'outlined' above,
These relations are shown schematically in figure 2.

We have calculated the concentration ratio and
concentration efficiency as' a function of rim angle
for both paraboloidal and spherical segment surfaces.
These are shown in figure 6,including curves which
take into account the .losses due the loss of solid
angle for the spherical segment surface. At rim angles

such as we have used, the differences arc not large.
If one includes the additional loss of flux due to
astigmatism for spheri~al s.egments, \\';'. find that
the estimated geometrical index for tIlLS type of
furnace is greater than 0.52.

Performance

We have measured the flux density produced by
our concentrator using instruments of svveral types
and with both pulsed and continuous beams.
The most reliable instruments for this purpose
have been the Gardon radiometer (10) and the
Quartermaster disk calorimeter (ll). Those measure
ments, give the experimental curve in figure 7,
which has been normalized along with the calculated
distribution to have a maximum irradiance of 100 cal
cm-2 sec-I. As might be expected, the experimental
curve has a smaller width at all points within the ideal
image diameter. At 0.5 maximum, the width of the
image is 8.2 cm, and at 0.9 maximum, it is 4.2 cm.
Reduction of the half-width is thus ! 7 per cent,
which represents an image distortion comparable
to paraboloidal surfaces and arc-image furnaces.
Comparisons of this image shape with other published
data are given in table l.

A view, of the image zone perpendicular to the
optical axis is shown in figure 8. The depth of focus
is quite large, due to the long focal length chosen
for our concentrator. The "hole" in the center of
the beam at 30 -cm behind the focus is caused by
the unusable central area of the concentrator. The
distribution of figure 8 is not symmetrical about the
optical axis, except near the focus, because of ~he

square shape of the concentrator surface. Our prm
cipal irradiation planes' are at the focus and 20 cm
back of it; the latter position yields a 6 cm X 6 cm
area, which is approximately uniform, at a reduced
irradiance.

By integrating the experimental curve of ~g~r~ 7
over the area of the ideal solar image and dlVl~lllg

the average flux density so obtained by the theoret1c~1
flux density which should be concentrated in this
area, we have found an over-all furnace efficiency of
39.7 per cent and an "index of geometrical perfection"
for the concentrator of 0.54.

Research uses

. The Quar~ermaster furnace was specifically de
SIgned to deliver pulses of radiant energy on flat sur
faces ofreasonably large dimensions. It was thus ne~es
?ary to ~se a long focal length to obtain the deSIred
lmag:e diameter, while attempting to produce a fluX
density suffiCIently high to be usable on all cloudless
days. This result was achieved and the device has
been used since late 1958 for ~n average of ab?ut
400 hour~ per year in thermal irradiation stud~es.
Through ItSuse, much valuable information regardlllg
the behavior of protective materials has been accU
mulated.

In, recent months, we have begun to utilize the
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Although the Quartermaster furnace is used for
research and engineering studies, the experience
gained in its design and performance can be utilized
in fields which demand less precision in image
forming, We found that the use of slumped plate
glass for concave segments is quite satisfactory
for almost all applications, and that the use of
segments all having the same design is quite econo
mical. We are hopeful that our experience with optical
components and image properties can be of benefit
to others who desire to use solar furnaces.

QUALITE DE L'IMAGE ET UTILISATION DU FOUR SOLAIRE
DU SERVICE DE L'INTENDANCE DE L'ARMEE DES ETATS-UNIS

Resume

Le service de l'Intendance deTarmee des Etats
Unis s'interesse depuis nombre d'annees ala question
des mai-riaux protecteurs qui peuvent etre exposes
it des r.ryonnements thermiques intenses pendant
de breis Japs de temps. Pour faciliter ces etudes (~),
on a re-alise, en septembre 1958, un four solaire
qui prcouit une image ayant un,dia~e.tre d'~nvlron
10 cm. Depuis cette date, le dispositif, ,qm est .le
plus grand qui soit en service auxEtats-Ums,
a ete employe continuellement it des· travaux de
recherches experimentales sur le comportement· de
divers materiaux et systemes. La figure 1 montre
ce dispositif,

Oaracrertstiques principales·

Le four solaire du service de l'Intendance comp?rt~
un systerne optique a deux miroirs: I~ est constltue
par un jeu mobile d'elements de miroir :plan aI?peIe
heliostat, qui reflete le rayonnement solaire horizon- .
talement, et un jeu fixe d'elements d~ mlr~lrconcave,
que 1'0n appelle le concentrateur, qui re<;Olt If ~ayon
nement reflechi et le concentre en un a:sceau
convergent. Ces deux groupes sont installes, ~ ~ne
trentaine de metres l'un de l'autre sur u~ me~l:~e~:
de telle sorte que le rayonnem~nt ;"olalre re ec I
par l'heliostat soit toujours oriente vers I~ sud.
11 .' ' ti t des perslennes .y a entre eux un chaSSIS qUIsou ien .

I' . des axes honzontaux.que on peut faire tourner sur . 1" e ie
Ces persiennes determinent la fractIOn de en rg

, . d l'h'I' tat au concen-
solaIn~ reflechie passant e e lOS
trateur. On appelle ce dispositif l'attenuate~r,

, haque element
Le rayonnement concentre par c roduit

de miroir spherique sur le, concen~at~~r7 ~etres.
une image solaire it une distance e ,
E I 'I' ents en cause,

n alignant correctement es e em 'en un
on peut former une image so~air~ .comPdoesl~eencel·nte

. , ' I'mteneurpomt de l'axe du systeme, ,a '1 et le centre
d'essai, qui constitue l'encemte de trav:'

l
e On voit

de commande pour l'ensembledu sys em .

it la. figure 2 les trajets du rayonnement entre les
quatre principaux elements'.

Conception optique

.On a determine. que le nombre de typesd'eIeme~ts
de miroir pourrait etre reduit ~n s'att~cha,nt .molUs
it ce que la surface soit continue, c est-a-dire en
s'efforcant moins de rendre les bords des elements
de miroir contigus. En partant de I:hypot,hese q'!e
1'0n peut produire des elements spMnques a un pnx
raisonnable, on a etudie des surfaces ayant de
moindres nombres d'elements et, finalement,. on a
utilise des elements de miroir identiques entre' eux.
Pour autant qu'il etaitpossible de disposer un
element de miroir par rapport au ~Ian focal.d.e telle
sorte que les aberrations soient redmtes au mmimum,
il etait manifesteque la forme de la surfa~e servant
de support n'avait d'importance que du point de vue
structurel.
. . Le choix de ce que 1'0n appelle « I~ meilleure image II

exige des decisions un peu arbitraires. Nous la defi
nissons comme etant l'im~ge composee ~yant. la
moindre surface. Si on etudie les Images clrcu~alres
cornposees. formees par des couron.nes spheriques
disposees autour d'un axe de s~met~le,. on decouvre

ue l'image moyenne, situee a ml-dl~tance. entre
~s images astigmatiques, est (( la ~edleure », La

osition de l'image moyenne ne s ecarte de fi/ 2
p dOl P 100 pour les angles dont nous avons
que e·, , " roxi
fait usage, si bien qu'on peut, en prel!uere app -

f disposer les segments spheriques de telle
::t~O~~e leurs centres soient alignes sur une surf~~e

he' e dont le rayon de courbure est la moitie
sp ::~~ des miroirs eux-memes. Chaque el~ment
~~it alors etre incline de tell~ sorte que sa; ITage

moyenne se trouve it une distance R/2,: u. oyer

du systeme. " ,. I f
aum et Strong (6) ont souligne que a sur act;

id~le, pour un concentrateur. solaire,.est cellc qUI



Solar furnace~s:...-.- . _III.F348

satisfait la regle du sinus de Abbe (7).; qua~d le plan
de l'objet est a l'infmi, cette condition shg~ahq.ue

s'ecrit h = fsin 6 OU h est la distance perpendiculaire
de l'axe du conc~ntrateur au point d'incidence et 6
l'angle que le faisceau reflechi fait avec l'axe: Dans
notre cas, 6 = 2 ~ et f est une constante, la dlsta~ce

focale, si bien que la surface en cause est une sphere

dont le rayon est ~, tout comme il etait indique

par le plan anastigmatique rnentionne ci-dessus.
Ces rapports sont schematises a la figure 2.

Nous avons calcule le rapport de concentration
et le rendement de la concentration en fonction
de l'angle du bord pour des surfaces d'elem~nts

paraboloides et spheriques. On les represente a la
figure 6 ainsi que des courbes etablies en tenant
compte des pertes dues a la perte d'un angle solide
pour l'element de surface spherique consideree, Avec
des angles de bord tels que c~ux que nous avon~
ernployes, les differences ne sont pas .grandes. SI
on tient compte des pertes supplernentaires de flux
qui sont dues a l'astig,!?at.isme des segments sphe
riques, on trouve que I indice geometrique approche
pour ce genre de four est superieur a 0,52.

Rendement

On a mesure la densite de flux produite par le
concentrateur en se servant d'instruments de plu
sieurs types, tant avec des faisceaux a impulsions
qu'avec des faisceaux continus. Les instruments
les plus sfrrs, pour ce genre de travail, ont He le
radiometre (10) de Gardon et le calori!lletre (ll)
a disque du service de l'Intendance des Etats-Unis.
Ces mesures ont donne la courbe experimentale de la
figure 7 qui a eM normalises en meme temps que la
repartition calculee pour dormer une irradiation
maximum de 100 cal/cm-2 sec-', Ainsi que I'on
pouvait s'y attendre, la courbe experimentale est
de moindre largeur,en tous points, dans le cadre
du diametre de l'image ideale, Au maximum de 0,5
la largeur de l'image est de 8,2 et au maximum.
de 0,9 elle est de 4,2 cm. La reduction de la derni
largeur est done de 17 p. 100, ce qui represents
une deformation. d'image comparable a celles que
donnent les paraboloides et les fours a image d'arc.
Des comparaisons entre cette. forme d'image et les
autres donnees publiees figurent au tableau 1.

Une vue de la zone de l'image perpendiculaire
al'axe optique est donnee ala figure 8. La profondeur
de foyer est considerable en raison de la grande
distance focale choisie pour le concentrateur. La
discontinuite au centre du faisceau, a30 cm en arriere
du foyer, est due' a la region centrale inutilisable
du concentrateur. La repartition de la figure 8
n'est pas symetrique par rapport a l'axe optique,
sauf au voisinage du foyer, en raison de la forme
carree de la surface du concentrateur. Les plans
principaux pour l'irradiation se trouvent au foyer
et a 20 cm derriere ce foyer; cette derniere position
donne une surface de 6 cm sur 6 cm qui est approxi
mativement uniforme, avec une irradiation reduite.

En integrant ~~us !a cour?e experirnen ~ale,.de la
figure 7, de mamere a ~01:vnr la surfa~e ,Ge I Image
solaire ideale, et en divisant la ~e~slte, n:oyenne
du flux ainsi obtenu par la densite tlu.orique de
ce flux qui doit etre concentree dans cette region,
on obtient un rendement global pour to· four, de
39,7 p. 100, avec un indice de perfection gi:' ,metrique,
pour le concentrateur, de 0,54.

Application du materiel aux recherches

Le four du service de l'Intendance a ~;te concu
specifiquernent pour fournir des impulsiOlj~;. d'ene!gie
rayonnante sur des s~rfaces plates d~ ~llm,en?l?nS
assez grandes. I1 etait done necess~lr;: d.uhl;ser
une grande distance focale pour obtenir 1:' dlame~re

d'image cherche, tout en s'efforlan~ de prod~tre
une densite de flux suffisamment elevee pour qu elle
soit utilisable pendant taus l~s jO?~S S3~lIS nuag~s.
On a realise ce resultat et le dispositif est en service
depuis fin 1958, 400 heures par an ell ..;noy~nne,
pour les etudes sur .le raY0t.tt.tem~nt u~erml~ue:
Au cours de cette periode d uhltsah~m, o: a reus?I
a se procurer nombre de donnees utiles c',~:;ant trait
au comportement des rnateriaux protecte .rs,

Au cours de ces derniers mois, nous avons com
mence a faire usage du faisceau produit l'er le f?~r
solaire pour des etudes portant sur lr s quahtes
thermiques des materiaux. Lad:nsite (~~; ~ux, au
centre de l'image, est presque uniforme l'; ;) p. 100
pres], pour une surface ayant un di:'tmet!fole 2,5 cm,
et on peut done s'en servir pour trradl~r les extre
mites de barres cylindriques aux fins des analyses
du regime d'ecoulement de la chaleur, da~s des
conditions monodimensionnelles. Des radiornetres a
bolometre et des thermocouples de precision s.ont
utilises pour donner la temperature aux divers points
de I'echantillon et en ses extremites pendant les
expositions au rayonnement. Une camera de cinema
agrande distance focale, qui utilise du film de .16 mml~
montes au centre du concentrateur, enregistre
comportement de la surface de ces echantillons
souinis a une irradiation rapide, particulierement
apres le debut de la fusion.

Conclusion

Bien que le four du service de l'Intendance soit
utilise aux fins de recherches et de divers travau~
d'ordre technique, l'experience acquise en le mettan
au point et en l'utilisant peut etre appliquee ~~ns
des domaines qui exigent une moindre precIslO~
quant ala formation de l'image. Nous avons ob.ser,ve
que l'utilisation de verre en plaques depn~e~s
pour les segments concaves est tout a fa.it.s~t1sfa\
sante quant a la quasi-totafite des applications ~
que l'emploi d'elernents de profil identique e~t. tr~~
economique. Nous esperons que notre exp~nen
des elements optiques et des proprietes des Images
sera de quelque valeur pour les autres chercheurs
qui desirent se servir de fourssolaires.
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MESURE DES TEMPERATURES AU FOUR SOLAIRE

M, Fosx *

Precedes comportant l'utlllsatlon de filtres

reflechie est relativcmcnt Iaiblc. Ccs erreurs sont
cependant bien moindrcs a haute qu'a basse tempe
rature, le rayonnement emis par la substance traitec
etant alors dans une ccrtaine rnesure plus proche
de celui du solei!. Par aillcurs, l'in flucnce parasite
des radiations solaires est moindrc dans l'infrnrouge.

Les pyrometres a radiation totale donnent (-~alc

ment presque toujours des indications trop ~Ic\'(-cs,

surtout lorsqu'une part notable du rayonncmcnt
solaire est diffusee par la substance traitec.

Nous avons considere dans cc qui precede que le
rayonnement solaire ctait rcf1echi esscnticllcmcnt
d'une Iacon diffuse. Lorsquc l'on a affaire A des
surfaces metalliques ou a des produits fondus,
il est possible d'eviter l'action parasite du rayonne
ment solaire en procedant A des visees en dehors
des zones de reflcxion. Dans la ~cncralitc des cas,
il est necessaired'utiliser ccrtains disj>oSitifsspCciaux
pour se placer a l'abri de l'action parasite du solcil,
Nous allons examiner quclqucs-uns d'cntrc cux.

On place sur le trajct du rayonncmcnt solairc inci
dent un filtre presentant une bandc d'ahsorption
intense pour un domaine bicn defini de. longucurs
d'onde, maislaissant passcrautantque pos:'II~le le restc
du rayonnement solaire, de fa~on a ne diminucr que
legerement l'encrgie recuc au foyer. On proc.<-dc
aux mesures de temperatures d~ la suhsta,ncc. tra~t(-c
au moyen d'un pyrometre optl.que mum. lui-rnemc
d'un filtre «monochromatique 11 mterfcrcntlcl opaque
pour I'ensemble du rnyonnemcnt du 501~il~ a l'exccp
tion toutefois d'une bande de transrmssron corres
pondant a la bande d'absorption du ~rcmlcr filt:e-

ConsidCrons le cas d'un four solaire de pcute
puissance, de 2 kW par exemplc: comport:,ut. un
miroir parnbolique fixe de deux metres de ,~ham~trc
et 0 85 metre de distance focale, pl.1cC a 1 mtcncur
d'u~ laboratoirc et recevant p.'lT ~tIl~ on~"('fturc
le ra onnement rcflechi par un mlro~r oricntcur

lan ~obile. Une methode commode consls!c afCl1:,<,r
~ette ouvertnrc par une plaque de Plcxlglas. r ne

la ue de 15 mm d'cp."\i5~ur pcrmct d'absorber
~ra~iquement la totalitc du rayonncment <1(' lonr1.<,ur
d'~nde voisine de 1,7 microns (figure 2) ct tS~
passer euviron 75 p. 100 du rayonncment so .1I~.
L~ PIexigIas est en dIet tres transJ.l'1ren! pour .r.
visible ct le proche infraro~lgc, dom:unc ?u le 501c~

;J~nlI~e~~~:;~~I~~~~~t~I~le2S;;~~~:'lf.~~~t~;~
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le controle des traitements effectues au moyen
des fours solaires necessite la mise au point de me
thodes pratiques de mesures des temperatures 1,

susceptibles d'etre employees dans le domaine d'uti
Iisa.ion de ces fours, c'est-a-dire entre 2000 °C et
30uO °C (1 a 5).

Les thermocouples refractaires (iridium/iridium
rhodium, tungstene/rhenium. etc.) peuvent rendre
parfois quelques services, mais ils presentent l'incon
venient de se contaminer rapidement ahaute tempe
rature au contact de la plupart des produits refrac
taires ou des vapeurs emises par les substances
traitees, Leur emploi sera done tout a fait excep
tionnel,

La mesure par des moyens optiques de la ternpe
rati.re d'une surface placee au foyer d'un four solaire,
et qui est ainsi soumise directement a l'action du
rayonnernent de haut eclairement energetique, est
pert urbee a la fois par le facteur d'emission de cette
sul.stance et par les reflexions parasites du rayon
nernent solaire non absorbe. Les erreurs dues a
ces deux causes sont liees ensemble mais varient
en sens inverse; le premier facteur donne en effet
toujours des erreurs par defaut, le second de~ erreurs
par exces, Seules ne presenteraient pas cet inconve
nient, s'il en existait, les substances absorbant
parfaitement les rayonnements de differentes lon
gueurs d'onde (corps noir). Dans la pratique, les
mesures presentent le plus souvent des erreurs par
exces,

La repartition energetique du rayonne?1ent solaire
tel qu'il arrive aux con fins de l'atmosphere terr~stre
ressemble quelque peu a celui d'un corps noir a
6000 oK (figure 1). A la surface de la terre, cette
repartition est quelque peu perturbee par la traversee
de l'atmosphere. Ce rayonnement est dans tous les
cas tres riche en radiations visibles, alor~ que les
produits traites, dont la temperature se Sltu~ vers
2 000 °C ou 3 000 -c. presentent un ma~tmuJ?
d' emission compris entre 1 5 et 1 micron. Il s ensuit

, 't onoque des mesures effectuees avec un pyrome re; m -
chromatique a disparition de filament foncttonnant
dans le rouge vers 0,65 micron sont. forte~e~~
perturbees par le rayonnement du soleil dan .
domaine de longueur d'onde, me me si la fractIOn

. , . . l' du Centre national de la.* Laboratoire de I energlC so .alre • -Orientales, Franct'.
recherche scientifique, Mont-LoUiS, Pyrenees . 1

. t e ·t avec un calonmdre
1 Les mesures d'energle sont effec u es SOl

f t
asses de cuivre

acirculation d'eau (1), soit au moyen de fe 1 ~::;'en de thermo
dont on mesure la vitesse d'echauffeme~ . au liaison avec un
couples tres fins, a tres faible in.ertie. ubhses en •
enregistreur a reponse tres raplde.
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Fi~ure 1. Repartltlon 'ener~etique du rayonnement solalre (6)

de bandes d'absorption tres intenses; malheureu
sement, il est difficile de trouver des filtres mono
chromatiques pour ces regions du spectre.

Une autre methode consiste a utiliser les bandes
d'absorption de l'atmosphere (figure 3) dues a la
vapeur d'eau, au gaz carbonique, a l'ozone, etc.
Les bandes donneespar la vapeur d'eau dans l'infra
rouge vers 1,4 ou 1,9 microns sont d'une utilisation
particulierement commode, mais leur intensite est
naturellement variable avec la hauteur du soleil,
l'altitude du lieu, l'humidite de l'atmosphere, et

~~la presence ou l'absence de poussieres ou de fumees.
I1 conviendra done; avant chaque serie de mesures,
de determiner pour la longueur d'onde consideree
I'intensite residuelle du rayonnement solaire. Cer
taines des bandes d'absorption de l'atmosphere etant
tres voisines de celles du Plexiglas, il est possible
de combiner leur action. On note en particulier dans
les deux cas de fortes bandes d'absorption vers 1,4
microns.

Dans l'infrarouge plus lointain, certaines combi
naisons de filtres permettent de definir des domaines
de radiation, par exemple une combinaison de sulfure
de plomb et de' verre de silice laisse passer la plus

grande partie du rayonnement compris entre 3 et
4 microns.

Les methodes precedentes necessitent .l'usage de
pyrometres sensibles au rayonnement mfrarouge,
c'est-a-dire d'appareils fonctionnant avec des thermo
piles ou avec des cellules photo-eleetriques. Dans
tous les cas il est necessaire de bien definir la surface
a haute te~perature visee par le pyrometre- O~'y
parviendra en placant devant la matiere traltee
ou l'entree du four un ecran perce d'un onfice de
diametre bien determine, inferieur acelui de la surf~ce
de visee, Afin de ne pas obturer une part tro~ im
portante du rayonnement solaire incident, cet ec!an
devra etre decale en avant du four. Les fours solalres
permettant de localiser les effets thermiques le pyro
metre peut etre place pres de l'echantillcn sa~s
soumettre cet appareil a un echauffement excess1f:

L'usage des filtres precedents necessite l'emplOl
de pyrometres sensibles a l'infrarouge. Afin de se
servir de l'ceil, il serait utile de disposer d'un filtre
realisable en grande dimension, absorbant le ray~n
nement vers 0,65 micron, ce qui est le cas de certalllS

filtres en gelatine; mais ils sont malheureusemen~
fragiles et ne peuvent etre exposes longuement a
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Precedes avec occultatiori
du rayonnement solaire

la lumiere. Par ailleurs, des filtres infrarouges du
type manganal ant ete essayes par F. Trombe et
l'al:~eur (1); ils absorbent 80 p. 100 du rayonnement
sol-are, mars sont excellents lorsque l'on ne desire
pas travailler au-dessus de 2000 QC.

On a utilise, au Laboratoire de l'energie solaire
de Mont-Louis, des pyrometres optiques a cellule
photo-electrique susceptibles de proceder aux me
sures, en 1flOO de seconde par exemple, pendant
le temps tres court du passage de l'ecran. Ces pyro
metre~ (9) sont equipes d'.une cellule photo-electrique
au cesium, avec un amplificateur acourant continu,
et a alimentation stabilisee, permettant d'obtenir

. un gain d'amplification de l'ordre de 5000. Le courant
Un precede tres simple consiste, au moment des obtenu peut atteindre plusieurs milliamperes, ce qui

mesure~ de tempe~atures, a occulter le rayonnement permet de proceder a des enregistrements au moyen
du soleil avec un ecran. Cependant, ·lorsque la quan- . d'un oscillographe 'a aimant mobile presentant une
tite de matiere traitee est faible (installation de tres faible inertie. : . .
petite puissance), le passage de l'ecran doit etre Les ecrans, afin de ne pas presenter de trop grandes
raoide afin d'eviter un refroidissement excessif de dimensions et etre maniables rapidement, doivent
la \natiere. Ceci rend difficile l'emploi de pyrometres etre places entre le miroir parabolique et le foyer.
a disparition de filament..· Ils ontle plus souvent une. forme cylindrique ou

Afin d'eviter cet inconvenient, Conn et Braught (8) .. tr~nconique, et sont sus~eptibles de se deplacer
ont utilise des ecrans tournants synchronises obturant -, ~Ulv~nt .l'axe de l'installation ell; se rapprochant ?u
le rayonnement solaire incident au moment ou le .. en s eloignant du foyer. On peut egalement les faire
ravonnement de la substance chauffee parvientau· to~rner a~tour.d'ri~ axe parallele a celui de l'instal
pyrometre, et inversement. Dans ces conditions, il lation (VOIr plus loin, figure 5)..
est possible d'employer un pyrometre monochroma- . Au lieu d'obturer completement le rayonnement
tioue a disparition de filament, l'ceil ayant une solaire incident, il est aussi possible de pro ceder a
imoression d'eclairement continu lorsque la vitesse l'occultation mornentanee d'une fraction bien deter
de rotation des disques est suffisante. L'emploi minee de ce rayonnement. Si cette fraction est assez
d'vne telle methode limite cependant notablement faible (10 p. 100 par exemple), le temps de passage
l'e ..ergie recue par la substance. de l'ecran pourra Hre' relativement long (une ou

I

109 Transmission %
I
i

12°

longueur 11M.;
microns

16 la· 2,0
1.2 mi i d~: l'infrarouge d'une plaque de Plexiglas de 15 mm d'epaisseur

.Figure 2. Trans ss on

7S
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Figure 3. Bandes d'absorptlon de I'atmosphere dans PInfrarouge (d'apres Peckin et Schatzman) en

0,2

0,1

:0

Visible CO2

Longueur ~'O:.'~i3
mlcrc\,;.,

quelques secondes), l'evolution de la temperature
etant limitee par la masse du produit traite, surtout
lorsqu'on opere. avec des installations puissantes
et avec de grandes quantitesde produits. La compa- .
raison des temperatures apparentes observees en
I'absence et en presence d'une occultation partielle
permet d'evaluer les corrections afaire concernant
l'action perturbatrice du soleil. Dans le meme ordre
d'idee, le rayonnement solaire incident peut etre
en principe module par un ecra~ tournant, afin de
le distinguer du rayonnement emis par la substance.
Les dispositifs precedents ne dispensent naturellement
pas de realiser des corps, ?o~rs .ou de proceder a des
corrections de facteur d emISSIOn.

Constitution de corps noirs . .
.•. Il existe un gradient de tempe~ature· ·/souvent.

considerable dans les substances dont la surface
est soumise directernent a l'action d'un rayonnement
de haut eclairement energetique, La realisation d'un
corps noir en pratiquant une cavite dans le produit
normalement a.la surface insolee est doncuneopera
tion assez difficile, Le's cavites doivent en effet etre
tres peu profondes et les diametres encore plus faibles.

.Au lieu d~ placerla substance ~irectementau foyer
de facon ace que sa surface coincide avec le plan focal,

il est possible de constituer avec cette substance un
creuset presentant un orifice place au foyer. Le rayon
nement admis par l'orifice provoque un echau~ement
progressif des parois du creuset, dont la tell1P~rature
tend a s'homogeneiser par reflexions succeSSlves ou
par rayonnement. ,
. Dans le cas d'un produit fondu, on pourra av~n

tageusement utiliser [es fours centrifuges mis au POI~t
en collaboration avec F. Trombe (1). Le pro~Ult
etudie, en poudre, est place dans une cuve metall~que
tournant autour de.son axe et percee d'up or1fi~e
axial correspondant au foyer de l'installatIOn (voIr
plus loin, figure 6). Sous l'action du rayonnemen~et
de la force centrifuge, la poudre fond et se ~avlte.
I1 est necessaire de regler l'alIure de la rotatIon ~~
facon a ce que la masse fondue forme une cavit
continue adherentea la poudre, et presente un, fond
darts la Zone centrale opposee a l'orifice d'acces du
rayonnement. La temperature des parois est as~ez

uniforme et peu superieure acelIe du point de fUSIOn
du produit traite, I1 est encore possible d'homo
geneiser la temperature de la masse fondue en creapt
des mouvements de convection au moyen de vana
tions periodiques de vitesse de rotation. Les «creusets»
fondus ainsi constitues avec un four de 2 kW ant
une longueur atteignant 35 mm et un diametre
voisin de 12 mm au voisinage de l'orifice; ils sont
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I Oririce de visee
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j
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Pare: -'orlee \ . 0
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Figure 4. Dispositif avec ecran reflecteur permettant de

proccder a la mesure de la temperature d'une paroi
SOU111 tse a un rayonnement de haut eclairement ener-
geti,-;ue .

suscej ,jbles de servir de corps noir pour la mesure
des trmperatures,

Da ,,"i les differents cas precedents, il est encore
necesuire d'eviter les perturbations dues au rayon
nemc.it solaire, des reflexions se produisant sur les
paroi des cavites formees,

Corrections du facteur d'emisslon

Il est souvent difficile de constituer un corps noir
cOJ.1venable dans les substances soumises super
ficiellernent a l'action d'un rayonnement de haut
eclairement energetique, D'ou parfois la necessite
pour determiner correctement les temperatures:
de connaitre les 'facteurs d'emission des substances
examinees. Le facteur d'emission evolue d'une facon
irreversible lorsque, la temperature s'elevant, le
produit se « fritte » plus ou moins, ou se fendille.
On doit done, lorsqu'on effectue des mesures a haute
temperature, proceder aces determinations au mo
ment meme des mesures.

Ainsi, par exemple, une brique d'alumine blanche
formee de grains fins n'absorbe que tres peu le rayon
nement solaire et n'est portee qu'a quelques centaines
de degres sous l'action d'un flux de plusieurs centaines
de watts au cm-, Mais il suffit d'augmenter un peu
cette energie ou de creer localement une absorption
plus importante (corps etrangers, cavite, etc.),
pour provoquer brutalement (en une ou quelques
secondes) un debut de fusion de la masse. Contrai-:
rement au produit polycristallin tres divise, la masse
fondue absorbe fortement le rayonnement solaire.
La fusion une fois commencee se poursuit, meme si on

--_.--_._.-
....--It-l

'-.o-'Jaxe de rotation

'Iu
"reducteyr1 :
/1

"

"". d . .11- -1

__-!fll._._._. --1.-
"~ -_-1

il eCl"On tournant

arrivee d' eau
\

~
--H--

M

-

four ccntrif~!

10cm
. idement le rayonnement solaire en vue de proceder

ttant d'occulter rap ~ ide
Figure 5. Dispositif d'ecran tournant. perme e tu a l'aide d'un pyrometre a reponse rapa des mesures de temp ra re.
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reduit beaucoup I'energie incidente, ~~is en dess?~s
d'une certaine valeur de cette derniere, la solidi
fication se produit et' la temperature tombe rapi-
dement a une valeur tres inferieure.. '

Dans le cas ou la substance etudiee reflechit d'une
facon diffuse la partie du rayonnement solaire qu'elle
n'absorbe pas; on peut effectuer la mesure du facteur
d'emission en comparant lareflexion diffuse prece
dente a celle presentee par un corps etalon (plaque
metallique depolie et refrigeree par un courant d'eau)
place en lieu et place de la, substance etudiee, Il
est naturellement necessaire .de tenir compte de
l'emission propre du produit-porte a haute tempe
rature.

Notons que Glaser et Blau (10) ont mis au point
une methode permettant demesurer l'emissivite,
en fonction de la longueur d'onde, d'une substance
portee ahaute temperatnreau moyen d'un four solaire.
Ces auteurs utilisent un spectrographe Perkin Elmer
et procedent ades mesures en presence et en l'absence
du rayonnement incident (ecrans tournants synchro
nises). Us precedent ainsia des mesures de tempe-
ratures., _. ~ ,

,. L'usage de pyrometres adeux .couleurs permet, par
comparaison de mesures faites pour deux longueurs
d'onde differentes, de determiner a la fois la tempe
rature et le facteur d'emission de la substance exa-

mctiel'e fonoue

...J\\~qmzzm~'" -~

I'er\,eul' i
\
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i
j

~,\-~w:mrIZl1J}.lI:::-",:~r :zzzzzmzzzmi

---fem

Figure 6. Dispositif pour la mesure des poinr: de fusion
des produits rHractaires, comportant un h:,"- centri
fuge et un ecran tournant

minee. Ce facteur d'emission est suppose ic meme
pour les deux longueurs d'onde, ce qui e,'. genera-
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OXYDE DE cm UM
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8 'c)eviotion de I'oscillographe
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Figure 8. cou,rbe desolidiftcation de l'oxyde de cerium

Mesure, des points de solidification
des oxydes refractaires

Dans le cas d'une paroi soumise a l'action d'un
rayonn~ment de hau~ eclairement energetique, on
pe~t eVlt~r ,de determmer l~ facteur d'emission ~ce
a I ernploi d un eeran metallique concave reflechissant
!ortement le rayonnement emis par le produit porte
a. haute temperature, ce qui a pour effet de recons
tituer, par un jeu de reflexions successives des
conditions assez analogues a celles du corps' noir
(figure 4). L'ecran defile rapidement (ljlOdeseconde
par exemple) devant laparoi, et la mesure de tempe
rature est faite au moyen d'un pyromHre a reponse
rapide, par visee a travers un orifice pratique dans
l' ecran reflecteur.

La partie externe de l'ecran arrete le rayonnement
solaire incident au moment de la mesure, cependant
que la paroi portee a haute temperature n'a pas le
temps de refroidir sensiblement.

lement vrai lorsque ces dernieres ne sont pas trop
eloignees.

On a precede a un certain nombre de mesures de
facteu.rs de reflexion dans le cas particulier d'un
produit fondu en visant alternativement, au moyen
d un pyrometre monochromatique a disparition
de filan: ents, les zones correspondant aux reflexions
du soleil et les zones voisines. En prenant comme
etalo~ une plaque metallique refrigeree polie de
reflexion connue, on a obtenu les valeurs suivantes
concernant les faeteurs monochromatiques (0,65 mi-
cron) d'emission de certains oxydes. ".'

~~. 4 ~100
Ti0

2
• 12 p. 100

Zr0
2

• " ••• " 13 p.100
Al

20s
5 p. 100

La
2
0

a
12 p. 100

Crpa' . .:, 14 p.100
Cr
2MgO,.

. 11.5 p. 100

C~s.oxydesfondus sont, a l'exception de la silice,
prahquement opaques sous une epaisseur de l'ordre
~e q?elques millimetres ou du centimetre, Lors,que ','.' .
I epaisseur est trap faible, on note de fortes ~eflexlOns Dans le montage qu~ Ion a ut!h.se a.l\Iont;Louls
du rayonnement solaire sur le produit solide sous- pour la ,mesu~~ des pomts de solIdificatIOn, I o~yde
lacent, Ces reflexions sont susceptibles de fausser les re£ractmre utilise est place dans un fou~ ceptnfuge
rnesures de temperature (ll)." (figures 5 et 6) suivant le precede decrit cl-dessus.



Afin d'eviter une cavitation trop importante, la
substance doit etre prealablement fondue, broyee
et introduite a l'interieur de la capacite metallique
sous forme de poudre assez grossiere (grains de
quelques dixiemes de millimetre).

On provoque la solidification en obturant le rayon
nement solaire au moyen d'un ecran cylindrique
tournant qui vient stopper brusquement devant
l'ouverture du four centrifuge. Un trou de visee,
dispose dans la partie centrale de l'ecran, vient alors
se placer dans l'axe de !'installation, devant l'orifice
du four.

L'ecran tournant, dont la face dirigee vers le four
est en cuivre argente, presente une capacite calori
fique suffisante pour ne pas s'echauffer exagerement.
On note que le pyrometre a cellule photo-electrique
utilise est place dans 1'axe de l'installation au centre
du miroir parabolique de 2 metres de diametre,
perce a cet effet; il n'y a done pas interposition de
prisme ou retlecteur quelconque sur le trajet du
rayonnement provenant du four. Au moment de
l'obturation, le rayonnement provenant du produit-:
fondu parvient au pyrometre par l'orifice de visee,
en 1'absence de tout rayonnement susceptible de
perturber les mesures. Les indications du pyrometre
sent enregistrees au moyen d'un appareil a reponses
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rapides' susceptible de fonctionner au ~ /100 de
seconde..

On a donne (figures 7 a 10) un certain r.c.nbre de
courbes correspondant au refroidissement (~ masses
d'oxydes refractaires de quelques dizaines de ; arnmes,
fondues avec un four solaire de 2 kW. L C,ppareil
comporte plusieurs sensibilites ; a titre d'ir .'ication,
notons que I p. 100 de la deviation dans h partie
centrale ne represente guere que 30 pour dr.. tempe
ratures de l'ordre de 2000 °C.

Au cours de la solidification, on observe 1es trois
periodes suivantes : I) refroidissement a l'e.j,lt fondu
avec legere diminution de la temperature du produit,
ainsi que parfois une Iegere surfusion (figure 7,
relative au corindon); 2) solidification a temperature
a. peu pres constante, pendant un temps plus on moins
long pouvant atteindre pres de dix secondes; :\) refroi
dissement a l'etat solide, d'abord relativem-ut lent,
puis devenant plus rapide, enfin de plus en plus lent
au fur et a. mesure que la temperature '::l.baisse.

Lorsque le produit presente une forte k,jon de
vapeur, comme dans le cas de l' oxyde ck cerium
(figure 8), les vapeurs produites obturent r-lus ou
moins le rayonnement au moment OU elle- »assent
devant 1'orifice de visee, mais ce phenomer« ~st tres
court et n'empeche pas toujours les mesures.v>e plus,

OXYDE DE TITANE

8
Deviation de I'oscillographe ----t-------+-------+--------!--------1

Temps: secondes

o:-- 4Heterogeneitn de lemperalure----I

Passage ~e ('tenn
2H1-=--~----+---+----+--~

1tI---r----t----t----+---~~'fINNHNwJ

3Ht----r---+------+---~

4Hf---+----l---..:---k.:~

GH+-~o=---_+--Palier deso'difi ation -----t-------+--------!-------i

711---r---+---t----+-----L---~

3025 ,2015105
o&-..&..-----s----frl~----:-~-----:~-_--l---~

Fi~ure9. Courbe de solidification de l'oxyde de tltane
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Fl~ure 10. Courbe de solidIfication de l'oxyde de lanthane

il est possible de chasserces vapeurs par un courant
gazeux passant a travers l'orifice en direction du
four.

Des heterogeneites de temperatures merne minimes
de ~a masse se traduisent par des oscillations dont la
periode est liee a la vitesse de rotation. Il convient
de .rejeter les resultats ainsi ob tenus lorsque les
OSCIllations ont lieu au moment de la solidification,
m3:is le plus souvent on constate ce phenomene apres
s~hdification, certaines parties se refroidissant plus
vite que d'autres (figure 9).

Les etalonnages sont effectues au rnoyen d'une
l~mpe a ruban de tungstene. par comparaison avec
differents pyrometres, monochromatiques a dispa
rition de filament, cependant qu'une lampe de refe
rence permet de Mceler a tout moment les evolutions
de la cellule. Les differents points de fusion suivants
ont tous ete determines par comparaison avec

celui du corindon (Ale03) , pour Iequel une valour
de 2 040 oC a ctc adoptee. On trouvc ainsi :
TiO. • 1 sso -c z-cso, . 2 1.'.0 -c
NiO • 1 950 -c Y.O. • • • • • . 2 4~ 'C
A1.0. • 2 040 -c (cO. . . : 460 'C
~o. .. 2 290 -c CaO : 500 -c
CrIO•••.•• , 2290 -e lrOt • • : 600 -c
Cr.~fgO. ., • • 2340-e

Le procCde d'analysc thcrmiquc prCddcmmcnt
Mcrit s'applique non scu1cmcnt aux m~u~ de
points de solidification de composes Mfini~. rnais
encore a tout phCnomcne d'ordre tr,lOsitoirt' 50C

traduisant par un cflct thcrmique ou optique, et en
particulicr aux transformations allotropiqucs divcrscs.
Nous avons ainsi note pour les oxyd~ de [anthanc
(figure 10), d'yttrium et de zirconium, dC'5 anomalies
tres nettes, rcspeeth'cmcnt a 2 100'C (l~'ltOJ)'
2 280 -c (Y:03) ct 2 360 'C (ztOel.
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Resume

Les rmesures de temperatures, par pyrornetrie
optique, des substances traitees au moyen des fours
solaires sont perturbees fortement par les reflexions
parasites du rayonnement incident. Les valeurs ainsi
obtenues sont generalement trop elevees,

Il est possible de pallier a cet inconvenient au
moyen de combinaisons de filtres, On place sur le
trajet du rayonnement solaire incident un filtre
presentant une bande d'absorption intense pour un
domaine bien defini de longueur d'onde, mais laissant
passer autant que possbile le reste du rayonnement
solaire, afin de ne pas trop abaisser l'energie incidente.
Le Plexiglas, par exemple, repond bien aces irnpe
ratifs (bande d'absorption 1,7 microns entre autres);
de meme que l'atrnosphere (bandes d'absorption de la
vapeur d'eau dans l'infrarouge). On precede aux
mesures de temperatures de la substance traitee au
moyen d'un pyrometre optique muni lui-merne d'un
filtre Cl monochromatique » interferentiel transparent
pour le domaine de longueur d'onde precedernrnent
defini, mais opaque pour le reste du rayonnement.

Un autre precede consiste au moment des mesures
de temperatures a occulter le rayonnement du soleil
avec un ecran, Lorsque la quantite de matiere
traitee est faible, le passage de l'ecran doit etre
tres rapide, afin d'eviter un refroidissement de la
matiere, On utilise alors un pyrornetre a cellules
photo-electriques.

Il existe un gradient de temperature souvent
considerable dans les substances dont '0 surface
est soumise directement a I'action d'un ra iX,' mement
d'un haut eclairement energetique, La c::~ :,titut.ion
de corps noirs convenables par formation . >'3 petites
cavites y est done fort delicate. Dans L'· _cas des
substances fondues, il est facile de former .ies corps
noirs en procedant a la fusion de ces mati-res, dans
des fours centrifuges, de facon a com;~j;uer des
cavites de dimensions relativement imnortantes
presentant un orifice qui correspond au foyer des
appareils.

Diverses methodes permettent de proc.-der a~x

corrections de facteur d'emission, en partIcul.ler
I'emploi d'ecrans reflecteurs a defilement raplde
passant au voisinage de la substance traitee. On a
par ailleurs determine les facteurs de reflexions de
certains oxydes fondus.

Enfin, on examine une methode permettant d'e~ec
tuer, au moyen de pyrometres a reponse raplde,
l'etude de differents phenornenes transitoires. et en
particulier la mesure des points de solidification des
oxydes refractaires, fondant entre 1 800 et 2700 -C
et celle de certaines transformations. Ce procede
consiste a utiliser un four centrifuge contenant la
substance a traiter, ainsi qu'un pyrometre a cellule
photo-electriquo a faible inertie (1/100 de sec)
associes aun enregistreur areponse rapide.

TEMPERATURE MEASUREMENTS IN THE SOLAR FURNACE

Summary

The optical pyrometry of substances treated in
the solar furnace is subject to a major source of
error. The parasitic reflections of the incident radia
tion generally make the readings too high.

Th~s situation may be alleviated by means of a
comblI;atIon. of filters. The filter placed in the path
of the mcornmg solar radiation has an intense absorp
tion band in a very definite wavelength region, but
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passes as much of the remaining radiation as possible,
to avoid excessive decrease of the incident radiation.
Plexiglass, for instance, meets these requirements well
(absorption band at 1.7 micron, among others),
and so does air (infra-red absorption band due to
water vap.-ur). The temperatures of the treated
substances aye measured by an optical pyrometer,
itself provided with an interference "monochromatic"
filter transj-arent for the wavelength region defined
above, but (Opaque to the remainder of the radiation.

Another method is to occlude the solar radiation
with a screen when measuring the temperature.
When the quantity of material being treated is
small, the passage of the screen must be very rapid
to avoid cooling the material. In that case, a photo
cell pyrometer is used ..

There is a temperature gradient, often considerable,
in substances whose surface is directly subjected
to the action of radiation of high irradiance. It is
thus a very delicate task to prepare black bodies

suitable for pyrometry by forming small eavities.
In the C'1SC of molten substances, black-body Iorma
tion is easily accomplished by melting in centrifugal
furnaces in order to form cavities or relatively J:'Irgl"
size with an orifice corresponding to the focus or the
furnace.

The emission factor can he corrected by various
methods, especially by using reflecting screens passed
rapidly near the treated substance, The reflection
factor of certain molten oxides has also been
determined.

Finally. the paper discusses a method U!.in~ rapid.
response pyromcters to study various transitorv
ph~nome~a.and, in ,)articular. t.o mca.~u~ the solidifi
cation points of re ractory OXides melting betwec;n
1800and 2700 oC, as well as the temperature of certain
transformations. This method employs a centrifugal
furnace containing the substance to be treated,
together with a low-inertia (0.01 s) photo-cell P)TO
meter in conjunction with a rapid-response recorder.
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INDUSTRIAL APPLICATIONS - THE CHALLENGE TO SOLAR FURNACE RESEb RCH

Peter E. Glaser "

ALUMINUM REFLECTORS

The development and requirements of r"'~urate
radar antennas has directly benefited the (1::::.,gn of
solar furnaces. The antennas require a large r::,ae~tor

having a shape that approaches as <:losely as .possIble
the curvature of the paraboloid. FIgure 3 SLO"~S an
antenna made of a 30-foot diameter ah.Fnmum
reflector that conforms to the shape of a paraboloid
within 1/16 of an inch at the rim.

Aluminum sheets, 80 feet long and 30 feet wide,
can be formed (including those with compound
curvatures) to any desired contour by use of new
forming process. Sheets formed by this proce.ss have
been used in the construction of the 30-foot diameter
unit shown in figure 3. The root mean square devia
tion of 600 measured points was 0.033 inch and the
maximum deviation of any point from the true
paraboloidal shape was 0.080 inch.

Another process for forming large sheet~ to a
desired paraboloidal shape is explosive forr~l1ng. In
this process, large sheets are formed agamst the
surface of an accurate rnold by application of sudden
gas pressures obtained from explosive compounds.

In tests, the aluminum reflector has withstood a
static load of 95 lb per square foot. The accuracy
of the surface can be further improved by the use
of smaller size units; thus a IO-foot diameter reflector
has been produced with a root mean square deviation
of 0.003 inch and a maximum deviation over the
surface of 0.009 inch.

GLASS REFLECTORS. ,
Most large solar furnaces constructed a~d (ksigned

to date (2, 3) have used glass for the reflecting concen
trator. Large paraboloidal concentrators have been
constructed by mounting mirrors in the form o f s~all
segments or concentric rings on a parab()lOld~l.

shell. The individual mirrors are stressed so that their
shape conforms to the local curva~ure of th« para
boloid. Although solar furnaces using these mirrors
have been operated successfully, t~e. cost of ~{)ustruc
tion of the supports for the individual mIr'c1~ ele
ments makes this design approach econo\:!1caUy
unattractive. .

PLASTIC REFLECTORS

For some time it has been recognized that a liquid
such as mercury forms an accurate paraboloidal
reflector when it is spinning. Recently large par~
boloidal reflectors have been spincast from plastIC
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Construction of reflecting surfaces

• Arthur D. Little, Inc:, Cambridge, Massachusetts.

In the past decade, interest in. the use. of solar
energy has been spurred on by the increase m en~rgy

demands from all over the world due to the rapId~y

expanding populations. To meet th~se demand~ m
the face of dwindling reserves of fossil fuels, devI~es

capable of utilizing solar energy have been studied
and developed. Among these devices, solar furnaces
have received considerable attention (1). .

By concentrating radiation at the focus of a para
boloidal mirror, a solar furnace can be used to gener
ate high temperatures. Figure 1 shows a number of
solar furnace configurations. A material exposed
to the high temperatures generated in a solar furnace.
is not contaminated by furnace vapors or the walls
of a crucible. Furthermore, the material can be
exposed to air or other gases or heated in a vacuum;
the interfering effects of electric or magnetic fields
are eliminated; and instruments can be brought
close to the heated zone without being subjected
to excessive heat. The tantalizing vision of large
solar furnaces for a variety of industrial applications
has stimulated research in the fields of solar furnace
design and construction, development of instruments,
experimental investigations and industrial applica
tions.

This paper discusses recent developments in the
construction of reflecting surfaces, the measurement
of the most important variables, experimental
research already accomplished, and the potential
of industrial applications of solar furnaces.

Solar energy is a very diffuse form of energy.
Approximately 1 kilowatt can be collected on each
square meter. Therefore, large collectors are required
to obtain useful heat fluxes. The construction of
large solar furnaces has been impeded by the neces
sity for using large paraboloidal reflectors to collect
the solar energy. Figure 2 shows the diameter of a
solar furnace required to produce a desired heat
flux at the focal point. It can be seen that the dia
meter of a solar furnace should be at least 10 feet
to achieve industrial usefulness.

The construction of a large paraboloidal reflector
and supporting structure contributes the largest
share to the cost of a solar furnace. Efforts to reduce
these costs by the development of suitable materials
for. paraboloidal reflectors are of great practical
significance.
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I

a. Simple paraboloid- altazlmuth mounting

c. Simple paraboloid - floating mounting

b. Simple paraboloid - equatorial mounting

d. Filled paraboloid- heliostat

t Fixed paraboloid - f1a.d mirror- h.llostat

e. Fixed paraboloid - heliostat

FI~ure 1. Solar furnace configurations
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Figure 2. Potential output of solar furnaces

materials (see figure 4). The plastic is poured on a
roughly paraboloidal understructure which is then
rotated at a closely controlled speed so that an
accurate paraboloid is formed. The plastic can then
be taken off the mold and mountedon a suitable sup-

parting structure. One of the problems encomtered
with plastic mirrors of large size is that ";crmal
expansion due to sudden temperature chanb~;:' may
crack the mirror surface.

Figure 3. Aluminum reflector,
(Antenna Systems, Inc. Hingham, Massachusetts)

Figure 4. Spincast plastic reflector
(D. S. Kennedy and Co., Cohasset, Massachusetts)
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. With a lever system attached to the shell the
solar furnace could be made to follow the sun' at a
very .small expenditure of power. A solar furnace
of this design co~ld incorporate one of the previ
ously dIscusse~ light-weight reflector surfaces. It
would x:otrequire a complicated installation; further
more! It would be easily adaptable to. different
terrallls. .

S..,I. Boldine Mtehanh,_

Spherical Shell supp.rt/i'''''''':;:;;:::==:=:3~)

Figure 6. Floating support for solar furnace

Efficiency requirements

COLLECTION OF SOLAR ENERGY

The development of new reflecting surfaces and
supportIn.g structures open up possibilities for' the
construction of large solar furnaces at more reason
able costs. The concentration efficiency of a solar
furnac.e is directly influenced by the reflectivity of
the mirror and the aperture of the paraboloid. The
geometrical pe~fection of the reflector, which is a
measure by which the reflector approaches the ideal
paraboloidal shape, will further influence the heat
flux available at the focal point (4).

The efficiency of the reflector is greatly influenced
by the oxidation resistance of the reflecting surface
and the potential deterioration due to fine dust
particles.. The thermal expansion of the reflector
surface as a result of unconcentrated solar radiation
may deform the surface from the ideal paraboloidal
shape. Thermal expansion is of particular concern
when large glass surfaces are used for the reflector.
The large differential between day and night tem-

Industrial applications

Fi;,ure 5. Aluminum coated Mylar, foamed plastic reflector
(Goodyear Aircraft Corporation, Akron, Ohio)

Figure 5 shows a ten-foot diameter lightweight
procision mirror, capable of being packaged. Alumi
nized Mylar is backed by a polyurethane foam to
permanently rigidize the reflecting surface. The
surface departs by less than ± to of tangential
error over 95 per cent of the total surface from the
true paraboloid.

Support structures

A conventional solar furnace having a reflector
that follows the sun, as in figure la, or.a nxedretlector
and a heliostat, as in figure Id, reqUl~es substantIal
structural supports and good foundations.

Although some of the support problems for .the
heliostat mirror can be reduced by use of multiple
heliostats, . the cost of the structures required.
mcreases, • '~." . .. ~

One method for reducing' the structural sup~ort
of the mirror is shown in figure 6. A paraboloidal
reflector is supported by a shell in the form of a sphen
cal segment. If the shell is placed in a tank ;~lled
with sufficient fluid to cause the solar f~rnace to
float, the reflector can be easily tilted. The SIzeof the
tank required for this purpose depends upon' the
buoyancy requirements of the complete furnace.
Because such an installation can be placed near
the ground, the effect ~f win?--loadings would be
decreased and, in additIOn, ~nd-breaks could ~e
provided to protect the installation from the preval1-
ingwinds. .
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peratures may cause thermal contraction of the
supporting structure and stress the mirror elements
out of shape.

UTILIZATION OF HEAT FLUX

The effectiveness with. which materials can be
heated in the focal zone of the reflector depends to
a large extent on the reflectivity of the surface of the
material and the heat losses from the surfaces that
are receiving direct radiation. To increase the effec
tiveness, two approaches can be used.

(a) The material. can be placed inside a cavity
and the radiation concentrated within the cavity (5).
The cavity itself can be insulated, provided that the
temperatures do not rise above the limit of the
refractory materials making up the cavity. . .

(b) For a continuous heating process in which the
material is passed through the focal zone, the heat
losses can be greatly reduced by effective thermal
insulation of the material.

SUN TRACKING

For highest efficiency, the solar furnace must
track the sun so that the optical axis of the reflector
is constantly parallel to the rays of the sun. Con
siderable advances have been made in the track
ing mechanism used for solar furnaces. Mechanisms
with sensitive photo-cells have been used to track
the sun with no attention from an operator (6).
Semi-automatic tracking, in which the sun's orbit
IS followed by use of a clockwork mechanism but the
declination is chang~d by hand' each day, has been
successfully accomplished.

Instrurnentation

The utilization of solar furnaces has required the
development of basic instruments to measure the
temperature of the sample and the heat flux reaching
the sample. '

TEMPERATURE MEASUREMENT

. In typical applications of the solar furnace the
temperature of a hot sample that is unenclosed and
subject to sizable temperature gradients must be
measured. Under these circumstances, radiation
pyrometers cannot be routinely applied, since black-

. body conditions required for optical pyrometry. are
hardly ever obtained and thermal radiation proper
ties of most test materials have not been accurately
measured and those of others may even be unobtain
able. The time-proven' expedient of drilling a small
cavity in the material to approximate black-body
conditions can rarely be used, because of the non
isothermal conditions existing in the cavity.

An analysis of the theoretical accuracy obtainable
with a total radiation pyrometer, a two-color pyro-

meter, and a disappearing filament-type optical
pyrometer has shown that, when the sample l:cgittance
is known within 10 per cent, best results arc' ;;btained
with a disappearing filament type pyrometar,
Temperatures measured with, .this instru :'Jent are
accurate to within 1 or 2 per cent (7).

A pyrorneter cannot be directly used L', measure
the emitted radiation froni the sample, because the
emitted radiation would not be distinguisucd from
the sun's radiation reflected from the sample. This
difficulty can be overcome by the use Of shutters
that periodically shield the sample from the incident
flux and at the same time permit the passage of
emitted radiation from the sample to the detecting
instrument (see figure 7). The shutter is made of a
hollow cylindricalsegment located near the sample
and rotated so that the sample is periodically shielded
from the sun's rays. When the shutter is directly
in front of the sample, the radiation erni It ed from
the sample is free to pass through the hollow shutter
and the hollow conical support to the ::etecting
instrument..Another shutter fastened to i ~Je same
axis as the hollow segment shields the ,letecting
instrument during the remainder of the !'jcle (8).

HEAT-FLUX MEASUREMENT AND CONLCiL

The ability to control the heat flux reac'ring the
sample and to measure both the flux di:,c,iblition
and the absolute heat flux is important to all solar
furna.ce measurements. A variety of simple ;,nd accu
ratemstruments for such measurements have been
developed within the last few years.

SUPPORT,

PARABOLOI DAL
--- MIRROR

Figure 7. Shutters for separating emitted and incident
radiation



Industrial appllcatlons 8/16 Glaser

IN

APERTURE~UNDER I
AS~;e:MBLY· CLOSING CAP OUTER CASE

COOUNG COILS

. 21/8:"·---~

Figure 8. Absolute water-cooled calorimeter

Calorimeter

Tor measuring the absolute heat flux, a water
cooled calorimeter, shown in figure 8, has been de
veloped (9). The incident radiation is accumulated
within a cooled black-body cavity. The heat flux
is calculated from the measurements of the water
temperature rise: flow rate, and entrance aperture
area. The instrument is absolute, because only a
negligible fraction of the incident radiation escapes
through the entrance aperture. The accuracy of
the instrument is ± 5 per cent.

This type of calorimeter measures the average
flux received over a specific area at the. focal zone
of a solar furnace. . .

Radiometer

In many instances, it is desirable to meas~re the
flux distribution across the focal plane. The circular
foil radiometer, shown in figure 9, has a receIVmg
area of 0.006 sq cm and can be used for such meas
urements (10). A blackenedcircularfoilof constantan
fastened to a water-cooled copper support ~bsorbs
the incident radiation. A thin copper WIre IS spot

. welded to the center of the foil and the copper
constantan thermocouple formed by these elements
is used to measure the temperature of the center
of the foil. .

Shutters

The intensity of the radiant energy flux impinging
on a sample at the focal zone of a solar furnace can
be controlled and modulated by means of shutters.
Cylindrical shutters have been widely used to modu-
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late t~e int~nsity over a wide range of fluxes (11).
Venetian-blind type shutters with a cam-actuated
mechanism have been used to control the radiant
energy flux to stimulate the effect of thermal pulses,

Flux redislributors

The spatial distribution of the radiant flux density
acr?ss the focal zone is largely determined by the
optical geometry of the paraboloidal reflector,
Although it is usually desirable to control the concen
tration of radiant energy so that high temperatures
are produced over a limited area, it may sometimes
be more advantageous to obtain a uniform flux
distribution across an enlarged image area. It has
been sh?w~ that defocusing .is not very useful
because It IS usually accompanied by a decrease in
uniformity as the image size increases.

An alternative method is to use a device that can
collect energy at the focal zone of the solar furnace
and redistribute it over a large area. Flux redistrib
utors have been used to provide a large number

COOLANT
FLOW

Figure 9. Circular foil radiometer
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of reflections and help to distribute the flux,
uniformly.

Flux redistributors can have various cross-sections,
although some cross-sections, such as those which
are circular, are not suitable. The typical redistrib
utor, shown in figure 10, is -essentially a water
cooled pipe with a square hole. The four inside
surfaces are made highly reflecting. The pipe is
installed on the side of the focal plane away from the
collecting mirror so that all of the radiation will
fall into the square opening. Except for losses occur
ring in the reflection, the energy is reflected in such
a way that it emerges at the far end of the pipe
and irradiates the square area where the sample is
located. .

Figure 11 shows that an area B 'of the sample
plane would be illuminated even if the light pipe
were not used. With the light pipe, B is subdivided
into many squares, each having the cross-sectional
area A of the light pipe. These squares are super-

A·
SAMPLE
PLANE

F

Figure 10. Flux redlstrlbutor

141 RRORS
(11 SIDES)

Figure 11. Function of flux redlstrtbutor

imposed on each other and form the total irradiance
at the center square. Since each square contributes
only a small portion of the total irradiance non
uniformities in the flux, the non-uniformities existing
in individual squares do not have any significant
effect. ' ,

Measurements of the flux with the radiometer
have shown that with an aluminum-front-surfaced
reflecting surface,flux uniformity to ± 5 per cent
c~n be obtained over a l-inch-square area in a 5-foot-
diameter solar furnace. .

Experimental procedures

The availability of basic instruments for measuring
temperature an~ heat flux has made possible.. a
number of expenme?ts designed to.explore the hIgh
temp~raturebehavIor of materials. From these
expenments, valuable data have been obtained which
promise to lay the foundation for future industrial
uses of solar furnaces. ,"

IMAGE CHAMBERS

. One of the .great advantages of .thermal imaging
IS that .matenals can be exposed in a vacuum or
any desired atmosphere. The image chamber shown
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Fll\ure 13. Apparatus for rrrn.,..l, afUdk1l

TIlf.RM.\L rkOI'f.RTIf.S

TI.le measurement of thermnl properties of mah'ri;,1
at ,I1Igh t.(~~nperat~lr~'S h:ls been particularly :,idrt! b"
the conditions eXls~lJIg III a solar furnace. Thus, hil-:ft
temperature cal~r.lln(~tr)', thermal expansion, ant!
thermal conductivity measurements have been m;ulro
on materials. An .e~:unple of the apparatus 115('(1 for
thermal conductivity measurement is shown in
figure 14. In this apparatus, a small disk (3,S· dia
meter, lW thick) .of the material is exposed to the
heat flux. Measuring' the temperature distribution
across the boundaries of the disk and the heat
flow through the back of the disk with the thermo
pile provides data from which the thermal conduc
tivity can be computed.

The solar furnace has been used for l/I(~ measure.
ment of spectral emissivity of materials and to
invest!gate the cffe~t .ofthermal pulseson a IlIJ1l1ba uf
materials. In addition, refractory materials have
been exposed to examine the melting behavior, the
surface tensions, and the effect of impurities.

Industrial uses

The development of advanced design!" for large
solar furnaces, the availabilitv of instrumentation,
and the results of numerous experiments are selling
the stage for the industrial use of solar furnaces.

Figure 12. Evacuated or gas-filled Image chamber

inlgure 12 allows the environment of the sample
to ')e controlled. The chamber is provided with a
bel' jar and is mounted on a vertical support. The
sample stage can be rotated in the horizontal plane
?o t hat various portions of the sample c~n be brought
~nt<) the focal zone. Access ports alongside of the
image chamber allow water, gas and electric power
to be brought into the sample.

One of the problems associated with the heating
of materials in a vacuum is that vapors tend. to
condense on the bell jar and thereby reduce the
radiant flux reaching the sample. Various methods
have been suggested to overcome this problem. A
rather ingenious approach uses a windshield wiper
which periodically cleans the bell jar (12). When
a gas is used inside the bell jar, vapors can be pre
vented from condensing on it if the gas is introduced
at the top of the bell jar so that it streams down the
sides.

The apparatus that is introduced into an image
chamber can be of varied complexity. Figure 13.shows
an apparatus devised for the study of pyrolysis pro
ducts from heated materials. A movable sector
positions a copper disk calorimeter that has a ~hermo
couple attached to its back at ~he focal point and
the total heat flux received over Its area IS measured.
The sample is then rotated into position and exposed
to the identical flux. The gases given .off by the
sample are drawn off and analyzed in a ehrornato
graph or other suitable gas analyzers. A similar
apparatus can be used to study the effects of various
gases on a heated material. Thus, water v~por can
be drawn across the sample and the re~ultmg g~es
analyzed to obtain an indication of ItS reactions
with water vapor at high temperatures.
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The use of solar furnaces could become widespread
if they can compete economically with more conven
tional methods of heating materials or if they can
provide conditions not easily duplicated by other
techniques. Solar furnaces have already been used
for the processing of high temperature refractories
in batches as large as 60 kilograms. By use of rotating
cavity furnace, a high level of purification of refrac
tory oxide has been achieved (2) .:

The power requirement associated with space
travel has led to the development of thermoelectric
and thermionic power conversion systems utilizing
solar furnaces. In such systems, the solar radiation
is focused on a heat receiver or photoemissive sur
face. The heat energy is then converted to electrical
energy by a thermoelectric or a thermionic conver
sion system. Although these developments are still
far from industrial uses, they promise an interesting
future for solar energy applications. A number of
heat engines have been constructed in which the
heat from solar energy is transferred to a suitable
working fluid which in turn drives a rotating turbine
or a reciprocating engine that is coupled to an electric
generator. These devices also are still in the labora
tory stage. Their high efficiency may well make
them interesting alternative sources of electric
power.

Completely unexplored is the potential use of
solar furnaces for chemical processes. Before solar
furnaces can be used for the distillation of fluids
treatment of metals, gasification of oil-bearing
shales and other chemical processes, more economic
means must be found to concentrate solar energy

.on a large scale.' .

Interest in space exploration has led to an investi
gation of the possibility of using solar furnaces to
obtain water from rocks such as those that are
expected to be found on the moon. Such studies
will no doubt provide fertile ideas for the industrial
applications of solar furnaces.

Counterbalancing. the very real advantages of
using solar energy for industrial processes are the
following problems:

(a) Variable atmospheric conditions result in
intermittent operations;

(b) The use factor of the equipment is low, since
it can be used only during the daylight hours;

(c) Solar furnace sites have to be chosen for the
weather advantages they offer.

At a suitable location, processing costs could be
expected to be quite low. One study has shown that
if the cost of treating a pound of material could be
reduced by ten cents, the amortized payments could
support a solar furnace cost of $200 per square
foot (13). Of course, additional charges would be
incurred if the site of the solar furnace required
that processing plants or materials be moved to
a remote location.

Industry would look to solar energy only if it
could be demonstrated that such power CG3tS less
than the conventional varieties. To be compctitivs,
the cost of the reflector and its auxiliary equipment
should not exceed $2.00 per square foci. (This
estimate is based on an, equivalent 'cost of fuel for
the energy delivered.) In many industrial I" ocesses
extremely high temperatures and thus ((.'lectors
of fine quality may not be required; therefou, some
of the newer plastic material reflectors may permit
costs to be reduced to about $1.00 per square foot.

The specific future uses of solar energy in industry
will depend upon the results of research no,'; being
conducted. Current investigations aimed at achieving
a better understanding of' the requirements for
furnace construction, temperature generation and
control, instrumentation, and component design
should indicate the most promising applications.
The small research solar furnace is already teaching
us a great deal about the behavior of materials at
high temperatures. This information will provide
industry with an indication of the benefits that can
be obtained through the use of solar energy.

Figure 14. Thermal ~O~ductivityapparatus
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constructed at a fraction of the cost for glass reflect
ing surfaces. The aluminum has been shaped to the
desired curvature by a draw-form process or by
explosive forming.

The fabrication of large. accurately curved alu
minum sheets which can then be assembled to form
large paraboloidal reflectors is feasible. Spin casting
of accurate paraboloidal reflectors has been perfected
so that paraboloids of up to 28 feet have been pro
duced. Some difficulties have been encountered
becausethe thermal expansion of the plastic is different
from that of the supporting structure and results
in the cracking of the mirror surface.

In another approach which promises to overcome
this problem, a reflective ~Iylar surface is applied
over a foamed plastic which can be closely formed to
the correct paraboloidal curvature.

Because of the light weight of the new reflector
services, the design of structural supports and
foundations can be approached from new directions.
One method by whicha minimum ofstructural support
would be required is to provide the reflector with
a spherical shell segment which is placed in a suitable
container filled with sufficient fluid to float the whole
assembly. A simple lever system attached to the
outside shell controls the movement of the solar
furnace.

The developments of new reflecting sur!a~c:s and
supporting structures open up the possibility of
constructing large solar furnaces at more reasonable
costs. Although, for large solar furnaces, the ~ffi.
ciency of utilizing solar energy may not be the pnme
concern, every effort should be made to obtain the

Summary

In the past decade, interest in the use of solar
energy has been spurred on by the increase in energy
dernan~s from all ?ver the world due to the rapidly
expanding populations, To meet these demands in the
face of dwindling reserves of fossil fuels, devices
capable of utilizing solar energy have been studied
and developed. Among these devices, solar furnaces
have received considerable attention.
. The potential applications of solar furnaces to
industrial processes that require high temperatures
under controlled conditions has stimulated research
in the fields of solar furnace design and construction,
development of instruments, experimental investiga
tions and process development.

Becausesolar energy is a very diffused form, it
~ust be concentrated before its application is prac
tical. Fundamental design problems associated with
the construction of large paraboloidal reflectors and
supports are of great practical significance for the
economic usefulness of solar furnaces depends on
their solution.

Glass reflectors used in the present large solar
furnaces are assembled from many small mirrors,
each of which is stressed so that its surface approaches
that of a small section of a paraboloid. The cost of the
glass mirrors and the requirements for rigid·support
structures have made such a design economically
unattractive.

. Aided by the requirements for long-range coml1:!-u
nication systems and the problems associated WIth
power generation in outer space, alumll~um and
plastic reflectors have been developed. Thirty-foot
diameter aluminum paraboloidal reflectors have been
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greatest possible efficiency. The geometrical perfec
tion of the reflector and the effects of oxidation .and
erosion of the reflecting surface must be taken into
account. The utilization of all available heat flux
requires that the material or process be arranged
to limit the losses from heated surfaces due to r~fl.ec

tion and to re-emission from surfaces not receiving
radiation. Cavity heating and effective thermal
insulation can greatly reduce unwanted heat losses.
Accurate sun tracking has been developed. so .th~t
no loss in efficiency need result, and the optical axis
of the reflector can be kept continually parallel to the
rays of the sun.

The development of instruments for measuring
temperature and heat flux have greatly aided the
experimental investigations in which solar furnaces
are used. Temperature measuring i.nstrun;ents, utiliz
ing shutters to separate the radiation emitted by the
sample from the radiation reflected from the surface of
the sample, permit the use of optical pyromet~rs.
Absolute water-cooled calorimeters for measuring
the total heat flux and radiometers for measuring
the flux distribution across ·the sample area allow
the heat flux reaching the sample to be controlled.
Cylindrical shutters and venetian blind-type shutters
have been used to control the quantity of radiant
energy reaching the sample. A flux redistributor has
been developed which eollects the energy at the
focal zone- of the solar furnace and redistributes it
over a larger area than would appear possible accord
ing to the spatial distribution of the radiant flux
density determined from the optical geometry.

Considerable advances have been made in carrying
out experiments to measure the high temperature

behavior of niaterials. A number of image chambers
have been constructed th~t permit. the material to

. be exposed in a vacuum or m any desired atmosph~re.

Apparatus for the measurement of the~mal properties,
chemical properties, and study of the high temperature
behavior of materials have been constructed and
valuable data have been obtained. . ~ . "

The development of advanced designs for construct
ing large solar furnaces, the availability ofintrumenta
tion and the results of numerous expenments are
setting the stage for the industrial uses of solar
furnaces. Some of these industrial uses have already
become reality, e.g. the treatment of batches of
refractory materials to achieve higher levels of
purification.

Counterbalancing the very real advantages of
using solar energy for industrial processes are several
difficulties: '

(a) Variable atmospheric conditions may result
in intermittent operations; .

(b) Equipment can be used only during the daylight
hours;

(c) Suitable weather conditions determine the
location of solar furnace sites.

" As the cost of reflectors and auxiliary equip!lient
is further reduced, industry will become increasingly

, interested in applying solar furnaces. Current investi
gations which are aimed at achieving a better un~er
standing of the requirements for furnace constructl?n,
temperature generation, and control, instrumentation
and component design should indicate the most,
promising applications..

LES APPLICATIONS INDUSTRIELLES: UN DEFI AUX CHERCHEURS

QUI SE CONSACRENT AUX FOURS SOLAIRES

Resume

L'intcret qui se manifcste depuis ces dix dernieres
annees vis-a-vis des utilisations de l'energie solaire
a ctc stimule par I'augrnentation des exigences
d'energie du monde entier a la suite du develop
pement rapide de la population. Devant ces exigences
et l'epuisement progressif des reserves de combus
tibles fossilcs, on a mis a l'etude et realise certains
dispositifs capables de faire usage de l'energie solaire.
Parrni ces dispositifs, les fours solaires ont fait
I'objet d'unc attention toutc particuliere.

Les applications possibles des fours solaires aux
precedes industriels qui exigent des temperatures
elevees dans des conditions controlees sont venues
stimulcr les chercheurs dans les domaines de la
realisation et de la construction de fours solaires,
ainsi que dans ceux de la mise au point des instru
ments, des recherches experimcntales et du develop-
pement des precedes, .

, L'energie solaire se presentant sous une forme tr~s
diffuse, il faut la concentrer avant que son apph
cation puisse ctre pratique. Les problemes fonda
mentaux de conception auxquels on se heurte dans
13: const.~ction de reflecteurs paraboliques de g;andes
dimenSions et de leurs supports presentent une Im1??r
tance pratique considerable,. car c'est de la mamere
dont ils sont resolus que depend la valeur econo-
mique du four solaire. "

Les reflecteurs en verre utilises dans les fours
solaires ·de grandes dimensions actuels sont re~li~es
par l'assemblage d'un grand nombre de petits miroirs
elCmentaires dont chacun est deforrne de telle sorte
que sa surface epouse celle d'un element de para
boloide. Le' COlIt des miroirs en verre et les exigences
relatives aux structures de soutien rigides qu'il faut
leur adjoindre ont rendu cette formule peu attrayante
du point de vue economique'.' .



J..a mise All point el'in"lrtlltlr1lti kf\';U1t ... mnllfrf
I~ templ-r:\hlre l'l It' nll~ lhr11l\i(I\lC" la lll(".luwu"
~Id~ I~. recherehes ('l('~rtltl«"nt;al~ cb"" '("'101112("11"
11 est fait 1Is.1~e ell' Ioure ~,()Ltir ..... I)" inlrUll\rnlto
thermometriques, qui Iont 1Ill.1~(' el·ohlur..t«"u,,, 'le)t11
sClla.rer ~e r;\)'ol\n(,I1.\enl cmi, ,~\r r,!c"hanlillon cif"
ce \Il CJIII l"St rcflklu de la ilUf;l('C" el(' ("(-11110<"1. prf'
metlcnl.I'c!nploi de P}'fCllll(.lf~ ~pli'IIIM. 1.'('m"lol
de calorimetres al)'i,()lu'O la rrlrol(h'i.\('flIrnl ,"'r rrOlll
pour la rnesuredl' 'a tolnlilc du Itux \1(" (h;tlc-ur et el«"
radiomHrc.'S pour la mesure de la rfp;ulilion du flux
sur la largeur de l'aire de' l'khanllllon ,,,"mrtlrnl
de rf~lcr le flux ell' chaleur qui pu\'icnl !l (('I kh:U1'
tillon. On a fa.it m.~~c tl'obtur;ttrul"f> cylin(lfi'I"M
et <In genre l\ Jalml~IM pour rff.:lcr 1.1 e~uantilf ell"
chaleur qui parvicnt n cct ('('hantiJlon. I'n rNlitU1'
butcur du flux a eHe mis all point : n ~urilll' 1'fn('r~il"

dans la zonedu foyer dn four ~ol"ir(' ('I la r"l'di,tuhu('
sur line surface plus ctelltllll' eIu'n nl' ~rnhl('f.\il

possible d'aprk la rcparlitioll "1l.1Iiale ell' 1.1 c!('m.ilf
du flux rayonnant conditionnee par I... ..:ktmc\lrie du
systerne optique,

On a realisede gros JlfO~f~ d:ln, I 'C:'I:k:tl1ion (l'('xl""
riences servant amesurrr le eomportcmcnt d('!. malr'
riaux aux temperatures cle\·res.On a r/.lIi~ un I:uncl
nornbrc de chambres d'irnagc, qui perrncttent el11t' le
materiau soil exJlO!'c d:tM le vide ou dans tonte
atmosphere vouluc. On a con."tnlit un aPJ'l.lrdlbJ:c
pour la mesure des proprWb thrrrni'1t1C" ('t chi·
miques, ainsi que pour l'~tl1de c1u comlXl1'1rmmt dC"!>
materiaux aux tempcratllf\'!> cl('\'~. TOllt ('('(i a 1lC"f'
mis de rccudllir dC!> rensci~ncmcnts I',i-cirtlx.

1...'\ mi50C :\\1 point de cell1Ct"Jltion~ moclrm~ I.."lr b
constmction de 10ut5 ~laircs de gr.lnc!('!. c1imm~ion'.
la disponibilitc d·in.'~tnJm('nts al,proptik f't I~

r6mtlals de nomhre d'expki('n~ 1,rrp:nt'nt I'a\+·
nemcnl de I'utilis.'ltion «Iu four ~ ,lite" 1 e'~ fm~
induSlr1ellcs. Certaincs de ~ aJlrlkalion~ !-OfI1 eUj~
du domaine de la rrolilc. notammmt le traitrmml
thermiqlle de lots dc malcria".lt rifr.1ctaircs.(bn~ 1('
hut de realiscf de plus hauts llIw:mx d(' runfu"... IJOU
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S~us l'impulsion des exigences ayant trait a des

svstemes de telecommunications a grande portee
('t de~ problernes dont s'accompagne le bcsoin de
l'rodUlr~ de l'energie dans l'espace interplanetaire,
Oil a rrus ~~ point d.es reflectcurs en aluminium et
('11 composition plastique, On a construit <It'S reflec
t' 'ur~ de. forme para~ol.oide de trente pieds (0,1 m)
(h' diametre en aluminium pour une fraction seule
iucnt du prix des surfaces reflechissantcs en vcrre.
(In a donne la courbure voulue a l'aluminium par
{t irage ou deformation explosive.

,11 e~t .possible de Iabriqucr de grandes feuilles
c1 aluminium Iormees en courbes preciscs que I'on
assemble ensuite de maniere a constitucr de gros
reflectcurs paraboliques, On a pcrfectionne la coulee
avcc centrifugeage de tels reflectcnrs pamboliques
all point de pouvoir produire de scmblables surfaces
ayant [usqu'a 28 pieds (8,4 m) de diametre. On s'est
heurte acertaines difficultes dues au fait que la dila
tation therrnique de la matiere plastique est diffc
rente de celle de la structure de soutien, cc qui pro
voque des felures de la surface du miroir.

Dans le cadre d'une methode qui promet de sur
monter cc probleme, on envisage l'application d'une
surface reflechissante en Mylar sur un plastique
poreux que 1'0n peut conformer scnsiblement a la
courbure exacte du paraboloide.

Les nouveaux rcflecteurs Clant particulicrement
!("gers, on peut s'attaquer a la realisation des struc
tures de soutien et des fondations d'une maniere
entierement inedite. Une mCthode avec laquelle it
suffirait d'un minimum de soutien structureI consiste
adoter le refiecteur d'une calotte spherique lui servant
de coquille, que 1'0n met alors dans un recipient
approprie rempli d'une quantite de liquide sutTtsante
pour que l'ensemble puisse flotter. Un jeu simple de
leviers, montes sur la coquille exterieure, pcrmet. de
regler a volonte les mouvements du four solaue.

La mise au point de surfaces reftechissantes et de
structures de soutien d'un nouvenll genre permet
de former de nouveaux espoirs quant ala I,>OSSib!lit6 qu'aupam\,ant.. "
de construire des fOUTS solaires de grandcs dImenSIOns En contrcpartle des a\"nt~cs tmrfd, ~cs l'mplO'l
a. des prix plus raisonnables. Bien que le rendement . de I'~nergie S<llaire pour lcs proc-(.d{'$ mduttmlt.

de l'utilisation de l'energie solaire ne soit .pas la citons plllsieurs difficultes. : .
premiere consideration pour les !ours so}alfcs de a) l.es variati?n.-. de ~'ctat atm~rhlnql)(' ~Wfl~
grandes dimensions, on ne dev~ nen neghg~r PO~f pro\'oquer des Inte"nlttcn~ e'~ fonc1J01lnrmrflt.
qu'il soit aussi eleve que possI~le. On dOlt teOlr b) On ne pellt se scn;r du matkid que rmib nt 1""
compte de la per~ection ~Cometnqu~ duo reflccteur heurcs de jour; . •
et des effets de 1oxydat~o~ .et ~e 1erOSllon surI'l~ c) l.csscn;tudes cliniatolC'lgiqucs dltrtmmctlt I M'fl'
surface reflechissante. L ubhs~tlOn de a tot~ It laccmcnl des fours S<llaifl'$.
du flux de chaleu.r'disponib~e exlge que !~ m;~~n~~x p ''''cc de nouwUcs tMuctiom dcs pfix elcs r"~'
ou le procede SOlent orgamses de mam 1 earn!. er le,~rs et de CCUlt du maarid auxiluin\ 1'inl111\lor
les pertes, aux surfa~es chauffees,. par a!t eXldn s'inieres.~ de plus ('n plu.~ aux arptic:.atirm" dt'\
et par la re-emission de la zone qUI ~e r~ol ,pas I ~ fours S<llaifC$ i.t'S rcdtl'rchcs en ('O'Il~ ,"i~nt 1 f.c

rayonn~ment. Le chauffage des caVltes et I cmp.01 fai~ ~ne id&; ph;s l'xacte des l'.Xi~~ .apnt trolll
d'un calorifugeage efficace .peut f~rted'enJisrCd~~i~ ~ la con...truction des fOUD, 1 "(I:chtil;~mf'flt. dr
les pertes de chaleur. On a ml,S all pomt cs '1 . cmpemtllrcs clC'\'~ :U1lt im.tnlmcnl' f'Ik:~".\t~
permettant, de suivre tres exacteme~t le solei,' ~~ ~t 11. la' con~Jltion d~ fUm('nt'" ('01'I,titnli'" dt". (-c1'

bien qu'il n'y a pas de pertes de d~blt et que ax areils dOlwnl indiqllCf «UNo de;. ...rra)(:.\I~'
optique du reftecteur peut ctre mamten.y en paral- ~iblcs'q"i $CfOnt les rhu fmctlJt1J~.
Ielisme constant avec les rayons clu soleI. .
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NEW TECHNIQUES AND POSSIBILITIES IN SOLAR FURNACES

Tibor S. Laszlo *

The sample holders

to the optical axis of the furnace, in order to achieve
even heating around the entire circumference,

The third restrictive property, the non-uniform
flux across the image area, requires the most serious
consideration. Two approaches were explored to
overcome this difficulty. The first approach was to
employ additional optical elements in the s.ol~r

furnace in order to decrease or perhaps totally elimi
nate flux differences. The other approach uses an
experimental technique, which, together 'Yith a
newly developed analytical procedure, permits the
calculation of the temperature dependence of a
property measured in the non-uniform flux area.

In order to overcome the one-sided heating of
a sample, special sample holders have been desi~ned.

The first such sample holder is shown schematically
in figure 1. The cylindrical enclosure, made of an
asbestos-cement composite, is topped by a transpar
ent hemisphere. An oscillating wiper blade scn~,pes

deposits off the inside of the hemisphere. The WIper
blade is made of steel, tailored to the shape of the
hemisphere, and covered with a woven silica fiber
sleeving. Generally, a borosilicate hemisphere cut
from a one liter laboratory round bottom flask ca.n be
used. When the highest obtainable fluxes are reqU1.r~d,
a 96 per cent silica content glass or pure silica
hemisphere is recommended. The sample can. be
rotated at variable speed around the optical aXl~ of
the furnace in order to obtain symmetrical heatmg.
Gas inlet and outlet connections, for use under
vacuum or controlled atmospheres, are located .at
the base plate. The method of mounting the he~ls
phere is illustrated in figure 2. A refractory ting
surrounds .the hemisphere and presses it to the cylm
der; the ring itself is tied down by bolts to the ba~e
plate. The nuts for the bolts are spring-loaded m
order to avoid failure due to differential thermal
expansion. A photograph of the completed sample
holder is shown in figure 3. .

Several samples were heated in this sample holder
with a 60-inch solar furnace. Figure 4 shows part
of a molten crater of an alumina sample. The molten
portion is well defined and has a sharp rim produced
by que~ch~n~ the sample. Incipient radial. ~rystal
growth IS visible at the rim. Specks of impurities are
c~ncentra~ed on the unmelted portion of the alum~na.

Avco FIgure 5 IS a cross section through the parabolo~dal
crater formed by fast spinning of the molten alumma.
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Division,

Solar furnaces are very suitable for high temper
ature experimentation and measurements (1). For
successful operation, however, it is im~ortant t~ ~ake

into consideration the unusual heating conditions
which'exist at the focal area. These conditions place
certain limitations on experimentation in a solar
furnace. For successful operation, therefore, it is
necessary to develop special equipment as well as
special methods which take into consideration these
limitations. In some cases, it is possible to adapt
conventional experimental techniques to the restric
tions in the furnace; in others a completely new
approach to the problem must be found.

Three details require consideration when experi
ments are planned for a solar furnace. The first is the
small size of the hot zone. A larger image size may
be obtained by increasing the reflector of a solar
furnace. However, the technical problems involved
in the building and operation of a large solar furnace
are considerable.' In addition, it is' not possible to
manufacture a large paraboloid reflector, especially
one composed of several plane or spherical mirrors,
with the same high precision as for a smaller sized
paraboloid. As a consequence, the concentrated
heat flux in a large solar furnace is usually much
lower than it is in a small one. It appears that a
better solution to this problem is to change experi
mental techniques so as to make use of a small image
size. The precision of the measurements is not
necessarily affected by the reduction of the size of
the heated portion of a sample. If the analogy in the
development of micro-analysis can be applied here,
the decrease in sample 'size may even increase the
accuracy of certain tests.

The second limitation, namely, that heating takes
place only on one side of the sample is more restrictive.
Heating in a cavity has been suggested (2) to over
come this difficulty. It appears, however, that the
refractoriness of the cavity material sets a rather
Iow temperature limit on such a technique. In addi
tion, owing to the presence of the sample in the
cavity, it is unlikely that a uniform wall temperature
can be reached. With this technique, there is also the
danger that the proximity of the hot cavity wall
may contaminate the sample, thus depriving the
solar furnace of one of its most important operational
advantages. A more promising technique is the
rotation of the sample around an axis perpendicular

* Research and Advanced Development
Corporation, WiImington, Massachusetts.
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Fi\~ure 1. Controlled atmosphere sample holder with wiper
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~\'ell ~~fined layer. formed during the fast quenching;
IS VISIble. Underneath, the cooling was slower;
and. as a result. somewhat larger anrl well defined
crystals developed. Figure 11 is a full view of the
~lumi~~ sampl~ shown partially in !;igurc' 7. The
impunttes, having a lower melting point and higher
vapor pressure than alurnina, diffused away from
the hot zone and concentrated, forming a dark
circle at the cooler portion of the sample. The color
of the unrneltcd portion adjoining the crater is
much lighter than that of the original sample, indicat
ing a decrease in impurities. This effect can he utilized
for zone refining of solids in a solar furnace.

A second sample holder was designed for the rota
tion of the sample around an axis perpendicular
to the optical axis of the furnace (figure 12) in order
to achieve even heating around the entire circum
ference. The sample holder clamps arc mounted in
ball bearings. One of the clamps is driven bv a servo
motor through a gear train; the other rotates freely.
Both clamps are water-cooled, the water being Ied
and drained through rotating scaled glands. The
rest of the design, including the wiper attachment, is

VACUUM

SAMPLE
SAMPLE CLAMP

CONTROLLED
ATMOSPHERE

~~rn=~~~~~~=n~ CHAMBER

Fl.',ED SILlCA'-- .;,fI,
H;'>lISPHERE -

WIPER----%j1

I

I
I

I

G[/,R M0TOR

The voids below the surface were formed during the
cooling, crystallization process. Figure 6 shows
cube-shaped single crystals grown in the voids below
th« surface. Figure 7 is the photomicrograph of
another alumina crater which was heated for a
longer period of time and cooled off slowly by moving
the flux control cylinder in small steps. This explains
the formation of concentric rings. The hole in the
center completes the phonograph record-like appear
ance. The large voids are due to shrinkage during the
crystallization of the molten alumina. Figure 8
shows the crater of a zirconia sample. On the fused
surface, concentric rings formed by decreasing the
image size step by step are visible: In figure 9 the
sharp definition of the hot zone IS demonstrated.
The fused crater is surrounded by the original,
unmelted porous structure. Figure 10 is a cross s:c
tion of the zirconia crater. At the surface, a thin,



idcnt,ical with that in figure I. This sample holder
provides good contacts for the measurement of
ell'Ctr.icaI proper~ics: Further, this sample holder
~rmlts the application of a new experimental tech
mquc developed to overcome the third operating
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FIQure 4. RdQe of alumlna crater (23x)

Solar furnaces

restriction. the uneven flux distribution ill the image
area.

In the direct measurement of a prOptTty, it is
only possible to obtain one effective value for the
entire temperature range of the solar image. This
range may reach from ambient temperat life at the
periphery to 3000·:i500·C at the center of I he image.
I'hus, the directly measured value of any property
(e.g.• electrical resistivity, thermal expau-ion, etc.)
has little, if any. definitive meaning. If, however, the
same measurement is also performed at a different
temperature level, information may be obtained on
the temperature dependence of the measured pro
perty.

The experimental part of this method requires the
accurate determination of the temperature distribu
tion across the sample for each measurement at a
different maximum temperature level. Furt her, it is
also important that the temperature at the periphery
of the sample be kept constant and close to ambient.
This can be accomplished by the use of the water
cooled clamps. The details of this method, together
with its mathematical apparatus, have been published
elsewhere (3).

Fll1ure 5. Croal section of alumlna crater (14x) Figure 6. Single crystals groWn below the crater surface
(58x)
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FI~ure 7, SlowI)' cooled alumlnll (nltr (Jill)

': hI' high heat fluxes encountered in illlagl" furn;tfh
art usuallr measured with c;llorilllc'h'r~ or radio
Ill' .vrs calibrated with calorimeters. Sevrtal water
co..:"d calorimeters have been dc~iglwtl which arr
suvrble for use in image furnaces ("). Thl'!'r calor]
U\I' ,'rs employ a spherical cavity as an artiflCi;tl
hl: kbody to absorb the incident radiation,

'.!C. problem of finding the optimum shape fur an
ar~: ficial blackbody has been investigated (·xh"nsi\'dy.
BII' klcy (li) studied the radiation from the in"iclr
of t circular cylinder, Ill' derived an eXllrc~sion for
th. radiation from an annulus to any ot IC'r annulus
in \ cylinder of infinite length taking into account
multiple reflections. Ill' then applied the same method
to 'l~e case of a finite, uniformly heated cylinder and
oln .iincd an approximate solution. Finally, headaplrtl
th. method to the problem of a uniformly hrah'd
fill'! c cylinder closed at one cnd-a shape which
cl« cly approximates some artificial blackbodlcs
U~I .l in optical pyrometry.

( 'Ill' of the most interesting results of his work is the
rcl ,t ionship between cylinder length anelorificeradius.
It ; shown that if the emissivity of the cylinder
w» is O.7li, a cylinder length/orifice radius ratio
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Table 1. Comparison of artificial blackbody shapes

1.
2.
3.
4.
li.
8.

L
R

a a. a
:IfS Double cone··

S-S;;

Si>~ere· CyU"der· Cone- Cylinder· CO!l-e* Double cone••

0.500 0.250 0.415 0.175 -0.250 -0.085 -.:... 0.325 .
0.200 0.167 0.309 0.094 - 0.033 + 0.109 -0.106
0.100 0.125 0.241 0.059 + 0.025 + 0.141 -0.041
0.059 0.100 0.195 0.041 + 0.041 + 0.136 -0.018
0.039 0.083 0.164 0.030. "+ 0.044 + 0.125 -0.009
0.016 0.056 0.111 0.015 + 0.040 + 0.095 -0.001

• Shapes considered by GoufJ~.
•• Shape proposed by present Investlgatlon.
11= Comparison of shapes with sphere (a/S.).

Gouffe's method of evaluation has been applied
to this shape. The results, together with Gouffe's
data for the shapes he has considered are presented
in table 1.

From the table it can be seen that if the L/R
ratio is greater than 2, both the cylinder and the
cone are inferior to the sphere as indicated by the s/S
value. The double cone shape, however, results in
a s/S value 'which is more favorable than that for the
sphere even for L/R ratios as high as 8. Such a high

Figure 9. Edge of zirconla crater (37x)

L/R ratio is required only if the emissivity of the
wall is as Iow as 0.25, an unlikely choice indeed for
the cavity material.

The s/S ratio, however, does not perfectly express
how closely a cavity approximates the radiation
characteristics of a blackbody. The effect of multIple
reflections must be considered in order to determme
what fraction of the radiation entering the cavity

Figure 10; Zlrconla crystals below the crater surface
(S8x) .
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Figure 11. Zone efIe~i' of alumlna crater (21x)

:vill, after many reflections from its walls, escape fr?m
It. An integral equation has been developed WhICh
considers every point of the double-cOl:e-shape.d
cavity as a receiver and emitter of radiation, T.IllS
analytical expression will be programmed for a high
speed computer in such a manner as to calculate the
effect of multiple reflections on ~ known fl~x ent.er
ing the cavity and as a result obtain the Iraction w~lch
escapes from the cavity. The validity of ~he analytical
expression will be tested b~ ass~mIng t~at the
reflectivity of the cavity wall ~s unity. In this case,
the flux escaping from the caVIty should be equal to
the flux entering it, thus providing an analytical
check on the formulation and subsequent program
ming of the problem. Once the calculating p~ogram
has been proved correct, it will become possible to
optimize the shape of the proposed blac~bod~ .by

. selecting cone angles and length/ra?1U~ ratios w~llch
trap the largest fraction of the incident radiant
energy..

S;5

""" -WlI'{It11__--7

'\ __- sa,vl'U

Catorhnetry

A' water-cooled calorimeter has been constructed
with an absorbing cavity of the proposed new ~hape.
The calorimeter is designed to be mounted In the
focal area of the solar furnace while the concentrated

GEAR
MOTOR

GAS I"
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Table 2. Flux versus screen position measured in the Avco RA.D ~O-inch solar furnace
(Normalized to 1 Lyfmin normal incidence solar radiation]

Screen position

0.5 cm 6.5 cm 12.8 cm 18.1 cm Full out

Flux values
168.59 235.94(calfcm2 sec) 34.08 53.91 96.46

34.16 54.44 97.27 168.92 237.23
34.18 54.50 97.45 169.47 238.10
34.35 55.30 97.59 169.65 239.66
34.59 55.51 97.69 170.30 240.42
34.62 55.63 97.78 170.46 241.28
34.67 55.66 98.35 170.51 241.33
35.00 55.69 98.51 171.04 241.50
35.02 55.83 98.90 171.43 241.68
35.05 55.94 99.06 171.43 241.99
35.14 55.95 99.09 171.56 242.46
35.27 56.21 99.55 171.59 242.74
35.31 56.36 99.62 171.7.9 243.31
35.48 56.44. 99.99 171.98 243.42
35.49 56.53 100.18 172.39 244.96
35.59 56.56 100.76 173.03 245.12
35.61 56.61 102.23 173.04 245.13
35.69 56.84 102.27 173.24 245.60
35.85 56.96 102.33 . 173.49 246.31
35.87 57.20 103.07 173.76. 246.45
35.90 57.26 103.12 174.47 247.21
35.93 57.34 103.15 174.61 247.46
35.93 57.41 103.16 174.63 247.63
35.96 59.25 103.24 174.88 247.72
36.02 59.48 103.44 175.49 248.01
36.07 59.90 104.07 175.70 248.16
36.16 60.32 104.35 175.71 248.72
36.18 60.75 105.88 177.92 249.09
36.44 61.02 178.57 249.49
36.48 61.72 179.21 249.74
36.69 251.36
36.81 251.51
36.82 251.83
37.07 252.42
37.08 253.86
37.13

Average flux
value. 35.67 57.08 100.63 172.96 245.40Deviation from the

average (%1 ± 4.4 ± 6.8 ± 4.6 ± 3.1 ± 3.7Median flux value 35.85 56.55 100.09 172.71 245.60Deviation from the
median (%) ± 4.2 ± 6.9 ± 4.8 ± 3.1 ± 3.7

average flux value of 330 cal/cm! sec, it is far superior
to any other thermal radiation standard known to
be available at present. It is also expected that with
further refinement of the measuring technique the
precision of the proposed standard will be improved.

Radiometry

The calorimetric measurements yield an average
value for the flux across the entire orifice. The
flux however is not uniform but shows a very sharp
peak at the center of the image. In order to measure
the flux distribution with fine resolution, a radio
meter is needed which has a small sensing area and

which can be moved across the hot zone without
damage. The only fast response instrument available
with the necessary characteristics for the measure
ment of high heat fluxes encountered in solar fur
naces is the Garden radiometer (7). It consists of a
water-cooled Copper-constantan thermocouple, t~~
constantan being in the form of a thin, circular f01 .
The diameter of the foil defines the resolution of the
instrument. As supplied by the manufacturer, !he
foil is coated with carbon black, deposited by burmng
camphor.

During his investigations, the author observed t~at
the.carbon black coating has two major defic1enc1et
First, its emissivity is not constant above 270 0

,
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The shutter

. I~ m.any image furnaces the intensity of the flux
ImpI.ngmg on a specim.cn is c?ntr?lIcd by ~ cylinder
movmg along the optical axrs, For certam experi
!11cnts, however, an instantaneous on-off control
~s necessary. Venctian-blind-type shutters arc now
III use on some f!lmaccs (0) which combine the eff("Ct
of flux attenuation and on-off control. A disadvan
tage of t!l!S m.echanism is that even in the Iullv
ope!1 posItion It blocks somewhat the passage of
radiation due to the thickness of the slats and the
suppport members.

~ fast action, on-off shutter has been designed.
~vhlch does not cast any shadow on the reflector when
III a re.traeted position. Figure 15 illustrates the
me~hamsm of the shutter. The flux interceptor has
a nbbed umb!ella.like structure which is supported
by a telescoping tube. In its retracted position the
entire strueture is behind the reflector' when not
needed, it can be swung away from the observation
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Figure 13. Artificial blackbody shapes

a trmperature which the foil may reach in a solar
fur, .ace. Secondly, the carbon tends to burn off in
the presence of oxygen at high heat fluxes thus
ckllging the sensitivity of the instrument.

It is believed that a solution to this problem may
be found by replacing the carbon coating with one
?f magnesium oxide. While the emissivity of MgO
IS much lower than that of carbon, the coating is very
stable for all flux values under consideration, even
in oxidizing atmospheres. It has been reported (8)
that the reflectivity of MgO changes with time.
This aging effect was attributed to the decomposition
of magnesium nitride traces under the influences of
u.v, radiation. It is assumed that the traces of magne
sium nitride are formed when MgO is deposited by
burning magnesium in air. The concentrated flux
in an image furnace contains high intensity u.v.
radiation. It is correct, therefore, to assume that
whatever MgaN2 has been formed during the MgO
deposition is completely decomposed ~hortIy. after
the coating is first exposed to the flux III the ~mage
furnace. A similar consideration can be applied to
show that the slight hygroscopic nature of M.gO
will not affect the reflectivity of the coating dunng
measurements. .

Another advantage of the MgO coating ov~r the
carbon coating is th.e fact that an ~ld, contammated
coating can be easIly removed with water and a
new coating quickly applied.

A number of measurements have been performed
in the solar furnace using an MgO-coated radi0J.ll~t.er.
The results indicate good stability and reproduclblhty
even at the highest flux values at the center of the
focal area, estimated at approximately 500 cal/cm

t

sec.
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hole. It is extended by the application of compressed
air and retracted by vacuum. In the cent er of the
telescope structure, there is another. telescoping
tube which permits observation of the sample during
the entire operation.

A new method for the manufacture
of precision reflectors

Mostimage furnaces presently in use areconstrue
ted with one-piecereflectors, With a few exceptions;
these reflectors were built for purposes other than
use in image furnaces, as the number of iinage fur
naces is too small to justify the large investment for
the manufacture of a precision reflector. As a conse
quence.. the optical parameters of image furnaces
are restricted by the sizes and properties of available
reflectors. . ,

During these investigations, the author found that
two recently developed processes, when' combined,
can be used for' the fabrication of inexpensive,
precision paraboloidal reflectors with any aperture
up to 60 feet. The first stage in the manufacture is
the fabrication of a plastic paraboloidal dish. An
epoxy resin is mixed with a catalyst and poured on to
a casting table rotating at a constant angular velocity.
The liquid resin surface forms a paraboloid of rotation.
The focal length of the paraboloid is a function of the
angular, velocity, while the diameter is determined
by a confining frame on the casting table. The entire
systemis rotated, until the resin hardens, forming a

. EXTENDED POSITION

precision paraboloidal dish with a very smooth
surface. The largest diameter dish fabricated accord
ing to this method up to the present time is 28 feet,
but the manufacture of dishes up to 60feet in diameter
is planned.

In the second stage, a die is made by taking a
casting from' a wedge-shaped section of the para
boloidal dish. ,Aluminum sheet will be formed
explosively on to this die, thus producing petals of the
reflector. The petals are accurately trimmed on the
explosive forming die and adhesively bonded to the
plastic paraboloidal dish to form a reflector. A manu
facturer in the USA is equipped to explosively
form petals up to 25 feet in length. Since the center
of the reflector will be cut to form an observation
hole; the 25-foot-long petals are suitable to line a
55-foot-diameter dish. .

Specularly finished aluminum is an excellent
reflecting surface for visible and infrared radiation.
When exposed to the atmosphere, however, its
reflection coefficient decreases with time. Further,
being rather soft, it scratches easily during handling
and cleaning. A finishing process called Alzak,
which protects aluminum against corrosion and
abrasion, was found to be suitable to line the plastic
dish. Samples of Alzak-finished aluminum sheets
have been continuously exposed to the laboratory
and outside atmosphere respectively for 46 days,
No deterioration of the mirror finish was observed.
Another Alzak-processed sample was washed with
detergent and water 63 times without visible deterior-

____PRESSURE .

RETRACTED POSITION

Figure 15. Solar furnace shutter



.9. Magnetic sllsceptibility. Required: thermally
shIelded electromagnetic equipment, cooled contacts.

10. SP~cifi~ heat. Required: copper block calori
meter ~thng into sample holder with special sample
suspension and dropping mechanism.

1.1. Radiation standard. 'Required: water-cooled
radiation calorimeter with differential thermopiles.

New techniques and possibilities

ation. The .same sample, together with a commercial
grade alum~nu~ alloy and a pure aluminum sample
w~s placed m direct c0!1t~ct with crystals of corrosiv~
sublimate (HgCI2) . Within a few minutes the two
latter samples showed corrosion marks ~nd after
24 hours. deep corrosion pits. The Alzak-finished
sample did not show any deterioration even after
24 hours of contact.
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Investigations recommended

In many cases the restrictions of the solar furnace
~un co?tr~ry to the fundamental concept of a planned
investigation. In the following, determinations are
listed for which there appears to be a reasonable
probability of overcoming restrictions specific to
solar furnaces. Following the suggested measurement
~r exper~ment.ation, accessory equipment is also
lIste~ which WIll have to. be specially developed or
modified front conventional equipment for the
planned work. Each piece of equipment is listed only
once although it may be required for several other
recommended experiments.

MEASUREMENT.OF PHYSICAL PROPERTIES

1. Temperature. Required: mechanism to position
the sample in the three spatial co-ordinates, obser
vation hole at the center of the reflector, flux control,
mechanism to separate radiation emitted by and
reflected from the sample, telescope for the close
observation' of the sample, manual or recording
optical pyrometer or radiation pyrometer designed
for the small sized target.

2. Emissivity. Required: watercooled, calibrated
radiometer on a semicircular mount permitting
measurement at any angle up to 90° off the optical
axis, monochromator for spectral emission measure
ments.

3. Melting point. Required: controlled atmosphere
sample holder with rotating sample mount.

4: Thermal expansion coefficient. Required: con
trolled' atmosphere sample holder with mechanism
to rotate the sample normal to the optical axis, re~ec

tor behind the sample, specially designed optical
cathetometer.

5. Electrical' resistivity. Required: water-cooled,
rotating copper contacts with special~y prepared
faces, sliding contacts for connection WIth standard
measuring instruments.

6. Dielectric constant. Required: resonant cavity
dielectrometer modified for solar furnace space
arrangement. '

7. Thermionic emission. Required: vacuum sample
holder for closely spaced systems with a special
window material for gas filled systems, cooled
contact to standard measuring instruments.

8. Evaporation rate. Required: c?ntrolled atmos
phere sample holder with mechalllsm for removal
of material fast action shutter.,

OBSERVATION AND MEASUREMENT OF CHEMICAL
PROPERTIES

Required : mechanism to feed solids, liquids and
gases into a controlled atmosphere reaction chamber
and .to remo,,:e reaction products. For gas-gas
reactions, an inert refractory surface to absorb
radiant energy. The design and performance of these
mechanisms will vary according to the planned
reachon.

SPECIAL OPERATIONS

1. Growing of single crystals. Required: powder
feed and rotating crystal mount, automatic tem
perature control monitored by a recording optical
or radiation pyrometer.

2. Zone refining. Required: sample rod support
at both ends, mechanism to oscillate the sample
across the image area with adjustable frequency
and amplitude.

3. High tempemture [abricalion, Required: mounts
to weld thermocouple beads in inert atmosphere
above 2000°C, shaping of ceramics, welding ceramics
to ceramics or to metals, cutting and casting refrac
tory materials. Remote control manipulators, elec
tronic position indicators, secondary mirrors of
special design and flux redistributors may also be
required.

The above list is not all inclusive; it is only illustra
tive for the type of work which can be successfully
pursued in a solar furnace. Very little of the listed spe
cial ancilliary equipment has been already developed.
Accordingly, after it has been established that the
planned work is suitable for solar furnace operations,
the special equipment need has to be determined,
and finally the equipment has to be developed
together with techniques of mounting and operation.
Only with this approach to experimental problems
can the solar furnace become a unique and important
high temperature research tool.
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Summary

Unusual heating conditions place limitations on
experimentation in a solar furnace. It is necessary
to use methods and instrumentation which take
into consideration these limitations. The first limita
tion is the small size of the hot zone. This can be over
come only by using very large solar collectors. Not
only are the technical problems involved in the
construction and operation of large solar furnaces
considerable, but usually the precision of the collec
tors decreases with increase in size and as a conse
quence .the maximum obtainable heat flux is also
lower. It is suggested that the arrangement of the
experiment be changed in such a fashion that a
smaller heated portion would provide the required
information.

The second limitation is that heating takes place
only at the front of the sample. The sample can be
rotated around an axis perpendicular to the optical
axis of the furnace, in order to overcome this
problem.

The third restriction is the non-uniform flux
across the image area. This can be corrected optically
by using additional, special elements, resulting in a
decrease in maximum obtainable flux. Another
approach is to resort to a new experimental technique.

A sample holder (figures 1-3). has been built in
which the sample can be rotated. A glass or fused
silica hemisphere tops the refractory chamber. An
oscillating blade wipes condensations off the inside
of the hemisphere. Refractory materials have been
melted in this sample holder. Figures 4-7 show a
molten crater of alumina with voids formed during
the cooling, crystallization process. Single crystals
are visible inside the voids. The slow cooling is indi
cated by concentric rings, marking the step-by-step
contraction of the molten crater. Figures 8-10 show
a zirconia sample. The sharp definition of the hot
zone is visible. During the fast cooling, a thin,
quenched layer formed at the inside of the crater.
Below this layer, somewhat larger single crystals
formed due to the slower rate of cooling. Figure 11

shows the zone effect of the diffusion of in' lmrities
in the alumina sample.

A second sample holder permits the rot .ion ~f
the sample around an axis perpendicular to 'i l C opti
cal axis of the furnace (figure 12). One of 01' damps
is driven by a gear motor; the other rotat, . freely.
Both clamps are water-cooled. This samr-' holder
is used with the new technique which was .(>veloJ?ed
to overcome the effect of uneven flux dE1.~butIon

in the image area. This technique requires ;llat .t~e
desired property of a sample (e.g., electric..' reSIsti
vity) be measured at different temperatu:.e levels
at the center of the image while the edge of tlw sample
is kept at a constant, low temperature. The different
temperature levels can be produced' by the use of
a flux attenuator in the furnace, while the constant
temperature at the edge can be maintained with the
water-cooled clamps. The details of this method
together with its mathematical apparatus are de
scribed in reference 3.

Water-cooled calorimeters are used for the meas
urement of high heat f1uxes. The radiant energy
enters a cavity through an orifice and heats up the
walls. The walls are cooled by distilled water. From
the temperature rise and the flow rate of the water,
the heat flux is calculated. The cavity should be
of such a construction that it will trap the hIghest
possible fraction of the incident radiation,. thus
approximating blackbody properties. Buckley (5)
found that a cylindrically shaped cavity WIt? a
le!lg~h/orifice ratio of 3.8 gives radiation intensl.tl~s
~lthm 1 per cent of blackbody radiation if the e~ISSI

vity of the wall is 0.75. For materials of hIgher
emissivity, the length of the cavity can be greatly
reduced without reducing the orifice radius as well.

Gouffe found (6) that, above a length/orifice ratio
of 2, the most favorable shape is the sphere. The
results of his calculations are presented in table 1.
The. author .d~vised a new shape for artificial. black
bodies consisting of a truncated right cone WIth ~he
smaller end as the orifice. The bottom of the caVIty
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i~ cxtcndet! by Ctm~pr~~l air and r"~-~-l~~;" ;,••
'Iacuum. \\ hell not III use. it can he iwUnl: (JtI~ e~f
t le ~\'ay. A trlf'S('OI~illJ: tube M the c('llkr pc-rmih
continuous observation while the ,hull.-r i' in 1I'IoC",

A ncw. method for rnallllf~u:curin~ l:arJ:t'. prKi"ion
parabololll. rel1l~tOni. ron"i~h of two ~Irl"'" TIll' (1f~1
IS the casting of a liquid C'1'0x)' rnin mixed ",i~ll A
c.atalpt, on to n t?hlt· rol,atillJ: al II CC1m~allt ;I111:111:1r
\ eloclt},. The resm sets 111 Iht" "hapc of II rota~iOll;t1
paraboloid, ~he Iocal ICII~~h is elrtrrminrd b)' the
angular velocity and the diameter by II Iramc on the
casting table. In .the. second lI~al:C". a c1i.. i' nudr
fro~ the paral~IOId dlllh b}' m,tkin" a \\"{"(I"", lIh.1J)('C1
castl~lg, :\llIn1lIlU01 .shl't"t ill lIhaJ)('CI by explosive
forml~g 11I10 the .{he, The nluminum wt'el,," MC
~dhesl\'c1y l~nd('(.II.nto the paraboloid di ..h. rc-..ullin"
III .a reflective 11l1I1lg. It W:l.5 found that AIt","·
finished spl~ular al~lmillum r~illt~ well llttllc"phC"ric
and chemicalcorrosion as well as mild abravion.

Ip the following. detcrminatlons arc li..~("d for
which there appears to be a reasonabl.. prob.lbili~\·
of overcoming restrictions specific to the solar fui·
nace:

(a) ~lea.~ur~l~lent of .l'hYl\i~al properties: ~rmll("o
rature: emissivity, melting 1'01l1~. thermal expansion
coefficient, electrical resistivitv, dielectric oonvtant
the~m!onic emission, evaporation rate. specific h("a~:
radiation standard:

(h) Observation and measurement (If chemical
properties :

(c) Special operations: growing of sin"Jr (T\'!>~aJ..,
zone refining, high temperature fabrication. •

This list is not nil inclusive, Whm rbnninJ: an
experiment. one should first cs~abJ;sh thal i~ h
suitable for solar furnace work. then the !'i"C'Ci.l1
equipment need has 10 be establi ..hC'CJ. and f1l1,,11\'
the equipment has to be developed togctber \\i~h
techniques for mounting and 0l)('f'ation.

New technique. And po"lbllltle.

is .a right circular cone (figure 13 (d)). I .. f
this shap I n a cav rty 0," on y a very small fractio Ltl I

u " .nc orlf • n 0 le tota
area sec- ':H~ on cc perpendicularly' all I I'ly I ,- 1 t .. " u accert 109-

f
' hosse:-..',:G 0 rerad~ahon are low. The comparison

o t e cj(, ""cy of th h . h. .,. " ", IS S ape Wit those of convcn-
tional sh.: i ': ;, IS presented in table 1 TIle I" ' . new s lape
appears,' \J .rap a larger portion of the incident
energy ~:i;':' '.dl ot~er shapes listed in the table up
tho a lcn~. " ,:like dl.ameter of 8, a ~u.ch higher value
t an u.SI..,'I" considered for cavities. A further
evaluation ::, the new cavity shape is in P
ba d ' I iderati regress,se on: .1i~ consi eration of multiple reflections.

A calor inu-ter, employing the new cavity shape,
was used f, 'J f1~x measurements in a 60-inch solar
furnace at. various fl~x attenuator positions. The
results arc p~es.ented 111 table 2 and figure 14. The
avera.ge deviation for repeated measurements at
the highest Jll1~ values is approximately 3.7 per cent.
The average highest flux value for the entire focal
~re~ mea-tu ('<1 to date is 321 cal/cm! sec at a normal
1I1cldenc~'(,hr radiation of 1.34 Lyjmin, With a
normal incidence value of 1.51 Ly/min, this would
correspond '(l 370 cal/cm! sec.

The go" 1 correlation between normal incidence
sola~ radi.v.iou and flux at the focal area makes it
possible ;("i,C the solar furnace as a radiant flux
standard \':::1 much higher flux values and better
reproduc!t, ,i~y than any other standard available
at present.

A Gardr.r, radiometer (7) can be used for the meas
urement c'J::igh heat fluxes in the solar furnace with
fast response and fine resolution. The carbon black
coating of the instrument, however, does not permit
reliable measurements in the highest flux ranges of
the furnace, l\IgO coating was applied with good
results in stability and reproducibility. .

A fast action on-off shutter has been designed
which does not cast any shadow on the reflector
when in a retracted position (figure 15). The shutter

NOUVELLES TECHNIQUES ET PERSPECTIVES DA='S LE DOM.\ISE
DES FOURS SOLA1RES

Les caracteristiques peu communes du chauffage
qu'il realise imposent des limitcs aux.expcriences.qUl
peuvent se faire avec un four solalfc. 11 conVlcnt
d'avoir recours aux methodes et auX inslruments
qui tiennent compte de ces Iimitcs. La p~c01icre est
l'exiguite de la region chaudc. CcUc dlfficulte nc
pourrait et.re resolue qu'en ayant rccours ades collec
teurs solaires de tres grandes dimensions. Non seule
ment les problemes techniques qui se presentenl dans
la construction et I'exploita!ion dc. grands fours
solaires sont importants malS, habllucllcment, la
precision des collecteurs diminuc avec l'augmen!ation
de leur taille, si bien que lc flux de chale~r ma;xlIll\lm
qui peut etre realise s'en trouvc rcdUlt. L auteur

sug~cre que les mocWit61 ('xpkimrll~a1('S !W'rirnt
modi fires de maniere !t permcure rohlrnt;oo clN
rcnscignemcnts nk'cs..~ifC5en se !-rt"ant d'une rl900

chaudc de moindrcs dimrn\lon.c..

1.."\ $<'COmic limitc ('St iml~ r.tr le.' f.ti~ 1l1)l' It
chauff'lgc n'n liru que !our I'.w.mt de l"lduntdloo.
Pour surmontcr c-et inc(ln\-fnitllt. on r·nl~ bift'
toumcr I'Cchantillon ;\utonr erun axe f'f11"f1lt! H'U'

lairc' II I'axc op~iquC' du foor.
1.."\ troi!<icmc limit(' rf.!.iclc ebn~ 1(" lTh1~n(" d'gr.,·

fonnitc du l1ux d.m... la tone dl' ",mAp'- C('('1 rr~t W'

J"6;oudrc p.1r c!f:S Jl~k or~'.l1uN, ~ W" ,or1'nnl
d'clements supplC01cntalrt'$ sJ"kUux qm pro\T1l.Ut

ll'It .
u·
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en fin de compte, une reduction du flux maximum
que 1'on peut realiser. Une autre technique consiste
a modifier les modalites de l'experience.

On a realise un 'porte-echantillon (figures I a 3)
avec leque1 on peut faire tourner .cet echantillon.
Un hemisphere en verre ou en silice coulee recouvre
1'enceinte refractaire. Une lame oscillante sert a
essuyer la condensation sur la surface interne de
cet hemisphere. On a reus si a faire fondre des mate
riaux refractaires dans ce porte-echantillon. On voit
aux figures 4 a 7 uncratere fondu d'alumine avec
certaines lacunes apparues pendant le processus de
refroidissement et de cristallisation. -On apercoit
des cristaux isoles dansles lacunes. La lenteur du
refroidissement est revelee par la presence d'anneaux
concentriques marquant la contraction progressive
du cratere en fusion. On trouve, aux figures 8 a 10,
un echantillon d'oxyde de- zirconium. On observe
la definition bien marquee de la zone chaude. Au
cours du refroidissement rapide, il s' est forme une
couche mince trempee a l'interieur du cratere, Des
cristaux individuels unpeu plus gros se sont formes
sous cette couche, en raison du regime de refroidisse
ment plus lent. La figure II revele l'effet de zone
de la diffusion des impuretes dans l'echantillon
d'alumine employe. ' , . ' , ,

Un second porte-echantillon permet de faire tourner
cet echantillon autour d'un axe perpendiculaire a
l'axe optique du four (figure 12). L'une des pinces
qui le tiennent est entrainee par un moteur a engre
nages, I'autre tourne folie. Elles sont refroidies par
1'eau toutes les deux. Ce porte-echantillon s'utilise
dans le.cadre de la n?uvelle technique mise au point
pour .su~moIfter la difficulte creee pa;r les inegalites
de dlstnbut~on du .flux dans la region de l'image.
Cette technique exige que les proprietes que l' on
c~~rche po~r un echantillon (par exemple sa resis
tivite electriquersoient mesuress a divers niveaux
de temperature au centre de 1'image, tandis que ses
bords sont tenus aune temperature reduite constante.
On peut produire divers niveaux de temperature
en se servant d'un attenuateur de flux dans le four
tandis que la constance de la temperature des bord~
peut etre maintenue par les pinces a refroidissement
par l'eau. Les ~etails d~ lamethods, avec l'appareil
lage mathematique q01 101 correspond' sont decrits
par Laszlo et Klamkin (3). '

On se sert de calorimetres a refroidissement par
l'eau pour mesurer les flux de chaleur eleves. L'ener
gi~ rayonnante penetre da;ns une enceinte par un
onfice et en chauffe les parois. Celles-cisont refroidies
par de l'eau -distillee, On calcule le flux de chaleur
a partir de la montee de temperature de l'eau et de
son debit. L'enceinte doit etre realises de telle sorte
qu'elle emprisonne la plus grosse fraction possible
du rayonnement incident, se rapprochant en cela du
corp? noir ~dea~. Buckley (5) a decouvert qu'une
enceinte cylindrique ayant un rapport longueur/dia
metre de l'orifice egal a 3,8 donne des intensitss
de rayonnement qui different de moins de I p. 100
du rayonnement du corps noir si l'emissivite de la
paroi est de 0,75. Pour les materiaux dont l'emissivlta

est plus forte, on peut reduire sensiblement la Ion
.gueur de l'enceinte sans, pour autant, dirrinuer.le
diametre de I'orifice.

Gouffe a determine (6) que, pour les rapports
longueur/orifice depassant 2, la forme optima est
une. sphere. On trouvera les resultats de se' calculs
au tableau 1. L'auteur a concu une nouvelle forme
pour les corps noirs artificiels, constituee par 'In tronc
de cone droit dont 1'orifice se trouve dans :a petite
base. Le fond de la cavite ou de l'enceinte ':'Douse la
forme d'un cone circulaire droit (figure 1:5 (~l). Dans
une cavite de cette forme, ce n'est qu'une trcs petite
fraction de I'aire totale qui « voit-» I'orifice pcrpendi
culairement, si bien que les pertes dues an rayon
nement secondaire sont faibles. Le tableau 1 donne
une comparaison du rendement de cette forme avec
celui des profils classiques. La nouvelle forme semble
capter une.plus forte proportion de I'energie incidente
que toutes les autres qu'indique le tableau, jusqu'a
un rapport longueur/diametre de I'orifice de 8,
valeur beaucoup plus forte que celles que I'on envi
sage habituellement pour les cavites. On procede
actuellement a une evaluation plus poussee 'le cette
nouvelle forme de cavite, d'apres des considerations
ayant trait aux reflexions multiples.

Un calorimetre qui fait usage de la nouvelle forme
d'enceinte a ete utilise pour mesurer le flux dans un
four solaire de 60 pouces (1,52 m) pour .Iiverses
positions de I'attenuatenr de flux. L'ecarr moyen
observe avec des mesures repetees, pour .es plus
grosses valeurs du flux, est deI'ordre de :~:7 p. 100.
La valeur maxima moyenne du flux mesuree jusqu'a
present pour la totalite de I'aire du foyer est de
321 calories par centimetre carre par seconde sous
un rayonnement solaire a incidence norraale de
1,34 Ly/min. Avec une valeur de l'incidence normale
de 1,51 Ly/min, on obtiendrait 370 calories/cm'jsec-

La bonne correlation obtenue entre le rayonnement
solaire a incidence normale et le flux dans la region
du foyer permet l' emploi du four solaire comme etalon
de flux rayonnant pour des valeurs beaucoup plus
elevees de celui-ci et une meilleure reproductivite
qu'avec toute autre norme dont on dispose actuelle-
ment. ' .

On peut se servir d'un radiometre de Gardon (7)
pour mesurer les flux les plus intenses dans le four,
dans des conditions qui se caracterisent par la
vitesse de reaction .et la finesse de la resolution.
La couche de noir de fumee qui recouvre I'instru
ment ne se prete cependant pas a des mesures
dignes de foi dans la gamme des flux maxima du
four. On a fait des applications de MgO avec de bons
resultats quant aux criteres de stabilite et de repro-
ductivite, " .

~n a mis au point un obturateur a fonctionnement
rapide du type «marche-arrt3t» qui ne projette aucune
ombre sur le reflecteur en position de retrait
(fi~re 15).. Cet obturateur s'avance sous l'action de
1air .comp~lme et s'efface sous celle du vide. On peut
~e f~lre pivoter de.ma?iere ale mettre completement
a 1ecar~ quan~ 11 n est pas en service. Un tube
telescoplque prevu dans la partie centrale permet de
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proce.der 8. des observations continues pendant le
fonctionnement du volet d'obturation.

L'auteur decrit une nouvelle methode de fabrica
tion de reticcteurs de grandes dimensions et ayant
exactement la forme ~'un paraboloide, qui comporte
d;ux sh~d?s. L~ p~emler est con?titue par la coulee
dune resme liquide de la serie epoxy melangee
avec un catalyseur, sur une table qui tourne a une
vitesse angulaire constante. La resine se durcit
tout en epcusant la forme d'un paraboloide de revo~
lution. La distance focale est definie par la vitesse
angulaire du systeme et le diametre par un cadre
installe sur la table 'de coulee. Au second stade on
etablit un moule a partir du paraboloide en coulant
une piece en forme de coin. On adapte de la tole
mince d'aluminium au profil voulu par deformation
explosive clans le moule. Les coins en aluminium sont
fixes au paraboloide par un adhesif approprie, ce
qui donne un revetement reflechissant. On a decou
vert que l'aluminium speculaire traite a l'Alzak
resiste fort bien a la corrosion atmospherique et
chimique, ainsi qu'a l'usure par de legers frottements.

On donne ci-dessous une liste des detcrminntions
pour lesquelles on peut esperer surmonter les diffi
cultes propres al'emploi du four solaire :

,a) Mesure des proprietes physiques: temperature,
emissivite, point de fusion, coefficient thermique de
dilatation, resistivite electrique, eonstante dielec
trique, emission thermolonlquc, regime d'evapora
tion, chaleur specifique, normes de rayonnement;

b) Observation et mesure des proprietes chimiques:

c) Operations speciales : realisation de cristaux
uniques ou isoles, raffinage par zones, transforma
tions industrielles des materiaux a haute tempe
rature.

Cette liste ne s'etend pas a toutes les situations
possibles. Quand on prepare une experience, on doit
tout d'abord etablir qu'elle se prete au travail avcc
le four solaire, apres quoi on definit les besoins de
materiel special et, finalement, on met ce rnateriel
au point, ainsi que les techniques de mise en place
et d'utilisation qui lui conviennent.
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ETUDE SUR LESCONCENTRATIONS ENERGETIQUES DONNEES PAR LES MIBHIRS
PARABOLIQUES DE TRES GRANDE SURFACE

A. Le-Phat-Vinh *

Concentrations energetlques

de 4,5 mm d'epaisseur. Ces miroirs, de fabrication
industrielle courante;: ne presentent pas les irregu
larites de surface du verre mince, mais seulement
une legere courbure reguliere, qui ne gene pas les
reglages ulterieurs: ils sont perces, dans leur partie
centrale, de quatre trous a travers lesquels passent
librement quatre vis qui viennent se visser dai.s une
plaque metallique rigide, derriere le miroi r; une
traction exercee sur cette plaque (figure 1) est 'Tans
mise au miroir par les tetes de vis, tandis IIue des
poussees agissant en sens inverse sur la peripherie
du miroir permettent .d'obtenir la courbure rccher
chee.

Des mesures ont ete faites au laboratoire de Mont
Louis afin de' determiner les concentrations {:erge
tiques que l'on peut obtenir par ce procede,

Ces mesures, decrites en detail dans une precedente
etude (32), ont ete effectuees avec un mi.oir de
1367 cm2 et de 6 mm d'epaisseur, done plus petit
et plus epais que ceux qui. seront adoptes pour
l'installation de 1 000 kW dont il est question plus
haut; le miroir est place en un point d'une parabole
de 18 metres de distance focale et recoit le rayonne
ment solaire reflechi par un heliostat (figure 2)
parallelement a la direction de l'axe de la parabole.
Le plan focal est materialise par un ecran sur lequel
on forme l'image du soleil en agissant sur les vis de
poussee de maniere que la tache de lumiere, centree
sur le foyer geometrique, soit aussi reduite que
poss~ble. L'ecran de reglage comporte une ouverture
derriere laquelle est placee une thermopile, et I'en
semble peut etre deplace suivant deux directions
rectangulaires afin d' explorer toute la tache focale
avec la therJ?ol?ile. D'autre part, l'intensite du
rayonnement incident, recu sur le miroir courbe en
p:ovenance de l'heliostat, est mesuree par la therrno
pile d'un pyrheliometrs place pres du miroir courbe.
Notons qu'il a ete necessaire de reduire l'intensite du
rayonnement ~ec;u sur la thermopile explorant l~

p~~n focal en interposant un disque tournant m1!ll1
d echancrures telles que la thermopile ne reC;01ve
que.! de I'energie lumineuse concentree. La concen
tration donnee aux differents points du plan focal est

e
le rapport - X 3 des tensions fournies par les deuxeo
thermopiles, dont les circuits exterieurs etaient
compenses de maniers que leurs indications soient
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La construction de rmroirs paraboliques de tres
grande surface necessite la recherche de solutions
approchees permettant d'obtenir une surface reflec
trice aussi voisine que possible du paraboloide theo
rique; le miroir sera constitue par des facettes ele
mentaires, a la realisation desquelles le precede de
courbure par contrainte mecanique apporte une
solution simple et tres economique. .

Ce precede, imagine et decrit precedemment par
Felix Trombe, permet d'obtenir des facettes courbees
grace a l'elasticite du verre, en exercant au moyen
de vis de reglageune poussee sur la peripherie d'un
miroir en meme temps qu'une traction sur la partie
centrale (figure 1). On arrive ainsi a rabattre les
bords du miroir, initialement plan et tangent au
paraboloide geometrique, et a se rapprocher suffi
samment de la surface de ce paraboloide pour obtenir
une reduction notable de la surface de la tache de
Iumiere sur le plan focal, par rapport a celle donnee
par le meme miroir, avant reglage de la courbure.

La premiere realisation semi-industrielle realises a
Mont-Louis suivant ce principe est une installation
de 75 kW, constituee par un miroir parabolique de
6 metres de distance focale et de 11 metres de dia
metre environ, compose de 3500 facettes courbees
par deformation elastique. .

Pour cette distance focale de 6 metres, les courbures
necessaires ont conduit a employer des facettes rela
tivement petites, 15 X 15 cm environ en verre de
1,8 mm d'epaisseur. La surface des v~rres de cette
epaisseur presente toujours de grandes irregularites
que le reglage de courbure ne permet pas toujours de
compenser; cette installation, qui permet actuelle
ment le traitement dequantites assez importantes
de materiaux refractaires, n'est cependant qu'un
prototype imparfait.

Nous allons voir que les conditions de realisation
des facettes courbees sont differentes et plus favora
bles pour des miroirs paraboliques de grandes dis
tances focales.

Le projet examine ici, qui est d'ailleurs' en cours
de r~alisation,. concerne un miroir parabolique de
18 metres de distance focale, qUI permettra d'utiliser
dans son volume fpcaL une puissance de 1000 kW,
compte tenu des diverses causes de pertes d'energie,

Les facettes elementaires seront des miroirs rec
tangulaires de 40 a 50 cm de cote, en verre trempe

* Laboratoire de I'energie solaire du Centre national de la
recherche scientifique, Mont-Louis, Pyrenees-Orientales, France.
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Facteurs de reflexlon

D'autres essais nous ont montre que l'on pourra
adopter, pour la realisation des facettes courbees
des glaces moins epaisses que celle qui a servi a ces
mesures; on .pr~ndra des facettes de 4,5 mm d'epais
seur. Ces miroirs ont un coefficient de reflexion de
81 p. 100 environ, lorsqu'ils sont eclaires en rayonne
ment solaire direct.

D'autre part les miroirs d'heliostats doivent avoir
pour etre sUffi.sa1?ment plans, une epaisseur plu~
grand~; des rmroirs de 7,5 mm d'epaisseur ont un
coeffi~lent de re~exion de 71 p. 100. Les deux
reflexions successrves, sur l'heliostat et sur le miroir
courbe, donnent un coefficient resultant egal a
61 p. 100, done Iegerement superieur au produit
0,71 X 0,81 = 57,5 p. 100. Le coefficient de reflexion
du miroir courbe est done en realite, pour le rayonne
ment recu deI'heliostat, d'environ 86 p. 100.

Nous adopterons le coefficient resultant 61 p. 100
pour etablir, a la fin de cette etude, le bilan energe
tique de l'installation solaire de 1 000 kW.

Etude geomHrique

Il est interessant de completer les mesures de
repartition energetique par un controle geometrique
de la surface du miroir courbe. Des essais dans cc
sens ont ete entrepris sur un miroir de 45 X 50 cm,
soit 2250 cm2, et de 4,5 mm d'epaisseur.

Le miroir est d'abord place en un point de la para
bole f = 18 metres et on regie sa courbure, cornme

"'iroir
Figure 2. ScMma d'ensemble du dlsposltlf de rEglage

et d'exploratlon de la tache focale

I
I
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Figure 1. Miroir courbe, Schema du dispositif de courbure

directement comparables (le facteur 3 est le facteur
de reduction du disque tournant).

Afin de comparer les concentrations obtenues avec
celles que donnerait une facette parfaitement para
bolique on doit tenir compte du facteur de reflexion
du mir~ir courbe etudie. Dans le cas considere, ce
facteur etait egal a 0,78. Soit C la concentr~tion
theorique calculee pour un element parabohque,
l'efficacite du miroir courbe est done le rapport
e... X 3· C X 0,78.
eo

Remarquons que le facteur de reflexion dont il es~
question id est le facteur de reflexion ~~pare?t, qm
fait intervenir egalement l'absorptlOn d energle ~,ans
l'epaisseur clu miroir (argente sur la face arnere)
qui est traversee deux fois par le rayonnement. ~;
facteur a ete mesure pour le rayonnement ayant deJa
subi une premiere reflexion sur I'Mliostat; 11 est plus
eleve qu'avec le rayonneme~t solaire direct. Cette
question sera reprise plus loin. . .

Le tableau donne en annexe resume les prmclpaux
resultats de ces mesures energetiques. 11 resulte de ces
mesures que l'efficacite du procede d~ c?urb~re par
deformation elastique est, pour le mlr~)1f qui a efe
etudie, d'environ 65 p. 100 en ce qm concerne a
concentration maximum obtenue.
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Fllture .c. Mlrolr courW, monlalt. d'e..al monlrant la
dl,po_lllon dt" ,.,. de "AlaAt, face A1'ant

Fll1urtl J. Courbe dn tellrta Ilnl1ulAlrn entre uno IJllno
m~rhllt'nno d'un mlrolr courb4iet l'Aredoparabolo throrlque,
en roncuon de I'ab_d... du point con.ld~r6 _ur la

m~rldlenn.

Fllture 5. Face arrll!re

de ax et, par suite de la courbure, I'azirnut dc'l'image

repere varic de 2 s: Le rapport ~f- .Io.me une

valour approchee du rayon de courbure nlfJ\ en entre
deux points de la rneridienne consider-cc sur l' miroir,

A condition de choisir un point de rcpe: '.' voisin de
la direction moyenne pcrpcndiculairc :!\\ miroir
courbe, on pourra negliger l'eflet de la I "·fraction
dans I'epaisscur du vcrre (I'argenture {ot;. It sur la
(ace arrierc du miroir).

Pour de petits angles d'incidencc, tout -;\' passe,
par suite de la refrnction. comme si II' I {'f1ccteur
etait un miroir argcnte face avant, rnais it b distance

11-1 d f .. ~Ie .._- en avant e la ace argcntee dn nnroir ree
11

(e = cpaisseur du verre, n = indice de n~fraction);

d'autre part, avec les faibles courburcs utilisees,
on negligcra I'erreur due au fait que la distance ax
est mesurec sur la (ace avant du miroir.

Lcs mesures gcometriques dont le prin.ipc vient
d'etre dccrit seront poursuivies ultcricur-rucnt de
Iacon plus complete. Elles ont ctc effectucc- «ctuellc
ment pour un miroir de 2250 ems, dont 1,· centre
Hait, pour le reglage de courbure, au point. o: = 42°
de la parabole de 18 m de distance focalc 11igure 2).

Les resultats de ces mesures permettcnt (I, i racer la
courbe des valeurs de l'ecart angulaire entre la direc
tion de la tangente a la meridienne consj:lc~rce sur
le miroir et la tangcnte al'arc de parabolc 1i,,~orique;

la courbe donnee en exemple (figure 3) ":;! tracee
en Ionction de l'abscisse curviligne du piint vise
sur la meridienne, de part et d'autre du centre.

La poursuite de cette etude nous permcttra de
rcchercher la position optimum a donner aux points
de traction centraux, en fonction des autrcs para
metrcs gcomctriqucs, afin d'obtenir une ('ourbure
rcgulicre.

On peut ctablir une comparaison entre l'cffiC'idte
dcs (acettes courbccs et celle qu'auraient des faceHCS
planes plus petitcs. Supposons que I'on ait unc facette
plane tangente au paraboloide thcorique et tclle que
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-.:

1--

-1/ ~- -i'( ./

IO__~'"
I20cm

'--_._----
~

. ____o.-.___L __ . J

o

it n ~tc dit llrkMcmment, en observant la tache
de lumiere obtcnue sur le I,lan Iocal, Le rniroir est
ensuite )llace en respectant C rCHlage de sa courbure,
sur un support permcttant sa translation dans deux
directions rcctangulaires. Un thcodolite dont la
lunette de vi~ est horizontalc permct de visor dans
le miroir l'imagc d'un point de rcperc tres eloigne;
Cc point, prntiqucment il. I'infini, est choisi dans le
memo plan horizontal que I'axc optique de la lunette.
On n repcre, sur le miroir, lcs lignes meridicnnes
sections de la surface du miroir par des plans passant
par l'axc de la parabola de reglngc, Le support est
place de maniere que, au cours de la translation
du miroir, unc meridienne reste dans le plan de
vi!lce horizontal du thCodolite. On doit alors verifier
que I'image du point de rcperc reste cgalemcnt dans
cc plan.

.Ce~te mise en station etant Iaitc, on deplacc le
rmroir devant le throdolite en notant a chaque
position, I'nzim,u~ de I'i.~age d? point' de repCre;
pour deux JlO5\tlons \'015mcs, I axe optique de la
lunette rencontre le miroir en deux points distants

1.,'
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.'llturo 6. Conlr610 Q~m~lrlqut nU thfodolllt
do la courburo d'un mlrolr

: disque solaire vu du foyer par rt<f1exion dan~ la
,<dte soit tangent nux bords de ccllc-ci, Le calcul
outre qu'unc telle facette, placec nu point 1Il _ 30·

, . la parnbole de 18 metres de distance Iocale aura
ne surface reclle d'environ 3-10 cm' (~tant n~~irt'.
'ent rcctnngulaire, ou trapezoldale, pour pcrmettrc

, juxtaposition). L'eclaircmcnt produit, sur le plan
. -cal, au foyer gCom~trique, en adrncttant un CO<'ITJ·
, ,,'nt de reflexion de 0,78, sera ~gal a 0,78 x cos
: ,,0 = 0,67 fois l'intcnsite solaire, Qnatrc facdt~,

.it une surface totale de 1 360 cm',-donncront tine

.nccntration de 2,7. Les mcsures montrent que le
':Iiroir courbe de 1365 cm' donne, dans lcs mcmrs
«mditions. une concentration egalc a 2,0 loL' l'in-

/
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'tlutt Tb. T..........~ ....... 'fi........ , .......
butt rer '"' rnlrM' .. J JM .,.,.'. t_ ...-ft,. oh ""f"
nlfrl"" "I'" M cm .. c e Mc_

t,"'itl' 'W>l.lir.-; ,i on titnt rflCn,'1r c~ ,H,.. ~'Qi (,i~,..
rnit'nt nkr\'-\hrmrnt mU", k\ .)((U,.. $"""". 0l'I
voit que '1IO\Ir ohtenir l.\ rrJrM c~n.~lI in"['ih11;1f
au Ioycr, 11 blllt'.lil m,".'"" rit-tl 'ot'r~Ut c~ blol1'f"

rbno '111(' «1(' miroitt (OCifl"~.

ne rlll\. flOU' aWlTIt '"ll Cl')!" I'n:\ f1l't;;tn ('rr,4t,Of'l
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raison,
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FIllure 7a. Tache rocalo oblt'ftUennc un mlro'r d. 2 2,;'otJ cm'
plac~ au point r.r: .. 4:Z°dola I'afaool., I - 18m~l,",1;~.tt'
Olt presque entl~rl'montconl.nue danl un «,d. ::'
de dlametre. L'lmalto tMorlque rour un 41fmf1l1 ra'"em:
lIquo parralt lernlt uno elllp.o de ~rnnd nllt fAil. n
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Tableau I

Position
sur la parabole

a.=

Concentration
calculee

Concentration calculte
avec [acteur de riflexion

de 0,78

Concentration mesurie
avec le miroir cour be

(facteur de reflexio" 0,78)

Concentration :',,:s1Jree:
concentration caL~<':,,; X 0,78

14°

21°

26°

30°

42°

7,28
X intensite incidente

6.68
X intensite incidente

6,26
X intensite incidente

6,66
X intensite incidente

4,09 ,
X intensite incidente

7,28 X 0,78 = 5,68 3,6
X intensite incidente
6,68 X 0,78 = 5,2 3,4

6,26 X 0,78"", 4,88 3,1

5,66 X 0,78 = 4,4 2,9

4,09 X 0,78 = 3,2 2,1

66 %

63,6

66 'I':~

---------------------------------

peratures qui pourront etre obtenues avec I'installa
tion en cours de -realisation. Cette installation sera
un miroir parabolique de rayon angulaire maximum
, l' ° ."", , d' t diametre
ega a 72 .soit un rapport ouver ure di t '-fI'

IS ance oca e
egal a 3. Mais ce miroir sera tronque, la partie
inlerieure du paraboloide etant coupee au niveau
du sol, a une distance de l'axe de revolution egale a
environ ,0,7 x distancefocale.: ,

Les calculs cites montrent qu'un tel miroir, s'il
etait parfaitement parabolique, donnerait ason foyer
une densite energetique egale a 2,4 x Bo, ou Bo
designe la valeur delabrillance apparente (vue du
sol, a travers I'atmosphere) au centre du disque
solaire; avec .une intensite solaire au sol de
0,1 watt/ems, valeur moyenne normale aMont-Louis,
on etablit, en tenant compte de la loi d'assombrisse
ment du disque solaire vers les bords, la relation
B o = 1 844,5 watts/cm2/steradian.' Si la surface
du miroir considere etait parfaite, on aurait done au

foyer une densite energetique D = 2,4 .Bs
# 4 400 watts/ems.

En realite, nous avons vu que les miroirs -ourbes
ne procurent, dans l'etat actuel de leur real isation,
que 65 p. 100 de la concentration theorique ; .l'autre
part, les deux reflexions successives domcnt un
coefficient de refiexion resultant egal a 0,61. :,'n peut
done compter finalement sur une densite eJ1l;i,etique
au foyer de 4400 X 0,65 X 0,61, soit J,!;lS de
1 700 watts/ems, La temperature du corp- r.oir de
meme radiance totale, donnee par la loi d- ':'1tefan,
est de 3 900 °C. Cette temperature ne pourrnt etre
atteinte que par un recepteur dont la surfa.o rece
vant le rayonnement serait parfaitement noire et
dont le reste de la surface serait au contrail (' parfai
tement poli.

Dans le cas d'un disque recepteur rayonnant egale
ment par la face avant et la face arriere, la tempera
ture d'equilibre correspondant a une radiance totale
de 850 watts/ems est encore de 3 200 °C cnviron.
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Resume

La realisation de reflecteuis paraboliques de tres
grande surface necessite la recherche de techniques
simples et economiques; le miroir paraboliquesera
compose d'un grand nombre de facettes elementaires.
La presente etude concerne un procede de realisation
de facettes courbees. Ce procede utilise l'elasticite
du verre. .

Le cas etudie en particulier est celui ~e mi~oirs
en verre trempe, argentes sur la face arnere, dune
surface de 2 000 a 2 500 cm2 et destines a constituer
les facettes elementaires d'u'n refleeteur parabolique
de 18 metres de distance focale ; la surface totale de
cette installation solaire, aetuellement en cours de
realisation, permettra de disposer, dans le. volume
focal, d'une puissance thermique de 1 000 kl1~watts.
Ce chiffre est prevu en tenant compte ?es dl:,~rses
causes de pertes d'energie. et pour une mtenslte du
rayonnement solaire incident de 0,1 wattjcm

2

,

valeur normale a Mont-Louis.
La courbure du miroir eiementaire est obtenu~ par

deformation elastique, sous contrai~te mecamque.
Des vis de reglage, au nombre de hU1t~,exercen~ u~e
poussee ala peripherie et sur la face arnere d~ll.mlrOlr,
en meme temps qu'une traction est apphquee en
quatre points centraux.

Des essais ont eM effectues afin de preciser l'effica
cite des facettes courbees par cette methode: le
miroir etudie est place en un point de la parabole
de 18 metres de distance focale et recoit, paralle
lement al'axe de la parabole, le rayonnement rellechi
par un heliostat. La courbure est reglee par controle
visuel de la forme et des dimensions de la tache de
lumiere obtenue sur le plan focal. Deux thermopiles
permettent de mesurer simultanement l'intensite
du rayonnement recu par le miroir courbe et celIe
recue en divers points du plan focal.

Cesessais ont He faits en plac;antle miroir elemen
taire en divers points de la parabole.

Les densites energetiques obtenues sont egales
a 65 p. 100 de celIes que donneraient des fa~ettes
de meme surface et rigoureusement parabohques;
avec le meme facteur de reflexion que le miroir

etudie.
D'autres mesures, purement geometriqlles, ont cte

faites afin de controler les ecarts entre les cour
bures obtenues et les courbures tMoriques. Cecontrole
est fait en mesurant ::u tModolite .le .dep~acem~nt
angulaire de l'image, visee dans le mUOIr: d un pomt
de repere a l'infini. Ces mesures geometnqucs seront
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poursuivies afin de preciser la meilleure re~artition a
donner aux points qe poussee ou de traction sur la
surface du miroir.

A partir de calculs developpes dans une p~ec€de~te

etude, concernant la repartition de l'energie S?lal~e

au foyer de rniroirs paraboliques supposes geome
triquement parfaits, on peut esti,l?er les t~mpera.tu~es
qui pourront etre atteintes avec I installation projetee,

Les deux reflexions successives, sur I'heliostat et
sur le miroir courbe, et l'absorption dans l'epaisseur du
verre font perdre 39 p. 100 de l'energie sola~~e inc~

. dente; en tenant compte de cette perte d energle

et du facteur d'efficacite de 65 p. 100, la densite
energetique au foyer de l'installation proietee peut
atteindre 1 700 wattsjcm-. La temperature du corps
noir ayant une radiance' totale de 1 70iJ. watts!cm2.
est de 3 900°C; cette temperature ne sera.: atteinte,
bien entendu, que dans le cas d'un recej.ieur idea~,

c'est-a-dire d'un disque dont la face avmt serait
parfaitement noire, et la face arriere Ffaitement
polie.

Dans le cas d'un disque rayonnant ~galement

par ses deux faces; la temperature d' equif bre serait
de 3 200°C environ.

STUDY OF THE ENERGY CONCENTRATIONS YIELDED BY VERY LARGE
PARABOLIC MIRRORS

Summary

The development of parabolic reflectors of very
large surface demands a' search for simple and
economic techniques; the parabolic mirror will be
composed of a large number of elementary facets.
The present studyre lates to a method of making
curved facets. This method utilizes the elasticity of
glass.

The specific case under study is that of mirrors of
hardened glass, silvered on the rear face, from 2 000
to 2 500 cm2. in area, designed to serve as the elemen
tary facets of a parabolic reflector of 18 m focal
length. The total area of this solar installation, now
under construction, will be such 'as to make a thermal
power of 1 000 kW available in the focal volume.
This prediction is made after allowing for the various
causes of energy losses, assuming the intensity of
incident solar radiation to be 0.1 watt/cme, the normal
level at Mont-Louis.

The curvature of the elementary mirror is obtained
by elastic deformation' under mechanical stress.
Eight adjusting screws exert pressure on the periphery
and on the rear surface of the mirror, while, tension
is applied' at the same time at four central points.

Tests have been' run to determine the efficiency
of facets curved by this method; the mirror under
study is placed at a point of the parabola of 18 m
focal length, and receives, on Cl, path parallel to the
axis of the parabola, the radiation reflected by a
heliostat. The curvature is regulated by visual
observation of the shape and dimensions of the
light spot formed on the focal plane. Two thermopiles
permit the simultaneous measurement of the inten
sity of the radiation received by the curved mirror and
of that received at various points of the focal
plane.

These tests were made by placing the (.i mentary
mirror at various points of the parabola.

The energy densities obtained ~ere G: ; 'er .cent
of those that would have been giVen ,~: stnctly
parabolic facets of the same area, with '.'le same
reflection factor as the mirror under study.

Other measurements, purely geometr t : '1, were
made to check the discrepancies between :, ,e actual
curvatures obtained and the theoretical ('.,rvatures.
This check was performed by rneasurinr. wi~h a
theodolite, the angular displacement of t~18 ml~ror

image of a control point at infinity. These g...ometrical
measurements were undertaken to detremine the
optimum distribution to be assigned to the points of
pressure or tension on the surface of the mirror.

Starting from the calculations developed in an
earlier study on the distribution of solar energy
at the focus of parabolic mirrors assumed to be
geometrically perfect, the temperatures attainable
with the projected installation can be calculated.

The two successive reflections once on the heliostat
and once on the curved mirror, and the absorption
in the interior of the glass, cause a loss of 39 per cent
of the incident solar radiation. Taking account of
this energy loss, and assuming the efficiency to be
65 per cent, the energy density at the focus of the
installation will reach 1 700 watts erns, The tem
perature of a black body with a total radiancy of
1 700 watts ems is 3900 0C. This temperature, of
course, will be attained only with an ideal receIV~r,
i.e., a disk with its front face perfectly black and Its
rear face perfectly polished.
. In the case of a disk radiating equally from both
Its faces, the equilibrium temperature will be about
3200°C.
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CHEMICAL SYNTHESES IN THE SOLAR FURNACE

Riulolph. J. Marcus and Henry C.Wohlers *

Flow systems in the solar furnace

It is desirable to conduct any production proc~s
continuously. A photochemical proc.ess IS l?artI
cularly adaptable to continuous product~on tec.hnIq~es
because the act of light absorptio~ Itself IS quite
short-lived and the follow-up reactIons, concerned
with atomic rearrangements, are much slower and can
take place in the dark. We have therefore developed
flow techniques which move absorbmg molecules
rapidly past the focal spot of the solar furnace. .

Advantages of a flow system fo~ photochemical
reactions are' obvious. If the reacting solutIo~ (or
as) can be pumped quickly through the highly

g t t d light at' the focus of a solar furnace,
concen ra e 11 d b th
the extent of the reaction can be contro eye

.d nee time in the focus. Further ~ t~e rat.e of a
rest e reaction is drastically mmlmIzed If one
reverse S ift saged t is removed from the system. \VI pas
PIOt~C material through the focus reduces the. l.ln
~anted decomposition of light- or heat-sensitive

r.hemicals. ., it I
: Another advantage is the 13:rge redu~tlOn m C.'l~i~1
costs for heat transfer eqUlPJ!ldent mti~:;~; the
installations. Because the rest ence

1 of these Proceedings, under agenda

amounting to more than 80 per cent of the power
input, is absorbed by the reaction mixture and must
in many cases be removed from the reaction by
refrigeration. This is a problem which can be solved
by use of in situ light sources.

This photochemical technique can be extended
to use light other than sunlight. For artificial light,
such as is generated by a carbon arc, an arc-image
furnace is used. For other kinds of light, arc-image
principles are used in placing the artificial light
source arbitrarily far away in space fro~ the conce~
trating mirror. Whether one uses sunhght or arti
ficiallight, however, the in situ light source is a new
technique.

We have applied this technique to various. ener~
storing reactions. These studies are descnbed m
another paper of this Conference.' The advantages
of the in situ light source, however, also mak~ It
attractive as a light source for vanous photochemical
production processes. In an atteII?pt to ga?ge the
usefulness of the device, five dIfferen~ kinds of
photochemical reactions were performed m the solar
furnace. These are described in succeeding sections.

1 Paper G/2, in vol.
'R rch .Institute, MenIo D 2* Chemistry Department, Stanford esea item n. . .

Park, California. 393

The solar furnace is usually considered' to be a
heat source or, more accurately, a heat concentrator.
A more meaningful concept is that the solar furnace
is ;c radiation concentrator which concentrates the
sun's rays into a small area. A rather high temperature
is attained when a black body intercepts these rays;
this is the usual situation in a solar furnace. However,
the radiation concentrated by the furnace covers
the whole range of the solar spectrum as received at
the earth's surface (0.3 to 2 lL). The shorter wave
lengths of this range (0.3 to 0.8 lL) constitute ultra
violet and visible light, so that it is equally sensible
to speak of the solar furnace as a light concentrator.
Th.. use of concentrated light in the solar furnace is
ma .te possible by selective absorption. The difference
bet .veen black-body absorbers and selective absorbers
is ',he temperature they develop; these can be as
hil"; as 3200°C for the black body absorber and as
lo~:; as -10°C for the liquid selective absorbers we
use.

;\. test reactio~ used to demonstrate the feasibility
of "his technique was the photo-reduction of eerie
perchlorate as it proceeds in the solar ~urnace.
The conclusion was reached that the reactIOn h~s
the same characteristics with this light sourc~ as ~t
has with artificial light sources but t~at the y~eld IS
much greater. For instance, in a typical expe~lment
about 200 ml of oxygen were evolved in 30 mm~tes,
an improvement by a factor of 106 over that obtamed
with unconcentrated light (1).' .

The furnace used for experiments described here
is a two-foot-diameter parabcloid on a.telescope
type mount (2). It can be .operate~ easily by one "
man and is the kind of imagmg deVice which c~n ~e
used with any light generator. The parabolOl~ IS
front-surfaced, so that it concentrates the coIllP ete
solar spectrum on the earth's surface.

The source of the light which is absor~ed ,:n~ u~ded
. . fit which IS mSI ephotochemically IS the oca Sp?'. ki 1

the container in which the reaction IS tamg pace.
. . 11 d this light source anFor this reason we have ea e I . li ht

in situ light s;urce. It differs from or~mary Igth,. h . 1 reactIOns m e
Sources used for photoc ernica ti This dis-
di t b t and absorp IOn.IS ance e wee? sou~e .' 1 li ht sources,
tance is appreciable m all artlfiCla g 1 .. . square osses m
which are thus subject to inverse F. ..' ' 't light sources, ur
intensity, but It IS zero m zn s~.u 1 duction pro-
thermore, in most photochemlc~'fi~[~light source;
cesses the waste heat from the ar I .,,
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Fi~ure 2. Insolation cell in operatlo«
. (Photograph taken at f 32, 1/400 sec)

Figure 1. Direct pumping system which feeds reactant
solution into solar furnace. The focal spot can .be seen
at the center of the quartz tube which extends across
the mirror

chemically than photochemically, control: ,; distri
bution of the products can be achieved or '\' photo
chemically. For instance, in the production (,' :)~nzene
hexachloride, the proportion of the desired (-ISomer
in the product increases at lower tem1,ratures,
reaching a maximum at -40°C.

We have found that sunlight can initiate i iie chlor
ination of benzene, even in the presence of oxygen.
For instance,a solution containing 2.8 per cent
chlorine in benzene was exposed. to diffuse sunlight
at ice temperature for 2 hours; it yielded B.:3. grams
benzene hexachloride per 100 ml benzene, demonstrat
ing 100 per cent conversion of chlorine. Infrared
analysis showed that the' product was pure benzene
hexachloride (18 per cent y-isomer) and that the
ratio of alpha to gamma isomer was in the expected
range.
, We have also performed the chlorination of benzene
in the so~ar furnace. For instance, a 5 per cent s?lution
of chlorine m benzene was irradiated for different
lengths of time in the solar furnace. The yields
of benzene hexachloride in grams of benzene hexa
chloride per 100 ml of benzene were 5.7, 6.0, and
5.7 per cent for irradiation times, respectively, of
30, 15, and 5 minutes. Infrared analysis showed that
the product was pure benzene hexachloride (17 per
~ent y-Isomer) and that the ratio of alpha to gamma
Isomers was in the expected range.

The in situ light source is a cool source of light for
!he production of benzene hexachloride. By circulat
lllg Ice water through the illumination cell in the
furnace, we have been able to keep the product at
about 10°C. The CIrculation of other cooling agents,
such as dry ice and acetone would allow us to perform
the irradtation at very much lower temperatu~es.
The llldependence of yield with respect to irradiatIOn
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ONE-STEP MANUFACTURE
OF CYCLOHEXANONE OXIME

It is possible to prepare cyclohexanone oxime from
cydohexane in one step. This reaction proceeds as
follows,

-
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PHOTOPOLYMERIZATION

Radicals which are produced photochemically may
combine to form polymeric units. The ~iffere~ce from
chemical generation of the same radlc~ls With sub
sequent polymerization is the lack of foreign molecules

For instance, a solution of «-benzene hexachloride
(Ethyl Corporation) in carbon tetrachloride was
irradiated in a closed system at the focus of the two
foot solar furnace. After 60 minutes, the water
white solution appeared unchanged, and infrared
spectra revealed no change from the starting material.
Chlorine gas was then passed through the solution;
the color of the resulting solution was light canary-

. green. The. infrared spectrum of this solution is
shown in figure 4; it is no different from the spectrum
of «-benzene hexachloride in solution without added
chlorine. The chlorine-containing solution was illumin
ated for 22 minutes at the focus of the solar furnace.
The color of the solution did not change during
illumination, but 7 in. Hg pressure developed, which
was due to hydrochloric acid formation.

Figure 4 also shows the infr~red spe~trum. of
IX-benzene hexachloride plus chlorine after illumina
tion. The product was a mixture of six high~r chlori
nated cyclohexanes, as is shown by the meltmg range
(50-1000C), vapor phase gas chromatography, t~e
infrared spectrum, and the appearance of hydrochlonc
acid.

(3)

(2)

(1)

/=>. ~NO ~ 0"= NOR
\ ., .

hV
NOCl ~ NO + Cl

0+ Cl~ HCl +·0

Tnis reaction was performed by irradiation with
white light (4). Othe~ workers have used unconcen-
tr.ued sunlight for this reachon (5-10). . .

We have also performed this ieCl:ctIOn Wl~h the
iu situ light source inside a solution of mtr?syl
chloride in cyclohexane. The product, recrystalhz~)d
from ether, melted at 85°C [reported .86-88° .
I is infrared spectrum showed a typical o~lm~1bCl:~d
at 6.1 [L. Figure 3 shows how the .1l1trosy c on e
band at 5.5. [L decreased and the ox~me b.and.at 6{1
increased as a function of time of Il1umI~~~o~. th':
have not yet determined the quantum yIe ~bT;
process' neither have we explored .the POtS~I t

I
;h~

of increasing the acidity of the solut~on sok a lace
desired Beckman rearrange11l;ent. WIll. ta e p clo
immediately without intermedIate isolation of cy
hexanone oxime.

O~NOH

time quoted above shows that the required residence
time of chlorine in the source for reaction is compara
tively short, offering some a~surance that a flow
system can be used for manufacture of benzene
hexachloride. As a matter of fact, quantum yield
for this reaction can reach 5 000 in the absence of
oxvaen.

" 0

-

-•I I
2.0 I- 6 7

5 WAvE LENGTH _",lcrons ••-nsU'-'

. 3 Infrared analysis of cyclohexanone oxime
Fi~ure • production in solar furnace

1.0~

REARRANGEMENT
OF HALOGENATED HYDROCARBONS

hich themselves can
Halogenated hydroca~bons':r:e enerally colorless

be produced photochemIcal1y~ h g Id be necessary
and do not absorb light'f w~~~r ~~~mical reaction.
for them to un~erg? ur d to solutions of these
However, if chlorme IS add~ll inated the photo
compounds which are theni '~~e ato~ reactions
produced chlorine.atoms. I~~ la rearrangement, or
which may lead to ISomenza 1O~. material.
further chlorination of the startmg
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Figure 4. Infrared spectra of IX-benzene hexachloride and
chlorine In carbon tetrachloride (upper curve) and of same
solution after irradiation in solar furnace (lower curve)

benzene, which has an extinction coefficiei: t of 13 at
3550 A.

Economics of photochemical syntheses

Very little work has been done on the econ~mics
of solar energy, and almost none on the econ0l!l1cS of
photochemical syntheses. If the quantum ,YIeld of
the reactions discussed in the previous section were
known under operating conditions, it would be reason
ably easy to determine plant costs, operating costs,
amount of light available, and amount of product
made, and thus to calculate the cost of the photo
chemical product. This cost might then be compared
with the cost of the same product when produced
thermochemically and with the resultant pr:ce at
the place where it could be produced photochemically
These two, it should be realized at the outset, need
not be the same; it is quite possible that photo
chemical production plants might be set up in lo~a
tions where thermochemical plants cannot eXiSt.
This would result in price and use differentials for the
same product, made by the two different methods.

What we can do as a first step is to compare the
different production methods in terms of the number
of steps required by each. First, however, w~ have
to determine the amount of light energy WhICh we
have available and what fraction of this is useful
for production purposes.

PHOTOOXIDATION OF ORGANIC
COMPOUNDS

A photoproduced or~anic radical may f:.,jdize by
a chain mechamsm m the presence ',:; oxygen.
Formation of the radical is photo-induced by a
light absorber in the system. Th~ ad;vaIJ'<l~e. over
chemical production qf the free r.adIcalIs a mimmum
of side reactions which may be induced by products
of nonphotochemical initiation st.eps. Furthermore,
illumination sets up a photostationary state, con
tinually starting new reactive chains.

For instance, gaseous chlorine. was passed into
p-xylene. The color of. t~e resulhx:g can~lfy-yellow

solution disappeared within one minute 10 the l;m
concentrated light. In order to slow the. reaction
down, xylene vapor and air were passed WIth s~all
amounts of gaseous chlorine to .a ph?tixhemIcal
reactor. This experiment was run WIth mixed xylenes
for 220 minutes in sunlight. Dense aerosol w:' s formed
in the reaction flask about 10 minutes after the start
of the test.

About one-third of the product was e;,:.ractable
by both sodium hydroxide and sodium .bic;:bonat~.

This indicates that the product containec ~rga~llc

acids but not hydroperoxides. The neutr:l Iization
equivalent of the acid fraction of the prO~l~ct w~s
135. The neutralization equivalent of toi.nc acid
would be 136. Elemental analysis showed ti1.7 per
cent C, 5.23 per cent H, and 9.55 per ce?-l. Cl. T~e
data indicate that the acid fraction contained toluic
and phthalic acids, some of which were chlorinated.
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in the system, both as initiators andas products of
the initiation reaction. One example of such photo
polymerization is the production of polyphenyls.

In our experiments, approximately 50 ml of
phenyl iodide were placed at the focus of the two
foot solar furnace. An iodine calor appeared within
10 seconds. The formation of biphenyl and iodine
was confirmed by gas chromatographic analysis of
the products, which showed that 0.3 per cent by
weight of biphenyl was formed [versus 0.2 per cent
calculated from iodine liberation.

0.'

0.50

, 0.40

0.'

Similarly, diiodobenzene in benzene at the focus
of the two-foot-diameter solar furnace gave an
iodine color after a one-minute exposure. A more
extended run with periodic removal of iodine by
thiosulfate resulted in about 50 per cent reaction as
measured by iodine liberation. About half of the
product was biphenyl; a smaller portion had an
infrared spectrum similar to that of p-quaterphenyl.
Similar syntheses have been performed with the
2 537 Hg line {ill.

Similar experiments completed in closed systems
under argon indicated that oxygen was probably
not a factor in a chain-stopping mechanism. Rather,
the reaction probably slows down when the light
absorption by the product iodine becomes appreciably
greater than light absorption by the reactant diiodo-
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LIGHT DUDGET

\Vc have reported previously on spectral measure
m-nts of the focal spot of our five-foot-diameter
S(~:,lr f~rnace. ~he concentrating mirror of that
fu nace IS back-silvered so that its ultra . I t t ff
. 'J 500 A w' . ' . V10 e cut-e
IS < • ith this exception, the spectrum of
tl>~ focal spot of th~ furnace is the same as that of
u.,.,~oncentrated sunlight at the earth's surface (12).
".~,hese spectral measurements also allowed us to

ea culate the total amount of radiation present in
tl:,' focal spot of the furnace. This amount is 20·' watts.
Tile co~parable figure for our two-foot-diameter
furnace IS 49 watts.

. The rea~tions which we have described in the pre
VlIJUS section are all. initiated by chlorine atoms.
~hcse are f?rmed by the interaction of light with
either ~hlonne or nitrosyl chloride. If wc compare
tl.I:': action spectrum of chlorine or nitrosyl chloride
w:th the .spectrum of the focal spot, we will find
~1J;[t Jrac~IQ~ of the solar spectrum which is effective
In d1~SOClatmg chlorine or nitrosyl chloride to form
cl. 'orine atoms. These fractions show that in the
fiYc-~oot-~ia!"eter furnace, 38 watts arc available
f(~: d1ssoc1atm.g chlonne and 75 watts for dissociating
nirosyl chlonde. In our two-foot-diameter furnace,
1( watts are available for dissociating chlorine and
I!' watts for dissociating nitrosyl chloride.

~fOLECULAR BUDGET

The quantum yield of the reaction whose economics
ar « under consideration will determine the through
P', t which can be achieved. The quantum yields
ot chlorination reactions are high, as they are for
~h)St photochemically induced chain reactions. For
instance, the quantum yield for the chlorination
of benzene to form benzene hexachloride can be
as.high as 5 000 in the absence of oxygen. Combining
this figure with the 10 watts of light which are avail
able for chlorination in our two-foot-diameter furnace,
the maximum production of benzene hexachloride
in this funiace would be 0.2 moles per second,
or 3 680 pounds per eight-hour day.

The through-put which can be calculated from
quantum yields is important because it is an indica
tion of the use factor of the photochemical equip
ment. If a single piece of apparatus is required for
both photochemical and thermochemical production
of the same product from the same reactants, then
the cost of the product made by these two mcthods

sns Marev_ and \\'obl~~_... _• ,_ •• _• ,_~91

will be the same if th~ (0"1 of Ih(' equi Iftlt'1lt Ih('
through-put, :11111 the rh'lcl fClr Ih('i.(" I"~) ftl("I'hOth
are the same, TIlt' JlhOlocht"lIlk.<t1 product "'ill I...
c~leap{'r th.an the t It'rrnllCJwmk...1 product it 1Iu
p iotochemical apparatus (Ihe< liobr fUIn-'<'C') I,
cheaper than .Ihe correspondlng Ih("unoc!J("miuJ
appar:'tus (f~r instance, an autoclave of the" ""me"
rapacity) or If the through-put or ritld art' hi,;hN'
or the phot~lChemic:l1 method than th(")' :11.. for tb ..

thermochemical method.
TI!is case repr~nt5 one extreme in "hidl "'t'

consider ~nly a.single p~C(c of "1'11.1I3IU"llIIcl "ncl th"t
the cost In. this case IS governed prim:llil)' b\' tll(-
quantum yield. •

I!OtHI'MRST IIlIUGU

Let us n?w consid~r a case in which the- number
of Jlrod~lchon !it~p~ as greater for thermochemieal
production than It. IS for photochemical production.
~yclohcxanone oxime can be prepared photochern
ically from .c)'c1ohl.'xane and nitrosyl chloride in
onc step, It I.S usually made thcrmochcmically hum
cyclol~cxan~ In.at least two steps, TIIC ftr~t !otcl' is
the air oxidation of cyclohcxane to form cvclo
hexanone, in which the average vield is onlv allOut
65 per cent. This low yield often causes th; UM' of
other multi-step processes for the production of
cyclohexanone. TIle second step is the reaction 01
cyclohexanone with hydroxylamine to Iorm cvclo-
hexanone oxime.' .

Here the thcrmochcmical production in,"Olw~ ~t

1e.15t two steps, each with a reactor and a.,~iatM

e~uipment, ~nd ~I$O an intcrmcdiat~ product ionLl
tion and p\~nfica~lOn.The photochemical production.
by comparison, involves only a 5injo;Ic 51("}' with a
single reactor and avoids an intermediate product
isolation and purification.

Thus the photochcmic..d production MW!o a con
siderable capital equipment cost and p~~tlf:cost,
This saving must he h..alanced agaimt the C'mt of
the photochemical reactor.

Coscu:Stos

In discussing the economics of rhotochmlic.a1
synthC5CS, we have talked about tbe follmlin,c:
variables. each of which must be cnmrarro for tbe
corresponding thermochcmical and photrocbtrnkal
processes: raw materials, };c1d. throu~h·rut. arfl.\ra·
tus cost, and number of production !<t("}l!-.
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Summary

The solar furnace has been used as a concentrated
light source as wellas a heat source. When used with
the flow equipment described in this paper, this
light source requires little or no refrig~ration.. T~e
following reactions have been performed III the liquid
phase: photochlorination of benzene to give benzene
hexachloride, photosensitized' oxidation' of ,xylene
to give various phthalic acids, formation of ~:v:clo
hexanone oxime' from cyclohexane photo-sensitized
by nitrosyl chloride, photopolymerization of iodo
benzene, to form biphneyl and higher 'polymers,
and the perchlorination of benzene to form com
pounds containing more than six chlorines. These
reactions were initiated by chlorine atoms arising
from the photolysis of chlorine or of nitrosyl chloride
in the solar furnace. '. ' '

The spectral distribution of our five-foot-diameter
furnace has been measured; 204 watts are available
at its focal point. Of these, about 38 watts are in the
spectral range effective in dissociating chlorine and
75 watts are in the spectral range effective in disso
ciating nitrosyl chloride. The corresponding figures
for our two-foot solar furnace are 49 watts of light,
10 watts effective in dissociating chlorine and
19 watts effective in dissociating nitrosyl chloride.

At a quantum' yield of 5 000 in the absence of
oxygen, this would mean <a maximum production
of 0.2 moles/sec. of benzene hexachloride' or

:3 680 lb/8-hr-day in a two-foot furnace. Th'.y-isomer
content (used as an insecticide) of the rr..iterial is
the usual 18 per cent; this could be inr: .ased to
29 per cent by the use of solvents. This method
of production avoids the heat load (about 8· per cent
ofthe power input) associated with the us..«: immer-

,sion-type quartz lamps and eliminates r-xpensive
refrigeration which would otherwise be rc.iuired to
remove this heat load. Arc-image furnarr s can be
used for 24-hour production with similar advan
tages.

The economics of caprolactam production (photo
chemical production of nylon-6 monorncr from
cyclohexane in one step) seem to be quite favorable.
While no exact figures-can be quoted because opti
mum yields have not yet been determined, the capital
cost of photochemical equipment will 11' ,: be an
appreciable part of the production cost of this high
price (49c/lb) chemical. In addition, ri,: photo
chemical production eliminates a large ri.mber of
manufacturing steps, thereby appreciably .educing
the production cost in comparison tchermal,
multi-step syntheses of this compound.

The economics of photochemical synthe:.. involve
comparison of the following variables for C' 'espond
ing thermochemical and photochemical ,'8cesses:
raw materials, yield, through-put, appa~".1.1S cost,
number of production steps, and plant Ioc.vton.

SYNTHESES CHIMIQUES DANS LE FOUR SOLAIRE

Resume

On a fait usage du four' solaire non' seulement On. dispose de 204 watts en son foyer. Sur cette
comme source de chaleur, mais aussi comme source puissance, 38 watts sont disponibles dans la gamme
de Iumiere concentree, Quand elle est utilisee avec spectrale qui est efficace pour la dissociation du ch1~re
le dispositif d'ecoulement decrit dans le present et 75 watts se situent dans celle qui est appropnee
memoire, cette source de Iumiere n'exige pour ainsi pour la dissociation du chlorure de nitrosyle.
dire pas de refroidissement. .Les reactions suivantes Les chiffres correspondants, pour le four de 2 pieds
ont ete effectuees dans la phase liquide : fixation (0,61 m), sont 49 watts de lumiere, dont 10 efficaces
phot?synthetique du chlore ~u benzene p.our donner pour la dissociation du chlore et 19 pour celle du
de ~ ~e.x~chlorure ~e benzene, oxyda!lOn photo- chlorure de nitrosyle.
sensibilisee du xylene pour donner divers acides A u d . I' b nee
phtaliques, formation d'un oxyme de cyclohexanone ,ve~ n ren .e?Ie~t quan!lq,ue de 5 000 en. a se .
a partir d'un cyclohexane photosensibilis' 1 d oxygene, ceci equivaudrait a une production m~Xl-

, e par e mum de 0 2 mols! e d'h hl d benzenechlorure de nitrosyle, photopolymerisation du iodo- . ' ~ c exac orure e
benzene pour obtenir dudiphenyle et des I " ou 3 6~0 hvres par journee de 8 heures dans le four
d'ordre plus eleve et enfin perchloration d~o:me.res ~e 2 :pl~ds. La teneur en: isomere r (utilise comme

, enzene insecticirla] est d 18 '100 d utume
pour former des composes comportant 'plus de six '. . e, p. comme e eo ,
atomes de chlore. Ces reactions ont ete amorcees ' mats on pourralt la porter a 29 p. 100 en se serv~nt
par des atomes dechlore produits par la photolyse de certains solvants. Cette methode de productIOn
du chlore ou du chlorure de nitrosyle dans le four r obv~e au besoin. d'apport d~ calories (80 P: 100

I . , '. ' envtron de la puissance foumie) dont s'accompagne
so arre. ',,' I' loi d 1 ', , , . . emp 01 e a lampe en quartz a immersion du type

On a procede ala mesu~e de la repartition s'pec~rale , classique, et elimine le systeme cofrteux de refroidis
dans notre four de 5 pieds (1,52 m) de diametre.• sement qui serait autrement requis pour dissiper une
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telle charge. On peut se servir de fours aimage d'arc
qui pro~uisent 24 heures par jour, avec les avantages
que ceci comporte.

Les aspects economiques de la production du
caprolactarn (par synthese photochomique du mono
were de nylon-6 a partir du cyclohexane en une
seule operation) semblent tres attrayants. Bien qu'il
soit impossible de mentionner des chiffres exacts
p.irce que les rendements optimum n'ont pas encore
ere determines, l'investissement initial qui s'impose
pour le materiel photochimique ne constituera pas
u-ie fraction importante du cofit de production
cl,' ce produit chimique cher (0,49 dollar la livre).

La production photochimique, au surplus, elirninc
plusieurs des operations qui interviennent norrnale
ment dans la fabrication, ce qui reduit sensiblement
les frais de production par rapport a ceux qui
correspondent aux syntheses thermiques a stades
multiples dont on doit se servir avec ce compose.

Les considerations economiques applicables aux
syntheses photochimiques font intervenir une cornpa
raison des variables suivantes pour les processus
thermochimiques et photochimiques correspondants :
matieres premieres, rendement, debit, prix des
appareils, nombre des operations de production
et emplacement de l'usine.
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APPLIED RESEARCH IN A SOLAR FURNACE

Tetsuo Noguchi, Masao Misuno,
Noburu Nakayama and Hiroshi Hayashi *

Recently the use of a solar furnace in engineering
research has been considerably developed in the
very high temperature region. This may be attributed
to the following reasons: high temperatures of more
than3000°C can easily be obtained in a short time,
and a specimen can be heated in a pure and selected
atmosphere without contamination.

The intense heat flux obtained at the focal point
of a solar furnace depends primarily upon the
geometrical perfection of the reflector and upon other
design problems, such as the accuracy of the guiding
system and target positioning, the shadowing loss

• Government Industrial Research Institute, Nagoya, Japan.

factor, the reflectivity of the mirror, etc., and also
on the intensity of solar radiation. Most of these
factors affect the performance data of a solar furnace,
and the target holding system and atmosphere used
in practical experiments vary according to the purpose
of the study.

To develop techniques of target positioning and
atmosphere control in a solar furnace for fusion study
and property measurements at high temperatures,
a continuous vacuum fusion apparatus has been
designed by the authors in combination with a
heliostat type solar furnace.
,In this fut!).ace (1) a surplus searchlight mirror

of 150 cm in diameter is used as a paraboloidal
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Figure 1. Layout of the ~ontinuousvacuum fusion apparatus
1. Paraboloidal mirror, 2. Gear box, 3. 1/16 HP de motor, 4. Switchboard 5. Hydraulic pump 6 H d 1: 7' C t 1 panel

U f d 9 T Philli 10 B lJ ' ' , . y rau IC ram, . on ro ,
8.. pper ee e{ti T ~. I. IpS gau1~ S· cl 0:~;/1. i;0wer feeder, 12. Support, 13. Fused silica tube, 14. Water jacket, 15. To ioni-
zatlODn'ffgau~e, . ° ~;n~au~ei t '23arr~T etr°ller s afft, 18

d·
1/12.HP de motor; 19. Pneumatic cylinder, 20. Compressed air piping,

21. I USlOn pump, . as In et, . on 0 ever 0 hy raulic system, 24. Upper stage, 25. Middie sta e 26. Lower stage,
27. Electromagnetic four-way: valve.i 28. Gas outlet g ,
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T~ntinuous vacu?m fusion apparatus was designed.
e app.aratus Itself has no elements for heatine

the. specimen and is used in combination wittl a~
optical system of which the axis is horizontal.

Therefore the shadowing parts of the apparatus
are arra~ged parallel to the optical axis of the
p~~~~oIOld so as to reduce the shadowing loss to
WI m /) per cent of the effective surface area of
the reflector. T~e front and side views of the apll.lra
tus are shown m figure I and figure 2.

ATMOSPlIERE CONTROL

f
The de~ee of yacuum during the heat treatment

o. a specimen IS specified as 10-4.10-4 mm Hg
and the puml? unit consists of a rotary ump
(1/2 HP, pumping speed 300 I/min) and two didtlsion
pumps (200 W, p.umping speed 110 I/sce each).
The .ro!ary pump IS detached from the apparatus
to eliminate the. effect of vib,:,tion. A block diagram
of the con~rolhng system IS shown in figure 3.
As there might be some possibility of a break in
the. vacuum system owi~g to the collapse of glass
tub~ng near t.he f?cus during the heating, fused silica
tubing 6 cm m diameter and 30 cm in length is used
to ensure safe operation.

The pneumatic valves located between the dust
collector and .the diffusion pump are operated by
compressed air by means of an electromagnetic
four-way valve. w~en the difference in pressure
between the diffusion pump and the silica tube
reaches about 0.3 mm Hg. These valves serve not
only to protect the diffusion pump from damage
caused by a break in the vacuum system but to close
the diffusion pumps in the case of a prompt exchange
of the specimen for further operation.

Any sele~ted gas s?ch as hydrogen, nitrogen,
argon or hehum can be mtroduced into the apparatus
through the gas inlet for purposes of the experiment.

To measure the degree of vacuum a Pirani gauge
including a relay which operates by means of
a warning signal at 0.3 mm J:Ig is used from
100-1Q-3 mm Hg. An ionization gauge and a
Phillips gauge arc used in the region of 1()4·lo-'

n- --------- ELECTI01lAa'JETIC -1 cA~.ol
11 FOUR VAT Tun . ...... ........,!l
11 I

r :::::-:=::-::::::l-- -l.' I.f>,. II-~_~ PNEUMATIC VALW- __ - I

I
I
I
I
I

Figure 2. Side view of the installation

LOWER FEEDER

UPPER FEEDER

SILICA' TUBE

reflector (z). The heliostat (3) consists of sixteen
segments of 60 X 60 cm aluminum coated front
?urface mirror. The sun tracking mechanism (4)
IS composed of four phototubes, servovalves and
h~draulic cylinders. For temperature control: alu
mmum plates of the venetian blind type are used.

Continuous vacuum fusion apparatus

In ?rder td study the behavior of high melting
ceramics at the focus of the heliostat type solar
furnace in a vacuum or a selected atmosphere the

; .. .

;.::.

GAS I.NL.~ET~.L--_
SHA~'T SEAL
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Figure 4~ Wiring diagram
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Figure 5. Schematic diagram of the sample feeder
Upper Feeder: 1, flange; 2, c1am~; 3, funnel; 4, ,vibrator; 5, spring'; 6, s~mple contai?-er; 7, brass net; Lower Feeder: 1, flange; 2, bellows;

. 3, O-nng cap; 4, stamless steel funnel; 5, coil cover; 6, vibrator ; 7, O-ring cap; 8, silica tube



Applied research in a solar furnace

. Using this apparatus, some metal oxides were
fused in air and in the vacuum of 4 - 5 X 1O-s
mm Hg. Melts of A1203, Zr02 and MgO are shown
in figure 7.

In order to produce a molten rod in any atmosphere,
the sample feeding rate, revolution of the specimen
holder, and intensity of heat flux should be deter
mined experimentally according to the kind and
physical properties of each sample. The most suitable

. size of rod specimen for the operation was about
6 mm in diameter. The center portion of a larger
specimen was often found not to be melted. This
could be fused by the longer exposure at the focus,
but the specimen was liable to melt into a flat mass
which was not desirable for any further operation.

When the sample powder or rod specimen was
heated on the rotating holder in air, impurities
contained were found to be concentrated along the
axis of rotation towards the end of the specimen

403Noguchl et al.8/57

Figure 8. Micrograph of the alumlna fused in "acuo
. -(x50) cross nicol

SAMPLE FEEDING SYSTEM

The original sample feeding system consists of two
,feeders. The upper and lower feeders are connected
by a bellows, and are composed of a stainless steel
fun~el a;td a magnetic vibrator respectively. A sche
matic diagram of the feeders is shown in figure 5.
. Sample powder of 150-200 mesh, dried previously
In a vacuum, passes through the brass net of the
upper feeder and drops continuously through the
funnel of bot~ feeders to the pan of the sample
holder shown m figure 6. The feeding rate of the
sample .can.be varied by changing the input to the
magnetIc VIbrator.
. For a rod specimen, specimen holders of a different

dlamete.rha.ve been designed and the above feeding
mechanism IS replaced by ascension of the specimen.

irra~liated uniformly by the heat flux. The support
behind the sIhc~ tube is water cooled to prevent
a temperature nse.

Fusion of metal oxides

mm Hg. Figure 4 shows the wiring diagram of the
apparatus.

It should be pointed out that the fusion of a
specimen in air is possible either within or without
the silica tube and in the case of thermal property
measurement the silica tube can be replaced by
an instrument casing of metal with a circular window
of fused silica plate.

TARGET POSITIONING SYSTEM

Figure 6. Various sample holders ~sed for powder and
rod specimen

Figure 7. Fused specimens of metal oxldes-s-Iroml eft,
Al20s (in air), Al20s (vacuum), Zr02 (in air), Zr0

2
(vacuum), and MgO (in air)

Since the theoretical image diameter of this solar
furnace is 7 mm, it is necessary that the target
be placed within 3.5 mm from the focal plane t.o
obtain temperatures within 5 per cent of the ~axI

mum attainable temperature (5). Thus a three dlme~
sional minute adjustment is adopted to obtain
an accurate target positioning in this apparatus.

The mounting of the apparatus is divided into
three stages as shown in figure 1 and the lower stage
is wheeled to face to the paraboloidal reflector·
The middle and upper stages are driven by a hydraulic
device, right and left or backward and forward,
with the stroke of 70 mm.

The vertical motion of the target speci~en is
regulated by a 1/12 HP dc gea~ed motor, and Its rate
is variable within 10 mm/mm. The stroke of the
specimen holder is 150 mm.

The specimen holder is rotated at 6~15. rpm. by
means of a 1/16 HP de geared motor to the nght
or left in such a way that the' specImen may be
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5\02
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rtoi

CaO

7 6

. Figure 9. Results of chemical analysis of fused alundum

as a result of zone melting. They also tended partly
to vaporize from the surface of the melt. But, in
the case of vacuum fusion, a certain amount of
the impurities seemed to vaporize rapidly from
the melted specimen rather than become con
centrated.

Crystal growth was remarkable at the outer edge
of the melt rather than i.n the centre portion ~n any
specimen. A cross section of melted alumma. IS

shown in figure 8. The average size of the alurnina

crystal at the outer edge was 0.5 mm or more while
that at the center was about 30 [.t. Slight pore
formation was observed among the crystals.

No crystallographic change was observable betw~e~
the oxides melted in air and those in vacuo Wit
the exception of aluminain the microscopic observa
ti?ll. and X-ray analysis. Zr02 gave a black m?no
~hmc crystal by vacuum fusion and ~-AI203cont~med
m the alundum was not found in the melted specimen.
A very small quantity of crystals deposited on the



in the vacuum 01 r. x 10-1 mm II~. Aconcentration
01 impurities at the b.,'\(' of the specimen re)l' wu
observed in the case 01 III..ion in air lUll1b(.'lt~ rC"'ull"
were obt"inrd by vacuum fusion Ihl'" in air tor both
samples, In this experiment lu,ion wu not rl'I)l'.ltrd
more than once. In Ii,,"ure {} three kind.. of alul\~hlln
were fused by five processes. B.·lore the fusion in air
I per cent 01 graphite or chlorides wu luMnl 10
the specimen as II reducer or chlorinator (6). TIle
numbers on the abscissa indicate tht" l()lI()\\'in~
processes: I-initial sample, 2-sintl'f('d at rsoo-c,
3-fllsed in air without an additive, "-111«"(1 in
air with 1 per cent 01 graphite, 6-11l~1 in air with
I per cent 01 CCI" 6-lu~1 in air with I per cent
01 NII,CI, and 7-lused in a vacuum.

Traces 01 impurities were difficult 10 eliminate
by' any 01 these methods; however, !'i,,'tlific.lnI
differences between the livc processes lllll)(';\f'{-,I in
the elimination 01 SiO., ~lbO and :\a.O.

Applied research In Q lolar turnace 8/57 Sotuchl ., .1.
---'~--_'_'__"~'_'C" •

inside wall of the silica tube in the vacuum fusion
of AlzOa were found by X-ray analysis to be :\ISO
and MgO. AlzOa.

Purification of alumlna

Thus the purification of AlzOa was studied by
melting in air or in vacuo. Aluminum oxide prepared
by the decomposition of alum and the Bayer process
were melted and their impurities were analysed by
the following techniques: colorimetric determination
17 the molybdenum blue method (SiOz), the hydrogen
peroxide method (TiOz). the o-phenanthroline method
(FezOa); the titration method with EDTA (CaO and
MgO); and by a flame photometer (NazO and KsO).
The experimental results are shown in table I and
figure 9.

Table 1 indicates a comparison between the results
of fusion of the two kinds of alurnina in air and

Table 1. Chemical analysis data or tused alumlna

Alumina decomposed f,om alum ..iI~ 6%of felhpu ".,.. ,...,.. 001-......

FM'''''' ill ••, '._M",
Initial Vacuum l.ilW ........
sample fusio" ....tu I·...... r,.,. ,...,Top n.u

0.95 1.18 0.98 0.43 0.81 Ut5'i02 • 1.23 1.01
tr, 0.7'0.42 0.69 0.201'i02 • 0.05
0.6: Oil: In%0.12 0.18 0.89Fe203 0.18 0.06
0.43 0.62 O.~I0.79 1.27 0.68I.lg0. 0.89 0.07

0.270.71 1.17 0.33 tr. tf.CaO. 1.00 0.60
O.IS 0'"0.31 0.60 0.80 0.18 0.\0:>ia2O 0.63

000 O()~ U21.86 2.1\1 0.15K2O. 2.21 1.13
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Summary

Vacuum fusion of high melting ceramic oxides
was performed by a heliostat type solar furnace
to study the behavior of metal oxide at high tempera
ture in a vacuum.

In this solar furnace a surplus searchlight mirror
of 150 cm in diameter was used as a paraboloidal
reflector. The heliostat consisted of sixteen segments
of 60 X 60 cm aluminum coated front surface
mirror. The sun trackingmechanism was composed
of four phototubes, servovalves, and hydraulic
cylinders.

An apparatus for continuous vacuum fusion of
powder material or rod specimens was designed.
The specifications of the apparatus are as follows:

Any selected gas can be introduced tlm)~gh t~e

gas inlet into the apparatus and a spectrnen 15

heated by solar radiation through a fused silica tube
at the focus of a heliostat type solar furnace of which
the axis is horizontal.

By the use of this apparatus Alz03 , Cc.,), MgO,
and Zr02 were fused in the air or in vacuo'.nd puri
fication of Alz0 3 was investigated particular I~;. It was
found that the vacuum fusion of alumir seemed
to be effective in eliminating MgO and Na;~ or Rp
contained as impurities.

Shadowing loss . .
Degree of vacuum.

Pump unit ..

5 per cent
10-4-10-5 mm Hg during heat

treatment
Rotary pump (1/2 HP, pumping
. .speed 300 l/min) and two

diffusion pumps (200 W,
pumping speed 110 l/sec
each)

Fused silica tube
Target positioning.

Sample feeding . . . . .

Revolution of specimen

6 cm diameter and 30 cen length
Three dimensional ii"jUstment

by a hydraulic de ';.:2 and a
geared motor

By two feeders of stai J' css steel
funnel with a magnr .ic vibra
tor or by ascensio.: ~10 mm/
mini of a rotating specimen
holder with the ',(rake of
150 mm.

6-15 rpm by a 1/16 HP geared
motor

. RECHERCHES APPLIQUEES DANS UN FOUR SOLAIRE

Resume

On a realise la fusion -dans le vide d'oxydes de
composes ceramiques a. temperature de fusion elevee,
au moyeI!' d'un four solaire du type a heliostat,
pour etudier le comportement des oxydes metalliquss
dans le vide a. haute temperature.

On s'est servi, comme reflecteur paraboloide d'un
miroir de projecteur de 150 cm de diametre, L:helio
stat etait constitue par seize elements de miroir de
60 X 60 cm a revetement d'aluminium et a surface
anterieure reflechissants. Le mecanisme servant a
suivre le solei! se composait de quatre tubes photo
electriques, de servo-soupapes et des cyclindres de
commande hydraulique appropries,

On a mis au point un appareil perrnettant de
realiser la fusion continue dans le vide de rnateriaux
en poudre ou de baguettes. Voici les specifications
applicables a. ce rnateriel :

Rotation du specimen .

Presentation
des echantillons .

positionCommande de
de la cible .. Reglage tridimensionnel au

moyen d'un dispositil hydrau
Iique et d'un rnotcur dote
d'un train d'engrenages

Par deux toboggans en acier
inoxydable et vibreur magne
tique ou par ascension
(10 mm/min) d'un porte-spe
cimen rotatif ayant une course
de 150 mm

6 a. 15 t/m au moyen d'u?
moteur it train d'engrenages
de 1/16 CV

•On .p~ut introduire le gaz choisi par l'orifice
d admISSIOn et c~auffer le specimen au moyen du
rayonnement solairs dans un tube en silice fondue,
au foyer d'un four solaire du type a. heliostat doni
l'axe est horizontal.

,On a pu, au moyen de ce dispositif, assurer la fusion
d AL203, CaO, M~O et ZnOz dans I'air ou dans le vide.
9n a plus specIalement etudie la purification. de
1Alz03• On a ,Pu etablir de la sorte que la fus1Qn
de cette alumme dans le vide semblait constituer
u?, !J1oyen efficace d'elimination de la magnesie,
aI~sI que des oxy~es de sodium et de potassium
qu elle peut contenir comme impuretes,

5 p. 100

de 10-4 a. 10-5 de Hg pendant
le traitement thermique

Pompe rotative (1/2 CV, debit
300 I/min) et deux pompes
de diffusion (200 W, debit
110 115 pour chacune)

Diametre 6 cm, longueur 30 cm

Pertes dues a. l'ombre
Degre de vide.

Pompes ...

Tube en silice fondue . .



CONSTRUCTION OF A LARGE SOLAR FURNACE

Takemaro Sakurai, Koro Shishido, Osamu Kamada and Koji Inagaki "

A solar furnace is a useful means of attaining
high temperatures, and it has various advantages
not to be found in other methods. When a paraboloi
dal mirror is used to bring solar radiation into focus,
the total energy is affected by the aperture of the
mirror, while the size of the image of the sun is
controlled by the focal length. Theoretical considera
tions show that the temperature attainable at the
focal point is dependent on the focal ratio (focal
length/aperture). Hence, when the specimen to be
heated is very small, a sufficiently high temperature
can be attained even by a small mirror, if it has
a small focal ratio. For property measurements of
materials, however, it is desirable and sometimes
indispensable that the area to be raised to a high
temperature should have a considerable magnitude,
in which case a large focal length is necessary and
hence, a large aperture is required to maintain the
focal ratio at the same value.

For a 3;11<111 furnace, it is not so difficult to make
a paraboloidal mirror, of sufficient accuracy to give
a sharp image, from a single blank. In a large furnace,
the paraboloidal mirror must be comp?s~d of. m~ny
mirror pieces as obtainable blanks ~re ~u~llted In ~lze.
It is very difficult to form the l,ndlVldual· ~1ITor
pieces into portions of a paraboloid, hence, In the

* Tohoku University, Send.ai,~apan.
It

furnaces hitherto constructed, they have Il('("n
replaced by surfaces more easily Iabricated. ~I()rro\'('r,

when the angle of elevation of the plane minor
of the heliostat changes, its frame IOS<'S its shape,
if it is not properly mounted, thus reducing thC'
parallelism of the radiation. Consequently, the ima~('

in a large furnace is not so good as that in a small
furnace, and the attainable temperature is decreased
if the focal ratio remains the same.

Two years ago, the construction of a large solar
furnace was undertaken in our university for the
purpose of carrying on basic and applied researches
in high temperature physics and chemistry. An
aperture as large as 10 m and the highest attainable
temperature were required. We were very fortul1~te
in that our laboratory had already been conducting
studies in the fabrication of various aspheric optic.,1
surfaces for several years. From our experience.
it was considered possible to construct a large solar
furnace of high efficiency.

Design of optical s)'stem

There are two types ~f solar furnace; one is that
in which the paraboloidal mirror is directed toward
the sun and the other is that in which the parabo
loidal ~irror is fixed and the radiation is conveyed
to it by means <?f a heliostat . .In. th~ latter t?llC ,

a certain proportion of the ~~Iatlon IS.'ost .bl re
flection at the heliostat, but It IS convenient 111 that
the target need not move and can be placed near h~"
For measuring the propertlt;S of the target. thiS
asset is considered to outweigh t~e.- defect due to
the loss involved in the use of a hehostat.. Therefore,
in the furnace to be constnlctcd, the heliostat type
structure was adopted.

In designing the optical system, the 3pcr1Url' of
the paraboloidal mirror was fixed at 10 m. ~e !"l.l.u
energy of this area amounts to about 70 k'\. whieh
is not much but sufficient to make the !urna~
serviceable for the study of the scml'1I1dustna' uses
of solar energy if necessary- .., .

The 0 timum value of the focal rauo IS a.dlil!cult
roblemPTheoretical calculations show that It dlfirn

~ith th~ shape of the target used. '\'he~ th. Ita~('~
is flat, a circular portion, )/l~ of the oca en".
in diameter achieves the hlgh('$t tcm~at~lrl'.

• , 'bsorbcd per unit area Il("f' unit tl!1lt."
The energy a . h t 1··..,-.tIMbe computed by a.,summg t a a.,,,,, .. ,.,
can 'I I f cure I these \",1 utSfollows L.-unbcrt s ..aw, n l~.. I' ·1·', 1.._~ed . t tI focal rauo. t \0 ,,,,.
are plott agams

bso
11~'.1 l;anU\, incrc....ses when the

that the energy a r X:\I •
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frame changes. To eliminate this difficulty, a plane
mirror is divided into seven horizontal bands which
are mounted one above another in step formation
on the frame, as illustrated in figure 2. These bands
are elevated synchronously about parallel axes,
while the frame as a whole is rotated about a vertical
axis. Each band is 2 m wide and 15.5 m long. The
seven bands together compose an aperture large
enough to cover the aperture of the paraboloidal
mirror between 8 a.m. and 4 p.m. all the year round,
taking the apparent radius of the sun into considera
tion. The distance between the centre of the heliostat
and the focus of the paraboloidal mirror is 36 m.
This is the value necessary to permit the heliostat
to receive the radiation at the winter solstice and
beyond the roof of a building which will inclose
the paraboloidal mirror in the near future.

Construction of mirrors

As material for the mirrors, various metals and
plastics were suggested, but finally glass was adopted
as having the most' excellent reflecting surface.
There are two kinds of mirror glass: one is that
in which the back surface is silvered or aluminized,
and the other is that in which the front surface
is aluminized. The former is stable and easy to handle
but loss of radiation occurs through absorption
within the glass. Using various kinds of window
glass 10 mm thick, the reflectivity of both types
of mirror was measured. At an incident angle of
15-40 0

, the front surface mirror was found to reflect
95-92 per cent of solar radiation, while the back
surface.mirror was found to give only 67-57 per cent.
As the absorption thus measured was not small,

Figure 2. Optical system of the furnace

foc~l ra.tio is decreas~d below 0.4. When the target is
cylindrical, the -optimum focal ratio becomes less
than 0.25, and for a spherical target, the smaller
the focal ratio the better it is, provided that the
yolume of th~ target at the highest temperature
IS not taken into account. In actual practice flat
targets will most frequently be employed. Hence
in this case the focal ratio is taken as 0.32. It give~
a focall~ngt? of 3.2 m and an image by an axial ray,
3.2 cm In diameter.

When the optical surface of a paraboloidal mirror
or a pl~ne ~irror in a heliostat is not perfect, image
formabo!?, IS reduced and the portion of the target
at the highest temperature decreases in diameter.
In the present construction, the decrease is limited
~o .20 per cent o~ the diameter, requiring an accuracy
In Image formation 1/500 of the focal length. For this
tolerance of the reflecting surfaces is taken at
1/2 000 radian. This means that the reflecting
surfaces of individual mirror pieces and their mount
ings must be as accurate as the above value through
out the whole operation. The most important
difficulty in the mounting is the distortion of the
heliostat frame which occurs when elevation of the

Figure 3. Paraboloidal mirror pieces
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Flgure 4. Paraboloidal surface grinder

the front surface system was 'adopted for both
the plane and paraboloidal mirrors.

. I? the. fabrication of mirrors, the paraboloid was
dlv~ded Into 181 pieces, as illustrated in figure 3.
A clTcularportion, 90 cm in diameter at the centre,
was left out for convenience of observation. Window
glasses were cut into these forms, curved by placing
them on a .mould and heating them to yielding
temperature In an electric furnace and then annealing
them: Moulds were made by fixing refractory powder
on an. Iron plate by means of a binder, shaping
the surface into a paraboloid by means ofa gauge
plate and then drying. Six molds could be piled
in the furnace at one time, and the average time
needed for a single course was about 3.5 days..

. To shape the blanks, a paraboloidal surface grinder
~as constructed, as illustrated diagrammatically
m figure 4. In this figure, T is a cylinder the axis
of which forms an optical axis X, and it can be
rotated about the axis. The arc A is fixed to the
cylinder and its centre is the point 0 at the end
of the cylinder. The beamB -can be rotated about
the axis at a point 0 along the arc. A glass blank G

is fixed on an ~djustablc table. A diamond wheel W,
dnven .by a high speed motor .\/, grinds the bLtnk.
!he distance between the wheel and the centre
IS about 7.4 m.

On the arc, a cam C is mounted. When the beam
moves on the a~, th~ ~ R in the beam is displaced
by the .c.'lm. This shift IS rcd~ccd 1!1 magnitude and
transmitted to the motor which drives the diamond
wheel. In this way, the wheel follows a parabolic
track. On the other hand. by raising or 'o\\"crin~
the end of the arc with a winch D, the diamond wheel
can be made to rotate about the optical axis; tltn.s
it is possible to make the wheel cover a rwaholoid.tI
surface. Using this apparatus, a single blank could
be shaped within 3 hours.

The blank thus shaped was smoothed with an
iron tool using emeryas an abrasive and then poll.~

by a flexible pitch surface using cerium oxide,
The finished surfaces were aluminizcd by ,·aClJum
evaporation. By these procedures, all the mimm.
were fabricated with the tolerance required,

The plane mirror pieces of the htJiO$(al an
100 X DO X 1 cm in dimension. In e...ch mirror
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s

Figure 5. Paraboloidal mirror support

band, 34 pieces are mounted, giving a total number
in all seven bands of 238. These pieces were selected
by tests from commercial window glasses of the
highest grade to determine whether or not they
possessed the requisite accuracy. Their surfaces
were likewise aluminized by vacuum evaporation.

Paraboloidal mirror support

The construction of the paraboloidal mirror suppor]
is illustrated in figure 5. The steel skeleton is 11 m
wide 7 m deep and 13 m high. Inside the :'keleton,
parabolic beams. on w.hich. the. coaxial st~d" c~rcles
are fixed are set III radial directions, Each EJ"lvIdual
mirror piece is fixed on a frame and is :,',(lUnted
on the steel circles by three joints which enable it
to be adjusted.

When the mirror is not in use, it is protected
from dust by a screen which is rolled up into S
when the furnace is in operation. In front of the
mirror, there is a floor F to facilitate experimental
work. Radiation is focused at a point 70 cm above
the floor. Al and A 2 are V-shape diaphragms which
can approach each other towards the optical axis.
This attenuator is driven by a variable speed motor
and controls the temperature of the target.

The outside of the skeleton construction is covered
by a galvanized iron plate with the exception of
the front. In the near future, however, the skeleton
will be enclosed in a steel concrete building provided
with large doors to cover the front opening. The floor
will then be connected to the second floor of the
building and the whole operation will be done in
the adjoining room. .

Heliostat

The steel skeleton of the heliostat has t.G(' form
of a tumbled pyramid, as illustrated in f\gure 6.
The rectangular plane of the pyramid, on which
the seven mirror bands are mounted, makes an angle

Figure 6. Heliostat and cover
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Figure 7. Required azimuth of heliostat mirrors as a func
tion of local time, at summer solstice (SS), winter solstice
(WS), vernal equinox (VE), and autumnal equinox (AE)

of 45° to the perpendicular. The heliostat can be
rotated about the axis placed at the centre of the
horizontal triangular beam. At the apexes of the
triangular beam, rollers are settled, which.can move
along a circular rail. One of the rollers 15 used as
a driver. Such a tripodal support prevents any
distortion in the skeleton structure even when the
rail surface is not perfectly even.
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The plane mirror l,iC'C~ Are tu·M in framMo••1ncl
these frames are mounted on Ihl" mirror b:uuIIJol";tIl1\
by means of three joints which enable ;uljll~Hmrllh
to be made in the dlrection of the mirror piC'CM.

Taking the latitude and the longitude of thi'
institute as 38·11' N. and 140·:'1' H. rMIl("'("lh't'h'
the azimuth of the hdiostat nt<C"'\.,uy 10 ('tIn\'~\:
radiation into a l,arabo'oic'a' mirror at \':trim;,
local times was ea culated, In ti~ttre 1. the v..Ill~
for equinoxes and solstices are plotted, A... ran l!or
seen. the curves in this fi,;ure arc n('arl\, folrai/:ht.
although their inclination changes !'Ii~htl); llCcorclin/:
to the season. This means that the drh'illg of a roller
at a constant speed can maintain the azimulh al
very nearly required value all da)' long. An)' ~mall
deviation introduced call easily be corrected h\'
controlling the driving speed b)' means or an imaic
following serve-system.

The necessary values of the all,;lf! of elevation
against the local time were plotted, as I:;W11 in
figure 8. As can be seen from this figure. the value
of the elevation differs considerablv accorclil'J: to
the season, but variations in rdation to local time
arc nearly the same,

The seven mirror bands are inclined s)l1chronou,I)'
by a connecting rod joined to their levers, as illustra
ted in figure 9. Therefore it is possible 10 obtain the
required elevation b)' giving the .rod !-I~itahlc ph.lon
motionand transference. Aht'r vanoustfl.ll!'. thecrank
system illustrated in the same figure was devised.
If the mechanical constants of the system are
properly chosen, a constant speed driving t~'c CT3.nk
shaft grves the mirrors the required c!('\"ahon with
sufficient accuracy, as ShO\\l1 in figure 10.

The crank system is mounted on a movable table,
By the transference of the table. it is possible to

.g~-

FIQurt' 9. FJtndoa elmi'" .,-.ttm

16
109

40

[,/'
..- ~

:/ ~

1/
30 -.

~
~EaAE

/
r-,

VV 20 t-.
V--

I.--' ~S
10

t-...
/' <,

V
V

~
0

8 11 12 13 14 15

LOCAL TIME (O'CLOCK)

f hellostat mIrrors as a runc
Figure 8. Required elevation 0 lstice (SS), wInter solstice

tion of local time. at surnntVE)er s~ autumnal equinox (AE)
(WS), vernal equinox ( ,an

z
o
I
<t
>
W
"...I
W

w
W
0::
o
W
o



U2 III.F Solar furnaces

$
:;:; 000
2' 000
4 1 000
,000
7000--

10:: (JOOTOTAL

Plane and paraboloidal mirrors.'
Paraboloidal mirror support. .
Heliostat with cover . . . . .
Power supply and serve-system.
Foundation work .

Conclusion

It will be remarked that the above accounts
do not include the cost of the personnel which included
ourselves and eight workers in the optical workshop
of our institute:' -

Sendai is called "the Forest City" because of its

In the above, the details of a large solar furnace
under construction have been described. The (xpen
diture on construction is not yet definitive but vill be
approximately as follows.

If the image of the sun is displaced to the right
or the left, one of the pair of phototr3;nsistors is
illuminated and its photovolt.age amp.h~ed, thus
changing the voltage of the aZImuth. dr.1Vmg motor
so as to retard the displacement. S~m~larly,. when
either of the pair above and .below IS .Illumm~t~d,
its photovoltage produces transfere~ce In a P~)Slt~ve

or negative direction ?f the rod In ~he elevation
driving system. By this means, t~~ Ima/?e 111 the
furnace is kept 'at a steady position WIth great
accuracy.

, When .the sun is covered by cloud, the servo
system ceases to operate, but the astronomical clock
driving system, mentioned in the. preceding para
graph, continues to function. ThIS prevents any
difficultieswhich might occur when the sun reappears.
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Fi~ure 10. Elevationchange obtained by crank system (c)
and that required at summer solstice (SS) and winter
solstice (WS). The curve on equinoxes coincides with C

adjust the mirrors to the seasonal change ofelevation.
Moreover, the transference driving is controlled by
the image followingserve-system which'corrects small
errors in elevation arising out of the crank system,

The azimuth driving system and the elevation
driving system of two kinds, namely, crank motion .
and transference, are provided with three motors
with a speed of 200:14:1. (maximum). The motors
with the higher speeds are used to make the heliostat
ready for operation while those with, a medium
speed are used for fine adjustments. The lower speed
motors are those with variable speed and are used
for the actual driving.

When the heliostat is not in use, it is kept facing
north and protected with a cover as shown in figure 6.
The cover moves along rails and is driven by a motor.
Its contacts with the heliostat are suitably cushioned;
in. this way the mirrors are cut off from the open air
so as. to maintain good reflecting surfaces.

Serve-system

The principle of the image following serve-system
used to control the azimuth and elevation driving
systems is illustrated diagrammatically in figure H.
Radiation from the heliostat is reflected 'by a small
prism P in front of the attenuator A and enters
a lens L, 6.5 m in focal length. The lens makes an
image of the sun on a screen S placed in a controlling
panel. The optical system is adjusted so as to maintain
the image at the centre of the screen when the radia
tion from the heliostat is parallel to the optical
axis of the paraboloidal mirror. Two pairs of small
phototransistors are mou?ted on the margin of the
image in. exact focus, right and left, and above
and below.
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ttsts. Therefore, at. the Conference, further details
a out the construction will be presented.

In conclu~io?, the writers wish to express their
de~p .ap~recIatIon to Professor T. Hibi, director of
th~s Institute, for his continual encouragement in
thIS work, and ~o all. the m.embers of the optical
,:"orkshop. for their assistance In the mirror construe-

.tion. ThIS work was supported by the Science
Research Expenditure Department of the Ministry
of Education.

Construction of a large solar furnace

few industries. Therefore, the air is always kept
f~ee from smoke an~ dust, which reduce solar radia
tion, Ou~ furnace IS. under construction on a hill
on the ~lte of our Institute, commanding a view
of the CIty to the south. ' .>. 0'

. At 'present (March 1961), the foundation work'
IS fi:l:shed. and the skeleton structure of the para
boloiclal mu"r:or support and the heliostat is being
erecte": It WIll be completed towar~s the beginning
of June, 1961, to be, followed by vanous operational
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Summary

. F~r the purpose of basic and applied researches
In high temperature physics and chemistry, a large
solar f:lrnace of high efficiency was constructed:
It consists of a paraboloidal mirror placed in such
a way that its optical axis is horizontal, anda heliostat
to c01lvey radiation from the sun to theparaboloidal
mirror. ' . .'

TIll' paraboloidal mirror, 10 m in-aperture and
3.2 1)1 in focal length, is a mosaic composed of
181 n .irror pieces. To make the blanks of the mirror
piece." , window glasses 10 mm thick were .cut and
curved by placing them on a mold and heating them
to yielding temperature in an electric furnace:
In or.ier to shape the blanks accurately into portions
of a paraboloidal surface, a paraboloidal surface
grinder was constructed. The blanks thus shaped
were smoothed and polished. The finished, surface
was aluminized by vacuum evaporation to form
a front surface mirror. "",

The paraboloidal mirror support has a steel skeleton
structure on which two coaxial steel circles are fixed.
The mirror pieces are mounted on these' circ~es.
Two V-shape diaphragms, above and below, which
can be brought together towards the optical aXIS,
form an attenuator to control the temperature of
the target. The support is covered by a galvanized
Iron plate with the exception of the f~ont. In the
near future, however, it will be enclosed In a concrete
building provided with large doors to cover the fr~~t
opening. " ,,'

The heliostat has a steel skeleton structure, and
is in the form of a tumbled pyramid. The rectangular
plane of the pyramid' makes an angle of 45° to the
perpendicular. On this' plane, seven band- frameJ
of a mirror 2 m wide and 15.5 m long are mounte
one above another in step formation. In eachlrar;'
34 mirror pieces (100 X 90 cm) are place. f e
b -'. I t d romlanks for the mirror pieces are se ec e

commercial window glasses of the highest grade
and their front surface is aluminized by vacuum
evaporation. The seven mirror bands change their
elevation synchronously by a connecting rod which
is. joined to the .levers of their frames. '
, At the three apexes of a horizontal triangle beam,
rollers are settled, which move on a circular rail
about the axis at the centre of the triangle. One
of the rollers is used as a driver. The azimuth of
the heliostat is altered by means of a motor at
a constant speed which differs according to the season.
Any small error in the azimuth introduced is corrected
by an image following servo-system.

The required elevation of the mirrors differs
considerably according to the season, but variations
in relation to local time are nearly the same. In order
to provide the necessary movement of the connecting
rod a crank system has been devised. By moving
the' crank shaft at a constant speed, the elevation
can be changed according to the time practically
as required. The crank system can be t~nsferred
by means of another driving system. This syst~m
not only provides for the seasonal change of elevatton
but also corrects any error of the crank system
through an image following servo-system. .

A lens' 6.5 m in focal length makes an image
of the sun on the margin of which two paIrs of photo
transistor~ are mounted, to right and left, and above
and below. Any deviation of t~e image causes o?e
of these phototransistors to be illuminated, :;nd Its

hotovoltage operates the servo-syste~, which re
fards the deviated image to' the reqUIred poslt1?n.
, When the heliostat is not in use, it is kept facing

rth and protected by a cover. 'w . .
. Th furnace will be completed at the. begInnmg

J
e 1961 and will then undergo vanous opera-

of une, '
tional tests,



414 III.V Solllr fumllCt"

CONSTRUCTION D'UN FOUR SOI.Anm DJ·: GRANDES DIl\mNSIONS

On n mis all point IIn Iour solaire Ill' ,.;ranell'S dimcn
slons et l\ ,.;ros remlement nux fills ell' rechcrches
Iondamentales et appliqll~M sur la physique c·t la
chlmle ell'S hautes t!'lIIlxtrnturl'S. 11 est constituc
par IIn mlrolr con Iorme de parnbolokle, plnce de tellc
sorte que !IOn axe opti1llle !loithorizontal, cl till lu1lio
stnt '1111 rcm'oic le rayonncmcnt solairc l\ cc miroir.

1.1' mlmir paraboliquc, dent l'ouverture l'st ell' 111 m
et la distance Iocalc Ill' :t,:! m, est constitllc ason tour

lIar line mO'lar'IlIe fnlte ell' 181 cl~ments rcflechissants,
_~ elc1mcnt!l lrllt!l, avnnt uslnage, ont ettc realises

con COIlpant cl<'S more-nux ell' vcrrc a vitro ell' 111 mm
cl'tlpai"!lcllr, 1111l Iurcnt placMsur le moulecl chauffes
1111 tour elrcn\fluc jll!l(l"'l\ leur temperature de ramol
lisscmcnt et convcna ilcment courbes, Pour dormer
l\ chall"c clcment brut la forme exactI' qu'il Iaut
pour 'incorporer daM uno surface paraboloklc,
on a rc..lIi,\c une mculc !l rectifier speciale, CPOII!\.'\Ilt
cettc Iormc, Lesclement!! bruts ainsi fa~onnes furent
rr~lIl;ui'\61 et polls, 1..'\ surface tcrminec r~ut unc
couchc d'aluminium 1),1r evaporation en enceinte
c\·aclICc-. de manlerc !l former unc Iace antericurc
rcllrchi!\s:\Ilte,

Le support du miroir paraboliquc est constitue
par une armature en acier qui portc une seric de
cl'tcl~, cf{alcmcnt cn ader, disposes co-axialement.
l.(':ll se~m('nts cllI mimir sont mont6>. sur ccs cerclC!\.
J)ellx diaphta~m~cn forme de V,l'un d:ms la moitie
!\lIperieutl', I'alltrc clan!! la moitie infericllte du s\"s
(('ml', 1)('II\,cnt ctte rapproch6>. \'et!! I'axe oJlticjuc
ct ('on..titllrnt IIn aUcnllateur qlli I)('rmrt cle reglcr
la trmllCratllre etablic a la dble. I.c slIpport 'est
couwrt. par une plaqllc en fer gal\·ani..c, s,luf en
!'.1 Ilartle :want, On !le ptoJlO$c toutdois, dans le
Ilrochc a\'cnir, de l'cntourer d'lInc structurc en ciment
armc fIlii sera dotclc d£' ~nc1~ port~ c.1pables dc
rccou\Tir J'ou\'crturc ant~rietlr('.

t.·hrliostat Mot POUt\'I, lui au!'..i, d'un chi......is
('n ader, et pr6<-nte 1.1. forme d'unc p~Tamid£' inclinclc.
Le plan rectan~lIlairc dl" ccttc Jl~Tamicle formc un
:1J1~le de .c5· !tour 1.1. vcrtical£', Sept ch.\......i.~ porte
miroir, ayant 2 m de la~e et lli m de' lonH, sont
montk en k:hclon~ !lur cc plan, I'un au-<IMo!'us dc
1':U1trl'. Chaquc chi.'!'i!' contil"nt :14 ~m('nt!; fIe
mimir CIOO x 00 cm). t.a matierc l1tili~ d.lns la

rt!alisation de C('S segments est choisie panni dc'S
verres avitres commcrciaux de la plus haute qualite,
et lcur surface nvant est traitec a l'aluminium par
t!vaporation en enceinte evacuee, Les scpt aires rclle·
chissantcs changcnt d'inclinnison en synchronisme,
etant commnndecs par tine hielle rattachec ades
leviers que portent les chassis.

l.es galcts de roulcmcnt du systernc reposcnt nux
trois sommcts d'une poutrc de section trlnngulaire
et se dCplacent sur un rail circulairc autour c111 centre
de cc triangle. Un des galcts est l'clcmcnt motcur,
L'azimut de l'hcliostat varie sous l'impulsion d'un
motcur a vitcsse constante Ipli change d'unc saison
a l'autrc. Un servo-dispositif suit constammcnt
l'imagc et corrigc toute Ugere erreur d'azimut
cventuelle.

L'inclinaison des miroirs sur la vcrticalc change
bcaucoup d'une saison a I'autre, et lcs variations
qu'introduit l'hcure locale sont prcsquc les memos.
On a concu un systeme de manivelles de renvoi
convenable pour imprimcr a la biclle le genre de
mouvcmcnt approprie. L'axe de manivcllc 011 vile
brequin tournant a vitessc constantc, on pcut Iaire
changer l'inclinaison du systemc sur la vcrticalc
en fonction de l'hcure a peu pres cornmc il convient.
Le systernc de manivellcs peut etre entraine au bcsoin
par un autre dispositif moteur. Celui-cl ne donne pas
seulement les modifications saisonnieres de l'ineli
nai!\On sur la \'crticale; iI corrige c.lgalement Ics
erreuts ~Iont est entachCle fonctionncment dll systeme
de mal1lwlles au moyen d'un sct\'o-dispositif qui sllit
constamment I'imagc.

t:ne lentille ayant une distance focale de O,/i m
donnc tine.image du soleil, sur Jcs bords de laquelle
quatre p;t1r('S de phototransistors sont installecs,
d~tI,~ a droite cl a gauche, deux en haUl et cn bas.
SI 1Image se (~cplace par rapport asa position iMale,
le, phototr:tnslstor est eclairc el le signal qtl'il cmct
f~lt {onctlonner le sct\'o-<lisp05itif leqtlel ramene
I'lmage a s,'l position idC.'llc. '

Qllanc1 J'heliostat C!\l all repos, il est oriente vets
le nord et protege par un pannc.'lll,
. .I.<! four sera pret a fonctionner au debut de
Jtlfn 11101. 11 sera alors soumis a di\'ers cs!\.'lis
en marchc.



Le choix UII mode de traitclllcllt des ~ub't:1nfn
;'11 foyer d'un apparcil conccntrnnt l'fllrr~ir prove
1rant d'lIn~ s~lIrce a halite temperature (~()Iril Oil

~(:lIrce artificiclle de ra~:onneml'nt) \'a elfl)('llllrC',
d lI.ne part. des caracteristique« de la !\II )\Iallfr
t.':;~ltce" en particulier de cellos 111I'rll(' pr&lIlr
\ IS-a-VIS <Ill rayonnement convcrecnt et d'auin- I""t

I I- . It f')' t "t

C"s cone itions memos dans lcsquclles cc ravonncrncnt
t"t disponible (position des rayons portcu'; d'~llrfJ;ic
dins l'cspace),

11 a ctc montr~, dans divcrscs publicatlon« (' II 6)
~!' le la concentration du rayonncmcnt solaire p()\J\'ait
Id re obtcnue par une scull' reflexion en utilisant
\I it miroir parabolique dont l'axc 1'5t diriJ::t \'r"
1I soIeil; neanrnoins, ccttc disposition est rclativcmcnt
I' 11 commode pour les divers traitcmcnts quc I'on
l" 'ut effectuer au four solaire, Lcs autcurs ont adoptf,
d-ins la plus grandc partie <le leurs cxphirllc~,
d"." montages comportant l'cmploi d'un miroir
ouenteur plan, mobile. ~c1airant un miroir parabo
li [ue fixe qui donne, par consequent, unc conccn
tr.\tion d'cnergie solaire dans une 7..onc fixl' de
l'f'i;pace. Les montages cOITC5pondent all ~hfma

~Ii' la figure 1 (7. 8) ou, particlllieremenl pour I~
Il1stallations, de grandes dimensions, a (dui cll' la
figllre 2 (O a 14),

Les conditions d'cc1airement des sul~lanccs all
foyer dcpendent de I'orientation des surfaces qu'clles
presentcnt par rapport a la direction dl' I'a);l' foc.ll
du systcme optique. Dans de tres nomhteux c",,',
les surfaces rcceptrices ou les plans d~ orifiCC'l Jl.lr
Oil pcnctre le rayonnemcnt conWTJ:l'llt d.lns (Ics
ca\'itcs appropriccs sont pcrpcncli~tll.li~ a. I'.l~c
!ocal. Ncanmoins, on petit par{OIS ~\1l1! JOlrtd
a recevoir I'cnergie sur des surf.lCl'S JOc1Jn~ Jl.lT
rapport a I'axe foc.'ll. ou mcme stir ~cs ~llf,fac~
parallCles a cet axe (c.'lS du chatlff.tge d IIn ~'hndr:
dans l'axc d'un miroir paraholiquc). On ~n~11
que, dans les conditions precCdl'ntC'S, le m;\Xlmum
de concentration d'cncrgie, sur tine surface drtcr·
mince, puisse ctre obtenu par le c1C.w!opprmcnl
particulier de certaincs parties cl'un nllrolr r-lr~ho
Iique. Par exemplc,le chauffagc d'une sllrfaCt",rndmk
par rapport a I'axe focal pourra clrc am~ho,f Jl.lr
le dcveloppement aSyl11ctrique de la surfac(" p.l~aho,
lique (figure 3). Dans le c.'lS du challffage d'lIo ('yhn~lr'/'
d'axe con{ondll avcc l'axc focal, line l\u~ll('nlall(ln
de I'ollverture dll miroir (> .. f) $t'r.t I'thc.'1Ct" IlOur

CONDITIONS DE THAITEMEl'i ":I' MI-:SIJlU:S l'II\'~IQ(j.'S
BANS LES FOUHS SOLAIUES P
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Figure 2

Figure 3

I.

traiter de cette facon des rnateriaux en poudre ou
des materiaux fragmentes reposant sur un support
qui reste froid. Les traitements, fusions, transforma
tions et volatilisations se font sans contamination,
la substance traitee constituant son propre support
(figure 5). L'inclinaison de la surface receptrice
peut parfois atteindre un angle' de 40° par rapport
au plan horizontal, ce qui correspond a l'angle
que prend normalement un his de materiaux frag
mentes. Ce traitementrlirect peut done s'effectuer
sur une aire quelconque supportant la matiere a
traiter. Un amenagement mecanique du support
petit permettre son deplacement dans un plan hori
zontal. La matiere soumise al'action du rayonnement
convergent est ainsi constamment renouvelee et le
rendement de l'operation a haute temperature se
trouve accru, les volatilisationsd« substance etant
notablement diminuees,

Cette methode de traiternent direct est beaucoup
plus facile autiliser avec les appareils d'une certaine
dimension qu'avec les petits fours de laboratoire,
en particulier lorsque les materiaux a traiter ne sont
pas reduits en poudre fine. En effet, la profondeur
de la zone focale etant sensiblement de l'ordre du
diametre du foyer, la concentration energetique
change rapidement lorsqu'on se deplace parallelement
al'axe?u systerne convergent. Dans les petits fours,
un affaissement de 1 cm de la surfacetraitee pourra

L

Figure 1

Traitement direct des substances

noir realise pour la reception d'un rayonnement
convergent presente des avantages particuliers.

Une autre technique pour augmenter l'absorption
sera de multiplier les reflexions dans la: substance,
afin d'augmenter dans celle-ci le trajet du rayonne
ment. Un tel resultat peut etre obtenu commodement
en, augmentant l'etat de division de la matiere, '
par exempIe par un broyage.

La diminution de la conductibilite thermique,
second facteur preponderant que nous avons cite,
sera obtenu de meme en augmentant I'etat de
division-des substances.

Le precede le plus simple pour porter a haute
temperature les substances al'aide d'un rayonnement
convergent consiste a placer la surface du produit
a traiter au niveau du foyer du systeme optique.
Si le systeme est d'axe vertical ou s'il permet des
concentrations energetiques suffisantes sur des plans
peu inclines par rapport a l'horizontale, on pourra
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Fusion d'une baguette de produWil re;a(w::;;:;t
verticalemenl avec un four lIO re au
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Produit a9910miri- ...

Rayonnemenl d'1II paraboloid•

i axe vertical d. grand. -«tIN,. ,,
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en abaissant progrcssivemcnt le support de la tige
refractaire, Une rotation supcrposee !l Iaible vitesse
permet d'avoir des baguettes plus homogcnes que
lorsque le support n'a qu'un mouvemcnt vertic..,J,

Lors des traitements de substances soumises
directement a l'action d'un rayonnerncnt de haut
eclairement ~nergctique, la temperature monte tres
vite et atteint, apres un temps de I'ordre d'une
seconde, tine valeur suffisante pour assurer la fusion

A
Fusion d'une baguette de produit re/racW~d~ ,'trt~
ment avec un four solaire d'axe \fftical a tth grande (nl\'trtllrr

I· Axe de )'inshllation
I

I

, I /'
'~. 1 //

<, '-....: I Produit fondu /

<, i i' ,/
~;;S'$t~~~i~%~~~i* ~.W"" ,~d"

Figure 5

Figure 4

correspondre aune notable diminution de la concen
iTatio~ energetique, Dans les grands fours, au
contraire, on pourra accepter des variations de niveau
de la surface traitee beaucoup plus importantes.

On peut egalement, a 1'aide d'une installation
11 axe horizontal (figure 6), traiter une substance
prealablement frittee, le produit fondu s'eliminant
constamment de la surface traitee par gravite.
Si la surface soumise au rayonnement reste solide,
on peut, sur cette surface, obtenir des reactions
diverses de fixations ou de dissociations ou, comme
on le verra dans le memoire S 52, eliminer des impu
retes contenues dans le corps solide.

Le traitement d'une baguette verticale peut se faire
soir par un systeme convergent aaxe vertical mais,
autant que possible, de tres grande ouverture
.(figure 7 A), soit par un systeme a axe horizontal
agissant lateralement (figure 7 B). Particulierement
dans le second cas, il est tres important de faire
tourner la baguette refractaire sur elle-meme pour
eviter des surchauffes locales, Dans le cas de la
figure 7 A, le chauffage.d'une baguette refractaire
sera realise avec des concentrations energetiques
maxima lorsque la baguette aura un diametre de
l'ordre de l'image du solei! dans le systeme optique
utilise et que 1'ouverture du miroir pourra etre supe
rieure a 4 f.

Une autre methode de traitement direct, tres effi
cace pour la confection de pieces importantes en
matiere fondue consiste a realiser sur la surface
fondue un apport continu .de matiere (figure 8).
On maintient la zone en fusion au rnveau du foyer
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de la substance. Le ca1cul permet d'e,:aluer la t~mp~
rature superficielle prise pour la zircone. D apres
G. Ribaud (15), la temperature 0 d'une surf~ce

opaque et absorbante d'epaisseur suffisante souml?e
a l'action d'un rayonnement presentant un. certain
eclairage energetique if> evolue en fonction du
temps t suivant la formule:

0= 2 if> vt
VTCAC P

ou A est la conductibilite thermique, C .la chaleur
specifique et p la densite, Nous avons fait ce ca1cul
pour la zircone en adoptant if> = 300 caljcm2jsec,

un facteur d'ernission moyen de l'ordre de 0,4,
p = 6,2; ). = 0,004 caljcm2joCjsec; C = 0,16 entre °
et 1000 °C; ). = 0,0042 caljcm2joC sec; C = 0,18
entre 0 et 1500 °C; A = 0,0045; c = 0,19 entre
o et 2000 °C; ). = 0,0050; C = 0,21 entre ° et
2 700 °C1. Le temps calcule est de l'ordre de 3 se
condes, ce qui est tres voisin des resultats m?yens
trouves experimentalement.. Ce temps s,era~t .de
l'ordre d'une demi-seconde, SI le facteur d emission
etait de un. On arrive a des resultats de ce genre
avec des zircones impures colorees, On aurait ainsi :

1 000 °C en 0,19 sec pour un facteur d'emission
. de 0,4 et

0,03 sec pour un facteur d'ernission
de 1;

1 500 °C en 0,51 sec pour un facteur d'emission
de 0,4 et
0,08 sec pour un facteur d'emission
de 1;

2000 °C en 1,12 sec pour un facteur d'emission
de 0,4 et
0,18 sec pour un facteur d'ernission
de 1;

2500 °C en 2,25 sec pour un facteur d'emission
de 0,4 et
0,32 sec pour un facteur d'emission
de 1;·

2700 °C en 3,1 sec pour un facteur d'ernission
de 0,4 et
0,49 sec pour un facteur d'ernission
de 1.

On a tenu compte, pour l'obtention des valeurs
precedentes, du rayonnement de la zircone portae
a haute temperature et supposes un corps gris,
ce qui ne change pas beaucoup les resultats,

La montee en temperature des metaux, plus
conducteurs, souvent reflecteurs du rayonriement,
est un peu plus lente, mais encore assez rapide.
On a calcule, dans le cas du fer: 1) non oxyde
brillant, presentant un facteur. d'absorption de 0,3
environ pour le rayonnement ,solaIre; 2) r~couvert
d'une couche d'oxyde de fer avec un facteur d absorp
tion de I'ordre de 0,7 pour le rayonnement solaire.
En adoptant P = 7,8 cal/cm2joCjsec, C = 0,2 (chaleur
specifique moyenne entre 20° et 1 530 °C en tenant

1 Dans ce calcul, le facteur d'emission est considere. comme egal
an facteur d'absorption global du rayonnement solaire,

Appareil a alimentation continue
de poudre

Produit rondu

Mouvemenl de descenle
du produ:t

Produit traile

Mouvemenl de r:?alion

Fi~ure 8

compte des chaleurs de transformation). Le Iacteur
d'absorption du soleil est d'environ 0,3 pour le fer
non oxyde et 0,7 pour le fer oxyde. Les temps
trouves sont de I'ordre de 36 secondes dans le premIer
cas et de 6 a 7 secondes dans le second.

Traitements en cavite

Le principe du traitement en cavite consiste a
disposer la matiere a traiter. dans une cavite fixe
ou tournante. Cette cavite presente un orifice d'acces
du rayonnement solaire, de dimensions aussi redu;ite~
que possible. Le plan dans lequel se trouve situe
I'orifice doit pratiquement comcider avec le plan
focal ou, plus generalement, avec le plan sur lequel
peut etre obtenu le maximum de densite d'energle.
Le diametre de l'orifice d'acces doit evidemment
etre minimum, pour attenuer autant que possible
les pertes par rayonnement et par convection .de
la cavite chauffee. Neatimoins comme il est necessalre
de capter dans le four la plus grande partie de
l'energie localises dans la zone focale, on adopte.
en general, un diametre d'orifice un peu plus grand
que celui de l'imagetheoi;quedonnee par le systeme
optique considere. La surface . interieure du four
doit, de toutes manieres,. ~tre beaucoup plus grande
que la surface de l'orifice par ou penetre le rayon-
nement. . .
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L'homogeneite de tern e
depend, pour une large pp~::u~e dts cavites ou fours
parois. La plu art d ' e a nature de leurs

. facteur d'emiss1on ele~e ~ide~,. r1fractaires ont un
de 2 ou 4 micron . ns I.n rarouge au-dessus
et I'infrarouge le~' ~~l contraire, dans le visible
L'emploi d' oxydes rCfra~~~s sont tres ,variables.
chrome et surto t 1 h ~es comme 1oxyde de
tres differents ~es ap~o~o~Ite gonne des resultats
le rayonnement solaire t s a sorbant fortement
d'ou het~rogeneite consid~~a~ie 19~s ~~~ e~e7ple),
Des parois «blanches» en brique d' 1 P ra ures.
ill ,. , fl.!. . a umIne ou de
sr agnesie re. echissent d'une facon diffuse la Ius
.'.,ran~e partie du rayonnement solaire (80 1~0
~e q~; per~et~ra,~e re~liser une excellente rerfa'rtitio~
: e energie a l'interieur du four et partant u
:emperature r~lativement uniforme.' Par ailieu~e
c~s ~xX'des presentent tous deux un fort facteu;
\~ emission propre dans l'infrarouge, favorable aux
~c~a?ges pa; rayonnement, ce qui complete I'effet
:lre~edent.,L.usage de tels oxydes presente neanmoins
<-1;~n~?n:e~~ent;. une partie du rayonnement solaire
re eC.l a interieur du four est perdue a travers
son onfice; cette fraction est d'autant plus importante
que le facteur de r~flexion est eleve et que le rapport
~ntre les ~urfaces lI~ternes et la surface d'ouverture
ce la cavite est faible. Des substances presentant
une tres forte reflexion pour le rayonnement incident
r:ouvant. atteindre 95 p. 100 ou meme 98 p. 100
(rnagnesie par exemple), permettent d'obtenir une
~zcell~nte homogeneisation de la temperature par
I<;flex~ons successrves, mats elles ne sont utilisables
que SI la surface interne du four est tres grande
~ar rapport a.la. section de I'ouverture par ou le
Iayo~nement incident est partiellement reflechi.
Ainsi, par exemple, un petit four de 2 kW, presentant
une ouverture de 16 mm de diametre (environ 2 cm2

)

et une capacite cubique de l'ordre de 10 cm de cOte
(600 cm") fonctionnera dans de bonnes conditions.
Il n'en serait pas de merne d'une capacite de 3 cm
~e cote (54 cm"), le rapport surface internefouverture
etant seulement de 27 au lieu de 300. Lorsque l'on
se tr~uve dans I'obligation de realiser de petites
capacites, il est preferable d'utiliser des nHractaires
ayant un facteur de reflexion un peu plus faible
(80-90 p. 100) pour le rayonnement solaire, tout
en evitant d'employer des produits trop absorbants,
qui donneraient de fortes Mterogeneites de tempe-
rature.

Pratiquement, la zone a insolation maximum
correspond a une zone entierement eclairee par la
peripherie dumiroir (figure 9). Le fond de la cavite
est insole aun moindre degre, d'ou l'interet d'utiliser
des surfaces reflechissant bien le rayonnement
solaire. .

Au fur et a mesure que la temperature du four
s'eleve, le rayonnement· emis par le four presente
uneplus faible longueur d'onde moyenne. Le rayon
nement propre de -Ia paroi devient de p.lus en plus
considerable, mais la proportion ~'energle ray?nnee
dans des longueurs d'onde supeneures a 2 mIcrons
reste tres importante jusque vers 2 000 oC. Enfin,
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Figure 9

on a egalement utilise des .fours apatois hetcrogcn('$,
comportant des refractaires fortement diflusants
?u rayonnement solaire dans lcs zones Ics' plll~
insoleeset des refractaires absorbant cc rayonnemcnt
dans d'autres regions.

La forme du four a egalement une grande impor
tance, la paroi opposee a l'orifice etant Oll non
fortement eclairee suivant la profondeur du four.
D'autre par~, on peut aussi utiliser les echangcs
par convectIOn en placant l'ouverture vcrs le b.1.5
du four, mais ces echanges sont Iaibles par rapport
aux echanges par rayonnernent lorsqu'on opere
vers 2 000 -c,

Dans bien des cas, le Iacteur d'emission de cescorps
augmente avec la temperature. Ces pertes s'ajoutent
aux pertes par rayonnement propre du four, qui
ne dependent pratiquemcnl que de la temperature,
pour une ouverture de section dCtenninec, et pcu
de la nature des parois, par suite des re/1cxion.<;
successives. It convient, en outre, de bien di5tin~1l('f
entre les hCterogeneites de temperature en rtgimt'
transitoire, qui se produiscnt en pCriodc d'khauffe-
ment, et les hCterogencites de temperature jntc~(,,1nt
le four en Cquilibre de temperature. Cc phcnomcnc
est beaucoup plus important clans le premia ('.3.<;
que dans le second.

FOllrs IOIlr1lallls dils «jollrs UrI/ri/"g(S 11

L'utilisation du rayonnement avec Ics foUTS d'axe
horizontal neccssitc le plus sou\'ent I'cmploi ~c fonrs
centrifuges, clans Icsqucls la substance est m:untcrl1U'
en place par rotation. l'aceclcration centriful:'C ct~nt
suffisante pour compcnser tes forces de gr,'l"tc.
CeUe rotation permet, d'autrc part, de afc'r nne
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cavite au sein meme du produit traite. Ces fours
sont essentiellement constitues par unecuve metal
lique cylindrique tournant 'autour' de son axe et
entrainee, soit par un arbre en' bout, soit par des
galets peripheriques. La face circulaire avant, demon
table, est percee en son, centred'un orifice place
au foyer de 1'installation et presentant undiametre
suffisant pour permettre au rayonn'ement de penetrer
dans la cuve, Sous 1'effet de la force centrifuge,
le produit en poudre ou concasse place dans la capa
cite est plaque sur. les parois. I1 se forme ainsi une
cavite dans laquelle s'accumule l'energie admise
par 1'orifice d'acces du rayonnement. La capacite
metallique est refroidie exterieurement par un courant
d'eau, de maniere a eviter une trop grande elevation
de sa temperature susceptible de la deteriorer ou
de la fondre. I1 se cree ainsi un gradient de tempe
rature considerable entre la capacite interieure et
les parois refrigerees de la cuve. La cavite s'agrandit
generalement plus ou moins au cours du traitement,
au fur et amesure que la fusion ou le frittage progresse
en profondeur, et I'on ob~ient une masse a ~empera

ture elevee isolee thermiquement des parois metal
liques par'l'exces deproduit 'en poudre jouant
le role de calorifuge (figure 10). Les fours centrifuges

permettent aussi de se passer de creuset support
et de traiter en cavite, avec des rendements eleves,
les substances les plus diverses, quel que soit l~ur
facteur d'absorption pour le .rayonnement solalre.

Afin d' assurer une bonne protection des p~rois
par refrigeration, il est necessaire de constltuer
celles-ci avec un metal bon conducteur de la chaleur
(aluminium, cuivre,etc.). On note une tres mauvaise
tenue des aciers refractaires, trop peu condueteurs
de la chaleur, qui, malgre la refrigeration par l'eau.
fondent au voisinage de 1'orifice du four.

Les caracteristiquss d~s fours centrifuges dependept
del'usage que I'on desire en faire, L'energie admls e
est maximum au centre de l'orificed'acces du rayon
nement; elle decroit ensuite progressivement au. fur
et a mesure que l'on s'eloigne de I'axe, 11 convlent
~e li~iter l'ouverture aux zones pour lesquelles
1energie admise est superieure a l'energie rayonnee
par la substance'portee a. haute temperature. L'ouyer
~ur~ sera done plus petite pour des operatIOnS
a treshaute temperature qu'a temperature moyenne.
Le profil de la face avant doit degager, autant
que possible, le produit traite, Une forme assez bonne
est representee parla figure 10. Elle permetau rayonne-
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Les essais en atmosphere rigourcuscmcnt condi
tionnee necessitent l'emploi de patois transparcntes
au rayonnement solaire (figure 12), c'est-a-dire
laissant passer la plus grande partie du rayonncment
de longueur d'onde comprise entre 0,3 ct 3 microns.
Les differents verres blancs ordinaires sont suffi
samment transparents, mais leur resistance .lUX chocs
thermiques ne peut convenir, Par centre, le pyrex
ou le verre de silicedonnent d'exccJJents r~ultab
(figure 13). Sous des epaisseurS de 2 mm, le premier
laisse passer environ 85 p. 100 du rayonncmcnt
solaire, et le second 89 p. 100 pour unc \'arietc
moyennement pure. Le pyrex supporte des &Iairc·
ments encrgetiques de l'ordrc de 20 watts/cmt et
la silice vitreuse peut, sans se dcteriorer, ctre soumise
a des, eclairements energHiques atteignant
500 wattsjcmt, c'est-a-dire ctrc plade tres pres
de la zone focale; mais ces chiffres ne sont valables
qu'en l'absence de vapeurs susceptibtcs de se deposer
sur les parois transparcntes et d'arreter une partic
du rayonnement solaire. Pratiqucmcnt, on ne dcvra
pas depasser, respecli\'ement, 5 et 50 waUsjcm

t
•

Nous avons egalement utilise des patois tran.~rarcntcs
en matiere plastique (plexiglass). Cctte maticrc
presente l'incon\'en~~nt de pos...~cr des .handC$
d'absorption dans I mfrarouge; ce phCnomcnc C$l
peu genant pour les fcuiJIes minces de I'~rdrc ~~ I
a 2 mm, mais l'est beaucou~ plus lorsqu on ut!h.~
des parois epaisscs. Le plexl~Ias.~ absorbc ~\,ron
20 p. 100d1l rayonnemenl solaue pour unc cp:"-"~llr
de 10 mm, et ne pcut pratiqu;me.nt rcce\'Olr,l'llus
de 2 watts/cmt ni supporter d actl0n.'t mec:t1llQllcs
ou de prcssions notables. Par contrc. ~e lres ~
rCsultats sont obtcnus .lvec des fctuJJes ml.~
(0,05 a 0,2 mm) de m.ltieres plastiqu~, a COndlll?n
de ne les f.lire tra\'crscr quc par de f;ubles Cn~rpcs
par unite de surface. Lcs feuillcs mi~a:!' LlI:,,~nt
passer 92 p. 100 du rayonnc!'1enl ~1.t1rc, m;tJ.<l, en
diffusent, en general, \me pctlte r:'l.rtle•.Ieur !iUrl.1C'C

etant mCdiocrement Jisse. 1..'\ refnger.'tlon d~ ~r·
faces pennet, , dans une certaine mC'Sure, de hmltN"

UI

s'e~cctue progrcssivement sous I'action ch, l'augmen-

d
tah~n d.es pcrtes calorifiques dues a la diminution
e I epaisseur du calorifuge,
Da!1s un premier stade de recherche, 1("$ fours

cent~lfuges ant tie destinesau traitement des produits
relativement peu conductcurs dc ehaleur, tels que
les oxydes et les composes oxygcnes. De nombreux
composes non oxygcnCs, comme IM halogcnuM
les fluorures en part!c.ulier" 011 les sulf,ures, IlCU\'cnt
etre fondus, a condition ~.o~fl·r a I abri de l'air,
Le pr~ccde est egalemcnt applicable .lUX produits
metalliques lorsque I'etat de division de CCIIX'cj
permet de realiscr un isolement thcrmique suffisaut
de la masse portee a hautc temperature, Une autre
methodeconsiste afondre les metaux dans un creusct
(figure 11), constitue par une substance r~fractaire

peu conductrice de la chaleur et formce au prealable
dans la cuve meme du four centrifuge.

Conditions de traitement et mesures physlqu'el

t;t,en~ de rentrer dans le four, tout en augmentant
I ?palsseur de la poudre calorifuge de la face avant.
C est, ~n effet,. dans cette zone que le calorifugc a la
plus faible epaisseur. ,

Les fusions au four centrifuge s'effectuent le plus
souvent sans grande surchauffe du produit fondu
la temperat~re etant limitee, par la fusion de 1~
couche sous-jacente et les mouvements de convection
dans la ~asse, liquide etant iinportants. Le choix
des P!odu~ts d'attaque, lors ,de certains traitements
de ~:mnerals, par exemple, 'est done tres important,
et 11 sera souventavantageux d'utiliser pour cela
des ~omp~ses a haut point de fusion, tels que la chaux,
au lieu d oxydes alcalins.

~i la temperature des fours centrifuges est a peu
pres constante au cours des operations de fusion
il n'en est pas de meme du volume interieur, qui
croit avec le temps, la densite du produit fondu
etant superieure a la densite apparente de la matiere
pulverulente. Parallelement, l'epaisseur de la poudre
inalteree situee contre les parois et servant de calori
fuge decroit et les pertes calorifiques par conducti
bilite thermique augmentent. L'energie disponible
pour la fusion diminue done progressivement.

L'influence de la vitesse de rotation sur la cavita
tion est relativement faible, mais une vitesse elevee
a pour effet d'augmenter le diametre des cavites
au detriment de leur profondeur.

L'energie apportee sur la surface interne de la
cavite, il existe dans la massefondue un leger gradient
de temperature dirige 'du-centre 'vers la peripherie..
La densite diminuant en.general avec la temperature,
la force centrifuge n'interviendra guere pour brasser
le praduit, mais des variations periodiques de la
vitesse ont une action favorable dans ce sens.

La densite apparente de la poudre introduite
dans la cavite est tres importante, car les poudres
de faible densite apparente sont de meilleurs calori
fuges que les autres;· et la cavitation est d'autant
plus rapide que la densite est plus faible. ,La cuve
peut etre pleine en debut d'operation ou c.ompo~er
deja une cavite formee a froid par centrIfugatIOn,
ce qui permet une meilleure captati~n du rayonne
ment dans la phase initiale de 1'0peratIOn. Par contre,
la quantite de matiere fondue est plusgrandelorsqu'on
utilise une matiere apparemment plus ?ense. Afin
de pallier a cet inconvenient, on peut, S?l~ ~echarger
la cuve 'en cours' d'operation, soit p~acer Imtlalement,
dans la partie centrale, un prodUlt plus dense que
vers la peripherie. .

La fusion des'prQduitstraites debu~e'rel~tivem~nt
lentement, une grande parti~, de 1energle solaue
etant , reflechie ,par ,le prodUlt.en. poudre, surtout
lorsqu'il s'agit de .substances «blanches '»'. Cett:
vitesse croit ensuite et passe par un maxIJ!1um,
elle diminue ensuite progressivement a partl: du
moment -:-ou . l'epaisseur de la poudre calor~fuge
commence a diminuer dans de trop larges proportIOl!s.
Dne ,interruption brusque,?~ ray?nnement sola~~
provoquesouvent une solIdIficatIOn de~u~ant ..
centre. L'inverse se produit ~orsque la sohdlficatIOn
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A. Four centrifuge en rotation rapide (axe horizontal)
B. Four centrifuge en rotation rapide (axe incline)
C. Four centrifuge arrete (axe vertical)
D. Four centrifuge en rotation lente (axe incline)

g) Produit en poudre
h) Produit en fusion
j) Creuset de produit refractaire prealablement fondu
h) Produit Iritte
m) Poudre calorifuge de rneme nature que le creuset
11) Produit traite dans le creuset

a) Cuve mdtallique
b) Orifice d'acces du rayonnement
c) Refrigeration par jet d'eau
d) Axe de rotation
t) Flexible
f) Axe de basculement

leur cchauffement. L'eau donne de bons resultats,
Afin d'dviter une absorption trop importante du
rayonnement solaire dans l'infrarouge, on peut fai~e
ruisseler l'eau sur les surfaces transparentes, mats
cela entraine une certaine dispersion du rayonncment
solaire convergent. La rnethode de la double paroi
avcc circulation d'eau necessite une certaine epaisseur
d'eau et limite l'energie admise. Les courants d'air
rapidcs sont tres efficaccs dans le cas OU 1'0n a
a< refrigerer de larges surfaces de plastique faiblernent
cc1airees par unite de surface. Dans l'infrarouge
(au-dessus de 4 a 5 microns), le pyrex et le verre

de silice absorbent le rayonnement a l'exception
d'une bande de reflexion vers 9 microns. Les plas
tiques presentent des bandes d'absorption, mais sont
partiellement transparents sous faible. epaisseur.
Le rayonnement de plus grande longueur d'onde
emis par la substance portee a haute temperature
contribuera done beaucoup a l'echauffement des
parois, Cependant, cet echauffement des parois par
le rayonnement emis par la substance est, en general,
tres limite. Lorsque la temperature atteinte depasse
1 500 ou 2 000 cC, la proportion d'infrarouge, ..au
dessus de 3 a 4 microns, est relativement fatble
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par rapport a l'encrgie tot ale rayonnce. Considerons
;~ne sUbstan~e traitee. au foyer d'un miroir 1):1r:1bo•
.ique de 2 metres de diarnetre et de 85 cm de ( istance •
tocale ; cette substance sera irradiee sur 2 cml environ
avec une energie moyenne de 1 kW cml (angle solide
.le reception: 3,3 steradians). Si cette substance
ales proprietes d'un corps noir et ne perd de l'energie
que par rayonnement, elle emcttra I kW/cm l sur
~ ern- et sera portcc aenviron :I :170 ·C; elle emettra,
dans un angle solide double de celui de la reception,
une quantite d'infrarouge moyen minime. En realite,
la temperature atteinte est le plus souvent infericure
;\ celle mentionnee ci-dessus et ne depasse guere
~ 800 oC, dans les conditions definies plus haut,
d'ou une emission encore plus Iaible, A temperature
plus basse, l'energie globale emise est faible par unite
(le surface et la matiere traitee ne rayonncra des
quantites importantes d'energie que si les surfaces
chauffees sont beaucoup plus importantes que la
surface du foyer, par exemplc lorsque l'on defocalise.
Lorsque la temperature attcintc de ccttc fa~on

ne depasse pas quelques centaincs dc dcgres, prati
quernent tout le rayonnement emis se situe dans
l'infrarouge, Differents types de parois ont ctc
essayes avec nos installations de 2 kW: ballons
spheriques, coupoles hemispheriques, tubes, plaques.
'::itons un dispositif recemmcnt mis all po~nt al!
Laboratoire de l'energie solaire de Mont-Louis, qui
..onsiste a utiliser une feuille de plastique moulec
iOUS forme d'un cylindre de grand diametre, fixe
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sur un tube, a ses extremites, par des ligatures
et formant un ballon, de diametre compris entre 15
et 32 cm et de capacite de 20 a 75 litres. Le ballon .
est gonfle par le gaz choisi pour constituer l'atmos
phere de traitement. Nous avons aussi utilise des
coupoles de plexiglass hemispheriques - de 30 cm
de -diametre pour des operations en atmospheres
varices, .rnais sous une pression egale a celle de
l'atmosphere, Les parois de verre pyrex ou de verre
de silice permettent de realiser des operations sous
vide. Pour les hauts vides, la silice est certainernent
le meilleur produit, l'absorption des gaz et,' surtout
de l'humidite, pour ce verre refractaire, etant tres
faible. Le plexiglass epais peut etre employe -sous
vide pendant des temps tres courts; il a l'inconvenient
de degazer considerablement. Une -methode tres
commode pour operer en atmosphere conditionnee
consiste a-utiliser des ballons de verre pyrex compor
tant une bague avec rodage plat reposant sur un joint
torique (figure "12). En ce qui concerne les essais
sous pression, nous avons utilise des pressionsallant
jusqu'a 20 kg cm2 environ et des plaques de silice
de 20 mm d'epaisseur (figure 14). Les 'parois trans
parentes en verre pyrex ou en silice sont -souvent

obscurcies par les vapeurs ou fumees degagees par
les produits .traites, portes a haute temperature.
Les operations sont ainsi freinees ou arretoes plus
ou moins rapidement, ce qui a pour effet de limiter
le rendement. Cependant, dans certains cas, on note
que les parties de ces parois qui sont eclairees s'ob
scurcissent beaucoup moins rapidement que celles
qui ne le sont pas. Des ombres, meme de tres petites
dimensions, forrnees au milieu de la zone eclairee,
provoquent une accumulation privilegiee des vapeurs,
ces dernieres se repartissant, evidemment, surtout
dans les regions obscures entourant la zone (calotte
spherique pour un ballon, disque pour le plan)
traversee par le rayonnement. Le phenomene est
plus net avecles vapeurs de produits colores absor
bantbien le rayonnement solaire. I1 depend de la
nature de I'atmosphere et est maximum avec l'hydro
gene, cependant que des pressions de l'ordre du
centimetre ou de quelques millimetres permettent·
d'obtenir les effets les plus marques. On n'observe
plus rien sous haut vide. Enfin, le phenornene depend
de la valeur de l'eclairement energetique supporte
par la paroi. 11 ne s'agit pas de phenomene lie au
chauffage de la paroi transparente. On pent le montrer

ProduiLQ
traiter-

.v,

H~.9lqge en hauteur
du s~QP.0rt de produit

. ~

Fi~ure 1~. »

Glace de silice
vltr-euse----------
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de diverses facons, en particulier, en deposant sur
une portion de paroi externe une couche de produit
absorbant le rayonnement solaire; dans ces condi
tions, le verre s'echauffe plus dans cette region que
dans une autre, mais il se produit cependant un
depot de vapeur notable dans cette region. 11 doit
done bien s'agir de photophorese positive, liee a
l'echauffement privilegie de la face des particules
exposees au rayonnement et au chauffage des gaz
en contactde cette face. L'hydrogene plus conducteur
thermiquement (0,00034 cgs) que les autres gaz
(air: 0,000057) et moins visqueux (83 micropoises)
qu'eux (air: 171 micropoises) donne les meilleurs
resultats, Lorsque la pressionest trop elevee, la
convection gazeuse masque lepMnomene. Dans
un vide pousse, les molecules de gaz sont ~rop rares
pour obtenir des effets notables. Bien que I echauffe
ment des parois transparent~s ne proyoque pas
l'arret des depots de vapeur, 11 est possible que le
degazage de ces parois exerce une influence favor~ble
a cet egard. Les particules precedentes pourraient
etre orientees aussi par magnetophorese ou electro
phorese.

Enfin, des ecrans tournant rapidement et disposes
de facon a ne pas masquer le rayonnemen,t permet
traient de capter les vapeurs. SI l~ probleme de la
paroi transparente, pour le travail en atmosphere
conditionnee est facile a resoudre pour de petites
installations: il n'en est plus, .de meme dans !e. cas
des fours de grande puissance,' ~es surfaces utlhsee;
doivent etre considerables, de 1ord~e,de. 1 000 ~m
pour la silice vitre~se dans ~e cas dune lllstallatlOn
de 50 kW. Il -serait necessaire de fragmenter cette
paroi en plusieurs parties. Cepen~ant, la sl!lce peut
supporter des eclairements energetlques conslderables
acondition de ne pas recevoir de vapeurs condensables
en cours d'operation. En l'absence de c~mtamlllatlOn,
des parois de ce genre pourraient e.qUlper des fours
de 50 kW Dans un domaine tres different, les plas-

tiques tr~nsparents! se, pre(senta~~ ~~}s :~~~~ti~:
ballons de 1 m de diametre pour, '. . d
sables pour realiser ?es atmospheres voismes e
la pression atmospMnque.

~esures physiques

Mesure de l'energie utilisable au foyer d'un four

solaire . 0
' ,', . tT bl est faite comm -

La mesure de l'ene;gle u 1 ~sa e. e a l'aide d'un
demerit par un controle calon~etr~~u, la figure 15.
calorimetre «corps noir » rep~;e:d'~ces du rayon
Le calorimetre presente ~n on t~ut ,le rayonnement
nement 'de diametre' teen~~: dans la cavite calori
convergeant au foyer P t i terieurement noircie,
metrique. Celle-ci, en ~':IVre ed lllla temperature ordi
es~ maintenue au VOlS~age cir~ulant constammen~.
naire par un cou;ant . eau tee ar .le 'corps noir
La mesure de Hnergl~'tf~e cafories evacuee par
est donnee par la quan 1. e tion' Le debit de ce
le courant d' eau de refng ra al:aide d'un therrno
courant etant connu, on mesure.

couple differentiel, le gain de temperature acquis
par l'eau circulant autour du corps noir.

Mesures des temperatllres
Voir plus haut le memoire 5/66 de M. F~x

(Mesures des temperatures au four solaire), qui est
consacre a cette question.

Mesure de chaleurs splcifiqlles
Le precede, d'ailleurs classique, consiste achaufler,

dans une cavite «corps noir s presentant des parois
de nature convenable, la substance a ctudier; cette
substance est ensuite precipitee, par renversement

. de la cavite support, dans un calorimetre. L:1 methode
s'applique particulierementhien al'etude des chaleurs
specifiques d'oxydes a l'etat sollde challff6i dans
des creusets refractaires corps noirs, Des mesures
de chaleurs specifiques ont ete ainsi effcctuees dans
des domaines de temperature pouvant s'etcndre
jusqu'a 2 300 ·C.

Etudes dilatometriques
Les mesures optiques de l'allongcment des. corps

en fonction de la temperature (16).sont particulie
rement applicables dans les fours solaires. L.'\.mcthode
consiste a viser les pointes d'un ech.an~ll1on. de
longueur connue a la temJ?Crature ordtnatrc.. place
dans une cavite corps noir ch3:uffCc a 1aide ~u
rayonnement solaire, Cette cavite ctant sourmse
a des eclairements energHiques de plus en plus
eleves, on note, en fonction du temps, la tcm~ralure

../
: Arrrul. PU



426 III.F Fours solalres

0,10

OJ

o

Longueur d·onCr.· micr

32.S2

Hp

Rayonn.m.nL du corps noir a GOOO'I{

Rayonn.menL du soleil en dehors d. I'almosphke

Rayonnement du sulcil . au ni~uu de la mer

1,5

Energie e.

Wal.L/c~/J4

uv

ops

0,15

Q2

Q

Fj~ure 16

de l'echantillon et la distance entre ses pointes.
Un comparateur, a. deux cathetometres ou a un seul,
est utilise.

Traitements mlxtes a hautes temperatures
utilisant la combinaison de I'energle solalre

et d'une autre forme d'energte

Ces traitements peuvent avoir pour but la reali
sation de temperatures plus elevees ou l'obtention
de meilleurs rendements. Considerons tout d'abord
le cas ou l'apport calorifique est realise par convection
gazeuse, c'est-a-dire, essentiellement, le cas des
flammes. De tels traitements ne seront efficaces
que dans la mesure ou les temperatures deja realisees
avec le rayonnement solaire sont inferieures a celle
de la flamrne, sinon cette derniere exercera une
action refrigerante, Mais l'action de la flamme pourra
ctre utile pour realiser un prechauffage de la rnatiere
susceptible d'augmen~er le facteur d'abso~ption p~ur
le rayonnernent solaire ; par excmple, 11 est aise
d'amorcer ainsi la fusion du quartz, l'operation etant
poursuivie au four solaire. La flamme pourrait servir
egalement a diminuer les gradients de temperature
et, par consequent, a augmenter la temperature

maximum obtenue dans la: zone la plus chaude, en
agissant sur les zones peripheriques, Les «plasn:as »

produits par les chalumeaux a plasmas auraient
une action quelque peu analogue a celle des flammes,
mais leur temperature tres elevee (15 000 ~C J?ar
exemple) n'est pas susceptible de perturber 1action
du rayonnement solaire. Les possibilites de chauffage
des substances refractaires par les plasmas sont
souvent quelque peu lirnitees par la vitesse des g~z

(plusieurs fois la vitesse du son); des dispositlfs
mixtes utilisant le soleil permettraient sans doute
de se placer dans des zones limites moins chaudes.
mais ou l'effet d'emission serait moindre. La combi
naison du rayonnement solaire avec une autre energie
radiante permettra toujours de progresser en tempe
rature. On peut ainsi songer a utiliser un four a
image presentant des miroirs relativement petits a;fin
de ne pas perturber le fonctionnement du four solalre.
Dans le merne ordre d'idee, un bombardement IHec
tronique est susceptible de s'utiliser dans un four
solaire, dans le cas ou l'on opere sous vide tout au
moins. L'energie d'appoint peut etre amenee no~
seulement par convection ou rayonnement, mais auss~
par conduction en utilisant I'effet Janle. L'emplol
de resistancss cha~ffantesmetalliques ne peut stre
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envisage que si ces resistances sont placees relati
vernent loin de la zone focale ponce n tres haute
temperature, ceci afin d'evitcr Icur deterioration.
De mcihcurs effets sont susccptiblcs d'etrc obtenus
en fais.uu. passer le courant dans la masse deja
chauffec :~,l!' l'energie solaire, et ainsi rcndue conduc
trice lors.n \'il s'agit d'un produit isolant a la tempe
rature or- [i naire (cas de ccrtains melanges d'oxydcs).
D'une fac. .;: semblable, on pourra chauffer par induc
tion hau k trcquence des substances isolantcs, preala-

blcmcnt challff(~ IMr le' f,l)'ulIlI"lIlrlll ""-'Ur. C..uc
derniere mfthot\c 1)l)\lrr.,it fUr lA fl\l"llIrtlfr cuml"·
naison p()~siblc tit' 1'~I\("fI.:i.. ,... I.tur 'Wn.' 1I11.. -'IIIIc
forme d fllt'r~it'. 1~lllill, I.. cbull,,!:,. el'''''l".illt ,'umu
intervenir dans UIl .. Wile' elille1rrlllt' tII' ..-11.. uil "hIt
Ic rayunnement solaire, On ,)(""ut .1111'1 OIn(r\~',r

un pr&hauffOl";c IMr ltlllllllt' eln 1"l.Ufltn luneluM
dans la 1.Ollt' locale. afin elt' rr"li"C", e no fllUnO('fI\hll~

par la mftlmele ,lc Wrrnrllil avec un trlleklUC"flt
tres interessant.
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b) Le facteur d'absorption d'une substance r6fM
chissante peut ctre tres amellore en augmentant son
6tat de division ou encore en le placant dans une
enceinte corps noir,

c) Les facteurs d'ordre thermique qui interviennent
sont la chalcur specifique et la conductibilit6 ther
mique ; cette dernierc dolt ~tre aussi Iaible que pos
sible. On peut la diminuer considerablement en aug
mentant l'etat de division des substances.

Traltements directs

1...a substance b. traiter est placee directement au
foyer du systeme convergent. Si l'axe du systeme est
vertical et la convergence realisec du haut vers le
bas, on peut ainsi trnitcr en surface des produits
pulverulents ou fragmcntes reposant sur eux-memes
dans un creuset qui rcste froid, Ces produits peuvent
ctre portes b. haute temperature sans contamination.

Le traitcment direct peut ctre cffectue sur une
substance soumise il. un deplaccment lateral. On
obticnt ainsi un rcnouvellcmcnt de la surface traitee
et la formation de barres fondues ou Irittees de Ion
gucur inddfinle. Le rendcment de l'operation est
ameliore,

Le traitement direct yeut ctre fait avec une instal
lation a axe horizonta sur une surface cohercnte
par excrnple Irittde. 11 pcut ctre fait avcc apport
continu de matiere sur une surface fondue dont la
partie sous-jacente Se solidifie progrcssivcment.

On peut calculer le temps t necessaire pour porter
a une temperature 0 une substance soumise a un
cclairement energetique donne :

0= 21$ vi
vnAep

on'" = eclairement cnergctique
A = conductibilite thermique
e == chaleur specifique
p == dcnsite,

Cctte formule est valable pour le corps noir. Pour
Ies corps non noirs, la valeur de ", est a multiplier
par leur facteur d'absorption. On a, pour la fusion
de la zircone a 2 700-, un temps t de 3 secondes en
accord avec Ies resultats experimentaux, Pour les
rnetaux plus conductcurs, les temps sont plus cleves.

Traltement en cavlt6

L.'\ maticre est placCc dans une c.wite fixe Oll tour
nante qui r~oit le rayonnement convergent par un
orifice de surface aussi faible que possible. A l'inM
rieur de cette cavitc, les rcflexions internes per_
mettent une bonne absorption de I'cnergic. Cettc
disposition est particulicrcment f:worable pour un
tmitement des substances rcflechissantes qui sont
malaisecs a porter ahaute temperature par chaufiagc
direct.

L'homogcncitc de temperature dans les cavites
chaufices par rayonnement solaire depend normale-

ment de la nature des parois et du rapport entre la
surface de I'orifice d'acces du rayonnemcnt et la
surface interne de la cavite. Un orifice de faible sur
face et une grande surface interne donnent des cffets
• corps noir • tres marques. Pour les substances pre
sent ant un coefficient d'absorption du rayomu-ment
solaire superieur de 10 a20 p. lOO, on peut augmentnr
la surface relative de l'orifice d'acces du rayonncmcm,

Au fur et amesure que la temperature de la cavite
s'eleve, l'energie qu'elle rayonne devient, pour line
meme energie incidente, de plus en plus considerable,

La forme du four a egalement une grande impor
tance, la parol opposee a l'orifice etant ou non forte
ment 6clairee suivant la profondeur du four.

Le facteur d'emission des substances augmcntant,
en general, avec la temperature, les pertes d'cnergie
sont plus elevees que celles que l'on pourrait dcduire
de la loi du rayonnement du corps noir en fonction
de la temperature,

Fours toumants dits fours eent!ifuges

Pour ces fours, constitues par des cavites cylin
driques tournant autour de l'axe du cylindre, la
vitesse est suffisamment grande pour que l'accele
ration centrifuge l'emporte sur les forces de gmvite.
~ substances .sont maintenues sur les patois du
cy~mdre et recoivent le rayonnement solaire par un
onfice axial. Les parois de la cavite sont refroidics
pa~ jet d'eau. Les fours centrifuges permettcnt de
traiter les substances les plus diverses en profitant
des deux avantages conjugues du traitement sans
creuset, c'est-a-dire sans contamination et du trai-
tement en cavite, '

Les parois des fours centrifuges doivent etre consti
tu~ de metaux bon conducteurs de chaleur. L'alu
mimum et. le cuivre, par exemple, resistent mieux
que les aciers refractalres, particulierement 11 l'ori
fice des fours.

~caracteris~iques d~ fours centrifuges dependent
de .1 usage que 1on desire en faire. Comme pour les
tx:'lltements en cavite, les rapports profondeurj
diarnetre ont une grande importance.

Les fusions au four centrifuge s'effectuent le plus
souvent ~ns ~nde surchauffe du produit fondu,
le produit sous-jaeent, par sa fusion progressive,
absorbant, en general, les calories apportees.

Dans Ies operations au four centrifuge la cavite
centrale, dans le ?S le plus general, augn'tente avec

dl~ t~mps de traltement; I'epaisseur du calorifuge
Immuant para.1lelement. .

Les brassa~es des ~ro~uits fondus peuvent etre
obtenus par Simple vanatlOn de la vitesse de rotation.

POUf eviter I'agrandissement exagere de la cavite
cc".tra e, on peut recharger le four en cours d'ope
rabon.

croru vitesse de fusion, rclativement lente au debut,
ccrt '. passe par un maximum et s'annule apres un

am nombre d'heures de travail.

g6~~ours celntrifuges sont d'une utilisation tres
pour es composes oxygenes, halogenes, ou



Esaals en lltmosphllrc condltlonn~o

l'e~CSI~,ss~is en at,mosphCrc conditionn~e nl'C<.'S\ilent
,P I ,e parois transparcntcs all rayonnement

s,olane. Dlf{cr7nt~ types de vcrres peuvent ~lre uti.
lises, en particulier le verre Pyrex et le verre de
slhc;. Le Pyrex Iaisse passer 85 p, 100 de l'cncr,;ie
r,ol'clre et supporte un cclairemcnt cncrg~liq\lc de

or re de 20 watts/cm', La silice vitreuse lais~
l~asserd80 p, 100 et supporte un cclairement cnerE;c.
tique e 50~ watts/~m', Pratiquement, en rnison
de condensations possiblcs, on prcndrn li et liO wattlll
cm' comme densites cnergctiques limites.

Diverses "!aticres plastiques peuvent cgalcmcnt
rOJ.1vemr, mars les densites d'cnergie sur leur surface
doivent etre ~lus faibles que pour les vcrrcs, Les
matieres plastiques sont plus utilisablcs pour les
atmosl?heres conditionnees sous pression normalc que
sous Vide.

~ne meth??e tres commode pO\~r opercr en ntmo
sphe~e condl~l.onnee sous la pression almQ!;phcriquc
':O?Slste autiliser des tubes en matiere plastique tres
mmce gonfles par une faible surprcssion interne.

Les parois transparentes en verre ou en silicc sont
souvent obscurcies par des depots provcnant de la
volatilisation des produits traites, 11 a ctc rcmarque
que Cl'S depets se forment surtout dans les zones oil
n'intervient pas le rayonnement convergent. 1l a ctc
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TREATMENT CONDITIONS AND PII ....SICAL ME.,\SGR&MF.:'\TS
IN SOLAR FURNACES

Summary

The choice of the method of treating a substance
at the focus of a device concentrating energy from a
high-temperature source depends on the character
istics of the substance treated and on the conditions
under which it receives the radiation.

For concentrating solar energy. the systems
employed most often comprise a .plan~ orienting
system illuminating a fixed parabolic mirror \\"h~
axis may be vertical, horizontal or inclined. according
to the intended uses. It may also be useful to employ
mirrors with dissymmetrically developed reflecting
surface, in order to maintain a high density o! cn~1'S)'
on the receiving surface, if that surface IS inclined
with respect to the optical axis. Sim,ilarly•.when a
cylinder is to be heated, it may be dcsJr.tblc, l~ order
to obtain the maximum energy concentration. ~o
develop the apparent diameter D of the. par:loohc
surface beyond the value 4/U == focal dlslance).

The relevant characteristics of the substance to
be treated are both thermal and optical. .

(a) The substance mllst have a maximum a~':I'tlOn
factor for the radiation employed and mmunum

reflection and trao\miumn b{~nrt.. ll"...,. bt""'J:"C"
on the oth('1 fund. ,',\rr "llh t~}t •rrr.... ':1h=:1' In
which the ~u~tanc'C h r.\i!-(~,

(6) The :a~ion '.\ct« of .. tl'tI~1itlC ,'1;l"h1l{~

rnav bewry much imrrm"l'\i h~' m{:r.x",~ it,\ ~'('rI'!t
of dh;~i(ln. Of b)' rllUf-( 1t ,:1 a U;;t U ...~~· f\Nl~.

(c) TIlt thrntul CMt.lctl"':l\tJr.t tn 'tr O"mtll~nt1'~
are ~p«"C16c h..:&1 aM th<"':tMI (lI'~~rh~I;;1h' n.,
latter mu't ht a.' 10.. a.' T"'",qh'll' 1: U:I ht- .'l,vnll~.
con..idmhly 11)· inctt'.:l\~r~ .tJi' '1-':1' ..4.!111tl1rmorA nit

!<\l~lan("d..
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CONTROLLED ATMOSPHERE EXPERIMENTS

Experiments in a controlled atmosphere require
the. use of walls transparent to solar radiation.
VarI0:U~ types of glass may be used, especially Pyrex
and silica glass .. Py~ex passes 85 per cent of the solar
energy and ~alI~t~ms an irradiancy of the order of
20 .wat~s/cm. Silica glass passes 89' per cent and
maintains .an irradiancy of 500 watts/ems. Prac
tically, owmg to the possible condensation 5 and
50 w,a!ts/cm2 are taken as the· limiting' energy
densities,

Various plastics may likewise be suitable, but the
energy densities on their surface must be lower than
for glass. Plastics are more usable for controlled
atmospheres under normal pressure than in vacuum
work.

A very convenient method' for operating in a
controlled atmosphere at atmospheric pressure makes

e' 2 if> .it
V1tACP

where p is the irradiancy,
A the thermal conductivity,
c the specific heat, and
p the density.

T?is formula is valid for a black body. For other
bodies, .the value of if> must be multiplied by the
absorption factor. For the fusion of zirconia at
2 700°C, this formula gives a' time t of 3 seconds
in agreement with the experimentaL results. Fo;
metals with higher conductivity, the time is longer.

A substance subjected.to lateral displacement may
be given direct treatment. In this way the treated
surface is renewed, and fused or frittered bars of
indefinite length are obtained. The efficiency of the
operation is improved.

Direct treatment may be given, with an installation
having a horizontal axis, to a coherent surface, fritted
for instance.

Direct· treatment may be accomplished with
.continuous addition of new material on to a molten
surface whose underlying portion is progressively
solidifying.

The time t necessary to bring to a temperature 6
a substance subjected to a given irradiancy may be
calculated as follows : .

Rotating furnaces, called centrifugal furnaces

For these furnaces, which consist of cylindrical
cavities rotating about the axis of the cylinder the
velocity is sufficiently high for the centrifugal ...,':el
eration to exceed the gravitational forces. The r- .ite
rial is thus held against the walls of the cyl-nder
and receives the solar radiation through an ,j xial
aperture. The cavity walls are cooled by water cts.
Centrifugal furnaces may be used to treat the n.ost
varied- substances, profiting by the two associrted
advantages of treatment without a crucible - that is
to say, without contamination - and of treatnent
in a cavity. ..'

The walls of a centrifugal furnace must be made
of a metal that is a good heat conductor. For example,
aluminium and copper are more resistant than
refractory steels, especially at the furnace aperture.

The characteristics of centrifugal furnaces depend
on the desired use. As for treatments in a cavity,
the depth/diameter ratio is very important.

Melting in a centrifugal furnace is most «Iten
accomplished without great superheating of the
molten product, 'since the underlying product by
reason of its progressive fusion, generally absorbs
the excess heat transferred to it.

I~ centrifugal furnace operations, the cell ral
cavity, in the most general case, becomes larger .ith
iime of treatment, and the thickness of the the! ;~1al
tnsulation decreases accordingly.

A molten product can be mixed by merely chan.ting
TREATMENT IN A CAVITY the rate of rotation. c.

~o prevent excessive enlargement of the cen iral
~he mat~rial is placed in a fixed or rotating cavity cavity, the furnace may be charged during operation.

WhICh recerves the convergent radiation through an Th t f f .
aperture of the smallest possible area. The internal . e ra e 0 USlOn is relatively slow at first. It then

fl ti insid hi . rises, passes througha maximum, and falls to zero
re ec IOns mSI e ~ IS cavity perI?it good absorption after a certain number of hours of operation.
of the energy. ThIS arrangement IS especially favour-
able for treating reflecting substances which· are The centrifugal furnaces are of very general
har~ to bring up to high temperatures by direct applicability for oxygen compounds, halogen com
heatmg. . pounds, ~nd even for metals, provided the walls of

The homogeneity of the temperature in cavities the melting chamber are properly insulated.
heated by solar radiation normally depends on the
nature of the walls, and on the ratio between the area
of the radiation-access aperture and the area of the
internal surface of the cavity. An aperture of small
area and a' large internal area give. very marked
" blackbody" effects. For substances with an
absorption coefficient of over 10 to 20 per cent for
solar radiation, the relative area of the radiation
access aperture may be increased.

As the temperature of the cavity rises, the energy
radiated by it at given incident energy becomes
greater and greater. .

The shape of the furnace is likewise very important,
since the wall facing the aperture is strongly irradiated
or not, according to the depth of the furnace.

The emission factor of a substance, as a rule, in
creases with its temperature, so that the energy
losses are higher than would follow from the law of
blackbody radiation as a function of temperature.
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use of very thin-walled plastic tubes inflated by a
slight internal overpressure.

Transparent walls of glass or quartz are often
darkened by deposits due to the volatilization of the
oroducts treated. It has been noted that these
deposits are formed primarily in zones not subjected
to the convergent radiation. Various experiments
have shown this to be due to a phenomenon of
positive photophoresis.

PHYSICAL MEASUREMENTS

Measurement of useful energy

This measurement is performed by using a black- .
body calorimeter with water circulation.

Temperature measurements

See above, Paper S/66 by 1\1. Foex,

Specific heat measurements

A calorimetric method has been tried up to
2300°C.

Dilatometric studies

The elongation of a specimen heated in a black
body furnace is measured by an optical method.

COMBINATION OF SOLAR ENERGY
AND ANOTHER FORM OF ENERGY

Various types of energy contributions are con
templated : flames, plasma generators, electron born
bardment, high-frequency induction.
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PUIUFICATION DES SUIJSTANCES PAn CIIAUFl"AGE AU FOUR SOL:\JUE

F. Trombe rt }'I. Foex·

Lt's besoius CII produits purs ont cni considerable
ment uucours de Cl'S dcrnieres annecs par suite du
dcveloppemcnt de certaines nouvelles branches de
la technique (cncrgie atomique, scmi-conducteurs,
metnux et allingcs speciaux, etc.)

Les (ours solaircs, cornmc les (ours arayonncment
pur, pcrmettcnt de traitcr les substances a haute
temperature sans les contamincr. 11 etait done tout
a Iait indi(\lIc d'utiliser cc type de (our pour proccder
a des cssms de purification par differcnts precedes
thcrmiques. .

• Laboratoire de I'cncrRic solaire du Centre national Ill! la
recherche scicntiflquc, ~lont·Louis, l'yrcllccs·Orientalcs, France.

Distillation et volatilisation

Tout d'abord, de nombreux tr.iitcmcnts ther
miques ;t haute temperature SOli t accompagnes
d'effets de volatilisation importa nts, qui peuvent
affecter soit le produit principal, soit les impuretes
qu'il peut contenir. Ainsi les distillations de l'anhy
dride molybdique 1\1003 ou de l'anhydride tungstique
W<?3 permettent d'obtenir Cl'S oxydcs ;t l'etat pur.
Mais cette methode de purification s'applique plus
souv~nt a des produits fortement rcfractaires peu
volatils, perdant par traitement thcrruique les impu
rotes qu'ils contiennent. Certain. produits, par
cxcmple, se purifient ainsi par simp! fusion ou trai-

elimination d'impuretes
par- volatilisation '

/
I

/

enveloppe melcllique

prodw fritte

,
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\ ,

\
\

zono d occumulotion dimpuretea collecteur d'eou \
per m.grotlon en pha.. aolld. 1 '

deportdeou \
Fllture I. Purlflcatlon d'un prodult par trnltement nu r 1 Iour so a re centrifuge

onnoou oll a'o~cu~uIQnt lo~ impuretQs
por crlatoUlsohon· frochonnQQ
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arrivH ovcmtuolle
dos gol
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tement a haute temperature 'au four solaire. tI en est
ainsi des oxydes trCs rCfractaircs comme la magn&.ie
(point de fusion 2800 .C) ou de I'oxyde de thorium
(point de fusion 3 050 .C). l.a methode est applicable
aussi a des oxydes moins refractairC5, mals extre
mement peu volatils, comme I'alumine (point de
fusion 2 050 .C); les traitements 50nt alOl's de pIllS
longue dun~e. Cl;rtains produits rcfractaim:; (oxy~e
de chrome, oxyde de cerium) ctant par contre tl'd
volatilsa haute temperature, jJ pe\lt clre intrrC'!-.,,-,nt
de proccder a la distillation fractionnce de mclan~l"$
les contenant.

Les purifications du type precCclent sont, c\;c1c!1l'
ment d'autant plus rapides que la slIfface d'CchanJ;e.'
entre la masse traitce et l'atmosph~rc. '1ui. J'ento~lrc
est relativement plus grande. Vne c!lmlllatlon rapufc
des impuretes en phase vapcur est un facletlr fa\'o,
rabIc, on peut y parvenir par des trailcrnenls !-OIlS
vide ou par un renouvellement de ga.z au contact
dti produit traitc.

En effet de nombrcuscSsubstanct'S pfC$t.'ntent :H1X

temperatll~cs de lraitcml'nt, entre' I liOO l'l 2 r,cMl

Purlflcatlon paf chAutrAIl«' DU four flGt.l" 11 !lJ '
_._._~ ...__.: ,.".T'_~~~ h ..., ., " tU

;t 3 11110 .(0 I .
, I t"'\ J'fn.' ..-n, clr \'~IlC"UI~ UftS ". t'

Ill;~i" !IoI!tl\'rllt intftinuM :. b I"'....'~'.,l .111ftlt.: ~,t:.,.:
1,1'1I.,~Xt~'r II' 1IIIIi ""1t1\TtI' :. lA "ub",' .!u' ,~,,!"H'
~I~ , .•

t'III'f1/I'1 ..,. .. ... c" J"~flh....h'>ll ""'l.u'r • 11111.1.".,
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m,lI!''1"'1;\lllll'Jhl~ 111..\11 .... Ill:" '''''11,",1.31111" _.U'!I~"';
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I~all~ Inlllrl In IIl1p!Urlh ItfMlllmt lM 1"'....Ht.:lt 1'''''
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h!nl~t~ll~rt"1Ii1 ~ rfll'(t1!(' lup/ult,m. t,. pI rnU..I.
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Figure 3. Purification au four solaire d'un produit place en atmosphere condltlonnee,
, ' sous enveloppe de plastique transparent

, . . ,

solaire a axe vertical (figure 3), on opere en atmo
spheres' varie~s, sous la .pression ambiante aI'inte
rieur d'une game de plastique transparent de 5/10 de
mm. d' epaisseur, Cette gaine est fixee a ses deux extre
mites sur des tubes metalliques, la liaison etant rendue
etanchepar des bandes de plastique adhesif. Le
ballon de plastique ains~ fOrI1,1e est .go.nfle a l'ai~e

du gaz choisi. Vne pressl~ndune dizaine de' centi
metres d' eau suffit pour lui donner une forme stable.
Vne plaque metallique refrigeree, destinee a suppor
ter le produit traite, est placee entre les deux tubes
et soudee a chacun d'eux, Les tubes fermes a .leurs
extrernites sont traverses par des tubulures d'arrivee
et de sortie de gaz et d'eau de refri~eration.de l~

plaque. L'ensemble place sur u~ chanot est dlSp?Se
sur des rails permettant de 1amener en position
convenable pour trait~r la ~ubstaIl~e au foyer d'un
four solaire d'axe vertical dune puissance de 2 kW.

Le produit a traiter est place sur la plaque met~l

lique refrigeree, cependan~ que les v~peurs formees
sont recueillies par ~n aspl~ateu.rmum de filtres .sans
cendres. En cours d operation, 11 est bon d~t;namte

nir une legere circulation de gaz de facon a .ev,acuer
les produits de re~ctionsRon condensables. Dlfferen~s

gaz sont susceptIbles ,d et re ~mployes, e,t en, part~

culier l'azote, l'hydrogene o~ 1oxyge~e. L eau ,formee
lors des traitements de certainsproduits dans 1hydro
gene peut etre absorbee par des substances, desse-

chantes placees dans l'enceinte de plastique rnerne,
soit dans le corps de l'aspirateur, soit a sa sortie.

Migration des Impuretas depuis les zones
portees a haute temperature vers les zones
plus froides .

Ils'agit la d'un phenomena de thermolyse en rap
port avec la mobilite relative des ions; il est obser
vable a l'etat .liquide ou en solutions solides, et est
analogue a l' effet Ludwig Soret. Dans tous les cas,
les impuretes provenant des zones tres chaudes se
concentrent dans les zones a temperature moyenne,
les z(;>nes solides froides ne permettant pas au:, .ions
de mlgre~ avec une vitesse appreciable. Des eqml!bre~
s~ prodmsent entre les differentes zones portees a
diverses temperatures. '

CristaUisation fractionnee

On note' lors d~ refroidissement lent de masses
fondues unphenomene de segregation, les impuretee
se rassemblant pour une large part dans les dernieres
zones restant a l'etat fondu. Dne methods tres simple
~t efficace pour realiser une telleoperation consiste
a placer au foyer d'un four solaire a axe vertical une
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duit fondu au four trif '
sage de la masse ~~~t uge ~ explique par le bras
homogeneisee le grad' ~edqUI est continuellement
a la periphe;ie, et ~~n .e te~pcratur; du centre
variable existant'd I dlrcch0t:t contmuellemcnt
cl ' ans a masse liquidc p

. ~~~~~~~~I~~ es echanges progressifs Il' d rovoquantNw!:, -------- mulation des impuretes' n y ,a. one pas d'accu-
, solide jusque vers la fin d alu fvo~smage du produit

Produit en poudre' e a USlon.
Pro~i): t frille . L d "

, t a er~llere ,phase solidifiee est souvcnt de memc
na ?re ,cnstalhne que la masse princi ale I .
f'~b:e s y t,rouvant en solution solid~, ~in~ ~r::r~~
taires rye general:men~ dans le cas des oxydes refrac,
cl ,comme 1alumme et la zircone Cependant
a~s certains cas, ~urtO?t en presence 'de quant'itc~

s~ santes de certaines Impuretcs, il y a formation
dune ,ou plusieurs autres formes cristallincs avec
eutectJques, entr,e ce~ phases et la phase princi ale.
~u cours de.s cnstalhsations fractionnees, il est ~os
sible de falre, tourner tres rapidement les fours
,(~ 000 tours/mInute par exemple, et plus) afin d'obte
rur des effets .de centrifugation.

On ~ote' auss~ le plus souvent la formation d'une
z~ne, nc~e en Impuretes a I'interienr du produit
fntte,qUl se forme generalement au contact de la
masse fondue.

'" /
... /

Prod,ll't f d '.... ", ,/on u ,... / / PI '11"
~'. ...,~/// aque meta Ique.
~;' ~f'"

B ~~=:r~ re rlgeree

.Zone fondue

L~ chau,flag: au foyer des fours solaires permet de
realiser tres aisement les operations de zone fondue.
Les questions de creusets, si difficilesaresoudre dans
certains traitements de ce type, ne se posent pas id.

.Cette rnethode s'applique surtout aux produits
refractaires relativement peu conducteurs de la
chaleur, comme les oxydes, plutot qu'aux rnetaux.
Dans un premier precede, le produit initialement en
poudre est fondu superficiellement dans une nacelle
defilant horizontalement au foyer d'un miroir para
bolique a axe vertical (figure 4 A).

La baguette de produit ainsi forrnee (20 a 50 cm
de longueur), qui repose sur la poudre sous-jacente
inalteree, est purifiee en realisant une serie de fusions
par zones successives..

Afin d'eviter le contact souvent prejudiciable du
produit traite avec la poudre de depart, moins pure,
il est possible 1e placer les b~~ettes sur un~ plaque
metallique refrigeree en aluminium ou en curvre, On
retourne la baguette apres chaque passage (figure 4B).

'Cependant, dan~ la plupart des cas, les baguett~
subissent une torsion importante au cours des trai
tements,.une mince couche de produit situe au contact
de la plaque refrigeree restant solide,

On evite cet inconvenient en formant la baguette
entre deux machoires metalliques refrigerees (figures
4 C eH D et figure 5). L~ poudre ~~p?Sc a\'an~ fUSIOn
sur une plaque metalhque aux!h:ure sO~ls-Jacentc

(figure 4 C), qui est enlevee ap~es formatIOn de I.a
baguette; on effectue alors la fUSIOn par z~ne e~ trai
t t alternativement une face, pUIS 1a.utre
(~~ure 4 D); Le produit fond sensiblcment entlcrc-

............... .>, /

M.".-.,,,,m;",~ P cl 'l < d____ ... /_ ro UI ren U sur
('2 fri " .:-"", , "

. g.rees les deux faces" .:

D
Fig'/"e 4 P 'ft .A~ . '.urr cation de produits par fusion de zone :

', produlr fondu reposant sur la poudre qui lui a donne
~:\1ssance; B) produit fondu place sur une plaque metal
~Iu.e rHrigeree; C) et D) produit maintenu entre ma

c orres metalUques rMrigerees

~asse de .produit supportee par une plaque metal
hque retngeree. Le refroidissement lent est realise
so~t en eloignant progressivt:ment la masse du foyer,
salt de preference en obturant peu a peu le rayon
!1ement au moyen d'un ecran, Dans ce dernier cas, les
Illlpuretes se rassemblent au sommetdu globule
fondu (quelques grammes pour un four de 2 kW);
en retoumant le produit, on fond la faible partie de
la l?asse qui n'avait pas ete traitee au debut de l'ope-
ratIOn. .

Des refroidiss~ments tres lents s'obtiennent aussi
dans l~~ fours centrifuges, surtout dans ceux ~tilise~
avec l111stallation de 50 kW de' Mont-Louis, qui
p;rmett~nt de, ,'traiter couramment de 20 a 100 kg
d oxydes refractaires," ,

On npteune accumulation des impuretes dans la
derniere zone fondue formant un anneau tresnette
Inent situe ~ l'interie~r du four vers l'avant, dans la:
region n~cevant directement le maximum de rayon
nement solaire:

L'ex~ellence'des effets de crist'alli~ationfractionnee .
observes 10rs des solidifications progressives de. pro-
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Figure 5,.Purification par zone fondue d'un produit refractaire, pris entre mach~iresmetatllques refrigereer.

ment au cours des passages successifs sur les deux
faces. Les pertes d'energie dans la masse metallique
et l'eau de refrigeration sont tres faibles 'et ne
depassent guere 20 p. 100 de I'energie totale inci
dente. On note souvent une surchauffe considerable
du produit et une forte volatilisation, provoquant
generalement une purification importante. ,

La distance entre les machoires est comprise entre
6 et 10 mm, le produit fondu ayant lui-meme une
largeur de 8 a 12 mm pour une installation compor
tant un miroir parabolique d'axe vertical de 2 metres
de diametre et de 85 cm de distance focale.

La vitesse de defilement doit etre telle que la dif
fusion' dans la zone fondue soit beaucoup plus rapdie
que la diffusion dans la zone solide. La vitesse de soli
dification doit done etre beaucoup plus rapide que
la vitesse de diffusion a l'etat solide, mais suffisam
ment lente pour permettre une diffusion raisonnable
des impuretes dans la zone fond~e. !l est a ~ote;
que la temperature de' la z.one ,hqmde soumls,e a
l'action du rayonnement solaire n est pas homogene,
mais que l'on note une surchauffe assez considerable
au milieu et en surface de la zone fondue, ce qui a
pour effet d'augmenter considerableme~~ les effets
de convection et le brassage de la matiere fondue.

Enfin, des moyens mecaniques (vibrations) J?crmet
traient aussi de favoriser cette homogeneisation. La
vitesse de defilement utilisee doit et re celle dormant
la meilleure separation pour un temps determine de
travail. Nons avons pratiquement utilise des vitesses
comprises entre 50 et, 200 mm/heure.:

La longueur de la zone fondue est en grande part~e
conditionnee par l'appareil de concentration d'energle
utilise. Avec un miroir de 2 metres de diametre et
de 85 cm de distance focale, la: zone portee a haute
temperature' peut atteindre 12 a 15 mm de longueur.
Cependant, I'eclairement energetique sur le' plan
focal n'etant pas homogene, mais plus considerable
au centre, la quantite de matiere fondue est maximum
au centre et decroit vers les bords, Cc qui a pour eff~t
de provoquer dans ces regions un gradient de tempe
rature de bas en haut, et unecertaine accumuIatlOn
des impuretes sur le dessus de la .baguette. Afin
d'eviter cet effet, il convient de ne pas utiliser l.e
rayonnement venant du miroir parabolique et att.el
gnant le produit sous de faibles angles, tout au malUS
dans le sens de deplacement de la baguette (figure ?).
Une masse. metallique refrigeree judicieusernent dis
posee permet de mieux definir le front de solidifica-,
tion.
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en tete ctant le plus pur, Afin <It' rt'nou\'e)t'r la matih..
fondue, dont le volume est nl~~s.1in'mt'llt trk rMuit
d~ns le cas d'un four solaire de petite Ptli~s.aIlCt', on
!att d~fiI~r la substance sous le ravonnemen! comme
!I est u,l<hquc, (figure ,H), Lorsque l'extraction lIo':\\'ht'
Impossible, I extrcnlllc <le la h;l~IIt·ltt' funclant au
contact du produit liquide, on peut :\\'oir f\"C(}\~"
it I'u.n des di~l)()sitifs suivants : I) elt'\'..r autant 'Iut'
~oss!bl~ le 1lI~'eall du pro<luit au-drssus du fO~'t'r:
-) (~I1l~mue~ l'ouverture dn miroir parahulillUt' afin
de limiter I acuon c\I.OS rayous pfripheriqUN venaut
Irapper la baguette verticale; 3) dormer la la h,'~U('ltt'
u~ mO~lVcmcnt vertical de va-et-vicnt JIt·rJnl.tlant
d extrnire de petitcs <\uantitk tic pnxlui],

Quelques exemples de trultements
de purlflcatlon

Nons allons examiner plus 5pb:ialt'rncnt It' cas tlr
I'alumine, un des oxydes rHractainos Ics plus impor
tants,

L'alurnine est trop peu rcfractairc pour <)111' l'on
obtienne a son point de fusion (2 0....0 .q UIlI' ~lil1li·
nation rapidc des impurctes, sans prendre de prtCt"au
tions specialcs, Ainsi les traitcmcnts :\\1 {our ccntri
fuge sont considerablcrncnt amcliorb, en cc qui
conccme la purification, par addition <le ccrtains
reactils chimiqucs, la tcncur en Ier ct titane ~t

reduitc au. dixierne ou nu vingtieme de sa valeur
initiale par addition de composes halogcnk : Wra
chlorure de carbone et surtout chlorure d'ammo
nium, cc dernier ctant plus facile amanier, La silitt
est eliminablc par addition de produits rMuct('t1~

(carbone, aluminium) provoquant la formation <It"
protoxyde de silicium (volatil). L'anneau central
hrun Ionce forme lOTS du refroidisscrncnt lent des
fusions d'alurnine se presente sous ra....)1oCCt d'une
couche de quelques millimetres d'epaisseur moyrnnc,
et' ne recouvre qu'une Iaihle partie de la surfatt

FI ure 7, Purlftcatlon par rone fond_ d'vn pmdall rbri
. ~ dans un bolllrr mltalllque "trillri

.'

Ecran

Echell. , .1
20

Ech.h,1

Zone n rUIlon

Purification par chaufYal1e au four aolalre

. +--
Sens de deplacemenL d~ produiL

Ecran_-V///h

Miroir parabolique ,9': 2m

Figure 6. Dispositif d'ecrans permettant d'ameIlorer la
purification par zone fondue (ouverture du mlrolr para
bolique dlmlnuee)

Un dispositif tres interessant pour la fusion par
zone de quantites importantes de produit, consiste
a placer le produit dans un boitier refrigere demon
table (figure 7).

Il est possible egalement de fondre par zone une
baguette verticale (suivant la methode de la zone
flottante) en la faisant tourner sur elle-meme
(figure 8), mais tres souvent les produits fondus ainsi
traites coulent. L'emploi des machoires refrigerees
evite cet inconvenient (zone en cage). Cette methode
favoriseles separations de produits .de differentes
densites, ainsi que .le transfertdes irnpuretes par
convection dans la masse liquide. En outre, les effets
de purification par volatilisation sont tres irnpor
tants dans les traitementspar zone fondue a haute
temperature. Les baguettes traitees ne doiv.entpas
avoir un diametre trop eleve, afin de realiser des
eclairements energetiques superficiels assez impor
tants. Des miroirs de tres grande ouverture (4 f et
meme plus) donneraient, dans ce cas particulier; de
meilleurs resultats que ceux aetuellement utilises
(environ 2 f).

Extraction

.'Une troisieme methode, derivee de celle de Kyro
poulos, consiste a extraire la substance ~ond~e .a
l'aide d'une amorce de substance, le prodUlt extralt
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Figure 9. Purification d'un produit par extraction

Amorce

interne du corindon. Ce produit peut etre separe par'
triage au moment du concassage.

En ce qui concerne l'oxyde de sodium, engage sous
forme d'aluminate (11' A1203 • Na20 ou alumine ~),

on note, merne en l'absence de toute addition, un
depart progressif de ce produit. Mais la presence de
certains reactifs accelere considerablernent ce pheno
mene. Il en est ainsi avec les agents reducteurs, tels
que le"carbone ou l'aluminium, susceptibles de pro
voquer, ahaute temperature, la formation de sodium
volatil. Les procedes les plus efficaces semblent etre
ceux utilisantdes 'agents chlorurants (chlorure
d'ammonium et tetrachlorure de carbone) suscep
tibles d'agir egalemerit par reduction; le sodium serait
alors elimine surtout sous forme de chlorure de
sodium, moins volatil que le sodium .metallique, mais
moins susceptible que ce :dernier de reformer par
oxydation de l'oxyde de sodium et de l'aluminate
de sodium. " " , ," " , ' .

L'oxyde de sodium.imeme a l'etat de traces, inter
vient particulierement sur la conductibilite electrique
de l'alumine. Son elimination permet d'augmenter
considerablement la resistance, electrique de l'alu
mine, ce qui peut etre precieux lors de son utilisation
pratique dans les fours electriques.

l

L'absence d'oxyde de sodium, et, partant d',lll
mine ~ beaucoup moins dure que le corindon, C5'i un
facteur favorable pour l'obtention de masses hr- .;0

genesd'alumine tresdure, particulierement abrasive.

Apres deux cristallisations successives effect rvies
par la methods precedente, la teneur en oxyde de fer

'et oxydes de titane ou silice peut etre abaissee clans
chaque cas de 0,1 p. 100 environ a quelques cent mil
liemes,

Les traitements par zone fondue donnent de bons
resultats, aussi bien avec l'alumine, qu'avec les spi
nelles varies, l'oxyde de zirconium ou le zirconate
de calcium. '

Coupe A,a

Figure 8. Purification d'un produit :
par zone fiottante (a droite), par zone en cage (a gauche)

Conclusion

Les fours solaires semblent avoir un avenir pro
metteur pour la preparation de produits purs de
haute definit~on physique et chimique. L'importance
de ces produits, souvent couteux ne cesse de croitre
avecI'evolution des techniques ~odernes.
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Solar furnaces permit the high-tem~era~uretreat
ment of substances without contammatmg t~em.·
The use of furnaces of this type is thus entirely
indicated in experiments on purification by various
thermal procedures. .

Numerous heat treatments are accomp~nied ?y a
substantial degree of volatilisation of the lmpuntI~s,
or sometimes of the substance itself (for examp ~t
mol bdic anhydride may be distilled to separate 1

frorX the less volatile impurities). On the othe~ hand
d,.., th verse process IS usefor many refractones, e re t b

between 2000 and 3000°C. The product 0 e

Les fours solaires perniettent de traiter lessub- L
sta?c~s a haute. temperature sans les CO~i!cl.miner es <1.uestio~s de creusets, si difficiles a resoudre dans
11 etait done to~t a ~ait indiqu~ d'utiliser ce type d~ certa~ns traitements, ne se posent pas id. Dans un
f~ur pour proceder a des essais de purification par premier precede, le produit initialement en poudre
differents procedes thermiques. . . est fondu superficiellement dans une nacelle defilant

horizontalerrient au foyer d'un miroir parabolique
De, nombreux traitements thermiques s~nt a~c~m- ~ axe. vert~cal. Une autre technique voisine consiste

pagnes .d'eff~ts de volatilisation importants concer- . a maintenir le produit traite entre deux machoires
na;nt ~Olt les impuretes d'un corps, soit parfois le corpsn;etalliques refrigerees, Le deplacernent de la baguette
~Ul-m~m.e (par ~xen;ple l'a~hydrid~molybdique peut s.effectue honzontalement ou verticalement, et la
et re distille et separe de ses rmpurstes moins volatiles).vltesse de defilement doit etre suffisamment lcnte
Par contre, pour beaucoup de refractaires entre pour permettre une diffusion notable des irnpuretes
2000 et .3 ?OO o~, le processus inverse est employe, dans la zone fondue. Avec un miroir de 2 metres de
~e produit a punfier teste pratiquement fixe, et les ?iamHre et de 85cm de distance focale, la zone portee
impuretessont eliminees par volatilisation. L'elimi- a haute temperature peut atteindre 10 mm de large
natlO~ :aplde de. ces impuretes en phase vapeur est et 12 a15 mm de long. Nous avons utilise des vitesses
favonsee par traitement sous vide ou encore par un de defilement comprises entre 50 et 200 mmjheure.
renouvellement des gazau contact du produit.traite, . Une methode derivee de .celle de Kyropoulos

consiste aextraire la substance fondue a l'aide d'une
Un excellent pro cede de purification consiste a amorce de produit solide, le produit extrait en tete

melanger intimement au corps a purifier un produit etant le plus pur. Afin de renouveler la matiere fon
susceptible de s'eliminer completement a haute tem- due, dont le volume est necessairement tres reduit
perature en entrainant .les impuretes.: ' .. - . '- dans le cas d'un four solaire de petite puissance, on

La nature de l'atmosphere utilisee Toxydante, fait defiler la substance sous le rayonnement,
neutre, reductrice, chlorurante, etc.) joue egalement Ce memoire donne enfin quelques exemples de
un role important. traitements de purification, et examine plus speciale-

On note dans les produits solides une migration des ment le cas de l'alumine, un des oxydes refractaires
impuretes depuis les zones atres hautes temperatures les phis importants. Les petites quantites d'oxydes
vers celles a temperatures moins elevees, de fer, de titane, la silice et l'oxyde de sodium pre

sents dans l'alumine sont elimines par addition de
Lors du refroidissement lent des masses fondues, certains reactifs : carbone, tetrachlorure de carbone

il se produit un phenomene de segregation, les impu- et surtout chlorure d'ammonium. Les corindons purs
retes se rassemblant pour une large part dans les ainsi obtenus presentent des proprietes particulieres,
dernieres zones restant a l'etat fondu. -Des pheno- du fait de l'absence d'oxydede sodium; en particu
menes de cc genres'observent aisernent dans les fours lier leur resistance electrique est beaucoup plus
solaires centrifuges susceptibles de traiter des masses elevee que celle des corindons ordinaires, et leurs
de produits importantes, par exemple avec l'instal- proprietes abrasives sont meilleures.
lation de 50 kW de Mont-Louis, qui permet ainsi de Les fours solaires semblent avoir un avenir pro
traiter 20 a 100 kg d'oxydes refractaires en une seule metteur pour la preparatio~ d~ produi~; purs de haute
operation. definition physique et chimique. L Importance de

Le chauffage au foyer des fours solaires permet de ces produits, souvent couteux, ne. cesse en effet de
realiser tres aisement les operations de zone fondue. croitre .avec l'evolution des techmques modernes,

PURIFICATION OF SUBSTANCES BY HEATING IN A SOLAR FURNACE

Summary

purified remains practically fixed, w~i!e i.t is the
impurities that are removed by volatilisation. The
rapid removal of these impurities in the vap~r phase
is favored by vacuum treatment or by replemshment
of the gases in contact with the product ~reat~d.

An excellent purification method consIs.ts In ~he
intimate mixture of the substance to be punfied ~~t~
a substance that will be co~pletely .rema;ed.~ 'tlg

temperatures, carrying the impurities 0 \\1~. I."

The nature of the heating atmosphe:e (~xldJZ;ng,
neutral, reducing, chloridizing, etc.] likewise pays
an important part.
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In solid products, we note the migration of impu- .A method derived from that of Kyropoulos consists
rities from the zones at very high temperatures into in the extraction of the molten substance by seeding
zones at lower temperatures. with the solid substance. The product removed at

The phenomenon of segregation occurs during the the head is of higher purity. To replenish the molten
.slow cooling of molten masses. Theimpurities.collect material, ~4q~e ;v?I~II1e is.'ne~~s~aI:ily' very small in
largely in the last zones still remaining liquid.. Phe-. the case of a small solar furnace, the substance is
nomena of this kind are easily observediri'centrifugal . passed under the radiation: "
solar furnaces of high capacity, for instance in the The paper finally gives several examples of purifi
50 kW plant at Mont-Louis, which can handle 20, cation treatments; especially of!alumina, one of the
to 100 kg of refractory oxides in a single operation. most important refractory' oxides. The small

Heating at the focus of a solar furnace permits very quantities of oxides of iron and titanium present in
easy conduct of operations in the molten zone. the alumina, together with the silica and soda, are
Crucible problems, so difficult to solve in certain removed by adding ',certain re-agents - carbon,
treatments, do not arise here. In the first stage, the carbon' tetrachloride, . and' above' all ammonium
product in powder form is melted superficially in a chloride. The pure corundums so obtained have
boat passing horizontally through the focus' of a peculiar 'properties due 'to the absence of oxygen.
vertic~l-ax.is parabolic mirror. Another very similar In particular, 'they have a much higher electrical
techmque IS to keep the product treated between two resistance than ordinary, coniridums, and their
cool~d metal jaws; The rod is moved horizontally or abrasive properties 'are better. '
vertically ata speed slow enough to permit consider- Solar furnaces appearto have, ,a promising future
able diffusion of the impurities in the' molten: zone. for the preparation of, pure products with very
With a mirror 2 m in diameter and a: focal length of definite' physical and chemical 'properties. The
8? cm, the z~ne brought to a high temperature-may rimpcrtance 'of'these products, which are often
be 10 mm WIde and 12-15'mm long. We have used . expensive; is 'continuallyincreasing with the develop-

, travel rates of 50 to 200 mm/h.' :. .' ' ., ment of .modern technology.



" .' Traltementdes'oxydes;
et composes oxygenes refractalres

Les operations les phis simples qU'fl soit possible
de re~l?ser avec les fourss~l~iressont'Ies traiternents
en mIll;u oxy?aJ?,t, clans l'air arnbiant, C'est precise
n;ent .1 operation la plus' difficile' aeffectuer avec
d ~mtres moyet;s ~e chauffage, avecIes fours elec
tnques en partIculler" surtout au-dessusde 2000 -C.

, Nousyexaminerons ' tout ,d'~b~rd leg principaux
types de, t~alten:,ents susceptibles de ,reGevoir, .OU
ayant parfois deja re<;';l,des ,.appli.cations pratiques,
av~c des fours de petite pUIssan~e (2 kW) et de
puissance moyenne (50 kW). Une deuxierne partie
est ~onsacree aux previsions qu'il est actuellement
po~slble de faire concernant les fours de plus grande
puissance (1 000 kW).

Les .operations en milieuoxydant conviennent bien
au traitement de nombreux oxydes et produits abase
d',oxydes, rMr~cta!res. Ces. traitements ont recu un
debut d application pratique au Laboratoire de
I'energie solaire de Mont-Louis et seront susceptibles
de prendre une certaine extension industrielle, au
moment ou des fours d'une puissance de l'ordre de
1 000 kW entreront en service.
..n convient tout d'abord de citer la fusion de l'alu

mine au four centrifuge 1 en vue d'obtenir du corin
don. Cette fusion, qui s'effectue avec une installation
de 50 kW avec une vitesse maximum de l'ordre de
15 kg/heure, permet d'obtenir dans certaines condi
tions (voir plus haut le mernoire 5/52 relatif aux puri
fications) un produit beaucoup plus pur que le corin
don electrofondu et, en particuli er, exempt d'oxyde
de sodium. Ce produit est susceptible de presenter
des applications interessantes comme abrasif ou
comme refractaire electriquement isolant a haute
temperature.

Associe a la chaux, l'alumine peut aussi servir a la
preparation des ciments rMractaires a base d' alu
minate de calcium, ces ciments pouvant ctre ensuite
associes au corindon pour la confection de betons
refractaires. Le prix actuel de l'alumine Bayer est
de l'ordre de 0,60 NF le kg, celui du corindon blanc
electrofondu de 1 NF le kg et celui de l'aluminate
de calcium fondu d'environ 1,50 NF le kg. On pour
rait abaisser le prix de revient en substituant aI'aIu-
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Jl.1ine Bayer de la bauxite blanche e1'un prix Irk inff.
.'flcur (n,o;. ~F le kg). '

, Le Laboratolre de l'cnergic solaire ell' ~Iont.r.()ui,
a realise I~our des applications industrlclles le frill;ll;l'

, d~, quantites rclativcment importantes d'oxw/" J"
,Z'TCO!I'lm~ ou de composts rl!raclttirts abas« j'O,l\'J(
.de ZIrCO'I!III~I. ~es quantites de l'onlrc de 10 tOlin~

. ont 4te amsi Cnttc~s e! vcndues par le Centre national
, dela recherche ~clentlfillue ades !'ocictes l\1l&-iali~
.da.ns,li' con~ectlon de PIl~'Ct'S cer.lInillll('S trk reCraC'·
t~lrcs. Ces plcces.ce~mlllucs sont essenticllcment des
tinees ades applications de laboratoire.Ja production
actuelle ne permettant pas encore de confectionner
p~r quantites, des }>riques ou des pieccs de ~rand~
dimensions sus.ceptlblcs d~ recevoir ~INI applicalions
~ur la confection de parois de Iours industricls, clce·
triques ou autres, oil ces refraclai~ pourrnient ~
trouver au contact de produits Iondus (rnct:mx,
verres, etc.) parfois corrosils.

L'oxydc de zirconium est en effct un des ox"d("l\
presentant le plus de possibilites d'avcnir dan" le
domaine des produits ultra-rcfractaires, par suite
d'une part de ses proprietes (point de fusion clc\'c :
2 700 "C, benne resistance a de nombreux aRe"t"
chirniques , et d'autre part de l'abondance relative
de ses minerals dans la nature (zircon Si04Zr .'rind.
palernent]. Les traitcmcnts au lour centrifuge per
mettent de preparcr des masses d'oxyde frith~ (le
l'ordre de 60 kgs en six hcures de traiterncnt. :\otons
que le frittage doit ctre effedue en p~n«, d'oxydNl
(chaux principalement), susccptiblcs, en ra,'~1nt m
solution dans l'oxyde de zirconium, de supprirnM'~
transformations allotropiqucs et de lui ronUrrr nnc
forme stable a toutes temperature". I~ produit.s
obtenus sont plus purs que ceux prepares par fl("(tro
fusion du zircon en presence (le carbone ('~ ,d,e fM'
(elimination de la silice $OIL" forme d.e fl'fTlY.-lI~C1l1m),
mais sensiblement pIns chm, 1J.'lr SUIle dn pnx Imp
eleve de l'oxyde de zirconium (6 :\F le Iq:) pTfparC
par les methodcs cla.,"iqllcs (auaqlle (Ill tifC'O'l'l a L1
soude),

Parmi les alltres produits ab.l.':C d'o:l,'ydc de ,.i:ro
nium iI com;ent de dter le :,rt'(JPl4J€ .1(' (,4J.Iff'"
ZrO Ca obtenll par rfaction dan... l'air \"C'T$ '000 -<:
d'm: melange d'oxyde de tirconium.et d~ (hall';. 01J

de carbonate de calcium. Cc prodlllt• ~fr..'l, ~.~Ne
aux atmospheI"CS Clrhuranlcs, pellt ditfK1Jrm(1'lt elrt

I * Laboratoire de l'energie solaire du Centre national de la prepare au fOllr cl<'Ctriqllc.
recherche scientifique, Mont-Louis, pyr~nees-?rient..lIes, Fran~e. 1...'1. production dc mOllocri~r311X a J'"idt d~ fOltr~

1 Pour la description de ces fours, vOIr plus haut le m~mOlrc d nto~'ennes cl dc !:;randes pui!'$.'l.IlCCS ('SI C1t"Id1lCfll
8/35, de F. Trombe, M. Foex et Ch. Henry La lllanchetalS. C J
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susceptible de presenter un grand interet economique,
A titre [usqu'a present experimental, nous avons
prepare des cristaux assez importants de spinelle de
magnesium (4 a 6 cm de cote et de quelques mm a
un cm d'epaisseur).

Les produits ainsi prepares presentent la plupart
du temps un caractere « original » et different nota
blement des produits obtenus au moyen de procedes
electrothermiques ou autres. Les traitements se font
au four solaire, sans contamination par les parois
d'un recipient refractaire, ni par I'atmosphere ; de
plus, ils sont souvent accompagnes d'effets de puri
fication beaucoup plus importants que ceux notes au
four electrique. Les produits obtenus ne sont pas
directement concurrences par ceux realises avec
d'autres moyens; ils sont en general plus purs et de
meilleure qualite, et peuvent etre ainsi vendus plus
chers. D'autre part, les rendements realises sont deja
notables, et deviendront tres importants avec des
installations plus puissantes (voir plus loin).

"Certains oxydes refractaires ou melanges d'oxydes
refractaires fondus sont susceptibles d'etre coules de
Iacon a obtenir des paves devant servir ensuite d'ele
ments de construction de parois de fours. Cette
methode pourrait s' appliquer a la mullite ou a certains
refractaires a base d'alumine ou de zircone.
, Les fours centrifuges permettent aussi de fabriquer
directement des creusets en imatieres refractaires,
Suivantla densite de chargement, la vitesse de rota
tion et la duree de traitement, on obtientune capa
cite de dimension et de forme determines qui peut
presenter un fond si l'on donne a la cuve une incli
naison convenable.

Ce sont les melanges en proportions eutectiques qui
donnent les meilleurs resultats lars des operations
de coulee ou de preparation de pieces, par suite de
l'absence de mas~es frittees peripheriques impor
tantes.. Les produits obtenus, bien que fondant a
moins 'haute temperature, sont encore assez refrac
taires pour recevoir d'interessantes applications. 11 en
est ainsi, par exemple, des eutectiques formes par la
chromite de magnesium avec d'une part la magnesie
et d'autre part l'oxyde de chrome. Les produits pre
cedents presentent une composition hornogene et se
separent generalement bien, apres solidification de la
masse de la poudre qui les entoure.

Traitements des produits non oxygenes

Le traitement de ces produits necessite en: general
l'utilisation d'une paroi etanche transparente au
rayonnement solaire. Ce probleme a ete bien resolu
dans le cas des fours de petite puissance (2 kW),
dont la production est forcernent limitee. Le develop
pement de ces traitements est lie a la mise au point
de.parois de plus grande surface adaptables aux fours
plus puissants. Ce probleme est relativement simple
a resoudre pour les operations" sous la pression
ambiante, surtout grace a l'emploide matieres plas
tiques;il est beauc?up plus complexe lorsqu'on a a
realiser de hauts vides,

De nombreux produits speciaux, ayant des 1'ro
prietes electriques, optiques ou magnetiques speciales,
pourraient etre aussi prepares. Leur preparation est
delicate, ces substances etant le plus souvent e} "e
mement sensibles .it l'action des impuretes. It 2St
done necessaire d'une part d'eviter toute cont. '11i

nation de la substance par un support, au cours les
traitements thermiques generalement indispensa l.les
a leur preparation, d'autre part de definir au n xi
mum les ecarts de composition qu'ils sont sus" p
tibles de presenter avec la stoechiometrie.

De nombreux sels (fluorures, notamment) on les
produits refractaires (sulfures, borures, carbt.ves,
nitrures, etc.) pourraient aussi etre prepares.

L'obtention de ces divers produits avec un laut
etat de definition physique et, chimique (prod.rits
purs et monocristallins) presenterait un grand int<'ret
economique, de tels produits atteignant actuellerr.cnt
des prix fort eleves.

Les memes remarques s'appliquent aux operatvons
metallurgiques, Les rnetaux peuvent souvent -tre
traites dans des creusets refractaires divers, din t e
ment prepares a l'interieur de fours centrifuz ~ a
partir de produits en poudre. Ces creusets, entr- res
de poudres calorifuges, sont ensuite utilises dir ' ,c
ment pour la fusion des metaux,

Cependant, nous avons realise certaines operai -ns
metallurgiques en presence d'air, ou simplemen en
faisant circuler un courant de gaz protecteur dan les
fours centrifuges et en protegeant les metaux v-ar
des flux de fusion. Nous avons prepare en partic .iier
des aciers a l'aluminium contenant 2 a 10 p. 101, de
ce dernier metal, ainsi que des aciers contenant I la
fois du chrome et de l'aluminium. Les masses m- 1al
liques ainsi obtenues sont assez homogenes, la descxy
dation par l'aluminium est excellente, et les acrcrs
ferritiques obtenus sont .ensuite durcissables par
nitruration,

Traitements de minerais

Comme dans le cas desproduits refractaires, il est
necessaire de n'utiliser que des methodes susceptibles
de s'adapter au caractere intermittent de la presence
du soleil, ces operations ne devant pas presenter au
depart d'inertie importante.

.Les techniques mises au point a Mont-Louis eli
minent les contaminations par une paroi de matiere
et:angere, ce qui .permet d'eviter l'emploi de refrac
taires dont la resistance a la corrosion a haute tern
peratur~ est en general si precaire. Enfin, il convient
de considerer de preference les cas ou les tempera
tu~es deman~~~ssont elevees et ou les produits traites
presentent deja une certaine valeur.

.On peut tout. d'abord proceder a la fusion ou au
fnttag~ de ce.rtams minerais (chromites par exemple),
afin d ~btemr u-!1e masse densifiee utilisable pour la
conf~ct.lOn ~e bnque~ rMractaires. Dans d'autres cas,
on real.lse slmultanell1:ent la dissociation d'un compose
et le f:l~tage ou l?- fusion (carbonates de calcium et de
magnesia, dolornies, sulfates divers).
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energetiquedepend des caracteristiques optiques des a p 3/2! le temps 'necessaire a la fusion d'un« '-harge
appareils (ouverture, qualite des miroirs, etc.}, mais' complete sera par contre beaucoup plus gr~\d avec
non de leursdimensions. un grand qu'avec un petit four (4,5 fois p] . pour

011 note cependantL'importance a ce sujetde hi 'I OOO.kW que pour.50 kW), et cette fusion J" ;'llurra
perfection optique desmiroirs paraboliques permet-' pas.toujours etrerealisee dans le cadre d'llJ]''''lrnee
tant de. concentrer l'energie, Un petit vmiroir de d'ensoleillement. .' .
2 metres de diametre equipant un petit four de labo- Un autre cas est celui OU le volume des ["Ill'S est
ratoire pourra et re de haute qualite, a condition d'y proportionnel. a la pttissance P des installations. La
mettre le prix, Il-sera necessaire, pour arriver au surface interne n'augrnente alorsque de P: 'l (soit
merne resultat par la technique des glaces deforrnees .de 7,4 fois lors du 'passage 50 kW-I 000 kW). Dans
(5, 6) de realiser de tres grarids fours, comme celui ces conditions; les pertes par conductibilite thrrmique
d'Odeillo (1000 kW}, qui donnera vraisemblable- sont proportionnellement moins importantcs ;tVCC le
ment des eclairements energetiques aufoyer tres grand four, et il isera ainsi possible d'obtcnir des
superieur a celui du four de Mont-Louis (50 kW)" temperatures beaucoup plus elevees, meme si I'r'pais
fonctionnant suivant le merne principe. Notonsaussi seur du calorifuge du grand four n'est pas sup-rieure
que les temperatures maximums susceptibles d'etre a celle du petitfour.
atteintes augmentent d'environ 20 p. 100 lorsque la Si, au lieu dechercher a obtenir une temperature
concentration d'energie double.. ,plus elevee avec le grand four, on precede a [1: trai-
, Dans beaucoup devtraitements au four solaire, tement a Ja meme temperature dans les dc:{ cas,

la temperature est limitee par la fusion des substances on obtiendra des rendements plus considera l,if • avec
traitees, la masse supportsous-jacente -etant consti-· le grand four qu'avec le petit. L'augmenta.. .n est
tuee par hi substance elle-merne. Une surchauffe .tres marquee lorsque la temperature d'u:;: ,,,tion
importante des masses -fondues est aussi rendue n'est pas trop elevee, les pertes de chaleur s'cft «tuant
difficile, dans la plupart des cas, par les effets de vola- essentiellement par conductibilite thermique ,\ .ravers
tilisation. i' les parois refractaires. Elle est par contre plu-: faible

Letrendement des operations effectuees est ega- a tres haute temperature (au-dessus de 2 500 <C par
lement peu affecte par la puissance des fours lorsqu'il exemple), les pertes par rayonnement a travcr-: l'ori
s'agit detraiteinents de substances soumises directe- fiee (proportionnelles a la puissance des fours)
ment a l'action du rayonnernent": produits- places ' l'emportant sur les pertes par convection et conduc
directement dans le plan focal, au point fixe ou avec tibilite, On a ainsi evalue la vitesse de fusion du fer
deplacernent. a 1 kg par kWh pour un four fonctionnant avec

" l'installation de 50 kW et a 2 kg par kWh dans le
Les rendements augmentent par contre beaucoup cas de l'appareil de 1000 kW.

pour toutes les techniques dans lesquelles le rayon-
nement ri'est pas admis directement sur la surface En se basant sur des conditions analogues aux
de la substance atraiter, mais.bien dans unecavite precedentes, on peutfaire un pronostic sur les resul
presentant un orifice place au foyer de l'appareil, tats susceptibles d'etre obtenus avec un type de four
cette cavite pouvant etre constituee par une matiere particulierernent important dans le cas des installa
differente de la substance traitee ou par cette sub- tions solaires; il s'agit des fours centrifuges (voir plus
t 11 ' . hautIe mernoire S/52). . .s ance e e-meme. ' " " ,",

Dans 'toutes ces applic~tions en cavite,l'o~ifice Les. fours centrifuges, lorsqu'ils sont utilises pour
doit avoir une section suffisantepour Iaisserpenetrer la fusion de produits a conductibilite thermique rela
le rayonnement dans I'enceinte. Cet orifice ouvre ainsi tivel11ent faible (oxydes refractaires en particulier),
une surface 20 fois plusgrande pour une installation permettent d'effectuer des operations a temperature
de I 000 kW que pour une installation de, 50 kW, sensiblement eonstante, mais a' volume variable,
l'augmentation de diametre etant de 201/2, =4,5. puisque la cavite formee s'agrandit aufur et a mesure

Deux cas' sont a considerer, Tout d'abord celui ou q~e !aJ~sion progresse au sein de la poudre qui rem-
plit initialernent la cuve metallique, Le produit fondu

la surface interne des fours est proportionnelle a'la est a une temperature sensiblement uniforme et peu
puissance des installations. Le volume estalors pro-: superieure a celle du point de fusion de la substance
portionnel 'a p3/2(facteur 90.10rs du passage 50 kW- traitee, la conductibilite thermique de la masse
I 000 kW). Si l'epaisseur du calorifuge est la memefondu~ etant beaucoup plus importante que celle du
dans les deux cas, la temperature maximum suscep- produit en poudre qui l'entoure; de plus, les echange~
tible d' etre atteinte est identique, les pertes d' energie par convection dansIa masse fondue tendent auSS1
par rayonnement a travel's l'orifice et par conducti- a homogeneiser la temperature.
bilite therrnique a travers les parois augmentant Les pertes calorifiques se font d'abord par rayon-
dans le rapport P., , nementia travers l'orifice du 'four. Ces pertes s?nt

Si, apres -avoir porte le' four a une temperature constan'tes, pOUf une operation et une installatIOn
determinee,on yeffectue la fusion d'une 'substance do~nees;elles sont en qutre proportionnelles ~ la
ou -un traitement' therinique quelconque, les rende- pUlssance'de l'installation. D'autres pertes, gener~
ments obtenus seront les memes quelle que soit la lement les plus importantes, ont lieu parconductl
puissance du four. La quantite d,emati~resus~eptible bilite thermique atravers le produit en poudre ento~
d'etre contenue dans les fours etant proportlOnnelle 'rant le produit fondu; elles sont essentiellement condl-
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co~me la puissance P; la profondeurde la cavi
tation est alors d~ merne ordre dans les deux cas, et la
profondeur relative est plus grande pour le petit
four.. qUI captera plus xl'energie par reflexions sue-
ceSSlves. ' ""

Tres rapidernent ensuite, le rendement de I'instal
lation de 50 kW depasse considerablement celui de
l'installation de 2 kW, la vitesse de fusion diminuant
tres vite (apres un quart d'heure) avec le petit four,
alors qu'elle reste tres importante pendant longtemps
(2 heures environ) avec le four de 50 kW.

Cela s'explique aisernent si 1'0n considere que la
fusion d'une quantite de produit proportionnelle a la
puissance P de l'installation provoque la formation

.d'un front de fusion de surface proportionnelle seule
menta p2.3 (soit a 8,5 dans le passage 2-50 kW).
L'eriergie recue 'par unite de surface du front de fusion
est dans ces conditions plus importante avec la
grande installation qu'avec la petite (2,9fois plus
importante -lorsqu'on passe de 2 a 50 kW). II en
resultera alors une plus grande vitesse de fusion pour
la grande' installation..

Les vitessesde fusion tendront a devenir du rnerne
ordre au moment' all les surfaces de front de fusion
obtenues seront proportionnelles a la puissance P,
le volume et le. poids de produit fondu etant alors
proportionnels a PM. On aura alors fondu environ
5 fois plus de-matiere par kWh avec I'installation
de 50.kW,qu'avec celle de 2 kW.

Nous avons, dans le cas de l'alumine (point de
fusion: 2 050 ~C), trace la 'courbe {( energie recue
par unite de surface du front de fusion'» (en ~v~ttsl
cm') en fonction de la « masse fondue par unite de
puissance» (kg par kW installe) (figure 2), la'prof~n-
deur des cavites etant supposee egale a leur dia
metre : 1) pour un four de 50 kW; 2) pour un four
del 000 kW.. '

Afin de comparer les ~esultats s?sceptibl~ d'etre
obtenus avec des installations de puissance differente,
nous avons considere des fours centrifuges pr~entant
des cuves dont la surface interne est proportIonncllc
ahi puissance P de l'installation (et non p~ des cuves
de volume proportionnel a P). Il s'ensuit que les
cuves de 25 et 70 litres du four de 50 kW ont ttc
comparees a des cuves90 fois plus grandes, de 2 250
a 6000 litres dans le cas du four de 1000 kW.

Les resultats experimentaux obtenus avec un fOl!r
de 50 kW indiquent que les q~ant1tes de pr?dUlt
obtenues dans le cadre d'une ]ournee; sont inde
pendant;s .de la 'capacite des cu,:es au-d~sus .de
70 litres. .On a tenucompte des epalsseurs d al?m.me
calorifugesnon fondues pour le calcul des limites

.approximatives de fusion. ' . '
, AveCle four de 50- kW et une cuv~ de 2~. litres

contenant. environ 25 kg de produit, I opera~lOn est
pratiquement terminee apres 2 heures de tra~tement
(18 kg de produit).· Avec une cuve de 70 litres et
70 kg d'alumine; la fusion s'arrete d'elle-m~me sou~ .

. le rayonnement, apres environ 3 heures de tralteme~t,
, r ie re ue ar unite de surface du front de fUSIOn

~:e:n~nt t~op ~aible,l'operation ne progresse ,plus.

D~re~ du trai~ement

Hsures

fou~ de 50 Kw,

cuve ~ 70litres 1 --'--+--

four de 2 Kw.'

cuve ) O,6IMe,

. . " '

I
Mane d'alumine rondue

parunite de puissance

Kg/Kw installe +- +-~;,L.---+---

0,1

0.5

0,2

0,4

0,3

o , ,12' ,3' "

Figure i. Comparaison des resuitats'~bt~nuspour la fu~ion
. de I'alumtne avec des fours centrifuges fonctiohnant avec

des installations de 2 kW et 50 kW, respectivement

t,iO!llleeS par l'ete~due.de la surface de contact pro
duit: fondu, produit en poudre, ainsi que parI'epais
seur, de la masse .de poudre.

Nous allons comparer pour commencer Ies resul
.ats experimentauxffigurerl] obtenus dansIes ins
tallations de 2 et 50 kW pour la fusion d'alumine
en poudre, de densite apparente voisine de ,1. On: a
~l~te la mass.e d' alurr:ine fondue par unite de puissance
(kilo par kilowatt installe): en fonction du temps;
Ies pentes deces courbes donnent les vitesses de
fusion a chaque instant:

On note tout d'abord, et pendant un temps tres
court, une vitesse de fusion 'Iaible maisanalogue

, dans les deux cas. Le produit se trouve dans le plan
focal, ou pres de' ce plan, et met un instant pour
s'echauffer avant de fondre. Le produit se cavite, etle
rayonnement admis a travers I'orificeserepartitsur
la surface interieure de la cavite Iormee, ou it est
absorbe presque totalement. On, note la formation
(o,'unfront de fusion ala limite du produit fondu et de
h poudre. Ce 'front de fusion se deplaceprogressi
vcment vers le fond: et la peripheriede la cuve, ",

Ensuite, le rendeme~t augmente et passe par un
maximum. Ce phenomene a, lieu un peu plus tot
avec I'installation de 2kW qu'avec celle de 50 kW,
L cavitation se produisant plus rapidement dans le
premier cas. La masse fondue croit en effet au debut
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Fusion d'alumine

, Figure 2. Courbes relatives it la fusion de l'alumine it l'aide
de fours centrifuges solaires d'une puissance de 50 kW
et 1 000 kW. Ces courbes donnent l'energie recue par unite
de surface du « front de fusion» (watts Icm2 ) en fonction
de la masse fondue par unite de puissance (kg par kW
Installe) ,

Une cuve plus grande que 70 litres donne des resultats
semblables.

D'apres le~ c,onsiderations precedentes sur l'energie
recue par umte de surface du front de fusion le four
de 1 000 kW devrait donner, avec une ~uve de

. dimensions suffisantes : (6000 litres) chargee de
,6000 kg de produit, des masses de l'ordre de 2 tonnes
apres ?uit he~res de. traitement. Pratiquement, et
contrairement a ce qUI se passe avec I'installation de
50 kW, l'operation ne devrait pas etre terminee a ce
moment,-la; autren:en~ dit,. un ensoleillement plus
prolonge permettrait d obtenir une masse plus impor
tante de produit fondu. '

Les re?demen~s maximums des operations, voisins
avec les installations de 2 et 50 kW, ne devraient pas.
Hre tres differents avec les fours de 50 kW et
1000 kW. Par contre, le rendement moyen est beau
coup plus important dans ce dernier cas: par exemple
2 fois pour 2 heures 1/2, 4 fois pour 5 heures. Il est
a noter qu'en procedant dans le cas de I'installation
de 50 kW a des changements de fours frequents (par
exemple 8 fois par jour) il serait possible d'attenuer
cette difference.

Les produits fondus au four centrifuge de 50 kW
s'entourent d'une crofite de produit fritte au moment

Conclusions

Notons que les fours solaires ne pourraient et~e
efficac~ment utilises pour la production d'ene~gIe
mecanique ou electrique que si le prix de revIent
du .systeme orienteur pouvait etre suffi~amn;ent
abaisse, le paraboloide etant alors constrmt dune

oii la fusion s'arrete de progresser rapid-merit. On
peut esperer reduire beaucoup ce pheno.nene avec
les installations de 1 000 kW, la vitess,: de fusion
avec une cuve de capacite suffisante cl:vant etre
encore considerable en fin de journee d-. travail.

Certaines. des considerati?ns preceden.es s'appli
quent au fnttage des produits dans les tours centri
fuges. On peut en effet provoquer le fritt;)~" et eviter
la fusion, soit en diminuant l'energie adn.isc dans le
four, soit en chargeant moins la cuve de' facon a
augmenter le volume initial de la capacite. La
masse coherente de produits frittes est meilleure
conductrice de la chaleur que le produit en poudre
peripherique. Cependant, contraircmcnt :1 Cl' qui se
passe lors des fusions, la temperature .lu produit
traite n'est pas homogene, et de plus c.-t tc tempe
rature diminue en cours d'operation ;11' Iur et a
mesure que la masse frittee augmcnte.

Les considerations precedentes perrnettv.rt de faire
un pronostic favorable en ce qui concern,' le rende
ment des fours solaires de grande puis.r.nce, et en
particulier du four de 1 000 kW actur-rlrrnent en
construction pres de Mont-Louis.

Les quantites d'oxydes refractaires '(·ndus ou
frittes avec une installation de 1 000 kW devraient
atteindre au moins 2 ou 3 tonnes p;,r jour, soit
environ 1 000 tonnes par an pour un four iravaillant
dans une region tres ensoleillee. Nous avOI~S cstime (4)
a 1 NF le kg le prix de revient de la fusior. du refrac
taire ({ moyen » pour le four solaire, tel que l'oxyde
de zirconium, le zirconate de calcium Oll le corindon
pur, en tenant compte de l'amortissement de .l'ins
tallation, de son fonctionnement et des charges de
l'entreprise.

Des installations plus puissantes encore que celles
de 1000 kW, par exemple une installation de
20000 kW, permettrait encore d'ameliorer le rende
ment des operations. Ainsi, la fusion du fer dans nn
four a cavite, qui s'effectue avec un rendement de
30 p. 100 environ dans le cas du fer, passerait d'apres
le calcul a 60 ou 70 p. 100 environ avec un four de
1000 kW et a un peu plus de 80 p. lOO pour une ins
tallation de 20000 kW. Par contre, la construction
de fours de 20 000 kW reviendrait probablement plus
cher par kW installe que celle de fours de I 000 kW,
la construction du paraboloide et de son support
au~mentant d~.ns de plus larges proportions que la
puissance de I'installation.

Il semble done que les fours de puissance moyenne:
de l'ordre de I 000 kW a 3000 kW, seront ceux qUI
presenteront le maximum de rentabilite, les ren?e
ments ob tenus etant deja eleves et la constructIOn
relativement peu cofiteuse,

3

d : Masse fondue par

i unite de puissance
: Kg Kw installe

2

a : cuve de 25 litres

b : cuve ~ 70 litres

c : cuve de 2250 litres

d : cuve ~ 6000 litres

I

o

60

Energie recue parunite de surface

du front de fusion

80 Wattsj:.m1

20 f--\.-~~~+----

40
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maniere tout a fait differente et plus economi l' b
q~: po~r, la, production des hautes tern eratui~~ a sen,ce dans ces regions .d'at;ttres moyens. bon
L energie electnque o?tenue ne pourrait gufre depas- . marche de chauffage pouvant justifier ces operations,
ser 20 !? 100 de I energie thermique reellement L~ gra~d f?\lr actuellem~nt. en construction a
concentree..On ne peut done envisager pour l'instant Odeillo doit, d u~e part, ser~lr a la recherche fonda
de construire des centrales solaires concurrentes mentale et ap,Phquee et, d autre part, ctre utilise
de,s centrales classiques, merne dans les zones arides pour. des ess~ls ?'ordre industriel, et meme pour
tres ensoleillees. Par contre, il n'est pas deraisonnabls certame~ fabrications,
de concevOl~ la creation d'usines solaires comportant Parmi .les r~cherches prevues, il convient de citer
un ou plusH~ur~' .folfr? d'une puissance de .I'ordre e~ p.remler heu, la. preparation de produits bien
de 1000 kW, specialisees dans le domaine des oxydes ~efims tels que ~ e~lge le developpement de la phy
et composes refractaires (fusion frittages purifica- sique et de la chimie modernes. Ces produits doivent
tions, reactions chimiques, etc.)' oudans ies traite- etre en general monocristallins et presenter une
ments de minerais, . grande purete, ou plus exactement ctre sensiblement

U d b d . exempts de certaines impuretes ou contenir en
n. gra? . nom .re . e ces operations s'e,ffectuent addition des quantites bien determinees enerale-

~~~: ~n~~h~~her;mlque notable et peu.vent ;tre arrc: ment tres faibles, de certains produits. Le~ 3ifferents
est important~fn\~uelc~~quJ d~ ll~ J<;>U,rndee, ce q~l proc~~les d: purification mis au point au Laboratoire
a an onn. a uree limitee . u travail de I energie solaire de Mont-Louis sont aisement
u ~oyen de fours solaires (8 heures en moyenne transposables a une plus grande echelle D'autre part

par JOur) I ". . es grandes masses fondues donnees par les instaIla-
,~e type 'd'usine pourrait etre installe dans des tions de grande puissance permettent de preparer

regions a bon ensoleillement, a proximite si possible par refroidissement lent des quantites importantes
de m<?y~ns de co~munications suffisants permettant de monocristau~ a la fois purs et sensiblement
des liaisons Iaciles avec des centres industriels. exempts de tensions mecaniques,
?n pourr,ait, 4ans certains cas, opter pour des regions Les quantites de matieres engagees dans les ope
a ensoleillement un peu moins considerable mais rations realisees avec le four de 1 000 kW aIlant
actuellernent ~oins ~solees que. certaines regions dequelques centaines de kilos a quelques tonnes,
desertiquesa ciel toujours clair. Enfin, chaque fois il ne sera pas possible d'effectuer continueIlement
:tue la chos~ e~t p.ossible, il v~udr.a mieux s'installer des travaux d'ordre scientifique, surtout lorsque
a ur~e certall~e altitude afin d avoir un rayonnernent les produits utilises sont chers. De nombreuses ope
solaire plus Intense. '. . rations a caractere industriel devront ctre envisagees

. Le cas du traitement des minerais est.quelque peu dans 1'inter~alIe. 11 s'agit en premi~r lieu du frittage
different de celui des produits deja manufactures. ou de la fUSIOn des oxydes refractaires pour lesquels
11 est bien' souvent interessant de les traiter sur place un debut de marche a ete cree a Mont-Louis. Le grand
~cme .s~. l'on est eloigne des regionsindustrielles: four do~~ vraisem~lableme~t perme!tre de preparer
a con~lhon toutefois de disposer d'un soleil suffisant, la I?atlere pre~~ere d;stlnee. apr~s rebroyage a
ce qui serait le cas de nombreuses regions arides fabnqu~r ?es plece~ refractal.res lmp?rtantes, et
sous~developpee~! et des regions sahariennes en e~ particulier des briques speclales ,utlhsables dans
particulier. Les produits traites sont en general d autres types de fours fonctionnant a hautes tempe
moins -Iourds et done moins onereux a transporter ratures.
que les mirierais bruts. . ' 11 semble aussi que 1'on doive envisager le develop-

Pour les' rnin~rais, les traitements, a'temperature peme~t de~ mises au ,Point r;~atives a.ux traitements
tres elevee (production de. produits refractaires, de mmeral~ susceptibles d etr~ traites sur place
elimination: de certaines impuretes) nesont pas du dans les regions andes et ensoleillees.
reste .les seulsrinteressants. On peut concevoir Le four solaire d'Odeillo doit servir en quelque
l'intervention .de fours solaires pour des operations sorte d'usine pi!ote, et enc~urager la cr~atIon .de
a tempera~ure moyenne (grillages par exemple), grands fours solaires a caractere purement industriel.
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Resume

, . "

Les auteurs examinent tout d'abord les principaux
types' de traitements susceptibles de recevoir, on
ayant deja recu, des applications pratiques, avec
des fours de petites et moyennes puissances (2 kW
et 50 kW).

Les operations les plus simples qu'il soit possible
de realiser avec les fours solaires sont les traitements
en milieu oxydant, dims l'air ambiant. C'est preci
sement l'operation la plus difficile a effectuer avec
d'autres moyens de chauffage, avec les fours elec
triques en particulier, surtout lorsque la temperature
depasse2000 qc: '

Les operations en milieu oxydant conviennent
en particulier fort bien au traitement de nombreux
produits a based'oxydes refractaires. Ces traitements
'ont recu un debut d'application pratique au Labora
toire de l'energie solaire de Mont-Louis, qui a ainsi
fondu ou fritte une dizaine de tonnes d'oxydes
refractaires depuis quelques annees. La plus grande
partie de, ces produits ont servi a la confection de
pieces ceramiques diverses. Parmi les oxydes traites,
on doit citer le corindon, le spinelle de magnesium,
l'oxyde de zirconium et le zirconate de calcium.L:oxyde de zirconium presente une importance,
particuliere par suite de sa refractairiteet de l'abon
dance relative de ses minerais.

Certains produits refractaires peuvent etre obtenus
a l'etat pur, et parfois a l'etat monocristallin.

Le traitement des produits non oxygenes necessite
en general l'utilisation d'une paroi etanche transpa
rente au rayonnement solaire. Ce probleme a ete
bien resolu dansle cas des fours de petite puissance.
De nombreux produits ayant des proprietes elec
triques, ,optiques ou magnetiques speciales peuvent
ainsi etre obtenus en atmosphere rigoureusement
controlee, .avec un haut etat de definition physique
et chimique. "

Diversminerais sont susceptibles' d'etre traites
au four solaire. Cornme dans le cas, des produits
refractaires, 'seules les methodes susceptibles de
s'adapter au caractere intermittent de la presence
du soleil doivent etre retenues.: les operations ne
devant pas presenter au depart d'inertie importante.
Les techniques mises au point a Mont-Louis eliminent
le probleme des.parois refractaires, dont la resistance
a la corrosion est en general' si precaire a haute
temperature;

Parmi les traitementsde minerais .envisages, on
peut citer : les operations de fusion; de dissociation;
de grillage, de reduction, les traitements par reactifs
divers '(fusion' alcaline oualcalino-terreuse, action
des agents chlorurants, etc.). ',; ,

'Les minerais assez abondants pour permettre
des' operations en 'demi-grand, oufneme en gr~~d:

et 'd'un prix suffisant pour assurer une rentabilite
convenable des installations sont les plus interessants,

.On pourra ainsi obtenir de l'oxyde de zirconium
par fusion alcaline du zircon, del'oxyde de beryllium

par traitement du beryl, de l'anhydride tungstique
par fusion alcaline du wo~fram, ou encore des ferro
alliages au moyen de traitements reducteurs,

Les auteurs examinent ensuite les resultats suscep
tibles d'etre obtenus avec un four solaire de grande
puissance (1 000 .kw) en se basant, en particulier,'
sur les resultats experimentaux obtenus au cours
de 10 ans d'essais avec des petits fours (2 ~W) de
laboratoire et. avec un four de moyenne puissance
(50 kW).

Les temperaturesutteintes, lors d'une operation
determinee, augmentent generalement pen lorsque
la puissance du four utilise augmente, toutes choses
restant egales par ailleurs, en particulier lorsque les
eclairements energetiques realises sur le plan focal
restent les memes,

Si le rendement des operations est pen affe.ete
par la puissance des fours lorsqu'il s'agit (le traite
ments de substances soumises superficieIJement a
l'action du rayonnement, il n'en est pas de me1?~

lorsque le rayonnement est admis dans une cavI~e

presentant un orifice place au foyer de l'appa~~l1,
cette cavite pouvant etre constituee par une mat~~re

differente de la substance traitee ou par la rnatiere
traitee elle-meme,

Dans taus les cas ou la surface interne des cavites
est proportionnelle a la puissance des installations,
les pertes par conductibilite therrnique a travers
les parois sont proportionnellement m<?m?res 3:vec
le grand qu'avec le petit four. Il est amsl.posslble
d'obtenir avec un four de grandes dimensions des
temperatures plus elevees, ou encore des rendeI?ents
de traitement plus eleves pour une temperature egale.

Un cas 'particulierement interessant est celui des
fours centrifuges. 11 s'agit de capacites perm:ttan~
d'effectuer des fusions de produits refraetaIres a
temperature sensiblement constante, mais ::vec des
volumes variables; la cavite forrnee s'agrand~t au fur
et a mesure que la fusion progresse au sem de la
poudre qui remplit initialement la capacite.

Considerons deux fours centrifuges fonetionnant
avec des installations de puissances tres differentes,
la surface interne des cavites et la surface de leur
orifice d'acces du rayonnement etant proporti0r:nelles
ala puissance de l'installation. Les pertes calonfiques
s'effectuent tout d'abord par rayonnement a travers
l'orifice; ces pertes sont sensiblement cons~antes
au cours du temps, la fusion se poursuivant .a une
temperature determines: elles sont par all1~urs
proportionnelles ala surface de l'orifice des capacltJs
chauffees, et par consequent a la puissance e
1'installation. ,

Pour une quantite deterrninee de produit fondu
par unite de' puissance de 1'installation, les pertes
d'energie par conductibilite thermique a ~rave~s
la, poudre de produit non fondu sont proportlOnne 
lement plus faibles avec un grand four qu'avec. un
petit four. 11 s'ensuit que les rendements des fuSlOns
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effectueesavec 'les grandes installations sont plus
considerablss,

.Les quantites d'oxydes refractaires fondues ou
frittees avec une installation del 000 kW devraient
atteindre 2 o~ .3 tonnes' ~ar j?ur, soit 2 ou 3 kg
par kW et par Jour, alors qu une mstallation de 50 kW
ne. produit guere plus de 1 kg par kW et parjour,
S01t un rendement deux ou trois fois plus faible.

Une installation de 1 000 kW placee dans une zone
tres ensoleillee devrait produire ainsi 1 000 tonnes
par an de produits refractaires, Les fours beaucoup

pl!ls puissants encore (10 000 ou 20 000 kW) n'au
rale~t pas des rendements beaucoup plus eleves et
seraient relativement plus couteux, la construction
du paraboloide et de son support augmentant dans
de plus larges proportions que la puissance de l'instal
lation.

Le four solaire de 1 000 kW actuelIement .en
construction a OdeiIlo devrait servir non seulement
pour la recherche scientifique, mais egalement comme
usine pilote, afin d'encourager la creation de grands
fours solaires a caractere purement industrieI.

PRACTICAL APPLICATIONS OF SOLARFVRNACES TODAY AND ECONOMIC
POSSIBILITIES OF THEIR DEVELOPMENT

Summary

The authors first examine the pri~cipal'types of
treatment that can be practically applied.. or have
already been so applied, with low and medium power
solar furnaces (2 kW and 50 kW).

The simplest operations that can be performed
with solar furnaces are treatments in an oxidizing
medium, including the atmosphere. This is precisely
the most difficult type of operation when other
methods of heating are used, particularly electric
furnaces, and above all at temperatures over 2000°C.

Operations in an oxidizing atmosphere are espe
cially suitable for treating many .products with a
refractory oxide base. These treatments were. first
applied practically at the Mont-Louis Laboratory
of Solar Energy, and some ten metric tons of re
fractory oxides have been melted or fritted there'
during the last few years. For the most part, these
products' have been used in the manufacture of
various ceramics. The oxides so treated have included
corundum, magnesium spinel, zirconia, calcium zir
conate, etc. Zirconia is particularly important ;011

account of its refractory properties and the relative
abundance of its minerals. ' ,

Certain refractory products may, be produ~ed
in the pure state, sometimes in the monocrystallme
state. '

The treatment of oxygen-free products requires, '
as a rule, the use of a gas-impermeable wall trans
parent to solar radiation. This, problem has been
satisfactorily solved for low-power f?rnaces.~umer
ous .products with special electrical.. oph~al .or
magnetic properties may be prepared m thIS. way
in a rigidly controlled atm~sphere, an~ have highly
definite physical and chemical propert~es. ' .

.Various .minerals can be treated m the-: solar
furnace. As in the case of refractories, only methods
adaptable to the intermittent availability of sunshme ,
should be applied, since the operatIOn? must not have
agreat inertia at the onset. The techmques developed
at Mont-Louis eliminate the problem of refractory
walls, whose high-temperature resistance to corrosion
is in general so precarIous.:

. '

Among the treatments of minerals, we may mention
melting, decomposition, roasting, reduction, and
treatment with various reagents (fusion with alkalis
or alkaline earths, action of, chloridizing agents,
etc.).

Minerals abundant enough for semi-industrial or
evenJarge-scale operations, which are priced high
enough to ensure an adequate return on Investment,
are of the greatest interest.

In: this way zirconia may be produced by alkaline
fusion of zircon, beryllium oxide by similar treatment
of beryl, tungstic anhydride' by such fusion. of
wolframite, or various ferro alloys by reducing
treatment. ,

Theunthors next discuss theresults obtainable
from' a high-power solar' furnace (1000 kW), based
particularly on the experimental results of ten ye~rs
work with small laboratory furnaces (2 kW) and WIth
one medium-power furnace (50 kW).
Th~ temperatures att~ined ill; a.given .operation

generally increase only.sl~ghtly ~t~ mcreasmg P?wer
of' the furnace, other. thmgs bemg equal, especially
when the irradiancy on the focal plane remains
the same. " ,

While the efficiencyof an operation is little affected
by the power of the furnace in the c~e of subs~a~ces
subjected only superficially to the actl?n.of r:'-dlat1~n.
the situation is different when the radiation IS admit
ted into a cavity with its opening in t~e focal pla!1e
of the furnace. This cavity may be 1.n a material
other than the treated substance, or It may be m
that substance itself. ' "

In all cases where the internal surface of the cavity
is proportional to the power of the furnace, the heat
losses by conduction through the walls a;re propo~i
tionately less with a large furnace th~n WIth a sma
one. Thus higher temperatures, or higher treat1l!enJ
yields, at the same temperature, may be obtaine ,
with a large furnace. ".': ."

Centrifugal furnaces are of particular. m~erest.
Their capacity permits fusion, of refractones at
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substantially constant temperatures, but in varying
volumes; the cavity formed becomes larger as the
fusion progresses in the powder which initially
takes up the entire volume.

The authors consider two centrifugal furnaces
operated by very different power plants. The internal
surface of the cavities and the surface of the opening
admitting the radiation being proportional to the
power of the plant, the heat losses take place at first
by radiation through the opening. These losses are
substantially constant with time, melting occurring
at a definite temperature. They are also proportional
to the surface area of the opening of the space being
heated, and, consequently, also to the power of
the installation.

For a given quantity of product melted per unit
power of the installation, the energy losses by thermal
conductivity through the unmelted powdered product
are proportionally smaller with a large furnace
than with a small one. The yield of a melting operation

with a large furnace is consequently hiio:'vr than
with a small one.

The quantities of refractory oxides n.Jted or
fritted with a 1000 kW furnace shoulfiJmount
to 2 to 3 metric tons a day, or 2-3 k2. i, \V/day,
while a 50 kW furnace yields no more than: kg/kW/
day, which is only half or a third as gre~',

A 1 000 kW furnace installed in a region of high
insolation should thus produce 1 000 tons of rfractory
products a year. Much more powerful furnaces
(10000 or 20000 kW) would not give much higher
yields, and would be relatively more CO~U\" since,
the construction costs of the paraboloid and its
mounting increase more rapidly than tLt' power
of the furnace.

The 1 000 kW solar furnace now under COl 1:;1 ruction
at Odeillo is to be used not only for scientific i "search,
but also as a pilot plant with the object of encouraging
the construction of large solar furnaces fur purely
industrial purposes.
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OBTENTION DE CARBURE DE BORE ET TRAITEMENT THERMIQUE
DE MINERAUX AU FOUR SOLAIRE' ,

Guy V uillard *

CREU5ET en GRIIPHIT£
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Figure 1

COUPE du CREUSET
125·
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Preparation du carbure de bore

Reaction utilisee

Le but de nos travaux est de trouver une utilisation
des hautes temperatures realisables au four solaire
pour des transformations chimiques presentant
quelques analogies avec nos recherches fondamentales.

L~s .mir?irs paraboliques dont nous disposons
recoivent directemsnt le rayonnement.solairs, Comme
il n'et.ait pas question, a ce stade de nos travaux,
de ~alre construire un jeu de miroirs envoyant
le faisceau de rayons concentres vers le sol, tous nos
fours fonctionnent avec leur ouverture tournee vers EVACUATION
le bas.

Cette reaction peut se schematiser par I'equation :

nB + C ~BnC

ou I'on admet que le bore fondu (a partir de 23000)
dissout le carbone (graphite) et reagit pour former
des grains de carbure de bore refractaire.

Le bore et ant particulierement oxydable, la reao
tion doit se passer a I'abri de l'air. Le principe des
operations est alors le suivant : un melange de bore
et de graphite dans la proportion B4Cest comprime
en pastilles cylindriques de 10 mm de hauteur environ.
Une pastille enchassee dans un creuset de graphite
de meme diarnetre est portee dans le vide a une
temperature qui atteint 2 500°C au moins en 10 mi
nutes environ. La pastille stratifiee par le traitement
contient une couche de carbure de bore representant
10 a 20 p. 100 du cylindre initial. '

Description des fours a vide

Le premier dispositif utilise est enferme dans un
ballonen verre Pyrex de 2 litres. ~e bouchon en
caoutchouc laisse passer un tube en laiton ~e 24 mm
qui sert a la fois de canalisation pour le vide et de
support pour le creuset (figure 1). Le vide maintenu
par une pompe apalettes adeux etages est de 10-2 mm
de mercure. Le centrage du trou d'en~ree dans le
couvercle du creuset sur l'image du solel~ est obten~
en deplacant le ballon.Il est facile de survre le soleil

pendant 20 minutes en manceuvrant a la main les
volants de pointage du projecteur.

Un deuxierne four a vide utilise parait susceptible
d'extrapolation plus facile. Le creuset de graphite
est analogue au precedent! mais, il e~t susp.endu
par troispointes mousses s~llva?t I axe d.u~ cyhndre
metallique de 15 cm de diametre, ref~Oldl pa.r une
circulation d'eau. Le rayonnement est introduit par
une coupole Mmisp~eriqu,e de silice fo~due calculee

* Professeur a la Faculte des Sciences d·~lge.r, D!r~ct~ur de pour laisser penetrer Jusqu au foyer un cone de rayons
recherches a 1'Institut de l'energie solaire de 1 Universite d AIger, lumineux de 1200 (figure 2).
A~gerie.

451



452 trr.r Fours solalres
. \

Resultats obtenus auec le carbure de bore

Les produits obtenus se presentent en grains de
0,1 mm au maximum. La couche riche en carbure
de bore est d'aspect plus grenu et plus brillant
que le reste. On fait subir a cette partie du melange
un traitement de plusieurs heures dans l'acide
nitrique fumanta I'ebullition. Le bore et le carbone
sont elimines, Les grains de carbure de bore, apres
lavage et sechage, sont observes a la loupe. Leur
aspect brillant et- compact permet de les distinguer.
Leur extreme durete est mise facilement en evidence
en rayant un cristal de corindon,

11 faut remarquer qu'une importante fraction du
melange reactionnel est volatilisee et vient se conden
ser sur les partiesfroides de l'appareiL Des recherches
sont en cours pour recuperer les produits sublimes
et les caracteriser. ' , .

Traitement du beryl
en vue de la separation du beryllium

Une deuxieme application a ete suggeree par la
decouverte de mines de beryl pierreux sur notre
territoire. 11 s'agit de traiter le minerai, si possible

e: .:

pres du lieu d'extraction, en zone aride, pour en
retirer un compose simple du beryllium, l'oxyde par
exemple.

Le beryl est inattaquable par les acides, mais
on sait qu'apres «etonnement » du silico aluminate
fondu et trempe, l'acide sulfurique a 65° Beaume
peut le dissoudre; ce qui montre que la fusion diminue
la resistance chimique du mineral. Aussi nous avons
fondu le beryl au four solaire dans le but d'en Iaciliter
une attaque chimique ulterieure.

,.

Fusioh'du beryl alapressio« atmospherique

, Nous avonsutilise pour cette operation le grand
reflecteur parabolique de 8,40 m de diametre de la
Bouzareah, appareil prevu pour le traitement de
melanges gazeux, et particulierement incommode
pour fondre les solides. Le bloc de beryl est encastre

, dans la paroi d'un creuset de graphite en forme de
poche. L'heure de l'operation, entre 9 h et 11 h 30,
est choisie assez matinale pour eviter la chute du
produit traite sur le miroir. Une partie de la roche

_est fondue et transformee en produit vitreux, blanc,
opaque. Le «verre » de beryl ainsi obtenu est ar raque
difficilement par l'acide sulfurique pur (a 98 r. 100)

ERU de REFROID'SSEMENT .•

,.VIDE-'



Traitement de minerau~ au tour so1alre
8/36 VuWard

APPAREIL MOTEUR

_ MJROIR PLAN

MIROIR PARABOLIQUE

CREUSET~TRAIT£MEIiT THERMIQUE

FIgure 3

a l'ebullition. Apres une heure de traiternent tirie:' vide semble presenter une aptitudeparticuliere pour
notable 9uantite des cations Be++ et Al+++~est passee : des traitements chimiques directs, msmesans broyage.
en solution, Unbroyage apres fusion rend I'attaque '.
plus raplde. .: ,',' ".'

" .'.

Fusion du beryl sous vide

Le beryl place sous vide dans un petit creuset
~e graphite du type decrit plus haut, est soumis
a. une c?ncentration relativement importante d'ener
gIe solalre pendant quelques minutes.

Une faible proportion du beryl est sublimee,
Le reste du cristal est itransforme en une sorte
d'ecume blanche, verdatrepar endroits, et Iegere
(elle flotte sur I'acide sulfurique). Ce produit, mani
festement souffle de I'interieur par le degagement
des gaz occlus, est friable et nettement plus reactif
que Ies produits des fusions precedentes.

L'attaque par l'acide sulfurique concentre achatid
est rapide. Elle permet de faire pass er la plus grande
partie du beryllium en solution. Le beryl fondu sous

Projets de four solaire pour le tra£teme1Zt du beryl

Nos experiences preliminaires ont montre l'interet
de la fusion du beryl, et plus particulierement de
la fusion sous vide, avant de proceder a l'attaque
chimique du mineral. .

Cetraitement exigeant de porter aplus de I 5()O °C
une rnatiere solide, les techniques utilisant. directe- .
ment Ie rayonnement d'un miroir parabolique ne
peuvent pas convenir, Il nous faut done concevoir
des dispositifs a deux rniroirs, l'un suivant le solei!
dans sa, course pour renvoyer dans une direction
constante le faisceau intercepte, l'autre concentrant
ce faisceau de haut en bas vers l'orifice du four oil
se trouve la matiere a traiter.

La figure 3 represente un projet de four solaire
prevu par la Section captation de notre institut,
.en ,vue de fondre du beryl.
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Resume

Des fours a. vide, de petites dimensions, chauffes a I'energie solaire, ont
6te realises en vue de recherches theoriques et pratiques sur les reactions
chimiques a hautes temperatures de 1500 °C a 3000 °C: Une synthese du
carbure de bore a permis d'obtenir des resultats positifs, bien qu'avec un
rendement assez faible. Le traitement thermique sous vide du beryl pierreux
le transforme en un produit souffle. particulierement reactif.

PRODUCTION OF BORON CARBIDE ANn HEAT TREATMENT
OF MINERALS BY SOLAR FURNACES

t

i

Summary:

Small vacuum solar furnaces have been built for theoretic~l and practical
research on high-temperature chemical reactions from 1500 to 3000°C.
Boron carbide has been synthesized, though in low yield. Heat treatment
of coarse beryl in a vacuum transforms it into a highly reactive porous mass.
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