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INTRODUCTION

The United Nations Conference on New Sources
of Energy was held in Rome from 21 to 31 August
1961. A brief review of the proceedings, of the papers
submitted to the Conference and of the related
discussions has been printed in New Sources of
Energy and Energy Development : Report on the
United Nations Conferenceon New Sources of Energy)
That publication also contains the agenda and the
lists of participants and conference officers, as well
as lists of all the papers and reports.

The Proceedings of the Conference comprise seven
volumes as follows:

Volume 1. General sessions.
Volume 2. Geothermal energy: I.
Volume 3. Geothermal energy : Il.
Volume 4. Solar energy : I.
Volume 5. Solar energy: Il.
Volume 6. Solar energy: Ill.
Volume 7. Wind power.
The present volume, "Solar energy: Il", contains

the papers and reports relating to agenda item IlLC,
"Us~ of solar energy for heating purposes", which
consists of five sub-items: IlI.C.l. Water heating;
IILC.2. Space heating; IlLC.3. Solar drying; III.C.4.
Solar cooking; IIl.C.5. Heat storage.
. The rapporteurs' general reports and their summa

tions of the proceedings in connexion with each

1 United Nations publication, Sales No.: 62.1.21.

sub-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 sub-item, the papers are printed in
the alphabetical order of the authors' names. Refer
ences 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 here been
abbreviated by the elimination of the prefix
"EjCONF.351", which should, be included in all full
references.
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Volume 3. Energie geothermique : Il.
Volume 4. Energie solaire : 1.
Volume 5. Energie solaire : Il.
Volume 6. Energie solaire : Ill.
Volume 7. Energie eolienne.

Le present volume, « Energie solaire : Il », groupe
les memoires et rapports ayant trait au point Ill. C.
de l'ordre du jour, « Emploi de l'energie solaire pour
le chauffage », qui comprend cinq sous-points :
IlLC.1, Chauffage de l'eau; IlI.C.2, Chauffage des
locaux; IlLC.3, Sechage par la chaleur solaire;
Ill.CA, Cuisinieres solaires; IlLC.5, Accumulation
de chaleur.

Les rapports generaux des rapporteurs et le resume
des debats sur chaque sous-point de l'ordre du jour
qui a ete etabli par le rapporteur interesse sont donnes

62.1.21. integralement, en anglais et en francais, ainsi que
Hi

La Conference des Nations Unies sur les sources
~~uvepes d'energie s'est tenue a Rome du 21 au
d" aout. 1961. Le document intitule Sources nouveUes
t energze et production d'energie : Rapport sur les
ravaux de la Conference des Nations Unies sur les
~ources nouvelles d'energie 1 donne un aper<;u des
d~~vaux, des memoirss soumis a la Conference et des
ou ats, dont ceux-ci ont fait l'objet. 11 contient en
tlre lordre du jour, la liste des membres du Bureau
:.~s autres personnes ayant pris part ala Conference,
I~SI qu'une liste de tous les memoires et rapports

prcsentes.

1 Les Actes officiels de la Conference comprennent
es;ept volumes suivants :

olume 1. Sessions generales.
Volume 2. Energie geothermique : 1.---1 Publ' ti .ica 10n des Nations Unies, numero de vente :



les mernoires 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 sous-point, 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 facon generale, elles sont
numerotees consecutivement pour chaque memoire,
et sont indiquees par des chiffres arabes entre paren
theses.

En regle generale, les rapports et memoires sont
publics sous la forme dans laquelle ils orit ete pre
sentes a la Conference, et les fonctions indiquees
pour chaque participant sont celles qu'il occupait

Iv

a cette epoque. Toutefois, les corrections nccessaires
ont ete apportees et certaines figures ont ae rema
niees ; des modifications de redaction min-urss ont
de meme ete faites,

Les vues exprimees n'engagent que le.: auteur
et n'impliquent aucune prise de position I"" la part
du Secretariat de l'Organisation des Natir..-s Unies.

Les cotes indiquees apres les titres des .nemoires
et des rapports, ainsi que dans les renvois ',li y sont
faits dans le texte, correspondent aux cot. utili sees
pour la Conference. On les a cependan: abregees
en eliminant « EjCONF.35 », qui doit ~.: c main
tenu dans les cas ou la reference cou: »lete 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

oistinguish 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

;~ritish units, or British equivalents of metric units, see World Weights and
»[easures, prepared by the Statistical Office of the United Nations in collabora
.ion with the Food and Agriculture Organization of the United Nations
{Statistical Papers: Series M, No. 21; United Nations publication, Sales
';0.: 1955.XVII.2).

NOTE EXPLICATIVE

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

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

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

l' operation inverse, consulter la brochure Wodd Weights and lvIeasures que
le Bureau de statistique des Nations Unies a etablie avec le COnCOl}rS de
l'Organisation des Nations Unies pour l'alimentation et l'agriculture (Etudes
statistiques : serie M, n" 21; publication de l'ONU, n° de vente: 1955.XVII.2).
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GENERAI REPORT - RAPPORT GENERAL

Agenda ittl! III.C.I

GRj13 (5)

USE OF ~DLAR ENERGY FOR HEATING PURPOSES : WATER HEATING

Isao Oshidc "

Solar water i:,~aters represent the most widespread
direct use of s.iiar energy at the present time (S/38,
S/31). The STi .iy of the technical problems, manu
facture and i" tallation of solar water heaters is
proceeding in .uany areas in the solar belt (between
latitudes 45°t:, and 45°S). These include Algeria,
Australia, th:- Congo (Leopoldville), Burma, Chile,
France, Indi.'. Iran, Israel, Italy, Japan, New
Zealand, the Tilted Arab Republic" South Africa,
the United S',c~s of America, the Union of Soviet
Socialist Rc':'1ics, and others." Eleven papers
from nine cc,', :<ries have been contributed on this
subject.

It is belie v ,1 that a vast number of solar water
heaters are ir .ise in the world at present. In Japan,
about 350 OlJ0 "alar water heating units of various
types were in '-':>(; at the end of 1960, and the number
is still inckc::;ing rapidly (S/68). In the United
States, the Iorrner popularity of the box-type solar
heaters is decreasing, but about 25 000 such units
are still in use in Florida. Meanwhile, the solar
heating of swimming pools is rapidly expanding
(S/96). There are about 10 000 solar water heating
units in use m Israel (S/26). Although the writer is
not aware of the number of working solar water
heaters in other countries, the figures mentioned
probably represent a world-wide tendency.

The utility, the distribution, the optimum scale
and design, the usage and the extent to which they
help to save other fuels naturally differ from land
to, land. These considerations are presumably deter
mIned by the following four factors.

(~) The need for hot water and the objects for
which it is required. This factor is important as it
IS ~he motive power in the use of water heaters.
It IS determined originally by the degree of develop
ment, the customs and the meteorological and
geogral?hical condition of the country concerned.
These Illfluence the quantity and the temperature
of hot water needed and the latter influence in turnth . ,

e SIze, type and design of solar water heaters.
(b) The amount of solar energy availab.le. This

factor IS .chiefly determined by meteorological and
geographIcal conditions such as latitude, duration of
SU hi ,ns me, number of clear days in a year, mean
cloud' . I' d .mess, transparency of the air, a titu e, ram---• D'lrector, Kobayasi Institute of Physical Research, Tokyo,

d 1 United Nations, Economic and Social Council. Recent
deV,elopments relating to new sources of energy and recommen
RatIons regarding the agenda for an international conference,

eport by the Secretary-General. 6 March 1959 (Ej3218),

3

fall, mean air temperature and the temperature of
the water supplied. The occurrence of freezing in
winter is also an important problem because it
sometimes causes damage to the solar water heaters.

(c) Technical attainment. Scientific and technical
progress is, of course, one of the important factors.
In particular, the introduction of new materials and
mass production of equipment are most effective.
As a result, the costs of manufacture, installation
and maintenance are lowered and the life of the
units becomes longer. Architectonic considerations
should not be overlooked.

(d) Supply of other sources of energy. This last
factor, which is also very important, conc~rns the
supply and cost of other sources of energy III com
petition with solar energy. Oil, natural gas, coal and
electricity are to be considered in many areas.

Though it is possible to list more detailed factors,
these (S/38, S/58) seem to be c~assifi~ble ipto the
four listed above. In the followmg dISCUSSIOn, the
papers contributed to this agenda item are analysed
and synthesized according to these four factors.

The demand for hot water

The demand for hot water, especially of water of
from 40°C to 70°C which are the temperatures
most easily obtainable by solar water heating, is,
of course, the first factor for widespread use of solar
water heaters. This point is discussed by only a few
contributors, but this by no means shows that the
factor is to be ignored, but that it is a vast underlying
factor difficult to measure.

A good example is represented by the active use of
solar water heaters in Japan, as mentioned above,
which is thought to be a natural result of the Japa
nese custom of taking a bath almost daily (S/68).
On the other hand, in the United States, home
swimming pools have increased very rapidly during
the past few years, and the heating of t?e swimming
pool water is one of the uses to be considered (S/96).,

In most countries, hot water is used mostly for
washing and cooking. The quantity of hot water
necessary per day per person or per family (of from
2 to 4 members) is mentioned in some papers. The
figures do not seem to be conflicting: 75 litre/person
(S/l), 200 litre/family (S/58) and 170 litre/family
(S/38).

Large-scale water heaters are and will be in use for
buildings in which much hot water is demanded.
The kinds of buildings mentioned in the papers
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are as follows: public bath houses, dormitories,
laundries, hospitals, schools, hotels and apartment
houses.

The amount of solar energy available:
meteorological conditions

Though solar energy availability is the subject
of another agenda item (Ill. A.), this factor cannot
be omitted here. However, the discussion will be
confined to water heating only.

The number of fine days and of overcast days in a
year is the first important consideration. Around
Cairo, only 60 days are cloudy or semi-cloudy (5/50).
In Israel, it is presumed to be 65 days (5/26). The
data for Jerusalem show a somewhat larger value
(5/31).

The duration of sunshine will be a more quanti
tative reference in this connection. All the regions
located between latitude 45°N and 45°5 and having
over 2000 hours of sunshine a year may be suitable
for the use of solar water heaters (5/58). The data for
New Delhi (2844 hours) (5/102) and for Haifa,
Jerusalem and Beit-Shean (5/31) were shown.

The intensity of solar radiation, I, is, of course,
the most decisive element in this factor. The amount
of insolation I :per .unit. area depends on the angle
between the sun s direction and the normal direction
o.f th~ surface in quest!on. Mo!eover, I depends on the
time Interval over which theinstantaneous insolation
is averaged. For the sake of reference to solar water
heating, it is most convenient to know the value of
I for a surface.due south (in the n?rthern hemisphere)
or due north (In the southern hemisphere) and making
any angle IX, to horizontal plane, and averaged over
any day of the year. Nevertheless, data for other
surfaces or over other periods are, of course, also
useful.

The intensity of instantaneous normal radiation
in Israel (5/31), and the daily average in Cairo for
r:- = ~Oo (equal to. the latitude of Cairo) (5/50) and
In Gainsville, Flonda, for IX. = 0° (horizon~al) (5/1)
were shown. The latter two Include sky radiation as
well as direct solar radiation. These values vary from
810 btu/sq ft (Florida, December) to 2 400 btu/
sq ft (Cairo, April).

The temperatures of the ambient air and that of the
water supplied should be considered. These two
temperatures are presumed to be equal or nearly
equal by most authors.

Technical attainments

Most papers consider this factor in detail. Accord
ingly, it is thought to be reasonable to divide this
factor into more detailed units.

Dimensions

As a matter of course, the size and the type of the
'examined solar water heaters are different. As for
their size, roughly speaking, it may be divided

into two groups: those of small-scale for house
holds, and large-scale for public baths, laundries
dormitories, hospitals, etc. '

The areas of the collectors of solar W~ ~ .r heaters
of the first group were, as if pre-arrar.. d, nearly
equal and about 2 sq m (or 21.5 sq ft) :/58, S/96,
S/68, S/26, S/50, S/102). This size can, t:refore, be
considered the standard unit of the cor '~tor area,
which is a measure of the scale of solar w:,.",[ heaters.
Heaters of double-size (S/31) or large " collectors
(S/l, S/38) were recommended for hou-vhold use
by other contributors. Half-size collect .rs, being
about 1 sq m, were tested only by i.tboratory
experiment (S/72). For large-scale heat ','5 of the
second group, the collectors consist of l,ther small
units of 1.5 sq. m. (5/26) or 3.3 sq. m, «/68).

The water capacity is also a mea" "'C of the
size of a solar water heater. This is equal i () the capa
city of the storage tank or, for the ty:,.; without
storage tank, to the capacity of the 11, :Iter itself.
The figures for the capacities of the st: "lge tanks
were from 120 litres to 400 litres for c)'l1estic use
(S/58, S/31, S/26, S/50, S/l, 5/102, S/38)

Types

Various types of heaters were disci -ed (S/l).
Almost all can be divided into the foll .wing two
ca~egories: (a) absorbing and storing ii. the same
umt; (b) absorbing and storing in sep.-rate units.

Pan-type heaters, simple types of Cl kgory (a),
have been improved and are widely used in the
rural areas of Japan (S/68, 5/1). Two box-type
heaters, with capacities of 16 litres and 50 litres,
respectively, were tested in Algeria (5/72),
. Plastic "pillow" type solar water heaters, contain
~ng about 200 litre of water, are in mass production
In Japan. About 150 000 units of this type had
be~n sold up ~o the end of 1960 (5/68). The tube-in
stnp type, Without storage tank is also common
in Japan (S/68). '
Th~ types of category (b) were discussed by many

contnbutors. These can be classified according to the
construction of the absorber (S/l). Some pa~ers

~ere concer~ed with the tube-in-strip type, conSIst
Ing of straight tubes ducts with headers and a
storage t3;nk (S/68, 5/1, S/38). The metal-in-strip
type conSIsts. of a flat and a corrugated sheet: of
equal area, nveted at several points along the lInes
of ~ontact, so that the openings thus formed operate
as In the case of straight tubes Solar water heaters
of thi~ typ~ can be made at low~r costs (5/50, S/102).
The sinusoidal tube type, consisting of a long tube
!Jent back ~md forth sinusoidally to conserve ~p~ce,
IS co~mon In the United States (5/1). A new vanatIOn
of this .type,. consisting of a long polyethylens tube
bent sinusoidallo and sandwiched by a paIr of
corrugated aluminium sheets, was tested (5/96).

Materials

. Sheets and tubes of copper, aluminium and galvan
ized Iron were the materials used for the absorbers
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and the water .lucts mentioned in the papers (copper
in 5/68, 5/1, ~: ;\8; aluminium in 5/96,. 5/68; g~lvan

ized iron in ~~,;S, 5/50, 5/102). To avoid corrosion of
the iron pla i ' coating by plastic film is proposed
(5/68). Plasi t ubes were tried (S/96), as well as
glass tubes (: t\). Polyethylene sheet~ .or polyvi~yl
chloride she.: arc among the promIsmg matenals
recently intr.v.iuced for solar water heaters (S/68).
For storage i »ks, the use of galvanize.d iron (5/72)
or gasoline (' . m cans (5/68) are mentioned,

Absorbers

The main 1 rt of the absorber is in general a black
surface of m, " J sheet, or surfaces of arranged metal
tubes. A pn-' _iption of black paint is mentioned
(5/102). The :I ,l' of selective surfaces was tested or
suggested (S,~;" S/50, 5/58).

The absorl T' are generally put in hot boxes made
of wood (Si :-:'/102) or galvanized iron (S/I). As
materials h hack insulation, glass wool (S/96,
5150, 5/1, ~ . i,"!) or felt (S/1) was used in layers,
5 to 10 CCIl'.';1dres thick.

The numb of glass covers for a hot ~ox ~as
discussed. T" most effective number vanes with
the location : ,'e! air temperature (S/I). Any increase
in the numtY',)f glass layers reduces the heat losses
but also n'(~ .eel'S the energy transmitted (5/102).
In place of a pane, a sheet of 0.005 inch (0.13 mm)
thick Mylar t:[m was tested (S/96).

Orientation -t the absorber

A .mechani"m for making the absorber follow t~e
sun IS not practical for widespread use. (S/1) .. It ~s
easy to sec that the best stationary orientation IS
due south in the northern hemisphere and due nort?
In the southern hemisphere (S/1, S/38). In this
position, the angle between the surface of the ab
sorber and the horizontal plane is still to be deter
~llled to produce the best results. Sometimes the angle
IS presumed to be equal to the latitude (S/50), but
most authors propose somewhat different angles,
namely, 0.9 times the latitude (S/38), 10° greater
th~n the latituda (S/31, S/1), 23.5° greater than the
latitude in order to face the winter position of the
sU~ a.t noon (5/26), 1.5 times the lat~tude (S/38), and
45 (111 New Delhi) (S/102). By using l~rger a.ngles,
the absorber can receive nearly equal insolation at
the summer and winter solstices (S/38). Of course,
a mechanism for changing the inclination of the
absorber will produce better results (5/58).

Circulation oJ water

. Both natural (thermosiphon) and forced circula
tion were tried. The rate of flow from the absorber
has an optimum value. This was a rather small value
of 0.2litre/min for a 2 sq. m. absorber (5/50). Higher
rates of 0.5 litre/min or 0.7 litre/ruin (S/50; S/102)
are more practical figures. To warm sWIm~mg p~ol
water, a far higher flow rate, nearly 75 litre/min,
Was adopted to treat large amounts of water (S/96).

Temperature rise oJ water

Naturally, the rise of the temperature of water
by solar heating varies with the weather, the area
of the absorber, the flow rate, the type of heater,
the air temperature, the temperature of water sup
plied, the wind velocity and other conditions. A. test
for a modified pan-type solar wate~ heater, w~th a
size of 0.9 m X 2.0 m and a capacity of 180 htres,
showed that for a clear day in Tokyo the maximum
water temperatures, attained were 33°C in mid
winter and 69°C in summer (S/68).

For circulation types, namely, for the types of
category (b) mentioned above, the rise of the water
temperature depends on the flow rate. For the sake
of comparison, the results repor~ed for solar water
heaters with 2 sq m absorbers WIll be shown below.
After exposure over a period of ~ hours a de;ty, 190
litres of water were heated to 28 C, or 270 htres of
water heated to 21°C for the winter months in
northern India (S/I02). In Cairo,. a daily ave;age
temperature rise of 25°C was obtained for 270 htres
as a yearly average (S/50). In most pa~ts of Florida,
on an average day in December, 250 htres of water
can be heated from the air temperature to 60°C
(S/l). Similar figures were obtained in Israel (S/31,
S/26). . .

In the use of solar water heaters to warm swimmmg
pools, the temperature of the pool increased ~y

4-6°F (in early spring or late autumn) or by 9-10 F
(during summer) and the usual pool season was thr~e

times longer (Le. 152 days compared to 50 days) m
Princeton (5/96).

Amount of heat collected

The amount of heat collected by the solar water
heater can be calculated from the daily temperature
rise and the mass of water heated.

The following figures were obtained for absorbers
of normal size, Le. 2 sq m or 22 sq ft: 7100 kcal/day,
or 8.2 kWh/day (yearly average) (SI58); 5 550 kcal/
day, or 6.7 kWh/day (Cairo yearly average) (S/50).;
5 000-6 800 kcal/day, or 6-8 kWh/day (New Delhi)
(S/102). Some other papers show figures for absorber~

of other sizes (for 0.96 sq m, S/72; for 1.5 sq m, S/26,
for 4 sq m, S/31).

Heat loss from the storage tank

The heat loss from the surface of the storage
tank is the main factor to be considered. As an
insulating material for storage tanks, a layer of
glass wool 4 inches thick was proposed (S/I02). In a
paper, the value 6 btu/htF ~s given as the heat .loss
from a typical 70 gal (270 htre) tank. The loss III a
day amounts to 15-20 per cent of the day's solar heat
input (S/38). A value of 15 per cent loss is adopted
by another author (S/31).

Efficiencies

It was noted that the efficiency of a solar water
heater varies with the period over which the solar
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heat input and the heat loss are calculated (5/38).
From the ratio of the heat collected in hot water
to the integrated insolation on the surface of the
absorber, the efficiency over 24 hours can be deter
mined. The values reported for this efficiency are as
follows: 50 per cent (S/72) and 35-45 per cent in
summer and 50-60 per cent in-winter (S/26). For a
high rate of water flow, the efficiency becomes higher
(S/102, S/96). The "instantaneous" efficiency, Le.
the efficiency measured in a i-I hour period, shows
a high value in general, say, 70 per cent (S/38). A
standard method of measuring the quantities in
calculating the instantaneous efficiencywas proposed
(S/97).

The efficiency measured over a full year shows the
lowest value in general. Typical values lie between
30 and 40 per cent (S/38, S/31). This is the efficiency
that plays the most important role in the discussion
of economic problems.

A uxiliary heating

The problem of auxiliary heating was discussed
in some detail. The analysis showed that, in Israel,
the amount of auxiliary heating can be reduced to
10-15 per cent of the total year-round heat. Auxiliary
heating is mainly done by electricity. However,
switching on or switching off the electrical resistance
by hand causes a much higher use (25-30 per cent)
of the auxiliary heating. In this connection, an
automatic control device consisting of an electric
clock and a thermostat is mentioned (S/31).

Large-scale solar water heaters

A large-scale solar water heater with a 66 sq m
absorber has been constructed in Tokyo to supply
hot water for more than 100 university students.
Except in the winter season, it was able to supply
7 000 litres of hot water at over 50°C a day (S/68).
Large solar water heaters, such as those with a capa
city of 3 000 litres or 2 000 litres were reported
(5/26).

Methods of preventing freezing

Some devices to prevent frost damaging solar water
heaters were presented. Indentation in the upper and
lower headers in the absorbers has been only
partly effective (S/38). Plastic tubes were not dam
aged by freezing (S/96). Antifreeze mixture, such
as water plus alcohol or water plus ethylene glycol
can be used for this purpose (S/58, S/I). To prevent
frost damage, dual circulation systems were devised
(5/1).

Cost per unit of energy

The cost per unit of energy obtained from a solar
water. heater. is an essenti.al fa~tor in considering
tech~l1~aJ achievements. It IS mainly determined by
the initial investment and the life of the heater.

For the initial investment, the manufacturing cost
or purchase price, the cost of installation and the

interest on the initial cost for the period d durability
should be taken into account.

A comparison of the manufacturing ~,ice or the
selling price of various types of solar \\ •er heaters
with various sizes of storage tanks is V f ' :, difficult.
The figures per square metre of absorl-r.s were as
follows: selling price, about V.S. $200 :3/58), $45
(S/50), $100 (S/31), $150, $90 (S/38).,00 (5/1);
manufacturing price, about $52, $35 ~] 02), $47
(S/26). These are only rough figures, and cl :,)mparison
on the basis of these figures is almost' «-aningless
because the materials, the capacity o. 'che tank,
the type and the characteristics of the ht:ate~s were
very different. Nevertheless, these figures give, as
a whole, the order of magnitude of the cost of solar
water heaters at present.

The costs of installation are also difficult 1(1 compare
for the same reason. The figures preserrri ranged
from V.S. $30-60 (S/58) and $16 (5/26). ire rate of
interest per year was taken to be 5 perv-nt (5/26,
5/31, 5/38).

As for the life, or the durability, of :(jar water
heaters, ten years (S/58, 5/50, 5/1) or ,'r~ht years
(5/31, S/26) were presumed.

Some authors ignored the maintenance expense,
but others assumed I per cent (5/31) and ;.5-1.5 per
cent (S/38) per annum of the initial cost.

Finally, the cost per unit of energy was ralculated
on the basis of the above figures. These ,,:re 1.5-1.9
V5 cents per kWh (5/58), 3 cents per k\'dl (S/31),
1.2 cents per kWh (5/26) and 0.37 cents per kWh
(5/50). There is a wide variety, which is probably
due chiefly to the different assumptions adopted by
the different authors.

Supply of other sources of energy

The last factor is the existence and the price of
other energy sources which compete with solar
energy in heating water. Electricity and oil fuel were
considered principally.

The prices of electricity per kWh shown in the
papers are 4 cents (5/31), 3 cents (5/26, 5/50)' about
2 cents (5/102), 2.6 cents and 1.5 cents (5/38).

The prices of oil fuel per kWh of utilized energy
were reported to be 0.55 cents (kerosene efficiency
33 per cent) (5/50) and 0.6 cents (5/38).

It is not easy to compare these different heat
sources from the economical point of view. Calcula
tion of the sale price, the life and the maintenance
expense for different types of heaters also depends on
many assumptions. Therefore it is natural that the
opinions shown by the diff~rent authors differed
very much .. In answer to the question "H~w many
years does It take to cover the initial cost, If a sol~r
water heater replaces an electric heater or an oil
water h~a~er?" the following values were given:
fo~ electricity, one year (5/50, 5/102), eight years and
thirteen years (5/38); for oil, three years (5/1), seven
years (5/50), forty-five years (5/38).
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Topics proposed for discussion

1. The pIt:" nt status of the use of solar water
heaters.

2. The nee" ior hot water in terms of objects,
quantities an," "emperatures.

3. The amo 1't of solar energy available, especially
as a fundamt-u al material for planning solar water
heaters.

4. Technics :'roblcms:
Adequate ~;\ ',' of solar water heaters for domestic

use.
Adequate t" ,',;S of solar water heaters for domestic

use.
New mater; l: to be applied in solar water heaters,
Constructi..» of absorbers, especially low-cost

construction,
Orientation ;( the absorber.
Circulation' , water, especially on devices concerned

with the circ: cion system and on the rate of water
flow.

The temp", \ ure of the heated water.
The amoun ,.-If heat collected.

Heat loss from the storage tank, in relation to its
construction.

Efficiencies and the methods of calculation.
Problems of auxiliary heating.
Large-scale water heaters, present situation and

future prospects.
Methods of preventing freezing.
Cost per unit of heat quantity or per unit of'

energy.
Problems of standardization in construction and

in methods of testing.
Problems of automation.

5. Economic problems: '
Manufacturing costs.

Costs of installation.
Maintenance expense.
Life of solar water heaters.

, Comparison with other sources of energy, such
as electricity, oil, coal and atomic power in heating
water.

6. Future developments, especially widespread
use in under-developed regions.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE CHAUFFAGE H ' L'EAU

(Traduction du rapport precedent)

Isao Oshida *

Les chauffe-eau solaires representent aujourd'hui
le moyen le plus repandu d'exploiter directement
l'energie solaire (S/38, S/31). Dans un grand nombre
de pays situes dans la « ceinture solaire )) du globe
(entre le 45e parallele nord et le 45e parallele su:d) ,
les problemes techniques que posent la fabrication
et 1'installation des chauffe-eau solaires font 1'objet
d'etudes continues. Ces pays comprennent l'Algerie,
1'Australie, le Congo (Leopoldville), la Birmanie, le
Chili, les Etats-Unis, la France, l'Inde, l'Iran, Israel,
1'Italie, le Japon, la Nouvelle-Zelande, la Republique
arabe unie, 1'Union des Republiques socialistes
sovietiques, I'Afrique du Sud, et divers autres pays 1.

Onze communications provenant de neuf pays ont ete
preparees sur ce sujet.

Il est vraisemblable qu'Il existe actuellement dans
le monde un tres grand nombre de chauffe-eau
solaires couramment utilises. Au Japon, pres de
350 000 groupes de chauffage de 1'eau par le soleil,
de formules diverses, etaient utilises ala fin de 1960;
ce nombre croit rapidement (S/68). Aux Etats-Unis,
le succes qu'avait connu le chauffe-eau solaire du
type en caisson a diminue, mais il en existe encore
quelque 25 000 en usage en Floride. En revanche,
le precede du chauffage des piscines par le soleil se
repand rapidement (S/96). En Israel, il existe environ
10000 chauffe-eau solaires en service (S/26). L'auteur
de cette communication ne possede aucune indication
precise sur le nombre de chauffe-eau solaires en usage
dans les autres pays, mais les chiffres cites temoignent
d'une tendance qui interesse le monde entier.

Il est evident que d'un pays a 1'autre il existe
des differences considerables quant aux conditions
d'utilisation de ces appareils, portant sur le service
qui leur est demande, sur les dimensions et les
conceptions optimales, sur leurs applications et sur
la mesure dans laquelle ils permettent d'economiser
les autres combustibles. Ces considerations dependent
probablement des quatre facteurs suivants :

a) La demande d'eau chaude et les besoins pour
lesquels elle a lieu. Ce facteur est important, car il
est determinant quant a la raison d'etre des chauffe
eau solaires. Il depend initialement du degre d'evo-

* Directeur, Institut Kobayasi de la recherche physique, Tokyo.

1 Nations Unies. Conseil economique et social. Faits nouveaux
intervenus dans le domaine des sources nouvelles d'energie et
recommandations concernant I'ordre du jour d'une conference
internationale. Rapport du Secrctaire general, 6 mars 1959
(E/3218).

lution des coutumes, des conditions met.' .rologiques
et ge~graphiques du pays considere, Ce. conditions
influent sur la quantite d'eau chaude re mise et sur
sa temperature, ce qui d'autre part inr.ue sur les
dimensions, le type et la conception des. hauffe-eau
solaires.

b) L'importance de l'energie solaire " ploi~~ble.
Ce facteur depend essentiellement de: -onditions
meteorologiques et geographiques, tej", que la
latitude la duree de l'ensoleillement, le r.ombre de
jours en~oleilles chaque annee, la nebulosi: moye~ne,
la transparence de l'atmosphere, l'altitud. . le. regime
des pluies, la temperature moyenne de iair et la
temperature de 1'eau a chauffer. Le gel pnuv:ant se
produire en hiver donne lieu egalement il un Impor
tant probleme, en consideration des (:~'gats que
peuvent subir les chauffe-eau solaires.

c) Possibilites techniques. Il est evicl'.'nt que le
progres scientifique et technique est 1'un ci,'s fact.eurs
importants. En particulier, 1'adoption de matenaux
nouveaux et la fabrication en serie des elfments du
materiel jouent un role decisif. Il en resulte nne.dimi
nution des frais de fabrication d'inst:l.llatlOn et
d'entretien, en meme temps que' la longevi~e .des
ensembles s'allonge. Il convient de ne pa~ neghger
les considerations relevant de I'architectonique-

d) Existence d'autres sources d'energie. Ce de!nier
facteur, qui est aussi tres important, est fourrn par
la quantite disponible et le prix des autres sour.ces
d'energie qui peuvent concurrencer l'energie solaIre.
Dans de nombreuses regions, le petrole, le gaz nat~rel,
le charbon et l'electricite doivent entrer en hgne
de compte.

Une analyse plus complexe des facteurs peut Mre
envisagee, mais il est possible, sernble-t-il, de. dasser
tous les facteurs sous l'une des rubriques cI-dess~s

(S/38, S/58), Dans I'expose ci-apres, les com~Ull1
cations presentees seront analysees et synthetIsees
en fonction de ces quatre facteurs.

La demande d'eau chaude

La demande d'eau chaude, a une temperature
c comprise en particulier entre 40 QC et 70°C, cet
eventail etant celui que l'on peut obtenir le plUS
facilement avec l'energie solaire est bien entendu,
le premier des facteurs conditio~nant l'extension, d~
l'utilisation des chauffe-eau solaires. Ce point n.eS
aborde que dans un petit nombre des commUll1ca-

8
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tions, ce qui n- signifie nullement que ce facteur ne
doive pas etre ,'-,ris en consideration, mais qu'il s'agit
plutot d'un f: ,:eur latent dont la mesure est parti
culierement (::,;icile.

En I'occurrvce. un excellent exemple est fourni
par l'utilisatvv intensive des chauffe-eau solaires
au Japon, cc' <,le mentionne precedemment, ce que
1'0n peut ati;uer naturellement a. la coutume du
bain quasi q .t idien .qui prevaut au Japon (5/68).
D'un autre Cl"', aux Etats-Unis, Ies piscines privees
se sont mu); '~~liees tres rapidement au cours des
dernieres ann: ", en sorte que le chauffage de l'eau
des piscines ;; ,; 'aralt comme l'un des usages a. consi
derer (5/96).

pans la plu. 'dft des pays, l'eau chaude est utilisee
principalem.-i, pour le lavage et la cuisine. La quan
tite quotidic I r.: ,1'eau chaude necessaire par person ne
ou par famil'. (de 2 a. 4 personnes) est mentionnee
dans quelq :~- communications. Les chiffres ne
semblent p:, >' contredire : 75 litres par personne
(5/1), 200 hi, par famille (5/58) et 170 litres par
Iarnille (S/3t"

Les chauh:' ,'au de grandes dimensions sont et
s~ront utilis. pour les batiments ou immeubles
ou les quam:' i,: d'eau chaude requises sont impor
tantes. En Cl, -ui concerne les constructions de cette
categorie, It ' ':;)mmunications mentionnent les bains
publics, les ,}:,rtoirs, les blanchisseries, les hopitaux,
les ecoles, 1:" hotels et les immeubles d'habitation.

L'importance de I'energie solaire exploitable:
conditions meteorologlques

Encors que la question de la quantite d'energie
solalre exploitable forme le sujet d'un autre point
de l'ordre du jour (III.A) , ce facteur ne saurait etre
passe sous. silence dans cet expose. Cependant il n'y
sera question que des considerations se rapportant
au chauffage de l'eau. _
, ~e nombre des journees a. ciel clair et des journees
a CI~1 couvert dans une annee est la premiere des
consIderations importantes. Autour du Caire, on ne
compte que 60 journees nuageuses ou partiellement
nuageuses par an (S/50). En Israel, c'est sur 65 joursrue l:on doit sans doute tabler (5/26), les chiffres

t
OUrllls pour Jerusalem etant cependant plus impor
ants (S/31).

I La duree de l'ensoleillement sera une reference
P, us quantitative a. ce propos. Toutes les regions
s etendant entre le 45e parallele nord et le 45e parallele
sud et presentant plus de 2 000 heures d'ensoleiller:ent par ~n peuvent remplir les conditions requises
Ph1I I UtlhsatlOn des chauffe-eau solaires (5/58). Les(2 I res ont ete fournis pour la Nouvelle-Delhi
B .844 heures) (5/102), pour Haifa, Jerusalem et

elt-Shean (S/31). ,
L"t lll~e~site du rayonnement solaire, I, est, detu: e evidence, l'element le plus determinant de ce

sac eur. La quantite d'insolation I par unite de
sUff~ce depend de l'angle forme par la direction du
o ell et la direction normale de la surface consideree,

En outre, I depend de la duree de la periode servant
a. la determination de l'insolation moyenne instan
tanee. En ce qui concerne plus particulierement le
chauffage de l'eau par le rayonnement solaire, le plus
commode est de connaitre la valeur de I pour une ,
surface orientee vers le sud (dans l'hemisphere nord)
ou vers le nord (dans l'hemisphere sud) et faisant un
angle Cl' quelconque avec le plan horizontal, cette
valeur faisant l'objet d'une moyenne pour chaque
jour de l'annee. Toutefois, il est evident que les
chiffres correspondant a. d'autres surfaces ou a.
d'autres periodes sont egalement utiles,

Les chiffres fournis concernent l'intensite du
rayonnement normal instantane en Israel (5/31), la
moyenne quotidienne au Caire pour un angle Cl' =
30° (correspondant a. la latitude du Caire) [S/50J et
a. Gainsville, en Floride, pour un angle Cl' = 0° (sur
face horizontale) [5/1]. Les deux dernieres valeurs
tiennent compte du rayonnement du ciel (reverbe
ration) aussi bien que du rayonnement solaire direct.
Ces valeurs varient de 810 BTU/pied2 ou 202 Kcal/
0,092 m2 (Floride, decembre), a. 2400 B'TUjpied" ou
600 Kcal/O,092 m2 (Le Caire, avril).

La temperature de l'air ambiant et celle de l'eau
admise dans l'appareil doivent etre prises egalement
en consideration. Ces deux temperatures sont par
hypotheses tenues pour egales, ou presque egales,
par la plupart des auteurs.

Possibilites techniques

La plus grande partie des communications traitent
de ce facteur d'une maniere detaillee, En consequence,
on peut admettre qu'il convient de fractionner ce
facteur en divers elements plus precis.

Dimensions

11 est bien entendu que les chauffe-eau solaires
consideres different par les dimensions comme par
la conception. En ce qui concerne les dimensions,
il est possible de les repartir entre deux groupes 
les chauffe-eau de faibles dimensions destines aux
maisons d'habitation, et les chauffe-eau de grandes
dimensions concus pour les bains publics, les blan
chisseries, les dortoirs, les hopitaux, etc.

Les chauffe-eau solaires du premier groupe posse
dent des insolateurs dont la surface, dans tous les
cas, est egale a. 2 metres carres environ, comme si
une entente etait intervenue a. ce sujet (5/58, S/96,
5/68, 5/26, 5/50, 5/102). Cette valeur peut done Cire
consideree comme l'unite de surface normalisee
dans le cas des insolateurs, unite qui peut servir a.
la determination de l'importance des chauffe-eau
solaires. Des chauffe-eau correspondant a. deux
unites (S/31) ou des insolateurs plus grands (S/l,
5/38) ont ete preconises pour les maisons d'habita
tion par certains autres auteurs. Des insolateurs
correspondant a. une demi-unite, c'est-a-dire d'une
surface egale a. 1 metre carte environ, existent, mais
appartiennent exclusivement au domaine des expe
riences de laboratoire (5/72). En ce qui concerne
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les chauffe-eau de grandes dimensions du deuxieme
groupe, leurs insolateurs sont composes de parties
de dimensions relativement faibles : 1,5 metre
carre (S/26) ou 3,3 metres cartes (S/68).

Le volume d'eau admis intervient egalement pour
la determination des dimensions d'un chauffe-eau
solaire. Ce volume est egal a la capacite du reservoir
d'emmagasinage, ou, dans le cas des modeles de
pourvus de reservoir d'emmagasinage, a la capacite
d'un chauffe-eau proprement dit. En ce qui concerne
les ensembles destines aux maisons d'habitation, la
capacite des reservoirs d'emmagasinage varie de
120 a 400 litres (S/58, S/31, S/26, S/50, S/I, S/102,
S/38).

Modeles

Divers modeles de chauffe-eau ont Me presentes
(S/I); ils peuvent se repartir a peu pres tous entre
les deux categories suivantes : a) absorption et
emmagasinage dans le meme ensemble; b) absorp
tion et emmagasinage dans des groupes separes.

Les chauffe-eau du type en bac, qui sont les modeles
les plus simples de la categoric a, ont fait l'objet de
perfectionnements et sont tres largement repandus
dans les regions rurales du Japon (S/68, S/I). Deux
chauffe-eau du type en caisson, contenant respecti
vement 16 litres et 50 litres d'eau, ont ete experi-
mentes en Algerie (S/72). .

Les chauffe-eau du type en « vessie de plastique »,
qui contiennent environ 200 litres d'eau, sont fabri
ques en grande serie au Japon. A la fin de 1960,
quelque 150000 ensembles de ce modele avaient ete
vendus (S/68). Le modele a « serie de tubes» sans
reservoir d'emmagasinage, est egalement tres repandu
au Japon (S/68).

Les modeles de la categoric b ont fait l'objet d'une
etude de la part d'un grand nombre d'auteurs, Ils
peuvent etre classes selon le mode de construction
de I'element absorbant (S/I). Certaines communi
cations traitent du modele « serie de tubes» caracte
rise par des tubes rectilignes, des conduits acollec
teurs et un reservoir d'emmagasinage (S/68, S/I,
S/38). Le modele a « bandes de metal» se caracterise
par une tale plate et une tole ondulee de merne surface
apparente, assernblees par rivetage en plusieurs
points le long des lignes de contact, les ondulations
formant alors des conduits qui fonctionnent dans les
memes conditions que des tubes rectilignes. Les
chauffe-eau solaires de ce modele se construisent a
n:oindres frais (S/50, S/102). Le modele a tube
smu:,oldal, qui se caracterise par un long tube cintre
en, sinusoide pour oC!2uper le minimum de place, est
tres repandu aux Etats-Unis (S/I). Une variante
de ~e modele a fait l'objet d'essais: elle fait inter
vemr un long tube de polyethylene egalement cintre
en sinusiode intercale en sandwich entre deux tales
daluminium ondulees (S/96).

M aieriaux de construction

Les materiaux mentionnes dans les communi
cations comme servant a la fabrication des elements

absorbants et des conduites d'eau son: des tales
et tubes de cuivre, d'alurninium et de iv galvanise
(cuivre : S/68, S/I, S/38; aluminium : (~!96, S/68;
fer galvanise : S/68, S/50, S/102). Pour prevenir la
corrosion des tales de fer, un revetemer. constitus
par une pellicule de matiere plastique e-: preconise
(S/68). Des essais ont ete effectues ave.: des tubes
de plastique (S/96) et avec des tubes de vrre (S/68).
Des plaques de polyethylene ou de (;;;orure de
polyvinyle sont depuis peu au nombre des materiaux
appeles a donner de bons resultats polira fabrica
tion des chauffe-eau solaires (S/68). En ce (;1;; concerne
les reservoirs d'emmagasinage, I'utilisat..m du fer
galvanise (S/72) ou des barils d'essence (~)/68) a ete
mentionnee.

Elements absorbanis

La partie principale de l'element absorr-c.nt est en
general une surface noircie de tole me.. .lique, ou
des surfaces de tubes metalliques speciale: ;nt dispo
sees. L'usage d'une peinture noire est rei.'.·~Tlmandee

(S/102). L'utilisation de surfaces select! '.~S a fait
l'objet d'essais ou a ete proposee (S/26, :~/i50, S/58).

Les elements absorbants sont general: merit ins
talles dans des coffres chauffants en bois (~:·/:;8, S/102)
ou en fer galvanise (S/I). En ce qui ccncerne le
calorifugeage posterieur, les materiaux u: ises sont
la laine de verre (S/96, S/50, S/I, S/102) 01 le feutre
(S/I), en couches de 5 a 10 centimetres cl'c'paisseur.

Le nombre des couches de verre requis pour un
coffre chauffant a fait l'objet d'une etude detaillee.
Le nombre optimal varie selon l'emplacement et la
temperature de l'air (S(I). Toute augmentation du
nombre des epaisseurs de verre reduit les pertes de
chaleur mais reduit egalement l'energie transmise
(S/102). Pour remplacer le verre, une feuille de
Mylar epaisse de 0,13 mm a Me experimentee (5/96).

Orientation de l' element absorbant

Un mecanisme permettant a I'element absorbant
de suivre le solei I dans sa course n'est pas utilisable
en usage courant (S/I). Il est facile de voir que
l'orientation fixe la plus avantageuse est plein sl!d
pour I'hemisphere nord et plein nord pour l'hCm1s
phere sud (S/I, S(38). Avec cette orientation, l'angle
que forme la surface de l'elernent absorbant et le
plan horizontal doit cependant etre determine en
vue des meilleurs resultats possibles. Cet angle est
parfois suppose egal a la latitude (S/50), mais la
plupart des auteurs preconisent des angles un peu
differents, a savoir 0,9 fois la latitude (S/38), 10° de
pl~s que la latitude (S/31, S/I), 23,5° de plus que ~a
latitude pour obtenir que l'element absorbant SOlt
dirige vers la position du soleil en hiver amidi (S/26/'
1,5 fois la latitude (S/38) et 45° (a la Nouvelle-Delh1;
~/,1?2). En faisant appel a des angles plus gra?ds,
I element absorbant pourra recevoir des insolatlOnS
pratiquement egales, aux solstices d'ete et d'hiver
(S/38). La presence d'un mecanisme permettant de
faire varier l'inclinaison de l'element absorbant
garantira, naturellement, de meilleurs resultats (5/58).
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Circulation de eau

La circulaticr. naturelle (thermosiphon) et la circu
lation forcee ·e . ete experimentees toutes les deux.
Le debit a la ., .rtie de l'element absorbant presente
une valeur u,'imale. Cette valeur s'est revelee
relativement ;~ble, avec 0,2 litrejmin. pour un
element absortv.nt de 2 metres carres (Sj50). Des
debits plus C,'l:S de 1'ordre de 0,5 litrejmin. ou
0,7 litrejmin. \:;/50, Sjl02) correspondent a des
chiffres plus zv<,ptables. Pour le chauffage de 1'eau
d'une piscinev rn debit considerablement plus eleve,
presde 75 litrc.,/onin., a ete adopte pour le traitement
de grandes ql1,~:1tites d'eau (Sj96).

Hausse de la ';1,zperature de l'eau

Naturellermn , la hausse de la temperature de
l'eau sous l'ae' • ;'] du soleil varie selon les conditions
atmospheriqu.:» la surface de I'elernent absorbant,
le debit, le l;:r;'~ele du chauffe-eau, la temperature
de l'air, la , ."lerature de 1'eau a l'admission, la
vitesse du ven \~t divers autres facteurs. Une expe
rience Iaisan: i

'
,tervenir un chauffe-eau solaire du

type a bac IF' ,,:ifie, dont les dimensions etaient de
0,9 m X 2,0 . ~ et la capacite de 180 litres, a fait
apparaitre ql::\. Tokyo, le ciel etant parfaitement
degage, la te,,;,erature maximum atteinte etait de
33 QC au milieu de l'hiver et de 69 QC en ete (Sj68).

Pour les m..deles a circulation d'eau, plus preci
sement pour les modeles de la categoric b) mentionnee
precedemment, la hausse de la temperature de 1'eau
d~pend du debit. Pour permettre la comparaison, les
resultats signales pour le cas de chauffe-eau incor
porant des elements absorbants de 2 metres carres
sont reproduits ci-apres. Apres une exposition d'une
dures de six heures par jour, 190 litres d'eau ont ete
ch~uffes a 28 QC, ou 270 litres a 21 QC pendant les
mOIS d'hiver dans le nord de I'Inde (Sjl02). Au Caire,
une hausse quotidienne moyenne de temperature
de. 25 QC a Me obtenue avec 270 litres d'eau, le
Chlffre moyen etant calcule sur une annee (Sj50).
pans la plus grande partie de la Floride, pour une
Journee moyenne de decembre, 250 litres d'eau
peuvent etre chauffes a 60 QC apartir de la tempera
t~re de l'air (Sjl). Des resultats analogues ont ete
o tenus en Israel (Sj31, Sj26).
, Lorsque les chauffe-eau solaires sont utilises pour

rechauffer les piscines, la temperature de la piscine
augmente de 2-3 QC (au debut du printemps ou a la
~n d~ l'automne) ou de 5-6 °C (en ete), ce qui permet
itept~lpler la duree de la saison des bains en piscine

flnceton (152 jours contre 50; Sj96).

Quantite de chaleur captee

t Compte tenu de la hausse quotidienne de tempera
dure et de la masse de 1'eau chauffee, il est possible
~ caIculer la quantite de chaleur captee par le

c aUffe-eau solaire.
'I,Les chiffres suivants ont ete obtenus avec des
~.ements absorbants de dimensions normales, c'est-a-
Ire de 2 metres carres : 7 100 Kcal/jour ou 8,2 kWhj

jour (moyenne calculee sur une annee ; Sj58), 5550
Kcaljjour ou 6,7 kWhjjour (moyenne calculee sur
une annee au Caire; Sj50), 5000-6800 Kcal/jour ou
6-8 kWhjjour (Nouvelle-Delhi; Sj102). Quelques
autres communications indiquent des chiffres corres
pondant a des elements absorbants d'autres dimen
sions (0,96 m", Sj72; 1,5 m2, Sj26; 4 m", Sj31).

Pertes de chaleur imputables au reservoir d'emmaga
sinage

Les pertes de chaleur se produisant a la surface
du reservoir d'emmagasinage sont le facteur essentiel
dont il faut tenir compte. Pour le calorifugeage des
reservoirs d'emmagasinage, un matelas de laine de
verre de 10 cm d'epaisseur a ete propose (Sj102).
Une communication donne le chiffre de 6BTDjheurej
OF (1,5 Kcaljheureft "C) comme etant la perte de
chaleur produite par un reservoir typique de
70 gallons (270Iitres). La perte quotidienne correspond
a15-20 p. 100 de 1'absorption quotidienne de chaleur
solaire (Sj38). Le chiffre de 15 p. 100 est adopte par
un autre auteur (Sj31). '

Rendements

Il a ete constate que le rendement d'un chauffe
eau solaire varie selon la duree de la periode pendant
laquelle 1'absorption de chaleur solaire et les pertes
de chaleur sont calculees (Sj38). Il est possible de
determiner le rendement en 24 heures en partant
du rapport de la chaleur ernmagasinee dans 1'eau
chaude a la somme du calorifugeage que porte la
surface de l'element absorbant. Les chiffres signales
pour ce rendement sont les suivants : 50 p. 100
(Sj72); 35-45 p. 100 en ete et 50-60 p. 100 en hiver
(Sj26). Lorsque le debit de la circulation d'eau
augmente, le rendement s'eleve (Sjl02, Sj96). Le
rendement « instantane », c'est-a-dire le rendement
mesure sur une periode d'une demi-heure a une
heure, est generalement eleve, de 1'ordre de 70 p. 100
par exemple (Sj38). Une methode unifiee de
determination des quantites intervenant dans le
caIcul du rendement instantane a ete proposee (Sj97).

Le rendement mesure sur toute une annee accuse
les chiffres en general les plus bas. Les valeurs
typiques se situent entre 30 et 40 p. 100 (Sj38, Sj31).
C'est la le rendement qui joue le role le plus important
dans I'etude des problemes de rentabilite.

Chauffage d'appoint

Le probleme du chauffage d'appoint a ete expose
d'une maniere assez detaillee. L'analyse ainsi etablie
fait apparaitre qu'en Israel, !'importance quanti
tative du chauffage d'appoint peut etre ramenee
a 10-15 p. 100 de la chaleur totale utilisee pendant
l'annee. Le chauffage d'appoint est obtenu princi
paIement par l'electricite. Cependant, 1'interruption
ou la mise en marche manuelle de la resistance
electrique se traduit par une utilisation beaucoup
plus forte, 25 a 30 p. 100 du chauffage d'appoint.
Ace propos, un dispositif automatique de commande,
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compose d'une minuterie electrique et d'un ther
mostat, est mentionne (5/31).

ChaufJe-eau solaires de grandes dimensions

Un chauffe-eau solaire de grande capacite, incor
porant un element absorbant de 66 metres carres,
a ete construit a Tokyo pour fournir de l'eau chaude
a plus d'une centaine d'etudiants d'universite.
Sauf pendant l'hiver, I'installation a pu debiter
7 000 litres d'eau a plus de 50°C par jour (5/68).
Des chauffe-eau de grandes dimensions, d'une
capacite de 3 000 litres ou de 2 000 litres, ont ete
signales (5/26).

M ethodes de protection contre le gel ,

Un certain nombre de dispositifs destines aprevenir
la deterioration par le gel des chauffe-eau solaires
ont ete presentee. Le precede consistant a pratiquer
des echancrures dans les collecteurs superieurs et
inferieurs des elements absorbants ne s'est revele
que partiellement efficace (5/38). Les tubes de plas
tique n'ont pas ete deteriores par le gel (5/96).
L'adjonction a l'eau d'un produit antigel, comme
l'alcool ou l'ethyl-glycol, peut etre adoptee (5/58,
5/1). Pour prevenir les deteriorations dues au gel,
des systemes a double circulation ont ete concus
(5/1).

Prix de revient de l'unite d'energie

Le prix de revient de l'unite d'energie obtenue
avec un chauffe-eau solaire est un element essentiel
a considerer lorsqu'il est question d'etudier les
resultats techniques a prevoir. Ce prix de revient
depend principalement de l'investissement initital .
et de la duree du chauffe-eau.

En ce qui concerne les depenses initiales, il convient
de prendre en consideration les frais de construction .
ou le prix d'achat, les frais d'installation et l'amor
tissement des depenses initiales sur la periode
correspondant a la longevite du chauffe-eau.

Il est extremement difficile d'etablir une comparai
son des frais de construction ou des prix d'achat
des divers modeles de chauffe-eau solaires incorporant
des reservoirs d'emmagasinage de capacites diffe
rentes. Par metre carre de surface des elements
absorbants, les chiffres sont les suivants : prix d'achat,
environ 200 dollars des Etats-Unis (5/58), 45 dollars
(5/50), 100 dollars (5/31), 150 dollars, 90 dollars
(5/38), 60 dollars (5/1); frais de construction, environ
52 dollars, 35 dollars (5/102), 47 dollars (5/26).
Il ne s'agit que d'approximations, en sorte qu'une
comparaison fondee sur ces chiffres est pratiquement

, depourvue d'interet, et ant donne que les materiaux,
la capacite des reservoirs, les modeles et les caracte
ristiques des chauffe-eau sont extremement diffe
rents. Quoi qu'il en soit, ces chiffres donnent en gros
une idee de l'ordre de grandeur du prix des chauffe
eau solaires a l'heure actuelle.

Les frais d'installation ne peuvent guere se compa
rer, pour les memes raisons. Les.chiffres signales
s'echelonnent de 30-60 dollars des Etats-Unis (5/58)

a16 dollars (5/26). En ce qui concerne le taux d'amor
tissement, il est donne comme etant ck 5 p. 100
(5/26, 5/31, 5/38).

En ce qui concerne la duree des chauffe-eau
solaires, on ad met qu'elle peut s'etablii autour de
dix ans (5/58, 5/50, 5/1) ou de huit ans (':,31, S/26).

Certains auteurs ne tiennent pas r .mpte des
frais d'entretien, alors que d'autres le,; chiffrent
pour une annee alp. 100 (5/31) et a 0,"!,5 p. 100
des depenses initiales.

Enfin, le prix de revient de I'unite (~'':~nergie a
ete calcule sur la base des chiffres pr(·(',cdents. 11
s'est etabli a 1,5-1,9 cent par kWh (S/;;~,), 3 cents
par kWh (5/31), 1,2 cent par kWh (5/26) ('1 0,37 cent
par kWh (S/50). Les ecarts sont exu emement
marques, ce qui s'explique surtout par les lvpotheses
differentes adopteespar les auteurs.

Existence d'autres sources d'env'gie

Le dernier facteur entrant en ligne (~: compte,
c'est l'existence et le prix des autres soure,:, d'energie
pouvant etre utilisees pour le chauffagc .le l'eau,
en concurrence avec l'energie solaire. L' -Ioctricite
et les combustibles extraits du petrol ant 6te
particulierernent pris en consideration.

En ce qui concerne l'electricite, les prix par kWh
cites dans les communications sont les ~:Hivants :
4 cents (S/31), 3 cents (S/26, 5/50), 2 cents environ
(5/102), 2,6 cents et 1,5 cent (5/38).

Par kWh d' energie utilisee, les prix mcntionnes
pour les combustibles derives du petrole sont 0,55 cent
(kerosene, rendement 33 p. 100; 5/50) et 0,6 cent
(S/38).

Il n'est pas facile de comparer ces diverses sources
de chaleur du point de vue economique. Le calcul
du prix d'achat, de la duree et des frais d'entretlen,
dans le cas des differents modeles de chauffe-eau,
est aussi subordonne aun grand nombre d'hypotheses.
I1 est done naturel que les opinions exprimees par
les divers auteurs puissent differer considerableme?t.
En reponse a la question suivante : « Comblen
d'annees faut-il pour amortir les depenses initiales,
dans le cas ou un chauffe-eau solaire rem place un
chauffe-eau electrique ou un chauffe-eau a combus
tible liquide? », les chiffres suivants ont ete cites.
Electricite : un an (S/50, S/102), huit ans et treize ans
(5/38); combustible derive du petrole : trois ans
(5/1), sept ans (5/50), quarante-cinq ans (5/38).

Sujets de discussion proposes

1. L'utilisation des chauffe-eau solaires; situation
actuelle.

2. La demande d'eau chaude consideree du point
de vue des besoins et des quantites et tempera-
tures requises. . .

3. Le volume de l'energie solaire disponible, notam
ment en tant qu'element de base servant a la
conception des chauffe-eau solaires.



Rapport general GR/13 (S) Oshida 13

4. Problemes t"chniques:
Dimension () n imale des chauffe-eau solaires it

usage doi.: -<tique.
Types optnri .ix de chauffe-eau solaires a usage

domestiq .

Nouvelles m I ieres que l'on peut utiliser dans les
chauffe-eu solaires,

Construction des elements absorbants envisagee
particulicr ur-nt sous l'angle des reductions
de frais.

Orientation, i, l'element absorbarit.
Circulation ,le I'eau, notamment examen des

appareils i,',~lant la circulation et le debit de
l'eau.

Temperatur. de I'eau chauffee,
Volume de ! i .lcur capte,
Perte de cl"leur du reservoir d'accumulation,

envisagco dlS l'angle de la construction.
Rendernent- v methodes de calcul du rendement.
Problemes {, -hauffage d'appoint.

Chauffe-eau solaires de grandes dimensions
situation actuelle et perspectives d'avenir.

Precedes utilises pour empecher le gel.
Cofit par unite de volume de chaleur ou par unite

d'energie.
Problemes de normalisation de la construction

et des methodes d' essai.
Problemes de l'automatisation.

5. Problemes economiques :
Cofrts de fabrication.
Couts d'installation.
Frais d'entretien.
Longevite des chauffe-eau solaires.
Comparaison des autres sources d'energie qui

peuvent servir au chauffage de l'eau, telles que
l'electricite, le petrole, le charbon et l'energie
atomique. -

6. Perspectives d'avenir, notamment utilisation
a une large echelle dans les regions sous-develop
pees.



USE OF SOLAR ENERGY FOR HEATING PURPOSES : WATER HEATmTG

Rapporteur's summation

The session concerned with solar water heating
-that is, agenda item IlI.C.I-had before it
eleven papers contributed by authors from nine
countries.

The. first point of importance that was discussed
was the widespread use of solar water heaters in
favourable localities, such as occur in Israel and
Japan, and in many other countries as well. It was
stressed that hundreds of thousands of solar water
heaters are actually savingfuel amounting to hun
dreds of thousands of tons per year. At present, no
other direct use of solar energy competes with solar
heating in the amount of energy used.

The second point of importance related to the
problem of efficiency. Two types of efficiency were
considered: physical efficiency and economic effici
ency.

Efficiency in its physical sense is measured by the
ratio of heat collected in hot water to the integrated
insulation on the surface of the absorber. This
efficiency varies with the time period over which
the quantities are calculated. Efficiency for a few
hours near noon of a fine day is generally high, and
a figure of over 70 per cent can be obtained easily.
Efficiency over a day or a full year is naturally
lower than this, because of the inclusion of nights
or cloudy days, in which the absorber does not
operate or operates incompletely.

With this fact taken into consideration, the
figures on reported efficiencies may be said to be
near one another. A typical value of efficiency over
an entire year for a solar water heater with a storage
tank lies between 30 and 40 per cent. These values
appear high if compared with the efficiency of solar
batteries or other solar energy converters. Efforts
to enhance efficiency are of course necessary, but
they have to be made without greatly increasing
the expense. In most cases it is deemed satisfactory
if a solar water heater with an efficiency rating of
40 per cent is reduced 'to 30 per cent efficiency
and if, at the same time, the price is reduced by
half.
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This leads to the question of efficiency ii. an econo
mic sense. This is measured by the quanrty of heat
energy obtainable for a unit investment in a solar
water heater. The opinion of different c(.ntributors
at the Conference differed very much, Regarding
efficiency in the economic sense, my 0',. 'I opinion
is that more careful calculations led to le .-r values.
The figure given by one of the most can hI authors
was 0.3 kWh of heat energy for one US cent, This
figure cannot be considered high, even if \t is com
pared with that for electricity. Effort~i0 reduce
the cost of solar water heater units a:'( required.
Reductions will be accomplished by the ir. ~;oduction
of new materials, such as synthetic p~~:,tics and
selective surfaces, by improvement in (l;·~;jgn, and
by mass production.

One speaker stressed the need of st .ndardized
testing methods for solar water heater.'. Thl~ IS
no doubt an important matter. Some sr.mdardiza
tion, however, of the solar water heater it·, elf would
be useful in mass production and, accordingly, in
lowering costs.

Most speakers were concerned with installations,
improvement in design and performance, and future
plans for development. They submitted useful
suggestions for the solar water heaters of the future.

Another problem that was earnestly discussed
was the need for solar water heaters that were
simpler in design and lower in cost, especially for
use in under-developed countries. There seemed. to
be a gap between solar water heaters being studIed
or used in economically developed countries and
those warmly welcomed by the people of under
developed countries.

There appears to be a promising future course
for solar water heating. A great number of solar
water heaters are already in use in some countrIes,
and the number is still increasing rapidly. Techno
logical improvements are being made; costs are
gradually being lowered. Although some problems
remain to be solved, the facts indicate that the ~se

of solar water heaters in under-developed countrIes
will become popular.



EMPLOI DE ;;,'ENERGIE SOLAIRE POUR LE CHAUFFAGE : CHAUFFAGE DE L'EAU

Resume du ' ipporteur

A la seance -onsacrce au chauffage de l'eau par
l'energie solair. - point IIl.C.l. de l'ordre du jour
onze memoires presentes par des auteurs originaires
de neuf pays r»I! ete examines.

Le premier !" lint important examine a ete l'usage
t~es repandu d' chauffe-eau solaires dans des pays
situes a unc i.vtitude favorable, comme Israel, le
Japon et bier. ."autres, On a souligne que des cen
taines de milli de chauffe-eau solaires permettent
actuellement ( .conomiser des quantites de combus
tiblesequivalo-. <\ des centaines de milliers de tonnes
p~r an. Pour ;: moment, aucune autre utilisation
dlrecte de I'tTgie solaire ne peut se comparer
a~ chauffage ~:<aire pour ce qui est de la quantite
d energle emp' .vee.

,Le deuxiern: r-oint important avait trait au pro
bleme du rendc.nent, Deux aspects ant ete consideres:
le rendement physique et la rentabilite,

Le ~endemc7,t est le rapport de la chaleur recueillie
~ans I eau ch?l<de al'energie solaire integree recueillie
a.la surface de I'absorbeur. Ce rapport varie en fonc
tion du temps pendant lequel on calcule les quantites.
~endant .que]qnes heures vers midi, par une belle
t~rnee, 11 est generalement eleve et on peut obtenir
acllement un rapport superieur a 70 p. 100. Le

ren?ement quotidien ou annuel est naturellement
~OlllS eleve car il faut tenir compte des nuits des
jours non ensoleilles pendant lesquels I'absorbeur
ne fonctionne pas du tout ou fonctionne partielle
ment.

m;omp.te tenu de cela, on peut dire que les rende
D nts signales sont assez proches les uns des autres.

n rendement normal pendant une annee entiere
~?ur un ch~uffe-eau solaire equipe d'un reservoir
40accumulatlOn s'etablit aux environs de 30 a.
desp. 100: Il parait eleve si on le co.mpare a c~lui
d' battenes solaires ou autres convertisseurs solaires

e?ergie. Il faut bien entendu s'efforcer de l'accroitre,Ea1s ~a~s augmenter considerablement la depense,
re~d~eneral, ,le resultat est juge satisfaisant si le
de 40ment d un chauffe-eau solaire ne tombe que
le . p. 100 a 30 p. 100 lorsqu'on reduit de moitie

pnx de l'appareil.
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Cela nous amene a la question de l'efficacite au
sens economique. C'est la quantite d'energie calo
rique obtenue pour un investissement donne dans
un chauffe-eau solaire. Sur ce point, les divergences
d'opinion des participantsont ete tres grandes.
Plus' les calculs ant ete pousses, plus les valeurs
obtenues ont ete petites. Un des auteurs les plus
prudents a avarice le chiffre de 0,3 kWh d'energie
thermique pour 1 cent (Etats-Unis). On ne peut pas
considerer que ce chiffre soit eleve, meme si on
le compare au prix de l'electricite, Il faut done
s'efforcer d'abaisser le prix des chauffe-eau solaires.
On y parviendra en utilisant des matieres nouvelles
comme les matieres plastiques synthetiques et des
surfaces selectives, en perfectionnant les modeles
et en organisant la production de masse.

Un orateur a souligne la necessite de normaliser
les methodes d'experimentation des chauffe-eau
solaires. La question est assurement importante.
Mais une certaine normalisation des appareils memes
serait utile pour la production en serie et, par conse
quent, pour abaisser les prix.

La plupart des orateurs ant traite des installations,
de l'amelioration des modeles et de leur fonctionne
ment et des perspectives d'avenir. Ils ont fait des
suggestions interessantes en ce qui concerne les
chauffe-eau solaires de I'avenir.

On a aussi longuement discute de la necessite
de construire des chauffe-eau solaires plus simples
et mains chers destines en particulier a etre utilises
dans les pays sous-developpes. Il semble qu'il y ait
une grande difference de conception entre les appa
reils qui sont mis au point ou utilises actuellement
dans les pays developpes et ceux qui sont accueillis
avec satisfaction par les populations des pays
sous-developpes.

L'avenir des chauffe-eau solaires parait interessant.
Cl'S appareils sont deja utilises en grand nombre
dans quelques pays et leur nombre va rapidement
croissant. La technique progresse et les prix baissent
peu a. peu. S'il reste bien des problemes a resoudre,
tout indique que I'emploi des chauffe-eau solaires
va se repandre dans les pays sous-developpes.
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TEN YEARS' EXPERIENCE WITH SOLAR WATER HEATERS
IN THE UNITED ARAB REPUBLIC

. M. S. M. Abou-Hussein *

5/50

* Faculty of Engineering, University of Cairo.

Table 1. Daily total direct and sky radiation incident upon
a south faclng surface tilted 30 0 from horizontal at Cairo
(30 0 north) dur-ing cloudless days

The southern province (Egypt) of the UAR has a
limitless amount of sunshine compared with other
countries. On the average, only sixty days per
annum are cloudy or semi-cloudy around Cairo.
The daily total direct and sky radiation incident
upon a south-facing surface tilted 30° from horizontal
at Cairo latitude (30° north) during cloudless days
varies from a maximum of about 2 400 btu/sq ft/
day during April to a minimum of about 2000 btu/sq
ft/day during January. A .one sq meter solar
water heater of an over-all efficiency of 70 per cent
may heat, therefore, about 110 litres of water per
day from the April average temperature of 21°C
to 55°C, or about 80 litres of water per day from the
January average temperature of 13.8°C to 55°C.
The solar heater may also heat about 132 litres of
water per day during August having a maximum
incident radiation of about 2200 btu/sq ft/day from
the average temperature of 28.6 to 55°C.

In other words, a heater of one square meter
area may heat annually a quantity of water to i)5°
ranging from a minimum of about 80 litres/day to
a maximum of about 132 litres/day.

The importance of these figures is apparent when
the continuity of the sunshine during at least
10 months per year, and the relatively high cost of
fuel (other than solar) used at present for water
heating, are pronounced.

During the past ten years, different types of solar
water heaters were made and their use was confined

January .
February .
March.
April .
May.
June.
July.
August.
September
October .
November
December.

First day 01 Incident radiation
btulsq It day

1970
2100
2280
2390
2400
2300
2280
2350
2400
2300
2200
2000

to laboratory experiments. The basin open cycle
type, characterised by its low cost, was iound suit
able for rural use, and the unit was ~; andardized
to be of one square meter area and multiples. The
metal-in-strip closed cycle type, found vuitable to
heat water for city and country services, ,;.g., hospi
tals, hotels, schools, private and public houses and
for country public washing units, is slmdardized
to have two square meters area and multiples. For
big installations, e.g., the university C! F and the
like, any size, other than the standard siz • mention
ed, may be made in metal-in-strips. \Vi:1 the two
square meter metal-in-strip heater, t i '(; storage
tank has a capacity of about 150 litres. ~l'~le natural
circulation (thermosiphon) system or 'be f~rced
circulation system with a pump controlled either
thermostatically or by radiation may be used.
The plastic "pillow" or "dish" type ofc;Jar water
heater is in its early stage of laboratory tr sting.

In tables 1 and 2, tests made on a metal-in-strip
heater, 2 square meters area, with forced water
circulation, are given, but preceded by the solar
radiation and average ambient yearly temperatures
at the place of testing.

Table 2. Average air temperature °C at Cairo-south
durfng the years 1951-1956

Year 1951 1952 1953 1954 1955 1956

January 14.3 13.9 13.0 12.4 14.9 14.4

February . 15.1 15.5 15.3 14.4 18.0 16.5

March 19.2 17.4 14.7 18.4 18.4 16.0

April 21.4 21.7 21.3 19.9 21.8 21.0

May 26.2 24.9 26.1 26.3 24.6 23.4

June. 27.1 26.9 27.7 27.3 28.1 27.7

July ... 28.1 27.8 29.5 28.6 28.7 28.8

August. 28.8 29.5 28.2 28.8 27.4 29.1

September 27.7 28.2 25.6 25.4 26.9 28.0

October 24.9 25.0 23.7 23.5 25.1 22.2
November 19.1 19.6 17.4 19.4 19.6 19.4

December 12.2 16.6 13.7 14.2 15.1 14.3-Average 22.1 22.2 21.4 21.6 22.4 21.8-
Performance

The heater is made of one corrugated galvanised
iron sheet and a plane sheet. The two sheets are
riveted at several points along the lines of contact.
The end edges are soldered to square headers made

16
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Table 3. Varh.li:e discharge test at maximum incident
radiation: he.. i': r area 2 sq m; tilt 30· with horizontal;
latitude 30· ), ,,'rh; date: 13/4/60; sky: sunshine; dura
tion of test ~ .1.30-13.30; inlet water temp. = 22·C

Table 5. Constant discharge test (all conditions of Table 3
except: inlet water temperature : 22.1 ·C; test duration:
7 -17 hours; date: 27/4/60; constant discharge of 0.50
Iltrejmln.)

Table 4. Variable discharge tests at maximum incident
radiation (under all conditions of Table 3)

Some economic aspects

A 2 sq meter solar heater may heat yearly a daily
a:rerage of 270 litres with a daily average temperature
rise .of 25°C. Thus the useful daily heat energy
obtamable from such a heater will be 6 750 Kcaljday,
!"- yearly figure corresponding to 300 days of sunshine
m the Cairo area will be 2 025 000 Kcal/annum.

The three sources of fuel mainly in use for water
heating are kerosene, butane gas and electricity.
The fuel weight equivalent to the annual K calories

also of galvanised iron of thicker gauge. Cold water
is let in at th« lower end and flows up the channels
(eight per me") into the upper header. The plane
sheet is I X ~~ meters and about 0.50 mm thickness.
Two 3 mm thir l.ness glass covers are used with about
2 cm spacin., About 5 ems space exists between
the lower g1>' cover and the plane iron sheet.
The back in:c.:ltion is glass wool of about 5 ems
thickness. T;~. iron surface was blackened by a
suitable metl.cd.

In one test v'ater at 22°C, was pumped through
the heater at different rates obtaining results in
Table 3.

Similar tes.« were made with heaters of areas
of 4,6 and 8 souare meters and the results are given
in Table 4. . ,

The temperature-hour curves of the heaters of
the mentioned areas are given in Table 5.

2 m' 4 m' 6 m' 8 m'
Hour

Water Dutlll temperature 'C

7. 28 34 38 41
8. 33 41 46 49
9. 40 49 55 59

10. 45 57 64 70
11. 52 64 71 76
12. 55 71 76 81
13. 57 73 79 84
14. 51 71 78 83
15. 44 66 74 77
16. 37 56 63 68
17. 32 45 54 59

usefully obtained from the heater are respectively:
607 kgm of kerosene, 200 kgm of butane gas and
2600 kW hr. (The calorific values of kerosene and
butane gas are assumed to be 10000 and 12000 K
caljkgm respectively. The over-all efficiencies of the
heaters, including combustion efficiency, were taken
as 33 per cent, 80 per cent and 92 per cent for t~e

cases of heating by kerosene, butane gas and electn
city respectively.)

The corresponding price of the fuel saved by using
a 2 sq meter solar heater for one year will. t~us
amount to the following, based on the existing
market prices:

fEgyptian 6.07 or $US 13.50 of kerosene
fEgyptian 6.20 ($US 13.73) of butan.e .gas
fEgyptian 32.40 ($US 72.00) of electricity
The manufacturing cost of the solar heater with

the tank amounts to £Egyptian 32 or $US 71.1 and
its sale price is about £Egyptian 40 or $US 90.

70 74
60 67 72
56 60 66
53 57 61
42 51 55
36 44 51
24 33 42
22 29 36
21 26 33
19 24 30
17 21 27

" m' 6 m' 8 m'
Temperature rise ·C

Discharge
litres/min

Discharx: Temp, rise Discha,ge Temp. rise
litreslm£n ·c litres/m." ·c

0.2. 62 25
0.3. 50 2 17
0.4. 41 3 13
0.5. 35 4 12
0.75 30 5 11

6 10

0.2 .
0.3 .
0.4 .
0.5 .
0.75
I .
2.
3.
4.
5.
6.-
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Table 6. Average yearly expenses
for the different types of heaters*

non-efficient kerosene water heaters, and in one
year if it replaces the most expensive electric
heaters.

Type Kerosene Butane gas Electricity Solar

Sale price ($US) 3.3 90 111 90

Life (years) 3 10 10 10

Fuel cost, SUS/year . 13.5 13.73 72.00 0

Depreciation, SUS/year U 9.00 lUO 9~0

Total yearly expenses,
SUS/year 14.6 22.73 83.10 9.00

• Neglecting maintenance expenses in each case.

The average yearly consumer expenses for the
existing and solar water heaters are mentioned in
Table 6.

This shows that heating water by solar energy
is the cheapest method, and it covers its initial
cost in not more than 7 years if it replaces the

Suggested technical improvements

The following proposals are suggested in this
respect:

Changing the bulky shape of the heater.
Producing an efficient water pump to enable the

use of the tank indoors below the heater
Introducing a selective paint instead o[ using the

electroplating method. The paint should be cheap
in cost and easy to apply by brush. A: .the same
time it should not be oxidized or chang« Its colour
through prolonged exposure to sunlight.

Reducing the cost by introducing ]'cw ~h~ap
materials which are absorptive to solar radiation
and non-emissive to heat energy.

Summary

---------------------
The figures are in $ US and the maintenance expenses are

ignored for each case.

The comparison shows that water heating by solar
energy is the cheapest method.

Several technical suggestions are mentioned, d~al
ing with reducing the heater cost and improVIng
the efficiency of operation.

reached under test conditions were 62, 70, 74°C,
for the 2, 4, and 6 square-meter heater ar.ms respec
tively. At 0.5 litres/min discharge the correspondIng
water temperatures for the four areas at' ;3.00 hours
were 57, 73, 79, 84°C.

The economic value of the solar water heating in
comparison with water heating by kerosene, butane
gas and electricity was expressed as "the ave~age

yearly consumer total expenses". The comparIson
was based on equal useful heat output from each
heater and the figures were found to be:

9.0

Solar

83.10

Electricity

22.73

Butane
gas

.The average yearly consumer total expenses

Type

14.6

Kerosene

. The paper shows the present status of solar
water heaters in the UAR, and a review of their
development from the early open-cycle basin type
to the recent metal-in-strip closed-cycle type with
storage tank.

It is shown that a one square meter solar heater
may heat annually a quantity of water to 55°C
ranging from a minimum of about 80 litres per day
in January to a maximum of about 132 litres per
day in August. The heater has a 30° tilt with the
horizontal at 30° north latitude.

Tables of the monthlv total incident solar radiation
in btu/sq ft/day upon cl south facing surface tilted by
30° from horizontal at Cairo latitude and of the
average monthly air temperatures in degrees centi
grade at Cairo-south during the years 1951-1956
are given.

Test results of solar water heaters showing the
variation in the temperature rise with the water
discharge for a fixed heater area, and in the water
outlet temperature with the hours of the day for
a constant discharge and a specified heater area
are included. Also similar results obtained with
different..heater areas are added. The heater areas
used are 2, 4, 6, 8 square meters.

It is shown that at constant discharge rate of
0.2 litres per min, the optimum temperature rises
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DIX ANS D'EXPERIENCE DES CHAUFFE-EAU SOLAIRES DANS LA REPUBLIQUE
ARABE UNIE

Resume

Frais annuels totaux de l'usager

Les chiffres sont donnes en dollars des Etats-Unis et on a
laisse de cOte dans chaque cas les frais d'entretien.

La comparaison indique que le chauffage solaire
est le plus economique.

L'auteur presente plusieurs suggestions d'ordre
technique, lesquelles portent essentiellement sur la
reduction des frais de premier etablissement et les
moyens d'ameliorer le rendement du systeme,

ideale realisee dans des conditions d'essai s'est
etablie a 62,7 et 74°C respectivement pour les
surfaces de collecteur indiquees, Quand le debit
moyen a la minute est de 0,5 litre, les temperatures
d'eau correspondantes a 13 h sont de 57, 73, 79 et
84°C.

L'auteur exprime la valeur economique du chauffe
eau solaire, pour la comparer a celle des methodes
qui font appel au petrole, au butane et al'electricite,
sous forme de « frais annuels totaux moyens de
l'usager ». La comparaison repose sur I'hypothese
que chaque chauffe-eau donne un debit de chaleur
utile egal a celui des autres. En se basant sur les prix
locaux, on trouve les chiffres suivants :

9,0

Solaire

83,10

A l't!lectricitt

Type de chauffage

22,73

Au butane

14,6

Au petrole

Ce memoire presente une etude du developpement
actuel des eh; "He-eau solaires dans la Republiqne
arabeunie, ainsi qu'une revue de leur evolution,
depuis le modele a bassin et a cycle ouvert des pre
miers jours j,::::qu'aux modeles recents a bandes de
metal et acycle; ferme, avec reservoir d'energie.

L'auteur montre comment un dispositif de chauf
fage solaire d'un metre carre peut annuellement porter
it. 55 QC une cuantite d'eau allant d'un minimum de
80 I par jour en janvier a un maximum de 132 1
environ en aou.. Sous 30° de latitude nord, le collec
teur est incline :1 30° sur l'horizontale.

Le memoire danne des tables indiquant les totaux
mensuels d' energie solaire incidente sur une surface
orientee au sud et inclinee a 30° sur l'horizontale
it. la latitude du Caire, ainsi que la temperature
moyenne de l'air en degres centesimaux a la station
du Caire-Sud ;~11 cours des annees 1951-1956.

L'auteur reproduit les resultats d'essais executes
avec les chaufte-eau solaires indiquant la variation
de la montee de temperature avec le debit d'eau
pour une surface fixe de collecteur, ainsi que la
variation de temperature au robinet d'eau suivant
les heures du jour et une surface de collecteur egale
~ent donnee, a debit constant. 11 ajoute aces statis
hques les resultats qu'ont donne des elements
chauffant de surfaces differentes, Les surfaces
utilisees furent de 2, 4, 6 et 8 m2•

Le memoire montre que, pour un debit constant
de 0,2 litre a la minute, la montee de temperature
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The new design used for heating swimming
pools

A substantial number of the 311 000 swimming
pools in the United States are heated with fuel
burning heaters to extend the season of their use.
The initial cost of such heaters and their installation
is rather high and the fuel cost is exorbitant there
fore the interest in inexpensive solar water heaters
is considerable.

Two larg~r type solar heated swimming pools
~ave bee~ mstalled in Princeton, New Jersey (la
titude 40 N on the east coast of the United States).

Advantages

The new design and its performance shows the
?-dva~tages of an all-metal panel, without any of
Its disadvantages.

(a) It is not damaged by below-freezing tem
per~tur~s, nor by heat (when heat resistant plastic
tubmg IS used).

(b) It is lighter in weight and therefore, easier
to install. '

(c) It is less expensive.
(d) It eliminates the need for soldered or welded

pipe connection which may develop leaks due to
corrosion. It is, therefore, leakproof.

Comparative tests

Comparative tests have been made between two
solar water heaters, both of equal area (20 sq ft).
One of these was the type of panel described above;
the other was made of 0.019 inch thick copper·
"Tube-in-Strip" 1 with metal headers soldered to
the bottom and top ends of parallel vertical tubes.
Both panels were blackened and placed into well
insulated boxes, tightly covered with 0.005 inch
thick Mylar film. Equal amount of water was cir
culated through both panels; the flow rate and inlet
and outlet temperature of the water was measured.
The test results (figure 1) show no difference in
performance between the two panels, within the
limit of experimental errors.

Solar water heaters are probably the best known
and most widely established solar devices. The
"classical" design consists of an insulated box,
covered with transparent panes. A black-coated
metal heat absorber is. inside the box, with metal
coils soldered to it for the circulation of water.

For heating domestic hot water the former popular
ity. of box-type solar heaters. is decreasing in the
Umted States, only about 25 000 units are still
~n use i~ Florida. During the past years, however,
mterest m solar water heaters has been revived in
a new field: for heating swimming pools (1). The
expansion of swimming pool construction has been
rapid during the past few years and in 1960 more
than 311 000 pools were in use (2).

In countries where natural fuel is scarce and
~xpen~ive, solar water heaters are becoming increas
mgly Important for domestic use. This is indicated
by previous articles by scientists who are present
at this Conference (3,4,5,6).

Characteristics of a new design

The writer has developed and tested an inexpensive
new solar water heater which combines sheet metal
with durable plastic tubing. The solar heater is
made of panels of modular sizes. Black-coated light
gauge sheet metal is corrugated in a special way to
form tubular openings. Plastic pipe is inserted into
the tubular openings forming a continuous coil.
Sheet aluminum 0.019 inch thick has been used
the corrugations being spaced 2 to 3 inches on center:
Flexible polyethylene has been used successfully for
moderately warm temperatures, while other plastics
for higher temperatures areb eing tested.

~opper powder has been mixed with polyethylene
to mcrease the heat conductivity of the tubing and
to improve heat transfer through the tube wall. The
natural color of this tubing is gold-yellow and the
e?,posed J?arts are coated with dull black for protec
tion agamst damage by solar radiation. Typical
panels used experiment~lly were 2-ft wide by
10-ft long (20 sq ft), WIth 9 grooves containing
about 100-ft plastic tubing, inserted into the
groov:es. The outsid~ diameter of this tubing was
7/16 mches, wall thickness 1/16 inch and at 120°F
a pressure of 52 psi could be used. It is essential
that the tubing should adhere tightly to the metal
casing for good heat transfer. . Pool A.

PoolB.

Heater area
sq It

1 140
300

Pool surlace
sq It

716
512

Water flow ,ate
pounds/hour

10700
9750

* Research Consultant, Princeton, United States.

20
1 A product of Revere Copper and Brass Co.
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TEST RESULTS OF POOL B

f The temperature of the water was measured daily
rom May to December. The data indicate that

Both heaters were made of panels as described
above. They were not covered with glass or plastic
pa~e~. The panels were installed on the roof of
bUIldings, with a slight tilt from the horizontal.
Theinlet and outlet tubes of the panels were connect
ed to headers made of 1.5 inch diameter black
polyethylene pipes. Water was circulated through
the heaters at a rapid rate with the aim of removing
solarheat from the panels without large temperature
Increase. The heat loss from the surface of the panels
was rather small and, therefore, the efficiency of
solar heat collection was quite high.

For control purposes some panels of heater A
were constructed with aluminium tubes instead of
Pfly~t~ylene tubing. After a period of operation the
a umllllum tubes burst because the water in them
froze during a clear night. Although the air temperature
~~s 41°F, the sheet metal temperature dropped
e ?w. 32°F due to the cooling effect of night-sky

radiation. (This damage occurred in early September.)
20The solar heater of pool B consists of 15 panels
buisq ft each, forming the entire roof of a' small
llld~ng (figure 2). The panels were made of sheet
:sumlllu~ with polyethylene-copper-powder tubing
u descnbed above. The water from the pool was

~himhed through the heater by the filter pump,
U.c must be used in all swimming pools in the
thlllted States. For this reason the circulation of

e water involved no extra cost.

Figure 2. Solar water heater of pool B

300 sq ft area, forming the roof of a building

Table 1. Heating of the pool in early spring

the temperature of the pool increased by 4 to 6°F
on clear days during the early spring or late autumn.
During the summer months the temperature of the
water increased by 9 to 10°F on its passage through
the heater. For this reason the heater was operated
rather infrequently and only to maintain the tem
perature evenly around 80°F.

The temperature of the pool drops every night
depending upon night-sky radiation, wind and other
climatic influences. On clear days, however, the solar
heater quickly replaces the night loss. The follow
ing Table 1 shows temperature variations in the

Temper- Water

Date Time atuTe returning Ambient Weatherof water f,om root
in pool to pool

Heater B
April 1961

23 9am 62 62 62 Haze
noon 64 67 67 Clear
5pm 67 67 68 Clear

24 9am 63 64 62 Haze
noon 66 69 71 Rain
5pm 68 68 71 Haze

25 9: 30 am 64 66 64 Haze
1 pm 67 70 82 Clear
5pm 69 69 79 Clear

26 9: 30 am 67 69 70 Clear
noon 68 70 68
5pm 69.5 69 66 Cold N. wind

May

9 9am 64 64 70 Fog
noon 67 70 78 Fog lifting
5pm 71 73 82 Clear

10 9am 68 69 68 Light
Clouds

noon 68 71 60 Cloudy
5pm 70 71 60

B<>U.c,," insulation: 2 inch Fiberglass.

T',P covoz e 0.005 inch thick Mylar film.

Tb.ht'· in-Strip panel

1''',,1. panel

EO eo 100 120

TEMPERATURE DIFFERENCE

Figure 1. Solar water heater tests
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early spring of 1961, which was unusually cold and
foggy. . .

The actual number of days of swimming pool
use at Princeton is limited to an average of only
50 days during the season, which lasts from !he
middle of June to the end of August. The question
has often been debated as to what temperature
can be considered most comfortable for swimming.
Opinions differ widely. The temperature of pools
for Olympic athletes is kept at 65°F. This .m.ay seem
too chilly for most people, who prefer a mimmum of
70°F. The following table 2 shows the number of
days when the temperature of the pool was above
70°F.

Table 3. Agreeable temperatures for svirnrning
in late autumn 1960

Waler
Dale Time Ambienl

IVealher
Sept. 1960 P.M. ·F

In pool To pool

Heater B

24 4 73 75 66 Ha....;;, clear

26 5 71 73 67 C!c)"cly, clear
27 5 72 73 71 Fog, haze, clear
28 4 70 71 68 Fog, haze, rain
29 4 69.5 69.5 64 Cloudy, haze
30 5 69.5 71 71 Clou.ly, haze, clear

Dale, 1960

May .
June 1 to 15. . .
June 15 to Aug. 31

September .
October .

TOTAL extra days

Table 2

Days when pool waler
temperature was in excess oj 70°F

19 days
15 days

All days (this is the usual pool
season)

30 days
11 days

75 days

was 10 700 pounds per hour, the temperature of
the water dropped by 6 to 9°F during its passage
through the panel. The temperature of the panels
was generally equal to the ambient within a few
degrees. A drop of seven degrees corresponds to the
removal of 75000 btu/hour or 66 btu/hour per sq ft
collector panel. During clear nights, with 8 hour
operation, the heat removed by the panel was about
500 btujsq ft.

It is obvious that both heating and cooling obtain
able with these panels can be used for h.mse heatmg
or cooling, using a tank for storing heat or coolness.

The usual pool season was three times longer
when using the solar heater. Swimming was possible
during the 77 days of the usual season and during
75 extra days, for a total of 152 days, while the
usual number of days is only 50 in an unheated
pool. Results obtained during the last week of
September 1960 are shown in table 3.

Cost estimates

The material costs of the solar heater can be
easily determined as follows :

For one 20 sq It panel

. 0.29

TOTAL MATERIAL

Material cost per sq ft. . . . . .

Cost of 30 sq ft black sheet aluminum required to produce
a 20 sq ft corrugated sheet . . . .' 4.30

100 foot plastic pipe. . . . . . . . . . .' ~

5.80

The labor required for mass producing corr~gated
sheets and for inserting the pipe has been estlma!ed
as an additional cost of $0.06 per sq ft resultmg
in material and labor cost of $0.35 per sq ft of c~l1ef.:
tor. This is substantially lower than the "classlc~)

copper sheet with soldered coils ($1.25 per sq It
and the new panel represents a rigid, durab e,
reliable device which can be employed for many
applications in the heating and cooling field.

Cooling effect of pool panels

During nights with clear skies and low humidities
the collector plate temperature often dropped as
much as 20°F below the ambient air temperature.
This cooling effect can be used to decrease the tem
perature of the water in the pool, by circulating
water during the night and not during the day.
In Southern arid regions of the United States it is
often desirable to cool the swimming pool during
a considerable part of the summer. This can be
easily accomplished with the panels.

During the operation of pool A in June the pump
was operated at night to determine the performance
of the cooling effect of the panels. The water flow
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Figure 8. Conversion factor to determine the amount
of solar energy falling upon a surface facing due south
and inclined 10 degrees more than the local geographic
latitude for different times of the year

surface as compared to that on a horizontal surface.
Data for different latitudes and different times of
the year are given.
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EFFECT OF NUMBER OF GLASS COVERS

Glass covers on the solar absorber transmit a
considerable portion of the short wave radiation
from the sun but reflect some, especially at the
small angles between sun-ray and glass. The long
wave radiation from the hot surfaces of the absorber
is transmitted only to a small degree. Clear, untinted
glass is best, since constituents like iron (greenish
tinge on the breaking edge) reduce the transmission
of short-wave radiation.

The amount of solar energy transmitted depends
greatly upon the angle at which the sun-rays hit
the glass which varies continuously all day. The
closer to 90 degrees the angle between the glass and
the sun-rays, the better. When more than one glass
plate is used, the amount of energy transmitted is
further reduced, but at the same time the heat losses
from the top of the absorber box are reduced since
the air layers between the glass plates have good
insulating qualities.

Table 1 shows how the number of glass covers
affects the energy transmitted as a fraction of the
amount falling upon the glass per day (transmission
coefficient) .

Taking these transmission coefficients and the
insulating qualities of the number of glass layers
into account, it .can be seen that there exists an
optimum number of glass plates for each location.

~==:::J ......

INSULATION

Figure t. Flat-plate-type solar absorbers

~~2 it!
B-2~

FABRIC

Figure 7. Kawai solar absorber

Ol{IH~TATION OF THE ABSORBER

The question of how much solar energy can be
intercepted is of utmost importance in evaluating
the heating O! water. From figure 1, the amount
ofsolar energy falling upon a flat, horizontal surface
is obtained. 1L is easy to see that a surface which
always points :It the sun receives considerably more
sunshine. Hov 'Jver, the mechanism to make the
absorber follow the sun is very expensive and there
fore not practical for widespread use.
T~us thei·;;;t stationary arrangement will be

c,onsldered. Si".'2 the sun is in a southerly direction
(m the northe:n hemisphere at moderate latitudes)
most of the it is best for the absorber to face
south. Since the days are shorter and the air tem
perature lOWE:i' in winter, it is more difficult for the
absorber to d.cliver the required amount of hot
water during this season, while in the summer it is
usually. capable of delivering a considerable excess.
For this reason, it is found that the best all year
round performance is obtained with a stationary
absorbe.r facing due south, when it is inclined with
the horizontal approximately 10 degrees more than
~he local geographic latitude. This greater inclination
~s the added advantage of preventing dust and

dirt from clinging to the glass and reducing its
transmission.

.The amount of energy falling upon a surface
o:l~nted in this manner can be obtained from figure 8,
~lV~ng a multiplication factor by which the values
l~ gure 1 have to be multiplied. This figure thus
glVes the relationship of energy falling upon the
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Table 1. Daily solar energy transmission

(As a function of the number of glass covers)

30

o
I
2

3
4

Number of
glass plates

Transmission
coefficient

1.0
0.748
0.625
0.542
0.474

Water heating

-2 Hot \~ater

1 Prl",ar)' c'rcu1t
(la So', ," absorbers)

2 5econ<i!·. 'Y c i rcu; t

:5 Tank lIo .; Lat.Lon

The sta~dardabsorber for which the data is presented
here delivers water at about 140°F with an average
temperature difference between the heated water
and the air of about 80°F. Figure 9 clearly points out
this optimum number of glass plates which will
collect the maximum amount of solar energy as
a function of location.

la la

ABSORBER SIZE AND DESIGN

It is not always possible to choose the best tech
nical design: and often it is necessary to compromise.
A compromise between costs, convenience and avail
able space for a unit will determine the actual
final. design. The availa~l~ materials, geographic
location, and weat~er conditions also play an impor
tant role. JyIany times a poor system is chosen (as
less expensive] as long as it still delivers the amount
of hot water required. The most common design
in the United States uses only one glass cover and
for an average family of four measures 4 X 14 ft.

Figure 10. Dual-circulation hot water '-.I'stem

STORAGE TANK, SIZE AND LOG.' TON

The most common fault of solar ho' water in
stallations is inadequate storage. If the .iot water
store.d is use~ up during the night, no DTurC can ~e
obtained until the sun shines again. If i ne tank IS

too small, once the water is hot, circulati..n between
the absorber and tank will stop and t he system
bec?mes inoperative even though the sun shines,
until some of the hot water is used.

Data indicate that the average person uses about
20 gallons of hot water per day. Thus, for a family
of four, 80 gallons of hot water should be stored for
a twenty-four hour period, requiring an 80 gallon
tank. .If bad weather is expected often, this storage
capacity should be increased or a fuel booster added.
Even o~ cloudy days, a considerable amount of solar
ener~y IS collected; thus, too large a reserve is not
required,

For larger families, apartment bmlnngs, and
restaurants, several of these fundam.-ital units
are connected together.
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Figure 9. ~olar energy. collected by. a typical collector
for a typical day showing the effects of number of gl
plates, latitude and air temperature ass F'"I~iure .11. Freezing temperature protection in the primary

rcuit of a solar dual-circulation hot water system
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chaude, I'autcir presente les constatations faites
au cours d'ur» -tude de la question, ainsi que certains
resultats d'ex «rrences. Ces donnees indiquent qu'on
aurait beso» .I'une vingtaine de gallons d'eau
chaude par] ·',unne et par jour.

Ce memo" examine plusieurs emplacements
possibles du .ilectcur et du reservoir, et passe en
revue leur .ntages et inconvenients respectifs.

Il consider \~galement le choix des materiaux
et des types j, verre a employer, ainsi que ceux
qui sont a r- I" t er. .

Dans la Sl \ i ion consacree a la realisation de ces
systemes, l' a \' i -ur examine les sujets suivants :

a) Oriental ,OIl clu collecteur : Pour fonctionner
:lans les 111" ilc-urcs conditions possibles, il doit
~tre orientc \',TS le sud (dans l'hemisphere nord)
et incline sur lhorizontale d'un angle sensiblement
~gal ala latit Id\' du lieu plus dix degres.

b) Effet (], nombre de couvercles en verre :
L'auteur po~ ..' probleme et en resume les donnees
Jar des gr<: J" [(IUCS de maniere a pouvoir trouver
me solution : 'our chaque position possible.

c) Dimens: ''is et realisation du collecteur : Ce
nernoire pas.. la question en revue dans ses details.

d) Dimens. us et emplacement du reservoir :
~'auteur sorlumc quc 1'erreur la plus courante,
lans la reah- ;ion des systemes solaires de production
i'eau chaud« reside dans une insuffisance de capacite
le l'accumu;"tcur. .

Ce mernoire examine les modes de realisation et
les agencements speciaux susceptibles de presenter
des avantages dans certaines situations.

Le systerne de production d'eau chaude a double
circulation est decrit et ses avantages sont indiques.

L'auteur decrit nombre d'installations type de
chauffe-eau a energie solaire en service dans I'etat
de Floride et presente des photographies de ces
installations.

La section consacree a une analyse economique
et a une comparaison des frais d'exploitation prend
en consideration les elements suivants :

a) Insolation;
b) Disponibilite et prix des combustibles d'origine

fossile;
c) Frais de premier etablissement et mode de

realisation des installations de chauffage de l'eau
par l'energie solaire;

d) Duree de service envisagee.
L'auteur termine par une comparaison entre le

systeme solaire de chauffage de l'eau, a:vec et sans
dispositif auxiliaire manuel ou automatIque, et les
chauffe-eau classiques a combustible d'origine fossile.
(La comparaison est rapportee a 100 gallons d'eau
chaude.)

Avec les 25 figures qui l'acco,mpagnent, d?nt
nombre de photographies de systeI,TIes. en servl;e,
des graphiques et une table, le memoire se prete
al'etude de tout systeme ou installation actuellement
en service ou a l'etat de projet.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE DE L'EAIi

J. GeofJroy *

* Societe anonyme Radiasol, Paris et Casablanca.
1 Toutes les temperatures citees dans le memoire sont expri

mees en degres centesimaux,

Il ne doit pas poser de problernc d ·;q-chitecture.
Par son volume: son accumulateur .loit pouvoir

eventuellement etre installe dans uw: piece de
l'habitation, le recepteur etant fixe ~:, r la facade
de l'immeuble;

Par son poids, qui ne doit pas exccu. , les charges
admises par les toitures, terrasses et pial:' hers;

Par son aspect inesthetique : le chauff -au installe
doit avoir un aspect ramasse, permct t: »t un habil
lage dans le style de l'immeuble.

Il doit pouvoir etre mis en place ~. qu'il soit
besoin de faire appel a un specialist, ·t, comme
tout appareil menager, le chauffe-eau . olaire doit
pouvoir etre mis en ceuvre sur simple 1, t ure d'une
notice detaillee,

11 ne doit pas etre plus sensible ~1 . (,'ntartrage
qu'un chauffe-eau a energie classiqu«. Les eaux
distribuees etant ce qu'elles sont, le ,hauffe-eau
solaire devra etre calcule pour que la t ,:nperatu~e

obtenue ne depasse pas 70°, temperatu ",' a partlr
de laquelle l'entartrage s'effectue plus J(~pidement.

L'emploi d'un circuit de chauffe et dur: cchangeur
supprime le risque d'entartrage des parti('s sensibles
du chauffe-eau. .

. Il !le doit pas etre sensible au gel. L'emploi d~
clrc,tllt de chauffe independant du circuit de dl.stn
butl~n perrnettra de. proteger les parties senslbles
de 1appareil en utilisant un fiuide incongelable
(eau + alcool ou eau + antige1 en proportion conye
nable). L'accumulateur et le circuit de distributIOn
seront fortement calorifuges,

Il doit etre robuste et ne demander ni entretien,
ni surveillance. Le chauffe-eau solaire est le plus
souyent installe sur la toiture ou la terrasse des
bfH1me~ts, pour y avoir la meilleure expositi?n.
Son a~ces est par consequent malaise. Sa construetIO.n
ne d?l! comporter aucune piece mobile qui pou~ralt
se. ~e~egler .ou exiger un graissage, et les matenauX
~t:hses doivent etre insensibles ~l l'attaque des
elements naturels (vent, pluie, sable, air marin).

Enfin, son prix doit. ~tre competitij avec ceux des
aut:es chauffe-san utilisanj une energie class1que.
Mais, par pnx des autres chauffe-eau il faut entendre
l~ total.des depenses d'investissement et des depenses
d energie pendant une periode de trois ans minimum.

Solutions presentees par la Societe Radiaso1

La Societe Radiasol presente le chauffe-e.au
s~andard ~OO 1/2 m2, qui correspond aux besOlllS

dune famille de 2 a 4 personnes; c' est un ensemble
36

Conditions auxquelles doit satisfaire
le chauffe-eau solaire

Si theoriquement la zone ideale pour l'emploi
de l'energie solaire est la zone ou le nombre de jours
ensoleilles par an est rnaximale, la duree de l'en
soleillement quotidien est constant, et les energies
classiques sont rares et par suite cheres.Texperience
commerciale prouve que toutes les regions comprises
entre le 45e degre de latitude nord et le 45e degre
de latitude sud et disposant de plus de 2 000 heures
d'ensoleillement annuel peuvent pretendre a un
emploi rationnel de l'energie solaire pour le chauffage
de l'eau sanitaire, sans craindre la concurrence des
energies classiques.

Il est connu que la captation de l'energie solaire
peut etre effectuee avec ou sans concentration, et les
deux procedes peuvent etre utilises pour le chauffage
de l'eau.

La concentration peut etre realisee soit par un
miroir parabolique, soit par un miroir cylindro
parabolique.

Le ~iroir parabolique exige. un mecanisme fragile
et couteux permettant de suivre le soleil dans sa
course, et il est encombrant. En contre-partie il
permet de recueillir pendant toute la duree de I'en
soleillement le maximum d'energie ades temperatures
de l'ordre de plusieurs centaines de degres centi-
grades. .

,I:e :niroir cylin~ro-pa~abolique exige un reglage
periodique de son inclinaison ; 11 est fragile, couteux
e~, enc~mbra~t. Il, ne permet pas de capter plus
d,energ~e qu un re~epteur plan, mais il permet
d obtemr des temperatures de travail superieuresa 100°1. .

~e r~cept~ur 'pl~n n'est ni fragile, ni tres cofrteux,
Onente et incline convenablement en fonction du
lieu d'utilisation, il capte autant 'd'energie que le
recepteu~ cylmdro-parabolique, mais la temperature
de travail assuree reste inferieure a 100°.

. Il doit pouvoir assurer un service continu. Le
?hauffe-eau .solaire doit done etre un chauffe-eau
a accumulation dont la capacite doit etre suffisante
pour ~ssurer les besoins de 24 heures de l'utilisateur.
I1 doit en outre ~isposer d'un chauffage d'appoint
dans la mesure ou les pannes de soleil existent au
lieu d'utilisation.
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Fi~ure 2. Batteries d'insolateurs Radiasol

complet, expedie d'usine en deux caisses et pouvant
etre mis en ceuvre instantanement, a la condition
de disposer d'une tuyauterie d'amenee d'eau froide
et d'une tuyauterie de distribution d'eau chaude
(voir figure 1).

Radiasol presente egalement les materiels pour
installations de service d'eau chaude de grandes
capacites (plusieurs metres cubes), comprenant :

a) L'insolateur elementaire de 2 m2 permettant la
constitution de batteries, par assemblage du nombre
necessaire d'insolateurs elementaires (voir figure 2);

b) Des reservoirs de capacites diverses (500 1,.
7501, 1 000 1, 1 500 1 et 2 000 1) a simple ou double
echangeur permettant de chauffer les quantites
d'eau demandees, avec ou sans chauffage d'appoint
(voir figure 3).

Pour le captage des calories, les appareils Radiasol
utilisent « l'effet de serre » : les insolateurs de 2 m2

sont constitues par un reservoir tres plat, appele
absorbeur, place dans un coffrage calorifuge et ferme
par une vitre exposee au soleil, L'absorbeur est relie
a un echangeur de temperature place dans l'eau sous
pression d'un reservoir calorifuge. Les insolateurs
sont toujours disposes de facon a recevoir a midi
le maximum de radiation solaire. Pour ·la trans
mission des calories a l'eau de consommation, la
Societe Radiasol utilise soit une circulation par
thermosiphon, soit une circulation forcee. .

Dans l'appareil standard (200 1), des que la radia
tion solaire frappe la vitre, l'eau s'echauffe dans
I'absorbeur, le circuit s'anime par thermosiphon
et les calories sont livrees a l'eau de consommation
par I'echangeur de calories. Des que le soleil disparait,
la circulation s'arrete et le circuit est irreversible,

soit par suite de la disposition de I'insolat-ur (regions
tropicales), soit par l'effet d'un claj«: Radiasol
brevete (regions mediterraneennes) q 11' permet de
reduire la hauteur de l'appareil a la iauteur de
l'accumulateur (voir figure 1).

Dans les installations plus importall:., pouvant
aller jusqu'a plusieurs dizaines de n- 'res cubes
de capacite, les accumulateurs sont pb:'s dans les
sous-sols de l'immeuble. La circulation, :ni ne peut
alors se faire par thermosiphon, est aniivc par une
pompe comrnandee par un regulate;' Radiasol
brevete (voir figure 4). Le regulatcu: determine
automatiquement les periodes de la jo. rnee oii un
gain de calories peut etre apporte au v .tume d'eau
a chauffer.

Cette circulation forcee ameliore cons i. ;«rablement
le rendement du precede. Le fait, e;; outre, de
pouvoir placer les reservoirs a l'abri dr; .rros-ceuvre
permet de redui re de facon tres sensibl. les pertes
calorifiques subies lorsque ceux-ci so:' places a
l'exterieur (voir figure 3).

Par ailleurs, les charges sur terrass .iu toiture
sont considerablement reduites, et :' "tallation,
dont la hauteur ne depasse pas 1,130 1" en region
mediterraneenne, est pratiquement, isible du
sol (voir figure 2).

Fi~ure 3. Reservoirs it echangeurs en cours
de calorffugatlon

NOTER : I). le ta?leau de commande de l'installation; 2) la sO~e~:
sur ~e res~rvOlr de droite; 3) la pompe apparaissant dern
le reservoir de droite,
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ou

Enfin, ce procede permet de realiser des installa
tions repondant exactement aux besoins exprimes:
grace aux elements standard utilises, il suffit, en
cas d'extension des besoins, d'augmenter les surfaces
de chauffe et le nombre ou la capacite des accumula
teurs.

Derniers perfectionnements des precedes
Radiasol

I nclinaison saisonniere de l'insolateur

Le nouveau mode de fixation de l'insolateur au
bloc accumulateur permet, en cours d'annee, de
modifier l'inclinaison de l'insolateur. La fixation
comporte, en effet, un collier coulissant sur I'accu
mulateur et un jeu de durits qui rend possibles
toutes les inclinaisons entre 15 et 45°.

Le clapet antiretour sensible aux charges motrices
infinitesimales

Les chauffe-eau solaires, a echangeur de calories
et fonctionnant par effet de thermo-siphon sont de
deux types.

Les uns ont leur echangeur place dans une petite
cuve fixee ia la base du reservoir contenant l'eau
achauffer, et leur insolateur est installe en contre-bas.
La hauteur totale de l'appareil est la somme des
hauteurs totales ou partielles de ces trois elements :
reservoirs, echangeurs et insolateur. Une telle dispo
sition evite, de nuit, la circulation inversee du
thermosiphon, mais la hauteur totale de l'appareil
presente de nombreux inconvenients sur les plans
de l' esthetique, de la facilite de pose, de la prise au
vent, etc.

LUDION

PO'.iHion :circulalion
fermee

LUDION

Pos,lron : crr-culcnen
euver-te

Figure 5. Schema de principe du clapet antiretou~Radiasol
sensible aux charges infinitesimales

Le's autres ont leur echangeur place it I'interieur
du reservoir, et l'insolateur est inst..lle a merne
hauteur que l'echangeur. L'appareil 3 alors une
hauteur totale tres inferieure a celle des appareils
du premier type, mais dans ces conditions de construc
tion, on observe de nuit une inversion de l'effet de
thermosiphon qui fait perdre a I'accurulateur une
partie des calories emmagasinees de jour.

Le clapet antiretour Radiasol ernpeche cette
inversion et, contrairement aux clapets connus
jusqu'a ce jour, il est sensible aux charges motrices
infinitesimales et ne reduit pas cellesci de facon
notable.

Ce clapet est constitue par un ludion mobile dans
un boitier muni de deux ouvertures, I'une asa partie
superieure, l'autre asa partie inferieure (voir figure 5).
Le ludion a la forme d'un tronc de cone. 11 est realise
en un materiau plastique insensible a la corrosion
et dont le coefficient de dilatation cubia PC est faible
par rapport a celui de l'eau. 11 est leste ::e telle sorte
qu'il soit en equilibre indifferent Iorsqu'il est plonge
dans le liquide utilise pour le circuit de chauffe.
11 est en fin dimensionne de telle sorte (1' sa pointe
he puisse se degager de l'ouverture qu'il (]'1it obturer.

La regulation elecircnique du circuit de chauf]« des
installations de grande capacite .

Lorsque le reservoir et son echangeur sont places
a un niveau egal ou inferieur a celui des absorbeurs.
la circulation se fait grace a une pompe. Mais cette
pompe ne doit fonctionner que lorsque la tempera
ture du fluide contenu dans les absorbeurs est
superieure a la temperature rnoyenne de l'eau conte
nue dans le reservoir.

Le regulateur Radiasol est un dispositif eleetro
nique sensible a une difference de temperature
(voir figures 6 et 7). 11 comporte un generateur de
courant constant qui alimente un pont de Wheatsto
ne dans les branches duquel sont placees la sonde

. prenant la temperature des insolateurs (dite son~e
chaude) et celle prenant la temperature du reservOlr
(dite sonde froide). Sur la diagonale du pont est place
un detecteur d'ecarts de temperature, dont les
differentiels de declenchemsnt sont reglables en
fonction des pertes calorifiques de l'installation et
de son circuit. 11 permet de mettre en marche ou
d'arreter, par I'intermediaire d'un relais de puissance,
la. pompe animatrice du circuit.

La loi generale de fonctionnement du regulateur
est de la forme

l{ fi.6
1 + rx 62

fi.6 etant la difference de temperature entre les sondes,
61 la temperature de la sonde froide, et
62 celle de .la sonde chaude.

L'identification du terme rx au coefficient thermo
dyna~ique ~ = 1/273 permet, une fois les differentiels
de declenchement regles, de maintenir le rendement
thermodynamique constant quelle que soit la tem
perature des sondes.
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Le chauffagc 'appoint

Pendant jours de pluie ou de tres faible enso-
leillement, b adiation solaire peut etre insuffisante
pour obtenir v., temperature minimale requise dans
le re~ervoir. :'7:en que ces periodes soient tres rares
en climat d;~.rtique, discontinues en climat tropical
et. n'exceder. pas quelques dizaines de jours en
cl,lmat .medl'·,'~raneen, Radiasol a prevu un chauffage
d appomt did-lUe fois qu'un service d'eau chaude
sans defailbnce est necessaire. Ce chauffage pose
deux probleu<cs essentiels :
,,1) P?ur conserver tout le benefice possible de

1~nerg~e, route installation utilisant une energie
d a~pomt d?1t tenir compte de ce que l'energie
solar;; tra:rallle a ,nne temperature inferieure a celle
de 1energio classique Par consequent pour que}' , . . )

energle classique ne contrarie pas le travail del' , . .
e~ergle solaira, il faut que les deux energies tra-

valllent en serie : soit dans deux reservoirs, l'energie

Figure 7. Le regutateur Radiasol B02 et son relais
de puissance

solaire travaillant en prechauffage dans le reservoir
amont, I'energie classique travaillant dans le reservoir
aval recevant 1'eau prechauffee ; soit dans le temps,

. I'energie d'appoint n'etant utilisee que lorsque
l'energie solaire a donne son potentiel calorifique.

2) Le eout d'investissement necessaire pour le
chauffage d'appoint doit etre le plus faible possible
et par consequent tenir compte de l'equipement
energetique de l'endroit considers.

Chauffage d'appoint du chaufje-eau Radiasol
standard 200 1/2 m2• On utilise en principe une
resistance electrique de 1 kW commandee par un
thermostat, pour laquelle un logement est prevu,
et une horloge ne permettant la fermeture du circuit
electrique que a) lorsque 1'eau du reservoir a une
temperature inferieure a 50° (par exemple), et
b) de nuit, pour profiter du tarif d'electricite de
nuit, lorsqu'il existe.

Chauffage d'appoint des chauffe-eau solaires de
grande capacite acirculation [orcee. 11 existe plusieurs
solutions. On peut :

a) Comme pour le chauffe-eau standard 200 1/
2 m-, placer une resistance electrique de puissance
convenable sur le dernier reservoir (aval) de l'ins
tallation;

b) Lorsqu'il existe un chauffage central dans
1'immeuble considere, utiliser comme reservoir aval
de 1'installation un reservoir a deux echangeurs,
un a grande surface de chauffe pour le circuit de
chauffe solaire, 1'autre a surface normale de chauffe
qui sera branche sur le circuit chauffage central
comme un simple radiateur;

c) Placer un generateur d'eau chaude a gaz a la
sortie de l'installation solaire dont le bruleur ne
s'allumera que si 1'eau prechauffee par l'energie
solaire n'a pas atteint la temperature desiree.

Essais et rendement

Cette section vise plus a definir un programme qu'a
relater un processus deja applique. En effet, des
essais et des calculs de rendement rigoureux neces-
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sitent des appareils de mesure et d'enregistrement
tres cofrteux, et surtout des permanences d'obser
vation qu'une entreprise peut difficilement assurer
par ses propres moyens.

Pour ces raisons, il serait souhaitable que les
stations officielles de meteorologie et de I'Institut
de physique du globe puissent participer activement
al'experimentation des appareils uti lisant les sources
nouvelles d' energie telles que l'energie solaire.

Pour que soient significatifs les essais port,:nt
sur les perfectionnements, les mesures de production
doivent porter simultanement sur deux chauffe-eau
ne se differenciant que par le perfectionnement que
1'on veut tester.

La mesure de l'energie incidente est realisee par
un solarigraphe oriente et incline comme les insola
teurs des chauffe-eau.

La mesure de la production porte sur la quantite
d'eau fournie a une temperature T constante pour
la duree de 1'essai (periode d'ensoleillement). La
mesure de production est repetee en modifiant la
valeur de T.

Le rendement est etabli sous la forme « Rendement
moyen journalier pour la temperature Tx de 1'eau
chaude produite »,

Auscultation du chauffe-eau : pour faciliter l'ex
plication des resultats observes, on releve les tem
peratures des points les plus interessants du chauffe
eau.

Couts d'investissements et couts de production

Les cofits d'investissement comprennent a) le
cout de fabrication usine, b) le eout de 1'emballage
et du transport, c) le cofrt du montage, d) le cout
des interventions commerciales.

En France, le cofrt de fabrication usine du chauffe
eau 200 1/2 m2 revient en serie industrielle a environ
900 NF, le cofit emballage et transport evolue
entre 100 NF pour une destination metropolitaine
et 400 NF pour une destination outre-mer lointaine,
le eout montage evolue entre 100 et 200 NF selon
la difficulte presentee, et le eout des interventions
commerciales est de 1'ordre de 50 p. 100 du prix
usine, soit 450 NF.

Pour 1'utilisateur, sans tenir compte des taxes
et des frais de douane eventuels, le chauffe-eau
coute, selon le lieu d',emploi entre 1 550 et 1 950 NF.

Les coftts de production d'eau chaude se reduisent
a 1'entretien du materiel, qui est negligeable, et
1'amortissement sur 10 ans (des appareils Radiasol
fonctionnent depuis 14 ans). L'amortissement sur
10 ans est done compris entre 155 et 195 NF par an.

Le chauffe-eau apportant a 1'utilisateur l'equi
valence de 3000 k\V electriques par an en moyenne,
et le prix du kW evoluant de 0,05 NF a 0,5 NF
(environ) selon les regions, la formule

I
x =-= 3000 PkW

donne le nombre d'annees necessaire: (x) pour
couvrir la depense d'investissement (I),~3x l'econo.
mie d'energie (PkW etant le prix du kV,' electriqns
au lieu considere).

Mesure dans laquelle les systemes d;, chauffe
eau solaires repondent aux besoir-s sociaux
des consommateurs

Quelle que soit la latitude ou la question ~e pose,
on constate que 1'eau chaude est un 1,,'som pour
1'individu. Le chauffe-eau solaire repou.l done it
une necessite dans la mesure ou il p-ut fournir
aux corisommateurs une eau chaude it «n prix de
revient inferieur a celui de toute autre energie
classique.

Il a ete demontre precedemment, {,: prenant
l'electricite pour energie de comparais ,;1, que..le
chauffe-eau solaire etait parfaitement competitif,
meme dans les regions a equipement t''.Jergetique
developpe.

L'analyse de la clientele des chauffe-rri solaires
montre que, dans le cas de prix de revier.: set,lsible
ment equivalents, d'autres facteurs sont d';'Tmmants
pour le choix du chauffe-eau solaire , l'absence
d'entretien technique, 1'absence de risque, et enfin
la robustesse du materiel,

On constate en effet que 70 p. 100 du c.iiffre d'af-'
faires de la Societe Radiasol est represen par des
installations interessant des communaute, : hotels,
cliniques - maternites - dispensaires, clul.s sportif;,
casernements militaires, internats, corcmunautes
religieuses.

Suggestions

Le succes des chauffe-eau solaires reste pour
1'avenir essentiellement tributaire de deux faeteurs
fondamentaux : les perfectionnements d'ordre tech
nique, et I'education du public.

Perfectionnements d'ordre technique

Les efforts de recherche doivent porter sur :
Les surfaces selectives en vue d'augmenter la

proportion d' energie eaptee ;
Les calorifuges en vue de diminuer les pertes

calorifiques sur l'energie accumulee ;
Les reveternents anti-corrosifs en vue d'augmenter

la duree d'usage des appareils ;
L'adoption de materiaux legers en vue de diminuer

le poids des appareils.

L'aboutissement de ces recherches doit permettre
une amelioration du rendement des chauffe-eau
se traduisant par un abaissement du prix de revient
de la' calorie.

Il est grandement souhaitable de mettre a la
disposition des constructeurs des instruments de
mesure simplifies et normalises, tant pour la mesure
de l'energie incidente que pour celle des temperatures.
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Une excellente mesure serait celle qui consisterait
apouvoir utiliser comme stations d'essais, les sta
tions de la Meteorologic et celles de l'Institut de
physique du globe.

Enfin, il est suggere de constituer un organisme
international qui definirait les normes auxquelles
les chauffe-eau solaires devraient satisfaire pour
obtenir un label de qualite.

L'education du p'ublic

Malgre les efforts de vulgarisation entrepris
depuis quelques annees, l'energie solaire n'est encore

pour le grand public qu'une vue de l'esprit sans
application pratique possible.

Pour faire connaitre les possibilites de l'energie
solaire, l'intervention des pouvoirs publics est
indispensable, car la seule publicite des constructeurs
de chauffe-eau solaires est insuffisante pour faire
entrer dans les mceurs ces precedes nouveaux.

11 est indispensable que des notions de base sur
I'energie solaire soient incorporees dans le programme
des etudes de 1'enseignement secondaire scienti
fique et technique et dans celui des ecoles profession
nelles du batiment, et des ecoles d'architecture
et d'urbanisme.

Resume

Le developpement de l'emploi de I'energie solaire
en un lieu considere pour le chauffage de 1'eau est
directement fonction du nombre de jours ensoleilles
par an, de la constance de la duree d'ensoleillement
quotidien, et du cofrt des energies classiques.

La captation et la retenue du maximum possible
d'energie thermique peuvent etre effectuees soit

. avec concentration de l'energie solaire, soit sans
concentration de l'energie solaire.

Pour le chauffage de 1'eau, le recepteur plan pre
sente le maximum d'avantages.

Conditions auxquelles doit satisjaire le chaujje-eau
solaire

.n doit pouvoir assurer un service continu. Par
s~lte, sa capacite doit etre suffisante, et il doit
d~sposer. d'un chauffage d'appoint si les journees
d ensolelllement sont discontinues.

11 ne doit pas poser de probleme d'architecture
par son volume, par son poids, ni par un aspect
lllesthetique.

11. doit pouvoir et re mis en place sans qu'il soit
besolll de faire appel a un specialiste.

11 r;e doit pas etre sensible a 1'entartrage : 1'eau
f?Umle ne doit pas etre a une temperature supe
neure a 70°C.

11 ne doit pas etre sensible au gel.
d' Par sui~e, obligation du chauffage indirect et

un calonfugeage tres soigne.
. 11 doit etre robuste et ne demander ni entretien

n~,surveillance. Par suite, il ne doit comporter aucune
pIece mobile, et ses differents elements ne doivent
pas etre sensibles a la corrosion.

h
Son prix doit etre' competitif avec ceux des autres

c aUffe-eau.

L'economie realisee par l'energie gratuite doit
permettre son amortissement en trois ans.

Solutions presentees par la Societe Radiasol

. dRadiasol fabrique les materiels suivants en serie
In ustrielle :

a) Le chaujje-eau standard 200 1/2m2 correspondant
aux besoins d'une famille. Le circuit de chauffe
fonctionne par thermosiphon. Variante : 200 1/4 m2,

pour satisfaction de besoins d'eau chaude plus impor
tants pendant la periode d'ensoleillement;

b) Les installations' de grande capacite (plusieurs
metres cubes) pour collectivites (hopitaux, internats,
etc.). Le circuit de chauffe est anime par une pompe
comrnandee par un regulateur specialement adapte.

Derniers perjectionnements des procedes Radiasol

a) Variation saisonniere de l'inclinaison de l'in
solateur.

b) Irreversibilite du thermosiphon : clapet adapte
aux pressions infinitesimales.

c) Regulation electronique du circuit de chauffe
des installations de grande capacite, par appli
cation du pont de Wheatstone.

d) Chauffage d'appoint. En aucun cas celui-ci
ne doit contrarier le chauffage solaire.

Essais et rendement

Pour que soient significatifs les essais portant sur
les perfectionnements, les mesures de production
doivent porter simultanernent sur deux chauffe-eau
ne se differenciant que par le perfectionnement
que 1'on veut tester.

La mesure de I'energie incidente est realisee par
un solarigraphe oriente et incline comme les inso
lateurs des chauffe-eau.

La mesure de la production porte sur la quantite
d'eau fournie a une temperature T constante pour
la duree de 1'essai (periode d'ensoleillement). La
mesure de production est repetee en modifiant la
valeur de T.

Le rendemeni est etabli sous la forme « Rendement
moyen journalier pour la temperature Tx de l'eau
chaude produite ».

Auscultation. du chaufJe-eau : pour faciliter I'ex
'plication des resultats observes, on releve les tem
peratures des points les plus interessants du chauffe
eau.
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Coat« d'investissement et cotds de production

Les couts d'investissement comprennent a) le
cofit de fabrication usine, b) le cofrt emballage et
transport, c) le cofrt montage, d) le cout des inter
ventions commerciales.

Les cofits de production se reduisent a l'entretien
du materiel et l'amortissement du materiel.

M esure dans laquelle les systemes de chaufle-eatt
solaires repondent aux besoins sociaux des consom
mateurs

L'analyse de la clientele des chauffe-eau solaires
montre que, merne dans les regions OU les energies

classiques sont peu cheres, l~ c?auEe"-eau solairs
concurrence les chauffe-eau a energ.e classique,
et ceci grace a la gratuite de I'energiey .« simplicite
et la robustesse du materiel, l'absenc: d'entretien
technique et l'absence de risques.

Suggestions

Le succes des chauffe-eau solaires :""pose, pour
l'avenir, sur les facteurs fondamentau., suivants :
, a) Les perfectionnements techniques permettant

d'esperer une amelioration du renden.ent et un
abaissement du prix de revient;

b) L'education du public, grace a l'intervention
des pouvoirs publics.
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USE OF SOLAR ENERGY FOR WATER HEATING

(Translation c] the foregoing paper)

J. GeofJroy c"

Solutions offered by the Radiasol Company

The Radiasol Company offers a standard 200 1/2
sq m water heater, serving a family of 2 to 4. It is a
complete set, shipped from the factory in two cases.
It can be put into service immediately, provided
there is a cold-water header and a hot-water dis-·
tribution system (see figure 1).

45

Theoretically, the ideal zone for the use of solar
energy is the zone with the maximum annual number
of days of sunshine and where the daily duration of
sunshine is constant and the conventional forms of
energy scarce and therefore expensive. Commercial
experience, however, proves that all the regions
locatedbetween 45° N. lat. and 45° S. lat.and having
over 2 000 hours of sunshine a year may be regarded
as suitable fer the rational use of solar energy to
heat water for domestic purposes, without fearing
the competition of the conventional forms of energy.

,It is well known that solar energy may be collected
wtth or toiiho«; concentration, and that either of these
methods may be used for water heating.

Concentration may be accomplished either by a
parabolic mirror or by a cylindro-parabolic mirror.

The paraLoJic mirror requires a delicate and
expensive mechanism to follow the sun during the
day, and it takes a good deal of space. On the other
hand, it does collect the maximum energy during
the entire period of sunshine, at temperatures of
the order of several hundred degrees centigrade.

!he cylindro-parabolic mirror requires periodic
~dJustment of its inclination and is delicate, expens
Ive and bulky. It collects no more energy than a
plane collector, but it gives working temperatures
over 100°e.

The flat collector is neither delicate nor very
expens.ive. When properly oriented and tilted,
accordu:g to the site, it collects as much energy as
the cyhndro-parabolic collector, but the operating
temperature is below 100°C.

Conditions to be met by a solar water-heater

it It must provide continuous service. Consequently,
~ must be a storage water-heater of capacity sufficient
~ meet the 24-hour needs of the consumer. It must
~ so be provided with a stand-by heating system
? take care of any interruptions of sunlight at the

site.

It must not raise architectural problems:

reB~cause of its bulk: its' storage tank must, if
. qUlred, fit into a single room, while the collector
IS Installed on the front of the building;---• So ietecie e anonyme Radiasol, Paris and Casablanca.

.Because of its weight, which must not exceed the
permissible loads on roof, balconies and floors;

Because of its unaesthetic appearance: the water
heater installed must be compact in appearance
and compatible with the general style of the
building.

Its installation must not require a specialist, and,
like any other household equipment, the solar water
heater must be simple enough to operate after simply
reading detailed instructions.

It must not be more liable to scaling than a water
heater using a conventional form of energy. The
water supply being what it is, the solar water-heater
must deliver water no hotter than 70°C, since scaling
is more rapid above this temperature. The use of a
heating circuit and a heat-exchanger eliminates the
danger of scaling in the sensitive parts of the equip
ment.

I t must not be liable to freeze. The use of a heating
circuit independent of the distribution circuit makes
it possible to protect the sensitive parts of the equip
ment by using an antifreeze mixture (water + alcohol
or water + antifreeze in proper proportions). The
storage tank and the distribution circuit must be
very thoroughly heat-insulated.

It must be sturdy and require neither maintenance
nor inspection. A solar water-heater is usually
installed on the roof or balcony for optimum ex
posure. Access is thus inconvenient. The heater
should have no moving parts, which might get out
of order or need lubrication, and the materials must
be resistant to weather conditions (wind, rain, sand,
sea air).

Finally, it must be competitive in cost with water
heaters using conventional forms of energy. But
the cost of conventional water heaters should include
not only the total capital investment but also the
cost of energy for a least three years.
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Figure 1. Descriptive schematic diagram of Radiasol water heater (200 1/2 m2)



Figure 3. Reservoirs with heat exchangers
during insulation work

NOTE: 1, the control desk of the installation; 2, the probe on
. the reservoir at the right; 3, the pump that can be seen

behind the reservoir at the right.

Recent improvements in Radiasol methods

Seasonal inclination of the collector

The new method of attaching the collector to the
storage tank unit allows the inclination of the collec-
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circulate the water, and a pump controlled by a
patented Radiasol regulator is used instead (see
figure 4). The regulator automatically determines the
period of the day when heat can be supplied to the
volume of water to be heated.

This forced circulation considerably improves the
output of the process. Moreover, the fact that the
storage tanks may be placed in the shelter of the
building foundations, rather than in the open air,
markedly diminishes the heat losses (see figure 3).

The loads on the balconies or roof are also consider
ably reduced in this way, and the installation, the
height of which is no more than 1.60 m in the Medi
terranean region, is practically invisible from the
ground (see figure 2).

Finally, this method makes it possible to fit the
plant exactly to the requirements. Since standard
components are used, it is' sufficient, if the con
sumption increases, to increase the heating surfaces
and the number or capacity of the storage tanks.

Solar energy for water heating

Figure 2. Batter-Ies of Radiasol solar energy collectors

Radiasol :,bo offers the equipment for large
hot-water plants (several cubic metres), comprising:

(a) Unit collectors of 2 sq m for assembly into
batteries (using the required number of units)
see (figure 2);

(b) Storage tanks of various sizes (500 1, 750 1,
1 000 1, 1 500 1 and 2 000 1) with a single or double
heat-exchanger, permitting the heating of the requir
ed amount of water with or without a stand-by
heating system (see' figure 3).

Radiasol heaters use the "glass-house effect" for
colle~ting the heat. The 2 sq m solar collectors
consist .of a very flat reservoir, termed the absorber,
placed III an insulated box and glazed with a glass
pane exposed to the Sun. The absorber is connected
to a heat exchanger placed in the pressurized water
contamed in an insulated storage tank. The collectors
are always so arranged as to receive the maximum
solar radiation at noon. To transfer the heat to the
wate- supply, the Radiasol Company uses therrno
sIphon circulation or forced circulation.

In the standard water heater (200 1), as soon as
the sU~light strikes the glass, the water becomes
heated III the absorber the circulation starts by the
thermosiphon effect a~d the heat is delivered to the
SUpply water through the heat exchanger. As soon
~s the Sun disappears the circulation stops and is
I:revers~ble, owing to' the location of the collector
~n t:opIcal regions), or else by the action of a paten!ed
adI~Sol valve (in Mediterranean regions), WhICh

he:mIts reducing the height of the equipment to the
eIght of the storage tank (see figure 1).

te In the larger plants, with a capacity up to several
. ns of cubic meters, the storage tanks are placed
~~ the ~asement of the building. In such cases, the

ermosIphon principle can no longer be used to
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tor to be c1, ,. :ged during the course of the year.
This attachn', nt is accomplished by means of a
collar slidin; ,long the surface of the storage tank
and a set u, ;c'xible connecting piping permitting
all inclinatio , between 15 and 45°.

The anii-reit.. valve sensitive to extremely small
pressures

Solar water :(':tters with heat-exchanger, operating
by the therm. -iphon principle, are of two types.

One type b -, the heat exchanger in a small tank
attached to t 1w bottom of the reservoir containing
the water to ::~~ heated, with the collector installed
below. The H:t! height of the plant is the sum of
the total or J'; rtial heights of these three elements:
tanks, heat ,-,-hanger and collector. This arrange
m~nt. preven: return flow on the thermosiphon
prmClple at ;';l1t, but the total height of the plant
involves ma:; - disadvantages - aesthetic considera
tions, ease (. ;nstallation, ventilation, etc.

The other- 'rave their heat-exchanger inside the
reservoir, ai. he collector is installed at the same
height as tl. - vxchanger. In these cases, the total
height of tb- 1.111t is much less than with plants of
the fo:mer L 'I,', but, under these design conditions,
ther~ IS a J ( " rn thermosiphon effect at night, thus
causmg: the _orage tank to lose part of the heat
stored In it :i\lring the day.

The Radia..ol anti-return valve prevents this
revers~I. In contrast to the valves in use up to
now, It is smsitive to extremely low actuating
pressures and does not substantially reduce them.

The valve comprises a moving mushroom in a
shell with two apertures, one at the top and the
oth~r at the bottom (see figure 5). The mushroom is
C~ll1cal and is made of corrosion-resistant plastic
WIt? a coefficient of cubical expansion low by com
pa~lso~ WIth that of water. It is so weighted as to be
m mdlfferent equilibrium when placed in the liquid
~?ed f~r the heating circulation. Finally, it is so
.lmenslOned that its point cannot leave the orifice
It must close.

Position :

circulation closed

Position :

circulation open

Figure 5. Schematic diagram of Radiasol anti-return
valve sensitive to very low pressures

Electronic regulation of the heating circulation of high
capacity plants

When the reservoir and its exchanger are placed
at the same level as the absorber, or below it, the
circulation is accomplished by a pump. But this
pump must operate only when the temperature of
the fluid in the absorber is higher than the mean
temperature of the water in the reservoir.

The Radiasol regulator is a temperature-sensitive
electronic device (see figures 6 and 7). It consists of
a D.e. generator feeding a Wheatstone bridge with
one probe in its branches to take the temperature
of the solar collectors (termed the hot probe) and
another to take the temperature of the reservoir
(termed the cold probe). A temperature-difference
detector is placed on the diagonal of the bridge.

INDICATOR SIGNALS
RUN STOP

~RELAY

TDlPERATVRE-DIFFEREIiCE
DETECTOR

D.C.GENERATOR

Figure 6. Schematic diagram of Radiasol B02 regulator,
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Figure 7. B02 Radiasol regulator with its power relay

The' differentials operating it may be regulated
according to the heat losses of the plant and its
circulation. Through a power relay, it will start and
stop the pump forcing the circulation.

The general law of operation of the regulator is
of the form:

KM
--- where .!la = O2 - 011 + IX02

.!l0 being the temperature difference between the
probes,

01 the temperature of the cold probe, and
O2 that of the hot probe.

The identification of the quantity IX with the ther
modynamic coefficient ~ = 1/273 allows the thermo
dynamic output to be held constant, whatever the
temperature of the probes, when the actuating
differentials have once been set.

The stand-by heating system

During rainy days, or days with very little sun
shine, the solar radiation may be insufficient to obtain
the minimum temperature required in the reservoir.
While such periods are very infrequent in a desert
climate, are discontinuous in a tropical climate, and
do not exceed several tens of days per year in the
Mediterranean climate, Radiasol has provided a
stand-by heating system in all cases where uninter
rupted hot water service is essential. The stand-by
heating system raises two essential problems.

(1) To retain all the possible advantages of energy,
every plant making use of stand-by energy must
take account of the fact that solar energy operates
at a lower temperature than the conventional
forms of energy. Consequently, to prevent the
conventional energy from interfering with the work
of the solar energy, both energies must operate in
series: either in two reservoirs, the solar energy
being used for pre-heating in the first reservoir,

and the conventional energy operating in the second
reservoir, which receives the pre-hcated water;
or in time, the stand-by energy bE'mg used only
after the solar energy has already ,'6ven up its
calorific potential.

(2) The cost of t.he investment ;1.ecessary. to
provide stand-by heatmg must be as low as possible,
and it must consequently take accoun 1. of the power
equipment of the place under consideration.

Stand-by heating system for the standard Radiasol
water heater of 2001/2 sq m. In principle. an electrical
resistance passing 1 kW is used. It is controlled by a
thermostat, for which a place is provided, and a
clock, which will permit the electric circuit to be
closed only (a) when the temperature of the ,,:,ater
in the reservoir is below, say, 50°C, and (b) at night,
to gain the benefit of the night electric rates, where
they exist.

Stand-by heating system for the large [orced-circula
tion solar water-heaters. There are several SolutlOns:

(a) As with the standard 200 1/2 sq m water
heater, an appropriate electrical resistance may be
placed on the last reservoir of the plan t ;

(b) When the house has central healing, the last
reservoir of the water-heating plant mny have two
heat-exchangers, one with a large hea: ing su.rface
for the solar heating circulation, the other WIth a
normal heating surface branching onto the central
heating system like a simple radiator;

(c) A gas water-heater may be placed at the deli~·
ery of the solar heating plant. The burner of this
gas heater will light only if the water preheated by
solar energy fails to reach the desired temperature.

Tests and output

This section is intended more for the purpose of
defining a programme than of describing a procedur~
already applied. For rigorous output, tests an
calculations require very costly measuring .a~d
recording instruments, and, above all, long peno J
of observations, which a private firm could aftor
only with difficulty.

For these reasons, it would be desirable to h~v1
~he . official meteorological stations and p~yslca.
mS~ltutes of the world participate actively III eS

fpenments on equipment utilizing new sources 0

energy, such as solar energy.
For tests of improvements to be significant, t~e

measurements of production would have to be ma1e
simultaneously' on two water-heaters, differing on y
in the improvement to be tested.

Incident energy is measured by a solar graph
oriented and inclined like the collectors of the water
heaters.

. ityProductlOn measurements relate to the quanti t
of hot water delivered at the temperature T, constan

throughout the test (period of sunshine). The pro
duction is measured at various values of T.
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Outpttt is Io.uid in the form "Mean daily output
for the temper rture Tx of the hot water produced."

Probe-mea5::/t'ment of water heaters: to facilitate
the explanation of the observed results, the tem
peratures are 'c:: ken at the points of greatest interest
in the water "·ater.

Capite: costs and operating costs

The capita! costs comprise: (a) the cost of produc
tion at the fad my; (b) the cost of packing and ship
ping; (c) the cost of installation; (d) the commercial
or selling costs.

In France, the cost of production at the factory
of the 200 Jj:! sq ill water-heater comes to about
900 NF for production in series; packing and shipping
costs range from 100 NF for a destination in France
to 400 NF 1", a distant overseas destination; the
installation CO:L ranges from 100 to 200 NF, accord
ing to the diiliculty of the job; and the commercial
or selling cosr vs of the order of 50 per cent of the
factory price, ·r 450 NF. For the consumer, without
taking accou»: of the possible charges and customs
duties, the \,.. ;IT-heater costs, 'according to the place
of installatic: from 1 550 to 1 950 NF.

The oper~ti;lg costs, or costs of producing hot
water, reduce down to cost of maintenance of the
equipment, which is negligible, and amortization
?n a 10-year h'.sis (Radiasol heaters have been operat
~ng for 14 years). The amortization in 10 years
1S thus between 155 and 195 NF annually.

Since the water-heater gives the consumer the
eqmvalent of 3 000 kW per year, on the average,
at electric rates ranging from about 0.05 to 0.5 NF
per kW, according to the region, the formula

1
x = 3000 PkW

~iving the number of years required (x) for the saving
In energy cost to pay for the capital investment (1)
PkW being the cost of 1 kW at the place of operation.

Extent to which solar water-heating systems
meet the social needs of the consumers

,Whatever the breadth of this question, it will
still be noted that hot water is a necessity for the
Individual. The solar water-heater therefore meets
a need to the extent to which it can provide con
sumers with hot water at a unit cost lower than for
any conventional form of energy.

We have demonstrated above taking' electricity
~s the ~nergy for comparison, that the ~olar ~ater
hfater IS fully competitive, even in regions with a

ghly developed electric power system.

The analysis of the customers for solar water
heaters shows that, in cases where the equipment
cost is substantially the same, other factors are
decisive for the choice of solar heaters: no technical
maintenance required; no hazard; and, finally, the
sturdiness of the equipment.

Seventy per· cent of the total business of the
Radiasol Company is for plants serving public
buildings: hotels, clinics, maternity. hospitals, dis
pensaries, athletic clubs, military barracks, boarding
schools, religious communities.'

Suggestions

The future success of solar water-heaters will
depend essentially on two basic factors: technological
improvements and the education of the public.

Technological improvements

Research should be directed towards: selective
surfaces, to increase the proportion of energy cap
tured; thermal insulation, to reduce the losses of
stored heat; anticorrosive coatings, to prolong the
service life of the equipment; and use oflight materials
to decrease the weight of the equipment.

The results of such research should permit an
improved output from the water-heaters, which
would reduce the cost per calorie.

I t would be extremely desirable if designers made
available to constructors simplified and standardized
instruments for measuring incident energy and for
measuring temperature. .

It would be excellent if the stations of the Meteoro
logical Service and those of the Institute of Geophysics
could ,be used as test stations.

Finally, it is suggested that an international agency
be organized to establish standards for solar water
heaters in connection with a label of quality.

Education of the public

In spite of the efforts at popularization that have
been going on for several years, the public still sees
solar energy as a mere hope, without possible prac
tical applications.

To make the possibilities of solar energy known,
the intervention of the authorities is indispensable,
for the new items about designers of solar water
heaters are insufficient to incorporate these new
methods in the way of the life of the people.

The basic ideas about solar energy should he
included in the curricula of scientific and technical
secondary education, of vocational building-trades
schools, and of schools of architecture and town
planning.
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Summary

The development of solar water-heating in a given
place depends directly on the number of days of
sunshine in the year, the constant value of the daily
duration of sunshine and the cost of conventional
forms of energy.

The maximum possible amount of thermal energy
may be captured and retained either with or without
concentration of solar energy.

The flat solar collector is the most advantageous
system for water heating.

Conditions that a solar water-heater must meet

It must be able to ensure continuous service.
Consequently, its capacity must be adequate, and
it must also have means for stand-by heating if the
sequence of days with sunshine is not continuous.

It must not raise architectural problems by reason
of its volume, its weight, or its unaesthetic appear
ance.

Its installation must not require the services of
a specialist.

It must not cause scaling of the boiler: the water
must be delivered at a temperature not over 70°C.

It must not be liable to freeze. Heating must
thus be indirect, with very careful thermal insulation.

It must be sturdy, and require neither maintenance
nor inspection. Consequently, it must have no
moving parts, and its components must not be
liable to corrosion.

Its price must be competitive with those of other
water-heaters. The saving due to the fact there is
nothing to pay for the energy must pay for the
equipment in three years.

Solutions offered by the Radiasol Company

Radiasol produces the following materials III its
industrial series:

(a) Standard water heater (200 1/2 sq m) to meet
the needs of a single family. The heating circulation
operates on the thermosiphon principle. Another
version (200 1/4 sq m) for a larger supply of hot water
during sunshine hours;

(b) Large-capacity plants (several cubic metres)
for hospitals, boarding schools, etc. The water is
circulated by a pump with a specially designed regu-
lator. '

Recent improvements in Radiasol methods

(a) Seasonal variation of the angle of inclination
of the collector;

(b) Irreversibility of the thermosiphon: the valve
acting at extremely low pressures;

(c) Electronic regulation of the w;!" r circulation
in large-scale units, by application Wheatstone
bridge;

(d) The stand-by heating system. in all cases,
the stand-by heating must not ink -re with the
solar heating.

Tests and output

For tests on improvements to be <'nificant, the
output must be measured simultaneously on two
water heaters differing only in the in: .rovement to
be tested.

Incident energy is measured by a so:igraph with
the same orientation and inclination a:· he collectors
of the water heater.

Production measurements relate to t i ,. ' quantity of
water delivered at a temperature T, c{'stant during
the test (period of exposure to suns! 'l The pro
duction is measured at various values . T.

OutP~tt is found in the form "l\fea;iaily output
for temperature Tx of the hot wat produced".

M easurement of temperatures at Vat';', .s points: to
facilitate explanation of the 0 bserve« results, the
temperatures are recorded at the m..vt important
points of the water heater.

Capital investm~nt and production costs

The capital investment costs comprise: (a) manufac
turing cost at factory; (b) packing and shipping costs;
(c) installation cost; (d) selling cost.

The production cost reduces down to maintenance
of plant and amortization of plant.

Exten! to which solar water-heating systems meet the
social needs of the consumers

Marketing research on solar water-heaters indicates
that, even in areas where conventional form~.of
p~wer are inexpensive, such heaters are competItIVe
WIth conventional water-heaters because the energy
is free o~ cost, the equipment is simple and sturdy,
~o .techmcal maintenance is required, and no hazard
IS mvolved.

Suggestions

The future success of solar water heaters is based
on the following basic factors:

(a) Technical improvements promising increased
output and reduced cost·

(b) Education of the 'public by the intervention
of the authorities.



SOLAR WA'~ <R HEATERS

K. N. Mathll"~ and M. L. Khanna **

The developrnc: I ts in the direct utilisation of solar
energy for hum.m needs have taken place along
two different li n. 0;, In onc, use is made of concen
trators like lensc-. or mirrors to bring to focus solar
energy falling 0\\', a large area and thereby producing
very high tem 1': -ratures over small areas; in the
other, heat colic" ors in the form of flat surfaces are
used to receive :<;;ar energy and then transfer it to
a fluid medium : '1 close contact with the surface.
In general, cone" r tration of solar radiations is called.
for where atta i r . dent of high temperatures is the
objective as in .. .oking or for purposes of power
development; 0, .he other hand, the flat plate collec
tors are most], 'ell where large quantities of fluids
have to be heat' • 1 hrough a limited range of temper
ature. A very i, ";\1rtant advantage here is that the
flat plate colle ,'Irs are comparatively cheap, and
:eqUlre practica.: '; no attention once they have been
mst~lIed. For t:\':~; reason, they have found extensive
use III the expcI irncntal projects on solar heating of
houses.

. In this paper a more modest use has been inves
hg~ted, namely, hot water supply for domestic re
qUIrements like bath, kitchen use, etc. For this pur
pose the equipment designed and described here has'
proved economical and satisfies all the demands of
an average family for its needs of daily hot water
SUpply.

i T~e success of any method of utilising solar energy
ne~Itably depends upon the number of sun hours

raIlable. The Indian winter months offer the most
~vourable time to make the best use of solar radia-

hons Th" 1 . . . d . bl.' IS IS a so the time when It IS most esira eto h .
. ave a domestic hot water supply. Rot water
~stallations have been in use for some ti.me in the

.S.A., Japan and elsewhere but the aim of the
fresent investigation was to g~ther performance data
o!an economical unit the cost of which would be

WIth' , '1
In the means of an average income group fami y.

.The main characteristics of the North Indian
~~ter months are as follows. Beginning with October
the day temperature starts going down and by about
90QFmIddle of the month the maximum falls to
d . By the end of November the maximum goes
Down to 80°F. and the minim~m to 45°F. During

ecember and January the minimum night tern
p:ratures are around 35°-38°F and the maximum
sands between 650-700F. Through February the

------• Central Scientific Instruments Organisation, New Delhi.
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temperatures show a tendency to rise and March
shows a distinct rise. Towards the end of March,
the hot season begins to set in and the equinox is in
fact a herald of the summer season. An average
Indian household needs a domestic supply of hot
water for bathing and washing purposes from, say,
the middle of October to the end of March, i.e., for
a period of about five and a half months, and for
washing purposes alone for the rest of the year.
Table 1 shows that the .period from October to May
is about the most favourable for utilizing solar
energy and also synchronises with the maximum
demand.

In most of the common types of flat plate collectors
tried in the D.S.A. and other countries, the heat
transfer is effected by water flowing through copper
pipes soldered to a blackened copper absorber plate
(1, 2, 3, 4, 5). The surface facing the sun has one or
more layers of glass plates a little above the absorber
surface, while the underside and the edges are protect-

. ed with insulation to prevent undue heat losses. In
this pattern of the collector, the heat absorbed by
the copper plate, when exposed to the sun, goes to
heat the circulating water via the copper pipe. This
method suffers from certain obvious disadvantages,
which go to reduce the efficiency of heat transfer.
In the first place, the copper pipes fixed to the ab
sorber are usually spaced about 4 to 6 in. apart and it
is found that midway between two adjacent pipes
the temperature is considerably higher than the
temperature of the water-carrying pipes. The effect
of this on absorber efficiency, according to Hottel
and eo-workers (6), depends upon a number of factors,
such as the material and thickness of the absorber
sheet, the number of glass plates and the spacing
between consecutive copper pipes. The second factor
which reduces efficiency is the very limited area of
contact between the circular pipe and the flat surface
of the plate, where the pipe is soldered to the plate
with soft solder. It is through this narrow region of
contact that all the heat exchange between the flow
ing water and the collector plate takes place.

In view of the above disadvantages it was decided
to do away with copper pipes altogether and to use
instead corrugated metal sheets as heat collectors
and to back them up with a plane metal sheet to
form a sandwich with parallel water channels running
the entire length of the corrugated sheet. Galvanised
iron corrugated sheets form one of the cheapest
roofing materials in India and are usually available
in widths of 2-10 in., varying in length from 6 ft to
10 ft. These sheets are available in several thicknesses

53
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Table 1. Total number of bright sunshine hours at New Delhi, latitude 28°35' N; longitude 77' i J.' E,
for the years 1955-1960 (courtesy Indian Meteorological Department)

Months 1955 1956 1957 1958 1959 1960 A '1.'£;-: [!(~

January 189.0 235.5 181.6 241.2 22Ll 247.3 2lf~ ;;

February 259.9 279.2 265.8 248.7 247.2 279.0 20;U

::\larch 262.9 259.2 255.5 274.8 271.0 232.1 2;j~, ~)

April . 268.9 307.9 276.5 191.0 269.3 . 276.5 2fi;~.O

May 284.9 283.7 308.9 185.5 309.3 309.3 28fJ.:'

June. 101.1 207.4 251.8 166.2 251.0 237.5 20:!Jj

July 167.4 200.6 153.8 140.4 199.1 153.8 16H.2

August. 161.5 205.8 211.8 189.5 190.2 123.7 180..!
September. 208.2 266.4 209.8 164.3 203.8 244.4 216.~

October. 246.9 236.7 296.5 275.8 276.8 264.0 26G.1
November. 298.2 279.0 276.9 285.3 273.4 288.9 28'3.;;
December. 261.4 210.1 216.1 242.6 266.4 246.3 24(1.'.

but we have found 26 gauge (0.010 6 in. thickness)
most convenient to handle.

Details of construction

A sandwich is formed with a corrugated sheet
backed with a plane sheet of the same gauge, the
two being secured by rivets at points along the lines
of contacts. The edges along the length are hammered
together with an overlap and then sealed with soft
solder as shown in figure I. The openings along the
width are carefully soldered to circular header pipes
formed from galvanised sheet of a thicker gauge cut
carefully along one edge to follow the crests and
troughs of the corrugated sheet. One end of the
header pipes is closed. To the other end are soldered
galvanised iron threaded reducers to take I tin.
standard G.!. pipe. These are soldered to diagonally
opposite corners, so that water entering through one
side flows through the header pipes, then through
the channels of the corrugated sheet and out into
the upper header pipe. To complete the heating
unit, the corrugated face is given a coating of carbon
black dispersed in a dilute solution of shellac in
methylated spirit of wine. The completed assembly
is encased in a wooden box large enough to allow
4 in. of rock wool insulation at the back and a
similar thickness around the sides. In order to prevent
shadows an extra space of 4 in. is allowed on the
two long sides and wooden planks painted white
are fixed at a small angle with the sides. The upper
face of the box is glazed with sheets of 1/8 in. thick
window glass with an air gap of about 2 in. between
the glass sheets and the metal heater surface.

The heater units thus formed had a glazed surface
area of 22.4 sq ft and blackened sun collecting area

Figure 1. Section through heat collector units with one
corrugated and one plane sheet

of 19.0 sq ft. Arrangement was provided for inserting
thermometers in the inlet and outlet pi;)es. For t~e

purpose of taking observations as .iescribed In

this paper, a constant head arrangement was adopted
to enable a constant water flow to be rus intained and
a bib cock on the outlet side (not shown iu the figure~)
enabled the rate of discharge to be conl rolled. This
arrangement was used only to find OU1 the over-all
thermal efficiency of the system. The system ~s

installed for domestic hot water supply is sho,~n In

figure 2, and its details of construction are given,
in figure 3.

In order to get maximum advantage of sunlig.ht
an adjustable arrangement is necessary by which
the collector can be made to face the sun so that at
any instant the rays of the sun strike the surface
at normal incidence. An elaborate arrangement of
this type will be cumbersome and expensive and,
therefore, a compromise had to be made to fix the
collector in a position that gave maximum advan
tage. This can be secured in the northern hemisphere
by facing the collector due south and inclining the
surface by the same angle to the horizontal ~s the
latitude of the place. This will ensure normal inCIdence
at noon time at the periods of the equinoxes, when
the sun is too low in winter and too high in sum,mer.
However, in order to make the best use of the wmter
sun, when the length of the day is short and. the
hot water requirements are large, it was d~clded
to set up the collector at an angle of inclinatiof ?f
45° to the horizontal (latitude of Delhi, 28° 35'). r!l1S
ensures a larger measure of solar intensity durIng
the winter months.

Observations

Observations using a heat-collector unit with f
single layer of glass were recorded on a numbe: 0

days and are presented in table 2. The observatIOnS
were made at intervals of one hour during 6 hou

r
rs

of sunshine from 10.30 hrs. to 16.30 hrs. 1ST. 0

determine the heating capacity of the system, ~he
quantity of water passed through the unit was varIed
from a maximum rate of 21 gallons per hour to
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SE.CTIONAL PLAN AT A-A
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Figure 2. Complete set-up of the single solar water heater unit

(I, glass Cover; 2, overflow; 3, outer cover of water reservoir; 4, float; 5, ro~kwool insulation; 6, hot water outlet; 7, cold water inlet;
8, wall of water reservoir; 9, connection to water supply; 10, angle iron stand; 11, support for water heater; 12, wooden base
for reservoir; 13, cold water inlet pipe; 14, hot water outlet pipe; and 15, outer f~ame of the reservoir)

4.0 gallons per hour, which corresponds to a flow
rate of 9.4 lb. to 1.8 lb. per hour per sq ft of the
effective glazed area.
b The values for intensity of solar radiation have
. een calculated from measurements of the total
Intensity of incident solar radiation and of the
s~attered sky radiation made with a simplified type
o pyrheliometer. Measurements were made at inter-

vals of one hour and the average of these readings
was taken as the jntensity during the period. Read
ings were, however, subject to a certain amount of
fluctuation due to passing light clouds or gusts of
wind.

From the measured rate of flow of water and the
rise in temperature, the quantity of heat, Q»,
absorbed by water per hour per sq ft of the exposed

3
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Figure 3. Details of construction of the single solar water heater unit

(I, rockwool insulation; 2, bottom plane G.!. sheet; 3, glass sheet cover; 4, top G.!. corrugated sheet;
5, air gap; 6, felt padding; and 7. wooden casing)
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Table 2. Working efficiency of solar water heater with a single corrugated sheet with different
rates of flow of water

Av. rate
:Elae- btu/sq It I . btu/sq It/hr :EQ w btu/sq It EO., •oj water flow, jor 6 hrs av A eae. of [or 6 hrs Qw btu/sq It/hr % Ko".·

gal/hr

21.0 1419 236.5 20.8 1 186 197.7 83.6 1.9
19.0 1433 238.8 22.6 1 148 191.3 80.1 2.1
13.0 1517 252.8 31.2 1069 178.1 70.4 2.4
10.0 1353 225.5 38.1 1045 174.1 77.2 1.35
7.0 1361 226.8 50.0 975 162.5 76.6 1.28
7.0 1407 234.5 52.8 1004 167.3 71.3 1.27
6.0 1193 198.8 52.4 824 137.3 69.1 1.1
4.0 1120 186.6 57.4 564 94.0 50.4 1.6

* K a .". has been calculated from equation [2] using average values, 1:10"" I:Qw and ~ea". as given in this table.

glass surface of the heater was calculated. (Specific
heat of water was taken as unity in all calculation.)

The ratio of QU! to the amount of total solar
radiation, I, falling on the exposed glass surface,
gives the over-all efficiency of the flat plate absorber.
The total solar radiation I, was obtained from the
observed value of Is, the intensity of scattered
radiations, and the normal component, le, of direct
solar radiation, Id falling on the surface. Thus
I = le + Is. The value of le is calculated from the
observed value of Id making use of the well-known
equations involving the hour angle, the solar declina
tion, the solar altitude and the angle of the absorbing
surfaces with the horizontal.

As a result of the incidence of the quantity I of
solar energy, the water in the heater will be heated
up and there will bea difference in' temperature
of incoming and out-flowing water. Let 6, be the
temperature of incoming and 60 the temperature
of out-flowing water. Then if W is the mass of water
flowing through the absorber per hour per sq ft of
the glazed (Le. exposed) surface, then QU!. = W
(60 - 6,) (specific heat being unity) will give the
amount of heat absorbed by water. This should be
equal to the amount of total solar radiation, I,
fal1i~g on the exposed glass surface of the collector
provided there is no loss of heat due to any cause.
However, there is loss of heat not only due to radi
ation from surface of the top glasses as well as from
the blackened surface of the collector, but also by
conduction through the back surface of the heater
plate in contact with the insulating material, and by
convection through air blowing over the glass surfaces.
These losses depend upon factors, like ambient tem
perature, wind velocity, presence of clouds, etc.
~f the over-all heat transfer coefficient, k, is expressed
m btu/hr/sq fttF, then the total quantity.of ~eat
lo~t to the surroundings, to a first approximation,
wil! be given by:

Where 6A is the temperature of the surrounding air.
~f We take the temperature of incoming water 6, to
e the same as the ambient air temperature 6A ,

then the heat balance equation can be expressed
as:

1= k (6 0 ~ 6, - 6A ) + W (60 - 6,)

or I = (K + W) Aa [1]

where K = k/2 and Aa = (6 0 - 6,), the rise in temper
ature of water. It is apparent from the above that·
heat utilization will be maximum when K = O.

The efficiency of solar heat utilization as given in
table 2 is calculated from the following relation:

Percentage efficiency (Eff. per cent) = Qr
100 TV

X 100 = (K + TV) [2]

Experiments were also carried out with two and
three layers of glass sheets to see if there was any
improvement in heat utilisation. The results have
been discussed later.

Discussion

The performance of flat plate collectors has been
the subject of much detailed theoretical and experi
mental study by several workers (1, 2, 3, 4, 5,. 7).
Ward (5) has distinguished between four poss~ble

conditions of heat flow in a flat plate collector, i.e.,
(1) steady state condition with no fluid flow, (2) un
steady state with no fluid flow, (3) s.teady state
with fluid flow and (4) unsteady state with constant
rate of fluid flow. Of these, (3) and (4) are the most
important conditions from a practical standpoint.

In the present set of experiments we have tried
to approximate to condition (3), namely, steady
state with fluid flow. It is apparent that during the
early hours of morning this is far from the case and
it takes some time for the system to reach a somewhat
steady condition of working. In the experiments the
rate of water flow through the collector has been
varied from 21 gal/hr to 4 gal/hr. At the higher rates
of flow, it is obvious that the rise in the water temper
ature, £l6, will be less, and reference to the data in
column 4 of table 2 shows that the maximum increase
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in temperature with a flow of 21 gal/hr is 20.8°1'
only. With the flow rate of la gal/hr, this goes up to
:n.2°F, with 7 gal to /)2.8°1' and with 4 gal to 57.4°1'.
When the rise in temperature is large, i.e., with
slower rates of water flow, the losses due to radiation,
conduction and convection increase considerably.
On the other hand, with higher rates of flow, the
temperature rise is less and the losses are correspond
ingly reduced. This aspect is brought out clearly in
table 2 where the total quantity of heat absorbed
by water, i.e., ~QlC over a G hr period of sunshine
during the day, is given along with the rate of flow
of water and the average rise in temperature over
the ambient temperature - the average rise LlOav

being the mean of the readings M obtained at
hourly intervals.

It will he seen from the results presented in table 2
that as the rate of flow is reduced the rise in temper
ature is greater, while the total amount of heat
actually absorbed by the water during a day is
reduced, the reduction being due to increased heat
losses: Part .of. these losse~ can be reduced by (1)
reducing radiation, conduction and convection losses
from the glass surface by using two or more layers
of gla~s and (2) increasing the thickness of insulating
material. The effect of increasing the number of
glass layers was investigated for 7 and 10 gallon
flow rates and is given in table a.

The results show that for both rates of flow the
total amount of heat absorbed as also the increase
in temperature, is significantly less compared with
one layer of glass. This agrees with the observations
made by. Trombe at Mont Louis, (8) that. while
the multiple layers of glass undoubtedly help to
reduce the heat losses, they also reduce the amount
of heat en~rg~ reaching the heating surface because
of absorption In the glass. However, if the ambient
te.mperature is very low, as may happen in the colder
cl~mates, where both low temperature and cold
~\'lnd~ may be present, there may be some advantage
In usmg two or three layers of glass. It will be seen
from equation [2J that the heat transferred to water
\~ill ~e maximum when K = o. In figure 4. the varia
tion In the value of K calculated from individual
hourly rea?ings has been plotted against the time
of day. It IS observed that for both: the higher rate
of 1!l gal/hr and the lower rate of G gal/hr, the K
v~lues show large variations reaching a figure as
I11gh as 4.1. On the. other hand, for the rate of 7 gal/hr
observed on two different days the variation in value
of K is much less and lies between O.i!l and 1.4.

Table 3. Effect of ~Iass layers
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Figure 5. An Installation consisting of two solar wnter
heater units

Conclusion

From the results summarised in thi: paper it is
clear that the design of the Solar \\;, ter Heater
described here is a practical proposition f,.r obtai~ing
a supply of hot water. In the size invcs,igated, I.C.,

an insolation area of 22 sq ft, an optimum supply
rate of 7 to 10 gallons per hour could be maintaincd
with a rise in temperature of 38° to 50°[< tor a period
of 6 hours a day during the winter months in North
India (leaving out a few cloudy days during late
December and early January). Over a G-hour

This is found to be the case, more or :l'SS, for the
rates of 9 and 10 gal/hr also. It may L' concluded
from this that for the size of water heatrr described
in this paper the flow rate of 7 to 10 g:, .hr appears
to be optimum; the rate of 7 gal/hr bei :;: preferable
if the water is to be heated to higher t- .npcraturcs-

u,
o

47.3
3:1.8
31.4

.1 0.... ,ise .'1 It",!".
01'/' 4nrbir"t I("",f'.

('Pi ,rrJ~

liO.7
:14.4
:12.7

785
882
880

'"Q
f,[u/.q ii I~' 6 ~"

8:10
924
907

,-fr. ,aJ,ol 1f0U'
of e-ater,
~·J/~'

7 .
10.
10.



Solar water heaters S/102 Mathur and Khanna 59

period the energy absorbed for 22 sq ft insolation
area averages between 20 000 and 26 000 btu
per day, corresponding to slightly over 6 kW hr of
electrical energy. Electricity for domestic power
is supplied in the Delhi area at the rate of 10 llaye
paise per unit or one rupee for 10 units. This works
out to about 60 llaye paise per day or 18 rupees per
month. A heater assembly comprising one 100
gallon insulated storage tank coupled to two heating
units each of 22 sq ft insolation area appears
to be a suitable unit for domestic purposes. Such
units have been under observation in Delhi for the
last five years and the results have been very satis
factory. In actual use a constant stream of water
is not drawn from these units but water is drawn
as and when needed. On a clear winter day in Delhi
the number of bright sunshine hours average to
more than 250 during November to April which
works out to about 8 hours a day. During the first
morning hour and the last afternoon hour the sun is
too low for much effective heating but the remaining
6 hours contribute between 20 000 to' 25 000 btu/
22 sq ft heating area to the heating of water. In the
arrangement adopted (figure 5) thermosiphon action
keeps the water circulating between the heater and
the storage tank and the temperature of water in the
reservoir attains a temperature between 120° to
140°F. Most of the demand for hot water occurs
durin& the earlier morning hours and so it is most
essential that the storage tank is properly insulated.
Rock wool insulation 4 in thick was provided for the
storage tank and the fall of temperature after a night
of storage (minimum night temperature being 34° to
36°F) did not exceed 20°F. Thus a supply of water,
heate? the previous day, was available for use in the
mormng at a temperature around 120°F which was
found to be adequate for most purposes. The heating

system has been installed on the roof of several
houses and care was taken to see that sufficient
pressure exists in the pipe line to refill the storage
tank as hot water is drawn out. If due to low supply
pressure during the day the storage tank does not
fill, then the thermosiphon action stops and no
heating takes place. In such cases a cold water tank
at a somewhat higher level was found necessary
to keep the storage tank full all the time.

The main point about the arrangement adopted
here is the low cost of the system. In the conventional
heaters used elsewhere copper pipes fixed over copper
sheet have been used. These offer no particular
advantage over the system adopted by us. On the other
hand their efficiency is somewhat lower for the
reasons discussed earlier in this paper. Our figure
for efficiency averages to 80 per cent under certain
conditions. This figure compares favourably with the
recent observations reported by Thomason for heat
ing cold city water for a swimming pool using cor
rugated sheet metal as the heating surface (9).

In the arrangement adopted here an effort has
been made to keep the cost as low as possible. The
cost of materials and labour for a unit using two
22 sq ft insolation cabinets and an insulated storage
tank of 100 gallon capacity works out at 500 rupees
($1l0). To this must be added the cost of pipe line
and its insulation from the storage tank to the points
of consumption.

If the demand for hot water is not large, then
only one heating unit of 22 sq ft area need be used
with a 60-gallon storage tank. This will bring down
the first cost to about 350 rupees which is about
two-thirds the cost of a comparable electric heater
with the added advantage that there is no recurring
cost of energy.
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Sunimnry

An arrangement for heating water from solar
T~ergy has been described using a fiat plate collector..' hUsual fiat plate construction using a copper sheet
\\It a length of copper pipe soldered on it has been
~Placed by a comparatively inexpensive arrange

ent consisting of a corrugated galvanised iron

sheet blackened on top and backed by a plain gal
vanised iron sheet forming a compact sandwich in
which water could fiow through the channels between
the plane sheet and the corrugations. Two header
pipes soldered on either side along the width served
as inlet and outlet for circulating water and completed
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The arrangement is cheap and mak.
available materials and in the larger ~i

500 rupees (SllO) giving a saving of \I;

per month. Several of these units ha'
experimental use for several years anc:
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the heating unit. The unit was enclosed in wooden
casing with glazed top and was provided with ade
quate insulation on the back and sides to prevent
undue heat losses. The unit was set up facing due
south at an angle of ·lliO to the horizontal.

Experiments were conducted to test the efficiency
of the heating unit by passing a constant stream of
water at rates of flow varying from 11 gallons per hour
to :!I gallons per hour. Observations show that for a
heating unit with an insolation area of :!:! SI) It, the
optimum rate of flow lies between 7 to 10 gallons
per hour with a rise of temperature of liO°F for
7 gallons rate and :18°F for to gallons rate. Over a
(I·hour day of sunshine the heat gain comes to be
tween 20 000 and :!ll 000 btu per day or over IOli btu
per hour per sI) ft of insolation area with an efficiency
better than 70 per cent. In Delhi (lat. :!8° :11)', long.
77° I:!' E) and in most parts of North India the winter
months from October to March give an average of
about 8 hours of sunshine per day. Only a few days
of clouds and rain are encountered during this period
but even on these days appreciable heating takes
place due to scattered sky radiations,

CIIAUFFE-EAU SOLAIRES

Resume

Cc memoirc dccrit un dispositif pour le chauffage
de l'cau par l'cncrgic solaire, qui fait usage d'un
collecteur it plaque plate. Le mode de construction
usucl de cc genre de matcriel, qui fait usage d'une
feuille de cuivrc it Iaquclle on soude une longueur
de tuyau de cuivrc, a ete rem place par un dispositif
rclativcmcnt pcu coutcux constitue par unc fcuille
de tOle ondulcc en fer galvanise, noircie en sa surface
supericure et doublee d'une t61e ordinairc en fer
galvanise ele manicrc a former un « sandwich n

compact oil l'eau pent s'ecoulcr par lcs rigoles
Iorrnccs entre la tole plate et lcs crcux des parties
ondulccs. Deux collectcurs ~oudCs de chaque cote
et sur la largeur du dispositif scrvcnt d'admission
et ell' sortie a I'cau circulante et completcnt le dis
positif <le chauffage. II est contenu dans 1II1e caisse
en bois avec partie supcricnrc en verrc cl protege
par un isolant satisfaisant sur l'arrierc et les cotes,
pour evitcr lcs pertcs de chalcur cxcessivcs. Le
dispositif est montc de manierc aetre oricnte cxactc
ment vers le sud, a 4FiO sur I'horizontalc.

On a rncne des experiences pour verifier le rcndc
ment du systcrnc en se servant d'un courant rl'eau
continu it des regimes de Il a 21 gallons d'eau a
l'heure (27 a !lIi litres). Les ohservations faites
indiquent que. pour un e!t(ment chauffant ayant
tllle surface exposee au soleil de 22 pieds carres
(2,0,' 1112), le regimc d'ecoulcment ilU~1 est compris
entre i cl to gallons it I'hetITc (32 ct 4fi litres) awc
tllle montee de temperature de fiO °F (21l cC el1\'iron)

pour le debit de 7 gallons cl 38 °F (:! i QC) pour le
debit de 10 gallons. Pour une joumec ;,'.TC 6 heures
de soleil le gain de chaleur s'etablit ;'! unc valeur
compris~ entre 20000 et 26000 BTU (fi 1100 et 6 50~
grandes calories) par jour, soit plus de J(lli BIl'
par heurc et par pied carre de surface exposee au
solcil, avcc un rendement depassant iO P: lOO,
A Delhi (latitude 28°35, longitude 77°I2'~) e~ ~I~ns
la majeure partic de l'lnde du nord, lcs 1110lS d lll~ cr.
d'octobre it mars, donnent line moycnnc d'clwlron

8 heures de solei! par jour. On ne trouve que qyekl'les
jours cnnuages et pluvieux pendant cette peTlod~.t:·
memc au cours de ces jours, un chauffage apprec~a 1 r
se produit en raison du rayonnemcnt celeste dlff'~S,

En vue de son application pratique comrnc dis
positif menager de chauffage de l'cau, le chauffe:eall

a Cte relic 11 un reservoir calorifuge dote ~11~111~
soupape 11 flotteur et d'une tubulure d'adn~l~SI~
d'cau de la villc, Les collecteurs du dispOSltt,c r
chauffage furent relics au reservoir pour constltt~rr
un thcrrno-siphon, de telle sortc que l'energie solalfl'
d'unc joumce cntiere puisse Clre utilisee au chau.~f.a7c
de l'eau du reservoir, qui pourrait Clre ull I~ ;

pendant la nuit et la matinee snivante. La temp I
raturc de I'cau, apres exposition an soleil pet~l)al~
la journce, monte 11 120 ou 140 °F (4R ou IJ!I t '~'i
compte tenu d'une chute de 20 °F environ (11.
pendant la nuit d'emmagasinage ou accumul~t(I~~;
on pouvait en tirer de l'eau a 110 Oll 130° I' .
ou IJ,' cC) le matin suivant.
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WATER HEATING BY SOLAR ENERGY

R. N. Morse *

GENERAL

Water heating probably represents the most
widespread engineering use of solar energy at the
present time. There is extensive literature on the subject
which is being studied throughout the world. Some
indication of the scope of this work may be obtained
from the Bibliography published in 1959 by the
A.F.A.S.E., which, under the heading of solar
w~ter. heaters, lists 191 references, ranging from
scientific papers to patents (I).

Units are in commercial production in many
c~untries and are competing more or less successfully
with fuel operated systems. However, the economic
advantages are often marginal due to high first
costs, and research is continuing in order to develop
designs which are both cheap to produce and easy
to install.

ECONOMIC CONSIDERATIONS

Since the energy is free, the annual operating
cost of any solar device comprises interest on invest
ment, depreciation and maintenance. Interest rates
vary but for the present purpose may be taken
at 5 per .cent per annut,TI, whilst depreciation depends
on the hf~ of the eqmpme~t. Maintenance depends
on the design and the matenals used for construction
and might be taken as varying between ! and I! per
cent per annum of the first cost. The unit energy
cost is then

Total annual cost
Number of energy units utilized per annum

If this unit energy cost is greater than the cost
. of alternative sources of heating, the system will
never pay for itself. However, if it is less the first
cost will be recovered in a way which may be seen
from figure 1.

This diagram has been prepared in a generalized
form so tha~ any c~rrency and area units may be
used. Knowing the Installed cost per unit area of
th~ absor~er and the. annu3;l energy utilized by
~hIS area In the particular Installation, the time
In years to payoff the first cost may be determined
for any alternative fuel cost expressed in £, $, etc.
for 100 kWh.

Two illustrations are as follows:
A solar water heating installation in Darwin

costing £5jsq ft will utilize 2.17 X 105 btujannumjsq

* Officer in charge, Engineering Section, Commonwealth
Scientific and Industrial Research Organization, Highett, Vie
toria, Australia.

Si38

ft and is paid off in eight years whr.i compared
with electric power 63djkWh. In \l.lbourne it
might cost £3/sq ft, utilize 2.06 X 105 b:ujannum/sq
ft and would take 13 years to be paid (:f in relation
to power at 1.5djkWh. If, however, it w-re compared
with oil fuel 6 the equivalent of 0.7djk\',"h, it would
take 45 years.

It is largely a matter of opinion where .his becomes
"uneconomic". Solar water heaters ar. being built
which might last 45 years, but most • ople would
not be prepared to wait so long to recovc .heirinvest
~ent. On the other hand, most people.ould regard
It as an attractive proposition if th, ' got their
money back in less than five years. I; '" the inter
mediate period of 10-20 years which is. ore difficult
to .assess. In Australia, practically aLlew houses
built have a hot water service of son sort, so If
this may be financed as an integral part of the house
there would appear to be good reasons :'if regarding
the return of the investment in 20 ye,',rs or so, as
being economically sound. This is the iustification
for the decision to provide solar water heaters in
new government houses in the Australian Northern
Territory and New Guinea.

On the other hand, long-term finance is difficult
to ~ttract, so it is unlikely that on this basis the
chain reaction of increased production leading to
reduced cost, which in turn leads to increased
production, would be likely to start. For this it

62
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may be necessary to recover the first cost in about
three years, so that short-term hire-purchase finance
can be used. Under these conditions, a much shorter
life could be tolerated. A solar water heater with
a life of say to years, the first cost of which was
recovered in three years, would be a very attractive
proposition it installation were very simple.

Twoimport.mt principles are illustrated in figure 1.
The first is i hat the efficiency of the absorber is
only importa nt in relation to its cost. If the cost
of an absor?C'r could be halved and its efficiency
also halved, n would not change the over-all economic
situation. When seeking to improve absorber perform
ance~ a r~dueion in efficiency would be justified
provided It we're more than offset by reduced costs.
The ~ec.ond p:,int is that it is annual energy utilized
as distinct trom annual energy collected which
~~st be c~nsidered. During months of high insolation
It IS often Iml .ossible to utilize all the energy collected
and care ShOl11d be taken not to include this wasted
heat in the ai.nual figure. A similar situation arises
where sol~r energy: is used for seasonal applications.
A false pictu-c Will be presented if annual figures
~re used under these conditions. Methods of estimat
~ng the. aml\!~! energy utilized in water heating
mstallatlOllS \',-.11 be discussed later.

INF,J'ENCE OF LOCAL CONDITIONS

It will be clear that due to wide variation in solar
!adiation, ambient temperature, interest rates, mater
ial, labour, and fuel costs, availability of finance,
and hot water demands all of which influence the
design ?f a solar water'heater, it is not surprising
that ~Ifferent designs are emerging in different
countnes. Mathur et al have described, a domestic
s~lar water heater which, under Indian conditions,
Will recover its initial cost in less than one year (2).
The same design, however, used in Australia would
r~ be an attractive proposition due to the different
a our, material, and power costs.

. This illustrates the way local conditions can
I~fluence the design of solar collecting devices and
s .ows how unlikely it is that one design would find
WI~e acceptance in different countries. It will be
~Ite impossible in this paper to cover adequately

~ developments in the various countries at present
~smg solar. water heaters. Accordingly, the aim will
. e to descnbe some of the factors which are influenc
~~g developments in Australia, in the hope that

ey may have a wider application.

System design

DESIGN VARIABLES

foAlthough concentrating devices have been used
a{ wat~r heating, the flat plate absorber can operate
si a high collection efficiency and is inherently
t ropIer, easier to install and requires less main-
enance than collectors using parabolic or other types

of reflectors. Accordingly, it is only the flat plate
absorber that will be described in detail.

The important design variables are:

1. l\~aterials of construction and their durability;
2. Size - length, width, and depth;
3. Number of transparent cover sheets;
4. Rear and edge insulation;
5. The absorber plate itself;
6. Mass flow of water through the absorber.

In ~escribing in. some detail the design which is
no~ III ~oJ?merclal production throughout Aus
traha (3), It IS proposed to show how this has emerged
and give reasons for the decisions which have been
progressively taken.

ABSORBER· LOSSES

When this design was first introduced about six
years ago, there seemed no prospect of finding
materials even with a short life which would enable
a design to be developed, the cost of which could
~e recove;-ed in, .say, thr~e years. Accordingly,
It was decided to aim for a life in excess of 25 years,
the cost of which could be recovered in less than
20 years. The basic materials chosen were asbestos
cement sheet for the case, glass covers and copper
absorber plate with mineral wool for the rear insula
tion.

It is clear that edge losses will be proportionately
reduced the larger the unit becomes. There is,
moreover, considerable advantage in selecting a
design in which the glass is held only at its outside
edges. The largest sheet which could be supported
in this way without using heavy and expensive
glass is about 4 ft, which led to the choice of a nominal
16 sq ft absorber, 49 in. square when measured over
the outside edges. The asbestos cement absorber
case is moulded in one piece with an internal ledge
to support the inner glass and another ledge to
support the absorber plate. The outer glass which
has to withstand weather conditions is 32 ozjsq ft
whilst the inner glass is 26 oz/sq ft (figure 2).

The choice of the optimum number of glass cover
sheets and the extent to which the rear and edges
should be insulated is a much more complex problem.
A comprehensive study of this has been undertaken
by Tabor who suggests new heat transfer coefficients
for flat plate absorbers to improve the accuracy
of performance calculations (4).

The choice of the optimum rear and edge insula
tion presents some interesting problems. Tabor
suggests that the thickness of the edge insula
tion should equal that of the rear insulation
based on optimizing the design from the point of
view of losses. However, for a given size external
cas~ the edge insulation r~du.ces the area of plate
which can be exposed to radiation, and, under certain
circumstances, it can be shown that the increased
energy absorbed is more than the extra losses
which would take place if the insulation were not
present.

3*
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Figure 2. General arrangement of typical absorber. Asbestos cement base, glass cover
sheets, copper absorber plate.

The designer has the choice between (1) and (2)
in figure 3. The two designs may be compared under
the following typical installation conditions:

1. Absorber inclination 0.9 times the latitude;
2. Main daily insolation over a year 1610 btu/sq

ft/day;
3. Annual efficiency of collection 35 per cent;

I , 44-{

4. Average daily operating period 6~ hr/d~y; °
5. Conductivity of insulation 0.4 btu/sq ft/m./ F.

Since under operating conditions water is hea!ed
daily from mains temperature up to the operatmg
temperature of 135°F, the effective tempe~ature
characteristic of the daily losses will be a weIghte.d
mean. For a water inlet temperature of 60°F this
has been found to be 105°F and assuming that the
ambient temperature is n;t substantially different
from the water inlet temperature, the mean temper
ature difference !!.T between the plate and ambIent
is 45°F.

Case 1

Using Tabor's edge correction factor, the rear
and edge loss

RREl = 1.075 X 6.5 X 43
2

X 0.4 X 45 = 810 btu/day
144 2

Figure 3. Absorber edge losses

Case 2

For zone (a), !!.T = 22.5°F, edge area = 2! sq It,
over-all heat transfer coefficient h = 0.68 btu/hrjsq
ftjin·rF.

REa = 0.68 X 2.5 X· 22.5 X 6.5 = 249 btu/day
ftFor zone (b),!!.T 45°F, edge area 2t sq

R E b = 498 btu/day
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For zone area 2t sq ft. Assume same as (a)

.HE C = ;~49 btu/day

HE = H'L'a + H E b + H E c = 996 btu/day

Rear 10ssHn is difficult to calculate accurately.
A generous t:~,:imate is to assume it is the same as
HREl.

i.e. HR = (;;0 btu/day.

:. HRE2 = iln + HE = 1806 btu/day.
This is 996 btu/day more than H R E 1•
, .

However, 1he glass area in Case (2) is 2.5 sq ft
more than in else (1) and this will collect 4 030 btu/day
and utilize a i . least 35 per cent of this, i.e., 1410
btu/day. Thu-s there is an over-all gain of 414 btu/day
for (2) as cornnared with (1). Moreover (2) is simpler
to build and no more expensive, even allowing
for extra absorber plate area. .

The above analysis is not meant to be a rigorous
justification fcr omitting edge insulation as a general
rule, rather i, d: given to illustrate one of the factors
which shouk' i.e considered in designing an absorber.
Clearly for ? higher operating temperature, the
position could be quite different.

GA~"'j. OUTER CASING
'W"H CONICAL TOP

20 GALLONS

1" ABSORBER CONNECTIONS

COPPER CYLINDER --
SUITABLE FOR 15 FT. HEAD

ABSORBER PLATE

Tube-in-strip copper is an attractive material
for the absorber plate and is now being used to
supersede the design illustrated. By reference to the
plate efficiency factors developed by Bliss (5), it can
be shown that for 0.028 in. sheet having tubes 5.6 in.
apart, the efficiency is 91 per cent.

N UMBER OF GLASS COVER SHEETS

For water heating (mean annual absorber temper
ature 105°F) it will be found that the choice lies
between:

1. Non selective plate and one glass cover;
2. Non selective plate and two glass covers;
3. Selective plate and one glass cover.

Using Hottel and Woertz (6) expression for losses
and Tabor's coefficients both for hemispherical
emissivity of the glass Eg and for the convection
term, when the plate temperature T p = 105°F,
mean ambient Ta = 59°F, mean maximum ambient
67°F, Eg = 0.88, assuming outer glass is radiating
to a temperature = (Ta - 20)OF and daytime
convection is calculated for ambient 63°F.

WATER HOUTLET

35 GALLONS

-.'Y- THERMOSTAT SET
FOR ,13SoF.

2 K.W. HEATER

*"COLD WATER INLET

4" MINERAL WOOL INSULATION

Figure 4. 70 gallon outdoor hot water storage tank
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Case (1) tp = (I.O!i.

It will be found that the convection and radiation
loss from glass

llcuu = 27 + 22 = -tfl btujhrjsq ft where the
first term is the convection and the second the radia
tion loss. From the plate to the glass

1IC/II' -- III -+- ':1:1 = -tu htu/hr/s!} ft

Case (2) Zll = n.fl!i.

HC Il = 2!i btu/hr/sq ft

Case (.3) Ep = 0.1

IIcm; = 12 + 11 = 23 btu/hr/sq ft

11,;/11' = 18 +j) = 2:1 btu/hr/sq ft

In each of the above expressions for H. the first
term is the convection and the second the radiation
loss. Comparing HCll(; and HellI' for Case (1)
and (3) it may be seen how the selective surface
operates to reduce the radiation term in HellI'.

The absorber with the selective surface, Case (3),
is clearly the best proposition from a thermal point
of view since not only are the losses minimized but
with only one glass cover more energy will reach
the plate.

STOHAGE

A common practice which has been followed for
a number of years is to provide 11-2 days' supply
in an insulated storage tank. A typical iO gal tank
suitable for a small family is shown in figure 4. The
upper absorber connection is arranged so that
relatively cool water coming from the absorber
during periods of low insolation will not mix with
hot water in the top of the tank. A booster, if provid
ed, is placed about half way up the tank so that
only water for the current day's use is heated.

Losses from a tank of this design amount to about
6 btu/hrtF mean temperature difference from water
to ambient. In a day this is usually about 15-20 per
cent of the day's solar heat input. Additional insula
tion is not usually justified since it costs about the
same as providing the same amount of energy by
extra absorber area.

CIRCULATION RATE THROUGH ABSORBER

There seems to be some difference of opinion as
to whether it is better to have a high or low circula
tion rate through the absorber. A low rate with
its consequent high temperature rise will give
some hot water available sooner from a cold start,
but a high flow rate, in which the contents of the
tank pass through the absorber several times a day,
gives lower losses in the morning. It is probably
not very critical hut more experimental work is
necessary to confirm this. The low impedance
high flow absorber described herein does have the
advantage that it can be used on either small or
large systems.

Systenn efficiency

The collecting efficiency of a flat pl;,~, absorber is

Hw
't'j= E

where H w is the' heat removed from ,Ill' absorber
by the water and E is the radiation ir., :dent on the
absorber.

Since there may be appreciable tiu.. lags in the
system these values must be measun'; over some
period of time to be meaningful. Valu "; integrated
over a i-I hour period are often taken !'> determine
the "instantaneous" efficiency 't'jlnsl. h'f absorbers
such as those described, 't'jlnsl may b,' as high as
70 per cent under certain conditions, I:l!l this gives
a misleading picture of the efficient- of a water
heating system operating over long j1 -riods. As a
measure of this it is better to exprcs- the system
efficiency in terms of values integrated 0 ,l'! a full year

H Y Il
't'jYll = E

Y Il

where H YIl is the heat transported 1, the water
to the storage tank per annum and :~ Yll is the
insolation on a plane of the same extern, , dimensions,
inclination and orientation as the absor;: r, assuming
no shading at any time.

Values of system efficiency measured over 24 hours
't'jDY are also useful. However, the y' ';1,rly sys.tet,ll
efficiency 't'jYIl is the most useful "llaradensUC
for the designer to use, It enables syst<Jl1 perfo:m
ance and economic value to be predicted from pubhsh
ed radiation data for a locality. Typical values of
't'j\'ll lie between 30-40 per cent.

Observations by Czarnecki (i) together with
published Australian radiation records, (8) enable
various system efficiencies to be detcrmined for a
solar water heater comprising two 24 sf] ft absorbers
and a 70 gal tank from which 45 gal of hot water
was withdrawn each day for 12 months.

From table 1 it will be seen that monthly
efficiencies vary from about 30 per cent in t,he

winter to 40 per cent in the summer months, With
a yearly average of 35 per cent. Note the low value
for February which had unusually high insolation
much of which could not be utilized.

In order to devise ways of improving efficiency it
is necessary to examine the losses in detail. On a~
annual basis a typical absorber may be represente f
by figure 5. This may be considered as the sum 0

all the instantaneous heat balances throughout the
year. r:or a single day, the system behaviouz: l11i~
conyemently be represented by figure 6, winch '
typical of a clear day near an equinox.

It shows a daily system efficiency of 48 p~r CC1;:~
The total energy reaching the absorber dUring tcl
day is the area under curve (1). The losses arc rna C

up as follows:
(2) Early morning shading and late aftemoon cut

off 5 per cent.
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Table ; ~vlar water heater system efficiency

Yearly all '"onthly values; Melbourne latitude 37° 50'

Hfan Mean daily Mean daily
S}'sltm.volatiow supplementary solar contri bution

.IIonlh
11bsorbcr healing efficiency

, -'I It/day kWh ptr cent kWh
per cent

January I (i:1O 2.!J 75 8.7 40
February ~:W) 0.5 U5 U.5 32
March I (i!JO 2.6 74 7.4 33
April . I 240 5.2 52 5.0 34
~Iay 12!J0 6.2 47 5.5 32
June. 1 220 7.7 3!J 4.!J 30
July 1 2!J0 8.1 38 5.0 29
August. 1 !i30 6.1 . 50 6.1 30
September I (iOO 4.9 59 7.1 33
October I S60 3.!J 67 7.9 32
November I S80 3.7 68 7.!J 32
December I 790 3.5 72 9.0 38

Year. I uio 4.6 61 7.2 35

(3) Reflc-i..ou and absorption by two glass cover
sheets 30 1" r cent.

(4) Refle. . ;''n by the plate and miscellaneous
6 per cent.

(5) Rear, ;.,.:ge, and top losses due to conduction,
convection, ,,;d radiation, 11 per cent.

. From the" figures it will be seen that considerable
lmpro:rement in performance would result if the
reflectIon ,H"l absorption losses due to the glass
Were reduo.'. For this reason, a single glass cover
sheet will oit en give a better over-all performance
than two. Designs at present employing two cover
sheets, whore not exposed to heavy frosts, might
well be examined critically in this light.

Installation

elevation is low. Inclination and orientation are
not as critical as was once thought.

INCLINATION ANU OHIENTATlON

It will be evident that there is an optimum angle
of inclination for a surface facing north (in the
southern hemisphere) which will collect more energy
per unit area than either a horizontal or a vertical
surface. This angle of inclination will vary throughout
the year as the sun's declination changes, but there
is, nevertheless, an optimum angle of elevation for
which the annual energy collected will be a maximum.

The calculations to determine this, together with
the variations from month to month, are extremely
laborious, especially for surfaces which are inclined
to the horizontal and are oriented in azimuth away
from the due north position. Curves plotted from
calculated values showing the effect on incident
radiation of inclination and orientation have been
published by 1\lorse and Czarnecki (G). These are
based on typical values of insolation for a particular
latitude but may be corrected for the solar radiation
characteristics of a particular locality, if this is
knnow on a horizontal surface.

. In this report, curves are plotted for the monthly
mean' values of daily radiation on surfaces inclined
at O.G 9, 1.29, 1.59, to the horizontal, for latitudes 9,
15°5, 30°5, and 45°5, and deviations in azimuth
of 0°, 22~0, and 45°, measured from the due north
position.

It is shown that for a surface facing due north
the maximum insolation received in a year occurs'
for an inclination of 0.9 9, to the horizontal, for
latitudes from 15-45°. In addition, a surface inclined
at 1.5 9 will receive equal insolation at the summer

r: INCID£NT ENERGY 2~800 B.T.U/DAY -j

9,000 BTU/DAY

Figure 5. DIl\~rllmmatlc representation of the dally losses
from a 16 sq ft absorber In a thennoslphon solar water
heater averaged over R year

GENERAL

The problems associated with the installation
Off a complete solar water heating system are as
ollows:

1. Location of absorbers and determination of
area;

') L .-. ocatlOn of storage tank;
3. Choice of thermosiphon or forced circulation.

L~cation of the absorbers is often dictated by
arclutectural and aesthetic considerations, but be
cause they are sometimes unsightly there is a ten
denc.y merely to put them out of sight. Even where
~he Installation is planned in advance there seems
to be a marked reluctance on the part of architects
to let tl~e building design be influenced in any way,7prOVIde simple mountings or logical placing of
~I )$?rbers. Yet this could have a profound effect on

ierr wider acceptance.

\V.hen positioning absorbers, the most important
C~IY"deration is the avoidance of shading by nearby° lccts, especially during winter when the sun's

A!'>SORMn !'>Y GLo'S
s; REn-ttTION 1<T

NORMA\, INC\O£NCl

l MIS(. LOSSE,S INCL. RUUCTlON
AT H1c.H ANGL£S Of INCJOtNC£,

DIRT AND ENERGY W\STLO DuI:

\ .. TO ucc.s A~l\ ·AREA.

<. 0

r'R.ONT. £.D6S: Z, R£AIl, LOSS
.\.. (fRONT 400. tDc.t.c. RtAA 1800.

• CONNE'TIN6 f'lpuJ

ENERGY
UTIUl.ED

7,700

5.700

700
2.200

500
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Figure 6. Typical dally absorber performance

Absorber area 48 sq It, two glass cover sheets, 70 gal tank thermosiphon flow
Area under curve 1 is the total insolation on the absorber during the day.
Area (2) amounting to 5 per cent of the total is due to morning shading and afternoon cut off.
Area (3) amounting to 30 per cent of the total is due to reflection and absorption by the glass cover sheets.
Area (4) amounting to 6 per cent of the total is due to reflection from the plate and miscellaneous.
Area (5) amounting to 11 per cent of the total is due to convection and radiation losses.
Area (6) amounting to 48 per cent of the total is the energy utilized.

and winter solstices. This has important practical
applications. A solar water heater which is fitted
with an auxiliary booster' will use minimum power
from the booster when the absorber is inclined at
0.1) times the latitude, if the load on the system is
uniform throughout the year.

A useful compromise where boosting is not used
is an inclination of 1.2 qJ which gives good uniformity
throughout the year and collects about 1)7 per cent
of that for 0.1) qJ for latitudes up to 45°.

It is important to appreciate the significance of
departures from the optimum both in inclination
and orientation since in practice the ideal is frequently
unattainable. Figures 7 and 8 show the annual loss
due to these departures. For latitudes less than 30°,
the loss is quite small for relatively large departures
from the optimum. For instance, at latitude 15°5,
an absorber inclined at 131° to the horizontal facing
45° from north (Le. north-east or north-west) will
collect in a year only 1~ per cent less energy than
one facing due north. It should be pointed out at
this stage that this makes no allowance for the in
creased reflection losses from the absorber glass
cover sheets so the actual situation may be some
what worse. However, it does indicate that expensive
and ugly mountings to correct an apparently un
suitable roof alignment can rarely be justified. It
is usually cheaper and nearly always tidier to use

a simple and neat mounting on a rooi or building
not ideally oriented and correct if necessary. by
providing a little extra absorber area determ ll1ed
from figures 7 and 8.

ABSORBER AREA

It is now possible to determine the absorber area
knowing the daily demand for hot wat~r a?d !he
average daily insolation at the site for the 1I1chnatlOn
and orientation chosen.

Two examples will be considered :

Installation in Melbourne, latitude 37° 50'

Inclination 34°. Efficiency 35 per cent. Demand
45 gal/day at 135°F.

}?early Best 1I'0"t
month 1IIolll h

average

Insolation btujsq ft/day. 1610 2165 1000
53Cold water temperature of 64 67

36900Daily energy required btu/day. 32000 30600
Add 20 per cent for tank losses

44400btu/day. 38400 36700
Absorber area required sq ft . 68 48 127

Due to the large difference between the best aJ~~
worst months, supplementary heating shoul~
used, the area being based on the best mont 1 sa



Water heating by solar energy 8/38 Morse 69

Figure 8. Effect of orientation on absorber performance
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Installation in Darwin, latitude 12°

Inclination I ()0. Efficiency 35 per cent. Demand
-15 gal/day at 135°F.

that no absorber area is wasted at any time of the
year. Therefore, choose 48 sq ft and supply about
onc-third the annual heating by boosting.

Yearly lIest Worst
average month month

Insolation btu/sq ft/day. 1900 2240 1630
Coldwater temperature of 80 80 80
Daily energy required btu/day _ 24800 24800 24800
Add 15 per cent for tank losses

btu/day _ 28500 28500 28500
Absorber area required sq it _ 43 36 50

Since the values for the best and worst months
are so close together, choose 48 sq It, i.e., three
absorbers each 16 sq ft without any supplementary
heating.

1:IIETHoD OF CIRCULATION

Thermosiphon is the simplest and best for small
systems but requires the tank to be close to and
above the absorber. In order to prevent reverse
flow at night, the lower tank connection must be
about 6 in. above the upper absorber header and
the connections to the tank well insulated. This is
rather less than is sometimes recommended but has
been found experimentally to be adequate. However,
It IS particularly important to insulate the line from
tl~e upper tank connection to the top of the absorber
With <l;t least 1 in. thickness of good quality insulating
matenal and waterproof it.

CUP60AItO UNIT
&HEATH TANK

",,'

)

Figure 9. Installation showing storage tank supported
on partition wall between two rooms
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The design of connecting piping for thermosiphon
systems has been discussed elsewhere (10).

A typical domestic installation is shown in figure 9
whilst figures 10, II and 12 illustrate various out
door arrangements. To meet the popular demand in
Australia for information on domestic installations,
a circular (ll) has been published summarizing the
recommended practice. Large installations require
forced circulation. Figure 13 shows a diagrammatic
arrangement of a unit at present under construction
in Canberra. The time switch ensures that (a), the
booster is off during the day and (b), the absorber
pump which is controlled through a differential
thermostat, is off at night.

Research proble~s

Although some progress has been made, it will be
clear that a considerable research effort is still
necessary before solar energy is utilized as extensively
as it could be for even such a simple process as
water heating. Different aspects of the problem
will assume different degrees of importance in
different countries. Water heating in Australia is

an important fuel consumer and i;; .his respect,
solar energy could make an impoi: .nt national
contribution, but it must compete .m economic
grounds. The key to this is a cheap » orber,

It is suggested that the objective ,. ..rht to be an
absorber which would recover its c: -ital cost in
three years, when compared with oil t O.7d/kWh,
and must be very cheap and easy to ;-istall. From
figure 1 it will be seen that the cost 0;';11is must not
exceed 10/- per sq ft. Materials such ;\:. copper seem
to be out of the question since tube-iustrip without
any processing costs about 8/- per ~'t ft. Other
metals such as galvanized iron or ev. ,1 black iron
are possibilities but it is doubtful \' hether they
would have sufficient life under operat.iu conditions.
Plastics seem to offer the most attractiv possibilities,
particularly the polyvinyl fluorides \ "ich appear
to have the necessary durability both ~. I solar radia
tion and high temperature.

In developing these cheap absorbc :-, efficiency
will be unimportant provided the abov-: .cquirements
are met. Extreme simplicity of install-: .on is neces
sary to reduce expensive plumbing L an absolute
minimum.

Figure 10. Three solar water heater installations: (a) Left hand unit _ absorber inclination 0.9 times the latitude fO~
maximum year round output; (b) Right hand unit - inclination 1.5 times the latitude for equal output winter an
summer solstices; (c) Centre installation - unit arranged for pump circulation with storage tank inside the bulldlnlt
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Fj~ures 11 and 12. Front and side views of a large unit at Darwin installed by Commonwealth
Department of Works. 300 sq ft absorber 600 gal tank

I~ many localities freezing of the absorbers is a
pro lern. Attempts to overcome this by means of
l~dentations in the upper and lower headers in theTsorb~rs have only been partly successful (12).
Uhese 1l1dentations trap air pockets which prevent

ie pressure in the pipe building up to a dangerous

value on freezing, and are quite successful whilst the
air is present. It is not difficult to maintain the
pockets in the upper header due to the air coming
out of solution in the water as it is heated on passing
through the absorber. In the lower header, however,
water returning from the storage tank is below
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Figure 13. Diagrammatic arrangement of large solar water heater for a laboratory being erected ;;, Canberra

its saturation point. as far as solubility of air is
concerned, and any air present here tends to go
into solution. Field experiments have shown that
whilst no damage occurs to the upper header in this
way, the lower one will be fractured under severe
frost conditions. Experiments are continuing using
internal air cushions in plastic containers.

Wider use of selective surfaces which are potentially
useful for higher temperature applications, appear
to be imminent. In Israel, for example, small scale
production is already taking place for absorbers
for water heating. In other parts of the world, work
is proceeding to find cheaper ways of producing the
selective surface coating.

RADIATION DATA

There is a dearth of radiation data in the equatorial
belt where solar energy is potentially so useful. Since
one of the characteristics of the tropics is the con
sistency of its conditions, it could be that an extensive
network of radiation stations is not necessary.
However, it would be extremely valuable if more
information were available on the radiation pattern
in different localities.

Conclusion

Although work is proceeding in a number of
countries,there are many unsolved problems and an
even greater effort could be justified. Water heating
is such a basic problem that advances in this field

could lead to advances in other fields involving the
heating of fluids, e.g., refrigeration, air conditioning,
and water desalting. .

The flat plate absorber which is widely used 1S
now better understood and rational design procedure~
are emerging which will enable performance 0

complete installations to be more accuratel¥ prr
dieted. This is particularly important for any lllst~
lation for which the operating cost is prop~rtlOl!-al a~
the first cost. The penalty for over design 1S h
increase in operating cost in direct proportIOn t~ \ e
amount by which it exceeds requirements. o.ar
water heaters are proving to be operationally sat1s
factory and economically sound in many areas
where the climatic conditions are suitable and aliern~
ative fuels are expensive. However, in other p ac~_
where they could be used, their widespread accer
ance is being impeded by their cost. In Austra 1~
a reduction to half the present cost would. ver
greatly increase the numbers installed, whl1st l~
reduction to one quarter of the present cost wo~ e
probably mean that none of the existing alte!nat:~e
water heaters would be able to compete w1th d
solar unit. Using some of the new materi~ls. a~
manufacturing techniques now available, th1s 15 Y
no means impossible.
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Summary

. Solar wat-» heaters are in commercial production
In ~any cc.citries and whilst they are operationally
satisfactory. their economic justification is often
marginal. ;', clear understanding of the factors
lI:flue~cing :iJeir operating costs is essential if this
slt~atlOn is ~o be improved. Curves are presented
which show the time in years it takes for an installa
tion to pay for itself, knowing the installed cost and
the energy utilized per annum.

The emphasis is on energy utilized as distinct
frot? energy collected per annum, since there are
periods of the year when all the energy collected
cannot be utilized. Efficiency of collection is impor
tant only in relation to cost. Other things being
equal, the absorber which has the lowest first cost
IS t~e best proposition irrespective of collection
efficIency.

The factors which influence the design of a solar
water heating system are considered in detail and
are. related to a unit in production in Australia.
It IS .shown that edge insulation in absorbers is
So~ehmes undesirable. The additional plate area
WhIch can be provided if it is omitted can collect
energy which more than offsets the reduced losses
due to the insulation.

Attention is drawn to the value of measuring
system efficiency in terms of the heat transferred
to the system per annum and the annual insolation

on a plarie of the same external dimensions, inclina
tion and orientation, as the absorbers. This for actual
installations has been found to be about 35 per cent.

The significance of inclination and orientation of
absorbers is discussed. Although maximum year
round insolation occurs on a surface facing north
with an angle of inclination 0.9 times the latitude,
wide departures from the optimum are acceptable
both in inclination and orientation especially for
latitudes less than about 30°. In practice, it is
usually cheaper and nearly always tidier. to use a
simple and neat mounting on a roof or building
not ideally oriented and correct by increasing the
absorber area if necessary. Rational design procedures
are emerging which enable the performance of com
plete systems to be predicted with some confidence.

Although a good deal of progress has been made,
there is much remaining to be done, both from the
point of view of research into cheape~ an~ better
ways of collecting solar energy and also mto Improv
ing methods of manufacture. There are many areas
where solar water heaters would be quite satisfactory
from a functional point of view, the chief impediment
to their widespread use being their cost. In Australia,
if the cost could be reduced to one quarter of its
present value, the solar unit would probably become
the most widely used system for domestic water
heating.

CHAUFFAGE DE L'EAU AU MOYEN DE L'ENERGIE SOLAIRE

Resume

Les chauffe-eau solaires sont actuellement en
b:Oduction commerciale dans nombre de pays, mais,
len qu'ils soient satisfaisants quant a leur fonction

~:men~, leur justification economique peut .parfois
re mIse en doute. Une bonne comprehension des

elements qui se repercutent sur leur cofit de fonction-
.nement s'impose si l'on doit ameliorer cet et at de
choses. L'auteur presente des courbes qui indiquent
le temps, en annees, necessaire pour qu'une instal
lation soit amortie, compte tenu de ses frais
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d'installation et de la consommation annuelle
d'energie,

Ce mernoire fait ressortir l'energie utilisee, plutot
que l'energie recueillie, car il y a des periodes de
l'annee pendant lesquelles la totalite ainsi recueillie
ne peut pas etre utilisee. Le rendement du svsterne
de captation d'energie n'est important que dans ses
rapports avec les frais. Toutes choses egales d'ailleurs,
l'absorbeur qui coute le moins a installer est le
meilleur, quel que soit le rendement de la captation
de l'energie solaire.

Les elements qui influent sur les caracteristiques
a donner au systerne de chauffage de l'eau par le
soleiI sont etudies en detail, et sont rapportes a un
appareil Iabrique en serie en Australie.· L'auteur
montre que le calorifugeage des bords des absorbeurs
n'est parfois pas desirable. La surface supplementaire
de plaque que 1'0n peut mettre en ceuvre en n'ayant
pas recours acet isolement thermique peut recuperer
de l'energie qui fait plus que compenser les pertes
dues a l'isolement.

Ce memoire attire l'attention sur la valeur des
mesures du rendement du systeme en fonction de
la quantite de chaleur qui lui est fournie annuellement
et de l'insolation annuelle d'un plan ayant memes
dimensions hors-tout, meme inclinaison et merne orien
tation que les absorbeurs. Pour des installations
effectivement en service, ce rendement s'etablit a
environ 35 p. 100.

L'auteur examine l'importance de l'inclinaison et

de l'orientation des absorbeurs. Bien TIe l'insolation
maximale, pour l'annee entiere, se oroduiss sur
une surface qui fait face au nord, incl. c'e d'un angle
egal a 0,9 fois la latitude, de gral"s ecarts par
rapport a I'optimum sont acceptabl-s, tant pour
l'inclinaison que, pour I'orientation, particuliere
ment aux latitudes inferieures a 30°. ~;'! pratique, il
est generalement moins couteux et Pf'·>(lue toujours
moins complique de se servir d'un n l. .ntage simple
sur un toit ou un batiment qui n'cs pas oriente
idealernent et de corriger ceci en ;n.c;mentant au
besoin la surface de l'absorbeur. On commence it
mettre au point des techniques rati.mnelles pour
l'etablissernent de ces projets, ce qui pel met de prevoir
le fonctionnement du systeme complei avec quelque
confiance.

Bien que des progres importants aiet.: ete realises,
il reste beaucoup a faire tant au poir [ de vue des
recherches visant a mettre au point des moyens
plus econorniques plus et efficaces de recuperer
l' energie solaire, que sur le plan de ;'amelioration
des methodes de fabrication. Il exis:« nombre de
regions ou des chauffe-eau solaires Sti',lient tout it
fait satisfaisants au point de vue L''1ctionne1, le
principal obstacle a leur utilisation ger"'ralisee etant
leur prix. En Australie, si on pouva; i ramener .ce
prix au quart du chiffre actuel, l'aF};ueil solalre
deviendrait tres probablement le sys: ~me le plus
communement utilise pour le chauffage de l'eau des
tinee a des emplois menagers,
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THE SOLA" R SWITCH - AN AUTOMATIC DEVICE FOR ECONOMIZING
AUXILIAHY HEATING OF SOLAR WATER HEATERS
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tional refinements in the manufacturing process,
quite efficient collectors may be produced. Israeli
manufacturers claim that locally produced solar

- heaters achieve a 40 per cent efficiency in converting
solar energy (7).

While extensive research has been devoted to
the development of the _heater and especially the
fiat plate collector, it is felt that not enough attention
has been focused on problems of auxiliary heating.
The latter, if not kept to the lowest possible minimum,
may increase the cost of the solar heating above the
level of economic feasibility. Experience shows that
the consumer seeking a regular supply of hot water
tends to use auxiliary heating more than strictly
necessary, resorting to it whenever solar heating
seems undependable owing to cloudy weather. He

. does not consider the amount of energy consumed
for auxiliary heating and is thus unaware of the
actual cost of this method of heating.

Auxiliary heating is mostly effected by means
of electric power. This source of energy, while not
always cheap, is simple to use and does not unduly
complicate the construction of the heater. An electric
heater and thermostat are installed in the storage
tank. Analysis of this type of auxiliary heater will
immediately show that the thermostat does not

Figure 1. Solar water heater with flat plate collector

75

The idea (1\ exploiting the vast amounts of energy
reaching us [rom the sun has fired the imagination
of man for El;my generations. Unfortunately, prac
tical difficulties due to its comparatively low inten
sity have l;!; herto prevented direct conversion of
solar radiatir n into heat and power.

The development of the fiat plate collector,
converting ~',~iar radiation into low-intensity heat
energy (up t; temperatures of 70-100°C) has for the
first time Lude possible the widespread use of
sol~r energy. The simplicity of its construction and
mallltenanc;' renders its application practicable in
many regions all over the world. By adding a therm
ally insulate.' storage tank, hot water can be stored
for periods cf darkness ·or overcast (see figure 1).·
. The data proposed in this paper refer to conditions
In Israel, looted as it is in the eastern Mediterranean
region, between the 30th and 33rd parallels. In
order to adapt this for other regions, it is essential to
~orrelate the -clirnatic conditions with those presented
In this paper.

The need for auxiliary heating

Two factors determine the practical use obtained
from a solar heater. The first is directly dependent
on local climatic conditions, hence beyond human
control; the second is the total efficiency of the
heater. These factors will determine the profitability
of the installation. It is obvious that in countries
lacking sufficient sources of energy, the solar heater,
even though its operation is intermittent and govern
ed by climatic factors, may prove a long step for
ward. On the other hand, in countries with a higher
sta~dard of living, where the consumer makes his
~hol~e between solar, electrical, fuel-oil and gas
~atlllg, the method must be capable of competing

With the others, both from the economic viewpoint
and from that of providing heating in all weathers.
I Many scientists in several countries, including
?rael, have done a great deal of work on the the ore
~cal analysis (1) and practical development of the
bat. plate collector, with a view to reducing losses
/ Improving insulation (2-5) and increasing absorp-
Ion by using selective black (6). With several addi---• Technion, Israel Institute ~f Technology, Haifa. (Based
~n Second authors; M.Sc. thesis, carried out at the Technion,
fi~cu1ty of Electrical Engineering, under the supervision of the
T t author, Head of the Solar Physics Laboratories of the

echnion.)
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Figure 2. The circuit of the auxiliary electric heater
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regulate the consumption of power and only serves
as a safety d,~vice. The electric circuit of the heater
is shown in ~Egure 2.

Estimating the amount of energy required for
auxiliary he"iing entails analysis of the operation
of solar heate-rs as a direct function of solar radiation
and climatic conditions.

Intensity .f/f solar radiation and duration
of sunshine periods

The main factor influencing the operation of the
solar heater ~,; the diurnal and seasonal variation of
the intensity of solar radiation. Figure 3 shows the
intensity of normal radiation in Israel (latitude 30
33°N) for several months of the year.

It is apparent that between 8 a.m. and 4 p.m.,
the crucial h,::rs for solar heating, there is no extreme
seasonal variation in solar radiation. The intensity
of solar radiation incident on the surface of a flat
pl.ate collect.r, inclined at a certain fixed angle,
will be smaliar than that on a surface invariably
normal to tl:» rays. If direct radiation on a normal
surface is d.uored by I and that on the flat plate
collector by Ji , the relation between them is : Ii = I
cosi, with tl:e angle i dependent on diurnal and

seasonal courses. During early morning hours and
in the late afternoon, the angle i is larger and therefore
the energy incident on the flat plate collector de
creases considerably. Because of this, we shall define
the effective radiations as the annual average, over
the interval between 8 a.m. and 4 p.m. approxi
mately. The flat plate collector should be facing the
equator for optimum efficiency and, to ensure stable
year-round operation, should be tilted at an angle
(from the horizontal) equal to the latitude plus
about 10°. The conclusion derived from figure 3 is
that, barring unfavourable meteorological conditions
such as clouds, haze, drop in ambient temperature,
etc., fairly stable operation would be possible; such
unfavourable conditions, however, have to be allowed
for. The average real duration of sunshine (expressed
as tenths of the possible maximum sunshine hours) is
usually taken as the measure.

Figure 4 shows that during the colder winter
months, when more heating becomes necessary, the
day becomes shorter and the sun shines only 50-70 per
cent of the maximum possible time.

In the average household, hot-water consumption
in considerable quantities starts about midday;
for this reason the "main heating cycle" is defined
as covering the hours of 8 a.m. to 12-1 p.m. Solar
heaters are actually so constructed as to bring the

1.0

0.9

0.7

0.6

0.5

0.4

" t;?1'--
1-- ___

1'- ...
10' ...........

1'---
......

, J

"/

~
~ I", "

/ - \," ~ ..,
/ VI ......

~
,,

/ ,
,,/ J....-- 'I

i' V ~I ~......

~
.,

./

/
V /' "--V

/ ......

0.3

0.2

0.1

o
JC!tn. Feb. Mar. Apr M<'(y Jun. Jut. Aug. sep Od. Nov. /)4'<:

Ndlf~'i ((oasld/ r~9iol1)

Jerusalem (H,./(t; ,.izgio~)·

13Qil-- Sh(!'a" (t:;.,..~af IVII)
Figure 4. Duration of sunshine in tenths of the possible maximum



Water heatingIII.C.l

Ian . FE'b. 11",.. Apr. !'fay .Ton. J(I/. Avg. Sep. oct: M:w. Dec.

.-
f -,

-"----.

V/
"-

/ r-- ....- - <, ~' . ...

y / ......

~1\/~ --- ---.

etV V ~;J\~ -----

r-V ~

-~-~.

----

..

2 ... -

1 ..•-

o.

o

o.

0.3

0·4

0.5

0.6

0.7

0.8

1.0

0.9

78

If)

~
s::
~

.~...
J

III
.t::...
~
11
l::.q
~

.8
~

~
~

Figure 5. Duration of sunshine in Haifa between 8 a.m, to 1 p.m, in tenths of the possible maximem

Table 1. Monthly percentage of clear and cloudy days (8)-----_......:...._---------
Jerusalem

(Mountainous area)

All day All day Partially
clear' cloudy cloudy

Month

January. 19 16 65 31 16 53

February 19 10 71 31 10 59

March. 28 10 62 28 10 62

April 31 7 62 39 4 57

May 42 2 56 54 2 44

June 74 0 26 63 0 37

July 78 0 22 64 0 36
45August 62 0 38 55 0
26September. 62 0 38 74 0
45October. 43 4 53 51 4
44November. 35 16 49 47 9
62December 31 15 54 23 15
47Annual average . 44 7 49 47 6 ---

Tirat·Zvi
(Valley of J01~

All day All day PartiallY
clear cloudy cloudy

---------------------

average, i.e. in the most essential hours cloudiness
decreases from the diurnal average. For further
clarification table 1 shows the number of clear
days in the'month, the number of completely .over
cast days - on which there is no direct radlatlOnd:
and the partly cloudy days on which cloudy an
bright periods alternate.· . 5

Table 1 shows that at least 6-7 per cent, Le. 20~2
days, are completely overcast and no solar heatlllg
by direct radiation would be possible. On such daYddiffused radiation is hardly noticeable (1). It shoul

water to the required temperature level during
these hours. From the viewpoint of consumption,
it is highly desirable that this temperature should
be the highest possible, but from that of efficiency
of operation (especially of the collector) temperatures
exceeding 70° are undesirable owing to intensified
scale formation. From this it is evident that on a
bright summer day the solar heater should raise the
water to the above temperature level within
4-5 hours. The same heater will reach a temperature
of 50-55°C on a cloudless winter day.

If hot water from the storage tank is used up
during midday hours - weather conditions permit
ing - heating will continue till about 4 p.m.
Hot water will then be available in the evening
and at night. The remainder serves as. reserve for
the following day, but during the night there is a
certain amount of heat lost, depending on the thermal
insulation and the prevailing weather. This reserve,
however, does not guarantee an actual gain in the
amount of heat utilized. If the following day is
cloudless, radiation would not be fully utilized,
considering the limits of the available range of
temperatures. On the other hand, if the following
day is cloudy, the reserve from the preceding day
would prove extremely useful.

As heating between 8 a.m. and 1p.m. seems to be of
such crucial importance, it is advisable to consider the
duration of sunshine during those hours (see figure 5).

From figure 5 it is apparent that in those hours
the duration of sunshine is longer than the diurnal
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Auxiliary heating in %of daily
heating

Table 2. Y',ar1y percentage estimate of auxiliary
heating vs. cloudiness

Cloudiness

Completely ovcrcas t
Heavily overcas t
Moderately overc.v.t
Slightly overcas t . .

Number of days
Essential Actual
minimum consumption

25 100 100
25 75 100
30 50 100
20 25 50

economic feasibility of the installation, the cost and
necessary heat required have to be estimated. To do
so, some preliminary assumptions will be made.

• Water consumption

It can be stated that water consumption in
considerable quantities starts at midday, continuing
into the evening. If some hot water remains from
one day's use, it will serve as reserve for the following
day.

be noted, ho-vever, that under partial cloudiness,
there will be -Iays on which solar heating by direct
radiation will be of little or practically negligible
value. Accordrng to D. Ashbel (8) diffuse radiation
on partly clo-i.ty days is relatively strong and may
reachss per ,,"It of the total radiation in the morn
ing and eveni, '~, decreasing to 9 per cent at midday.
It may be e:,,:nated that, at best, diffuse radiation
from 8 a.m. 4 p.m. will reach 10-15 per cent.
On ."Sharav' (oirocco) days, characterized by marked
haziness, difi'~:e radiation reaches 40 per cent when
the sun is 10, and up to 25-30' per cent at midday.
On such day. the maximum water temperature of
the solar hes ,,or drops by 10-20 per cent.

C.on~iderinr the above data a~d allowing for diffuse
radIatIon, the amount of auxiliary heating necessary
for stable year-round operation may be estimated.
Table 1 shows that the average number of partially
clo~dy days is higher than 150 per annum. A conser
vatIve estimate shows that on about half of these
d~y~, solar heating is definitely impracticable. The
mInImum auxiliary heating required on partially
~loUdy days, classified in three groups, according
o level of cloudiness, is given in table 2.
.S~mming up the data, it becomes evident that

mInImum auxiliary heating will be about 17.5 per
cent of the year-round total. This number is in good
agreement with annual sunshine data between 8 a.m,
~nd 1 p.m. according to figure 5, which shows
ha.t solar radiation is obstructed during 18 per cent

of Its total possible duration.
In conclusion it can be seen that under local

~onditions, the required auxiliary heating amounts
fio about 10-20 per cent of the .year-round total;
. gure 5 shows the months on which auxiliary heating
~s needed. As stated above, the average consumer
eends. to exaggerate the use of auxiliary heating for
7sunng a constant supply of hot water. An estimatef the average actual consumption is given in thetst column of table 2. Wasted consumption accounts
or at.1east 10-15 additional per cent of total heating,

hresu~tIng in excessive increase in the cost of solar
eatIng.

The economy of water heating

at1p.to this point, auxiliary heating has been estim
ite In per cent of the yearly total without stating

s quantitative value. In order to calculate the

Heat consumption

Energy used for water heating has to cover hot
water consumption as well as losses from the storage
tank (in solar as well as in electric heating). Figures
supplied by Israeli manufacturers of sun heaters
exported to many countries will be used. According
to one source (7), the requirements of an average
household are 2.4 million kcal per annum. For the
purpose of our calculation, the year divided by
365 days will give 6600 kcal per day as a yearly
average, equivalent to 7.65 kWh. Assuming the
average yearly temperature increment obtained
by using solar heating (approximately 40-45°q, it
becomes apparent that a solar heater with a capacity
of 150 litres and collector having 4 sq m of collecting
surface have to be used; the cost of such a heater
is D.S. $400. The cost of a comparable electric heater
will be $150 at most.

Electric power

The cost of electric power varies from country
to country and will therefore be taken as an average
of 4 cents per kWh. The power supply companies
encourage the use of power for heating during off
peak hours, in which power is cheaper, and will be
taken to be at an average of 2.5 cents per kWh.
Power consumed by an electric heater will be of the
order of 2 800 kWh at the cost of $1l0 by the higher
rate and $70 by the lower one. Auxiliary heating is
undesirable for the solar heater at night; therefore
its cost will be at the higher day rate of 4 cents per
kWh. .

Service life

It is usual to calculate the service life of solar
heaters as being about eight years. For simplification,
we shall assume that the electric heater will run for
the same length of time.

Miscellaneous expenses

Other expenses to be considered are: cost of
installation, including piping and wiring; main
tenance; and interest on the investment. All these
data are given in table 3.

Graphs based on these data are given in figure 6.
These graphs indicate the costs of solar and electric
heating, giving the primary investment plus the
cost of installation and yearly running expenditure
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Table 3. Comparison of solar and electric water
heating costs (calculated for 8 years; in V.S.$)

$560 $880 $0 $88 $176 $264

$810 $1 130 $648 $736 $824 $912
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% auxiliary heating
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Electric Solar

$ $

150 400

20 40

170 440

2,5 cents 4 cents
per kWh per kWh

Electricity . . . .

TOTAL COST FOR

8 YEARS , ••

A nnual charges

5 % interest on initial
costs (for 8 years) .

Maintenance 1% per
annum (for 8 years)

Initial costs

purchase price
installation (including

piping and wiring

Total

[1]

for the 8 years taken as the average service life of
the heaters.

From this figure, it can be concluded under the
above conditions that solar heating is cheaper when
the cost of power is above 3 cents per kWh. As the
cost of power drops, it becomes necessary to save as
much as possible on auxiliary heating. Only the
essential minimum of power ensuring a constant
supply of hot water will permit economic feasibility
of solar heating. It will be seen that if the auxiliary
heater is used for more than 15 per cent of the total
heating, the cost of solar heating will be higher than
electric heating (at the cheaper night rate).

It follows that means should be found for auto
matic control of auxiliary heating. This control will
provide for the maximum utilization of solar energy
and reduce to a minimum the use of power for
auxiliary purposes. A device to make this operation
automatic has been developed by E. Neeman and
called a "solar switch". Obviously, this device will
increase the cost of the solar heater. Provided the
cost of this device can be kept down to within 3 per
cent of the total cost of the solar heater, the addi
tional cost will be recovered within about a year,
through economy in power.

Design of the solar switch

Bearing in mind the requirements for the maximum
possible utilization of solar heating as a condition
for its economical operation, it should be considered
that on any sunny day, summer or winter, heating
will be effected by solar radiation, Le. auxiliary
heating will become necessary only under overcast
conditions. The heating element of the electric

YeClrs

Figure 6. Cost of solar and electric heath,et (for 8 years)

heater will be designed to deliver, on the average, an
amount of heat equal to that of the solar heater
(see figure 7). In this way, we sh,:ll o,btain, on t:~
overcast day the same heating, but It will be effec
by the auxiliary heater.

The purpose of the solar switch can now be precis~ly
defined: (a) to prevent the electric hea~er opera~~~
between I p.m. and 8 a.m. of the following morn gd
(b) to ensure electric heating between 8 a.m. an
I p.m. during cloudy periods.

The electrical circuit of the solar heater with the
solar switch is shown in figure 8.

The cycle starts with the electric clock disconfnecting the power between I p.m. and 8 a.m. t~e
the following day. Between 8 a.m. and I. p.m. fug
clock will reconnect its contacts. Elect!IC hw~en
will now be governed by the solar switch- '11
solar radiation is available, the solar sWItch W~y
disconnect the electric circuit, while during dou
periods it will switch it on.

Figure 7 permits calculation of the output ?f :~~
electric heater. The rate of heating per unit tlm
expressed by :

H = ~~ . C lk~rl
h H th t f h ti in kcal per hourwere = e ra e 0 ea mg

e = temperature in QC
t = the time in hours k
C = heat capacity of the storage tan

(C = c.v)
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will raise it to 50°C in 4-5 hours. Thus, it is possible
to assume ~t = 5 hours, ~e = 38°C. From this, the
electric output can be calculated:

de
The expr. .sion dt represents the instantaneous

slope of the ::eaHng curve.
While we CiO not have an analytic expression for

t~e solar hc';-ing curve, the rate of electric heating
WIll be cons' ant ; therefore:

. de ~e
H electric = dt . C = const = ~t . C [2J

when ~e = the temperature difference of the cold
water supplied to the heater and the hot water;
!J.t = duration of heating interval.

Under local winter conditions, the average cold
water temperature will be 12°C, and solar heating

N = c· V . dO [kWJ
860 ~t

where N = power in kW
. h f h . kcalc = specific eat 0 t e water III 10C

V = storage tank capacity in litres.

A capacity of 100 litres will require:

. [kWlN = 0.89 1001

[3J

[4J

Mdl'n fuse
dnd ~",itch

<>I---e:::J--<r 0_- 0

Elee/ne clock

Eledr/c heafer
Saff!1y flJermo.sft!lf

Supply

Solar s wilch

I

Figure 8. Circuit of auxiliary electric heater with solar switch
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Assuming that thermal insulation of the storage
tank will be of a high quality and that afternoon and
evening consumption will make use of water heated
until midday, heat losses from the tank can be
expected to be small. Considering this, its thermal
utilization may be of the order of 85 per cent approxi
mately. In view of the thermal losses, the auxiliary
will have to provide

N = 1.05l;o~ll [5J

For a solar heater of 150 litres capacity, a 1.6 kW
electric heating element will be required, consuming
about 8 kWh during the 5 hours of the heating cycle.
This figure is approximately the same as the average
daily output previously calculated.

Using the typical heating curves given in figure 7,
the co-operation between the two sources of heat

may be analyzed. The derivative ~~.defining the

slope of the curves determines intensity of radiation
per unit time. From the graphs it is obvious that
while the electrical heating graph is a straight line,
indicating constant and stable heating, the slope
of the solar heating curve is variable. This fact
stresses the point that the solar heating rate will be
higher than electric heating in certain hours and lower
in others. If cloudiness sets in during that part of

<..J
o

J

the heating cycle where the rate of ::: ~;lar heating is
higher than the electric, the auxiliary 'ating will lag
somewhat behind the planned heatirv; rate. Con
versely, cloudiness during the second F rt ofthe heat
ing cycle will bring about a higher Hc':, of auxiliary
heating. Provided cloudiness is fairly Ci, .nly distribut
ed throughout all heating hours, the r« .uired average
temperature will be reached. The k,~t favourable
conditions may occur on a day, wicn cloudiness
prevails mainly during lag hours 01 .he auxiliary
heating. The maximum possible difference is denoted
by I (degrees centigrade) as measured the vertical
at the point in which the two curve- are parallel.
This will result in the water temperature at I p.m.
being several degrees lower than the pos-: ble maximum
for that' day. This temperature will be reached
slightly later. .

Figure 9 illustrates the combined .rperation of
solar and electrical heating, assum '« cloudiness
between 9-9.30 a.m, and 10.30-11.30 ..m.

The thermostat inside the storage t.vrk is a safety
device. Its purpose is to prevent all ;ndue ri.se ~f
water temperature, in the event of el '~:rical circuit
breakdown not taken care of by other je~y d~vi~es.
The thermostat will serve as a consu i iJtlOn limiter
only on those rare occasions when t: . water tem
perature is brought to cut-off level b~' means of the
auxiliary heating. This could happ- '1 if a large

50 t----r---+------t----+----+---~.----,:""--4

~
~f 40 t----t------t---+---~h_rm+4___.,L..f_--__+_-____I
~

~
~
I 30 1-----+---

CD

20 1---r--~y-~--+--_1_-+--__If_____+---__+__--__1

10 l----t----+--~-+-~-_J_

o
10 12 /3 h

Figure 9. Combine~ operation of solar heater with auxiliary electric' heater
(cloudiness between 9- 9.30 and 10.30-11.30 a.m.)
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amount of :c water is left unused overnight, so
that less hea ':)~ is required to bring it to the required
temperature :~ he thermostat should be adjusted
to a cut-off .cmperature of 60°C.

Consrruction of the solar switch

The solar <witch itself will now be described.
Having defin.«l the ~equired conditions of operation,
mea~s of C~':lstructIOn may be proposed. Several
possible designs have been considered. A device of
simple design, requiring the least possible main
tenance and cheaply manufactured is preferable.
O~ all the ck'oigns examined, the three main ones
will be discussed in this paper.

Photo-electric ,:cll

Th~ m?st "f)yious devi~e that immediately comes
~o mind IS c' »hoto-electric cell. Such a cell can be
installed wit.vthe collector adjusted so as to actuate
a contactor ;:: accordance with radiation conditions.
When direcf vadiation is obstructed, the contactor
wll~ c~ose, s- irching on the auxiliary heater. With
rad1.a~lOn a,';, Eable again, the contactor opens and
aux1hary heating is switched off.

.Even a superficial examination of this device
w1~l s~ow that besides the complicated problem of
adJushng the device to the required radiation levels
for the open and closed positions, the efficiency of
the photo-electric cell will be considerably reduced
?y acc~mulating dust. Furthermore, an amplifier
IS reqUlred, making the device more expensive and
corn r .p Icatmg maintenance and adjustment.

t
A simpler and cheaper device will therefore have

o be considered.

Thermostat inside the flat plate collector

. ~here is a possibility of installing a thermostat
~~~lde the 01?-tlet of the flat plate collector. The
f rmostat w111 operate according to the temperature

Of t~e hot water leaving the collector. The advantage
\It e thermostat is that it is fitted with contactsf J. to pass. the full power load, so that the operation
s 1rect, WIthout need for amplification. .

The thermostat will operate as follows: with the
~ppe~ranceof radiation, water in the flat plate collec
s~\WI~l heat up within several minutes. The thermo
. a WIll respond by opening the contacts and switch
~~1' off p~wer. Contacts will remain open for the
ov Ire pen?d .of heating by radiation. In case of
bee;cast, direcr radiation ceasing, solar heating will
wiU educed and hot water flow to the storage tank
willstop. The flat plate collector with the thermostat
on t~ool to .t~·le point where contacts close, switching

e aux1hary heater. .'
de~he main disadvantage of this device lies in the
theender:ce of a solar switch of this kind on the
rearmalmertia of the flat plate collector. For obvious
causans, everything is done to reduce losses from the

ector. If we succeed in this, cooling will be reduced

an? more time will elapse until the thermostat will
SWItch on auxiliary heating.

It i.s argued. by Hot~el. and Woertz (1) that ob
struction of direct radiation by clouds will indeed
stop water heating, but diffuse radiation during
cloudy periods may be sufficient to prevent the collec
tor temperature from dropping. Under these con
ditions, operation of the auxiliary heating will be
undependable. It should be noted that the thermo
stat itself, being sensitive and operating the electric
~ircuit directlJ:, may be used for our own purposes
m a more efficient manner. .

Thermostatic solar switch

This device will utilize the advantages of the
thermostat by means of an independent small flat
plate collector operating in conjunction with it. This
will make it independent of the inertia of the main
collector. The design of the prototype is described
below. This device enables us to make direct solar
radiation control the electric circuit, thereby regulat
ing auxiliary heating according to requirements.

To an ordinary thermostat, used for temperature
regulating purposes in electric heaters, a small solar
collector is added. The collector is made of sheet
copper, 0.2 mm gauge, its area being 200 cm'' (10 X
20 cm). The collector is soldered to the rod of the
thermostat, the surface facing the sun painted dull
black. The thermostat with its collector is installed
inside a wooden box, without additional thermal
insulation. The upper face of this box will be of
plate glass (see figure 10). The purpose of the box
is to keep the solar switch clean and dry.

The solar switch is installed near the main flat
plate collector, within reasonable distance of the
electric heater, to keep wiring short. The electric
circuit is described in figure 8.

This prototype has been tested for a fairly long
period and' its operation recorded. A Campbell
Stokes instrument was installed close to the solar
switch, recording sunshine periods. Figure 11 illus
trates the operation of the solar switch. The diurnal
recording of the solar switch operation is shown side
by side with the recording of the Campbell-Stokes
instrument. The recording instrument shows the
positions of connected and disconnected load. Fluc
tuations in recording of the connected load are due
to supply voltage variations and have nothing to do
with the operation of the solar switch itself.

Experiments with the prototype during two winter
seasons have shown its operation to be stable in
all weathers. It became apparent that the apparatus
is even more sensitive than necessary. Recordings
show that even a passing cloud makes the thermostat
contacts open and close within 2-3 minutes, which
results in excessive wear (the electric circuit as a
whole is not unduly affected). .

Consequently, this was modified to make the time
lag necessary for operating the contacts of the order
of 4-6 minutes. The resulting losses in total daily
amount of auxiliary heating were small. It is esti-
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Fi~ure 10. The thermostatic solar switch

mated that the cost of producing the solar switch
with the electric clock will not be higher than assumed
above.

Further improvements of the solar switch

The experiments demonstrating the high sen
sitivity of the solar switch make further improvement
possible. Up to now, this high sensitivity was not
utilized to reduce the wear on the thermostat contacts.
Sensitivity is governed by the setting of the thermo
stat and its design: increasing the collecting area,
reducing heat capacity and preventing ventilation
will advance the disconnection of the contacts by
solar radiation; reducing the collecting area and
increasing ventilation will tend to reduce the thermal
inertia of the device and so advance the closing of
contacts when solar radiation ceases.

We shall now define two time constants with regard
to the solar switch: (a) disconnecting time constant
- kll representing the time from the instant when
direct radiation appears to the instant when the
thermostat switches off the electric circuit; (b) con
necting time constant - k2, representing the time
from the instant of the sun becoming obstructed
to the instant when the thermostat switches on the
auxiliary heater.

These constants kI and k2 are not fixed; they
vary according to the angle of incidence of the
radiation on the solar switch collector, cooling con
ditions being determined by air temperature, wind
speed, etc. With the aid of interrelated planning
of all design factors, it is possible to arrive at average
constants, taking into consideration the actual
operating conditions of the flat plate collector. For
the collector itself, two parallel expressions will be
defined.

(a) Time constant for the start of hot water circu
lation to the storage tank - kI . As mentioned before,
hot water flow from the collector lags behind solar
heating; kI represents the time necessary to heat
the collector up to the temperature where hot water
circulation starts (free circulation in a heater based
on thermosiphonic circulation, or for startlllg, the
circulating pump in a heater with forced circulatIOn).
This constant is also not fixed, being depend~nt o~
two groups of factors. The first group consIs~s 0

external factors, i.e. intensity of direct and dIffu~e
radiation, according to the time of day and t e
season, cloudiness, air temperature, wind speed, ~tc.
The second group consists of factors concernI~g
collector design and the hot water temperaturet~
the storage tank. It has to be stressed that e
constant kI will increase with storage temperatt~'
i.e. the appearance of the sun after a faIrly 0 g
overcast interval at midday will necessitate. mO~f
prolonged heating of the collector for startlllg
circulation than during morning hours.

(b) The disconnectingtime constant - k2, represe~lt~
ing residual time of water flow to the tank after ces~~1O e
of direct radiation. Under overcast conditions, dI ~:y
radiation only will reach the collector. Its intenS,I g
will mostly be lower than that necessary for heatT5)
the water up to the circulation point. H. Ta?or the
defined the cut-off solar intensity, below whICh ti g
efficiency will drop to zero, i.e. no useful hea/~t
will .be effected. On the whole, the time cons ~cr
k2 will be very small. During this period, hot w~ at
circul~tion will continue at the expense o! the f ~hC
capacity of the collector. The rate of coolIng 0 ity
collector, i.e. the reduction in its heat cap~~ s~
depends on weather conditions, especially ,on, dI ~il1
radiation. In certain cases, the diffuse radIat~on ~vil1
offset the losses from the collectors and coolIng
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be low. TlIIs will reduce constant kl when the sun
reappears. :t may be assumed, as a first estimate,
that k2 = n. meaning that hot water circulation will
stop insta-rly when the sun becomes overcast.

After de i.ning these four constants, we can express
the desire. 1 improvement. We shall try to adapt
the constants of the solar switch to those of the
collector, ~J' that the equalities kl = K l and k2 = K 2
will be est.: blished.

Such iue.il agreement will make perfect co
operation l.'r,ssible between the solar heater and the
auxiliary hating by means of the solar switch. It
should be »oted again that these constants are not

fixed. They depend on numerous factors, mostly
impossible to define mathematically, such as meteoro
logical data. We shall thus have to confine ourselves
to a close estimate, based to some extent on experi
mental data, which will have to be verified again
when examining different models of solar heaters.

This stage of the study, to be carried out in col
laboration with the Solar Physics Laboratories and the
Electric Power Division of the Technion, will consist
in calculating the performance of the solar heater
by means of an electronic computer, in the course
of which the required time constants will also be
determined.
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Summary

In many parts of the world solar water heaters
fitted with the low-temperatu;e flat plate collector
are used in order to reduce fuel costs. In regions where
Solar radiation is particularly intense and the climate
appropriate, water is sun-heated during most days
of the year. The need for auxiliary heating on 0:rer
Cast days, resulting in increased total cost, raises

the problem of the economic feasibility of the system.
Where conventional sources of heating are available,
the combination of solar and auxiliary heating must
be capable of competing economically with the other
systems. Among the factors governing the actual
cost of solar heating, the expenses for auxiliary
heatin~ are thus of the greatest importance.

4
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In order to estimate the essential proportion of
auxiliary heating, local climatic conditions and
their influence on the efficiency of the solar heater
should be examined. With the aid of such data, it
will be possible to calculate the minimum amount
of auxiliary heating required to provide for year
round hot water consumption.

Close examination of the actual proportion of
auxiliary heating shows that the average consumer
tends to excessive use of it. For example, in case
of doubt about sunshine conditions on the following
day, auxiliary heating (mainly electric) is switched
on, in which case, if the following day turns out to
be clear or almost clear, solar radiation remains
unutilized.

Figures based on these considerations show that
under local conditions, the minimum amount of
auxiliary heating reaches 10-15 per cent of the total
year-round heat. On the other hand, the actual use
by the average consumer is much higher and reaches
28-30 per cent of the total heating.

In order to exploit the maximum solar radiation
while reducing auxiliary power consumption to a
minimum, as well as make sure of the amount and
temperature of the heated water, a special' device
named by the authors a "solar switch" has been
designed, constructed, checked and used. This switch
permits automatic control of the supply of electric
energy and operates only during sunshine hours.

The power of the electric auxiliary heater is so .
calculated as to give, on the average, the same rate
of heating as obtained from unobstructed solar
radiation. Combining their operation during the
"main heating cycle", i.e., from 8 a.m to 1 p.m.,
water heated to the desired temperature 1, obtained.

An electric clock, installed in series ,y,rj, the solar
switch, keeps the auxiliary system 'I itched off
during the undesired period, i.e., from [ p.m. to
8 a.m. of the following day.

The solar switch, which is sensitive tu nrect solar
radiation, is responsible for keeping :: e electric
heater switched on during the overcast ll< 'ads in the
course of the heating cycle, from 8 a.ll . to 1 p.m.

Of various possible designs, the "tit rrnostatic"
solar switch was adapted. It comprises d. .hermostat
to which a small solar black collector '.., soldered.
This device is contained in a wooden box '\ ith a glass
plate on the upper side, without therma! Insulation.
The switch is actuated by direct solar rauation, and
switches the electrical device on directl \

The sensitivity of the solar switch has t-. i ,e adapted
to the working conditions of the ma« collector:
circulation between the collector and '. rage tank
sets in, once solar radiation is no lonf' , available,
only when the temperature of the water > the collec
tor is higher than that in the tank. The· . itch must
also not be so sensitive as to switch ( when the
clouds are too light.

LE CONJONCTEUR SOLAIRE, MOYEN AUTOMATIQUE DE SOULAGER LES DIb ?OSITIFS
AUXILIAIRES DES CHAUFFE-EAU SOLAIRES

Resume

Dans nombre de regions du monde, on a recours
aux chauffe-eau solaires dotes d'un collecteur a basse
temperature constitue par une plaque plate, pour
reduire les frais de combustible. Dans les zones ou
le rayonnement solaire est particulierement intense
et le climat approprie, c'est le soleil qui sert a chauffer
l'eau pendant la majorite des jours de l'annee, Le
besoin d'un dispositif auxiliaire pour les jours
couverts, avec l'augmentation de frais globaux qu'il
comporte, souleve un probleme quant a la validite
economique du systeme. La ou l'on dispose de moyens
de chauffage classiques, la combinaison chauffage
solaire-chauffage auxiliaire doit etre capable de-faire
concurrence aux autres systernes sur le plan econo
mique. Parmi les elements qui determinent le cout
veritable du chauffage solaire, les depenses afferentes
aux dispositifs auxiliaires sont done de la plus haute
importance.

Pour juger de la fraction indispensable des besoins
de calories que le chauffage auxiliaire doit servir
a combler, il faut examiner les conditions meteo
rologiques locales et leur influence sur le rendement
du chauffe-eau solaire. A partir de ces donnees, on
pourra calculer le minimum de chauffage auxiliaire

dont on aura besoin pour faire face a la consomma
tion d'eau chaude de l'annee.

L'etude detaillee de la proportion dans laquelle
le chauffage auxiIiaire doit effectivement intervenu
demontre que le consommateur. moyen a tendance
a en abuser. Par exemple, quand il a des doutes an
sujet de l'ensoleillement du lendemain, i1met en route
un dispositif de. chauffage auxiliaire (general~ment
electrique) si bien que, si cette journee est claire ou
presque claire, son apport de rayonnement reste
inutilise,

Des chiffres bases sur ces considerations demon
trent que, pour les conditions locales qui nous intere~

sent, la proportion minimale des besoins a couvnr
par le chauffage auxiliaire atteint 10 a 15 p. 100 du
total annuel. L'utiIisation que le consommateur
moyen fait de ces res sources auxiliaires est beaucoUf
plus importante : elle atteint 25 a 30 p. 100 du tota .

Pour exploiter le rayonnement solaire au maxim~m,

tout en reduisant le plus possible la consommatlO;
d'energie auxiliaire, ainsi que pour garantir que. a
quantite et la temperature de l'eau chaude sont bien
ce que l'on veut, un dispositif special que les aut~u~
appellent le conjoncteur solaire a ete mis au pom ,
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fabrique, essaye et mis en service. Il permet de
regler automatiquement la foumiture d'energie elec
trique et ne fonctionne que pendant les heures de
soleil.

La puissc .ce du chauffe-eau auxiliaire electrique
est calculee ~ :0 telle facon qu'elle assure, en moyenne,
le meme reg;:-;1e de chauffage que celui qui correspond
au rayonne 1 ent solaire en l'absence de nuages ou
autres obstacles. En combinant le fonctionnement
de ces deux dispositifs pendant le cycle principal
de chauffagc c'est-a-dire de 8 heures du matin a.
1 heure de 1 pres-rnidi, on obtient de l'eau a. la tem
perature vo: .ue.

Une pend: le electrique, montee en serie avec le
conjoncteurv-olaire, coupe le courant destine au
systemeauxrnaire pendant la periode ou on ne veut pas
s'en servir est-a-dire de 1 heure de l'apres-midi a.
8 heures de: matin le jour suivant.

Le conjor., teur solaire, sensible au rayonnement
solaire direct assure le fonctionnement du dispositif
electrique u-ndant les periodes nuageuses qui se

presentent au cours du cycle de chauffage, c'est-a
dire de 8 heures du matin a. 1 heure de I'apres-midi.

On s'est rallie, parmi les diverses conceptions pos
sibles, au conjoncteur solaire a. thermostat. Il
comporte done un thermostat, auquel est soude un
petit collecteur solaire noir. Ce dispositif est loge
dans une caisse en bois dont la partie superieure est
recouverte de verre, sans isolement thermique. Le
conjoncteur est commande par le rayonnement solaire
direct, et il declenche le fonctionnement du dispositif
electrique.

On doit adapter la sensibilite du conjoncteur
solaire aux conditions de travail applicables au
collecteur principal: la circulation entre ce collecteur
et le reservoir ne s'etablit, au moment all l'on ne
dispose plus de rayonnement solaire, que lorsque la
temperature de l'eau dans le collecteur est plus
elevee que celle qui regne dans le reservoir. Le
conjoncteur doit egalement etre assez peu sensible
pour n'agir que lorsque les nuages sont assez
epais,
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dont la surface receptrice etait paralelle a la vitre
des capteurs. On peut en deduire le rendement des
appareils de la facon suivante : la quantite de chaleur
recue par la vitre de 8 h a 15 h le 18 avril etait de
4460 kcal, et le chauffage de 50 litres d'eau de 21
a 66° a necessite 50 X 45 = 2 250 kcal. Le rende
ment est done d'environ 50 p. 100.

Conclusion

La construction et la mise en place cL chauffe-eau
solaires portatifs et de prix de revient peu eleve est
possible en Algerie, ou la climatologie "'t: prete parti
culierement a ce mode de recuperation ,", la chaleur
solaire.

Resume

Le chauffage de l'eau pour les besoins domestiques peut se faire econo
miquement en Algerie, ou les joumees d'insolation sont nombreuses. Des
realisations commerciales comportant capteur solaire, reservoir a accumu
lation, et parfois chauffage electrique d'appoint, existent. mais sont d'un
prix de revient assez eleve,

On a cherche la construction de petits appareils simples et peu cofiteux,
dont plusieurs prototypes ont ete etudies. Le rendement en eau chaude
de ces appareils a ete determine suivant les saisons. On montre qu'une instal
lation relativement peu cofrteuse permet de fournir unequantite d'eau inte
ressante, pour les besoins du lavage et de la cuisine.
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STUDY OF SOLAR WATER HEATING IN ALGERIA

(Translatio;; af the foregoing paper)

J. Savom'; *

We have .·,)nstructed and tested economical solar
water heater. for the undeveloped regions of Algeria,
to cornpens:' '(; for the lack or high cost of fuel; the
water is intended for domestic uses (cooking, laun
dry, etc.).

The first type of heater is small (70 cm in its
largest dim, nsion) and provides a limited amount
of water - 15 litres (figure 1). A second type is
similar but :,'xger (135 cm in largest dimension), and
has a capzl' 'ly of 50 litres (figure 2). To make the
heaters asbeap as possible, no automatic cold
water feed i, provided. The heaters must be filled
in the mar, 1,1g, and hot water is drawn at midday
and in the . vening : from 11.30 a.m. to 1.30 p.m.
and from [) '.} 6 p.m.

Design

.These h,~,,: ers consist essentially of a flat chest
WIth botto.., and sides insulated either by wood
shavings bc.ween two sheets of isoral (small model)
or by cork t.anels between two thicknesses of boards
(large mod-I). The shallow metal water tank with
blackened flee is placed in this chest. The chest is
closed by a glazed frame that transmits the sunlight.
It is supported on three feet, two in front and one
m back, and is so inclined that the incidence of
sunlight is normal at the time of the equinoxes; the
angle of inclination may be varied by adjusting
the rear foot, which consists of a tube sliding in a
casing.

The storage tank in the large model is made of
con:mercial corrugated galvanized iron. The corru
gatIons are spaced 75 mm apart, with depth of 18 mm
?etween crest and trough. The corrugati?ns
Impart additional rigidity to the walls, which
tend to deform under the action of the tem
perature rise. Four threaded rods with nuts maintain
the distance between walls in the central and lower
portions. The metal sheets are welded at their ends
to a flat galvanized iron wall, and are so arranged
t~at the troughs of the corrugation of one wall are
dIrectly opposite those of the other.

The storage tank in the small model is made of
she~t zinc and the separation in this case is also
lllaIntaIned by cross-pieces.--• Faculte des Sciences, Universite d'Alger, Algeria.
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A short header for filling is provided at the upper
part of the tank, and a second header at the same
level lets out the air.

Dimensions

The small model has a single glass pane, 50 X 70 cm,
in front. The flat heating tank has the same surface
area and an inside thickness of 45 mm, giving a
capacity of about 16 litres. The glazed box is 56 X
75 X 11 cm, in outside dimensions. As already
mentioned, it is supported on three legs. The rear
leg is adjustable. The complete heater weight 21 kg
(empty).

The large model is mounted on a frame with four
glass panes, each 40 X 60 cm. The insulated surface
is 9 600 ems, the water volume 53 litres, and the
glazed box is 92 X 133 X 20 cm in outside dimensions.
The total weight of the heater is 72 kg (empty) .

The relation between exposed area and volume of
water heated is 48 11m2 for the small model, and
52 11m2 for the large.

The water is heated gradually, beginning in the
morning. Its temperature rises at first in the upper
part of the tank, gradually reaching its maximum
towards 3 or 5 p.m., according to the season, and
then slowly declines.

At all times, there is a vertical gradient of water
temperature, since the water is naturally at the

Figure 1
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lowest temperature near the base. The water is
withdrawn for use at a level about quarter of the
way up. From this level, an inside tube conducts
the water to a faucet at the base of the heater. 0,6 +---r-:---?-4----+---+_-

Cost

4
p.m.

2
p.rn.

10 12
a.rn. Noon

Figure 4

8
a.m,

peratures for the small model are remarvably closeto
these values, within 1 or 2°. These cu. ves were o~
tained at Algiers (36° N lat.) with ire neater m
fixed position (glass pane normal to th~ meridian
plane and substantially normal to the direction of
the solar radiation at noon). The c~rvc o~ 2 June,
however, corresponds to an orientation adjusted by
hand about every hour (except from 12 to 1.45 p.m.].
It will be seen that the water temperature can be
very appreciably increased by this procedure. On
13 April, 25 litres of water were drawn at 1.30 p.m.
at a mean temperature of 53°C, showing that the
temperatures of figure 3, taken 5 cm below the upper
level of the water in the tank, do not give the tem
peratures of all the hot water available. Twenty-fi~e
litres of cold water were then filled in. During toe
next two hours the temperature rose another 9.

Figure 4 gives the measurements on 9 February
and 18 April. The solid lines for these days show the
temperature at the top of the tank (as also in figure~.
The dashed curve shows the temperature of t ~
first decilitres drawn from the faucet on 18 Apn
(atmospheric temperature 20 to 23°C). The .te~;
perature of the entire amount of hot water avaI1ab t
is intermediate. At 5 p.m. 40 litres of water ~f
66°C were drawn. On the average, the temperature h
the available water is 5 to 6° lower than that of t e
curves of figure 3. Figure 4 also gives the measu~:h
ments of the solar heat, taken on a solarigraph Wlheits receiving surface parallel to the glass panes of t

0,2 l---+ .L-__-l- !---

4p.m.a p.m,

Figure 3

12 noonIOa.m.g avm,

Performance

According to the season and the state of the sky,
the temperature of the hot water varies. It is usually
over 60°C. Figure 3 shows the water temperatures
attained by the large model on certain days of
February, April, May and June. The water tem-

//'-----

,./

It is difficult to estimate the production cost of
these heaters, since the prototypes were built by
hand by artisans. For the large model, the material
(in 1961) costs about 80 to 100 NF, and for the small
model, 40 to 50 NF. The labour cost must be added
to this figure. .

30' 14--+-j-_L/--j.----+----+---~

50' t----~<_r__'--_+-
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collectors. The efficiency of the heaters may be
calculated as follows. The heat received by the collec
tor glass from 8 a.m. to 3 p.m. on 18 April was
4460 kcal. To heat 50 litres of water from 21 to
66°C took nP X 45 = 2 250 kcal. The efficiency is thus
about 50 VT cent.

Conclusion

Portable low-cost water heaters can be built and
installed in Algeria, where climatological conditions
are especially appropriate for this method of har
nessing solar energy.

Summary

Solar water heating for domestic purposes is economical in Algeria,
where there are many sunny days. Commercial models comprising a solar
collector, a tank, and sometimes electrical stand-by heating facilities are on
the market, but at high prices.

The design of small, simple and cheap heaters is investigated, and several
prototypes studied. The hot-water output of these heaters is determined
for various seasons. The author shows. that a relatively inexpensive installa
tion will provide a reasonable amount of water for laundry and cooking.



Cost of collector . . . . . . . . . . . .
.5 per cent interest on investment (12 years) .
Maintenance for 12 years. . . .

SOLAR WATER HEATERS

R. Sobotka *

Solar water heaters were first offered for sale in
Israel (by Mirornit) only six years ago. During the
short period since then, the solar water heater has
become a widely used and very popular means of
heating water for homes, hospitals and industry.
There are many thousands of solar water heaters in
use in Israel (the writer estimated that there are
10 000).

In analysing the advantages and attractions of the
solar water heater, the first consideration is the fact
that of all our primary sources of energy - coal,
oil, gas, wood and nuclear energy - solar energy
is the only one which need not be produced, mined
or processed. Solar energy flows in an unending
stream for millions of years towards the earth. Though
its concentration is low, the total amount is
immense. The fact that there is no investment neces
sary for its production, processing and transport
to the site of its use reduces the cost of the investment
necessary for exploitation and conversion.

By comparison, in the use of coal or oil the cost
starts with prospecting, test drilling, buying the
land, or obtaining a concession, followed by drilling,
mining and pumping, transport, refining, and finally
distribution to all parts of the world by pipelines,
tankers, trucks and rail.

Only the enormous quantities and the subsequent
streamlining and mechanization of all stages of
production processing and distribution have brought
the price of oil, coal and gas within reasonable limits. It
is quite obvious that the production of mass-produced
solar collectors can be just as cheap and efficient
as that of other modern appliances, such as radios
or refrigerators. The stress is on the word "mass
production", as this has never taken place.

Cost

At present, the relative figures for the cost (in
V.S. $) of a kWh produced by oil (generated elec
tricity) or solar collectors (Mirornit with selective
black) are as follows:

Average cost per kwli of electricity. . . . . . $0.03

Cost of installed solar collector 1.5 m2 net surface $
(retail price) . . . . . . . . . 70
Interest (5 per cent) for 8 years. . 28

. Maintenance . . . . . . 16

TOTAL 114

• Managing Director, Miromit Sun Heaters, Ltd., Tel-Aviv,
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The assumed operation of the solar c' lector is for
300 days per year at 4 kWh per day 1 200 kWh
per year or \) 600 kWh in eight ye,u-

$114
Cost per kWh = 9600 = aproximatcly $0.01:2 '. 1.2 cents

The comparison ($6.03 to $0.012) shov. ~ that even
at the present high cost ($70) of a su' ir collector,
the break-even point is reached after ~ 1/4 years.
If the cost of electricity is more than SI i q:~, which is
the case in many of the less develojc-l countries,
the cost of the solar heater will be rcc -ered within
one to two years.

The present cost of a solar collector Ci~ he itemized
as follows, and it can be shown that «-thods can
be applied that will reduce the pm· -lrastically.
The approximate figures are based on ;ll'~ srael- made
(Mirornit) collector and do not inclu- 1 local pur
chase taxes.

Material for 1 collector (1.75 m X 1.00 m )..]uding S

glass . . . . . . . . . . . . 26
Labour (manufacture) . . . . . . 18
Transport and handling . . . . . 8
Overhead, distribution, installation, and prom, i 'On and

profit . . . . . . . . . . . . . . . 18

70

The above shows that the cost of manufacture is
approximately 63 per cent of the retail price. The
production cost can be reduced to approximately
$20 for material and $10 for labour if modern mass
production methods are used. The transport, sale,
distribution and installation will be much cheaper ~s

well, if the number of units produced and sold IS
increased.

With $30 as the manufacturing cost, a unit (colleet?r)
can be sold (including installation) for $40, with
a retail margin of 33 per cent that will cover over
heads and distribution. The results will be even more
favourable if better production methods and better
materi~ls are used, ensuring a longer life-sJ?a~ ?f
approximately twelve years. This is not too optImIstIc
when compared to the success of similar products
like cars, refrigerators, air-conditioning units, or gas
ranges.

Consequently, the costs can be adjusted as follows:
$

40
24
24

88
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Output in twelve years will be 12 X 1 200 =
14400 k\\'lL

At $0.0:' per kWh electricity, this would be a
saving of ':;:1(3 per year, on an initial investment of
$40. In o i i.er words, mass-production would very
probably r-duce the price of solar energy to one
fifth of thn ' of electrical energy.

At the l"'sent stage, the reduction of the price
of solar w.iter heaters is not a scientific problem,
but rather :' technological, promotional and organiz
ational pro: lern.

$88
Cost per ki,\'h = 14400 = approximately. . . $0.006

in such a way that it can adjust its operation automa
tically to higher temperatures in the summer. An
other means of compensating for differences in insola
tion is the angle of inclination of the collector, which
should be nearer to an angle of 90° in relation to the
rays of the lowest winter position of the sun. A
third factor which became apparent in Istrael
during several years of experience is the function of
the dust cover, in the summer months, as a filter.
This is particularly important in countries, like
Israel, without summer rains, where the first few
rains at the beginning of winter will wash off the
dust and therefore raise the output during the shorter
and colder winter days.

Testing

An indu-t ry in its early stage has to reinvest large
sums in development. It was necessary to measure
the outpu: efficiency of the solar collector and to
register it. performance over a period of several
years. The «ffcct of minerals contained in the water
had to be cbserved and the problem of clogging-up
of pipes solved.

The method of testing the performance of the
solar wat heater should, as nearly as possible,
duplicate 11rmal working conditions.

We cor -.ccted one Miromit solar collector of
1.5 m2 ne, rollectors plate surface to a storage tank
of 120 litr ,; (32 U.S. gal). The storage tank, being
in excess d the optimum output of the collector
(approx. :-, uOO kcaljday), will store almost 100 per
cent of U:c: heat output of the latter. Connections
between «.llcctor and tank are as short as possible
and well 'I(.iged. The flow of the thermosyphon is
adjusted L a maximum temperature of 65°C (150°F)
by a hanl regulated valve in the hot water return
pipe,

At the cud of the day (5 p.m.), all the water is
drained from the insulated tank and for each 5 or
10litres, the temperature is registered. The difference
between the temperature of the cold water in ~he
supply line, and the registered temperature will give
the heat gain in kcal for each 5 or 10 litres. The total
daily heat output of the unit will be the total of
all sums.

Such tests have been performed by us during
14months on two or three parallel and identical units.
The results showed an interesting pattern. In summer
(June-September) with solar radiation of 5 000
7 000 kcaljm2 and water output temperatu!e ?f
60 to 65°C (150°F), the efficiency of conversion IS

approximately 35-45 per cent, while in winter
(December-March) with lower insolation (3 000
4 000 kcal/ms) and slightly lower water output
t~mperatures (50-60°C, 135°F), the conversion effi
CIency was 50-60 per cent.

This results in a levelling out of the annual co~lect?r
output in relation to available insolation, WhICh III

Israel is approximately: in December, one-third of
the maximum (July) insolation. Thus, to ensu.re
an even level of performance, the unit must be built

Use of selective black

The introduction and use of selective blackened
surface for our collectors in 1959 improved the per
formance and solved some of our problems.

We know now that selective blackened collector
plates are superior not only in their optical properties,

Figure 1. The smallest solar water heater unit used in
Israel - a l20-litre storage tank with one collector.
This unit is used for homes without bathtubs; hot
water is used only for. dtshwashing and showers
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but in many other respects as well, which originally
were not thought of, for example, the stability of
colour, the possibility of cleaning such surfaces,
mill their resistance to high temperatures.

Wt' originally had the problem of blackboard
paint cracking, pl'('ling, and flaking off after a few
yt'ars, especially at higher temperatures on materials
such as roppl'r, nluminium, or galvanized sheets.
In addition, ordinary black metal sheets showed rust
from condensed humidity in the collector. TIll! colour
of blackboard paint became gn'Y and lost a groat
(It'al of its absorptive properties. Since dull, sprayed,
black paint dOI'S not yil'ld a smooth surface, it is
difficult to clean the <lust which penetrates into the
paint coat.

Other aspects

The complete absence of any waste products
(smoke, ashes, gas), fire hazards or personal danger
is an advantage and makes the use of solar water
heaters possible where electricity, gas or oil could
not he safety employed.

In homes with children or in wooden buildings or
primitive dwellings, the absence of fire, gas or elec
tricity eliminates many hazards,

FIJturc 2. A solar water healer Instalted at the bulldln~

of the ~f1nIRtl")' of Works In Isollo, Kenya, The sloro~e

tank Is In the lower. Copoclly 18 200 IIlres
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FI~ure 3. Roof of a hospital bulldln~.on whtr l: ltl colleclors
arc Installed. The collectors arc not \'", connected.
Each group of 10 Is connected to onc 5(11 ' litre holler.
The four boilers are distributed over the ',hole Icnl1th
of the bulldlng, In order to shorten the h"t water plpcs

There are countries where the fire ha /, ird during
dry seasons is so great that open fires ar,' forbidden
by law. In other countries, primitive c1\\l'!lings arc
not connected to the electric system because of
distance or of danger to a primitive populatiOl.l.
Apart from complicated and expensive automatIC
oil burners, there is no way to heat water for homes,
without the need for constant care, maintenance,
and supply of gas, coal, oil or wood. EWIl the use
of. electric boilers, which is today probably th~ 1110:t
WIdely used method of heating water, is limited In
most countries to certain hours of use.

Foreign experience

Much data and information has been collected by
us during the last two years about the hahits and
d~~ands of people in many countries. The writer has
VISIted fifteen countries in southern Europe allll

Africa in order to sell and promote the use of sol.1r
water heaters. ~[orcover, it was then possihle to
study the specific problem in each of these lleW,

mostly under-developed, countries.
. \~rhi1<~ the standard size electric boi1e~ in. lsr~
IS 120 litres (figure 1), only an SO-litre bOIler IS u.
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oil, or gas, hut it will ('hangt· tll\' way of lift- :11111

hygienic habits of millions of peoplt'. Ali m-w Govern
ments in so-called solar regions must rt'cognil.t· the
great possibilities for their countries and erouomy.

The writer believes that solar water lu-atvrs have
reached a new anti possibly critical stagt', A full
am I corn-et recognition of its potentialities, parti
cularly by Governments and pl'Op\to in solar coun
tries will inaugurate the following stagt'. They will
then he mass- produced and popularized in all
countries that have favourable climates and in
countries that import gas and use oil for electric
generation. In a modern community, the electricity
or gas consumption for water-heating represents at
least 50 per cent of the domestic energy consumption,
and by saving this, it can be made available for
industry and ag-riculture (pumping at night), In
Israel, solar water heaters will supply llO-lIa per cent
of the domestic hot water requirements of a normal
household, and the additional 5 or 10 per cent for
electricity will represent an annual expense of
only $10. In somewhat less sunny countries like

Fll1ure 4. Installation of elltht collectors which arc connected
tn two 300-lItrc boilers. This section of the roof Is port
of un Instullatlon of six such units, en ch Instnlled over
the wushroom of un n~rlculturnl college, The whole unit
has 11 cupuclty of 10 X 300 litres, or n totul of 3000
litres with forty collectors

in Cyprus, Greece, Portugal or Spain. On the other
hand, the hours of the day in which hot water is in
use varies, and it is therefore important to know
these hours for the planning of a hot-water system.
In some countries, it is customary to bathe in the
afternoon (Israel, Italy,' Nigeria, Ghana), while in
other countries, because of different working hours,
hot water is mainly in use during the mornings
(Portugal, Spain, Kenya, South Africa) (figure 2).

For the planning of the storage capacity, such
habits and local demands must be considered.
Another important factor is the local meteorological
condition, such as the morning cloud cover in many
A!rican cities like Leopoldville, Luanda or Lagos.
LIttle exact data is available at the moment about
solar radiation and clouds. For Congo (Leopoldville,
Stanleyville and Elisabethville), such records exist
~nd .Were published by the Congo Meteorological
Service.

For many new nations, the use of solar water
heaters will not only relieve the need to import coal,

Fll1ure 5. Two solar collectors mounted on the southern
front watt of a villa. The storage tank Is under the roof.
Capacity Is 200 litres

.·ll1urc 6. Two collectors Instatled on the wlIlI of a houu.
The storage tllnk Is behind the watl, Inlllde the roof
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Italy, Spain or Portugal, 70-80 per cent of re9uire
ments will be supplied by solar energy - still an
economic proposition.

There are certain uses for solar water heaters in
which efficiency is particularly high, for example
in institutions or factories where the total quantity
of hot water is needed and used at the end of the
day. In such cases, the solar wat~r'heater~ will
operate during the whole day at their best, WIthout
any heat losses during prolonged periods of storage
(at night). Since the period of insolation is sho:ter
than the period without sun, losses during the time
of storage are considerable, usually 20-25 per cent
during 10-15 hours. Solar water heaters were installed
at service stations, factories and at an agricultural
school for showering after work (4 to 6 p.m.),
with excellent results and at a relative low initial
investment. The same can apply to army camps
where the hours of use can be controlled.

Large installations

The writer's firm has planned and installed many
large solar water units, such as a 2 000 litre (500 gal)
unit with 40 collectors for a hospital (figure 3) and
a 3 000 litre (750 gal) unit with 50 collectors for the
washrooms and showers of an agricultural school
(figure 4).

The possibilities of planned, integrated solar
roofs of 100 sq m or more, open up architectural and
engineering possibilities and further the reduction of
cost. In such cases, the collector plate and pipe
system can be mass-produced, but the costlier ele
ments - box, insulation and glass cover - can be
planned to be part of the roof. For such installations,
the use of pre-fabricated components of asbestos
cement might be suggested.

This report would be incomplete without discussing
the cost and problems of installation of solar water
heaters. Four years ago, when the first solar water
heaters were installed in Israel, it took two to three
workers 8-10 hours to install and connect a unit
with two collectors on a flat roof. The installation

Plgure 7. Unit with three solar collectors and storage
tank of 300-litre capacity. The unit stands GIl a flat roof

on a tiled sloped roof took even longer. In the mean
time, many thousands of units have be-n installed,
and today the installation of such a unit will take
two workers 4 hours: 8 man-hours rornpared to
15-25. An installation on a tiled root will take
12 man-hours. This shows how an operation that is not
standard .and repetitive can still be irr oroved and
made less expensive by better trained workers and
better methods.
. If solar water heaters were included in the original

building plans and installed before tl.e house is
finished, the time for installation could be further
reduced. At present, most solar water heaters are
installed after the building is finished, which involves
separate transport, lifting and connecting of the
units.

Further efforts will be directed towards designing
a solar collector for the lowest price and longest
life-span. The writer is certain that a price of $~O per
m2 and a life-span of 12 years and more will be
reached within 3 years. The shortest and most
realistic approach towards this aim is to sell ~ore

and to produce a less-expensive product, which,
in turn, will lead to even wider distribution.
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Summary

Ten years of experience in the practical and
commercial use of solar water heaters have shown
the many advantages over other systems of water
heating. Means of transportation, pipelines or wires
are not necessary to bring solar energy to the place
of use.

The cost of solar energy already compares favour
ably with electricity or gas, and mass-production
will reduce the price further. Cheaper and more
modern ways of manufacture will be possible if the
sale and promotion of the use of solar energy is
accelerated in all countries within the solar belt.

Tests have been made under actual working
conditions, and the operation of solar water heaters

in Tel-Aviv, Johannesburg, Nairobi, Lisbon, .and
many other places, has been observed. Vanous
improvements that balance the output from season
to season have been introduced.

Several thousand selective blackened collector
plates have been installed and tested under various
conditions in several countries and greatly different
climatic conditions. The results have been excellent
and most promising. '

. it
Solar water heaters (manufactured by Mirom1

Sun Heaters Ltd.) have been manufactured un~er
licence or exported to more than twenty countnes,
The local customs and habits of the population have
been considered in planning the size of storage tanks
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and in the installation of the collecters. The solar
water heater will influence the way of life in many
under-develeped areas where the use of hot water
for domest« purposes is at the moment very limited
or unknown. The introduction into such markets,
bv the adual importation,assembly, and,
eventually, 'he local manufacture of licensed solar
water heatc: '.i will be the aim for the next few years.

The experience gained in the planning, manufac
ture and installation of solar water heaters in Israel

'and many other countries enables us to be very
optimistic about the future expansion of markets.

The volume of future sales will be the main factor
in the decision to use mass-production methods,
and if used, they should lower the price of solar
water heaters by half.

LES CHAUFFE-EAU SOLAIRES

Resume

Dix ans cl'experience des applications pratiques
et commerc.iales des chauffe-eau solaires ont montre
que ces appareils presentaient nombre d'avantages
par rapport aux autres systemes de chauffage de
l'eau. Ils jicrmettent de se passer de systernes de
transport, <l(~ pipelines ou de reseaux de cables et
fournissent ienergie solaire it pied d'ceuvre..

Le prix de revient de cette energie solaire peut
deja soute.iir une comparaison favorable avec
l'electricite 'm le gaz, et il sera encore moindre quand
les appare-L necessaires seront produits en grande
serie, On uourra mettre en ceuvre des moyens de
fabrication plus economiques et plus modernes
SI la ventc "t les campagnes en faveur de l'utilisation
de l'eherg;',' solaire sont intensifiees dans tous les
pays de la "one ensoleillee du monde.

On a precede it des essais dans des conditions de
travail rec;Jes et on a observe le fonctionnement de
cbautte-eau solaires it Tel-Aviv, Johannesburg, Nai
robi, Lisbonne et nombre d'autres lieux. On a adopte
diverses ameliorations visant it egaliser le debit
d'une saison it l'autre.

On a installe plusieurs milliers de plaques de
collecteur selectives et on les a soumises it des essais
dans des conditions diverses, dans plusieurs pays et
sous des conditions climatologiques tres variees, Les

resultats ant ete excellents et sont riches el"!
promesses.

Des chauffe-eau solaires (fabriques par Miromit
Sun Heaters, Ltd.) ont Me construits sous licence ou
exportes vers plus de vingt pays. Il faut tenir compte
des coutumes locales et des habitudes de la popula
tion quand on etudie les dimensions des reservoirs

. et le mode d'installation des collecteurs. Le chauffe
eau solaire aura des repercussions sur la maniere
de vivre de la population dans nombre de pays sous
developpes ou l'emploi de l'eau chaude it des fins
menageres est actuellement tres limite ou inconnu.
L'introduction de chauffe-eau solaires sur ces marches
qui se fera par leur importation progressive, leur
montage et, en fin leur fabrication sur place sous
licence, represente l'objectif des quelques annees
it venir.

L'experience acquise dans la creation, la fabrication
et l'installation de chauffe-eau solaires, en Israel
et dans nombre d'autres pays, nous donne lieu
d'etre tres optimistes quant aux possibilites d'avenir
des marches.

Le volume des ventes it venir sera le facteur
principal qui motivera la decision d'avoir recours
aux methodes de la production en serie et de ramener
le prix du chauffe-eau solaire it la moitie de ce qu'il
est aujourd'hui.
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RECENT DEVELOPMENT OF SOLAR WATER HEATERS IN JAPAN

Ichimatsii Tanishita *

The major part of Japan, except Hokkaido, lies
between 30° and 40° N lat. The climate, therefore,
is very temperate and the amount of sunshine yearly
is great enough throughout most of the country
to permit its utilization. In this respect, Japan, like the
southern part of Italy, the Soviet Union and the
United States, isone of the most favoured places among
the industrialized countries for the utilization of
solar energy.

Because the climate of Japan is very wet, especi
ally in summer, Japanese people like to take baths,
and this requires the use of a rather large quantity
of fuel, the cost of which is comparatively high..
In general, the homes of ordinary Japanese people do
not have the apparatus to supply hot water; they do
have bath tubs with furnaces, however, or else they go
to the public baths. These conditions make it evident
that Japan is most suited to spread the use of solar
water heaters to homes throughout most of the country.
In fact, the total number of solar water heaters used
in Japan recently increased beyond expectation.

It was found, through an investigation by the
agricultural authority of the Japanese Government,
that the number of solar water heaters used in
farmers' houses alone amounted to about 180000
in August 1958. The total number of solar water
heaters in use in Japan is believed to have amounted
to about 200000 at the end of 1958, about 250000
at the cnd of 1959 and about 350000 at the end of
1960. At the same time, it is estimated that about
80000 solar water heaters were produced in 1959
and about 150 000 in 1960. Formerly, most of the
makers of solar water heaters in Japan were small
factories in the towns, but recently some big com
panies, have been considering producing solar
water heaters in their factories. Thus, it is not an
exaggeration to say that the total number of solar
water heaters will increase to one million, with
the result that more than one million tons of fuel
will be saved yearly within 3 or 4 years.

The various kinds of solar water heaters now
used in Japan are the open type, closed type, closed
membrane type, natural-circulation type, and once
through type, of which the closed-membrane type
is the cheapest and the one used in largest number,
followed by the open type and the closed. The natural
circulation type is not used in large numbers now,
but the writer believes that its use will increase in
the future .

• Keio University, Tokyo.

As there are a large number of p~':;c baths in
Japan, it is hoped to use solar water L -ters in this
field too.

Open type

The principle of the open-type solar .vater heat~r

.lies in the fact that if water 1S poured ;nto a basin
and put in the sunshine, the water is warmed. This
type of solar water heater was first use.l ,n a farmer's
house in Japan about 15 years ago; 1ts use has now
spread throughout most of the countr- .

Figure I shows the open-type solar -vater heater
formerly used' the width is about 0.9 1 ,the length,
about 2 m, and the depth, about 0.15 ' .. The ins~de
of the bottom and side surfaces is . .vered WIth
black vinyl membrane and the up;. surface. is
covered with glass plate; it is filled ; rtially wlt,h
water, to a depth of about O.ll m, ,', 'cause ~hlS
type of solar water heater is simple in ""ns~ructlO~,
being very easy to make and to repair, Jld 1S lo~v tu

price (about $20), its use spread wid,>', especially
in agricultural districts: The total nUT, ocr of these
solar water heaters now in use appear~ to ~e about
150 000. The life-span of this type of hc.: ter IS about
ten years.

Figure 1
102
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curved l'

glass cover
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vinyl sheet

holder ----~.1--J.,

Figure 2

Thc area of this water heater is 0.9 m X 2.0 m and
the water capacity is about 180 litres.
h Figure 3 illustrates another open-type solar water
ea~er produced by a different firm in Tokyo.

It IS the same in principle as the, one shown in
figure I, but differs in detail. It is constructed of
~ood and plastics without using any metallic part.

he inside face of the heater box, the dimensions
of which are 0.74 m X 2.7 m X 0.15 m, is covered
?y a polycthylene film about I mm thick. Water
IS let into this box to a depth of O.ll m, and it is
covered by a. thin transparent ,polyethylene film

Figure .;,;hows a new type of solar water heater
which wa : an improvement over that shown in
~gu.re l.:"lcse heaters are usually placed on an .
I~chned i:: f surface facing south. The southern
Side face ., the heater box is made of wire netting
~nd a re';,C'ting surface made of aluminium foil
IS placed ii: front of it. The inside face of the heater
box is CO\, :red by black vinyl membrane to hold
wat~r, UI1': the reflected rays pass through the wire
nettIng to the vinyl membrane and heat the water.
Thus the new open-type solar water heater utilizes
more SO];l1 energy than the ordinary open-type
heatcr. The test results of this new open-type heater
on fine clays are as follows:

January .
February
March ..
April ...
MaY-August.
September
October .
November
December

Month
Matimum
temperature

attained

33°C
3SoC
45°C
62°C
690C
62°C
45°C
3SoC
33°C

above the water surface. The life-span of this solar
water heater is considered to be very long, because
the I mm thick polyethylene film is very strong
and hardly ever breaks. All the material is packed
in one package and is sold for $17.5. It is very easy

polyetbylene film

~

Figure 3
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to assemble with simple tools. A total of 1 1.150 of
this type of solar water heater was produced in
HilI(}, hut its production will probably be increased
in lllli l.

Closed-membrane type

A simple closed solar water heater made of vinyl
film in the form of a water pillow appeared as early
as 11IfHi , hut at that time, solar water heaters were
not yet appreciated, so that it was not much used
and' it disrppearcd for a time. But, recently, solar
water heaters have reappeared and become more
popular and have spread rapidly over almost the
whole country. This is due mainly to their low price
and also to a good system of selling them. More than
half of the solar water heaters now in use in Japan
are of this type.

The standard size of the closed-membrane type
heater is 0.11 m in width, 1.8111 in length and 0.12 m
in depth; it has the shape of a water pillow, and
it holds about 200 litres of water. Both smaller and
larger types than this are also used. Usually, the
bottom surface is made of black vinyl membrane
and the top surface of transparent vinyl membrane,
but sometimes both the bottom and the upper
surfaces are made of black vinyl membrane. The
heat-absorbing effect is approximately the same
in both cases, the former being somewhat superior.
In the summer season, from April to October,
it can be used, as indicated in figure 4, without
covering; but it can be used in· both summer and
winter if it is covered by glass plate or transparent
vinyl membrane (figure 5). Figure 6 shows the actual
appearance of this type of solar water heater. It
is sometimes given a corrugated top surface (figure 7),
but in this case the price becomes higher than for
an ordinary heater.

The price of the ordinary closed-membrane type
heater is about $6 to $10 and it can usually last
two years. Fuel many times this cost per year
can be saved, and also the labour to burn the fuel.

FI~ure 4

Figure 5

About 20000 closed-membrane type h.uters were
produced in 1958, about 70000 in l!)iiP and about
150000 in 1960, of which about 100000 \, ere produc
ed by one firm in 1960. The reasons f,,[ the rapid
increase in number of this type of solar '\ ater heater
are its low price and the ease of use and installation
in individual homes.

Closed type

Open and closed-membrane type ] --,\ters must
be placed horizontally, with the result i, It the heat
ing effect in winter -is very weak beca. :e the sun's
rays decline in this season. By contrast, th dosed-trpe
heater is constructed so as to incline th: neat-recciv
ing surface to the south, to receive t h.: strong sun
rays. If this type of solar water heater were made
of a thin, flat sheet of metal, the lower part of the
heater surface would swell and break the glass plate
which covers the heater surface. For this reason,
the closed-type heater is usually made of pipcs
with a diameter of about 0.12 m. Figure 8 sh?\\'s
the popular closed-type heater of simple c()nstru~t~on.

Six circular pipes, made of thin sheets of alumlntUm
or copper, with a diameter of 0.12 m and a length
of 1.1 m, are arranged in a wooden box, 0.0 m X 1.2111
X 0.20 m. This box is covered by a glass plate. ~hc
lower part of the pipes is connected to the C!ty
water pipe through a valve, and a small bent pIpe
b is attached to the upper part of each pipe to ovcr
flow the water and wash the glass surface wl~cI~
water fills the pipes in the morning. As the qllantlt~
of water filling one box is about 80 litres, two or
three boxes are jointly used for domestic bath lISC'
In the morning, if valve d is closed and valvc C

is opened, cold water flows into the pipes from pipe a.
Water flows out from bent pipe b and w~shcs thc
glass plate cl~an after the pipes are filled. WIth wa.t:r~
Then valve C IS closed. The water in the pipes recCI\C.
heat from the sun and attains maximum temperature
at about z.so to 3:00 in the afternoon. The hot \\'atc~
is let down into the bath-tub in the evening. Figurc '1
is a photograph of the solar water heater sketchCI
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Figure 6

in figure r The price of this solar water heater is
about. $1i0, ;,'r box; thus that of 2-box heaters (water
capacIty, 11',0 litres) is $100 and that of 3-box heaters
(water cap-city, 240 litres) is $150.

Figure I \\ is a modification of the heater shown
il~ figure. ~l. A long pipe of comparatively small
~lIa~etcr 15 arranged zigzag in the lower part. This
IS sUIted to use for the washstand where the hot water
is let out at times. Figure 11 illustrates the larger
type of heater which is composed of four units of
figure 10.

If the pipes are made of aluminium, the material
sometimes corrodes and the water leaks out. The
heater can be corrosion-proof if copper pipes are
Ilsed; however, the price becomes high. Thus,
recently, closed-type heaters made of glass pipes

,
\..'

i:,,-~\~'
.... ~•• T'

',I

or plastic pipes have been tried. Figure 12 shows
a special type of closed heater which is made of
two galvanized iron plates of undulatory form and
soldered to each other. To avoid corrosion, a plastic
film is coated inside the iron plates. This heater
has comparatively long life and low cost. Its dirncn
sionsareO.!H5m X 1.8lim X O.27,itholdsI75Iitres
of water, and it costs about $50. Its life-span is
believed to be about 10 years.

The closed-type heaters do not have any tank
and connecting pipe; they therefore have a minimum
surface area and probably are most effective in the
heating period until about 2:30 or 3:00 p.m. But,
the whole mass of hot water is contained beneath
the glass plate, from where the heat is radiated.
and the hot water cools down quickly in the evening.

Flgl>re 7
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1----- 'l0o---~

Figure 8

Therefore, the hot water must be let down into the
bath-tub early in the evening and care must be
taken not to let it cool quickly. Sometimes, a well
insulated separate tank is prepared and the hot
water- is let into this tank from the heater at about
3:00 p.m. Then the hot water from the tank can be
used at any time.

About 50000 closed-type solar water heaters are
now used in Japan.

. Natural-circulation type

The writer has constructed and has been testing
the natural-circulation type of solar water heater
since 1948, and some of the results have been pre
viously reported (1). This type of solar water heater

Figure 9

Figure 10

Figure 11

Figure 12
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Flllure 15
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water from the heater, The downcom-r pip" ( i,
also attached to the joint c. It may 1)(' ;Iitl that 1111'
construction of the hot water tank a n.i thv piping
between the tank and the heater is grca i" ~illlplified,

But the circulation flow in this ca« I, ,,;olllewhal
weakened by the heat transmission " l \\'\'\'11 1111'
hot water in the pipe cl and the cold .. -tvr oubilll'
of it.

The heat-receiving pipes are mad« iron awl
have an outer diameter of :W mm :\1111 .: !.ickness of
1.11 mm; the pitch of the pipe is :If> 11.':: and both
ends are welded to heater pipes with ;. outer dia
meter of ·to mm. After the welding, hq;:, tlu- inside
and the outside surfaces were galvanizl'! Figures J.I
and Hi show two kinds of this solar \' .uer heater,
a small one and a large one. The I. .t-rvcciving
area of the large onc is 1.2 m X 2.7 Ill, ,iIl11 that of
the small one, 1.2 m X 1.8 m. The w.u. r capacities
of hoth arc almost the same. The pric. .If the large
one is about $120, and that of the smn l ' one, about
$100, which is almost the same as that \,; t he closed
type heater shown in figures 8 and n. '!II(' life-span
is considered to be about Hi years. l-rom these
conditions, it seems that the use of ;:1(' natural·
circulation type of solar water heat!', vill spreal)
to some extent for domestic use in 1'" future.

III.G.I

"'lllure l4

is not commonly used as yet in Japan, owing,
among other reasons, to the fact that the price is
comparatively high and that it is not casv to place
the hot water tank on the roof. It is reported that,
in Florida, in the United States, the hot water tank
of the solar water heater on the roof was made to
take on the appearance of a chimney. The appearance
of the huilding is very important and the co-operation
of the architects must be enlisted.

The writer has rcccntlv constructed a natural
circulation type heater (figure 13), with the hope
of developing onc that is simple and cheap, suited
for common use.

It is not easy to connect upriscr pipe and down
corner pipe between the hot water tank and the
heater. The writer devised a method of pipe connec
tion for this purpose (see figure 13). Usually, a drum
is used as the hot water tank for a solar water heater
of this type. The drum has two screwed holes, onc
large ancl the other small. A small joint tJ was screwed
into the small hole, and a small pipe b was connected
to it upward for air vent. A large joint c was screwed
into the large hole, and pipe cl was connected to
it upward to take the role of the upriscr of the hot
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Once-through type

There is much possibility of using solar water
heaters of larger size in Japan because there are
many public baths, For this purpose, the writer
has constructed and tested a once-through type
heater, with a heat-receiving area of (lfj 01 2, at one
of the dormitories of Keio University. The main
purpose of this heater is to supply lot water for
baths for more than lOO students.
. It was not practicable to adopt the natural

circulation type heater in this case because it was
difficult to place a large water tank on the roof.
The once-through type heater was therefore adopted.
In this type, the cold water passes through the
hr~ting pipe only once, and flows out as hot water,
which is usually stored in a hot water tank. Figure Hi
shows the construction of this solar water heater
diagral11atically, and figure 17 is a photograph

Fll1ure 17

of it. The heating pipes an' iron pipes havim; an
outer diameter of :W nun. a thickness of I.fl nun and
a It ngt h of ., m. Twcnt \ groups of pip('s were adopted.
each gmll;) compered of 2:1 pipes arranged with
a pitch distance of 3ii I1Ull. The inside and outside
surface of the pipes was gal\"anized after the grollp
of pipes was welded in one block. \\'hen the water
valve II is opened. cold water from the city water
main flows into the hearing pipes at a proper spl't·d.
which is regulated hy the opening of the valve,
and flows out from the heating pipt·s as hot water•
which is stored in a hot-water tank. The hcatiru;
pipes arc well protected hy heat insulator, except
for the uppcrside surface which is covered hy glass
plates.

This heater was tksigned to supply 7 000 litres
of hot water per day with a temperature of sor,
except in winter. AIter tests of several seasons,
it was fount! that the desired results W('Te nearlv
obtained. The life-span of this solar water hcatc'r
is supposed to Iw about Ioi years. The price is about
$20/m 2,

It is possible that the once-through tYlw solar
water heater of large size will he used widely in
Japan. and a large amount of Iuel will IX' saved.

Conclusion

T11is palwr has briefly reported the recent develop
ments in solar water heaters in Japan. Close to
..no 000 solar water heaters arc now used in Japan.
and this number will prohahly IX' incrca-cd to one
million within three or four vcars, T11en. more than
one million tons of Iucl will iX' saved hy the applica
tion of solar water heaters in Japan. This remark
able circumstance is chiefly clue to the fact that price
of fuel is comparatively high in Japan and that
the rountrv is blessed with abundant sunshine
compared '~'ith other industrialized countries. ~Iore
over, Japane~' pl'op\(' like wry much to take bath..
owing to the wet climate,



110 III.C.1 Water heating

References

1. Tanishita, 1., Present Status of Solar Water Heaters in Japan, Transactions of the Con
ference on the Use of Solar Energy, The Scientific Basis, vo!. HI, Thermal Process, part IT
pp. 67-78.

Summary

Solar water heaters are now widely and economic
ally used throughout Japan, especially in farmers'
houses. It is believed that about 200 000 solar
water heaters were in use at the end of 1959
and that about 150000 were installed in 1960.
Thus the total number of solar water heaters in
use at the end of 1960 was about 350 000. It is
believed that the number will further increase,
amounting to about one million by the end of
1965.

In this paper, the reasons why j ap.m is suitable
for the economical use of solar water heaters are
discussed; the types and constructir-n of heaters
are explained in detail, their performance is described
and their economical aspects are considered. The
paper refers particularly to the larg. , area solar
water heater installed in the dorrm tCfy of Keio
University in 1959. It seems likely rh.rt this type
of large area solar water heater will h installed in
many public baths in the future.

PROGRES RECENTS DES CHAVFFE-EAV SOLAIRES AV JAPON

Resume

Les chauffe-eau solaires sont actuellement tres
utilises au Japon, de par l'ensemble du pays, dans
des conditions econorniques satisfaisantes, parti
culierernent a la campagne. On estime que 200000
chauffe-eau solaires environ etaient en service a la
fin de 1959 et 150000 autres ont ete installes en 1960.
En consequence, le nombre total de chauffe-eau
solaires en service a la fin de 1960 atteignait environ
350 000. On prevoit que ce nombre atteindra environ
1 000000 avant la fin de 1965. .

Dans le present memoire, l'auteur souligne pour-

quoi le Japon se prete bien a I'empl.» economique
des chauffe-eau -solaires, et donne des explications
detaillees des types et des realisation'; de ces dis
positifs, ainsi que des rendements et des considera
tions economiques applicables aces appareils. 11
decrit egalement le chauffe-eau solaire a grande
surface installe il y a trois ans dans 1:-, maison des
etudiants de l'Universite de Keio. Il est probable
que des chauffe-eau solaires a grande surface .de
ce genre seront installes dans nombre de bainspubhcs
a l'avenir.



A STAM)ARD TEST FOR SOLAR WATER HEATERS

A. WhilL:r and S. J. Richards *

(I)

flow rate and at a given temperature of in flowing
fluid. Repeat measurements are necessary at different
in flowing fluid temperatures and different solar
intensities.

The fundamental heat transfer phenomena in
flat-plate solar heaters have been extensively studied
at the Massachusetts Institute of Technology by
Hottel and his eo-workers, and more recently by
others in Israel and, in the United States, in Arizona,
Colorado, Wisconsin and Minnesota. In a paper (I)
presented at the 1955 Tucson Conference on Solar
Energy, it was demonstrated that the instantaneous
rate of useful heat collection in a solar heater could
be written as

Theoretical basis for a: standard test

quiA =FR(HToc-U(t1-tO) ) = GCp(tz-tl )

where

quiA = rate of useful energy collection, per unit
. superficial area of absorber surface or

collector opening
heat-removal efficiency factor
total insolation rate, per unit area
effective transmittance - absorptivity
product of the transparent cover and
absorber plate combination
over-all collector heat loss coefficient
ambient air temperature

= temperature of in flowing water
temperature of outflowing water
mass flow rate of water per unit absorber
area

Cp specific heat of water.

For concentrating-type solar collectors, the same
equation is valid except that the heat loss coefficient
U must be divided by the concentration factor of
the system.

The over-all efficiency of the solar absorber is
then (qu/A)/H. It will be presumed that the full
significance of the various terms in the above relation
ship is fully understood, and in this regard the excel
lent elaboration by Bliss (2) can be recommended.

Presuming that at anyone instant it is possible
. to measure the three temperatures to, tl and tz' the
solar intensity H, and the fluid flow rate G, then,
by carrying out tests at several values of inflow
temperature, tt> and several solar intensities, H,
it is possible to calculate the values of the two
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General considerations

The use of the sun for water heating is rapidly
increasing uhroughout the world, and solar water
heaters ar- now manufactured in many countries.
There are probably as many designs of solar heaters
as there are manufacturers, 'and the .need has
arisen for assessing the thermal performance of
such equipment rapidly and accurately. It is there
fore important that the test apparatus be cheap
and that tlw cost of carrying out the test be small.
With this In mind, a standard test procedure has
been adopted in South Africa, by which it is possible
to rate any solar heater with only 3 hours of sunshine
at any tirr, of the year.

The pur.iose of this paper is to outline the test
sy:stem in tlie hope that it will be adopted, perhaps
WIth some modifications, internationally.

The terr-: solar water heater as 'used here could
include a "If ast variety of appliances, including the
cOnventio]:"1 flat-plate water heater, with either
thermosiph;\n or forced circulation, and also any
type. of cc-ncentrating solar heater that is used for
heating a flowing liquid. With slight modification,
the method of test could also be extended to gas
heating appliances such as the Lof air heater.
. Without exception, such devices have the follow-
Ing In common: .

(a) A flowing fluid to remove heat gathered from
the sun;

h (b) An arrangement of tubes for flow of' the
eat-removing fluid; .
(~) :\n ar~a for absorbing or collecting the sun's

radIatIOn, WIth or without concentration;
(d) Surface "blackening" of absorber element to

ensure high absorption of the incoming radiation;
(e) A transparent cover; .
(f) Insulation. .

When all possible variations of the above factors
are Coupled with the random variation in weather,
th~ impossibility becomes apparent of accurately
rating solar water heaters on an average day or
o~her average basis. The conclusion is, then, inescap
~ le that solar heaters must be rated on an instan-
~~ous basis. Fundamentally, this means that the

e ~Ienty of a solar absorber must be measured at
a gIVen intensity of solar radiation, at a given fluid--p • South African Coun~il for Scientific and Industrial Research,

retoria. .
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groups of terms in equation (1), namely F R T a and
F R U.

Although it would be desirable to be able to
determine the individual values of at least F R,

and hence of both U and T«, this is not essential
for the rating of solar water heaters, and, in fact,
an experimental determination of these two factors
at several temperatures suffices to determine the
efficiency of the absorber as influenced by solar
intensity and temperatures.

There are two other factors related to solar heater
performance which can be measured with relative
ease: (a) the glass transmittance at normal incidence,
and (b) the pressure drop-fluid flow relationship
for the collector; and it is recommended that these
be done as part of the standard test procedure. The
glass transmittance, T, can be measured easily
using a pyrheliometer, but the pressure drop-fluid
flow determination poses a practical problem in
that at usual operating flow rates, the pressure
drop is so small as to be difficult to measure. However,
it is suggested that for qualitative comparisons,
flow rates could be measured at different low-pressure
drops which can be satisfactorily measured.

Method of test

The test equipment is shown schematically in
figure 1. It consists essentially of a constant-head
water supply tank feeding water continuously
through the solar heater' that is being tested. The
temperature of the water entering the absorber
can be regulated by a I-kW electric immersion
heater. A suitable blower provides essentially
constant air speed over the absorber, in order to

eliminate the effects of variable air speed on the
heat loss term U.

For the test, which must be done ,bring periods
of uninterrupted sunshine of at least one hour's
duration, the water flows. continuously through
the solar heater at a fixed rate and ut a selected
constant inflow temperature, and COlI;. ruous meas
urements are made of:

(a) The water flow rate;
(b) The intensity of total radiation, 1ling on the

plane of the absorber or the collector pening;
(c) The temperature t1 ;

(d) The temperature differences (t1- " and (t2-t1).
Tests are repeated at, say, five dift- \' nt values of

(t1 - to), by adjusting the inflowing watt' temperature
t1 by means of the electric heater. A \ on-off ther
mostat is included for safety purpose~ but for tests
it is preferred to adjust the electric ];pat input by
variac to the appropriate level, and 110t to have
the thermostat switching on and off

From the results of these five tests f he numerical
values of the terms F]l T« and F RU CZl be determin
ed at the different temperature le v v Is, and the
efficiency of the absorber can then ')(' computed
for any practical condition of operatl··

Conditions to be maintained to- the tests

Some latitude is possible in choosin; ~ i le conditions
of the test, and the following con~prations are
suggested for uniformity:

(a) The absorber should be position ,] so th~t t~e
angle of incidence of the direct sol»: radiation IS

~~ Air vent

NOZZle, manometer and air vent
all fixed to board Which is mounted
on a suitable adjustable-height stand
Flow rate is varied by adjusting .
height of nozzle relative to wafer
level in the constant-head tank

Air vent

~--:>.L-Fle~ible connection to absorber
lnsulction on pipe

-Feed valve

YSolarimeter .

Overflow weir to give constant head ---01~::;l.-----Jnsulati~n o{'~ipemo1JG~~et"ell
. 2 -eoch SI e 0 er

Connection to manometer for Flexible eennecnon
measurement of pressure
drop across absorber

....e~
'l.er,

'Qe
'1.0

'Oe~

o'Qr,o~

To-f=ldf.~~
drain '---'>.L.--l

Sight tube

- All painted white

The flow nozzle can be a Simple
constriction in th~ ~~pipe, for ately
which the calibratoon

2,s
rr:

~H= v2 (Area Ratio -1·
2Q

The nozzle must of cour~e be
calibrated after installation

Schematic arrangement: solar heater test system, C.S.I.R., PretoriaFigure 1.

5 Feet
above ground -Valve

All water pipes to be T1.
,r.;",l..as small as practocal Electric immersion heater
4't' is adequate to handle the water with safrty thermostat

Overflow to-;;;'~~~=~d
drain

standard corrugate
galvanized iron tank
with 4 3/4'nipples '
near bottom

HEATER CIRCUIT

r~f~~t Heater

2 Pole. Variac or
on -off SWitch rheostat
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or water against water flow rate in lb/hr, per sq ft
of absorber (or gm/sec per sq meter). - .

Cost of equipment

The cost of the equipment, excluding the solar
radiation measuring system and temperature recorder,
is approximately as follows:

The' universal adoption of this test procedure
will not only simplify the process of testing solar
absorbers in all countries but will also provide test
data for any absorber that will be immediately
comparable with similar data from other absorbers,
irrespective of where or by whom they have been
tested.

The fact that a full test on any absorber would
require only about three hours of sunshine is of
particular merit since it reduces considerably the
cost involved in testing absorbers.,

less than 30 degr~e~, since the glass transmittance (T)
and solar absorptivity (IX) are not markedly influenced
by angles. of ~ncidence in t~is range. ~he actual
angle of tilt 01 the absorber IS not very Important
since this angle influences only the over-all heat
loss factor U and only to a second order of magni
tude.

(b) The w ".?~ flow rate should be standardized
at, say, 15 If water/hr, per sq ft of absorber area
(or 20 gm/sec .ier sq meter). The effect of changing
the water flov rate to other values can be accurately
assessed by u .. of equation 5 of reference (I), which
isshown grap ,,:ally in figure 5 of reference (2).

(c) Air spe. .: over the transparent cover should
be kept cons.i.ut at a value to be agreed upon,
such as 5 mph (or 8 km/h).

(d) The tro p"parent cover should be cleaned off
before testing

(e) The absorber, if new, should be left outdoors
to age in the 'inn for, say, four weeks before being
tested. .

(f) The ins": .iment for measuring total radiation
~houl~ be c;' fully calibrated, since inaccuracy
III this measu.: -ment is likely to be a major source
of error in the ~'~st. The instrument must be mounted
with its sens <se surface parallel to the plane of
the solar abs: r :Jer or collector.

(g) The pre, are drop data should be presented on
a log-log plo ;,f pressure drop in inches (or mm)

Constant head tank . . . . . .
Immersion heater and-thermostat .
Variac or rheostat. . . .
Fan .
Miscellaneous pipes, etc..

TOTAL

Conclusion

£

7
5

10
10

8

40 (U.S.$llO)
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Summary

A strong plea is made for international adoption of a standard test pro
cedure for rating the performance of solar water. heater~, so that results
from all countries would be comparable. The theoretical baSIS for the proposed
standard test procedure is given and suggestions .are ?1a~e for the manner in
which such tests might be conducted. A description IS gIven of the standard
test apparatus that has been set up as par~ of the basic !acilities ?f the South
African Council for Scientific and Industnal Research m Pretona.

ESSAIS STANDARDS POUR LES CHAUFFE-EAU SOLAIRES

Resume

L'auteur presente un p~aidoyer V!g01;reux. en vue de l'adoption inter
nationale d'une norme d'essaIs servant a determiner le rendement des chauffe
eau solaires de telle maniere que les resul!at~ obtenus dans t?US les, pa~s
soient comparables. Il indique la base theongue de la tech~!que d essais
standard proposee et formule des rec~mm~nda~IOn;; ;;ur .la mam.ere de me~er
ces essais. Il decrit en fin le materiel d essaIs.q~I a ete mIS au point .pou.r faire
partie des installations du Conseil sud-afncam des recherches scientifiques
et industrielles, a Pretoria.
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USE OF SOLAR ENERGY FOR HEATING PURPOSES ': SPACE HEATH~{;
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Research Associate, University of Wisconsin, and Resources
for the Future, Inc.

be substantial progress toward solar he.: ling applica
tions. On the other hand, there is <1'" unfortunate

'lack of economic data in nearly all u: the papers.
This illustrates the very great difficulty, "t the present
development stage, of presenting sj(~r,ificant cost
information. The actual energy savngs realized
in a particular solar installation ma, have little
meaning because of obviously unfavcr.ible circum
stances for practical demonstrations ',f economy.
In other words, choice of design and location has
usually been made on the basis of u-chnical con
venience rather than an ideal econor. IC situation.
Secondly, and much more important, estimates
of costs of solar heating systems have lrttle meaning
at this stage of development. Obvioi-ly, the cost
of constructing the particular systen. liscussed by
each author is far greater than th.-: of a fully
developed design, which might be suit.v.lc for factory
construction, at least in part, and wh.. t. would have
economical features not possible in ,11, .xperimental
installation. The cost of building th. -xperimental
unit is therefore irrelevant in an econo.ric appraisal.
Moreover, estimation of construction costs which
might be realized in fully developer: systems are
extremely difficult to make at thi- time. Most
of the authors have therefore refrained rrom speculat
ing on the costs which might be incurred in !he
purchase or construction of practical solar heatmg
facilities.

The reader of most of the papers on the subj~ct
of solar space heating should be impressed WIth
the exceptional amount of effort which has g?ne
into the design, construction, operation, and detaIled
analysis of the data in the reports. He should also
be impressed with the importance of thoroug?
planning of the project and the diligent purSUIt
of details in performance appraisal.

. A ~rial introductory comment concerns the gratifYdmg diversity of the solar heating systems reportecl
at this conference. No system is like another, an
only two are even similar to each other. This makes
it possible to make general comparisons of the feati
ures of several modifications and designs. For sever;
reasons, however, close appraisal or choice of ~/
"best" system is not possible at this stage. W~ e
differen~es in s~lar and weather conditions: in Sl~:
of solar installation compared with heat reqU1reme~t
of the building, in differences in quantity and quaIl Y
of the data reported, and in numerous other fa~to~:
preclude a selection of this sort. Absence of reIl~b
data on system costs is in itself enough to foil se ec
tion.
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One of the world's largest uses of energy is for
space heating. Estimates of the proportion of the
world energy consumption for this purpose lie in
the range of 20 per cent to 30 per cent of the total
of all uses. It is logical, therefore, that considerable
effort is being devoted to the development of solar
energy for this particular application.

Slightly over 20 years ago, the first significant
solar space heating project was initiated. Since
that time, about a dozen groups throughout the
world have undertaken experimental work in this
field, most' of which has led to the design and con
struction of buildings heated by solar energy.
The published literature on all but the most recent
works is abundant and readily available, and will
not be reviewed here. These earlier efforts may be
summarized, however, by observing that practically
all of them showed that by use of several variations
of the flat-plate solar collector, in combination with
various types of thermal storage materials, a portion
of the heat requirements of small buildings in the
temperate zone could be conveniently supplied
by solar energy. Also indicated in nearly all of the
studies 'were the needs for short term thermal
;;torage,. ~1!xi1iary heat supply, and a reduction
m the initial cost of the solar heating system.

Nir:e papers on solar space heating have been
submitted to the U.N. Conference. Eight of these
are concerned with specific solar heated structures
in various parts of the world, whereas one involves
~ new technique for designing the heating system
m solar heated structures. Two, of the contributions
contain mention of brief description of three other
solar heated buildings with which the respective
writers have been concerned. In all, therefore,
eleven solar heated structures now in existence form
the basis for the authors' papers. To this writer's
knowledge, only seven other solar heated dwellings
and one solar heated commercial building have been
co~structed, most of which are no longer in use.
This section of the United Nations Conference
therefore comprises a remarkably good coverage
of world developments in solar space heating.

This rapporteur wishes to comment on another
general aspect of the contributions. In the main,
t~e papers contain a gratifying amount of quantita
h.vedata on the design and performance of the systems
discussed. Only by such careful appraisal can there
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Glazing of the several collectors varies from none
at all to '_hree or four glass layers. The unglazed
units are a.l operated at comparatively low tempera
tures as ..ources for heat pumps which deliver
heat at ch:,:quate temperatures for house supply.
They are :l150 used as radiators for heat extracted
from the !':lse by means of the heat pump. Double
glazing is ihe most commonly used design in the
higher tei.. !,erature collectors, and there. appears
to be ver~ 1ittle use of plastic films in these units.

STORAGE SYSTEMS

Heat st. ';ge capability varies from about 200000
btu, in tb"~~agoya laboratory to 2t million btu
in the Tokv.: residence and the New Jersey laboratory.
Comparison of the storage capacities with normal
January h-ating demand shows a range from about
i of a non .al January day's requirement (Colorado
house) to :,"out one week in the Washington house.
The Arizo«. laboratory has approximately 2t days
normal Ja. llary storage; about one day's require
ments carv be stored in the Massachusetts house,
eight day'; ;n the New Jersey laboratory, five days
in the Tokvo residence, and somewhat less than one
lO-hour d~1_;. in the Nagoya laboratory. These figures
indicate a .iivergence of opinion among the authors
as to the v rlue of "long-term" storage, that is, for
several d«I',;. Some investigators, including this
rapporteur, have concluded that provision of storage
for more than one or two days average January
heating demand is uneconomical because the decrease
in fuel use resulting from longer term storage is so
small. The occurrence of need for eight days storage
(of average January heat demand), when four days
storage would have been adequate is so infrequent,
that an average annual incremental fuel requirement
of a few gallons of oil would usually be cheaper than
the additional fixed charges due to doubling the
storage system. Data in the papers are not adequate
for further appraisal of optimum storage capacity.

Paper S/3 on the Washington house describes a
combination storage system including both water
and stones. It appears that heat transfer to the
stones must be by conduction from the water. tank
around which the stones are packed. The effective
ness of such a design may be questioned in so far
as the utility of the rocks are concerned, because
the rate of heat transfer in a bed of loose stones is
~xtremely slow. The tank surface and the stones
Ill. close proximity to the tank are probably the
pnn~ipal heat exchange surfaces for heating air
pasSIng to the rooms. It is doubtful that the bulk of
the rock in the storage chamber could be heated
to the indicated temperatures.

In paper S/93 on the New Jersey laboratory,
he~t-of-fusion storage is reported. If all of the
fusIble material is effective, the large storage capacity
of 2.5 million btu would be realized. It has been
Shown, however, that the fusible materials used
reretofore tend to stratify in their containers and
ose their thermal storage effectiveness. Although
the author states that this factor was considered

in the design, neither the nature of the storage
material nor data on its performance are reported.
There is consequently no way of. appraising the
effectiveness of the heat storage agent or of learning
whether the attempt to prevent stratification was
successful. Unless separation of phases was prevented,
the material would have approximately the same
storage capacity as water, about 0.8 million btu.

The maximum temperatures of storage appear
to lie in two principal ranges. The low storage
temperatures in the two Japanese buildings are
characteristic of the systems employing heat pumps
and unglazed collectors. The higher temperatures
of 120 0 to 1400 F are, on the other hand, suitable for
direct heating. An intermediate level in the Arizona
house permits direct use of heat from storage when
the temperature is sufficient, and indirect use in
supplying the heat pump when the temperature
is too low.

Apparently all of the storage systems were
satisfactory in providing for sunless hours, to greater
or less extent depending upon their heat capacity
and operational limitations. As in the case of the
collectors, however, economic data are lacking.

AUXILIARY ENERGY

With the exception of the New Jersey laboratory,
all structures employed auxiliary heat. In all cases
where the subject is mentioned, the auxiliary supply
is adequate for the full design heat load, although
the heat pump auxiliaries would probably have to
be larger if they were to employ an atmospheric
air source. Use of auxiliary energy ranges from a
minimum in the Washington residence, estimated
at about 5 per cent by the author, to a measured
maximum in the Colorado residence of about 74 per
cent. None of the authors mentioned any serious
difficulty with incorporating the auxiliary energy
unit into the total heating system and operating
it in conjunction with the solar source. Apparently
all of the systems employ automatic control of the
auxiliary, so that heat will be supplied to the struc
ture whenever the solar source is inadequate.

Lack of data in paper S/93 on the New Jersey
installation precludes appraisal of the effectiveness
of this system having no auxiliary supply. Even
with long-term (several-day) storage and a combina
tion of 600 square feet of vertical collector, 160
langleys per day on a horizontal surface, an average
January heat load of 12500 btu per hour, and a
46 per cent collector efficiency, the solar unit could
barely supply the average load. However, in any
January when the average temperature might be
several degrees below the normal (occurring every
few years), particularly if accompanied by less
than normal radiation, the building could not be
fully heated without auxiliary. These factors show
the difficulty of achieving an adequate heating
design without use of auxiliary in any situation
where low winter temperatures make space heating
mandatory.

5
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This rapporteur would also like to comment on
the statement (paper S/l)a) that a solar collector
should be large enough to supply all the normal
heating requirements of a building in the co!dec;t
month if normal radiation for the month is received.
Any c~nsideration of optimum collector size must
include costs, so a categorical statement such as
that in the paper cannot be logically made. Other
design maxims, such as the use of one square foot
of vertical collector for two square feet of floor
space and the use of 4 per cent of the floor area for
heat ~torage purposes, must be considered arbitrary
choices and not design optima.

HEAT COLLECTION AND DISTRIBUTION

Table 1 shows that in most of the systems, water
is heated in the collector and is then used as the
medium of energy transport to storage and from
storage to the rooms. In the Washington and Massa
chusetts houses, however, heat is transferred from
the stored hot water to air circulated through the
rooms, hot air thus being the final heating and
transport medium. The system in the Washington
house involves air circulation around the hot water
tank and between the adjacent rocks; the Massa
chusetts system uses a finned tube heat exchanger
through which hot water is circulated from the
solar tank or from the auxiliary hot water tank.

CIRCULATION SYSTEMS

In the two systems using solar air heaters, heat
is transferred from air to fusible storage material
(New Jersey laboratory) or to rocks (Colorado
residence). Heat is transferred from storage to the
heated space by circulating house air through the
storage chambers. At least two motors are required
for operation of pumps or blowers in all systems
except that in the Colorado residence, which needs
only one motor for blower operation.

It is interesting to observe that there is a fairly
consistent rate of fluid circulation through the solar
collectors reported. The water flow rate, in gallons
per minute per square foot of solar collector, is
0.85 in the Washington residence, 0.65 in the Capri
laboratory, 1.67 in the Massachusetts residence,
5.a in the Nagoya laboratory, and 1.3 cubic foot
of air per minute per square foot of solar collector
in the Colorado residence. An average rate of about
1 gallon per minute for each square foot of water
heating collector appears to be suitable for the higher
temperature systems, and about 1 cubic foot of
air is circulated per minute per square foot of solar
air heater.

HOT WATER SUPPLY

In four of the buildings, at least part of the house
hot water supply is solar heated. A separate solar
collector is used for this purpose in the Tokyo
residence; it is operated at low temperature as the
source for a 1 hp heat pump. In the Washington
and Colorado dwellings, a small portion of the heat

from the solar collector is used to prehcat the house
hot water supply for subsequent fuel heating to the
desired temperature. The Massach .F;dts house
employs a water preheater in the mai» -olar storage
tank. In none of the systems does',' .uer heating
appear to be a major design consider. .ion.

AUTOMATIC CONTROLS AND INSTRU~"_:,TATION

Five authors indicate that major ., msideration
was given to the automatic control s:, ern and the
data recording facilities. Details of the c- ntrol system
in the Massachusetts and Colorado "'idences arc
presented, and there. is general i?fon.:;tion ?n the
Arizona laboratory Instrumentation. ,·l:iCUSSlOn of
these topics is beyond the scope of this report,
and the reader is referred to the P' ~ 'as. Several
useful conclusions can be recorded l..-re however.
Careful design of the control system ;'lJpears essen
tial to obtaining the full capability of i lie solar h~at

ing equipment. One of the important coutrol require
ments is that the cost of collecting low rate solar
heat does not exceed its value. Of pili: icular signi
ficance are the comments of the authi''' concerning
control problems which they encoun" red .and t.he
methods for their solution. Several 01 [he investig
ators reported that after difficulties ha. - been elimin
ated and experience with the systc:» had b.een
obtained automatic control was comp'v.ely effective.
The nec~ssity for well planned an.i maintained
instrumentation for evaluation of systei.. performance
is also indicated.

COOLING FACILITIES

Four of the buildings were also F ovided with
cooling equipment. Operation of each was based
on the discard of heat at night when lower a~mos

pheric temperatures usually prevailed. In the Arizona
laboratory, the Tokyo residence, and the Nagoya
laboratory, heat was absorbed from the. rooms
during the day (and at night if necessary) m cool
water from the evaporator side of the heat pump.
The heat so removed was temporarily stored III
heated water on the condenser side of the heat
pump. Circulation of the warm water through t~e
unglazed solar collector panel at night resulted. In
a transfer of the heat to the atmosphere by convectIOn
and to the sky by radiation.

In the Nagoya laboratory, air from the rooms was
cooled by water in a finned tube heat exchange~

whereas cool water was circulated directly throu~
expanded tubed sheet metal in the ceilings of t ~
Arizona laboratory. The Tokyo residence eI?ploy:c_
a combination of these two systems. It IS n~

worthy that 11 hp motor was adequate for c?oh~g
the building in the extremely hot Arizona clima e,
where 5 hp is commonly used in a house of that SlZtC~
On only two or three occasions was it necessaIJ: d
allow the room temperature to rise above the de~:~cg
level in order to avoid condensation on the cci In
Panels.

h' toONo heat pump was employed in the \Va.s Ing
tcdinstallation. Air from the rooms was cITcula
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through tl-.. rocks and along the surface of the water
storage tm.«. Transfer of heat to the water occurred
during the ·'laytime. At night, the slightly warmed
water was :mmped to the sloping north metal roof
forcooling l,y evaporation, convection, and radiation.

It is clr r, of course, that these installations do
not use so];' energy for cooling. Three of the systems,
however, cl, use the .solar collector as a heat disposal
surface an: the solar storage unit for temporary
accumulati,1 of heat prior to night discard. The
heat pumr provides energy for both heating and
cooling. Ti.:« joint use of much of the equipment
results in nore attractive load factors in economic
considerati ·!1S.

In anotl.vr section of this Conference, solar cool
ing is recei\ ing primary attention, so further reference
to these sy: Iems is not made here.

PERFORMANCE DATA

A gratirving record of performance is reported
for five of the solar heated structures discussed at
this Conference. The use of adequate instrumenta
tion, careful examination of the records, and full
reporting c f the results make the papers valuable
contributic.is to the literature. It is hoped that
complete (l,ta on the other three installations will
be forthco-ning,

Of the "l.igh" temperature units, the solar collec
tor in Mt-t.sachusetts appears to have the highest
substantiated total winter efficiency of 40.8 per cent
wh!le operating. The New Jersey collector was
~shmated to have a 46.5 per cent efficiency
In December and January, but data for the estimate
are not reported. The solar air heater in Colorado
had a total winter efficiency of 34.6 per cent while
operating. Collector efficiencies for the Massachusetts
and Colorado installations based on total incident
solar radiation through the winter are 32.6 per cent
and 24.5 per cent respectively. January data for
the Arizona laboratory show respective efficiencies
of 28.7 per cent and 17.2 per cent. Even though
operating at lower temperature, the Arizona collector
appears to suffer enough thermal loss to suggest
the possible advantage of glazing it, perhaps with
a covering easily removable in the cooling season.

The solar collector in Nagoya, operating below
!!:!!:°F . J I,)0 " IS reported to have an average anuary so ar
collec~ion efficiency of approximately 54 per cent.
At this low temperature, it would be expected that
some heat is also being transferred to the collector
from the atmosphere. The Tokyo residence has an
estImated winter collection efficiency, based on
total solar radiation, of about 22 per cent.

As a general conclusion based on several of the
reported results collector efficiencies for winter
operation in th~ cooler sections of the temperate
ZOne may be expected to range from 35 per cent
to 45 per cent while operating and from 25 per cent
to 35 per cent based on total winter radiation.
Co',llments in the papers indicate the possibility
of Improving these figures by devoting close atten-

tion to design and operating details. It appears that
a maximum average operating efficiency of about
50 per cent may be achieved for these general designs
and conditions.

Total solar heat supplied to buildings during the
entire winter is seen to range from 14 million btu
in the Nagoya laboratory to 52 million in the Colorado
house. To supplement these solar energy deliveries,
auxiliary heat supplies of 16 million btu in the
Nagoya laboratory and up to 142 million btu in the
Colorado house were required. In the Washington
dwelling, only 5 million btu auxiliary heat were
used, estimated by the author to represent about
5 per cent of the winter heating requirements. There
appears to be some discrepancy in the last estimate
however, because it would place the total winter
demand at approximately 100 million btu (based on
the 95 per cent estimate), whereas a total based
on degree-days and the heat requirement per degree
day, (computed by this rapporteur from the stated
days of winter storage capacity) is about 30 million
btu. In either case, however, this moderate fuel
use indicates a high design adequacy in the solar
facilities, as previously indicated in table 2.

The portion of the total winter heating load
supplied by the solar system, in the seven installa
tions employing auxiliary heat, ranged from a meas
ured 26 per cent in the Colorado dwelling to an estima
ted 95 per cent in the Washington residence. Among
the other buildings, the Arizona laboratory showed
the lowest portion of auxiliary energy use. Con
sidering electric energy the direct equivalent of
heat, 86 per cent of the load was supplied by solar.
Recognizing the "power plant fuel equivalent"
of electric energy, computed at a 30 per cent thermal
efficiency, 64 per cent of the total heat requirement
in the Arizona building (i.e., solar heat supplied
plus fuel burned in generating the electric energy
used in the heat pump) came from the solar system.
Corresponding figures for the Tokyo house are
70 per cent and 42 per cent respectively, and for
the Nagoya laboratory, 75 per cent and 48 per cent.
The Massachusetts house had 57 per cent of its
requirements supplied by solar radiation. These
figures are seen to conform in a general way with
the "design adequacy" indexes computed by this
rapporteur in table 2.

Economic considerations

Data on energy costs and savings due to the solar
heating system in the various buildings are so
limited and of such variable character that their
tabulation is not practical. Only four papers con
tained any cost data, none of which are meaningful
without considerable interpretation.

The cost of auxiliary fuel oil used in the Washing
ton house was only $6.30 for the heating season.
On the basis of the author's estimate that 95 per
cent of the winter requirements were supplied by
solar, the value of the fuel saved would be approxi
mately $120. Additional electric energy costs have
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not been reported, so an estimate of net savings
cannot be made.

The cost of auxiliary electric energy for heat
pump and motor operation in the Arizona laboratory
was $37 for the winter heating season. No figures
are presented on energy savings attributable to the
solar system for heating only, but it was estimated
that a conventional heating and cooling system
would have involved energy costs $185 greater
than actually experienced during the full year.
This rapporteur estimates an approximate value
of $50 to' $60 for the solar heat supplied to, the
system during the winter.

The third set of cost estimates is for the Colorado
house. It was found that about $80 worth of natural
gas was saved by the solar heat supply and that
$60 additional power cost was incurred, for a net
energy saving of only $20. It was estimated that
with minor modifications in the system, primarily
to reduce power requirements, net energy savings
of about $100 Pf'f year would be possible. In the
Tokyo house, net energy savings of $78 were achieved
through use of the solar heating system. It must
be recognized that these few cost figures are specific
for the local conditions under which each system
operates.

It appears that the actual and potential savings
in fuel and electric costs for heating these structures
can be bracketed reasonably well by a $50 minimum
and a $150 maximum. Both of these figures are
subject to adjustment, however, by use of other
prop?rtions of collector a:ea to house-heating
requirements, other fuel pnces, use in areas of
different solar availability and climates, as well as
other factors.
. It must be ~learly realiz~d th.at the foregoing
figures do not Include consideration of amortiza
tion or maintenance costs of the solar equipment.
These appraisals must await reliable figures on
manufacturing and construction costs based on at
least moderate production levels. At an annual
cost of 10 per cent against iI;ves.tment, conceivably
made up of 5.per cent amortization (20 year basis),
6 per cent Interest on unamortized investment
Jequivalent to approximately 3 per cent average
Interest), and 2 per cent for maintenance taxes
insurance at;d miscellaneous, a. ~150 annual saving
would permit a maximum additional investment in
solar facilities of about $1 500. An annual saving
of $100 would allow an additional investment
of $1 000. It is conceded by most of the investiga
tor? . t.hat current investment requirements in such
facilities are greater than these limits, but it is
felt that costs in this range are not impossible to
achieve.

Part of the economics of these systems is associated
with auxiliary heating facilities and the energy
needed by them. For fuel-operated systems, both
of these costs are or can be modest. The auxiliary
equipment is relatively cheap, and because controls
distribution system, and other components ar~
required by the solar system, the incremental cost

of only the furnace is generally involved. With the
major part' of the heating load assi- ned by solar
fuel costs are also low. This rapper-our therefor~
believes that the use of a very large collector and
storage system in an effort to eliminate auxiliary
requirements is difficult to justify.

Another factor associated with ai- .hary energy
is the relative merit of heat pump sv -ms and fuel
systems. Even with the large collect« areas in the
Arizona and Tokyo installations, el .. tricity costs
for heat pump operation were substamal, and the
total savings did not appear greater I "an with the
auxiliary fuel systems. However, th- Investments
required for the. heat pump systems ",:'re far above
the costs of furnaces. Justification f, ,r heat pump
auxiliary must therefore be in its cool I,g capability.
In a rough economic comparison, it ah .ears that the
heat pump investment costs associated solely
with the heating function must not j .. ' appreciably
greater than the cost of a furnace. it is possible,
however, that the cost of a solar C(,1' -ctor for use
with heat pump auxiliary will be lower than that
of a higher temperature collector u-ed with fuel

. auxiliary systems, because of the ne.«! for glazing
in the latter. Here again, comparisor- are excep
tionally difficult because of inadequate cost informa
tion. The only clear indication is that the high costs
of both the heat pump and the solar "ollector must
limit the use of heat pump auxiliar-, to situations
where summer cooling is considered iccessary and
where the solar equipment can per-rut sufficient
electricity savings in winter to justify ; he cost of the
solar installation and any heat pump costs necessi
tated by its use for heating.

A final economic factor of importance in this Con
ference is the potential of solar heating in under
developed countries. Among the systems described
In the.se papers, considerable complexity and ~ost
are evident. There is little likelihood of early apphca
tion in dwellings now either unheated or warmed
by some type of direct fire. Use in larger dwelling?,
where central heating is now employed, or in publIc
and.. commercial buildings appears much more
feasible, Conditions in regions of high fu~l ~ost
appear to offer the best opportunities for apphcatIOn.
However, practical use must await development of
fully engineered and tested solar heating equipment
of substantially lower cost. This rapporteur sugges~S
the consideration of applications of this type III
subsequent development work.

An electronic mechanical analogue
for the design of solar heating plant

In another type of paper in this section of ~h~
Conference, R,F. Benseman describes a mechanlCa

sun simulator which in a few minutes can effectiv~ly
duplicate the sun's annual variation in intenslty
and position with respect to a solar collector surf~ce
in any orientation desired. The recording of effective
radia~ion received on such a surface (by use of photo~
electnc detectors) can then be used as input to a
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electronic computer along with factors representing
various thermal losses, structural heating demands,
and other variables of importance in solar heating
system design. The computed results may then be used
in establishing the optimum design characteristics for
the location 8 nd heating requirements chosen. Presum
ably, cost ractors could also be incorporated when
the data ,l l,'; available, so that the best and most
economical design could be selected. Full results
of this development, still in progress, will be awaited
with interest.

Str dy of a Saharan solar house

Paper Sj;:) by E. Crausse and H. Gachon has been
classified under the heading of solar cooling, but it
also contains a brief description of a proposed heat
ing systerr. _ In the northern part of the Sahara
Desert at :L~') north latitude (Biskra), an experimental
house havii.t; 900 square feet of floor area is planned
to have ,,- heating system employing solar heated
water in ~., :<:1 piping embedded in a radiant floor.
A solar collector near the house, in conjunction with
a 5000 lit: e insulated water tank, is planned as
the heat, -urce.

Co.iclustons, topics for discussion

The de'.' .opment of solar space heating appears
to this ra/orteur to have reached a point where a
"pause'<] comprehensive appraisal is in order.
Several tc,:hnically successful systems have been
developed ..nd demonstrated. Substantial quantities
o~ solar heat have been delivered to buildings in cold
WInter climates, and in some installations large
fractions d the heating requirements have been
met by the solar source. Even with fairly complex
systems, relatively trouble-free, automatic operation
has been secured for long periods. Although each
of th~ several systems appears to have defects,
there IS no reason to assume that these cannot be
corrected. Finally, performance improvements of
modest proportions should be obtainable with
further development effort.

There is, however, practically complete agreement
that present costs of solar heating facilities exceed the
value of energy saved by them in the areas where
test.ed. Whether major design simplifications can be
achieved without impairing performance is a matter
of doubt. Moderate cost reductions appear more
Po~s~ble and likely. There is some difference of
OpInIOn, however, as to the potential of cost reduc
hons through factory production of a standardized,
ready-to-install set of solar heating system com
ponents. Further exploration of this possibility
appears essential. There is also some difference of
opinion as to the need for integration of house design
and solar heating system design, in contrast with
Use of solar equipment on practically any style of
house. The economic outlook, therefore, is highly
~ncertain at this time. The need for clarification
IS certainly evident.

Granted the validity of the situation outlined
above, what direction should solar heating system
development now take? This is the most important
question before the Conference in regard to this
agenda item. The answer to it may become evident
by finding the answers to some of the following
questions which are suggested for discussion:

What are the prospects for significant increases
in solar collector efficiency and for substantial
reduction in solar collector costs?

Should such possibilities he appraised by conduct
ing small-scale experiments or by use of complete
solar heated structures?

Along these lines, are the technical advantages
of selective absorption surfaces, selective transmis
sion surfaces, low reflection glazing, and other
radiation-influencing treatments great enough to
justify intensive efforts in their utilization for solar
space heating improvement?

Several of the investigators have mentioned
design and operating defects in the systems with
which they have been working. Should there be
further effort, with the present systems, to develop
their maximum efficiency and heating potentialities?
Can this step-by-step engineering improvement of
the systems be expected to materially improve
utilization prospects?

How important is the development of a rational
basis for sizing solar collector and solar storage
facilities? Are presently available methods adequate
for these determinations?

In view of published results of analyses favoring
thermal storage capacity of about 1 day's average
January heating requirements, how do the proponents
of larger storage capacities justify their position?

Along the same line, what justification is there for
a collector and storage design capable of carrying the
entire heating load under the most severe conditions
that can be encountered in a cold winter climate?

Can heat-of-fusion be effectively utilized in storage
systems for solar space heating? Have any methods
for using hydrated salts been proven satisfactory?
Are there other promising materials?

Except for its obvious utility in providing cooling,
do the advantages of the heat pump auxiliary
justify the use of this system in combination with
the solar heat supply? What is the probable maximum
solar collector cost that can be tolerated in such
a combination to be competitive with conventional
compressor air conditioning and fuel heating?

What minimum solar collector costs can be
foreseen? Do these minima appear more readily
achieved by factory production of units which could
be supplied as a commercial item (like a furnace),
or are they more likely achieved by development
of effective combinations of house design and integra
ted solar collector systems built on site? How neces
sary and how productive might development efforts
along both these lines be?

How significant is the supply of house hot water
in combination with solar space heating?
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To what extent should thethinking on solar space
heating be associated with the possibilities of solar
operated cooling systems being investigated? If
the prospects of one or more combination systems
appear favorable, to what extent might the choice
of solar heating systems be dictated?

Is there a need for an economic study of solar
space heating, apart from technical development,
and are there adequate data for procurement of
meaningful results from such studies?

How necessary are the improvement and simplifica
tion of control elements and systems for' solar
heating installations? What minimum costs can be
foreseen for such equipment?

In the under-developed areas, what additional
considerations are significant in the potential of
solar space heating, and what Iimito rions existing
in the developed areas are not involved?

For what types of uses does solar ;'pdce heating
appear to have the best potential :] the under
developed countries?

For use in under-developed courr.. ·~s, is there
a need for solar space heating systems which do
not require electric power for their operation?

To what extent might new mater-a IS, such' as
transparent plastic films, permit ((,Hector cost
reduction and improve solar space hear.ng prospects,
particularly in the under-developed cmntries?
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de chauffage solaire qui sont decrits dans les memoires
presentes. 11 n'ajamais ete construit, anotre connais
sance, que sept autres batiments d'habitations et
un seul immeuble commercial equipes de ce mode de
chauffage, et encore la plupart ne sont-ils plus
utilises actuellement. On peut done considerer que
la documentation presentee sous cette section des
travaux de la Conference est remarquablement
representative des progres realises dans le man de dans
le domaine du chauffage des locaux al'energie solaire.

Le rapporteur desire signaler un autre trait
general qu'il a releve dans les mernoires presentee.
Dans 1'ensemble, ceux-ci contiennent un ban nombre
de donnees quantitatives sur la realisation et les
performances des installations decrites, ce qui est
du reste le seul moyen d'en apprecier les merites et de
progresser clans cette branche de la technique. En
revanche, on peut regretter la rarete des donnees
d'ordre economique figurant dans la plupart des
mernoires. Cette rarete s'explique par la grande
difficulte de fournir, au stade actuel, des renseigne
ments significatifs sur le prix de revient des instal
lations. Les quantites d'energie effectivement econo
misees dans certaines installations n'ont souvent
guere de signification, parce que les conditions qui
permettraient de faire la demonstration pratique
d'un fonctionnement economique sont notoirement
defavorables. En d'autres termes, le choix du plan
et de 1'emplacement a en general ete determine
par des considerations dopportunite technique plutot
que pour se placer dans une situation economique
ideale, D'autre part et surtout, les estimations du
prix de revient d'une installation de chauffage
solaire n'ont guere de sens au stade actuel : il est
evident que le prix de toutes les installations decrites
depasse tres largement ce que cofrterait un systeme
parfaitement au point, dont certaines parties au
mains pourraient etre produites en usine et qui
presenterait des caracteristiques economiques irrea
lisables dans le cas d'un dispositif experimental.
Le cofrt d'une installation destinee a l'experimenta
tion ne peut done servir de base pour une evaluation
economique. En outre, il est tres difficile actuelle
ment d'evaluer ce que pourrait cauter une installa
tion tout a fait au point. La plupart des auteurs
ant done evite de se lancer dans des considerations
sur le prix que pourrait cofrter l'achat ou la construc
tion d'une installation de chauffage solaire une fois
que ce systerne ,serait entre dans la pratique.
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Une des ~)Ius grandes quantites d'energie qui se
depense dans le monde est utilisee pour le chauffage
des Iocaux. Les estimations de la proportion de
l'energie n.mdiale consommee a cette fin varient
entre 20 I i 30 p. 100 de la consommation totale
pour toutc les utilisations. 11 est done logique que
l'on deplo. des efforts considerables pour mettre
au point c:' ; methodes de chauffage des locaux par
l'energie s :aire.

Le premier projet important de chauffage solaire
des l?cau y remonte a un peu plus de vingt ans.
Depuis 10',c une douzaine d' equipes de chercheurs
ant experi.v.cnte en ce domaine dans le monde entier.
Leurs reci ,"fches ont abouti, dans la plupart des
cas, ala c~:ception et a la construction de batiments
chauffes :, l' energie solaire. Les etudes publiees
sur t?US Cl"; travaux, a 1'exception des plus recents,
constituent une documentation abondante et facile
aconsults, : nous ne les examinerons pas ici. On peut
cependant resumer ces premiers efforts en faisant
o?server cc qui suit : la pIupart d'entre eux ant
demo~tre qu'une certaine proportion des besoins
thermlqucs pour les petites constructions de la
zon~ ternperee pourrait etre satisfaite par l'energie
~olalre captee au moyen d'un collecteur du type
a pI~que plane (dont il existe plusieurs variantes)
assocle a diverses matieres capabIes d'emmagasiner
de la chaleur (accumulateurs thermiques). Presque
toutes les etudes font egalement Mat d'exigences
auxquelles il faut satisfaire, a savoir : accumulation
t.h~rmique de breve duree, source de chaleur auxi
liaire et diminution du cout initial de 1'installation de
chauffage solaire.

"Neu~ mernoires sur le chauffage des locaux par
1energle solaire ont Me presentes a la Conference
des Nations Unies. Huit decrivent des batiments
construits dans diverses parties du monde qui sont
ch~uffes a l'energie solaire; tandis que le neuvieme
tralte d'une nouvelle methode applicable a l'etablis
~ement des plans d'installations de chauffage solaire
ans les batiments. Deux memoires mentionnent

ou decrivent brievernent trois autres batiments
~ha,uffes ~ l'energie solaire dont les auteurs ont eu
a s occuper. Ce sont done au total onze batiments
actuellement existants et equipes d'une installation
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Le lecteur de la piupart des memoires consacres a
I'etude du chauffage des locaux par l' energie solaire
ne manquera pas d'etre impressionne par la somme
exceptionnelle d'efforts qui ont etc depenses pour
la conception, la construction, le fonctionnement et
l'analyse quantitative detaillee des installations
decrites dans cette documentation. 11 appreciera
aussi le soin et la minutie qui ont ete apportes a la
preparation des projets et a l'evaluation des per
formances des installations.

Pour conclure ces remarques liminaires, on peut
se feliciter de la diversite des systemes de chauffage
solaire qui ont ete decrits pour cette conference.
Il n'y a pas deux systemes identiques et deux seule
ment se resscmblent quclque peu. D'ou la possibilite
d'etablir des comparaisons generales' entre les carac
teristiques des diverses variantes et solutions pro
posees. Cependant, pour plusieurs raisons, une
appreciation serree ou un choix du ( meilleur »
systeme n'est pas possible au stade actuel. Les
differences importantes qui interviennent dans les
conditions d'ensoleillement et les conditions atmos
pheriques, dans les rapports entre les dimensions
des installations et les besoins thermiques des
batiments respectifs, dans la quantite et la qualite
des chiffres rapportes, et dans beaucoup d'autres
facteurs, rendent un tel choix impossible. L'absence
de donnees certaines sur le cofit des installations
suffit a elle seule a empecher une selection serieuse,

Quelques auteurs ont tres franchement expose
les defauts du systeme sur lequel ils ont experiments:
ils ont fait des suggestions sur la facon dont ces
installations pourraient etre ameliorees et dont
d'autres chercheurs pourraient eviter certains des
ecueils qu'ils ont eux-memes rencontres, Cette mise
en evidence des « fautes » constatees dans le plan
et dans le fonctionnement des installations est
certainement du plus haut interet pour les recherches
futures.

Discussion des caracterlstiques
de huit batlments equipes d'un chauffage solaire

La principale contribution personnelle du rappor
teur en vue de la Conference des Nations Unies est
une comparaison des caracteristiques des huit
batiments chauffes a l'energie solaire qui sont
decrits dans les memoires, Le tableau 1 est un essai
de representation graphique des principales carac
teristiques de chacun des systemes et des resultats
obtenus lors de son fonctionnement; il a ete etabli
d'apres les indications des auteurs.

Quelques observations generales concernant ce
tableau s'imposent d'emblee, La plupart des auteurs
expriment les quantites en unites anglaises et ces
dernieres ont done ete adoptees pour le tableau. Les
notes ajoutees au tableau contiennent des taux de
conversion qui permettront de passer facilement des
unites anglaises aux unites metriques. Les donnees
quantitatives figurant dans les memoires ont ete
autant que possible integrees au tableau, mais il a
souvent fallu les convertir en unites differentes

pour obtenir une certaine uniforrnite. En general
si l'auteur n'a pas cite de chiffres, le tableau n'e~
contient pas non plus. Dans certains cas cependant
les chiffres d'un memoire permettairr.t de calculer
ou d'evaluer approximativement cert.: ines donnees;

, le rapporteur a procede aux determu- .itions corres
pondantes et presente les resultats. II demande
aux auteurs de faire preuve d'indulgc i:,'(~ pour toute
erreur ou omission. 11 les invite er.:dement a lui
soumettre toute rectification ou adjonction qu'i!s
jugeront utiles et dont il sera tenu (\jll1pte, le cas
echeant, dans une edition definitive (' udit tableau.

Quelques mernoires contiennent de-: affirrnations
et des chiffres qui, pour les besoins (1 la certitude
scientifique, devraient s'appuyer sur d' nombreuses
donnees qui ne sont ni indiquees 1i1 mentionnees
dans le texte. Le rapporteur n'est done i.as en mesure
de juger si une affirmation ou un chil.re represente
simplement une opinion de 1'auteur Oil repose sur
des donnees suffisamment nombreuses 11 a reproduit
les chiffres indiques par 1'auteur, que ~;,ux-ci .soient
ou non etayes par des donnees qua..ntatives. Sur
les huit batiments chauffes a I'ener.rc solaire qui
figurent dans le tableau, quatre sor t des habita
tions regulierement occupees et quatr-, des labora
toires utilises principalement pendant le jour. Tous
sont equipes de collecteurs solaires fi.i;s, du type ~
plaque plane. 11 semble que tous les . l.ercheurs qui
ont travaille dans ce domaine partoicnt 1'opinion
que les systemes a concentration du rayonnement
ou merne a plaque mobile ne soient iJC" applicables
au chauffage des habitations. Sur les .ruit types de
collecteurs .solaires, six servent a cho.rffer de l'eau
et deux a chauffer de l'air.

Parmi les systernes de chauffage equipes ,~e
collecteurs solaires, sept emploient un dispOSlt~f
auxiliaire de chauffage; seul, un laboratoire ne ~alt
appel a aucune source de chaleur supplementalre.
L'auteur ne donne pas de chiffres concernant les
performances de cette derniere installation, mars les
calculs theoriques montrent qu'une source additi~n·
nelle de chaleur serait probablement necessalre
si les locaux etaient habites en permanence. Da~s
quatre batiments, l'energie auxiliaire est fourme
par une chaudiere a combustible branchee sur
1'installation et, dans trois autres, par des p0JI,1pes
a chaleur (thermopompes) actionnees par de 1eau
chauffee par le solei!.

,Tous les batiments sont equipes d'un d~sp~sit!f
d accumulation de la chaleur. Dans un cas, I1 s ~glt
d'une matiere qui libere de la chaleur de f?SIOIl'
dans deux cas d'eau froide emmagasinee pour ahme2
ter une pompe a chaleur dans un cas d'eau chau C

emmagasinee, soit pour l~ chauffage direct, soit pour
alimenter une pompe a chaleur dans deux cas d'ean
chaude emmagasinee pour des' usages directs, da~s
un cas de chaleur emrnagasinee dans deux comparJI'
ments contenant des pierres et dans un cas en ,11

d'une accumulation combin'ee dans un reSerVOir
d'eau chaude et dans des pierres chauffees- ,

Les donnees concernant trois constructions ret"
dentielles et deux laboratoires montrent que cs



Tableau 1. Caracteristlques des bathnents chauffes a l'energie solaire (A)

5f.1 5/30 5/49

Thomason Bliss Pleljel, Lindst.rom
Washington, D.e., Arizona, EUA Capri, Italie

EUA
Residence n° 1 Laboratoire La boratoire

39· 32· 41·
Env, 50 2600 750
4300 1800 Env. 2640"

160 Env. 300 Env. 125-150
13· 30· Env. 30··

Engelbrc tson Olg yay Yanasnmach i .i l:;'t,<) u ,.. " Lvi, Ll \\ akil, Chiuu
Massachuset.ts, EVA New Jersey, EUA Tokyo, J apon };agoya, J apon . Colorado, EVA

Residence IV Laboratoire Residence II Laboratoire Residence

42· 40· 36· 35· 40·
Env. 200 Env. 50 Env. 200 Env. 20 5400
Env. 6000 5100 3800 6100

160 160 228 Env, 275- 220
8·, -10· (5) Env, 10· 32 o·

1450 1200 2460 880 3200
2 1 2 1 1-1/2

37000 (5) 25000 25000 108500

18000" 12500 Env. 20000. 36000 (l5) 50 000 (17)
12000 Env. 9000" 17000" 37000 (l5) 32000 (17)
67 MM (4) 64 MM 194 ~m

Cote die m/moire O.vU

Auteurs •...
Site du batirnent

Destination du batiment

Caracreristfques du site :
Latitude, degres N . .
Altitude, pieds ....
Degres-jours normaux (oF, jfan)
Intenslte solaire moyenne -

janv. (fj) ..••••.•.•
Temperature minimale tbeorique

Caracteristiques du batiment :
Surface de plancher (a chaulIer)

pleds carres . • • . . • • . • 1 500
Ncmbre d'etages chauffes . . . 1·
Puissance thermique theorique

(max.) (Btu/h) . . . . . . .
Puissance thermique moyenne en

janvier (Btu/h) . . . . . . . Env. 8400 (1)"
Btu necessalres par degre - jour. Env. 7000 (1)"
Besolns totaux pour I'hiver (Btu)

1440
1

Env. 35000

Env, 20000·
Env. 18000"
35,3 MM ('59-'60)

1940
2"

Env. 7400"
Env. 12000"

5/67 5/93 5/94 stue 5/114

\

:xl
10
'0
'0o
0;...

Ea u et pierres Eau Eau Eau Cbaleur de fusion Eau Eau Pierres, 1-1/2 pouce
1 f>OO gal. eau 4500 gal. 800 gal. 1500 gal. 275 pieds cubes 9200 gal. (12) 1 480 gal. (141 250 picds cubes
Aussi 50 tonnes 19 tonnes 3,3 tonnes 6,2 tonnes 40 tonnes 6,2 tonnes 12 tonnes

l~pierres
Reservoir RecipientsReservoir et bac R~servoir a deux Reservoir places Reservoir en beton Reservoir cnfoui 2 cylindrcs en fibre

comparfiments dans des bacs
Env. 1,6 ~Ol Env, 1,3 MM (1)" Env. 0.4 M~l 2,5 ~I~I (10) 2.4 ~m 0.22 ~IM 0.3 ~Ul
125 a 135-F 110· (1)" Env, 120· Env. 70°·8O-F 55 .l-~ 140·1'

110.
~::s
~a
.f?.....
rn
'-'"

Pompe du reservoir ChaufJe I'air du col-
solaire au reservoir lecteur ou de I'accu-
chaud mulateur

Pompe a cbalcur ch.'·c· Cbaudlere a gaz natu-
triquc rel

3 eh 100 Dtu/h.

Eau Air
sud, Sur toit au sud, Sur toit plat, Incline

Incline a 35° a 45°
300 600

Pompe a chalcur elec
trique

Moteur a compres
sion 3 eh

Pompe du reservoir
solalre a u reservoir
chaud

T6le d'aluminium gar- Tcle d'alumtniurn Plaques de "cere a
nie de tubes gamic de tubes recouvrement

N~ant l\~ant 3 ou 4 (16)

Eau
Sur toit au

Incline a 15
1410 (11)

\'erre double

Tole metall.

Air
Vertical, mur sud

800

Plcine puissance

Eau
Sur toil au sud,

Incline a 60°
640

Poetc et resistance Chaudtere a mazout }:eant
lilectrique

Chauffc directement Chauffe I'eau de
les Iocaux I ' ace u m u I a •

teur auxiliaire

Eau
Vertical, mur 5.0.

320

Plaques radfantes Tubes de culvre sur
metalliques tote d'alurninium

1 plastique, 1 verre Verre double

Pompe a chaleur etec
trique

:\[otcur a compression
1.5 ch

Pornpe I'eau chaude
vers l'accumulatcur

Feuille de cuivre gar
nle de tubes

X~ant

Eau
Sur toil au sud,

Incline a 7-
1623

Chaudlcre a mazout

Chaufie I'alr des
locaux. d~rivation

yen l'accumulateur

Plastlque et verre a
vitre

Tole ondulee

Eau
Sur rnur a 60·, toit

a 45·
.. 840

cbalcur,
Surface, pieds canes .
Surface de transfert de

type ...

Hevetcment. . .

Accumulation de la chalr-ur :
Type ..
Volume,
Pold•..

H~c1pi.nt

Capaclt~ calorlfique tot ale, DlII
Temperature normale maximale

Source auxiHaire d'tntr"dc

Type. "

C~paclM

Mode <le dl>lrlbutlon

Caracterlstlques du collectcur :
Type. fluide de transtert de

cbateur .•.••••
Position, orien ta tlon •.

Eau chaude dans le Eau chaude \"crs le .<\ir d<.-s 'ocaux .\
plafond radiant chauffc-air tra\"("r'S Jes pi("rn.~

16 gal./min.

Pompes 3-1/:! ch, 2 p<>mpes
p<>mpe 1,1 ch

...
"

CollcctJon ct distribution <le la
cbaleur :
Tran~port VtCS J"acrutnulatrur

Transport 'Trs If'S pi(,ccs .

Consommation tIt!J moh'un

Clreul.tJon <lans le colketrur
ClrruJ.tlon dans les local" .

nmma~aslnr, I'('au
chaude, la conduit
v('no In pirrn's

Clrculatlon d'alr a
trav('rs ItS ph'rru

1 pompc, 1 vl·ntila·
tt'ur

7,15 gal,fmlll.

Emmagaslne l'cau
chaude

Circulation d'eau
chaudc dans le pia.
fond radiant

Pompes 2·1/4 ch

Emmagasinc I'eau
chaudc

Circulation d'ran
chaude par radia·
teur

2 pompes 2 gat/min.

2,1 gal./mln.

Emma~asine l'eau
chaude

I1change de chaleur
vets rair

2 pompt's, vcntilateur

10,7 gal./min.
Eau 3.6 gal./min.;

air 850 elm

Air chaud vets accu
mulateur a chaleur
de fusion

Air des Iocaux ;\
travers l'accumula
teur

Emmagasine
rechauff~e

l'cau Emmagasine
rechauff~

I'cau Air ('haud '"eN I<"S
pi('fT('5

~tot('ur 1,1 c:'h (lOUf
SQufflante

;';0 dm

'-I....



Cote du memoire ONU 5/3 5/30 5/~9

Table '1 (suite)

5/67 5/93 5/94 5/112 5/114
....
l-.l
00

Quantite totale de chaleur foumie
par I'energie solaire en hiver .

Quantite d'energte fournie a
l'installation auxiliaire . . . . 42 gal. mazout

Equivalent de chaleur de l'instal-
lation auxiliaire . . . . . . . 4-5 MM Btu.

Pourcentage fourni par I'energie
soIaire ' , 95 p. 100 (est.)

River '59-'60 Pas encore Indique River '60-'61 (4)

28,7 p. 100 [janv, 40,8 p. 100
seulement)

17,2 p. 100 (janv. 32,6 p. 100
seulement)

30,3 MM Btu" 38,1 lIIl1I Btu (4) (8)

Neant

Radiation nocturne
et convection

............o
~

oe
ro=
~

IIQ.
~

Q.
~

'"
0'

~

humidifica-

24,5

51,7 MM Btu (8)

Non

Dui
2 pour

teurs'

Qui, pre-chauffage

Chaudlere a gaz auto
matique

Air chaud du collec
teur

Echangeur thermique
air-eau

Dui
Oui
Qui

Complets

accu- Colleeteur et accu
mulateur

Nov.cmars, moyenne River '59-'60

Janv., moy. approx. 34,6 p. 100
54 p. 100

14,5 MM Btu

Pompe a chaleur
3 ch
Eau a travers echan

genr d'air

Qui, foumit. integrale Non

Collecteur distinct de
350 pieds'

Via pompe a chaleur

Pompe a chaleur
3 ch
Eau dans le plafond

et echangeur d'air

Rivers '59-'60-'61

22 p. 100 (estim.}"

Complets Oui

Collecteur et accu- Collecteur et
mulateur mulateur

Oni Qui
Non

Non (1) Non (1)
Oui Dui
Non. Qui

Qui Dui

Radiation nocturne Radiation nocturne
et convection et convection

5580 kWh = 19 MM 1370 kWh = 4,7 MM 230200 pieds cubes
Btu, Btu de gaz (8)

Env. 63 MM Btu Env. 15,5 ~IMBtu·(3) 141,8 MM Btu (8)

70 p. 100 (6); 75 p. 100 (6); 26,5 p. 100 (8)
48 p. 100· (7) 48 p, 100· (7)

Env, 45 MM Btu

De la pompe a cha
Ieur 1 eh (13)

Collecteur

Oui

Non

46,5 p. 100 (estim.
dec. [anv.] (9)

Qui, pre-chauffable

Collecteur et accu
mulateur

Non (1)
Qui
Qui

De l'accumulateur
ohauffe par com
bnstible

Eau chaude du col
lecteur

Serpentin dans le
reservoir d' emma
gasinage

Complets

Non

Oui
1 vanne melangeuse

Collecteur et accu
mulateur

Partiels

ColIecteur distinct
propose

Non (1)

Dui

Pas actuellemcnt

Neant
1 vanne melangeuse

28,9 MM Btu (4) (8)

50-70 p. 100 (pre- 56,8 p. 100 (8)
vision)

accu-Collecteur et
mulateur

Complets

Dui
Oui

Non (1) (2)
Dui
Qui

Dui

Pompe a chaleur
1-1/2 ch
Eau froide dans les

panneaux du pla
fond

Env. 17 MM Btu· (3)

86 p. 100 (6);
64 p. 100· (7)

1470 kWh = 5,0 MM
Btu

Ou pre-chauffage

Partiels

Eau chaude du col
lecteur
. reservoir dans

l'autre

Non (1)
Non
Non

Qui

Collecteur

River '60-'61

Convection nocturne,
evaporation, radia
tion

Neant
1/4 ch
Air des locaux a

travers les pierres
refroidies

Dispositifs de transfert

Dispositifs de controle automatique :
Thermostats du collecteur et de

}'accumulateur

Contrcle automatique du chauf
fage auxiliaire . .. .. .. . .. .. .

Vannes autom. ou humidificateurs

Source solaire .. .

.Chauffage direct a partir du
collecteur ..

Rnregistrement automatique
Pyrheliometre . . . . . . .

Rendement moyen du collecteur
(rayonnement total) .....

Fourniture d'eau chaude

Chaleur auxiliaire

Refrigeration :
Methode d'evacuation de la cba-

Ieur .

Systeme auxiliaire . . . . .
Consommation d'energie ...
Evacuation de la chaleur des

locaux .

Performances : ~
Periode . . . . . • . .. .......
Rendement moyen du collecteur

(pendant le fonctionnement ef-
fectii) .

1 pied ~ 0,3048 m
1 Langley = 1 cal/cm2 ou 3,69 Btu/pied carre
1 pied carre = 0,0929 m 2

1 Btu = 0,252 kcal, ou 0,0002928 kWh
1 gallon = 3,785 1 ou 0,003785 m"
1 livre = 0,4536 kg
1 tonne = 907,2 kg
1 pied cube -= 0.0283 CJTla.

* = Valeur calculee ou estimee par le rapporteur.
Env, = Envlron.
?* = Valeur estimative incertaine calculee par le rapporteur,
MM = 1 000 000.
(A) = Toutes les valeurs exprimees en unites anglaises sauf le rayonnement solaire.
(1) = Toute la chaleur soIaire fournie au batiment par I'Intermediaire du dispositif d'emmagasinage,

c'est-a-dire en suivant la voie collecteur-accumulateur.
(2) = Locaux installation concue pour realiser le chauffage des locaux directement a partir de I'accumu

lateur de chaieur solaire (systeme habituel) ou a partir de la section d'emmagasinage.
(3) = Calcule en supposant un rendement du condenseur de la thermopompe de 30 p. 100 (rcndement

moyen d'une centrale thennique a vapeur).
(4) = Six mois seulement (octobre a mars 1960-61, chauffage d'avril non compt.f
(5) = L'auteur calcule les besoins maximaux sur la base d'une temperature minimale de - 10 "1·
(6) = Fonde sur un rendement thermique egal du travail et de la chaleur, c'est-a-dire 1 kWh = 3412 Btu.
(7) = Calcute d'apres I'bypcthese menttonnee en (3) ci-dessus, le rendement devient effectivement egal

a la quanttte de chaleur solaire fournie au batlment divisee par la somme de eette quanttte et
doe la chaleur fournie par le combustible qui serait brule dans une centra1e thermique moyenne
pour produire la quantite d'electricite necessaire.

(8) = Non compris le chaufiage de I'eau, Les valeurs correspondantes comprenant le chauffage de I'eau
seraient ~ pour le memotre 5/67,47,4 MM Btu, 36,4 MM Btu et 56,6 p. 100; pour le memolre 5/114,
55,7 "M.}.'l Btu, 264000 pieds cubes, 145,8 MM Btu et 25,7 p. 100.

{9) = Chiftres sans concees a l' appui.
\1.0) ""'" Ca-pac\te thi:orlque~ pas de (.\onn~es a. l'appul..

(11)
(12)

(13)
(14)

(15)

(16)

\1 i,

= Pour le chauffage de locaux et le chauffage de l'eau.
= Egalement un reservoir de 2700 gal.· pour emmagasiner I'eau rechauffee par le condenseur des

pompes a chaleur. ~

= Egalement une pompe a chaleur de 1/2 ch branchee sur la source solaire et servant de chauffe-bain.
= Egalement un reservoir de 1 430 gal. pour emmagasiner I'eau rechauffee par le condenseur de la

pompe de chaleur.
= Valeur theorique pour les deperditions de chaleur par heure diurne (fonctionnement d'une duree

de dix heures seulement par jour); et par periode de 24 heures pour chaque of de difference entre
65 of et la temperature atrnospherique moyenne en janvicr de 36,5 of.

0_-0 Vfnat sections sur quarante ont deux plaques de vcrrc qui se chcvauchen t plus uno servant de
'1"·Vt')"t:I;:.' Lr- :!-I) :Hlh"_o~ (T'C.IH}\";l~l·'" ,'t, "~#h l ,~, -, -:» <I:" n- '-'f .tvux

l.; -. df {'-' ...';.' .1:rf . ~
(,;),.p':'rimentale<;;. Lcs valeurs theori qucs ctan-r.t dr-nvu-on i:> p. 100 pins (~kv(~('.."

Facteurs de conversion
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systemes de chauffage installes dans ces batiments
sont equ:lles d'une regulation automatique satis
faisante e, de dispositifs perfectionnes d'enregistre
ment des ;lerformances. Les resultats obtenus avec
ces systemes sont done particulierement precieux.
La plupar: des conclusions. donnees dans la suite de ce
rapport :' .nt tirees des memoires decrivant ces
cinq inst c:Iations, a savoir celles de l'Arizona
(memoire ;";/30), du Massachusetts (mernoire S/67),
de Toky.: (memoire ·S/94), de Nagoya (memoire
5/112) et riil Colorado [mernoire S/114).

CARACTERISTIQUES DU SITE

Tous le : batiments sont isitues sous une latitude
comprise -r.tre 35 et 40° nord, done .dans une bande
assez etroite. Cependant,. lesitemperatures atmos
pheriques norm ales regnant en hiver sont tres
differentes selon les sites, et le nombre de « degres
jours » de chauffage varie entre 1 800 et 6 100 (ce
nombre se calcule en faisant la somme des differences
joumalieres de temperature entre 65 of et toutes les
temperatures atmospheriques moyennes inferieures).
De mem- la quantite normale de rayonnement
solaire en janvier est tres inegale, variant d'environ
125 Iangleys par jour a pres de 300. Les conditions
les plus « c:~veres » pour le chauffage solaire, expri
mees comrue le rapport entre le rayonnement moyen
en janvier et le nombre normal de degres-jours de
chauffage, se rencontrent dans le Massachusetts,
et les con.iitions les plus favorables dans l'Arizona.

On con-state de tres grandes variations dans la
realisation et les besoins calorifiques des cinq bati
ments. L: batiment residentiel de Washington
semble avoir les plus faibles deperditions de chaleur,
qui sont rl'environ 7000 btu par degre-jour (calculees
a partir de la capacite d'accumulation thermique
et de la duree indiquee pour le chauffage realise
avec 1'accumulateur) et la maison du Colorado les
plus fortes deperditions, soit 32 000 btu. La dep:r
dltIon calorifique au laboratoire de Nagoya atteint
environ 37 000 btu par degre-jour, mais ce local n'est
destine a etre chauffe que 10 heures par jour. Les
deperditions calorifiques de la plupart des batiments
se situent entre 9 000 et 18 000 btu environ par
degre-jour. Les besoins therrriiques totaux en hiver
(vale~J.r calculee) pour quatre batiments vont de
35millions a194 millions de btu (Arizona et Colorado,
respectivement).

I1 est interessant de noter que dans presque toutes
les .installations pour lesquelles des chiffres sont
llldlques, la demande maximale de chaleur est
~nviron le double de la demande moyenne pour
lanvier seulement. Cette difference est naturellement
moindre dans les regions OU la' temperature atmos
Pherique est largement stabilisee par "la presence
de grandes etendues d'eau. Les chiffres exprimant
~es besoins calorifiques moyens. pour le mois .de
janvler dans les divers batiments varient au moms
~u simple au quadruple, mais la plupart sont .de
I ordre de 25 000 a 35 000 btu par heure. Les be~oms
semblent plus faibles dans deux batiments, mars les
chiffres ne sont pas donnes, .

COLLECTEURS SOLAIRES

Deux collecteurs ont des plaques verticales; tous
font face au sud, sauf un qui regarde le sud-ouest ;
cinq sont integres a la pente du toit et 1'un s'eleve
sur des appuis separes au-dessus d'un toit plat.
L'inclinaison varie de 7 a 60° par rapport a I'hori
zontale. La surface des collecteurs solaires varie
dans une proportion de 1 a 5 environ, soit de 300 a
1 623 pieds carres. 11 semble que les ingenieurs
aient choisi la surface des collecteurs plutot en
fonction des caracteristiques structurelles et des
facteurs limitatifs inherents aux batiments que pour
realiser les conditions theoriques les plus favorables.
On comprend fort bien qu'il en soit ainsi au stade
actuel des recherches, car le choix du collecteur
ideal ne peut etre fixe tant que l'on ne possede pas
de donnees precises sur le prix de revient des ins
tallations de chauffage solaire. S'il avait fallu tenir
compte du cout effectif de la construction dans les
estimations initiales, aucune des installations de
chauffage solaire n'aurait ete construite et la surface
optimale du collecteur serait egale a zero. Etant
donne le but experimental de toutes ces installations,
n'importe quelle surface de collecteur arbitrairement
choisie peut etre satisfaisante, des lors qu'elle est
assez grande pour assurer des performances statis
tiquement significatives. Les dimensions de la
plupart des collecteurs ont done ete deterrninees
surtout en fonction des surfaces disponibles sur les
murs ou sur la toiture.

11 est cependant interessant d'examiner dans
quelle mesure la conception des divers collecteurs
parait satisfaisante ou, en d'autres termes, leur
« aptitude theorique ». 11 est evident qu'un grand
collecteur solaire installe dans un climat ensoleille
sur un batiment dont les besoins de chaleur sont
assez reduits permettra de satisfaire une plus grande
proportion de ces besoins qu'un collecteur relative
ment petit, place sur une maison recevant une moins
grande quantite de rayonnement en hiver et ayant
des besoins thermiques plus eleves, Pour pouvoir
comparer 1'aptitude des divers systemes de chauffage
solaire a satisfaire les besoins thermiques totaux,
le rapporteur a calcule a partir des chiffres figurant
dans les memoires trois rapports differents. Le
premier, que 1'on pourrait appeler un « facteur
atmospherique » est le rapport du rayonnement
solaire aux besoins thermiques normalises, c'est-a-dire
exprimes en degres-jours par an. La quantite de
rayonnement recu en janvier, en langleys par jour
sur une surface horizontale, a ete arbitrairement
multipliee par 3,69 pour conversion en unites anglaises,
par 1,5 pour la rapprocher de la quantite de rayonne
ment solaire recue pendant toute la saison de chauf
fage, et par 200 pour tenir compte du nombre de
jours compris dans la saison de chauffage. Les
quotients obtenus sont indiques au tableau 2.' On
doit admettre que leur valeur numerique n'a pas
de signification. physique et que seule importe leur
valeur relative pour chacune des installations.
Comme on l'a dit plus haut, les conditions regnant
dans le Massachusetts apparaissent comme les plus
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sevCres et cellos de I'Arizona comme les plus Iavo
rabies.

I.~! second Iacu-ur peut Hre denornme l( indice
tl\l~oriqlw d~' chnuffage 11. C'est le rapport entre la
surface du collectcur solaire et les besoins thcrmiques
du b:ltimcnt exprlmes en btu par degre-jour. Plus
cc quotient est (·Ieve, plus le dispositif de chauffage
solair« est Iargl'nll'nt COIlC;II pour le site considcre.
l.es valeurs <11' ce quotient apparaissent aussi sur
le tableau 2. 1.('5 conditions atmospheriques miscs
;\ part, on voit que le collecteur solaire qui cquipe
la r(~"h!l'llce de Washington est le plus grand par
rapport ;\ la grandeur <Ill b:ltiment et a ses caracte
ristiques <le trnnsfert thermique, Le quotient le
plus Iuiblv est celui <Ill laboratoire ell' Nngoya, mais
{·tant <lollll(' que cc b;itiment n'est destine a etre
O('CIIP(' qlle pendant la journee, on ne pent attachcr
la meme importance aCl' rapport. Parrni les batimcnts
hahitcs en permanence, c'est la maison du Colorado
qui possedc le quotient le plus Iaible.

Le produit des deux quotients precedents repre
sente cc qlw l'on pent considerer comme 1'« aptitude
thcoriquc I) de I'installation solaire. U\ encore,
ce n'est pas la valeur d'un coefficient considere
isolemcnt qui est importante. (Pourtant, si 1'0n
utilisait la quantite totale de rayonnement solaire
effcctivcmcnt rccne en hiver en l'ajustant aux
v.ilcurs applicahlcs aux divers collccteurs inclines
et vcrticaux, on obtiendrait des rapports definitifs
qui rcpresentcraicnt la quantite totale de rayonne
ment solaire Irnppant le collectcur en hiver divisee
par laquantite totale e1e chaleur necessaire au htltiment
pendant cettc saison. Cl' mode de caleul pIllSraffine n'a
pas (-te applique pour l'etablissement de Cl'S rapports,
si hien qlle 5eulrs leurs valeurs relatives les unes par
rapport allx alltrrsdoivent ctre prises en consideration;
ils refiNent cependant de fac;on approximative le
rapport dont il vient d'ctre question.) On voit
immcdiatement que le laboratoire de I'Arizona est
cquipe du collectellr le pills. gencreusement II conc;u,
tandis qlle la mai50n du Colorado semble satisfaire
la pIllS petite proportion des besoins thermiques
totaux. Des quatre btltiments d'habitation etudics,
ceux de Washington et de Tokyo devraient fournir
la plus grande fraction de la chaleur rcquisc.

Certains collectcurs ne comportent aucun re\'rll"
ment, tandis que d'autres sont mun :.-, de trois Oil

quatre couches de verre, Les colleen- i!:, non revetus
ont tous une temperature de foncti·:Illement rela
tivcment basse et alimentent des pOL:!les a chaleur
qui fournissent les temperatures vc.ilucs pour It·
chauffage domestique. Ils servent '~alemcnt de
radiatcurs pour la chaleur oxtraitc d, la maison all
moycn de la pompe a chaleur. Le rev. :,'mcnt double
est le plus commun dans les collectvvrs atteignant
une temperature plus elevee, et pour ,·,·ux-ci on Ill'
se sert guere de revetements a composn Ion plastique.

SVSTblES D'ACCU:'IULATI0 \,;

La capacite d'crnmagasinage de la chaleur varie
d'environ 200000 btu dans le laboratoir.- de Nagoya,
;\ 2,/i millions de btu dans la residl'lIce de Tokyo
et au laboratoire de New Jersey. Si I'on compare
les capacites d'emrnagasinage aux besoins thcrmiques
norrnaux pour le mois de janvier, on constate qu'clles
varicnt de environ un quart des I .esoins d'une
journee normale en janvier (maison '\11 Colorado)
a environ une semaine (maison de Washington).
Le laboratoire de l'Arizona peut cu.magasincr I~
chaleur necessaire pendant environ :! iours et dellll
norrnaux de janvier, tandis que la mar-on du Massa
chusetts peut accumuler environ un j" If de chalcut,
le laboratoire du New Jersey 8 jour-, la residcnrc
de Tokyo /) jours et le laboratoire de ;':,Igoya un peu
moins de 10 heures diurnes. Cl'S eh i: 11 cs indiqurllt
que les auteurs n'ont pas tous la mcr;,,~ opinion Sllr
l'utilite d'une accumulation ( a long tcnne )), c'est-a
dire de la chaleur necessaire pour pbsieurs jams.
Quelqucs chercheurs, dont le rapr'orteur, ~ont
a~ives a la conclusion qu'il n'cst pas econon~lqlle

d emmagasiner la chaleur pour une dunl,e supcnellrc
a un ou deux jours (besoins thermiques moyens
de janvier) parce que la diminution de la conso~lllla'

tion de combustible qui resulte d'un emmagasll1agc

d'une durce supcrieure est proportionnellement trop
faible. Pour prendre un exemple, le cas O~I IInc
reserve de chaleur de huit jours (besoins calonfiqucS
moycns en janvier) aurait He necessaire alors qllc
quatre jours d'emmagasinage sont normalcmcnt

Tahleau 2. Indices d' " aptitude throrlque ), des Installations

r:) m (I) m (7 ) (~I,,,,,,
(1} RfI,·oftft.t"""J

tJ'~';'/I"''''
• F~-f-l'tI' S.,/iU' (6) . Indict tlt/Miqut « , ..4ia 4'lIptfi

....tJt 4. Mti"U,,1 "" ;."ru-, .JWVt,/,lhifIU • iN roIlatnu Ptfttl th;Of'i,qll.f •,.., _fit
BI. p•• i,g.lliou, tU clw.1I0.g. .

(I) x (~I14"(I#'p/,,,,,' C' x (:11(3) f'iJ'4,' (5)/(6) -
Wa.,hinRton 16n ono 41 840 7000 0.12 4,!I
Ari70na . :lnn IIWO I!In 1623 18000 0,09 17
Capri I4n 2640 rm 320 12000 0,027 1,6
:\'a~'<a(hll"'th Jr.fl flflOO 30 640 12000 0,053 1.6
~cw ]cr!\('y 16n r.lno 34 r.oo 9000 0,067 2,3
Tokyo.. 2211 3 lino 67 I 140 17000 0,083 5,6
~aR()ya . 2i/t 3no 37000 0,008
Color.lllo. 220 o Ino 40 600 32000 0,019 0.76--
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~uflisants, -t-ront si rares que les quelques gallons
tit' mazou: qu'i! Iaudra brfilcr chaque annee pour
fain' fan' .: Cl'S circonstances exceptionnelies coil
u-ront pr. pie toujours moins cher que le supple
1I11'lIt de ft ,;1s fixes .\ prevoir pour doubler la capacite
d'l'lIllllag:t' 'nagc. Les chiffres contenus daus les
lIlt:llIoirco> ',' sont pas assez detailles pour pcrmettre
1111(' (.valll,' "lI\ plus complete de la capacite optima le
11'1'lIllllag:1 :lagI1.

Dans l-: mcmoire S/:1 concernant la muison de
\\'ashingl' '. l'autcnr dccrit un systeme d'cmmagn
sinage qll i :-socie de l'cau et des galets. II semble
qlll' le tral,fl'rt de la chaleur nux galets se Iasse par
conductioi, .k-puis le reservoir d'eau autour duquel
lcs picrr.- «mt entassecs, L'cfficacite du systeme
parait SlIj"1 tl' .\ caution en Cl' qui concerne le rule
dl's gal('\s. lIar le transfert de chalcur dans un lit
de pierrc . non jointives est cxtrememcnt lent.
L'cuvclopj- till reservoir et les galets les plus prochcs
constituent sans doute les principalcs surfaces
d'cchang" ,11' chaleur pour l'air qui est cnvoye
vcrs les 1(1'''IIIX. II parait douteux que toutc la masse
IIt·S galets ,i isposes dans le compartimcnt d'eml~ag~

sinage pll: ,(' etre portee aux temperatures indi
quees,

Dans I" lllemoire Sill:! concernant le laboratoire
dll Ne\\' .i'rsey, l'auteur decrit \111 accumlllateur
.\ chalellr;,' fusion. Si toute la matiere fusible est
dlirace, I.: forte capacite d'emmagasinage (~,fi mil
lions de hi :) sera realisee. Toutcfois, il a ete del1lontre
qlle les III ,ticres fusibles employees jusqu'a present
tendent ;l,e stratifier clans les recipients oil elles
SOllt enftTll1t-cs et qU'elles perdent leur capaci~e
d'accunl1l1.ltion thermique. J.'auteur affirme avolr
tenll com pt l' de Cl' facteur dans le plan de son instal
lation, 111;11'; il n'indique ni la nature de la maticre
accumlllatrice, ni ses performances, On I~e prt!t
donc appn"cirr I'efficacite de cet agent, 11\ saVolr
si la stratification a veritablement ete evitee. Si la
separation des phases n'a pu etre empcchee, la
maticre IItilist-e aura sans doute une capacite d'emma
gasinagl' il pen prcs egale a celle de l'eau, soit em'iron
n,R million de btu.

Les temperatures maximales d'emm~g:l;c;inage
srmblent se situer dans deux intervalles pnnclpaux.
Les faibles temperatures d'emmagasinage obtenu,es
I~ans les dellx batiments japonais sont caractens
hCJurs des systcmes utilisant des pompes a chaleur
et des collrcteurs sans revctement. Par contre, Irs
trmperatures plus elevees, de 1'0rdre de 120 a 140°,
con\'icnnent au chauffage direct. Un ni\'eau inter
l11t-diaire, obtenu dans la maison de I'Arizona,
peflnet d'lItiliser direetement la chaleur de I'accu
Illlllatellr lorsque la temperature est suffisante,
I't de I'lItiliser indirectement IXJUr alimenter line
pompI.' it chaleur lorsque la temperature est trop
h.1..'\se.

. I1 semble qlle tOilS les systcmcs d'ell1lnagasina~e
.1lent permis de compenser Ics heures sans solrll,
dans line plus Oil moins grande mesure, scion \rllr
r.1pacite calorifiCJue et les factellrs Jimitatifs inlH(rents
all fonctionnement. Toutcfois, comme dans Ic cas

IJI

des collccteurs. It's donlll-I's d'ordre t-Wllollliqllt'
font dt':faut.

SOt'\(CE ..\t:XII.I.\IIlE ll'f~SU<I;II:

A l'exception du laboratoire du :\I'\\' JCN'y, tOilS
lcs h.ltillll'lIts IIt~('fits disposcnt d'uue ~ourn' auxiliairv
de clialeur. Chaqu« Iois qlll' ('t. point t·~.t, I~rt"d~,:,

les auteurs iudiquvnt qllt· la sourr« allxlham', (·~t

capable de Iournir la totalitt: dt, la chak-ur n'qlll~I'

toutefois. les dispositifs auxiliain-s ;'\ thenll()l~lInl)('

devraient sails doute i-trl' plus largl'lI11'nt dinu-n
sionnes s'ils utilisaient simplcmcnt lit' l'air atmos
phcriq.":. La consollln~a~ion Il'elll'r~~I' ,allxiliair~'
est III IIII 111aIt' dans la rl'sldt'lICt' dl' \\ ashington Oil

l'auteur l'evalue :\ environ fi p. lilO, I't maximale
dans la residence du Colorado oil e111' a et(' chiffn{I'
it 74 p. 1110 [valour mesurec). Aucun autvur n'a f~it
ctat de difficultes St':riClIscS pOllr incorporer le (lis
positif auxiliairc it I'installation Ill' c1~allff;~gl' gt-nl-ralt'
et pour le fain: Ionctionncr en conjonctron awl' la
source solaire. Tons 1I's systcmes auxiliaircs paraissent
controles nutomatiquemcnt. cc qui IC~lr pcr!lwt
d'cntrcr en action des que la source solairc dcvicnt
insuffisante.

Le memoire Sill:! sur l'installation du :\t'\\' ,~e.~.ey,
la seulc qui ne comportc pas de SO\lfet' allxlham',
ne donne pas de rensrignelllents pt'fnwltant d'<:\,a
Iller l'efficacite dll systcnw. ~Icnlt' si ~'on tit'nt cOl,npte
de la IOl1guc duree d'elllmagaslllagl' (phIS)('II~

jours) et des alltres caractt-ristiqllt's (mlkett'ur
\'ertical de UOO pieds carres de s\,ufact', \liO l~ngll'Ys
par jOllr sllr line surface honwntak, JllIIssance
thermiqlle moyrnnc en jan\'irr d~ 1~ ,riOlI btll par
hellre et rendement dll colledeur q:al a ,16 p. 100),
le dispositif sola ire est a pcine cap~hle ~Ie fOllrnir
la qllantite, moyen~le de ~hale.ur rr~ll1lse. (ep(',ndant.
all cours dun mOls de pn\'ler 011 la trmperature
moyenne descendrait d.e plll,siell~ drgrcs all-<Iessous
de la normale (Cl' qUI arn\'C tOlltes les qllrltll~es
annees) surtOllt si la qllantite de rayonneme!lt solalfe
Hait allssi inferieure a la normale, le h;\tllnrnt ne
pOllrrait etre challffe complctemrnt ~lns \1Il aPI~)rt

.luxiliaire. Ces divers facteurs montrent con~ll1e!l
il est difftcile de rc.lli~r une installation ~ltlsfal'
~'lnte <le challfbge ~Iaire ne compor,tant aucun
dispositif allxiJiaire <Ians t~lItrs lrs C1rconst:U1~es
oil les hasses temperatures hl\'CrnalC$ rendrnt Itllhs
pensahle le challffage drs locallx.

Le rapporteur tient cgalemrnt it s'arrctrr sllr
l'affmnation (mcmoire Si !'l:l) S<'lon laqllrlle till collt'C
teur solaire doit ctre suffisammrnt grand pour
satisfaire tOilS Irs be~il15 thermiqllrs nprI7ld1a <1'un
b.Himent pendant le mois le plus froid, it supp(~r

que le h.'ltimrnt r<\oi\'e. une q~la~lt,ite,.normaJ< t1~
ra\'onnrment pOllr le m0l5 cOl1sldrre. }·.tant donnc
,pi'il est impossihle de dctermin~r les dimrnsiOl.15
optimalt'S d'un collecte~lr ~'lns ~ell1r,(,()I1~pte du pnx
tic rC\·if:nt. IIl1e affinnatlon amoSl catq~nn'1l1e l1e pellt
ftrl' fondl't~ en honl1e log-ique. l)'alltre5 1'(l~tlllat5

thl~riqlles, par exemple cdlli '1l1i Wilt qll'a ttl'IIX
pirtls carr(~ de sllrfacl' tll' pl.'ll1chrr corrl'~I)()n~11'
1111 pietl carre de collecteur wrtic.11. 011 qUl' le (h~-
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positif d'accumulation occupe 4 p. 100 de la surface
de plancher, doivent etre consideres comme des
hypotheses arbitrairement choisies et non comme des
conditions optimales.

COLLECTION ET DISTRIBUTION DE LA CHALEUR

Le tableau 1 montre que dans la plupart des sys
temes l'eau est chauffee .dans le collecteur, apres
quoi elle sert de fluide intermediaire pour le transport
de la chaleur vers l'accumulateur et, de la, vers les
locaux. Toutefois, dans les maisons de Washington
et du Massachusetts, la chaleur est transferee de
1'eau chaude emmagasinee a 1'air que l'on fait
circuler dans les chambres, 1'air etant ainsi le vehicule
final de la chaleur. L'installation de la maison de
Washington comporte une circulation d'air autour
du reservoir d'eau chaude et entre les pierres adja
centes; celle du Massachusetts emploie un echangeur
de chaleur a tubes a ailettes a travers lequel circule
1'eau chaude en provenance du reservoir solaire
ou du reservoir d' eau chaude auxiliaire.

SYSTEMES DE, CIRCULATION

Dans les deux installations equipees de chauffe-air
solaires, la chaleur est transferee de i l'air a une
matiere d'emmagasinage fusible (laboratoire du
New Jersey) ou a des pierres (residence du Colorado).
Pour transferer la chaleur de 1'accumulateur aux
locaux, on fait circuler 1'air de la maison a travers
les compartiments d'emmagasiriage. Deux moteurs
au moins sont necessaires dans toutes les installa
tions pour actionner les pompes ou les souftlantes,
sauf dans la residence du Colorado, OU un seul moteur
est necessaire pour le ventilateur.

Il est interessant de constater que les chiffres qui
concernent la vitesse de circulation du fluide a
travers les collecteurs solaires sont assez homogenes
d'un ~emoire a l'autre.iPour I'eau, le debit en gallons
par mmute par pled carre de collecteur solaire est
egal a 0,85. dans la residence de Washington, 0,65
au laboratoire de Capri, 1,67 dans la residence du
Massachusetts, 5,3 au laboratoire de Nagoya, tandis
q?e pour l'air il est de 1,3 p~ed cube par minute par
pled carre de collecteur solaire dans la residence du

,Colorado. Un debit moyen d'environ 1 gallon par
minute pour chaque pied carre de collecteur chauffant
de l'eau parait adequat pour les installations qui
atteignent les temperatures les plus elevees, tandis
que dans les chauffe-air solaires le debit se situe a
environ 1pied cube d'air par minute et par pied carre,

PRODUCTION D'EAU CHAUDE

Dans. quatre batim~nts, 1'eau. chaude a usage
domeshque est .produite au moms en partie par
l'enerl?ie solaire. Dans la residence de Tokyo, elle est
~rodmt; par un collecteur solaire separe qui fonc
tionne a basse temperature et alimente une therrno
pompe de 1 CV. Dans les residences de Washington
et du Colorado, une petite fraction de la chaleur
fournie par le collecteur solaire sert a prechauffer
l'eau destinee aux usages domestiques, qui est

ensuite portee a la temperature voulue dans un
chauffe-eau a combustible. La maison du Massa
chusetts comporte une section de prechauffags de
1'eau dans le grand reservoir d'accurru.Iation solaire.
Dans aucune des installations le chauffage de l'eau
ne semble avoir ete un element primordial du projet.

DISPOSITIFS DE CONTRaLE AUTI)'.lATIQUE
ET INSTRUMENTATION

Cinq auteurs indiquent qu'ils ont accorde une
grandeimportance aux dispositifs de i~(mtrale auto
matique et d'enregistrement des .lunnees. Des
renseignements detailles sont donnes "m les dispo
sitifs de. controle installes dans les residences du
Massachusetts et du Colorado, et l'instrumentation
du laboratoire de l'Arizona est decnte en termes
plus generaux. Une discussion de ces caracteristiques
sortirait du cadre du present rapport, et le lecteur est
prie de se reporter au texte des memo-res respectifs.
On peut cependant faire plusieurs constatations
utiles. Un grand soin doit Stre apporte a la conception
des dispositifs de controle pour assurer le plein
rendement de 1'installation de chanffage solaire.
Le controle doit en particulier empecher que le
prix de revient du captage de la chaleur solaire,
lorsque celle-ci est peu intense, depa-se la valeur
effective de cette energie. Les memoircs contiennent
des considerations particulierement interessantes
sur les problemes de controle qui se ..ont presentee
et les methodes adoptees pour les resoudre. Plusi~urs

chercheurs ont signale qu'une fois ecarrees certames
difficultes, et apres un certain temps d'experience.
l'automaticite du controle a ete uitegralement
realisee. Ils relevent aussi la necessite d'une instru
mentation bien concue et entretenue pour 1'evalua
tion des performances.

DISPOSITIFS DE REFRIGERATION

Quatre batiments ont aussi e16 equipes d'installa
tions de refrigeration. Leur fonctionnement ~st
base sur l'evacuation de la chaleur pendant la nuit,
alors que la temperature atmospherique a, en general,
diminue, Dans le laboratoire de l'Arizona, la residence
de Tokyo et le laboratoire de Nagoya, la chale~r
est extraite des locaux pendant la journee (et la.nult
si necessaire) par absorption dans 1'eau fraiche Issue
de l'evaporateur de la thermopompe. La chaleur
ainsi evacuee est emmagasinee temporairement dans
1'eau chaude du cOte du condensateur de la thermo
pompe. La circulation de 1'eau tiede a travers ~a
plaque nue du collecteur solaire pendant la n~l~
permet un transfert de la chaleur vers 1'atmospher
par convection et vers le ciel par radiation.

Dans le laboratoire de Nagoya, 1'air venant des
'locaux est refroidi a 1'eau dans un echangeur m~nI
de tubes a ailettes, alors que dans le laborat~lre
de l'Arizona la refrigeration se fait par circulah?n
d'eau fraiche entre des toles ondulees disposecS
dans le plafond. Dans la residence de Tokyo, cr
deux systemes sont associes, Il est remar9.uab e
que, dans le laboratoire de l'Arizona _ reglO~ au
climat extremement chaud _ la refrigeration ait pu
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etre assuree avec un moteur de 1',5 CV, alors que
dans les maisons de meme grandeur un moteur
de 5 CV est couramment utilise. Deux ou trois fois
seulement, il a ete necessaire de laisser la tempera
ture de h chambre monter au-dessus du niveau
desirable Dour eviter une condensation sur les
panneaux ('tu plafond.

Aucune pompe a chaleur n'a ete employee dans
l'installation de Washington. L'air en provenance
des chamrres etait circule a travers les galets et le
long de la surface du reservoir d'eau, Le transfert
de chaleur vers I'eau avait lieu pendant le jour.
La nuit, l'cau Iegerement rechauffee etait pompee
vers la pente nord du toit metallique ou elle se refroi
dissait par evaporation, convection et radiation.

Cesinstallations, on le voit, n'utilisent pas l'energie
solaire POIlf la refrigeration. Toutefois, trois d'entre
elles se servent du collecteur solaire pour evacuer
la chaleur et du dispositif d'accumulation de la
chaleur sehire pour emmagasiner temporairement
la chaleur avant de l'evacuer pendant la nuit. La
thermopompe fournit de l'energie pour les besoins
du chauffag« et de la refrigeration. Cette utilisation
combines d'une grande partie de I'installation
permet d'obtenir des facteurs cle charge plus inte
ressants du point de vue economique. .

La refrigeration par l'energie solaire sera etudiee
tout specialcrnent au titre clu point III.D de I'ordre
du jour, de sorte qu'il n'est pas necessaire d'insister
davantage ici sur ces divers systemes.

PERFORMANCES

D~ bonnes performances sont decrites apropos
~e cmq installations de chauffage solaire examinees
a cette Conference. Le choix d'une instrumentation
appropriee, le soin apporte a I'examen des enregis
trements et le detail clans lequel les chiffres ont Me
communiques font des memoires en question des
publications de valeur.

Parmi les installations a « haute » temperature,
c'est le collecteur solaire du Massachusetts qui,
d'apres les donnees fournies, semble posseder le
re~dement le plus eleve en periode de fonctionnement,
SOIt 40,8 p. 100 pendant tout I'hiver. Pour le collec
!eur clu New Jersey, I'auteur evalue le rendement
a 46,5 p. 100 pour decembre et janvier, mais ne donne
pas les chiffres sur lesquels il fonde cette estimation.
Le chauffe-air solaire du Colorado a presents un
ren~ement total de 34,6 p. 100 pendant l'hiver en
penode de fonctionnement. Pour les collecteurs
des batiments du Massachusetts et du Colorado,
le renclement a ete calcule sur la base de la quantite
totale du rayonnement solaire recue pendant I'hiver,
et les valeurs obtenues sont de 32,6 et 24,5 p. 100
respectivement. Pour le laboratoire de l'Arizona,
les rendements obtenus en janviersont de 28,7 p.lOO
(en periode de fonctionnement) et de 17,2 p. 100
(rayonnement total). Bien que fonctionnant a une
temperature plus basse, le collecteur de l'Arizona
semble etre le siege d'une deperdition de chaleur
sUffisamment importante pour qu'il vaille la peine

d'envisager de le revetir peut-etre d'un couvercle
amovible que I'on pourrait enlever pendant la saison
de refrigeration.

Le collecteur de Nagoya, qui fonctionne au-dessous
de 55 OF, capterait la chaleur solaire a raison de
54 p. 100 environ (moyenne de janvier). On peut
penser qu'a une temperature aussi basse une cer
taine quantite de chaleur est cgalement transferee
de I'atmosphere au collecteur. A la residence de
Tokyo, le rendement moyen de collection solaire
en hiver - estime d'apres la quantite totale de
rayonnement - est d'environ 22 p. 100.

D'apres plusieurs series de resultats figurant dans
les memoires, le renclement de collection solaire
semble clone en definitive se situer entre 35 et
45 p. 100 en periode de fonctionnement et entre
25 et 35 p. 100 si on le calcule d'apres la quantite
totale de rayonnement solaire recue en hiver (chiffres
obtenus pour la periode d'hiver dans les parties
les plus froides de la zone temperee). Selon les
indications des auteurs, ces chiffres pourraient etre
ameliores en consacrant plus d'attention a certains
details de realisation et de fonctionnement. Il
semble que le rendement moyen en periode de
fonctionnement pourrait atteindre environ 50 p. 100
au maximum pour les installations et les conditions
generales decrites.

La quantite totale de chaleur solaire fournie
aux batiments pendant la periode d'hiver a varie
de 40 millions de btu (laboratoire de Nagoya) a
52 millions (maison du Colorado). En plus, les
dispositifs auxiliaires ont du produire 16 millions
de btu pour le laboratoire de Nagoya et 142 millions
pour la maison du Colorado. Dans la residence de
Washington, il n'a ete utilise que 5 millions cle btu
de chaleur auxiliaire qui, seIon l'auteur, ont repre
sente a peu pres 5 p. 100 des besoins calorifiques
pour la saison d'hiver. Cette derniere estimation
semble toutefois contenir une contradiction, car
elle signifierait que la quantite totale de chaleur
necessaire en hiver est d'environ 100 millions de btu
(5 millions X 20); or, les besoins calorifiques totaux
calcules d'apres le nombre de degres-jours et la
quantite de chaleur requise par degre-jour (calcul
effectue par le rapporteur d'apres le nombre de
jours de capacite d'accumulation de chaleur en hiver
cite par I'auteur) s'etablissent a environ 30 millions
de btu. Quoique qu'il en soit, I'usage restreint qui a
Me fait de I'installation auxiliaire a combustible
indique que les dispositifs solaires ont ete particu
lierement bien concus, ce qui ressortait deja du
tableau 2.

La proportion de la chaleur totale necessaire en
hiver qui est fournie par le dispositif solaire varie,
pour les sept installations equipees d'un chauffage
auxiliaire, de 26 p. 100 (valeur mesuree) dans la
residence du Colorado a95 p. 100 (valeur estimative)
dans la residence de Washington. Parmi les autres
batiments, c'est le laboratoire de l'Arizona qui a
utilise le plus petit pourcentage de chaleur auxiliaire.
En prenant l'energie electrique comme I'equivalent
direct de la chaleur, 86 p. 100 de la chaleur a ete
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fourni par l"energie solaire. En revanche, si l'on prend
pour base 1'« equivalent combustible d'une centrale
thermique » de l'energie electrique (calcule d'apres
un rendement de 30 p. 100), la proportion des
besoins thermiques totaux qui ont He satisfaits
au moyen du dispositif solaire (c'est-a-dire, la cha~eur

solaire fournie au batiment plus le combustible
brfile pour produire l'electricite utilisee dans la
pompe a chaleur) n'a ete que de 64 p. 100 dans le
batiment de l'Arizona. Les chiffres correspondants
sont, pour la maison de Tokyo, 70 et 42 p. 100
respectivement et, pour le laboratoire de Nagoya,
75 et 48 p. 100. La maison du Massachusetts a recu
57 p. 100 de la chaleur requise du dispositif solaire.
Ces chiffres concordent done, dans l'ensemble, avec
les indices d' « aptitude theorique )) que le rapporteur
a calcules au tableau 2.

Considerations economiques

Les donnees sur le prix de revient de l' energie
et les economies realisees dans les divers batiments
grace aux installations de chauffage solaire sont si
fragmentaires et si variables qu'il n'est pas possible
de les presenter sous forme de tableau. Quatre
memoires seulement donnent quelques indications
sur les prix de revient, mais un gros effort d'inter
pretation est necessaire pour en definir la portee,

Le prix du mazout brfile dans l'installation auxi
liaire de la maison de Washington ri'a ete que de
6,30 dollars pour la saison de chauffage. En repre
nant l'evaluation de l'auteur selon laquelle 95 p. 100
de la chaleur necessaire en hiver a Me fournie par
le chauffage solaire, le combustible economise peut
etre evalue a 120 dollars environ. L'auteur n'indique
pas le montant supplernentaire depense en electricite,
si bien qu'on ne peut estimer les economies nettes.

Dans le laboratoire de I'Arizona, l'energie elec
trique depensee pour le fonctionnement de la pompe
a c~CI;le.ur et du n:oteur de l'installation de chauffage
auxiliaire a atteint 37 dollars pour la saison de
chauffage hivernale. L'auteur n'indique pas a combien
peuvent etre evaluees les economies imputables
a l'installation solaire pour les seuls besoins du
chauffage, mais il estime qu'un systeme de chauffage
et de climatisation classique aurait entraine une
depense d'energie depassant de 185 dollars ce qui
a He effectivement depense pendant l'annee entiere,
Le rapporteur estime que la valeur de la chaleur
solaire qui a Me fournie a l'installation pendant
l'hiver represente entre 50 et 60 dollars.

La troisieme serie d'evaluations du prix de revient
concerne la maison du Colorado. L'auteur a calcule
qu'environ 80 dollars d'equivalent de gaz naturel
ont ete economises par la chaleur solaire, mais que
l'energie supplementaire a coute environ 60 dollars
ce qui represente une economie de 20 dollars seule
ment sur la consommation d'energie. Il a emis I'opi
nion que des modifications mineures de l'installation,
destinees avant tout a reduire la consommation
d'energie, permettraient d'economiser environ
100 dollars d'energie par an. Dans la maison de

Tokyo, le chauffage solaire a perrnis de realiser
une economie nette de 78 dollars sur Lt consommation
d'energie, n faut cependant noter qb~ ces quelques
donnees sur le prix de revient ne so-vt valables que
dans les conditions de fonctionnement particum~res

a chaque installation.
11 semble que les economies effecuv -s et possibles

de combustible et d'electricite rea;'".:bles pour le
chauffage de ces batiments puissent ,'tre raisonna
blement situees entre un minimum .Ie 50 dollars
et un maximum de 150 dollars. C',',. deux limites
peuvent cependant etre modifiees, par exemple,
si 1'0n change les proportions entre la surface du
collecteur et les besoins thermique- du batiment,
ou si le prix du combustible varie, ou "'l l'installation
est realisee dans des regions ou la ..istribution du
rayonnement solaire et le climat sent lifferents, etc.

Les chiffres precedents ne tiennen 1 evidemment
pas compte de l'amortissement ni de- frais d'entre
tien de l'installation solaire. Des c tlmations sur
ces points ne pourront etre faites .ue lorsqu'on
connaitra avec une certaine precisi.:l le prix de
fabrication et de construction din: 'allations pro
duites a une echelle meme modeste.'1 l'on admet
que les depenses de capital represent nt 10 p. 100
par an, soit par exemple 5 p. 100 l' .r l'amorti~se

ment (en 20 ans) , 6 p. 100 d'interet sur le capital
non amorti (equivalant a un intc t moyen de
3 p. 100 environ) et 2 p. 100 p01:' les d~penses

d'entretien, impcts, assurances et eh rges diverses,
une economie de 150 dollars par an c: permettrait
pas un investissement supplemental" de I?lus de
1500 dollars environ pour une Jrl,tallatlOn .de
chauffage solaire (par rapport a m',' installation
classique). De merne une economic annuelle ~e
100 dollars permettrait un investiss.tuent supple
mentaire de 1 000 dollars. La plupart des auteurs
admettent que les sommes a investir actuel~e~ent
dans de telles installations depassent ces lIm~tes,

mais on pense qu'il n'est pas impossible d'arnver
a un prix de revient de cet ordre de grandeur.

L' economie de ces installations depend en partie
de l'appareillage de chauffage auxiliaire et de l'en~rgle

qu'il consomme. Pour les systemes a combustible,
ces deux depenses sont ou peuvent etre modeste;.
L'appareillage auxiliaire est relativement peu e~u
teux, et si 1'0n considere que I'installation Sol~lre
necessite deja des dispositifs de controle, un syste~e

de distribution et encore d'autres elements, la seu
I
e

depense supplementaire est en general le prix de a
chaudiere. Lorsque la plus grande partie de la ehaleur

utilisee est d'origine solaire les depenses de eombus
tib~e sont egalement peu i~portantes. Le rapp'or~e~~
estirne par consequent qu'il n'y a guere d inter
a vouloir construire un tres grand collecteur et u~
vaste systeme d'accumulation thermique tendan
a elirniner la necessite d 'up chauffage auxiliaire. .

Une autre consideration intervient dans le eh01?,
de l'installation de chauffage auxiliaire, a sav01r

les avantages respectifs des systemes a thermoI?OIl1):
et des systemes a combustible. Meme dans les IJ.lsta
lations dotees d'un grand collecteur - ArIzona
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et Tokyo, l'electricite qui a ete consommee pour
actionner la pompe a chaleur a coute assez cher,
et les economies totales n'ont pas semble depasser
celles qui ont ete realisees avec les dispositifs auxi
liaires marchant au combustible. En revanche, 1es
sommes investies dans une installation equipee
d'une porupe a chaleur ont depasse de beaucoup
le prix d'une chaudiere. On ne choisira donc un
dispositif .iuxiliaire a thermopompe que s'il y a
necessite .l'assurer une refrigeration. Si l'on s'en
tient aune comparaison economique tres superficielle,
les frais dinvestissement encourus pour l'installation
d'une pon:~)e a chaleur utilisee uniquement pour
le chauffaje ne semblent pas devoir depasser de
beaucoup le prix d'une chaudiere. Il est toutefois
possible CJ lle le prix d'un collecteur solaire concu
pour etre utilise en association avec une pompe
it chaleur soit inferieur a celui d'un collecteur a
temperatrn c plus elevee utilise en association avec
un chauffage auxiliaire a combustible, parce que
le second collecteur devra etre muni d'un revetement.
Iei encore, il est extremement difficile de proceder
it des coruparaisons, etant donne l'insuffisance des
donnees sur le prix de revient. La seule indication
vraiment .iette est que la pompe a chaleur et le
collecteur solaire sont tous deux d'un coftt eleve
qui doit nccssairement reserver l'emploi de la pompe
it chaleur:omme dispositif auxiliaire pour les cas
ou la refr:~;eration doit etre assuree pendant l'ete
et ?u le dispositif solaire permet de realiser, pendant
l'hiver, de" economies d'electricite capabies de justi
fier la depense de l'installation solaire plus toutes
les depenses resultant du fonctionnement de la
pompe a chaleur pour le chauffage.

Enfin, uu facteur economique est important pour
cette Conference : les possibilites inherentes au
chauffage solaire dans les pays insuffisamment
developpes. Les systemes decrits dans les memoires
soni tous tres complexes et cofrteux, Il ne parait
guere probable qu'ils puissent etre appliques dans
un procho avenir au chauffage des maisons qui
actuellement ne disposent d'aucun moyen de chauf
fage ou sont simp1ement tiedies par quelque sou!'ce
ou .chaleur directe. On conceit mieux l'adoption
de ces systernes pour des immeubles d'habitation
plus vastes, actuellement equipes d'un chauffage
c~ntral, ou pour des batiments publics et commer
c:au~. Les conditions les plus favorables paraissent
reumes dans les regions ou le combustible cofite cher.
Tou~efois, il ne pourra etre question de veritable
applIcation pratique tant que l'equipement de chau!
fage ~olaire ne sera pas tec~niquement t.ou~ ~ fait
au p.Olllt et eprouve ; son eout devra aUSSI diminuer
ConsIderaplement. Le rapporteur suggere que les
recherches ulterieures soient orientees vers des
applications de ce genre.

Machine a' analogie electronico-rnecanique pour
la realisation d'une centrale de chauffage
par l'energte solaire

pans un autre memoire (S/19) presente sous ce
llleme point de l'ordre du jour, R. F. Benseman

decrit un simulateur mecanique du soleil qui,' en
quelques minutes, reproduit effectivement les varia
tions annuelles du soleil en intensite et en position
par rapport a la surface d'un collecteur oriente
sous un angle quelconque. L'enregistrement du
rayonnement effectivement recu par cette surface
(au moyen de detecteurs photo-electriques) fournit
les donnees qui sont transmises a une calculatrice
electronique, laquelle tient egalement compte d'autres
elements : deperditions thermiques, besoins calori
fiques du batiment, et autres variables qui influent
sur la conception d'une installation de chauffage
solaire. Les resultats du calcul sont ensuite utilises
pour determiner les caracteristiques optimales de
l'installation, compte tenu de l'emplacement choisi
et de la demande thermique. Il est probable que les
elements du prix de revient pourront egalement
etre integres aux calculs lorsqu'on disposera des
donnees necessaires ; on pourra ainsi determiner
l'installation la plus interessante du point de vue
de ses performances et de son cofit, L'experience
se poursuit actuellement et l'on en attend les resultats
avec interet.

Etude d'une rnaison solaire au Sahara'

Le mernoire S/76 par E. Crausse et H. Gachon,
bien qu'il ait ete place sous la rubrique «refrigeration
par l'energie solaire » contient egalement une breve
description d'un projet d'installation de chau~age

solaire. On envisage d'installer dans une maison
experirnentale (surface de plancher : 900 pieds cartes)
situee dans la partie septentrionale du Sahara,
a 35° de latitude nord (Biskra), un systeme de chauf
fage ou de l'eau chauffee al'energie solaire circulerait
dans des tuyaux d'acier enrobes dans un plancher
radiant. La source de chaleur serait un collecteur
solaire installe pres de la maison et relie aun reservoir
d'eau calorifuge d'une contenance de 5000 litres.

Conclusions et sujets a discuter

Les etudes sur le chauffage des locaux par l'energie
solaire ont actuellement atteint le stade OU, de l'avis
du rapporteur, un « temps d'arret » permettant une
evaluation generale, parait opportun. Sur le pl~n

technique, plusieurs systemes ont ete construits
et essayes avec succes. Des quantites importantes
de chaleur solaire ont ete distribuees ades batiments
situes dans des regions ahiver froid et, dans quelques
cas, la source solaire a permis de satisfaire une partie
substantielle des besoins thermiques. Meme dans
des installations assez complexes, l'automaticite de
fonctionnement a ete realisee pendant de longues
periodes sans donner lieu a des difficultes serieuses.
Sans doute, aucun des systemes decrits n'est exempt
de defauts, mais il n'y a pas de raison pour que
ceux-ci ne 'puissent etre corriges. Enfin, quelques

, efforts de mise au point devraient permettre d'obtenir
une amelioration assez sensible des performances.

La quasi-totalite des chercheurs reconnaissent
cependant que les prix de revient actuels des instal-
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lations de chauffagc solaire ne cornpensent pas la
valour des economics que ces installations permettent
de realiser dans les regions oil on les a essayees.
11 n'est pas certain que l'on puisse apporter. des
simplifications majeures au plan des installations
sans en alterer les performances. En revanche,
des reductions modesies du prix de revient paraissent
plus realisablcs. Les opinions divergent neanmoins
quant aux economics qui pourraient ctre obtenues
par une production en serie d'elements standardi~es,

prets 11 installer, d'installations de chauffage solaire,
Uno etude plus poussee de cet aspect parait indis
pensable. Les auteurs ne sont pas toujours d'accord
non plus sur la necessite d'integrer le plan de l'instal
lation de chauffage solaire 11 celui de la maison,
certains pretendant qu'un chauffage solaire peut
ctre adapte sur a peu pres n'importe quel type de
maison. Les perspectives economiques sont done
emincmmcnt incertaines 11 l'heure actuelle et des
precisions doivent ctre obtenues.

Compte tenu des considerations precedentes, dans
quclle direction les recherches sur la mise au point
des installations de chauffage solaire doivent-elles
s'oricnter? Telle est la question la plus importante
dont la Conference est appelee a s'occuper sous
ce point de l'ordre du jour. La reponse se degagera
pcut-etrc des solutions qui seront donnees a un
certain nornbrc de problemcs qui sont proposes
ci-apres pour examen :

Quelles sont les perspectives de realiser des augmen
tations importantes dans le rendement des collecteurs
solaires et des diminutions sensibles dans le prix
de revient des collecteurs solaires?

Faut-il, pour etudier ces perspectives, se baser
snr des recherches expcrimentales 11 echelle reduite,
ou travailler sur des batiments normaux equipes
d'un chauffage solaire?

Dans ce sens, les avantages techniques des surfaces
ahsorbantes sclectives, des surfaces de transmission
select ives, des revCtements 11 faible pouvoir refle
chissant et d'autres precedes permettant d'agir sur
le rayonnement sont-ils suffisarnrnent irnportants
pour qu'il vaille la peinc d'en etudier intensernent
l'application a des installations plus perfectionnees
de chauffage des locaux par l'energie solaire?

Plusieurs chercheurs ont signale des defauts dans
la conception et le fonctionnement des installations
sur lesquelles ils ont travaille. Doit-on continuer
les recherches sur les installations actuelles pour
obtenir un rendement maximal et les pousser
jusqu'a la lirnite de leurs possibilites? Cette methode
d'amelioration technique progressive est-elle suscep
tible d'augmenter sensiblement les possibilites d'uti
lisation?

Quelle importance faut-il accorder 11 la formulation
d'une ba.<;e rationnelle qui permettrait de dimen
sionner les collecteurs solaires et les dispositifs
d'cmmagasinage de la chaleur solaire? Les methodes
actucllcs sont-elles satisfaisantes pour lcs determi
nations de ce genre?

Compte tenu des analyses publiees par certains
auteurs qui preconisent d'adopter une capacite

d'accumulation correspondant aux besoins ther.
miques moyens d',une jO~lrnee de J't,nvi,er, quels
arguments l~s parhsa?s ?un.e capac.tt<: d cmmaga.
sinage superieure ont-ils a faire valoir "

Dans le merne sens, quels sont It·~ arguments
qui militent en faveur d'une installation oil le col.
lecteur et l'accurnulateur sont capablcs de fournir
la totalite de la chaleur necessaire ;l :111 batiment
dans les conditions les plus severes ljt.· l'on puisse
rencontrer dans un climat 11 hivers fft"lds?

La chaleur de fusion peut-elle ctrc utilisee effica
cement dans des accumulateurs de ch« leur associes
aune installation de chauffage des locaux par l'energic
solaire? A-t-on obtenu des resultats <atisfaisants
avec des seIs hydrates? Existe-t-il d'aut 1 f'S materiaux
interessants?

A part son utilite evidente lorsqu'u Iaut assurer
une refrigeration, le dispositif auxiliaire it therrno
pompe presente-t-il des avantages qui justifient
son emploi en association avec une source de ch~leur

solaire? Quel parait ,etre le prix de, rc\'i('l~t maximal
d'un collecteur solaire pour que 1on pmssc encore
l'utiliser en association avec une thermopornpc
tout en restant dans des limites COl ill>ctitives par
rapport au prix d'une installation classi-juc de condi
tionnement d'air par compresseur er :le chauffagc
par combustible?

Ouels sont les prix minimaux pI <"\:isibles pO~lr

uncollecteur solaire? Ces prix minirnaux scmblcnt-ils
devoir etre atteints plus facilement p'" une Iabrica
tion industrielle d'articles vendus S\1l" le marche
(comme des chaudieres) ou par une integration eff~c
tive de l'architecture et du collectcur, ce dernicr
etant construit sur place? Quel est le c!('grc de neccs
site et quels sont les resultats aattendre des recher~hcs
qui pourraient etre entreprises dans (TS deux dircc
tions?

Quel est I'interet d'une production d'eau chaudc
a usage domestique associee au chauffage par la
chaleur solaire? .

Dans quelle mesure convient-il d'associer les re
cherches sur le chauffage solaire des [ocaux it ce~lcs
qui sont entreprises sur les systemes de refrigeratIOn
par l'energie solaire? Si les perspectives offerte:
par un ou plusieurs systemes assurant les deux
operations semblent favorables, dans quelle ~esurc
le choix d'une installation de chauffage solalre ell
sera-toil influence? d

Doit-on procCder it une etude economiqll~ tl1

chauffage des locaux par l'energie solaire dlstJlJ~ c
des etudes techniques, et dispose-t-on de d?nn ~
significatives pouvant constituer une base fecon
pour ces etudes?

Dans queUe mesure est-il necessairc d'apporty
des ameliorations et des simplifications a l'apparclf'
lagc de controle utilise dans les installations de ~hau ;
fage solaire? Quels sont les prix de revient 111 i11l mal1,

previsibles pour ces dispositifs? C\'C-

. Quels sont, dans les regions insuffisammel1!. d \ler
loppees, les facteurs additionnels capables. d 111/1 "re
sur les possibilites d'utilisation de l'energle s~lal rs
pour le chauffage des locaux, et existe-t-il des fac cll
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Jimitatifs valables pour lcs regions plus evoluees
qui ne <:ppliquent pas dans ccs regions?

Dans ,!,o,olles circonstanccs le chauffage des locaux
par l'ene: oil' solaire scmble-t-il avoir les plus grandes
possibilit, , d'utilisation clans lcs pays insuffisammcnt
developjx ,:.

Faut-il i·tudier, pour les appliquer dans les
pays in-i: :'lQmmcnt developpes, des systemes de

chauffage solaire ne faisant pas du tout appel a
l'elcctricite?

Dans quelle mesure des matieres nouvclles comme
les pelliculcs transparentes de composition plastique
permettcnt-elles d'abaisser le prix des collccteurs
et d'ameliorer lcs perspectives de chauffagc des locaux
par l'encrgie solaire, notammcnt dans les pays insuf
fisamment dcveloppes?



USE OF SOLAH ENEHGY FOH HEATING PUHPOSES: SPACE HEATI''':t;

U"!'!Ulrll'II" S SII", nuuiou

Sinr« the ~ril'ntilic anll technical aspects of the of insulating glass system haw h,· ~U~~(·~lt-tl.
IISl' of solar l'lll'r~y for hl'ating were so \\'1'11 covered and the USI' of durable plastic film- "I low co,1
at till' ('onfl'n'nn', this summation on space heating is being studied.
(a~l'llIla iu-m 1I1.c'2) and two which follow - on Another possibility for cost reductio! ',i~l cOlnll.in.
solar Ilryin~ (111.C,:I) and on sol.tr cooking (111.C"') - ing air conditioning with heating, thvr . 'I' Inrn'a'~llg

1'lIlphasil.l· economic ;\1111 practical prospects in the the collector's load factor and df\'( i' \..ty paYlIlg
11 SI' of solar energy, for it over the entire year rather t h.. I <Il1Tin~ lilt'

So far as till' general status of space heating heating season only. The possihili.ty 01 more n(':lIly
is concerned. about two dozen solar heated buildings optimum system design and res~lltll1g.(.' ,I redu,\Ioll'
have 1)('I'n constructed to date; about eight of them was indicated in a paper dealing WIt I, .1 computer
wen' reported at the Conference. They include and sun simulating device.
air 11I'ating systems and water heating systems, The incentives for development ", .olar spare'
heat storagl' in the Iorm of hot water, hot rocks, heating appear to justify further and ,.rh:lps morr
ancl in chemicals undergoing phase changes, and intensive efforts, One fourth of the v- • ; lrl s enc'rg~'

auxiliary heat supplies Irom natural gas furnaces, is used for this purpose, In improving li, : ;: rondil~oll'
oil furnaces and lu-at pumps. in many areas, the provision of hca ' '1 dWl'lltllg'

All the systems have been reportedly successful and other buildings would contribn gn'atly 10
in supplying substantial portions of the heating human comfort. In the long-range vi,' . ~~)Iar ~part'
requirements of the buildings, and there do not heating will be significant in the con:« : .t ion of furl
~I'I'1Il to 1)(' largl' differences in the performance resources. And, finally, the potentia ·conomy of
allll rupabilitirs of tIll' systems per unit of solar solar heating is an incentive for its rnnx.: .1111 d~·\'('Iop.
lu-at I'x,hangl' area. Several of the buildings are ment. It is to be hoped that effort- !l this (,rltl
also provided with fooling systems utili7.ing day-night will he continued and fruitful.
11I'at cxchangr-. night sky radiators, heat pump rclri- In comparing the needs and oPI"lllllities for
gl'tation, or some combination of these components. solar space heating in developed and 1\11'" r-de\'e1~)pr(1

Although subject to further improvement, these countries, certain points should h, "lllphaslwl.
systems aplwar to perform adequately from thc Several speakers discussed some of th('.,'djf(erel1~r~.

technical point of view. The few systems on which In dwellings in the industrialized COUIl1rll'> partlcui
cost estimates have been made, however, show larlv the United States, solar spacc h",ltlng won!'
that the actual investments cannot be amortized simply involve a substitution of so\;\I rlH'r~y fo;

from Iucl savings in these experimental installations. the hiel energy now being used in a ,-ophistlc.1tf"
There are prospects for savings, however, in future and automatic svstcm, In under-dcwJoprd :lre~':
non-experimental, practical installations, where in- domestic heating systems of this cost and compkxl ~
vestment requirements will 1)(' reduced. would be very few, at least in the. near futll;r.

In rl'ganl to development needs, it is clear that primarily for economic reasons. AttentHJI1.shoulc1"n~
the system cost must IX' reduced, particularly in given, according to several speakers, to l111pr.O\ I~
connection with the collector. A total svstcm in- the design of the dwelling i!self, so that maXII1l\...
vestment of $2 IX'r sq ft, or $:!O IX'r sq ructre, of advantage of sun, shade, wind, and so on, C:111

1
.

collector has often been mentioned as a reasonable taken, Wall and roof structure and material, WIt n~
objective, At this level, solar heating could compete location a!l<~ size, ~nd other f~ctors can 1~ .1', 1t~~t.
with Iucl heating in many areas. so as to numnuzc discomfort, WIthout I'Xfl'SSI\~ C le

How can surh an nhjcctivc 1)(' achieved? One Solar heating appears to be better suitl'cI In I I

nH'thnll would 1)(' simpler solar collector design. under-developed areas to use in public hUil(h:~~~
Scvr-ral p,11)('rs inllic.1!t·11 promising steps in this such as schools, offices, shops, theatres, ancl the 1·t'Jl
din-r tion. Another measure would \X' the mass where purchasing power is adequate for the 1111 I
produ,tion of standard collector sections or modules, investment. I
thrrcbv rellllcing collector costs, A third cconornv, As a brief conclusion to this topic, a Ille~ltinl~ ~,
11l,'ntif;n('(1 by sl'\'t'r,11 sl'lf',1kers, would 1')(' through some of the major problems ahead and the Ihrf'cll'i'11

. . tr-ri I I I 1 1 I . t ti . \ . 1 I ) I . 1 'cl ...holl Is.1\·lllg~ III ma f'rl.1 .. anr a)Or ly c ose 111 I'gra Ion III w IIC 1 so ar (eve opment nug lt procrl . . I'
of tl1l' follf'rtor anr) thl' 1111ilcling (It-sign. A fotJrth he in order. ~llOuld we continue to huilc1 all kl~'
po""ibll' gain woulll \)(' in thl' uSt' of new and chralX'r of solar he.lted stn.lctll~e:; al~d test t.he III()(kst I~;;
l1latl'rial" for collector rnnstntction. ~\'('ral type:; pro\'('11lents and snnphflcatJons wluch can re"

1.\11



!fllll\ ~Ill)' dlolts. 01 should tIWII' Iw 111011' fllllll.l
Illrlllal " .ii« ... oil solar collector (h',i~1l and IWI(or
111.1111"1'; ~: ,i1d WI' make sun'(')'s o( flll'l co ... ", ill v.rriou-,
.II,,;\,' "'1)' 'I we ma)' know what \\,(' an' COlllpdill~

\\ilh? III '1.11 otln-r directions lIIi~ht \\(' ad\':llIt:lg("
01l,1\' l'lt ,'d?

IlwJj,·\ "111(' o( till'S" questions hav« lx-r-n at "';I ...t
p.utbll\' \\'1'11·,1 ill tilt' h'chllical ~"ssi()II" lu-rv.
(('[lain"'. . importance of co..;ts ha.. ht'l'n (·llIpha ...izcd,
.11111 aliI'!: '. ill the din-ction o( their n-durtion and
tln-ir acn, " appraisal an' to lx-rh-sin-d. It is p,,,,ihh'
\1l.\1 ~oll,' "f tIll'S\' improvements can \)(' m.ul«
011 a rom] Iti\'l'l)' sma]] \'xlwrinwntal seal\'. tlH'rl'h~'

oh\'i;\\ing \1\1' illllllnli.\\(· Ilrnl fOI "\I"·/I,i\,·. ('ollll'klr
...olar 1"';III,d huildillg,. l·hilll.llrl\,. 11,,\\1'\"'1. Ih1'
ronvtructiuu i- r"'llIilnl. 1"'(,;111,': lIlt' 'y,lrlll of
...olar (·oll<-cllIl. ,Ior.lg". ;I\I\lli.II\· 111'.11 '''Ill ...·..11111
1'11111101.. i.. \00 fompk\ for \1I"';II'lir.II v-ruic.ulon.
It h.I' 10 I.., t ..... lnl ill or,"'r Ih.11 \\l' cm dimill.lh'
1111' 1I"f"rh in IIIl' 'Y"'1I'11I ;11111 ddrrlllilll' jh 01,,'r.IllIlg
n'qllin'Illt"II'" :11111 (0'1'. III 11u- 0\"'1·,11' view, Ilwl" i,
thu .. a 111"'1\ fOI :I filII r.lllf:'· of "'flirt. 1:'''''\ 1..I ... ir
,I<-... ign cOII('(·pl'. t hv ~uh,lillllioll of m-w 1II;11,·ri.II,.
tilt" .uulv... i.. of exi ... lilll: Il'Illllir.11 ;11111 •.(onomir
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Les aspects scientifiques et techniques de l'emploi
de I'cnergic solaire pour le chauffage ayant ete
particulierement bien etudies a la Conference, les
presentee conclusions relatives au chauffage des
locaux (point III.C.2) et celles qui suivent sur le
sechage par la chaleur solaire (point III.C.3) et
sur les cuisinieres solaires (point III.C.4) portent
essentiellement sur les aspects economiques et
pratiques de l'emploi de I'energie solaire.

En ce qui concerne le chauffage des locaux d'une
maniere generale, plus d'une vingtaine de batirnents
chauffes par I'energie solaire ont ete construits
ace jour; des rnernoires concernant huit d'entre eux
ont ete presentes a la Conference. Ils traitent notam
ment des systernes de chauffage de l'air et de l'eau,
de l'accumulation de chaleur sous forme d'eau chaude,
de galcts surchauffes et de reactions chimiques,
ainsi que de sources de chaleur d'appoint : foyers
a gaz naturcl et a mazout et pompes a chaleur.

Tous ces systemes auraient permis de fournir
une part importante des besoins de chauffage des
batiments et il ne semble pas qu'il y ait une grande
difference en ce qui concerne le rendement et la
capacite de production des differents systemes par
unite de superficie des echangeurs de chaleur solaire.
Plusieurs des batirnents en question sont egalement
equipes de systernes de clirnatisation faisant appel
au principe de l'echange de chaleur entre le jour
et la nuit, ou du rayonnement celeste nocturne,
ou de la refrigeration par pompes a chaleur ou a
plusieurs de ces principes a la fois.

Encore qu'on puisse encore les perfectionner,
ces systernes semblent fonctionner de maniere
satisfaisante du point de vue technique. Mais il
ressort des estimations de cout qui ont ete faites
pour quelques-uns d'entre eux que l'economie de
combustible realisee dans ces installations experi
mentales' ne permet pas d'amortir les sommes
effectivement investies. Toutefois, certaines instal
lations non experimentales de l'avenir qui ne neces
siteront que des investissements lirnites semblent
devoir etre economiques.

Quant aux perspectives d'avenir, il est manifeste
. qu'il faut abaisser le cout du systeme, en particulier

celui du collecteur. Plusieurs orateurs ont indique
qu'il serait raisonnable de chercher amettre au point
un systerne dans lequel l'investissement total serait
de l'ordre de deux dollars par pied carre, soit environ
20 dollars par metre carre, de collecteur. A ce prix,
le chauffage solaire pourrait concurrencer le chauffage
par combustible dans bien des regions.

EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE:
CHAUFFAGE DES LOCAUX

Resume du rapporteur

Comment atteindre cet objectif? L' premier lieu,
en simplifiant le collecteur. Plus; .irs mernoires
ont signale des progres interessants I: ;llS cette voie,
En second lieu, en fabriquant en s6; .;: des sections
ou des elements types de collecteur, c, qui en redui
rait le prix. Plusieurs orateurs ont i ndique qu'on
pourrait aussi realiser des economies ,:lr les matieres
et la main-d'eeuvre en integrant plus etroiternent
le collecteur dans le plan du batiru-nt. Enfin, on
pourrait peut-etre construire le coll.-. teur avec des
matieres nouvelles et moins onereus«- On a propose
plusieurs types de collecteur en v, re isolant et
on envisage actuellement I'utilisatic. de pellicules
en matiere plastique resistante a be. marche.

Un autre moyen possible d'abaisser prix consiste
a combiner la climatisation et le cl .,[fage, ce qUI
accroit le facteur de charge du collr-: -ur et permet
de l'utiliser effectivement toute I'an.v«: et non pas
seulement pendant la periode de i hauffage. Un
rnemoire relatif a un appareil electr..: ique et a u.n
systerne simulant l'ensoleillement a ',::,;se entrcvotr
la possibilite de concevoir un syst-' j lC de chaul
fage perfectionne et, de cc fait, uno reduction des
cofits.

Les perspectives qu'offre la mise au point du chaul
fage solaire des locaux semblent justifier des efforts
nouveaux et peut-etre plus grands encore. Un quart
en effet de l'energie utilisee dans le monde est
employe pourle chauffage. En ameliorant les conditions
de vie dans de nombreuses regions, le chauffa~e
solaire des logements et autres batirnents conto
buerait singulierernent au bien-etre des homme~.

A longue echeance, il entrainera une economIC
sensible des ressources en combustible. Enfin. lcs
perspectives d'economie qu'ouvre le systcme fero~~
beaucoup pour stimuler son developpemen! max,l
mal. Il faut souhaiter la poursuite et le succc.'i
des efforts entrepris dans ce domaine.

Quand on compare les besoins de chauffage

solaire des locaux dans les pays developpes et l~
pays sous-developpes, et les possibilites offertc~
cet eg~rd, il convient de souligner un certain nom.ff~~
de points, Plusieurs orateurs ont parle de ces dl .
rences. Dans les pays industriels, notamment au~
Etats-Unis, le chauffage solaire des locaux neces~I'
terait simplement la substitution de l'energie sO~lrc
a I'energie produite actuellement par des corn I~S'
tibles brules dans un systeme automatique complcr
Dans les regions sous-developpees, en revanc ~t
les installations de chauffage domestique de cc CO s
et de cette complexite seraient peu nombrcU~'
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Resume du rapporteur .4.
tout an inoins dans un avenir proche, surtout pour
des rnisoi. .cconomiqucs. Il y a done lieu de s'attacher,
selon plu-r-urs orateurs, a ameliorer la disposition
et la COil' .uction des logements, de maniere a tirer
le maxiu .rn d'avantages de I'ensoleillement, de
l'ornbrc, I .: vent, etc. La structure et les materiaux
des mur- ! du toit, I'emplaccment et la dimension
des fenct:' , ctc., peuvent ctre determines de maniere
11 reduit (inconfort au minimum sans depcnse
cxcessiv(','[ais c'est aux batiments publics (ecoles,
bureaux, .iagasins, theatres, etc.), pour lesquels
on a lcs I ,.yens d'investissement initial neccssaircs,
que le cl, ,;ffage solaire parait convenir le mieux
dans les I .ions sous-developpees.

Pour eo: -clure brievement l'examen de cette ques
tion, iI S('!, it utile de mentionner certains problernes
majeurs q'" j se posent et de voir de quel cotc pourrait
s'orientcr :a mise en valeur de l'cnergie solaire,
Doit-on (',,, I tinuer a construire toutes sortes de bati
ments c11.",ffes par l'energie solaire, a experimenter
les modcsr..s ameliorations et changements auxquels '
Cl'S efforts peuvent aboutir, ou bien do it-on etudier
de manicr« IJlus approfondie les modeles de collecteurs
solaires (" lour rendement? Faut-il proceder a des
enquetcs "; le prix des combustibles dans diverses
regions ,I', ~ de savoir avec quoi I' energie solaire

doit entrer en competition? Quelle autre direction
pourrait-on suivre avec profit?

Les reponses au moins partielles a quclques-unes
de ces questions ont ete donnees, :\ mon avis, dans
les seances techniques de la Conference. Certes, on a
insiste sur I'importance des couts et il est asouhaiter
que tous les efforts scient faits pour les reduire et
les evalucr avec precision. Peut-etre les ameliorations
proposees pourrnicnt-elles ctre realisees experimen
talernent, it une echclle relativemcnt limitee, cc qui
evltcrait d'avoir a construire immediatcment des
batirncnts entiercment chauffes par l'encrgic solaire,
qui coutent cher. Mais, en fin de compte, il faut
construire ces batimcnts puree que le systeme du
collecteur solaire, d'ernmagasinagc de l'cnergie, de
source calorique d'appoint et de reglagc est trop
complexc pour pouvoir Clre veri fie en theorie. Le
systeme doit ctre mis a l'eprcuve de rnaniere ;\
elimincr les defauts et a preciser les besoins et les
couts de fonctionnement. Dans l'cnscmblc, il nous
Iaut done fournir toutc une serie d'efforts, concevoir
de bons modeles, trouver des matieres nouvelles,
analyser les donnees techniques et economiqucs
actuelles du chauffage solaire, et .cnfin construire et
mcttre a l'epreuve les installations qui pamisscnt
les plus interessantes.
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AN ELECTRONIC·MECHANICAL ANALOGUE FOR THE DESIGN
OF SOLAR HEATING PLANTS

R. F. Benseman *

Description of the analogue

and build every possible combination of collector
storage and booster service, monitor these over a
period of years to eliminate the vagaries of the
weather, and then see which combination gives
the "best" results. This is a patent impossibility.

The alternative is to calculate the expected per
formance from past meteorological records. For a
significant study the relationships must be computed
on a dynamic basis because of the interaction of

. the many components. For example, collector e.ffi
ciency depends on the collector temperature, wh~ch

is conditioned in turn by storage capacity, standmg
losses, and particularly by previous supply and
demand of heat. The interactions are complex and
the calculations tedious to manipulate unless an
analogue or digital computor can be used.

Given either of these, it becomes possible to settle
finally whether an economic solar plant can. be
designed for any particular situation under specified
conditions of use. If solar heating doesn't stand up
to this test, at least it will not have failed because
of shortcomings in the design. This is .the most
that can be expected for the moment. Major break
throughs in technique, or a change in t~~ cost
structure of an economy, may mean a reVISIOn ?f
the optimum design from time to time, but a rapId
method of evaluation that treats with the purely
technical aspects of solar plant design can. accom
modate these changes. The remainder of this paper
describes briefly the construction of an analogue
specifically designed for solar heating problems.
Results of a few preliminary tests are given.

GENERAL

The analogue described here treats a solar dehsi~
hi ISproblem in two stages. The first stage, w lC.

achieved by a mechanical simulator, determllles

the relationship between the collector and thern.
i.e., it takes account of the changing angles 0 llld
cidenc.e an~ variations in insolation.. The s~c~~r.
stage IS entirely electronic and deals WIth the In

h comactions of all the other features that affect t e tic
pleted plant's performance - heat storage, dom~sUS
usage, ambient air temperature, and the vano
avenues of heat loss from the system. .

Figure 1 shows the "sun simulator". The eleetr~nd:
components of the analogue are not illustra e ,
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Solar heating is not widely used throughout
the world. Yet in most latitudes there is more than
enough heat from the sun to satisfy the immediate
or foreseen heating requirements of the people.
On the technical side there is no paucity of practical
and encouraging information. Even the simple flat
plate collector can gather solar energy at efficiencies
ranging between 50 and 70 per cent. Heat storage
procedure, although is poses problems, is' well
tabulated with a wide range of possibilities for any
potential builder of a solar heating plant. So neither
availability nor technical shortcomings account for
its infrequent use.:

The crux of the problem is, of course, the vexing
question of economics. What will it cost to build
and maintain a solar heating plant to meet a given
set of conditions? Is this the "best" design possible
in the light of present knowledge and with the
existing cost structure? Conditional on the "best"
design evolving after consultation between the "solar
engineer" and the economist, the prospective user
will be able to evaluate the merits of a solar plant
as compared with the more conventional methods
available to him.

The solar engineer, however, is faced with a con
fusing assortment of methods and data from which
he must first arrive at this "best" design. One
authority will state that heat storage beyond a period
of two or three days is uneconomic; another stresses
the virtues of long-term storage because of increased
collector efficiency and the resulting savings in
initial construction costs. Which method does the
engineer choose? Of course the alternatives are both
right in a sense. The results are conditioned by the
circumstances that obtain in the experiments or
calculations that give rise to the results. The "best"
design in a particular case may demand a combination
of both types of store, or perhaps no store at all.

. Furthermore, economics change from place to place.
Fuel oil costs about $3.00 per gallon in the Antarctic,
but only a few cents per gallon in other parts of
the world. What is economic in one situation may
be completely unreasonable somewhere else.

The point should have been made by now - what
is "best" for one site will almost certainly not be
the "best" for another.

To arrive at the optimum design, two methods
are possible. One is to go to the site concerned
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Fi~ure l. The mechanical sun simulator

~hey conform to normal practice. The only interaction
etween the two parts lies in the choice of a time

scale acceptable to both.

THE ARTIFICIAL SUN

The "sun" consists of a lamp and mirror that
r?tate about a vertical axis at a speed of one revolu
tion per second; each revolution represents one day
In. solar time. The mirror is parabolic in section
with the lamp at its focus, so that parallel light
falls at all times on a small adjustable platform
~et a.t the center of the system. As it rotates, the arm
f aIdIng lamp and mirror makes a slow oscillation
rem 23! degrees above the horizontal plane to
23! degrees below this plane, and back again.
The angular movement is sinusoidal, and a cycle
~s completed during 365.2 revolutions of the mirror
amp assembly. Thus a rather idealised "sun" is

produced. The adjustable platform at the center
of the system represents the earth and can be tilted
to simulate any latitude.

Remote from the sun simulator, but rigidly linked
to it mechanically, is a devise for feeding 16 mm
film through a film reading head. On this film are
three tracks. One indicates the solar radiation
recorded by a chosen meteorological station, another
the air temperature recorded at the same station.
There is also a third that for the moment is being
reserved for contingencies. Only the track displaying
the radiation record is of immediate concern.

The radiation level indicated by the film at any
instant is duplicated by the sun-lamp. The light inten
sity is monitored by a photoelectric cell set horizon
tally on the surface of the center platform. In a
sense it duplicates the original recording station.
I ts purpose is to ensure that the light from the
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lamp conforms to the signal on the film strip.
It is part of a feedba;ck loop, in this case. an
optical link. The result IS a source of parallel light
that falls on an inclined platform (the "earth's
surface") at angles and with intensities that approxi
mate closely to the angles and solar radiation int~n

sities experienced in the past by the selected recording
station.

Incorporated into the same platform as the moni
toring photocell is a second cell that can be orientated
in any direction. This represents the unit area. of
the collector that forms part of any solar heating
plant that is being analysed. The current generated
by the light falling on this photocell will be pro
portional to the solar radiation received by the analo
gous solar collector on the particular "day" that is
being fed into the reader. Thus in one operation,
angular corrections and the hour by hour changes
in solar radiation are duplicated. .
, One further correction is possible, and that is

for losses occasioned by total reflection. Flat plate
collectors become inoperative at large angles of
incidence because of total reflection from the glass
cover-plate. A direct duplication in the simulator
is effected by placing a sheet of polished opal
over the "collector" photocell. This causes total
reflection at corresponding angles in the simulator.
For collectors that may not need this correction,
the photoelectric cell is covered instead with a' sheet
of depolished opal.

Further aspects of .the practical manipulation
of the simulator are obvious. Collector orientation
and shading factors are easily duplicated for any
given situation, and a signal emerges representing
the solar radiation that actually falls on the collector
plate (corrected if necessary for reflective losses).
With small additions, the unit will accommodate
not only flat plate collectors, but also units using
focusing units or incorporating equatorial mountings.

There are obvious deficiencies in the design of
the simulator and the data available that make
the result something less than perfect. The major
sources of error are listed below.

1. All radiation is assumed to be directed. This
has been necessary because, in general, solar radiation
records make no distinction between diffuse and
directed radiation. In the event of complete data
or reliable correcting factors becoming available,
it is planned to utilise the third signal strip on the
film. This is the contingency for which this section
of film is being reserved.

2. The system uses mean solar time rather than
true solar time. In extreme cases this could result
in an error of up to five degrees in the angular
setting of the artifical "sun". If it proves necessary,
corrections can be made to this feature.

3. Records of solar radiation (and air temperature)
are tabulated normally in the form of hourly means.
These are a very convenient form of record for the
film preparation and have been retained for this
reason. It has meant, however, that part-hours

of radiation near sunrise and sunset have had to be
eliminated from the film recording because of the
difficulty of keeping the artifical sun under control.
It will be appreciated that if the "sun" is shining
below the "horizon", the monitoring photocell is set
an impossible task. As with the dcparture from
true solar time, this last feature car: be remedied
if it proves essential.

Briefly then, although the simulato: is not perfect,
it is expected that the three sources of error just
described will all be second order and will not intro
duce an over-all deviation of more than five per cent.
An accuracy of this order should oe more than
adequate for most solar design problems. Should
this accuracy be unattainable or unacceptable,
two of the three sources of error can be corrected
exactly. The. third (diff~s~ radiation) can be cO,m
pensated for In part, but It IShard to S0.)' how effective
any compensation would be in the fare of a complete
lack of data in existing radiation records. Complete
vindication of the simulator can or.ty come from
analyses of existing solar heating sy-: ems, and this
work will be attempted at an early r.ate.

Checks on the angular 'collection , -e to be made
with an IBM 650 computer, but Ci~sults are. not
available yet. It is interesting to note that the .slm~

lator will process one year's radiation data m SlX
minutes while the corresponding check on the com
puter will take some two to three lours.

THE ELECTRICAL ANALOV:E

From the collector on the sun suuulator com~s

a small current representing the heat falling on unit
area of the collector. This is amplified by any
required factor so that the output signal now re
presents the heat received by a collector of any
specified size. A network of resistors, capacitors, an~
biassed diodes duplicates the effect of the therma

tmass of the collector and the front and back hea
losses, leaving finally as the output of this system
a current representing the net heat collected.

. ithAt the same time, and exactly synchroll1se~ w~l
the radiation output, a signal is received dlrec y
from the film head representing the relevant a~r
temperature. Wherever applicable, this signa~ l~
used to generate a voltage that becomes the "ambl~~e
temperature" that determines such things as d
standing losses from storage tanks, the dem~e
for house heating or hot water, or the extent of
front and back losses from the collector.

The remainder of the system has been ma~f
as flexible. as possible to allow a wide range t
variables to be attempted. Capacitors are inc?rpo:a

a:
ed that simulate heat stores that may range III c/ys
city from 1 to 100000 btu/OF. High-speed re ~he
will switch heat demand to various parts of on
circuit to duplicate the thermal demands mad~ rs
the solar heating plant, while high-speed recor h~at
integrators, and counters will keep a record of cuit.
flows and temperatures in any part of the CIf
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SCALING FACTORS

The conversion factors used throughout the ana
logue are ,~'; follows:

Results

The results that follow come from testing runs
beIng made on the analogue at the time of writing;
they are therefore subject to confirmation. They
demonstrate principally the performance of the
Sun simulator. The film used throughout is that
for Wellington, New Zealand (Latitude 410 17' south,
LongItude 176046' east), and is for the first 300 days
of the year 1957. Records came from observations
1ll~de by the New Zealand Meteorological Service
USIng a conventional Eppley Pyrheliometer.
i .~igure 2 illustrates the relationship between the
nIhal radiation records and the output as measured

Radiation eecn 20 days '011 Horizontal
Plan~ as int~grat~d by Analogu~.

Run 1. 0
Run 2. 4>.

Radiation each 20 days on Horizontal Plane
(takqn. from MeteorOlogical recordings.)

TILTED 46° FROM HORIZONTAL

TIME OF YEAR

Figure 2. Analogue correlation
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Figure 3. Analogue determination: radiation incident
on north facing collectors

with the "collector" photocell mounted horizontally.
Ideally the points should fall exactly on the horizontal
sections of the histogram. The three consistent
deviations in January, April, and late September
may be due to faulty film preparation and will be
checked as soon as possible.

As an example of the use of the analogue, consider
a simple solar water heater. Latitude plus 50 (a total
of 460 for Wellington) is a common working rule
for deciding the optimum tilt of collectors for solar
water heaters. Figure 3 shows that this gives a
reasonably constant amount of incident heat over
the year. However, if lower winter air temperatures
are included in the problem and consideration
given to the effect that this will have on collector
efficiency, standing losses, and primary water supply,
it is probable that the net hot water available for
winter use will be considerably lower than the
summer supply.

Analogue

0.25 volts
0.25 microamps (typical)
1.00 sec.

Solar plant

l'F ...
1 btujhr .
1 day ..

The temperature/voltage relationship was decided
on the bas!? .of the t~mperature ranges likely to be
encountered III practice as related to a convenient
voltage swing that would allow full utilisation of
the convent ional electronic valves that compose
the analogue.

Over-al~ scal.ing may be achieved by changing
the relationship between heatflow and current.
The figure shown above is one that would be used
for most (':omestic applications, i.e., collectors of
an area of Hp to 400 square feet. For dealing with
smaller or larger installations the ratio may be
adjusted 8<' required.

An acceptable time base was the most difficult
feature to;,ttle. From the point of view of the elec
tronics, a hme base much shorter than one second
f?r o~e :>13.r day would have been convenient
since It wc.ild allow the use of smaller components.
On th~ o.ner hand, at speeds greater than one
revolution per second, the sun simulator would
have give)! trouble due to excessive strain on some
of the components and synchronising difficulties
due to variable blacklash within the gear trains
caused ?y the dynamic unbalance of the system
at certain parts of the cycle. In addition, the lamp
of the ~rti ficial sun could not respond adequately
~o applied voltage changes at frequencies much
In excess of 24 changes/second, i.e., the number of
changes of radiation level indicated by the 16 mm
film.

By selecting as a mutual compromise a conversion
of one second equal to one solar day, it has been
found possible to retain accuracy within the mecha
nical simulator without allowing the electronics
to bec?me impossibly large or imposing too great
a stralll on recording and switching facilities.
~t the same time, six minutes for one year's analysis
oes not seem unreasonable.
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Shown in the same figure are the results for a
vertical wall. Here there is a pronounced peak
in mid winter, the peak being in excess even of
that for the collector tilted at 46°. When account
is taken of the over-all efficiency of the system,
it is not impossible that for the Wellington anyway
it may be preferable to use vertical collectors. This
would certainly ease construction difficulties, especial
ly with thermosyphon systems where it is often
difficult to arrange the necessary minimum head
between collector and storage tank. However, this
is all speculation, since only a small fraction of the
parameters have been considered. It does suggest,
though, the type of investigation that will arise
from the use of the analogue.

One test was made on the effect of reflective
losses from collectors. It was found that for a hori
zontally mounted collector with a glass cover-plate,
reflection at high angles of incidence reduced the

gross incident heat over 300 days by some 7 per cent.
Losses in winter were nearly twice those of the sum
mer months.

Conclusions

The analogue described shows F' .mise of being
accurate enough for design and re-. it'sign problems
in solar heating, and has already i.ldicated some
promising lines of investigation. ! r is versatile
enough to accommodate most types j' solar heating
installation and should allow the oV 'TlUm in econo
mic design to be reached in a :"latively short
time.

The greatest cause of error is that, ~ :Iluse radiation
has not been duplicated in the analog. ',,, but whether
this will-cause substantial deviation from practical
results can only be decided by test a .lysis on estab
lished solar heating plant.

Summary

If solar heating is to become widely used, or to
compete economically with other sources of heat,
then it must be possible to predict with some accuracy
the performance that can be expected from a given
design under specified conditions of use. One method
of doing this is to use an analogue.

The analogue described here treats a solar design
problem in two stages. The first stage, which is
achieved by a mechanical simulator, determines
the relationship between the collector and the sun.
It takes account of the changing angles of incidence
and variations in insolation. The second stage is
entirely electronic and deals with the interactions
of all the other features that affect the' completed
plant's performance: heat storage, domestic usage,
ambient air temperature, and the various avenues
of heat loss from the system.

The "sun" consists of a lamp and mirror that
rotate about a vertical axis at a speed of one revolu
tion per second; each revolution represents one day
in solar' time. The mirror is parabolic in section
with the lamp at its focus, so that parallel light
falls at all times on a small adjustable platform
set at t~e center of the system. As it rotates, the
arm holding lamp and mirror makes a slow oscillation
from 23t degrees above the horizontal plane to
23t degrees below this plane, and then back again.:rhe angular m0.vement is sinusoidal, and a cycle
IS completed dunng 365.2 revolutions of the mirror
lamp assembly. Thus a rather idealised "sun" is
produced. The adjustable platform at the center
of the system represents the earth and can be tilted
to simulate any latitude.

. Remote. from the. sun .simulato:, but rigidly
linked to It mechamcally, IS a devise for feeding
16 mm film through a film reading head. There are

three tracks on the film, one of whir : IS of the solar
radiation recorded by a .selected meteorological
station. This track controls the inter :ty of illumina
tion of the artificial "sun". The rr ,J It is a source
of parallel light that falls on an n-rnned platform
(the "earth's surface") at angles and"'lth intensities
that approximate closely to the ZU ·r;les and solar
radiation intensities experienced in 'Ue past by the
selected recording station.

A photoelectric cell mounted on the. inclined
platform can be orientated in any directIOn and
represents the "collector" of the solar heating plan~
and the signal from it the gross heat collecte
by the system. Some errors are inherent in. the
mechanical part of the analogue. The most s~n?US
of these is the assumption that all solar radIaht~o~
is directed. If records become available w.IC

discriminate between direct and diffuse radi~tl?n,
then this feature can be built into the eX1StIllg
analogue. It is not expected that this discrepancy
in presentation will invalidate the use of the analolgue,
but complete vindication can only come from ana yses
carried out on existing solar heating systems.

. nven-
. The .ele~trical part of the analogue .1S eo tors

tional m Its construction. The converSIOn fac /hr
used throughout are: 1°F = 0.25 volt, 1 bt~. g
= 0.25 microamps and 1 day = 1 second. Sca III t
is achieved by ma~ipulating the heat flo~/curre~o
relationship and allows a wide range of varIables
be attempted. .

. Preliminary testing is being confined to the me~~~;
nical part of the unit for the moment. The re _
so far show that the artificial "sun" gives an acc%
table reproduction of the solar radiation recoriui
and the unit has already indicated several use
lines of investigation.
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MACIHNE A ANALOGIE ELECTRONICO-MECANIQUE POUR LA REALISATION
D'INSTALLATIONS DE CHAUFFAGE PAR L'ENERGIE SOLAIRE

Resume

Si 'on dc;: faire un usage generalise du chauffage
solaire ou . perfectionner a un degre tel qu'il puisse
faire cone .rence aux autres sources de chaleur,
il faut et, (. en mesure de prevoir avec quelque
exactitude t-s resultats que l'on peut attendre d'une
installatioi. donnee dans des conditions d'utilisation
specifiees. ].' emploi d'une machine a analogie consti
tue l'un de; moyens d'atteindre ce resultat.

Le disp-sitif decrit dans le present memoire traite
le problemc d'etablissement du projet en deux stades.
I?ans le premier, qui est realise au moyen d'un
simulateu: mecanique, on determine les rapports
qui exist-r , entre le soleil et le collecteur, en tenant
compte dr.s variations de l'angle d'incidence et de
l'ensoleillcment. Le deuxieme stade est entierement
electroniqi.c, et a trait aux effets reciproques de
tous les autres elements qui influent sur le fonction
~ement de I'installation : accumulation ou emmaga
smage de " chaleur, applications menageres, tempe
rature de i'air ambiant et causes possibles de pertes
de chaleur par le systeme. '

Le «sokil » est constitue par une lampe et un
miroir qui tournent autour d'un axe vertical a raison
d'u~ tour par seconde, chaque tour representant
un JOur solaire. Le miroir est parabolique et la lampe
se trouve au foyer, si bien qu'un faisceau de rayons
par~lleIes vient porter de facon continue sur une
p~hte plate-forme reglable situee au centre du
dlSp?sitif. Le bras qui porte la lampe et le miroir
decrit une oscillation lente, pendant sa rotation,
ce 9ui I'arnene de 23,5 degres au-dessus du plan
honzontal a 23,5 au-dessous, et ainsi de suite.
Le mouvement angulaire est sinusoidal et le cycle
complet prend 365,2 tours du groupe miroir-lampe,
On realise done ainsi un «soleil »quelque peu simplifie.
La plate-forme reglable, qui se trouve au centre du
systeme, represente la terre; on peut l'incliner a
volonte pour simuler toute latitude choisie.

A. quelque distance du dispositif qui simule le
s?I~I1, mais lie mecaniquement avec lui de facon
rigide, on trouve un appareil permettant de faire
passer un film de 16 mm devant un lecteur optique.
Le film porte trois pistes, dont l'une est constituee
par l'enregistrement du rayonnement solaire a un
poste meteorologique choisi comme il convient.

Cette piste sert a regler l'intensite de I'eclairement
que fournit le «soleil» artificiel. On realise done,
avec les deux groupes ainsi decrits, une source de
rayons lumineux paralleles qui portent sur une
plate-forme inclinee (la « surface de la terre »), de
telle maniere que leur incidence et leur intensite
reproduisentavec une grande fidelite celles que l'on
avait determinees auparavant au poste d'enregis
trement choisi.

Une cellule photo-electrique montee sur la plate
forme inclinee peut s'orienter dans toute direction
choisie et represente le « collecteur» de !'installation
de chauffage solaire. Elle emet un signal qui corres
pond a la. chaleur brute que recueille l'ensemble
du systeme. Le fonctionnement de la partie rneca
nique de la machine a analogie souffre d'un certain
nombre d'erreurs intrinseques. La plus grave de
celles-ci est evidemment I'hypothese sur laquelle
repose sa construction, suivant laquelle tout le rayon
nement solaire est oriente. Si on peut un jour se
procurer des enregistrements qui font la distinction
entre le rayonnement direct et le rayonnement diffus,
on pourra incorporer ce perfectionnement au dispo-

. sitif. On ne s'attend pas a ce que cette difference
entre la realite et la reproduction des phenomenes
en cause rende l'emploi de la machine injustifie,
mais cet appareil ne peut faire completement ses
preuves qu'a la suite d'analyses du fonctionnement
de systemes de chauffage solaire en service.

Le groupe electrique de la machine est d'une
realisation classique. Les facteurs de conversion
dont il est fait usage sont les suivants: 1 of = 0,25 volt,
1 btujh = 0,25 microampere, 1 jour = 1 se
conde. On determine l'echelle a volonte en agissant
sur le rapport entre le debit de chaleur et le courant,
ce qui permet la mise en ceuvre d'un grand nombre
de variables.

Les essais preliminaires se limitent, pour le mo
ment, a la partie mecanique du systeme, Les resultats
obtenus jusqu'a present indiquent que le «soleil ))
artificiel permet de realiser une reproduction accep
table des donnees sur le rayonnement solaire ante
rieurement enregistrees, et le dispositif a deja
indique aux chercheurs plusieurs orientations fruc
tueuses de leurs travaux.
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THE PERFORMANCE OF AN EXPERIMENTAL SYSTEM USING SOLi R ENERGY
FOR HEATING, AND NIGHT RADIATION FOR COOLING A BUILDI,\'G

Raymond W. Bliss, Jr. *

A system using sunshine as the major energy
source for heating a building in an economically
under-developed region usually should meet the follow
ing design criteria:

1. No auxiliary electrical energy should be used.
2. Moderate and simple use of auxiliary fuel is

permissible.
3. Moderately wide variations of interior tempera

ture are permissible.
4. Initial cost of the system must be low.

* Solar Energy Laboratory of the Institute of Atmospheric.
Physics, University of Arizona, Tucson.

None of the above criteria are me: ~)y the experi
mental heating-cooling system to 1 described in
this article. It uses auxiliary e!, «trical energy
exclusively, gives very close tempt ature control,
and is expensive. Designed primarilj for study and
as a teaching aid, it is probably L ~. a prototype
of any economically practicable solar· I!eating system
which may appear in the future. It is certainly
not an example of a practical solar' .eating system
for an economically under-developed region. Never
theless, since the basic principles of using sunshine
are the same regardless of the design c pproach taken,
a description of this system may Le of interest.

Table 1. Summer and winter climatic data - Tucson, Arizona
(Latitude 32° N, Elevation 2 400 it)

June July Aug. Dec. Jan.

Long-term averages: a

Average daily maximum
temp .

Average daily minimum
temp .

Average dew point (sum
mer months). . . . .

Percent of possible sun-
shine .

Rainfall .
Wind velocity. .'. . .

Data for year 1960 : b

Average daily maximum
temp. . .

Average daily minimum
temp.

Maximum temp. . . . .
Minimum temp. . . . .
Maximum dew point

(summer months). . .
Percent of possible sun-

shine .
Rainfall .
Average total solar energy

striking a horizontal
surface g-cal/cms-day .

Average total solar energy
striking a south-facing
surface tilted 7° from
horizontal (winter
months) g-caljcmt-day.

F. 98.4 99.4 95.8

F. 65.8 73.0 71.8

F. 38 56 61

92 76 80
in. 0.30 1.80 2.15

mph. 7.7 7.5 6.9

F.I0l 100 98

F. 66 74 72
F.Ul 106 105
F. 58 63 65

F. 62 70 71

86 77 81
in. trace 1.41 2.38

687 657 620

65.6

38.4

83
0.94
7.2

65

33
83
18

84
0.85

339

376

63.1

36.3

80
0.63
7.2

62

34
75
24

73
2.20

328

357

()S.1

so.s

84
0.95
7.2

64

33
78
24

82
0.58

447

490

• V.S. Weather Bureau station at airport.
b Measured at site.
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Figure 1. General view of solar energy laboratory. Camera looking north-east

At this writing (March 1961) it has been in operation
for about "NO years, and its performance has been
thoroughly monitored for about eighteen months.

Location, cllmate, pertinent structural features
of building

Tucson, Arizona, the site of this building, has a
climate ty.vical of the valley areas of the arid south
western P,'l t of the United States: low rainfall,
hi.gh percentage of sunshine, hot summers, mild
~mters, <l;'d rather low wind velocities. Some per
tinent climatological data are given in table 1.

The building to which the experimental heating
cooling system has been applied is a small, single
story office building. Outside dimensions are 50 X
32 ft; inside floor area is 1 440 sq ft. Figures 1, 2,
~n~ 3 are photographs of the building. Figure 4
indicates the floor plan and placing of various
measuring instruments. Heavy, well-insulated cavity
type masonry walls are used. The roof is well insu-

lated with 5-layer, commercial, reflective insulation
("Infra Type 6"). The building has a concrete floor,
a fact of thermal importance because of the relatively
large storage capacity of such floors.

The building has 435 sq ft of glass, all of the double
layer, ("Thermopane") type. The windows do not
open, and ventilation air is controlled, normaIIy at
about 200 cu ft/min. South-facing windows are
shaded by the roof overhang, and north-facing
windows by vertical fins, in such a way that no direct
sunshine strikes these windows during the warm
season from March 21st to September 21st.

Calculations by standard air-conditioning hand
book procedures indicate that a steady-state
heating rate of 35 000 btujhr would be required to
hold the building interior temperature to 75°F
at night with an outdoor temperature of 30°F (1).
The figure includes the heating required for the
ventilation air (200 cu ft/min). Calculations for
summer conditions indicate a peak cooling require
ment of 39 000 btu/hr. The summer calculations

Figure 2. General view of solar energy laboratory. Camera looking south-east. Note
vertical fins for shading of north-facing windows. Global and normal-incidence
pyrheliometers are mounted at west end of roof deck
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Figure 3. Control panel and recorders are installed at west
end of lecture room

assume an indoor temperature of 75°F, peak outdoor
temperature 107°F, ventilation 200 cfrn, and internal
heat generation of 4 500 btuJhr. They are unsteady
state heat flow calculations in so far as the heat
transfer through the walls is concerned, and include
the necessary allowance for the thermal lag of the
heavy walls. C

The experimental heating-cooling system

The system, which has the flow ~'()leme shown in
figure 5, uses water for the transport. i Ion and storage
of energy.

The entire roof of the building is . large flat-plate
heat-exchanger, made of copper t-. ,~>t with built
in water-circulating tubes ("Tube-], <trip"). Water
is heated as desired by circulating through this
roof panel during sunny periods. Th 'iater is cooled
during summer operation by circui c.-ng it through
the roof panel at night. The roof 1 . el is painted a
dark green, a color which is ar - c' etically more
attractive than black but reflects ·ry little more
solar energy than does ordinary 1. ". k paint. The
roof faces south at a 7° tilt from the !.' .rizontal,

A second, large, flat-plate heat-,o',changer forms
the c~iling of the building interu.r !~,is ceili~g
panel IS made of the same "Tube-n -trip matenal
as used for the roof panel. Warm w . ~ r is circulated
through the ceiling panel in order tr :ieat th~ .bUlI~.
ing; cold water is circulated throne: I the ceiling ~n

order to cool the building. Some cop.cruction details
of both the ceiling panel and thl'l)of panel are
shown in figure 6.

The insulated storage tank is d, .vded into two
compartments by a horizontal b~l;ne across the
mid-portion of the tank. The cl 'olsion between
compartments is purposely not \\ ,:; ertight. Ther
mospihon flow and equalization i lE temperature
between compartments occurs whc.u ver the water
temperature in the lower tank is I, :~her than that
in the upper tank. On the other h.md, hot ~ater,
can be stored in the upper tank and rold \~a~er m the
lower tank with no therrnosiphon mixmg..The
heat pump utilizes a conventional motor-dnven
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CEILING PANEL 1320 SQ.FT.,
I

!

~
1-112 hp REFRIGERANT ~

"OOF PANEL \6235O,FT. COMPRESSOR ~

_/'~ ~~ I
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Ftgure 5. Flow scheme of experimental heatlng-coohng system.

roof heat
exchanger

reflective
insulation

ceiling panel

Roof Ceiling
Lenath ft. 5.0.0 46.3
Width ft. 32.5 28.5
CODDer sheet thickness in .025 .025
Tube inside diameter in. 5/16 1/2
Tube sDacino in. 5 5
Approx.water flow rote:aDm 30 30

Roof Heat EXChanger7lllll-
120 para lIel tu bes

120 circuits --t:.,~~~=====t::====:.

Fi~ure 6. Some construction and dimensional details of roof panel and ceilinl?, panel

6



152 I11.C.2 Space heating

compressor, and has its evaporator coils in the
lower tank and its condenser coils in the upper
tank. Operation of the compressor results in a
movement of energy from the lower to the upper
tank, thus raising the temperature of the upper
tank while lowering that of the lower tank.

The two centrifugal pumps, together with associa
ted piping and motorized valves, are so arranged
that water from either half of the tank can be
circulated through either the roof panel or the
ceiling panel.

The control system incorporates a manual selector
switch which may be set at anyone of three positions:
"Heating Only", "Cooling Only", and "Heating
Cooling". Except for the operation of this switch
and the setting of the building thermostat, all
control is fully automatic. Operation at the various
selector switch settings is as follows:

1. When set at "Heating Only" (used in the winter) .
the lower tank is heated whenever possible by cir
culating water between that tank and the roof panel.
Hot water for the ceiling panels is obtained from the
upper tank, with appropriate temperature modu
lation by valve M (see figure 5). The compressor
operates whenever it is necessary to raise the water
temperature in the upper tank in order to fulfil
the building heating requirements.

2. When set at "Cooling Only" (used in summer)
the upper tank is cooled whenever possible, and

cooled water for the ceiling panels is obtained from
the lower tank. The compressor operates whenever
it is necessary to lower the water temperature in the
lower tank in order to fulfil the building cooling
requirements.

3. When set at "Heating-Cooling" {"sed in spring
and fall) the system operates to sto:> solar-heated
water in the upper tank and nigt.' -cooled water
in the lower tank. The building is h- ted or cooled,
as required, by circulation from the ap.uopriate tank
through the ceiling panel. The compvssor operates
whenever it is necessary to raise or iCI,'er the water
temperature in the upper or lower tc. \ in order to
fulfil building heating or cooling requirements.

Performance data

The performance of the heating-cooling system
has been monitored continuously from 1 July 1959
to the present writing (March 1961).1 '.roughout this
period, it has been operated to maintain the indoor
air temperature at 75°F at all times Vt hours daily,
7 days a week). With the exception 0,' three summer
days, discussed in a later section, arrnal indoor air
temperatures (as continuously me.. lured in the
lecture room) have practically alwa been within
3 fahrenheit degrees of the 75° F ther.r-ostat setting.
A summary of some of the data ob' .med thus far
is given by figures 7 and 8, and tab'. 2.

4.
2

JUL. AUG. SEP. OCT. NOY. DEC.
1960

7. ERROR IN MONTHLY HEAT BALANCE

DEe. JAN. FEB. MAR APR. MAY JUN.
1960

4. HEAT GAIN TO WATER BY PUMPS

5. HEAT TRANSFER THRU TANK WALLS

6. CHANGE IN HEAT STORAGE

AUG. SEP. OCT NOIt
1959

I. HEAT TRANSFER BY COLLECTOR
2. HEAT TRANSFER BY CEILING PANELS

3. HEAT GAIN TO WATER BY COMPRESSOR
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Figure 7. Monthly summary of energy received and rejected by the water
of the heating-cooling system
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Figure 8. Monthly energy requirements of the .heattng-cootlng system, expressed
as kWh per therm of useful building heating or cooling

A few fl:.::ures for the year 1960 are:
1. The system delivered 35.3 million btu to the

building for heating purposes. The total electrical
energy consumed during the heating season for
operation of pumps, compressor, controls system,
and ventilating fan was 5 million btu. The ratio
between these two figures, about 7.1, may be defined
as the "over-all heating coefficient of performance"
of the system.

2. A total of 6.58 million btu were removed from
the building by the cooling system, which required
a total electrical energy consumption of 24.6 million
btu, The corresponding over-all cooling coefficient
of performance was thus about 2.7.

3. About 85 per cent of the solar energy collected
during January, February, and December was at
a high enough temperature level for direct use in
heating the building. The remaining 15 per cent
required "up-grading" in temperature level by the
compressor.

4. On the other hand, during the hot months of
June, July, and August, practically all of the energy
removed from the building required "upgrading"
by the compressor prior to rejection from the roof.

5. During January, the efficiency of the roof
.collector, expressed as the ratio between energy
added to the water in passing through the collector
and the total solar energy striking the roof, was

Table 2. Miscellaneous performance data - 1960

Total Electrical energy Approx. Approx.
Average Average Electrical energy electrical energy used in building energy remQVed energy added

temperature temperature used by compressor, used (instruments, from lower lank to upper tank
of upper tank, F. of lower tank, F. klViI by healing-cooling shOp, lights, etc.} by compressor, by compressor,

system, k lViI klV" therms therms

January, 92 89 264 517 332 28.7 37.4
February 102 102 8 192 279 0.9 1.2
March . 94 59 19 304 293 2.0 2.6
April. 48 49 0 164 270 0 0
May. 58 58 113 363 280 12.9 16.8
June, 82 65 1035 1451 317 113.0 148.3
JUly, 88 65 1261 1707 318 133.0 176.0
August, 86 66 1141 1597 287 121.0 160.0
September', 80 65 882 1306 271 93.3 123.4
October, 73 57 103 408 313 11.2 14.7
};ovember: 90 54 35 320 341 4.0 5.2
December. 94 93 93 346 294 10.5 13.7-
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Ftgure '9. Comparison of actual and (";cu1ated useful
solar heat collection rates for 30 typica: ',"urs of January,
1960

CALCULATED HOURLY HEAT COLL:':CTION RATES
BTU/SQ. FT.- HR.

The ceiling panel heat transfer rat, I ItO the rooms
is given by an equation very similar :, form to that
used for the roof collector. Figure} compares the
calculated heat transfer from the -eiling panel
with twenty apparent actual value- recorded in
January and June 1960. The calculated curves are
based on the assumption that the mean radiant
temperature of all interior surfaces ether than ~he
ceiling panel are at air temperature. Since in actualIty
these surfaces are somewhat warmer than indoor
air temperature during the summer, and somewhat
cooler than indoor air temperature in winter, one

w ro ~ ~ W w ro ~ ~

AIR TEMPERATURE NEAR GROUND tClo OF

F ' . "posedrgure 10, Net radIation exchange between an e re
horizontal thermally black surface at air ternpera~uin
and a clear night sky. Comparison of values us e

l rer
ortginal destgn, average values resultin~ froIll I ~eat
calculations, and values obtained from roof pane
rejection rates

17.2 per cent. Expressed as the ratio between the
energy added to the water and the solar energy
striking the collector during collector operating
periods, the efficiency was 28.7 per .cent.

Comparisons between actual and calculated
performance

A great many such comparisons are possible with
a continuously operating, well-instrumented system
such as this one. Three will be mentioned briefly.

Figure 9 compares the actual hourly useful heat
gain rates of the collector with the calculated values
for the same period, for 30 typical hours during
January 1960. The actual hourly collection rates
are those obtained from continuous record measure
ments of water flow rates and temperature rises
in passing through the collector. The calculated
values are obtained from the equation:

qu = Fo[lXqi - Ur, (tw-o-ta) - e: R]

in which

qu = Useful energy collection rate per unit area
of collector, btu/sq ft-hr.

F 0 = Over-all efficiency of collector as a heat
exchanger, dimensionless.

IX = Solar absorptivity of collector plate, dim en
sionless.

qi = Intensity of sunshine striking collector
plate, btujsq ft-hr.

U i. = Combined convention-radiation loss-rate
coefficient, btujsq ft-hr-vl",

tw- o = Temperature of water entering collector, of.
t« = Temperature of outdoor air, of.
e: = Emissivity of collector plate, dimensionless.
R = Net long-wave radiation exchange from

an exposed thermally black horizontal
surface at air temperature to the sky,
btujsq ft-hr. .

The derivations of equations such as the above
are given by Hottel & Woertz (2), Hottel
& Whillier (3), Jordan & Threlkeld (4), Tabor (5) and
Bliss (6). It is evident from figure 9.that actual and
calculated hourly values of useful heat collection
are in very satisfactory agreement.

Th~ q~antity R appearin~ in. the preceeding
equation 1S, to a good approximation, a function of
the outdoor air temperature and dewpoint. Figure 10
presents some apparent actual values of R as deter
mined during hours when the roof panels were operat
ing with entering water temperature equal to the
outdoor air temperature. Also shown on the same
graph are the values of R used in designing the
system, and a later set of values calculated by this
writer (7). The "design values", the dashed curves
on the figure, are based on the work of Dines (8).
The apparent actual values were obtained from roof
panel performance data of April-July 1960. They
are, in general, lower than the design curves and
somewhat higher than our calculated curves.
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to the dewpoint of the outdoor air for safety. A thin
film of moisture forms regularly on parts of the
ceiling panel during the humid days of July and
August. During two particularly humid days in
1959 and one such day in 1960 it proved necessary
to shut the system down for several hours in order
to avoid condensation and dripping from the ceiling
panel. In each case the building air temperature
rose to between 80 and 85°F and, because of the
high relative humidity, was quite uncomfortable.
On the other hand, the effect of relative humidity
on comfort seems to be very small .as long as the
indoor air temperature is held near 75°F. We pre
sently consider that dehumidification equipment
would not particularly improve the already excellent
summer comfort level in the building, but that it
would be desirable as a safety factor to preclude
the severe nuisance which could result from un
checked formation of heavy condensation on the
ceiling panel.

Several troubles and near-troubles with this par
ticular installation now seem, in retrospect, to have
been "design errors" :

1. On mild winter days the offices on the south
side of the building become overheated, even though
heating may be required for the lecture room.
Rather surprisingly, too little attention was paid
to the easily calculable effects of winter sunshine
entering the south-facing windows.

2. During summer, the compressor operates more
than was expected, particularly in June. This is
connected with the fact that our design estimate of
outgoing nocturnal radiation (see figure 10) was
apparently too high.

3. The design of the piping layout can permit the
pumps to become airbound under certain circum
stances, and this has happened on about six occasions.

4. The placing of condenser and evaporator coils
inside the tank makes them very inaccessible. A
major disassembly will be required should they
develop a leak.

5. Flow equalization in -the roof panel is accom
plished by adjustment of a small balancing valve for
each tube. These valves become somewhat plugged
over a period of time, and it has proved necessary
to '"rebalance" the roof panel every four or five
months.

So far, the only mechanical breakdowns of impor
tance have been:

1. The valve stems on the three-way valves were
detective, and all failed within a few months after
installation. Since replacement with new stems they
have given no further trouble.

2. Five leaks have occurred in the roof panel.
Three came in November 1958, soon after the system
was placed in operation; one occurred in 1960, and
the latest one in 1961. The first three are believed
to have been caused .by tube freezing due to im
proper drainage; the other two may have been poorly
soldered joints.
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would exn.-ct the actual heat transfer rates from the
ceiling panels to the room to be a little higher than
the curves so calculated. It is evident from figure 11
that this is the case, and agreement between calcu
lated and apparent actual values may be considered
very good. Also shown on figure 11 is the calculated
heat transfer rate from a typical ceiling panel
formed of copper tubing embedded in plaster. Such
a panel has a much lower heat exchanger efficiency
than the metal panels actually used, and would
not have been satisfactory in this installation.

These comparisons suggest, correctly, that a good
deal of careful attention must be given to all details
of he.at transfer in designing a solar heating system
o.f thIS type. We have found this to be true of prac
tically all equipment designed to use solar energy.

,:j. t =ENTERING WATER TEMP. - ROOM AIR TEMP.

Figure 1L Comparison of calculated and apparent actual
heat tranxter rates from the lower side of ceiling panels

20,.------------------_---.

Design oversights and operating difficulties

This experimental heating-cooling system has oper
ated about as predicted from design calculations,
and has given very little trouble.

One difficulty encountered, in this case not an
unexpected one, has been condensation on the ceiling
~anels during humid summer months. Dehumidifica
tion apparatus for the incoming ventilation air was
purposely omitted in the original installation, in
order to see how the system would fare without it.
Two. summers of operation have shown that it is
POSSIble to maintain an excellent comfort level at
practically all times without dehumidification, but
that the ceiling panels often operate much too close
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Economics

The entire experimental heating-coo.ling. system
was fabricated and installed by a University me
chanic and two paid student assistants. Tot~l

installed cost, if all materials had been purchased, IS
estimated at about $8 000. Actual installed cost was
less because some materials were donated. Since the
heating-cooling system furnishes the. roofing and
ceiling of the building, it seems appropnate to ~educt

about $1 000 from the system cost for these Items,
and estimate the installed cost chargeable to the
heating-cooling system as about $7 000, not in-

. eluding design labor.Design labor was e~tremely

high, probably about $10000. The operatmg co~t

of the system (electrical energy at 2.5 cents kWh) IS
about $215 per year. The conventional air-condition
ing system for this building in this locality would have
been a combination of gas furnace and 5-horsepower
"air-to-air" refrigerating unit, whose total installed
cost would have been about $2 500 and whose
yearly operating cost would have been about $400.

General conclusions

We believe that the following remarks are gener
ally applicable to the matter of developing econo
mically practicable systems intended to use sunshine
to supply a major portion of the winter heating
requirements of a building:

L Such systems are not presently available. The
technological problems of developing them, though
real, do not appear insuperable. Neither does it
appear that the solution of these problems would be
very costly.

2. The use of sunshine for building heating, in
the United States at least, represents far and away
the largest potentially practical fuel-saving use for
sunshine.

3. The design of such systems cannot be divorced
from the design of the building itself, and practicable
solar-heating systems may always be expected to be
best adapted to new construction.

4. Conversion of solar energy to thermal energy
external to the building to be heated is an obviously
roundabout and awkward solution. It seems most
likely that an econo~ically prac~ica?le. solution ~iIl
come via systems usmg conversion inside the build
ing, for example, by some use of large windows
through which the sunshine could becE<ectlyadmitted
to the building.

5. There are dozensof worthwhile specific prob
lems awaiting solution in this fl, Id. The most
promising individual one .is probably in the further
improvement of th~ sunshme tra~sl:lltrance and heat
insulating properties of 10w-emIs~lvlty. transpa:ent
coatings for glass, such as the tin oxide coatings
now used on various commercial glasses ("NESA",
"Electrapane", "Heat Shield").

Although admitting the necessity for an occasional
vital spark of invention or ingenuity, it is our own
view that progress in making practical. use of sun
shine for building-heating results chiefly from a
painstaking application of one's best kno,wledge
of heat transfer principles to the design of equipment
which must use simple and inexpensive matenals.
Our experience over the past ten years has be~n
that it is possible to make slow, steady progressIII

this way, that it is possible to intc~est talented
students in such work, and that It IS extremely
difficult to obtain funds to prosecute th~ wor~.
We assume that a somewhat similar situation Will
prevail during the next ten years.
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An experimental system for heating and night radiation

Summary

8/30 Bliss 157

An experimental heating-cooling system for a small
laboratory building in southern Arizona is described,
and its r:"rformance evaluated. The system uses
a bare w.rter-circulating solar heat collector to
collect 11\:,':. in the winter, and to reject heat (by
night op- ution) in the summer. The heated (or
cooled) w,,~er is stored in an insulated tank and cir
culated t.rrough ceiling panels in the building to
provide H< ,'essary heating or cooling. An auxiliary
conventiond heat pump is part of the system, and
is used to Iurther raise (or lower) the water tempe
rature wh:n necessary.

Operation of the system has been monitored in
detail for the past eighteen months. Data are pre
sented concerning solar heat collection efficiency,
heat storage effectiveness, auxiliary heat, pump
energy requirements, control system operation, and
operating difficulties. Calculated and observed values
of solar heat collection and night heat rejection are
compared, Similar comparisons are made for the
heat transfer rates of the ceiling panel. A complete
listing (on a monthly basis) is given of collector heat
collection or rejection, building heating and cooling
requirements, tank energy losses, and electrical,
energy ccusumption of each component.

Althou~;11 useful as a study and teaching aid, the

system is economically unsound because of its high
initial cost. Conversion of solar energy to thermal
energy outside of the building shell (as is done in this
installation) is considered a cumbersome approach
for an economically practical system. The most
promising avenue for the development of commer
cially sound solar building-heating is considered
to be in the direction of further improvement of
presently available transparent low-emissivity coat
ings for glass. Such coatings would permit the use
of large windows in structures designed to make
the building itself an efficient means of collecting
and storing solar energy.

In general, ingenuity and invention are felt to
play a relatively small (although vital) part in the
development of practical solar heating. The problem
involves chiefly a thorough and painstaking applica
tion of the best knowledge of heat transfer to the
design of equipment which must use inexpensive
materials. In the author's laboratory it has been
found relatively easy to attract talented students
to this type of work, but extremely difficult to
obtain the necessary funds to prosecute it. If this
difficulty is not confined to this laboratory, it pro
bably represents a fundamental bottleneck in the
development of better means of using sunshine.

FONCTIONNEMENT D'UN SYSTEME EXPERIMENTAL UTILISANT L'ENERGIE SOLAIRE
POUR .LE CHAUFFAGE ET LE RAYONNEMENT NOCTURNE POUR LA CLIMATISATION

D'UN BATIMENT

Resume

L'auteur decrit une installation experimentale de
chauffage et de climatisation pour un petit batiment
dans I'Arizona du sud qui sert de laboratoire, et
evalue le rendement 'de cette installation. Elle
comporte un collecteur de chaleur solaire, ou I'eau
circule dans des tuyaux decouverts, pour capter
la chaleur en hiver, et pour la diffuser (de nuit) en
ete. On garde dans un reservoir calorifuge l'eau
chauffee (ou rafraichie), et on la fait circuler derriere
les panneaux du plafond pour fournir le chauffage
ou la climatisation necessaires, Une pompe it chaleur
ordinaire fait partie du systeme et on s'en sert
cOl?me auxiliaire, s'il le faut, pour augmenter (ou
balsser) davantage la temperature de I'eau.

Le fonctionnement de I'installation a et6 soigneu
sement observe depuis dix-huit mois. Ce memoire
presente des donnees sur l'efficacite de la collection
de chaleur solaire, sur celle de la conservation de la
chaleur, sur l'energie requise pour faire marcher la
pompe it chaleur auxiliaire, sur I'operation des
appareils regulateurs, et sur divers problemes se
rapportant it la marche du systeme. L'auteur compare
les valeurs calculees et observees de la collection de

la chaleur solaire et de la diffusion nocturne de la
chaleur. II compare egalement les chiffres qui in
diquent l'efficacite du transfert de chaleur opere
par les panneaux du plafond. II donne en outre
toutes les valeurs mensuelles de la collection et de la
diffusion de la chaleur par le collecteur, du chauffage
et de la cIimatisation dont a besoin le batiment,
des, pertes d'energie du reservoir, et de la consomma
tion d'energie electrique de chaque element du
systeme,

Malgre son utilite pour des recherches et dans
l'enseignement, le systeme n'est pas pratique pour
des raisons economiques, car le prix initial est eleve,
La conversion de I'energie solaire en energie thermale
en dehors du batiment merne (comme cela se fait
dans cette installation) ne fournit guere le moyen
d'arriver it un systeme pratique du point de vue
economique. On considere qu'on a le plus de chances
de resoudre le probleme de la mise au point d'un
systerne economique de chauffage solaire des locaux
en cherchant it perfectionner davantage les revete
ments transparents dont on dispose actuellement
pour reduire la capacite d'emission du verre. De
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tels reveternents perfectionnes permettraient 1'emploi
de fenetres tres larges dans des batiments conyus
de facon a faire de I'edifice meme un appareil efficace
pour la collection et la conservation de l'energie solaire.

En general, on considere que l'ingeniosite et
l'invention jouent un role assez restreint (et pour
tant essentiel) dans le developpement d'un systeme
pratique de chauffage solaire. Le probleme necessite
surtout un examen approfondi et minutieux des
meilleures donnees sur le transfert de la chaleur, et

leur application au developpernent d'appareils qui
doivent se construire avec des materiaux peu coliteux
Dans le laboratoire de 1'auteur, on a el, en somms pen
de peine a attirer vers ce genre de recherches des
etudiants doues, mais il a ete beauco: p moins facile
d'obtenir les fonds necessaires pour j.oursuivrs ces
travaux. Si ce probleme financier se ruoe ailleurs que
dans notre laboratoire, il represer i sans doute
1'obstacle fondamental a la mise au r nt de rnoyens
plus efficaces d'employer l'energie so..i.ro.
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THE USE OF SOLAR ENERGY FOR SPACE HEATING - M.I.T. SOLAR HOUSE IV

C. D. Engebretson. *
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Solar energy collector

COLLECTOR PERFORMANCE

I

house has demonstrated that the space and comfort
requirements considered desirable by American
home owners need not be compromised in space
heating by solar energy.

A solar collector as a part of a house envelope
must be evaluated with a number of considerations
in mind. Important among these are its thermal
performance, its original cost and maintenance, and
any effect it may have on the living space behind it.
This particular collector has exhibited good thermal
performance and both good and undesirable effects
on the living space, but its orginal cost and main
tenance requirements are not encouraging.

If, in considering the thermal performance of a
particular collector, the equation for the instan
taneous rate of energy collection developed by Hottel
and Whillier (2) is written in the following form:

m which

= rate of useful energy collection per unit
area of collector surface,

= heat removal efficiency for the collector
plate,

= total insolation rate per unit area on the
plane of the collector,

('t'eot) = mean value of the effective cover glass
transmittance-collector plate absorptivity
product for the total insolation, including
allowance for dirt on the cover glasses and

,shading of the collector plate by glass
supporting structure,

UI. ' over-all heatloss coefficient for the collector,
to = temperature of the outdoor ambient air,
t1 = temperature of the energy transport stream

at the collector inlet,

it becomes apparent that, as a thermal device, the
collector will lose heat to its environment in direct
proportion to the difference in its temperature and
that of the ambient air by some value of propor
tionality factor UL. Heat removal efficiency, FR, is
relatively constant for a given design, but ,('t'e ot) is

15lJ

Massachusetts• Department of Mechanical Engineering,
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The design of a solar heated house, whether it is
to be an engineering test, a prototype dwelling, or
both, is a complex and demanding task requiring
the collaboration of engineer and architect, both
well informed in the field. The problems facing the
architect who must incorporate a large solar collector
and provide space for energy storage are no less
difficult than those of the engineer who must attempt
prediction of the thermal performance of the structure
and components in the face of unknowable weather
sequences, Construction and later operation are severe
tests of ability to anticipate the behavior of familiar,
materials i') unfamiliar circumstances.

The effc tive layout and operation of a workable
system pr ents numerous additional complications
if the hou. is to function as an engineering test and
yield cor..inuous, worthwhile data. The results of
long-term full-scale testing will deviate from those
implied DJ' controlled laboratory experiments with
both materials and components. This lack of coin
cidence Of expectations and results, predicted weather
and actual weather, constitutes the principal justi
fication for construction of solar houses in North
America at the present time. The components and
concepts under test in presently uneconomical solar
heated houses have application to most domestic
solar energy experiments, and therefore these efforts
may advance the state of the art as a whole.

Considering the magnitude of the planning and
design effort involved and the labor which must be
expended to analyze and interpret continuous test
results, it is not difficult to understand why so few
solar house tests exist. It is hoped that this account
of experience gained with a solar ~eated hou~e o~er
ated as both a dwelling and a contmuous engmeenng
test for a period of three years will benefit other
lllvestigators involved in similar pursuits.

The present M.LT. Solar House was described in
a recent paper (1), and detailed description is om.it~ed
here. In review, it is a two-story house contammg
1 450 square feet of usable living area designed for
contemporary living by the standards of its locality.
Prominent in the view of the house shown in figure 1
is the fiat plate collector incorporated in the structure.
~he collector has an area of 640 square feet and is
tilted 60° to the horizontal. This is near the slope
considered optimum for winter heating at its latitude.
The design was intended to derive 75 per cent C?f
the house-heating requirements from the sun. ThIS

6*
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subject to seasonal variations and diurnal variations
in the case of a fixed plate collector. The numencal
value of (1"e IX) is the maximum fraction of I that can
be absorbed by the collector plate. If equation [1]
is rewritten to relate quiA to I, so as to develop the
expression for instantaneous collector efficiency,
"I), which follows

"I) =FR [(1"eIX)- UL (t1""7 to)] [2]

it becomes evident that collection efficiency is
sensitive to the ratio (t1- to)II and is limited by
F R (1"e IX). Figure 2 is a plot of equation [2] for the
Solar House IV collector using an experimentally
determined value for F R; and a reasonable mean
value for UL. Values of (1"e IX) used are the mid
hourly values before and after noon on days of
mean monthly declination. The heavy dashed line
indicates a representative mean curve. The use of
this curve permits approximation of average effi
ciencies typical of heating season operation. The
dotted lines illustrate the interrelation of the various
scales of the plot.

The determination of what constitutes the op
timum number of hours of operation of the collector
must clearly be based on the premise that operation
is economically justified at all times when the value
of the energy collected exceeds the cost of water

160 III.C.2

Figure 1. M.I.T. Solar House IV, Lexlngton, Massachusetts
(420 N. lat, 710 W. long)

.circulation. The limiting hours are then at the ex
tremes of the day, and their inclusion ( f necessity
reduces the average value of energy cc ection per
unit of energy on pumping below the value one
could achieve by operating only at hours near noon.
Plainly, that energy ratio is no measure of whether
the system is operated at its economic optimum.
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[4]

bracketed term is positive. 1> experimental is approxi
mated as:

COLLECTOR DESIGN

A cross-section of the collector design used in
M.LT. Solar House IV with design details is shown
in figure 3. This design has exhibited good thermal

Table 1. Solar collector performance

Oct. Nov. Dec. Jan. Feb. Mar. April Total Ave.

Solar incidence on 60° plane 1959-1960 33720 19330 26160 34140 33890 44000 32530 223780 31961
(btu/ft2) • 1960-1961 39360 33090 40730 43125 36750 44208 237263 39544

Solar incidence on 60° plane
while collector operating 1959-1960 22890 12920 18360 25730 27020 34690 24790 166400 23771
(btu/ft2) • 1960-1961 26380 27860 33480 36984 29734 35322 189760 31627

Collection 1959-1960 9890 5390 8520 11590 12630 15770 11 040 74830 10690
(btu/ft2) . 1960-1961 9910 11 640 13810 15375 12656 13944 77335 12889

Average hourly collection, 1959-1960 96.1 88.3 103.3 103.1 102.3 106.6 80.9 99.3
quiA (btu.hr ft 2) • .. 1960-1961 80.8 86.0 92.9 92.8 102.2 89.3 90.9

Average collector efficiency 1959-1960 43.2 41.8 46.4 45.1 46.7 45.4 44.5 45.0
(per cent) . 1960-1961 37.6 41.8 41.3 ' 41.5 42.6 39.5 40.8

Utilization factor 1959-1960 67.9 66.8 71.6 75.4 79.7 78.8 76.2 74.4
(per cent) . 1960-1961 67.0 84.3 82.2 85.4 80.9 79.9 80.0

Over-all efficiency 1959-1960 29.3 27.9 33.2 34.0 37.3 35.8 33.9 33.4
(per cent) 1960-1961 25.2 35.2 33.9 34.0 34.4 31.5 32.6

One warns the value of the energy collected, minus
the cost of the pumping energy, to be a maximum.

The collector operating efficiency is related to 1>BX = qu 1
what mi.l~f be defined as over-all efficiency, the A (Te ex) FRI
percentaz-i of the total incidence on the collector
that is :;,ctually collected, by a utilization factor The results of this performance evaluation indicate'
which m;~y be defined as the ratio of the solar inci- that the Solar House IV collector could utilize from
dence during the fraction of time the collector is four to ten per cent more of the available radiation
operating to the total incidence for a given period. ' than it does. This is considered a reasonable corre-

lation considering the differences in the real and
The numerical values for incidence on the surface, theoretical operation. The 1> curve method as used

both operating and over-all efficiencies, with utiliza- here does not take into account the following:
tion factors for months of the 1959 and 1960 heating. T' (a) Collector operating economics and the fraction
season, are given in table L The increase III uti ization of utilizable but uneconomical incidence which is
factor during the last two months of 1960 and during
1961 was deliberate and resulted in increased collec- ignored in the real case;
tion (for the particular operating conditions). The (b) Delay in collector control response to changes
collection per unit of power for this period averaged in incidence;
178500 btu per kWh, while in an equivalent period (c) Loss due to collector heat capacity as defined
of 1959, a yield of 192 000 btu per kWh was realized. by Hottel and Woertz (3) and Tabor (4).
!f the cost of the additional solar energy collected Average values of 1> experimental and 1> theoretical
IS compared with the cost of heat from another for a portion of the heating season months are given
source, the additional operation on low grade inci- in table 2. It does not seem reasonable to expect
dence can be justified. In this collector design and that a closer correlation between theoretical and
system, an excess of 7.1 btu/It" hr or 14000 btu per actual utilizability can be economically achieved.
kWh of pumping power must be collected to operate More operating experience and better control would
competitively with the auxiliary system. probably cause the difference to be more uniform

The utilizability, or 1> curve method of solar weather and slightly but not appreciably less.
description of Hottel and Whillier (2), provides a
convenient method for evaluating collector perfor
mance. An experimental value of 1> can be developed
for a given collector operation and compared with
a theoretical value of 1> for the same period. 1> theore
tical is defined as :

1 n ( 1 le )+1>TIl-- ---
- n ~ lave" lave

[3J Table 2. Monthly average utilizability values
for 1960-1961 heating season

in which n is number of hour~ and subscript "ave" Oct. Nov. Dec. Jan. Feb. Mar.
~enotes average and "c" denotes "critical", or that
Insolation necessary to raise the collector temperature

"'TH 0.47 0.67 0.63 0.65 0.61 0.58
to the threshold of operation. The + denotes that
the summation is made at all periods when the "'EX 0041 0.57 0.55 0.55 0.57 . 0.53
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Figure 3. Cross-section and details of solar collector assembly

characteristics and does utilize a .portion of the con
ventional house envelope in its structure to. reduce
cost. The probable reduction in expenditure for the
collector proper by this type of construction is pre
sented by Dietz (5).

Anderson (6) observes, in a discussion of the
architectural problems created by solar collectors,
that unless the interior of the house is to be main
tained warmer than the outside there is no advantage
in making the collector surface a part of the house
envelope. This is certainly true if no structural
economy is to be realized or if an uneconomical house
configuration results.

It is doubtful that a sufficient heat requirement
will exist in the living space during all sunlit hours
of the year to permit collector back loss to be always
utilized to advantage.

Experience with this solar house has shown that
while the collector utilizes common structural
elements and effects a reduction in heat loss and at
times a beneficial indirect contribution to house
heating, at other times it creates a cooling problem.

The structural members passing through the insu~
tion cause an increase in thermal conductance for \ e
entire collector wall in excess of three times ht ~
conductance of the insulation proper. The . ~ar
flow path should be lengthened by creating a thic e
or less continuous structure.

. d by itsSolar collector area must be determme the
probable useful collection and the demand of the
particular application. The fraction 0: time ful
collector will be required to yield its maXImum use it
output will determine the relative value of a u;1e
of area. If a base collector size is considered and is
effect of incremental increase of colleCtor SIze cl

." rease,
explored, it will be found that as the area I?me ses-
the use factor of each additional increment deerea 'h

. 'f om eacIf the net monetary value of collection r 1 cal
unit area of base collector is established fro~ ~rea
energy costs, then the actual value of a U~ll cl by
of an additional increment can be determIn~ r of
taking the product of the ratio of the use fae f the
the additional increment to the use fa~tor ~r unit
base collector and the value of the colleetlOn P
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area. For example, an increment of collector having
a use factor of 0.5 is worth just half as much and
will require twice as long to justify itself economically
in terms of useful collection as one with a use factor
of unity.

Incremental use factors developed from the per
formance of the 640 square foot collector of Solar
House IV during two heating seasons are given in
table 3. The heating load applied to this particular
collector equals 18.8 btujft2 per heating degree day
(65°F base) and results in a use factor near unity
for the heating season. A severe winter with un
favorable solar weather such as 1959-1960 tends to
increase the use factor of additional increments.
For this reason, data over as long a period of time
as possible are desirable for sizing a collector.

The collector plate construction by which the
water tubes are clamped into the plate has been
found satisfactory in maintenance. The performance
of the portion of the collector between the plate
and the outside has been disappointing. The syn
thetic rubber caulking compounds used do not
bond well to the cover glasses for long periods of
time through numerous temperature cycles. Intrusion
of water in the wooden structure causes rapid
deterioration. Unwanted moisture is also introduced
~nto the air space between the cover glasses by the
induction of air as the collector cools. It is impractical
to seal this space because thermal stresses exceed
the strength of edge-bonded double glazed units and
the expansion of air between the glasses would
create prohibitive pressures. The filters provided
to exclude dust are effective but the moisture in the
air does condense on the inside surface of the outer
glass layer. This moisture accumulates in the collec
tor, contributes to the maintenance problem, and
also reduces the transmittance of the glass. The
extent of the effect on transmittance has not been
~valuated. However, the visual effect of moisture
m. the collector in full sunlight is dazzling. In general,
:VI~h regard to gaskets, seals, and structural battens,
It IS. observed that any portion of a collector not
speCIfically and firmly anchored in place will sooner
or later go adrift.

The costs of construction of this collector are not
tre~ted here on an individual or mass production
baSIS because it is not considered satisfactory. The
group responsible for this test is not in possession of
a superior design, nor do they have knowledge of
any design which would be suitable for mass pro
duction.

Operating experience indicates that a house heat
ing collector at these latitudes will yield approxi
mately the energy equivalent of one gallon of fuel
oil per square foot per year. On this expected return, a
collector of this thermal performance and all atten
dant ·apparatus for storage and utilization of energy
would have to be produced for less than one-fifth
the cost of this installation if it were to pay for itself
in ten years of operation.

Heating system

The present arrangement of the collecting and
heating system is shown in schematic diagram
(figure 4). Water from storage is circulated through
the collector at the rate of 8.361bjft2 hr, and returned
to storage by way of the expansion tank. The ex
pansion tank functions to reduce pressure fluctuation
with temperature change and to allow gravity
draining of the collector during the off cycle to
prevent freezing and reduce collector heat capacity.
In this system, where all water returned from the
collector must pass through an air volume, a small
quantity of air will be entrained in the liquid stream.
The expansion tank must be of an internal design
to minimize such entrainment and be located so as to
provide a hydrostatic head for operation of an air
venting or scavenging system to function for the
water-containing portions of the system. Lack of
a properly designed venting system results in nume
rous interruptions in service due to air binding in the
circulating pump, piping, and the heat exchanger.

Water from solar energy storage is pumped through
the heating system heat exchanger and returned
to the tank from which it was withdrawn. The same
is true when the auxiliary unit is utilized for space
heating. The return water from the heat exchanger
when operating on the auxiliary will be warmer than
the solar storage when this storage has been fully
depleted for space heating purposes.

The two sources of hot water for the heat ex
changer. must be connected in parallel rather than
series to prevent heat exchanger returns from raising
the temperature of storage by the addition of relatively
high cost auxiliary heat, thus increasing storage
losses and impairing collector efficiency by raising
the inlet temperature. Figure 5 shows the relation
ship of heat exchanger inlet and outlet temperatures
for various conditions and the relationship of required
heat exchanger inlet temperature to outside tem
perature and heating demand.

Table 3. Incremental use factor for fractional collector area increase

Multiple 01 present collector area (640 sq It)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

1959-1960 . 0.96 0.75 0.71 0.60 0.44 0.42 0.31 0.29 0.11 0

1960-1961 0.99 0.92 0.67 0.35 0.33 0.32 0.01 0 0 0

Two seasons . 0.97 0.83 0.68 0.48 0.39 0.38 0.20 0.15 0.06 0
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Figure 4. Schematic diagram of solar house heating system

Figure 5. Plot of house heating demand and heating
system characteristics

AUXILIARY REQUIREMENT

The auxiliary heating system must be .capable
of supplying the maximum probable heating demand

A space heating demand of approximately 12 000 btu
per heating degree day (65°F base) must be sup
plied. The domestic water system requires an
additional amount averaging about 75000 btu per
day, of which approximately 45 per cent is "topping
up" energy supplied by the auxiliary unit.

Heating and domestic hot water loads and -the
fractional contributions of the solar heating system
are given in table 4.

AUXILIARY HEATING SYSTEM

The form of the auxiliary heating system derr~
on the location of the solar house and loca u t
availability. A hot water heater fired by the UlOSd
economical locally available fuel has been fotg
satisfactory where both auxiliary space hea III

plus the domestic hot water requucrnent of the
house. Extremely cold weather is gcncrally accom
panied by clear skies and high sola 1 incidence, but
the possibility of conditions come .umg extreme
cold and lack of insolation followii I:: a prolonged
period of overcast weather during wnich the energy
storage has been depleted makes thi::.:iterion nece~

sary. In a system where domestic hot water IS

heated to the temperature of solar storage and then
"topped up" in the auxiliary unit, the temperature
level of the auxiliary is determined by the necessary
domestic hot water temperature. Modern ~al!ndry
and dishwashing appliances require a mmlmum
temperature of 140°F. This requirement also de~er
mines the time the auxiliary unit is placed in operatIOn
in the fall and shut down in the spring. The ~empe
rature of the auxiliary exceeds that reqUIred to
satisfy the maximum heating demand of .the house
when supplied to the heat exchanger as Illustrated
in figure 5. However, this over-capacity causes a
rapid air temperature response which helps ove~
come any droop in the system or control. It IS

preferable that the auxiliary be controlled to sup~le
ment the solar energy only when demand or depleho~
of storage requires it, so that a maximum amoun

of heating is done with lower cost solar energy·

The actual portion of the heating and domestic
hot water loads supplied by the auxiliary system
can be determined from table 4.
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and domestic hot water are required.. In other
syst~ms, a' conventional hot air furnace for space
heatmg and a water heater for domestic hot water
heating would be utilized to advantage.

Energy storage

Th~ desirability of energy storage by reversible
chem.lCal reactions is quite obvious. In the absence.
of suitable processes for its accomplishment, sensible
ener.gy storage in high heat capacity materials has
merit. Both solids and liquids have been used and
each has advantages.

M.LT. Solar House IV uses water both as an
~nergy transport and as a storage medium. Water
IS .des~rable and convenient for testing since deter
mmahons of the rate of energy flow and the energy
remaining in storage are quite easily made.

Liquid storage systems tend to stratify, offering
the possibility of selecting the hottest water from
the top of the tank and the coolest from the bottom.
~owever, mixing does occur, destroying this de
sIrable stratification. The greatest mixing force is
the removal and replacement of water circulated
through the collector (10.7 gpm) and heat exchanger
(3.6gpm).Special precautions to insure minimum tur
bulence will therefore increase the effectiveness of
storage. It has been observed that the period of
collector operation required to cause the ternpe
rat.ure of the 1 500 gallon storage tank to become
ulllform is approximately 30 minutes.

The impracticality of long-term storage has pre
viously been established. The 1 500 gallons of water
for storage - about 2.35 gallons per square foot
of collector, has a heat capacity of 19.55 btu;oF ft2

of collector and consequently a one degree rise for
each 19.55 btu/ft2 collected. Considering the house
heating demand, this storage is capable of supplying
heat for 1.04 heating degree days per degree Fahren
heit. The effective length of storage is dependent
on weather and heating demand. The optimum
storage temperature range of 105° to 115°F reported
in reference (1) for this system was determined
considering collector behavior and all operating
costs, including that of recovering energy from stor
age. During operation of Solar House IV, the daily
average storage temperature is usually below op
timum but generally very near it. Six hours of collec
tion in one day at the long-term average rate of
90.9 btu/ft2 hr would cause a temperature rise of
approximately 28°F if no heat was removed from
storage. If the storage at start of collection were at
the minimum economical recovery temperature,
82.5° F, the temperature at the end of collection
would be very near optimum. Considering the usual
concurrence of collection and utilization, the 28°F
rise is unlikely to occur. The behavior of this storage
during three years of operation has presented no
evidence that any other apportionment of storage
to collector area would be better.

Storage depletion is gradual rather than immediate
after a fixed period of time. As the storage tempe-
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rature decreases a fixed demand requires a greater
ratio of auxiliary operating time to solar heati~g
time until an uneconomically low temperature IS
finally reached.

The effectiveness of storage can be described by
ratio of the total energy removed to that put into
storage. For short-term storage, the losses are
small and the effectiveness, depending on tempe
rature and activity, ranges from 92 to 98 per cent.

Control system

The satisfactory operation of a solar house re
quires two basically independent control systems.
One system must concern itself with the circum
stances surrounding the collector and energy storage
unit to control energy collection while the other
must monitor conditions in the living space and
regulate energy utilization in response to space
heating demand. While these two processes are not
entirely unrelated, they are not sufficiently concur
rent to permit a single control system to suffice.

COLLECTOR CONTROL

The fundamental requirement of the collector
control is that it respond to solar radiation in the
plane of the collector surface while being aware of
the temperature of the storage unit. It must function
to initiate and sustain collector operation through
all periods during which the radiation incident on
the surface is great enough to permit withdrawal
of a quantity of heat of equal or greater value than
the energy required to operate the collector.

One satisfactory means is the installation of
resistance type sensors in the collector and in the
storage unit, the sensors in turn being connected
electrically in the legs of an alternating current
bridge circuit. An electronic relay responding to
circuit unbalance will perform the control operations
once the circuit has been calibrated and adjusted.
Any mechanism capable of comparing these two
temperatures with reasonable accuracy can be
applied. The actual case becomes more complex as
transient conditions and the change in response of the
collector to a given amount of radiation due to
varying weather are encountered. There is evidence
that probably the bridge circuit or equivalent, with
sensors in the collector plate and storage, is sufficient
for initiating collector operation, but that the
decision whether to sustain or terminate collection
should be based on measurement of the temperature
rise in the energy transport stream through the
collector. The comparison of collector inlet and
outlet temperatures is a more direct indication of
the output of the collector and storage temperatures
after the collector is in operation. The considerations
in the design of a collector control are as follows.

(a) The sensor element applied to the collector
plate must have thermal characteristics nearly
identical to those of the collector plate assembly
to obtain an appropriate response.

(b) The control bridge must incorporate a differ
ential adjustment to compensate for the difference
in response of the collector to radiation in its "dry
plate" condition at start-up fron: th:l; when opera
ting. ~ small amount of ove~heatmg 01 the collector
plate IS necessary on starting to prevent cycling,
A compromise setting of this differential will prevent
uneconomical collector operation duri l1g periods of
cold wsather,

(c) Delay in collector s~n~or response mtl:st be
incorporated in the sensor m Its mounnng or In the
electrical circuit. The first portion of the transport
medium to reach the collector on starr -up does not
represent storage temperature but UJ<l.'_ of environ
ment with which the transport system has reached
equilibrium during the collector off-cycle. This first
cold "slug" of transport fluid generally chills th,e
collector sufficiently to cause the control to termi
nate collection unless delay is incorporated by a
partial thermal bond between sensor and col!ector
plate or by electrical means. H seems contradictory
to design a sensitive control and then r~nder It
insensitive to collector performance, Lnt thIS means
is infinitely less complex than attempting to pro
gram the transient response of the collector at
start-up into the control system.

(d) The storage unit sensor element' must .be
located to transmit a temperature 1epresentatIve
of the transport stream leaving storage' . (1 the control
rather than that of some other portion r, f storage.

SPACE HEATING CONTRor

The space heating control is required ,to, function
to maintain living space temperature within prede
termined limits using as much energy from solar
energy storage as possible and then supplementmg
this with heat from the auxiliary system, A con,:en-

, it tetional thermostat bimetal can be used to l1~I la
hoperation of the heating system pump and fan lllht ~

case of the Solar House IV system to supply :~
to the living space from storage. As long as . fe
temperature of storage is sufficiently hig~ to sa~IS1
heating demand this operation is all that IS requIre ., ., paceHowever, if the temperature of the living s,
should continue to fall even with solar h~a~ngt
another similar device can be utilized to permit t ea
to be supplied to the house by the auxiliary sys em.

'I' pera-When the demand no longer requires aUXI iary 0

tion, the second bimetal of the thermostat r~u~~~
the system to solar operation. In the case 0 (on
House IV, the first-stage bimetal controls oper~ ~he
of the fan and circulating pump (figure 4) an , ed
second stage bimetal the position of the mot~r~fcs
valve. Figure 5 shows the operating charaeten'~'ary
the system, and the regions of solar and a~1 .tnedoperation. Some heating benefit can be 0 alveI'
by use of rather low temperature storage. Hf~~ing
there is a limit below which the cost of rec ai f the
energy from storage is greater than the value 0 and
energy itself due to the great amount of p.ump lied
fan operating time. A low limit thermostat IS apPal a
to the storage to prevent operation on energy
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grade belo;v. that which can ~conomica~ly be re
claimed. 1 ms thermostat permits operation to be
transferred directly to the auxiliary system on evi
dence that the storage has been exhausted.

Examin.uion of figure 5 will indicate the solar
energy storage temperature required for a particular
demand Cl, if the temperature is too low, the pro
portion of ;o,()lar and auxiliary operation required.

Solar collector-heat pump combinations

A word about the combination of heat pumps
(reverse cycle mechanical refrigeration systems) and
solar collector combinations is appropriate, not
because they have been used in this test, but because
their use has been avoided. The economic considera
tions invol ved in solar house heating are rather
complex, and the addition of another system bet
ween the solar heating system, and the auxiliary
heating system does nothing to simplify the situation.

There-may be cases where the heat pump can be
used effectively to reduce the operating time of
auxiliarirs., but it does not reduce the auxiliary
demand, which is a determining factor in the capital
expenditure necessary to build a workable solar
heated house.

If the' heat pump, of appropriate capacity for
space healing, can be justified by a summer cooling

250

requirement so that first cost complication applied
to the heating system is minimal, then it is logical to
apply it to winter heating use either with or without
a solar collector. Justification of mechanical refri
geration for summer cooling involves proving power
availability costs sufficiently low to make comfort
cooling attractive. If power is available and reason
ably priced, then the air source heat pump with
electric resistance supplementary heat comprises a
reasonably good heating system and the justifi
cation for a solar collector as an auxiliary becomes
difficult.

If one considers operating circumstances alone, a
heat pump coefficient of performance of from four
to five is necessary to compete costwise with oil or
gas fuel. If the heat pump is used for heating domestic
hot water and with a condensing temperature of
about 150°F, a coefficient of performance of this
magnitude cannot be achieved. Operation at this
coefficient of performance for space heating would
require a sufficiently high storage temperature
whereby heat was economically recoverable without
pumping.

It was found for the M.LT. Solar House IV (1),
considering all costs of delivering solar heat to the
living space and effect of storage temperature of
collector performance, that the optimum collector
inlet and storage temperature was between 105°
and 115°F and that is was uneconomical to reclaim
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Figure 7. Performance of Solar House IV

heat from storage if the storage temperature vvas
82.5°F or belovv. These temperatures will vary with
individual systems but they show quite clearly
that there is a point below which the cost of reclaim
ing energy exceeds the value of the energy itself.
The utilization factor in table 1 indicates the fraction
of solar radiation which was of higher grade than
storage for this system, None of the data obtained
by this test can be interpreted to indicate that
operation of the collector at lower temperatures
in conjunction with heat pumping would have been
more advantageous.

Results and conclusions

The solar radiation data from table 1 are shown
pictorially in figure 6 and the house heating data
from table 4 in the same manner in figure 7. During
the winter of 1959-1960, the total solar incidence on
the collecting area during the season was 143.2 mil
lion btu, of which 36.9 million btu were of too
low intensity to justify attempted collection. The
solar collector operated with an average efficiency
of 45 per cent on the residue of 106.3 million btu,
extracting 48,0 million btu on the surface of 640
square feet at 60 degree tilt. A 48 per cent sharing
of the total heat load by "the solar system was realized,
The solar heating system supplied 39.8 million btu

of the total heating load of 82,8 million btu. The
winter at the site of the experiment was mor~ ~evere
that that predicted when the house was or~gmally
designed and the total solar incidence dunng the
season was lower than normal.

During six months of the winter of 1960-1961, the
total solar incidence on the collecting area was
152 million btu of which 31 million btu was of too
low intensity t~ justify attempted collection., The
solar collector operated with an average, e~cIen~
of 41 per cent on the residue of 121.4 million b,t ,
extracting 49.1 million btu. A 56.6 per cent sh~nn!
of the total heat load by the solar system was realIze .

'11' btuThe solar heating system supplied 47.4 mr IOn Th
of the total heating load of 83.7 million b!u, e
winter at the site of the experiment was agam wore
severe than that predicted when the house waS
originally designed, but the total solar incidef~e
during the season was nearer normal than dur g
the previous season.

The design objective of obtaining 75 per cen£ o~
the heat for the house from the sun could ?ave t::ir
achieved by a collector and storage 1.4 times. eS
present size for the 1959-1960 season and 1.22 tIw

sepresent size for the 1960-1961 season. C~lleetoroU
92

factor would be less for these collector SIzes II tor
and 0.96 respectively _ and the larger eo ec
harder to justify economically.
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Considerable development is necessary to produce
a design for a highly weatherable, efficient, low-cost
collector. If solar cooling is to be used to obtain
high use factors, then cost reduction and simplifi
cation by omission of parts is a highly unlikely
solution.

Collector and heating system operating costs must
be treated realistically as part of the cost of using
solar energy. The cost of competitive fuel determines
the value of a unit of solar energy and the amount
of pumping and transport cost that is economically
justified. Sound and thorough engineering must
be used in the planning and design of solar houses.
The actual value of solar heating can only be deter-

mined by long-term testing from which quantitative
data can be obtained.
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Summary

in which

COLLECTOR PERFORlIIANCE

If, in considering the thermal performance of a
particular collector, the equation for the instan
taneous rate of energy collection developed by Hottel
and Whillier (2) is written in the following form

~ = Fn [I ('re ex) - UL (t1 - to)] [1]

Solar energy collector

A solar collector as a part of a house envelope
must be evaluated with a number of considerations
in mind. This particular collector has exhibited
good thermal performance and both good and un
desirable effects on the living space, but its original
cost and maintenance requirements are not encou
raging.

= rate of useful energy collection per unit
area of collector surface

= heat removal efficiency for the collector
plate

= total insolation rate per unit area on the
plane of the collector

I

The design of a solar heated house is a complex
and demanding task requiring the collaboration of
engineer and architect, both well informed in the
field. The effective layout and operation of a work
a.ble system presents numerous additional complica
tions if the house is to function as an engineering
test and yield continuous,' worthwhile data. Lack
of coincidence of expectations and results, predicted
weather and actual weather, constitute the principal
Justification for construction of solar houses in
North America at the present time.

It is hoped that this account of experience gained
with a solar heated house operated as both a d~e1ling
and a continuous engineering test for a penod of
t~r~e years will benefit other investigators involved in
SImIlar pursuits.

The present M.LT. Solar House was described in
a recent paper (1), and detailed description is omitted
here. The collector has an area of 640 square feet
and is tilted 60° to the horizontal. The design was
llltended to derive 75 per cent of the house heating
requirements from the sun. This house has demon
strated that the space and comfort requirements
considered desirable by American home owners need
not be compromised in space heating by solar energy.
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[3J

(Te IX) = mean value of the effective cover glass
transmittance-collector plate absorptivity
product for the total insolation, including
allowance for dirt on the cover glasses and
shading of the collector plate by glass
supporting structure

UL = over-all heat loss coefficient for the
collector

to = temperature. of the outdoor ambient air
t1 = temperature of the energy transport stream

at the collector inlet, .

it becomes apparent that, as a thermal device, the
collector will lose heat to its environment in direct
proportion to the difference in its temperature and
that of the ambient air by some value of propor
tionality factor UL. Heat removal efficiency, F R,

is relatively constant for a given design, but (T~ IX)
is subject to seasonal variations and diurnal variations
in the case of a fixed plate collector. If equation [1]
is rewritten to relate quiA to I, so as to develop the
expression for instantaneous collector efficiency, 1),

which follows

1) = FR [(Te IX) - UL (t1-; to)] [2]

it becomes evident that collection efficiency is
sensitive to the ratio (t1 - to)/f and is limited by
FR (Te IX). Figure 2 is a plot of equation [2] for the
Solar Rouse IV collector. The heavy dashed line
indicates a representative mean curve. The use of
this curve permits approximation of average effi
ciencies typical of heating season operation. The
dotted lines illustrate the interrelation of the various
scales of the plot.

The determination of what constitutes the optimum
number of hours of operation of the collector must
clearly be based on the premise that operation is
economically justified at all times when the value
of the energy collected exceeds the cost of water
circulation. The limiting hours are then at the ex
tremes of the day, and their inclusion of necessity
reduces the average value of energy collection per
unit of energy on pumping below the value one could
achieve by operating only at hours near noon.
Plainly, that energy ratio is no measure of whether
the system is operated at its economic optimum.
One wants the value of the energy collected minus
the cost of the pumping energy to be a maximum.

The collector operating efficiency is related to
what may be defined as over-all efficiency, the per
centage of the total incidence on the collector that
is actually collected, by a utilization factor which
may be defined as the ratio of the solar incidence
during the fraction of time the collector is operating
to the total incidence for a given period.

The numerical values for incidence on the surface,
both operating and over-all efficiencies, with utiliza-.
tion factors for months of the 1959 and 1960 heating
season, are given in table 1. In this collector design
and system, an excess of 7.1 btu/It" hr or 14000 btu
per kWh of pumping power must be collected to
operate competitively with the auxiliary system.

The utilizability, or rP curve method of solar
weather description of Hottel and WhiIIier (2)
provides a convenient method for evaluating coIIecto;
performance. rP theoretical is definer: as:

1 n ( I le . +rPTlI = - 2: - - --- )
n 1 f ave fa-"si

in which n is number of hours and subscript "ave"
denotes average and "c" denotes "critical", or that
insolation necessary to raise the coller' er temperature
to the threshold of operation. The .i. denotes that
the summation is made at all periods when the
bracketed term is positive. rP experimental is approxi
mated as

rPEX = fJ!!. 1 [4J
A (TeIX)FnI

The results of this performance evaluation indicate
that the Solar Rouse IV collector couId utilize four
to ten per cent more of the available radiation t~an
it does. This is considered a reasonable correlation
considering the differences in the real .md theoretical
operation. The rP curve method as nsed here does
not take into account the following:

(a) Collector operating economics "lid the fr~ctio?
of utilizable but uneconomical incidence which IS

ignored;
(b) Delay in collector control response to changes

in incidence;
(c) Loss due to collector heat cap<~,:ity as defined

by Hottel and Woertz (3) and Tabor (4).
Average values of rP experimental awl cP theore!ical

for a portion of the heating season months are gIven
in table 2.

COLLECTOR DESIGN

A cross-section of the collector design with de~i%n
details is shown in figure 3. This design does utrh~e
a portion of the conventional house envelope. III
its structure to reduce cost. The probable reductlO?
in expenditure for the collector proper .by t(hl)S
type of construction is presented by Dietz 5.
Experience with this solar house has shown that j
while the collector utilizes common structura

delements and effects a reduction in heat loss an
at times a beneficial indirect contribution to house
heating, at other times it creates a cooling problem.

Solar collector area must be determined by ~s
probable useful collection and the demand of t.e

part~cular application. If a base collector size ~f
considered and the effect of incremental lllcrease

collector size is explored, it will be found t~~t ~~
the area is increased, the use factor of each addltron
increment decreases.

If the net monetary value of collection from eac~
unit area of base collector is established from locaf
energy costs, then the actual value of a unit area.

0

an additional increment can be determined by ta~~t
the product of the ratio of the use factor of the a t r
tional increment to the use factor of the base coIlec 0

and the value of the collection per unit area.
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Incremental use factors developed from the
performance of the 640 square foot collector of Solar
House IV during two heating seasons are given in
table 3. The heating load applied to this particular
collector equals 18.8 btujft2 per heating degree day
(65° base) and results in a use factor near unity
for the heating season.

The collector plate construction has been found
satisfactory in maintenance. The performance of the
portion of the collector between the plate and the
outside has been disappointing. The synthetic rubber
caulking compounds used do not bond well to the
coverglasses for long periods of time through nume
rous temperature cycles. Unwanted moisture is also
introduced into the air space between the cover
glasses by the induction of air as the collector cools.
The filters provided to exclude dust are effective,
but the moisture in the air does condense on the
inside surface of the outer glass layer.

The costs of construction of this collector are not
treated here on an individual or mass production
basis because it is not considered satisfactory. The
group responsible for this test is not in possession of
a superior design, nor do they have knowledge of
any design which would be suitable for mass produc
tion.

Heating system

The present arrangement of the collecting and
heating system is shown in schematic diagram
(figure 4). Water from storage is circulated through
the collector at the rate of 8.361bjft2 hr, and returned
to storage by way of the expansion tank. The ex
pansion tank functions to reduce pressure fluctuation
with temperature change and to allow gravity
draining of the collector during the off-cycle to
prevent freezing and reduce collector heat capacity.
In this system, where all water must pass through
~n air volume, a small quantity of air will be entrained
m the liquid stream. The expansion tank must be
of an internal design to minimize such entrainment
and so located as to provide a hydrostatic head for
operation of an air venting or scavenging system
to function for the water-containing portions of the
system. Lack of a properly designed venting system
r~su1ts in numerous interruptions in service due to
air binding in the circulating pump, piping, and the
heat exchanger. The two sources of hot water for the
heat exchanger must be connected in parallel rather
than series.
. Figure 5 shows the relationship of heat exch~~ger
mlet and outlet temperatures for various condI~lOns
and the relationship of required heat exchanger lI~let
temperature to outside temperature and heating
demand. Heating and domestic hot water loads ~nd
the fractional contributions of the solar heating
system are given in table 4.

AUXILIARY REQUIRElIIENT

The auxiliary heating system must be capable of
SUpplying the maximum probable heating demand

plus the domestic hot water requirement of the house.
In a system where domestic hot water is heated to
the temperature of solar storage and then "topped
up" in the auxiliary unit, the temperature level of
the auxiliary is determined by the necessary domestic
hot water temperature. The actual portion of the
heating and domestic hot water loads supplied by the
auxiliary system can be determined from table 4.

AUXILIARY HEATING SYSTEM

The form of the auxiliary heating system depends
on the location of the solar house and local fuel
availability. A hot water heater fired by the most
economical locally available fuel has been found
satisfactory where both auxiliary space heating and
domestic hot water are required.

Energy storage

M.I.T. Solar House IV uses water both as an
energy transport and as a storage medium. \Vater
is desirable and convenient for testing since deter
minations of the rate of energy flow and the energy
remaining in storage are quite easily made.

The 1 500 gallons of water for storage - about
2.35 gallons per square foot of collector, has a heat
capacity of 19.55 btutF ft2 of collector. Considering
the house heating demand, this storage is capable of
supplying heat for 1.04 heating degree days per
degree Fahrenheit. The optimum storage temperature
range of 105° to 115°F reported in reference (1)
for this system was determined considering collector
behavior and all operating costs, including that of
recovering energy from storage. The behavior of this
storage during three years of operation has presented
no evidence that any other apportionment of storage
to collector area would be better.

As the storage temperature decreases, a fixed
demand requires a greater ratio of auxiliary operat
ing time to solar heating time until an uneconomic
ally low temperature is finally reached.

For short-term storage, the losses are small and
the effectiveness, depending on temperature and
activity, ranges from 92 to 98 per cent.

Control system

COLLECTOR CONTROL

The fundamental requirement of the collector
control is that it respond to solar radiation in the
plane of the collector surface while being aware of
the temperature of the storage unit.

One satisfactory means is the installation of
resistance type sensors in the collector and in the
storage unit, the sensors in turn being connected
electrically in the legs of an alternating current
bridge circuit. An electronic relay responding to
circuit unbalance will perform the control operations
once the circuit has been calibrated and adjusted.
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The following are considerations in the design of a
collector control.

(a) The sensor element applied to the collector
plate must have thermal characteristics nearly
identical to those of the collector plate assembly to
obtain an appropriate response.

(b) The control bridge must incorporate a ~ifferen;.

tial adjustment to compensate for the difference
in response of the collector to radiation in its "dry
plate" condition at start-up from that when operat
ing.

(c) Delay in collector sensor response must be
incorporated in the sensor in its mounting or in the
electrical circuit. The first portion of the transport
medium to reach the collector on start-up does not
represent storage temperature but that of the environ
ment with which the transport system has reached
equilibrium during the collector off cycle.

(d) The storage unit sensor element must be
located to transmit a temperature representative of
the transport stream leaving storage to the control.

SPACE HEATING CONTROL

A conventional thermostat bimetal can be used
to initiate operation of the heating system pump
and fan in the case of the Solar House IV. system
to supply heat to the living space from storage. As
long as the temperature of storage is sufficiently
high to satisfy heating demand, this operation is
all that is required. However, if the temperature of
the living space should continue to fall even with
solar heating, another similar device can be utilized
to permit heat to be supplied to the house by the
auxiliary system. When the demand no longer
requires auxiliary operation, the second bimetal of
the thermostat returns the system to solar operation.
A low limit thermostat is applied to the storage to
prevent operation On energy of a grade below that
which can be reclaimed economically.

Examination of figure 5 will indicate the solar
energy storage temperature required for a particular
demand or, if the temperature is too low, the pro
portion of solar and auxiliary operation required.

Solar collector-heat pump combinations

There may be cases where the heat pump can be
used effectively to reduce the operating time of
auxiliaries, but it does not reduce the auxiliary
demand which is a determining factor in the capital
expenditure necessary to build a workable solar
heated house.

If power is available and reasonably priced, then
the air source heat pump with electric resistance
supplementary heat comprises a reasonably good

heating system, and the justification for a solar
collector as an auxiliary becomes difficult.

If one considers operating circumstances alone
a heat pump coefficient of performance of from fou;
to five is necessary to compete costwise with oil or
gas fuel. Operation at this coefficient of performance
for space heating would require a sufficiently high
storage temperature whereby heat \\,15 economically
recoverable without heat pumping. None of the
data obtained by this test can be interpreted to
indicate that operation of the corrector at lower
temperatures in conjunction with heat pumping
would have been more advantageous.

Results and conclusions

The solar radiation data from table 1 are shown
pictorially in figure 6 and the house heating data
from table 4 in the same manner in rigure 7. During
the winter of 1959-1960, the total solar incidence on
the collecting area during the season was 143.2 mil
lion btu, of which 36.9 million btu were of too
low intensity to justify attempted collection. The
solar collector operated with an av crage . efficiency
of 45 per cent on the residue of 1("'.3 million btu,
extracting 48.0 million btu on~]C surface. of
640 square feet at 60 degree tilt. A 48 V'[ cent sh~nng

of the total heat load by the solar system wa~ r~al1Zed.
The solar heating system supplied :;').8 million btu
of the total heating load of 82.8 million btu.

During six months of the winter o.f 1960-1961,
the total solar incidence on the collecting area was
152 million btu of which 31 million btu was of too
low intensity t~ justify attempted collection.. The
solar collector operated with an average. effiCIency
of 41 per cent on the residue of 121.4 mIllIon b.tu,
extracting 49.1 million btu. A 56.6 per cent shanng
of the total heat load by the solar system wa~ r~alized.
The solar heating system supplied 47.4 million btu
of the total heating load of 83.7 million btu.

The design objective of obtaining 75 per cent of
the heat for the house from the sun could have bee?
achieved by a collector and storage 1.4 times !he~~
present size for the 1959-1960 season and 1.22 tun
present size for the 1960-1961 season.

Considerable development is necessary to produc~
a design for a highly weatherable, efficient, low-coS
collector. . t

Collector and heating system operating costs m~s
be treated realistically as part of the cost of;~~~
solar energy. The cost of competitive fuel e e t
mines the value of a unit ofsolar energy and the al'l!-0UUY
of pumping and transport cost that is economIca I
justified. The actual value of solar heating can ~~ch
be determined by long-term testing from w I
quantitative data can be obtained.
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UTILISATION DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE DES LOCAUX
MAlSON SOLAIRE N° IV DU M.LT.

Resume

[2]

La mise au point d'une maison a chauffage solaire
est une tache complexe et difficile, exigeant la colla
boration de I'ingenieur et de 1'architecte, qui doivent
l'un et 1'autre bien connaitre la question. L'etablisse
ment des plans d'un systeme utilisable et son exploi
tation soulevent un grand nombre de complications
additionnelles si la maison doit etre utilisee aux fins
d'essais techniques etdonner des resultats exploi
tables de facon continue. La difference entre les
previsions et les resultats, le temps prevu et le temps
qui se manifeste reellement, represente la principale

, justification que I'on puisse donner a la realisation
de « maisons solaires » en Amerique du Nord en ce
moment.

On espere que la presente description de l'expe
rience acquise avec une maison a chauffage solaire
dont on se sert a la fois comme de maison d'habita
tion et de « sujet » d'essaiscontinus sur une periode
de trois ans, rendra service aux autres chercheurs
qui s'interessent a des sujets analogues.

La maison solaire actuelle du M.LT. a ete decrite
dans un memoire recent (1), par consequent nous
n'en donnerons pas ici une description detaillee.
Le collecteur a une surface de 640 pieds carres
(59,5 m2) et presente une inclinaison de 60° sur
l'horizontale. Sa conception etait telle que 1'on se
proposait d'y faire appel pour couvrir 75 p. cent
des besoins de chaleur de la maison par l'energie
solaire qu'il recueillerait. Cette maison a demontre
qu~ les exigences quant ala place et quant au confort
qui sont considerees comme souhaitables par les
proprietaires americains, n'ont aucunement lieu de
souffrir du chauffage des locaux par l'energie solaire.

CoIlecteur

Le collecteur solaire, envisage comme element
faIsant integralement partie d'une maison, doit ctre
evalus en tenant compte' d'un certain nornbre de
considerations. Le modele examine ici a donne un
bon rendement thermique et ses repercu~sions s~r les
locaux ont Me a la fois bonnes et mauvaises, mars ses
premieres exigences quant au prix et a l'entretien ne
sont pas encourageantes.

RENDEMENT DU COLLECTEUR

Si, en examin ant le rendement thermique d'un
collecteur donne, on ecrit I'equation qui donne le
regime instantane de recuperation d'energie etablie
par Hottel et Whillier (2), de la facon suivante :

equation dans laquelle

qu = regime de recuperation d'energie utile par
A unite de surface de collecteur

F R = rendement de I'extraction de chaleur de
la plaque du collecteur

I = taux d'insolation totale par unite de
surface dans le plan du collecteur

('re a) = valeur moyenne du produit de la trans
mittance utile du couvercle en verre par
l'absorptivite de la plaque du collecteur
pour 1'insolation totale, en tenant compte
de la poussiere accumulee sur les vitres
de couverture et 1'ombre projetee sur la
plaque du collecteur par la structure
qui supporte le verre

UL coefficient global de perte de chaleur pour
le collecteur

to temperature de l'air exterieur ambiant
t1 - temperature du courant de transport

d'energie a 1'admission du collecteur,

on voit que, en tant que systeme thermique, le collec
teur perd de la chaleur au benefice de son milieu '
en raison directe de la difference qui existe entre sa
temperature et celle de I'air ambiant, suivant un
facteur de proportionalite UL.

Le rendement d'extraction de la chaleur FRest
relativement constant pour une conception donnee,
mais ('t'e a) fait I'objet de variations saisonnieres et
diurnes dans le cas d'un collecteur fixe a plaque.
Si on remanie l'equation [1] pour etablir un rapport
entre quiA et I de maniere a developper 1'expression
du rendement instantane du collecteur, Yj, qui suit :

Yj = F R [('t'ea) - UL (tc~-to)l

il devient manifeste que le rendement deIa recupe
ration de chaleur est sensible au rapport (t1 - to)/]
et limite par F R ('t'e a). La figure 2 est un graphique
de l'equation [2] pour le collecteur de la maison
solaire n° IV. La ligne en traits gras interrompus
est une courbe moyenne-type. L'utilisation de cette
courbe permet d'obtenir une valeur approchee des ren
dements moyens qui sont typiques de l'exploitation
pendant la saison ou le chauffage est necessaire.
Les lignes pointillees indiquent le rapport entre les
diverses echelles utilisees pour le graphique. .

La determination de ce qui constitue le nombre
ideal d'heures de fonctionnement du collecteur doit
clairement reposer sur l'hypothese que ce fonction
nement est econorniquement justifiable chaque fois
que la valeur de l'energie recueillie depasse les frais
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Il ressort des resultats de cette evaluation du
rendement que le collecteur de la maison solaire
nO IV pourrait utiliser une fraction comprise entre
4 et 10 p. 100 de plus de I'energie rayonnante dispo
nible qu'il ne le fait. On estime que c' est la une
correlation raisonnable, compte tenu des differences
entre le fonctionnement reel et le fonctionnement
theorique. La methode de la courbe rp, telle qu'elle

est appliquee ici, ne permet pas de tenir compte
des points suivants :

a) Economic du fonctionnement du collecteur
et fraction de l'energie incidente utilisable, mais
anti-economique ;

b) Inertie de la reponse des commandes du col-
lecteur aux variations d'incidence ; .

c) Pertes dues a la contenance thermique ou
calorifique du collecteur, definies par Hottel et
Woertz (3~, ainsi que par Tabor (4).

Les valeurs moyennes experimentales et theoriques
de rp sur une fraction des mois de la saison de chauf
fage figurent au tableau 2.

REALISATION DU COLLECTEUR

La figure 3 rnontre une coupe du collecteur, avec
certains details de sa realisation. Cette conception
fait effectivement usage d'une partie de la maison
dans sa structure, pour reduire les frais. La reduction
probable des depenses afferentes an collecteur pro
prement dit grace a ce mode de construction est
presentee par Dietz (5). L'experience acquise avec
cette maison solaire a demontre que, tandis que le
coIIecteur utilise des elements ordinaires de la struc
ture de la maison, tout en assurant uric' reduction des
pertes de chaleur, et fait parfois indrrectement un
apport utile au chauffage de la maison, il soul.eve
aussi, a d'autres epoques, un problems de refnge
ration.

La surface du coIIecteur solaire doit etre calculee
en fonction de la quantite utile probable d'energie
a recueillir et en tenant compte des exigences rela
tives a l'application en cause. Si on considere une
taille de base du coIIecteur et si on etudie les effets
d'une augmentation de ses dimensions par echelon,
on decouvre que le facteur d'utilisation de chaque
element ajoute diminue avec l'augmentation de la
surface.

Si la valeur monetaire nette de la quantite d'energie
recueillie par chaque element de surface du collee
teur de base est etablie a partir du prix local de
l'energie, la valeur reelle de l'unite de surface. de
toute addition al'aire primitive peut etre determlllee
en prenant le produit du rapport qui existe entre
le facteur d'utilisation de l'element ajoute aU faete~r
d'utilisation du coIIecteur primitif par la valeur e
l'energie recuperee par unite de surface. .

Le tableau 3 donne les facteurs ajoutes d'utilisatlf
obtenus a partir du rendement du coIIe~teur rv
640 pieds carres (59,5 m2) de la maison solaIre n? uf
sur deux saisons de chauffage. Le charge de cha, d
fage appliques ace coIlecteur est egale a18,8 btu/Piet
carre par degre F Ijour de chauffage, par raxp°ti_
a une base de 65 OF, ce qui donne un facteur u
lisation voisin de l'unite pour la saison de chauffage.

L d d Ilecteure mo e de construction de la plaque u eo de-
s'est montre satisfaisant pour l'entretien. I:e re~tre
ment de la partie de ce coIlecteur compnse cl its
la plaque et l'exterieur a e16 decevant. Les pro l~nt

, de calfatage en caoutchouc synthetiqus ne se 1

[3J

[4J

1 " ( I le )+!fJTlI = -:L ---
n 1 lmoy lmoy

necessaires pour assurer la circulation de l'eau. Les
heures qui fixent des limites a cette condition se
situent done au debut et ala fin de la joumee, et leur
inclusion ramene naturellement la moyenne de
recuperation d'energie par unite de force motrice
consacree au pompage aune valeur inferieure a celle
qui pour~ait etr~ realisee en ne faisa~t. fonctionner
l'installation qu aux alentours de midi. De toute
evidence, ce rapport des energies n'indique pas si le
systerne est exploite a son optimum economique. On
desire que la difference entre la valeur de l'energie
recuperee et celle de l'energie de pompage soit au
maximum.

Le rendement d'exploitation du collecteur est en
rapport avec ce que l'on peut definir comme etant
un rendement global, a savoir le produit du pour
centage de l'energie solaire totale incidente au
collecteur effectivement recueillie, par un facteur
d'utilisation que l'on peut definir comme etant le
rapport entre l'energie solaire incidente pendant
la fraction du temps ou le collecteur fonctionne
et l'energie incidente totale pendant une periode
donnee,

Le tableau 1 donne, les valeurs numeriques de
l'energie incidente sur la surface, le rendement de
fonctionnement et le rendement global avec les
facteurs d'utilisation pour les mois de la saison de
chauffage 1959 et 1960. Avec cette conception du
collecteur et du systerne, il faut recueillir un excedent
de 7,1 btu/pied carre/heure, ou 14 000 btu par
kWh d'energie de pompage, pour assurer la marche
du systeme dans des conditions economiques lui
permettant de faire concurrence au syste~e auxiliaire.

La methode de description du temps solaire au
moyen de la courbe d'utilisabilite, ou courbe !fJ, par
Hottel et Whillier (2), est un moyen commode d'eva
luation du rendement du collecteur. La valeur theo
rique de !fJ est definie comme et ant :

expression dans laquelle n est le nombre d'heures,
les indices (( moy » denotent une valeur moyenne
et c une valeur critique, ou l'insolation necessaire
pour porter la temperature du collecteur au seuil
de son fonctionnement. Le signe + indique que l'on
totalise pour toutes les periodes pendant lesquelles
le terme entre parentheses est positif. La valeur
experimentale approchee de !fJ est

!fJEx = fJ!:!. 1
A ('t'e Cl) FRI
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pas bien aux vitres de couverture pendant de longues
periodes, sur nombre de cycles thermiques. Une
humidite in desirable est egalement introduite dans
I'espace qui se trouve entre ces vitres de couverture
en raison des admissions d'air dont s'accompagne
le refroidissernent du collecteur. Les filtres prevus
pour arreter la poussiere sont efficaces, rnais l'humidite
de l'air se condense sur la surface interne de la couche
de verre exterieure.

Les frais de construction de ce collecteur ne sont
pas etudies id ni sur la base d'une production limitee,
ni en granrle serie, L'equips chargee de ces essais
ne detient pas de conception superieure, et n'a
connaissance d'aucune formule qui soit appropriee
pour la production en serie.

Systeme de chauffage

La disposition actuelle du systeme de recuperation
et de chauftage est donnee au diagramme schematique
de la figure 4. L'eau tenue en reserve circule d~ns
la masse an colIecteur a raison de 8,36 livres/pied
carre/heurc, et fait retour ala reserve par 1'entremise
d'un reservoir de compensation. Celui-ci reduit les
fluctuatiom de pression que provoquent les variations
de temperature et permet la vidange du collecteur
par la simple pesanteur pendant les periodes de
repos, pour eviter le gel et reduire la capacite ther
mique du collecteur. Dans un tel systeme, ou il faut
que toute I'eau traverse un volume d'air donne, une
petite quantito de cet air est entrainee dans le jet
de liquide. Le reservoir de compensation doit etre
agence interieurement de telle sorte que cet entrai
nement sait reduit au minimum; il doit et re situe
de Iacon a fournir une pression hydrostatique pour
actionner un systerne d'events ou de balayage a
l'usage des parties du circuit qui contiennent de
I'eau. En 1'absence d'un tel systeme d'events c?nve
nablement concu, il se produit de nombreuses inter
ruptions de service causees par des engorgements
d'air dans la pompe de circulation et dans l'echangeur.
Les deux sources d'eau chaude destinee a cet echan
geur doivent etre branchees en parallele, pIutot qu'en
serie.

La figure 5 donne les rapports entre les tempera
tures a l'admission et a la sortie de l'echangeur
pour diverses conditions, ainsi que le rapport entre
la temperature d'adrnission souhaitable pour l'echan
geur, la temperature exterieure et les exigences de
chauffage. Les charges attribuables au c~au.ffage
et a la fourniture menagere d'eau chaude, amsi que
les fractions de 1'apport total attribuables au systeme
de chauffage solaire, figurent au tableau 4.

EXIGENCES AUXILIAIRES

Le systeme auxiliaire de chauffage doit etre en
ll1esure de couvrir les besoins maximaux probables
plus les exigences d'eau chaude de la maison. Da~s
un systeme on l'eau chaude destinee a des emplois
rne~agerS est portee ala temperature d'emmagasinage
Solalre puis finalement chauffee dans le groupe

auxiliaire, le niveau de temperature de cette instal
lation auxiIiaire est determine par la temperature
exigible pour l'eau chaude recevant des emplois
menagers. La fraction des charges d' eau chaude et
du chauffage pour les emplois menagers fournie par
le systeme auxiIiaire peut etre determinee a partir
du tableau 4.

SYSTEIIlE AUXILIAIRE DE CHAUFFAGE

La disposition du systeme auxiIiaire depend de
1'emplacement de la maison solaire et des disponi
bilites locales de combustible. Un chauffe-eau dont
l'energie est fournie par le combustible le plus eco
nomique qui soit disponible localement a ete juge
satisfaisant quand on a besoin tant de chauffa&e
auxiliaire des locaux que d'eau chaude pour emplois
menagers.

Emmagaslnage d'energte

La maison solaire nO IV du M.LT. utilise 1'eau,
tant comme moyen de transport de la force motrice
que comme moyen d'accumulation d'energie. L'e<.tu
est un liquide indique et commode pour les essais,
pour autant que les deterrninations du regime d'ecou
lement d'energie et de l'energie qui reste en reserve
sont tres faciIes a faire.

Les 1 500 gallons d' eau destines ala mise en reserve
(environ 2,35 gallons par pied carre de coIIecte~r)

ont une capacite thermique de 19,55 btu;CF/pled
carre de collecteur. Si on considere les exigences de
chauffage de la maison, cet emmagasinage peut fournir
de la chaleur pendant 1,04 degre/jourjdegre Fahren
heit. La temperature ideale de mise en reserve,
de 105 a 115 OF pour ce systeme (1), a ete deterrninee
en tenant compte du comportement du collecteur
et de tous les frais d'exploitation, y compris ceux
afferents a la recuperation de I'energie de ces accu
mulateurs. Le comportement de cette reserve pen~ant
trois ans de fonctionnement ne donne aucune raison
de croire qu'une autre repartition entre la reserve
et la surface du collecteur serait preferable.

La temperature de mise en reserve. diminuant,
1'existence d'une demande constante exige un plus
grand rapport entre la duree de fonctionnem~nt

du systeme auxiliaire et le temps de chauffage solaire,
jusqu'a ce que l'on atteigne une temperature trap
basse pour etre economiquement acceptable.

Pour les mises en reserve a court terme, les pertes
sont faibles et le rendement du systeme, suivant
la temperature et l'activite, s'echelonne entre 92
et 98 p. 100.

Systeme de commande

COl\ll\lANDE DU COLLECTEUR

L'exigence fondamentale est que cette commande
reagisse au rayonnement solaire present dans le
plan du collecteur, tout en tenant compte de la tem
perature du systeme d'emmagasinage.
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Un moyen satisfaisant est constitue par l'instal
lation d'appareils lecteurs du type a resistance
dans le collecteur et l'accumulateur. Ces appareils,
a leur tour, sont electriquement lies aux branches
d'un pont de Wheatstone a courant altematif.
Un relais electronique, reagissant aux desequilibres
du circuit, assurera la commande, apres etalonnage
et reglage. Les considerations suivantes regissent
la conception de ce genre de commande :

a) L'element de perception ou de lecture que l'on
monte sur la plaque du collecteur doit avoir des
caracteristiques thermiques presque identiques a
celles de cette plaque, pour que les reactions ou
reponses soient celles que l'on souhaite.

b) Le pont de commande doit comporter un reglage
differentiel pour compenser les differences dans les
reactions du collecteur au rayonnement quand il
est a l'etat de « plaque seche » au depart et quand il
fonctionne.

c) Des retards a la reponse du dispositif de lecture
du collecteur doivent etre prevus, soit dans sa monture,
soit dans son circuit electrique. La premiere partie
du vehicule qui atteint le collecteur au depart ne
represente pas la temperature d'emmagasinage ou
d'accumulation, mais plutot celle du milieu, avec
lequelle circuit qu'emprunte ce liquide ou vehicule
a etabli son equilibre pendant la periode ou le collec
teur etait au repos.

d) Le dispositif de lecture de l'accumulateur doit
etre situe de telle sorte qu'il transmette une tempera
ture-type du courant de transport de la chaleur qui
sort de la reserve pour aller a la commande.

REGLAGE DU CHAUFFAGE DES LOCAUX

Un dispositif classique a thermostat bimetallique
peut etre utilise pour mettre en route la pompe du
systeme de chauffage, ainsi que le ventilateur, dans
le cas du systeme de la maison n? IV, de maniere
a foumir de la chaleur aux locaux d'habitation
a partir de la reserve. Tant que la temperature
d'accumulation est suffisamment elevee pour faire
face aux besoins du chauffage, ce mode de Ionction
nement est satisfaisant. Cependant, si la temperature
des locaux continue a tomber, meme avec le chauf
fage solaire, on peut utiliser un autre dispositif ana
logue pour permettre qu'il soit foumi de la chaleur
a la maison par un systeme auxiliaire. Quand les
besoins ne sont plus tels qu'il y ait besoin de faire
fonctionner les auxiliaires, le second couple bimetal
lique du thermostat retablit la marche solaire du
systeme. Un thermostat a limite inferieure est prevu
dans le systeme d'accumulation pour s'opposer
au fonctionnement avec une energie d'une qualite
inferieure a celle que l'on peut recuperer economi
quement.

L'examen de la figure 5 indiquera la temperature
de mise en reserve de I'energie solaire necessaire pour
des exigences particulieres ou, si la temperature est
trop basse, la proportion entre le fonctionnement
en energie solaire et avec les auxiliaires..

Combinaison collecteur solaire-pompe achaleur

Il peut se presenter des situations dans lesquelles
une pompe a chaleur peut etre utilisee efficacement
pour reduire la duree de fonctionnemcnt des auxiliaires
sans diminuer les exigences de ces auxiliaires, facteur
decisif quant aux mises de fonds r.ccessaires pour
construire une maison a chauffage .laire utilisable,

Si on dispose de force motrice i1 ,[;:5 prix raison
nables, la pompe achaleur asource dair, avec comple
ment foumi par un dispositif a resis :mce, constitue
un systeme de chauffage acceptable, {; la justification
du collecteur solaire en tant qu'auxiliaire devient
chose difficile.

Si on considere les circonstances de ronctionnement
seules, un coefficient de 4 a 5, en faveur de la pompe
a chaleur, est necessaire pour faire concurrence,
quant aux prix, au petrole ou aux combustibles
gazeux. Le fonctionnement a ce coefficient, pour le
chauffage des locaux, exigerait une temperature de
mise en reserve suffisamment elevee pour recuperer
economiquement de la chaleur, sans 'pompage. ,Au
cune des donnees foumies par le present essal ne
saurait etre interpretee comme indiquant que le
fonctionnement a des temperatures plus basses
serait plus avantageux en liaison avec le pompage
de chaleur.

Resultats et conclusicns

Les donnees du tableau 1 sur h: rayonnement
solaire sont resumees graphiquemeni. a la figure 6,
et les donnees du tableau 4 sur le chauffage de la
maison de la meme maniere a la fi!~ure 7. Pend~nt
l'hiver 1959-1960, l'incidence totale ~i'energie ~ol~lre
sur la surface de recuperation a ete de 143,2 mI1ll.ons
de btu, dont 369 millions d'une intensite trop faible
pour justifier ies tentatives de recuperation. Le
collecteur solaire a fonctionne avec un rend~~ent
moyen de 45 p. 100 sur le residu de 106,3 mllllons

de btu, extrayant 48,0 miIlions de btu avec sa surrce
de 640 pieds carres inclinee a 60°. Le systeme so alr~
a couvert 48 p. 100 de la demande totale. Il a four~~
39,8 miIlions de btu sur une charge totale de 82,8mi
lions de btu. .

Pendant six mois de l'hiver 1960-1961, l'~ne;~l~
solaire incidente totale sur la surface de.r~cupeJa ~~u
a ete de 152 millions de btu, dont 31 mllllons ef vesd'une intensite trop faible pour justifier les tent~ 1 ne
de recuperation. Le collecteur solaire a foncU?~du
avec un rendement moyen de 41 p. 100 sur,Ie. res de
de 121,4 millions de btu, extrayant 49,1 mllhogsdes
btu.. Ce systeme solaire a couvert 56,6. p. 10fourni
besoms. Le systeme de chauffage solaire a 7 roil
47,4 millions de btu sur une charge totale de 83,
lions de btu. . . 100

L'objectif visant a recuperer du soleil 7? P', au
de la chaleur necessaire aurait pu etre reall~etion
moyen d'un collecteur et d'un systeme d'accurnu arIa
1,4 fois plus grands que leur taille aetuelle pOu our
saison 1959-1960 et 1,22 fois leur taiIle aetueIle P
la saison 1960-1961.



M.I.T. Solar House IV 8/67 Engebretson 177

11 faudra realiser d'importants progres pour eta
blir un systerne donnant un collecteur peu sensible
aux intemperies, a grand rendement et d'un prix
modique.

Les frais de fonctionnement du collecteur et du
systeme de chauffage doivent etre traites avec rea
lisme err Lant qu'elernent des couts d'utilisation de

l'energie solaire. Le cofrt des combustibles capables
d'y faire concurrence determine la valeur de l'unite
d'energie solaire et l'importance des frais de pompage
et de transport de l'energie qui sont economiquement
justifies. La valeur reelle du chauffage solaire ne
peut etre determinee que par des essais a long terme
qui fourniront des donnees quantitatives.
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INSTALLATIONS FOR SOLAR SPACE HEATING IN GIRIN

Nobuhei Fukuo, Takeshi Kosuka, Shozo Iida, Ikuya Fujishiro,
Toshiaki Irisawa, Masaie Yoshida and Hisao Mii *

The design, construction and performance of a heating and cooling device using solar energy,
which has been studied at the Government Industrial Research Institute, in Nagoya, j apo.n (350 10' N,
1360 58' E) since September 1958, are described in this paper.

Determination of heating and cooling system

The following system was adopted as the method of collecting heat, of storing solar energy for heating
on cloudy or rainy days and of using a heating system also for cooling in order to SHe the cost of
construction:

Radiation H.T. storage medium
(the sun) ----> (heat collector) -> (evaporator)

. H.T. storage tank

refrigerant L.T. storage medium blower
---=----->0, (condenser) -> (air heater) ---> (air-conditioned laboratory)
heat pump L.T. storage tank air

The arrow indicates the direction of heat transmission, the ~ord above the arrow the lli~LL transmission
medium, and the word below the arrow the heat transmission apparatus. "H.T. storage medium" or
"tank" signifies high temperature storage medium or tank and "L.T. storage medium" or tank" signifies
low temperature storage medium or tank. Water was used as both the H.T. and L.T, storage media
and Fleon 12 was used as the refrigerant. For cooling, the system is switched over as [.lllows:

air L.T. storage medium
(air conditioned laboratory) ---> (air cooler) , (evaporator)

blower L.T. storage tank

refrigerant H.T. storage medium radiation at night (air)
---=-----> (condenser) -> (radiator) ,
heat pump H.T. storage tank

Design

AIR-CONDITIONED LABORATORY

The air-conditioned laboratory consists of. ~~~f
rooms. The total floor area is 82 m2 and the helg

f
the

the rooms is 3.7 m. The laboratory is a part 0 11
first floor of the solar energy research building sho\\
in figure 1. .

and the economy of the consumption of the refri
gerant.

The heat collector does not require therJ?al
insulation. The high efficiency of collecting or radiat
ing heat saves the area of the heat collector.

HEATING LOAD

. h f HawingThe heating loss was calculated from t e 0 h gh
assumptions: the heat loss by conduction t r~ at
the windows, wall, etc., is 450 kcaljh o~; the k;''ll/
loss by ventilation of the air in the room IS 13~ v~n.
h °C on the assumption of the natural rate 0

tilation of the air, 1.5 times per hour.
178

* :\1inistry of International Trade and Industry, Agency of
Industrial Science and Technology, Government Industrial
Research Institute, Nagoya, Japan.

where the air cooler and the radiator are the same
apparatus as the air heater and the heat collector,
respectively, in the first system described.

This system has the following feature. A unit
of installations may be used for heating as well
as for cooling. It is advantageous in that water
is cheap as the storage medium; it is good in heat
exchangeability; it circulates well in the system;
it hardly corrodes the material of the system; and
it improves the coefficient of performance (c.o.p.)
of the heat pump.

Although the adoption of the two storage tanks
somewhat increases the cost of the installation, it
saves the capacity of the heat pump and evens the
power consumption.

This system has four stages of heat exchange.
"However, the number of the stages is compensated

?y the better stability of the heat exchange, the
Improved safety from the leakage of the refrigerant,
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Figure I. Solar energy research building

Such means of reducing the heating load as solar
beam penetration through the windows and the
existence of heat sources in the rooms are neglected.

The air conditioning of the laboratory is 20°C and
50 per cent r.h.

In January, the coldest month of the year in
Nagoya, the average temperature throughout the
month is 2.5°C, the average maximum temperature
is 7.9°C, and the average minimum temperature
is -1.7°C. For heating for 10 hours per day, in
daytime only, the outdoor temperature during the
heating time may be (2.5 + 7.9)/2 = 5.2°C.

Therefore, with the coefficient 5 per cent correcting
the overload during the starting time, the heating
load is (450 + 130) X (20 - 5.2) X 1.05 X 10 =
90000 kcaljday.

COOLING LOAD

The heat loss by conduction is 450 kcal/h "C.
The heat loss by ventilation is based on the natural
rate, once an hour. The heat of cooling and drying
accompanied by the enthalpy change from the
outdoor air of 30°C and 70 per cent r.h. to
20° C and 70 per cent r.h. is 2 300 kcal/h.

The average temperature throughout August,
the hottest month of the year in Nagoya, is 26.6°C
and the average maximum temperature is 32.3°C.
Therefore, the planned average outdoor temperature
for 10 hours in daytime may be (26.6 + 32.3 /2 =
29.5°C. The cooling load is, therefore, {450 (29.5
- 20) + 2300 + 1 000 + 1 200} 1.05 X 10 = 93000
kcal/h.

STORAGE TANKS

The minimum temperature of the L.T. storage
tank is 3°C. (The water should not be frozen by the
evaporator of the heat pump.) The maximum tern pe
ratu~e of the L.T. storage tank is 13°C (for both
heating and cooling).

The minimum temperature of the H.T. storage
tank is 30°C. (Heating in daytime or the discharge
by radiation at night should be possible.) The
maximum temperature of the H.T. storage tank is

40°C. (The c.o.p, of the heat pump should not be
lowered.)

The capacities of the L.T. and H.T. storage tanks
should be large enough to keep the specified tempe
rature of the laboratory for cloudy or rainy hours
of 1.3 days.

The tanks are insulated under the ground where
the temperature change is small.

The heat loss from the H. T. storage tank in winter,
the heat penetration into the L.T. storage tank in
summer, and the heat loss from the H.T. storage
tank in summer are 20, 10, and 10 per cent of the
heat storage per day, respectively.

On the assumption that the c.o.p. of the heat pump
is 4, the heat storage of the L.T. tank is 4/3 of that
of the H.T. tank under the same temperature
difference. The capacities of both the tanks are
equalized.

On these assumptions, it was calculated that the
necessary heat storage of a tank is 56 000 kcal for
1.3 days of heating and 54 000 kcal for cooling.
For the capacity of a tank, 5.6 m3 is enough if the
heat is stored at 10°C temperature difference.

Incidentally, the tanks were insulated by a car
bonated cork panel, 5 cm thick, under the assumption
of goC at 1.2 m under the ground.

HEAT PU~[P

Since the temperature of the evaporator of the
heat pump is 2°C and that of the condenser is 41°C
at 8°C of the average water temperature of the L.T.
tank and 35°C of that of the H.T. tank, the c.o.p,
of the heat pump with Fleon 12 is 4 in the heating
period and 3 in the cooling period.

The heat to be supplied from the condenser to
the H.T. storage tank during the heating period
is 90 000 kcal/day of the heating load, plus
11200 kcal/day of the leakage from the RT. tank, the
total being 101 200 kcal/day. The heat to be removed
by the evaporator during the cooling period is
93 000 kcal/day of the cooling load, plus 5 600 kcalj
day of the penetrating heat, the total being
98 600 kcal/day,

With 24-hour operation of the heat pump. the
heat generation of the condenser should be

I I

I ! .
I II

I

_i I- - i,
~52

,
I

Figure 2. Pipe sheet used for the collector (In mm)
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5500 kcal/h, and the necessary output of the motor is
2.15 h.p. The use of a 3 h.p. motor is sufficient.

COLLECTOR OR RADIATOR

The heat collector or heat radiator is made of
aluminum pipe sheet, as shown .in figure 2. The
surface of the sheet is coated with black paint.

Collector

It was assumed that the solar radiation absorbing
coefficient of the collector is 90 per cent, owing to the
covering of sand or dust on its surface.

The surface of the collector was inclined 35°
southward in accordance with the latitude of Nagoya.
The average solar radiation incident upon the surface
with this inclination is 5 000 kcal/m" day.

A preliminary test indicated that the temperature
of the collector is nearly the same as the water
temperature at the outlet of th- collector. The
water temperature at the inlet of the collector is
equal to the water temperature ill (he L.T. storage
tank.

The water flow through a pipe of 1he pipe sheet of
the collector is 9 cm3/sec. The total flow through
the no pipes is 60 lit/sec.

The time available for collecting the solar radia
tion is 8 hours, from 8 a.m. to 4 lD., in January.
The average radiation is 625 kc~;.l/m2h.

It was assumed that the coefficient of heat transfer
on the surface of the collector is 20 kcaljm'h'C.
The heat of the collector is radiated to the air from
both its surfaces.

Under these assumptions, from the equation.

(the efficiency of the collector X (heat collecting area) X (average solar radiation)

= (water flow) X I(water temperature at the outlet) - (water temperature at the inlet) (

- 2 X (coefficient of heat transfer on surface)

X (heat collecting area) X I(temperature of the collector) - outdoor temperature) I.
a heat collecting area of 28 m2 and an efficiency of the collector of 54 per cent is obr..ined.

Radiator

The average temperature at night in August is 24.1°C in Nagoya, the average temperature through
out the month is 26.6°C and the average minimum temperature throughout the month is 22.5°C.

The time availablefor the heat radiation to the air amounts to 12 hours.
The water temperature at the outlet of the radiator is 32.2°C. It is equal to the tf'Wilerature of the

radiator.
Thus the heat radiation by convection and conduction is

2 X (coefficient of heat transfer) X I(temperature of the collector) - (outdoor temperature)! X (hours for rat:;ation to the air)

= (heat discharge) = 3900 kcaljm-.day.

The emissive power of the radiator to the hemis- the heat penetration through the wide opening of th~
phere is 0.9. The space temperature of the atmosphere windows" Tetoron polyester fiber curtains plate
is 273°K. with aluminum by vacuum evaporation were

The weather conditions of Nagoya limit heat installed on the windows.
radiation to the atmosphere to only 50 per cent Figure 3 shows the heat collector (4.7 X 6 ::::
of the total hours at night. Thus the heat radiating ~8 m-). It consists of 10 pieces of pipe sheet. as s.holin

to the atmosphere is 830 kcaljmsday. III figure 2, and there are 110 pipes longltudm.a ~
Therefore, the necessary area for discharging the in the collector. The inlet of the water is at the ngh

heat of 122 500 kcal/day (the heat to be discharged
for cooling, 93000 kcal/day: plus the input to the
L.T. storage tank from the heat pump under 3 of
c.o.p., 29500 kcal/day: plus the heat penetrating
to the L.T. storage tank, 5 600 kcal/day minus the
leakage from the H.T. storage tank, 5 600 kcal/ day)
is 122500/(3,900 + 830) = 25.9 m2•

For the area of the collector or the radiator,
28 m2 is sufficient. .

Installations

Figure 1 is the outside view of the solar energy
research building. There is a black heat collector
on the roof, as shown in the right side of figure 1.
The room on the right side of the first floor is the
air-conditioned laboratory. In order to minimize Fi~ure 3. Solar heat collector (also used for radiator)
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end of the bottom and the outlet is at the left end
of the top of the collector. The white pipe running
around the collector from the left end of the top to
the right end of the bottom is to return water. It
is made of rigid vinyl chloride resin insulated with
foamed polystyren, 5 cm thick. Neither the surface
of the collector nor of the radiator is insulated.

The inside wall of- the storage tanks is made of
steel plate coated with anti-corrosion paint and
vinylpaint. The outside of the storage tank is directly
insulated with carbonated cork, 5 cm thick, and
reinforced with concrete.

The pipings in the control room shown in figure 4
are also made of rigid vinyl chloride resin insulated
with foamed polystyren resin.

The controller in the control room shown in
figure 5 consists of two temperature recorders with
six readings each, an operating desk, and an automatic
temperature controller.

Running test

RECORD OF TEMPERATURES

Some examples of the charts of the recorders with
six readings at running tests are shown in figures 6,

Figure 4. Plpfngs in control room

Fil1ure 5. Controller

7 and 8. Figure 6 shows the temperatures of several
important points in the system during 24 hours
on a sunny day. The temperature of the H.T. storage
tank fell temporarily through the discharge of heat
when the air heater started, but it rose as a whole
during the heating period.

The temperature of the L.T. storage tank increased
in spite of the cooling by the heat pump. It indicates
the heat storage by the surplus of the collection of
the solar radiation. The heat collection was made
from 8:30 to 16:30 and the temperature of the
water at the outlet of the collector was maximum
in early afternoon. As assumed in the design, the
water temperature at the outlet of the collector
is nearly the same as the temperature of the collector
itself.

Figure 7 shows a running test on a cloudy day.
While the temperature of the H.T. storage tank
is not so different from that on a sunny day, the
temperature of the L.T. storage tank is cooled by
the heat pump continuously and the heat storage
is decreased.

The dry and wet temperatures of the laboratory
are shown in figure 8. The range of the controlled
temperature is ± 2°C and the relative humidity is
kept within 7 per cent of the deviation.



Figure 6. Temperature records of running test on a sunny day. Legend: (1) H.T. storage tank; (2) L.T. storage tank;
(3) outside the laboratory; (4) on the roof; (5) collector; (6) water at the outlet of the collector
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Figure 7~ Tern:pera1:ure records of running t.est on a cloudy day (sa1TI.e leg,end as fig.ure 6)

»:~{:!-,

rn
"0
~
~

::r
~

~
S"

IlQ.



..

Figure 8. Dry and wet temperatures in the Laboratory. Legend: (1) dry temperature of main room;
(2) dry temperature of auxiliary room; (3) dry temperature of control room; (4) wet temperature of main room
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I/taJ
storrJ

1.56 0.29
32.0 6.0

l.raked Ito",
the storagt

tanks

2.!l~:

62.0
l.lS

24.5

From the For Oh'
heat pump room hn;:l"~'

3.65
75.5

Heat gained

From
the sun

------ -------- ---

Heat (106 kcal)
Percentage. .

0.081cal/cm2•
oC.min and the coefficient ofheat transfer

was 24.5 kcal/h.oC.cm2, while it '."as assumed in
'the design that the coefficient was 20 kcal/h.oC.cm2•

Table 1. Heat balance in the heatb~! period from
November to March

HEATING PERFORMA::\fCE

The measured average heat loss during the winter,
480 kcal/h.T', was smaller than the value assumed
in the design by 100 kcal/h.oC. From this difference,

'1 000 kcal/h of solar heat penetration through the
windows and the heat source in the laboratory may
be estimated.

o
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FI~ure 9. Monthly averages of water temperatures of
H.T. and L.T. storage tanks, outdoor and underground
(-1.2 m) temperatures, and leakage loss from H.T.
storage tank

PERFORMANCE OF HEAT COLLECTION

Referring to the results of the running test from
November through March, the collected heat was
proportional to the sine of the angle between the
incident solar beam and the plane of the collector,
and it was minimum in December. The average
heat collected on a unit area perpendicular to the
solar beam during the winter was 0.96 cal/cms.min.
This is about 70 per cent of the incident direct solar
radiation, 1.3 cal/cms.min,

The water temperature at the inlet of the collector,
which is equal to that in the L.T. storage tank,
decreases with the outdoor temperature, and the
temperature difference is kept within 2.6°C. When
the temperature of the L.T. temperature is higher
than the outdoor temperature, the heat discharge
from the collector to the air is increased and the heat
collected is decreased. When the temperature of
the L.T. temperature is lower than the outdoor
temperature, the heat received from the air is
increased and the temperature of the water in the
tank is increased. These actions for automatic
compensation keep the temperature difference small.

Even on rainy or cloudy days, heating is possible
because the L.T. storage tank water gains the heat
from the air through the collector. In the example
of three consecutive days in February on which
it was not sunny, heat may be collected because the
outdoor temperature was comparatively higher,
10 to 15°C, and the temperature of the L.T. tank
was 5 to 8.5°C, lower than the outdoor temperature.
The average heat received on a unit area was

STORAGE PERFORMA:,C"o

The average water temperatures d the H.T. and
L.T. storage tanks during the winter are shown
in figure 9. The decrease of the wc.tcr te~pe~ature

in the H.T. tank from November to ),nmarymdlcates
the shortage of heat storage whic1; :tccompanies the
increase of the heating load. The higher temperatures
in February and March partly depended on the
switch-over of the operation of the heat pump from
10 hours to 24-hour automatic operation.

While the leakage from the L.T. stora~e tank
may be neglected because of the small difference
between the water temperature and the underground
temperature, the leakage from the H.T. storage
tank was 18600 kcal and 50 per cent more than the
design value.

HEAT BALANCE

The heat balance sheet is shown in table 1. T;~
percentages shown in the table refer to the to at
heat gained. Of the total gain of heat, 75.5 per ~~.~
was collected from the sun and 24.5 per cent the
from the output of the heat pump. The c.?p. of

l
of

heat pump was 3.9 and nearly the recIproca the
24.5 per cent, the output of the heat pump..Of the
gained heat, 62 per cent was used for heatll1g ge
rooms, and the leakage of heat from the stora e
tank was 32 per cent, which was consider~bly larfld
This means that stricter thermal insulatIOn shot
be applied to prevent the thermal leakage.
'. . 'th sroaIlThIS report IS based on a runmng test WI h' test

capacity tanks for temporary use. Since t liS h~
was made, a pair of tanks, 20 m3 eac 1, ing
been constructed and a further continuous ftunn

andtest is under operation using both the sma er
the larger pairs of tanks.
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DESIGl\ AND PERFORMANCE OF DOMESTIC HEATING SYSTEM EMPLOYING
SOLAR HEATED AIR - THE COLORADO SOLAR HOUSE

George 0: G. Lo},* M. M. El Wakil ** and J. P. Chioi: ***

One of the most inviting applications of solar
energy is in the large fuel-using function of space
heating, often estimated at one-fourth of total
energy consumption (1). House heating with solar
energyhas attractive possibilities because temperature
requirements are modest, heating needs of a house
in the tern perate zones are reasonably comparable
with solar energy incidence on the building, and the
equipment is not too complex for non-technical
users.

Consido: able development of solar heating by
use of fl.u-plate solar heat exchangers (collectors)
and short-term thermal storage units has taken
place in tll(' past decade or two. Roof-mounted solar
heating units employing water as a transport and
storage ir.vdium have been tested in the United
States ill Massachusetts (2), Arizona (3), New
Mexico H, Kansas (5), and Washington, D.C. (6);
and in J";I,m in Nagoya (7) and Tokyo (8). Several
of these in-tallations have included a heat pump for
supply of a portion of the heat requirements; the
others have employed fuel or electric auxiliary
heating fucilities.

Space heating by use of solar heated air from
roof-mounted or wall-mounted collectors has been
tested in Massachusetts (9), Arizona (10), and
Colorado (ll). Heat was stored in a fusible salt in
the Massachusetts house, and in bins of loose rock
in the others. The solar source was supplemented
by fuel or electric resistance heating in all but the
Arizona house. '

In general, solar space heating requires two
principal components in addition to the conventional
hot air heating system: a solar energy collector and
a heat storage unit. The former is used to receive
solar radiation when it is available and transfer
it to the heat transport medium. The storage unit
receives heat from the medium and releases it
Whenever required and possible. In most cases, a
conventional heating unit is used with the solar
system to avoid oversized collector and storage
facilities and to meet heating requirements during
extended periods of cloudiness.

In comparison with the conventional system,
a solar heating unit is less costly to operate and

• Consulting Chemical Engineer, Research As.o;ociate. Uni
\·.crsity of Wisconsin; Research Associate. Resources for the
!'uture, Inc .

•• Associate Professor. University of Wisconsin.
••• Research Assistant, University of Wisconsin.

maintain. High initial cost is its principal disad
vantage. Most of the development efforts are, there
fore, directed toward reducing the investment
required for a given heat delivery capacity. These
include improving the system efficiency, simplifying
the combination of solar and conventional facilities,
designing collector units suitable for low-cost factory
production, and providing for summer use of equip
ment in water heating and air cooling.

One of the projects in which these factors are
being studied involves a solar heating unit on a
moderately large residence near Denver, Colorado.
The system comprises a solar air heater in combina
tion with heat storage in crushed rock and a conven
tional natural-gas furnace. The investigation is part
of a solar energy development program of the
American St. Gobain Corporation. This paper is
largely a report of the performance of the system
during the winter of 1959-60,analyzed in co-operation
with the University of Wisconsin.

Description of house and heating system

The Colorado solar house (figure 1) contains about
3 200 square feet of living area, i.e., 2 100 square
feet on the main level and 1 100 square feet in the
basement. Large window areas are employed. those
on the south being under a projection of the roof
to maximize heat gain in the winter and minimize
it in the summer. The house is an effective and pleas
ing combination of an experimental unit and a
comfortable home.

Figure I. North-west vIew or the Denver Solar House

185
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Air is used as the heat transport medium and
crushed rock as the solar energy storage material.
The system consists of two solar collector banks,
two' vertical heat storage cylinders, hot water
preheater, blower, conventional natural gas furnace,
control equipment, and the necessary air ducts.
The design heat load was computed at 108500 btu
per hour at outdoor conditions of zero F.
and 8.8 mph wind velocity. This heat loss rate is
equivalent to about 40000 btu per degree-day.
In subsequent measurements, the heat demand was
found to average about 32000 btu per degree-day.
A schematic diagram of the complete heating system
is shown in figure 2.

Solar collector

Two collector banks are on the roof, surrounded
by a 4-foot parapet wall as shown in figures I and 3.
They are 50 feet long, 6 feet high, and face south
at an angle of 45 degrees with the horizontal. Each
consists of 10 "cold panels" and 10 "hot panels"
located alternately. Glass wool insulation is pro
vided on the back of the panels. Cold air from the
house or storage unit enters the cold air manifold
and is then distributed to the 10 "cold collector
panels" in each bank. After partial heating in

the "cold panels", the air passes to 'he corresponding
"hot panels" via cross connectir.e ducts. The air
is heated further in the hot par. is and delivered
to the house or storage unit via tl..: hot air manifold
and duct system.

The collecting panels, figure .j., ire of the over.
lapped glass plate type (12). E:\("l panel has six
black plates 12 X 27 inches, anr: seven clear glass
plates, five of which are 24 X 27 an.: two are 12 X 27
inches. They are common "single ,'i rength" window
glass (about 1/10 inch thick), spar :J 1/4 inch apart.
The black plates were made by "crmal fusion of
black glass particles to the surf.«: of clear glass.
The "cold panels" have a single cover glass, approx
imately 2t by 6 feet, whereas (lu<lhle cover plates
are used on the hot panels. The total area of the
two collector banks containing 40 panels is
600 square feet, of which about ;-;:\() square feet is
effective heat collection area.

Heat storage uni:

The heat storage system cornj-: ;,'C5 two vertical
fibre-board cylinders 3 feet in di..». 'ter and 18 feet
long, extending from the cover of r:, ' bottom plenum
chamber on the basement floor to : :~ plenum cham
ber on the roof. Wire mesh forms; ; " lowest two feet

Solar Collector

a·
8b"

3 Roof10' ba
ReturnCheck damper

air register
Heat Storage

Tubes

6a'

a Summer b

4a'

Bottom Plenum

Ftgure 2. Sketch of Denver solar space heating system
(Not to scale)
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Figure 3. South collector bank

of 1.81 inch of water; low speed capacity IS

620 scfm at 0.8 inch pressure difference.

of the tubes and allows air to flow freely to and from . '., ,.
them. In the center of one cylinder, an 11 inch
duct extends from the top to a side opening about
2 feet fror : the bottom.

The twc cylinders contain a mixture of crushed
and uncr..shed rock, primarily granitic, closely
sized to 1 to t· inch equivalent spherical diameter.
Its specifi heat is approximately 0.18 btu /lboF
and its b.iik density is about 96.4 lbjcu ft. The
total quaL ity is 23 460 pounds.

Hot water' preheater

A finned-tube, single-row heat exchanger in the
hot air duct entering the blower (figure 2) is used
as a preheater for the house hot water supply. A
small portion of the heat in the solar-heated air is
transferrer' to water circulating by gravity-tempe
rature dif..rence from an 80 gallon tank. After being
preheated, the water passes to an automatic gas
fired heater. In summer operation, this is the only
use of th.. collected solar energy.

Gas furnace
Air blower and motor

A centrifugal blower with a 9-inch impeller is
driven b) :l two-speed, single phase electric motor,
rated at Tie and at one-half horsepower at 1 800
and 1 20" rpm respectively. At the high speed, the
blower (I·livers 770 scfm at a pressure difference

A conventional natural gas furnace, but without
built-in blower, nominally rated at 160000 btu
(sea-level) output, was provided with controls
permitting two levels of gas supply and heat delivery.
Slightly over 100000 btu per hour is supplied to the
house air stream at a gas rate of 184 cu ft/hr and a

Black plate

Clear plate

Cover plate

Top separate connection-r

Insulation

Cold air inlet
common manifold

COLD PANEL HOT PANEL

Hot air outlet
common manifold

Figure 4. Cross sections of collectors
(Not to scale)
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combustion efficiency of 74 per cent. The lower
gas supply rate is 93.5 cu ft/hr.

Control system

SOLAR RADIATION DETECTOR
(COLLECTOR THERMOSTAT)

A resistance thermometer element is mounted
on a blackened metal plate in a glass-covered closed
metal box above one of the collector banks. The
thermal inertia of the control element simulates
that of the collector itself' and senses the solar
intensity. Through an amplifier and Wheatstone
bridge circuit, this unit supplies signals to start and
stop the blower motor and other system components
involved in solar heat supply.

STORAGE COMPENSATION THERMOSTAT

Another resistance thermometer in the ·top of the
heat storage unit supplements the action of the solar
radiation detector. Control of the storage operation
is based on the setting of a suitable temperature
difference between the collector thermostat and the
storage compensation thermostat.

ROOM THERMOSTATS AND MODULATING DAMPERS

Two ducts fitted with variable flow dampers
supply hot air to rooms in two zones of the house.
A double contact thermostat in each zone controls
the blower, the main dampers, and one of the modu
lating dampers. If the temperature in one of the
zones decreases below the thermostat set-point,
the first contact closes and the appropriate modulat
ing damper slowly starts to open. The two pairs.
of main control dampers immediately move to permit
air flow either from the collector or the storage
unit, and the blower motor is actuated at the low
speed if air is being supplied from the collector or at
high-speed if from storage.' If the zone temperature
does not rise past the control point by the time the
modulating damper reaches the full-open position
(about 10 minutes), gas is supplied to the furnace
at the lower rate. If the zone temperature falls
further, at this condition, the second thermostat
contact closes, starting the fuel gas supply rate to
the furnace.

CONTROL DAMPERS

Four dampers operated in pairs by two damper
motors are controlled by the several thermostats.
One pair of dampers directs hot air leaving the blower
either to a house zone needing heat or to storage.
The other pair selects the blower air supply either
from collector or from storage. '

OTHER DAMPERS

Four swing-type check dampers are provided at
various points to prevent reverse flow of air when
not desired and to decrease air 'leakage. When
the system is first put in service, a manual damper
at the bottom of each hot collector panel can be

adjusted to provide uniform air flow through each
panel. Conversion from winter to :'; -nmer operation
is accomplished by inserting a s['!:t metal blank
in the hot air duet leaving the furn:«.e and removing
a blank in the air bypass from th.: furnace exit to
the top plenum chamber.

Instrumentation

Solar radiation was continuously measured by an
Eppley pyrheliometer mounted aE. the top of the
south collector bank at the same amy as the collect
ors. Air flow rates at the blower outlet and at the
two cold air return grills were measured periodically
by a hot-wire anemometer. /

A manometer and static pres;;,;re taps III the
bottom plenum' chamber, water ;)rehe~ter inlet,
blower inlet and outlet were used ',:ccaslOnally for
pressure measurements, in the sy-: 'm.

Nineteen copper constantan th.» mocouples are
located at all positions where signiii.ll1t ten:pe~ature
data may be secured. Several of th. C'C are mdIcated
by numerals and letters in figu«: 2. They. w~re
continuously recorded, along with solar radIatlOn
data on a standard multipoint ins: Idment. Damper
positions were also recorded on t he ,c~art by use
of low voltage indicator circuits COlt1Unmg mercury
switches on the damper lever arms, Air temperatur~
at the bottom of each hot panel and ;ct the top ofeo
panels was occasionally measured 'by thermom~ter.
, Gas and electricity consumption were obtamed
by daily readings of a main gas supply meter (house
and water heating) a gas meter {or the furnace, . power
only, and an electric meter for the entIre
supply to the heating system.

Operation of the solar heating system

HOUSE HEATING SEASON

There are three cycles of system operation:
House heating from the collectors.
Storing heat. .
House heating from storage. r d
In addition, natural gas mayor may not ?e surict:s.

to the furnace during both house heatmg, ircu
Figure 2 shows the features related to these al~i~ions.
lation arrangements under these several con

House heating from collectors
th collector

Hot air is' supplied directly from . edemanded
to the rooms of the house when ~eat ~s received.
and when adequate solar energy IS bemg ionally,
This cycle is used the least of the three. Oc~aspassing
gas heat may also be supplied to t~e aIrnditions.
through the furnace under these operatmg c~ 3 open,

Positions of control dampers: Nos. 1 an
2 and 4 closed.
, Blower speed: low. . h vertical

Air flow route: collectors - down throug hot air
duct-water preheater-blower-furnace-
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Table 1. Air flow rate at blower outlet (sefm)

Table 2 Amount of air leakage at various points (scfm)
(After December 16, 1960)

consideration, general functioning of all components
and their adjustment to satisfactory operation were
given primary attention. The elimination of design
and fabrication defects" insofar as possible, was
based on observations made during this period.
Next, tests of heating effectiveness, response to
thermostatic setting, extent of air leakage, and
other short-duration experiments were performed,
and additional adjustments made where possible.
Finally, complete data on day-to-day system perfor
mance through the entire winter were secured and
analyzed.

Changes and improvements in the system were
being made even during the heating season analyzed.
In particular, inadequate air circulation rates were
increased by making a few design changes. Table 1
shows the principal changes and their results.

Investigation of air leakage rates was another
performance analysis of importance. The sizable
static pressure differences and the many possibilities
for small openings in such an extensive array of
ducts, collector panels, and storage components,
even with careful fabrication and caulking of joints,
make air leakage a problem. Any flow of hot air
from the equipment is counterbalanced by cold
air flow into the system, with a resultant efficiency
loss. Temperature, static pressure, and air velocity
at various points were therefore measured, and
used in energy and mass flow balances by which
leakage rates in several sections of the system were
evaluated.

Heating performance during the winter of 1959-60
was determined by day-by-day analysis of gas and
electric meter readings and the temperature and
solar radiation data from the recorder chart. Air
flow rates in each operating cycle and for each of the

770 782 620

Into
vertical
duct to

basement

Into
storage

from
house

495 522 405

735 772 616

Storage 1Ieating Heating
cycle from storage from collector

Into
lower

Blower Into plenum
outlet cotlectors and

basement
ducts

Cycle

Period

Up to November 17, 1959
November 18,1959 to December 15,

1959. Inserted dividers in the
top (cross-connecting) manifold.

December 16, 1959 to present.
Adjusting dampers at the bot
tom of each hot panel to equa
lize air distribution . . . . . .

registers -- rooms - cold air return - grills - top
plenum chamber-s-collectors.

House heating from storage

This cy-le operates intermittently whenever the
house requires heat and the sun is not shining. If
the air P.' ching the rooms is not warm enough to
meet the vcermostat demands, gas heat at the low
rate is added to the air. If this is not sufficient, the
full gas fue1 supply rate is utilized. Air is circulated
through t],,,, storage unit even if it contains little
or no he.it, thereby insuring its full utilization,
but at the same time requiring blower power use.

Position. of control dampers: Nos. 2 and 3 open,
1 and 4 closed.

Blower speed: high.
Air flow route: Rooms - cold air return grills

top plenum chamber - storage unit - bottom
plenum chamber-blower-furnace-hot air regis
ters-rooms.

Note that the heat storage medium is heated
from the bottom upward and cooled from the top
downward. Maximum heat recovery is thereby
obtained.

Storing heat

This cy-le operates when the house does not need
heat and the intensity of solar radiation is great
enough tc justify collection. This operation is fairly
continuou: on sunny days.

Position" of control dampers: Nos. 1 and 4 open,
2 and 3 closed.

Blower speed: high.
Air flow route: Collectors - down through vertical

duct-war~r preheater-blower-bottom plenum
chamber-- -storage unit-top plenum chamber
collectors,

Summer water heating

At the start of the summer, a stationary shutoff
damper or "blank" is manually removed from its winter
position in a bypass air duct from the top of the
~urnace to the roof plenum chamber. A small vent
~n the roof plenum is opened and a second "blank"
IS Inserted in the main air duct leading from the
furnace to the rooms. Then, with a higher setting
on the collector thermostat, water preheating takes
place in sunny weather.

Position of control dampers: Nos. 1 and 3 open,
2 and 4 closed.

Route of air flow: ambient air - top plenum cham
ber-collectors-down through vertical duct-water
preheater-blower-furnace-summer bypass duct
-top plenum chamber.

Blower speed: low.

Performance analysis

The performance of the solar heating system was
determined by three types of analysis. In the first

Heating from storage . 782·
Storing heat . . . . . 770 154.8
Heating from collector. 620 171

35
28.2
o

47
31.4
o

o

104
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Table 3. Energy balance of Denver solar house

Winter 1959-60 : all values in million btu

September
October November December Janua"ry February March April May June Total(18-30) (1-10)

1. Total solar incidence on 45°-600 sq
ft collector area. 9.93 26.84 25.81 21.98 25.48 22.10 30.43 26.56 29.61 8.13 226.86

2. Total solar incidence available on
45°-600 sq ft collector area when
collection cycles operated. .. 6.94 20.16 17.55 15.67 17.05 13.38 22.03 19.94 22.60 6.00 161.33

3. Gross collected solar heat . -* -* -* -* 5.99 4.33 9.08 9.16 8.86 2.40 -*
4. Gross collector efficiency, per cent . -* -* -* -* 34.7 32.4 41.1 45.9 39.8 40.0 -*
5. Useful collected heat . 1.93 5.91 5.34 5.61 5.59 3.79 8.45 8.66 8.25 2.18 55.72

6. Net collector efficiency, per cent 27.9 29.4 30.3 35.8 32.7 28.3 38.3 43.5 36.5 36.4 34.6

\§7. Solar heat absorbed by storage
tubes. 1.12 3.04 2.77 2.79 2.64 1.92 3.99 3.68 3.01 0.50 25.46

8. Storage tube inventory . -0.03 0.07 - 0.002 - 0.008 0.017 - 0.023 - 0.008 0.07 0.17 -0.05 -* rn
9. Solar heat absorbed by water pre- -e

~

heater. . 0.11 0.35 0.30 0.32 0.27 0.21 0.51 0.72 0.87 0.29 3.95 n
~

10. Heat delivered by natural gas for ::r
~

house heating.. 3.19 12.26 19.65 22.16 26.90 28.10 17.45 7.09 4.78 0.25 141.83 ~...a-
ll. Heat delivered by natural gas for ao.

water heating . 0.67 1.49 1.79 2.01 1.84 2.68 2.60 3.23 3.24 0.88 20.43

12. Total heat load. . 5.79 19.66 26.78" 29.78 34.33 34.57 28.50 18.98 16.27 3.31 217.98

13. Per cent of useful collected heat
absorbed by water preheater . . 5.7 5.91 5.63 5.7 4.84 5.55 6.04 8.2 10.56 13.4 7.09

14. Per cent of total water heating load
supplied by solar energy . .. 14.1 19.0 14.4 13.75 12.80 7.26 16.4 18.25 21.20 28.40 16.25

15. Per cent of house heat load supplied
by solar energy (including water
preheating but excluding water
heating) . 37.5 32.3 21.4 20.2 172 1l,87 326 55.3 63.4 89,6 28.20

16. Per cent of house heat load supplied
by solar energy (including both
water preheating and heating) . 37.0 30.2 H1.9 HUJ H).:!5 10.95 :!9.G 4iU, 50.7 65.8 25.7

.. Not determined.
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three periods of the winter test were used in com
puting useful collected solar heat.

Apprais. l of solar heating performance involved
determinoijon of several types of heat collection
and efficiency. These quantities and their explanation
are as folicws:

Useful coliecied solar heat

Heat dc.ivered from collector to rooms or to storage
based on .ernperature change in air supplied from
collector and air returning to collector.

Gross collected solar heat

Useful "Dllected solar heat plus the solar heat
which was used in heating air leaking into the collec
tors, Iron: atmospheric temperature to the average
return air temperature at collector inlet.

collected heat absorbed by water preheater, percen
tage of total heating load supplied by solar energy,
and percentage of house heat load supplied by solar
energy with and without the water heating load.

Figures 6, 7, and 5 show the cumulative results
of a heating system operation during the full season.
The average net collector efficiency (including both
the storing and the direct heating cycles) during
the entire season, based on incident solar energy
received during operating periods, is 55.72/161.3,
or 34.6 per cent. A 28.2 per cent sharing by solar
energy of the total heat load (including water pre
heating but excluding subsequent final water heating)
or 25.7 per cent sharing of the total heat load (includ
ing both water preheating and heating loads) was
realized during this heating season.

Several studies of daily performance of the solar
collector and the heat storage unit, as affected by

CUMULATIVE P1OO'0RNAllCE DATA I

SEPTEMBER 18. 1959 to June 10. 1960
DENVER. COLORADO

LATITUDE 40 0N

o

TRAIlSMISSION •
ABSORPTIOIl.
RADIATI OH ?
LEAKAGE LOSES

USEroL COLLECTIOll

SEPT OCT "OV DEC JAN FEB 1'1AR APR MAY JUNE
1959 1960

Figure 5

50

200

TOTAL SOLAR INCIDENCE
i----- ON EFFECTIVE COLLECTOR --/----1

AREA (600 sq. ft.
45 0 TILT)

Net collector efficiency

For a certain cycle, the useful collected solar heat
divided:·y the incident solar energy during the
cycle.

For a day, the daily useful collected solar heat
divided the daily incident solar energy.

Gross coilector efficiency

Analogr;us to net collector efficiency, with gross
collectec' solar heat in place of useful collected solar
heat. .

Solar heat absorbed by water preheater

Heat transferred to water from air as measured
by drop in temperature of air passing through heat
exchanger.

Storage [,! be inventory 150

Energy content of rock at a particular time, as
determined by rock temperature profiles.

Solar heat absorbed by storage tubes

Difference in energy content of rock at start and
end of storing cycle, as determined by rock tempera
ture profiles.

Results

Results of daily performance of the heating system
during the 1959-1960 winter season are summarized
on a monthly basis in table 3. Included are data on
total solar incidence, total solar incidence available
when various collection cycles are in operation, gross
collected solar heat (this item does not show for the
months before January, 1960, because no dependable
leakage data were available for those days), useful
collected heat, gross and net collector efficiencies,
solar heat stored energy, solar heat absorbed by the
water preheater, heat delivered by natural gas for
house heating, heat delivered by natural gas for
water heating, total heat load, percentage of useful

7*



192 III.C.2 Space heating

Useful collected
heat for water
preheating I. 8%

Total"
Total solar
radiation on
collection area

of conventional heating systems. G;IS and electricity
use were read directly from meters, and costs were
based on prevailing utility prices. (~as consumption
in a conventional air heating systr-> was computed
from measured heating requirem« r. ':" by use of the
formula:

Gas consumption for conventional air hcai i.i; <ystem in 100cuft

total heat load in btu

- 0.74 X 830 X 100

useful collected heat - stor.u;« inventory

0.74 X 830 X lO!,

+ gas consumption of solar systcu.

where 0.74 = average furnace efficiency
830 = heating value of natura: gas (btujcu ft)

CUMULATIVE PEBFOBHANCE DAL". : n
SEPTEMBER 18. 1959 TO JUNE)' 1960

DENVER, COLORADO
200 1------- LATITUDE 40° :1. -------/

Fi~ure 6
100% TOTAL H&ATI~G LOAD -"'-, /

I
/

'iA~'EB HEATING
~CAll SUPPLIED
.'3Y AUXILIARY
r';AS HEAT

31 29

+
HOUSE IlEATIlIG LOAD y

-, 'SUPPLIED BY SOLAR :Er,rERG

~.I
;1

WATER PREHEAT.
rxo LOAD SUP
PLIED BY SOLAR
ENERGY

SEPT OCT NOV DEe J AN FEB MAR APE
1959 1960

,Fi~ure 7

50 I---'=::"'---J'/-----+-------,--~

150 I------------{

~
III

§ 100 1---------/ /--1-------1
..............
Z

system variables, were also made. The results and
their discussion are beyond the scope of this paper,
but they may be summarized as follows:

Effects of air circulation rate and ambient tem
perature on net collector efficiency. In general,
efficiency ranged from 25 per cent to 45 per cent.

Effects of air circulation rate and solar intensity
on net collector efficiency. Values ranged from 25 per
cent to 45 per cent.

Effects of ambient temperature and solar intensity
on net and gross efficiencies. Gross efficiency ranged
1 per cent to 5 per cent higher than net.

Daily useful heat recovery as affected by ambient
temperature and air circulation rate. Maximum
value about 450 000 btu per day.

Daily useful heat recovery as affected by solar
radiation intensity and air circulation rate.

Heat storage effectiveness as influenced by ambient
temperature, solar radiation, air flow rate and rock
temperature at start of· storing cycle. Maximum
value about 90 per cent, and average value about
80 per cent.

It is expected that the results of the above studies
will be published elsewhere.

Economics of the solar heating system

Table 4 shows a comparison of the operational
costs of the solar house heating system with those
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Corresponding conventional hot air system

Table 4. Economics of the Denver solar house
1959-60 heating season

Denver solar
heating system

Gas furnace Oil furnace

Gas or oil cc_;oumption \a~sume 9 c.ents per 100 cu ft { Quantity
of gas anrt :,1.50 per million btu 011). . . . . . .. Cost $

{
kWh

Total electric")' consumption (assume 2 cents per kWh)
Cost $

TOTAL OPERATION COST $

Saving obtained by using present Denver solar heating system
rather than conventional hot air heating system with natural gas
as fuel. . . . . . . . . . . . . . . . . . . . . . . . . $

Saving obtained by using present Denver solar heating system
rather than conventional hot air heating system with oil as fuel $

Est~mate~ ~:~c;ricity consumption with modified air { kWh
circulating ..) stem . . . . . . . . . . . . . . . $

Estimated fuel consumption with system improvements . $

TOTAL OPERATION COST • • $

Es.timated sa ving with system { Solar + gas auxiliary over gas. $
improvemonts . . . . . .. Solar + oil auxiliary over oil . $

2642 (100 cu ft)

238.78

3876.0

. 77.52

316.'30

20.50

142.17

1400

28.00

2 400 (100 cu it)
216.00

244.00

92.80

130.00

3 548 (100 cu ft)

319.33

873.5 '

";. 17.47

336.80

294 million btu

441.00

873.5

17.47·

458.47

Electricity consumption in a conventional air
heating system is based on an experienced estimate
of 100 kWh per month.

It is seen that slightly over 90 000 cu ft of natural
gas were saved by the use of the solar heating system
during the season. At a current price of 9 cents
per hundred cubic feet, a seasonal saving of $80.55
wasrealized. This was partially offset by an additional
electrical requirement of about 3 000 kWh, at an
extra cost of $60.05. Under these conditons, the net
seasonal energy saving was valued at $20.50.

Natural gas is unusually cheap in this area, so
figures are also presented for costs of equivalent
heating with fuel oil at an efficiency of 74 per cent
and a price of $1.50 per million btu heating value
(rou~hly 20 cents per gallon total cost, including
on-SIte storage and pumping). These are more
~epresentative of typical costs of domestic heat
III the U.S.A. than are the Colorado prices of natural
gas. It is seen that the net seasonal fuel and electrical
~nergy cost of the present solar-natural gas system
IS $142.17 less than if fuel oil had been used.

A~ explained in the following section, some modi
fications in the- air circulation and storage system
would permit reduction in power requirements.
I~ addition, if the present system had been ope~ated
":Ithout air leakage for the whole season at the higher
aIr rate employed after December 15, solar heat
recovery would have been about 70 million btu
(rather than 55.7 million) and natural gas use would
have been about 240 000 cubic feet. Costs and
savings are shown in table 4, under these conditions.
Net winter energy savings of $92 for a solar-natural

gas system and $130 for a solar-fuel oil system would
result.

Although not evaluated in this analysis, additional
small savings through the summer months are obtain
able by use of the solar water heater.

The capital cost of the solar space heating system
is considerably.higher than that of a conventional
hot air system..The small energy saving which
was actually realized with this unit may therefore
appear unattractive. But it must be realized that
numerous economic and technical factors in the
experiment require interpretation in light of the
particular conditions employed. It· must also be
understood that the unit under investigation is a
"first of a kind," for purposes of evaluation and
improvement of the design. Use of an optimized
rather than a primarily aesthetic storage design,
improvement in collector performance through reduc
tion of leakage and optimizingcollector and storage
sizes will substantially increase savings. If factory
production of standardized collector modules can be
developed, and if an effective solar cooling system
can be combined with the heating function, increased
saving and lower investment requirement should
add considerably to the economic attractiveness of
the system.

I t is not yet possible to appraise the energy cost
savings against the added investment required for
solar equipment. A careful examination of production
costs for this type solar collector has not been made,
primarily for lack of sufficient data on which such
an analysis must be based. The additional expenses
of the storage unit, control system, installation,
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contractor overhead and profit are dependent on
several indeterminate factors which require more
experience for evaluation. Based on experience with
the Colorado installation, it appears that if the
total additional expense of the solar facilities were
not to exceed $2 per square foot of collector, i.e.,
$1 200 total investment, an annual energy saving
of $100 believed attainable in an improved unit
of this size would make the solar system competitive
with conventional heating facilities in this situation.
The $2 per square foot collector cost is speculative
at this time, and the need for establishing' some sort
of firm cost figure based on sizable factory production
is evident.

More favorable comparisons could be made in
regions of higher fuel cost, whereas the economy
would be less attractive in areas of lower solar energy
supply. Further efficiency increases attainable through
additional design changes and optimization studies
would reduce the effective collector area require
ments and increase savings. It is clear that continued
development effort is desirable.

Discussion of results and potential
improvements

Figure 8 shows a comparison between the total
heat load, total solar incidence on collectors, total
solar incidence on collectors during operating periods,

and the useful collected heat. During the winter
months, the heat requirements of tlus comparatively
large house were greater than the tot rl incident solar
energy on the 600 square-foot cell. car, and much
greater than the recovered energy Only in early
fall and in the spring was solar F diation greater
than the heating load. Because ,ptimization of
collector size was not attempted in t, ,i" experimental
system, this difference simply iridic " es that a small
solar unit, relative to the total heat .cquirements of
the house, was used.

Architectural limitations resulte-: in a limited
amount of collector shading duriru; early morning
and late afternoon hours in a few veeks near the
winter solstice. The collector effi. .cncy and the
percentage of the heat load supplied by solar energy
suffered small decreases because of this loss.

On occasional mornings, snow cov-red most of the
collector surface, but none was on i Le cover of the
collector thermostat. Under these conditions, air
would be circulated through the eo: ",cc-tor if the sun
shone, and for a time, at least, air lea.., mg the collector
was colder than the entering air. TI, ',the circulated
air supplied heat from the house or storage to melt
the snow on the collector. The avera .:; daily collector
efficiency decreased greatly under :(~se conditions,
but the frequency of this occurrent was not high,
and the seasonal effect was sn.. rr , The bottom
manifold design may be altered s- that snow can
slide from the collectors more rapir".'.

,....
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The ideal point for stopping and starting the heat
storing cycle is that at which the cost of operating the
blower eq uals the value of the heat being so recovered.
Based on data from the third operating period, total
electricity consumption (including the blower, control
system a nd instrument) was about 762 watts or
0.0127 k ,,'h/min. At a gas cost of 9 cents per
100 cu ft ..ud an electricity price of 2 cents per kWh,
the rnini-rum operating air temperature difference
between the collector outlet and inlet should be
about 12.!."F. The present setting for controlling
solar collection is several degrees too high, so a small
gain could be realized by resetting the control point.

In the (Tesent system, the cold air returns from
the rooms are connected directly to the top plenum
chamber. When heating the house other than by
hot air directly from the collector, air must therefore
be passed through the crushed rock. Even when
there is no heat available from storage, as is the case
during part of nearly every winter night, the air must
be circul» .ed through the relatively high flow
resistance .itorage system. Considerable power savings
would res It if a separate duct were installed which
directly (nnected the blower inlet to the cold air
return gr-: is and bypassed the storage. The control
for such c. bypass damper and the furnace gas valve
can be a ;",ermostatic element in the lower end of the
storage L.:dium.

In ord- : to attain maximum solar transmission,
the solar ullector, as first built, contained low reflec
tivity gLt.3 throughout. However, extensive glass
breakage ,;ne to defects in the original supporting
frames n sulted in the need for nearly complete
replacement with ordinary glass. This substitution
caused a sizable decrease in collector efficiency below
that of the original design. Another collector efficiency
reduction is probably due to lack of uniformity
in air flow through the large number of collector
sections, even after damper adjustment. Improved
control arrangements and a design providing air
travel paths of more nearly equal length would
result in better performance.

Air leakage, particularly in the collector, has been
the most troublesome problem with the system.
:\1though much reduced from its initial severity,
~t has not been eliminated. The fabrication technique
Involving extensive on-site construction and assembly
of the collector is to be avoided because of the prac
tical impossibility of tight joints and closures of

metals and glass. It is concluded that factory
production of complete, ready to install collector
panels or modules, of small size, for example,
2-1/2 feet by 6 feet, is the most dependable technique
for insuring airtight design. In addition, collector
costs can be greatly reduced by such standard
production methods. Application to a house would
then require that the heating contractor procure
a sufficient number of collector panels to meet requi
rements, erect them on the roof, provide air-tight
duct connections to and from them, and incorporate
these components in a full system with storage and
conventional furnace. With such arrangements,
leakage should be no problem.

In appraising the overall performance of this
solar heating system, it is helpful to consider a
design objective quite unique in this development.
In contrast with the other solar-heated dwellings
currently or previously tested, the plan and archi
tectural design of the Colorado house were indepen
dent of the solar heating feature. In other words,
if conventional heating had been installed, the same
house would have been built. This type heating
system has therefore proved useful without impo
sition of architectural limitations on house design.
It must be recognized, however, that this design
philosophy resulted in somewhat less than an ideal
solar design, concessions having been made in storage
configuration, air flow pattern, solar collector position
and other factors tending to reduce efficiency
and fuel savings. As a conclusion, it may be claimed
with assurance, that this solar air heating system
needs further design improvements to maximize
efficiency, but that it can readily supply a substantial
part of the heat demand of a house without impairing
the appearance and utility of the dwelling. Although
the economic aspects of this application appear
encouraging, substantial work remains before cost/
benefit ratios can be determined and technical
problems can be fully resolved.
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Summary

The experimental Denver Solar House is a large
residence with a living area of 2 100 sq ft on the
main level and I 100 sq ft in. the basement. Air is
used as the heat transport medium and crushed rock
as the solar energy storage material. Two solar
collector banks of the overlapped glass plate type,
mounted on the flat roof at a 45 degree angle, provide
a total effective area of 530. square feet. There are
two vertical heat storage cylinders, each 3 feet in
diameter and 18 feet high, filled with about 12 tons
of large-size gravel. A < natural gas furnace is in
corporated into this system for secondary heat
supply.

Records of heating performance have been obtained
over the past three winters, and detailed analysis of the
daily performance of this system, from September 18,
1959 to June 10; 1960 has been made. It was found
that during this period the total solar incidence on the
effective collector area was 226.9 million btu, of
which 161.3 million btu was of high enough intensity
to justify collection. The useful collected solar heat
was 55.7 million btu, of which 3.95 million btu were
extracted by the water preheater. Solar heat absorbed
by the storage material was about 25.5 million btu.
Average solar collecting efficiency during operation
(including both the storing cycle and heating cycle)
through the entire season was therefore about 34.6 per
cent.

The amount of gas used for heating during the
same period was 264 200 cu ft, of which 230 200 cu ft
were for space' heating, and 33 300 cu ft were for
water heating. Net heat supplied by this fuel was
141.8 million btu: The total electricity required
for the operation of the system (including air blower,
damper motors, and instruments) was 3876 kWh.

The paper includes data on solar incidence, solar
heat collected, average collecting efficiency. solar
heat to storage, the lower and higher storing efficiency,
solar heat extracted by the water preheater, percent
age of useful collected solar heat extracted by the
water preheater, percentage of water heating load
supplied by solar energy, and the percentage of the
total heating load supplied by solar energy through
the season. It was found that solar energy provided
25.7 per cent of the heat requirements of the house
during the 1959-60 winter. .

Several improvements in design and operation
were made during the season, so separate performance
analyses were made in each period r-' «onsistent data.
From Sept. 18 to Nov. 17, 1959, air :Iow rate during
the storing cycle was 495 scfm; L,m Nov. 18 to
Dec. 15, the rate was increased j 735 scfm; and
from Dec. 16 to June 10, 1960,<,e highest rate
of 770 scfm was used. After June !: summer opera
tion of the solar system was cond-. .ed.

Defects in system design and 0: ration, some ?f
which have been corrected, incl: :': excessive air
leakage in and out of the ducts, lack: Ean air ?y-pa~s
around the storage unit for use whr: '10 heat IS avail
able there, loss of control systen .iccuracy during
periods when snow was on the colh-.ior, slight shad
owing of the two collector banks, ]O',re frictional re
sistance through the storage unit th..» necessary, and
occasional faulty operation of chcc k dampers. On
the favorable side, once the system had been fully
adjusted to routine operation, it s;iPplied adequate
heat to the house whenever needed. with complete
freedom from personal attention awl maintenance.

. Even though operating at less than ideal con~iitions,
about $80 fuel savings were achieved dunng th~
heating season. This saving was offset by a $6
increase in electricity use. With minor system changes

telectrical requirements can be reduced to abt1
$10 to $15 more than conventional syste~s a~d u:tsavings increased to about $100, thereby yIeldmg n
savings of about $90 in a typical season. Analogot
figures for oil heating, with and without solar.supp ef
ment, show anticipated net seasonal savwgs °t
$130. Initial investment and depreciation a~e .no I
taken into consideration in these estimates. pnn~pa_
changes required for the increased savings ar~ re ued
tion. in air leakage, doubling the cros~-sectIOn ~0
cutting the storage system height by half, and pr~ 'nS
ing an air duct to by-pass the storage when It con ~I r
no heat. If low reflectivity glass is used in the coll1~ Od'
considerably larger fuel savings :"ould be rea~~~e~
Summer use of fuel for water heating could be
rially reduced by another minor design change. h

' of t e
The extent of fuel savings or the portlOn.ntaI

total load carried by solar energy in this expernnesure
house-heating system is not, by itself, a meants.
of the worth of the design or of its solar compone
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Factors such as collector area, house heating load,
solar radiation, ambient temperature, and fuel cost
affect this proportion. Optimum design depends
alsoon t Le costs of collector, storage, and auxiliaries.
In the sy.tem tested in the Colorado house, its eva
luation c..uld be made without attempting to opti
mize the <':,sign or to collect and store sufficient solar
energy fo- more than a modest portion of the heating
load.

It has been concluded that this house-heating
system ennloying solar-heated air can be convenient-

ly used to provide a minor to a, major portion of the
winter heat requirements of as house. Trouble-free
automatic operation can be achieved. The small expe
rimental system in the large Colorado House was
successfully operated, providing about one-fourth of
the demand, and operating at an average solar collec
tion efficiency of 35 per cent. Improvements are
needed and can be anticipated. Due to inadequate
data on cost of equipment in large-scale manufac
ture, the overall economics of the system are yet
to be determined.

CO,NCEPTION ET PERFORMANCES D'UN 'SYSTEME DE CHAUFFAGE MENAGER
our FAIT USAGE D'AIR CHAUFFE PAR LE SOLEIL: LA MAISON SOLAIRE

DU COLORADO

Resume

La ma-son solaire experimentale de Denver est
une derneure de vastes proportions dont la surface
utilisable "st de 2 100 pieds carres (195 m2) a l'etage
principal nu rez-de-chaussee et 1 100 pieds carres
(102 m2

) .cu sous-sol. Le fiuide employe pour le trans
port de chaleur est l'air, et la roche ecrasee sert
de materiau de mise en reserve de l'energie solaire.
Deux ra. ,gees de collecteurs solaires du type a
plaque cr: verre a recouvrement et mentes sur le
toit plat ;\ une inclinaison de 45~ donnent une surface
utile totale de 530 pieds cartes (49 m2) . On trouve
en outre deux cylindres accumulateurs de chaleur
verticaux, dont chacun a trois pieds de diametre
(0,91 m) et 18 pieds de haut (5,5 m) remplis d'une
douzaine de tonnes americaines (11 tonnes metriques)
d'un gravier de fort calibre. Un four a gaz naturel
est prevn dans le systeme et fournit un appoint de
chaleur.

On a pu faire des releves relatifs au fonctionnement
du systems au cours des trois derniers hivers, et on a
p~ocede a une analyse deta.illee de sa marche quoti
dlenne du 18 septembre 1959 au 10 juin 1960. On a
pu etablir que, pendant cette periode, 1'apport total
de chaleur a la surface utile du collecteur a ete de
~26,9 millions de btu (57 000 000 cal), dont 161,3 mil
~lOn? (40 500 000 cal) d'une intensite suffisante pour
JustIfier leur recuperation. La quantite de chaleur
solaire utile recuperee a ete de 55,7 millions de btu
(14 000 000 cal), dont 3,95 millions (991 000 cal)
par le rechauffeur d'eau. La quantite de chaleur
solaire absorbee par le materiau de mise en reserve
a ete de l'ordre de 25,5 millions de btu (6 400 000 cal).
Le rendement moyen de la recuperation d'energie
solaire pendant la periode de fonctionnement (qui
comporte le cycle d'accumulation et le cycle de
chauffage) pour la totalite de la saison a done ete
d'environ 34,6 p. 100.

La quantite de gaz consommee par le chauffage
pendant la merne periode a ete de 264200 pieds cubes
(7 481 m3) dont 230 200 pieds cubes (6 519 in3)
pOUr le chauffage des locaux et 33 000 pieds cubes

(943 m") pour le chauffage de 1'eau. L'apport net de
chaleur attribuable ace combustible a ete de 141,8 mil
lions de btu (35592000 cal). La consommation
d'electricite par le systeme, y compris la souffiante,
les moteurs des volets de reglage du tirage et les
instruments a ete de 3 876 kWh.

Le mernoire donne des renseignements sur
1'apport d'energie solaire, la chaleur recuperee, le
rendement moyen de cette recuperation, la quantite
de chaleur solaire mise en reserve, les rendements
inferieur et superieur de ce processus de mise en
reserve, la quantite de chaleur solaire extraite par
le rechauffeur d'eau, le pourcentage de la chaleur
solaire utile recuperee qui est absorbe par le rechauf
feur d'eau, le pourcentage de la charge imposee
par le chauffage de l'eau' couvert par l' energie solaire
et le pourcentage de la charge totale de chauffage
qu'apporte l'energie solaire pendant la saison. On a
observe que l'energie solaire a couvert 25,7 p. 100
des besoins de chaleur de la maison pendant I'hiver
1959-1960.

On a realise plusieurs ameliorations de construc
tion et d'exploitation du systeme pendant la saison
si bien qu'il a ete precede ades analyses individuelles
du fonctionnement de ce systerne pour chaque periode
ou les donnees recueillies etaient compatibles. Du
18 septembre au 17 novembre 1959, le debit d'air,
pendant le cycle d'accumulation, a ete de 495 scfm
(14 m''). Du 18 novembre au 15 decembre il a ete
porte a 735 scfm (21 m"), puis, du 16 decembre
au 10 juin 1960, on est passe au maximum de 770 scfm
(22 m"). Apres le 10 juin on a precede al'exploitation
du systeme solaire dans des conditions correspondant
a celles de l'ete.

Les defauts de construction et les erreurs d'ex
ploitation du systeme, qui ont donne lieu a certaines
mesures de correction, comportaient de trop grosses
fuites d'air vers I'interieur et I'exterieur des conduits,
l'absence d'une derivation d'air autour du systeme
d'accumulation de chaleur entrant en jeu quand
il est vide, une perte de precision du systeme de
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commande pendant les periodes OU il Y a de la neige
sur le collecteur, l'apparition de certaines ombres
legeres sur les deux rangees de collecteurs, une
resistance au frottement indue dans le systeme
d'accumulation et parfois un fonctionnement defec
tueux des dispositifs de reglage du tirage. Du cOte
favorable, une fois le systeme parfaitement dispose
pour la marche normale, il a fourni un chauffage
suffisant a la maison chaque fois qu'il le fallait,
sans jamais avoir besoin de surveillance ou d'entretien.

Meme dans des conditions non ideales, le systeme
a permis de realiser des economies de combustible
d'environ 80 dollars pendant la saison OU il faut
chauffer. Cette economie a ete compensee en partie
par une augmentation de 60 dollars de la consom
mation d'electricite, Avec de legeres modifications
du systeme, les besoins en electricite peuvent Mre
ramenes a 10 ou 15 dollars de plus qu'avec les syste
mes classiques, et les economies de combustible
portees a environ 100 dollars, donnant une economie
nette de l'ordre de 90 dollars pour une saison type.
Des chiffres comparables pour le chauffage au mazout,
avec et sans apport de soleil, donnent des economies
saisonnieres nettes prevues de 130 dollars. Les frais
de premier etablissement et ceux qui sont imputables
aux dispositifs de reglage du tirage ne sont pas pris
en consideration dans ces evaluations. Les modi
fications principales qu'il faut pour augmenter
I'economie sont constituees par la reduction des
fuites d'air, le doublage de la section des conduits
et la reduction de moitie de la hauteur du systeme
d'accumulation, le tout complete par l'installation
d'un conduit de derivation qui met l'accumulateur
hors-circuit quand il ne contient pas de chaleur.
Si on utilise, pour le collecteur, un verre a faible
reflectivite, on peut realiser des economies de combus
tible beaucoup plus fortes. La consommation de

combustible pour le chauffage de I'cau en Me pourra
etre reduite d'une facon sensible pa. d'autres modi
fications legeres dans la construct on du systeme.

L'importance des economies de combustible ou
la fraction de la charge totale couvs te par l'energie
solaire dans c~ systeme experimercl de chauffage
des locaux n'est pas, en elle-meme, ~ 'le mesure de la
valeur de la conception du dispos: c l ou de ses ele
ments solaires. Certains facteurs te: que la surface
du collecteur, la charge de chauffc P; de la maison,
le rayonnement solaire, la tempera. re ambiante et
les prix du combustible vienner.t modifier cette
proportion. La conception ideale est i c"alement condi
tionnee par les frais de realisation di:ollecteur, ceux
qui sont imputables au systerne d'e .rnagasinage ou
d'accumulation et. ceux des auxih.iires. Dans les
systemes mis a l'essai pour la mais- :1 du Colorado,
I'evaluation a pu se faire sans ter rer d'ameliorer
la construction du systerne au In xirnum ou de
recuperer et d'accumuler des quaitites d'energie
solaire suffisant a couvrir davantagi qu'une propor
tion modique de la charge qu'imp. -ie le chauffage.

On a conclu que ce systeme de hauffage de la
maison faisant usage d'air chauffe , . .r le soleil peut
etre utilise commodement pour f(;· "nir une faible
ou une forte proportion des besoi , du chauffage
d'une maison pour l'hiver. On peut t'aliser le fonc
tionnement automatique sans dift iltes. Le petit
systeme experimental de la grande nJ'on du Colorado
a ete utilise avec succes, couvrant c'viron un quart
de la demande et fonctionnant avr.- un rendement
de recuperation solaire moyen de 35 p. 100. D~s
ameliorations s'imposent, et se produircnt cert~l
nement. Etant donne I'insuffisance des donnees
relatives au prix du materiel dans le cas d'une
production a grande echelle, I'econcmie d'ensemble
du systeme reste encore a determiner.
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DESIGI';; CRITERIA OF SOLAR HEATED HOUSES

Aladar Olgyay *

As it can be seen, the south side has a favorable
relationship with the seasons, receiving the la~gest

amount of heat in the winter time, and relatively

, Solar energy can be used directly through heat
transfer devices to heat or cool houses. This theme
is the topic of the present paper.

Please note that the data refer to latitude 400N

on the east coast of the United States.

Solar radiation incidence on buildings

Statistical results of solar radiation on horizontal
surfaces are available in Weather Bureau Publica
tions. In buildings, however, differently oriented
surfaces - walls and roof - receive various amounts
of radiation. Extensive calculations have been made
and equations have been developed to estimate the
amount of solar radiation received on differently
oriented and tilted surfaces. The applications of
these calculations to buildings are illustrated for
latitude 40° on clear days during summer-winter
conditions, as shown in the following table:

Archit--tural considerations of solar radiation are
important in both positive and negative aspect.
We need 'rouses or shelters mainly to counterbalance
extreme climatic conditions which exceed comfort
limits tolerable to man. Technical methods in the
building held, which use natural forces directly to
fulfill this task, can be divided into two categories:

1. A "climate balanced" building is designed
accordins to the climatic environment. The combined
effects temperature, radiation, humidity and
winds 0', human reaction can be evaluated with
bioclima.:c charts, and desirable comfort conditions
can be c!:5.ned. (1) In a specific climate region, the
year eau be divided into underheated and over
heated p.~;·iods, when heating or cooling are required
to secur. comfort conditions. This categorization
will sho: the desirability for using solar radiation
or the ",,'::cl of shading.

With;i~oper planning, the factors of orientation,
layout, j'rm of buildings, distribution of openings,
shading, insulation and time-Jag characteristics of
materials. and interior comfort conditions can be
extended'throughout the year with purely architectu
ral means. (2) The "climate balanced" building design
is very important in utilizing or counteracting solar
radiation in housing. It is especially important in
countries where mechanical means of heating or
cooling are economically prohibitive..

• Architect, Consultant, Princeton, New Jersey.

Solar radiation
on clear days on:

Roof (horizontal).
South wall.
West wall .
North wall
East wall .

Winter Summer
(Jan. 21) (Jul. 21)

Daily amount, btulsq It

747 2612
1440 777

386 1330
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386 1330
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little in summer. East and west are less advantageous,
and of the two, west is less desirable, due to high
afternoon temperatures, which are coupled with
radiation effects in summer. The north side receives
relatively small amounts of radiation, while a hori
zontal surface receives its maximum impact in
summertime. It is evident, then, that a heat collector
surface should have southern orientation. .

Tilting a south-facing surface will change the
amount of heat received by radiation, see figure 1
which slows the amount of total radiation for clear
sky conditions on a south-facing surface, with
various inclinations, in the New York-New Jersey
area. Each arrow represents 250 btu/sq ft/day.
A 60-degree tilt will increase the radiation impact
in both seasons. But while, in winter, the difference
compared with a vertical wall is only 10 per cent, in
summer, when collection of heat is undesirable, it
increases by 235 per cent. This makes the use of
tilted collector surfaces rather questionable, since
they are advantageous only if the summer shading
of the surfaces is adequately solved. Moreover, such
a tilted surface, as far as buildings are concerned,
limits freedom in planning.

Heat gain and heat loss budget

It is essential to observe the records of solar radia
tion and temperature variations in the regions
where the solar heated house is built and to derive
statistics from these records. The most important
problem is the sequence of clear, partly cloudy and
cloudy days, during the winter.

To illustrate the use of solar statistics, an analysis
of "heat-budgeting" is given.

The required heat storage capacity for solar heating
can be predicted by analyzing the net amount of
solar energy and comparing it with the heating
loss of the house. It is sufficient to prepare an analysis
for the coldest months i.e., December and January.
During these months, the monthly average solar
energy should be equal to the average heat loss of the
house.

Heat collected from the sun, therefore, must
equal heat loss from the house. The heat. loss of the
house is proportional to the degree days (the diffe
rence between 65°F and the average daily outdoor
temperature). The degree days and the amount of
solar energy were obtained from the Weather
Bureau's Climatological Data for New York City.

Using established correlations, the amount of
solar energy that can be collected on one square foot
of a south facing vertical wall was calculated. In
accordance with previous experimental results, it
was assumed that, of the radiation falling on the
collector, 55.5 per cent can be collected on clear
days, 35 per cent on partly cloudy days and none
on cloudy days. Results for December-January
were tabulated and shown in figure 2. The top part
of this figure shows the sequences of clear, partly
cloudy and cloudy days. The center part shows

the net amount of collected solar energy and the
heat loss during each day. The bottom line showsthe
heat balance, the difference betw-.» heat loss and
heat gain from the sun. At times t: ere was an accu
mulation of heat equal to 6 or Fiays of heating.
The accumulated heat was sufficie. . to balance heat
losses on cloudy days.

The chart (figure 2) illustrates C.lrly that a heat
storage bin capable of storing 5 to (; days' heating
requirements would be quite sati: dory for accu
mulating surplus heat and equa 11. ilg the heating
load for that particular season. ::) During this
particular time, the longest scqu.-nce was three
cloudy days. In other months, ~/'pences of 4 or
even 5 cloudy days occur sometirnr.s An analysis of
many years shows that a sequcn-:« of 7 days is
very infrequent in the vicinity of >: ew York.

Solar house heating is essentiali a problem of
collection and storage of solar hca I. and these two
elements are discussed in the folk'.'. ing paragraphs,

Solar heat collecto .~;

Several research projects have ..cen concerned
with solar heat collectors. Air-spvvd, glass panes
were used to prevent heat loss fro»: a black metal
absorber plate. Air or water circulc ion was usedto
carry heat from the black plate to a :.eat sto~age bIp,
It has been realized that the use «f multiple air
spaced panes can diminish heat :dsses fr~m. ~he
black plate, but increasing number d panes diminish
the transmission of solar energy. \ collector WIth
two or three glass panes represents the "standard
collector" used at the present time.

Heat storage

Heat storage is one of the major problems of
solar house heating. Economically acceptable he~t
storage methods must occupy a small volume of t e
house, because this volume is rather expenstve-

In conventional homes, the heater-room genera~l)
does not occupy more than four percent of the to It
volume of the house. The heating load of a we
insulated average modern house, in the 5 000 degree
day region, may average around 300 000 btu per
day during the winter season. Exceptionally cold c:;ys
may require nearly twice as much heat, but t ese
are rather infrequent in the 5 000 degree-~ay;f~:~
The presently used materials can be classIfie
two categories:

Specific-heat type of heat storage
the mostWater and rocks have been suggested as d

'1 bl . . b ' g storeavai a e heat storage materials, heat eID h a
as their specific heat. One cubic foot of.water ~~ic
heat storage capacity of 62.5 btutF, whIle one c 'vg
foot of solid rock has about 36 btutF. Assum~ty
a temperature rise of 30°F, the heat-storage capacvd
of one cubic foot of water will be 1 880 btu a e
that of rock I 080 btu. The above-mentioned averag ,
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Figure 2. Solar-heat budget for New York, N.Y., during Decem.ber 1956 and January 1957

300 000 btu day, will require about 160 cubic feet
of water (5 tons) and about 280 cubic feet of solid
rock (25 tons). It is necessary to provide additional
space for the circulation of air or water to deliver
solar heat to the storage and to recover the heat
when needed. Thus the economically available space
III the heater-room may be sufficient for the storage
of the heating requirement for about two average
days when using water and only for about 1.3 days
when using rocks.

Heat-of-fusion type of heat storage

Telkes suggested a more effective method: the
Use of heat-storage materials which melt at a mod
erate temperature level and store heat as their heat
of fusion, or heat of transition. (4,5) Low cost
salt hydrates, which are easily available, can be
used for this purpose. Their heat of fusion is around
100 btu/lb ; density is 90-100 lbjcubic ft, and
therefore one cubic foot of such materials can store
9 000 to 10 000 btu as their heat of fusion at the
transition temperature. The specific heat of these
materials is comparable to that of water on an equal
volume basis and is also available for heat storage.
The stored heat can be recovered as the materials
crystallize again. The salts are permanently sealed
nto durable containers with large surfaces for heat

exchange, preferably by the circulation of air. The
salts are mixed with additives, to eliminate strati
fication or settling of solid layers. With a temperature
rise of 30°F, the total heat-storage capacity of such
materials can be as high as 12000 btu per cubic
foot, i.e., six times greater than that of water and
thirteen times greater than that of rocks, on an
equal volume basis. With the heat-of-fusion type
of materials it is possible, therefore, to store more
heat per cubic foot or conversely to use a smaller
heat storage volume. The usual heater-room, there
fore, should be sufficient to store heat for 10 cloudy
days when such salts are used.

Seasonal balance

As the ultimate purpose of a house is to main
tain comfort conditions inside throughout the seasons,
its thermal balance is of interest not only in winter
but also in summer.

A collector, therefore, should be so arranged that
it should collect less heat as summertime approaches,
and ceases to collect heat during the over-heated
period. This can be achieved with properly dimen
sioned shading devices, which work favorably when
applied on southern exposures. (6) Shading can be
solved with overhangs, or the same efficiency can
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be achieved with a. small-scaled trellis-like device,
which is put up in summertime, as are screens on
the windows. The principle of this "dressed-wall"
solution on a vertical surface is demonstrated in
figure 3. With the use of shading devices, it is possible
to exclude most of the solar radiation reaching the
south-facing solar collector.

Additional cooling effect during the summer can
be obtained by circulating the relatively cool night
air through the bin and in this way accumulating
"coolness-storage" during the night for use during
the daytime. Part of the roof can be used for ducts
which reflect solar radiation during the day and
provide for additional cooling, by radiation effect,
into the night sky. Cooler air circulated through
such ducts during the night is cooled further by
night sky radiation. Thus a temperature conditioning
is achieved with the same equipment, which is
similar to the well-known cooling effect of a thick
walled building, but far superior to it.

Design considerations

A solar heated house will differ from a conven
tional one. From the above data, generalizations
can be derived for its design. It is obvious that the
dimen~ionsstated below will differ in various regions,
according to the local ratio of degree days to sunshine
hours. Generally speaking, the smaller the ratio
the easier the heating requirement. Recommendation~
b~low refe~ to the New York-New Jersey region
wI~h a ra~lO number between 6 and 7 (while in
Anzona this number would be 3-4). At actual planning
detailed calculations should be made. Nevertheless:

for preliminary planning, the following recommen.
dations could be followed:

1. For each two square feet flcor area of the
house, one square foot of collector surface is required.
T~is means, that if a coll.ector is,. ro feet high, it
WIll heat a house 20 feet WIde. If tl.e house is wider
than this, the collector surface sh« 101 be extended
beyond the southern wall of the h01 ":'.

2. The heat-storage area of the house, in case
of chemical bin or bins, will occupy '.bout 4 per cent
of the floor area.

3. The heat storage bin can be ,,laced directly
behind the collector, provided that it j; well-insulated
from the collector to prevent the 1 'ss of heat from
the bin during the night. It is more tractical to sepa
rate the bin from the collector, connrctmg them with
ducts or pipes for the circulation A air. The bin
should be located within the spao that is to be
heated (and cooled) . to avoid u.mecessary heat
exchange with outside walls or unheated (uncooled)
spaces.

4. The insulation of the walls s v-ild have a U
value of 0.13; or lower. The wir.c.rws should be
double glazed. The ratio of winr.ow surfaces to

.wall surfaces is 1 : 3, or 20 per c. fenestration.

Schematic plans (figure 4) show ·:rious types ?f
solar heated houses, where the col : . tor surface IS
indicated with dots, while the lw storage bins
are in black. The plans include 2 <1d 3 bedroom
houses, one or two storied types wit vertical collec-.
tors.

An. experimental solar laboratory has been b~ilt
at Pnnceton, N. J., by the Curtiss Wnght CorporatIOn
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Figure 3. Principle of solar wall
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Figure 4

in a group of other solar testing devices. Figure 5
shows the terrace between the laboratory building
and the solar pool heater with the pool, solar cookers,
dryers and other solar devices. The writer designed
the architectural parts of this group, including the
lab?ratory building, which was designed on the
basis of the principles described in the previous
pages, with the shape and heat-loss characteristics
of the house plans shown in figure 4. Due to the
experimental character of this building, the solar

collectors were designed to be changeable, and there
fore no windows were installed on the south side
(figure 6). The north side faces the terrace (figure 7),
from where a solar water-heater is visible on the
roof. This laboratory building was designed· to be
heated with solar energy alone, and has no other
heat source. The building was operated experimen
tally through two heating seasons and has performed
with sufficient success. Auxiliary heating has not
been used.
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Figure 7. North side of the Princeton Solar House

Figure 5. Experilnental terrace at the Princeton Solar House

This building has the following features:

Floor area . • . . . . . 1 200 sq ft
Roof area (U = 0.082) . . . . 1 200'sq ft
Solar collector . . . . . . . 600 sq ft
Total wall area (U = 0.13) . . 650 sq ft
Window and door (U = 0.55) . 360 sq ft
Fenestration . . . . . . 29 per cent of the wall area
Design heat loss . . . . . . . . . . . 600000 btu/day
Daily heat loss during average December-

January . '. . . . . . . . . 300000 btu/day

The collector consists of a black surface with
insulation behind it forming the south wall of the
house. Two air-spaced glass panes are mounted in
front of the black surface. Air could be circulated
either between the inner glass and the black surface
or in a duct behind the black surface. The collector.
loses heat only from its front surface. Any' heat
leakage from the back surface is a net gain in the
heating of the house. This is a definite advantage
as compared to free standing solar collectors or
collectors located on the roof over an unheated attic.
The estimated heat collection efficiency of the solar

Figure 6. South facing collector-wall
of the Princeton Solar House

collector during December-January including all
days, was 46.5 per cent, on the basis 01 the principles
described in the previous pages, with the shape
and heatloss characteristics of the house plans shown
in figure 4.

Heat-of-fusion type heat storage material :vas
sealed into containers and placed into heat bins,
The total volume of the heat storage material is
275 cubic feet, representing design heat storage
capacity of 2 500 000 btu. The heat transfer area
of the containers was variable because different
container configurations were tested.

The heat from the collector is transferred to the
bin by air circulation, controlled tbormostatically.
The building is heated by circulating air from !he
rooms through the bin. Conventional air distributmg
ducts were used.

Economy of solar heating

The economic aspect of solar-heating feasibility
can. be expressed by a comparison with the usual
heating systems. This comparison must be base
not only upon initial installation costs, but also
upon operational expenses since the "fuel", SO to
speak, is "built in" a solar-heated house. Thus, to get
the whole picture, the expense of a so-year opera
tional period is a realistic basis for companson (7).

Let us consider an average oil-heated house it; a
5 000- to 6 OOO-degree-day zone, with a heat~ng
equipment cost of $1 800 and a yearly consumptlOn

of 1 300 gal of oil. The yearly operational expenses
(at 13.7 cents/gal) will run around $180 per y~ari
or about 10 per cent of the installation cost. Electnca
and maintenance costs are supposed to be. the sa:~
in both types of heating, and are therefore dlsregar

f
eel

in this comparison. The present value of future uof
savings ($180/year) based on an interest rate 180
four and a half per cent in a 20 year penod IS 2.0 XalIa
X 0.65, or $2 340. Adding to this amount the inst tin
tion cost of the conventional fuel operated heat~n~
system the total amount is $4 140, a sum represe~ ~se
the present-day equivalent of keeping the 0
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heated for 20 years. This amount is 2.3 times larger
than the installation cost of the heating equipment.

Thus, ;\- "design criterion" can be established: a
solar-hen (fed house will break even, economically, if
the insta.lation of the system costs 2.3 times as much
as a conventional heating equipment. If it costs less,
it will save money.

In this economic comparison, the summer cooling
of the system is not even included. In a cost break
down, tLl' price of the walls, replaced by collectors,
should be deducted.

Many estimates of the commercial feasibility of
solar house heating conclude that the major task
is to design collector units and heat-storage bins
as marketable items, tacitly implying that such
components could be tacked on to any conventional
house design. It is probable that separate solar
heating systems cannot be marketed as independent
units the same way as conventional furnaces, but
the solution is in the building of complete solar
heated homes. On the basis of our experience we
believe that the solar heating system and the design
of the house must be integrated.
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Summary

Solar radiation is of importance in housing in
both positive and negative aspect. This energy
should he utilized in cool climatic periods and coun
teracted in hot ones. Houses should be "climate
balanced" to ameliorate climate impact comfort
conditions. This can be achieved by design methods,
using purely architectural means.

A south-facing wall has favorable relationship
with the seasons. A vertical solar collector can replace
the south-facing wall of a house.

Heating a house with solar energy requires a
careful heat budgeting. On Lat. 40°, east coast,
U. S., 5-6 days heat storage is needed. In this region
for each two square feet floor area of the house,
one square foot of collector surface is required.

The heat storage area of the house, using chemical
heat storage, will occupy about 4 per cent of the

floor area. During hot periods the collector surface,
as well as the house itself, should be shaded. Cooling
can be obtained by circulating night-air through the
bin, which stores coolness for the daytime.

An experimental solar laboratory has been built
at Princeton, with the characteristics of a house.
This building was heated through two years with
solar energy only without any auxiliary heating,
and has performed with sufficient success.

A solar heated house will break even economically
if the installation of the system costs 2.3 times as
much as a conventional heating equipment. It is
probable that separate solar heating systems can
not be marketed economically as independent units,
but the solution is in the building of complete solar
heated homes. On the basis of our experience we
believe that the solar heating system and the design
of the house must be integrated.

CRITERE POUR L'ETABLISSEMENT DES PLANS DE MAISONS A CHAUFFAGE SOLAIRE

Resume

Le rayonnement solaire presente son importance
au point de vue des maisons d'habitations, tant par
ses aspects positifs, que par ses aspects negatifs.
Cette energie doit etre utilisee pendant les periodes
oil. il fait frais, et il faut la neutraliser pendant les
chaleurs. Les maisons d'habitation doivent etre

dotees d'un «climat interne» equilibre pour compenser
les repercussions du climat dans le seris du con fort.
Cela peut se faire par des methodes qui font appel
a des moyens purement architecturaux.

Tout mur oriente vers le sud presente des rapports
favorables avec les saisons. Un collecteur vertical
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solaire peut remplacer un mur de maison aexposition
meridionale,

Le chauffage d'une maison par l'energie solaire
exige une sage « administration » ou « gestion » de
la chaleur. Par la latitude de 40° N,. sur la cote est
des Etats-Unis, il faut pouvoir mettre la chaleur
en reserve pendant 5 ou 6 jours. Dans cette region,
il faut un metre carre de surface de collecteur pour
deux metres cartes de surface de plancher de la
maison.

La zone de mise en reserve de la chaleur, dans la
maison en cause, avec un dispositif chimique d'accu
mulation de chaleur, occupera environ 4 p. 100 de
la surface des planchers.

Pendant les periodes chaudes, la surface du
collecteur, ainsi que la maison elle-merne, doit etre
mise a l'ombre. Le rafraichissement peut etre realise
en faisant circuler l'air nocturne par le bac d'accu-

mulation, ce qui permet de mettre la fraicheur
en reserve pour la journee,

On a construit un laboratoire sol.ure experimental
a Princeton, qui ales caracteristiq!.;S d'une maison.
Ce batiment a ete chauffe pendai.t deux ans par
l'energie solaire exclusivement, sans sucun chauffage
auxiliaire. Et il a fonctionne dans des conditions
de succes satisfaisantes.

Une maison a chauffage solair-: pourra couvrir
ses frais economiquement si I'installation du systems
cofrte 2,3 fois le prix d'une instal.xtion classique.
Il est probable que des systemes do chauffage solaire
independants ne sauraient etre vendus economique
ment, mais la solution reside dans la construction
de maisons completes a chauffagc solaire. Sur la
base de notre experience, nous estimor.s que le systeme
de chauffage solaire et la construction meme de la
maison doivent etre integres.
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A SWFDISH SOLAR.HEATED HOUSE AT CAPRI

Gunnar Pleijel * and Bert Lirulstriini **

In 196/i, the Swedish Royal Academy of Science
erected ;, building for the Swedish Astrophysical
Station Pi, the Isle of Capri, Italy. When working
out the l,[;ms for the building, the director of the
Station, trofessor Yngve Ohrnan, invited one of
us, Pleijc-'. to design the building as a solar heated
house and calculate the availability of solar radiation.
Co-operation was established with a contractor firm,
Bygg-Olet.a, and a heating and ventilation firm,
Installator, Ltd., both in Stockholm. The technical
staff of the latter worked out the details of the solar
heating system. On Capri, the contractor was Mr. Gui
seppe As!.irita and the heating installation was made
by Mr. r;;':,uro-Visone. The work was performed by
Professor Ohman. '

Later x-o, there is also to be a solar hot water
installatioi and equipment for cooling the house in
s~mmer. These installations are intended for expe
nments ;" the utilization of solar energy for space
heating ;;,d cooling and for hot water supply. Other
problems roncerning the use of solar energy are also
to be investigated at the Station.

The building

The piece of ground on which the new Station
was erected is situated in the south-western part
ofAnacapri (see figure 1). The elevation is 240 meters.
The ground has a rather steep slope towards the
south-west. To the south-east, there is a very high
mountain, Monte Solaro, which has an elevation
of 590 meters. The mountain obstructs the sun for
one and a half hours in the morning. (See figure 3.)

The main facade of the house, with the solar
collectors, faces south-west. (See figure 2). Because
?f the slope of the terrain, it was impossible to turn
It to the south. As the mountain obstructs the
Sunshine in the morning, the heat radiation lost
by this orientation is only 20 per cent. The heat
collector has an area of 30 square meters. This seems
to be very small compared with the floor area of the
house, which is 180 square meters.

tion on the temperature, the water vapor content
in the air, the precipitation and the number of
clear, cloudy and overcast days during the year.
Relative time of sunshine was calculated from the
patrol hours at the station for the years 1957 and
1958. (See table 1.)

Solar chart

A solar chart in stereographic projection (1,2)
was constructed for the latitude 400 N. (the latitude
of Anacapri is 40033'N.) (see figure 3). This chart
shows graphically the paths of the sun over the sky.
Zenith is the center of the chart and the horizon
is the circle at the edge of it. There are seven solar
paths for twelve months: one for the winter solstice,
one for the, summer solstice, and between them
five paths each for one day in the spring and one
day in the autumn paired together, which are syrne
trically situated with respect to the solstices, i.e.,
have the same declination of the sun. The paths lie
at similar distances from each other. They are marked
in Roman numerals at the curves. The solar paths
are intersected by hour-lines, the hour being marked
in Arabic numerals at the path for the summer sol
stice. A scale of solar altitude (h) and zenith angle
is laid out from the zenith to the horizon in the north.
Around the horizon is set off a scale of azimuth
from the north clockwise over east, south, west and
back to the north. For every time of the day and
every day of the year, it is possible to read off the
position of the sun. The chart is drawn up for true
solar time. The times of the day must be corrected
for the equation of time and the longitude in order
to obtain local time.

The solar chart is intended for determining the
obstructing effect of the terrain, trees, shrubs and
surrounding buildings or other objects. In figure 3,
the screen figure for the facade facing south-west has
been designed and the obstructed parts of the solar
tracks can be read off the figure.

Calculation of the radiation

The climate The altitude and azimuth of the sun were calculated
There were no actual meteorological data to be according to the astronomical equations:

had at Capri and thus no exact calculations of the sin h = sin d . sin ~ - cos d . cos ep • cos t (1)
radiation could be made. In an old book entitled sin a . cos li = cos d . sin t (2)
II CLima dell'Isola di Capri there was some informa-
-_ where h is the altitude, a is the azimuth, ep is the

• Docent at the Royal Institute of Technology, Stockholm. latitude, d is the declination and t is the hour-angle.
" InstallatOr. Ltd., Stockholm. (See table 2.)

207
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Figure 2. Elevation and part of the basement floor of the station

The calculation of the heat radiation has been
car~ied out according to the "Component method"
devised by Pleijel (2). The radiation vector is divided
Into three components in a convenient perpendicular
co-ordinate system with axes x, y and z. For these,
the following equations apply:

Ex = Eo' cos h . cos a [3J
Ey=Eo·cosh·sina [4J
Ez=Eo·sinh [5J

where Eo is the radiation perpendicular to the direc
tion of the radiation, Ex is the north-south component,
E y is the east-west component, Ez is the vertical
component, and h and a are the altitudes and azimuth
of the sun.

A component table was calculated for the latitude
40oN. (see table 3). For the radiation perpendicular
to the direction of the radiation (Eo), a curve was
interpolated between Lunelund's curve for Helsinki

- (6) and Moon's curve for 20 mm water vapor content

Table 1. Temperatures at Capri for the years 1890-1911 (3) and the relative time of sunshine
according to the patrol hours in 1957 and 1958 (4) (S = maximum duration of sunshine;

s = sunshlne duration according to patrol hours)

Month Jan. Feb. Mar. Apr. May June , July Aug. Sept. Oct. Nov. Dec.

Temperature, °C

Mean-maximum. 14.1 14.3 16.2 19.0 21.9 26.4 28.8 29.2 26.5 23.3 29.5 15.4
Mean 9.0 8.8 10.5 12.8 16.3 20.0 22.9 23.3 20.9 17.4 13.6 10.2
Mean-minimum. 2.2 2.2 4.6 6.9 10.1 13.4 17.0 17.5 10.6 12.0 6.8 5.0
S . 217 210 279 330 310 300 310 310 300 279 240 233
s 101 93 143 160 214 241 289 274 240 174 92 100
s/S 0.47 0.44 0.52 0.51 0.69 0.81 0.93 0.88 0.80 0.62 0.36 0.43
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Figure 3. Solar chart for latitude 40 oN. with screen figure of the environment and a vertical surface with the azimuth
(south-west)

in the air (5). This curve might hold good for Capri
where the mean water vapor content for the year
is 10 mm. (See figure 4.)

From the component table, the radiation on any
surface can be calculated. The following equation
applies to this calculation:

EA = Ex' cos hA' cos aA + E y • cos hA
-sin z, +Ez·sinhA [6J

where EA is the radiation on the surface A; Ex,
E y and E z are the components; and hA and aA

are the altitude and azimuth of the normal to the
surface A. f 5

. . ti 1 sur aceThe radiation was calculated for ~er rea f 15°.
with azimuths round the horizon at lllterv~ls 0 for a
Table 4 shows the results of this calculatIOnf Vlde
surface with the azimuth 225°, the south-~est t the
of the house with the solar collectors. In thIS ta~ ~rain
obstructing effect of the surface it self and th: :re 3.)
and vegetation has been considered. (See gloss

The reduction of the radiation for the he~t mm
in double window panes was made for a
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Table 2. Solar altitudes and azimuths for the latitude 40 0 N. (h = altitude; a = azimuth
(positive during a.m., negative during p.m.); d = declination of the sun)

True solar time
Date d

12 11.13 10.14 9.15 8.14 7.16 6.18 5.19 1.20

;~1/6 + 23°.45
h 73°.4 69°.2 59°.8 48°.8 37°.4 26°.0 14°.8 4°.2
a 180°.0 138°.1 114°.2 99°.8 88°.6 80°.2 71".6 62°.7

;~1/5
+ 20°.16

h 70°.1 66°.3 57°.6 46°.6 35°.5 24°.1 12°.8 2°.0

"22/7 a 180°.0 119°.1 103°.8 92°.8 83°.2 74°.3 . 65°.1
:'.0}4 + 11°.48

h 61°.5 58°.5 51".1 41°.2 30°.2 18°.8 7°.4
;,3/8 a 180°.0 150°.9 128°.8 112°.9 100°.8 90°.7 81°.2
20/3 + 0°.

h 50°.0 47°.7 41°.6 32°.8 22°.5 11°.4 0°.0
:'.3/9 a 180°.0 157°.4 138°.1 122°.7 110°.4 99°.8 90°.0

19/2
- 11°.48

h 38°.2 36°.7 31°.5 23°.8 14°.3 3°.8
23/10. a 180°.0 161°.6 144°,9 130°.8 118°.9 108°.4
:20/1

- 20°.16
h 29°.8 28°.2 23°.7 16°.7 7°.9

22/11. a 180°.0 164°.0 149°.2 136°.1 124°.8

21/12. - 23°.45
h 26°.5 25°.0 20°.7 14°.0 5°.5
a 180°.0 164°.8 150°.7 138°.1 127°.0

Belgian ::lass of low iron content. The transmission
curve for that glass is shown in figure 5. The trans
mitted l.-at was calculated according to the equations:

EAt = EA . Tt [7J
i = arc cos (EA/Eo) [8J

where E j is the radiation on the surface A; Tt is
the trar. -mission factor for the angle of incidence i;
EAt is rhe transmitted radiation; and Eo is the
radiatio» perpendicular to the direction of the radia
tion.

The transmitted heat in the solar collectors was
calculated, but the result is not shown here in detail.
From table 7, however, the 24-hour totals and the
monthly totals can be read.

In order to get the radiation modified for the
cloud cover, the solar radiation values for a clear
sky were multiplied by the relative time of sunshine
s/S. (See tables 1 and 7.)

The radiation from the sky is significant and must
therefore also be calculated and added to the solar
radiation.

Table 3. Solar radiation components Ex. Ey and E. for 40 0 N. latitude
(Ey is positive during a.m, and negative during p.m.)

Unit: 1 kcaljmsh,

True solar time

Date Com-
ponent

12 11.13 10.14 9.15 8.16 7.17 6.18 5.19 1.20

. { Ex -223 -207 -159 - 86 + 14 + 96 + 149 + 102

21/6 . Ey ± 0 ± 186 ± 354 ± 488 ± 562 ± 557 ± 450 ± 197

Ez + 751 + 730 + 667 + 566 + 429 + 275 + 125 + 16

21/5 .

:{
Ex -266 -248 -201 -121 - 28 + 66 + 120 + 53

Ey ± 0 ± 189 ± 361 ± 495 ± 566 ± 553 ± 426 ± 114

22/7 . Ez + 735 + 713 + 648 + 545 + 405 + 249 + lOO + 4

20/4 ,

:{
Ex -369 -351 -298 -213 -102 6 + 50

Ey ± 0 ± 195 ±371 ± 503 ± 561 ± 520 ± 319

23/8 . Ez + 679 + 657 + 589 + 478 + 333 +177 + 42

20/3 .

:{
. Ex -485 -466 -405 -309 -191 - 71 ± 0

Ey ± 0 ± 194 ± 364 ± 481 ± 515 ± 412 ± 0

23/9 . Ez + 578 +554 + 482 + 368 + 228 + 84 ± 0

19/2 .

:{
Ex -558 -536 -467 -364 -225 - 65

Ey ± 0 ± 179 ± 328 ± 422 ± 409 ± 195

23/10 Ez + 444 + 420 + 350 + 245 + 119 + 14

20/1 .

:{
Ex -572 -548 -477 -358 -19!

Ey ± 0 ± 157 ± 284 ±3!4 ± 279

22/11 Ez + 328 + 306 + 243 + 149 + 47

. { Ex -566 -542 -466 -3!7 -161

21/12 Ey ± 0 ± 147 ± 262 ± 307 ± 214
Ez + 283 + 262 + 202 + 114 + 26
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Table 4. Radiation from the sun alone on a vertical surface with the orientation 225° (south-west)
(Obstructions according to figure 3 have been considered)

Latitude, 400 N. Unit: 1 kcaljm-h. Clear sky.

True solar time

Date Time
12 11.13 10.14 9.15 8.16 7.17 6.18 5.l!1 4.20

-'---

· { a.m. 158 14
21/6 . p.m. 278 362 406 387 326 213
21/5 . a.m, 188 41

. 22/7 . p.m. 309 397 436 420 344 216
20/4. a.m. 261 110
23/8. p.m. 386 743 507 469 372 191
20/3 . a.m. 343 193 29
23/9 . p.m. 467 543 558 499 341 . 0
19/2 . a.m, 395 252 98
23/10. p.m. 506 . 562 552 448 184
20/1" . a.m. 404 276 136 10
22/11 p.m. 498 538 496 334

· { a.m. 400 279 145
21/12 p.m. 487 515 462 267

'---
Table 5. Radiation from the sky alone on a horizontal surface without any obstruct.ens

Latitude•.400 N. Unit: 1 kcaljmsh. (k = clear sky. m = cloudy sky.)
----

True solar time
Date Sky ------

12 11.13 10.14 9.15 8.16 7.17 6.18 5.1!J 4.20
-----

21/6 . · { k 87 85 80 72 62 51 39 1!l
m 201 196 182 158 127 90 53 15

21/5 . k 85 83 78 70 60 49 36 11
22/7 . m 197 192 177 153 121 85 46 7
20/4 . k 81 79 73 65 55 44 26
23/8. m 185 179 163 138 105 67 26
20/3 . k 73 71 66 58 48 34 0
23/9 . m 161 156 139 113 80 41 0
19/2 . k 63 61 56 49 38 17
23/10 m 131 125 109 84 51 13
20/1 . k 55 54 49 41 28
22/11 m 103 98 84 61 29

21/12 · { k 52 50 46 38 22
m 94 88 73 50 20

Table 6. Radiation from sun and sky on a vertical surface with orientation 225° (south_west)
(Obstructions according to figure 3 have been considered).

Latitude, 40oN. Unit: 1 kcaljmsh. Clear sky.

True solar time
Date Time

12 11.13 10.14 9.15 8.16 7.17 6.18 5.19 4.20

{ a.m. 198 53 37 33 28 23 18 921/6 . p.m. 317 399 439 415 349 231 9
21/5 . a.m. 227 79 36 32 28 22 17 5
22/7 . p.m. 347 433 468 448 366 233 5
20/4 . a.m. 298 146 34 30 25 20 12
23/8 . p.m. 422 507 537 494 392 203
20/3 . a.rn. 377 226 59 27 22 16 0
23/9. p.m. 500 573 585 521 357 0
19/2 . a.m. 424 282 125 22 17 8
23/10 p.m. 534 588 574 465 192
20/1 • a.m. 429 301 158 29 13
22/11 p.m, 523 560 515 347

. { a.m. 424 302 166 17 10
21/12 p.m. 510 536 479 277
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Figure 5. Transmission curve for 3 mm Belgian
glass of low iron content
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Figure 4. Radiation from the sun perpendicular. to the
direction of the radiation (8), the radiation from clear
sky (Hk) and from cloudy sky (Hm) on a horizontal
plane)

Table 7. Radiation from sun and sky on a vertical surface and through double glass panes
with orientation 225 0 (south-west)

Clear sky and local nebulosity. Latitude, 400N. Unit: 1 Mcal/m2• (S = 24-hour totals from the 'sun; H = 24-
hour totals from the sky; s/S = relative time of sunshine; M = monthly totals from sun and sky.)

Month Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

s/S 0.47 0.44 0.52 0.51 0.69 0.81 0.93 0.88 0.80 0.62 0.36 0.43
Days 31 28 31 30 31 30 31 31 30 31 30 31

On the surface of the collector
(a) With clear sky

S . 2.66 2.96 2.98 2.82 2.42 2.17 2.30 2.70 2.94 3.00 2.76 2.56
H. 0.18 0.22 0.28 0.34 0.38 0.41 0.40 0.36 0.30 0.24 0.20 0.18
S+H. 2.84 3.18 3.26 3.16 2.80 2.58 2.70 3.06 3.24 3.24 2.96 2.74
M. 88 89 101 95 87 77 81 95 97 100 89 85

(b) With local nebulosity

S . 1.25 1.30 1.55 1.44 1.67 1.76 2.14 2.38 2.35 1.86 0.99 1.10
H. 0.30 0.38 0.52 0.68 0.78 0.84 0.82 0.72 0.58 0.42 0.32 0.26
S+H. 1.55 1.68 2.07 2.12 2.45 2.60 2.96 3.10 2.93 2.28 1.31 1.36
M. 48 47 64 64 76 78 92 96 88 71 39 42

Through double glass pane
(a) With clear sky

S. 1.98 2.20 2.18 2.00 1.64 1.42 1.54 1.90 2.16 2.20 2.04 1.94
H. 0.14 0.16 0.20 0.24 0.26 0.28 0.28 0.24 0.20 0.16 0.14 0.12
S+H. 2.12 2.36 2.38 2.24 1.90 1.70 1.82 2.14 2.36 2.36 2.28 2.06
M. 66 66 74 67 59 51 56 66 71 73 68 64

(b) With local nebulosity

S. 0.93 0.97 1.13 1.02 1.13 1.15 1.43 1.67 1.73 1.36 0.73 0.83
H. 0.20 0.27 0.37 0.48 0.55 0.59 0.57 0.50 0.41 0.30 0.22 0.18
S + H. 1.13 1.24 1.50 1.50 1.68 1.74 2.00 2.17 2.14 1.66 0.95 1.01
M. 35 35 47 45 52 52 62 67 64 52 29 31
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Figure 6. Sky card for th~ horizontal component Dv of the radiation factor, with the screen figure as in figure 3

First the sky radiation on horizontal plane without
obstructions was calculated. This was made both
for clear and cloudy sky. Two curves, which are
shown in figure 3, were used in combination with
the solar altitudes in table 2. (See table 5.)

The sky radiation on any surface can then be
calculated with aid of a radiation factor which is the
relation between the radiation on the surface in
question and the horizontal surface without obstruc
tions. The following equation applies:

[9J

where EA is the radiation on the surface A;.{i; ~~
the radiation on the horizontal surface Wl f ~he
obstructions; and DAis the radiation factor 0

surface A.
The radiation factoris divided into two compon~~::i

one horizontal component, Dy , and one verord
component, D z. These components are added ace
ing to the equation:

. [10]
DA =Dy ' cos hA +Dz ' sm z.,

A'
where DAis the radiation factor for the sUrf~~etio~
D y . and D z are the components of the ra la



Figure 7. Radiation from sun and sky on a vertical surface with orientation 225° (south-west)
during the year

(5 = sun, H = sky, k = clear sky, m = cloudy sky, TEMP = Mean temperature for the month)

factor; h4 and aA are the altitude and azimuth
of the normal to the surface A.

For the calculation of D y and D z, two radiation.
cards have been constructed. They give the entire
sky in stereographic projection, the same as was
used for the solar chart. Zenith is the centre of
the cards and the horizon is the circle forming the
edge of it. It has been assumed that the radiation

is uniform over the entire sky. (See figures 6, 9
and 10.)

The card for D z contains 1 000 points which are
equivalent with respect to the radiation on the hori
zontal plane. The card for D y also contains 1 000
points, of which 500 are positive and 500 are negative.
These points are equivalent with respect to the
radiation on the two sides of a vertical surface,

Table 8. Approximate calculation of the radiation from sun and sky (global) through horizontal,
sloping and vertical double glass panes. Orientation 180° (south) and different altitude

of the normal to the glass surface (h)

Local nebulosity and obstruction. Latitude 40 0 N . Unit: 1 kcal/m2 day
(The maximum value in every month is in italics.]

Month Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

slS 0.47 0.44 0.52 0.51 0.69 0.81 0.93 0.88 0.80 0.62 0.37 0.43

90°. 941 1 383 2290 2984 4266 5025 5351 4421 3095 1 710 830 711
75°. 1 303 1693 2603 3124 4270 4953 5374 4694 3596 2157 1 111 1001
60°. 1575 1911 2754 3100 4075 4616 5125 4677 3842 2473 1322 1 227

h 45°. 1 723 1982 2702 2856 3552 3908 4455 4320 3801 2594 1 431 1 355
30°. 1 754 1925 2477 2432 2823 3035 3520 3674 3505 2542 1445 1392
15° . 1667 1745 2044 1839 1 910 1 919 2343 2749 2916 2320 1364 1340
0° . 1 481 1454 1549 1 173 956 884 1112 1702 1 194 1943 1205 1 198

8
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which is half the horizontal radiation. The cards
are used in the following way.

The same screen figure that was used for calculation
of the solar radiation is also used in this case. It is

-Iaid on the D z card and the number of points faIling
on free sky are counted. This number divided by
1 000 gives the De component. Then the screen figure
is moved to the Dv card and turned until the hori
zontal projection of the normal to the surface coin
cides with the y axis. The positive and the negative
points which fall on free sky are counted, the latter

are subtracted from the former and the result divided
by 1 000, which gives the Dv-component. The D and
Dy components are added according to equatio; [10J
and then the radiation factor DA is obtained.

The radiation factor can be rec;uced for the loss
in the two window panes by mul: 'plying it by the
transmission on factor for diffuse radiation, which
in this case is 0.70.

For the calculation of the sky radiation on the
heat collector, the radiation card l(;'" the Dv compo
nent has been used. It was not r:(~ccessary to use

t
O'

90' O'

-h.
10'

'0'

70'

10' SO'

-W-~ 0 90' ~-{

i t11180'
Figure 8. Solar chart for latitude 40 oN. with the screen figure of the environment and a sloping surface with the az mu

and the altitude 45° of the normal
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Figure 9. Sky card for the vertical component D. of the radiation factor with the same screen figure as in figure 8

the D z card because sin hA = O. From figure 6,
the Dy-component 0.495 can be determined for the
surface of the collector. Reduced for the heat loss
in the glass panes, it is 0.321. These components
are also the radiation factors. Then the radiation
from clear and cloudy sky have been calculated
according to equation [9J. In table 6, the radiation
from clear sky has been added to the radiation from
the sun.

Calculations have been carried out for clear sky
and local nebulosity and for the collector surface,
and also for the transmission through double glass
panes. The result is not shown here in detail but
table 7 gives 24-hour totals and monthly totals. _

The result is also shown graphically in figure 7, in
which the temperature curve for the year is also given.

The installation for hot water supply is to be
placed on the roof of the house. Then it is possible
to let the collector face due south and to give it the
slope that provides maximum solar heat during the
coldest part of the year (February). Calculation of the
heat input was therefore carried out for this collector
using the same method as above.

First, an approximate calculation was made to
determine the sloping angle that gives maximum
radiation during February. The result for vertical
and horizontal surfaces and for five sloping surfaces
between these is shown in table 8.The maximum values
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for each month are underlined, and for February
the maximum radiation occurs for a slope of 45°.

A more precise calculation was then made for the
45° slope. A new screen figure was designed and it
was combined with the solar chart and the sky
component cards (see figures 8, 9 and 10). The
result of this calculation is shown in tables 9 and 10
and also in figure 11. It can be seen that the solar
collector on the roof will get 50 per cent more heat in
February than the vertical collector at the fac;:ade.

The solar heat collector

The solar heat collector is made of ordinary Swe
dish radiators for central heating with hot water.

They are protected against heat loss by a glass
pane and a plastic folium (see figure 12). Behind
the radiators there is an insulation of 10 cm mineral
wool covered with aluminium Ioi: as a protection
against water vapor which can !.:-j're condensation
at the inside of the glass pane. ft serves also as

- reflector of heat from the radiator s.

The radiators are painted black r.n the front side
in order to absorb as much as pu>ihle of the solar
radiation.

The heat balance

As the size of the solar heat collector area was
given because of its position on the front of the house,

. . . .. . .. .

,.~.

~r----------------+~------------1~;'-'---:~o-*.,...

.06

t
Figure 10. Sky card for the horizontal component D II of the radlatlon factor with the same screen figure as in figure 8
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Table 9. Radiation from sun and sky on a surface with orientation 180° (south) and the altitude
of the normal = 45° (Obstructions according to figure 8 have been considered)

Latitude, 40 0N. Unit: 1 kcaljmsh. Clear sky

the calculations-were only made as a control to see
how much of the heat loss from the house could
probably be compensated by the solar heating.

The heit loss from the house was calculated on the
following basis: room temperature, +17°C; outdoor
temperature, the mean value of each month. The

total input of solar heat was calculated from values
given above. In figure 13, the calculated heat loss
is compared with total input at two different
efficiencies ('1)). As can be seen from the diagram,
about 50 per cent of the heat loss can be supplied
if"t) = 0.50 and about 70 per cent if '1) = 0.75.

Table 10. Radiation from sun and sky on a sloping surface and through sloping double glass panes
with orientation 180° (south) and 45° altitude of the normal to the surface

Clear sky and local nebulosity. Latitude, 40 0N. Unit: I Mcaljrnt. (5 = 24-hour totals from the sun, H = 24-
hour totals from the sky, s/5 = relative time of sunshine, M = monthly totals from sun and sky.)

Month Jan. Feb. Mar. Apr. May June July Aug. . Sept. Oct. Nov. Dec.

s/5 0.47 0.44 0.52 0.51 0.69 0.81 0.93 0.88 0.80 0.62 0.36 0.43

Days 31 28 31 30 31 30 31 31 30 31 30 31

On the surface of the collector

(a) With clear sky

5 3.62 4.28 5.00 5.26 5.12 4.96 5.06 5.24 5.16 4.50 3.86 3.26

H. 0.30 0.38 0.46 0.58 0.66 0.70 0.68 0.60 0.50 0.40 0.32 0.28

5 + H. 3.92 4.66 5.46 5.84 5.78 5.66 5.74 5.84 5.66 4.90 4.18 3.54

M. 122 130 169 175 179 170 178 181 170 152 125 110

(b) With local nebulosity

5 . 1.70 1.88 2.60 2.68 3.53 4.01 4.71 4.61 4.13 2.79 1.43 1.40

H. 0.49 0.67 0.91 1.15 1.34 1.42 1.38 1.23 0.98 0.73 0.53 0.44

5 + H. 2.19 2.55 3.51 3.83 4.87 5.43 6.09 5.84 5.ll 3.52 1.96 1.84

M. 68 71 109 115 151 163 189 181 153 109 59 57

Through double glass panes

(a) With clear sky

S . 2.84 3.34 3.84 3.98 3.80 3,62 3.72 3.94 3,94 3.48 3.00 2.52

H. 0.22 0.26 0.34 0.40 0.46 0.48 0.48 0.42 0.36 0.28 0.23 0.20

S + H. 3.06 3.60 4.18 4.38 4.26 4.10 4.20 4.36 4.30 3.76 3.23 2.72

M. 95 101 130 131 132 123 130 135 129 117 97 84

(b) With local nebulosity

S . 1.33 1.47 2.00 2.03 2.62 2.93 3.46 3.47 3.15 2.16 I.ll 1.08

H. 0.34 0.46 0.63 0.81 0.94 0.99 0.96 0.86 0.70 0.52 0.37 0.31

S + H. 1.67' 1.93 2.63 2.84 3.56 3.92 4.42 4.33 3.85 2.68 1.48 1.39

M. 52 54 82 85 llO ll8 137 134 ll6 83 44 43
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Figure 11. Radiation from sun and sky during the year on a sloping surface with the azimuth 180 0

and the altitude 45 0 of the normal

(5 = sun, H = sky, k = clear sky, m = cloudy sky, TEMP = mean temperature for the month)

During the period December-March, auxiliary
heating is necessary. A stove is installed in the
living part of the house and the laboratories have
portable electrical radiators as a complement.

The radiators are calculated to operate with
water temperatures of 40-35°C, inflow and return,
respectively. Temperatures are chosen with regard
to operating possibilities even at slight sun radiation

shouldand to feeling of pleasantness. A radiator
in fact have such a temperature that one gets a
feeling of heat when one touches it.

The final shape of the system
, . ystern

A schematic diagram of the solar heatlllg SUeetor
is shown in figure 14. The solar energy co
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Figure 14. Schematic diagram of the solar heating installation



A Swedish solar-heated house at Capri S/49 Pleijel and Llndstrom 223

system and the radiator system are calculated for
the same p.lmp capacity. This is of great advantage
if onepump should fail. The two systems can be driven
by one plF:lp if the storage tank is disconnected.
The diagram also shows the connections available
for future installations of, for example, cooling
machinery In order to get uniform circulation,
every pan of the collector has a regulating valve.

Some cor-ponents were bought in Sweden, includ
ing, on the one hand, things that could in all proba-

bility not be obtained in Italy, and on the other
hand, things that, in the designer's opinion, ought to
be controlled during manufacturing. Thus the
radiators were manufactured in Sweden and pumps,
regulating valves, and insulating materials were
delivered from Sweden. The automatic regulator
equipment was ordered from Sweden by the mecha
nical designer for delivery through an Italian repre
sentative. There was no difficulty at all in fixing the
Swedish and the Italian outfits together.
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Summary

In 1960, the Swedish Royal Academy of Science
erected a building for the Swedish Astrophysical
~tation on the Isle of Capri, Italy. This building
IS provided with a solar space heating system. Later
there is also to be a solar hot water system and cooling
equipment These installations are intended for
experimental purposes.

The paper describes the climate of the island.
Calculations for the heat collector input have been
carried out with the aid of a solar chart for latitude

400N. and two cards for the radiation from the sky.
The screening effect of the surroundings has been
considered. Tables and diagrams have been made
for two collectors, one vertical and facing southwest
(for space heating), and one sloping 45° and facing
south (for the hot water supply). The heat loss from
the building has been calculated and compared
with the heat input from the collector. It is probable
that 70 per cent of the heat requirement will be
provided by the solar space heating system.

LA MAISON A CHAUFFAGE SOLAIRE DE CAPRI

Resume

Au cours de I'annee 1960 l'Academie royale des
sciences de Suede a construit un batiment pour la
station d'astrophysique suedoise a Capri, l~quel est
dote d'une installation de chauffage solaire poyr
les loca~x de la station. On y ajoutera ~ar la s~lte
un systeme de chauffe-eau solaire et une installation
de climatisation. Tout ceci presente un caractere
experimental.

Le memoire decrit le climat de l'ile. On calcule
l'apport de chaleur au collecteur, al'aide d'une carte
solaire pour la latitude 400N et de deux tables de

rayonnemep.t en provenance du ciel. On a pris en
consideration l'effet reducteur du rayonnement dfr
au milieu. On a mis au point les tables et les dia
grammes applicables a deux collecteurs possibles,
l'un vertical et faisant face au sud-ouest (pour le
chauffage des locaux), l'autre incline a 45° et faisant
face au sud (pour le chauffe-eau). On a calcule les
pertes de chaleur du batirnent que l'on a comparees
a l'apport de chaleur par le collecteur. On estime
que 70 p. 100 des besoins de chaleur seront couverts
par le systeme solaire de chauffage des locaux.

8*
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SOLAR SPACE HEATING, WATER HEATING, COOLING IN THE THf.:IASON HOME

Harry E. Thomason *

for one purpose
1) that the value

,:s of installation,

Solar heat collectccs

short lived, or have been usab
only, or had other drawbacks, .,
received would not justify the (
operation and maintenance.

In the Thomason solar system, ; tempts have been
made to solve the problems by", <eking them from
all sides simultaneously. To this '!lrl a simple solar
heat collector was invented to: Jp solar energy.
The more common water heating ..lar heat collector
has expensive copper tubing 50! . red to expensive
sheet copper, with expensive br; flow restricting
fittings, and uses expensive 5D\' -r and expensive
lab or. In cold climates there 1- . he possibility of
freezing and bursting of the tu: . g with resultant
expensive repair bills.

In the 840 square foot hca "ollector on ~he
Thomason solar heated home the ... nensive matenals
referred to above were replaced j '.' simple inexpen
sive blackened corrugated sheet r.. tal, The corr~ga

tions run down the incline. A di..tributor mall1!old
introduces hundreds of small strt-r.ms of water into
the valleys at the top of the collector and this water
flows down the valleys, heated by the solar heated
metal as it descends to the bottom of the colle~tor.
The small streams at the bottom are gathered into
one large stream of hot water and flows to a heal
storage bin where domestic water is heated an
heat is stored.

The simple collector described is low in cost,
approximately $1.00 to $1.25 per square foot, as
contrasted with a minimum of $2.50 to $3.00 per
square foot for conventional collectors. In ma~s
production the heat collector could probably e
produced at approximately $0.75 to $1.00 per s6uar~
foot and sold at a retail price of $1.25 to $1.5 1e

r
square foot. Experts in the field agree tha~Jo:d
heat col.1ectors for space. heating ca~not be conSIl~[ess
economical anywhere III the Umted States 1 re
they can be produced at less than $1.50 per squa
foot.s . 'ts

. The efficiency of this collector is very high I~:nt
normal working range (approximately 40 pe~ the
to 75 per cent in boosting water temperatures lUthat
range of 32°-135°). There are so many f.actorS cific
affect efficiency that the author can gIve SP~fied.
figures only when particular conditions are specI ,

" jOurnal
2 See article by Mr. Edward Speyer, "Solar EnergY:z~na,

for December 1959, published by AFASE, Tempe, An
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General observation

Two solar heated houses have been constructed
near Washington, D.C., by their inventor, Harry
E. Thomason. For one complete winter the sun
supplied all of the heat required for the first of
these houses, except for 31 gallons of oil which
cost $4.65. For the second winter this house was
heated by solar energy and $6.30 worth of oil despite
temperatures as low as 1° below zero F, and snow
totalling approximately 40 to 50 inches for the
winter. Most of the domestic water is heated by
the sun. The house is cooled reasonably well during
the summer by water which is chilled by circulating
it over the north-sloping roof at night.

It is estimated that approximately 95 per cent of
the heat requirements of the house are met by
trapping and storing solar energy. The first house
cost $13000 with heating-cooling system costing
$2 500. It is estimated that a conventional heating
cooling system would have cost about $1500.
Therefore, the solar system added about $1000 to
the cost of the house. This house has approximately
1 500 square feet of floor space.

The second solar house heating system is more
simplified and less expensive. This paper reports
results of the author's inventions as applied in his
solar heated houses. I

* Civilian Patent Advisor, Army Signal Corps, Washington.
1 See also "Solar Energy", 4th quarter 1960, and "The Sun

At Work", 1st quarter 1960, 4th quarter 1960 and 1st quarter 1961,
these four publications from the Association For Applied Solar
Energy, Arizona State University, Tempe, Arizona.

It is ironic that here in the 20th century we should
be seeking new sources of energy from among the
oldest forms of energy known. What could be older

. than geothermal energy from mother earth herself,
or energy from movement of the winds? Only the
most powerful, oldest and primary source of all
energy, i.e., solar energy, from our brightest star
called the sun. The magnitude of this source of
energy is ~o great that it defies comprehension by the
human mind, It has been estimated that all known
fuels on earth, including nuclear fuels, equal only
three days of energy received on earth from the sun.

This t~emendous solar power being available, why
do we fall t? use more of it~ In the field of heating
houses, cooling houses, heating domestic water and
such, propos~d systems for. using solar energy have
been expensive, or complicated, or inefficient, or
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For example, in' producing melt water for ice or
preheating domestic water in a range of 32°F to
60°F with outside temperatures of say 10°F to 40°F,
efficiency is in the range of 70 per cent to 80 per cent.
For home space heating, temperatures as low as
60°_70° are useful and the collector operates to raise
the temperature of water in the range of 60° to 90°
with an efficiency of 55 per cent to 70 per cent. For
heating water in this range, the heat collector is
actually useful at times when there is absolutely
no visible sunshine, as explained below. As the
reserve of stored heat rises and water is heated in
the range of 90° to 135°, efficiency is of the order of
30 per cent to 55 per cent. During the colder months,
temperatures in excess of 135° are.rarely used. From
the foregoing it is seen that the system "works
harder" and produces more heat per day after a
long cloudy spell when the reserve of heat is lowest
and heat is needed most, i.e., when the temperature
of the water in the storage drum is reduced to 60°_70°
and is boosted to, say 100°, by the heat collector.

Specific performance data

A specific example of the performance of the heat
collector is as follows: on 9 Dec. 1959, near the
shortest day of the year, solar input to the collector
was checked with a pyrheliometer by Terrence
H. MacDonald of the D.S. Weather Bureau and was
reported at 4.65 btu per square foot per minute.
Mr. MacDonald checked reflection from the collector
at 15 per cent. Water was circulated through the
co~lector at a rate of approximately 7.15 gallons per
minute and was heated from 92°F to 119°F. The
entire heat collector is approximately 38 ft by 22 ft,
a total of nearly 840 square feet. The net heat collector
surface is nearly 700 square feet after deducting for
glass supporting members. Thus, the rate of heat

Figure 2. Solar-heated outdoor pool at Thomason home

Figure 3. Substructure nears compI r-, :"'1: children's Ferris
wheel at right

collection was approximately 2.:!1.u per sq ft per
min and efficiency was approximu: ;\' 47 per cent.

For heating cold city water on !: o;S same day from
51° to a swimming pool temperau.: ' of 83° at a r~te

of approximately 10 gpm the rat- of heat collectIOn
was more than 150000 btu per hou "f approximately
3.6 btu per sq ft per min with an diriency of approxI
mately 78 per cent.

Surge of solar heat energy stored, domestic
water heated

The heat collector described yields a tremendous
surge of heat energy for only about 6 to 8 hours per
day, and on sunny days only. Something must be
done to heat the domestic water supply for the house
and to store the 6- to 8-hour surge of heat for use
on cold nights and cloudy days. Simplicity and 10;
cost apparatus are essential. In this system t ~
problem was solved as follows. A 42 gallon. fr~~
water preheater tank (costing $22) is placed InSI e
a 275 gallon drum (costing $36). Hot water f~tn
the. solar heat collector passes into the 275 ga o~
drum and bathes the 42 gallon fresh water tank in ~or
water to heat the fresh water inside. The hot wat~e
from the heat collector after flowing through. t

' fl WO275 gallon domestic water preheater, then ows
f

the
a 1 600 gallon drum for temporary storag~ 0 the
tremendous surge of heat collected durIng cl by
sunny day. The I 600 gallon drum is surroundeheat
50 tons of stone. Then, 24 hours per day thestone
from the I 600 gallon drum passes in~o the water
to heat the stone and store the heat whIle the "1 ad
cools back down ready to take on another °rs
of heat" whenever the next sunny day oCf:Cu~
Cold water from the bottom of the drum IS retc the
lated by a small circulating pump. It flows 0
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top and is heated as it descends through the heat
collector.

Getting the heat out of storage

What }c"N-COSt and simple apparatus can be used
to get the heat back out of the storage apparatus?
Large quantities will be demanded on bittely cold
nights an. the apparatus should be automatic.
There is ; i ttle comfort in knowing that you have
tremendous quantities of heat trapped in your base- .
ment if you cannot get it back out of storage in
large quarrtities as needed. In the house described
herein, a thermostat automatically turns a blower
on when heat is needed. The chilled air is circulated
to the bottom of the heat storage bin. As it rises
gently around the warm drum and millions of warm
stones the: air is warmed. Thus, the drum and stone
provide thousands of square feet of heat exchange
surface, I;: addition to providing for storage of
tremendous quantities of heat. Registers distribute
the warmed air to the living quarters. When the
house is warm enough (72°_75°) the thermostat
cuts the blower off.

With this system, the heat in the water and
stone can be used down to a level as low as 60°-70°.
Due to this the heat storage apparatus has a greater
useful capacity (7 to 10 day maximum capacity)
and the solar heat collector itself operates more
efficiently because it is working at a lower temper
ature and less heat is lost.

Auxiliary heating apparatus

What cm we do when the solar input is insufficient
to meet the heat demand? In the house described
herein a thermostat cuts in an auxiliary oil furnace
for a few minutes. A total of 31 gallons of oil at
a cost of $4.65 was used for auxiliary heat for the
entire winter of 1959-1960 despite temperatures as
low as lOOF and several snows of 6 in to 12 in. It
is estimated that 95 per cent of all heat !equirements
for this 3 bedroom house was supplied by solar
energy despite the fact that more than half of the
days were cloudy and the winter was slightly calder
than normal. During the winter of 1960-1961,
temperatures at this house dipped as low as 1° below
zero. December was the caldest in 43 years, and
snow in December, January and February totalled
40-50 inches near to an all-time record for the area.
Total auxili~ry fuel for the season amounted to
42 gallons of oil at a cost of $6.30.

Cooling the house

Thus far only heating apparat~shas been discussed.
ThIS house is also cooled dunng the summer as
follows. For summertime operation, water from the
solar heat collector flows through the 275 gallon
domestic water heater only and ~ypa:,ses the
1 600gallon drum. Thus, domestic water IS still he,:ted
during the summer, but the heat bin is turned into
a "cold storage" bin for this season. On clear, cool

Ftgure 4. Heat bin under construction

nights, warm water from the 1 600 gallon drum is
circulated to the north sloping roof of the house
where it is chilled by radiation, evaporation, and
contact with the cool night air. This chilled drum
of water, in turn, chills the surrounding stone.
During the hot day, air from the house is circulated
around the cooled drum and through the cooled
stone to cool the home. This simple apparatus adds
only about $150 to the cost of t?e system as comparad
with $600-$1 000 for conventional central air Con
ditioning. Further, only about t hp is used to circul
ate the water as contrasted with 2 to 3 hp for com
pressors for conventional central air conditioners.

In the Washington area the humidity is generally
high during the summe! (6? per ce?t to -100 pe~ cent
at night), and there IS little wind many mghts.
This reduces evaporative cooling. Many nights are
cloudy, which reduces cooling by radiation. The
lowest air temperature is sometimes 70°_75°F and
this reduces cooling by contact with the air. Never
theless, cooling has exceeded 25 000 btu per hour
under reasonably favorable conditions of a cool
summer night.

Specific cooling performance of roof cooler

On the night of 18 June 1960 the following read
ings were taken to illustrate cooling capability of
the cooling apparatus.

of to of from Air temp. Humidity
Time % Weatherroof roof of

(approx.)

10: 30 p.m. 72 67 63 65-75 Clear, calm
11: 00 7l! 66! 62 65-75 Clear, calm
11 : 30 71 65 61 65-75 Clear, calm
05: 00 a.m, 64 59 56 65-75 Clear, calm
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The rate, of flow was 5 gal in 37 sec, and the
cooling was approximately 5°F to 6°F. This yields
approximately 19000 to 23000 btu of cooling per
hour.

It is to be noted that the relative humidity was
quite high (68 per cent at 11:30 pm according to the
Washington Weather Bureau). Had it been lower,
or had there been a brisk breeze, cooling would have
been at a better rate.

On the night of 14 July, the rate of cooling was
at 25 700 btu per hr at the peak when the sky was
overcast, but there was a breeze of about 15 mph.
Outside air was at 68°F, water to the roof was at
73°F with a return temp. of 65ioF and a flow rate
of 5 -gal in 41 sec. Relative humidity was about
65 per cent.'

During some nights the air temperature may
remain high (about 75°F), the humidity high (about
95 per cent), the sky overcast, and the air still.
Under such conditions the roof chiller is not used
at all and air from the house is cooled by the "cool
ness" stored in the 50 tons of stone and 1 600 gal
of water. A dehumidifier helps keep humidity low.
The temperature in this house has not exceeded
85°F, and it is generally kept to 82°F or 83°F, even
when outside temperatures rise to 95°F or 98°F.
Fortunately, even if outside temperatures go to
98°F at 5:00 pm they are back down to about 82°F
by bedtime. Thus, cooling is generally required only
about six to ten hours per day, some cool days
requiring no cooling.

Typical home temperatures are represented as
follows. In late August of 1960 Washington had a
hot spell. On August 26 when the official high was
93°F and the temperature in the shade on the north
?id~ of the house :eached 96°F, the temperature
inside reached a maximum of only 82°F, the humidity
being lowered from 63 per cent to 60 per cent be
tween 11:00 am and 6:00 pm.

In many parts of the world cooling would be much
better than in the Washington area.

Water lost from the system due to evaporation is
automatically replenished by rainwater from the
roof by a simple sediment trap and automatic
excess rainwater diverter (costing about $10 and
having no working parts to cause trouble).

Children's pool heated

During warmer periods of the colder months,
when the heat supply from the collector exceeds
demands for home heating and domestic water
heating, the excess heat is used to heat water for
the children's 2000 gallon outdoor pool. About
1 000 to 1 200 gallons of solar heated water is used
for each filling.

Heat storage "battery"

The heat storage apparatus may be likened to a
huge battery which stores heat instead of electricity.
When this "battery" is charged to about 125°F

we have a heat reserve good for about a week
more or less. This heat is used day by day dUring
cloudy weather to keep the house v-arm, When the
stone and water temperature L .ve dropped to
about 75°F our battery is "deac ' and must be
recharged with sun heat, or we rr ",t use auxiliary
heat to keep the home tempera.i.rc above 70°F.
Actually the heat is used down te .Tevel of about
65° in the bottom of the heat bin liClne and water)
and to a level of about 75°F in the ~ op during a long

'cloudy spell.
Contrary to operation of an "T .linary battcry,

the "heat" battery is reversely '..iargeable with
"coolness" during the summer nji~"ts to cool the
house on hot summer days. This ir.crvases usefulness
of the storage bin.

In addition, this heat storage bin is extremely
useful during variable spring au.I fall weather.
The heat "battery" is allowed to go -;' dead" at about
75°F. When a cold snap OCCUE, the stone and
water at 75°F keep the house warn-ed to 70°-72°F.
When a hot spell occurs, the 75°j·;tone and water
keep the house cooled to 78°-80°F,

From the foregoing it is seen tha: 'he heat storage
"battery" is very useful the year ;"round to st?re
heat during the winter, to store ",oolness" durmg
the summer, and to stabilize hoir.e temperatures
during variable spring and autumr weather.

Second house

The second solar-heated house i,.,)lightly smaller
than the first. Each room is larger hut it has fewer
rooms. It has 2 bedrooms, dinette. living room,
bath, basement and bomb shelter. This house co~t
less than $10 000 including solar heating. It ~s
estimated that the cost of solar heating and ~lr
conditioning will be about $1 900 as contrasted WIth

Fi~ure 5. Second solar-heated house takes shape
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Figure ('. 60 tons of stone dumped into heat storage bin
for low-cost heat or "cold" storage

$~ 5?0 f(·j the system in the original house. The heat
bin incl \ des 60 tons of stone and the heat collector
COvers ;~!f) square feet.

A si1'l;)le electric resistance heating element is
used fo: auxiliary heat, thus eliminating the cost
of a chu.iney, the cost of a furnace and the cost of
an oil lrum, Heat losses through a chimney are
avoided. A considerable amount of space in the
ho?se aud basement are saved by eliminating the
chllT~ney, furnace and oil drum. Depreciation and
repairs suould be from $25 to $40 lower per year
due to the change from oil to electric auxiliary
heat. Also the original investment is considerably
lower. However, the cost of electricity is consider
ably higher than the cost of oil so that some of the
savings are offset by increased electric bills during
the coldest cloudy weather when solar input is
Insufficient to meet the heat load.

Starting the system on borrowed heat

These two houses are located near one another,
about 125 feet apart. The first was constructed in
Ifl50 and the second in 1060. Tenants of the second
house were scheduled to move into the house in late
November when the heating systems was not yet
completed. No auxiliary heating apparatus had
been. provided and for several days before the
movmg date there was no sunshine and the weather
Was rather cold. The family wondered how to heat
the new home for a day or two until the clouds rolled
by?

Necessity is the mother of invention. The 11 year
ol? daughter, Teresa, suggested the solution. She
said, "Daddy, 1 remember you said that our heat
collector could have been built away from the house

as a fence or on a garage and we could transfer the
hot water to our house to heat it. I notice we have
a surplus of heat at our house, so why not transfer
our 1 600 gallons of hot water down to the new
house? Then their house can stay warm from the
hot \~ater and our house will stay warm from the
heat III the 50 tons of stone." A plastic hose pipe
and pump did the job within a few hours and very
little heat was lost during the transfer process.

Questions on solar-heated houses

Popular misconceptions arc represented by some
of the questions I am asked over and over. For
example, the question is asked: "Don't you think
your system "would be more valuable in Florida
where there is more sunshine and less cold weather?"
My answer is no. In the coldcr areas the fuel hills arc
much greater and therefore we can save much more
money where the heating season is longer and the
total fuel bill is higher. However, less of this Wash
ington cloudiness and haze and more bright sun
shine would be very helpful.

Another typical question: "Hail storms will
smash the glass, won't they?"l\[yanswer, possibly so.
However, my insurance company considers the risk
so slight that they have insured both solar heated
houses at no increase for the premium. An employee
at the V.S. National Bureau of Standards has
verified my thinking that the larger panes of glass,
being more resilient and being set at a steep angle,
are less likely to be smashed by hail.

Another very lively question in view of our
repeated snows is: "What do you do when it snows
and blankets the heat collector under a foot of
snow?" l\[y answer, we do nothing but sit tight
and keep warm by solar energy. There is no snow
shoveling to clear off the collector because it is
self-cleaning. The apparatus operates automatically
as follows. The solar heat collector is made up of
two sections, onc section being at a steep slope of
60°, the other being less steep at 45°. Generally
speaking, the snow slides off the lower steeper section
as it falls and thus it is relatively clear when the
snow stops falling. The circulating pump cuts on
at about 8:45 am as usual. Water stored in the
1 600 gallon drum, now likely to be at 65°-100°F,
enters the collector at the top and begins warming
the heat collector glass under the snow on the top
section. As this water passes through the lower
section, which is clear of snow, it is warmed con
siderably and returns to the heat storage bin warmer
than when it left. For an hour or two this condition
exists. Then, about 10:00 to 11:00 am, the glass
under the snow is warmed enough to cause the
snow to turn loose and slide off leaving the heat
collector clean and more effective than it was prior
to the snow.

The increase in heat collector output is a result
of bright snow reflecting much of the sunlight from
surrounding areas to intensify the light and heat
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striking the collector. The snow piles up at the
bottom of the collector some 2 to 4 feet deep. Never
theless, with some 10 per cent to 20 per cent of the
collector under a snow bank, the heat output of
the collector is actually greater than when there
was no snow. In other words, the water coming
out of the collector is several degrees hotter than
it is on a similarly cold day without snow.

Occasionally I am asked the question: "Since
you are using water in your heat collector and
inasmuch as outside temperatures at your home
approach OaF, will not this water freeze up and
damage the collector?" My answer is no, it cannot
freeze up in the first place and no damage would
occur even if freezing did occur. The circulating
pump cuts off automatically whenever the weather
becomes cloudy or at 3:30 pm if it is still sunny at
that time. In either event the collector is completely
drained within about 10 seconds. There is no valve
which could fail and hinder draining. There are no
tubes to freeze up and burst.

. Skeptics sometimes ask the question: "Yes, you
cut your fuel bill, but what about your electric
bill?" The answer is that our bill for electricity
is also cut considerably. At other houses which we
own the domestic water is heated by electricity
and, for our family with 5 children, we formerly
used an estimated 250 to 400 kilowatt hours of
electricity per month to heat domestic water. In

. ?ur solar heated house most of the water heating
IS done by solar energy and hence our electric bill
is reduced an estimated average of $50 to $75 per
year due to solar domestic water heating. For about
9 to 10 months of the year the saving in electricity
is 2.00 to 350 kilowatt hours per month. However,
dunng thecoldest periods of the winter, the electric-

Figure 7. Newer solar-heated house has no chimney but uses
small electric heater for auxiliary heat when temperatures
approach OaF

ally operated blower operates more or ;'.',-5 continu
ously and thus the saving in electricity is not as
great during periods when outside temperatures
are in the range of say 0° to 30°F.

A further substantial saving in elect) .city comes
during the summertime when the house is cooled
without a conventional 2 to 3 hp compressor. In
our house a small circulating pump is operated
from about midnight to 7:00 am to cir.nlate water
over the north sloping roof for chilling. From about
noon to 8:00 pm the small blower cuts on ;i) distribute
coolness from the cool water and stone throughout
the house. This cooling apparatus kept home temper
atures some 8° to 15°F below outside temperatures
for the entire summer. The maximum home temper
ature for the summer of 1960 was 85°F while outside
temperatures reached about 97°F maximum. Cooling
in many areas of the world would hav- been much
better because Washington, D.e. 01t( ,1 has hot
muggy cloudy nights which are advers: to chilling
water by air contact, by evaporation cooling, or
by radiation cooling. Under Washing .n weather
conditions, about the best rate of -ooling was
25000 btu per hour, similar to the cooling of a 2 to
3 hp compressor unit. Nevertheless, the hom~ cool
ing was achieved with a considerable savmg m
electricity as compared with a conventional com
pressor unit.

Another question often asked is: "What about
your water bill?" The answer, the water in the
system is recirculated and very little water need
be added. Rain water automatically replenishes the
supply by way of an automatic rainwater makeup
and sediment trap located underground just outsIde
the basement. When we fill the children's pool we
use some water from the city water main at 40°.50°F,
and boost it to 85°-100°F by solar energy.

The question is asked: "What about clou~r,
weather, you cannot get solar heating then'

dAnswer: On 13 Feb. 1961 the sun never "showe
its face" at our house. Not even a faint outline of
the sun could be seen; it was completely obscured by
clouds covering the entire sky. The outside tempertature on that morning went to a low of abOUt
27°F and the high for the day was abou
40°F at our house. Approximately eight of the
previous twelve days of February had been cloudy,
snowy and cold with a temperature of 1° belo~
zero on 2 Feb. Our reserve of stored solar h~ar
was nearly exhausted. The solar heat collec °
went into operation (automatically) and wate~
was circulated to the collector at temperatures.o

approximately 66°F and heated to 76° to 78°F, ~rs~
of 10° to 12°F at a rate of approximately 7 ga ?neper minute. Thus, with absolutely no visible s?nS~I~y
and outside air temperatures at approx1ma ~
the freezing point, the heat collector was tra)fll1!
approximately 35 000 to 40000 btu of heat per ~ur'
the equivalent of a reasonable sized oil or gas h~f ~~
Heat at the 76° to 78°F range is definitely usa edy
help .heat the house. Heat collection. under a ~~~ed
sky IS much greater where water IS being
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in the range of 3'20 to 60°F, such as for melt water
for ice, or preheating domestic water for a house,
a hotel or such.

Conclusions

With the system described in this paper it is
believed that we are now in the realm of economic
feasibility in solar space heating. This is true even
in an area such as Washington, D.C., where nearly
half the winter days are cloudy, where tempera-

tures range as low as OaF, and where snow is quite
common. The system is believed to be economically
competitive with fuel oil here at a cost of 15 cents per
gallon. The system can save a considerable amount
of money for the homeowner in addition to conserv
ing precious fossil fuels.

With mass production techniques, and further
inventions now being tested, it is believed that the
original installation cost can be lowered still further
so that a free-heating solar house can be constructed
at as low a price as one with conventional heating
and cooling.

Summary

Simplicity, high efficiency, low cost and long life
were the objects of the present system. The
system (patents pending) contains. a solar heat
collector on the back side of the house facing slightly
west of south. The heat collector is made up of an
insulating base, covered by sheets of blackened corru
gated metal and a transparent plastic and window
glass over the blackened sheet metal. Solar energy
heats the sheet metal. Cold water is circulated to the
top of the heat collector by a small pump and is dis
persed into hundreds of small streams to flowdown the
valleys of the corrugations. The small streams of
water are thus heated as they descend and are
collected together by a collector manifold at the
bottom of the heat collector. Heated water from the
collector flows into a heat storage bin which includes
a heat exchanger unit to heat domestic water for the
house. From this heat exchanger it flows into a
1 600 gallon heat storage drum where it gives up part
of its heat to surrounding stone. Cold water from the
bottom of the drum is recirculated to the heat
collector for re-heating. Cool air from the house
is circulated through the warmed stone and around
the warmed drum by a thermostatically controlled
blower and the air is thus warmed. The warmed
air warms the house.

During the summer, the heat collector continues
to heat the domestic water supply. However, the

warm water from the 1 600 gallon drum is circulated
to the north sloping roof at night to cool the water.
The cool drum of water cools the stone. Air circulated
through the cooled stone and around the cool drum
is cooled, and cools the house.

Part of the excess heat in spring and fall is used
to heat the children's 2 000 gallon pool.

The second solar heated house was constructed
without a chimney, furnace, oil drum, etc. A simple
electrical resistance heater is used to supply auxiliary
heat. Thus, initial installation costs are cut consider
ably and space is saved in the house. Also heat loss
through the chimney is avoided. Repairs and
maintenance of the electrical heating apparatus
should 'be nil. Tending to offset these advantages
is 'the higher cost of electricity for auxiliary
heat.

At the time of writing, very little information
can be given as to the new home air conditioning
except to say that it will not cost as much to install
or to operate as a conventional air conditioning
system. The total cost of the solar heating system with
air conditioning will be reduced to approximately
$1 900, which is not appreciably greater than the
cost of conventional apparatus for heating the
home, cooling the home and heating the domestic
water supply.

CHAUFFAGE DES LOCAUX, CHAUFFAGE DE L'EAU ET CLIMATISATION
DE LA MAISON THOMASON

Resume

La simplicite le rendement, I'economie de construe- en question est dote d'une base isolante, sur laquelle
tion et la duree de service sont les premieres qualites reposent des tales ondulees en metal noirci, avec
que l'on s'attache a donner a cette installation. Le sur ce metal un couvercle transparent en cornposi
systeme (brevets en instance) cO,mp~rte un collec!eur tion plastique et en verre a vitres. L'energie solaire
de chaleur solaire installe sur 1arnere de la maison chauffe la tale metallique, On fait circuler de l'eau
et orients au sud (un rien vers l'ouest). Le collecteur froide a la partie superieure du collecteur au moyen
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d'une petite pompe, et ce liquide se disperse en cen
taines de petits filets qui s'ecoulent par les parties
deprimees des ondulations de la tole.

Chauffes au cours de cette descente, les filets
d'eau sont recus par une tubulure situee it la base
du collecteur de chaleur. L'eau chauffee que contient
ce collecteur passe it un bac d'accumulation de
chaleur qui comporte un echangeur servant au
chauffage des eaux menageres, Elle passe ensuite
dans un cylindre de 1 600 gallons (pres de 6400 litres),
ou elle abandonne une partie de sa chaleur a la
masse de pierre qui entoure le cylindre.

L'eau froide provenant du fond de ce tambour
accumulateur de chaleur est renvoyee au collecteur,
ou elle est de nouveau rechauffee. L'air frais en pro
venance de la maison circule autour de la pierre
chaude et du tambour, sous I'impulsion d'une
soufflante a commande thermostatique, si bien qu'il
s' echauffe, lui aussi. Il va ensuite chauffer la maison.

Pendant I'ete, le collecteur continue a chauffer
l'eau a fournir a la maison. Cependant, l'eau chaude
en provenance du tambour de 1600 gallons est
envoyee au toit incline vers le nord pendant la nuit,
pour y etre refroidie. Le tambour d'eau fraiche
rafraichit la pierre qui l'entoure. L'air qui circule
autour de la pierre rafraichie et du tambour rafraichit
a son tour la maison.

Une partie de l'excedent de chaleur disponible
pendant le printemps et l'ete sert a , .auffer l'eau
de la piscine des enfants, qui contient 000 gallons
(environ 7 500 1).

La deuxieme maison a chauffage solaire a ete
construite sans cheminee, calorifere, tambour it
mazout, etc." On se sert d'un simple c]/;ment chauf
fant a resistance pour fournir l'appoir de chaleur
necessaire. Ceci reduit sensiblement Jt:s frais de
premiere installation, et on economisv de la place
dans la maison. On evite de meme ]"s pertes de
chaleur par la cheminee. Les frais de ~!5paration et
d'entretien du materiel de chauffaz- electrique
doivent etre nuls. Le cout plus eleve (!, I'electricite
qui sert a fournir l'appoint de chaleur t<ld a contre
balancer ces avantages.

Au moment ou ce mernoire est ecrit, on ne peut
pas dire grand'chose quant a la climatsation de la
nouvelle maison, sauf que son installation cofitera
moins que celle d'un systeme classiqu. et que, son
exploitation sera egalement d'un prix )»us modique.
Les frais d'installation globaux du.;ysteme de
chauffage solaire (climatisation com~jse) seront
ramenes a 1 900 dollars environ, ce (~ui n'est J?as
sensiblement superieur au prix d'ur« insta~latlO?
classique pour le chauffage de la maiscn, sa climati
sation et la Iourniture d'eau.
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RErnRT ON TWO AND A HALF YEARS' EXPERIMENTAL LIVING
IN "{ANAGIMACHI SOLAR HOUSE 11

Masanosuke Yanagimachi *

The author has been thinking about and studying
an effective system for the utilization of solar energy
for space heating, year-round air conditioning and
domcric hot water supply, and has developed a
system for the utilization of solar energy as described
in a;aper (1) presented to the World Symposium
on Solar Energy held at Phoenix, Arizona, in 1955.
Subse 'uently he has built four solar houses
in J Cl .'m. (2) Two of them are in his own residence
in TCKYo. The third was built at Karuizawa, in the
Inter .ational Student House, and the fourth has
recen..y been completed in a residence having
a floor area of 140 square meters, located at Funa
bashi in the vicinity of Tokyo.

The first was built as an experimental installation
of year-round air conditioning in the fall of 1956
for a section of the author's residence (3 rooms, about
?5 square meters total floor area), unfortunately
It was destroyed by fire in January 1957. Then
Yanagimachi Solar House II was newly designed
and built, and was completed in the fall of 1958. (3)
His family, consisting of four or sometimes five
persons, have spent two and a half years there,
through two and a half heating seasons and two
cooling seasons. Throughout this period, this house
showed quite satisfactory results and provided
comfort for its residents. This paper is a report
mainly on Yanagimachi Solar House II and its
actual operating data.

(f) Reflective curtains. . . . . . . . . .. 140.0 m2

(g) Reflective foil insulation for the stud space
of the outside frame walls and the joist space
of the first floor and upper surfaces of
radiant ceiling panels on the second floor. 510.0 m2

(h) Capacity of the air conditioner. . . . .. 6.0 m3/min

(i) Heat pumps

1. One 3-hp heat pump (F-22) for space heating and space
cooling

2. One I-hp heat pump (F-12) for hot water supply

3. One 1/2-hp heat pump (F-21) for heating the bottom of a
Japanese-style bath tub

(i) Circulation pumps

1. One I-hp circulation pump between the roof collector
plate and heat storage tanks used for heat collecting
in winter and heat sinking in summer;

2. One 1/2-hp circulation pump between the radiant
ceiling panels and heat storage tanks;

3. One I/2-hp circulation pump between the air conditioner
and heat storage tanks;

4. One 1/2-hp circulation pump between a smaller part of
the roof collector plate and the city water storage tank
for preheating the water in the tank.

(k) Capacity of heat storage water tanks

1. One lower temperature tank with a capacity of 40 tons
of water;

2. One higher temperature tank with a capacity of 10 tons
of water;

3. One city water storage tank with a capacity of 5 tons of
water.

Summary of the house and the solar system

* Yanagimachi Applied Solar Energy Research Laboratory,
Tokyo.

(I) The capacity of the hot water storage tank or boiler is
400 litres.

Details of house structure and the solar system

(a) The outer wall is wood-framed, has wood
sheathing, a: metal lath, a 1 inch stucco outside and
wood lath, ! inch of plaster and reflective wall
paper on the inner surface, plus 4 inches of aluminum
foil insulation between the framing members.

(b) The first floor is also wooden framed, with
a ·i inch plywood subfloor, finished in vini-as-tile,
and having a i inch wood sheathing on the under
side, plus 4 inches of aluminum foil insulation
between the framing members.

(c) The entire exposed surface of the roof is covered
with black painted aluminum tube-in-strip sheets,
which not only act as roofing material but as a
device for collecting solar heat in winter and sinking
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112.0 m2

105.0 m2

6.6 m2

The house is wooden-framed, two storied, with
a concrete basement and a total floor area of 223
square meters as shown in figure 2.

(a) Floor area:

1. First floor (excluding garage) . .

2. Second floor . . . . . . . . .

3. Basement (machine room only) .

(b) Roof area employed as heat collector for
space heating and for heat sink for space
cooling. . . . . . . . . . . . . . .. 98.0 m2

(c) Roof area employed as heat collector for
domestic hot water supply. . . . . . .. 33.0 m2

(d) Radiant heating and cooling ceiling panels. 104.0 m2

(e) Reflective wall surfaces. . . . . . . .. 110.0 m2

---
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Fi~ure 1. Bird's eye view of Yanagimachi Solar House 11

heat, produced by the cooling cycle of the heat
pump, in summer. The roof surface faces south at
an angle of about 15 degrees to the horizontal and
is constructed with a ! inch wooden sheathing,
covered with building paper. One inch of aluminum
foil insulation and a layer of thin aluminum sheet
is laid underneath the above-mentioned aluminum
tube-in-strip sheet. The fabrication of these tube-in
strip sheets to be attached in position is simple
but to hold them closely and make them completely
weather-proof it was necessary to use the means
indicated in figure 8.

(d) The radiant ceiling panels are of the same
material as the roof collector, namely aluminum
tube-in-strip sheet as indicated in figure 9.

The arrangement of these ceiling panels for each
room is shown in figure 4.

(e) The air-conditioner is a conventional fan-coil
unit with air filter of a 6 m3jmin capacity, located
in the second floor attic. Conditioned air is distributed
to each room by air ducts.

(f) The heat pump system for space heating and
space cooling consists of a 2-hp Tecumseh, Freon
22 hermetic compresser, 4 condensing coils, and
6 evaporating coils. Each coil is installed in the heat
storage tanks and submerged below the water level.
The evaporating coils are in the large tank and the
condensing coils in the small tank.

(g) The central hot water supply system, for domes
tic use in the bath-shower, kitchen, laundry, lavatory,
etc., consists of a l-hp Freon 12 heat pump, a hot

Plgure 2. Plans of the Solar House -->

I, basement machine room; 2, higher temperature heat storage
water tank; 3, 4, 5, 6, lower temperature heat storage water
tank; 7, Japanese style living room; 8, 9, living & dining room;
10, kitchen; 11, maid's room; 12, utility; 13, bath; 14, dress;
15, toilet; 16, entrance; 17, city water storage tank; 18, garage;
19, Japanese style bedroom; 20, Japanese style room; 21, bedroom;
22, study; 23, dark room; 24, back room; 25, toilet; 26, drying
place; 27, roof collector for space; heating and cooling; 28, roof
collector for hot water supply.

BASEMENT FLOOR

27
28

ROOF- COLLECTOR- HEAT SINK

511

SECOND FLOOR o..........-~_____
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wat.'r storage tank with a 400 litre capacity, a
COD'.' nsing coil inside, and a heat exchanger with
an ' '"lporating coil inside which recovers the heat
fron:,,~wage discharge. There is a 5-ton capacity
city .".iter storage tank annexed to the garage and
i-hp '''rculation pump which circulates water between
the ;"' «if collector for the hot water supply and the
tank

(h' The heat pump system for heating the bottom
of tk bath tub consists of a i-hp Freon 21 heat
pump a condensing copper coil embedded in mortar
unde: the bottom tiles of the tub, and an evaporat
ing cilii submerged in the city water tank.

Principles of operation

The general principles of operation are shown
in figll'c 5. The roof top collector area is divided into
two s· «tions. The larger area (98 m2) is used as a
heat (,Hector in winter and a heat sink in summer,
and tl.,· smaller area (33 m2) is used as a heat collector
for th.: heat pumps providing the hot water supply
and 1· ~ th tub heating. During the heating season,
on ev-ry fine day, the water in the larger tank is
circulated continuously by the pump PI between the
roof collector and the said tank and thus collects and
stores solar heat. The working temperature of the
water ;\1 the tank is usually kept about 15°C ± 5°C
according to weather conditions and in some rare
cases goes down to SOC or lower. An air vent is
located at the highest point of the roof, and the
return to the tank is opened at a point above the

water level, so that the entire system drains com
pletely, whenever the pump PI is stopped, thus
eliminating the ever-present danger of freezing
during the winter.

Since there is no glazing over the roof collect orIs
the collection efficiency would fall off quite rapidy,
if attempts were made to collect the absorbed heat
at a high temperature. This difficulty is minimized by
allowing the heat to be collected at relatively low
temperature levels, and up-grading the collected
heat by means of a 3-hp heat pump. The water
temperature in the smalIer water tank is warmed
and kept about 30-40°C, depending on the outdoor
temperature by means of the said heat pump opera
tion. This hot water is circulated and distributed
to the radiant ceiling panels throughout most of
the rooms and to a unique combination of heating
and lighting fixtures in the study which occupies
about one-third of the second floor to heat these
rooms.

During the summer season, the operation of the
heat pump is exactly the same as in winter, and the
water temperature in the larger tank is cooled down
to about 6-lO oC, while the water temperature in the
smaller tank is heated up to 30-45°C. The roof heat
colIector is used as a heat sink during the night
to reject the heat of the water in the smaller
tank. As soon as the sun goes down, pump PI is
started and the warm water is circulated up through
the roof-top colIectors, where it is cooled by radiation
to the night sky and by convection to the outer
air.
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energy from the ceiling panels would be a~sorbe~i
but by using reflective curtains and reflectIve ~~e
papers, all the radiant energy is reflected to ts
interior of the room, thus providing its oCCuEanly
with a comfortable degree of warmth and rela ~~ng
lower roon; air ~emperaturein winter, and ~ refres~er.
coolness with hIgher room air temperature m sum

Calculated heating and cooling load
and seasonal load

. di ti on a(a) Intensity of solar and sky ra la IOn l/rn'
.horizontal surface in the vicinity of Tokyo, kca
day Winter
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One part of the chilled water in the larger tank
is circulated by the pump P2 directly to the air
conditioner to cool and dehumidify the air to be
distributed to the rooms, and one part of it is mixed
with return water and then circulated to the radiant
ceiling panels, while maintaining its temperature a
little higher than the dew-point temperature of the
room air in order to prevent condensation on panel
surfaces. Thus most of the space cooling is accomp
lished by the radiant ceiling panels by means of
sensible cooling, while the remainder is achieved by
means of air conditioned by latent cooling.

An important feature in maintaining comfort
within the residence during both summer and winter
is the use of reflective curtains and reflective wall
papers which not only prevent excessive absorption
of solar heat and minimize heat loss and heat gain,
but give a more comfortable condition in conjunction
with the radiant ceiling panels.' With conventional
curtains and wall surfaces, almost all the radiant
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Figure 8. Details of roof and collector construction

Figure 9. Sample of radiant ceiling panel
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OUTDOOR TUprRATURr IT i A.I. A 'UTBrR CONDITION •

o FI Nr 0 CLOUOY • RAINY

Figure 10. Recording charts for room air temperature and
humidity, outdoor air temperature at 7 am and weather
conditions

(i) Jan. 31 to Feb. 6, 1960; (ii) Feb. 1 to Feb. 7, 1961; (iii) Aug. 24
to Aug. 30, 1960

Suggested improvements

(a) The quiet operation of machinery.
(b) The need for a unique automatic on-off con~ol

for the circulation pump PI. By means of sue a
contr?l the whole system will be operated mor~
effectively from the point both of mallltenance an
economy.

(c) Adequate measures to deal with the problem
of corrosion of aluminum tube-in-strip sheet.

28 137 yen per

4~~ ;?OO yen

I) 580 / 1"., = 27 063 yen
I) 050 /') = 24492 yen
6 630 x .:.:", = 32 155 yen

As a result, we can save

(43200 + 12000) - 27063
heating season.

Charge for space heating . .
Charge for space cooling . .
Charge for hot water supply .

system for space heating from the ,,; ovc-mentioned
results as follows:

.Efficiency of the solar s) .(em

_ 16200000 _ .~.) C' '

- 50800000 - .•. d ,

COP of the heat pump s1'·,'m

16 200 OOOX 100 .) I ' Of

= -S60 X 5580 = ,)" " 10

(It) As regards the operating cost ' j the systems,
the cost of the electricity accollnt· II' the greater
part of it. Table I shows respective !11" i lily payments
to the electric company using 200' it current for
power and lOO volt current for gcnl'f.\: -ervice,

From table I it may be calculated l.~t the average
cost of 200 volt electricity is 4.85 y' . 'kWh.

We can calculate several charz as follows:

(i) Comparison with other syst. : :-j for space
heating.

If we use light fuel oil at 60 pcr c, "t boiler effic
iency, supposing the cost to be 16000 y,l1 X 1000 kg,
the cost of oil to produce a total h-ating load of
16200000 kcal/season would be as iollows :

16200000 X 16000
10 000 X 0.6 X 1 000

The cost of electricity for an oil burner and circula
tion pump is estimated to be at least

1500 kWh X 8 = 12000 yen per heating season,
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perature in the larger heat storage tank was about
20°C average, and although there were six consecutive
days of rainy or cloudy weather during which the
heat could not be collected, the rooms remained
favorably heated.

(g) Thus we. can calculate the efficiency of the
solar system as a means of space heating and the
coefficient of the performance of the heat pump

Economic feasibility. .

As regards the initial cost installation of the ~ol~
system, when simply compared with convent.l(ne
space heating systems, it cannot be competl ~rnt
but even now costs can be kept down to the Pcon
where they are at least as low as those of ~ as
ventional central air conditioning system as house
planning, construction and materials for the ~ing
itself are concerned. Maintenance and opera
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Figure 13. Daily electric consumption, outdoor air temperature at 7 am, and weather conditions
throughout the cooling season of 1959
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costs of the system are already as low as indicated
in table 1.

At any rate, it is considered a useful thing [hat
this solar system of air conditioning and dome~tIc
hot water supply has not only an auxiliary heatlllg
system, which will normally be used to ensure ~om

fortable conditions during protracted sunless :p~rlO.ds,
but, with a 3-hp heat pump for air condItIOnIng
and l-hp and i-hp heat pumps for hot water supply,
will also be used to achieve a satisfactorily comfort
able environment for the entire 220 square meter
residence throughout the year, which would normally
require at least 9-hp instead 3-hp.

The sucess of this solar house is mainly due to
the following factors:

(a) The use of the principle of the heat pump.
(b) Combining the roof and the solar coll~et.or,

and making triple use of this surface as a radIatIon
absorber in winter, a radiation emitter in summer
and as a roof itself.

(c) The use of reflective curtains or drap~rie~
and reflective wall surfaces -combined with radI~n
heating and cooling panels which bring a refresh~ng

, . tt actIVecoolness to the rooms by virtue of theIr 3.; ~
appearance and special thermal charactenstIcs.

At the present stage, it is premature to ap~eal ~ll
the public with this solar system. However, It WIir
become essential for most residences to have

t
~e

condit~oning installations in the very ?ear f\~v~
Figure 18. Japanese style bath tub provided with bottom Then It may become economically feaSIble to

warming coils by heat pump such a solar system in every residence.
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ne sauraient faire concurrence aces systemes. Des
mai. .tenant, toutefois, il est possible de tenir ces
frai:: a un niveau ou ils sont tout au moins aussi
bas que ceux d'un systeme central de climatisation,
lors "le l'on tient compte de la preparation des plans,
de L construction et des materiaux pour la maison
elle-merne. Le systeme, au surplus, est facile a
entr tenir et d'une exploitation economique. Dans

I'etat actuel des choses, il serait encore premature
de compter interesser le public avec un tel systeme,
mais il deviendra essentiel pour presque toutes les
residences d'avoir des installations de conditionne
ment d'air dans un avenir tres proche. C'est alors,
estime l'auteur, qu'il sera economiquernent valable
ne doter chaque habitation d'une telle installation
solaire.
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USE OF SOLAR ENERGY FOR HEATING PURPOSES: SOLAR DRYIl.,;

George O. G. LoJ *

* Consulting Chemical Engineer, Denver, Colorado; also,
Research Associate, University of Wisconsin and Resources for
the Future, Inc.

type of "solar dryer" that has been c:: msidered is
a conventional steam-heated dryer of '/lie of several
standard types, to which steam is ,,"pplied from
a solar boiler. Solar drying is not r. r.lly involved
in this system, however, because the <olar energy
aspects of the process are simply a:, -ciated with
the generation of low pressure steam :y means of
solar collectors. A similar argument mi.i-t be applied
to the use of solar air heaters, but U1~; -ue problems
due to the relatively low air temperats, fluctuat
ing heat supply, and other factors IT,: ,:" the use.of
solar heated air much more directly, ":;lected With
the drying operation itself.

In the general guide lines for th. Conference,
it was recommended that papers be c:, -:;ted to solar
drying processes other than the widely "sed method
of exposing materials directly to the SUI . m uncove:ed
surfaces. However, it was stated tha r presentatIOn
of new data on this conventional proc:,;s, the results
of research with new materials dried by this method"
or any other useful new information pertaining to
this type of direct drying should be of interest to
the Conference. The topics deemed of most signific-
ance to the Conference are those concerning the
application of better methods and improved eq~ip
ment for solar drying, as means for imprOVIng
product quality, reducing spoilage of crops .and
foods, and effecting economies in drying operatIOns
ordinarily employing fuels for supplying heat.

Four papers on the use of solar energy for drying
have been contributed to the Conference. Two of the
papers are devoted to indirect solar drying, a process I
of using solar energy to heat air for delivery to a I

separate drying unit. Two others deal with abs~rr
tion of solar energy directly in or on the matena s
being dried, without protective transparent surfac~:f
One of the latter however also contains a bri
study of separate ;olar air h~aters and drying cham
bers and a comparison of the two systems.

The four papers may also be classified as to .~h~
type of products being dried. Three of the c?ntn uI
tions are concerned with the drying of agrlcult~ra
crops, whereas the other is on the drying of a.wa ~r
containing mineral. Two of the papers are pnman y
concerned with the drying of grain, such a~ cor~~
whereas the third deals with fruit, m thIS C~th
grapes. The mineral in the fourth is oil shale ":1 15
a high water content. The only important mater~d
~eing commercially dried which ~re ~ot repres~ of
III the agenda are wood (primanly m the for uch
lumber) and various manufactured prodUcts s
as chemicals, ceramic ware, and paper.

248

Although drying is one of the oldest uses of solar
energy, the proportion of modem solar development
activity devoted to this application is comparatively
small. There may be several explanations for the
limited studies in this field. Where solar drying is
practiced, particularly with agricultural crops, simple
and crude methods are reasonably effective. The
spreading of the crop on the ground or on a platform
and drying it directly in the sun is cheaply and
successfully employed for many products throughout
the world. Practically no capital outlay for equip
ment is required, and although considerable labor
may be involved, this is seldom costly. A high
quality product is not often demanded, so that
over-drying, contamination by dirt and insects,
degradation of the material, and so on, is frequently
tolerated.

Another deterrent is the intermittent and some
times extended cloudiness which precludes satisfac
tory solar drying. Hence, if a material must be dried,
reasonably promptly, auxiliary energy is required.
It then often becomes more practical simply to
?perate these "auxiliary" means continuously, mak
mg them as small as possible in order to minimize
investment and using artificial heat for the drying
operation. F~nall);", large.drying operations require
SIzable heatmg installations and correspondingly
large solar collection areas and facilities.

Recent work in solar drying has been oriented
in both of the directions implied above. That is,
there has been work in direct drying, wherein the
material is exposed to solar radiation, and by energy
absorption and air circulation, the moisture is
vaporized into the atmosphere. In the other system,
drying is indirectly accomplished by use of a solar
air heater of some type which furnishes hot air to
a separate drying unit. In this latter system, another
source of heat could usually be substituted for solar
energy, in the same general drying facility. It should
be pointed out, however, that the design of the
drying unit itself, apart from the solar heat supply
system, may have features which are specifically
adapted to the solar heat source.

Studies have also been devoted to combinations
of these two primary types of solar drying systems.
A solar collector can be employed for providing a
supply of hot air to a drying unit in which a material
is also directly irradiated by solar energy. Another



(e) Recommended relationships for calculating
the heat transfer from a solar-heated plate toward
the upper glass surface are as follows:

NUm = 0.42 Re mo.65when 250 < Re < 620

NUm = 11.1 RemO.156 when 620 < Re < I 400

If there is an air space below the irradiated black
plate, the heat transfer toward the bottom of the
unit from this plate can be represented by the
following equations:

NUm = 0.026 Reml.06 when 170 < Re < 520

NUm = 1.5 Remo.423 when 520 < Re < I 200

In the above equations, NUm is the Nusselt number
and Rem is the Reynolds number, in dimensionless
units.

Solar drying principles

A discussion of drying theory is beyond the scope
of this paper, but a few principles may be advan
tageously outlined here. These are particularly those
applicable to direct radiation drying, inasmuch
as the principles involved in the drying of materials
in various types of opaque enclosures by means
of hot air, whether from a solar heater or some
other type of heating unit, are well outlined in the
drying literature. The first requirement is a transfer
of heat to the surface of the moist material by
conduction from heated surfaces in contact with the
material, or by conduction and convection from
adjacent air at temperatures substantially above
that of the material being dried, or by radiation
from surrounding hot surfaces or from the sun.
Absorption of heat by the material supplies the
energy necessary for vaporization of water from it,
about I 050 btu per pound of water evaporated or
590 calories per gram. Water starts to vaporize from
the surface of the moist material when the absorbed
energy has increased the temperature enough for
the water vapor pressure to exceed the partial
pressure in the surrounding air. Steady state is
achieved when the heat required for vaporization
becomes equal to the rate of heat absorption from
the surroundings.

To replenish the moisture removed from the
surface, diffusion of water from the center to the
surface of the drying material must take place.
This may be a rapid or a slow process, depending
upon the nature of the material being dried and
upon its moisture content at any time. It may thus
be the limiting rate in the drying operation, or if
moisture diffusion is rapid, the rate of heat absorp
tion on the surface or the rate of vaporization may be
the controlling factor. In some very porous materials,
vaporization may take place even below the apparent
surface of the material, vapor then diffusing through
pores in the solid.

In the case of direct radiation drying, part of the
radiation may penetrate the material and be absorbed
within the solid itself. Under such conditions, heat
is generated inside the material as well as at the

General report

AI' hough there are a few solar drying investiga- .
tions and some research workers in this field not
reprr-cnted in the agenda of the Conference, the four
papers constitute a very satisfactory coverage of
this iopic. It is not necessary, therefore, to review
prior work in order to place the current papers in
adequate perspective. Most of the investigations
in SOlar drying during the past decade have been
by HI" authors of these particular papers, references to
which are contained in the papers themselves. Prior
to the last decade, the literature in this field was
largelv in the form of numerous patents issued
for various types of solar drying devices, very few
of which have been utilized.

This rapporteur would like to call attention,
however, to' a significant work not represented in
the Ci-nference contributions. This is the paper by
Ismailwa of the USSR, entitled "Possibility of
Applymg Solar Energy to Drying Fruit and Veget
ables" and published in Teploenergetica, vol. I,
1957. This investigation, based primarily on the
drying of sliced apples in (a) a direct heated, glass
cover-.l solar dryer, (b) an indirect dryer heated by
air fr. m a flat plate solar collector, and (c) a dryer
employing a combination of the other two, was
an an..lysis of the characteristics of the three systems
and f',eir relative effectiveness in drying this crop.
Measurements of drying rates over a range of operat
ing conditions were made, the duration of the
necessary drying period was determined, the quality
of the product was evaluated by chemical and other
tests, and comparisons of the three types with
each other and with natural drying and fuel drying
systems were made. In addition to the drying studies
themselves, an analysis of the heat transfer relation
ships in an air heater of the flat plate type was made,
and correlations of performance of such heaters with
air velocity, temperature, and the other variables
were developed.

The studies may be summarized as follows.'

(a) In comparison with drying system~ utilizi.ng
fuel, fruits and vegetables can be satisfactorily
dried in solar heated units with a saving in fuel;
in comparison with "natural drying", that is, mate
rials being exposed directly to the sun and air, a
substantial saving in time is realized.
. (b) Fruits dried in enclosed solar-heated units
have higher quality, cleanliness, and vitamin C
content, than those processed by natural drying.

(c) The three types of solar dryers tested caJ.! all
be effectively used with fruits and vegetables. DIrect
radiation drying permits the shortest. and fastest
operation, whereas the process employing a close.d
drying chamber supplied with solar heated air
yields a product of somewhat higher quality, pro-

.bably because of the lower maximum temperatures
achieved by the fruit.

(d) Flat plate solar heaters with one or two glass .
C?vers can -be successfully used for supplyi~g hot
air up to 100°C, and such units were used m the
tests reported.

GRjl5 (8) Ltif 249
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surface, and thermal transfer in the solid is facili
tated.

For economic reasons maximum drying rates are
usually desired. Product quality must be considered,
however and excessive temperatures must be
avoided'in many materials. In additior:, beca';lse
drying occurs at the surface, those matenals WhICh
have a tendency to form hard, dry surfaces relatively
impervious to liquid. and vapor trans,fer IJ.1ust be
dried at a rate ,suffiCIently low to aVOId this c~ust

-formation. Close control of heat transfer and vaponza-
tion rates, either by limiting the heat sUI?Ply ?r
by control of the humidity of the surroundmg air,
must be provided.

The drying of a product simply by perrr:itting
relatively dry air to circulate around it, without
the use of any direct or indirect heat source, is
known as adiabatic drying. The heat required for
vaporizing the moisture is supplied by the air to
the solid material, thereby reducing the air tempe
rature while increasing its absolute and relative
humidity. Because of the low heat capacity of air,
in comparison with the high latent heat of vaporiz
ation of water, large volumes of air at reasonably
low relative humidity must be used in this type of
drying process. Air leaving the dryer is nearly
saturated with water at the wet-bulb temperature.
The air supply, at its initial dry-bulb temperature
and humidity, is thus cooled and humidified toward
its wet-bulb temperature, while the moist solids
in contact with this air approach the wet-bulb
temperature also.

The foregoing generalization must be somewhat
modified if the materials being dried are at all
soluble in the water present. Fruits and other
agricultural products contain salts and sugars
which cause a lowering of the vapor pressure. The
surface temperatures of these materials must there
fore be higher than the wet-bulb temperature of
the air in order for vaporization to take place. This
means that the adiabatic drying of these solids
requires air at lower relative humidities than do the
materials having no solutes in the aqueous phase.

An important property of materials processed by
direct radiation drying is their absorptivity for
radiation. Fortunately, most solids have relatively
high absorptivities, but they may change as drying
proceeds, the surfaces of the materials becoming
less or sometimes more "black" during the process.
Also, there may be changes in opacity of the surface
of the materials which are partially transparent
to some of the wavelengths in the spectrum of the
radiant source.

The thermal conductivity of the material is also
an important property, particularly if the solids
are dried in a layer of sufficient depth to require
conduction of heat from particle to particle. If the
thermal conductivity is poor, circulation of heated
air through and between the particles of moist
solid would permit better heat transfer than direct
radiation on the surface of a relatively deep bed of
particles.

Indirect solar drying of f~"ains

and other field crops

The two papers on the drying -,-f crops with
solar-heated air, by F. H. Buelow (-:'/17) and by
C. P. Davis and R. 1. Lipper (S/5.'i, are direc~ed

toward the same objectives and are b.ised on similar
experimental studies. B~th I?ape~s are co~cerned
with the drying of grams m SImple equipment
which could be "home made" and which could be
advantageously used. in small ins~~tlJations. Both
studies deal mainly WIth the use of Slml?le, flat-plate
air heaters on the roofs of small drymg sheds or
barns in which the grain or other crr,]) i~ stored and
dried simultaneously. Each system JS mtended as
a supplement to natural air ~lrying, vhich,is ofte~

ineffective because of excessive atmospheric humi
dity, in ;educing the crop moisture sufficientl¥ ~o
prevent spoilage. Another commc.. c?aractenstlc
of the two studies is the use of large air flow rat~s

and correspondingly low temperat::c increas~s m
the solar collector, thereby dictating cne use of either
an uncovered solar absorber plate, or a collector
with no more than one transparent cover. .

In these studies, the authors show 1.iat the essen~IaI
requirement in the drying of corn ;",:<1 o!her grams
by means of circulating atmosphei :c.: air through
the grain bins is a humidity low er~C'ugh t~ perm~t
vaporization of the moisture from U1e gram. Th~
"in storage'" drying, particularly of fall-produce
grains, must be completed in a matt~r of ~ f~~
weeks in order that damage to the 11101st g~allll

avoided. Typical requirements and procedures lOVO v~

storage of grain in bins with perforated floors throu~
which air is circulated for two or three fall mont Si
reducing the moisture content from 18-20 p~r tc~~e
down to 10-12 per cent. It has been found t a h
relative humidity of the air being circulated !hr:~t
the grain must be below about 62 per cent m f the
cases in order to lower the moisture content ith ut
crop sufficiently so that it can be s~o~ed. wlab~ve
spoilage. When the atmospheric humidity IS d if
this level, practically no drying ~a~es place'l an ed
the duration of high humidity conditions IS pro ongrc~
losses may be severe when no other heat sou
is available. ° 150F

These investigators found that a I? to d for
increase in the temperature of the .alr ~s~idity
drying is enough to reduce the relahv~ f r crop
of even very humid air to make it effectIve 0 e of
drying. Both groups have shown that the br: roof
a simple solar collector in the form of a dou rature
on a drying bin permits increasing the tem:emate
of large volumes of air 10° to 20°F, there ~ the
rially increasing the drying rate and redul~~~ened
chances of grain spoilage. In one system, ~ b _storage
corrugated sheet metal roof on the drylllg An air
building acts as a solar energy absorber.tal plate
space of one to four inches beneath the m~ means
forms a passage through which air is ?rawn Yder the
of a circulating fan prior to its dehver~;~gunder
perforated floor of the drying bins. Sheath 1 floW of
the roof supporting members confines e
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air an " if ?esired, insulation can be provided beneath
the s~athmg. In some tests (by both groups), glass or
plasti- covers were used above the sheet metal
absor :er to reduce thermal loss.

Airdrculation rates and blower capacities in
~ost '". the tests wer.e those commonly used in natural
aJ~ d: ying. Thus, air flows of 2 to 4 cubic feet per
minut« per bushel of grain (Davis and Lipper) were
employed. The solar collector areas used in both
studies were such that air rates of 10 to 15 cubic
feet per minute per square foot of collector were
obtained. Under these conditions, the pressure drop
due to the solar collector and necessary duct work was
not sufficient to require alteration of the fan designed
for unheated air drying.

In tests by Buelow, the total time for drying a
crop v.as reduced as much as 50 to 75 per cent by
supplc.nenting natural forced air drying with solar
prehc..ting. It was concluded that a building suitable
for c~; p drying by this process can be constructed
at a cost only slightly above that of an unheated air
crop .irying building. Because a temperature rise
of oniy a few degrees was found adequate for satis
factor>' drying performance, the uncovered solar
collector was found most suitable, even though
higher temperatures could be obtained from a well
built collector having a transparent cover. Buelow
concludes that this simple solar crop drying system best
filled the need of the farmer who cannot economic
ally justify the cost of a fuel-heated air crop-drying
system for reasonably small capacity.

Studies by Davis and Lipper show that solar
~upplemented, forced air drying of grain with an
Initial moisture content of about 18 per cent (wet
basis) can be satisfactorily accomplished when only
moderate solar radiation levels (above 160 calories
per square centimeter per day) are available, and
when the average ambient day-time tempera
tures are above freezing. It was found also that
electricity requirements for fan operation were
considerably reduced in the solar heated system
because of shorter periods of operation at the Iavor
ably low relative humidities achieved in the air
stream. At the conditions in Kansas, air from the
solar heater was at a relative humidity below 50 per
ce~t during four-fifths of the operating time, whereas
this humidity level was achieved in the unheated
d~er only about half the operating time. This
d~fference is the principal reason that th~ natural
air dryer required 80 per cent more electric energy
for each per cent moisture reduction. In these tests,
a solar collector consisting of a plastic-covered
ground surface served as the heater for the air
Sl}pply to one grain drying bin; another identical
bin was supplied with unheated air. During the fall
months, maximum temperature increases in the
air stream through the heater were about ]8°1',
whereas the average throughout the day was about
]3°. Under these conditions, a collector efficiency
of about 45 per cent was achieved.

Both groups of investigators have satisfactorily
correlated the performance of the simple solar air

heater~ used in. their experiments by means of the
following equations, first reported by Buelow. For
an uncovered solar collector comprising a metal
ab~orber pl~te coated with. black asphalt roofing
paint, the mr temperature nse, /-/0 , where /0 is the
atmospheric temperature and / is the temperature
of the air leaving the heater, can be related to the
solar radiation, R, (btujsq ft, hour) and the air
flow rate, v, expressed in cubic feet per minute per
?quare fo?t of solar collector surface, by the follow
mg equation :

t -/0 = 0.108 R (] - c-1I•O!l 'V), temperatures in °F

For a heater with a single glass covering, the
equation becomes

/ -/0 = 0.362 R (I - C- 2•IG'v)

The equations used by Davis and Upper are essen
tially the same, with very slight differences in the
coefficients. For a plastic-covered collector, they
usc

/-fo = (]/3) R [I _C-2•O,'D)

Davis and Lipper have also investigated the Use
of a plastic, air-inflated solar heater which is light
weight, portable, and capable of supplying hot air
to a bin for "in storage" drying.

As a general summary to these two papers, it
may be stated that by means of very simple additions
to certain types of grain drying bins or storage
buildings, forced circulation, natural air drying can
be economically augmented through the use of an
uncovered solar heat absorber incorporated into the
roof of the structure. The rise in temperature and
reduction in relative humidity of the ambient air,
particularly in the fall season in the central United
States, provide much greater assurance of satisfac
tory drying of the grain below the moisture level
necessary for long-term storage. Solar supplemented
air drying also permits a reduction in the electrical
power requirement for fan operation. Although still
in the testing stage, these authors indicate that solar
drying facilities of this type may become practical
under suitable conditions, particularly in comparativ
ely small installations for which the cost of artificial
drying facilities is not justified. The economics of the
process appear Iavorable where the low additional
cost of the solar drying unit can be offset by savings
in fan power cost, economics due to reduced unit
size and faster drying. or savings in fuel if solar
heat is substituted. Although bare collectors appear
to be favorcd, particularly where comparatively
large volumes of air are heated only ]0 to ]5 degrees
above ambient temperature, the use of cheap glaz
ings comprising onc layer of glass or plastic above
the solar absorbing surface, either as a bin roof or as
a separate solar heat collector, may prove useful.
particularly if higher temperatures are required.

Solar energy in fruit dryin~

In his paper, "The Hole of Solar Energy in the
Drying of Vine Fruit" (Sj4). B. W. Wilson compares
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the drying of sultana grapes by several methods
employing solar energy. The met~od most. &enerally
used in Australia for the production of raisins from
grapes, is "natural drying" by atmo.spheric air,
solar radiation, or both. As in the drying of crops
such as hay, nuts, coffee, 'and other agricultural
products, fruits may be dried by spreading them on
the ground. But as contamination by dirt and
insects is more objectionable with fruits than with
the. other materials, other methods have been deve
loped. Sensitivity of the crop to temperature, ultra
violet light, bacterial action, and other factors
must be carefully considered in any process used.
In addition to solar drying systems" fuel-heated
dryers of the tray or cabinet type through which
heated air is circulated may be employed.

The author has made a quantitative study of a
natural drying system commonly used in Australia
for grapes. In this method, bunches of grapes are
laid on long, narrow-tiered, wire screen racks under
the shelter of a sheet iron roof only slightly wider
than the stack of wire racks. The author states that
it is generally supposed that the principal source
of heat is the surrounding air, but that there is
evidence that solar radiation during early morning
and late afternoon hours maybe of considerable
significance as a heat source. Several investigations
were conducted, including measurement of tempe
rature inside shaded and irradiated grapes during
drying, measurements of transparency of grape
skins to solar radiation, studies. of drying rates in
a full-scale drying rack, and comparisons of drying
rates and product quality between the conventional
system, a closed drying chamber heated by an
internal solar energy absorber, and a full-scale
drying rack covered with a plastic sheet to form
a drying chamber supplied with solar heated air.

In the first of these studies, it was found that the
interior temperature of grapes exposed to solar
radiation was 4 to 8 degrees C above ambient air
temperature, whereas in the shade, the internal
temperature was a few degrees below ambient.
Grapes being dried in tiered racks clearly showed
this effect as the roof shadow moved across the
fruit during the day. Thermal storage in the grapes
themselves was noted, solar energy absorbed by the
fruit being subsequently utilized for water vapori
zation during the shaded midday period as well
as after sundown. The importance of direct solar
absorption in the fruit, as a supplement to the
natural drying from warm ambient air, was thus
established.

In other measurements, it was found that the
skins of grapes are transparent particularly in the
red portion of the visible spectrum and the near
infra-red below about 0.90 micron wavelength.
Natural grapes showed 20 to 40 per cent transmission
in this wavelength range. Grape skins coated with
an emulsion in which the fruit is dipped prior to
drying showed a considerably higher solar trans
mission, ranging from one third to one half more
penetration in these wavelengths. The measurements

show that a considerable amount G <olar radiation
penetrates to the interior of H';, r~uit, thereby
facilitating the heat transfer and ;mg processes.

The internal temperatures of \lulsion-dipped
grapes exposed to solar radiation WC1" 3 to 5 degrees
above ambient temperature, whereas oatural grapes
under the same conditions showed ~, ;j to 8 degree
rise. These measurements were interp.: -ted to indicate
that the rate of moisture transmission through the
dipped grapes was sufficiently gre:Jrcr to account
for the lower internal temperatur- even though
somewhat more solar radiation was !Jeing received
inside the fruit.

In tests of drying rate and total k:i~ of moistu~e

from fruit in full-scale weighed drying racks, It
was found that over a period of six to ten days
there was a rough correlation bet vcen the total

, weight loss (total evaporation) and 1he total solar
energy reaching the fruit. The aui ' )[ states that
although heat is supplied to the fru.. both by so.lar
radiation and by air, the amount ,.{ evaporatIOn
taking place requires a quantity Co ~leat roughly
equivalent to the incident solar rad: .Lion. In other
words, energy loss from the fruit bv ',olar. reflection
and by thermal loss when the SUL',ce IS warmer
than the surrounding air, combined \'I:th any tempe
rature changes in the fruit, appro:;·mately equ:als
the heat transfer to the grapes from L:1;:; su!roundmg
air. Several tables in the paper shall dally evapo
ration loss from the fruit, as observed, along Wlt~
values of the incident solar energy and a "calculated
evaporation loss, based on the incident solar e?ergYi
Although there appears to be some correla;tIOn 1
the observed and calculated figures, particular Y
during the first few days of the drying test, larg~
differences are observed on some days. The metho
of calculation is not outlined, and it is therefore
not possible to appraise the significance of the
differences.

The drying of grapes in other types of so.lar
heated dryers was studied, for purposes of c?mp~~lll~
rate of drying and quality of product WIth bi~~t
of the conventional racks. In one unit, a ea bel'
dryer was heated by an internal solar energy abs~~ nt
of 1.5 square meters area. The temperature of am le d
air, ranging from 24 to 39 degrees, was incre~~~n
to a range of 39 to 57 degrees, at a solar absorp ~ng
efficiency generally above 50 per cent. The d? ly
rate in the unit was found to be co~para 1~~r.
low, however, and the quality of the fruit wat ~ pe
In another system, air was heated in a snnp e. Y e
of solar energy absorber from 24 to ~7°C. to a r~~11y
of 42 to 57°C at solar absorption efficlencles us. a

. te IIIbetween 25 and 35 per cent. The drymg ra the
separate dryer in which grapes were exposed i? ally
stream of heated air was found to be prac IC lity
the same as in the open racks, and the qua
of the fruit was good. . the

A third set of drying experiments mV~lve:eater
use of a large (102 square meter) solar air f bric
consisting essentially of a loosely woven blabck aeans(burlap). Air was drawn through the cloth y m
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of a fan ~nd the? delivered to standard drying
racks. Plastic curtains were used to enclose the drying
racks so that they would receive only the hot air

. from the solar heater. Atmospheric air was drawn
throi-gh the solar energy absorber at the rate of
338;,.;bic meters p~r minute by a fan driven by a
two-kilowatt electnc motor, and delivered to the
drying chamber. A temperature rise of 3° to 6°C
was :"'cured under these conditions in sunny weather.
Maximum temperatures of the air supplied from the
solar collector to the dryer usually ranged from 41°
to 45°C, and the collector efficiency appeared to
average about 50 per cent. The rate of drying was
about equal to that observed on the open tiered
racks, but the quality of the product was not as
good.

In It brief cost analysis, the author shows that the
total cost of drying vine fruits by the conventional
natui al system, involving the long, tiered racks
and a combination of air and solar drying, is about
one-half the cost of tunnel drying with artificial heat.

The results of experiments reported in the paper,
as well as the economic consideration, lead the author
to the general conclusion that the vertical tiered
racks used for drying fruits in Australia operate
partly by absorption of direct radiation and partly
by natural air circulation, and that this system is
less expensive and more effective for grape drying
than others using solar energy absorbers and supple
mentary sources of power. While the method is
dependent on good (weather, the same limitation
applies to other solar devices, which, in the author's
opinion, are less efficient and more expensive to
operate. Finally, the need for electric power to operate
a forced circulation dryer, whether solar or fuel
heated, is an additional economic drawback. The
author' believes that the drying system based on
designs of this general type may be well adapted
to drying other crops and materials, particularly
in arid areas where fuel and power are expensive.
In latitudes where there are long periods of solar
radiation at low angles, the use of a stack of hori
zontal drying surfaces for absorption of solar radia
tion should receive greater attention.

It is of interest to compare the results obtained
by WiIson in the drying of grapes by this simple
process and those obtained by Ismailova in the
drying ofapples in direct solar heated dryers. IsmaiIova
found that rapid drying and good quality products
could be obtained even under the rather intensive
conditions experienced in a glass-covered irradiated
dryer supplied with preheated air from separate
solar collector. Although a -strictly comparable
system was not used by Wilson (nor was the Australian
system tested directly by IsmaiIova), the results
of these investigators appear to be reasonably
consistent. It is probable that higher drying rates
could be achieved in the drying of grapes if the more
intensive energy supply used by Ismailova for
apple drying were used. However, loss of quality,
perhaps by overheating or by excessive surface
drying without moisture transfer from the interior
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of. the fruit, might result. The tiered-rack system
might also be useful in the drying of apple slices,
but the absence of a natural skin on the cut surfaces
wo~ld make contamination of the product more
senous.

Solar drying of oil shale

The fourth paper in this section of the Conference
deals with the drying of a naturallyoccurring mineral.
Oil shale mined in the Paraiba Valley of Brazil
has a high moisture content, averaging about
33 per cent on the wet basis. The subsequent process
ing of this material for liquid fuel production requires
high temperature thermal decomposition of the
hydrocarbons in the shale, called retorting. Heat
for this process is usually provided by combustion
of a portion of the organic material in the shale.
It is clear that the moisture requires heat for its
vaporization and that if a dry shale were supplied
to the retorting process, a greater net yield of liquid
and gaseous hydrocarbons could be obtained. Solar
drying of the shale prior to retorting was therefore
considered as a means for increasing the efficiency
of shale oil recovery.

The very low value of a ton of oil shale precludes
any substantial expenditure for drying it. The
method therefore considered potentially useful
requires the spreading of crushed wet shale on a large
area of gound, allowing it to dry in the sun until
the moisture content has been sufficiently reduced,
and . then collecting the dried shale for further
processing. Machinery would be employed in a
commercial plant to handle the thousands of tons
considered a minimum practical daily throughput.

In their study (S/83), Talwalkar, Duffie, and Lof
have developed an over-all energy balance for a
layer of a moist solid on the ground, exposed to
solar radiation and the atmosphere. The net incident
energy is equated to the sum of latent and sensible
heat transfer from the material to the surroundings,
convection to the surroundings, conduction through
the bottom, radiation from the material to the sky,
and the gain or loss in energy content of the material.
Some of the terms are negligibly small in the over
all energy balance, whereas the useful heat of evapora
tion and the convective heat loss terms are most
significant. Each of these terms is evaluated and
correlated with measurable variables such as air
temperature, material temperature, air velocity,
and the optical properties of the material.

Preliminary studies of the process. by Petroleo
Brasileiro indicated that the percentage moisture
lost (or gained during a rain storm) is an inverse
function of the bed thickness and that with layers
more than a very few inches deep; occasional agita
tion of the material is decidedly useful. The University
of Wisconsin study was devoted primarily to evaluat
ing the terms in the energy balance, correlating the
various energy quantities and drying rates with
atmospheric variables, determining efficiency of
solar utilization as drying proceeds, investigating
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the mechanism of drying individual particles, and
evaluating the economics of the process.

Of fundamental importance was the finding
that at a constant solar radiation level, the drying
rate decreased non-linearly with the moisture
content regardless of shale moisture content. In
other words,' there was no constant drying rate
period such as that obtained with wet sand and other
granular materials. Because the drying is entirely
in the "falling rate period", internal diffusion of
moisture in the shale particle and the shale bed is
the controlling rate, increasing with shale tempe
rature and decreasing with bed thickness. Air velocity
change the~efore has no appreciable effect on drying
rate, and inasmuch as the absorption of radiation
results in a shale temperature well above that of the
atmosphere, air humidity change has negligible
effect.

Although the coefficient of thermal convection
from the shale was found to be insensitive to wind
v~locity, tl~e rate of heat loss by convection is a
direct function of the temperature difference between
the shale and the surrounding air. As the shale
becomes dryer, its surface temperature rises due to
the decreased cooling effect of evaporation and the
re~~ced proportion of the absorbed radiation being
utilized for water vaporization. Convection loss thus
increases as drying proceeds.

Studies of temperature gradients in the shale bed
showed that surface temperatures on a clear day
ranged. from 10 to 15°F above the temperature
several mches below the surface. The interior tempe
rat~reaveraged 5 to 10°F above ambient temperature
~unng ~lear weather. Temperature gradients in a
single piece of shale at the surface of the bed were
~ound to be relatively small. The maximum difference
m ~emperature at a point one-quarter inch inside
a piece of shale and at another location one and one
half inch below the surface reached about 10 degrees.

Because the shale serves also as the solar radiation
~bsorber, its absorptivity for solar radiation is an
Important property. This was measured both for
wet shale and for the solar-dried product and found
to decrease from about 92 per cent to approximately
83 per cent.

In a series of shale drying tests, each covering
sev~ra.l days of solar exposure, the distribution of the
radiation was determined. The results are presented
in tabular form in the paper. A summary of these
data sh?w? that over a four-day period, at an aver
age radiation level of 1 900 btujsq ft, the moisture
content of 33 pounds of shale in a three-inch bed
of one to three-inch shale pieces could be reduced
from 40.8 per ~e~t (dry basis) to 12.3 per. cent.
The correspondmg efficiency of solar energy use
ranged from 44 per cent at the start to 18.5 per cent
on ~he last day. Approxim~tely five days were
required, at an average radiation level of about
1 800, to redu~e th~ moisture from 41.5 to 14.4 per
cent (dry baSIS) WIth an average solar utilization
efficiency ranging from 45.8 to 18.5 per cent.

In an approximate economic ar1' .nsal of the
drying of oil shale at a rate of 12 OC'.' 'ons per day'
fro!? a~ original 33 per cent m<;>istm' ontent (wet
baSIS), It was found that a drying fi,! of approxi
mately 470 hectares would be requ: d. Vehicles
would spread the shale in a one-foot .yer on this
area, and in about 10 days, the shale rr : '~ture would
have been reduced to approximately J 0 per cent
under average weather conditions. Thi performance
is based on an average solar utiliza.«.n efficiency
of.30 per cent. Machinery would then pick up the
dned shale for supply to retorts. It \\'"S estimated
that the labor and equipment for the solar drying
of the shale would cost approximately U.S.$50 per
million kilocalories of heat utilized in ;l:ymg. At the
cost of petroleum in Brazil, the fuel tb.it would be
required to evaporate this moisture frorn the shale,
roughly equal to the decrease in oil yicl. l If the shale
were not dried, would require an expen«: 'lIfe of about
$5.00 per million kilocalories. Based or these rough
figures, it is clear that if this oil sl.,« deposit is
comm.ercially developed, solar dry.i « prior to
retorting has sufficient economic att. -tiveness to
demand its thorough evaluation.

General review

It is surprising that a process used 2S commonly
as solar drying has received so little techmcal develop
ment. With the enormous tonnage of materials
being processed by this method, greater effort in its
development and improvement would seem in order.
It is not unreasonable to believe that annual savings
in m~llions of dollars might be realized throu.gh
lowenng the costs of drying, improving the q~ahty
of the products, and reducing losses by spoIlage,
deteriorati.on,. transport delays, and other f~ctors.
~he substitution of solar drying for fuel drying or
SImply the reduction in fuel demand by a cheap
supp.lementary solar heat supply would appear of
consI~erable benefit in many areas. It is su~geste.d
by this rapporteur that the discussions of this tOpIC
should bear on the questions of needs, prospects,
and merits of increased technical study of solar
drying in order that these benefits may be achieved.

Pertinent topics for discussion

(a) .The extent, to which product quality may be
suffenng from poor solar drying methods;

(b) The types and quantities of agricultural
products. that are now being wasted through lo~s
and ?poIlage which might otherwise be saved If
effective and economical drying means were pro
vided;

. (c) The economics of incorporating cheap solar
air heaters as supplementary units m fu~l.heated
drying systems, simply as fuel saving devIces;

(d) The possibility of developing indirect solar
dryers for grains, fruits, and other materials, wh~ch
would not require electric power for circulatIng
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heated air from a solar collector to an enclosed drying
unit of some type;

(e) The possibility that some solar dried products
might have uniquely valuable properties such as
exceptional quality, appearance, or nutritive value;

(f) The need for more fundamental data on the

mechanism of drying by direct solar energy absorption
in the material;

(g) The extent to which new and much cheaper
transparent materials, such as the plastic films,
might reduce the cost and increase the applicability
of solar heaters for indirect drying.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE:
SECHAGE PAR LA, CHALEUR SOLAIRE

(Traduction du rapport precedent)
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.. Ingenieur chimiste conseil, Denver, Colorado; egalement
Charge de recherches, University of Wisconsin et Resources
for the Future, Inc.

chaud une section de sechage distincte, Dans le
deuxieme precede, l'energie solaire pourrait en general
etre rernplacee par une autre source de chaleur pour
I'alimentation de la rneme unite de sechage. Il faut
cependant signaler que le plan de la section de
sechage, independamment du dispositif de chauffage
par l'energie solaire, presente parfois des caracte
ristiques particulieres qui decoulent de la nature
de la source thermique solaire.

Les recherches ont egalement porte sur des combi
naisons de ces deux precedes fOlHlamentaux de
sechage solaire. Un collecteur solaire peut. etre
employe pour alimenter en air chaud une ~llllte de
sechage dans laquelle le produit est <lUSSI expose
directement au rayonnernent solaire. On a egal~m;nt
etudie un autre type de « sechoir solaire » qUI ? es~
qu'un sechoir classique chauffe a la vapeur, maisou
la vapeur est produite dans une chaudiere solalre.
En fait, il ne s'agit. pas vraiment dans ce cas de
sechage par la chaleur solaire, puisque le seul pro
bleme d'utilisation de l'energie solaire conslste it
produire de la vapeur a basse pression ~u moyen
de collecteurs solaires. La merne observatIOn P?ur
rait s'appliquer aI'utilisation des chauffe-air solalres,
mais les problsmes tres particuliers qUI resul~e~t
des temperatures relativement basses de 1air,
des fluctuations de la source thermique et d'autr~s
facteurs font que I'emploi de I'air chauffe par I'energ;e

solaire interesse beaucoup plus directement e
processus meme du sechage,

Dans les directives generales concernant la co~fc;
, rence, il etait recornmande que les memoires sOle~

consacres ades precedes de sechage solaire autres qu~ a
methode tres repandue qui consiste a exposer e~
produits directement au soleil en les disposant/U

t
des surfaces non protegees. Il etait cepen , a~a
precise qu'il serait interessant de presenter acd~
Conference des donnees nouvelles sur ce procI CS

classique, ainsi que les resultats des recherc ~t~
effectuees sur de nouveaux produits secMs par c~lcs
methode, ou to us autres renseignements U·Jet~
concernant ce type de sechage direct. Les sUJnce
qui ont paru les plus interessants pour la confCr~dlS, cl prOCt; t;.
sont ceux qui touchent au progres es lairc
et de l'appareillage de sechage par la chaleur:~ des
et qui permettraient d'ameliorer la gua I 'coles
produits, de diminuer les pertes de pro.dU1t~ agrI t de
et de denrees alimentaires par deterIoratIOn e
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Bien que le sechage constitue une des utilisations
les plus anciennes de l'energie solaire, la propor
tion des travaux qui lui ont ete consacres dans les
recherches modernes sur l'emploi de l'energie solaire
est relativement faible, et ceci pour plusieurs rai
sons. Le sechage par la chaleur solaire, la oil il est
pratique, et notamment en agriculture, s'effectue
assez bien par des methodes simples et rudimen
taires. La methode peu couteuse et efficace qui
consiste a repandre les produits agricoles sur le sol
ou sur une plate-forme pour les faire secher direc
tement au soleil est appliquee avec succes dans le
monde entier abeaucoup de denrees. Elle ne demande
pas d'investissement en biens de capital et meme
si elle exige parfois beaucoup de main-d'ceuvre,
celle-ci est rarement onereuse. Comme, d'autre part,
le consommateur ne demande en general pas un
produit de haute qualite, un exces de sechage, une
contamination par des impuretes et des insectes
ou une certaine degradation sont souvent toleres.

Un autre facteur defavorable est la nebulosite
intermittente et parfois prolongee qui empeche un
sechage satisfaisant par la chaleur solaire. Si done
un produit doit etre seche assez rapidement, il faut
faire appel a une source auxiliaire d'energie. Dans
ce cas, il s'avere souvent plus simple d'utiliser les
dispositifs « auxiliaires » de facon continue; on les
maintient dans des dimensions aussi reduites que
possible pour diminuer l'investissement et l'on
emploie de la chaleur artificielle pour le sechage,
Enfin, si le sechage se fait en grand, les installations
de chauffage doivent etre assez importantes, et il faut
prevoir des collecteurs solaires a grande surface
ainsi que divers autres dispositifs.

Les recherches recentes sur le sechage par la chaleur
solaire ont ete orientees dans les deux directions
qui ressortent des considerations precedentes, Autre
ment dit, les travaux ont porte : prernierement,
sur le sechage direct, procede selon lequel le produit
est expose au rayonnement solaire et l'humidite
vaporisee dans l'atrnosphere par absorption d'energie
et circulation d'air ; deuxiemernent, sur le sechage
indirect, realise au moyen d'un chauffe-air solaire
(dont il existe plusieurs types) qui alimente en air



Princlpcs du chnufTa~c par la chalcur solnlrc

ell cxamcll de la th{-oric dll shh.1gc sorlir.tir c111
cadre ell' cc rapport, tnais il pl'ut rtre ulilc d'indiqllrr
quelqurs principcs. 11 s'a~it nola11l11lrllr <1('$ principc'5

de Cl'S trois systi'lIH's vt compare k-ur vfficacit«,
11 a effect u(. de~ mcsures du n(gill1l' d(' srchag(' dans
des conditions de Ionctionneuu-nt tri's vari(('s, a
determine la longueur du temps de s(chage 11I1(,(,S

saire, a evalllc la qualite du produit par d('s tvsts
chimiqucs et autres, et a rornpan' les trois s\'sti'lIl1's
ell question l'un avec l'autre I'l avec des s~'sti'lIws
de sechagc all moyen d'un combustible. Ell outre,
il a analyse lcs caracteristiqm« du transfcrt de
chaleur duns un r{-chauffeur d'air du type ,\ plaque
plate et ctahli des correlations entre It' rcndcment
d'un tel rechauflcur et diverscs variables telles que
la vitcsse de l'air, la temperature, etc.

Cl'S etudes peuvcnt se nlSUllH'r comme suit :
a) Par cornparaison avcc les systcllws de s(lchage

utilisant un combustible, 1I's fruits et les Icgumrs
peuvcnt Nre scchcs de fac;oll satisfaisante dans des
installations solaires et il en resulte title ecollolllie de
combustible. Par rapport au • scchagc naturel _,
c'est-a-dirc la simple exposition dircctc des produits
au solcil et a l'air, on rcalis« une economie substan
tielle de temps.

b) Les fruits mis a sccher dans des compartiments
Iermes chaufles a la chalcur solaire sont de meillcurc
qualitc, plus propres et plus riches ('11 vitamine C
que ccux qui sont traites par un precede de st-chage
naturel.

c) Les trois types de sechoirs solaires experimentCs
sont effJcaccs pour traiter les fruits et IcgulIll's. Le
sechage par rayonnel1lent direct I'St le plus rapidc"
landis que le procede avec compartiment de sechilge
ferme, alimentc par de I'air chauffe a I'cnergie
solaire, donne un produit de <)ualitc un peu supl(rieure,
sans doute parce que les temperatures maximales
attcintes pilr le fruit sont moins elevees.

d) Les rechauffeurs solaires a plaque plate munis
d'ulle ou de deux envcIoppes de verre peuvent
fournir de I'air jusqu'a lOO cC et ont cte employcs
dans les experiences dccrites.

c) Pour calculer le transfrrt de chalrur d 'une plaque
solaire vers l'enveloppe supericure de verre, l'auteur
recommande d'appliqllcr les relations suh'anles :

Nil". = 0,42 Rcmo·r.:'si 250 < Re < 620

Nll m = 11.1 RI'".o.t"" si 620 < RI' < I 400

S'il Y a ~m espace d'air au-dcssolls de la plaque noire
irradiee, le tram.fert de chaleur vers le fond du
compartiment a partir de cctte plaque peut clre
calcule par les equations suh'antes :

SII", = O,026Ue,.I.OG si 170 <: Rc < 520

XII". = I,.'i Uc,.o,fUsi 520 < Rc < 1200

Dans Cl'S llqllations, Xli,. est le nomhre dl' ~ussclt

et Rc", 1(' nOl1lhre de ({r\'nolds, en unites non dimen-
sionncIlcs. '

Hupport ~~n~rul

rcali-rr des economics dans les operations de sechage
P01l1" I -squcllcs un combustible est en gcneral employe
com nu- source de chaleur,

QI!:tt re mcmoires traitant de l'emploi de l'energie
solnir.- pour le sechage ont ete prescntcs a la Confe
rcnrr Deux de ces memoires sont consacres au
sech;I;:(' indirect, precede solon lequel l'energie
soluii« sert a chauffer de I'air qui alimente une
scct i.»: de sechagc separee. Deux autres traitent
de l'nbsorption directe de l'cncrgie solaire sur ou
dans lcs produits a secher, sans l'cmploi de surfaces
prot.-r-trices transparcntcs. Toutcfois, un de ccs
deux dcrniers mernoires contient aussi unc breve
ctud,' sur des chauffe-air solaircs separcs alimentant
des Cl .mpartimcnts de scchage et etablit une compa
raison entre lcs deux systernes.

Cc~ quatre mcmoires peuvent aussi ctre classes
selon le type des produits a sechcr. Trois s'occupent
du ~,'('hage de produits agricolos, tandis que le
quatti-rnc traite du scchage d'un produit mineral
contvnant de I'eau. Deux traitent surtout du sechagc
des (,('l'cales, mais par exernple, alors que le troisiemc
COI1(": lie les fruits, et specialement les raisins.
Le ]11 oduit mineral qui fait l'objet du quatriernc
mCI11f .ire est un schiste argileux pctrolifere a hautc
tcnr-ur en hurnidite. Les seuls produits d'irnportanco
qui Iont I'objet d'un sechage commercial et ne sont
pas lcpresentcs dans I'ordre du jour sont le bois
(surtout le bois de construction) et divers produits
manufactures comme Ies substances chimiques, les
articles en ceramique et le papier.

Bicn que quc1ques investigations sur le sechage
par la chaleur solaire et quc1ques chercheurs specia
lises en ce domaine ne soient pas representCs dans
l'ordre du jour de la Conference, les quatre memoires
en question COllvrent assez completement le sujet.
11 n'est done pas necessaire de passer en revue les
travallX anterieurs pour replacer Cl'S memoires dans
une perspective adequate. La plupart des travaux
qui ont ete consacres au sechage par la chaleur solaire
au cours des dix dernicres annees sont dus aux
auteurs des memoires cites, et des references a
ces travaux figurent dans le texte mcme des
memoires. Les etudes publiees auparavant sur cette
question avaient surtout pris la forme de nombreux
brevets d'invention rclatifs ,\ divers types d'appareils
de sechage par la chaleur solaire, dont trCs pen ont
etc utilises.

Le rapporteur vOltdrait cependant appcler I'at
tention des participants sur un travail important
qui n'apparait pas dans la documentation de la
Conference. Il s'agit du rapport prepare par Ismailova
en URSS, et qui a cte publie dans Tl'ploC/lcrf,l'/ica,
vol. I, Hlli7, sous le titre f( PossibiJitc d'application
de l'cnergie solaire au scchage des fruits et legumes ~.

Ce rapport dccrit surtout les opcrations de sech:lge
des pommes coupces dans trois types d'installations :
a) un scchoir solaire chauffc directemcnt et recou\"Crt
de verre; b) un scchoir indirect chauffc par l'air
sorti d 'un collectcur solaire a plaque plate; c) un
scchoir rcalisant Ulle cOl1lhinaison des deux systcl1lcs
prccrdellts. L'auteur analyse les caractcristiques
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applicables au sechage par rayonnement direct,
car ceux qui interviennent dans le sechage des
produits dans divers types de compartiments opaques
alimentes a l'air chaud, que celui-ci soit produit
par un rechauffeur solaire ou par tout autre systsme
de chauffage, sont assez bien decrits dans la Iitte
rature consacree au sechage, La premiere condition
est qu'un transfert de chaleur se produise vers la
surface du produit humide par conduction des
surfaces ichauffees en contact avec le produit, ou
par conduction et convection a partir de l'air adja
cent a des temperatures depassant sensiblement
celle du produit a secher, soit enfin par radiation
a partir du soleil, L'absorption de la chaleur par le
produit fournit l'energie necessaire a la vaporisation
de l'eau qu'il contient, cette energie equivalant
aenviron 1 050 btu par livre (0,45 kg) d'eau evaporee,
ou 590 calories par gramme. L'eau commence a
se vaporiser apartir de la surface du produit humide
lorsque l'energie absorbee a augmente suffisamment
la temperature pour que la pression de vapeur
excede la pression partielle dans l'air environnant.
L'etat stable est realise lorsque la chaleur necessaire
a la vaporisation devient egale au taux d'absorption
de la chaleur provenant du milieu ambiant.

Pour compenser I'humidite qui s'est echappee
de la surface, il faut que se produise dans le produit
mis a secher une diffusion de l'eau du centre vers la
peripherie. Ce processus peut etre rapide ou lent
selon la nature du produit et sa teneur en humidite
a. un moment quelconque. C'est lui qui, par conse
quent, peut etre le facteur limitatif dans l'operation
de sechage ,?U'. si ~a diffusi;m d'humidite est rapide,
le facteur limitatif peut etre le taux d'absorption
de chaleur a. la surface du produit, ou bien la vitesse
de vapor~sat~on. Dans quelques produits tres poreux,
la vaporisation peut meme se produire en-dessous
de la surface visible, la vapeur se diffusant dans ce
cas a travers les pores du solide.

Dans l~ cas du sechage par rayonnement direct,
une partie du rayonnement peut penetrer dans le
produit et etre absorbee a I'interienr du produit
lui-rneme. Dans ces conditions, la chaleur est engen
dree a l'interieur du produit, de merne qu'a sa
surface, et le transfert de chaleur dans leproduit
s'en trouve facilite. .

Pour des raisons economiques, on desire en general
que. le sechage s'effectue a~ssi rapidement que
possible, Il faut cependant temr compte de la qualite
du produit, car des temperatures excessives sont a
eviter dans beaucoup de cas. En outre, et ant donne
que le sechage a lieu en surface, les denrees qui ont
tendance a former une couche superficielle dure et
seche relativement impermeable au transfert de
liquide et de vapeur doivent etre sechees aun regime
suffisamment bas pour eviter la formation de cette
croute. Il faut exercer un controle rigoureux des
taux de transfert de chaleur et de vaporisation, en
reglant soit l'apport de chaleur, soit la teneur en
humidite de l'air ambiant.

Le sechage d'un produit par simple circulation
d'un air relativement sec, sans recours a. une source

de chaleur directe ou indirecte, est c.onnu sous le
nom de sechage adiabatique. La chaleur necessaire
pour vaporiser l'humidite est apj.ortee par l'air
au produit solide, ce qui reduit la 'l,'mperature de
l'air tout en augmentant son humichte absolue et
relative. Etant donne la faible capac.te calorifique
de l'air, par comparaison avec la haute chaleur
latente de vaporisation de l'eau, de grands volumes
d'air ayant une humidite relative asscz faible doivent
etre utilises dans ce type de sechage L'air quittant
le sechoir est presque sature d'humidrte a la tempe
rature du thermometre a. boule mouillee, L'air
d'admission, a sa temperature (lue au thermometre
a boule seche) et son humidite relative initiales, est
ainsi refroidi et humidifie pour atteindre la tempe
rature du therrnometre a boule mouillee, tandis que
les produits humides en contact aver cet air s'ap
prochent egalement de la temperature du thermo
metre a boule mouillee,

La generalisation precedente doi t etre quelque
peu modifiee si le produit mis a ::;0cher preser;te
une solubilite quelconque dans I'e.iu. Les fruits
et certains autres produits agricolcs contiennent
des sels et des sucres qui provoquent ua abaissement
de la pression de vapeur. Les temperatures super
ficie1les de ces produits doivent done etre plus elevees
que la temperature de l'air au therrncmetre ~ b~ule
mouillee pour que la vaporisation pUlsse avoir h~u.
Il s'ensuit que le sechage adiabatique de ces :prodmts
exige de l'air aune humidite relative plus faible que
les produits ne contenant pas de matieres solubles
en phase aqueuse.

Une propriete importante des denrees sechees par
exposition directe au rayonnement est leur absorp
tivite vis-a-vis du rayonnement. La plupart .d~s
produits solides ont heureusement des absorptlVlt~s
assez elevees, mais des changements peuvent survemr
au cours du sechage, la surface d'un produit devel1:ant
moins «noire» ou parfois plus, au cours de l'op~ratlO%'
De meme, il peut se produire des modificatlOl1:S e
l'opacite de la surface des denrees qui sont parhelle

ment traversees par quelques-unes des longueurs
d'ondes du spectre de la source radiante.

La conductivite thermique du produit joue egal~
ment un role important en particulier s'il est rnis
a secher en une couche' d'epaisseur suffisa?te ~ou:
qu'une conduction de chaleur soit necessaIre d unt
particule a l'autre. Si la conductivite thermique eSt
mediocre, une circulation d'air chauffe it traver\e

. entre les particules du produit humide permet nt
un meilleur transfert de chaleur que le rayonnemeln

. I re adirect a la surface d'une couche de parhcu es
tivement epaisse.

Sechage solaire indirect de cereales
ou autres produits agricoles

Les deux memoires qui traitent du ~ec~age ~~
pro~uits agricoles par de l'air chauffe a I er;~~iS
solaire, Sj17 par F. H. Buelow et Sj53 par C. P. d nt
et R. I. Lipper, tendent au rneme but et se fon ~i
sur des experiences similaires. L'un et l'autre en
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sagent le sechage de cereales avec un equipement
simple qui pourrait etre realise par les utilisateurs
eux-rnemes et se preterait fort bien a de petites
installations. Ils etudient principalement l'emploi
de rechauffeurs d'air de type simple, a plaque plate,
fixes sur le toit de petits abris ou granges de sechage
qui servent en meme temps a l'emmagasinage et
au sechage des cereales ou autres produits. Le but
de ces systemes est de cornpleter le sechage naturel
par l'air - lequel est souvent inefficace a cause de
l'exces d'humidite atmospherique - de facon a
diminuer la teneur en humidite des produits jusqu'au
point ou ils ne risqueront plus de se deteriorer. Les
deux systemes ont aussi pour caracteristique
commune d'employer des debits d'air importants et
des temperatures qui, de ce fait, ne sont que faible
ment augmentees dans le collecteur solaire, ce qui
exige l'emploi d'une plaque solaire absorbante sans
aucun revetement, ou d'un collecteur muni au
maximum d'une seule enveloppe transparente.

Dans ces etudes, les auteurs montrent que pour
faire secher du mais ou d'autres cereales au moyen
d'une circulation forcee d'air atrnospherique a
travers les casiers agrains, la condition indispensable
est que l'air soit suffisamment sec pour permettre
a l'humidite des grains de se vaporiser. Ce mode de
sechage « en stockage », surtout s'il est applique a
des cereales recoltees en automne, doit etre realise
en l'espace de quelques semaines pour mettre les
grains humides a l'abri de la deterioration. Parmi
les conditions et methodes a respecter, l'une concerne
le stockage des grains dans des casiers a fond perfore
a travers lesquels on fait circuler l'air pendant deux
ou trois mois d'automne, reduisant ainsi la teneur
des grains en humidite de 18-20 p. 100 a 10-12 p. 100.
On a constate que I'humidite relative de l'air que
l'on fait circuler entre les grains doit etre inferieure
a 62 p. 100 environ dans la plupart des cas si I'on
veut que la teneur en humidite du produit diminue
suffisamment pour assurer une bonne conservation
pendant l'emmagasinage. Lorsque I'humidite atrnos
pherique depasse ce chiffre, le produit ne seche
pratiquement pas et, a supposer que cet etat hygro
metrique eleve se prolonge, de graves pertes peuvent
survenir, a moins que l'on ne dispose d'une autre
Source de chaleur.

Ces chercheurs ont observe qu'une augmentation
de 10 a 15 of de la temperature de l'air utilise pour
le sechage reduit suffisamment l'humidite relative,
merne d'un air tres humide, pour le rendre propre
au sechage des produits agricoles. Les uns et les autres
ont montre que l'emploi d'un simple collecteur
solaire constitue par un double to it pose au-dessus
d'un compartiment de sechage permet d'augmenter
de 10 a 20 of la temperature de gros volumes d'air
et d'accelerer ainsi sensiblement le regime de sechage,
tout en diminuant les risques de pourrissement des
grains. Dans un des systernes decrits, le local de
sechage-stockage est couvert d'un toit en tole ondulee
passe ala peinture noire qui sert d'absorbeur d'energie
solaire. Un espace d'air de I a4 pouces (2,5 a 10.cm)
est prevu au-dessous de cette couverture metallique

pour former un passage a travers lequel l'air est
aspire au moyen d'un ventilateur avant d'etre
envoye sous le fond perfore des compartiments de
sechage, Un revetement applique sous le poutrage
qui supporte le toit sert a enfermer le circuit d'air;
un isolant peut eventuellement etre appliquee sous
ce revetement. Dans quelques essais (effectues par
les deux groupes de chercheurs) une enveloppe de
verre ou de matiere plastique a ete placee au-dessus
de la surface metallique absorbante pour reduire
la perte de chaleur.

Dans la pIupart des essais, la vitesse de circulation
de l'air et la capacite des soufflantes etaient les mernes
que dans le procede de sechage naturel par l'air.
Ainsi, on a utilise des debits de 2 a 4 pieds cubes
(0,05 a O,ll m3) par minute par boisseau de grain
(environ 36 litres). Les surfaces des collecteurs solaires
employes dans les deux etudes etaient telles que les
debits d'air se situaient entre 10 et 15 pieds cubes
(0,28 a 0,42 m3) par minute et par pied carre de
collecteur. Dans ces conditions, la chute de pression
due au passage dans le colIecteur solaire et les
conduits indispensables n'etait pas assez importante
pour qu'il soit necessaire de rem placer le ventilateur
prevu pour le sechage par air non chauffe,

Dans ses essais, Buelow est parvenu a reduire
de 50 et meme 75 p. 100 la duree totale de sechage
d'un produit agricole en cornpletant le sechage par
circulation forcee d'air naturel par un prechauffage
al'energie solaire. Il a concIu que le C011t de construc
tion d'un batiment approprie a ce type de sechage
ne depassait guere celui d'un local de sechage
a l'air non chauffee, Etant donne qu'une hausse
de quelques degres seulement de la temperature
suffit a assurer un rendement satisfaisant du pro
cessus de sechage, le collecteur solaire sans revete
ment a pam tout a fait approprie, merne si un collec
teur plus perfectionne muni d'une enveloppe trans
parente permettait d'obtenir des temperatures plus
elevees. Buelow concIut que ce systeme simple de
sechage des produits agricoles par l'energie solaire
repond le mieux aux besoins des agriculteurs pour
qui le prix d'une installation de sechage de capacite
modeste aI'air chauffe par un combustible ne presente
pas des avantages suffisants.

Les etudes de Davis et Lipper montrent que le
sechage des cereales par circulation forcee d'air et
appoint de chaleur solaire, lorsque le produit a une
teneur initiale en humidite d'environ 18 p. 100 (par
rapport au poids humide), peut etre realise de
facon satisfaisante des lors que le rayonnement solaire
atteint une valeur merne tres moyenne (plus de
160 calories par centimetre carre et par jour) et
que les temperatures moyennes ambiantes pendant
la journee depassent 0 °C. Ces auteurs ont aussi
constate que la consommation d'electricite pour le
fonctionnement des ventilateurs etait beaucoup
moins grande dans le systerne chauffe par I'energie
solaire, parce que l'humidite relative assez basse
obtenue dans le flux d'air permettait de diminuer
la duree de fonctionnement des soufflantes. Au
Kansas, l'air sorti du rechauffeur solaire etait a une
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humidite relative inferieure a 50 p. 100 pendant les
quatre cinquiemes de la duree de fonctionnement,
alors que cedegre d'humidite n'etait obtenu dans le
sechoir non chauffe que pendant la moitie environ
de la duree de fonctionnement. Cette difference est
la prineipale explication du fait que le sechoir a
1'air naturel consomme 80 p. 100 d'energie electrique
de plus pour reduire la teneur en humidite de 1 p. 100.
Dans ces essais, un collecteur solaire constitue par une
surface recouverte d'une enveloppe en matiere plas
tique servait a rechauffer 1'air qui alimentait un
compartiment de sechage contenant du grain; un autre
compartiment identique au premier etait alimente
par de 1'air non chauffe, Pendant les mois d'automne,
les temperatures maximums enregistrees dans le
courant d'air traversant le rechauffeur etaient
d'environ 18 of et la moyenne journaliere d'environ
13 of. Dans ces conditions, le rendement du collecteur
etait d'environ 45 p. 100.

Les deux groupes de chercheurs sont parvenus
a etablir une relation mathematique satisfaisante
pour calculer le rendement des chauffe-air solaires
du type simple employes dans leurs experiences;
ils se sont bases sur les equations ci-apres, rapportees
initialement par Buelow. Pour un collecteur solaire
non revetu, compose d'une plaque absorbante
metallique recouverte d'un enduit d'etancheite
noir a 1'asphalte, 1'augmentation de la temperature
de I'air, t - to, OU to est la temperature atrnospherique
et t la temperature de 1'air a la sortie du rechauffeur,
peut s'exprirner en fonction du rayonnement solaire,
R (en btu par pied carre et par heure) et de la vitesse
d'eco~lement ?e I'air, v (en pieds cubes par minute,
par pled carre de surface du collecteur solaire) au
moyen de I'equation suivante :

t - to = 0,108 R (1- e-8,08IlJ) , temperature en OF

Pour un rechauffeur muni d'une seule enveloppe
en verre, l'equation devient :

t - to = 0,362 R (1- e-2,16/lJ)

Les equations employees par Davis et Lipper sont
essentiellement les memes, avec des differences
minimes dans les coefficients. Pour un collecteur
~ecouvert d'une enveloppe de composition plastique,
ils posent :

t - to = (1/3) R (1- e-2,O!V)

Davis et Lipper ont egalement etudie I'emploi
d'un rechauffeur solaire en matiereplastique gonfle
d'air, qui est leger, transportable et capable de fournir
de l'air chaud a un local pour un sechageen cours
de stockage.

Pour resumer l'idee generals de ces deux mernoires,
on peut dire qu'ils montrent comment, en ajoutant
des dispositifs tres simples acertains types de granges
ou de compartiments servant au sechage des cereales,
on peut, sans grands frais, intensifier le sechage
realise par circulation forcee 'd'air naturel en lui
adjoignant un absorbeur de chaleur solaire non
revetu que l'on incorpore au toit du batiment.
L'augmentation de la temperature et la reduction

de l'humidite relative de 1'air ambi.nu , notamment
en automne dans le centre des Etats-Unis,
augmentent beaucoup les chances d arriver a faire
tomber la teneur des grains en humidite au-dessous
du niveau qui assure un stockage prolongs. Le
sechage a I'air avec appoint de chaleur solaire
diminue aussi la consommation de courant electrique
du ventilateur. Bien que les recherches en soient
encore au stade des essais, les auteurs indiquent
que de telles installations de secbage par la chaleur
solaire peuvent trouver leur application pratique
dans des conditions appropriees, notarnment dans
les petites entreprises agricoles ou le pnx de revient
d'une installation de sechage artificiel n'est pas
justifie, Le bilan economique du svsteme semble
favorable des que le cofit (peu eleve) du dispositif
de sechage a la chaleur solaire peut etre compense
par des .economies sur l' electricite necessaire au
fonctionnement du ventilateur,sur lcs dimensions
(plus modestes) de l'installation de scchage, sur la
duree des operations, ou sur la consornmation de
combustible lorsque celui-ci est rem place par la
chaleur solaire. La preference semble aller aux
collecteurs non revetus, en particulier s'il s'agit
de chauffer des volumes d'air relativerucnt importants
a 10 ou 15 degres seulement au-dessus de la tempe
rature ambiante, mais 1'emploi de revctements peu
cofrteux comprenant une couche de verre ou de
composition plastique appliquee au-dessus de la
surface absorbante soit comme toiture du local de
sechage, soit sous forme de collecteur solaire s~p~re,
peut presenter des avantages, notamment SI Ion
veut obtenir des temperatures plus elevees-

Utilisation de I'energte solaire pour le sechage

des fruits

Le memoirs intitule « Le role de 1'energie s?laire
dans le sechage des fruits » (5/4), parB. W. WI1so~,
compare les merites respectifs de plusieurs proce~es
de sechage des raisins sultans par l' energie solalre.
La methode le plus generalement employee en Aur
tralie pour la production des raisins secs est e
« sechage naturel » par l'air atmospherique. le rayon
nement solaire, ou ces deux agents a la fois. Comme
d'autr~s produits agricoles (foin, t:0ix, c~fe, etc~t
les fruits peuvent etre seches par simple etal~me _
sur le sol. Toutefois, la contamination par les lrr~5
retes et les insectes est plus grave avec les run
'd" l'on a m15qu avec autres denrees en sorte que I

. t d' ' ,. orte queau pom autres methodes. Dans n Imp. ., , du
precede, on doit tenir compte de la senslblh~el t
produit a la temperature, aux rayons ultravlO eE~
it 1'action des bacteries et a d'autres facteursi . e
plus des procedes de sechage par la ehaleur SO air i
on peut utiliser des sechoirs du type a cl:;l.1es o~ a
casiers, chauffes au moyen d'un com~ustlblede
travers lesquels on fait eirculer de l'air chau .

d' n
L'auteur a fait une evaluation quantitative 1~e

systeme de sechage naturel couramment, eI?P ~er
en Australie pour les raisins. Il consiste a dlSP~tes
des grappes de raisin sur des claies longues et etro
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en treillis defil de fer, disposees en etages et abritees
par un toit de tole a peine plus large que le clayon
nage: Selon l'au~eu.r, bien qu'il soit generalement
admis que la principale source de chaleur est I'air
ambiant, les faits semblent indiquer que le rayonne
ment solaire du debut de la matinee et de la fin
de l'apres-midi constitue une source de chaleur
tres i~portan.te. Les investigations ont porte sur
~es,. PO!~ts sU1van~s. : mesure,s ,de la temperature
a I mteneur des raisins places a I ombre ou au soleil,
mesures de la permeabilits de la peau des raisins
au rayonnem~nt solaire, etude des regimes de sechage
dans une claie de grandeur reelle, et comparaison
entre les regimes de sechage et la qualite des produits
obtenus, d'une part, avec le precede classique
(compartiment de sechage ferrne, chauffe au moyen
d'un absorbeur d'energie solaire place a l'interieur
du local), et, d'autre part, avec une claie de grandeur
reelle recouverte d'une enveloppe de matiere plas
tlque et formant une chambre de sechage alimentee
avec de l'air chauffe par l'energie solaire.

Dans la premiere de ces investigations, l'auteur
a constate que la temperature interieure des raisins
exposes au rayonnement solaire depassait de 4 a8 QC
la temperature de I'air ambiant, alors que la tem
perature interne des raisins places a l'ombre etait
inferieure de quelques degres a la temperature
ambiante. Cette difference s'observait parfaitement
sur des raisins mis a secher dans des claies super
posees pendant que l'ombre du toit se deplacait
sur les fruits au cours de la journee. On a note qu'une
accumulation de chaleur avait lieu dans les raisins
eux-rnemes, les fruits utilisant ensuite I'energie
solaire ainsi absorbee pour vaporiser de l'eau au
milieu de la journee, pendant qu'ils se trouvaient
aI'ombre, et apres le coucher du soleil. L'importance
de l'absorption directe de la chaleur solaire dans le
fruit, qui complete le sechage natureI realise par
l'air ambiant tiede, a ainsi ete demontree.

Dans d'autres mesures, l'auteur a constate que
la peau des raisins est particulierement permeable
a la lumiere rouge du spectre visible, ainsi qu'aux
~ayons infrarouges adjacents d'une longueur d'onde
mferieure a 0,90 micron environ. Des raisins a
l'etat naturel ont ete penetres par 20 it 40 p. 100 des
rayons compris dans cet intervalle de longueur
d'ondes, Les mesures effectuees sur des raisins
trempes dans une emulsion avant d'etre mis a
secher ont rnontre que la penetration des rayons
solaires etait fortement augrnentee par ce traitement,
l'augmentation etant de 33 a 50 p. 100 pour ces
longueurs d'ondes, Les mesures montrent qu'une
quantite considerable de rayonnement solaire penetre
it I'interieur du fruit, facilitant le transfert de chaleur
et les processus de sechage.

Les temperatures internes des raisins trempes
dans une emulsion et exposes au rayonnement solaire
depassaient de 3 a 5 degres la temperature arnbiante,
tandis que ce depassement atteignait 5 a 8 degres
pour des raisins non traites places dans les mernes
conditions. SeIon l'auteur, ces mesures indiquent
que l'acceleration du passage de l'humidite a travers

les raisins traites est suffisamment forte pour expli
quer un teI abaissement de la ternperaturei nterne,
merne en tenant compte de la plus grande quantite
de rayonnement solaire recue par les fruits traites,

L'auteur a .pratique des experiences sur le regime
de sechage et la perte totale d'humidite des fruits
places dans des claies grandeur nature soumises a
des pesees, et il a constate que sur une periode de
6 a 10 jours il existait une certaine correlation entre
la perte de poids totale (evaporation totale) et la
quantite totale d'energie solaire qui avait effective
ment atteint le fruit. L'auteur indique que, bien
que la chaleur soit fournie au fruit a la fois par le
rayonnementsolaire et par l'air, la quantite d'eva
poration qui se produit exige une quantite de chaleur
apeu pres equivalente acelle du rayonnement solaire
incident. En d'autres termes, l'energie perdue par
le fruit par reflexion solaire et par perte therrnique
lorsque la surface du fruit est plus chaude que l'air
ambiant, associee aux modifications de la tempera
ture a I'interieur du fruit, equivaut approximative
ment au transfert de chaleur qui se produit de
l'air ambiant vers les raisins. Le mernoire contient
plusieurs tableaux montrant I'evaporation journaliere
subie par le fruit, telle qu'elle ressort de l'observation,
ainsi que les valeurs de l'energie solaire incidente
et la perte par evaporation « calculee » sur la base de
I'energie solaire incidente. Bien qu'il paraisse exister
une certaine correlation entre les chiffres obtenus
par l'observation et les chiffres obtenus par le calcul,
en particulier au cours des premiers jours de l'essai,
on constate des differences importantes certains
jours, La methode de calcul n'etant pas indiquee,
il n'est pas possible d'apprecier la signification de
ces differences.

L'auteur a etudie le sechage des raisins dans
d'autres types de sechoirs chauffes par l'energie
solaire afin d'etablir des comparaisons avec les
claies classiques en ce qui concerne le regime de
sechage et la qualite du produit. Une des installations
etudiees se composait d'un dessiccateur a casiers
chauffe par un absorbeur interne d'energie solaire
d'une surface de 1,5 m2• La temperature de l'air
ambiant, qui variait de 24 a 39 QC, a eM portee
a 39-57 QC, le rendement 'd'absorption solaire depas
sant en general 50 p. 100. On a cependant constate
que le regime de sechage de cette installation etait
relativement faible et la qualite du fruit mediocre.
Dans une autre installation, l'air etait chauffe dans
un absorbeur solaire de construction simple et
porte de 24-37 QC a 42-57 QC, le rendement d'absorp
tion eolaire variant en general de 25 a 35 p. 100.
Le regime de sechage obtenu dans un sechoir separe
oil les raisins etaient exposes au courant d'air chauffe
a ete pratiquement le merne que dans les claies
ouvertes et le fruit obtenu a He de bonne qualite.

Dans une troisierne serie d'experiences, I'auteur
a utilise un grand rechauffeur d'air a l'energie solaire
(102 m2) , compose essentiellement d'un tissu noir,
tisse lache (toile d'emballage), L'air etait aspire a
travers le tissu au moyen d'un ventilateur avant
d'etrc envoye vers des claies de modele standard. Les
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claies etaient enferrnees dans des rideaux de matiere
plastique de facon a ne recevoir que l'air chaud en
provenance du rechauffeur solaire. L'air atrnosphe
rique etait aspire a travers le rechauffeur a raison
de 338 m 3 par minute au moyen d'un ventilateur
actionne par un moteur electrique de 2 kW avant
d'etre envoye dans la chambre de sechage. L'augmen
tation de temperature realisee dans ces conditions
etait de 3 a 6 QC par temps ensoleille, Les tempera
tures maximums de I'air envoye du collecteur solaire
vers le sechoir se situaient en general entre 41 et
45 QC et le rendement du collecteur etait en moyenne
de 50 p. 100. Le regime de sechage etait a peu pres
le meme que celui observe sur les clayonnages ouverts,
mais la qualite des fruits n'etait pas aussi bonne.

Dans une breve analyse du cout, l'auteur montre
que le prix de revient total du sechage des raisins
par le systeme naturel classique, ou l'on utilise les
longues claies etagees et un sechage combine par
l'air et par le soleil, s'etablit a environ la moitie du
prix du sechage en tunnel a la chaleur artificielle.

Les resultats des experiences decrites dans ce
memoire, de merne que les considerations econo
miques, conduisent l'auteur a la conclusion generale
que le systeme des clayonnages verticaux employe
pour le sechage des fruits en Australie fonctionne
en partie .par absorption du rayonnement direct
et en partie par circulation naturelle de l'air, et qu'il
est moins couteux et plus efficace pour le sechage
des raisins que d'autres precedes qui font appel a
des absorbeurs d'energie solaire et a des sources
additionnelles de chaleur. 11 est vrai que cette methods
depend des conditions atmospheriques, mais la meme
limitation s'applique a d'autres dispositifs solaires
qui, de l'avis de l'auteur, sont d'un fonctionnement
moins efficace et plus onereux. Enfin, le fonction
nement d'un sechoir a circulation forcee, qu'il soit
chauffc par le soleil ou par un combustible, consomme
de I'electricite, ce qui constitue un inconvenient
supplernentaire du point de vue economique, L'auteur
pense que des dispositifs de sechage concus selon
le mode le decrit plus haut peuvent fort bien etre
realises pour d'autres produits agricoles et diverses
matieres, en particulier dans les regions arides on le
combustible et I'electricite content cher. Sous les
latitudes ou l'on beneficie de longues periodes d'en
soleillement a faible angle d'incidence, l'emploi de
clayonnages a plans de sechage horizontaux pour
l'absorption du rayonnement solaire devrait retenir
une plus grande attention.

11 est interessant de comparer les resultats obtenus
par Wilson pour le sechage des raisins par ce precede
simple et ceux obtenus par Ismailova pour le sechage
des pommes dans des dessiccateurs chauffes directe
ment par l'energie solaire. Ismailova a constate que
l'on pouvait realiser un sechage rapide et obtenir des
produits de bonne qualite meme dans les conditions
assez intenses creees dans un sechoir revetu de verre
et expose au soleiI, alimente avec de l'air prechauffs
provenant d'un collecteur solaire separe. Bien que
Wilson n'ait pas utilise un systeme rigoureusement
comparable (et qu'Ismailova n'ait pas non plus

experimente directement sur le systerne australien),
les resultats des deux chercheurs ~"_'mhlent assez
concordants. Le regime de sechage pourrait sans
doute etre accelere pour les raisins si 0'1 le-m appliquait
une plus grande source d'energie, cotr.me Ismailova
l'a fait pour les pommes; mais la qualite du produ!t
serait peut-etre alteree, soit par surchauffe, soit
par un exces de sechage en surface sans transfert
d'humidite depuis I'interieur du fruit. De son cote,
le systeme des clayonnages pourrait, Jui aussi, et~e

utile dans le sechage des pommes coupees; rnais
l'absence d'une peau naturelle sur le produit aug
menterait les risques de contamination.

Sechage du schiste argtleux p{~trolifere

par la chaleur solair«

Le quatrieme memoire presente sous cette section
de l'ordre du jour de la Conference tra ite du sechage
d'un produit mineral naturel. Le c" histe ~rgileux

petrolifere extrait dans la Vallee (lc' Paraiba, an
Bresil, a une forte teneur en humidit- repre~entant

en moyenne 33 p. 100 du poids a l'er.rt humide..Le
traitement ulterieur de ce mineral pom- la production
de combustibles liquides exige une (l(~con:poslhon

thermique a haute temperature (dLittllatwn) des
hydrocarbures contenus dans le schiste. La chale~r
necessaire a cette operation est en general fo~~me

par la combustion d'une fraction des ~a~leres

organiques presentes dans le schiste. Il est eVIdent
que la vaporisation de l'humidite contefl;ue dans ~e
produit exige de la chaleur et que si le schiste sonmlS
ala distillation etait sec, on obtiendrait un rendement
superieur dans la production des hydrocarbures
liquides et gazeux. D'ou I'idee qu'un se~h~ge .d~
schiste par la chaleur solaire avant la distillatio
pourrait augmenter l'efficacite des operations de
traitement.

Etant donne qu'une tonne de schiste argile~x
petrolifere a une valeur tres faible, le sechage u
produit ne doit pas entrainer de depensesimporta~tes.
On a done envisage la possibilite de repandre le.schlstf'
apres broyage, sur une aire assez vaste, pUlS de e
laisser secher au soleil jusqu'a ce que sa teneu~ en
humidite ait suffisamment diminue et de l'achemm~r
ensuite vers les autres operations de traitemen.
U ' . ,. 't' saire ponrn eqmpement mecamque serai neces . c
manutentionner les milliers de tonnes consld~ e~
comme le minimum a traiter quotidiennement an.
une entreprise a but commercial. t

Dans leur mernoire (Sj83), Talwalkar, Duffle ~r
Lof ont etabli un bilan energetique global Pf~t
une couche de produit humide deposee. sur 1;, so gic
exposee a l'air et au rayonnement solalre. L encrme
incidente nette est mise en equation avec la sO~nit
du transfert de chaleur latent et sensible. du pro s le
vers le milieu ambiant, de la convection VC! nd
milieu environnant, de la conduction par I~. ~ ct
du rayonnement du produit vers l'atmosP.ler du
du gain ou de la perte de teneur energctlquclenr
produit. Quelques-uns de ces termcs ont unc va dis
negligeable dans le bilan cnergetique glob~l. ~;~va.
que les plus importants sont la chaleur utIle
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poration et la pcrte de chaleur par convection. I.cs
auteurs analyscnt chacun de ces tcrrnes et les mettent
en correlation avcc des variables mcsurahlos telles que
la temperature de l'air, la temperature du mineral,
la vitesse de I'nir, et Ies proprietes optiques du produit,

Des etudes preliminaircs cffectuces par la Petroleo
Brasilciro avaient indique que le pourccntage d'hu
midite perduc (ou gagnce, au cours d'un orage) est
en raison inverse de l'epaisseur de la couche et que
pour les couches d'une epaisseur depassant quclques
ponces il est ccrtainement utile de rcmuer le produit
de temps ;t autre, Les chercheurs de l'Universitc
du Wisconsin ont surtout voulu evalucr les tcrmes
du bilan encrg{>tique en mettant en correlation les
diverses quantites d'cnergic et les regimes de sechagc
avec les variables atmospheriqucs, et en determinant
le rendement d'utilisation de l'cnergic solaire it
mesurc que le scchage se poursuit, en ctudiant le
mecanisme de scchage des particulos individucllcs,
et en evaluant l'interet economiquc du precede.

Une constatation d'importance fondarncntalc a ete
que pour un rayonnement solaire constant le regime
de sechage ne decroit pas en relation Iincairc avcc
la teneur du produit en hurnidite. En d'autrcs tcrmcs,
il n'y a pas de pcriode oil le regime de scchagc restc
constant, cam me cela se produit avec le sable humide
ou d'autres matieres granulaires. Etant donne que
le sechage est toujours en « regime decroissant l"

la diffusion interne de l'humidite dans la particule
schisteuse et dans la couche de schiste constitue
le facteur limitatif; son taux augmente avec la
temperature et diminue avec I'epaisseur de la couche.
Un changement de la vitesse de l'air n'a donc pas
d'effet appreciable sur le regime de sechage et,
pour autant que 1'absorption du rayonnement solaire
permette a la tempcrature du mincral de dcpasser
largement ceIle de l'atmospMre, les variations de
1'ctat hygromctrique de l'air n'exercent pour ainsi
dire aucune influence.

men que le coefficient de convection thermique
it partir du schiste ait cte reconnu insensible it la
vitesse du vent le taux des pertes de chaleur par
convection est directement fonction de la difference
de temperature entre le schiste et I'air ambiant.
A mesure que le schiste seche, sa temperature super
ficieIle augmente, parce que I'cffet rcfroi.dissant dll
a l'cvaporation diminue et qll'lII~e mOl!l~ ,grande
proportion du rayonnement absorhe est lIt1hsre p~ur
la vaporisation de l'eau. La perte par convection
augmente ainsi au cours du scchage,

Des chides des gradients de temperature dans
les couches de schiste ont mont[(~ Cjue par temps
clair les temperatures superficielles depassaient de
10 it 15 °F la temperature du produit a ,elllelCjlle~
pouces au-dessous de la surface. La temperature a
I'interieur dll schiste se situait elle-mcme a fi-10 °F
cn moyenne au-desslIs de la tcmp{>rature ambiante
par temps clair. Les gradients de tcmphaturc clans
un morceall de schiste sitlle ;t la sllrface e1e la cOllchc
etaicnt relativement faihles. JA'l pIllS grancle e1ifference
de temperature entre IIn point SitUl~ it \111 qllart. de
pouce (0,6 mm) it I'interieur d'lIn morceall c1e scl\lste

et IIn autre point situe ;\ un ponce et demi e1c' profon
deur (:Ii mm) a tte d'environ 10 CF.

J~tant donne que le' schist» joue t~galen\('nt le
role d'absorbeur des rayons solaires, son absorptivite
est UII(' caractcristique importantc, On J'a II\l'SU[l{C'
sur le schiste humide et sur le produit s{Ocll(~ an solcil
et constate qu'elle diminuait ell' !l2 p. 100;\ cnviron
8:1 p. tuo,

Dans unc scrie d'essais de sechage, portant chacun
sur plusieurs jours d'expositions all solei], on a clt~ll'r

mine la distribution du rayonnemcnt. Los resultats
sont prescntcs sous forme de tableaux dans h- textc
du memoirc. Un resume des donnecs montre que
sur unc periode de quatre jours, pour UI1 rayonncment
moyen de 1 !100 btu par pied carre. l'humidite
contcnue dans :1:1 livres (Hi kg) de schiste (morccaux
de 1 ;\ :1 pou Cl'S - 2,5 ;\ i,5 cm - disposes en couche
de :I ponces - i,ii cm - d'{opaisseur) pouvait ctre
reduitc de ·1/),8 p. lOO (par rapport au poids sec]
;\ 12,:1 p. 100. Le rcndcmcnt correspondant d'uti li
sation de l'energic solairc variait de H p. lOO au
debut de l'operation ;\ 18,5 p. lOO le dcrnicr jour.
Cinq jonrs environ etaicnt ncccssaires pour IIn flux
moycn de rayonncmcnt d'cnviron I HOO btu par
pied carre pOllr reduire la tencur en humiditc de
41,5 it 14,5 p. lOO (par rapport au poids sec), le rcn
demerit moycn d'utilisation de l'energie solairc se
situant entre .t5,8 et 18,5 p. WO,

Les auteurs ont effectuc une c\'alllation cconomiqlle
approchee de Cl' proccdc de scchage ell prmant pOllr
base 12000 tonnes par jour de schiste argilellx pctro
Jifere contenant initialemcnt :1:1 p. 100 d'h\llnidite
(par rapport au poids humide) et constatc Cjue raiH~

de scchage devrait mesurer environ ·tin hectares,
Des engins rcpandraient le mincral sur ceUe aire
en une couche de 1 pied d'cpaisscur (en\'iron :10 cm)
et, aprcs une dizaine de jours, J'humiditc du schiste
aurait cte ramence a lOp. 100 el1\'iron dans des
conditions atmosphcriCj\lrs moycnnes. Cl' rcsuJtat
correspond it un rrndement moyen d'utilisation de
J'cnergie solaire de :10 p. 100, Le schiste serait alo[5
ramassc par des engins mccaniqllcs et achemine \'e[5
les cornllcs. JJ a ete caJculC Cjlle la main-{l'n~I1\Te

et J'cquipel1lent necessaires pour le scchage solaire
cOllteraient a peu prcs 1,50 dollar par millioll de
kilocalories de chaleur utilisee. Compte tenu du prix
du pctrole au Bresil, la quantitc de cOl11hustihle
qui serait IIccessaire pour c\'aporer ccUe IJIIl11iditc
(ct qui cCjui\'aut a pell prcs a la quantitc de pctro1c
qui ne serait pas prod\lite si le schistc n't:tait pas
scchc) cOllterait ell\'iron .'l,00 dollars par million de
kiloc.llories. Cl'S chiffres approximatifs montrent
bien <}ue, si le filon de schiste argilcux pctrolifcre est
mis en exploitation, le scchage par la chaleur solairc
a\'al\t la distillation prbente sutT1sammellt d'intcrct
du point de \'ur llconomiCjur pour qu'il \'aille la I)('inc
de J'e\'aluer trcs srricusement.

Anal)'se generate

II est {-tollllant qU'1I11 procc~llI al1ssi C0I11I11\11111I11ellt
\ltilise qlle le sllchagc par la chaleur soJ.lire ait <10111111
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lieu a si· peu de perfectionnements techniques. Si
1'on considere les quantites enormes de produits
divers qui sont traites de cette maniere, il semble
que des progres et des ameliorations doivent etre
recherches. Des economies qui seraient peut-etre
de l' ordre de plusieurs millions de dollars par an
pourraient sans doute etre realisees si l'on parvenait
adiminuer le COlIt des operations de sechage, aamelio
rer la qualite des produits et a diminuer les pertes
dues a la pourriture, a la deterioration, a la lenteur
des transports et a d'autres facteurs. Dans beaucoup
de regions, le rem placement du sechage au moyen
d'un combustible par le sechage a la chaleur solaire,
ou la simple diminution de la consommation de
combustible par 1'installation d'une source d'appoint,
peu couteuse, de chaleur solaire, presenterait des
avantages considerables, Le rapporteur suggere que
les discussions sur ce sujet soient consacrees aux
besoins, aux perspectives et aux resultats concrets
a attendre d'une etude technique plus poussee du
sechage par la chaleur solaire, de maniere a faire
profiter les hommes des possibilites inherentes a ce
precede.

Sujets ide discussion a retenir

a) Dans quelle mesure la qualite des produits
est-elle compromise par des conditions mediocres
de sechage solaire?

b) Quels produits agricoles, et en quelles quantites,
sont actuellement perdus ou deteriores, alors que des
methodes de sechage efficaces et economiques per
mettraient de les preserver?

c) Economie du systerne consistant a installer
dans des sechoirs chauffes au cornbustible des re
chauffeurs d'air peu couteux alimentes a l'energie
solaire, comme simple source dappoint destinee a
reduire la consommation de combustible.

d) Possibilite de construire des sechoirs indireds
a l'energie solaire pour les cereales, les fruits et
d'autres produits, sans qu'il soit m'-cessaire d'avoir
recours a I'electricite pour faire circuler I'air chaud
d'un collecteur solaire a une chambre de sechage
de type quelconque.

e) Y a-t-il des produits auxquels le sechage solaire
confere des qualites exceptionnelles (apparence,
valeur nutritive, etc.)?

f) Necessite de reunir des donnees fondamentales
plus completes sur le processus de secuage par absorp
tion directe d'energie solaire dans le produit.

g) Dans quelle mesure des matieres transparentes
nouvelles et beaucoup moins cofrteuses, par exemple
d~s pellicules de composition plastique, peuver:t~e~les
diminuer le prix de revient et augmenter les p~sslblh!es
d'application des rechauffeurs d'air a l'energle solarre
pour le sechage indirect?



USE OF SOLAR ENERGY FOR HEATING PURPOSES: SOLAR DRYING

Rapporteur's summation

The session on solar drying may have been some
what disappointing simply because of the small
number of contributions in comparison 'with the
widespread use of this process all over the world.
Only four papers were presented. Two of these
dealt with similar developments in the field of
grain drying in small, home-made solar drying sheds
or bins. A, third paper concerned a traditional
method of drying grapes in Australia. The fourth
paper was a study of the drying of oil shale so that
the subsequent retorting process might yield a larger
oil recovery. World use of solar drying, with an
annual thermal equivalent of millions of gallons of
oil, would appear to justify a considerably larger

'development effort.
This summation does not review or discuss these

papers, but mentions some of the important points
developed in the discussion and suggests topics for
further consideration. The first significant commen
tary concerns the substitution of well designed solar
drying systems for crude solar drying methods now
in use. In the drying of fish, for example, which is
a very widespread solar application, the quality of
the product is subject to great variations depending on
weather conditions and methods of drying. Enormous
tonnages of fish are handled in these crude processes,
and spoilage and loss of much of the product occurs
because of inadequate drying techniques and facilities.
The development of improved, dependable, and
cheap solar drying methods is long overdue.

There also appears to be much loss and spoilage
of agricultural crops which might be saved by the
use of effective and economical solar drying facilities.
Estimates of these losses would be of interest and
value in an appraisal of the magnitude of the problem.
There is no doubt, however, that the cycles of abun
dance and starvation could be ameliorated by appli
cation of adequate solar drying methods in the
under-developed countries.

A third topic of particular interest concerns the
possible extent to which new and cheap plastic
films may reduce the cost and increase the applicabi
lity of solar air heaters for indirect drying of many
products. Several types of plastic are now available,
and other durable films will probably be developed
for applications of this type. Nearly all of the drying
studies reported at this Conference involved use of
these materials in cheap solar air heaters. The poten
tial of these advances in materials is indeed interest
ing and perhaps far-reaching.

As a summary to the solar drying topic, it therefore
appears that there is much reason to increase the
very limited effort in this field of development.
In the under-developed countries, there are needs
for the substitution of effective and dependable
solar drying systems for the crude methods now
used, and there are needs for the introduction of
such methods for the preservation of animal and
human foods, now spoiling because of periodic abun
dance and shortage.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE:
SECHAGE PAR LA CHALEUR SOLAIRE

Resume du rapporteur

La seance consacree au sechage par la chaleur
solaire (point III.C.3 de l'ordre du jour) a pu paraitre
quelque peu decevante, ne ffrt-ce qu'en raison du
nombre de memoires presentes qui a ete relativement

. faible, compte tenu du tres large emploi de ce procede
dans le monde entier. Quatre documents seulement,
en effet, ont ete communiques. Deux d'entre eux
traitaient de facon similaire des progres realises
dans le domaine du sechage des recoltes au moyen
de petits sechoirs solaires de fabrication artisanale.
Un troisieme memoire concernait une methode
traditionnelle de sechage des raisins en Australie.
Le quatrieme etudiait le sechage des schistes argileux
petroliferes en vue de recuperer une plus grande
quantite de petrole grace aune distillation ulterieure,
L'usage du sechage par la chaleur solaire dans le
monde, correspondant a I'equivalent thermique
annuel de plusieurs millions de gallons de petrole,
semblerait justifier un effort de mise au point bien
plus considerable.

Le present resume n'a pas pour objet d'analyser
DU d'examiner les rnemoires presentes, mais de
signaler un certain nombre de points importants
qui ont ete exposes au cours de la discussion et de
proposer des sujets appeles afaire l'objet d'un examen
plus pousse. La premiere observation concerne le
remplacement des methodes ' rudimentaires actuel
lement employees par des pro cedes de sechage bien
concus. C'est ainsi que dans le sechage du poisson,
qui est une application tres repandue du sechage
solaire, la qualite du produit varie beaucoup selon
les conditions climatiques et les methodes de sechage.
De tres grandes quantites de poisson sont traitees
de facon rudimentaire et, du fait de l'insuffisance
des techniques et des installations de sechage, une
grande partie de la production est abimee ou perdue.

La mise au point de precedes mcrlkurs, surs et peu
couteux n'a que trop tarde.

I1 apparait egalement qu'une gr;, nde partie des
recoltes qui pourrait etre conscrvcxi l'on utilisait
des installations de sechage solaire ( fiicaces et econo
miques est perdue et gaspillee. Il ,( ~ait interessant
de faire une estimation des PC;"; .':"~ en evaluant
l'ampleur du probleme. Mais il r ~ pas douteux
qu'on pourrait corriger un pen ~: >'nx les cycles
d'abondance et de disette en appliqr.. It des method,es
de sechage satisfaisantes dans les pa..,· .: (,ns-developpes.

Un troisieme point est particuk; oment inte~:s
sant : dans quelle mesure des peIl ;'. .iles en matiere
plastique nouvelle et bon marchc i~ern:ette~t-el~es
de diminuer les frais et d'etendre 1('I1:plOl de sechOlrs
solaires a air en vue de secher indirectement de
nombreux produits? Plusieurs ty:')cs de matieres
plastiques existent actuellement et l'on. mettra
probablement au point d'autres pellicules resls!antes
destinees au merne usage. Presque toutes les ~tudes
sur le sechage dont on' a fait etat a. la Conferenc.e
impliquaient l'emploi de ces matieres p.our la !abr~
cation de sechoirs solaires a air d'un pnx pe~ ~leve.
Les perspectives qu'ouvrent les progres realIse? e~
ce qui concerne les materiaux sont reellement inte
ressantes et peut-etre de grande portee. "1

Pour resumer la question du sechage sola~re, I
1· d' nten-apparait par consequent qu'il y a tout ieu I.

.' "ce Joursifier les efforts tres Iimites fourms Jusqu ,a 1 's
dans ce domaine. Dans les pays sous-deve o)p~ ,
il faut substituer des precedes de sec~age s~.a~~~
efficaces et sfrrs aux methodes rudimentalres utllSe

ed's enactuellement et mettre en ceuvre ces proc 'te'l et
vue de conserver les aliments destines au be al. on

'11' n ralSaux hommes, qui sont maintenant gaspI es e
des cycles d'abondance et de penurie.
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DR\(ING CROPS WITH SOLAR HEATED AIR

Frederick H. Buelow *

Many farmers of the world are confronted with
the problem of reducing the moisture content of
their harvested crops to prevent spoilage during
storage. The drying process is not difficult to accom
plish with proper equipment and sufficient power,
some of which may be required for the production
of heat. The problem is that the cost of drying is not
economical. A farmer who dries large quantities
of a crop every year can usually justify economi
cally the equipment and operating costs. It is the
farmer with small crop volume, the one who can~ot

affori an expensive system, that requires new design
information and assistance for the construction and
operation of crop drying systems that are economical
in his situation.

The drying systems currently in use for dry~ng

small crop volumes are either the process of spreadmg
the crop on the ground, or the process of forcing
natural outside air through the crop to remove the
excess moisture. Both of these systems are slow
processes. The first system also requires a consid
erable amount of handling and sometimes damages
the crop because of exposure to adverse weather
conditions. The effectiveness of the second method,
though economical and satisfactory f~r. many
situations, is also subject to weather conditions.

It is the purpose of this paper, therefore, to give
a solar crop drying design procedure for farmers
with small volumes. The system is more profitable
than those previously mentioned for ma~y farmers
since a low-cost solar energy air heater IS used to
warm the air which is forced through the wet crop.
During the design and devel?pment of the sy~tem,

emphasis was placed on makmg the system SUItable
for drying crop volumes too small to be proces~ed
economically with conventional heated air drymg
systems. The primary features, therefo.re, are low
initial cost and almost negligible operatmg cost.

moisture content (dry basis) will be in equilibrium
with air having a relative humidity of 92 per cent;
15 per cent corn moisture content will be in equi
librium with air at about 62 per cent; and 11 per
cent corn moisture content will be in equilibrium
with air at 41 per cent (1). It must be noted that
these relationships depend slightly on air tempera
ture and are therefore not exact.

In general, it may be stated that grain and hay
crops will not spoil in storage if their moisture content
is a value which is in equilibrium with air having
a relative humidity of 62 per cent or less. It is obvious,
then, that air being used for crop drying must have
a relative humidity less than 62 per cent.

The relative humidity of air is easily lowered by
raising its temperature. It would a~p~ar that .the
higher the air temperature, the better It IS for drYI?g.
Actually, high air temperatures and the resultmg
low relative humidities can over-dry the crop, .and
may affect germination of seed, or the crop feed
value. The greatest danger of over-drying with hot
air occurs when deep layers of a crop are dried. The
over-drying then occurs in th~ layers neare~t the air
entrances. For this reason, It IS not desirable to
heat air to temperatures that will lower its relat~ve

humidity to less than about 30 per cent for drymg
in storage.

I t can be shown that a given rate of heat energy
input can be used most effectively for crop drying when
the energy is used to raise the temperature of larger
quantities of air a few degrees, rather th~n smaller
quantities of air to higher temperatures..It IS ass~med

that the air is used with equal effectiveness m all
cases. Normally, the drying efficiency of hot air
is less than cooler air in properly designed systems,
and, therefore, the lower temperatures appear even
better than first indicated.

Air characteristics

Michigan* Agricultural Engineering Department,
University, East Lansing, Michigan,

Crop drying requirements
When air is heated for crop drying purposes, the

The rate at which an agricultural crop can be temperature should be increased to bring the relative
dried is a function of (a) the relative humidity of t~e humidity below 62 per cent.
air which is forced through the crop; (b) the air
flow rate; and (c) the moisture content of the crop. A psychrometric chart shows that air at 100 per

h cent relative humidity, when heated 14°F, will have
At a given relative humidity,. each crop . as a a relative humidity at or less than 65 per cent.

certain moisture content at which there will be lati h idi 11
h However, 100 per cent re ative urru ity IS usua ymoisture transfer neither to nor from t e crop. d 1 . h idit Idt temporary, an 85 per cent re ative urm 1 y wou

For example, shelled corn of about 25 per cen be considered a more typical design condition. Then
State about ten degrees F temperature in.crease i~ .all

that is necessary to be assured of a relative humidity
267
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SOLAR ENERGY, R, BTU h(1 f't.-2
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Figure l. Solar energy air heater model, showing air passageways

low enough to dry most crops. It is also obvious
from a psychrometric chart that relative humidity
is appreciably reduced with only a few degrees of
air temperature rise.

Characteristics of solar air heaters

The solar energy air heater proposed for crop
drying consists essentially of a flat plate with air
passing below it to remove the heat. The unit may
be modified by adding glass or a plastic film above
it to form another air passageway along the top side
of the absorber plate. (See figure 1.) The mathemati
cal and experimental study (2) of this type of solar
air heater shows that the temperature rise of air
passing through the heater follows the equation

t-to = (ER/U) (l-e-N) + (te-to)e-N [lJ

in which

R = rate at which solar energy falls on surface of
air heater, btu/ (ft 2hr)

U = over-all coefficient of heat transfer between
air in the heater and outside air, btu/(ft2hrOF)

E = fraction of incoming radiation absorbed by
heater

t = temperature of the air leaving heater, of
to = outside air temperature, of
te = temperature of air entering heater, OF
N - UA/mC
A = area of heater, £t2
m - mass flow rate of air through heater, lbjhr
C = specific heat at constant pressure of air

passing through the heater, btu/(lbOF)
When the air entering the heater is at the same

temperature as outside air, the equation simplifies
to the form

DOUBLE
GLASS
COVER

.15.05
rz...__-L l.---~-- .20

1.3
NO SINGLE

GLASS GLASS
Cost COVER COVER
ratio 1.2

P2 PI

"if Po

1.1

.10
t-to, of

R, Btu / ft. 2 hr.
. of solar

Figure 2. Graph showing area where each type
air heater is most economical

f.4r---....,...--r-.,.---~--1

Experimental evidence for metal absorber plates
coated with black asphalt roofing I,:11nt shows that
the equations may be simplified to

t - to = 0.362 R (1- e-2 16 /v) [3]

for a heater with a single glass covering, and

t- to = 0.108 R (1- e: 8.08Iv) [4]

for a heater without glass covering (3); (v = air
flow rate, £t3/min per ft2 of heater surface).

Equation [2], together with experiment.al values
for U and E, was used to evaluate solar air heaterJ
having two layers of glass, one lay:er of glass, an)
no glass above the black absorbing surface (~.
Figure 2 shows when each of these types of ulllts

[2Jt-to = (ER/U) (l-e-N )
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is most economical and is based on the ratio of the
costs of the two units in question, as well as the
temperature rise required and the intensity of solar
radiation at the given conditions. For example,
if the desired temperature rise is 15°F with an incom
,jng energy rate of 300 btu/(ft2hr) and the cost ratio,
PI/PO' between a single glass solar air heater and a
no glass heater (on a ft2 basis) is 1.2, the intersection
on figure 2 is in the "no glass cover" area, therefore,
showing it to be the most economical.

The flow of air through the solar heater should
be relatively un impeded so that larger fan capacities
than those used for unheated air crop drying systems
are not required. A limit of about 0.1 inch of water
pressure drop through the solar heater would meet
this requirement. However, the air velocity through
the solar heater must be high enough to give relatively
good convection coefficients to have reasonable
solar heater efficiencies. The recommendations, based
on the author's pressure drop measurements on
various "no glass" heater designs are, therefore, as
follows for air flow rates of 10 fP/min per ft2 of
solar heater (5) :

(a) A 1.6-inch depth is acceptable if the air passage
length is not over 10 feet;

(b) A 3.6-inch depth has very low pressure drops
for duct lengths normally encountered on farms;

(c) If the air is removed downward from the heater,
the horizontal width of opening for the air outlet
should be at least 6 inches to minimize pressure
drops at that point;

(d) The air inlet accounts for a significant part
of the pressure drop through the solar air heater
and should be designed to minimize the losses.

Of the commercially available coatings tested,
it was found (6) that black asphalt paint has the
most desirable solar energy absorption characteristics.
An additional advantage is that the asphalt paints
are relatively low in cost.

The solar crop drying system

Since the sun is an intermittent source of energy
and the most economical system is to use the solar
energy for heating whenever it is available, the
solar crop drying system should be designed basic
ally as an unheated forced air drying system. There
fore, the first step in design, after determining
the batch size, is to find the recommended air
flow rate, the depth to which the crop can be placed
in the dryer, the maximum moisture content of
the wet crop, and the pressure drop of air passing
through the crop. These values will vary with the
crop and local weather conditions at the time the
crop is dried.

These recommendations may then be used for
selecting a fan to move the air.

Combining the information given above, one can
conclude that the solar air heater should be of a
size that will have an air flow rate of 10 to 15 ft 3/
min per ft2. Using these values, one can determine
the area of the solar air heater absorbing surface.

Metal roofing may be used for the absorbing
surface as well as for the roof of the crop drying
building. As a roof, it has its hest water shediJing
characteristics when the corrugations or ridges are
placed perpendicular to the ridge of the roof. The
roofing provides the greatest strength when the
supports arc horizontal. Since air must flow between
the supports or girts, the air flow should, therefore,
be horizontal along the under side of the roofing.
It is preferable to have the air enter at both ends
of the heater and leave the collector in a center
section to minimize power requirements for air
movement. If the metal sheets can be supported
properly with rafters, however, it is satisfactory
to draw the outside air into the heater at the eaves
and remove it at the ridge.

The sheeting on the underside of the rafters or
girts for forming the bottom of the air heater passa
geway may be of any material that is air-tight.
Although some insulation would be desirable, it
can seldom be justified economically. In many
systems, the wet air leaving the crop being dried
is immediately below this sheeting and care must
be taken that this air does not re-enter the drying
cycle through the sheeting. It is also necessary to
place the exhaust air openings and intake openings
on the building in such a way that the exhaust
air does not re-enter the system at the intake.

Current studies being carried on by the author
show that a given fixed area of solar air heater is
most effective when tilted toward the south (in the
Northern Hemisphere) at an angle from horizontal
that is equal to or somewhat more than the latitude
at which the heater is located. However, many
buildings have roofs with two slopes in opposite
directions. When such a design, with solar heaters
on both roof slopes, is planned, the slopes should
face in easterly and westerly directions for greatest
effectiveness. The slopes should then be as nearly
horizontal as possible for most parts of the world.

A typical solar grain drying and storage building (3)
is shown in figure 3. This system is designed so that
the air will move up through the grain and has a
drying bin on each side of the air duct. Each bin
will hold about 1 000 ft 3 of grain when filled to a
depth of five feet. Only one-half of the roof is used

Flllurc 3. T)'pical solar Ilrn1n dr)inll and storn~c bulldln~



]70 III.C.3

for lu-atiiu; air. Th« system is designed to dry one
bin at a tiuu-: however, both bins could he ginll
air at tll\' sanu: time in an cmvrgeucy. The roof
coustruction ronsists of :! hy 1\ inch rafters on which
is plan'!1 wood or nu-tal slH'ding. Horizontal roof
girts :! inches high are placed on the sheering. and
tII\' corruguti-d roofing is fastened onto these girts.
'1'1", air enters the roof at the ends of the building,
mons toward tln- rvnter section and into the upper

Illt'num chamber. 'I'll\' air is then forced ,into the
owcr rhumlx-r by tlu- fan, from where It moves
through tlu- lateral ducts and the grain, The wet
air leans tlH' bins through openings at the gahll's
or in tlH' north roof.

Similar sptl'ms may hl~ designed for hay and other
rrops, considcrim; till' basic drying requirements for
tlu- nop and the information provided in this paper.

Economics of solar crop drying

A solar crop drying building can he constructed
for very little more cost than an unheated air crop
"r~'ing building, The solar heating unit will cost
only as much as the shccting for the underside of
the rafters or girts and the paint for the absorbing
smfare, In some cases, somewhat more ductwork
is necessary.

Experiences hy researchers and farmers indicate
that the addition of a solar air heater to an unheated
air crop (Irying system will reduce drying time fiO
to i ti per rent. On some days, it is possible to dry
a crop with solar hcatr-d air and not with unheated
air lx-cause of high outside relative humiditics.

'1'111' economics in each situation will depend on
till' quantity of crop dried and weather conditions.
The extra cost of a solar dryer is offset hy (Il) the
saving of at least tin per cent in fan power cost; (b)

a smaller system and less initial I,' • III some ra,,"
since drying can be done more J. -idlv ; awl (c) ,I

saving in fuel if solar heat is used ir. ,\"Id of Iuvl he.u.
It can be shown for grain or ha \ Ir~'illg ~y~tl'lt1'

that the added cost of a solar <In" I.:: ~y~!l'11l will
be recovered in one to five years' (';:<\', Estil1lat\'~ol

economic feasibility can be made ea,,;' v h~' estilllatin~

thc added costs of construction ,11'<1 t hc proll;lhlr
savings.

In some situations, the solar ail !I('alt'r fan \.r
used for tempering the ventilating rir for li\,\"tock
shelters in wintertime, thus mu I:1111: the slu-lt ..r
drier and warmer. Such an a ppli. a t ion also ;lllt!,
to the economic value of a solar a i: !wall'r.

Conclusion

The drying of crops with solar L tlt·!1 air i~ not
only possible but economicallly r.. ,i'!le in 111;IIIY
situations. The equipment and ~;;!plll's n-quitrd
arc readily available and low in ("1. COllslr~lctllJn

of a solar crop drying building i-, :." more diflicul:
than the construction of the build i 11. Itself. In 111·II1Y
cases existing buildings can be modi." r\ easily to t.akr
advantage of the energy from the Silll for crop llryll1g,

The solar crop drying system fill- t h« nrcd 01 thr
farmer who cannot economically ;Ibtify the co,t
of a commercial heated air crop dryin., o,)',tl'lI1 becan'-"
of limited volume of crop to he III 1"d. The sy,trtll
can easily be expanded, however, to! handle lall.:r

\'01umcs.
Hay drying with solar heated air is I'sprria1h'

advantageous because the drying is dOlw at :1 tllllf

when solar energy is usually most abundant- ..\1"".
fuel air heating systems arc a grcat fir« ha7.1r,1.
which the solar heating system is not,
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Summary

~fan\, f.umrr.. of thI' world nrrd to rrducr thr
moistu'rr rontrnt of thrir har\'estrd crop.. rconomic·
;JlIy, '1'111' farmer who has large quantitirs of a crop
to clry each year r.ln n..nally jllStif~' the large r.lpacity
rol11nwrri.11 drying equipment. It is prim,nily the
f;Jrllwr with lil11ite(1 drying requirrmrnt~ who ne('c!s
;J hl'ller system for crop drying.

Thl' papl'r presents a sol.1r crop drying system
clesign whirh consists h.1sir.ll1y of an \lnhe.lted forc('d

'. , . , I ...,,1.1f ;.:1aIr tlryll1g ~y~tell1 WIth the ;Jc1dltlOll 0 ;J .
he.ltrr to accelerate the drying procc;.s. 1 1\"

. I . 11 (' re ,1 1\\ hrn a crop is drird with force( al~. 1 I (.'lV'

humic1itv must he helow 112 prr cent III nw" l
f
1' 11\·

I ' · I "llfllC'to ower thr mOIsture content of t ll~ crop" 1.111"(
~o that it C.ln he storrtl without ~POlJag,.. 1"~lr ffq\'f]l'.

I . I' I I I t' • . ,u"1tI1l11t Ity c.ln he owere( by )(':1 Ill/-:. ~. f 11i~\

low h"mitlitir~ or high trmpcratlttl's. hO\\('H,'

owr.dry or d;Jmagc the quality of th,. onl·
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Un graphique indiquant le mode de realisation
le plus economique du rechauffeur pour la montee
de temperature cherchee, la quantite d'energie
solaire fournie et les frais afferents aux diverses
conceptions de rechauffeurs est reproduit dans le
memoire. Pour le sechage des produits agricoles,
le dispositif sans couvercle de verre s'avere etre le plus
economique.

La distance entre la plaque absorbante et la tale qui
se trouve a la partie inferieure du passage d'air doit
et re de l'ordre de 3,6 pouces (91 mm) pourla plupart
des rechauffeurs solaires agricoles.

Le systeme de sechage solaire des produits agri
coles utilise un regime d'ecoulement d'air s'eche
lonnant de 10 a 15 pieds cubes d'air par pied cane

de surface absorbante. L'absorbeur ' .. i metal, revstu
de peinture pour toitures a I'asj »Ite noire, sert
egalement de toit au batiment, L .r qui vient de
l'exterieur passe sous I'absorbeur est chauffe et
chasse dans les produits a secher P<' - une souffiante.

Le batiment qui abrite les seclv.rs de produits
agricoles a energie solaire peut se rt"-;:i:ser moyennant
un supplement tres modique sur lts frais qui s'im
posent pour un batiment de sechag' - a l'air natureJ.
Le 'cofrt du groupe de chauffage SO!dre se reduit a
celui de la tole destinee a la surfs re inferieure des
chevrons ou fermes, de la peinture de,,: inee ala surface
absorbante et de quelques condun..s.

La duree de sechage d'un produr, se trouve ainsi.
reduite de 50 a 75 p. 100.
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SOLAR ENERGY UTILIZATION FOR CROP DRYING

Chester P. Davis * and Ra/ph I. Lipper **

Use of solar heat to heat forced natural air for
crop drying has been adopted by a few farmer
innovators. Research investigations by agricultural
engineers of the United States Department of
Agriculture (U.S.D.A.) and several agricultural
experiment stations have produced important design
criteria. The practicability of using solar energy
in this manner is confined at present to "in storage"
use where rapid drying and large reductions in
moisture content are unnecessary. From an economic
and conservation stand-point, adoption is most
practical where the cost of fuels is high or their
availability is limited..

It is probable that production of good quality,
low-cost collectors similar to those developed and
studied can be accomplished best by industrial
organizations if the quantity demand develops
to encourage efficient mass production techniques.
Without a demonstrably large market, manufacturers
hesitate to produce, so that for the immediate
future most collectors will be of hand-tailored design
and fabricated on the work site or in small shops.
The recent development of solar resistant and stable
film plastic materials is a significant contribution
to relatively efficient and low-cost absorbers.

During the years since the Second World War,
crop drying by forced air has increased rapidly
in the United States. Adoption has come as electric
energy has become almost universally available
and as those engaged in agriculture have learned
the advantages of drying in reducing .ha~vest losses
and maintaining the quality of gram m storage.
Drying also provides flexibility in management by
providing a considerable degree of independence
from the vagaries and damaging effects of unfavor
able harvest weather. Early harvest to allow land
preparation for further cropping is also possible.

Methods and capacity of air for drying

. Three general methods of forced air drying. are
111 use:

1. Drying with heated air (150°.180°1');
2. Drying with unheated (ambient) air;
3. Drying with supplemen~ary h?ated ai,r,(5°-20°1'

temperature rise above ambient air conditions),

• Agricultural Engineer, Farm Electrification Research
Branch, United States Department of Agricultur".

•• Associate Professor of Agricultnral Enginl'<'ring. Kansas
State University, ~lanhaUan. Kansas.

Conventional systems utilize a fucl to heat air
for drying by methods ] and 3. Where "in storage"
drying on the farm is desirable and feasible, and
where early disposition of the crop is not anticipated,
the drying capacity of natural air is employed when
it is suitable. In most of the production areas and
in most years, natural air is suitable for summer
harvest season drying. Use of ambient air is unsa
tisfactory or of marginal value for fall drying in
some seasons.

Solar heating of the natural air to achieve a
satisfactory moisture removal capacity is feasible.
As a psychrometric chart with lines added to show
equilibrium moisture content indicates (figure I),
satisfactory moisture removal capacity can be
achieved by the addition of ]3° to 14°fl to saturated
air (1 and 2). Smaller temperature rises with the less
humid air than is commonly found will also achieve
satisfactory drying air,

Early research Investlgatlons

As earl V as the middle ]930s, research inves
tigators of the Tennessee Valley Authority in the
United States (3), in a preliminary research report,
considered utilization of solar energy for hay drying.

Collector efficiencies of approximately 25 per cent
were obtained using air flows approaching {) cfrnjsq ft
of absorber. The absorber surface was weathered
(oxidized) galvanized-sheet-metal roofing, The maxi
mum air temperature rises of 25° lowered relative
humidity 40 per cent. The sunshine period average
rise of ](jOF reduced the relative humidity 20 per cent,
providing air with an enhanced drying potential.

Air volume reduction of almost 25 per ccnt was
observed with the design studied. In this design,
air entered at the roof eaves and was subsequently
drawn down through a vertical duct from a ridge
plenum, The greater drying potential appeared to
be counteracted by the reduced air flow, since
little significant acceleration in drying was observed
when compared with a similar system using natural
air.

Preliminary investigations of low-cost solar absor
bers (4 and Il) had indicated that a relatively modest

I Psychrornctric changes of air for heating and drying show
that this temperature increase will enable grain drying to safe
storage contents during high humidity periods. A temperature
rise of 6' to S,y: is sufficient to accomplish t his ohje-cti\"c on
nearly any sunny day. Solar collectors in\'('"ti~ated have shown
capability of attaining these tempt'raturc rises,
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temperature rise up to 40°Fcould be readily achieved
with flat plate type collectors. Both uncovered and
film-plastic covered, sun-facing, black-painted Corru
gated-sheet-metal absorbers were studied. It was
observed that efficiencies of solar collection varied
between 20 to 50 per cent. The higher efficiencies
were associated with the covered type collector.

Availability of solar energy has been investigated
by many workers. A useful analysis of the energy
falling on collector surfaces at different latitudes
and orientations and at different times of year (in
the United States) has resulted in knowledge of
optimum tilt angles for collectors (3). Assuming

that optimization of total energy absorbed is more
important than maximum temperature III the use
of solar heat for crop drying, selection of roof, o~
collector orientation can be made from the graphlCa

presentation of this study.

Design considerations and recommendations
for the drying system

Since reception of solar energy by any ~olleci~~
is highly variable, a grain drying system USIll~ s~ed
energy must be designed to operate as an ul! e: of
air dryer. Table 1 presents recommendatwn

Table 1

Maximum
Maximum Alinimummoisture Pressure drop Moisture contentGrain or crop

content recommended air flow
(inches 01water)' (per cent)b

(per cent) depth (It) (clmlbu)

Wheat 20 4 3 1.2 18
Grain sorghum . 20 4 :3 1.3 17
Ear corn. 30 15 5 0.45
Shelled corn. 25 5 5 1.0 19
Soybeans 20 6 4 0.80 17
Barley. 20 4 3 0.85 18
Oats 20 6 2 l.l 16
Chopped hay. 40 12 c 400 cfmjton 1.00
Long hay 40 15 c 400 cfrnjton 1.00

.. Includes .25 in. allowance for duct friction and other losses.

b Moisture level below which fan may be stopped (at night or during periods of high humidity).
C First curing.
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the V.S.D.A. and the Crop Dryer Manufacturers
Association fur such dryers and includes other impor
tant informa iion related to system design and opera
tion."

Production of air temperature rise for solar
air heaters

Solution and use of derived empirical constants
in a simplified heat balance differential equation

lE
t-to= Tl (l-e-N )

obtained by correlation with collector studies has
provided satisfactory heater design information.
The energy balance equation in which the energy
absorbed by collector is equated to the energy lost
from the collector and picked up by the air being
heated may be expressed as:

t- to = ltJ (1- e-8•Olv)

for an uncovered collector, and

t -to = t I (1- e-2•Olv)

for a plastic covered collector. 3

The notation used is as follows:
A collector area, sq. ft.
E portion of incoming radiation not reflected

by glass or collector plate.
I rate of incoming radiation, btu hr -1 ft -2

N UA/mC
C specific heat of air at constant pressure,

btu lb -1°F -1
m mass flow rate of air through the collector,

lb hr -1

temperature of air leaving the collector, OF.
to _ outside air temperature, OF.
U over-all coefficient of heat transfer be

tween the air in the collector and the outside
air, btu ft -2hr -1°F -1

V air flow through the heater, cfrn ft. -2

The relation of air flow to absorber area required
was determined from plotting the above equations
to have practical values of 3 to 8 cfm/sq ft for the
covered collector and 10 to 15 cfm/sq ft for the
uncovered roof collector. Maximum temperature
rise of the air on a sunny day will be approximately
15°F for the uncovered air heater. The roof area
of a practical structure for housing th.e crop being
dried will also approximate the required collector
area.

A plastic-film-covered air heater has been found
to have a ratio of heating efficiency of almost 2 to 1

2 For more detailed drying system information and detailed
drying duet lateral systems, see reference (6).

3 These equations take the same form but the laboratory
tests conducted provide slightly different and. somewhat "!ore
simplified empirical coefficients than those obtained by Dr. Frcd
Buelow (7).

when compared with the bare metal collector. The
additional cost of constructing the plastic cover
and its supporting structure should be weighed against
the superior performance of the covered collector.
Potential failure due to high winds, hail, and other
factors should also be kept in mind.

Collector orientation

It may be observed from research studies (2 and 3)
that east or west facing surfaces are quite ineffective
for collection 'of winter sunshine. They collect rela
tively less sunshine during (except for equal amounts
at the summer solstice) spring or fall drying periods
than a south-facing collector. Therefore it is obvious
that the more south-facing the collector. the better.
This should be taken into consideration if integrated
as a part of a permanent storage structure or in
the siting of a separate collector.

The optimum angle of slope of the collector in
the vertical orientation for any latitude may be
chosen from information on solar energy availability
(2 and 3). This may be usable as a guide in choosing
the appropriate pitch design for the building roof.

Maximum energy that falls on a stationary surface
at optimum slope and orientation will approach
3 000 btu per day for each sq ft of surface.

Practical considerations such as adequate slope
to provide good collector drainage of rain water
from the collector surface and, in areas of consid
erable snowfall, to provide a slope that will enable
snow clearance. should be kept in mind.

Air heater and duct design

Small pressure drops with relatively unimpeded
air flow through the heater are desirable so that sig
nificantly larger fan capacities and energy require
ments are not required when the solar collector is
added to an unheated air drying system. A pressure
drop limit of approximately 0.1 inch of water will
result in sufficient air velocity to give relatively
good convection coefficients of heat transfer and
satisfactory heater efficiency. These air velocities and
pressure drops are controlled by the cross-sectional
area and length of air space in the heater and duct
work.

Space between the metal roof and plastic cover
or the sheathing on the underside of rafters or girts
depends on the length of air passage.

For air flow rates approaching 10 cfrnjsq ft of
collector area (for designs that will later be reviewed).
air pressure drops will be excessive unless at least
a minimum space for air passage of approximately
It inches is provided for air passage lengths up
to 10 feet. For longer air paths. low pressure drops
may be maintained by increasing this depth up to
3§ inches (conventional dimensioned lumber size).

Width of air outlets from the collector should be
6 to 12 inches with the lower dimension associated
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with length of air travel of up to 10 feet (at 10, to
-15 cfmJsq ft) and the larger used for greater lengths
of air travel.

With these conditions, the pressure drop through
the solar heater will be small enough so that a fan
designed for unheated air drying can be used satis
factorily.

Where a plastic film cover to gain collector effi
ciency is to be used, consideration should be given
to the several solar resistant films that have been
developed. Solar life of these films varies as does
the per cent radiation they transmit (85-95 per
cent). Some of those known to the authors are
"weatherable" polyethylene .and polyester, poly
vinyl fluoride, cellulose acetate butyrate, and fluo
rinated ethylene propylene copolymer fluorocarbon
films. These vary in cost, depending on thickness
and chemical formulation, from as little as one cent
per square foot per mil to several times this amount.

Other plastic films (polyethylene, acrylonitrile
styrene copolymer, polyester, polyvinyl chloride)'
were found to discolor, become brittle, and ultimately
tear away when exposed to the sun because of the
ultraviolet degradation of plasticizers or other
components of the film. It is understood that research
directed toward increased weatherability on some
of these materials is being conducted. ' ,

.Application of these films requires judgment, and
shpshod t.Uethods should be avoided. Tensioning of
film by. air pressure, bowed wooden strips, or welded
steel WIre, or by fastening between rigid wooden
frames at relativ~ly close inte~vals (20 to 35 inches)
should be practiced to aVOId film fluttering or
billowing. ' .

. Fastening to supports. by staples at two-inch
intervals and covenng WIth lath or lattice stock
nailed every 6 to 8 inches has been successfully used.

, \are should. be taken to ensure; td.quate slopefor
drainage of ram water., '"

Recent development of fabric fil-ns using nylon,
fiber glass or similar type fabric 1<.1.1, inated between
two films has provided material wl~h much added
tear strength.

Farm applications dcstgn

" An over-all design should consider t he building and
the drying system to be employed. The shape and
orientation of the building will have its influence on
the solar collector as will the type .md location of
the drying fan. These factors mu-, be considered
together and compromises in design minimized.

If the collector is part of a roof '0' rrface, air may
be introduced at the eaves and rem..'. ,·d at the ridge.
It could also be introduced at one et..t of the roof and
removed at the other. A third alternative is to place
air intakes at both ends of the ro.: and remove it
at the center through a slot in the -eathing. In the
latter two cases, additional roof gir: s will need to be
provided for the air flow channel ;''';'.ss a departure
is made from conventional roof coi.str uction designs.

Theoretical ami-lysis (8) has indicated that, for
,the same pressure drop through a o;!f,ctor, the ~ost
efficient design will have the g;' atest practIcal
width of air intake and the least mactical length
of air travel. Comparing two system~ with the same
collector area and the same resistance to air flow
but with different length and width configurations,
the system with the greatest practical width f~r
air intake and discharge and the least length of arr
travel will have the greatest log mean temperature
difference between air and absorber surface and
therefore the greatest rate of heat transfer and the
best efficiency. A larger proportion of the temperature
rise of the air passing through the collector takes
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Figure 2. Insolation rate and heat gains through collectors on August 18, 1958.
, (Collect~r descriptions as given in table 2.)
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Table 2. Summarized description of collectors. First test 1958 series (9)

Collators

A IJ C J)

Type. Flat (1) Flat (1) Flat (1) Flat (1)
Elevation. Above ground Above ground Above ground Above ground
Effective collector

area (sq ft) 18.75 18.75 18.75 18.75
Cover sheet . Acetate butyrate Acetate butyrate' Acetate butyrate Vinyl
Collection surface. Flat steel (2) sheet Corrugated steel Corrugated steel Flat steel (2) sheet

sheet (2) parallel sheet (2\ perpen-
to air flow dicular to air flow

Air passage Under collection Under collection Under collection Under collection
surface surface surface surface

place .it the intake end since the temperature differ
ence letween the absorber and the air being heated is
greate-r at that point. Fom a practical standpoint,
the e' -ifiguration of the collector and the roof must
be cc. ..patible and this will determinewhether it is
most v iractical to introduce air at the eaves or at
the J ';of edge. .

If ronventional corrugated galvanized sheet metal
is ut.i ized, heat transfer from the absorber may be
incrc.sed from 7 to 10 per cent by directing air
flow ';,erpendicu1ar to the corrugations rather than
parallel with them (see figure 2 and table 2). Again,
as a matter of practical concern, rain drainage from
the collector surface should be considered.

It is apparent that precautions should be taken
to ensure that the sheathing under the sheet metal
collector is air tight. In some system designs, the
damp air leaving the drying crop is below the sheath
ing, and it is desirable that no part of this air
re-enter the air stream through the heater to the
grain. It is likewise obvious that exhaust and intake

Figure 3. Quonset solar supplemented grain drying building
(foreground) interconnected by duct to second drying quonset

openings for the air must be separated to avoid
moisture laden air re-entering the air heater system.

The design of one system that has been operated
during several drying seasons is based on a quonset
type sheet metal structure. Air is introduced at the
east end of the south-facing side of the building.
It is drawn longitudinally through a channel under
the entire south side, which is painted black, and is
collected in a plenum built into the west end of the
building. Heated air in the plenum is picked up
by a fan and is forced into a slotted main duct under
the center of the stored ear corn. Moisture laden air
emerges from the ear corn into the void space be
tween the corn surface and the roof. It is discharged
through louvered openings in the end of the building,
(figures 3 and 4).

Solar heated air in an alternate design may be
drawn down through a slot in the sheathing, distri-

N-J~-

Slatted
Main Duct

Black Painted Corrugated
Sheet Metal

Air- tight Sheathing

Figure 4. South-facing black sheet metal covered quonset
with solar supplemented forced air drawing system
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Figure 6. Collector design
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Full-scale drying tests

With this background of small-scale drying,.a
conventional 1 OOO-bushel 14-foot round steel gram,
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Two air flows (of 6 and12 cfmjsq it of net collector
area) were used in both systems during successive
fall seasons providing an ~ir flo~ of approximately
2 and 4 cfmjbu of the drying gram.

Grain sorghum and corn were used, respectively,
in the successive fall periods with initial moisture
contents of 17.5 to 18 per cent. Figures 7 and 8
summarize the drying test information. Though
results of these two tests are too limited and not
sufficiently comprehensive to reach final conclusions,
some tentative observations are possible.

Solar-supplemented, forced air drying with grain
of initial moisture content in the vicinity of 18 per
cent (w.b.) can be satisfactorily accomplished when
average solar radiation levels (between 160 and 305
Langleys per day) are available and average ambient
daytime temperatures are generally above freezing.

In general, the increased air flow (4 vs. 2 cfrn p~r
bushel of drying grain) accomplished more rapId
drying but required additional energy for operatIOn
of the blower. For that reason, where "in storage"
drying is considered, it is doubtful that air flo,,:s
above those normally recommended for natural-aIr
drying are profitable (6).

The electric energy required for fan operatio?
using solar-supplemented heated air was approx~·
mately one-half that required for natural, forced-a~r
drying. This was true whether compara~l~ aIr
flows were continuous or controlled by humld~s~ats
set for operation below 85 per cent relative humIdIty.

III.C.3

Drying tests - Preliminary series

Fall season grain drying has been conducted in
experimental 125 bu triangular shaped drying bins.
This shape provided a wall well oriented for fall
drying conditions (figure 5), as well as a satisfactory
collector area to bin volume ratio.

The collector design used was black-painted corru
gated sheet metal suspended at mid depth of the
2 X 4 inch external framing. Air was drawn down
from the peak (apex) (figure 6) over both surfaces
of the absorber and introduced under the drying
grain.

The transparent plastic film used over the absorber
was of solar resistant 3 mil (.003 inch) " weatherable"
polyester.

The solar supplemented drying was compared
with an identical dryer using outside air alone.

buted over and drawn down through the grain to a
floor lateral and main duct system from which the
fan exhausts air to the outside. A disadvantage of
this type of design is the relatively greater difficulty
in observing the grain. The tendency may be for the
dryer operator to terminate blower operation before
drying is complete. Another limitation is the necessity
for tight construction. Any air leak on the suction
side of the fan may cause short circuiting of the air
around the grain and poor system operation.

The length of air path through the solar heater and
the necessary air space to keep air pressure drops
to ~he desir~ble ?1 inch of water may be reduced
by introducing air at both ends of the building or
alternately at the eave of the building (for long
buildings).

Figure 5. Grain drying bins used in the study of solar-heat
supplemented grain drying. Bin utilizing the collector
is shown in the foreground and the check bin can be seen
to the right
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Per cent Moisture Content
Initial Oc1.30,1957, ave. 18% Initial Oct 30.195~ ave.I7.7%

Dec.IB,1957, ave. 11.6% Dec.IB,1957, ave.14.5%

Moisture Content Moistur. Content
Initial Final Inlllal Final

Depth of Grain
7'

6'

5'

Bin Contents

Air Flow

Energy

119 kw.-hr.

123 bu. mHo

2 c.f.m per bu.
Consumption

249 kw.-hr.

Figure 7. Solar-supplemented vs. natural air drying (fan
controlled by humldstat - control point of 85 per cent r.h.)

bin 'was used in conjunction with a collector placed
on the ground.

The solar supplemented forced air system was
compared with a conventional natural air system
that introduced air into a plenum under the
8-foot depth of grain and forced it up through a
perforated false floor and the sorghum grain.

Comparable rates of air flow (3.6 to 3.7 cfmjbu)
were used in both bins. The static pressure under
the floor at these air flow rates was 2,75 to 3.00 inches
of water.

A sod-stripped ground surface provided the
absorber for the collector. Transparent polyethylene
solar resistant film was supported on 1 X 4 inch
wooden girts resting on the soil. The film (8) was
first stapled to the girts and later restrained by lath
nailed over the film.

A total collector area of 800 sq ft was provided
(figures 9 and 10). The length of air flow was 12 feet
f:om the air heater edge to the triangular main collec
tion duct leading to the drying bin. The air velocity in
the main duct was less than 1 000 feet per minute.

Blowers were controlled by humidistats set to pro
vide operation when the relative humidity was below
65 per cent. At this humidity, air is in moisture equi
libriumwith safely storable grain. The system using
outdoor air had its control located in a louvered
weather bureau type shelter, while the solar dryer
was controlled from a humidistat located in the
collector plenum.

Drying results

Results obtained during the drying period were
summarized (figure 11). Both systems were operated

during the same period as in previous fall drying
tests (October 28 to December 2). Moistur« content
at all levels in the two bins reached safe storage levels
(below 13 per cent) during this period.

While slightly more drying was accomplished
during this period with the natural air dryer, it also
operated more of the period and required 80 per cent
greater energy for each per cent moisture rcduc
tion.

The reason for the increased operational period
of the natural air dryer is obviously related to its
control and to the differences in relative humidity
sensed by that humidistat.

Hygrothermograph and recording potentiometer
records were studied for clear, sunny periods with
control of fan operation as previously noted. It was
observed that drying air from the solar air heater
was less than 50 per cent relative humidity for 80
per cent of the operating time, while the unheated air
dryer provided air under 50 per cent relative humidity
only 55 per cent of the operating time.

An operational recorder and hygrothermographs
indicated that on a clear, sunny day the solar dryer
started a few ininutes earlier in the morning than the
natural air dryer. After shading of the collector be
came complete in the evening or during heavycloud
overcast, the humidistat cut off the solar collector
system. The humidistat of the natural air system
reacted relatively more slowly in response to ambient
air condition.

A sharp humidity rise under the collector cover
due to the evolution of soil moisture from the
ground surface absorber was observed after the
collector became shaded. Use of a black plastic film
in contact directly with the ground would be a desi-

10
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SOLAR HEATED AIR NATURAL AIR

Per cent Molsturll Content

Initial Oct.31,1958 ove. 17.6 ~ . Initiol OCt. 31,19158 owe.17.6%
Nov. 7, 1958 owe. 11.0 'X. Nov.13,19158 an. 11.9%

Moisture Content Maisture Conterit

FInal Flnol

Depth 0t Grain
7'

Bin Contents 122 00. shelled corn

Air Flow 4 c.f.m: per bu.
Energy Consumption

198 kW.-hr. 366 kw.-hr.

Figure 8. Solar-supplemented vs. natural air drying
(fan operated continuously)

Air

rable alternate construction method to reduce the
moisture transfer noted. Subsequent preliminary
observations of air supported collectors have shown
this to be mechanically feasible. While acting as an
absorber, the ground also performs a limited heat
storage function. This was indicated by thermocou
ples which indicated the extent of heat storage and
release taking place.

The design equation previously developed indicated
that the clear weather solar noon temperature rise
throu&h the heater at the orientation and time of
year I~volved would be.approximately 17-3/4OF.
Operational performance indicated an actual rise
of 17°F under those conditions. For a sunny clear
day, an average temperature rise of 13°F was recorded
for ~he period 9 a.m. to 4 p.m., providing a collector
efficiency of 45 per cent. .

Figure 9. Solar collector and system for utilizing
supplementally heated forced air in grain drying

Blower control

When wet grain is being dried, it usually is consid
ered. desirable to operate fans continuously until a
moisture level of 16 to 18 per cent is reached. to
prevent deterioration. It is theoretically deslr~ble
to allow continuous operation except during periods
when the air relative humidity is above the curr~nt
equilibrium grain moisture of the drying gram.
!his increased drying speed will result, ~owever,

m greater fan energy usage, and the mechamcal and
economic practicability of such a control system
may be questioned.

The use of time switches, humidistats, thermosta~s,
and other control elements is possible alone or m
com?ination to achieve automatic operati~n ?r d
specific mode of control. Their use should be Jushfie
on the basis of total drying cost and is related to the
quantity of grain dried.

Current research

A 10 X 10 foot air inflated collector has beef
designed and constructed (figure 12). A l~yerea~.
solar resistant transparent polyethylene film IS h . h
sealed at the edges to a layer of black film WhlC
acts as the absorber. . I'. et Y

Such a heater is readily portable and compa t
storab.'e. This collector has been used in tests ufbl

o

a static pressure of one inch of water but prob .~
cannot withstand higher pressures. For pressure~~.o
excess .of this, it may be necessary to employ keep
fans with matched air delivery. One fan would air
the collector inflated and the other would draw in
from the collector and force it through the g~~ve
mass without exposing the collector t? destru.c 1eS
pressures. It is possible that advances m techf'qUor
of sealing and strengthcharacteristics of ny on
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PERFORATEn FLOOR

LEAR POLYEnrYLENE PLASTIC TlUl

lX4

14 FT STEEL BIN
1,000 BU. OF MILO

U.S.D.A •• KANSAS STATE UNIVERSITY
NOVEMBER· 1960

Figure 10. Experimental earth absorbing solar collection system for use In forced air drylnl1
(schematic)
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Figure 11. Summary Information of comparative natural air v•• solar supplementally heated air
I1raln drying test
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Figure 12. Experimental air inflated (supported) plastic
film solar collector

other thread reinforced films maj ilow direct col
lector use at pressures commonly encountered in
"in storage" drying.

Supplementary heating e<: .ipment

Since the sun is an inconstant ar..: variable source
of energy, the grain dryer using Si);, i energy as the
only heat source must be designc: l and operated
as an unheated air dryer.

The effectiveness of a solar SUP] '!,'mented forced
air drying system may be improved r.. adding .supp!e
mental electric or other type hcatvr: that will raise
the air temperature when the sun i not available.
Such an addition provides an ;;d .rtional margin
of safety when drying wet (above l : ; () 18 per cent)
grain. Both the supplemental and '. w solar heater
reduce operating time of the fan all .herefore effect
a reduction in fan energy require!' 'ilL

References

I. Peterson, G. M. and Simons, J. \V., Unheated Air Drying-In
Storage, Proceedings 0/ Conference on Field Shelling and
Drying 0/ Corn, Chicago, Ill., Agricultural Research Service,
U.S. Dept. of Agriculture, May, 1956.

2. Buelow, F. H., Solar Energy Collector Design. Paper No. 60
820, presented at December 1960 meeting of A.S.A.E.

3. Becker, C.F. and Boyd, J. S., Solar Radiation Availability
on Surfaces in the United States as Affected by Season,
Orientation, Latitude, Altitude, and Cloudiness, Solar Energy,
1 (1), pp. 13-21 (1957).

4. Davis, Chester P., Jr., and Lipper, Ralph I., Sun Energy Assis
tance for Air Type Heat Pump, Transactions, A merican Society
0/ Heating and Air Conditioning Engineers, Vol. 64 (1958).

5. Haynes, B. C. et al., Grain and Feed ;;."ying and Storage
Investigations. Unpublished Annual l'ro;:l'l'ss Report, 19~9.
1960, U.S. Dept. of Agriculture and University of GeorgIa.

6. Drying Ear Corn and Small Grains with Unheated Air.
U.S.D.A. Leaflets Nos. 332 and 334.

7. Buelow, F. H., Heating Air by Solar Energy, Agricultural
Engineering, Vol. 38, No. 1, pp. 28-30 .J anuary 1957.

8. Davis, Chester P., Jr.• Collector Design. Unpublished annual
report to U.S.D.A., pp. 3·15 (1957).

S· . S cl D' nd Storage9. imons, J. \V. et al. Gram and ee rying a t
Investigations. Unpublished annual progress report 0

U.S.D.A., Sec. 2,pp. 5-Il (1959-1960).

Summary

A solar air heater suitable for crop drying can be
basically a metal roof coated with black paint with
air moving along the underside, or made more elabo
rate and expensive and provide more heat by includ
ing a transparent plastic film or glass cover supported
above the roof. The desirable air flow rates that are
practical for either type have been suggested from
mathematical analyses and' limited results of labo
ratory study.

It is felt that while more research in collector
design remains to be accomplished, work has pro
gressed to the point that a satisfactory design can
be produced for farm construction for further field
type research. These conceptional designs are not

yet generally recommended but innovators may
wish to consider them for possible future construc
tion.

. h t r usageResearch has indicated that solar air ~a e f fall
can be useful where "in .storage". drymg 0 le
produced grains is practiced. Only WIth otherJUP~ge
mentation can rapid drying be insured and am
to wet grain avoided. cl of

Current research is being devoted .to .st~ Yters
additional designs of low-cost film plastIc air f1~~ible
that may be more portable, storable, and for
in multiple-purpose agricultural use, s~ch tJition
animal or poultry shelter ventilation, m a
to crop drying.
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UTEISATioN DE L'ENERGIE SOLAIRE POUR LE SECHAGE DES PRODUITS AGRICOLES

Resume

Un chauffe-air solaire approprie pour le sechage
des j.roduits agricoles peut etre constitue essentiel
Iemer.t par un toit en metal enduit de peinture noire,
avec circulation d'air sur sa surface inferieure. Il
peut ('he plus complique et plus cofrteux et debiter
plus de chaleur dans le cas on il comporte une pellicule
transparente en composition plastique ou un couvercle
en VE'1Te installe au-dessus du toit. On recommande
des rc-gimes de circulation d'air souhaitables, pratiques
pour :on type ou pour l'autre d'installation, a partir
d'analyses mathematiques et des resultats limites
d'eturles faites en laboratoire.

On estime que, bien qu'il reste a real iser de
nouvcaux travaux de recherches .ayant trait a la
conceition des collecteurs, le travail a progresse
suffis.. mment pour qu'une formule satisfaisante
puissc etre mise au point en vue de leur construc
tion "ans les entreprises agricoles pour poursuivre
les rccherches sur place. Ces conceptions d'ensemble

ne sont pas encore generalement recommandees,
mais les innovateurs peuvent desirer les prendre
en consideration pour leurs realisations ulterieures
possibles.

D'apres les recherches menees jusqu'a present,
l'emploi d'un chauffe-air solaire peut ietre indique
lorsque I'on pratique le sechage des grains produits
pendant l'automne au cours de leur entreposage.
Ce ri'est qu'avec d'autres dispositifs qu'un sechage
rapide peut etre assure et que I'on peut eviter les
degats aux grains humides.

Les recherches en cours s'attachent a l'etude
d'autres versions des chauffe-air a pellicule en
composition plastique de cout modique qui peuvent
etre faciles a deplacer, susceptibles d'etre conserves,
adaptabIes a des emplois agricoles multiples, tels
que la ventilation des abris destines aux animaux
ou a la volaille, a part le sechage des produits
agricoles.
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SOLAR DRYING OF OIL SHALE

A. T. Talwalkar, J. A. Duffieand G. o. G. Lo} *

General conaideratlons

coatings and baking enamel. StO·'" Caplan and
Baird (6) have investigated the mr '.lll1ism and the·
rate of infrared radiation drying Cl,;and and soap
and compared it with various ot,T methods ~f
drying. They concluded that r» ' .nt ener~y. ,15
another and more rapid method of h,·,! i transmISSIOn,
one which is peculiarly free of an- ,lm res~stances
to the heat flow. The similarity . :ween infrared
radiation drying and solar drying i: ,',fvious, as he~t
for drying is supplied by radiati . Howe:rer, m
radiation drying, a steady radian l' lc:rel. IS used
and the spectral distribution of t1 -adiation may
also be different than solar encrg Further, solar
drying is influenced by such unpt :,~t~ble. factors
as varying weather conditions and l:,·~JpltatIOn.

A drying problem can be studied from two view
points. The "internal" viewpoint ir.'."olves the study
of drying from the standpoint of the moveme~~
of liquid inside the solid, while the "extern~
viewpoint considers the effect of external drYlll~
conditions on the drying rate. The latter approac 1
is reported in this study. The study of mterna

tmechanism of liquid flow consists in the develop~en
and the verification of the differential equatIOn,
which will adequately describe the drying procesd·
relating moisture content, time, teu:perature ~e
position in the bed of drying matenal. Fromt f
external viewpoint, one can study the ~ffec. ~
process variables such as bed depth.' partIcle s~r~
agitation of the material being dried, nme ?f expt ir
and the advantages of through circulat~o~ 0 s ~a~
Further, the effect of meteorological vanatIOn gy
be determined by means of an over-all e~e:ms
balance and the relative magnitudes of. the t ~l
in-the energy equation ascertained expenmen a y.

. d out a
Petroleo Brasileiro (Petrobras) has carne

d
thick-

number of experiments to optimize the be seer
ness and particle size range of the shale and t? f and
tain the advantages of agitation of. maten~ments
thro~gh circulation of air. Most of ~helr ex!;e~1 trays
consisted 111 exposing the shale m woo e to all
(3' X 2'), having fine wire screens as ~ottomtwice a
weather conditions. The trays we.re :velgh~~t Some
day to determine the loss (or gam) m weig i ct of
experiments were also run to study the e.~ and
varying moisture grades on the rate of. drY1

o; the
to determine the effect of decrepItatIOn
shale.
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Solar energy may be effectively used for drying,
particularly where the cost of fuel for conventional
drying methods is high or in regions where usual
fuels are not available. It presents the possibility
of drying oil shale of the Paraiba Valley of Brazil,
which has an initial moisture content of about
33 per cent on a wet basis. The removal of at least
a part of this moisture, prior to retorting of the shale,
can result in an increase in the oil yield and also
permit the use of lower grade shales than would
otherwise be possible.

Solar drying processes may be classified according
to the method of absorption of solar radiation.
Radiation may be absorped in a solar heat collector
and used to heat air for a conventional drier, or
the drying substance itself may be used as the radia
tion absorbing material in a covered or an uncovered
solar collector. In radiation drying, the collector
and the drier are a common unit and usual solar
collector energy balances must· be modified to
account for the latent loads. In this paper, the possi
bility of drying the Brazilian oil shale by direct
absorption of solar radiation is investigated.

Although solar energy has been utilized since
ancient times for evaporation of water and drying,
data on radiation drying were scarce in the literature.
In recent years, solar evaporation from water surfaces
has been studied in some detail. Cummings (1) has
developed an energy equation to determine the
evaporation from a lake in such a way that wind
velocity does not enter the calculations and air
temperature and humidity enter only as terms in a
correction which is relatively small under typical
conditions. Wilson (2,3) has studied the drying
of vine fruit, both by direct absorption of solar
radiation and by using solar energy absorbers to
heat the air for the conventional tray driers. He
found that radiation drying was as fast as, if not
faster than, that in the tray drier. He has also
studied drying of peanuts (4) by absorption of
solar radiation.

A. A. Ismailova (5) has investigated the pos
sibility of using solar energy for drying fruits
and vegetables. He dried apples by direct absorption
of radiation, by hot air obtained from a solar heat
collector and by combination of radiation and
air-drying, and found that radiation drying is
faster than the other two methods.· .

In recent years, infrared radiation drying has
received some attention, especially for drying paint
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where,

qi amount of incident energy absorbed and
converted to heat per sq. foot of tray area

oc'] [~

q;., latent heat transferred by evaporation of
moisture per sq. foot of tray area

Over-all energy balance

A:I over-all energy balance on a unit area basis
over Cl tray filled with the shale, as shown in figure 1,
may be written as

qt = (qj., + qs)+qe + qcond. + qrnet + q~p [1]

qcond.

Figure 1. Over-all energy balance on the bed

qs = sensible heat transferred by evaporation
of moisture /ft2 of tray area

= m' Cpw(ts- ta) [4]

qe = heat lost by convection/Its of tray area

= he' (ts-ta) [5J

qcond. = heat lost by conduction through the
bottom of the bed/ft2 of tray area

=_c- K~ :~ Ix = L [6]

'lr, net "= heat lost by radiation exchange between
tray and sky /ft2 of tray area

a [e: (460 + ts)4- oc (460 + tsky)4J [7J

qcp gain (or loss) in heat stored in the bed,
per ft 2 of tray area

Wav c; (t2 - t1) [8]

t INSULATED
L ON SIDES

~

[3)- m r ).

Tj;~ following conclusions were drawn from these
expe-iments :

(a) Agitation of material is decidedly useful;
(D) The part~cle size range of - 4"+2" presents

m~x'mum m~Isture lo.ss during sunny days and
rmm mum moisture gam during precipitation;
. (Cl '~he per cent .moisture lost or gained per day
IS a,', inverse function of the bed thickness;

(d) .The moist';1re lost per square foot of exposed
area .ncreases with the bed depth up to 12" thick
beds. beyond which the increase is insignificant;

(ei Natural through circulation of air increases the
drying rate but slightly..

It was further found that lower grade shale decre
pitated more during the drying. However, there
IS no relation between total carbon content of the
shale and size of the decrepitated exposed shale.

Useful heat q

Latent heat transferred by evaporation of moisture
represents the amount of useful heat and is directly
proportional to the rate of drying which, in turn, is
dependent on the intensity of solar radiation available,
magnitude of heat loss terms and the moisture content
of the shale. Humidity appears to have insignificant
influence in radiation drying.

Sensible heat loss q.

The magnitude of this term is negligible. How
ever, the term tends to nullify the variation in latent
heat of evaporation due to changes in surface tempe-

Combining equations [2J to [8J with [1], we get

dt Ioc' I = m [A + Cpw)ts- ta)J + he (ts- ta) + k edx x = L

+cr[e:(460 + ts)4_ OC (460 +tsky)4J + Wav'Cps(t2-t1) (9J

The physical properties of the bed, such as absorpti- 10 per cent on clear days to about 100 per cent on
vity, heat capacity, and conductivity, may vary cloudy days (7). Hence, energy balances are here
with the moisture content, but these are assumed obtained by averaging the radiation over a short
constant as a first approximation and assigned a period (an hour) and noting the corresponding amount
suitable average value. of evaporation, temperature changes of bed and

The effect of different variables on the terms of atmospheric conditions.
the energy equation [9J must be clearly understood
and, hence, it is discussed in some detail below.

Heat input qi

The heat input depends on the intensity of solar
radiation and the absorptivity of the material. The
absorptivity of the shale varies slightly with moisture
content, but an average value can be satisfactorily
assigned. The intensity of total (direct + diffuse)
radiation is, however, subject to hourly and seasonal
variations. In addition to these inherent variations,
such indeterminent and unpredictable factors as
cloudiness further complicate the problem. Clouds
vary the fraction of diffuse radiation from about
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rature and reduces the error in using an average
value of latent heat for the day.

Convective heat loss qc

This is one of the most important terms in the
energy equation for it represents the major loss of
energy. The magnitude of qe is dependent on a num
ber of factors. The convective heat transfer coefficient
he, in equation [5J, depends on the temperature
drop as well as the air velocity. In case of porous
beds of non-uniform particle size, such as that of oil
shale, it also depends on the ratio of actual to pro
jected area of heat transfer. Unfortunately, there
is no convenient way to determine this factor, and
he is calculated on the basis of unit projected area
in this investigation.

The temperature dependence of he for horizontal
plates facing upwards in air, at atmospheric pressure
and temperature, is given by [8J

he = 0.38 (ts-' ta) O.25

for natural convection. However, natural convection
is rarely significant, as any wind will control the
convective loss, and the effect of air velocity on he,
for parallel flow of air, is given by [9J :

he = 0.0128 GO.s

where G = mass velocity of air, lb/hr. ft 2• Hottel
and Wcertz [10J have assumed a wind coefficient of

4.07 hr.~~~ OF corresponding to 10 mph wind.

In conventional drying, high air velocity and a
large temperature drop is desirable for better convec
tive heat transfer to the drying material and subse
quent higher drying rate. But in the case of solar
drying, both high wind velocity and a large tempera
ture difference are determental to the drying rate
as they increase the convective heat losswhile having
no effect on the heat supply rate. The most efficient
utilization of solar energy is obtained at small
temperature differences between the shale and the
surroundings.

Conductive losses qeond.

For sufficiently thick beds, there is little tempera
ture gradient at the bottom and hence little heat
is lost by conduction through the bottom of the bed.

Back radiation losses qrnel

This is the heat lost due to net radiation exchange
between the shale and the sky. There was no conve
nient way to determine the long wave diffuse radiation
which is emitted by the sky, and in this study it
was approximated as black body radiation from a
source at 20°F below ambient temperature.' The
radiation from the shale depends on its emissivity
and surface temperature. Therefore, equation [7J
may be rewritten as :

{(
460 +ts)4 (460 + (ta- 20))4}

qrnet = 0.171 X IX -Wo - 100

Change in heat stored in bed qcp

This quantity may be either posii .ve or negative,
depending upon whether the heat i gained or lost
during the interval. It is difficult t, determine qcp
accurately as it involves determination of the average
temperature of shale in the tray. The problem of
averaging the temperature of the bed lies in the
fact that the temperature of shale e \»osed to direct
radiation fluctuates .widely if a clou. covers the sun
or a gust of wind blows, .whereas the temperature of
shale inside the bed is not as susceptible to atmos
pheric variations. Thus, the fraction »f shale exposed
to direct radiation, which will follow the variations
of surface temperature, is estimat. : and internal
temperatures at various depths are ll",d to calculate
the change in heat stored in different 1i ~o'ers of the bed.

Experimental work

The experimental work consisted i,' (a). me~sure
ment of absorptivity of shale; (b) cl. <ermmatlOn of
temperature variations in the bed in r.rder to deter
mine a method of averaging temperav.rre of the bed;
(c) the solar drying tests.

(a) The absorptivity of shale WdS measured by
means of a hemispherical reflectome ter, by a tech
nique of comparison with standard sdmples of kno:vn
reflectance. Shale samples were prepared by cut~lllg
pieces of different shades and moisture content ll~to
thin slices on a band saw and polishing th~~ W1t~
sandpaper. It was found that the reflectiv1ty 0

shale varies from 8 to 17 per cent, i.e., the absorp'
tivity varies from 92 per cent when wet to about
83 per cent when dry. As the higher figure ~ppears
to be valid only for the first day of drymg, an
average value of 85 per cent absorptivity may be
used in the energy balance. .

. d 1ll(b) Temperature gradients were determme d
order to estimate the average temperature of be t
The temperature variations through the day a
~hree po~itions in the bed (near the surface, m ~~
intermediate layer, and at the bottom) are plot~h
for two days in figure 2. It is evident that on 'd

e
. d onS1 cloudy day, the surface temperature vane.c 3

erably more than that of the interior. F1gure t
shows temperature variations for a c!e~r day te
various depths of 1/4" 1/2" I" and p. m a SlUg.

, " 2.. Th1s
piece of shale exposed to direct radlatlOn.
fi h . ..' ilar to thosegure sows gradients and .variations SImI I a
of figure 2. Thus, it may be assumed that ?ntfans
layer one particle deep has temperature vana b d
as the surface temperature, while the rest of the t tre

temperature varies as i«, .the interior teI?-per~uat
of the bed. This fact will have to b~ conslder~a~ge
least on cloudy days, while calculatmg the c. tion
in the sensible heat of the bed. On clear days, .va~~ ant
of either ts , or tt may be used without Slg11l c;
error, as is seen from figure 2. d . d

I s ne(c) In the solar drying tests, the sha ~ w~ ure 4.
in a tray placed on a balance, as shown m g ttorn
Thermocouples were inserted at the top, bo '
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ficant. However, the error was remedied in a second
test by shielding the sides of the tray from radiation
by means of aluminum foil. Table 3 summarizes the
more detailed data of the other tables, and shows the
daily radiation, moisture content, drying efficiency
and amount of evaporation per square foot for these
two experiments.

Fi~ure 3. Temperature gradients in a pIece of shale
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Figure 2. Temperature ~radients in the bed

and intermediate positions in the bed and provided
temperature records. The ambient temperature was
also measured by means of another thermocouple
shaded from direct radiation. The incident radiation
was measured by means of an Eppley pyrheliometer.
The wind velocity and humidity data were obtained
from the weather bureau. The weight and area of
the tray and the initial moisture content of the shale
were determined before the start of each test. The
tray was weighed every hour, the amount of moisture
evaporated being given by the difference in two
consecutive weights. The average temperatures for
the hour were also noted.

The calculated data for two clear-weather solar
drying tests are shown in tables 1 and 2. In the
first test, it was found that the temperature at the
bottom of the bed was, at times, slightly higher than
that of its interior, as the metallic tray became
heated. This means that some heat was conducted
in at the bottom. This heat would probably be insigni-

By inspection of the tabulated data on solar
drying, it is seen that the major heat loss is due to
convection. The variation in other heat loss terms is
small compared to that of convective heat loss. For
example, the back radiation loss varies from 20 to

Figure 4. Tray of partially dried shale on u balance
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Table 1

(particle size, 1_3"; bed depth, 3"; area of tray, 4.7 ft 2 ; initial moisture content, 32 per cent; weight of dry shale, 33.4Ib)

Avg. Avg. Change
Corrected x surface ambt"ent in avg. qr = at qcp= WavrlA qc = q.:; q.-. qr h Wind,

Date Time Notes solar q, ~ a:I m temp. temp. bed temp. q" = m" (P.-P.ky) .CP(t, _ t,} (l'p _~,A) Btu velocity
radiation lb/hr·ft.' Btultb

t'Avr ta • VI t.-t1
hr.ft."F (knots)

('F) ('F) ('F)
'avI /Java:

12 May.. 11-12 M.D. Initial 358.7 305.0 0.1461 1049 76.0 58.5 0 153.2 30.83 0.00 121.00 6.91 11.5
12- 1 P.M. wt. of 357.5 304.0 0.1461 1048 77.5 60.0 0 153.1 31.60 0.00 119.30 6.82 9.5

1- 2 P.M. . wet 336.2 286.0 0.1330 1049 78.5 61.5 2 139.4 . 30.40 4.54 111.66 6.55 9.0
2- 3 P.M. shale = 298.2 254.0 0.1330 1049 77.0 62.0 -I 1394 26.42 -2.20 90.38 6.01 9.5
3- 4 P.M.

48 . ~ lb 237.6 202.0 0.1063 1050 72.0. 62.0 1 111.0 23.20 2.18 64.72 6.47 9.5
4- 5 P.M. 16 166.0 141.0 0.0665 1054 67.0 61.5 -2 70.1 20.41 - 4.33 54.82 9.95 8.0

!§13 May•. 8- 9 A.M. Initial 242.2 206.0 0.6665 1059 64.0 52.0 10 70.4 23.55 21.20 90.85 7.56 6
9-10 A.M. wt. of· 298.0 253.8 0.0665 1050 74.5 56.5 7 69.9 28.65 14.75 140.50 7.80 4

10-11 A.M. wet 331.0 281.5 0.0798 1046 83.5 60.5 5 83.4 34.60 10.42 153.10 6.44 5
11-12 M.D. shale = 346.0 294.0 0.0931 1041 88.5 63.0 4 97.0 38.20 8.45 150.35 5.90 6
12- 1 P.M.

44 • ~ lb 344.0 292.5 0.1063 1041 88.5 65.0 0 110.9 36.80 0 144.80 6.15 5
tn
0-1- 2 P.M. 16 322.0 274.0 0.0931 1043 86.0 67.0 2 97.3 33.80 4.05 138.!l1i 7.30 5 ~..,

2- 3 P.M. 288.0 245.0 0.0798 1045 84.0 66.5 -2 83.4 30.85 -4.01 134.75 7.70 7 Co
3- 4 P.M. 233.5 198.5 0.0798 1048 78.5 64.5 -4 83.5 28.20 -8.14 95.00 6.79 3 ca
4- 5 P.M. 165.3 140.8 0.0531 1049 73.0 64.5 1 55.6 22.35 1.97 60.90 7.16 4 ::s
5- 6 P.M. 91.0 77.4 0.0266 1052 63.0 65.0 -3 28.0 16.90 -5.89 39.00 13.00 4

IIQo

14 May .. 8- 9 A.M. Initial 232.0 197.0 0.0531 1052 70.0 58.5 14 56.0 26.90 27.20 87.00 7.56 7
9-10 A.M. wt. of 286.0 245.0 0.0531 1048 82.5 67.5 8 55.6 29.40 15.44 144.56 9.70 7

10-11 A.M. wet 314.0 267.0 0.0665 1042 87.5 70.5 7 69.4 32.00 13.42 152.18 8.96 7
11-12 M.D. shales = 3320 282.0 0.0798 1040 95.0 73.0 5 83.0 38.20 9.51 151.30 6.89 7
12- 1 P.M.

40 . ~ lb
326.0 277.5 0.0665 1039 97.0 75.0 0 69.0 38.20 0.00 170.30 7.74 9

1- 2 P.M. 16 281.5 239.2 0.0665 1041 92.0 75.5 -2 69.3 34.10 -3.74 139.54 8.45 10
2- 3 P.M. 197.9 168.0 0.0531 1048 85.0 75.0 -4 55.6 27.95 -7.42 91.87 9.19 8
3- 4 P.M. 140.0 119.0 0.0398 1049 79.5 74.5 -2 41.7 21.77 -3.63 59.16 10.75 7

15 May.. 8- 9 A.M. Initial 234.0 199.0 0,0531 1044 86.0 70.5 8 55.5 30.60 14.45 98.45 6.35 14.5
9-10 A.M. wt. of 292.5 249.0 0.0531 1040 92.5 71.5 3 55.3 36.45 5.39 151.86 7.21 13.5

10-11 A.M. wet 331.0 281.5 0.0531 1038 98.5 74.0 5 55.1 39.40 8.90 178.10 7.27 11.0
11-12 M.D. shale = 347.5 295.5 0.0531 1035 105.0 770 7 55.0 44.05 12.40 184.00 6.57 1l.5

33.01b



Table 2

(particle size, 2-3"; bed depth, 4"; area of tray, 4.7 ft 2 ; initial moisture content, 34 per cent; weight of dry shale, 45.35Ib)

Avg. Aug. Change
Corrected x surface ambient in avg. q, = a. q,p=W.v.jA q, = q, -), A q, h Wind

Dale Time Notes solar q, =a.'[-
m temp. temp. bed temp. q" = m" Btu velocity

radiation lb/hr.ft.' Btujlb tSa v g ta av g t2-t1
T', _. P,ky) 'Cp(I, -I.) t q,p =1 " •

hr·tt."F (knots)
('F) ('F) ('F)

( "avg - "avg)

13 July.. 9-10 A.M. Initial wt. of 288.5 :l45.5 0.1198 1040 90.0 75.0 8.0 124.5 30.6 25.00 65.4 4.35 9.0
10-11 A.M. wet shale = 312.8 266.0 0.1330 1039 96.0 77.0 2.0 138.0 36.0 6.20 85.8 4.51 9.0 rn

0

11-12 M.D. 15 337.0 286.0 0.1461 1038 98.5 78.5 2.0 151.7 37.2 6.13 91.0 4.55 9.0 f,i

12- 1 P.M. 65 . 16 lb 311.0 264.0 0.1197 1036 102.5
'"l

79.5 3.5 . 124.0 41.1 10.49 88.4 3.84 14.0 Q.

1- 2 P.M. 133.6 113.5 0.1063 1040 92.5 77.0 -17.0 110.8 33.5 - 51.10 40.4 2.70 15.0 ~
2- 3 P.M. 109.0 92.6 0.0665 1049 80.0 74.0 - 1.0 55.7 22.0 - 2.96 17.86 2.98 15.0

....
::s

3- 4 P.M. 214.5 182.5 0.0531 1048 82.5 74.0 - 4.0 606 23.5 11.90 109.50 12.90 12.0
IJQ.

0

14 July. . 9-10 AM. Initial wt. of 303.5 258 0.1063 1045 84.0 64.5 7.0 111.0 32.6 20.40 94.00 4.82 8.0
....
0

10-11 A.M. wet shale = 332.5 282.5 0.0531 1041 89.0 67.0 2.0 55.4 25.3 5.89 195.9 8.90 6.0 --
*11-2 P.M. 61 . ~ lb

1032.0 879 0.0399 1040 95.0 70.0 8.0 41.5 120.3 22.85 231.5 9.25 7.0 '"::T
2- 3 P.M. 16 295.0 250.5 0.0930 1039 97.5 72.5 - 3.0 96.5 39.7 - 8.40 122.7 4.90 4.0 ~

3- 4 P.M. 260.5 222 0.0665 1041 95.2 73.0 - 2.0 69.3 36.45 - 5.60 121.85 6.24 3.0
(ll

15 Jyly. . 9-10 A.M. Initial wt. of 292.0 248.0 0.0665 1041 92.5 69.0 5.5 69.3 40.0 15.10 123.6 5.26 7.0

I~10-11 A.M. wet shale = 328.0 279.5 0.0665 1039 97.5 71.5 5.0 69.0 40.5 13.68 156.3 6.01 7.0

11-12 M.D. 14 264.0 225.0 0.0665 1036 100.0 74.0 0.0 68.9 41.9 0.0 114.2 4.40 9.0

12- 1 P.M. 57 . 16lb 240.0 204.0 0.0531 1038 98.5 76.0 - 2.5 55.1 38.2 - 6.76 117.5 5.22 9.0

* 1- 3 P.M. 517.5 440.0 0.1331 1036 100.0 80.0 - 3.0 138.0 73.6 - 8.05 118.2 5.91 10.0 ~

3- 4 P.M. 199.5 169.5 0.0531 1041 92.5 83.5 1.5 55.5 28.0 3.99 82.1 9.12 9.0 ro
~

16 July.. 9-10 A.M. Initial wt. of 287.5 244.0 0.0798 1045 84.0 76.5 7.0 83.50 22.80 18.30 119.15 15.90 9.0 ro:;;:
10-11 A.M. wet shale = 301.5 256.0 0.0531 1040 91.5 78.5 6.5 55.40 30.84 16.95 152.50 11.71 8.0 ro
11-12 M.D. 55 . ~ Ib 331.0 281.0 0.0665 1039 97.5 80.5 3.5 69.00 33.05 9.05 _169.40 9.97 9.0

.,
'"12- 1 P.M. 16 328.0 279.0 0.0798 1036 102.0 83.5 4.0 82.55 36.75 10.30 148.75 8.04 8.0 ..

1- 2 P.M. 227.5 193.2 0.0531 1034 107.0 83.0 3.5 56.00 40.70 8.97 87.00 3.62 7.0 =r-
2- 3 P.M. 260.5 222.0 0.0266 1036 102.5 81.5 - 9.5 27.55 53.00 - 24.20 165.40 7.88 8.0

17 July.. 9-10 A.M. Initial wt. of 278.0 236.0 0.0531 1036 100.5 78.5 7.5 55.00 40.45 18.78 121.80 5.53 7.0

10-11 A.M. wet shale = 298.2 254.0 0.0399 1034 107.5 81.0 4.5 41.25 41.90 11.20 159.65 6.02 5.0

11-12 M.D. 52. ~ lb
264.5 225.0 0.0399 1034 107.5 82.0 - 3.0 41.25 41.35 - 7.45 149.85 5.86 8.0

12- 1 P.M. 16 288.5 245.5 0.0665 1035 105.0 83.0 - 1.0 68.80 38.50 - 2.47 183.70 8.35 8.0

1- 2 P.M. 277.5 236.0 0.0399 '1034 106.5 84.5 2.5 41.30 39.00 6.15 191.00 8.69 10.0

2- 3 P.M. 211.5 179.7 0.0399 1035 104.0 85.0 - 5.0 41.35 36.00 - 12.22 114.60 5.50 11.0

3- 4 P.M. 194.0 165.0 0.0399 1036 102.0 84.5 1.0 41.40 36.00 2.44 85.56 4.89 8.0

• Readings for more than one hour.

I
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290 III.C.3 Solar drying

Table 3. Summary of experimental drying data,

Radiation
Avg. moisture Moisture evaporated Efficiency

Date (Btu/ft')
content (tb/ft' ) ('Yo)

('Yo)

Test 1 :

12 May. 1754.2 40.8 0.731 43.7

13 May. 2570.0 28.6 0.718 29.3

14 May. 2 108.9 19 0.4784 23.8
15 May. 1205.0 12.3 0.2124 18.5

Test 2 :

13 July. 1706.4 41.5 0.7445 45.8

14 July. 2223.5 35 0.3588 17.0
15 July. 1 841.0 25.4 0.4388 25.0
16 July. 1736.0 19.7 0.3589 21.7
17 July. 1 812.2 14.4 0.3191 18.48

•

__ 5/13

_K_5/14
__-7113

_0-7116

200..----r----r---,r----r---r-j

ature leads to an erroneous value of he, particularly
in the morning and evening when the temperature
difference and the convective loss are both of low
magnitude. In addition, the error in calculating the
sensible heat change of the bed is also more signi~ca~t
in the morning and evening when the material 15

being rapidly heated or cooled. Accounting for all
the erroneous values of he that may be obtained,
it appears that wind velocity has little effect ?n the
magnitude of the experimental coefficient. ThIS may
be explained by the fact that only the surface temper
ature fluctuates as a result of wind, and he is obtamed
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50 btu/hr. ft2 and the heat stored in the bed may
increase or decrease by up to 20 btu/ft2 in an hour,
but the convective heat loss varies from about
40 btu/hr. ft2 to above 200 btu/hr. ft2, depending
upon the time of the day, the condition of the shale
and the meteorological conditions.

The experimental convective heat transfer coeffi
cient, he, is obtained by dividing the convective
heat loss (obtained as the difference between heat
input by radiation and other heat quantities) by the
temperature difference between the shale and the
surrounding air and by the projected bed area. The
values of he thus obtained are rather inconsistent.
The main difficulties lie in averaging the surface tem
perature, which fluctuates widely, and calculating
the correct change in the sensible heat of the bed. An
error of a few degrees in averaging the surface temper-

Figure 5. Convective heat transfer coefficient as a function
of wind velocity

I I . I
6
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Figure 6. Heat lost by convection as a function
of temperature drop
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Figure 8. Fictitious drying rate at 2 000 btu/ft' day,
as afunction of average moisture content

rate) and plotted against the average moisture
content in figure 8. It is expected that such a plot
would at least give a general trend of solar drying
curves. It may be seen from figure 8 that no constant
rate period of drying is obtained. The general trend
of the curves is concave upwards. Similar curves are
obtained in the air drying of soap and wood. For
air drying, the internal diffusion may be expected to
control the rate of drying in the regions where curves,
concave upwards are obtained. In such regions, the
rate depends on temperature, varies inversely as
the thickness of bed, is not affected by air velocity,
and is affected by humidity only in so far as the equi
librium moisture content is concerned. The same
may be expected to hold for radiation drying also,
except that in this case the humidity has no effect
on the hygroscopic moisture as the surface tempera
ture rises far above the ambient air temperature.

A plot of average moisture content against time
in days for three of the experiments referred to
in the above paragraph, on a semi-log graph
paper, gives a straight line as shown in figure 9.
This again indicates that the internal diffusion is
the rate controlling step and the rate of drying is
directly proportional to the free moisture content (8).

Agitation

In solar drying, the surface layer, which receives
direct radiation, dries out faster and its temperature
rises considerably higher than the temperature of
the bulk of the material. Also. as the drying proceeds,
the rate of drying falls off. A part of the energy is
conducted into the bed, depending on the effective
conductivity of the bed, but most is lost to the
surroundings, mainly by convection. The maximum

0.5

1470

""'--""--1680

°o.l:-l------:~-----!'-:;-----;::~---~

-x- T,., 3,11119-11/23
2.0 _0_ T,., 4,11/16-11/19

-0- T,.y 4, 11/5-1119
-0\- T,., 5, 11/21-11125

from averaged surface temperatures over the hour.
T.he valu.e of he varies between 5-10 btujhr.ft" depen
ding mainly on the temperature difference between
shale and the ambient air. In figure 5, the heat
transfer coefficient he is plotted against the wind
velocity, for two days.

As regard~ the effect of temperature drop, 6.T,
on the magmtude of the experimental coefficient he
no definite relation could be obtained between'th~
two from the available data. The average value of he
by days, based on the projected area of heat transfer,
sh~ws an increasing trend as the drying proceeds.
ThIS may be seen from figure 6, in which qc is plotted
against 6.T. One explanation of the higher values
of heA obtained on subsequent days of drying could
be the increase in actual heat transfer area due to the
cracking and decrepitation which this shale under
goes on drying. This increase in actual heat transfer
area tends to mask any change in the heat transfer
coefficient he.

It is found that the drying rate, and the efficiency
of drying, generally decreases with decreasing mois
ture content except when the radiation for the pre
ceding day is considerably lower than that for the
day following it. No definite relation between incident
radiation and the drying rate could be obtained from
the available data. It appears that the dependence
on the radiation would go on decreasing as the drying
proceeds.

Mechanism of solar drying

Petrobras data for several drying experiments are
shown in figure 7, where the drying rate is plotted
as the function of average moisture content. The
radiation fluxes for each day are also noted on the
graph. It may be seen that a smooth curve cannot be
drawn through the points on account of varying radia
tion flux on different days. To eliminate this effect
of varying radiation, a fictitious drying rate corres
ponding to a common radiation flux of 2 000 btujft2
per day is calculated (by assuming a linear relation
ship between the incident radiation and the drying

1.6

J~I.2

0.2 0.3 0.4
AVG. MOISTURE CONTENT, t~· ~f;s~~e

Figure 7. Drying rate as a functionofaveralle moisture content
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temperature reached by the surface during a day
depends on the moisture content of the shale. The
surface temperature will not rise excessively if the
shale on top is not dry. This can be done by stirring
the bed so that lower moist layers are brought to
the surface. This results in lower convective losses
and reduced back radiation losses. Thus the most
efficient utilization of solar energy can be achieved by
maintaining surface temperatures as low as possible
during the entire process. However, the feasibility of
mixing depends on the economic balance between
the mixing cost and the gain realized by the increased
rate of drying.

loss in weight per day and, therefore, require fewer
days of exposure for the desired moisture loss, though
the efficiency of drying is lower, than that for the
thicker beds. It seems reasonable, therefore, to use
shallow beds, which require less exposure time,
in unfavorable weather. However, this would in
crease the operating cost slightly. Thicker beds
requiring longer exposure time but having better
drying efficiency may be used in non-rainy seasons,
when clear weather for long stretches of time is
assured.

Economic considerations

The ultimate practicality of any solar process
depends on the cost of heat delivered by the solar
facilities in comparison with that from conventional
fuel. In general, the cost of solar heat is largely the
fixed charges on the installation, i.c .. depreciation,
interest on investment, taxes and insurance. Labor
and maintenance costs should be small in a well
designed system. These expenses, for example on an
annual basis, divided by the average annual heat
delivery, yield the cost of one heat unit. If no ene~gy

storage is required, this cost may be compared .wIth
the total fuel, labor, and fixed costs in a conventIOnal
heat supply facility, and the cheapest source. or
method thus can be chosen. When direct solar drymg
is being compared with a process of drying 'Yith
heat from fuel, a straightforward heat cost comparIson
cannot be made because the solar heat supply facility
is combined with the dryer; separate heating. and
drying units are required for the conventIOnal
operation. It is therefore necessary to compare .the
costs of the entire processes-heat supply plus drymg.
This situation places direct solar drying in a more
favorable light because of the modest requirements
for equipment.

An approximate economic appraisal of a process
for direct solar drying of Brazilian oil shale from the
Tremembe deposit has been made by R. C. Cameron,
in collaboration with one of the authors. The shale
(33 per cent moisture) is assumed to be mined. at a
rate of 12 000 tons per day and moved by ma~hmery
to a slightly sloping drying field of appro::nmate~~
5 million square feet (470 hectares). Here It ":°f
be spread in a 1 foot layer by scraper vehlC es.
After about 10 days the shale moisture would hadve

, er
been reduced approximately 10 per cent, un
average conditions. These figures correspond. tOle~
evaporation rate of 2.1 kg/square meter, eqUlVa
to a solar utilization efficiency of 30 per cent. scrap~r~
and trucks would then "harvest" the dried shale ~t
supply to retorts. For an operation of this .type, If
was estimated that an investment in machlller~ 0

u.s. $250000 would be required and that la ti
depreciation, and other cost items wou~d t~t fs
8.3 cents per metric ton of shale handled. ThIS eo ly
equivalent to $1.50 per million kcal. To s~ppm
heat for shale drying by use of imported petro.ill!on
would require an outlay of about $5 per rni ;ric
kcal for fuel alone (based on fuel oil at $34 per me
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Figure 9. Log moisture content as a function of time
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Precipitation

Precipitation is a major problem of solar drying.
To avoid excessive moisture gain during rainfall, the
material may be either covered or piled in conical
heaps having large slopes. If heavy rainfall is expected
it is best to remove the material from the field. In
the case of oil shale, it was found that drying rates
obtained after rainfall are higher than those of
shale of the same moisture content before rain (for
the same radiation intensity). This indicates that
much of the moisture gained is surface moisture.
It is noted that shallower beds show greater per cent

6
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ton ~md 100 cruzeiros per dollar. This might also be
c?nsIdered the total cost of drying with crude shale
011, or the value of the oil which would be consumed
in vaporizing moisture from the wet shale in the
retorting process.

It m~y thus b~ concluded from this preliminary
evaluation that direct solar drying of this oil shale
would cost about one-third as much as the resulting
increase in product value, and that unless some
very cheap waste he~t were available in the plant,
other types of drymg would be more expensive
than solar. This estimate is, of course, based on
asst;lI?pti?ns and ~pproximationswhich may require
reVISIOn m the hght of additional information on
weather conditions, shale-handling techniques, equip
~ent costs, ~nd so on. There may also be factors
m the retortmg of wet and dry shales which would
a.ffect the economics of the process beyond the
SImple heat requirements for moisture removal.
~t is dear, howeyer, that, if this oil shale deposit
IS to be commercially developed, solar drying prior
to retorting has sufficient economic attractiveness to
demand thorough evaluation.

NOMENCLATURE

A area, ft2
Cp s specific heat of shale, btujlb . OF
Cp w specific heat of water, btujlb- OF
G mass velocity, lbjhr . ft 2

he convective heat transfer coefficient, btu/
hr· ft 2• OF

I intensity of radiation incident on a hori
zontal surface, btu/hr . ft 2

k e - effective thermal conductivity of the bed,
btu' ft/hr· ft2 OF

L - depth of bed, ft
m - drying rate, lb moisture evaporatedjhr . ft 2

q£ amount of incident radiation absorbed,
btu/hr- ft 2

q" = heat utilized for evaporation of moisture,
btujhr- ft 2

q» = sensible heat lost by the evaporating
moisture, btu/hr : ft2

qe heat lost by convection, btu/hr : ft2
qcond. = heat lost by conduction through the bot

tom of bed, btujhr : ft2

qr. net = heat lost by radiation exchange between
shale and the sky, btujhr· ft2

qep - change in heat stored in the bed, btu/hr ·ft2

t _ temperature, OF
T temperature, OR
IX = absorptivity of the shale for solar radia

tion
E emissivity of the shale
A latent heat of evaporation of water at the

surface temperature, btujlb
(1 Stefan-Boltzmann constant, 0.173 X 10-8

btujhr : ft 2 °R4

Subscripts:
s = suiface
a = ambient
i interior
1 initial state
2 - final state
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The possibility of solar drying of oil shalt', mined
in t lu- Parniba Valley of Brazil, is investigated.
This oil shale has an initial moisture content of
about :1:1 per cent, and the removal of at least a part
of this moisture, prior to retorting of the shale to
recover tilt' organic materials, results in an increase
in oil yield and permits the use of lower grade shales
than wOlIIII otherwise be possible. Solar drying is
one possihle means of removing this moisture. This
paper out lines a study by Petrolco Brasileiro of the
process variables and reports a University of Wiscon
sin study of energy balance for the drying material.

The Pctrobras investigations included study of
the effect of bed depth, particle size range, agitation
of material and time of exposure on the rate of
drying. These studies indicated that the per cent
moisture gained or lost is an inverse function of the
bed thickness and that the agitation of material is
decidedly useful.

The energy balance studies indicated that the
incident radiation, useful heat of evaporation and
convective heat loss terms arc of prime importance.
If the I)('d is thick enough, heat lost by conduction
through the bottom of the bed is negligible, The
back radiation loss is about 10 per cent and the
sensible heat change ranges arc between 0-10 per cent
or t he absorbed radiation on an hourly basis,

The variation in absorptivity of the fresh and
exposed shall' is about !I per cent, fresh shale having
an absorptivity of about 112 per cent and that for
partially dried shale being 8:l per cent. As the higher
figllTl' appears to he valid only for the first day of
drying, an average value of REi per cent absorptivity
may he used for the energy balance on the drying
proccs«. It was found that the shale can he dried
below its apparent equilibrium moisture content bv
means or solar radiation, probably because tlie
shall' temperature is considerably higher than the
a.mbirnt air temperature during the drying opera
tion,

The major loss of incident energy is by convection,
which appears to depend mainly on the temperature
difference between the surface of lx-d and the ambien!
air, The magnitude of the convective heat transfer
coefficient appears to be affected only slightly hy
wind velocity,

The drying rate and the efficiency of drying depend
on the moisture content of the shale' and the amount
of radiation available, It was found that efficiency
of solar energy use varies from about ·IEi per cent
to about) 8 per cent as the average moisture content
changes from about ·W to ].I per cent, on l1~e dry
basis, If a fictitious drying rate corresponding to
a common radiation flux of 2 000 btu/day.It! (COlI,
culated by assuming a linear relationship b~twcl'n the
incident radiation and the drying rate) IS plotted
against average moisture content, a constant rate
period is not obtained and the general trend of the
curves is concave upwards.

For similar curves, in air-drying, the internal
diffusion may be expected to control the r~te,of
drying which depends on temperature, vanes 111

vcrscly as the thickness of bed ancl is not affectt'~1
by air velocity, The same may be expected for radi
ation drying,

An approximate economic appraisal of the l~rC?Cc~~:

assuming an average solar utilization cflICI.~:~c~
of :10 per c~nt, indicates that the co~t per nu t~l

kcal of ~qU1valent water evap~rated IS ahout ~ "I~
SI.EiO, WIth most of the cost attributable to ma.ferla,
handling operations, This is about one-third a~
much as the resulting increase in product va,lnr.
This estimate is, of course, based on assul~lptlO~~
and approximations which mav require re\'ISlOn to
t1~e. light of additiOJ.lal information on ~\'eathcr ~~;
ditions, shale-handling techniques, cqUlpment I c.

in
!=

and so on, It is clear, however, that the solar ~.~. t
of the oil shale prior to retorting has su 1C1C'\1

economic attractiveness to demand thorongh c\';I
luation.

(c rm'rnoirc prescntc \IIlC ctuck sur la possibilit«
<le sccher au moycn de I'cnrrgie solaire lcs schistr-s
arcilcux pctrolifhcs extraits <le la vallee <le Paralbn,
;111 Bn<sil. r cs schistcs artrilcux ont nnc tcncur initial
en hlJlllielite d'cnviron 3:l p. HIli, et l'climination
<I'IJIle' partic tout an rnoins <le cclle-ci avant <le bire
paSSf'r Ies srhistcs argilrux a la <listillation pour en
n'cupcrcr Ies substances organiqul's pcrmct "'aug
mentcr Ic' rcndcmcnt en pctrolc 1'1 d'utiliscr <lI'S
prrxluits cle moindrc tcncur qll:i1 ne ~rrait possihl«
autrcmcnt. Le scchage par le soli' I I consutuc un moycn

sf:CIIAGE SOtAIRE DES SCIIISTES ARGltEUX ptTROtIFtmEs

lle_lIme

possible d'elimincr ccttc humidite. 1..(' 111{\1;~:~~
resume 1I1le etude des variables du procrlr {-cul
par la societe Pctrolco Brasilciro et <1011111' rs: '<te<
tats d'une etude du bilan cnrrgetique d~s se 1\. .

it sccher, Iaitc par l'Univcrsitc <Ill \\'isconsll1: 1 11111'

Los rccherches de la Pctrobras COl1lportalrl1 ,lin
etuele de I'effet <le la profondcur <lu, gitc, du ~fi'l"
ell'S particulcs, de l'agitation <Ill produit cl (,k \;t{~Il.k<
rl'cxposition sur le regime <II' sechagc" (.('~ • J:nc'l"
inrliquaicnt que le pourccntagc <I'hul11l1lth g~j()n'
on pcrduc est line Ionction invcrscmcnt propM
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THE ROLE OF SOLAR ENERGY IN THE DRYING OF VINE FRUIT

B. W. Wilson *

RATE OF RACK DRYING OF GRAPES

In some preliminary tests, rates of drying were
measured by spreading the bunches of gra~es on
wire netting trays which were placed on the hers of
the racks aligned in a north-south direction and
periodically removed for weighing. This method waJ
subject to a number of errors and was abandone
in favour of a special drying rack which could ~e
weighed throughout the drying period WIthout dis
turbing the fruit. The weighing rack was const~c~ed
in such a way that its cross section w~s SIml!ar
to a standard tiered rack The weighed section. WhICh
measured 2 metres in l~ngth, was suspended fr?m
th~ roof by four large coil springs which were ma1~~
tamed at a constant extension throughout the eXPk
riment by transferring water into ~alance tan s
fitted at the end of the weighing sectIOn.

. f di edAt the start of each experiment, 500 kilos 0 . IpPh
grapes were distributed on the wire tiers WIthdt de
balance tanks empty. As the drying procee et~
water was added in weighed amounts to c~mpens:he
exactly for the loss of water from the truit. At lla
same time, measurements were made with a casse

un
actinograph to assess the total radiation fro.m~ed
and sky, and the degree of shading 'Ya~ eshm
by the methods described by R.O. Phrlhps (3).

A small hole was therefore cut into the interior of a
grape and a "Stantel" F2311/300 thermistor enclosed
in a glass sheath was inserted with the temperature
sensitive element covered by a piece of aluminium
foil. The opening was finally sealed with molten
beeswax. The electrical conductivity was measured
by the method of Herrington and Handley (2). By
using a number of calibrated thermistors, simulta
neous measurements were made of temperatures
inside grapes exposed to the sun throughout the day.

Measurements of temperatures developed inside
grapes were also made simultaneously at a number

. of points on a typical drying rack loaded with grapes.

DRYING RATES IN SOLAR HEATED AIR DRIERS

Closed cabinet drier with internal solar absorber

A · . h f m of ansolar dner was constructed m t e?r solar
insulated box, 1.3 m X 1.3 m X 1.3 t;l, WIth a The
energy absorber fitted in the side faCIng northblack
absorber consisted of a glass window above a The
ened steel sheet fitted with vertical steel ~nstimes
area of finned surface was appr~xiJ:nately SI~OO per
the area exposed to direct radiation- At
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Experimental

In Australia, the drying of vine fruit on the ground
in direct sunlight has been entirely abondoned in
favour of drying racks.' Constructed from tiers of
wire netting stretched between steel posts, the racks
measure 50 metres long by 1.25 metres wide, are
2.4 metres high, and are generally covered by an
iron roof 2.5 metres wide, and they are aligned in a
north-south direction.

The bunches of grapes are harvested by hand into
perforated metal boxes. When a number of boxes are
full, the grapes are immersed in a dilute emulsion
of a softening oil which promotes the loss of water
during drying. After draining, the fruit is laid out
on the wire racks and left for 8-10 days. Occasionally,
due to unseasonal weather, prolonged exposure on
the drying racks leads to serious deterioration of
the fruit, and on these occasions other methods of
drying have been suggested but so far nothing has
been found to compete with the low cost of drying on
tiered racks.

Although the physical factors involved in the
drying of grapes have been reported by Martin and
Stott (1) and a great deal of effort has been made
to develop dr~ing oils and other preliminary treat
ments, the design of racks has been purely empirical
and very little has been recorded about the source
of the energy for drying. The purpose of the experi
ments about to be described was to determine the
extent to which direct solar radiation contributed
to ~rying on. ra.cks and to examine t.he possibility
of either modifying the racks or replacmg them with.
some other form of solar heated air drier.

TRANSMISSION OF RADIATION
THROUGH THE SKINS OF GRAPES

The skins of sultana grapes were removed and
mounted in the light beam of a Hilger "Uvispeck"
spectrometer fitted with a tungsten light source. The
transmission of wavelengths typical of the solar
spectrum was measured for natural and emulsion
dipped grapes.

INTERNAL TEMPERATURES OF GRAPES

If grape skins are transparent, the absorption of
solar radiation by grapes should be accompanied by
a rise in temperature in the interior of the grapes.

* Commonwealth Scientific and Industrial Research Organiza
tion, Melbourne.
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cent efficiency, it was assumed that a temperature
of 7!)OC would be attained from an air inlet tempe
rature of 35°C and incident radiation at 750m.w/cms,

The grapes were loaded onto wire-mesh trays which
were arranged in tiers in the cabinet behind the
absorber. During daylight, warm air circulated
upwards through the finned solar heater and down
through the fruit on the trays. The moisture was
removed partly by condensation on the steel floor
of the drier and partly by the admission of fresh
air and release of humid air. Initially, it was intend
ed to rely only on natural convection, but this was
found to be impractical and a small electric fan
had to be installed to maintain the circulation of
the air.

Air driers with separate solar absorbers

These were essentially air driers with a solar
absorber to raise the air temperature before it was
passed over the drying fruit.

Because of the very large amount of air to be
heated, it was necessary for the solar absorber to be
very large and the cost very low. It was found that
this requirement could be met by making a simple
absorber of hessian (burlap) material painted with
black water emulsion paint. In the first pilot model,
the material was mounted over a shallow wooden
box measuring 2.5 m X 1.25 m. Air was drawn
through the blackened cloth at 7 m3 per minute
with an electric fan and then expelled through the
fruit which was arranged on wire trays in a series
of nesting boxes. The best results were obtained
with only a single layer of material.

A similar system of drying was installed on a much
larger scale alongside one of the conventional drying
racks which was covered with plastic curtains so that
it formed a drying chamber. In this case, the absorber
measured 15 by 17 metres and was constructed direct
lyon the ground. Posts were driven into the ground
and the jute cloth was supported on rails approxi
mately one metre above the ground. The sides of the
absorber were sealed with polythene sheet.

The solar energy absorber was connected to the
drying chamber by a short length of steel duct
containing an axial flow fan driven by a 2 kW
electric motor. Air was drawn from the solar energy
absorber at 338 m 3/minute and blown through
the drying chamber in a single pass. The loss of
moisture was checked by weighing a number of
trays of fruit at different positions in the drier.

Results and discussion

TRANSMISSION OF RADIATIO~
THROUGH TIlE SKINS OF GRAPES

The results of measurements made to determine
the transmission of wavelengths typical of solar
radiation through the skins of sultana grapes are
shown in table 1. For natural grapes and emulsion-

Table I. Tmnsmlsslon of lI~ht throullh the IIklnll
of sultanu llmpell

U'at'f!I"et". Mi4'()fU
J-: .....hie.. ~.\'.It,,.1 J,!'t<J

1.00 . 2.2 2.6
O.O.~ • R.ll 12.5
0.00. 26.7 37.4

Infrared
0.85. 30.3 (,5,4

0.82. 40.7 57.7
0.80. 30.11 117.2
0.76. 34.11 50.6
0.7-1. 30.0 H.2

0.70. 20.8 30.11

\
0.66. \l.1I 17.1
0.64. 8.7 12.8

Visible light
0.62. 11.1 0.2

I0.60. 4 ., 6.4
0.118. 2.8 4.2
0.116 . 1.8 2.8
0.1\5 . I.R

dipped grapes,' the maximum transmission was
obtained in the range 0.70 to 0.90 !L (i.e. short infra
red radiation) and the transmission of visible light
was apparently much less effective. The low values
for visible light could have been the result of excessive
scattering of light at the surface of the skin. It is
apparent that, even allowing only for the short
infrared radiation, which amounts to approximately
40 per cent of the radiant energy in sunlight, quite
substantial amounts of radiant energy must penetrate
to the interior of grapes exposed to direct sunlight.

Table 1 also shows that the treatment of grapes
with dipping emulsion has a very favourable effect
on the transmission of radiation, in addition to its
well known action of promoting the loss of moisture
through the skin.

I~TER~AL TEMPERATURE
OF GRAPES DURI~G DR\'I~G

The results of measurements of temperatures of
grapes exposed in the open air to direct sunlight are

Table 2. Temperatures Inside sultana ~rape!l

exposed without shading

S()/4,.ti~ ,\'1l1.,ol ~,.t< Di!,~4 cr.!" oh."
(~()tU$J ('C'} (·CJ t-ct

0600. IR.; 16.4 I!l.4
0700. ,,-" :l2.0 19.7..I .•

01100. 37.:l 35,4 32.6
1 100. 42.S 40.8 3;.0
1 :lOO. 44.0 42.0 3;.:l
1600. 46.4 40.1 39.0
1800. 42.0 39.; 3.U
I !lOO. 33.2 33.2 33.0

1 Dipping emulsion is 2.0 prr cent ethyl oleate and :Uj prf cent
potassium carbonate and a 5maIJ amount of synthetic drtrfl'rnt.
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Table 3. Temperatures inside sultana grapes on tiered racks

Temperature inside grapes
Air

Day Solar time temperature(hours) East Centre West t-ci
t-c) t-c) t-c,

1st. 0700 20.0 19.1 18.4 19.2
0.930 34.6 24.8 23.3 29.2
1 100 32.4 28.0 28.0 33.3
1200 30.2 29.8 29.8 35.B
1400 30.9 31.2 32.8 35.B
1500 32.6 33.0 40.2 35.(;
1600 32.4 32.0 38.8 35.4
1800 31.8 34.7 36.2 33.!l
2200 19.5 18.9 18.3 23.9

2nd .. 0600 19.7 20.2 17.9 22.0
0800 37.0 34.4 28.2 ss.n
1000 41.0 32.0 32.6 29.7
1200 34.6 35.2 36.0 37.2
1400 37.7
1600 37.8 38.3 45.0 39.0
1800 38.4 39.3 41.2 38.5

3rd. 0600 16.3 16.6 16.1 17.0
0800 28.4 26.7 20.7 22.4
1000 35.1 25.4 25.1 ee.e
1200 29.4 29.0 30.0 31.6
1400 33.4 33.6 35.0 34.1
1600 33.8 34.2 39.0 33.5
.1800 32.9 34.2 37.4 33.0

4th. 0900 30.2 23.2 20.2 22.4
1200 242 23.5 24.0 26.4
1400 26.4 26.2 28.4 27.5
1600 28.7 29.0 37.8 28.5

given in table 2. During most of the day, the temper
atures inside natural grapes increased to 6.0-8.0°C
above the ambient air temperatures and the rate
of drying was extremely slow. By contrast, the tem
peratures inside emulsion-dipped grapes was seldom
in excess of 4.0°C above ambient air temperature
due to the rapid loss of moisture.

Table 3 shows the temperatures inside the grapes
drying on tiered racks aligned north-south. The
grape temperatures show a rapid response to low
angle solar radiation in the early morning and late

bi t airafternoon and temperatures above the am ien, D . ili~temperature were observed on all levels. unng cl b
periods, the solar energy must have been ~bsorbe s J
the fruit and converted to heat at a rate m exces h
that required to provide for the latent heat for ~ e
evaporation of water and heat losses by convectIOn
to the air.

Towards the middle of the day, the mo".em~~;
of shade across the. tiers of fruit resulted lllb' nt
temperature inside the fruit falling below ~ l~ed
air temperature. Some of the solar energy a sor

Table 4. Rate of loss of water from dipped sultanas on a weighed drying rack

Solar Water evaporated per meter of rack
Date insolation

(lVls.cm.) Calculated kg. Observed kg.

20/2 . (195) 14.3 17.3
21/2 . 744 27.8 34.2
22/2 . 739 27.6 32.7
23/2. 755 28.2 37.2
24/2 . 750 28.0 28.6
25/2. 760 28.4 23.8
26/2. 694 25.4 14.1
27/2. 673 25.2 7.9
28/2 . 268 9.9 6.8
1/3. 604 22.6 1.5
2/3. 559 20.9 2.5
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Table 5. Rate of loss of water from dipped sultanas on a weighed drying rack

Solar Water evaporated per meter 01 rack
Date insolation

(W/s.cm.) Calculated kg. Observed kg.

16/3 . (327) 8.9 17.3
17/3 . 681 26.0 25.3
18/3 . 655 24.8 22.0
19/3 . 660 24.8 20.8
20/3 . 650 24.5 19.3
21/3 . 627 23.8 20.1
22/3 . 571 22.3 14.9
23/3. 491 18.4 4.9
24/3 . 397 14.6 6.7
25/3.
26/3. 1843 69.3 6.0
27/3 .

earlier as sensible heat was released as latent heat
of evaporation at this point. A similar situation
existed at night when a rapid fall in the ambient air
temperature freed solar energy stored up as sensible
heat during the late afternoon.

During the middle of the day, the onset of air
drying is clearly indicated by temperatures below
the ambient air temperatures. The latent heat required
for the evaporation of moisture was absorbed by
conduction from the air under conditions ideally
suited to air drying. By that time, the temperature
of the ground around the racks and the air tempe
rature has been raised to its maximum by strong solar
radiation from directly overhead, and the passage
of thermally generated gusts of wind through the
drying racks was quite frequent.

On the first day of drying, the grape temperature
was 6.0°C below ambient during the period of shading
at mid-day, but the temperature difference decreased
to 2.0°C below ambient as the fruit dried out during
the following days.

EFFECT OF SOLAR RADIATION ON THE DRYING RATE

Tables 4 and 5 show the results of observations
made on special weighing racks to compare ~he
rate of loss of moisture with the theoretical drying
rate based on the' assumptions of 100 per cent
conversion of radiation to heat inside the grapes.
Both sets of observations were made over a number

of days of very clear weather when the amount of
diffuse sky radiation would be comparatively small
and could be safely neglected.

Over the first six days of the drying cycle, when
the bulk of the water has to be removed from the
grapes, the observed rate of drying per unit length
of rack was very closely in agreement with the
ideal figures based on separate solar energy meas
urements and estimated shade angles. The solar
energy based figures were only exceeded in the first
series of results (table 4) where the fruit was picked
early in the harvest and was known to contain more
moisture than usual.

After six days, the drying rate decreased so
rapidly that the incident solar energy appeared to be
more than enough to account for all drying require
ments. One reason for the sharp decline in the rate
of drying at this point is that there is a rapid contrac
tion in volume of the grapes towards the end of
drying and this must result in a decrease in the
area of fruit available to intercept direct solar
radiation.

The close agreement between the solar energy
observations and the rate of evaporation from the
grapes on the tiered racks recalls a similar situation
which occurs when water evaporates from the free
water surface of a deep tank. It is now well known
that the mechanism of evaporation is a composite
effect depending both on solar radiation and heat

Table 6. Drying of dipped sultanas in a cabinet drier heated by an internal solar energy
absorber (1.5m2)

Per cent 01 wet wt.
Th. EO.Solar energy Air temp. Drier temp.

Date (W/cm') ('C) ('C) (%)
Drier Control

27/2 590 37· 47-53· 84 86 88

28/2 630 39· 45-57· 74 67 53

1/3 590 34· 41-54· 65 55 50

2/3 240 24· 60 48 75

3/3 570 25· 55 43 30

4/3 590 27· 39-42· 48 39 37
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Table 7. Drying of dipped sultanas in an ~ir drier heated by a solar
energy absorber (3.0m3 )

Per cent of wet wt.
Th, efl.Solar energy Air temp. Drier temp.

Date (Wlcm') ('C) ('C) (%)
Drier Control

27/2 590 37· 47-53· 69 73 61
28/2 630 39· 45-57· 52 55 31

1/3 590 34· 41-54· 39 40 25
2/3 240 24· 34 35 24
3/3 570 25· 31 30 G
4/3 590 27· 39-42· 28 23 6

derived from the air and that the total energy required
for the evaporation of the water is usually identical
with the calculated figure based on solar energy
uptake at 100 per cent efficiency.

While the present experiments have not proceeded
to the point where the quantitative measure can be
made of the contribution of these two sources of
energy to the drying of grapes on racks, the mecha
nism appears to be very similar to that controlling
evaporation from a free water surface. The rate

of loss of moisture from grapes on tiered racks can
therefore be rated as equivalent to the rate of evapora
tion from a rack operating on solar energy alone
at 100 per cent thermal efficiency.

FIELD TESTS OF SOLAR DRIERS

Table 6 shows the results of field trials with a
closed solar drier with the air heated by the absorp
tion of solar radiation on blackened metal surfaces

Table 8. Drying of sultanas in a large solar heated air drier (102m2)

Solar energy Max. air temp. Max. drier temp.
Per cent of wet wt.

Date
(W/cm'.) ('C) ('C)

Drier Control

27/2. 590 37· 41· 80 86
28/2. 630 39· 45· 63 67

1/3. 590 34· 41· 54 55
2/3. 240 24· n.d, 46 48
3/3. 570 25· n.d. 42 43
4/3. 590 27· 29· 35 39

protected by a single layer of glass. Although the
temperatures developed inside the drier were much
higher than the outside air temperature, the grapes
dried more slowly than the grapes on the tiered
racks and eventually became infected by moulds
and insect pests. This result was disappointing
because the working efficiency of the drier was
remarkably good in comparison with other solar
devices such as solar stills, and even comparable
with industrial drying equipment.

. . d ith smallTable 7 shows the results obtaine WI ad' d
air drying system in which the grapes were r:cd
in a strong stream of air which had been prehea de
by passing it through a solar energy abs<;>rbe: m:his
of blackened material. The rate of drymg In cd
equipment was almost identical with that obse~cn
on the open racks but the grapes remamed gr
until the completion of drying. bove

Table 8 shows the results obtained when tfe aOnce
idea was projected onto a very large sea e.

Table 9. The performanceofa 102 m 2 solar energy absorber
for heating air at the rate of 340 m 3/min

Solar time Air temp. Exit temp. Heat absorbed Solar energy n. eU.
(M"rs) ('C) ('C) (kW/hr) (kW/hr) (%J

1000 34.4 37.2 27 85 32
1 100 35.6 41.3 36 92 39
1200 36.7 41.9 35 94 37
1300 37.8 44.1 39 88 45
1400 38.4 39.5 42 74 57
1500 37.8 39.5 35 56 63
1600 . 38.4 42.8 28 35 80
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Table 10. C.ornparlllon of the cost of tunne] tlr)'lnl1 And nlllUrAI tlr)'/nl1"
(1111111: J" 10n!lInnul1l)

Co" ur ... '1.·nul .1'""" " .\·M.'~ .I" •• , .
tu'" r-n t.". JIlIJ f otl ,,,. ,.~ J,u.l-_._-_.. _._---,...---~.~ .. -- ... ---_.. _-

l s, J. c r. J.
Cartagc :! 0 o 10 0
Labour, Ii :! (I III 1'1 (I

Supplies I I 0 I 0 11

Power . .. 11 0
Fucl , K IU 11

Depreciation and maintenance III II 11 ... 0 0
Interest at 41 per cent per annum 7 III (I :! .. (I

TOTAL COST I'I:R TON "Rn:" 3!1 0 II III :! n

again the drying rate was very close to the rate
experienced on open tiered drying racks.

Table !l shows further details of the performance
of the large solar energy absorber used in these trials.
For an average rise in air temperature of 5°e, the
average thermal efficiency of the absorber was
50 per cent.

Table 10 shows itemized costs for producing one
ton of dried fruit on the tiered racks compared with
the costs for operating an oil fired tunnel drier.
Under Australian conditions, the system of rack
drying is not only more favourable economically but
yields a grade of dried fruit which is superior in
colour and flavour to the artificially dried product.

General conclusions

The vertical tiered rack, which has been developed
by the Australian dried fruit industry and which
operates partly by the absorption of direct radiation

and partly by natural air circulation, provides a
less expensive and more effective system of drying
than call be devised by making US(' of solar energy
absorbers and a supplementary source of power.

While the method is dependent on good weather.
the same limitation applies to other solar devices,
which would 1)\~ far less efficient and a great deal
more expensive to operate under unseasonal con
ditions.

PR,\CTlCAl. ,\rf'UC.HIO:-O;s

:\ drying system based on vertical tiered racks
aligned north and south may be well adapted to
drying other crops and materials, particularly in
arid areas and in under-developed countries where
materials and power arc expensive. The idea of
absorbing solar radiation Oil a stack of horizontal
absorbing surfaces is unusual and mav have manv
other fields of application, particul.ul)· in latitudes
which experience long periods of solar radiation at
very low angles.

References

I. ~larlin, H. J. L. and Slot!, G. I. .. .4"",,111,1" }""'''111 I'f.4 (,;("UII,111 Rtlf.'f(A.,,: U4· ..!\1I (llISil.

2. Hcrringlon. E. F. G. and Handler. Ho. }1'1I,,,aJ "f $(".,,"(" [,,,,,,,"'('''1s, :I.,: U4 (194'1.

3. Phillips, H. 0 .• Sunshine and Shade in .\u~trala.'ia. T"A,II(111 S,,,.2.,· U (D.D. :131. Common
wealth Experimental Iluildin)i Station. Sydney (lllSI).

Summary

The drying of agricultural products is one of the
oldest and most widely practised uses of solar energy.
Over the past 60 years, the Australian dried fruit
industry has been established on the basis of a system
of natural drying which is a considerable advance
on the ancient method of laying the fruit out on the
ground. Instead. the grapes arc hung on tiered wire
racks under the shelter of an iron roof. While it is
generally supposed that wind is the main agent of
drying, the shape. dimensions and rate of loading

of these racks succest that low angle solar radiation
may play a hitherto unsuspected part in the drying
prO('C'S~C'S.

In preliminary experiments, it was found that the
skins of grapes arc essentially transparent to the
short infrared radiation ill sunlight, particularly
after treatment with patent dipping emulsions.

Further evidence for the absorption of solar
radiation was obtained when the teml'rr.ltllf'C:". inside
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grapes were measured electrically by thermistor ele
ments inserted in the interior of grapes. When these
grapes were exposed to solar radiation in the open
air, temperatures of up to 8°C in excess of ambient
air temperatures were registered. By contrast, the
internal temperature of grapes shaded from the
sun was 2-6°C below ambient air temperatures.

In some further experiments, a full-scale replica
of a drying rack was constructed in such a way
that it could be suspended on large coil springs. The
loss of moisture from the fruit was measured by
adding water to a balance tank to maintain a constant
load on the springs during the experiment. The
quantity of water lost per day was found to be in
close agreement with the amount calculated from
solar energy measurements and shade angles, assum
ing that the absorption of direct radiation was
100 per cent efficient. This situation recalled the
evaporation of water from open storages where sun
and wind contribute to the rate of evaporation
and where the result is closely in agreement with
the radiation figure alone.

The performance of the tiered drying racks was
also compared with that of two types of artificial
driers employing solar absorbers to heat the air.
In one system, the grapes were dried in a closed
insulated chamber heated by an internal solar
energy absorber made of sheet metal fins under
a single layer of glass. In this drier, the temperature
exceeded 15°C above the ambient temperature and

the average thermal efficiency was 50 per cent.
However, the grapes dried more slowly than those
exposed on tiered racks under identical conditions,
and the quality of the final product was very poor.

This result prompted experiments with a second
type of drier in which a large volume of air was
preheated in a simple solar absorber made of jute
fabric. As a result of initial tests, a large-scale unit
capable of heating air at a rate of 330 ma/min. was
installed alongside of a drying rack which was
covered with plastic sheet to form a drying chamber.
This type of absorber heated the air 5-8°C above
the ambient temperature, and the thermal efficiency
of the absorber was 50 per cent. The rate of drying
was similar to that observed on the open tiered
racks under the same conditions, but the quality of
the product was not as good.

For grape drying, the system of tiered racks,
which operates partly by the absorption of s?lar
radiation directly and partly by natural air d~y~ng,

is particularly well adapted for clear sky conditions
in low rainfall areas and is more favourable than
drying chambers heated indirectly by solar energy.

With minor modifications, the system of .tiered
racks may prove to be well suited to the drymg of
other agricultural crops. The idea of using a stack
of horizontal surfaces as a solar energy absorber may
have other applications, particularly in high latitudes
where the low angle of the sun precludes the use
of other types of solar energy absorbers.

LE ROLE DE L'ENERGIE SOLAIRE DANS LE SECHAGE DES FRUITS

Resume

Le sechage des produits agricoles represents une
des utilisations les plus anciennes et les plus repandues
de I'energie solaire. Au cours de ces 60 dernieres
annees, l'industrie australienne des fruits secs s'est
etablie, puis s'est developpee, autour d'un systerne
de sechage naturel qui represente un progres marque
par rapport a. l'ancienne rnethode consistant a.
etaler les fruits sur le terrain. Les raisins sont mis
sur des claies etagees en fils metalliqnas, a. l'abri
d'une toiture en fer. Bien que l'on admette de maniere
generale que c'est le vent qui est l'agent de sechage
principal, la forme, les dimensions et le degre de
charge de ces claies donnent a. penser que le rayonne
ment solaire aux faibles angles d'incidence joue
peut-etre un role que l'on ne soupconnait pas jusqu'a
present dans le processus du sechage,

On a trouve, au cours dexperiences preliminaires,
que la peau des raisins est essentiellement transpa

.rente vis-a-vis du rayonnement infrarouge le plus
court de la lumiere solaire, particulierernant apres
traitement par immersion dans des solutions speciales.

On a pu demontrer l'absorption du rayonnement
solaire avec plus de clarte en mesurant la tempera
ture a I'interieur des raisins par un precede elec-

trique utilisant des resistances variables en fonction
de la temperature qui sont introduites dans la maSSe

de ces raisins. Quand ils furent exposes au ray?n~~:
merit solaire a. l'air libre, on enregistra des temperf. ir
res gui depassaient parfois d~ 8 °C .cel~e. dee Jes
ambiant, En revanche, la temperatu~e lllte;leu~l de
raisins abrites du soleil etait infeneure a ce e
l'air ambiant de 2 a. 6°.

P · , . ulterieures,our les besoins de quelques expenences d'une
on .realisa une maquette en grandeur ~aturel~~l etait
claie de sechage, faite de telle mamere q~~oudin.
possible de la suspendre par de gros res~orts~ fruits
On mesura le degre de deshydratatlOn es ation
en ajoutant de l'eau a. un reservoir de compenstante
qui servait amaintenir la charge des ressorts conbsserva

d ' I' On 0pen ant toute la duree de 1 expenencs- espon-
que la quantite d'eau perdue chaque J~ur, corralcuree
dait tres sensiblement a celle qui a,:"alt et~ c angles
a. partir des mesures de l' energie solalre e~ ~~ bsorP
d'ombre, en admettant que le rendement ~O ~ 100.
tion du rayonnement direct eta~t de ~ te' pour
Cette situation rappelait celle qui se prese; pour
l'evaporation de l'eau des citerne~ ouver :s~egill1e
lesquelles le solei! et le vent contnbuent a
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d'ev.: poration, donnant des resultats proches de ceux
qu'ir.diquerait le seul chiffre du rayonnement.

L·" comporternent des claies de sechage ctagees
fut c':"llement compare a celui de sechoirs artificiels
de (:'~ux types, qui emploient des absorbeurs
d'en- 19ie solaire pour chauffer l'air. Dans l'un de
ces ,lispositifs, les raisins sont seches dans une
encc.: ite ferrnee isolee, chauffee par un absorbeur
inte: :"Hr d'energie solaire constitue par des ailettes
en t(\~s logees sous une seule couche de verre. La
temperature regnant dans ce sechoir depassait celle
du milieu de 15 QC et le rendement thermique moyen
etair .le 50 p. 100. I1 est a observer toutefois que les
raisins sechaient plus lentement que ceux qui etaient
exposes sur des claies etagees dans des conditions
ident iques, et que la qualite du produit ainsi realise
etait tort mauvaise.

Ce.. resultats ont suggere la realisation d'experien
ces .ivec un sechoir d'un autre type, dans lequel
on I" echauffait une masse d'air considerable dans
un :.\ l-sorbeur solaire simple en tissu de jute. A la
suite des premiers essais, on installa une unite a
grar (8 echelle, capable de chauffer I'air a raison
de :;::,.) m3/min., le long d'une claie de sechage recou-

verte d'une plaque en matiere plastique, de maniere
a constituer une enceinte de sechage. Ce rnodele
d'absorbcur permit de porter l'air a une tempe
rature de 5 a 8 QC au-dessus de I'ambiante, et son
rendement thcrrnique, en tant qu'absorbcur, s'eta
blissait a 50 p. 100. Le regime de sechagc eta it tres
voisin de celui que l'on peut observer avec les claies
exposces al'air libre dans les memos conditions, mais
la qualite du produit restait loin d'etre aussi bonne,

Pour le sechage des raisins, le systerne de claies
etagees faisant partiellerncnt appel a l'absorption
directe du rayonnement solaire, ainsi, par aillcurs,
qu'au sechage a l'air libre, se prete particulierement
bien aux pays ou les cieux sont clairs et la precipi
tation reduite, s'averant superieur aux enceintes
de sechage a chauffage indirect par l'energie solaire.

Avec de legeres modifications, le systeme des
claies etagees peut s'averer tres approprie pour le
sechage d'autres produits agricoles. L'idee d'ernployer
une pile de surfaces horizontales comme absorbeur
d'energie solaire peut recevoir d'autres applications,
particulierernent aux latitudes elevees, OTi le faihle
angle d'incidence des rayons du soleiI exclut l'emploi
d'autres types d'absorbeurs d'energic solaire.
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USE OF SOLAR ENERGY FOR HEATING PURPOSES: SOLAR COOI(ING

George O. G. LoJ *

Heating materials to boiling temperature. 20 per cent
Convection losses from vessel. . :' ., . 45 per cent
Vaporization of water. . . . . . '. . . 35 per cent

in the time required for cooking similar quantities
of food on cookers having various heat supply
capacities are due mainly to the dillerent durations
of the heating-up periods. Thus cookers of low and
high heat supply rates may not show large differences
in the time required for foods which must be cooked
several hours.

The largest of the heat losses in cooking is usually
the heat consumed in vaporizing water present in
the food or added for cooking - nearly 600 cal per
kg or 1050 btu per pound. Next in importance are
convection losses from utensils and oven walls.
If the energy source has limited r.rpacity, control
of these losses by use of covers on utensils, insulation
on cooking chambers (ovens), and other me~ns
becomes important. Estimating an hourly convectIon
loss (outdoors), at boiling water temperature, of
about 600 btu per sq It of utensil, and a surface area
of 0.5 sq ft per pound of container contents, the
energy input for 1 hour of food boiling, if one-f~urt!1
of the water present is vaporized, would be dIstri
buted roughly as follows:

Although variation in the assumed conditions
would materially alter this distribution, the ~gur~
would still show that most of the heat supphed In
long-duration cooking is dissipated.

The great majority of family cooking throughout
the world is done either in a utensil heated from
below, usually by direct fire, or in an oven-~YId
enclosure supplied with hot air from a self-contal~e
or separate fuel-burning chamber. Most cook~ng
~nvolving boiling, stewing, frying and liquid heatl~?
m general is by means of direct fire from belo cl
whereas baking and roasting are usually performf

e
. . d or
m ovens. Actual food temperatures reqUire 1
most cooking do not vary widely, beca~se t 1:
presence of water in all foods limits their own tern;
rature to about the boiling point of water. de
temperature of the heat supply, however, dep~n ~
greatly on the foods and the type of cooking. DlreC
fire involves temperatures of a thousand degrc~~~
~md a very high thermal gradient therefore"pre~~\
m the usual surface type cooking, thus ~ak~ng h~
heat transfer rates possible. Oven-cookmg l11V'I at
air temperatures of only 200° to 250°C, ~o the il~5
transfer rates are lower and longer cookmg per., f king.
are generally required. In nearly all types 0 coO ture
therefore, even though the maximum tempera

304

General principles

A solar cooker is a solar energy exchanger designed
speci.fi~ally t? deliver heat to foods, for the purpose
of raIsmg their temperature and causing the chemical
changes associated with the process of cooking.
In supplying the required energy, the solar cooker
supplements, and to a greater or less extent replaces
conventional fuels. In under-developed areas of th~
world, some of these fuels are wood kerosene
charcoal, dried an~mal dung, agricultural refuse:
and other combustible materials. The use of solar
cooker~ c~n thu~ serve .two important purposes:
reduction m family cooking costs by decreasing the
need for purchase or collection of fuel and conser
vation of fuels for other uses, such as fertilizer in the
case of dung, forest protection and erosion reduction
in the saving of wood and charcoal.

AI~hough there are almost countless ways of
cooking foods, s~me of the 1?~incipal methods may
be usefully outhned. In boiling and frying heat
is transfe~red to. the solid food from the heated iiquid,
whereas m bakl.ng and roasting, heat is transferred
both by convection from the surrounding hot air and
sometimes by radiation from hot surfaces. In all of
these processes, the food must first be raised to
"cooking temperature", and then it must be main
tainec;I at this tem~erature.for a period sufficient for
eff~ctIng the softening, drying, decomposing, coagu
lating, separating, concentrating, or other change
required. The 9uantities of h~at necessary for most
?f thes~ physical and chemical changes involved
m cooking are small. That is, the chemical heats
of ~eaction. or conversion are unimportant in com
panson With the heat for increasing the food's
~emper~ture and the heat losses normally occurring
m cooking.

Most foods contain a high proportion of water
and heating them to cooking temperatures requires
nearly 1 cal per kg per °C (or 1 btu per pound
per OF). ~he higher the heat input rate to the food
and contam~r (and to any additional cooking liquid),
the faster will the food be heated to cooking tempe
rature. Then, except where water vaporization is a
nec~ssary part of the cooking process, as in bread
baking, the speed of cooking is practically indepen
dent of heat rate as long as the temperature is
maintained by a heat input rate equal to the thermal
losses. It IS therefore generally true that differences

* Consulting Chemical Engineer, Denver, Colorado; also.
Research Associate. University of Wisconsin, and Resources
for the Future, Inc.
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of 1"I' food does not exceed IOlIoC, it is necessary to
I'll "llle a h~at s~lIIrce at a considerably high('r
tr-u , -rature If satisfactory cooking rates are to be
ob (" i u-d,

;\ further consideration in the substitution of
sol.i energy for fuel in cooking facilities is the
CUSI, '!lIary energy supply rate. Although it is obvions
that most of. the energy is not usefully employed
alld I hat. savings ~ould be made hy insulation and
cvu: "r'.ltlon reduction, cooking habits must he reek
Ollt' . with. I'~ence, in so far as practical, a solar cooker
shot ,d provide a heat supply rate equivalent to that
COII1.1IOnly used. Surface cooking units, using electric
or I ''; supply, may average about I kW capacity,
a r :,' capable of heating 2 litres of water to the
boil:.g point in about 10 minutes. Automatic ovens
Io: ! 'lIlily baking and roasting (in the United States)
hav: ('ner.!;y supply rates of 2 to .. kW, but on
an.' ;\len!lItlent, thermostatically-controlled schedule
whl.,': might place the average consumption at about
I h.', v • It would appear that for performance fully
cqu: .nlcnt to fuel cookers, a solar unit should deliver
a!)(', t 1 kW to the cooking vessel. If this is not done,
eltl,'r.l~nger cooking times must be accepted, smaller
qu.i., t ities of food must be used, or heat conscrva
tio: practic~s must. be established. At sn per cent
sol»: collection efficiency, a solar reflector of about
2 S'i m (20 sq Et) would be required for fully compar
abl heating rates.

'I ue foregoing cooking principles and practices
she ." that a practical solar cooker must be able
to (l,-jiver to the food an adequate quantity of heat,
within a reasonable time, at temperatures ranging
from near ambient to about 200°C. To reach the
middle and upper temperature ranges, solar concen
trating devices must be used. Equipment design
ha.s evolved along two lines, the distinction being
prirnarily in the manner by which concentration
IS achieved and the degree to which it is used. The
fOCI/sing or direct type cooker uses a reflector to
concentrate beam radiation onto the food or onto
a cooking vessel in which the food is cooked. Solar
energy is intensified by a factor typically in the
range of 20 to 100 and is effectively equivalent to
an open fire as a source of energy for cooking. The
Ot'C11 type cooker is an insulated box with a transpa
rent window on the side exposed to the sun. Addition
al radiation reflected into the window hy flat reflect
o.rs arranged around it results in a solar intensifica
tion factor of 2 to 4. It is essentially the equivalent
of a fuel-fired oven. Combinations of the principal
feat,lITes of these two basic types have also been
devised. In the following paragraphs, the charac
teristics of these types of solar cookers arc outlined,
and their use in cooking various foods is described.
The importance of some of the sociological factors
It1 solar cooker use is briefly mentioned.

As with all solar energy devices, the pl:rformance
of solar cookers may be quantitatively evaluated
by consideration of energy balances on the system.
!he energy required for a specific cooking operation
IS not always well defined, however, and may vary

widely \\·.ith tlu- cooking methods used, ('.g., whether
(:val.~)ratlve l()s~es.an' c~lIlt.r~lllel.1 hy a. cover on a
cooking v~·s.sel. Ihis variubiliry m rooklllg method»
and conditions makes it dt·sirahl(· to Il;\~' solar
cooker evaluation on measurements of net rate of
heat delivery to the food or its container. as \\'1'11
as on the time required for cooking a known quantity
of .food. The ,Papers of this session report (~nl'rgy

dc1.I\,(,~Y data 111 terms of watts, or lu-at ('nl'rgy II('r
1ItHt time, at some useful temperature rangl', and
also terms of time required to cook certain quantities
of foods. ~Iost of the solar cookers lkscrill('d are
desi/.;Ill'd to be reasonably equivalent to the other
cooking methods they would replace, hut usually
of lower capacity.

The economic problems of using solar energy
on a household scale arc even more complex than
those of larger scale use. Present costs of household
fuel, in terms of cash, mav be nil in the under-devel
oped countries, because o( the widespread list' of wood
and waste materials collected bv the individual users.
Equivalent to cash expenditures, however, is the
value of the time used in gathering fuel and the
economic losses due to deforestation and soil depic
tion resulting from excessive wood cutting and failure
to fertilize the soil. Another economic problem is
the poverty of the people who would be benefited
most by the solar cookers hut who arc unable 10
make the initial outlay for purchasing the units. It is
also true that in many areas of potential application,
loans to individuals for household purchases are
difficult and interest rates are very high. These
factors have led most of the workers in this field
to the conclusion that if solar cookers arc to he of
widespread significance, thcv must he low in cost,
serviceable, and partly or completely of local manu
facture.

The principal requirements for a solar cooker to
be successful in a developing area can be summarized
as follows:

(a) The unit must cook foods effectively and
therefore it 111Ust be technologically satisfactory.
This requires that it be capable of providing a suffi
dent energy rate, at the needed temperature, to the
desired quantity of food.

(b) It must be sturdy enough to withstand rough
handling and use, and to resist damage hy natural
hazards such as wind, for the dcsircd lifetime.

(c) It must be sociologically acceptable and (It
in with the cooking and eating habits of the people.

(d) It must be economically possible for the user
to ohtain a cooker at a cost which saves him money.

Solar cooker characterlsttcs

Three of the sewn papers of this session concern
designs and me of focusing cookers (~I:.!"; ~i8i;

~!lOn). Two papers involve solar owns (~/i.l;

SjlOl). Comparative studies of heat delivery rates
with hoth types arc reported (~/I 16). and a cooker
t!esiglwd to combine the hest features of own .11111
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focusing systems is described (5/110). Results of
field studies concerned with the practical daily
use of a solar cooker are reported in 5/87. All but
one of the six cookers discussed have been built
and tested.

In table 1, this rapporteur has attempted to outline
the essential features of the six types of solar cookers
discussed in the papers submitted to the United Na
tions Conference. In so far as possible, the tabulated
data have been obtained directly from statements or
figures in the papers, or they have been computed
from such factual information. Some of the features,
however, have required judgment and interpretation
by the rapporteur, and are so indicated in the table.
In certain instances, items have been omitted because
of insufficient data in the papers.

Several previously developed focusing cooker
variations are not represented in the contributions
to this Conference. No additional information has
been presented on the cookers employing the spun
aluminum reflectors developed in India, the seg
mented aluminum paraboloid of Tarcici, conical
reflectors of silvered glass developed in Japan,
and a small, two-sectioned metallized plastic reflector
(United States). However, the coverage here is
remarkably good, including probably all of the
recent significant cooker developments. The table
contains data on a wide variety of cooker types,
for most of which quantitative studies are reported.

It is interesting to observe that all of the cookers
described in the Conference papers are different.
Even the reflector materials differ from each other
in almost every case. Of the practical cookers actually
built, the solar collection areas vary from 0.36 m2

to 1.07 m2• A threefold range of solar energy collec
tion is therefore covered. There is not much difference
in the maximum size of vessel which can be heated
in the various cookers, except for the' combination
reflector-oven of Prata which is large enough for
two vessels. The solar intensification factor (concen
tration ratio averaged over the entire area of the
receiving surface) varies from about 3 in the solar
ovens to above 30 in the focusing paraboloid de
scribed in paper 5/87.

Probably the most significant measure of solar
cooker performance is the "effective cooking power"
shown in the table in kilowatts. The tabulated values
have been obtained by converting the authors'
data on water heating or other use to these units.
The figures refer to the rate of energy delivery to
the cooking vessel and its contents under clear sky,
average weather conditions. These values are seen
to vary from about 0.15 kilowatt for the solar oven
of Telkes and Andrassy (5/101) and the reflector
oven combination of Prata (5/110), to 0.4 to 0.5 kilo
watt for the focusing paraboloid of Duffie, Lof,
and Beck (5/87). The folding cooker described by
Lof and Fester (S/100) has a power output slightly
below the latter, in the 0.25 to 0.4 kilowatt range.
Tests by the FAO (5/116) "generally confirm these
capacities, but )Jecause of less than idea~ solar
conditions, maximum outputs, of 0.12 kilowatt

(5/101) and 0.38 kilowatt (5/87) wet measured. The
computed or measured periods req-iired (based on
authors' data) for heating one litn of water from
room temperature to the boiling point are also
shown in the table. These vary from about fifteen
minutes for the rigid plastic paral oloid (5/87) to
one-half hour for the solar oven ("/101). By com
parison, the normal heating time o. a wood fire or
a kerosene burner should be five t, ten minutes.

Appraisal of the quantity of foe" i. which can be
cooked with each of these units is , IJt readily made
from the data presented. In the ov E type cookers,
the limiting factor is the volume of tl., oven enclosure.
The combination unit of Prata cl ~ .pears to have
the highest internal volume and ,: designed for
simultaneous use of two cooking vel -els. In the cas.e
of the focusing cookers, quantities -ire limited pn
marily by the area of the pot sup-vort and by the
rigidity of the frame members su pp 'ning t~e ~es~el.
In all of the units, there is a pt;, tical lImItatIOn
imposed by the' maximum accept :;)e duration, of
the cooking operation. The great< c the. quantity.
the longer is the period for heating t- cookmg tempe
rature. Also, with the focusing cook-rs, rate of l:eat
loss from the walls of the vessel to ,he surroundmgs
places a practical limit on the total exposed surface
of the cooking vessel. All factors considered, ho~ever,
it appears to this rapporteur that t he approx~mate
maximum quantities of food which can b~ practIcally
cooked on these units vary from two kIlograms to
four kilograms as shown in the table; the smallest
quantity is associated with the folding umbr~lla
type cooker (5/100) and the largest WIth.t~e combI~:'
tion unit of Prata (5/110) and the ~IgId focUSI 1
unit (5/87). The solar oven with a wmdow area.~
0.19 m2 (5/101) appears to have a normal ~~pac~!e
of about 3 kilograms. Most of these capacItI~S it
adequate for a family meal, but the one-dish [irm k.
tion on all but the combination unit is a dr~wbac ;
Sectional cooking vessels could be used If m?fs
than one food were to be cooked on the other uni l.
or several small utensils might be usable. In gene~~y
it is felt that the units have adequate c~pacme
for cooking simple meals for the average low-mco

family.
" t b'lity of

The table shows that weight and par a I kilo-
the units vary considerably, from about thre~reJla_
grams (and small collapsed volume) for the umasonry
type (5/100) to hundreds of kilograms for t~e.~ focus
reflector proposed by Stam (5/24). The rigi kilo
ing unit (5/87) has a total weight of about ten bina
grams, and the large oven (S/101) and the ~omrams.
tion unit (5/110) weigh fifteen to twenty kI1O~paet
For some types of use, portability and c~ most
storage are desirable features, whereas fo ooker
applications, permanent placement of the ~dents
is satisfactory. Damage by weather an? acc

ust be
is likely to be greater for the cookers WhICh md the
permanently exposed to the atmosphere ~1 refore
sun. The durability of the various cookers Jleas on
depends ori the amount of exposure as we

h
units

usage and construction features. Most of t e



Table 1. Solar cooker characteristics

United Nations paper No ..
Authors ...
Cooker type. . .
Reflector type. .
Rc flector material

Reflector dimensions
Effective solar collection area
Reflector focal length
Oven window

Cooking area
Effective solar intensification
~linimum time required to heat onc

litre of water 20·C to 100·C. . .

Effective cooking power, k\V . . .

Food cooking performance
Approximate weight, kg .
Thermal storage considered
Total cooking capacity

Portability . . . . .
Xced for positioning during cooking

Suitability for baking and roasting.
Suitability for stewing and frying
Durability . . . . . . . . .
Use of native materials. . . .
Full scale cookers constructed arul

tested . . • .
Field testing
Commercial sale. . .
Approx. cost or price.

S/24
Stam
:If Focusing
# Spherical
# Aluminum foil on

concrete or plaster

0.22 m dia # 4.5 m
0.04 m2 # _ 10 m 2

:If 225 cm radius

:j:\: (2) 30 cm dia •
# -50·

nr

nr

nr
:j:\: Hundreds
# Yes
nr

# None
# ~Iodl'rate •

# Fair·
# Good·
nr
:It Good •

No
No
No
nr

5/87
Duffie, r.er, Beck
Focusing
Paraboloid
Alurninized "l\1ylar"

plastic film on
polystyrene shell

1.22 m dia
1.07 m 2

46 cm

- 20 cm dia
-34

15 min
15 min a.
(minimum)
0.4-0.5
0.28 ave a.
0.38 max a.
Good
10
No
- 4 kg·

Good •
Frequent

(15-30 min]

Poor •
Good •
Good •
Fair •

Hundreds
Extensive
No
Sill (factory)

5/100
Lof, Fester
Focusing
Parabolicumbrella
Aluminized "Mylar"

laminated to fab
ric, on umbrella
frame

1.17 m dia
1.02 m2

46 cm

- 23 cm sq
- 20

22 min

0.25-0.4

Good
3
No
_ 2 kg >

Excellent •
Frequent

(15-30 min)
Poor •
Good •
Fair •
Fair •

See below
See below
Hundreds
S30 (retail)

5/75 5/101 5/110
Abou-Hussein Telkes, Andrassy Prata
Oven Oven . Combination
Internal flat planes External flat planes Parabolic cylinder
Polished aluminum Anodized aluminum Nickel-plated brass

sheets sheets (coated sheet (nickel-pla-
aluminum foil #) ted aluminum #)

(4) 1288 cm 2 (4) 43 cm sq (2) 0.5 m x 0.8 m
0.36 m 2 0.56 m 2 0.74 m 2

- 1.05 m
0.36 m 2 double glass 0.19 m 2 0.06 m 2

double glass single glass

I~-20 cm sq • - 25 cm sq • 20 cm X 50 cm •
- 3· - 3· -." 12 • .,

10

nr - 30 min 26 min • lia 46 min
(minimum)

nr 0.15-0.2 • 0.15-0.25 •
0.10 ave a.
0.12 max a C)

nr Good Good .?:-nr -." 20 • 12·18 a-
Yes Yes Xo ~
nr -3 kg· _4 kg· --

(2 vessels)
Good· Good • Fair·

J~Occasional Occasional Moderate
(30-60 min) (30-60 min) (25 min)

Good· Good· Good •
Fair • Fair • Fair •
Very good • Very good • Good •
Fair • Fair • Fair •

:If Good •
Yes Yes y~-s

No Some Xo
:-10 Xo Xo
nr nr - S35

(factory)

• I'AO 1,'15 (I'0l""r S/1I0).
"It Proposed.
• karportrur's computation or nthnatc.

nr Sot reported•
- Approximately,

CH
<:>
--J
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appear to have reasonably "good" durability (several
years), the oven types probably being best in this
regard. The folding umbrella-type is not considered
as durable as the others in its present form.

Of the two principal cooker types, solar ovens
appear better adapted to the use of thermal storage
materials, besides having higher intrinsic storage
capacity for keeping foods warm and permitting
the extension of cooking a short time after sundown
and during short (a few minutes) cloudy periods.
In the experiments of Abou-Hussein (5/75), about
one-half hour was required to increase the tempe
rature of an empty oven from 150°C to 218°C in
clear sunlight. When shaded from the sun, six or
seven minutes were required for the unit to cool.

. to 150°C. The cooker was still warm (80°C) three
quarters of an hour later. Although these tests
were made with an empty oven, they show that
short periods of cloudiness could be tolerated without
greatly extending the cooking time for foods; the
unit is also useful for keeping foods warm after
cooking.

Augmented heat storage by use of heat-of-fusion
and heat-of-transition materials was considered
in papers 5/75, 5/101, and 5/24. Telkes and Andrassy
(5/101) have compared the heat storage capacities
of several materials in the 300° to 400°F (150° to
200°C range). A mixture of alkali nitrates provides
heat-of-fusion storage at 150° to 160°C, and mixtures
of anhydrous alkaline sulphates undergo a solid
phase transition between 191°C and 239°C, with
a latent heat effect of about 60 calories per gram. An
o,:en co~taining about 3 kilograms of the sulphate
mixture III the form of a flat-bottom slab is described
in this paper. Unless used primarily for storage
during preheating of empty ovens, however, the
alkali sulphate mixtures appear to have unusably
high transition temperatures, because solar ovens
seldom reach these levels during cooking.

Stam (5/24) has suggested the, use of hydrated
magnesium chloride (melting point 117°C) and
magnesium palmitate (melting point 121°C) as
heat storage materials in specially shaped vessels
supported at the focus of the large spherical reflector
proposed. He has discussed the use of a total quantity
of 40 litres for effective storage and subsequent
cooking. Tests with these materials are not reported,
however, and this rapporteur suggests the possibility
that these storage temperatures are not adequate
for most types of cooking; even for boiling, the
temperature driving force would be very small.

The whole subject of thermal storage for cooking
appears to need further consideration. It is possible
that focusing cookers could be used with some type
of storage container to accumulate heat during
most of the day, subsequent use then being made
for evening cooking. The development and use
of cheap, harmless, and dependable materials having
high thermal capacity, moderate weight, and adap
tability to cooker designs might greatly extend
the potential of solar cooking in parts of the
world.

The comparatively small focal zone of a parabolic
reflector dictates the need for periodic movement of
a focusing cooker if maximum heal delivery to the
bottom of the cooking vessel is tu be maintained,
The frequency of adjustment depends on the time
of day the cooker is used, the season of the year,
and the size of the cooking vessel. On the average,
however, small adjustment in the position of the
reflector should be made at interv .ils ranging from
15 to 30 minutes. The table shows that oven-type
cookers require less reposition, '-'I;, satisfactory
operation being obtained at adjust ,11I:nt frequencies
of 30 to 60 minutes. The combinai "m unit appears
to require orientation at about tl» same intervals
as the focusing type. Utensil adju-t ments required
with the spherical unit proposed ' . Stam are not
discussed, but these would probar y be somewhat
less frequent than with the paraboric type.

Durability of the various cor.kcrs cannot be
readily appraised at this time because of inadequate
data. The general characteristics 01 the construction
materials and their assembly indico ", however, that
the ovens should have excellent durability; the
rigid parabolic cookers, if well made, should have
good life, and the light-weight umbrella-type woul,d
probably be less durable than tL:: others. This
rapporteur believes that the durability of all these
cookers could be made satisfactory by devotion of
attention to this requirement.

'In general,' the ovens are best snited to bak~ng
and roasting, whereas the surface cookers e~ploy1Dg
focusing reflectors are best suited to stewmg and
frying. These uses correspond, of course, to th.ose
ordinarily involved in common kitchen prac,t~ce,

It is true that the ovens can also be used for boiling
and frying and that the focusing type can be used
for baking, provided that a small oven is placed at
the focal support. The ideal uses, however, are as
indicated in the table.

For applications in under-developed coun~~~,
where import of manufactured goods is often lb'
cult, the 9uestion of whether solar co.okers ca~ lse
locally built, particularly by use of native matena ,
becomes important. None of the cookers app~ar
to be ideally suited in this regard. All types r~qx~:~
at least some components or materials from m .
t . l' d' . . th countnes
ria ize countnes or from factones III e 11' d

concerned. The focusing types involve meta ized
plastic films molded plastic reflector shells, anr

' . lassOshaped metal components. Ovens reqUIre g. bIy)
plastic films, polished aluminum, and (deSI~1 of
sheet metal for the oven box..Fortunate~y, striaI
these cookers could' be made III small indu nts
establishments, using locallabor and varIOUS arn~~a1D
of native materials. If the unit proposed bl and
should prove practical, nearly all of the. la °These
materials could be individually supplled. t the
factors affect cooker cost, and it is clear t~skills
maximum utilization of local components an
is desirable. 'ng

. . f the focuslOf the SIX cookers descnbed, tW? 0 dreds.
types have been built in quantities of hun
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Numerous solar ovens of several varieties have
been constructed, but quantities are not stated.
At least one of the combination cookers of Prata
has been constructed, but only two small models
of the large Stam spherical cooker have been built,
and heat delivery tests on the very small 22 cm
diameter reflector only have been reported. The
table shows that five cookers described in the Con
ference papers have actually been tested. Only
one unit, the rigid paraboloid cooker (S/87),has
received extensive field evaluation; the results of
several years testing under known technical and
social conditions are reported. Another cooker, the
folding umbrella-type (5/100) has received commercial
sale in quantities of several hundred, largely for
outdoor recreational use in the United States. The
solar oven (5/101) is stated to have been field tested
and exhibited, but data are not reported. From the
information available to this rapporteur, extended
use of solar cooking by numerous low-income families
appears to have been limited to the rigid plastic
focusing cooker described in paper 5187.

Several optimistic estimates of solar cooker costs
have been made in the past, but most of these figures
have been based on inadequate' experience with
fabrication requirements. Among :the contributions
to this Conference, however, the three costs shown
in the table appear to be based on sound information.
The two parabolic types are in the same cost range,
model three of the rigid plastic 'paraboloid (5/87)
having an estimated factory price of $16 (medium
quantity production) and the folding umbrella-type
(5/100) having a published retail selling price of
$30 (small quantity production). Considering the
customary wholesale and retail selling costs and
profits, the factory price of the umbrella-type should
be roughly comparable with the rigid paraboloid
type. The third figure is an estimated $35 factory
cost for the combination focusing oven type (5/110).
It should be recognized, however, that this estimate
is based on laboratory models whereas the other two
are based on hundreds of cookers already made.
The $35 price may therefore be mqre uncertain than
the others, and it is possible that it 'might be reduced
by modifications in design, materials, and fabrica
tion methods. Previously published figures on the
costs of other solar cookers include $14 to $17 for
the solar cooker developed in India, $69 retail
price for the collapsible paraboloid cooker of Tarcici,
$25 for the "solar-chef", a small collapsible focusing
type, and $4 for a two-foot diameter conical alumi
nized-paper reflector delivering heat to a small pan.
This rapporteur has not seen any results of cooking
with the "solar-chef" nor with the last mentioned
cooker above but the low rate of heat delivery
to the food, below lOO-watts, raises the question of
the effectiveness of these units.

Further comments on individual papers

The foregoing table and discussion on the six
solar cookers described in the Conference papers

include most of the important characteristics, but
a number of significant factors can be more fully
and clearly presented by consideration of individual
papers.

FOCUSING COOKERS

Paper SI24 by H. Slam

Although three types of cookers are discussed by
. the author, most of the paper deals with a proposed
spherical concrete or plaster reflector of ten meters
diameter. The cooking vessels would be suspended
from overhead supports and periodically adjusted
to the changing focal position. Other uses for the
reflector would be in heating relatively large volumes
of thermal storage materials for subsequent use in
the warming of rooms on cold nights. The large focal
area of a spherical reflector might permit simul
taneous heating of separate cooking and heat storage
vessels,

The author apparently feels that about 400 kilo
calories of heat must be provided for cooking the
evening meal. This is equivalent to 310 watts for
one and one-half hour. With a heat of fusion of
40 kilocalories per litre, 10 litres of heat storage
medium would be required for adequate heat delivery
after sundown. But with a possible six hours between
the heat storing process and the use of the heat for
cooking, 40 litres of heat storage material should
be provided to overcome losses and to supply heat
when needed.

A considerable portion of the paper deals with
cooking requirements, such as temperatures for
various foods, sizes of kitchen utensils for families,
and heat losses from cooking vessels. It is the author's
opinion that the cookers previously developed and
those which are the subjects of other papers at this
Conference do not have adequate capacity for the
required use. It is his belief that the unit should
satisfy even the very largest household requirements.

It must be realized that the paper is based on a
proposed design and structure, and that no prototype
has been built or tested. (A small reflector twenty
two centimeters in diameter was used in measure
ments of the rate of heating a few cubic centimeters
of oil and water). Accordingly, the effectiveness
and feasibility of such a cooker have not been demon
strated. This rapporteur calls attention to the consid
erable difficulty of producing a smooth surface in
concrete or plaster for such a large reflector, even
by very skilled workers. The problems of maintain
ing high reflectivity on such a surface are exception
ally formidable. In appraising the merits of the
design, knowledge of performance and construction
cost would be essential. This rapporteur concedes
the desirability of a large cooking capacity. but
unless it can be shown that such capacity is obtainable
at modest expense, the demonstrated utility of the
smaller cookers in the preparation of a family meal
appears to outweigh the author's argument.

Two other cooker designs have been suggested
by the author. The first of these is an eccentric
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plaster paraboloid supported by the rim of a hole
dug in the ground. The reflector would be about
1.6 meter diameter and the cooking vessel would
be supported on a small tripod standing in the cooker
shell. The unit could be turned and tilted occasion
ally to follow the sun. A reflective lining of al~minum
foil has been suggested. Another proposal involves
a parabolic cylinder on a north-south axis, rotated
slowly by an hour-glass device to follow the sun.
Some type of heat transfer fluid would be circulated
through the hot tube to an insulated storage vessel.
The heated fluid could then be subsequently used
for cooking or other purposes.

The author suggests the need for local fabrication
of such equipment, and the need for financial support
of a program of solar cooker development.

Paper 5/87 by]. A. Duffle, G. O. G. Lof and B. Beck

The rigid reflector shell of vacuum-formed or
drape-formed polystyrene sheet is a remarkably
smooth and cheap supporting surface for the specular
material, in this case aluminized "rnylar" polyester
film. After reinforcement with a metal rim, this
reflector has rigidity and strength. Construction
details are outlined in the paper and the design
criteria are presented. A study of the energy balance
in solar cooking indicates that high performance
requires maximum specular reflectivity and over-all
shape accuracy.

The stand and frame for the cooker were modified
several times. The latest "Model 3" design is believed
by the authors to have the greatest durability and
maximum operating simplicity. Construction costs
as low as about $9 have been estimated, for large
quantity manufacture of "Model 2"; an estimated
factory price of $16 for "Model 3" appears possible
at moderate production rates. Savings in family
fuel purchases (kerosene) which could be realized
by use of a solar cooker in northern Mexico should
approach the total cost of a cooker in about one
year.

Probably the most significant data in this paper
are the results of field evaluation studies conducted
over several years in Mexico. A portion of these
data are presented in tabular form, showing the
usage of sixteen "Model 2" solar cookers during a
nine-month period. It was found that the families
of these low-income agricultural workers used the
cookers about two-thirds of the possible time. The
later model cooker, given only a short field test
prior to the date of the paper (May, 1961), received
greater usage, but complete data are not yet avail
able. Some negative indications, particularly with the
"Model 2" cooker, were mechanical failures, caused
primarily by wind. The authors believe that major
difficulties of this sort have been eliminated by the
new design. Particularly when used for the types of
cooking requiring prolonged heating, such as the
stewing of meats ar:d beans, the cookers are g~nerally

considered by their users to have approximately
the same speed as kerosene burners and open fires.

The heat delivery of about 400 watt" I:; considerably
less than from these conventional sources, but
except for a slower warming-up pericd, the cooking
rates are the same because of equal temperatures
in the utensils.

Paper 5/100 by G. O. G. Laf and D. A. Fester

A characteristic of the umbrella-type focusing
cooker which bears on its utility is a diffused focus.
The radiation intensity is fairly uniform over the
entire food-cooking area, so it is possible to cook
meats and other foods directly on th. grill by broil
ing or grilling, as over a radiant charcoal heat source.
Another feature is the lightweight and compact
form of the unit, when folded, permitting easy
transport and storage. . .

Measurements of heat delivery capacity and cook
ing performance are reported in the paper. .Heat
balance studies show a ' solar collection effiCIency
of about 27 per cent and a heat delivery rate to the
grill area of approximately 400 W2.t;'~ in clear sun
light. Fairly good closure of the heat balances was
obtained, even though the optical pi operties of t~e
reflector were measured by a ne 'cV photographic
method not involving heating performance. Th~s
technique, employing moonlight and photographIC
paper, appears to be a very useful and simple method
for reflector quality evaluation. .

Although this cooker is in commercial productIOn
and use, quantitative information from pt:rchasers
is not abundant. Reports indicate satIsfactory
performance for a wide variety of foods, ~ut the
authors have no data on daily use by 10'Y-lllC?me
families. The authors state that certain modlficatI~ns
would be desirable if the cooker were to receIve
regular usage of this sort. The principal chang~
would be a mounting permitting th.e support ~_
larger cooking vessels and ensuring agamst overtur
ing by wind. Id

The authors state that manufacturing costs. shlou
lbe reducible at greater production rates, particu ~ it

in the country of use. Cost reductions of one- a
to two-thirds are considered possible.

SOLAR OVENS

Paper 5/101 by M. Telkes and 5. Andrassy
. . t t in the

A new development of particular III eres b ket
~esign C?f solar ovens is the use of a woven aThe
lined WIth clay or plaster as the oven bodY'tions
authors state that considerable cost. redu~d by
should be possible by use of this design a tation
fabrication in the country of use. The Impor 'num
of such materials as plastic films or glass,. a}uIll~ould
sheets or foil, and heat storage matenci St have
permit maximum economy. Performance. a artance
not been reported, however, and the g~e~t 11l~~Ochoice
of well-insulated oven walls may limit t elude
and use of local materials. The autho~ cO'f theY
that costs of solar ovens would be excess~e 1 orted
were manufactured in the United States an eXp
to foreign countries.
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It has also been suggested that the reflective
m!ITors of. anodiz~d she~t aluminum be replaced
with alumlI~um foil apphed to some rigid, cheap
local matenal. The foil would be coated with a
transparent protective layer to resist oxidation.
The performance of a cooker made in this way
should be compared with the designs previously
evaluated.

The advantages of heat storage obtainable with
the solar oven are emphasized by the authors.
l\~ixtures of anhydrous alkaline sulphates are con
sidered to have the best performance characteristics, .
even though their transition temperatures are as
high as 190°C to 240°C. Because the temperatures
of the solar oven, even when empty, appear to reach
maxima of only about 220°C, it is doubtful that this
thermal storage material can be very effective
unless used in the empty oven during a preheating
period. The storage of solar energy during the cook
ing process would appear to require a lower temper
ature phase change because the presence of food in
the oven limits the maximum temperatures to lower
levels. The utility of this storage material in keeping
food warm after cooking also appears dependent on
whether latent heat storage during preheating re
mained partially unused after cooking was completed,
or simply whether some sensible heat storage was
involved. Data on cooker performance, with and
without the heat storage element, under otherwise
comparable conditions, would be of interest. In
spite of this limitation, the use of storage prior to
placement of food in the cooker would permit
speeding the actual cooking operation, even though
the total duration of oven use would have to be
considerably longer than the cooking period.

This rapporteur suggests that data on the use
of the alkali nitrate mixture, involving a heat-of
fusion type of storage at about 155°C, would be
of considerable interest, because it would appear
that in this temperature range, heat could be stored
during the cooking operation for subsequent release
during intermittent cloudiness or after sundown.

A useful generalization for the type of cooker
used by these investigators is that if A represents
the area of the double glass window, and 3A the total
solar intercepting area of window plus reflectors,
approximately 1.9A is a measure of the radiation
actually passing to the interior of the oven chamber.
Of this energy, about 300 watts, i.e., approximately
one-half, is available to the food if the interior of
the oven is at 150°C (for 0.19 m2 window).

The reported cooking tests show effective oven
performance. Discussion in the paper implies that
prior to the placement of foods in the oven, the unit
was preheated in order that the latent heat effect of
the storage material could also be utilized during the
cooking period. Total oven operating time therefore
would be of greater duration than. indicated. in the
cooking test results. The comparatively low. instan
taneous power rate of the oven, about 0.2 kilowatt,
appears to be effectively supplemented by the
thermal storage medium. Actual cooking duration

appe~rs comparable with conventional oven-cooking
practice.

Paper Sj75 by M. S. M. Abou-Hussein

A principal objective to this work was a comparison
of the performance of a solar oven having reflectors
external to the glass window (as in paper S/101)
and one having the reflecting surfaces beneath the
glass. Data reported in the previous table relate to
the design with interior reflectors.

The author claims several advantages for interior
reflectors such as their greater protection from dam
age due to mishandling, abrasion, and the wind, and
the greater capture of diffuse radiation because of
larger glass window area. This rapporteur could
add that non-specular reflection from the internal
reflectors, constituting an appreciable portion of the
total reflection from aluminum, would be more
completely captured inside the oven having internal
reflectors. However, the larger glazed area involves
the disadvantage of greater heat losses.

Measurements of total radiation received inside
ovens of these two different designs are reported
in the paper. Nearly equal values were observed
when the incident radiation was almost all direct,
whereas the unit with the inside reflectors showed
about 6 per cent more energy delivery when the radia
tion was 30 per cent diffuse. The radiation measure
ment method is not explained, however, so appraisal
of the figures is not possible. The oven with internal
reflectors reached a temperature of 256°C whereas
the other cooker showed a maximum of 248°C,
while both were empty.

Data on the rate of temperature change in an
empty internal-reflector oven after solar heating
show a rather rapid temperature drop from 218°C
to 155°C in six minutes and to 118°C in 17 minutes.
Without thermal storage media or some food in the
oven, heat loss rate through the large window is
high.

Evaluation of these results is difficult in the
absence of oven performance data such as the rate
of heating quantities of water, or the rate of actual
food cooking. The presence of food or water consid
erably alters oven temperatures, and comparisons of
similar designs would have doubtful value unless
such materials were used. The conclusion that a
solar oven with a large window and internal reflectors
is more effective than the "conventional" type
described in paper S/101 therefore does not appear
well supported. Moreover, in an insulated oven,
most of the thermal losses are through the glazing.
Therefore, tripling the glazed area would be expected
to reduce the net heat available for cooking. This
additional thermal loss, probably at least double
than from an oven with external reflectors of equal
area, should outweigh the gains due to increased
capture of diffused radiation. Further investigation
of the differences in the two designs by means of
energy balances while heating measured quantities
of water or other material appear necessary.

11
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COMBINATION PARABOLIC CYLINDER OVEN

Paper 5/110 by A. 5. Prata

In this interesting design, a small parabolic
cylinder reflector is used to focus solar radiation
through a narrow glass window in a well insulated
cylindrical oven supported above the reflector. In
essence, this is an oven cooker with a window area
considerably reduced to minimize heat loss. The solar
collecting area is slightly larger than reported by
Telkes and Andrassy (S/101), 0.74 m2 versus 0.56 m2•

The net energy delivery to foods in the oven is
greater by virtue of the larger collector area and the
lower thermal loss.

Tempe~ature measurements and energy transfer
computations were made by the author in an evalua
tion of the terms in the complete heat balance. An
over-all conversion efficiency from incident solar
energy to heat received by water in vessels within
the oven was 31 p~r ~ent. Approximately 59 per cent
of the energy striking the two parabolic cylinder
reflector~ actually entered the oven through the
glass window. It was found that single glazing
resulted ~n maximum efficiency. The author's data
on a vanety of foods indicate cooking rates closely
comparable to those obtained with conventional
stove? and ?vens. Because the shape of. the oven
p.ermlts placing tW? cylindrical vessels in the unit,
simultaneous cooking of two different foods is
readily accomplished.

The author has compared the performance of his
reflector-oven with the "hot box" solar oven. He
states that the combination unit with a solar
collection area 55 per cent greater than the compari
son oven, was able to cook 2.8 times as much food.
He therefore concludes that the focusing reflector
ov~n is. 1.8 times as ~fficient ~s the hot box type.
This rapporteur cautions against a comparison
based only on quantity of food cooked because
cooking time is also a factor. Moreover, after foods
have been. ~eated to cooking temperature, only
small quantities of heat are then required to continue
the cooking to completion, almost regardless of the
quantity present. Comparative measurements of
actual heat delivery to oven contents is the best
criterion of performance.

Another advantage of the combination unit is
its. simple construction, the double-walled cylinder
being cheap and easy to build. The reflector quality
must be very good, however, because of the need
for focusing. The unit must be adjusted almost
as frequently as the paraboloid if maximum efficiency
is to be maintained.

This rapporteur wishes to call attention to one
of the items in the heat balance. Thermal radiation
"through the glass" has been determined by differ
ence, and certain anomalies were observed. These
were attributed to variations in solar intensity during
the testing. Because the factor is obtained by differ
ence, it is affected by experimental errors in all the
measurements, and fluctuations of moderate size

would be expected. Secondly, howev-. , there is no
thermal radiation actually through ! he glass. All
of this radiation originates at the g];,:,:, surface itself
because of its opacity to infrared .\ave lengths.
Therefore, a measurement. or .estlma i. of the glass
temperature would permit direct c. mputation of
the radiation loss. A final term in th· heat balance
would then be the unaccounted-for losses, which
could be itemized separately. This rapporteur feels
that it is unlikely the solar radiation \ aried as much
as indicated by the adjusted values 1Il the table,
particularly when the values appear to hold constant
m the somewhat foggy weather experienced during
the test; During the last quarter hour of the test,
for example, it would not appear reasonable to'
expect ~.32 Langleys (corresponding to extremely
clear skies) when a value of 0.825 "\\35 measured.

The author feels that the optical efficiency and
the oven efficiency are both low, .: i J that these
could be improved. In spite of his V1(,\ the reported
over-all efficiency of 31 per cent apFds as high as
any of the solar cookers discussed atUJS Conference,
and higher than most. He also puin's out that if
reflector surfaces of better reflectiv.tv were used,
as high as 0.80, the over-all efficiency dlould increase
to nearly 40 per cent. "

The author concludes that materials for the
cooker, as now designed, would cost about $18 and
that construction would require eight man-hours of
labor. The total weight is 18 kilograms. The use of
aluminum would permit reduction 1Il weight to
about 12 kilograms, but under the conditions encoun
tered by the author, the cost Would increase. He also
concludes that the cost of a solar oven of "conven
tional" type, having about two-thirds the solar
intercepting area and possibly slightly mo~e than
half the cooking capacity, would cost approxImately
the same under the conditions encountered.

This rapporteur is pleased to observe that t~is
new design, with further simplification and economIes,
h.as some distinct advantages over both the conven
tional solar oven and the focusing type cookers. For
oven-type cooking, preferred in some parts of the
world, the design has promise.

COMPARISON OF FOCUSING
AND NON-FOCUSING COOKERS

Paper 5/116 by the Nutrition Division, FAO

During the summer of 1959, the Food and Agricu1
ture Organization of the United Nations made te.s 5

on two types of solar cookers. One was a .focUSIng
plastic unit, essentially Model 2 discussed in pa1er

S/87 by Duffie, Lof and Beck The other was a so ar
oven of the type d~scribed by Telkes and Andrass)

in paper S/lOl, but presumably without therma
storage. .

The testing procedure consisted of measun~~
the time required for heating two litres of wa 11
f

. . . t 1ll eac
rom room temperature to the boiling pOID The

cooker on most days of the summer season.
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~vatc.r was contained in. aluminum pans eight inches
ill dLlmet~r and four Inches deep in one series of
tests .md III earthenware pans of the same size in
anotJ i:'r set of experiments.

Dctiiled data are tabulated in the paper, but
unfort unately they do not include measurements of
solar r.idiation. Comments on the solar and weather
condi Lions permit inferences as to these factors.
However, it was concluded from the results of about
~O tests that the average time required to bring two
~Itres of cold water to the boiling point in the focus
mg cooker was 41 minutes and in the oven
112 minutes. The most rapid heating times wer~
30 minutes and 92 minutes respectively. When
earthenware vessels were used, both averages increas
ed, to 76 minutes for the focusing cooker and to
142 ninutes for the oven.

As shown in the table prepared by this rapporteur,
the" verage energy delivery rates computed from the
above figures show an oven power of 0.1 kilowatt
and :0, focusing cooker power of 0.28 kilowatt. Maxi
mum power developed was 0.12 and 0.38 kilowatt
respectively. Because no perfectly clear days were
noto.: by the investigators, it may be assumed that
the i-crformance of both units under ideal conditions
would be slightly better than observed.

The investigators obtained the best results with
the focusing unit when it was repositioned every
15 to 30 minutes. The oven required less frequent
orientation. The effects of wind were more serious
with the focusing cooker than with the oven, and
slight cloudiness had a smaller negative effect with
the oven than with the focusing unit. The focusing
unit was considered to have greater simplicity and
lower maintenance requirements.

Although the studies reported in the FAO paper
are of limited scope, they are useful in showing, for
the first time to this rapporteur's knowledge, the
relative net energy delivery capability of these two
rather different systems under identical conditions
of use. It may be argued that the rate of heating
of two litres of water would not completely define
relative cooking effectiveness. These figures do
represent, however, in probably the most useful
terms, the relative heating rates for these units.
In addition, where boiling, stewing, or other cooking
In water is practised, and where two litres is about
the amount of material being cooked, these figures
show the approximate times which must be added
to the normal boiling period in appraising the total
duration of the food cooking process. Thus, if one
hour of boiling is required for a given food, it would
be expected that under typical favorable conditions
the cooking of about two kilograms (including any
added water) would require approximately 1.5 hour
on the focusing cooker (paper 5/87, Model 2) and
about 2.5 hours in the solar oven.

For baking or roasting, or for the frying of foods,
the figures are not significant because each cooker
is rather uniquely suited to one of these particular
types of cooking.

Additional comments on comparisons of solar
ovens and Iocuslng cookers

A cl.aimed. advantage of the solar oven which appears
to this reviewer to have been over-emphasized is
the less frequent positioning and the elimination of
food stirring. All solar cookers need to "follow the
sun", but the frequency of oven adjustment can be
less than that of the focusing units. This means
that during two hours of cooking, the oven would
have to be oriented two to four times for the best
cooking performance, whereas the focusing unit
should receive six or seven adjustments. The signi
ficant point with respect to stirring requirements is
that reflector cooking is intended to serve a need now
being met by surface cooking on direct fire from other
sourc~s. Thus, food stirring during cooking is already
practised where necessary, and solar cooking in
fact somewhat reduces this need because of a less
intense source of heat. Field experience shows
that the more nearly the solar source fits into
the customary cooking ways, the more readily
accepted it is. Occasional stirring of the food, along
with slight adjustment of the reflector, is therefore
no more demanding, and in most cases considerably
less demanding, of the cook's time than the con
ventional means now used.

Another feature of the solar oven is its ability to
use some diffuse solar radiation as well as the direct
beam radiation; only the direct component can be
utilized in the focusing type. In areas where atmos
pheric haze and thin cloudiness commonly reduce
the beam radiation without greatly impairing the
total, the oven might deliver more heat for cooking
than the paraboloid. In most regions where solar
cooking might be practical, however, clear skies
usually prevail, and the utilization of diffuse radia
tion would not be a significant advantage of the
oven.

Summary and conclusions

The papers submitted show a gratifying trend
in two directions. First, there are quantitative data
on cooker performance. both in terms of energy
delivery to standard quantities of a reference mate
rial (calorimetric data) and in terms of the time
required for cooking various types of foods under
measured conditions. Secondly, there are the highly
significant results of performance evaluation studies
in the field; in these investigations, cookers were
actually used regularly by low-income people who
might become permanent users of commercially
produced solar cookers.

The papers indicate the possible application of
several types and modifications of solar cookers.
Technical development has materially improved
most of the units since they were first designed.
Moderate cost reductions have been made in some
units, and substantial improvements in performance
have been achieved.

On the negative side of all these developments,
however, is the high initial cost of the cookers,
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particularly in relation to the low income of the
potential users. None of the developed cookers
appears to meet a desirable cost maximum of a few
dollars. There is a possibility that, reductions in
cost to this level might be effected by large usage
of local materials and labor in fabrication. The
results of extensive ,development studies show
rather clearly, however.i'that there cannot be much
compromise with product quality, otherwise cooker
performance will be seriously impaired. These
opposed factors suggest a solution involving well
controlled factory production of cookers in the coun
tries of use, with maximum use of local materials
and labor,

Even with maximum manufacturing economies,
the first cost of a solar cooker will be a deterrent,
and in many instances a prohibition, to purchase
by many people of low income. It therefore appears
that as soon as one or more solar cookers have been
clearly shown useful, needed, and desired by families
in a particular country or region, means for their
purchase should be provided through extension
of credit. This complicated subject is beyond the
scope of this report, but the need must not be over
looked. The opportunity for improvement in the stan
dard of living of peoples least able to take advantage
of this development is great enough to justify the
most careful consideration. There is ample justifica
tion for government interest in this matter because
of the benefits in reducing the depletion of natural
resources and, in some cases, dependence on petro
leum imports.

It is evident that much more attention should
be given to the field-testing phase of solar cooker
development. The satisfactory use of a solar cooker
under "laboratory" conditions, by technologist~
or even.~y educated laymen, is no guarantee of
acceptability and use by low-income families any
:vhere. ~1l that can be. definitely said in this regard
~s that If the cooker IS not technically satisfactory,
It cannot be useful; but the converse does not
necessarily follow. Performance evaluation under
completely normal family living conditions is
obviously needed for the solar cookers which have
not received this kind of testing. Even though
extensive data of this type have been obtained
on the plastic paraboloid cooker, more information
of this sort is needed before consumer acceptability
can be confidently predicted. And although there
probably will be some correlation between accepta
bilities in different regions and among different seg
ments of. the . popul~t~on, each natio~al cooking
pattern, climatic condition, and economic and social
environment will have to be appraised.

In an over-all view, solar cooker development
appears to be in an uncertain, but potentially signi
ficant, state. Several cookers appear technically
capable of supplementing, to a substantial extent,
the cooking needs of peoples in sunny climates.
Reductions in equipment cost are prerequisite to
large utilization, and means for credit purchase
seem to be needed. Appraisal of the use prospects

requires further field testing by groups of
potential users. New designs, materials, and fabricat
ing techniques appear desirable bou. for achieving
better performance and for lowering costs of manu
facture.

Proposed topics for discussion

There are numerous general topics pertaining
to solar cooking which merit consideration and
discussion. These are in addition to specific points
in the several papers presented to tl.e Conference.
Some of the subjects which should be of particular
interest include the following:

(a) To what degree is the use of solar ovens and
the focusing "surface" type cookers ii.tcrchangeable?
Are most cooking and eating habits .such that the
use, for example, of an oven for boilin». or a focusing
unit for baking, would not be desired?

(b) If the uses are distinct, in wll;; t parts of the
world is each type most likely usable low-income
groups?

(c) If it is considered unlikely that ec.momical solar
cookers of more than 500 watts net heat delivery
capacity can be developed, is this a SC::l'jOUS limitation
to widespread use? Is it necessary that the heat
delivery capacity of conventional cooking facilities,
as much as 1000 to 2000 watts, be duplicated for
successful solar application?

(d) Some investigators believe that for the success
ful application of solar cookers to use by low-income
families in under-developed areas, the cooking .and
eating habits of the people must be essentIal~y
unaltered by this new device. To what extent IS
this assumption subject to modification?

(e) How low must the first cost really be, f~r
successful application of a solar cooker? ~hat.IS
the likelihood that such a cost can be achIeve~ III
one or more of the cooker designs under investIga
tion, and which design appears to have -the best
potential?

(f) To what extent can improved performance
be expected among the solar cookers under develop'
ment?

(g) How significant is the use of thermal storage
in solar cooking? Is the capability of a ~olar ove~
in storing 200 kilocalories of heat an Importan
factor in its use? Is the practicality- of a solar o.v~
impaired by the need for preheating it If .hItl~
temperature storage is used? Would It be desIr~al
to undertake development of some type of ther .
storage unit which could be used with the focUSbIllg

• U se-
type of cooker, the latent heat then being s
quently employed for cooking after dark?

(h) To what extent is portability and C?l1il~
sibility of the cooking equipment important I? ing
application? Could this feature be a determ~n;ics
factor in choice of equipment, other c~araetens
being comparable with non-portable ullltS?
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(i) What are the inherent size limitations on solar
cookers of the focusing type and of the oven type?

(j) What are the costs of solar ovens, as now
designed and as ultimately envisaged? How critical
is the design of a solar oven, in respect to reflector
performance, window characteristics, and extent
of thermal insulation? What specific design criteria
might be established in solar oven development
and what are the best measures of performance?
Is the maximum temperature achieved in an empty
oven a useful measure of quality? What can be
conclusively believed as to the relative merits of
internal and external reflectors?

(Il) What design criteria are important in the
focusing type of solar cooker, and how can the units
of this type be best appraised? To what extent do
the characteristics of the cooking vessels influence
the apparent effectiveness of the cookers, and how can
this factor be considered in analyses of performance?

(l) What are the most significant sociological
factors in the use of solar cookers, such as extent
to which people will change their traditional patterns,
the extent of applicability of cookers in areas where
they meet acceptance, secondary effects of broad
introduction such as on fuel gathering activities and
fertilizer use, and needs for training in the use of
mechanical devices?

(111) In field evaluation studies, what are the
answers to questions such as the numbers of people,
places, and days needed for obtaining significant
results, the relative value of demonstrations versus
regular family use, the effects of an observer on the
validity of the results, ami the extent of user educa
tion necessary?

(11) How can low-income families arrange for
even a modest investment in any type of solar
cooker?

(0) Are the potential gains in natural resource
protection which might be achieved by widespread
use of solar cooking sufficient to justify govcmmcntal
support of solar cooking experiments and the finan
cing of cooker purchases?

(p) What are the merits of possible use of \'Cry
large solar cookers, not only as a means for food
preparation hut also as a small source of household
heat when not used for cooking? What cost increases
might be acceptable for the possible increased
usefulness of such a heat source?

(q) Among all of the solar cookers discussed in
this Conference and previously considered, does
anyone appear to have outstanding potential for
widespread application? In what specific countries
or regions does such a potential appear to exist,
and by what means can it be reliably evaluated?
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE: CUISINIERF6 SOLAIRES

(Traduction du rapport precedent)

George O. G. LoJ *

porter aux temperatures de cuisson t ,jge pres d'une
cal par kg par °C (I btu par livro par OF). Plus
l'apport de chaleur aux aliments " au recipient
(et a- tout liquide additionnel utilise ;\O\lT la cuisson)
est eleve, plus vite les aliments se" .ut portes a la
temperature de cuisson. Apres ce sta.l. . sauf d~ns les
cas on la vaporisation de l'eau f'>,;;_ nec~ssa~re au
processus de cuisson, comme dans L iabncatI.on du
pain, la vitesse de la cuisson cesse ri'~'re fonction ~e
la chaleur, pour autant que la 1" ,peratur~ soit
maintenue par une source de ch.. I ,]1' fournissaut
une chaleur egale aux pertes therm' ~"cs. Il est do~c
vrai en general que les ecarts entre " ~emps reqUls
pour cuire une meme quantite de nr-i.rriture ~ur des
fourneaux ayant des sources de chalcur ?e pUIssance
diverse sont dus principalement aux dIfferences d.e
duree de la periode de rechauffement ('.est pourquo~,
que le taux du debit de chaleur soit faible ou ele:re,

le temps 'requis dans l'un et l'autre cas. pour CUlre
des aliments qui doivent etre cuits plusleurs heures
ne sera guere different.

Dans la cuisson des aliments, c'est la chal~ur
consomrnee pour vaporiser l'eau presente dans e~
aliments ou ajoutee pour la cuisson (pres ~e 60~'~:e
par kg ou I 050 btu par livre anglaise) qui c~ns lent
la plus importante des pertes de chaleur. Vlenn'lensuite les pertes, par convection, des u;stens1 e:
et des parois du four. Si la source d'energle a u;s
puissance limitee iI importe de restreindre ces pe:

l
e

, I stens1 es,au moyen de couvercles places sur. es u t
par l'isolement des chambres de cuisson (fours).e
par d'autres moyens. Si l'on estime la pe~te horaIJ:
par convection (a- I'exterieur) a- la temp~at~re sile
l'eau bouillante a- 600 btu par pied carre ,us ~une
(150 kcal par 0,09 m2) et dans l'hypothese

2 du
surface de 0,5 pied carre par livre (0,045 m 1aire
contenu du recipient, l'apport d'energIe I?our uart
bouillir des aliments pendant une heure. SI u~ ae la
de l'eau est vaporise, se repartirait a- peu pres
maniere suivante :

Principes generaux

Une cuisiniere solaire est un echangeur d'energie
solaire concu specialement pour donner de la chaleur
aux aliments, afin d'elever leur temperature et de
provoquer les transformations chimiques Iiees au
processus de la cuisson. Par cet apport de l'energie
necessaire, la cuisiniere solaire complete et, dans
une mesure plus ou moins grande, remplace les
combustibles classiques. Dans les regions sous
developpees du monde, certains de ces combustibles
sont le bois, le petrole lampant, le charbon de bois,
les excrements seches, les dechets agricoles et autres
matieres combustibles. L'emploi de cuisinieres solaires
peut done viser un double but : reduire le cofrt
de la cuisine familiale, puisqu'il diminue la neces
site d'acheter ou de ramasser du combustible; et
conserver les combustibles pour d'autres usages;
c'est ainsi que le fumier animal peut servir d'engrais;
de meme, l'economie de bois et de charbon de bois
contribue a proteger les forets et a- diminuer l'ero
sion.

Bien que les precedes de cuisson des aliments
soient presque innombrables, il n'est pas inutile
de rappeler id les methodes principales. Lorsqu'on
fait bouillir ou frire les aliments, la chaleur est trans
feree aux aliments solides a- partir d'un liquide
chauffe, tandis que lorsque les aliments sont cuits
au four ou rotis, la chaleur est transferee par convec
tion de l'air chaud environnant, et parfois par
rayonnement a- partir de surfaces chaudes. Dans tous
ces processus, la nourriture doit d'abord etre portee
a- la « temperature de cuisson », puis maintenue a
cette temperature pendant le temps qu'iI faut pour
amollir, secher, decomposer, coaguler, separer, concen
trer ou operer toute autre transformation requise.
Les quantites de chaleur necessaires pour la plupart
des transformations physiques et chimiques que
comporte la cuisson sont faibles. C'est-a-dire que
les chaleurs chimiques de reaction ou de conversion
sont negligeables par comparaison avec la chaleur
qu'il faut produire pour augmenter la temperature
des aliments et avec les pertes de chaleur qui se pro
duisent normalement au cours de la cuisson.

La plupart des aIiments contiennent une forte
proportion d'eau, et leur rechauffement pour les

Rechauffement des matieres a la temperature"
20 p. 100

de l'eau bouilIante. . . . . . . . . . . 100
Pertes par convection a partir du recipient. 45 P: 100
Vaporisation de l'eau . . . . . . . . . . 35 p.

. . l'hyPO-
Certes, une modification des conditIOns de tition,

these changerait sensiblement cette.ffrep%ontre
mais iI n'en reste pas moins que les. ChI reIS haleur* Ingenieur chimiste conseiI, Denver, Colorado; egalcment, raient encore que la majeure partie ~e a cerdue.

Charge de recherches, University of Wisconsin et Resources fournie pour une cuisson de longue duree est p
for the Future, Inc.
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Duns la grande majorite des cas, la cuisine familiale
dan- le monde entier se fait soit dans un ustensile
chauffe pc:r en dessous, d'ordinaire directement par
un Ieu, soit dans un coffrage (le four en est le modele
typ.que) approvisionne en air chaud par un foyer
faisant partie integrante de 1'ensemble ClU par un
foyer exterieur, Les operations qui consistent a
faiF~. bouillir, a cuire a I'etouffee, a frire et, d'une
mauiere generale, a rechauffer les liquides se font
en majeure partie au-dessus d'un feu direct, alors que
l'on utilise ordinairement les fours pour cuire le pain
et pour rotir. Les temperatures reelles des aliments
au cours de la cuisson ne varient pas beaucoup,
parce que la presence d'eau dans tous les aliments
lim ite leur temperature qui se maintient apeu pres
au point d'ebullition de 1'eau. La temperature de
la. source de chaleur, toutefois, depend beaucoup des
alirnents et du type de cuisson employe. Le feu
direct comporte des temperatures de 1 000 degres,
et rem enregistre done un gradient thermique tres
ele-:;:'- dans la cuisson de surface ordinaire, ce qui
pelmet des taux eleves de transfert de chaleur.
La cuisson au four se fait avec des temperatures
de :'air qui sont seulement de 200 a 250 DC, de telle
sorte que les debits de chaleur sont plus faibles, et
il faut en general cuire pendant plus longtemps.
Par consequent, dans presque tous les types de cuisson,
merne si la temperature maximale des aliments
ne depasse pas 100 DC, il est necessaire de fournir
une source de chaleur a une temperature beaucoup
plus elevee si 1'on veut obtenir des taux de cuisson
satisfaisants,

Lorsqu'on envisage, pour la cuisson des' aliments,
de substituer l'energie solaire aux combustibles, il
faut encore prendre en consideration la puissance
habituelle de la source d'energie, Bien qu'il soit
evident que la majeure partie de I'energie n'est pas
employee utilement et que 1'on pourrait economiser
cette energie par l'isolement et la diminution de
l'evaporation, il faut tenir compte des habitudes
de ceux qui cuisinent. De ce fait, il faudrait dans
toute la mesure possible qu'une cuisiniere solaire
fournisse une source de chaleur a un taux equivalant
acelui qui est utilise normalement. Les fourneaux a
surface de chauffe utilisant l'electricite ou le gaz
peuvent avoir en moyenne une puissance de 1 kW,
capable de porter 2 litres d'eau au point d'ebullition en
10 minutes environ. Les fours automatiques pour la
cuisine familiale (aux Etats-Unis) ont une puissance
de 2 a 4 kW, mais fonctionnent a un regime inter
mittent, regle par thermostat, ce qui doit placer
la consommation moyenne a 1 kW environ. Il·
semblerait que pour avoir un rendement equivalant
tout a fait aux fourneaux a combustibles, un four- .
neau solaire devrait fournir a peu pres 1 kW au
recipient de cuisson. Si tel n'est pas le cas, il faut
soit accepter une duree de cuisson plus longue,
soit utiliser des quantites moindres d'aliments,
soit mettre au point des precedes de conservation
de la chaleur. Si le rendement de captage de l'energie
solaire est de 50 p. 100, il faudrait un reflecteur
solaire d'environ 2 m2 (20 pieds cartes) pour obtenir
une puissance de chaleur comparable.

Les principes et les pratiques de cuisson que 1'on
vient d'exposer montrerit qu'une cuisiniere solaire
pratique doit pouvoir transferer aux aliments une
quantite suffisante de chaleur, dans un temps rai
sonnable, a des temperatures s'echelonnant a peu
pres de la temperature ambiante jusqu'a environ
200°C. Pour obtenir les temperatures moyennes et
superieures, il faut avoir recours a des appareils
solaires a concentration. Deux sortes de modeles
ont ete concus, la difference residant au premier
chef dans la maniere par laquelle on obtient la concen
tration, et dans le degre d'utilisation de cette concen
tration. La cuisiniere, afoyer ou directe, utilise un
refiecteur pour concentrer le rayonnement sur les
aliments ou sur le recipient dans lequel sont cuits
les aliments. L'energie solaire est intensifiee par un
coefficient qui se situe typiquement entre 20 et 100
et elle equivaut reellement a une source d'energie
fournie par un feu a foyer ouvert. La cuisiniere du
modele «four »est une boite isolee munie d'un vitrage
transparent sur le cote expose au soleil. Un rayonne
ment supplementaire reflechi dans le vitrage par
des reflecteurs plans disposes autour du vitrage
intensifie I'energie solaire par un coefficient de 2 a 4.
Ce fourneau equivaut pour 1'essentiel a un four
chauffe au combustible. On a egalement projete
de combiner les principales caracteristiques de ces
deux. modeles de base. Dans les paragraphes ci
apres, nous avons expose dans leurs grandes lignes
les caracteristiques de ces modeles de cuisinieres
solaires et decrit comment on les utilise pour la
cuisson de divers aliments, Nous mentionnons
brievement 1'importance de certaines caracteristiques
sociologiques des cuisinieres solaires.

Comme dans le cas de tous les appareils d'energie
solaire, le rendement des cuisinieres solaires peut
etre evalue quantitativement par l'etude des bilans
energetiques tout au long des stades du processus.
Toutefois, l'energie requise pour une cuisson parti
culiere n'est pas toujours definie avec precision et
peut beaucoup varier selon les modes de cuisson
utilises, par exemple dans les cas ou les pertes par
evaporation sont reduites au moyen d'un couvercle
pose sur le recipient de cuisson. Ces differences dans
les methodes et les conditions de cuisson font qu'il
vaut mieux evaluer le rendement d'une cuisiniere
solaire en mesurant le taux net de transfert de chaleur
aux aliments ou au recipient qui les contient, ainsi
que d'apres le temps necessaire pour cuire une quan
tite d'aliments connue. Les rnemoires consacres
acette session fournissent des donnees sur le debit de
chaleur calculees en watts, ou en energie de chaleur
par unite de temps dans une gamme de temperatures
utiles et aussi en temps necessaire pour cuire cer
taines quantites de nourriture. La plupart des
cuisinieres solaires qui sont decrites ont ete concues
de maniere a etre apeu pres equivalentes aux autres
methodes de cuisson qu'elles remplaceraient, mais
eUes sont ordinairement d'une puissance moindre.

Les problemes economiques que pose l'utilisation
de l'energie solaire dans un menage sont encore
plus complexes que ceux souleves par son utilisation
a grande echelle. Le cofrt actuel du combustible
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de menage, calcule en argent, peut ctre nul dans les
pays sous-developpes, ou l'on utilise le bois et les
dcchcts ramasses par les consommateurs eux-memes.
Neanmoins, on peut cstimer que la valeur du temps
passe a ramasscr le combustible et les pertes econo
miques dues au deboiscmcnt et a. l'appauvrissement
du sol resultant des coupes de bois excessives et
du manque d'engrais valent bien des debours d'argent.
Un autre probleme economiquc a resoudre est la
pauvrete des gcns qui bcneficieraient le plus de
l'emploi de cuisinieres solaires, mais qui sont dans
l'impossibilite de faire la depense initiale pour
l'achat de ces appareils, C'est un fait ~galement que
dans de nombrcuses regions ou l'on pourrait les
utiliser, les prets aux particuliers pour l'achat
d'appareils menagers sont difficiles a obtenir et les
taux d'interet sont elcves. Pour cos raisons, la plupart
des chercheurs dans cc dornaine ant conclu que si
l'on veut rcpandro l'usage des cuisinieres solaires,
il faut qu'clles soient ban marche, pratiques et fabri
quees particllcment ou totalemcnt dans le pays merne.

Les conditions principales que doit remplir une
cuisiniere solaire pour qu'elle puisse rendre des
services dans une region en voie de devcloppement
peuvent se resumer de la maniere suivante :

a) L'appareil doit cuire les aliments efficacement,
et doit done Ctre satisfaisant du point de vue tech
nique. Il faut done qu'il puisse fournir une energie
suffisante, a la temperature voulue, a la quantite
d'alirnents necessaire.

b) 11 doit ctre assez solide pour resister pendant
sa duree de vie aun maniement brutal et aux intern
peries, le vent par excmple.

c) 11 doit ctre sociologiqucment acceptable et etre
adapte aux modes de cuisine et aux habitudes alimen
taires de la population.

d) Il faut que l'utilisateur puisse se procurer une
cuisinicre a un prix tel que son utilisation represente
une economic.

CaracMrJstlques des cuisinieres solaires

Trois des sept mcmoires rediges pour cette session
traitent de la construction et de l'utilisation des
cuisinicres a concentration (5/24, 5/87, 5/100). Deux
memoires sont consacres aux fours solaires (5/75,
5/101). Un auteur (5/116) a fait une etude compara
tive des taux de chaleur fournis par les deux modcles,
et dans un autre mcmoire (5/IIO), on trouve une
description d'un appareil COI1l;U pour combiner
lcs meilleures propriHes du systcme a four et du
systcme aconcentration. Le memoire 5/87 expose les
resultats d'etudcs effectuecs in si/It pour evalucr
l'utilisation quotidicnne pratique d'une cuisinicre
solaire. Les six cuisinicres etudiees, sauf une, ont
cte fabriquees et essayccs.

Dans le tableau 1, le rapportcur a tente de pre
senter les caractcristiques csscntiellcs dcs six modCles
de cuisinicres solaires examinees dans les memoires
sournis a la Conference. Dans toute la mesure
possible, les donnces port~es dans le tableau ont ete

obtenues directement a partir de f;,:", 011 de chiffn'o,
rapportes dans les mernoires, on elle";t! 6tc ca!cllJ(es
a partir de donnees des faits. Il a .:]]11 ncanrnoins
que le rapporteur apprecie ou inn , II!cte ccrtaines
caracteristiques, et il l'a indique ',dlS le tableau,
Dans certains cas, certaines caractc. '!iqucs ne sont
pas signalees faute de renseignement. .uffisants clans
les rriemoires.:

Plusieurs modeles de cuisiniercs ,\ "oncentration,
qui avaient Cte fabriques antericurcm.-nt. n'ont pas
~te presentes dans les cornmunicatiou-. a la Conference,
Nous n'avons pas recu de renscigrn uvnts nouvrau~

sur les cuisinieres utilisant les renc, :;'\1rS en alumi
nium repousse au tour qui ont et t', construitcs en
Inde, sur le paraboloide en alumir.uun it Iaccttcs
de Tarcici, les reflecteurs coniques (', vcrre argl'l~tl(

du Japan, ni sur un petit reflectcur ' '1 deux parties
fabrique en matiere plastique Tt:"(! ne de metal
(Etats-Unis). Quoi qu'il en soit, k:.':ll1des portent
sur un champ tres etendu et il est J; (1);\b1c que tous
les nouveaux modeles de quelqr- .mportancc y
figurent. Le tableau contient de- "Ilseignements
sur toute une garnme de modeles, Cl, ,')1If la plupart
d'entre eux, les auteurs ont fourni ':' " l:tudes quan
titatives,

Il est interessant de noter quc ;,mtes les c~li·
sinieres decrites dans les memoires :,-Q;lt d'un moclelc
different. Merne les matieres utilisers pour les re,flec
teurs different dans presque chaquc (:as. Parmi lcs
cuisinieres d'un modele pratique eftectlvement COI~S

truites, la surface de captage du rayonnement solaitc
s'etablit entre 0,36 m 2 et 1,07 1112, On peut done
etudier une triple gamme de surfaces de eaptagc de
l'energie solaire. Il n'y a pas de grande diff~rrnce
entre la dimension rnaxirnale du recipient CJUI pcut
etre chauffe dans les diverses cuisinicres, a l'exccp'
tion de l'appareil combine reflecteur-four ~l~ ~rat;l
qui est assez grand pour chauffer deux reClpICJ:t.,
Le coefficient d'intensification solaire (taux mOl cn
de concentration du rayonnement sur toute .la sur

l
ace

de l'appareil recepteur) varie entre 3 envtron ~ ~J;S
les fours solaires et plus de 30 dans l.e paral~o OH e
a concentration decrit dans le mel1101re S/81.

La rnesure la plus significative du rendem c:1t

d'une cuisiniere solaire est probablement Ika'l" I~UtJts:
'd' 1: '10\\.1 'sance effective de cuisson JJ, 111 IqUt.:e en 1'ffre'"

dans le tableau. Nous avons ob.tenu les ~~~, 1c~
portes dans le tableau en converttssant en I f.

. I t Ir le c 1.111renselgnements donnes par cs au eurs SI . 1 'ffr~'"
., ' Cl'S ell'"fage de l'eau ou toute autre utthsatlOn. :. tIle

. f' 'cll1IC11donnent le taux d'cnergle ournle a~1 re lodes
.. . 1 claIr et (.111"cUlsson et a son contenu par cle ' , 0 \"frP

conditions atmospheriques moyennes.. ~ I" kW
que ces chiffres varient entre a pell prcs \' ljJrasS\'
dans le cas du four solaire de Telkcs et J }1 II~ lie
(5/101) et de l'appareil combine reflecteur- l~olni<!r
Prata (5/110) et 0,4 a 0,5 kW pour le pa~~Ri) La
a concentration de Duffie, Laf et Deck (. /'(~iIH('i
cuisiniere pHante decrite par LOf et Feste.r f ;riellfC

a une production d'energie lcgcrement ill~ ,~O kW,
acette dcrnicre valeur, dans la gaml11C 0:2li 'ol1'fjrtllent
Des experiences de la FAO (5/11b) c
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Numero du memoire ...

Des cuisinieres de dim'ensions nor
males ont-elles ete construites et
essayees? . . . . . .

Essais sur place . . . . . .
Vente dans le commerce . .
Cant (ou prix) approximatif .

S/24

non
non
non
n.i.

S/87

des centaines
nombreux
non
16 dollars
(a l'usine)

Tableau I (suite)

S/IOO

voir ci-dessous
voir ci-dessous
des centaines
30 dollars
(magasins de detail)

S/75

oui
non
non
n.i.

S/101

oui
quelques-uns
non
n.i.

. S/UO

oui
non
non
,...., 35 dollars

(it l'usine)

~
t..l
o

• Essais de la FAO (memoire 5/116).
# Projet.
III Calcul ou estimation du rapporteur

n.i. Non indique.
Approximativement.
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generalement ces puissances, mais, dans certains cas,
comme l'ensoleillement etait inferieur aux conditions
ideales, on a enregistre des debits maximaux de
0,12 kW (S/lOI) et de 0,38 kW (5/87). On a indique
egalement dans le tableau le temps necessaire
(calcule ou mesure d'apres les renseignements fournis
par les auteurs) pour porter un litre d'eau de la
temperature de la piece au point d'ebullition. Ce
temps varie entre 15 minutes environ dans le
cas du paraboloide rigide en matiere plastique
(S/87) et une derni-heure dans le cas du four solaire
(5/101). A titre de comparaison, le temps normal
sur un feu de bois ou un rechaud a petrole serait
de cinq a 10 minutes.

Il est difficile, d'apres les renseignements fournis
d'evaluer la quantite d'aliments qui peut etre cuite
avec chacun de ces appareils. Dans les fourneaux du
type four, le facteur limitatif est le volume du four.
L'appareil combine de Prata semble avoir le volume
interieur le plus grand, et il est concu pour recevoir
deux recipients a la fois. Dans le cas des cuisinieres
a concentration, les quantites sont limitees au pre
mier chef par la surface du trepied supportant le
recipient et par la rigidite du cadre qui soutient le
recipient. Dans tous ces appareils, une limite pra
tique est imposee par la duree maximale acceptable
de la cuisson. Plus la quantite d'aliments est grande,
plus il faut de temps pour les porter ala temperature
de cuisson. De meme, dans le cas des cuisinieres a
concentration, le taux des pertes de chaleur des
parois du recipient vers l'air environnant impose une
limite pratique a la surface exposee totale du reci
pient. Tous ces facteurs ayant ete pris en considera
tion, le rapporteur estime que le maximum appro
ximatif des quantites d'aliments qui peut etre cuit
sur ces cuisinieres varie entre deux et quatre kilo
grammes, ainsi que le montre le tableau; le minimum
s'applique au rechaud pliant du type parapluie
(S/100) et le maximum a l'appareil combine de
Prata (S/llO) et a l'appareil rigide a concentration
(S/87). Le four solaire avec une surface de vitrage
de 0,19 m2 (S/101) semble avoir une capacite normale
de trois, kilogrammes environ. La plupart de ces
capacites sont suffisantes pour un repas familial,
encore que le fait de ne pouvoir cuire qu'un plat
(sauf dans le cas de l'appareil combine) soit un
inconvenient. S'il faut cuire plus d'un aliment, on
pourrait, dans les autres appareils, utiliser des
recipients compartirnentes .ou peut-etre plusieurs
petits ustensiles. On estime en general que ~es appa
reils ont une capacite suffisante pour la cuisson ?es
repas simples que consomme en general une farnille
ayant un revenu peu eleve,

On constatera d'apres le tableau' que le poids et
l'encombrement des appareils varient considerable
ment; l'appareil du type parapluie pes.e environ
3 kilogrammes et se presente sous un petit volume,
une fois plie (S/100), alors que le re~ecteur en ma~on
nerie propose par Stam (S/24) pese des centaines
de kilogrammes: L'appareil rigide a concentration
(S/87) a un poids total d'environ 10 kilogrammes, et
le grand four (S/101) et l'appareil combine (S/lIO)

pesent de 15 a 20 kilogrammes. Pour certains
usages, il peut etre utile d'avoir des appareils por
tatifs de faible encombrement, mais, dans la pIupart
des cas, on utilisera une cuisiniere fixe. Les cuisinieres
qui doivent etre exposees en permanence a I'atrnos
phere et au soleil sont plus susceptibles d'etre endorn
magees par les intemperies et les accidents. La
longevite des diverses cuisinieres est done fonction
de la duree pendant laqueIle eUes sont exposecs
al'air, de l'usage qu'on en fait et des caracteristiques
de construction. La plupart de ces appareils paraissent
avoir une Iongevite suffisamment « bonne » (plusieurs
annees), ceUes du type four etant probablement les
meilleures de ce point de vue. Il est probable que
l'appareil pliant du type parapluie n'est pas aussi
durable que les autres dans sa forme actueUe..

Des deux principaux modeles de cuisinieres, les
fours solaires semblent 'lesmieux adaptes a I'utili
sation de matieres accumulant la chaleur, outre
qu'ils ont une capacite intrinseque d'accumulation
plus elevee qui permet de garder les aliments au
chaud et de continuer la cuisson pendant une courte
periode apres le coucher du soleil et pendant de
courtes periodes (quelques minutes) de nebulosite,
Au cours de ses experiences, Abou-Hussein (S/75)
a constate qu'Il faUait environ une derni-heure pour
porter la temperature d'un four vide de 150°C a
218 QC. par bon ensoleillement. Lorsque le' soleiI
disparaissait, l'appareil tombait a 150°C en six ou
sept minutes. La cuisiniere etait encore chaude
(80°C) trois quarts d'heure apres, Bien que ces
experiences aient ete faites avec un 'four vide, eIles
montrent que de courtes periodes de nebulosite
peuvent etre tolerees sans que le temps de cuisson
des aliments en soit beaucoup allonge: cet appareil
est egalement utile pour' maintenir les aliments
chauds apres cuisson.

Les auteurs des mernoires S/75, S/101 et 5/24
ont examine la possibilite d'augmenter I'accumula
tion de chaleur au moyen de matieres subissant des
transformations a la chaleur de fusion et a la: chaleur
de transition. Telkes et Andrassy (S/lOl) ont compare
les proprietes d'accumulation de chaleur de plusieurs
matieres dans la gamme des temperatures 300 °
a 400 OF (150 ° a20Q "C). Un melange de nitrates
alcalins permet une accumulation du type chaleur
de fusion a 150 ° ou 160°C, 'et des melanges de
sulfates alcalins anhydres subissent une transition
solide-solide entre l!H °C et 239°C, avec un effet
de chaleur latent d'environ 60 calories par gramme:
Les auteurs du mernoire ont decrit un four contenant
environ trois kilogrammes du melange de sulfates
sous forme d'une plaque inferieure plate. Toutefois,
a moins qu'ils ne soient utilises pour accumuler la
chaleur pendant le prechauffage de fours vides,
les melanges de sulfates alcalins semblent avoir des
temperatures de transition si elevees qu'ils ne peuvent
Ctre utilises, du fait que les fours solaires atteignent
rarement ces niveaux pendant la cuisson des ali
ments,

Stam (5/24) a propose d'employer le chlorure de
magnesium hydrate (point de fusion 1I7 "C) et le
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palmitate de magnesium (point de fusion 121°C)
pour servir de matieres d'accumulation de chaleur,
en les placant dans des recipients de forme speciale
disposes au foyer du grand reflecteur spherique,
Il propose l'emploi d'une quantite totale de 40 litres
pour une accumulation efficace qui servira ensuite a
la cuisson. Toutefois, il ne signale pas que des expe
riences aient eu lieu, et anotre avis ces temperatures
d'accumulation ne sont peut-etre pas suffisantes
pour la plupart des cuissons; meme pour faire bouillir,
la force de cette temperature serait tres faible.

Tout le sujet de l'accumulation de chaleur pour la
cuisson des aliments semble appeler de nouvelles
etudes. Il est possible que I'on puisse utiliser des
cuisinieres a concentration munies d'un type de
recipient d'accumulation qui emmagasinerait la
chaleur pendant la plus grande partie de la journee
afin de la restituer le soir pour la preparation des
repas. La mise au point et l'emploi de matieres peu
cofiteuses, inoffensives et sures qui auraient une
forte capacite thermique, un poids modere et s'adap
teraient facilement aux modeles de cuisinieres
pourraient beaucoup augmenter la possibilite d'uti
liser l'energie solaire pour la cuisson dans certaines
parties du monde.

La zone focale relativement petite d'un reflecteur
parabolique impose le deplacernent periodique de
la cuisiniere a concentration, si 1'on veut maintenir
un debit maximal de chaleur au fond du recipient
servant a la cuisson. La frequence de ces deplace
ments est fonction du moment de la journee ou la
cuisiniere est utilisee, de la saison et de la dimension
du recipient servant a la cuisson. En moyenne,
toutefois, il faudrait proceder a de legeres adapta
tions de la position du reflecteur a des intervalles
allant de 15 a 30 minutes. Le tableau montre que
les cuisinieres du type four exigent moins de depla
cements, et qu'elles fonctionnent bien si l'ajustement
se fait toutes les 30 ou 60 minutes. Il semble que
1'appareil combine doive Hre oriente a peu pres
aux memes intervalles que 1'appareil aconcentration.
Stam n'a pas mentionne quel serait le deplacernent
des ustensiles dans le cas de l'appareil spherique
dont il propose le plan, mais il est probable queces
deplacements seraient un peu moins frequents que
dans le cas du modele .parabolique.

La longevite des diverses cuisinieres ne peut Hre
estimee facilement al'heure actuelle, faute de donnees
suffisantes. Les caracteristiques generales des mate
riaux employes pour leur construction ainsi que leur
montage indiquent toutefois que les fours devraient
durer longtemps; les cuisinieres paraboliques rigides,
si elles sont bien fabriquees, devraient avoir une
bonne longevite, et l'appareil leger du type parapluie
serait probablement moins durable que les autres.
Le rapporteur eroit que les fabrieants, s'ils attachent
assez d'attention a ce probleme, pourront dormer
une longevite satisfaisante a toutes ces cuisinieres.

En general, les fours conviennent le mieux a la
cuisson du pain et des rotis, et les cuisinieres utili
sant des reflecteurs a concentration conviennent
it la cuisson de ragouts et a la friture. Ces usages

correspondent naturellement aux operations de
cuisine habituelles. Il est vrai que les fours peuvent
egalement etre utilises pour faire j'c)llillir et frire
et que 1'on peut se servir des modeles ?> concentration
pour cuire du pain, pourvu qu'un p,~tit four soit
adapte au support du foyer. Les usages ideals sont
neanrnoins ceux qui sont indiques d« os le tableau.

Lorsqu'il s'agit d'utiliser ces appareils dans les
pays sous-developpes ou I'importation de produits
manufactures est souvent difficile, 1:1 question de
savoir si les cuisinieres solaires peuvent {jtrefabriquees
sur place, notamment au moyen de materiaux du
pays, presente de 1'importance. Aucunc des cuisinieres
ne semble avoir ete concue de ce point de vue. Taus
les modeles utilisent au moins cert.iins elements
ou materiaux provenant de pays industrialises,
ou qui doivent etre usines, Les model-s a concentra
tion necessitent 1'emploi de pelliculcs de matieres
plastiques recouvertes de metal, des .irmatures de
reflecteur en matiere plastique moulee, et des
elements de metal profiles. Pour consrruire les f?urs,
il faut du verre ou des pellicules de ma tiere plastique,
de l'aluminium bruni et (si possible: du metal en
feuille pour le coffrage du four. neureus~me~t,

toutes ces cuisinieres pourraient (;\ re fabr~quees

dans de petits etabhssements industriels u~l~lsant
la rnain-d'eeuvre locale et certaines quantites de
rnateriaux du pays. Si l'appareil propose par Stam
se revele pratique, les pays utilisatcurs pourrcnt
le fabriquer presque uniquement avec la ~alll

d' ceuvre et les materiaux locaux. Ce sont la des
elements qui influent sur le cout des cuisinieres. et,
de toute evidence, il est souhaitable que l' on utilise au
maximum les matieres et la main-d'ceuvre du pays.

Des SIX cuisinieres decrites, deux des mo~eles
a concentration ant ete Iabriques par centa1U~::
De nombreux fours solaires de types dive:s ~nt ; e
construits, mais les quantites ri'ont pas ete llldlq~ee:.
Au moins un appareil combine de Prata a ete fabnque,

mais seulement deux petits modeles de la gra~te
cuisiniere spherique de Stam ont ete construl s,
et l'auteur ne signale des essais de debit de chaleur
qu'avec le tres petit reflecteur de 22 cm de diat,Ue~tre.
L .. " decn ese tableau montre que cinq CUlSlmeres .
dans les memoires de la Conference ont Me effectlve
ment essayees. Un seul appareil, la cuisiniere parr
bolique rigide (S/87), a pu etre evalue au cours I e
nombreuses experiences dans les conditions nornt et
d'utilisation, et 1'auteur du memoire donne le~~/~s
tats de plusieurs annees d'essais dans des ,con \;o's
techniques et sociales connues. Aux Etats- n:a~
une autre cuisiniere, le modele pliant du type ,palu_

.pluie (S/100), a ete vendue dans le com.merce a'ptif.
sieurs centaines d'exemplaires, surtout atitre ~ecreaete
Le mernoire S/101 indique que le four solalre a t

" eignemen
essaye et expose, sans donner aucun rens . le
precis. Selon les renseignements dont dlsI?o~:iere
rapporteur, ce n'est que dans le cas de. l~ CUIJ\rite
a concentration en matiere plastique ng1de,f ~i1les
?an~ le rnernoire S/~7, que ~e nombr~use~ '~nergie
a faible revenu ont CUlt leurs ahments grace a I
solaire.
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Pllls~e?~~ estimati?ns optimistes du prix de revient
des cuismieres ont ete faites dans le passe, mais la
plupart des chiffres indiques ont ete calcules sans
que rot? ai~ suffisamment tenu compte des exigences
de fabrication, Cependant, dans les memoires soumis
ala Conference, les trois prix de revient qui figurent
dans le tableau semblent avoir Cte etablis d'apres des
informations valables. Les deux modeles paraboliques
sont d'un prix apeu pres egal, le modele trois du pa
raboloide en matiere plastique rigide (5/87) ayant un
prix cstime a I'usine a 16dollars (production moyenne)
et le prix de vente au detail du modele pliant du type
parapluie (5/100) et ant annonce a 30 dollars (petite
production). Compte tenu des COlIts et benefices
de la vente en gros et au detail, le prix a I'usine du
type parapluie devrait etre a peu pres comparable
a celui du type parabololde rigide. Le troisieme
chiffre donne est le cofrt a I'usine estirne a 35 dollars
dans le cas de I'appareil combine (5/110). II faut noter
neanmoins que cette estimation a ete faite sur des
modeles de laboratoire, alors que les deux autres
prix ont Me etablis pour des centaines de cuisinieres
deja fabriquees. II se peut done que le prix
de 35 dollars soit moins certain que les autres, et il
serait peut-etre reduit par des modifications de la
conception, des matieres utilisees et des methodes
de fabrication. Parmi les prix d'autres cuisinieres
solaires qui ont deja etc publies, citons celui de la
cuisiniere solaire fabriquee en Inde (14 a 17 dollars),
celui de la cuisiniere paraboloide pliante de Tarcici
(69 dollars au detail), du « chef solaire », petit modele
pliant a concentration (25 dollars), et du reflecteur
conique en papier aluminise de deux pieds de dia
metre fournissant la chaleur a une petite casserole
(4 dollars). Le rapporteur n'a vu aucun resultat de
cuisson effectuee avec le « chef solaire », ou avec le
dernier appareil mentionne ci-dessus, mais le faible
debit de chaleur aux aliments, moins de 100 watts,
autorise a se demander si ces appareils peuvent
rendre des services.

Observations complernentaires
relatives aux memolres

Le tableau et les remarques ci-dessus sur les six
cuisinieres solaires decrites dans les mernoires soumis
a la Conference presentent la plupart des caracte
ristiques importantes de ces appareils,,n~ais un exam~n
de chaque mernoire permettra de prcciser un certam
nombre d'elements interessants.

ApPAHEILS A CONCENTHATION

AUmoire S/24 de H. Slam

Bien que :I'auteur ait exami.ne trois tYl?es de
cuisinieres, la plus grande ~arhe du me~.Olre est
consacree a un projet de reflecteur sphenque en
ciment ou en platre de 10 metres de diametrc, Les
recipients de cuisson seraient suspendus a une
armature placee au-dessus et seraient periodiquement
deplaces en fonction de la position du foyer. Le re flee
teur servirait egalement a chauffer un volume

relativement grand de substances accumulant la
chaleur qui serait utilisee par la suite pour chauffer
des pieces d'habitation pendant les nuits froides. La
grande surface focale d'un reflectcur spherique
permettrait le chauffagc simultane de recipients de
cuisson et de recipients pour I'accumulation ther
miquc.

L'auteur estime apparcmmcnt qu'il faut :l peu
pres 400 kcal de chaleur pour Cl/ire le repas du soir.
Cela equivaut a une puissance de :no watts pendant
une heure et demie. Avec une chaleur de fusion de
40 kcal par litre, il faudrait 10 litres du milieu
d'accumulation de chaleur pour un debit suffisant
de chaleur apres le coucher du solei!. Mais comme iI
peut s'ecouler six heures entre le processus d'accumu
lation de chaleur et I'utilisation de la chaleur pour
la cuisine, il faudrait prevoir 40 litres du milieu
d'accumulation pour compenscr les pertes et fournir
la chaleur le moment venu.

Une grande partie du memoire traite des imperatifs
de la cuisson, tels que les temperatures neccssaires
a divers aliments, la dimension des ustensiles de
cuisine pour une famille, et les pertes de chaleur
a partir des recipients de cuisson. L'auteur est
d'avis que les cuisinieres construites anterieurement
et ceUes qui font I'objet des autres mernoires n'ont pas
la capacite voulue pour les utiIisations cnvisagees,
11 pense que l'appareil devrait suffire aux besoins
de la famille la plus nombreuse.

11 convient de se rendre compte que ce memoirc
a Cte redige a partir d'un projet, et qu'aucun proto
type n'a ete construit ou experimente. (L'auteur a
utilise un petit reflecteur de 22 cm de diametre pour
mesurer le taux de chaIeur necessaire pour chauffer
quelques centimetres cubes d'huile et d'eau.) L'effi
cacite de cette cuisiniere et la possibilite de la cons
truire n'ont done pas ete demontrees. Le rapporteur
souligne ici combien iI est difficile d'obtenir une
surface lisse en ciment ou en platre pour un reflecteur
de teUes dimensions, rnerne si l'on s'adresse ades
ouvriers hautement qualifies. Les problernes que pose
la necessite de maintenir une reflectance elevee sur
une teUe surface sont exceptionneUement ardus.
Pour pouvoir estimer les avantages de ce modele, iI
serait indispensable d'en connaitre le rendement et
le cofit de fabrication. Le rapporteur reconnait
qu'il est souhaitable que la capacite de la cuisiniere
soit grande, mais a moins que l'on ne puisse demon
trer qu'il est possible d'obtcnir cette capacite ;1
pcu de frais, iI semble que l'utilitc des pctites cui
siniercs pour la preparation d'un repas familial,
qui a ete prouvcc, I'ernportc sur les arguments de
l'auteur,

L'auteur propose deux autres modeles de cuisi
nieres. La premiere est un paraboIoide excentrique
en platre soutenu par le bord d'un trou creuse dans
le sol. Le reflcctcur aurait cnviron 1,6 metre de
diarnetre et le recipient de cuisson scrait supporte
par un petit trepied place dans I'armature de la
cuisiniere. L'appareil pourrait de temps a autre
Ctre tourne et incline pour suivre le solei!. L'auteur
suggere un revetement reflectcur en feuille d'alu-
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rmmum. L'autre projet est celui d'un cylindre
parabolique monte sur un axe nord-sud, qui tour
nerait .lentement pour suivre .la marche dusoleil
au moyen d'un systeme de sablier. Un fluide de trans-.
fert de .chaleur eirculerait a travers. le tube chauffe
jusqu'a un recipient isole ou la chaleur s'accumulerait.
Ce fluide chaud pourrait etre utilise par la suite
pour la cuisson des aliments on a d'autres fins.

L'auteurpense qu'ilfaut que ce materiel soit
fabrique localement.. et, il souligne la necessite .de
reunir .des fonds pour la realisation d'un programme
de recherches surles cuisinieres solaires.

Memoire 5/87 de I.A. Duffie, G.D.G. is! et B. Beck

La coque rigide du reflecteur en polystyrene moule
sous vide ou drape constitue une surface remarqua
blement unie et peu cofrteuse pour soutenir la matiere
speculaire, dans ce cas une pellicule de polyester
revetue de «mylar l) aluminise, Renforce par un cercle
de metal, ce reflecteur est rigide et resistant. Les
details de construction sont exposes dans le memoire,
de meme que les principes du modele, Une etude
du bilan d'energie dans ·la cuisson solaire montre
que pour obtenir un rendement eleve il est indis
pensable d'avoir un coefficient de reflexion speculaire
le ,plus fort possible et un dessin tres precis des
formes.

Le -support et l'armature de la cuisiniere ont ete
modifies a plusieurs reprises. Selon les auteurs, le
dernier « modele 3 » est le plus resistant et d'un
fonctionnement extremement simple. Ils estiment
a environ 9 dollars .le cofrt de construction en serie
du «modele 2 »; meme si la production du «modele 3 »
ne porte que. sur des nombres moyens, il semble
possible de le vendre 16 dollars al'usine. L' economie
de combustible (petrole lampant) pour une famille,
grace a l'utilisation d'une. cuisiniere solairedans le
Mexique du Nord devrait, en une annee apeu pres,
representer le cout total d'une .cuisiniere.

Les renseignements sans doute les plus interessants
contenus dans ce memoire sont les resultats d'expe
riences pratiques menees pendant plusieurs annees
au Mexique. Une partie de ces donnees est presentee
sous forme de tableau : il s'agit de l'utilisation de
16 cuisinieres solaires « modele 2 » pendant une
periode de neuf mois. On a constate que les familles
de ces travailleurs agricoles a faible revenu ont
utilise les cuisinieres a peu pres les deux tiers du
temps ou il eut ete possible de s'en servir. Le dernier
modeIe,· qui n'a ete 'experimente que pendant peu
de temps avant la redaction de ce memoire (mai 1961),
a Me utilise davantage, mais on ne dispose pas
encore de renseignements complets a ce sujet.
Certains defauts signales, particulierement dans
le cas du « modele 2 », sont des pannes .mecaniques '
dues principalement au vent. Les auteurs pensent
que dans le nouveau' modeleils ont supprime les
principales difficultes de cette sorte.Notamment
lorsqu'il s'agit d'aliments exigeant une longue duree
de cuisson, comme la: cuisson ala casserole de viandes
et de haricots, les utilisateurs de ces cuisinier.es
estiment generalement que la cuisson se fait aussi .

vite qu'avec les rechauds apetrole et lcs feux ouverts,
Le debit de chaleur d'environ 400 watts est sensi
blement .inferieur a celui de" ces SOUiCes classiques,
mais, en dehors d'une periode de ;:echauffement
pluslente, le taux de cuisson est k meme, parce
que les temperatures sont egales ~t ;' interieur des
ustensiles.

Memoire 5/100 de G.D.G. ist et D.A. Fester

, Une caracteristique de la cuisiniere ,\ concentration
du' type parapluie qui a une incidence sur son utilite
est l' emploi d'un foyer diffus. L'intensi re du rayonne
ment est assez uniforme sur toute la surface de
cuisson, de telle sorte qu'il est possible de cuire
directement les viandes et les autres aliments sur
le gril, comme sur un feu radiant de charbon de boi~.

Une autre caracteristique est la legb~te et le ~e~lt

volume de l'appareil, une fois plie, cc qui facilite
le transport et l'entreposage.

Ce memoire presente des mesures de la capacite
de debit de la chaleur et du rendemeut ala cuisson.
Des etudes. du bilan calorifique montrent que le
rendement du captage de I'energie solaire est d'en
viron 27 p. 100 et le debit de chaleur i~. la surface du
gril d'approximativement 400 watts par bon enso
leillement. On a pu obtenir une assez bonne ev~l,ua
tion des bilans calorifiques, encore que les propnetes
optiques du reflecteur aient ete mesurees par UI~e

nouvelle methode photographique sans qu.rl Y, ~lt
eu chauffage effectif. Cette technique,. qUI utIlIse
le clair de lune et du papier photographique., sem?le
etre une methode tres utile et tres simple d'estImatIOn
des qualites d'un reflecteur,

Bien que cette cuisiniere soit vcridue dans le
commerce on ne dispose guere de renselgnements

I 'd' ~provenant des acheteurs. Les rapports III IqU
que le rendement a ete satisfaisant pour la CUIsson
d'une grande variete d'aliments, mais les auteu:-s
n'ont pas de renseignements sur l'utilisation quo l~
dienne par des familles a revenu faible. Ils decla:en

qu'il serait bon d'apporter certaines .modificat.r~n=
.a cette cuisiniere si elle doit etre utilisee reguhere
ment. 11 s'agirait surtout de construire une armatur:

permettant de supporter des recipients plus larg~
et empechant l'appareil d'etre renverse par l~ ven

1
.

. 'd Ire esLes auteurs estiment qu'on pourrait r~ u cl s
cofits de fabrication, si la production portalt;ur l~
quantites plus grandes, et particuliereme~t an\le
pays ou ces cuisinieres sont utilisees. Il sera~t.~OSSI cle~
selon eux, de diminuer les couts de la mOltte ou
deux tiers.

FOURS SOLAIRES

Memoire 5/101 de M. Telkes et 5. Andrassy
. , " .,, . teressante
Une amelioration parhcuherement In

l
. s est

apportee a la conception des fours s~ aIre anicl

l'utilisation, pour l'armature du four, dun/argile
tresse revetu a l'interieur d'une co~c~e it etre
ou de platre. Les auteurs declarent qu'~ evrarnoyer
possible de reduire sensiblement les couts aU

l
pay:

de ce modele et par la fabrication dans e



:JA la surface totale de captage de l'energie solaire
representee par le vitragc et lcs reflcctcurs, I,n A
serait apcu pres la mesurc du rayonnement penetrant
effectivement ;l l'interieur du four. Sur cette energic
(a pcu pres :100 watts), la moitie environ chauffe
les aliments si la temperature ;\ l'interieur du four
est de 150°C (pour unc surface de vitrage de O,)!) m2) .

. Les resultats des essais de cuisson donncnt le
rendcmcnt effectif du four. D'aprcs l'expose qui
figure dans le memoirc, l'appareil, avant que les
aliments aient ete places dans le four, avait ete
prechauffc afin que l'effet de chaleur latente de la
substance d'accumulation puisse Cire utilise pendant
la periode de cuisson. La durec totale de fonctionne
ment du four serait done plus longue que ne l'indi
quent les resultats de l'essai de cuisson. Le taux de
puissance instnntanee du four relativement faible,
environ 0,2 kW, semble Cire efficacement complete
par le milieu d'accumulation thermique. L. durce
effective de cuisson semble comparable a cclle de
fours classiques.

Memoire SI7li de M.S.M. Abou-Hussein

Les trnvaux rapportcs dans Cl' mernoirc avaient
principalemcnt pour but de comparer le rendement
d'un four solaire muni de reflcctcurs exterieurs
a la vitre de verre (comme dans le mernoire S/IOI)
et celui d'un four muni de surfaces reflechissantes
sous le verrc. Les donnees qui figurent dans le tableau
precedent portent sur le modelc muni de reflcctcurs
internes.

L'auteur fait valoir que les reflccteurs internes
presentent plusieurs avantages, tcIs qu'une plus
grande protection contre les dommages causes
par unc manipulation brutale, par des frottements
et par le vent; de plus, Cl' modele pcrrnet de capter
davantage de rayonnernents diffus puisque la snrfa~e

de la vitre est plus large. Le rapporteur pourrait
ajouter que la reflexion non-speculaire des reflectcurs
internes, qui constitue une fraction appreciable de
la reflexion totale de l'aluminium, serait captee
plus completernent a I'interieur du four muni de
reflecteurs internes. Toutefois, la surface vitree plus
grande a pour inconvenient d'accroitre les pertes
de chaleur,

Le memoire presentc des mesures du rayormernent
total recu a l'interieur de Cl'S deux modeles diffcrents.
On a cnregistre des valeurs a peu pres egalcs lorsque
le rayonnement incident etait presque entieremcnt
direct, alors que l'appareil muni de rcflecteurs
intcrncs avait un debit d'cnergie superieur d'a peu
p"rcs 6 p. 100 lorsque le rayonnement ctait diffus
a 30 p. 100. Ccpendant, comme l'auteur n'expIique
pas la methode qu'n a employee pour mesurer le
rayonnement, il n'est pas possible de porter un juge
ment sur Cl'S chiffres. Le four a rcflecteurs interncs
a atteint une temperature de 256°C alors que l'autrc
cnisinicre parvenait a un maximum de :!48 cC, le
four etant vide dans les deux cas.

Les donnees sur la vitcsse de changemcnt de
temperature dans un four a rcflecteurs int~rnes \'ide
aprcs chauffagc solaire montrent unc bals-<;e asscz
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d'ut iJisation. S'il suffisait d'importer des matieres
telk-s que les pellicules de matiere plastique ou le
verrc, des toles ou feuilles d'aluminium et les sub
stances pour l'accumulation de la chaleur, on pourrait
realiser de tres grandes economics. Toutefois, cc
memoire ne donne pas de chiffrcs de rcndcmcnt,
et la grande importance qui s'attache 'lUX parois de
four bien isolees limitera peut-etre le choix et l'utili
sation de materiaux du pays. Les auteurs concluent
que le cofrt des fours solaires serait excessif, s'ils
etaicnt fabriques aux Etats-Unis et exportes ;l
l'etranger,

Lcs auteurs ' proposent egalcmcnt de remplacer
les miroirs reflechissants en tole d'aluminium ayant
subi un traitement anodique par de la feuille d'alu
minium plaquee sur un materiau rigide et peu couteux
du pays. La feuille serait revetue d'un enduit pro
tectcur transparent pour resister a l'oxydation. Le
rendement d'une cuisiniere Iabriquee ainsi devrait
se cornparer aux modeles deja evalues,

Les auteurs soulignent les avantages de l'accumu
lation de chaleur possible avec les fours solaires. Ils
estiment que des melanges de sulfates alcalins
anhydres ont les meilleurs indices de rendement,
memo si leurs temperatures de transition sont aussi
elevees que 190 a 240°C. Comme les temperatures
du four solaire, meme lorsqu'il est vide, semblent
ne pas depasser 220°C environ, il est douteux que
cette substance d'accumulation thermique soit tres
efficace, a mains d'etre utilisee dans le four vide
pendant une periode de prechauffage. L'accumulation
d'energie solaire pendant la cuisson semblerait
exiger une phase de transition a une temperature
plus basse, parce que la presence d'aliments dans le
four abaisse la temperature maximale. L'utilite de
cette matiere d'accumulation pour maintenir les
aliments chauds apres la cuisson semble depcndre
egalernent du fait de savoir si l'accumulation de
chaleur latente pendant le prechauffage est restce
partiellement inutilisee apres la fin .de la cuisson,
ou simplement s'il s'agit d'accumulation de chaleur
sensible. n serait interessant d'avoir des donnecs
sur le rendement de cette cuisiniere dans des condi
tions comparables, avec et sans l'~le~e~t d'a~cumu:
lation de chaleur. Malgre cette hmIt~tlOn, I emplOl
de l'accumulation avant que les aliments SOlent
places dans la cuisiniere permettra~t d'a<:cclere~
l'operation de cuisson proprcment ditc, meme SI
la duree totale d'utilisation du four dcvait Cire
beaucoup plus longue que la pcriode de cuisson.

Le rapporteur est d'avis qu~ des renseit;;nements
sur l'emploi du melange de mtrates alcalms, a~'ec
un mode d'accumulation it une chaleur de fUSIOn
d'environ 155 cC, seraient trcs interessants, parce
qu'il semblerait que, dans cette gamme de tempe
ratures, la chaleur pourrait ctre em~agasineepe~dant
l'operation de cuisson. pour ctre hbe~ce ulten~ure
ment pendant une penocle cle nehuloSItc ou apres le
coucher clu solei!.

Vne generalisation utile clans le cas du type. de
cuisiniere utilise par ces chercheurs est que SI A
represente la surface du vitrage a verre dou hIe et
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326 III.C.4 Cuisinieres solalres

rapide de 218°C it 155 °C en six minutes
et it U8°C en 17 minutes. Sans milieu d'accumula
tion thermique ou sans aliments it l'interieur du
four, le taux de pertes de chaleur par le large vitrage
est eleve.

nest difficile de porter un jugement sur ces resul
tats en l'absence de renseignements sur le rendement
du four, comme par exemple le temps necessaire
pour chauffer une certaine quantite d'eau ou la
vitesse de cuisson effective des aliments. La presence
d'aliments ou d'eau modifie sensiblement les tempe
ratures du four, et les comparaisons de modeles
similaires n'auraient guere de valeur si l'on n'utili
sait pas ces substances. Rien ne semble done etayer
la conclusion selon laquelle un four solaire muni
d'un large vitrage et de reflecteurs internes est plus
efficace que le modele « classique » decrit dans le
memoire S/101. De plus, dans un four isole, la plupart
des pertes de chaleur se font par le vitrage. On peut
done penser que tripler la surface vitree reduira
la chaleur nette disponible pour la .cuisson. Cette
perte thermique additionnelle, qui est sans doute
deux fois plus forte que dans un four it reflecteurs
externes de surface egale, devrait plus que compenser
les gains dus it un captage accru du rayonnement
diffus. Il semble necessaire de poursuivre les
recherches sur les differences entre les deux modeles
en procedant it des bilans energetiques au cours du
chauffage de quantites connues d'eau ou d'une
autre substance.

ApPAREIL COMBINANT LE CYLINDRE PARABOLIQUE
ET LE FOUR

Memoire 5/110 de AS Prata

Dans ce modele interessant, on utilise un petit
reflecteur cylindro-parabolique pour concentrer le
rayonnement solaire it travers un vitrage etroit en
verre dans un four cylindrique bien isole place au
des sus du reflecteur. Cet appareil est essentielIement
une cuisiniere it four avec une surface de vitrage
tres petite pour reduire au minimum les deperditions
de chaleur. La surface de captage de l'energie solaire
est legerement superieure it celle decrite par Telkes
et Andrassy (S/101) soit 0,74 m2 contre 0,56 m2• Le
debit net d'energie aux aliments places dans le four
est plus eleve it cause de la surface plus large du
collecteur et une moindre perte de chaleur.

Les mesures des temperatures et le caIcul des
transferts de chaleur ont ete faits par l'auteur dans
le cadre d'une evaluation du bilan thermique complet.
Le rendement global de la conversion d'energie
solaire incidente en chaleur recue par l'eau placee
dans les recipients it l'interieur du four etait de
31 p. 100. A peu pres 59 p. 100 de l'energie frappant
les deux reflecteurs cylindro-paraboliques penetraient
effeetivement dans le four par le vitrage. L'auteur
a constate qu'une seule plaque de verre donnait le
rendement le plus eleve, Les renseignements fournis
par I'auteur sur divers aliments montrent des taux
de cuisson tres comparables it ceux obtenus avec des
rechauds ou des fours classiques. La forme du four

permettant d'introduire dans l'appareil deux reci
pients cylindriques, il est facile de cuire a la fois
deux aliments differents,

L'auteur a compare le rendement de son four
reflecteur it celui du four solaire « Loite fermee ll.

Il declare que l'appareil combine, avec une surface
de captage de l'energie solaire 55 p. 100 plus grande
que celle du four qui lui est compare, peut cuire
2,8 fois autant d'aliments. Il conclui donc que le
four it reflecteur convergent est 1,8 fois plus efficace
que le modele « boite fermee », Le rapporteur met
en garde contre une comparaison qui 1-le repose que
sur la quantite d'aliments cuits, parce que le temps
de cuisson doit aussi entrer en light' de compte.
De plus, une fois que les aliments cnt ete portes
it la temperature de cuisson, il ne faut que de petites
quantites de chaleur pour terminer la cuisson, quelle
que soit, en pratique, la quantite presente. Des
mesures comparatives du debit effectif de chaleur
aux aliments con tenus dans le four constituent le
meilleur critere du rendement.

Un autre avantage de l'appareil G'mbine est la
simplicite de sa construction, le cylindre a double
paroi etant peu cofiteux et facile a Iabriquer. Toute
fois, le reflecteur doit etre de tres bonne qualite,
a cause de la necessite de faire converger les rayons.
L'appareil doit etre ajuste presque aussi souvent
que le paraboloide si l'on veut maintenir le rendement
maximal.

Le rapporteur desire insister sur un des terme~

du bilan thermique. La radiation de chaleur « a
travers la fenetre » a ete obtenue par difference ~t
I'auteur a observe certaines anomalies qu'il a attn
buees it des variations de l'intensite solaire pendant
les experiences. Comme cet element est obtenu par
difference, il est entache d'erreurs exp~riment~les
dans toutes les mensurations, et il y a lieu de s at
tendre a des fluctuations de peu d'imI?or.tance.
Deuxiemement, en fait il n'y a pas de radIat!O~ de
chaleur a travers la vitre. Toutes ces radlatlOnS

emanent de la surface meme du verre, qui est opaqu~
aux longueurs d'onde infrarouge. C'est pourquo1

une mesure ou une estimation de la temperature
du verre permettrait de calculer directement les
pertes par radiation. Le terme final du bilan. tht
mique serait alors constitue par les pertes inexphqut
qui pourraient etre decomptees separement. e
rapporteur pense qu'il est peu probable que. le rayoni
nement solaire ait varie dans des proportIOns fUs

s
s

'fortes que celles qui sont indiquees par les va ers
ajustees du tableau,. particulierement lorsque ;5
valeurs semblent rester constantes dans le te~ar
assez brumeux rencontre pendant l'expenenc~. e
exemple, durant le dernier quart d'heure de ~~ir
rience, il ne semble guere raisonnable de, pr Vent
1,32 Langley (correspondant ades deux extrem;~
clairs), alors qu'on a mesure une valeur de 0,8 . I

L'auteur estime que le rendement optique e~'il~
rendement du four sont tous deux faibl~s, et qnde
pourraient etre ameliores. Malgre cet aVIS, ~ r~U55i
ment global qu'il rapporte (31 P: 100) sem ~ 'niere
eleve que celui de n'importe queUe autre cutSl
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etudiee a cette Conference, et plus eleve que celui
de la piupart d'entre elles. Il souligne aussi que si 1'0n
utilisait des surfaces reflechissantes ayant un coeffi
cient de reflexion plus eleve (atteignant 0,80), le
rendement global monterait presque jusqu'a 40 p. lOO.

L'auteur conclut qu'avec le modele actuel, les
materiaux necessaires ala construction de la cuisinierc
couteraient environ 18 dollars et que la fabrication
nccessiterait huit heures-ouvrier de main-d'ceuvre.
Le poids total est de 18 kilogrammes. L'emploi de
I'aluminium permettrait de ramener le poids a
environ 12 kilogrammes, mais, dans les conditions
exposees par I'auteur, le cout augmenterait. Il
conclut egalement que le four solaire du type « clas
sique », avec une surface de captage de l'energic
solaire inferieure d'un tiers a peu pres et n'ayant
peut-etre guere plus de la moitie de la capacite de
cuisson, couterait approximativement le merne prix
dans les circonstances du moment.

Le rapporteur est heureux de faire remarquer que
ce nouveau modele, encore simplifie et moins cher,
presents certains avantages evidents par rapport tant
au four solaire classique qu'aux cuisinieres du type
a concentration. Ce modele est tres prometteur
pour la cuisson au four, qui emporte la preference
dans certaines parties du monde.

COMPARAISON DES CUISINIImES CONVEHGENTES
ET NON CONVERGENTES

Memoire 5/116 de la Division de la nutrition, FAO

Pendant l'ete de 1959, 1'0rganisation des Nations
Unies pour l'alimentation et l'agriculture a experi
mente deux types de cuisinieres solaires. L'une
etait l'appareil convergent, en plastique, pour l'essen
tiel le modele 2 etudie dans le mernoire 5/87 par
Duffie, Lof et Beck. L'autre etait un four solaire
du modele decrit par Telkes et Andrassy dans le
mernoire 5/101, mais probablement sans accumu
lation de chaleur.

L'experience a consiste a mesurer le temps neces
saire pour chauffer deux litres d'eau de la temperature
de la piece au point d'ebullition dans chaque cuisi
niere pendant la plupart des jours de la saison
d'ete. L'eau etait contenue dans des casseroles d'alu
minium de huit pouces (20 cm) de diametre et de
4 pouces (10 cm) de profondeur au cours d'une serie
d'experienccs, et, pendant une autre serie, dans des
pots de terre de rnemes dimensions.

Les donnees detaillees ont ete presentees sous
forme de tableau dans le memoire, mais, malhcureu
sement, elles ne comportent pas de mcsurcs du
rayonnement solaire. Neanrnoins, ccrtaines rem~~ques
sur l'ensoleillement et les conditions atmospheriques
permettent de tirer certaines deductions quant a
ces facteurs. On a pu conclure des resultats d'environ
50 essais que le temps ~~yen .n~cessaire pour. ~o~!er
deux litres d'eau froIde a ebulhtlOn dans la CIIISIl11ere
a concentration etait 41 minutes et dans le four,
112 minutes. Les temps les plus courts furent
30 minutes et 92 minutes respectivement. Lorsqu'on
a utilise les recipients en terre, les deux moyennes

ont augmente : 76 minutes pour la cuisiniere ;l
concentration et 142 minutes pour le four.

Ainsi qu'il ressort du tableau prepare par le rappor
teur, le debit moyen d'energie calcule d'apres les
chiffres ci-dessus indique que la puissance du four
est de 0,1 kW et celle de la cuisiniere ;l concentration
de 0,28 kW. La puissance maximale a elc respccti
vement de 0,12 et 0,38 kW. Les chercheurs n'ayant
indique aucune journec parfaitement claire, on pent
supposer que le rendcmcnt des deux appareils dans
des conditions idealcs serait lCgerement meilleur
que celui qui a etc enregistre,

Les chercheurs ont obtenu les meillcurs resultats
avec l'apparcil convergent quand ils le reorientaicnt
toutes les lli a :JO minutes. Il n'etait pas nccessairc
de reorientcr si souvcnt le four. Les effets du vent
sur la cuisiniere a concentration etaicnt plus acccntues
que sur le four, et une Icgcre nebulositc avait un
effet negatif plus faible sur le four que sur l'apparcil
convergent. On a juge que l'appareil convergent
etait plus simple et s'cntretenait plus facilement.

Bien que les etudes rapportccs dans le memoire
de la FAO soient de portec lirni tee, clles servcnt a
montrer, pour la premiere fois ;l la connnissancc
du rapporteur, la puissance nette relative de debit
de ces deux systemes dans des conditions d'utilisa
tion identiques. On peut faire valoir que la vitesse
de chauffage de deux litres d'cau ne definit pas
completcmcnt I'efficacite relative de la cuisson. Ccs
chiffres, neanmoins, indiquent dans les tcrmes
probablement les plus utiles, le taux rclatif de chauf
fage de ces appareils. En outre, lorsqu'on fait bouillir,
cuire a l'etouffee ou que 1'0n pratique toute autre
forme de cuisson dans l'eau, et dans les cas ou deux
litres representant a peu pres le volume des alirncnts
a cuire, ces chiffres montrent le temps approxirnatif
a ajouter a la periode normale d'ebullition pour
evaluer la duree totale de la cuisson des aliments.
Si par exemple il faut une heure d'ebullition pour un
aliment donne, on peut estimer que dans des condi
tions favorables typiqucs, la cuisson d'a peu pres
deux kilogrammes (y compris I'eau ajoutec) prendra
a peu pres 1,30 h sur la cuisiniere a concentration
(rnodele 2 du mernoire S{87), et apeu pres 2,30 heurcs
dans le four solaire.

Pour cuire au four, pour rotir ou pour frire des
aliments, Ies chiffrcs ne sont pas concluants, parce
que chacun de ces deux appareils est assez unique
ment adapte a I'un de ces modes particuliers de
cuisson.

Observations cornplementaires sur les cornpa
raisons des fours solaires et des culslnleres
a concentration

Un avantage du four solairc qui, aux ycux du
rapporteur, semble avoir ctc exagcrc est la rcorien
tation moins frequente et I'elimination de la necessitc
de remuer les aliments. Toutes les cuisinicrcs solain:s
doivent ( suivre le soleil », mais la frcquence de I'onen
tation du four peut Ctre moindrc que dans le cas dt'S
appareils convergents. Ccla signifie quc pcndant
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deux heures de cuisson le four devra etre oriente
de deux a quatre fois pour obtenir le meilleur rende
ment, alors que la cuisiniere a concentration devra
etre ajustee six ou sept fois. Ce qui importe, pour
ce qui est de la necessite de remuer les aliments,
c'est que la cuisson au moyen d'un reflecteur doit
satisfaire un besoin qui est actuellement satisfait
par la cuisson de surface sur un feu ouvert, Les
aliments sont done deja remues pendant la cuisson,
si cela est necessaire, et, en fait, la cuisson solaire
reduit un peu cette obligation parce que la source
de chaleur est moins .intense. L' experience acquise
dans la pratique montre que plus la cuisson solaire
est adaptee aux traditions culinaires, plus les popu
lations sont disposees a l'accepter. Remuer de temps
a autre les aliments, en meme temps que l' on reoriente
legerement le reflecteur, n'exige done pas plus de
temps de la part du cuisinier que les moyens clas
siques utilises aujourd'hui; en fait, dans la plupart
des cas, ces operations prennent beaucoup moins de
son temps.

Uneautre caracteristique du foursolaire est son apti
tude a utiliser une partie du rayonnement diffus du
soleil aussi bien que les rayons directs, alors que seul
I'element direct peut servir dans 1'appareilconvergent.
Dans les regions OU une brume atmospherique ou
une Iegere nebulosite reduisent ordinairement le
rayonnement direct sans diminuer beaucoup le
rayonnement total, le four donnera peut-etre plus
de chaleur que le paraboloide. Cependant, dans la
plupart des regions ou l'on pourrait avantageuseinent
utiliser la cuisson par energie solaire, le ciel est
ordinairement clair, et le captage du rayonnement
diffus ne constituerait pas un avantage important
du four.

Resume et conclusions

Les memoires presentee montrent que les recherches
s'orientent heureusement dans deux directions. On
y trouve prernierernent des donnees quantitatives
sur le rendement des cuisinieres, tant en termes
d'energie debitee a des quantites rnesurees d'une
substance de reference (donnees calorimetriques},
qu'en termes de temps necessaire pour cuire diverses
categories d'aliments dans des conditions mesurees.
Deuxiernement, Ies mernoires presentent les resultats
fort importants d' etudes du rendement pratiquees
dans les conditions normaIes d'empIoi; au coursde
ces enquetes, les cuisinieres ont ete effectivement
utilisees par des personnes ayant des revenus faibles
qui pourraient devenir des utilisateurs permanents
de cuisinieres solaires vendues dans le commerce.

Les mernoires indiquent. l'application possible
de plusieurs modeles et les modifications possibles
des cuisinieres solaires. Le progres technique a
permis de beaucoup arneliorer la plupart de ces
appareils depuis leur conception. Certains appareils
coutent maintenant un peu moins cher, et leur
rendement a ete sensiblement ameliore,

Tous ces progres ont un inconvenient : le cofrt
initial eleve de ces cuisinieres, compte tenu notam
ment de la faiblesse des revenus desutilisateurs

possibles. Aucune des cuisuueres c.mstruites ne
semble satisfaire a la necessite d'en r-'cluire le prix
au maximum a quelques dollars. On pourra peut-etre
le ramener a. ceniveau, en utilisant .argement les
materiaux et la rnain-d'oeuvre du pay~ Toutefois, les
resultats d'etudes approfondies montrr-nt assez nette
ment qu'on ne saurait admettre cl, compromis
quant aux normes de qualite si run veut eviter
une baisse grave du rendement. Ces eli',nents opposes
militent en faveur de la solution c .,i consiste a
faire fabriquer ces cuisinieres sous controle dans des
usines du pays d'utiIisation, employanr au maximum
de la main-d'oeuvre locale et des materiaux locaux.

Meme si l'on reussit a fabriquer I,> moins cher
possible, le prix initial de ces cuisinieres solaires
dissuadera, ou meme empechera, de nombreuses
personnes a faible revenu de les acheter. En conse
quence, des que, dans un pays ou dans une region.
les menages ont reconnu l'utilite d'une ou de plusle~r~

cuisinieres solaires, qu'ils en admettent la necessite
et souhaitent les utiliser, il faut kllf donner les
moyens de se les procurer en accordant des credits,
Ce sujet complexe ne releve pas du pi'~sent rapport,
mais il ne faut pas negligee cette I1t'Cessite. C~tte
possibilite d'ameliorer le niveau de vie de populatlO~S
qui sont le moins en me sure de profiter de ce prog::es
est assez grande pour qu'il soit justine de ,retud1er
soigneusement. Les gouvernements se doivent de
s'interesser a cette question, ne serart-ce que parce
qu'ils pourront ralentir l'epuisement de leurs r~s·

sources naturelles et, dans certains cas, etre malUS
tributaires des importations de petrole.

11 est evident qu'il convient d'accorder beaucoup
plus d'attention aux essais pratiques d~s n?uv~auJ{
modeles de cuisinieres solaires. L'emploi sa.t~sfalsa~t
d'une cuisiniere solaire dans des condItIOns e
({ laboratoire » par des' techniciens ou meme par
des profanes instruits ne garantit nullement quet' T ondes familles a faible revenu accepteront et utllser t
cet appareil. Tout ce que l'on peut affirm,er ~ c~e
egard est que si la cuisiniere n'est pas sattsfat~an ,
du pointdevue technique elle ne peut rendre de servIces.'

. 1 ., .,' ement vrai-mars e contraire n est pas necessair ., de
L'evaluation du rendement dans les condltIO~sd'st n 1 •
vie absolument normales d'une famille es. 1 ui
pensable dans le cas des cuisinieres solalres Bgn
n'ont pas encore ete soumises a cette epreuve. ·~~t
que de nombreux renseignements de cet ordre ticne
~te obtenus sur la cuisiniere paraboloide en ,Plas ~lss~
11 faut en rassembler davantage avant qu on Pteurs
predire en toute con fiance que les consommat une
l'accepteront. Et s'il doit y avoir probablemen, ionS
certaine correlation entre l'acceptabilite entre rt~ion,
differentes et fractions differentes de la POPUd~tions
il faudra tenir compte dans chaque cas des tr~ ~e et
culinaires du climat et du milieu econom1q,
social. J .

. D'un point de vue tres general, il ser:tbJe q~c J~
progres soient encore hesitants, mats gro abIes
promesses. Plusieurs cuisinieres semblent ca$point
techniquement de constituer un impor!ant 1ns les
pour satisfaire aux besoins des populatlOns a
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climats ensoleilles, Il est indispensable de reduire
le coutinitial si 1'0n veut que l'usage de ces cuisinieres
se repande largement, et il faut prevoir des moyens
d'achat a. credit. L'evaluation des perspectives
d'ernploi exige de nouveIles experiences par d'impor
tantsgroupes d'utilisateurs potentiels. 11 semble
souhaitable de creer des modeles nouveaux, de
trouver des matieres nouveIles et de renouvcler les
methodes de fabrication, a. la fois pour ameliorer
les rendements et pour abaisser les prix de revient.

Sujets de discussion proposes

Nombreux sont les sujets d'ordre general relatifs
a la cuisson des aliments par l'energie solaire qui
meritent d'etre etudies et discutes, en plus de points
particuliers souleves dans les divers me moires pre
sentes a la Conference. Citons ici certains sujets
qui devraient susciter beaucoup d'interet :

a) Dans queIle mesure l' emploi de fours solaires
et de cuisinieres solaires du type convergent est-il
interchangeable? Est-ce que la plupart des habitudes
de cuisson et d'alimentation sont teIles qu'il ne
serait pas utile d'employer, par exemple, un four
pour faire bouillir des aliments, ou un appareil a.
concentration pour cuire du pain?

b) Si 1'0n n'ernploie pas indifferernrnent l'un ou
l'autre type, dans queIles parties du monde chaque
modele a-t-ille plus de chances d'etre utilise par les
groupes a revenus faibles?

c) Si 1'0n juge improbable que l'on puisse fabriquer
des cuisinieres solaires economiques d'une puissance
de debit de chaleur net superieure a 500 watts,
est-ce la un element qui doive en limiter beaucoup
l'usage general? Est-il necessaire, pour que les appli
cations de l'energie solaire soient satisfaisantes,
d'obtenir la meme puissance que ceIle fournie par les
appareils de cuisine traditionne!s, c'est-a-dire 1 000
a 2000 watts?

d) Selon certains chercheurs, l'adoption des cui
sinieres solaires par les familles a faible revenu dans
les regions sous-dcveloppees ne se fera que si ce
nouvel appareil ne change pas essentieIlement les
habitudes de cuisson et d'alimentation de ces popula
tions. Dans queIle mesure ce postulat est-il suscep
tible de modification?

c) Que! est le maximum de cout initial que 1'0n
peut reellernent admettre, si 1'0n veut rcpandre
avec succes l' emploi de la cuisiniere s.ola!re? Da',1s
quelle mesure peut-on espercr parvcmr a cc pnx
de revient dans le cas des modeles actueIlement a
l'etude, et quel est le modele qui semble offrir les
meilleures chances de succes?

f) Dans queIle mesure peut-on espcrer ameliorer
le rendement des cnisinieres solaires actuellernent
mises au point?

R) QueIle importance prescntc l'acclll~1Il1ation de
chaleur en matiere de cuisson des ahments par
l'energie solaire? La capacite pour nn four solaire
d'emmagasiner 200 kilocalories de. cha!eu.r. cst-;lIe
un facteur important de son emploi? L utilite dun

four solaire est-cl le dirninuee par la necessite du
prechauffage si l'on utilise l'accumulatiou a tempe
rature elevee? Scrait-il souhaitable de fabriquer
un type d'appareil d'accumulation de chaleur qui
pourrait ctre employe avec le modele de cuisiniere
a concentration, la chalcur latentc servant ensuitc
a cuire les alimcnts apres le coucher du soleil?

h) La possibilite de porter facilemcnt et de plier
l'appareil de cuisson est-elle une caracteristique
importante de son emploi? Cette caracteristique
peut-elle Ctre le factcur determinant du choix de
l'apparcil, si ses autres caractcristiqucs sont compa
rabIes a. celles de l'apparcil non portatif?

i) Quels sont les facteurs intrinseques des cuisi
nieres solaires du modelc convergent et des fours
solaires qui peuvent Iimiter leurs dimensions?

j) Quels sont les prix de revient des fours solaires,
tels qu'ils sont concus aujourd'hui ou envisages
pour l'avenir? Quel est le maximum que 1'0n peut
atteindre, dans la conception du four solaire, quant
au rendement du reflcctcur, aux caracteristiqucs de
la fenetre, et a. l'isolement thermique? Quels prin
cipes specifiques peut-on fixer pour la construction
des fours solaires et quelles sont les meilleures mesures
du rendement? La temperature maximale obtenue
dans un four vide est-elle une mesure utile de la
qualite de ce four? Quelles conclusions peut-on tirer
quant aux avantages rclatifs des reflecteurs internes
et externes?

k) Quels sont les criteres importants qui doivcnt
regir la conception des cuisinieres solaires du type
a concentration, et comment peut-on le mieux
juger de la valeur de ces appareils? Dans queUe
mesure les caracteristiques des recipients de cuisson
influencent-eIles le rendement apparent des cuisinieres
et comment pout-on tenir compte de ce facteur lors
de l'analyse du rendement?

I) Qucls sont les facteurs sociologiques les plu~

irnportants qui interviennent en matiere d'ernploi
des cuisinieres solaires, par exernple la mesure dans
laquelle les populations accepteront de changer
leurs habitudes, la mesure dans laquelle on peut
utiliser ces cuisinieres dans les regions ou les popula
tions sont disposees a. les accepter, les effets
secondaires qu'aurait leur utilisation sur une grande
echclle, tels que le travail du ramassage du
combustible et l'emploi d'engrais, et la neccssite
d'apprcndre aux populations it se servir d'appareils
mecaniques? .

Ill) En matierc d'expericnccs pratiqucs, quellcs
sont lcs rcponses aux questions suivantes : quel est
le nornbrc de personnes, de lieux et de jours neces
saires pour obtenir de bons resnltats? Quelle est la
valour relative des demonstrations par cornparaison
avcc l'emploi regulier dans le menage? Quel effet
a la presence d'un observatcur sur la validitc des
rcsultats? Dans quelle mesure Iaut-il former les
utilisatcurs?

11) Comment les Iamillcs ;1 faible rcvcnu pcuvcnt
elles cnvisager un investissement meme modestc
pour l'achat d'un type quclconque de cnisinierc
solaire?
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0) Les gains qu'il serait possible d'obtenir en
matiere de protection des ressources naturelles grace
a un usage tres repandu de la cuisson par l'energie
solaire justifient-ils que les gouvernements sou
tiennent les experiences de cuisson solaire et financent
1'achat des cuisinieres?

p) Quels avantages presente l'utilisation possible
de cuisinieres solaires de tres grandes dimensions,
non seulement pour la preparation des repas, mais
aussi en tant que petite source de chaleur pour la
maison quand elles ne sont pas utili sees pour la

cuisson des aliments? Quelle augrnen.. tion de cant
pourrait-on accepter si 1'on pouvait ;i insi accroitre
l'utilite d'une telle source de chaleu."

q) Parmi toutes les cuisinieres sO];->."S examinees
a cette Conference ou etudiees ant(j; urernent, en
est-il une qui semble posseder des av.vtages remar
quables qui permettraient d'envisar.-. une appli
cation generale? Dans quels pays o.. clans quelles
regions cette possibilite d'utilisation cxiste-t-elle,
et par quel moyen peut-on l'evaluer .ivec assez de
certitude?



l'SE OF SOLAR ENERGY FOR HEATING PURPOSES: SOLAR COOKING

Rapporteur's summation

I n reviewing the papers and discussions on solar fuel replacement in under-developed areas could be
cooking (agenda item In. C. 4), it is desirable that great. Major benefits could be derived from the use
we be reminded of the principal requirements for the of dried animal wastes for fertilizer rather than
successful use of a solar cooker in an under-developed fuel, conservation of trees and other ground cover,
area. These may be summarized as follows: and the reduced outlay of limited funds for fuel

(a) The unit must cook foods effectively; it purchases.
must therefore provide energy at a sufficient rate Although at least one or two cookers, and possibly
and temperature for the desired quantity of food. others, appear to meet the needs, the present costs

of about $15 are too high for the average user in the
(b) It must be sturdy enough to withstand rough areas of greatest usefulness. Hence, there should be

handling, wind, and other hazards. further determined efforts to reduce manufacturing
(c) It must 'be sociologically acceptable and fit costs. Effective measures may comprise material

in with the cooking and eating habits of the people. substitutions, design simplifications, labor reduction,
(cl) It must be possible for the user to obtain a mass production, and the use of locally available

cooker at a sufficiently low cost for him to make materials and labor. When fully proven, from tech
financial savings by its use.' nical and economic standpoints, it then will probably

be necessary to provide some sort of credit arrange-
The current status of solar cooker development ment for individual and family purchases of solar

m?y be summarized by reference to the preceding cookers.
general report on this subject, supplemented On the developmental side, it is essential that a
by the further discussions at the Conference. Up- high thermal output be achieved. Experience shows
wards of two dozen variations of workable solar that a marginal output cannot succeed. It appears
cookers have been made, eight of which have been that about half a kilowatt of heat delivery capacity
described at the meeting. Several modifications should be provided. Sturdiness and long life must
of the focusing type for surface cooking, and two also be assured. Continued effort in developing new
types of solar heated ovens for baking have been designs and materials, several of which have been
described. Concentration ratios have ranged from reported at the Conference, for the first time, appears
3 to about 35. Performance data are available highly desirable.
on most of these units. The heat delivery covers
a range of 150 to 400 watts, corresponding to the From the sociological standpoint, the cooker must
heating of one litre of cold water to the boiling point fit the cooking techniques and schedules of the
in 15 to 40 minutes. people using it. This point has been heavily stressed

by several speakers. It is possible it has been over-
Extensive field testing results are available for stressed, because there is a danger that technical

the rigid plastic paraboloid cooker, in a fuel-scarce inadequacy in a particular cooker may be blamed
region of northern Mexico. Another focusing type, on some social factor or other. It is my contention
a portable umbrella-like unit, is in commercial that a cooker of eminently sound design and modest
production and is being sold in the United States. cost will succeed in many areas of the world, where
Of the two cookers produced in sizable quantity, customs do not have to be extensively modified.
costs (in small-scale production) are about $15. Notice the immediate acceptance of electricity in
Reduction in this figure appears possible, especially developing areas - and the substitution of tractors
with factory production and the use of native and diesel pumps for horses and human power.
materials in under-developed countries. New designs These are probably even greater social revolutions
may reduce the costs further. A Fresnel-type segment- than solar cooking will be. I do not mean that the
ed reflector cooker has interesting possibilities along social factor is not important in solar cooking develop
this line. ment, but I caution against mistaking a technical

The needs for solar cooker development and applica- failure for a social rejection.
tion have been amply cited. In short, they are the Another subject demanding further study is the
result of the scarcity of cooking fuels in many regions, storage of day-time heat for delayed cooking, even
their high cost, and their wasteful use. Although into the evening. Methods have been suggested,
cooking requires only a very small portion of the and tested to a limited extent, but it appears that
world's energy consumption, the aggregate indi-the demand for this feature has not been well assessed,
vidual and family impact of substantial cooking and that heat storage systems have not been
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adequately developed. Both phases of this problem
warrant attention.

It was recommended that consideration of the
use of solar cooking in a particular area involve the
following procedure:

. (a) Survey t.he type of cooking done, the time of
meal preparation, and related cooking and eating
customs.

(b) Select an existing.cooker, or design and develop
one, to meet the particular requirements.

(c) Conduc~ extended experimentation and field
testmg or tnal use, under natural conditions.

(d~ After successful conclusion of the above steps,
consider sources and means for commercial supply.

It was urged by one speaker that it should be
recognized that th.e criterion of acceptability or
excellence of a design should not be on a basis of
total heat output, or heat output per unit area, but

rather on the ratio of efficiency to c,;t. More pro
perly, this ratio should be net th-r.ual output or
useful heat delivery per unit of cost. At equivalent
levels of convenience, durability, an('~uch factors,
the best cooker would show the rna ximum value of
this ratio.

In an over-all view, solar cook>: development
appears to have reached a point .' t''re practical
application is imminent. Several t' .kers appear
technically capable of supplementing, ';) :t substantial
extent, the cooking needs of peoples ill -unny climates,
Reductions in equipment cost an' ]i vrequisite to
large utilization, and means for Cl, .lit purchase
seem to be needed. Appraisal of use pr, ,·,pcets requires
further field testing by large grour-. of potential
users. New designs, materials, ;\11; fabricating
techniques appear desirable, both ;'Jr achieving
better performance and for lowerina "\,;ts of manu
facture.



El\iPLOI DE L'ENERGIE SOLAIREPOUR LE CHAUFFAGE: CUISINIERES SOLAIRES

ReiHlme du rapporteur

1J Y a lieu, en analysant les memoires qui ont ete de. combustibles dans de nombreuses regions, a leur
presentes et les discussions qui ont eu lieu sur les pnx eleve et au gaspillage qu'on en fait. Bien que
cuisinieres solaires (point IILCA. de l'ordre du jour), l'energie utilisee pour la cuisson ne represente qu'une
de !~arder presentes a l'esprit les conditions princi- tres petite fraction de la consommation totale
pales de succes de l'emploi d'une cuisiniere solaire d'energie dans le monde, la substitution, dans une
dam une region sous-developpee. Ces conditions mesure appreciable, de l'energie solaire au combus
sont, en quelques mots, les suivantes : tible normalement utilise pour la cuisson des ali-

a) L'appareil doit cuire les aliments efficacement; ments par les particuliers et les familles dans les
il doit par consequent fournir de l'energie avec un regions sous-developpees pourrait avoir des conse
debit et a une temperature suffisants pour la quantite quences notables. C'est ainsi que l'utilisation des
d'aliments voulue; excrements desseches des animaux comme engrais

bj Il doit etre assez robuste pour resister aux plutot que comme combustibles, la conservation
manipulations brutales, au vent, etc.;'· des arbres et de la vegetation et la diminution des

Ci Il doit etre acceptable du point de vue sociolo- credits deja Iimites destines a couvrir l'achat de
gique et etre adapte aux habitudes culinaires et combustibles seraient extremement avantageuses pour
dicl}tiques des populations; ces regions.

a) L'usager doit pouvoir se procurer une cuisiniere Si une ou deux cuisinieres au moins, et quelques
solaire a un prix assez bas qui lui permette de realiser autres peut-etre, semblent correspondre aux besoins,
UlH' economic. leur prix actuel (environ 15 dollars) est trop eleve

On peut avoir une idee d'ensemble de la situation pour l'usager moyen des regions ou ces appareils
en ce qui concerne les cuisinieres solaires en se refe- pourraient etre le plus utile. Il faut done redoubler
rant au precedent rapport general sur le sujet d'efforts pour reduire les cotIts de fabrication. L'em
complete par ce qui a ete dit en seance. Plus d'une ploi de materiaux nouveaux, la simplification des
vingtaine de cuisinieres solaires de types divers modeles, la diminution du temps de facon, la pro
capabies de fonctionner ont ete construites et huit duction en serie et l'utilisation de materiaux et de
d'entre elles ont ete decrites au cours de la seance. main-d'ceuvre locaux seraient notamment des
On a egalement decrit plusieurs variantes de la mesures efficaces. Une fois que la fabrication sera
cuisiniere parabolique a plaque et deux types de justifiee du point de vue technique et economique,
fours solaires. Les rapports de concentration des il faudra probablement prevoir des mesures de
rayons solaires vont de 3 a environ 35. On peut en credit afin que les particuliers et les familles puissent
general se procurer les caracteristiques de ces appa- acheter des cuisinieres solaires.
reils. Le debit de chaleur varie entre 150 et 400 watts En ce qui concerne la mise au point, il est essentiel
et permet de porter un litre d'eau froide a ebullition d'obtenir un rendement thermique eleve, L'expe
dans un temps variant de 15 a 40 minutes. rience montre qu'un rendement passable ne garantit

On connait les resultats de nombreuses experiences pas le succes. 11 faudrait arriver, semble-t-il, a un
sur la cuisiniere paraboloide en matiere plastique debit thermique d'environ 0,15 kilowatt. L'appareil
rigide effectuees dans une region pauvre en combus- doit egalement etre robuste et durable. Il parait
tible du nord du Mexique. Un autre appareil para- tres souhaitable de poursuivre les efforts de mise au
bolique portatif ayant la forme, d'une ombrelle est point de modeles et de materiaux nouveaux, dont
Iabrique en serie et vendu aux Etats-Unis. Chacune plusieurs ont ete signales a la Conference pour la
des deux cuisinieres construites en assez grand premiere fois.
nombre (petite serie) cofite environ 15 dollars. On Du point de vue sociologique, la cuisiniere doit
doit pouvoir abaisser ce prix notamment par la etre adaptee aux techniques et aux habitudes
production en serie de ces appareils et I'emploi de culinaires de l'usager. Plusieurs orateurs ont forte
materiaux locaux dans les pays sous-developpes, men~ insiste sur ~e point. 11 se peut cependant que
et peut-etre aussi par la mise au point de modeles son Importance ait ete exageree, car on court tou
nouveaux. Une cuisiniere a reflecteur segmente du jours le risque d'imputer a un facteur ou a un autre les
type Fresnel offre a cet egard d'interessantes possi- defauts d'un appareil particulier. ]'estime pour ma
bilites d'emploi. part qu'une cuisiniere bien concue et d'un prix

On a tres souvent parle de la necessite de mettre abordable connaitra le succes dans de nombreuses
au point et de construire des cuisinieres solaires. regions du monde, ou il n'y a pas lieu de modifier
Cette necessite tient, en quelques mots, a la penurie sensiblement les coutumes. ]e n'en veux pour preuve
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que le fait que l'electricite a ete acceptee immedia
tement dans les regions en voie de developpement,
comme l'a ete la substitution du tracteur et de la
pompe Diesel au cheval et a l'energie humaine. Ce
sont la probablement des revolutions sociales encore
plus grandes que ne le sera la cuisson solaire. Loin
de moi la pensee que le fait social ne joue aucun role
dans le developpement de la cuisson solaire, mais je
tiens a mettre le public en garde contre l'erreur qui
consiste a prendre un echec sur le plan technique
pour un refus sur le plan social.

La conservation de la chaleur accumulee pendant.
la journee aux fins d'une cuisson ulterieure, meme
le soir, est une autre question qui demande a etre
etudiee plus avant. Quelques techniques ont Me
proposees, et experimentees dans une certaine
mesure, mais il apparait que la demande dans ce
domaine n'a pas ete bien evaluee et que Ies systemes
de conservation de la chaleur ne sont pas au point.
Ces deux phases d'evaluation et de mise au point
justifient qu'on s'interesse au probleme.

On a recomrnande de suivre, pour etudier I'utili
sation de I'energie soIaire en vue de la cuisson dans
une region donnee, la procedure ci-apres :

a) Etudier le type de cuisson effectuee, la duree
de preparation des repas et les autres coutumes
culinaires et dietetiques ;

b) Choisir une cuisiniere, ou en concevoir et en
mettre au point une qui soit capable de repondre
aux besoins des usagers interesses:

c) Experimenter Ionguement et menre a I'epreuve
ou a l'essai, dans des conditions 1\ ),males d'utili
sation, les appareils en question;

d) Etudier Ies moyens de producti-» commerciale.
Un orateur a demande instamm. ;t de ne pas

admettre que le critere de convenance : 1 d'excellence
d'un modele soit etabli en fonction .iu rendement
thermique total ou unitaire (rendrll' nt par unite
de surface), mais bien en foncti. » du rappo~t

rendement-prix. Plus precisement, cc T .pport devrait
etre le rendemerit thermique net. I 'est-a-~ire le
debit thermique utile par unite de en'lt. A mveaux
equivalents de commodite, de durabthte ~~ d'autr~s

facteurs de ce genre,. la meilleurc ,Cl isiruere serait
celle qui donnerait le rapport maxll'd.

Dans l'ensemble, la mise au point I ~/ la cuisiniere
soIaire semble avoir atteint un stark ,111 son appli
cation pratique est imminente. PIu:" 'IfS ap~areils
paraissent bons, techniquement, P(, r f?Urnlr un
appoint substantieI aux ?es~ins. de" I,lb~tan~s des
regions ensoleillees. Une diminution ( pnx d acha~
est indispensable si l'on veut gene) uiser l'em?l?l
des cuisinieres soIaires et des IDeSi ;'('S de credit, ., I
a l'achat sont, semble-t-il, a preVO!' Pou; .eva uer
Ies perspectives d'emploi, il faut fair. expenmenter
encore les appareils par des grou ~ ,,~s nombreux
d'usagers eventuels. Il parait souhaiLdlle de n:ettre
au point des modeles des materiaux et des techmques

, '1' lede fabrication nouveaux, tant pour ame l?re~

rendement que pour abaisser le cofit de fabncatIOn.
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TE~IPERATURE.DECAY CURVES IN THE BOX·TYPE SOLAR COOKER

M. S. M. Abou-Hussein *

210
202
214
237

Reflectors inside

198
192
206
230

Reflectors outside

Per cent of total solar radiation at plane aa = Roa

70
80
90
95

Per cent direct solar
radiation

Table 1. Per cent of total solar radiation at plane aa = R aa;
per cent incident radiation at plane bb = 400 R aa

(c) The heat loss between the hot pot and the
heated metal reflectors inside the oven is less than
the corresponding value between the pot and the
less heated insulated walls of the oven in case the
metal reflectors are outside the oven; this is of
course true assuming equality of oven volume and
its contents including wall areas in both cases, and
also with the two ovens having the same nature
of materials.

(d) The indirect solar radiation reaching the oven
is increased with this design because its glass window
area receiving this radiation is about four times
that of the oven with outside reflectors.

(e) The reflectors are enclosed inside the oven
and so are less subject to mishandling than when
they are outside.

(f) The heat-dissipation area inside this furnace
is greater than the corresponding area with outside
reflectors.

(g) A part of the heat reaching the inside of the
oven is used to heat the reflectors themselves.

(h) Difficulties due to rotation with the sun exist
with reflectors inside or outside the oven.

Experiments were then conducted on two ovens
with almost identical dimensions of : reflectors, pots,
insulating materials and air space between the inside
oven walls and the plane aa. One oven however,
had its reflectors inside and the other outside.

The number of glass panes in each type was two,
with one cm air spacing, and the reflectors were
made of highly polished aluminium.

Some results are given below: .

The increase in the value of the percent total
solar radiation at plane aa in the inside-reflector
type compared with the outside-reflector type is
pronounced at higher percent values of indirect
radiation. This is due to the increased value of this
indirect radiation in the inside-reflector type by
its increased glass window area.
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Solar oven

History of the box-type solar cooker

Cnlver, in 1899, used a heat insulated box housing
a flat oven on which the solar energy fell reflected
by plane mirrors through the oven glass doors (1).

Eaker, in 1901, used a series of pivoted mirrors
supported on an external adjustable stand to reflect
sob, energy to the oven (2).

De la Garza, in 1902, made use of lenses to con
cei:i,ate solar radiation to the cooking pot (3). The
lelb2s and the pot were moved to follow the sun.
Boone used the same principles (4).

Chevrier, in 1915, designeda moderate temperature
solar oven with rays admitted to the box through
glcss panes (5).

Several other cookers have been patented during
recent years in Japan by Sugimoto (6), Watanabe (7)
and Goto (8), and in India by Ghai (9).

Telkes uses heat insulated solar boxes with a
glass window through which is reflected, using
plane reflectors making 60° with the window plane,
direct solar energy (10). The reflectors themselves
receive solar radiation at 30°incidence. The percentage
of solar radiation flowing through the glass window
and reaching the stove through two glass par:es
amounts to 180 per 'cent for glass reflectors. with
intercepting areas equal to double the glass window
area.

In this design, four aluminium reflectors of total
areas of about 5150 cm'' were placed inside the oven
making a 60° angle with the 2-pane glass. window
as shown in figure 1. The plane aa area IS about
900 cm-. The glass used was water-white, 3 mm
thickness, and one cm air-spaced. The pot, of the
appropriate shape, was made of copper of about
0.25 mm thickness or less. The inner surface of the
oven round the pot was inclined to concentrate all
reflected rays on the pot. The insulation was glass
wool 10 ems thickness.

By this design we have:
(a) The solar energy intercepting area of the

four reflectors is about three times the area of plane
aa.

(b) The reflectors are weather-proof but neither
light nor heat proof.

* Assistant Professor, Faculty of Engineering, University of
Cairo.
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(Ap .. area 01 plall~ GlI =900 cm~

Ar =area 01 rdlectors, illurcepti1l9 raJ~, about 5·7 Ap)

at working conditions, of '1J will receive 1.t'e following
amount of solar radiation per hr:

R; = R, '1J A btujhr

where: R; is the incident (or input) S(,Ltf radiation
on one square foot area of oven pcr Jir It follows
that the weight of food cooked per hr unIr-r assumed
conditions will be:

s, '1J A/I50 lb/hr

As an example, if the sun radiation Hi IS 300 btuj
sq ft hr and the area A is one square foot, "fJ = 0.5
then the weight of the food cooked lW' hr will be:

300 X 0.5XI. ,
150 - = one lb/hr or 0.44;; J,gm/hr

This weight can be increased with 11 ,:~her values
of efficiency.

b

Figure la. Solar oven with reflectors inside

Figure I b. Reflectors view in rays direction

Heat storage

Heat stored inside the oven is important since it
indicates the accumulated heat that c an be used
later to speed cooking during the mtermittent
cloudy periods or after sun set.

Heat may be stored as latent heat of fusion or as
specific heat.

H heat is stored as of fusion, then this requires
a liquid tight container. Also the dripping and waste
of the heat storage material should be avoided. The
materials must be cheap and easily obtainable.'

The heat of transition of solids may be used.
Heat is stored in some materials as sensible heat and
their heat of transition as latent heat. A mixture
of sulphates of potassium, sodium and calcium may
be used with ratios determining the transition tempe
ratures between 191°C to 239°C.

In this respect a curve with the black-plate .tempe
rature as ordinate and time as abscissa WIth the
oven subjected to solar radiation for some tiII!e ~nd
then removed to a place with no direct radlatlOn,

will indicate:
(a) The behaviour of the oven during cloudy

periods or after sun set.
(b) The rate of heat gain during the presence of the

oven in the sun light, which is equal to the slope
of the curve during this. interval.

(c) The rate of heat loss after the reJ:Iloval of the
oven to a place with no direct radiation is equal to
the -slope of the curve during this period.

(d) The possibility of the short-term heat storage
which may have the rate of heat loss as a measure.

(e) The stability of operation of the oven depends
on both the rate of heat gain and heat loss.

Such a curve was plotted for an oven with reflectors
inside and the results are given in table 3 and curve
drawn in figure 2.

256

Temp 'C

Reflectors inside oven

280

Sun radiation
btufsq It hr

248

Temp 'C

Reflectors outside oven

Sun radiation
btufsq It hr

Table 2. Black plate temperature

(2 glass panes, 10 -cms insulation, aluminium reflectors)

280

Tests on the black plate temperature in bothovens
were made, and the results are given in table 2.

Heat necessary for cooking

Most foods have nearly unity specific heat. It
is known that about 150 btus are needed to boil
one lb (0.445 kgm) of water from about 22°C in a
covered pot.

A solar oven with a solar energy intercepting area
equal to A square feet and with an over-all efficiency,
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.500

250

200

50

(Glau panu: i, sun cner,,: 280 BTU/~q ft.hr.

Ap:900 cm ,10 cm,. insulotion" ambient air

relllp.=30 'c)

mhllus

Figure 2. Temperature-decay curve of box-type solar oven

Table 3. Temperature-decay curve

(Lat. 30' north, glass panes 2, sun rad. 280 btujsq it hr glass
panes tilt 30' with horizontal, 7.5 cm insulation, reflectors

intercepting area twice area of plane aa)

Some economical and sociological aspects
and suggested improvements

An estimate is made for the price of a solar oven
of solar energy intercepting area of 5 150 cm- and

Black plate temperature
DC

Removal of sun direct radiation

with aluminium reflector inside the oven; the cooking
pot is made of thin copper. The estimate comes
nearer to £8 (Egiptian) or about V.S. $18.2. Such an
oven is capable of cooking about 5.7lb of foods per hr
under conditions assumed above.

Although this oven proves very inexpensive and
cannot be compared with the high cost paid for the
electric or gas cookers, it cannot find its way to
public use to any considerable extent. This is pro
bably due to some traditions of employing vegetable
and animal refuse as fuels in villages. Cotton-stalks,
corn-cobs and dried animal dung form the major
fuels used at present in cooking and baking. At the
same time, the ovens used are considered as sources
of heating the house.
, If an easy method is employed to make the whole
oven follow the sun, then this may considerably
increase the efficiency of the oven and probably.
spread its use and improve the heat stage.

Conclusions

An inexpensive solar oven with inside reflectors
may be used. It is capable cooking about one pound
of foods per hr per one square foot solar energy
intercepting area. This weight of cooked food can
be increased for oven efficiencies higher than 50 per
cent.

A temperature-decay curve is essential to know
the degree of the operation of the oven stable without
direct radiation incident on the oven glass window.

205
187
177
167
155
144
ll8
80

I 30
lOO
ll9
132
150
167
180
191
218

Heat gain
(temp rise)

Heat loss
(temp decay)

Time after first Placing
oven in sun, minutes
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1 .
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Summary

The reliability of the operation of the box-type rate of heat gain or loss, the suitability (;; .he thermal
solar cooker depends, amongst other factors, on insulation, the possibility of the sho. term heat
the rate of heat gained in the sun and the rate of storage and the stability ofthe operation,; the cooker.
heat lost during cloud presence and after sun-set. Other performance characteristics (,i this new
A curve expressing the black plate temperature, solar oven with all plane reflectors insv'. are given
under the assumed conditions, as ordinate and the showing a slight increase in the black-: ',ite tempe
time from first placing the cooker in the sun, as rature from the corresponding oven irh outside
abscissa is called the temperature time curve. If reflectors. This is due probably to t' increased
the temperature is increasing, it is the temperature- indirect solar radiation. This is absorbc.: m the new
rise time curve; but if it is decreasing it is the tempe- type due to its increased glass window »rea.
rature-decay time curve or simply the temperature- Some economical and sociological Iactvs are given
decay curve. indicating the cheapness of the oven ~, well ~s the

In this paper the temperature-decay curve of a difficulty of using the oven amongst the l11ha~l~ants
solar oven of the box-type is found. The oven itself of undeveloped countries, due to some tradlt1ons,
has all its plane reflectors inside. Technical improvements relating to 111inimisipg the

It is shown that the temperature-decay curve can rate of temperature decay or increasing the time of
be taken as a measure of the initial heat stored, the short-term heat storage are suggested.

COURBES INDIQUANT LE REGIME DE LA BAISSE DE TEMPERATURE DANS LES
FOURNEAUX SOLAIRES DU TYPE A ENCEINTE FERMEE

Resume

La regularite de fonctionnement des fourneaux
solaires du type a enceinte fermee est conditionnee,
entre autres, par le regime d'acquisition de la chaleur
pendant l'exposition au soleil et le regime de perte
de chaleur en presence de nuages et apres le coucher
du soleil. On peut tracer une courbe dite « tempe
rature/temps », qui donne en ordonnee la tempera
ture d'une plaque noire dans les conditions admises
pour I'experience, et en abscisse le temps ecoule
depuis la mise de 1'appareil au soleil, Si la tempera
ture augmente, la courbe est done une courbe qui
donne le regime de la montee de temperature mais, si
elle descend, il s'agit d'une courbe de baisse ou de
degradation de la temperature. 0

Dans le present memoire, on examine la courbe
qui donne le regime de la baisse de temperature
pour un fourneau solaire du type boite. Tous les
reflecteurs plans sont interieurs au fourneau.

On dernontre que la courbe de baisse de tempera
ture peut etre consideree comme etant une mesure
de la quantite initiale de chaleur mise en reserve,
du regime d'augmentation ou de perte de chaleur,
de la valeur du calorifugeage, de la possibilite d'une

mise en reserve de la chaleur a court terme, et de
la stabilite de fonctionnement du dispositif.

On donne egalernent les caracteristiques de ,re,nde
ment dece nouveau fourneau solaire. Elles revelent
une legere augmentation de la temperature de la
plaque noire par rapport aux valeurs que 1'on trouve
pour un fourneau dont les miroirs ou reflecteur~
sont ,a 1'exteri~ur. Ceci s'explique pr?ba.ble~e~
par 1augmentation du rayonnement solaire lndl~ec .
Celui-ci est absorbe, dans le nouveau type, en ralst
de l'augmentation de la surface qu'occupent es
fenetres en verre.

L'auteur donne certaines considerations econr
miques et sociologiques, desqueUes il ressort que e
four est d'un prix modique mais qu'il est aSsez

, . ays
difficile de le mettre en oeuvre dans certalllS P
sous-developpes, eu egard aux coutumes de la popu
lation de ces pays.

D '1" h . yant traites ame iorations d'ordre tec mque, a e-
a la reduction au minimum de la baisse de temp.
rature, ou a I'augmentation de la duree d'emmagasl
nage a court terrne, sont recornmandees.
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LABORATORY AND FIELD STUDIES OF PLASTIC REFLECTOR SOLAR COOKERS

J. A, Duffie, G. O. G. Lo} and B. Beck *

Cooker design

Laboratory and field studies of reflective-type
solar cookers have been in progress for several
years; the results of these studies are summarized
in this paper. Reflective-type cookers utilizing
48-inc!l aperture, I8-inch focal length molded plastic
reflectors, mounted on frames adjustable in altitude
and azrmuth, have been used in these experiments.
Two basic mounting frames have been designed and
used, :~,s shown in figures 1 and 2. The reflectors and
mounting designs will be discussed below; they have
evolved from laboratory studies and from results
of fit: d experience by anthropologists.

The reflective-type cooker is particularly well
suited to operations of boiling, stewing, and other
wet cooking. It can, with the use of metal plates of
good conductivity to distribute the energy over the
cooking surface, be used for frying. It can also be
adapted to baking by the addition of an insula~ed

oven over the pan support. Like any othe.r reflective
solar exchanger, proper use is mandat~ry If adequate
energy delivery is to be achieved; with proper use
these cookers can deliver a maximum of 600 watts,
depending on beam radiation intensity and the con
dition of the reflector.

expected life of this reflective material on reason
ably regular use is about two years, and while it is
convenient and useful in the research programs,
more durable reflecting materials are considered
necessary for successful long-time, low-cost use.

The cooker design has evolved through several
stages, the earliest of which was devised by D. Dun
ham, (1). The first model subjected to extensive
study was similar to that of figure 1, but with
lighter construction and a 42-inch aperture reflector;
it is designated as Model 1. The cooker of figure 1
is designated as Model 2. The basic feature of these
two models, other than the use of plastic reflectors,
is a frame constructed of thin-wall tubular steel,
formed so that the portion to which the reflector
rim is secured is an arc with its center on the horizon
tal line of support of the reflector. This permits a
simple sliding ring adjustment for solar altitude.
Azimuth adjustment is achieved by pivoting the
whole frame on a peg set in the ground or on a
cross-stand. The reflector is pivoted about a hori
zontal axis at the pan support (the "grid"); this
general arrangement has the advantage of providing
support for the pan independently of motion of the
reflector.

Model 3 of the Wisconsin cooker, a 1960 develop
ment by W. W. Schaerff, is shown in figure 2. It

COOKER DESIGNS

The reflectors used in the solar cookers are fabricat
ed of plastics (2). Recent models use .a drape-formed
high impact polystyrene ?hell ?f a th~ckness o~ 0.060
Inches, stiffened at the nm with a n~g of t~lln-wall
aluminum tubing of about one-half inch dIa~eter.
These shells are light in weight,. are sufficiently
stiff to retain their shape and are reSIstant to damage
by bending. They are readily formed ir: the comI;>0und
curvatures required by simple forming techmques.

A reflective lining of aluminized Mylar po~yester
film is applied to the shells with an adh~sIve, so
that the clear film forms a protective covenng ovler

h dition specu arthe specular surface. T e new-con 5 t
reflectivity of this material is in the ran~~~~ 7 a~
80 per cent· the reflectivity decreases WI ll1~e

, th . g and detenora-a rate dependent on film wea enn
. . '1 h s the advantagetion This' reflective matena a d

. . fl ti surface an easyof good protection of the re ec rve fil
cleaning of the chemically inert p~ly~~te\ini~:
and relatively simple replacerr:enJ fh t ~he best
However it must be emphaSIze a,

. Madison, Wisconsin.* University of Wisconsm.
339

Fi~ure 1. The Model 2 \Visconsin Solar Cooker. Reflector
aperture 48", focal length 18"
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Figure 2. The Model 3 Wisconsiu Solar Cooker

is similar to the earlier models in having adjustments
for solar altitude and azimuth. However, the azimuth
adjustment and vertical stability are provided by
two spun discs at the base which fit one within the
other and turn with respect to one another; this
results in a much lower and more stable cooker.
Adjustment in altitude is provided by a locking
device on a sector attached to the reflector, and
the grid is supported from each side for additional
stability. The frame members of this cooker are
of thin-wall steel tubing and 19-9auge sheet metal
formed by stamping or (for the base discs) spin
ning.

The reflectors and frames of these cooker models
are of simple construction, fabricated by standard
techniques of readily available materials, andno great
degree of precision of manufacture is required. Stan
dard metalworking shops would be capable of the
welding, brazing, forming and spinning operations
required for the frames. Model 3 was specifically
designed with the object of widely available materials
and inexpensive, easily reproduced forming opera
tions.

The major design criteria leading to the develop
ment of these cookers, and evolving from field studies
of the use of the various models, can be summarized
as: the provision of adequate capacity to deliver
energy, which is generally met by the 48-inch
reflector properly used; the provision of adequate
mechanical strength of the frame to support heavy
loads of water, etc.; provision of adequate stability
in wind to prevent overturning and' damage, met
best by the low design of Model 3; ease of assembly
and use by technically unskilled persons and reflector
construction of sufficiently low precision to avoid
very high reflected energy flux and subsequent
burning; low cost.

COOKER PERFORMANCF

As with any reflective system, the c; ~:, 'ered energy
depends on the method of operatiorv.: it affects
the heat balance. This balance, ",L,o;; has been
studied extensively for other solar exc1.::J:-s-er systems
(3), can be written for steady operatir : , as follows:

HbArrYIX=qu +qth

Here Hi, is the intensity of beam ra.iiation, fixed
by weather and time, A r is the unshtu lc-l area of the
reflector, and r is the specular reflcct ivity of the
reflector. Y is an intercept factor whirl: denotes the
fraction of the specularly reflected ra') iation which
is intercepted by the cooking vessel; it i 0 a function
of the accuracy of the reflector shape, t J. ~ precision of
orientation of the system and the sizv .,f the vessel,
and in a good system properly used: near unity.
The absorptivity of the vessel for ~;::' radiation
is IX. Useful heat delivered to the cn, .mts of the
vessel is qu, and thermal losses from ,; 'I; vessel by
convection, radiation and evaporati.» ,:re denoted
by gtll.

Good operation is dependent, then j1 maximiz
ing the left side of the equation, wi:·, represents
the energy absorbed by the cooking v. >; l, and mmi
mizing the thermal losses. Good oper, ;.Ion is thus
dependent on good beam radiation, ad(;,i.lte reflector
area, a clean specular reflector prop;, Jj oriented,
and a black vessel for solar radiation. Ecduetion, of
thermal losses is most effective, for wet cooking,
by covering the vessel to reduce evaporative losses.

The performance of cookers depends, to so~e

extent, On the characteristics of the particular UTIlt
at hand, as the precision of manufacture of the
reflectors has not been completely reproducable,
resulting in some variation of y. Performance also
depends on the temperature of the vessel, which
affects the thermal losses and to a lesser extent on
the ambient temperature: Typical of a large n.umber
of measurements with model 1 cookers, havmg .an
effective reflector area of 8.5 ft 2, are the foIlowmg
data: heating 1.0 quart of water, 2.08 poundS, frod80°F to 177°F, 10 minutes, in a covered blacke.net
aluminum pan, on a January day when the ambIen
temperature was 31°F and beam radiation was
1.2 cal/cm'' min; average energy delivery to water.~as
355 watts. The time to heat to 210° and bOIhng
was 15 minutes, for an average energy delivery
of 315 watts. , '

Model 2 and 3 cookers having effective areas of
~b~ut 11.5 ft 2, will ~elive~ 40 to 55 p.er cent of t~~
incident beam radiation to a cookmg vessel t
in diameter, for maximum delivery rates of 400 W
550 watts at an incident beam total energy of 1.0 ~ r
on the unshaded reflector. A cooker with a re.flec ~e
several years old and used intermittently m t If
laboratory, with average beam radiation of 1.3~FC~o
cm2 min, heated 2 pounds of water from 90 .'
boiling in 13 minutes, 4 pounds from 90° to b~!l~~
in 28 minutes, and 8 pounds of water from 9
boiling in 62 minutes.
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Materials (including packaging)
Labor, at $2.00jhr . . . .. .
Factory overhead . . . . . .
Profit, at ID per cent of above .

It shoul~ be noted that the rate of heat delivery
of the 48-mch cookers have proven satisfactory for
most cooking operations. It should also be noted
that in long-time cooking operations, energy deliv
ery is more than adequate for maintenance of
quantities of cooking foods at the boiling tempe
rature for extended periods of time, and that the
heating period is relatively unimportant in these
slow processes.

COOKER COSTS

The costs of cookers, like any other manufactured
item, IS dependent on the volume of production.
W.. Sehaerff (4) has estimated the costs of a first
lot of 10 000 of the model 3 units to be as follows:

$

7.70
2.00
5.00
1.47

user, and on the material used for the reflector. The
metal parts of the later cookers, particularly model 3,
should have a lifetime of 5 to 10 years with reason
able care on the part of the users; many of the
earlier models experienced mechanical failures within
a year. The lifetime of the reflectors is highly depen
dent on materials, care and amount of use, as noted
above.

The transportability of the rigid reflectors
48 inches (1.2 meters) in diameter represents little
problem; in large numbers, they can be readily
nested for shipping. The cooker frames are designed
to be disassembled readily for packing in a flat
package. Portability of cookers by individuals, on
the other hand, is not easy with the rigid reflectors.
The units are light in weight, with the reflectors
weighing 5.2 pounds, the model 2 frame weighing
11.6 pounds, and the model 3 frame weighing
15.6 pounds. The reflectors are readily removable
from the frames for overnight or bad-weather storage.

TOTAL 16.17

TOTAL 8.66

Field studies

Over a period of four years, field studies of the
use of several models of these cookers have been
carried out, for the most part in northern Mexico;
and some 200 cookers of various models have been
used as the designs have evolved. The general plan
of the field studies was to make cookers available to
low-income agricultural workers, observe their use,
and on the basis of the results, modify the cooker
for subsequent trials. The studies started on a very
small scale, involving only a few families and occa
sional visits to the field by laboratory personnel; in
1958 a more extensive program was started, with
the co-operation of cultural anthropologists. These
studies in Mexico have been made possible through
the co-operation of the Rockefeller Foundation,
which has made available both financial support
and assistance in the Mexican field activities.'

The present studies are centered largely in a
village in the state of Coahuila, Mexico, near Torreon.
Some studies have also been carried out in Tlaxcala,
Sonora and other locations, but on a less extensive
and intensive basis; this discussion refers largely
to the results obtained in Coahuila during the past
two years.

CONDUCT OF EXPERIMENTS

On the basis of early experience in field studies,
it was concluded that careful planning of field
studies and careful observation of results were
necessary to obtain significant information. Thus in
the later studies of models 2 and 3 cookers, anthro
pologists went to live in the village where the studies
were made; they observed reactions to the cookers
and also studied a variety of economic and cultural
aspects of village life which affected the reactions
of the people to the innovation. As relatively few
cookers were available, it was also necessary for the
anthropologists to plan the experiments so as to
yield results which could be generalized as far as

$

6.33
.48

1.26
.59

Materials
Labor and overhead .
Freight, selling expense, etc .
Return on investment . .

The major items of cost are materials for the reflec
tors, based on the present practice in experimental
models, and factory overhead, which includes
tooling costs, supervision, warehousing, etc. Reduc
tions may be possible by use of other reflector m~te

rials or fabrication techniques, on larger production,
or by use of less expensive labor and o,:er~ead.
This first estimate is considered to be realistically
and probably subject to some reduction.

(Another estimate made on the cost~ of produc~ng
a modified version of model 2, at the high production
rate of one million units per year, included the follow
ing:

This figure probably represents a lower limit on the
cost of the model 2 unit.)

The costs of manufacture of the f~w cookers
constructed in the laboratory for experimental use
has been substantially higher than eIther of t~e
above estimates. Accurate cost figures are not avail
able, and would not be meaningful because of methods
used in the shops and development costs; the. appro
ximate cost of the last of the model 1 units was
$25 each.

It should be pointed out that the ~ost per square
foot of the manually operated fO~USlllg exchanfe~
eXcluding the receiver (the cooking vessel) .w I~
is provided by the user, is $1.40 by th~ first ~stl1lJIa e,
(paragraph 14), and $0.76 ~y the estimate ase on
production of a million units per year. .,

Th k have a potential useful lifetime
ese coo ers (i how much

which depends on the model I.e., on f th
"ruggedness" is built into them), on the care 0 e
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possible, i.e., which would represent the reactions
of a cross-section of the population of the village.

In these experiments, the occupations, approximate
incomes, attitudes on change, size of families, sources
of fuel for conventional cooking, etc., of the users
were observed. Cookers of model 2 were made
available (in a village in Coahuila) to sixteen
families, without charge; ownership of the cookers
was considered to be with the families. With transfers
of cookers among the families, 20 families were
involved in this study, in a community of 266 families.
The heads of most of the families involved had no
regular employment, but earned variable amounts
in agricultural labors. An estimate placed the cost
of a solar cooker at an average of two weeks' pay
for a worker.

The use of the cookers was observed by frequent
(usually daily) visits with the families, with the
anthropologist assisting with any needed education
for the user in the techniques of use, and in making
any repairs on the cookers.

In the winter of 1961, five cookers of model 3
were put into use by families in the Coahuila village.
The results of experience with these two models,
2 and 3, are summarized in the following sections.

USE OF MODEL 2 COOKERS

The use of the 16 model 2 cookers noted in para
graph 23 is summarized in table 1, as a function of
the time of year and the weather (as it dictated the
possible use of the cooker). The major conclusions
to be drawn from these, and other supporting data,
can be summarized as follows:

(a) Through the period January through August
for which data are available, the 16 cookers were
in use about i of the days on which use was pos
sible. This use included cooking and also heating
of irons and heating of water for washing. .
. (b) The frequency of use, relative to days of
possible use, apparently dropped during the summer
months; however, the data are not complete for
these months as indicated by the high number
of "unknown cooker days" indicated in the last
column. During the spring months when observa
tions were relatively complete, the use stayed in
the range of i to ! of the total possible cooker
days, even though mechanical failures of some of
the cookers began to be significant.

(c) In spite of successful and trouble-free use in
the laboratory, considerable mechanical troubles
developed in field use. These resulted from wind
damage and breakage of minor parts. (On the basis
of these mechanical troubles, the model 3 cooker
was designed.) This breakage resulted in non-accep
tance of the cooker for some families, who suffered
loss of valuable food from the cooker on its failure.
Wind damage was particularly significant, and
any cooker design must be made to' withstand
moderate winds if damage is to be avoided. After
a total of 14 months, three of the original 16 cookers
are in use with 13 unusable due to mechanical

failures, two of the three in use .i • 111 excellent
condition.

(d) The reactions of the families fo the cookers
varied. Classifying the cookers as "successful'' or
"unsuccessful" (a subjective rating by the anthropo
logist based on the family reaction, ,",tent of use,
care for cooker, etc.), the initial i .ictions were'
successful at the beginning of the sl,.dy for 13 of
19 users, with 5 of the initial sucCC"-::,·2S becoming
unsuccessful later in the period of cooke-r use. Someof
this loss of acceptance was due to rnec h.inical failure.

(e) The usual cooking fuels of the people of this
village are wood and oil, with some families using
wood exclusively (gathered or purchased), and some
using a combination of wood and orl The success
of the families in cooker use was al.out the same
for both groups, and in this relativelv small sample
success with the cooker did not appear to correlate
with need for it or financial succes-

USE OF MODEL 3 COOKE.,{',

Five of the model 3 cookers were 1111 roduced into
the village in early February, 19G' and all five
have' been in constant use since th., 1 late through
May 2, (the date of last reports). TJ r; c of the five
families previously had the model 2 cc, i,ers, and two
of these were considered successful US(" ;, of the mod
el 2. The two new families having cod:crs represent
a range of economic status; one family is quite poor,
the other successful by village standards. The
new model has so far been satisfactory from the
mechanical point of view, is more wind resistant,
and easier to use. The frequency of use is better
than with the model 2 cookers, with the purposes
of use the same (cooking meals, heating water, and
heating irons).

It has been observed that the users have adjus!ed
to the idea that the cooker is a supplemental co~klDg
device and not a complete substitute for conventIOnal
methods; the stock complaints of lack of succe~s
of use in cloudy weather are no longer heard. It IS
felt that many of the problems encountered in the
first year of use of the model 2 cookers would ~ave
been avoided with the model 3 units, and that ~IV~
a reasonable need for the cooker, and a elimad
conducive to its use acceptance should be good
All of the users of the new model are considere
successful users.

. ts
During the two months of these expenrnen ,

work in this -village has been very scarce, and
k
o~

some days no food was available. Thus the coo. e\
were at times out of use even when the hous ew1;e

s
would ~ave liked to u.se them. With these diffic~l;~e
taken mto account It was found that four 0 't

' cennew cookers have been used almost .100 per the
of the possible days since introductIon, and
fifth about 75 per cent of the possible days.

CONCLUSIONS
. . d field

On the baSIS of laboratory expenment? an Iv.-
studies as outlined above several tentatIve cone,



.....

Table 1. Sumrnary of use of 16 solar cookers, by rnonth and weater conditions, Coahuila, Mexico, 1960 11;'
c-o
'"l
~

Weatker conditions Totals by month 18'
~

Month Good weather 1 Partially good weather' Poor weather 8 Wealker unknown All weather I§
Co

::l>
A B C D E F A B C D E F A B C D E F A B C D E F A B C D E F I~

Co

'"...=January • 9 144 90 0 0 35 4 32 22 6 0 27 4 0 7 5 0 11 1 0 0 0 0 16 18 176 119 11 0 89 Co

February 17 272 192 0 0 5 3 24 36 0 0 0 8 0 0 16 0 0 1 0 0 0 0 16 29 296 228 16 0 21
;.
'"March 27 432 334 0 18 48 3 24 39 0 2 2 1 0 0 3 0 13 0 0 0 0 0 0 31 456 373 3 20 63 0

April 16 256 172 0 36 22 3 0 280 150
....

24 22 7 9 0 3 0 0 0 0 0 8 0 0 0 128 30 194 7 45 n
May 9 144 86 0 29 6 4 32 31 1 12 3 4 0 5 2 6 16 14 0 0 0 0 224 31 176 122 3 47 249 0

0

June No data ~
10

July 7 112 9 0 1 102 1 8 0 0 0 16 6 0 0 0 0 80 17 0 3 0 0 269 31 120 12 0 1 467 '"l

'"August 7 112 21 0 1 69 1 8 3 0 0 10 6 0 0 0 0 80 17 0 2 0 0 272 31 120 26 0 1 431
September. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13 0 20 1 0 171 13 0 20 1 0 171 00

TOTALS BY WEATHER 92 1492 904 0 85 287 19 152 153 14 23 58 32 0 12 26 6 200 71 0 25 1 o 1096 214 1624 1094 41 114 1641 00
"l

J Good weather: over 4 hours of sustained sun during a day. (b) "In partial weather = partial weather days X 8; t:::l
• Partially good weather: 1 to 4 hours of sustained sun during a day. (c) In poor weather = poor weather days x O. =C. Actual cooker days: successful use of cooker observed during the day. e
I Poor weather: less tban 1 hour of sustained sun during a day, or too much wind to allow effective D. Ineffective cooker days: unsuccessful use of the cooker on any day is an ineffective cooker day. 10

cooking. E. Broken cooker days: when a cooker is specifically labeled as broken its days are counted as broken noA. Total number of days of the type noted in the group heading. cooker days. ..
B. Possible cooker days: F. Unknown cooker days: when the use of cooker is unknown on any day, it is counted as one unknown =(a) In good weather - good weather days X 16; cooker day. r-

CH

"'"CH
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sions can be drawn regarding these reflective-type
solar cookers and their potential utility.

(a) A reflective-type cooker with a 4-foot diameter
reflector, properly used, can deliver sufficient energy
to perform many cooking operations, and is best
adapted to wet cooking. The rate of delivery of
energy to a blackened vessel under good conditions
of use is typically 400 to 500 watts.

(b) These cookers are useful and have been used'
for preparation of a wide variety of foods, including
beans, stews, soups, meat, tortillas, eggs, etc. They
are particularly well adapted to long, slow cooking
processes, in contrast to those requiring high
energy delivery rates for short periods of time.
They are also useful for heating water, and heating
irons.

(c) In climates of good beam radiation availability,
and in locations of reasonable need where the reflec
tive type cooker adapts itself reasonably well to the
cooking and eating habits of the people, there
appears to be good prospects for successful use of
the cookers. They must, however, be of adequate
mechanical design to withstand handling, wind
damage and other mechanical failures.

(d) A limited number of families in northern
Mexico have been "successful" users of the Wisconsin
cookers for periods of time ranging from two months
to fourteen months. The inherent limitations of the
device are appreciated, and it is accepted as a supple
mental rather than substitute cooking method, and
recent models are in regular daily use.

(e) Further developmental studies (',:1. the cooker
are desirable, particularly insofar as ~he reflecting
material is concerned; the laboratory materials and
techniques used in the small number <if units pro
duced. for experimental work are Lot considered
adequate for long time use.

(I) Further field studies of cooker use are in pro
gress and in planning, to consider cooko: applicability
in other cultures and economic atmospheres, and to
determine any effects of the experimental methods
used in these field studies on cooker acceptance.
There are many diverse opinions as to the best
method of introducing cookers and determining
acceptability; the Wisconsin field ]Jwgrams have
had the additional objective of provision of guidance
for laboratory developments, and the techniques used
in these studies will be varied in future; field work.

(g) The economic gain on solar cooker use is
difficult to determine and varies wid.'!v with loca
tion, with existing cooking habits and "/: h the econo
mic status of the individual family using the cookers.
In Coahuila, for example, some of the cooker users
gather wood for cooking and thus save time rather
than money; the value of this time, in an ~rea ~f
low employment, is questionable. Oil users III this
village pay $0.32 per litre for oil, aTI(~ on a .weekly
basis most spend from $0.33 to $0.7I) for 011. ~f a
solar cooker were to result in an average savings
of $0.25 per week (quantitative data on these savings
are not available), a "payoff time" would be .about
one year for units purchased at prices noted III the
cost estimates of paragraphs 14 and 15.
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Summary

. Over a four-year period of experimental studies
in the laboratory and in field applications, several
models of reflective-type solar cookers have been
evolved. These cookers use reflectors fabricated
of plastic materials, mounted on frames adjustable
in altitude and azimuth and constructed of thin-wall
tubing and sheet metal parts. The reflectors of
recent models are of 48-inch (1.2 meter) aperture,
and I8-inch focal length; they deliver a maximum
of about 600 watts of energy to the contents of a
cooking vessel.

The reflectors of' the cookers are fabricated of

high-impact polystyrene, formed to the nec~ssary
compound curvatures by drape molding techntq?es,
and stiffened at the rim by hoops of thin-wall tu~~n~t
The reflector shells thus manufactured are Ig
in weight, adequately stiff and resistant to damaf:;
The shells are lined with a metallized Mylar polye:hat
film applied with an adhesive in a manner so the
the film forms a washable protective l~y~r over this
specular surface. The specular reflecbyIty ofther
material when new is 75 to 80 per cent. FIlm wea d
ing and deterioration reduce the reflectivity a~_
limit the life of this material, which has been e
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tremely useful in experimental work; more durable
specular materials are being sought for reflector
lining for long-time application.

The frames a:e designed for easy adjustment for
altitude and azimuth ~ngles, and are so arranged
as to support the cooking vessel and reflector inde
pendcntly. They are fabricated of thin-wall tubing
and sheet-metal by standard metalworking tech
niques not requiring special tooling or high precision
of manufacture. The frame design has evolved
through this study to provide mechanical strength,
stability in wind, and durability, as proven neces
sary in field use. Two basic designs have been used,
and are described and pictured in the paper.

Cooker performance has been measured in the
laboratory, and interpreted in terms of the energy
balance for the units. Energy delivery to the contents
of a cooking vessel runs typically in the range of
300 to 600 watts, depending on weather, conditions
of use and age condition of the reflector. This rate
of energy delivery is adequate for many cooking
operations, and the units are particularly well
suited for long, slow cooking operations. The reflec
tive cookers are best adapted to wet cooking, such as
boili ng and stewing; they can be used for frying
and also for baking by addition of a small oven
over a heat absorber plate. .

Two cost estimates for the cookers have been made,
for two designs and differing quantities of produc
tion. One estimate places the cost of factory produced
units, in an initial quantity of 10000, at $16.17 each.
The other places the unit cost of a modified cooker
at $8.66 when manufactured at the rate of one
million per year. These estimates include materi~ls,
labor, tooling costs, factory overhead, packagmg
and warehousing, factory profit and allowance for
selling expense. These tentative co.st figures are
subject to variation and interpretation, and serve
mainly as an index to the possible :ultimate costs;
they do not take into account the possible local manu
facture of part or all of the components of the cookers.

Design evolution has been based on results obtain
ed in field experiments, which have turned up
problems not encountered in laboratory use. In
particular, the mechanical design has evolved,
until recent models are more rugged and more
resistant to wind damage and tipping.

Recent field studies on solar cooker use have been
conducted by anthropologists, largely in Mexico,
and have considered cooker use by low-income
agricultural workers. The significant results of one
of these studies, in a village in Coahuila, Mexico,
are reviewed in the paper. Two models of the cooker
have been introduced in this village, one of them
14 months prior and the other 3 months prior to
preparation of this paper. The acceptance of the
first model (designated as Model 2) is described as
initially successful in 13 of 19 families, with a loss
of acceptance by 5 of the 13 after several months
of use and after some mechanical failures. During
this period, the cookers were in use about two-thirds
of the total time in which use was possible. The
acceptance of the second model (designated as
Model 3) has been excellent, and the major problem
of the Model 2 cooker appears to have been solved.
The model 3 has mechanical improvements, is lower
and less subject to wind damage, is easier to use, and
in the first three months of use the units have been
used on more than 90 per cent of the days on which
use was possible.

There has been acceptance of the solar cookers by
the users as a useful household implement. The
limitations of the cooker (i.e., its utility as a supple
ment to and not complete substitute for conventional
cooking methods in the northern Mexico climate)
are recognized, but extensive use is made of them.
The. economic gain to the user families is difficult to
determine, as many of them use wood gathered and
not purchased. Some.users ordinarily burn oil for
cooking, and "payoff" times of one or two years
are probably realistic in these areas, if the cookers
can be obtained for prices as noted above.

ESSAIS EN LABORATOIRE ET SUR PLACE DE FOURNEAUX SOLAIRES
A REFLECTEURS EN COMPOSITION PLASTIQUE

Resume

Au cours d'une periode de quatre annees ,d'etu.des
experimentales faites en Iaboratoire ~t d appl~ca
tions sur place, on a mis au point plusIeurs m?deles
de fourneaux solaires du type a reflecteurs faits de
composition plastique mentes sur.des cadres reglab~:~
en hauteur et en azimut, constItues par des tu
, .. des pis tole Les reflecteursa parois minces et es pieces en .
de modele recent ont une ouverture de 48 pouce~
(1 2 m) et une distance focale de 18 po~ces (4

6600cmW)''1" . m d'envIron
1 s fournissent un maxlmu t x la.,( ., t servan a.d'energie au contenu du rt:clpIen .
cuisine.

Les reflecteurs sont faits de polystyrene a grande
resistance aux chocs, auquel on donne les courbures
complexes necessaires par des techniques speciales
de moulure. Leurs bords sont renforces par des
cerceaux faits de tubes a parois minces. Les cadres
de reflecteurs ainsi Iabriques sont legers, resistants
et peu sujets aetre endornmages. Les enveloppes sont
revetues interieurernent d'une pellicule de polysty
rene (Mylar) metallise appliquee avec une substance
adhesive de telle sorte que la pellicule forme une
couche protectrice lavable sur la surface du miroir.
La reflectivite speculaire de ce materiau, lorsqu'il
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est neuf, est de 75 a 80 p. 100. Les intemperies et
autres avaries reduisent la reflectivite et limitent
la duree du materiau, qui a ete extremement utile
pour les travaux experimentaux. On cherche a se
procurer comme revetement de reflecteurs un
materiau speculaire plus durable et capable de
donner de longs services.

Les cadres sont concus de maniere a se preter
a un reglage facile en hauteur et en azimut, et
sont disposes de telle sorte qu'ils soutiennent inde
pendemment le recipient de cuisson et le reflecteur.
Constitues par des tubes a parois minces et de la
tole, ils sont realises par les techniques rnetallur
giques classiques, qui n'exigent ni outillage special
ni une grande precision de fabrication. Ce type de
cadre a ete mis au point pendant la presente etude,
pour assurer resistance mecanique, stabilite dans le
vent et grande duree de service, ainsi qu'il s'est
avere necessaire dans les applications faites sur place.
On s'en est tenu a deux conceptions de base, et elles
sont decrites et representees dans le memoire.

Le rendement de ces fourneaux a ete mesure en
laboratoire et interprets en fonction du bilan energe
tique. La fourniture d'energie au contenu d'un
recipient de cuisine s'inscrit en general dans la
gamme de 300 a 600 W, suivant le temps, les condi
tions d'emploi, l'age et l'etat du reflecteur. Ce taux
de livraison d'energie est suffisant pour nombre de
methodes de cuisson, et le materiel se prete particu
lierement bien aux cuissons lentes et prolongees.
Il est ideal pour la cuisine dans laquelle intervient
un liquide (mets bouillis ou ragout), mais on. peut
s'en servir pour les fritures et rotis en ajoutant un
petit four sur une plaque absorbante de chaleur.

On a fait deux evaluations du prix de revient de
ces fourneaux, pour deux conceptions et deux
quantites de production. Une des evaluations donne
le prix des unites produites en usine en quan
tites initiales de 10 000 a 16,17 dollars par unite.
L'autre etablit le prix unitaire d'un dispositif modi fie
a 8,66 dollars quand on le fabrique au rythme d'un
million par an. Ces evaluations comportent les mate
riaux, la main-d'oeuvre, les frais d'outillage, les
frais generaux de l'usine, l'emballage et I'entre
posage, les benefices de l'usine et certains frais de
ventes. Il s'agit de chiffres provisoires, sujets a
certaines variations et a des interpretations, et ils
servent essentiellement d'indices pour les prix
definitifs possibles; ils ne tiennent pas compte de la
possibilite de la fabrication locale d'une partie ou
de tous les elements de ces appareils.

L'evolution de .1a conception de CI·'- appareils
repose sur les resultats obtenus a la :-,1 ite d'expe
riences faites sur place. Celles-ci out C' mleve des
problemes qui ne se sont pas presentee en i,lboratoire.
En particulier, les caracteristiques mccnniques ont
evolue jusqu'a ce que les modeles actucl. soient plus
solides et plus resist ants aux degats I: ir le vent,
ainsi que moins sujets a basculer.

Des recherches faites sur place recen.ment sur les
fours solaires ont ete menees par des antt.ropologistes
principalement au Mexique. Ils ont etudr:' la question
de l'emploi de ce dispositif par des travailleurs
agricoles qui gagnent fort peu d'argenL J es resultats
significatifs de l'une de ces etudes Lute dans un
village situe dans l'Etat de Cohuila S(In1 passes en
revue dans le present memoire. Deux riodeles ont
ete etablis dans le village, l'un d'eux qu.rtorze mois,
et l'autre trois mois, avant la preparation (: II mernoire,
Le succes du premier modele essaye (qt.'on appeIle
modele 2) a ete bon au depart dans tr- .zc familIes
sur dix-neuf, avec un flechissement all; ···I:S de cinq
familles parmi ces treize apres plusieurs iois d'usage
et apres quelques defauts mecaniqu. Au cours
de cette periode, les fourneaux ant Ionctionne
pendant les deux tiers environ du non .re total ~e

jours pendant lesquels il etait possible cl s'en servlr.
Le succes du deuxieme modele es~; j )!c (appele
modele 3) a ete excellent, si bien que le pro,?leme
principal souleve par le modele 2 semble avoir ete
resolu, Le modele 3 beneficia de perfectlOnnements
mecaniques, il est plus bas et mains sujet a e~re
endommage par le vent, son emploi est plus facile
et, au cours des trois premiers mois d'usage, on s'est
servi de ces appareils pendant plus de 90 p. 10.0
des journees pendant lesquelles l'utilisation en Malt
possible.

Les usagers ont accepte le fourneau solaire ~omm~
etant un article menager utile. Ses limitations. a
savoir son utilite en tant que supplement et non pas
comme remplacant integral pour les meth?des
classiques de la cuisine dans le climat du Mexlque
du nord, ont ete reconnues, mais on s'en sert a~on
damment. Les gains economiques, pour les. famlIles
qui en font usage, sont difficiles a determiner. car
nombre d'interesses utilisent le bois qu'ils ramassent
au lieu de l'acheter. Certains usagers consom~ent
habituellement du petrole pour la cuisine, et 11 est
probable que des temps d'amortissement de ux: ou
deux ans seront raisonnables pour ces regions~ 51 on
peut se procurer les appareils pour les prix mentlOnnes
ci-dessus.
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DESIGN AND PERFORMANCE OF FOLDING UMBRELLA-TYPE SOLAR COOKER

George O. G. Lof and Dale A. Fester *

REFLECTOR

graphy (6). When opened, the segments form a
paraboloidal reflector. Another cooker named the
Solar-Chef utilizes two rectangular segments of a
paraboloid as the reflector (7). A thin coating of
vapor-deposited aluminum on the plastic segments
forms the reflective lining. This cooker was marketed
primarily for recreational use.

Differing from these two cookers is the Umbroiler
which is a folding, umbrella-type solar cooker. The
Umbroiler combines the function of a solar reflector
with a readily portable and collapsible umbrella frame
and a flexible reflective fabric. By this combination, a
compact, portable and efficient solar cooker is ob
tained. Although developed primarily for intermit
tent recreational use, this cooker could also be adapted
for day-to-day cooking in under-developed regions.
A description of this cooker and data on its perfor
mance are presented in the following sections.

Description of cooker

The assembled solar cooker ready for use, is shown
in figures 1 and 2. Figure 3 shows the disassembled
umbrella-type cooker. One of the advantages of this
type cooker is its compactness and portability.
The entire cooker, including reflectors, support
stand, and cooking surface weighs about 4 pounds
and can be folded into a carrying case 4 inches deep,
10 inches wide, and 30 inches long. To assemble the
unit, the folding tripod is placed on the ground, the
reflector is opened like an umbrella and attached
to the tripod, and the grill is connected to the main
umbrella shaft.

The reflector is composed of a framework, similar
to a standard umbrella frame, covered with a metal
lized plastic film laminated to cloth. When opened,
the reflector has the appearance of an umbrella
with a highly reflective lining.

The reflecting material is made of aluminized
Mylar polyester film laminated to a rayon fabric.
Standard umbrella-making techniques are employed
in fabrication. Material for the 16 segments is die-cut
from roll goods according to pattern, assembled
by machine stitching, and mounted on an umbrella
frame having sixteen 24-inch ribs. The material
segments are cut to special shape in order to provide
a parabolic profile in the assembled reflector. The
final shape is dictated entirely by the pattern o~ the
material since the umbrella ribs are straight preces
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Th? concept of utilizing the sun's heat for cooking
food is not new. In the latter part of the eighteenth
century, a few solar cookers were constructed but
were used mainly by the inventor (1). More recently,
solar cookers have been the subject of wide-spread
attention for use in sunny, fuel-scarce areas. The
rapid depletion of natural resources used for cooking
fuel m these areas can be decreased and time spent
in gathering this "natural" fuel can be reduced when
solar cookers are employed.

Although many cookers employing a wide range
of designs have been constructed, only a few have
received even small scale field testing and/or use.
Ecor.omics and social customs are the two most
important factors affecting the marketing and wide
spread use of solar cookers.

Solar cookers can be logically divided into two
types: those employing optical concentration and
those without optical concentration. The Telkes
solar oven is probably the most widely known
cooker of the latter type (2). (This cooker employs
a small amount of concentration, however, due to
reflection from extended polished metal surfaces).
Cookers employing optical concentration can .be
further subdivided into two groups: those WIth
rigid reflectors and those utilizing collapsible reflec
tors.

The Indian solar cooker (3) develope~ by the
National Physical Laboratory in New Delhi and the
University of Wisconsin solar coo~~r. (4) e~ploy
rigid reflectors. The Indian cooker, utilizing a polished
metal reflector, was reported to hav~ been manufact
ured commercially and sol.d to. Indiansfor $14-$17.
The cookers did not obtain Wide scale acceptance,
however, as they were too expe~sive for the average
villager and traditional cooking methods were
preferred (5). A modest fi~ld tes.t program ~as been
carried out with the WIsconsm cooker m rural
Mexico. This cooker utilizes a polyst'yren~ ~eflector
shell with aluminized Mylar reflective lining. No
cost data are available since this cooker has not
been commercially produced. Both ?f t~ese parabo
loidal cookers were developed primarily for. use
in sunny, under-developed, fuel-scarce countries.

, A 'few of the collapsible concentrating cookers
have been produced and marketed. One of these
is the Tarcici cooker which employs \yedge-shap~~;
polished metal segments that fold m ~ man
similar to the flash buld reflectors used m photo-
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Figure 2. Assembled cooker in operation

SUPPORTING STAND

As can be seen in figure 1, the cooker stand is
composed of a simple, folding tripod constructed
of -i-inch aluminum tubing hinged from a central
aluminum casting, which forms the ,Jpex of the
tripod. A hole in this apex casting accommodates
a metal peg attached to the main "umbrella" or
reflector shaft through an arrangement: of ma.tched
serrated aluminum discs. This peg, firmly held m the
casting opening by means of thumbscrew 2 (shown
in expanded view A of figure 1), provld~s support
for the reflector. The 9-inch square WIre gnU cookmg
surface (or vessel support) is rigidly held at the correct
position in the hot focal zone by a thuI?bsc:ew
tightened fitting which attaches to the mam i-mch
aluminum rod reflector shaft.

ORIENTATION MECHANISM

Orientation is accomplished by three seJ?arate
adjustments which include altitude and azmlUth
positioning for correct reflector alignment. and ~ft
angle adjustment for obtaining the desired ti
position for the grill. The reflector altitude IS adJust~d
by means of thumbscrew 1 which firmly holds t e
serrated discs at the desired altitude position (exp~~d
ed view A of figure 1). Reflector azimuth pOSItIOn
is adjusted by either loosening thumbscre~ 2,
turning the reflector support peg in the alumIn~ll1
casting, and retightening the thumbscrew 0: e se
turning the entire support stand. The former 15 the

. tainer
Figure 3. Folded cooker components shown besIde con

III.C.4

A. REFLECTOR ADJUSTMENT
.SCREWS

B. GRILL ADJUSTMENT
SCREW
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Figure 1. Diagrammatic sketch of folding, umbrella-type
solar cooker

of spring metal which flex only as forced by the
fabric.

Having an aperture of 46 inches, the opened reflec
tor presents a gross interception area of 11.5 square
feet and an eflective area of 11.0 square feet (after
deducting for the shaded area of the grill). The
shape of the umbrella-type reflector is not parabo-

o loidal in nature and does not have a' compound
curvature. Instead, it is curved in only the radial
direction, from the umbrella center. Circumferen
tially, the surface consists of flattened, straight
portions between adjacent ribs. Eight small portions
of parabolic cylinders with wedge-shaped sides are
thus formed. The effect of this departure from a true
paraboloid is to diffuse the focus from- a very small,
intensely hot spot to a larger and less intensely,
but more uniformly, heated area. This proves to be
advantageous for broiling since meat can be uniformly
cooked instead of being burned in one spot and left
raw in another. Also, burned food in pan bottoms
is eliminated.
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r~co.mmended a~imuth positioning procedure. Grill
tilt B ~xed by tightening the grill adjustment screw
ShO\V"lI~ figure 1, expanded view B. For the cooking
of food I~ pots and pans, the grill must be practi
cally ,.~onzontal, bu~ if meats are being broiled,
the 15nll may be tilted more nearly parallel to
~he refle.ctor aperture to obtain greater energy
interception on the grill area.' .

A small ,,:hite cloth circle located at the refle~tor
ce!1ter pro~Ides a. focusing target. Proper cooker
alignment IS <;>btamed when the grill shadow is
centered on ~hIS cloth circle}.solar energy reflected
from all portions of the reflector surface then reaches
the focal zone.

Performance data

OPTICAL MEASUREMENTS

Specolar reflectivity

Average specular reflectivity of the aluminized
~Iy~ar was found to be 0.75. An Eppley normal
incidence pyrheliometer was used to measure incident
and ~'e~ected radiation. Specular reflectivity equals
the ratio of specularly reflected to incident direct
radiation.

Shape factor
A photographic technique, utilizing radiation

reflected from the moon as the source, was employed
to determine the distribution of reflected radiation
in the focal zone of the cooker. The focal zone of
interest was arbitrarily chosen as the area occupied
by the grill; the zone was thus 9 inches square,
centered on the theoretical focus. A 9-inch square .
sheet of slow speed, low contrast photographic
paper (Velox F-l) was exposed at the focus for a
time interval of 30 seconds. A test sheet of the photo
graphic paper was also exposed to direct moonlight
(no concentration) for periods of one to 10 minutes
m one minute increments. The exposed sheets were
developed in one part Dektol developer to 2 parts
water at about 70°F for a period of It minutes.

By a density comparison of the focal zone picture
and the test sheet isolines of concentration ratio
from 4 to 12 were drawn on the focal zone picture.
Maximum concentration ratio of the cooker was
found to be 12. With the focal zone pattern known,
it was possible to determine the fraction of spec
ularly reflected radiation falling in the s-inch sq~are
focal zone. By multiplying the areas between isolines
by the average concentration ratio, values represen
tative of the amount of radiation falling on each
area were obtained. Their sum equalled the radiation
received in the focal zone. Specularly reflected
radiation was equal to the unshaded reflector ~rea
times the specular reflectivity of the alumlnized
Mylar, It was found that 45 per cent of the specul.arly
reflected radiation was intercepted by the 9-111Ch
square focal zone and 31 per cent fell inside a 7-inch
diameter circle centered on the theoretIcal focal
point. The product of reflectivity, r, and shape

factor, y, is the optical efficiency of the concentrator
for a particular sized target. Thus, 0.45 X 0.75 =
33:7 per cent optical efficiency for the 9-inch square
gnll. area and 0.31 X 0.75 = 23.2 per cent optical
efficiency for the 7-inch diameter circle.

CALORIMETRIC TESTS

Many experiments on heating one quart of water
have been performed with cookers chosen at random.
J\n aluminum whistling tea kettle with its 7-inch
diameter bottom painted dull black was employed
as the vessel. The empty kettle weighed i pound
and had a heat capacity of 0.18 btu/lb'F and a
surface area ?f 0.59 ft2• Effective absorptivity of
the black coating was 0.90. The combined convection
and radiation heat loss coefficient was approximately
2.0 btujhr ft2 OF. For all tests, the grill was aligned
parallel to the re~ector aperture and supported
the tea kettle WhICh was centered on the grill.
Results of three experiments performed at Denver
Colorado, latitude 40oN, are tubulated below. '

Test No. 2 3

Direct solar radiation (btu{ft2 hr) . 320 299 273
Wind velocity (mph) 3.0 3.3 3.4
Ambient air temp (oF). . 70 50 52
Amount of water (qt) . 1.0 1.0 l.0
Initial water temp (oF) 70 62 62
Final water temp (OF) .. 202 202 202
Time required to boil water (minutes) . 20 23 27
Incident radiation on 11 ft 2 of unshaded

reflector (btu) 1172 1260 1350
Heat transferred to water, qu (btu) 275 291 291
Heat loss from kettle, qt (btu) 32 45 53
Heat retained by kettle, qv (btu) . 12 13 13
CoIIection efficiency (per cent) 27.2 27.7 26.5
Net efficiency, solar to water (per cent). 23.5 23.1 21.6

. T~e ~gures for net e:£?c~ency (efficiency of convert
mg incident solar radiation to heat in the water)
are confirmed by the results of Gunnar Pleijel (8).
He tested one of the cookers in central Sweden and
obtained an over-all efficiency for heating water
of 24 per cent.

HEAT BALANCE

The heat balance for the cooker can be written as
follows:

n = HD A ev yIX = qu+ q, + qv (A)
where

n = Solar radiation absorbed by bottom of
vessel, btu.

H D . = Incident direct solar radiation, btujft2 hr.
A = Effective or unshaded reflector area, ft2.
e = TIme, hr,
v = Specular reflectivity of reflecting surface

dimensionless. '
y - Shape factor, the fraction of specularIy

reflected radiation intercepted by the
vessel or object being heated, dimension
less.

IX - Solar absorptivity of black coating on
vessel being heated, dimensionless.
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foods which have been cooked and the approximate
length of time required when cooking with bright
sunshine.

DURABILITY

As with any, manufactured item, durability o~
expected life of the cooker depends, to a grea
extent, on the care or treatment given the cookrr
by its user. The manufacturers of the weatheraf e
Mylar, E. 1. du Pant de Nemours, state a life 0 I~
few years with continuous outdoor exposure. . 1
is believed that the plastic-fabric laminated m~te:;a
composing the reflecting cover will have a sirnt a~
life expectancy of a few years. The aluminized ,~_
surface has an advantage over exposed metal re e d
ing surfaces as the Mylar side is uppermost a?_
provides protection against reflecting surface deterlOr.ration by oxidation, weathering, etc. Given pr.of:
treatment, the metal parts of the cooker, comPJ15 ~
reflector framework and cooker support. stanW~nn
grill, . should outlast the fabric covenng. bfe
the fabric cover does eventually become unusea e'
either through deterioration or accidental damag ,

A report on operation of the cooker 111 Sweden
has been made by Gunnar Pleijel (S) He reports
that eggs and sausages were fried in a b!ack-b?ttom
frying pan in a total time of 10 minutes (.5 minutes
were allowed for heating the pan an.i 5 minutes
were required for cooking). Wieners (frankfustess)
were cookeddirectly on the grill in l~ minutes. Of
further interestis a portion of his translated report:

"The family had several picnics. The cooker
proved itself excellent at heating wat er in a tea
kettle while the table was being set. When the
water was boiling we placed the prt on a fibre
mat under a heat insulated top and the temperature
stayed steady. Then we fried large sausages, eggs,
and wieners that we ate with sandwiches. When
we were through frying, we again put t~e hot
tea kettle on the grill and in a few minutes 1.t ~as
again boiling at just the right time to com~lde
with the time when we were through eatmg.
Then we made coffee in another vessel, using the
boiling water. Soon we had delicious coffee of a

.good quality. Coffee and sweet-rolls finished the
lunch. Water boiled in the tea kettle by our sun
grill was then used for dish water. The whole party
took less than one hour."
These results, secured at a latitude of about 60

o
N,

are in good agreement with those obtained by the
authors and by others.

q« - Useful heat transferred to liquid or other
object being "cooked", btu.

ql - Heat loss by convection and radiation
from heated object to surroundings, btu.

qv . = Heat retained by vessel containing liquid,
btu.

The results obtained from the optical measure
ments and the calorimetric tests can be combined
in the heat balance. As previously noted, reflectivity
of the reflecting surface was 0.75 and reflector shape
factor for striking a centered target 7inches in diameter
was 0.31. By substituting these values and those
obtained from the calorimetric tests in equation (A),
the relative importance of the several variables and
the reliability of the measurements can be evaluated:

From Calorimetric Test No. I:
By radiation measurement,

n = HDA 6vyrl.

= 320 (11) (:~) (0.75) (0.31) (0.90) = 245 btu

By calorimetric measurement,

n = qu + qz +qv = 275 + 32 + 12 = 319 btu

From Calorimetric Test No. 2:
By radiation measurement, n = 264 btu
By calorimetric measurement, n = 349 btu
From Calorimetric Test No. 3:
By radiation measurement, .Q = 282 btu
By calorimetric measurement, n = 357 btu

. The heat absorbed, n, determined from the calo
rimetric measurements is always higher than .Q
determined from radiation measurements and is
considered the more reliable of the two. The discre
pancy is therefore thought to be on the radiation
side of the heat balance and is believed attributable
to the shape factor determination, A shape factor
of 0.40 instead of 0.31 would close the heat balance
within the limits of random experimental error
and is thought to be more representative of the
reflector at the time the calorimetric tests were
performed. The fact that the' optical shape factor
measurements were made at low ambient air tempe
rature (during a winter night at about 35°F) probably
resulted in a somewhat poorer reflector shape than
when the calorimetric experiments were performed.
The laminated reflector material is rather stiff
when cold, and the folded surfaces are therefore
not stretched flat between ribs, under these condi
tions. It should also be noted that these measurements
were riot all made with the same cooker and that
a certain amount of variability does exist between
cookers.'

FOOD COOKING

A variety of foods have been satisfactorily cooked
on the cooker and in some cases the time required
was less than that needed for merely building a
cooking fire. Taste and quality of the solar cooked
foods are excellent. Listed below are some of the

Type 0/ food

Grilled frankfurters . . . . . . . . . .
Grilled hamburgers (ground meat patties)
Grilled beef-steaks (I inch thick) ..
Grilled trout (fish). . . . . . . . . . .
Potatoes in black-bottom pressure cooker (fOi

average family of 5). . . . •
Eggs fried in black-bottom pan .
Coffee (1 quart):

Boiled •...
In percolator.

Cooking time

8-12 minutes
10-15 minutes
)5-20 minutes
JO-15 minutes

:;0 minutes
5 minutes

~O minutes
25 minutes
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thirds, under ideal conditions. The changes in cooker
design which are considered desirable for daily use
in family food preparation in fuel-scarce areas are
indicated in the following section.

Modifications for routine cooking

There are changes which might be made in the
present cooker design that would make the unit
more serviceable for every-day use in areas where
it might be the primary food-cooking unit. The
present cooker, while considered excellent for its
original purpose, should probably be strengthened
to meet more severe use, such as that accompanying
the cooking of meals for large families in heavy
utensils. This could be accomplished in two ways: (1)
by simply employing stronger structural members
in the present design, or (2) by changing the design
of the support. The first possibility is self-explana
tory. The second point merits further consideration.
In the present design, the stand supports the reflector
which in turn supports the cooking surface and cook
ing vessel. The stand could be redesigned to support
the cooking surface and cooking vessel directly and
at the same time also support the reflector. Heavier
cooking loads could thus be accommodated. Figure 4
shows one possible modification of the type discussed.

Moderate improvements in the existing reflector
will, in all likelihood, be possible as improved mate
rials become available. Plastic films possessing
higher specular reflectivities are a distinct possibility.
Also, flexibility and surface smoothness of the
laminated combination material might be increased,
thus providing a closer approach to perfect parabolic
curvature.

Any plans for adapting the cooker to routine
cooking would of course include studies on simpli
fication and cost reduction along with increasing
durability.' A reduction in the cost of a modified
cooker for day-to-day use from the cost of the present
model is possible, even though more structural
materials may be required. Most, if not all, of the
parts could be manufactured and the entire cooker
assembled in the country of use.

Cost considerations

a repiacement cover may be obtained for use with
the S8.J:le framework.

At ;1e present time, the complete packaged solar
cooker IS being sold in the United States at a retail
price (jf approximately 30 dollars. This price includes
manufacturing cost, overhead, selling expense, dis
tribution costs, and profit. The material for the
reflector surface represents about 20 per cent of
the tot al cost; adding the labor of cutting and sewing
the material, about one-third of the total manufac
turing cost is associated with the reflector surface.
When assembled on the umbrella-type frame,
the reflector unit comprises approximately one
half the total cost, the balance being in the stand,
grill, packaging material, and general assembly.
Abou ' two-thirds of the total manufacturing cost
is in materials and one-third in labor.

The possibilities for cost reduction lie along three
lines. These are increases in production volume,
chana-s in materials and methods of construction,
and ~nanufacture in other countries. The first of
these, particularly significant in the United St~tes,

might be brought about through C?st r~ductlOns

associated with purchase of matena~s m lar~er
quantity and lower labor requirements If production
were increased sufficiently to permit simple, repe
titive steps in fabrication.

Some of the possible design simplifications .are
also dependent on production in large: quantity,
In place of fairly expensive metal ca~tmgs, ch~ap
sheet-metal stampings could be used If pr?duct~on
volume justified the initial cost of stamping dies.
Expensive aluminum tubing could be ~eplaced by
flat strip metal formed into ~ound, tr!angular, or
rectangular tubing shapes. Minor design changes
in reflector framework and support arrangements
could also permit cost reductions. .

Because labor cost is such a large it.em in ~h1S
country of high wage rates, substantial savlI~gS
could be effected by manufacture in co~ntnes
where lower labor costs prevail.' Cost reductIons of
one-third should be possible in many areas. Moreover,
the design is suited to small scale manufacture,
so large volume need not be ~ requirement f~r
economical fabrication in these c1rcumst~nces. ThIS
situation is in contrast to that in the United State~
It is possible that cookers could be ma~ufacture
in other countries and shipped to the Ullltedd Statt~s

ibl ith mes 1Cfor sale at lower costs than POSS1 e ';'1 0 f
production. In appraising the potential for use 0

this solar cooking unit in the under-developed areas,
. difi tions the pos-perhaps with some deSIgn rno 1 c~, .

sibilities for low cost manufacture m the cOdutnt~lleds
f t Without more e ai eof use are a favorable ac or. 1. ibl

.. id ti it IS not POSS1 eInformation and consi era Ion, . d
f lling price un er

to present a reliable figure 0: ~ se tirnated that the
such CIrcumstances. However, It IS es f t of at
present price could be reduced by a a~or two
least one-half, and possibly even as muc as
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Summary

One of the few solar cookers in modest commercial
production and use employs a parabolic reflector
of aluminized plastic film supported on an umbrella
framework. Since its first public use about 2! years
ago, several improvements in design and construction
materials have been made, and performance and
durability are now considered satisfactory.

The tripod-mounted cooker has 16 intersecting
wedge-shaped portions of parabolic cylinders, ag
gregating approximately 11.5 square feet of con
centrating surface. The erected unit has a 46-inch
diameter and an IS-inch focal length. A 9-inch
square grill may be secured to the end of the axial
shaft near the theoretical focus. Movable joints
permit periodic adjustment for solar alignment.
Design details are presented in the paper.

Recently secured performance cLI (, show gross
heat delivery rates to the grill area,:"lightly over
1 300 btu per hour in full sunshine i :;:i I btu/ft2 hr).
This is nearly equivalent to 400 w,'I", The results
of cooking several types of food by ~,ling, frying,
and broiling are reported.

Designed principally for recreation. , use, sale.of
the cooker has been limited by calli; -ratively high
manufacturing costs. Small product» has not :y~t
permitted mass-production economi. : It is antici
pated that as demand increases, pri:- can be mate
rially reduced. This in turn may pl~l" the cooker
in the potentially large market of the lIi;<lcr-developed
countries where shortages of cookiv.; fuel are a
problem.

CONSTRUCTION ET RENDEMENT DES CUISINIERES PLIANTES DU TYPE
PARAPLUIE

Resume

L'une des rares cuisinieres solaires en production
commerciale a une echelle modeste et en service
fait usage d'un reflecteur parabolique constitue par
une pellicule en composition plastique revetue
d'aluminium et portee sur un support en forme de
parapluie. Depuis sa premiere utilisation en public
il y a environ deux ans et demi, elle a beneficie
de plusieurs ameliorations dans sa conception et
ses materiaux, si bien que son rendement et sa duree
de service sont maintenant consideres comme satis
faisants.

La cuisiniere, montee sur un trepied, est dotee
de 16 elements de cylindre parabolique en forme
de coin, dont la surface totale de concentration
est de 11,5 pieds cartes (tres sensiblement 1 m-).
L'unite une fois rnontee a un diametre de 46 pouces
(1,17 m) et une distance focale de IS pouces (46 cm).
Un gril carre de 9 pouces de cOte (23 cm) peut etre
fixe a I'extremite de l'arbre monte axialement,
pd~s du foyer theorique. Des articulations mobiles
permettent des reglages periodiques en vue de l'ali
gnement du dispositif avec le soleil. On presente

des details de construction dans la presente commu-
nication.' .

Les donnees recemment recueillies sur le rendement
de ce material indiquent un debit brut de chal~r,
a la surface du gril, d'un peu plus de 1.300 I ~
a l'heure (environ 325 calories) en plem, so e\
(320 btu/pieds carres/h), ce qui est presque eqUlvale~
a 400 W. On decrit les resultats obtenus dans a
cuisson de plusieurs genres d'aliments que ['on a
fait bouillir, frire ou griller. ; , .

Concues principalement a des fins recrea~lv~:J
ces cuisinieres ont Me vendues en nombre limt t
a cause de leurs frais de fabrication relativeme~e
eleves. La premiere serie produite, portant s?~. er
petits nombres, n'a pas encore permis de reat~n
des economies telles que celles qu'assure la produc de
en grande serie. Avec l'augmentation de la dell,l~nits:
on prevoit que les prix seront sensibl.eI?~?t rf ~ros
Ceci, a son tour, peut ouvrir a la CUlsImere e us
marche possible que representent les. pays s~ la
developpes, ou le manque de combustlbles pou
cuisson constitue un probleme.
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REPORT 'ON TESTS CONDUCTED USING THE TELKES SOLAR OVEN AND THE
WISCONSIN SOLAR STOVE OVER THE PERIOD JULY TO SEPTEMBER 1959

Nutrition. Division, Food and Agriculture Organization oJ the United Nations

TELKES OVEN

Results and discussion

were oriented to the sun as soon as they were set out,
and in most tests every 15-30 minutes thereafter.

Two types of cooking utensils were used. Aluminium
pans 8 inches in diameter and 4 inches deep and
painted black for maximum absorption of heat were
tested in both stoves. Earthenwere pans of the same
size were also used in a limited number of tests
with either an aluminium cover painted black or
another earthenware pan as a cover.

During the period of July-September, day tempe
ratures in Rome ranged from 22 to 34°C, the daily
variation being from 2°C to 7°C. In general the
weather during the day was fair and sunny, though
usually there was a slight haze with slight to moderate
cloud cover and a light wind.

The use of the energy of the sun to supply heat
for j he cooking of food has been adapted to the design
of several types of solar cookers. The principle
invoivsd is the concentration of solar radiation by
a [I' fleeting surface with the result that heat is
appl.ed and accumulated at a cooking position.
The efficiency of solar cookers is dependent upon
several factors such as the nature and design of
the reflecting surfaces, the alignment of the stove
to \e direction of the sun, and the cooking utensil
use«.

1-uring the months of July-September, two types
of -. ilar-cookers, the Telkes oven and the University
of Visconsin solar stove, were tested on the terrace
of L',e FAO building. The first of these was developed
by :)r, Telkes at New York University under a grant
fron the Ford Foundation. It consists of an insulated
cabmet of approximately 2 cubic feet caI:acity
with a double glass window at the front and a hinged
door at the' back. Arranged around the window
are four flat aluminium reflectors approximately Data concerning the time required to raise the
square in shape and each of an area of about 350 temperature of 2 litres of water through 80 to 85°C
to 400 square inches. These reflectors make an angle (i.e., from 15-20°C to 100°C) when using a covered
of about HO to 120 degrees with the glass front and aluminium pan painted black are given in table l.
reflect the solar energy into the cabinet. Th~ cook~r It will be seen that in 14 separate tests representing
developed by engineers at the University of WISCOnSIn days on which there was uninterrupted sunlight
Solar Energy Laboratory is a parabolic. tYI;le. The during the tests, the "water heating time" ranged
reflecting 'surface is circular, ~bout 4 ft III diameter from 92-140 minutes. The mean time was 112 minutes.
and shaped like a saucer WIth the de~pest pa:t In six other trials, on days when the sun was
at the center about 3 inches below the rim. A gnll obscured by clouds for varying periods of time
for holding a cooking utensil is fixed at .the center (15-51 minutes), the "water heating time" ranged
about 16 inches above the deepest section of the from 115-165 minutes.
parabola and directly over the point of focus: !he In table 2 data are given for "water heating times"
parabolic reflective surface is made of aluminium using an earthenware pan covered with an aluminium
foil bonded onto plastic. cover painted black or with another earthenware

The criterion used for testing these two types pan. There are results for only four tests with the
of solar cookers was the time required to heat black cover and two with the earthenware cover
2 litres of water in a closed container from a temp~- during periods, of continuous sunshine and with
rature of 15-20°C to 100°C and throug~out. th~s the stove orientated at frequent intervals. The mean
report this is referred to as the "water-heatmg time". "water heating times" were 141 and 142 minutes

The tests reported here using the two stoves were, respectively. From these results it is clear that the
in general, conducted simultaneousl~. The stoves "water heating time" for the earthenware pans
were set out each morning at approxImately 9. am. is approximately 30 minutes longer than for the
Th . hi h they were placed was a relatively aluminium pans painted black. The initial heating
cO:fi~:e; ~~r;:c~cand open to direct sunlight during of the pan material itself could largely account
the hours 9 am to 4 pm. The area was not, however, for the increased time, since the heat capacity
sheltered from the wind. of earthenware is considerably greater than that

A h beei f each test and during the day of aluminium pans.
t t e eglllnlllg .fi ti surfaces of both stoves In table 3 limited data are given of the effects

as necessary, th.e re fec Illfgd t nd dirt. The stoves of infrequent positioning of the oven as well as the
were carefully WIped ree 0 us a

353
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Table 1. Telkes oven. Time required for 2 litres of water to reach 100°C using a covered aluminium pa;>, jainted black

A ir temperature
(range)

30-34
30-34
31-34
32-33
28-32
28-32
26-31

27-34

27-34
27-30
27-30
26-32
27-32
27-32
26-30

26-30

26-30
23-30
22-28
22-27

Oven temperature
(range)

109-117
105-110
100-117
110-113

80-110
60-110
35-115

110-112

95-120
90-110

103-117
97-117
95-115
95-100
80-115

105-120

95-110
63-105
85-118
36-115

Temperature
rise of water

(to reacb IOO'C)

83
83
83
83
83
83
83

81

84
84
81
83
85
84
85

82

83
85
84
85

Time to reacb IOO'C
(min)

100
120
110
115*
150 *
140 *
120

120

120
145 *
105
105
120
150 *
105

92

108
165 *
100
140

Average (14
tests) 

112 min

IVeather

Slightly cloudy and windy
Slightly cloudy and windy
Slightly cloudy and windy, haze
Very cloudy, moderate wind
Cloudy, moderate to strong wind
Cloudy, moderate to strong wind
Calm, haze to slightly windy,

slightly cloudy
Calm, haze to slightly windy,

slightly cloudy
Calm to slightly windy, haze
Cloudy, slightly windy
Cloudy, slightly windy
Calm, slightly cloudy
Calm, slightly cloudy
Calm, slightly cloudy
Bright sun, north wind, slightly

cloudy
Bright sun, north wind, slightly

cloudy
Slightly windy and cloudy
Cloudy
Calm, haze, slightly cloudy
Calm, slightly cloudy

_,r Irks

Sun c" ... ,'r,'l! 15 min
Sun CO'." "('l! 21 min
Sun c()\,-rel! 17 min

Sun co'.', «-d 43 min

Sun c<)':"c('(! 30 min

Sun er); ... , ·d 51 min

* Not included in average.

effect of the weather. These data, combined with
those in tables 1 and 2, show that continual position
ing of the stove is not a critical factor. It appears
that the oven may be left in one position for periods
up to 60-70 minutes without affecting its performance.
Enough heat is trapped by the oven so that the ave
rage "water heating time" is maintained at about

112 minutes. However when the sun is obscured
by clouds for many minutes the "water heating time"
is increased by an amount approximately equal
to the time the sun had been covered.

Telkes ovens have been sent by FAO for studies
in Thailand and in Trinidad. The work undertaken
in Thailand was mainly concerned with the prepara-

Table 2. Telkes oven. Time required for 2 litres of water to reach 100°C using a covered earthenware pan

Temperature Time to
Air temp Oven temp

rise of water reach
Type of cover Weather Remarks(range) (range)

(to reach IOO'C) IOO'C
(min) -

27-32. 50-115 83 165 Earthenware Calm or slightly windy Sun covered 30 min
27-33. 100-120 84 150 Aluminium painted black Haze
27-33. 70-117 79 135 Aluminium painted black Slightly windy and cloudy Sun covered 15 min
27-33. 100-107 76 130 Aluminium painted black Slightly windy, haze
26-33. 86-112 83 165 Aluminium painted black Sky not bright, haze,

slightly windy
Stove moved every 15 ~n22-26. 95-119 85 135 Earthenware Slightly cloudy and windy

22-26. 100-115 77 165 Earthenware Slightly cloudy Stove not moved 75 nun
Sun covered 7 min .

21-28. 74-120 85 150 Earthenware Haze, slightly windy Stove moved every 15 mm
21-28. 95-105 75 150 Earthenware Haze, slightly windy Sun covered I rnin .
22-28. 100-120 83 120 Aluminium painted black Calm, haze Stove moved every 15 m~n

22-28. 55-118 85 150 Aluminium painted black Sky not bright, haze Stove moved every 15 ~ln

22-28. 107-95-107 80 165 Aluminium painted black Sky not bright, haze Stove not moved 75 mm
Sun covered 11 rnin

24-31. 84-105 79 (did not 180 Aluminium painted black Slightly windy and cloudy Sun covered 20 rnin
reach 100°C) -
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Tab.;e 3. Telkes oven. Time req~ired for 2 litres of water to reach 100·C using a covered aluminium pan painted black,
with infrequent orientation of the stove and/or cloudy weather

.4;', iemperature Oven temperature Temperature
Time to reach IOO'C

(range) (range) rise of water
(min) Weather Remarks

(to reach IOO'C)

31-3; 107-115 80 lOO Slightly windy and cloudy, haze Stove not moved 70 min
26-31 109-117 81 105 Calm or slightly windy, haze Stove not moved 75 min
27-34 100 - 81 140 Cloudy Sun covered 45 min
27-30 90-105 81 115 Slightly cloudy and windy Stove not moved 65 min
26-32 104-110 84 lOO Cloudy Stove not moved 70 min
27-29 110-84-99 85 180 Slightly windy Sun covered 40 min

Stove not moved 70 min
26-30 75-100 85 245 Calm, haze Sun covered 35 min

tion of a number of traditional dishes and apparently
all of these were quite successfully cooked in the oven.
The work in Trinidad has been confined mostly
to a record of oven temperatures on a number of days
durl,'g which the weather was suitable for solar
cool .ng.

Ire Rome, the studies were primarily concerned
win the heating of water, but on three days observa
tioi- were made of the maximum temperatures
that could be obtained in the empty oven and values
of : i'O°C, 152°C and 165°C were recorded.

h Thailand, comparable values could also be
den ved from the data relating to the initial heating-up
peri.id of the empty oven, prior to the cooking tests,
and the values so obtained were 171°C, 182°C and
204°C. In thirty trials in Trinidad, maximum oven
temperatures varied from 134°C to 204°C, with an
average of 176°C. Air temperatures during these tests
ranged from 26 to 33°C.

It is interesting to note that even with reasonably
good weather in Rome during July-September, the
highest oven temperature observed was much lower
than the maximum oven temperatures recorded
in Thailand and Trinidad.

However, for practical purposes, tI:is type .of t.est
is only of limited value since it gives little mdlca~lOn
of the performance of the stove when ?sed fo~ cookmg.
Under favourable conditions, relatively high oven
temperatures may be reached in the empty oven
within a period of about an ho~r, bu.t as soon as
a cooking utensil containing water IS put mto the oven,
the oven temperature falls through 30 to 50.

oC
and

thereafter the rate of increase in temperature IS slow.
This is not simply a matter of the small amount
of heat required to heat air in the empty ?ven.
Rather it is an indication of the low heat mput
into the cabinet and the low heat l~sses throug?
the well insulated structure of the cabinet. W~at IS

really of interest is the level of total heat mput
not only to balance heat losses fron: ~he syst~m,

. f k' g ThIS informationbut also to provide heat o~ coo m .
IS only obtained by cookmg tests.

WISCONSIN SOLAR STOVE

Data obtained for the Wisconsin solar sto,:e
" t h ti ti es" when using a covered alum1wa er- ea mg m

nium pan painted black are presented in table 4.
An average of 39 tests gave a value of 41 minutes
for "water-heating times". This represents only
about 37 per cent of the time required to heat
the same quantity of water in the same pan in
the Telkes oven. As in the case of the Telkes oven,
this figure refers to those tests conducted under
the most favourable conditions of weather.

Only a limited number of values is available
for "water-heating times" in earthenware pans.
The same two types of covers were used and again
it is not possible to say if there is an effect due to
the different covers. The average "water-heating
times" for earthenware pans are much greater than
for aluminium pans painted black. The average value
for seven trials with the earthenware pan having
the black aluminium cover is 78 minutes and for five
trials using the earthenware pan with an earthen
ware cover is 72 minutes.

As with the Telkes oven the effect of cloud cover
over the sun is to increase the "water-heating time".
This effect is illustrated in tables 4, 5 and 6. Here
again it appears that the "water-heating time"
is increased by an amount approximately equal
to the time the sun had been obscured by clouds.
It should be noted that since the "water-heating
time" is so much shorter for the Wisconsin stove,
the proportional effect of cloud-cover is greater.

The only data available on the effect of leaving
the stove in the same position for an hour or longer
were obtained during a period when there was
frequent cloud cover. From these data, it would
appear that, in contrast to the Telkes oven, it is
important to orientate the Wisconsin solar stove
every 15-30 minutes. This could well be explained by
the fact that in the Wisconsin solar stove, the heating
area is small and the maximum concentration of
heat in this area is only obtained when the sun rays
are parallel to the axis of the parabolic reflecting
surface. By contrast, the reflecting surfaces of the
Telkes oven are flat and the nature of reflection
from these surfaces into the oven is such that the
orientation of the oven to the sun is not so critical.
Another point to note is that the whole surface
of the cooking utensil on the Wisconsin stove IS

freely exposed and loss of heat from it is considerably
increased so that the "water-heating times" are also
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Table 4. Wisconsin solar stove. Time required for 2 litres of water to reach 100°C using a covered uminlum pan
painted black

A ir temperature
(range)

Temperature
rise of water

(to reach Inn'C)

Time to reach IOO'C
(min) Weather

Sun coverrd 3 mill

Sun covered 3 min

Sun covered 25 min

Sun covered 30 min

.q 5 rnin

.• 111 wind
'1" In wind

sun co

Stove S"

Stove S\'

Sun CO\·( r , 10 min
Sun cov c:. " H min
Sun CO\·('··· tU min
Sun con "3 min
Stove sw. In wind;

Sun covered 55 min
Sun covered 27 min
Sun covered 12 min

Slightly cloudy and windy
Slightly cloudy and windy
Slightly cloudy and windy, sky not

bright, haze
Slightly cloudy. and windy, sky not

bright, haze
Calm or slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Calm and slightly cloudy and windy, haze
Calm and slightly cloudy and windy, haze
Calm and slightly cloudy and windy, haze
Calm and slightly cloudy and windy, haze
Particularly cloudy and windy
Particularly cloudy and windy
Particularly cloudy and windy
Particularly cloudy, moderate wind
Particularly cloudy, strong wind

Particularly cloudy, strong wind
Calm to slightly cloudy and windy, haze
Calm to slightly cloudy and windy, haze
Calm to slightly cloudy and windy, haze
Calm to slightly cloudy and windy, haze
Calm to slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Slightly cloudy and windy, haze
Very cloudy and windy
Very cloudy, calm to slightly windy
Very cloudy, calm to slightly windy
Very cloudy, calm to slightly windy
Very cloudy, calm to slightly windy
Calm to slightly or moderately cloudy
Calm to slightly or moderately cloudy
Calm to slightly or moderately cloudy
Calm to slightly or moderately cloudy
Calm to slightly or moderately cloudy
Calm to slightly or moderately cloudy
Slightly cloudy and calm to slightly windy
Slightly cloudy and calm to slightly windy
Slightly cloudy and calm to slightly windy
Slightly cloudy and calm to slightly windy
Slightly cloudy and calm to slightly windy
Slightly cloudy to cloudy, north wind
Slightly cloudy to cloudy, north wind
Slightly cloudy to cloudy, north wind
Slightly cloudy to cloudy, north wind
Slightly cloudy to cloudy, north wind
Slightly cloudy to cloudy, north wind
Haze, moderate wind, slightly cloudy
Calm to slightly windy, cloudy

39
65
50

45
47
35
38
36
33
45 *
40 *
45 *
57 *
65 *

75
45
38
34
30
45
45
40
32
40
40
55 *
45
40
50
32
45 *
35
30
30
32
71*
50
50
31
45
45
72 *
38
30
33
31
35

100 *
80 *
45 *

Average (39
tests) - 41 min

52

83
83
83

84
84
84
82
82
82
83
83
81
82
81

83

81
84
81
81
81
81
83
81
81
81
81
80
82
84
81
81
81
83
82
81
83
84
81
84
81
81
84
81
85
81
82
81
82

. 81

85
85

29-33
31-33
31-34
31-34
31-34·
31-34
31-32
31-32
31-32
28-31
28-31

28-31
25-31
25-31
25-31
25-31
25-31
27-34
27-34
27-34
27-34
27-34
27-34
31-33
28-30
28-30
28-30
28-30
26-32
26-32
26-32
26-32
26-32
26-32
27-32
27-32
27-32
27-32
27-32
24-31
24-31
24-31
24-31
24-31
24-31
22-29
23-29

30-34
30-34
31-33

31-33

• Not included in average.
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'Table 5. Wisconsin solar stove Time re . d f 2 li f. . qurre or tres 0 water to reach 100·C using a covered earthenware pan

A if i. illjJerature
Temperature
rise 0/ water Time to reach 100°C

(to reack lOO-C) (min)
Type of cover Weather Remarks

24-31 80 55 Aluminium Haze, sky not light; cloudy,
painted black slightly windy

24-31 81 150 Aluminium Haze, sky not light; cloudy,
painted black slightly windy Sun covered 21 min

26-32 84 107 Aluminium Haze, sky not light, cloudy,
painted black slightly windy Sun covered 25 min

26-32 77 68 Aluminium Haze Sun covered 4min
painted black

26-33 83 89 Aluminium Haze, calm to slightly windy and
painted black cloudy

26-33 81 55 Aluminium Haze, calm to slightly windy and
painted black cloudy

26-3:3 82 75 Aluminium Haze, calm to slightly windy and
painted black cloudy

26-33 84 90 Aluminium Haze, calm to slightly windy and
painted black cloudy

26-33 78 80 Aluminium Haze, calm to slightly windy and
painted black cloudy

26-3:\ 80 105 Aluminium Haze, calm to slightly windy and
painted black cloudy

22-2S 84 80 Earthenware Haze, calm to slightly windy and Stove moved every 15 min
cloudy

22-2:'; 82 60 Earthenware Haze, calm to slightly windy and Stove moved every 15 min
cloudy

22-2S 78 55 Earthenware Haze, calm to slightly windy and Stove moved every 15 min
cloudy

22-28 85 90 Earthenware Haze, slightly windy and cloudy
22-28 78 75 Earthenware Haze, slightly windy and cloudy

increased when there is a wind. By contrast, in
the Telkes oven which has an insulated cabinet
to house the cooking utensil, the effect of wind
on its performance is not so marked.

One very important consideration with the Wiscon
sin solar stove is the necessity for a firm anchor
ing of the legs, since it sways readily with the
wind.

Summary and conclusions

Two solar stoves, one an oven type (Telkes)
and the other a parabolic reflector type (Wisconsin)
were tested at FAO Headquarters during July,
August and September 1959. In general the weather
was sunny and warm, sometimes slightly cloudy
and usually there was a slight to moderate wind.

Table 6. Wisconsin solar stove. Time required for 21itres of water to reach 100·C using a covered aluminium pan painted
black, with infrequent orientation of the stove and/or cloudy weather

A if temperature
Temperature Tim;to reach lOO-C Weather Rem.arks

(range) rise of water (min)
(to reach lOO-C)

28-31 81 150 Particularly cloudy, moderate wind Stove not moved 70 min; sun
covered 40 min

27-34 81 114 Haze, slightly cloudy and windy Stove not moved 70 min; sun
covered 30 min

31-33 83 205 Very cloudy and windy Stove not moved 70 min; sun
covered 90 min

28-30 82 90 Calm to slightly windy, very cloudy Sun covered 43 min

26-28 84 55 Slightly cloudy and windy Stove not moved 45 min

24-30 84 90 North wind, slightly cloudy, slightly windy Stove not moved 60 min

24-30 83 83 North wind, slightly cloudy, slightly Stove not moved 60 min; sun
windy covered 33 min

24-30 81 100 North wind, slightly cloudy, slightly Stove not moved 70 min; sun
windy covered 30 min

24-30 81 80 North wind, slightly cloudy, slightly Stove not moved 60 min; sun
windy covered 26 min
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The average time required to heat two litres of water
from 15 to 20°C to 100°C (termed "water-heating
time") was determined for each stove. The cooking
pot used in most of these tests was a covered alu
minium pan painted black, but some comparisons
were also made with earthenware pans.

For the Telkes oven, it was observed that when
using a covered aluminium pan painted black,
the mean "water-heating time" was 112 minutes.
When earthenware pans were used, the mean time
was 142 minutes.

For the Wisconsin solar stove, it was observed
that when using a covered aluminium pan painted
black, the mean "water-heating time" was 41 minutes.
When earthenware pans were used, the mean time
was 76 minutes.

The performance of both types of stoves is directly
affected by clouding of the sun, and under such
conditions the "water-heating time" is increased
by an amount approximately equal to the time
the sun is obscured. The performance of the Wiscon
sin solar stove is considerably influenced by wind, but

for the Telkes oven the effect of wind. ' :rot so marked.
To obtain the best results, the Wise.__ .sin solar stove
has to b~ orientated towards the s~'; at least every
15-30 minutes. In the case of t,' Telkes oven
such frequent orientation is not ni:: ,':-.sary. '

The efficiency of these two stove .an be judged
according to two criteria observed I" e :

(1) The time required for cookin.-

(2) The amount of handling need, J for the best
performance of the stoves.

In these tests it has been shown 'hat water can
be boiled considerably faster on (he Wisconsin
solar stove than in the Telkes ()\Tn. However,
performance of the Telkes oven j,; less affected
by infrequent positioning of the 51,,\ ", by clouding
of the sun and by wind.

In addition, it is necessary to c..: .irler that the
Telkes oven is more expensive ;,:: .vell as more
complicated than the Wisconsin ,,( ,;, .:: stove with
greater risk of mechanical difficu". S and more
need for repairs and spare parts.
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UNE CUISINIERE SOLAIRE CYLINDRO.PARABOLIQUE

Salgado Praui *

I ~es rnodeles ~e cuisinieres s?laires essayes jusqu'a
present appartiennent essentiellement, a l'un des
deux types: parabolique ou « boite fermee ».

Les modeles paraboliques ont ete traites notam
rnent par Ghai (2, 3), Burda (4), J. A. Duffie (5),
J. H. Jenness (6). Les modeles « boite fermee »
ont ete etudies et mis au point par M. Telkes (I).

Avec les cuisinieres paraboliques, on obtient un
haul. degre de concentration, mais l'ustensile de
cuisine, parce qu'il est expose, perd beaucoup de
sa chaleur par convection et radiation vers I'atmos
pher. , surtout s'il y a du vent. Les modeles « boite
ferrn-ie » sont plus chers, plus lourds et possedent
un faible degre de concentration, mais ils abritent
les ustensiles de cuisine et permettent de tenir
les aliments chauds pendant quelques heures apres
leur cuisson, pourvu qu'ils y. soient conserves.

Duns un nouveau modele, on a cherche acombiner
les deux caracteristiques fondamentales citees,

Cc rapport donne les resultats d'essais et d'etudes
concernant le nouveau modele de cuisiniere solaire,
ainsi que les resultats d'une comparaison entre la
nouvelle cuisiniere et un modele «boite ferrnee »
(figure 4).

Description et principe de fonctionnement

Un miroir cylindro-parabolique constitue par de~x
elements (figures I, 2 et 3)1 est tourne vers le soleil.
Le four cylindrique, par la fente-fenetre duquel
penetrent les rayons solaires reflech~s: est place au
foyer du miroir. Les ustensiles de cuisme, contenant
les aliments a cuire, sont places daps le four. Les
deux elements du cylindre parabolique et le four
lui-meme sont supportes par quatre pieds contre
ventes,

Chaque reflecteur, construit en feuille de laiton
nickelee est fixe a une structure en bois traversee
par un axe de sustentation autour duquel ell~ p~ut
tourner. Cet axe permet ~'?bt~nir l,a focalIs~t~on
du reflecteur, Son immobIlIsatIOn a la position
convenable peut etre obtenue grace a des coulants
(figure I). , .,

Le four est construit en feuille double d,a.lummmm
formant un cylindre, qui est garm, exteneu~ement
avec de la laine de verre. 11 ne possede pas d autres

* I ,. . t t Laborat6rio Nacional de Engenhariangemeur aSS1S an ,
Civil, Lisbonne. . .

1 On doit noter que la figure 3 mon!re un mode,le q.Ul differe
de celui construit du fait qu'il est enberement metalhquc.
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elements structuraux. Sa propre forme en « coque »
lui donne la rigidite longitudinale necessaire. La
tendance a l'ovalisation est contrariee par les cou
vercles, qui servent aussi de portes. A sa partie
inferieure et selon une generatrice, le cylindre
presente une fenetre de forme allongee, qui permet
l'entree de la radiation solaire concentree. Pour re
duire les pertes par convection et radiation a travers
la Ienetre, celle-ci est garnie interieurement d'un

Plgure 1. Culslnlere solaire cylindro-parabolique vue
du cote des coulants
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Figure 2. Cutstniere solaire cylindro-parabolique vue du
cote porte d'usage, A cote de la culsinlere, on voit l'appareil
mesureur-enreglstreur de temperature Honeywell

panneau de verre et exterieurement d'une plaque
de film plastique « Mylar » collee a merne le cylindre.

Les miroirs sont decentres relativement a la
fenetre, afin d'augmenter l'intervalle de temps
entre chaque ajustement de position de l'appareil

necessaire pour compenser la van.uion de l'azimut
solaire.

Dans cet appareil, on a chercl . ~l intercepter
un maximum de radiation solairc .» , un minimum
de surface reflectrice.

La construction des miroirs en f( i ,! it' de parabole
ouverte satisfait cet objectif. Prat« I' rnent, la para
bole se confond avec une circonfer-ncc. En outre,
avec un grand rayon de courburc, i(, angles d'inci
dence que les rayons rcflechis par it', zones les plus
eloignees des miroirs font avec le WiT(' ell' la fenetre
ne sont pas exageres, de sorte <jl[(, les pertes par
reflection sont faibles. On doit ob-« rver aussi que
cette construction perrnet de place-r le four a une
hauteur commode pour I'utilisateur

La conception de cc modelc de ("l'siniere solaire
fait prevoir que les pertes par nu:" tion a travers
la fenetre seront faibles, puisqu'ell- ,l une surface
relativement reduite. Il en est <It tJ]{>mc pour les
pertes par convection; comme le :1'1X calorifique
est descendant, ces pertes seront pral ", .wment.n?lles.
Quant aux pertes par conduction, ell. " -rront mmimes.

Essais typiques d'utilisation RI., C le modele
cyllndro-parabolique

Les heures indiquees dans la des, iption suivan~e
sont des heures solaires. Les essais cnt ete effectues
a Lisbonne (380 de latitude nord).

Les resultats les plus importants sont les suivants :

Aliments cuifs

3,76 kg de pommes de terre
cuites a l'eau . . . . . .

,q h

1,122

Radiation solaire directe (callcm'.min)

12 h

1,224

15 h
Duree

10 h 25-12 h 25

()bscroations

Quantitc la plus g~ande
d'aliments qu'on ait pu
introduire dans le four

II kg de pommes de terre
cuites a I'eau . . . . . .

1 I de haricots et I I de mais
cuits a I'eau . . . . . .

I I de mais r6ti . . . . . .
Gateau de 0,710 kg cuit au

au four .

Friture de poisson et d'ceufs

Poulet de 2 kg r6ti. . . . .

1,122 1,224

1,214 1,295
1,214 1,295

0,92 0,978
(brume)

0,92 0,978
(brume)

0,690 0,805
(brume)

1,132
1,132

0,851

0,851

0,736

10 h 20-11 h 38

12 h 25-14 h 05
14 h 10-14 h 40

10 h -Ll h 15

II h 32-11 11 47

14 h -16 h Le poulet etait parfaiteIIlent .
cuit et savoureux _

On trouvera dans l'annexe des precisions supple
mentaires sur ces essais.

Essais d'utilisation realises avec' le modele
« boite fermee »

Le 6 mai 1961, jour oii la radiation solaire directe
a ete exceptionnellement forte (1,203, 1,334 et
1,242 cal/cm'vmin, respectivement a9, 12et 15 heures) ,
on a cuit 1,5 kg de pommes de terre dans un pot

contenant 11 d'eau, en 2 h 30 min (11 h 50a 14 h~~~:
Ce resultat a ete le meilleur obtenu avec ce lUO 11

Un jour d'intensite de radiation semb~able a c:ir:
du 6 mai 1961, i1 faut deux heures et demle p~U~?eau.
1 1 de haricots dans un pot contenant 1 le

On a aussi verifie, en septembre 1960, iU~ 15
modele « bcite fermee i cuit des gateaux en
et de la viande en 2 h 45. . ais

Il n'a pas ete possible, toutefois, de rotlr du m
ni de la viande.
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\

-,
" REMAR9UE:
'" La fente a une lo rrqu eur
\",. . totale de 630 mm

-,

Figure 3. Representation schematique, dimensions principales et principe de fonctionnement

Conclusions des essais d'utilisation

a) La cuisiniere cylindro-parabolique permet de
cuire des quantites d'aliments deux fois et demie
plus gran des que le modele «boite ferrnee », et ceci
dans un espace de temps plus court. ~n outre,
elle permet de rotir du mais et de la viande, ce
qui ri'a pas ete possible avec l'autre modele.

b) Un ajustement periodique de la positi~n. de
l'appareil doit etre fait pour compenser la van~tlOn
du zenith et de l'azimut solaire. L'ajustement azimu
tal est constant et doit~tre fait chaque 22,5 min.
Le besoin d'ajustement zenithal varie selon l'heure
consideree. De 10 h 30 a 13 h 30, cet ajustement
peut etre fait a des intervalles de 22,5 a 40 min.
Cela signifie que si l'on commence a 10 h 30 la pre
paration d'aliments qui deman?ent 1 h 30 po~r
cuire completement. on doit faire se?lement trOIS
ajustements de position, avec des mtervalles de

22,5 m!n., chacun d'eux con~ist.ant en un reglage
du zenith et un reglage de I azimut de l'appareil.
n en va de merne pour l'intervalle de 12 h a 13 h 30.
. Par ~onsequent, on peut preparer deux repas par
Jour e:~n~eant c~acun l.h 3~ de cuisson, pourvu que
la pos~tlOn de I ~pparel1 soit reglee de cette facon.
Le~ aliments prepares pendant la seconde periode,
9UI normalement seront destines au diner, peuvent
etre cons;.rves. chau?s . pendant quelques heures
pourvu qu ils SOlent laisses dans le four de la cuisiniere
solaire.

On doit noter que quand on fait un ajustement
de la position du four, il ne faut pas toucher les
ust~nsiles ,~e cuisin.e a moins qu'ils ne soient trop
pl~ms. D ailleurs, 11 est facile de prevoir un gril
qUI peut glisser sur les parois du four et rester toujours
horizontal.

Si on veut cuisiner avant 10 h 30 ou apres 13 h 30,
avec le merne intervalle entre chaque ajustement



362 III.CA Cuislnleres solaires

Figure 4. Cuistniere solalre « boite ferrnee »

de position, on devra agrandir la fenetre, ce qui ame
nera une diminution du rendement du four.

Si vers midi on veut espacer au-dela de 22,5 min
les ajustements de position, lesquels sont conditionnes
par la variation de l'azimut, il faudra augmenter
la longueur de la fenetre, et par consequent celle
du four, ce qui diminuera egalement le rendement.
Dans ce cas, la diminution du rendement est plus
importante, acause de l'accroissement non seulement
de pertes par radiation, malgre l'augmentation de
longueur de la fenetre, mais aussi des pertes par
conduction, puisque la longueur du four est augmen
tee. On peut egalement diminuer la frequence des
ajustements azimutal et zenithal, en diminuant la
distance focale du miroir cylindro-parabolique, ce qui,
toutefois, conduit a une construction plus chere,
puisque a egale surface interceptee les miroirs,
ayant une courbure plus marquee, auront besoin
d'une quantite plus grande de materiau reflecteur.

c) On a constate que l'efficacite etait superieure
sans le film plastique de Mylar, qui dans la conception
primitive etait colle exterieurement au cylindre
d'aluminium et couvrait la fenetre.

En d'autres termes, l'energie (,' 'orifique que le
plastique retenait, ne compensait p, ]' energie solaire
dissipee par absorption et reflexio: Dans tous les
essais decrits, le cyIindre parabolic a done utilise
un four avec une fenetre de 10 cm c!r .rgeur, couverte
seulement par un panneau de vc.

d) On a estime qu'il conviendrait .: ueindre en noir
toute la surface exterieure des ust. ' , {les de cuisine.

e) On a constate qu'il est prt: I' .able de poser
les ustensiles de cuisine sur des grii" plutot que sur
une plaque continue de longueur 'i.;ale a celle de
la fenetre, peinte en noir sur la Le inferieure et
exposee a la radiation solairc concc»: rce, De ee fait,
il semble legitime de conclure que si .'1 avait employe
pour la construction du four une phi i IIC d'aluminium
poli au lieu d'une plaque d'nlun.i.iium ordinaire,
les resultats seraient supericurs ;', ceux obtenus.
L'ernploi de la plaque sera seulem.:«: indique lorsque
les dimensions de l'ustcnsile de '"jne sont suffi
samment petites par rapport a c I., clu four, ou
quand iI faut repandre un cert« , aliment dans
une surface relativement etendur par exemple,
quand on souhaite rotir du mais,

f) A moins d'employer des mar - ices a pression,
il convient de prevoir un echappen. 'pour la vapeur
d'eau Iormee, faute de quoi eIle- ~'ondE.llse dans
les zones les plus froides du vr-r : , La meiIleure
methode consiste a trouer les PC!' et, au :n0):'en
d'un tuyau, a mettre ces trous Ci' commullleatlOn
avec l'atrnosphere. De cette facon (,'1 evite la perte
vers l'atmosphere, de l'air chauffc contenu dans le
four.

g) Dans le models type « boite Icrmee »'. on ~'a
fait que des ajustements d'azimut, et ceci mOlllS

frequemrnent que dans le nouveau modele.

Cout de la cuisiniere

Le present calcul estimatif suppose une construc-
tion metallique, entierement demontable. ,. . ete

Le four pourra etre concu comrne celui qui a
decrit plus haut.

t 'treLes pieds et les contreventements pourron e
, faits avec du barreau en acier doux 20 X 3, pou.rv~

que des elements d'assemblage (voir figure 3) SOleus
prevus a mi-portee entre les axes des refleeteur

520

de

Barreau 3/8'

TuyauEcrou de 3/8"

Figure 5. Detail des reflecteurs

25

role d'aluminium a lmm

~Barreau d' aluminium
50 x 50x 2 mm

Barreau 20x3mm



Culslnlere solaire cylindro-parabolique 8/110 Prata 363

Le leT mai 1961

ANNEXE I

Plgure 6. Four de la cutstnlere dans lequel sont places
deux pots

20,3'
faible vitesse

Temperature.
Vent ....

Conditions meteorologiques :

{

9h 1,122 cal/cm2.min
Radiation solaire

directe. . . 12h 1,224 cal/cmt.min
15h 1,224 caljcm-.min
22'
vitesse moyenne

Duree

De 10 h 20 a II h 38.

Conditions meteorologiques :

Temperature
Vent ... , .....

ESSAIS TYPIQUES D'UTILISATION EFFECTUES AVEC

LA CUISINIERE SOLAIRE CYLINDRO-PARABOLIQUE

Duree

De 10 h 25 a 12 h 25.

Le 5 mai 1961

Description :

Deux pots d'aluminium (chacun pesant 0,849 kg) et une
forme en fer-blanc, sans couvercle, ont ete introduits dans le four.
Chacun des pots contenait 1,5 kg de pommes de terre et I litre
d'eau. La forme contenait 0,76 kg de pommes de terre et 0,5 litre
d'eau.

Les plus hautes temperatures atteintes ont ete 97° dans l'eau
des pots et 1l0' dans I'air contenu dans le four. II ya eu formation
de vapeur. Les pommes de terre contenues dans les pots etalent
parfaitement cuites. Celles de la forme etaient mal cuites, peut
etre parce qu'elle etait decouverte. La quantite d'aliments
utilisee dans cet essai a Me la plus grande qu'on ait pu introduire
dans le four de la cuisiniere. L'ajustement de la position de I'appa
reil a ete fait cinq fois, le premier a la fin de 20 min, et les autres
chaque 22,5 min.

Description:

Les deux pots avec I kg de pommes de terre et I litre d'eau
chacun ont ete introduits dans le four.

Les plus hautes temperatures atteintes ont ete 85,5' et 91 'C
dans les pots, et 101' dans l'air contenu dans le four.

Les pommes de terre etaient parfaitement cuites.

et I'axe commun des quatre pieds. Les elements
d'assernblage relieront les pieds,. en evitant ainsi
le flanbage.

Les reflecteurs pourront etre en aluminium nickele,
Les c~,assis qui les supportent, aussi en aluminium,
pourro.it etre constitues comme on l'indique dans la
figure 5.

De cette facon et en supposant une construction
en serre moyenne, il faudra 18 dollars de materiaux
(y cornpris le cofrt du nickelage) et 8 heures-ouvrier
de main-d'ceuvre. L'appareil pesera 18 kg. "

Si Ll construction est entierement en aluminium,
l'appareil sera plus cher mais son poids tombera
a 12 kg environ.

Les materiaux et la main-d'ceuvre necessaires
pour run modele «boite fermee : avec .Ies memes
dimensions que celui qui a ete essaye, c'est-a-dire
ayant 0,48 m 2 de "surface normale aux rayons solaires,
sont ;\ peu pres les memes que ceux indiques pour
le modele cylindro-parabolique. Le poids du modele
«boit. ferrnee » est de 22 kg.

Conclusions

L'appareil presente peut cuire des quantites assez
irnportantes d'aliments de toutes sortes, en certains
cas ..ians un espace de temps peusuperieur a celui
demande par les cuisinieres domestiques ordinaires.

L,,- surface collectrice effective, normale aux rayons
solaires est dans le modele parabolique construit,
de 0,74 m2.' La surface correspondante du rnodele
« boite fermee » decrit dans ce rapport est de 0,48 m2

•

En outre, le rapport entre la quantite ~es aliments
cuits et le temps necessaire pour les curre est, pour
le premier modele, 2,8 fois plus gr~t;d.. que po.ur
le second. Ceci signifie que la ctnsmiere solaire

cylindro-parabolique est 2,8 : (~:::) = 1,8 fois plus

efficace que la « boite fermee », Po~r une. egale
surface col1ectrice effective, le modele cylindro
parabolique est le moins cher. La frequ~nce avec
laquelle, dans cette cuisiniere solaire, l'ajustement
de position doit etre fait, encore qu'elle est acceptable.
est plus grande que celle demandee dans la cuisinrere
type « boite fermee ». . . ,. .

Le modele cydindro-paraboh9ue, qU,Olqu 11 ~OIt
dernontable et plus Ieger que celui de « boite fermee »,
n'est pas encore completement adequat pour une
vie nomade.

Le nouveau modele demande un ent~ainem~nt
plus grand par les utilisateurs que le modele « boite
ferrnee »,

Remerciements

A l'ingenieur investigateur J. Lagin~a Sera~m,
pour les suggestions presentees lors de I elaboratIOn
de ce rapport. A AIfredo Mendes et se~ ~oIIaborate~rs
pour leurs determinations de re~~ctlVI~e, transmIt
tance et radiation solaire. A lmgemeur ~ste,:,es
Ferreira pour ses suggestions. A Pedro V. erel:a
pour sa collaboration a la realisation de ce travail,



364 III.C.4 -Ouislnleres solalres

Le 7 mai 1961 Le 8 mai 1961

Temperature .

Vent

Conditions metcorologiqucs

{
{)" 0,1l20 cal/c, ',lIl

Radiation solaire
12" O,1l78 cal/t [i, .v.in (brume)directe , 15h 0,851 cal/Ll' '11

Conditions meteorologiques r

{

9h 1,214 caljcmt.min
Radiation solaire 12h 1,295 caljcm-.min

directe. . . 15h 1,132 caljcms.min

26°

brise legere

Temperature

Vent

30·

vitessc moycnnc

Duree

De 12 h 25 a 14 h 5.

Duree

De 10 hall h 15.

Description:

Un des pots contenait un melange de 0,5 litre de haricots
blancs et 0,5 litre de haricots rouges, et I litre d'eau".L'autre pot
contenait I litre de mais et I litre d'eau (voir figure 4).

A la fin de l'essai, les deux pots etaient a 100° et il y avait
beaucoup de vapeur d'eau dans le four.

Les haricots et le mais etaient parfaitement cuits.

Pendant I'essai, on a fait quatre ajustements de la position
de l'appareil, chaque 22,5 min.

Description:

Vne forme contenant un gateau <le 0,. I,' kg' a etc placee au
milieu du four sur uno plaque <!'alulllillj" " semblable it celle
utilisee dans l'essai anterieur, mais avi-c (~ .x riuvertures circu
laires de 120 mm de diametre.

L'air contenu dans le four a atteint la t, "'~'lTature de 130 'c.
L'utilisation de la plaque d'aluminium ,::';,iu,;e a permis une
concentration de la chaleur clans le four.~;lteau etait parfai
ternent et uniformernent cuit.

On doit observer que le jour ri'a pas ,'t, .los meilleurs pour
des appareils utilisant la radiation solair. .irccte.

Le 7 mai 1961

Temperature .

Vent

Description:
. et une autreUne poele a frire con tenant 0,350 kg de prnsson

" • d 11 I 3')' II h 47 dans le four.contenant 4 oeufs ont ete placees e 1 ~ a

1 mes de terre,Vne troisierne poele, contenant 0,25 kg oc porn
a ete placee dans le four de II h 32 a 12 h.

d I four ctaitAu bout de 15 min, quand la temperature ans e . t
, . fi l' 't t des ahmen s.de 95·, on a enleve le couvercIe pour yen er e a mmes

Les oeufs et le poisson etaient cornpletement euits. Les r:e plUS
de terre ne I'etaient pas, et il a faUu quelque temps
pour qu'elles soient cuites.

I · . t encore une fois itLes conditions meteorologiques aissaien
desirer,

Le 8 mai 1961

30·

vitesse moycnn«

(brume)
O,!J20 cal/Cl;" : ',,11

0,978 ca l/c-r' ',"111

0,851 caljr n: ;"!I1

Temperature

Vent

Conditions meteorologiques

(

9h
Radiation solaire 12"

directe. , , 15h

Conditions meteorologiques :

{

9h 1,214 caljcrns.min
Radiation solaire 12h 1,295 caljcms.min

directe. . . 15h 1,132 caljcms.min

26°

brise lege re

Duree

De 14 h a 14 h 40.

Description:

On a repandu I litre de mars sur une plaque d'aluminium de
longueur egale a celle du four, la face inferieure etant peinte
en noir (voir figure 7).

A la fin de 30 rnin, la plaque etait' a 135·C et l'essai a ete
arrete parce que le chassis en bois qui retient le verre comrneneai'[
a f1amber. On a verifie que presque tout le mars etait parfaitement
roti ; quelques grains etaient meme torrefies,

(brume)
0,690 cal/cm2.min

0,805 cal/cm2,min

0,736 cal/cm2. min

brise Iegere

't' mis sur une
apres avoir ete prepare, a e e un troU

les couvercIes, dont chacun porte

De 14 h a 16 h.

Temperature

Vent

Conditions meteorologiques

{

9"
Radiation solaire 12"

directe. . 15h

30·

Duree

Le 9 mai 1961

Description:

Un poulet de 2 kg,
broche appuyee sur

pour la recevoir. b oche
La r

Le poulet etait parfaitement cuit et savoureux. le jour
a ete tournee periodiquement. On doit observer qUI~essai n'a
a ete relativement faible en radiation directe et que
pas ete fait a la meilleure heure.Figure 7. Four avec du mai's
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30

40

20

Figure 8. 1. Transmittance d'un verre ordinalre;
2. Reflectlvlte d'une feullle de lalton ntckele

90807060

ANGLE 0' INCIDENCE

5040302010

CD '. r-

- r-,- rS2.
• r"

o

70

Expressions a employer et calculs

Energie qui entre dans le four = energie utilisee + pertes

Eya. = qu + qc + ql + qr + qj

E = A x I x 10 X 15

80

At = masse de l'eau contenue dans le pot (2 kg).
Ca = chaleur specifique de I'eau (I kcal{kg°C).
f'ln et f'ln = temperatures finale et initiale de l'eau contenue

dans le pot 11 dans I'intervalle de temps At
considere.

tit temperature moyenne interieure du couvercIe (0C).
tv = temperature moyenne interieure du verre (0C).
t. = temperature moyenne exterieure du verre (0C).
qc = pertes de chaleur par conduction a travers les parois

du four, dans l'intervalle de temps At considere (kcal).
qj = pertes de chaleur par conduction a travers le vcrre

de la Ienetre, dans I'Intervalle de temps At considcre
(kcal).

qr = pertes de chaleur par radiation a travers la Ienetre
pendant l'intervalle de temps At (kcal).

qi = quantite de chaleur employee dans le chauffage du four
(kcal) pendant le temps At.

tim = fi ~ tit (0C).

q« = chaleur utile, recue par l'eau et par les pots pendant
l'intervaIle de temps At (kcal).

90

50

60

10

Pour le caIcul du produit ya, on a considere que chaque re flee
teur etait divise en cinq bandes (paralleles a I'axe du cylindre)
d'egale surface projetec. On a determine les angles d'incidence
des rayons lumineux moyens avec le reflecteur et avec le verre de
la fenetre,

0;'
100

Deux dans les parois Iaterales des pots, ami-hauteur;
Deux plonges dans I'eau, un dans chaque pot;
Quarre dans la paroi interieure du four, dont un installe sur

le couvercle ;
Quatre exterieurement au four, sur la laine de verre;
Qua~re sur le verre : deux a l'interieur et deux a l'exterieur,

Les thermocouples installes sur le verre ont ete proteges
par de petites feuiIIes d'etain, afin d'eviter des erreurs dues a
la radiation solaire ou calorifique agissant sur les thermocouples
eux-mcmes.

On ., fait l'essai complet pour determiner les pertes de chaleur
dans ie" differents elements de l'appareil, le rendernent et aussi
pour u;.•tenir des conclusions concernant l'influence de modifica
tions evcntuelles a introduire dans la cuisiniere solaire.

L'essii a consiste dans le chauffage de 4 litres d'eau, egalement
distrihu-s par deux. pots, et dans la mesure des temperatures
en plu-ieurs points del'appareiI.

Des couples thermo-electriques ant e16 installes sur les points
ou I'on souhaitait mesurer la temperature.•

Seize thermocouples ont ete installes, avec la distribution
suivante :

BILAN THERMIQUE

Les temperatures ont ete mesurees et enregistrees d'une facon
presq ue continue par un appareil HoneywelL

Da: .Ci les calculs, on a employe la nomenclature suivante :

A = surface interceptee (mesuree perpendiculairement aux
rayons solaires) (0,74 m 2) .

I = intensife de la radiation solaire directe a l'heure consi-
deree (calgjcrns.min).

y = reflectivite du laiton nickele (p. 100).
a = transmittance du verre de la fenetre (p. 100).
E ~~ energie solaire directe incidente sur le reflecteur cylindro- .

parabolique, dans un certain intervalle de temps (kcal).

ti = temperature moyenne interieure du four (cC).

fa = temperature moyenne exterieure du four, mesuree sur
la laine de verre (0C).

rI = rayon interieur du cylindre d'aluminium du four

(0,1275 m).
r2 = rayon exterieur du merne cylindre (0,1285 m).
"s = rayon exterieur moyen de la laine de verre (0,175 m).
K A = conductibilite de l'aluminium (195 kcal h-1m-1oC-l).

K I = conductibilite de la laine de verre (0,035 kcal h-1m- IoC-I).

L = longueur du four, mesuree entre les faces internes des

couvercles (0,65 m).
At = intervaIIe de temps (h).
eA = epaisseur de l'aluminium du cylindre (0,001 m).
ee = epaisseur de l'agglomere de liege incorpore dans les

couvercles (0,05 m).
eb = epaisseur de l'agglomere de copeaux de bois, applique

dans les couvercles (0,01 m).
K; = conductibilite de l'agglomere de liege (0,06 kcal

h-1m-1oC-I) .
K b = conductibilite de l'agglomere de copeaux de bois

(0,10 kcal h-lm-loC-l).

5 = surface de la fenetre (0,063 m
2

) .

ev = epaisseur du verre (0,002 m).
K v = conductibilite thermique du verre (0,7 kcal h-1m-1oC-l).

m = masse de chaque pot d'aluminium (0,849 kg).
C = chaleur specifique de l'aluminium (0,0696 kcal{kgcC).

tIn et ti = temperatures finale et Initiale du pot n dans
n l'intervaIIe de temps At considere (0C).

ANNEXE 11
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Du graphique represente dans la figure 8, on a extrait les valcurs de la reflectivite et de la trar ,'>ttance
correspondantes :

Angles d'incidence
Rayon ""'yen incident

sur la zone n°
Sur le rlflteteur Sur le verre

Rlfltelivitls Tr an .r '.',:llft'S

I (la plus eloignee du four)
11

III
IV
V

24°
20°
16°
12°J
7J5°

48°
40°
32°
24°
15°

65,5 p. 100
64,4 p, 100
07 p. 100
07,6·p. 100
68•.lp.l00

86.1 .00

87 "WO
88 t, .00

88,-! r· 100

8H I' lOO

La valeur de yrJ. a eM calculee par moyenne ponderee, en obtenant 58,7 p. 100.
Alors

ErJ.y = 65,1 X I
En outre

ou

+ 01>4. 2 . IT r2 + r3 [\/ (i
, 2

( S) 2· IT• (11 - tal • L • tJ. t
.1 - 2 • IT• rl • L In r2!rl + In r3!r2

K A s,
represente les pertes par conduction a travers les parois Iaterales du four,

2 . IT• rl2 • tJ. t (tIt - tal

eA +!.-=- +!..!!..
KA tc, tc,

represente les pertes a travers les couvercles,

et

'2 + rs0,54 . 2· IT --2- Kl (tlm - tal

represente les pertes par conduction a travers les espaces annulaires extremes (les diarnetres interieur et ext.erieu r sont les mernes que
ceux du four, et l'epaisseur est egale a celle des couvercles),

Pour les pertes par conduction a travers le .verre de la Ienetre, on obtient :

S (tv - te) tJ. t
qJ =

ev
Kv

La chaleur recuperee par l'eau et les pots sera

q« = mc (ttI - 111) + mc (tJ2 - t12) + MCa (1'/1 - t'n) + Mc (1'/2 - 1'12)

En considerantA, = 0,25 heure et en substituant des valeurs on obtient:

qc = 0,09767 (tl - fa) + 0,0273 (Iu - fa) + 0.018 (tl m - tal
qJ 5,5 (tv - te)

qu = 0,059 (t/l + f/2 - 111 - 112) + 2 (f'/I + 1'/2 - I'n - 1'12)
ql = 0,14 tJ. (lit + tal + 0,291 tJ. (It + la) + 0,178 tJ. It + 0,065 tJ. (tv + fe)

Dans la derniere expression, les termes ont la signification suivante :

0,14 tJ. (Iu + fa) : chaleur accumulae par I'agglomere de liege.
0,291 tJ. (tt + fa) : ehaleur accumulee par la laine de verre.
0,178 tJ. It: chaleur accurnulee par l'aluminium et le chassis du verre.
f),065 tJ. (tv + fe) : chaleur accumulee par le verre,

. tion de
Dans tous les termes ou le tJ. precede une temperature ou addition de temperatures, on veut dire qu'Il s'agit de la vana

eette temperature ou de la somme de temperatures dans l'intervalle de temps considere,

Une fois les valeurs de qc, qJ, qu et ql calculees et la valeur de I connue, la valeur de q, peut etre obtenue par calcul :

qr = 65,1 X 1- qu - qt - qc - qJ

Le tableau resume -les resultats des calculs.

Comme on a considere tJ.e = 0,25 heure, l'essai, dont la duree
a ete de deux heures, a ete partage, a cause du calcul, en huit
intervalles, sur chacun desquels on a fait le bilan thermique
tel qu'on vient de le montrer.

Les temperatures instantanees ne nous interessent pas pour
le ealcul. Done tu, tt, ta, t v et t e sont pris en moyenne a I'intervalle
de temps considere. Mais on prend deja la difference, par exemple,

• de l'intervaIle
pour tJ. (tu + la) entre la valeur tit + la a la fin mmen-
de temps considere, et la valeur correspondante au eo emple.
cement du meme intervalle. 11 en est de merne, par eX

pour th - fl~. t paS
tine sonDes valeurs obtenues pour qr, i! Y en a qua re qu I valeurs

logiques parce que trop petites. Ce sont justement I es t VIII.
correspondant aux intervalles de temps 11, VI, VI e
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Resume des calcu1s

Lntcrnalie de temps tt-to tu-fa tlm-ta tv-t. tfl + tf'- 1'11+ 1'/ 1 -
6(t" + t.) 6(t, + t.) 6 t, 6 a, + t.)'C 'C 'C 'C -tft-tit -t"I-t'it

'C 'C 'C 'C'C 'C

I

11 h-ll h 15 2,3 -1,4 0,5 0,4 17 16,1 10,8 16,9 14,6 33,9
II

11 h 1;)-11 h 30 15,5 5,5 10,5 0,75 18,5 18,7 11,5 17,9 15,9 23,3
III

11 h 30-11 h 45 23,1 10,1 16,6 0,9 15,9 17,2 8,0 7,7 4,5 2,8

IV

11 h 4fi-12 h 26,6 16,0 20,3 0,3 17,3 18,2 6,5 5,8 5,7 -10,1

V

12 h-lZ h 15 31,2 22,2 25,4 0,5 16,5 16,1 5,3 2,6 3,1 3,7

VI

12 h 1,,-12 h 30 35,1 23,1 29,4 2,3 16,3 17,3 3,1 5,7 5,1 16,8

VII

12 h 3()·12 h 45 39,4 26 33,1 2,5 17,8 17,8 5,9 7,0 5,9 12,5

VIII

12 h 4[,-13 h 41,3 34,5 35,9 3,2 10,6 10,6 12,9 8,2 3,8 12

Lnierualle de temps I Erxy q, qJ q. q, q,
calfcm'l..min kcal kcal kcal kcal kcal kcal

I

11 h-ll h 15 . 0,835 54,3 0,19 2,2 33,2 12,28 6,43

II

11 h 15-11 h 30. 0,84 54,7
1,85 4,12 38,49 11,16

-0,9
0,96* 62,5* 7,0*

III

11 h 30-11 h 45, 0,84 54,7 2,82 4,95 35,34 4,34 7,25

IV

11 h 45-12 h . 0,84 54,7 3,40 1,65 37,42 2,95 9,32

V
12 h-12 h 15 . 0,837 54,5 4,11 2,75 33,17 2,07 12,4

VI

12 h 15-12 h 30. 0,835 54,3
4,59 12,6 35,56 4,09

-2,54

1,14* 73,83* 17,0*

VII

12 h 30-12 h 45. 0,83 54,0
5,16 13,7 36,65 4,71

-7,1

1,27* 82,69* 23,0*

VIII

12 h 45-13 h . 0,825 53,8
5,62 17,6 21,83 5,65

3,01

1,32* 86,54* 26,3*

On donne l'explication suivante de cette anomalie: la va~eur
de la radiation solaire, I, a ete cteterminee d'apres les points
de la courbe, tandis que les valeurs intermediaires (voir ~g?re 9)
ont ete obtenues par interpolation. Or il se peut que preclsement
pendant les intervalles II, VI, VII et VIII la radiation sola,ire
ait ete elevee, depassant les valeurs interpolees. Cette hyp~thes.e
est vraisemblable, car le jour etait brumeux ~ors de I essa~.
I1 serait suffisant que I ait pris les valeurs marquees par un aste
risque pour que les valeurs corresponda~tes qr prenne~~ des
valeurs acceptables, marquees elles aUSSl par un astensque

et obtenues par evaluation. Ce sont ces dernieres valeurs qu'on
considere pour le calcul du rendement.

Calcul du rendement total pendant deux heures de [onctionnement

y(1. = 58,7 p. 100

Quantite de chaleur recue par l'eau et les pots :

VIU
~ q» = 275,66 kcal
I
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275,66 X 100
= 31 p. j:\/

892

Energie utilisable;

Pertes optiques:
100 - 58,7 = 41,3 p. 1,'>1

Pertes par radiation:

108,7 X 100 = 12,2 p 1110
892

Pertes par conduction a. travers le vent

60,57 X 100 = (8) 111'1
892 ' I

Pertes dues a I'inertie thcrrniquc :

47,35 X 100 = 5,3 I' IOf)
892

Pertes par conduction a travers les pan'" d u four:

30,10 = 34 . Hill
892 ,p

13 14 15

HEURES SOlAlllES

121110

Figure 9. Radiation solaire directe

-V -V

3

I

0,5

0,7

0,

0,

0.1

c:
E
I..
E......
'"
~

Le rendement du four scra:

Energie solaire totale qui entre dans le four:

VIII
~ E ya. = 523,76 kcal
I

Energie solaire recue par les miroirs :

WE = 523,76 = 892 k 1
~ 0,587 ea

Energie calorifique perdue par radiation a. travers le verre:

VIII
~ qr = 108,7 kcal
I

Energie calorifique perdue par conduction a. travers le verre:

VIII
~ qJ = 60,57 kcal
I

Energie calorifique utilisee pour chauffer le four:

VIII
~ ql = 47,25 kcal
I

Energie calorifique perdue a. travers les parois du four:

VIII
~ qc = 30,10 kcal
I

O,~~7 = 52,8 p. !Of

Conclusions tides des bilans thermiques

Par les raisons deja. citees, et quoiquc Cl'; tames temperatures,
par exemple la temperature des verrcs, aicut ete obtenues par
moyenne des valeurs rnesurees d'apres un nombre insuflisant
de points, les valeurs presentees pour les rc.ulernents et les pertes
ne donnent qu'un ordre de grandeur.

Le rendement optique et cclui du four sont faibles.
ibilites lesLe rendement donne n'est pas un indicc des POSS1 11 e.

. . , 't' fait un Jourplus grandes de l'appareil, pUlsque 1cssai a e e
brumeux,

On doit observer que si, au lieu du laiton nickele (y ='0,67b,on utilise un matdriau ayant un pouvoir retlecteur Y = 0,8 t
le rendement optique change de 58,7 a 70 p. 100 et le rendemen

global changera de 31 a 37 p. 100.
., 1 arois du fourParce que Ies pertes par conduction a travers es p t

sont superieures a celles dues a linertic thcrmique, on peui
conclure qu'il convient de reduire l'epaisseur de l'isolant, qu
est l'element ayant la plus grandc capacite calorifique.
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Resume

Ce memoire presente un modele de cuisiniere solaire d'une nouvelle concep
tion.

Les rayons solaires sont captes dans un reflecteur cylindro-parabolique
qui les transmet aune fenetre vitree mince dans la partie inferieure de la boite
cylindrique a axe horizontal, places au foyer du paraboloide. Les aliments a
preparer sont places dans la boite, qui est isolee.
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Cette conception permet d'augmenter le degre de concentration et de
reduire les pertes du four.

L'auteur donne les resultats obtenus dans les essais d'un modele, et
presente des remarques sur la necessite d'ajustements de position, et sur le prix
et l'utilisation de la cuisiniere solaire.

Ce modele est compare a tous points de vue avec l'autre type existant.
On calcule ses pertes et son rendement.
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A CYLINDRO·PARABOLIC SOLAR COOKER

(Translation of the foregoing paper)

Salgado Prata *

tbl. wed from
Figure 1. Cylindro-parabolic solar cooker VIe

side of the slip rings

as doors. In its lower part, t h. cylinder has an
elongated window along one g!"~c ratrix to admit
the concentrated solar radiation. '1 ( reduce the radia
tive and convective losses thr« ',c:h the window,
a glass pane is installed on the ' ,<"de, and on the
outside a plate of Mylar plastic :,~m is glued onto
the cylinder itself.

Description and principle of operation

A cylindro-parabolic mirror composed of two
elements (figures 1, 2 and 3)1 is turned to the sun.
The oven, of cylindrical shape, with a slit window
through which the solar rays enter, is placed at
the focus of the mirror. The cooking utensils contain
ing the food to be cooked are placed in the oven.
Both elements of the parabolic cylinder, and the
oven itself, are supported by four legs, properly
braced.

Each reflector, made of nickel-plated brass sheet,
is attached to a wooden structure traversed by
a supporting shaft, about which it may be rotated.
This shaft permits the reflector to be focused.
It may be fixed in any desired position by means
of slip rings (figure 1).

The oven is built of doubled aluminium sheet,
forming a cylinder, protected on the outside by
glasswool. Its own "shell" shape gives it the necessary
longitudinal rigidity. The tendency to ovalization
is counteracted by the covers, which also serve

The models of solar cookers tried up to now belong
essentially to one of two types, parabolic or "hot-box".

Parabolic models have been discussed by Ghai (2,3),
Burda (4), J. A. Duffie (5), J. R. Jenness (6) and
others. "Hot-box" models have been studied and
developed by M. Telkes (1).

Parabolic cookers give high concentration, but
the cooking utensil is exposed and thus loses a good
deal of heat to the atmosphere, especially if there
is wind. The "hot-box" models are more expensive,
heavier, and provide only low concentration, but
they shelter the cooking utensils and can keep
the food hot for several hours after cooking, provided
the food is left in them.

We have sought in the 'new model presented
in this paper to combine these two basic features.

In this paper we give the results of tests and
studies of this new cooker model, and compare
its results with those of a "hot-box" model, figure 4.

* Assistant Engineer, Laboratorio Nacional de Engenharia
Civil, Lisbon,

I It should be noted that the model sketched in this figure
differs from that actually built. The model sketched is all metal.
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The mirrors are eccentrically positioned relative
to the window, so that the position of the apparatus
need ;1Ot be so frequently adjusted to the changing
azimuth of the sun.

Interception of the maximum of solar radiation
by means of the minimum reflecting surface has been
sought in this design.

This object is realized by designing the mirrors
as open parabolas. The parabola practically merges
into a circumference. Moreover, with a great radius
of curvature, the angles of incidence of the rays
reflected by the most distant zones of the mirror
on the glass of the window are not too great, so that
the reflection losses are low. It should also be noted
that this design permits placing the oven at a level
convenient for the user.

The conception of this cooker model allows the
prediction that the radiative losses through the
window will be small, since its surface is relatively'
small. The situation is the same for the convective
losses. Further than that, the heat flux travels
downward, so that there will be practically no
convective losses; there will, however, be conductive
losses. However, these will be smaller.

Typical utilization tests with the
cylindro-parabolic model

The times indicated throughout the description
refer in all cases to solar time. The tests were run at
Lisbon (380 N. Lat.).

The following are the most important results.

Direct solar radiation (callcm' min)
Food cooked Duration Remarks

9 h 12 h 15 h

Boiling :l.76 kg of potatoes. 1.122 1.224 10.25 h-12.25 h Largest amount of food
that would go into the
stove

Boiling 2 kg of potatoes . 1.122 1.224 ·10.20 h-l1.38 h

Boiling 1 Itr of string-beans
and 1 ltr of commeaI . 1.214 1.295 1.132 12.25 h-14.05 h

Roasting 1 ltr of commeaI . 1.214 1.295 1.132 14.10 h·14.40 h

Baking a cake, 0.710 kg . 0.92 0.978 0.851 10.00 h-ll.15 h
(fog)

Frying fish and eggs . 0.92 0.978 0:851 11.32 h-l1.47 h
(fog)·

Roasting a 2 kg chicken 0.690 0.805 0.736 14 h-16 h The chicken was perfectly
(fog) cooked and delicious

Figure 2 Cylindro-parabolic solar cooker, viewed ~m the
side of the food door. The Honeywell recording errno-
meter will be seen beside the cooker .

More details on these tests will be found in the
annex.

Utilization tests on a "hot-box" model

On 6 May 1961, a day of exceptionally strong
direct solar radiation (1.203, 1.334 and 1.242 cal/cm''
min at 9, 12 and 15 h respectively), 1.5 kg of potatoes
were cooked in a pot with 1 litre of water, in 2 h 30
min (from 11.50h to 14.20 h). This gave the best result
obtained with this model.

On a day when the radiation was as intense as
on 6 May 1961, it took two and a half hours to cook
1 litre of string-beans in a pot with 1 litre of water.

In September 1960 it was also found that the
"hot-box" model baked cakes in 2 h 15 min and
cooked meat in 2 h 45 min.

Cornmeal or meat, however, could not be roasted.

Conclusions from the utilization tests

(a) The cylindro-parabolic cooker cooks two and
a half times as much food as the "hot-box" type,
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GLASSWOOL

Remark: '.:lJ2: 'rorAL LENGTH OF
'!',t,{; SLIT IS 630 MM

Figure 3. Schematic diagram, principal dimensions, and operating diagram

and in a shorter time. It also roasts corn and meat,
which cannot be done with the other model.

(b) The orientation of the apparatus must be
periodically adjusted to compensate for the change
in the solar zenith angle and azimuth. The azimuthal
adjustment is constant, and must be made every
22.5 min. The required frequency of azimuthal adjust
ment varies with the hour of the day. From lO.30h to
13.30h, it may be made at intervals of 22.5 to 40 m.
This means that if the preparation of food that takes
1 h 30 min to cook completely is at 10.30h, only three
adjustments of position will be needed, at intervals
of 22.5 min, each adjustment comprising one change
of the zenith angle of the collector and another change
in its azimuth. The same applies for the period
between 12 hand 13.30 h.

Consequently, two meal~ a day can. be coo~ed,

the cooking time of each bem~ I ~ 30 mI,n, pr.ovlded
the position of the apparatus IS adjusted III this way.

. . d oeri d normallyThe food cooked dunng the secon peno, I hours
used for dinner, may be kept hot for severe ker.
provided it is kept in the oven of the solar coo h

iti of t eIt must be noted that when the ~OSI IOn Id not
stove is adjusted, the cooking utenSIls shou it is
be touched, if they are not too full. Moreover,wallS
easy to design a grill to slide along the stove
while always remaining horizontal. fter

If the user desires to cook before 10.30 h o~tust
13.30 h, with the same interval between each allrged
ment of position, the window will ~a:,e.to be en
and the efficiency of the stove dlmmIshed. djUSt-

If a longer interval is desired between t~e ages in
ments near noon, which are due to the c a~hened
solar azimuth, the window will have to ~e le~~e with
and consequently the stove as well: hkew the 1055
an adverse effect on efficiency. In thIS casei tothe
in efficiency will be greater, owing not on'ycreased
increased radiative losses, in spite of the In
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Fi~ure 4. "Hot-box" solar cooker

length of the window, but also the increased conduc
tive losses, since the length of the stove is also in
cr~ased. The frequency of the azimuthal and zenithal
adjustments may also be decreased by shortening
the focal length of the cylindro-parabolic mirror.
~ut this would increase the cost since, for equal
Intercepted surface, the curvature of the mirrors
would be greater, thus requiring a larger amount of
reflecting material.

(c) The efficiency was found to be higher without
the Mylar plastic film which, according to the initial
design, was pasted on the outside of the aluminium
cylinder and covered the window.

In other words, the thermal energy retained by the
plastic did not compensate the solar energy dissi
pated by absorption and reflection. In all the tests
described, the parabolic cylinder utilized an oven
with a single window 10 cm wide, covered by only
a single thickness of glass.

(d) We conclude that it would be appropriate to
paint the entire outside surface of the cooking vessels
black.

ALUMINIUM roD

(e). It was also found to be preferable to rest the
cooking utensils on grills instead of on a continuous
plate as long as the window, painted black on the
Inn~r ?urface, and exposed to the concentrated solar
radlat~on. It seems legitimate to conclude from this
that, ~f a polished a;luminium plate had been used
to b';Il.d the stove Instead of a plate of ordinary
aluminium, the results would have been, better than
those a.ctually obtained. The use of the plate would
be a~vlsable only if the dimensions of the cooking
utensil were small enough by comparison to those of
the stove, or. when a certain food had to be spread
over a relatively extended area, as when corn is
roasted.

(f) Unless pressure cookers are used, there should
be an outlet for the steam formed. Otherwise it will
condense ~n the.co.1dest parts of the glass. The best
way of dOI~g this IS t~ m::ke holes in the pots and
put them In communication with the atmosphere
by means of a duct. This will prevent the loss to the
atmosphere of the heated air in the oven.

(g) In the "hot-box" model, only the azimuth was
adjusted, and that less frequently than in the new
model.

Cost of the cooker

This estimate assumes a metal structure that can
be completely dismantled.

The oven design may resemble the above- de
scribed model.

.The legs and the cross bra.cing may be made of
mild steel bars 20 X 3, provided framing members
(see figure 3) are placed half way. The framing
members connect the legs, thus preventing buckling.

The reflectors may be made of nickel-plated alu
m~n~um. The frame supporting them, also of alu
mimum, may be constructed as indicated in figure 5.

In this way, assuming manufacture in medium
scale series, it would cost $18.00 for materials (in
cluding the cost of the nickel-plating) and 8 man
hours of labour. The apparatus would weigh 18 kg.

If the construction is all-aluminium, the apparatus
would cost more, but it would now weigh only about
12 kg. .

50 x 50x2 mm
Aluminium sheet 1 mm thick

20 x 30 IIIlll bar 3/8" NUT

520

3/8" bar

3/8" GALVANIZED IRON PIPE

85

Fig,ure 5. Detail of the reflectors
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Fi~ure 6. Oven of the cooker, which holds two pots

The potatoes in the pots were cooked perfect; v. Those in the mould
were under-cooked, perhaps because it W;t.' open, The amount
of food used in this test was the greatest that could be accomodated
in the oven -of the cooker. The position (,f the apparatus was
changed five times, the first time after 20 min, and the other
times at 22,5 min intervals.

The materials and labour required for a "hot-box"
model of the same dimensions as that tested, that is,
with 0.48 m2 of area normal to the solar rays, would
be about the same as that indicated for the cylindro-
parabolic model, and it would weigh 22 kg. .

Conclusions

The cooker here presented can cook comparatively
large amounts of food of any kind, in some cases
requiring only little longer than conventional domestic
cookers.

The effective collector surface, normal to the solar
rays, is 0.74 m2 in the parabolic model we have built.
The corresponding surface of the "hot-box" model
referred to in this paper is 0.48 m2• Further than that,
the quantity of food cooked in the same time is
2.8 times as great for our model as for the "hot-box".
This means that the cylindro-parabolic solar cooker
is 2.8: (0.74/0.48) = 1.8 times as efficient as the
"hot-box". For equal effective collector surfaces, the
cylindro-parabolic model is'. cheaper. The required
frequency of position adjustment of this solar cooker
is acceptable, but greater than for the "hot-box" type
of cooker.

The cylindro-parabolic model can be dismantled
and is lighter than the "hot-box" model, but is still
not entirely adequate for nomad life.

The new model requires more position adjustment
by the user than the "hot-box" model.

(b) On 5 May 1961

. Meteorological conditions.

Temperature .
Wind .

20.3°C
Gentle breeze

. ANNEX I

TYPICAL UTILIZATION TESTS ON THE CYLINDRO-PARABOLIC SOLAR

COOKER

Duration of test from 10.25 h to 12.25 h

Description:

Two aluminium pots, each weighing 0.~49 kg, and a galvanized
iron coverless mould, were placed in the oven. Each pot contained
1.5 kg of potatoes and Lltr of water. The mould contained 0.76 kg
of potatoes and 0.5 ltr of water.

The highest temperatures attained were 97°C in the water
of the pots and 1l0°C for the air in the oven. Steam was formed.
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{

9 h 1.214 Cal/cm2m~n
12 h 1.295 Cal/cm2mln
15 h 1.132 Cal/cm2min

Direct solar radiation. .

(d) On 7 May 1961

Meteorological conditions.

(c) On 7 May 1961

Meteorological conditions.

{

9 h 1.214 Cal/cm2min

Direct solar radiation. 12 h 1.295 Cal/cm2min

15 h 1.132 Cal/cm2min

Temperature . . . . 26°C
Wind. . . . . . . . Light breeze

Duration of test from 12.25 h to 14.05 h

Description: .
One of the pots contained a mixture of 0.5 ltr of white stz:;;

beans, 0.5 ltr of red string-beans and 1 Itr of water. The 0 4), figure .
pot contained 1 Itr of cornmeal and 1 ltr of water (see

C d there was
At the end of the test both pots were at 1000

, an
much steam in the oven.

The string-beans and cornmeal were perfectly cooked. . g

F di . . re made durlnour a justments of the collector posltIon we
the test at intervals of 22.5 min.

Duration of test from 10.20 h to 1l.38 h

Description:
The two pots, each with 1 kg of potatoes and 1 Itr of water,

were placed in the oven.
The highest temperatures attained were 85.5°C and 91

0e in
the pots and 101°C in the air in the oven.

The potatoes were perfectly cooked.

{

9 h 1.122 Cal/cm-min
12 h 1.224 Caljcmsmin
15 h 1.224 Caljcmsrnin
22°C
Moderate breeze

Temperature .
Wind .

Direct solar radiation.

(a) On 1 May 1961

Meteorological conditions.



(g) On 9 May 1961

At the end of 15 min, when the oven temperature was 95°C,
the cover was removed to check the condition of the food.
The eggs and the fish were both completely cooked. The potatoes
were not, and they were therefore left a little longer in the oven,
after which they were found to be cooked.

The meteorological conditions were likewise not very good

Description:

A 2 kg chicken was first prepared, after which a spit was passed
through it. Each of the covers had a hole to receive the spit.

The chicken was perfectly cooked and delicious.

The spit supporting it was periodically rotated. It should be
noted that the direct radiation was relatively low that day
and that the test was not performed at the best hour for it.
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(fog)
(

9 h 0.690 Caljcm-min
12 h 0.805 Caljcm-min
15 h 0.736 Cal/cmtmin
30°C
Fresh breeze

Prata8/110

Direct solar radiation.

Temperature'
Wind.

Meteorological conditions.

Duration from 14 h to 16 h

A cylindro-parabolic solar cooker

26°C
Light breeze

14 h to 14.40 h

Temperature
Wind.

Duration of test from

Figure 7. Oven with corn

Description:
One litre of cornmeal was spread on an aluminium plate as

long as the oven, with its lower face painted black (see figure 7).

At the end of 30 min the plate had reached 135°C and the test
was stopped because the wooden frame holding the glass was
beginning to buckle. Almost all the cornmeal was perfectly
roasted, and some of it was even parched.

Description:
A mould containing a cake weighing 0.710 kg was placed

at the centre of the oven on an aluminium plate similar to that
used in the preceding test, but with two circular openings, each

120 mm in diameter.
The air in the oven reached 130°C. The use of this aluminium

plate permitted a concentration of heat in the oven. The cake
was perfectly and uniformly baked.

It should be noted that the day was not one of the best for

utilizing direct solar radiation.

Duration of test from 10 h to 11.15 h

Description:
A frying-pan with 0.350 kg of fish;

another with 4 eggs . . . . . • .

Another frying-pan with 0.25 kg of
potatoes was placed in the oven

ANNEX 11

HEAT BALANCE

A complete test was run to determine the heat losses in the
various components of the apparatus and the efficiency, and also
to obtain data for drawing conclusions on the effect of possible
changes that might be made in the solar cooker.

The test consisted in heating 4 litres of water, equally dis
tributed in two pots, and in measuring the temperature at a num
ber of points of the cooker.

Thermocouples were installed at the points where the temper-
ature was to be measured.

Sixteen thermocouples were installed, distributed as follows:

Two in the side walls of the pots, half-way to the top;
Two immersed in the water, one in each pot;
Four in the inside oven wall, one of them on the cover;
Four outside the oven, on the glasswool;
Four on the glass: two of them inside, the other two outside.

The thermocouples on the glass were protected by small leaves
of tinfoil to prevent errors due to the radiation of the sun or
heater on the thermocouples themselves.

The temperatures were measured and recorded semi-continuous
ly by a Honeywcll recording thermometer.

The following notation was used in the calculations:

A = Intercepted surface (measured perpendicular to the
solar rays) (0.74 m").

I = Intensity of direct solar radiation at the given time
(kcalJcm2min) .

y = Reflectivity of nickel-plated brass (per cent).
ex = Transmittance of the glass of the window (per cent).
E = Direct solar radiation incident on the cylindro-parabolic

reflector during a certain time interval (kcal).
f; = Mean 'internal temperature of oven (0C).

fa = Mean external temperature of oven (measured on the
glasswool) (0C).

f 1 = Inside radius of aluminium cylinder of oven (0.1275 m).
"2 = Outside radius of the same cylinder (0.1285 m).

13

(fog)

From 11.32 h to 11.47 h

From 1l.32 h to 12.07 h

{

9 h 0.920 Caljcm-min
12 h 0.978 Caljcm-min (fog)
15 h 0.851 Caljcm'snin
30°C
Moderate breeze

{

., 9 h 0.920 Caljcmsmin
. ' 12 h 0.978 Cal/cm2min

15 h 0.851 Caljcm-min
30°C
~oderate breeze

Direct solar radiation.

Temperature . . . .
Wind .

Direct solar radiation.

Temperature'
Wind...

(c) On 8 May 1961

Meteorological conditions.

(f) On 8 May 1961

Meteorological conditions.
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Expressions used in the calculations

Energy entering the oven = energy utilized j- 10""'';

Ey'X = qu + qc + 'If + qr + '!j
E = s t- 10·15

In calculating the product ya., each reflector is considered
as divided into five bands (parallel to the axis of the cyhnder)
of equal projected surface. The angles of incidence of the central
light rays in the reflector and on the glass of the \\'indow are
determined.

From the graphs of figure 8 we find the corresponding values
of the reflectivity and transmittance

Angle c: iucidence

Figure 8. 1. Transmittance of ordinary glass; :,;, Reflectivity
of nickel-plated brass shcet

r3 = Mean outside radius of the glasswool (0.175 m).
KA = Thermal conductivity of the aluminium (195 kcal

h-Im-IoC-I).
K I = Thermal conductivity of the glasswool (0.035 kcal

h-Im-IoC-I).
L = Length of oven measured between inside faces of the

eovers (0.65 m).
~t = Time interval (h).
eA = Thickness of the aluminium of cylinder (0.001 m).
ec = Thickness of the cork composition incorporated in

the covers (0.05 m).
eb = Thickness of the composition of wood shavings applied

in the covers (0.01 m).
Kc = Thermal conductivity of the cork composition (0.06 kcal

h-Im-IoC-I).
K b = Thermal conductivity of the wood-shavings composition

(0.10 kcal h-Im-IoC-I).
5 = Surface of the window (0.063 m2) .

ev = Thickness of the glass (0.002 m).
K y = Thermal conductivity of glass (0.7 kcal h-1m-IoC-I).
111 = Mass of each aluminium pot (0.849 kg).
C = Specific heat of aluminium (0.0696 kcaljkg-C).
tfn and tin = Final and initial temperatures of the pot 11

during the time interval ~t considered (0C).
M = Mass of the water in the pot (2 kg).
Ca = Specific heat of water (I kcaljkgsC).
('fn and t'in = Final and initial temperatures of the water

in the pot 12 during the time interval ~t con
sidered.

tit = Mean inside temperature of cover (0C).
ty = Mean inside temperature of glass (0C).
te = Mean outside temperature of glass (0C).
qc = Heat losses by conduction through the oven wall,

during the time interval ~t considered (kcal),
qJ = Heat losses by conduction through the glass of the wind

ow, during the time interval ~t considered (kcal).
qr = Heat losses by radiation through the window during

the time interval ~t considered (kcal).
ql = Quantity of heat used in heating the oven (kcal) during

the time interval ~t considered (kcal).

tlm = ti ~ tit (0C).

q« = Useful heat received by the water and the pots during
the time interval ~t considered (kcal).

A ngle of incidence
Central incident rayon zone N o.

On the reflector On the glass
Reflectivity Transmittance

I the farthest from the oven.
II

III
VI
V

24°
20°
16°
12°

7.5°

65.5 per cent
64.4 per cent
67 per cent
67.6 per cent
68 per cent

86.1 per cent
87 per cent
88 per cent
88.4 per cent
89 per cent

The weighted mean of ya. was calculated, and found to be 58.7 per cent.

Then
Ea.y=65.IXI

Moreover,

whence
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repre~.nting the losses 'through the covers

representing the losses by conduction through the side walls of the oven.

2 . Tt· y21 • .I t (tl - tal

~ + !!.. + eb
K A tc, Kb

and

O r2 + rs.54, 2 'Tt~ KI (flm - fa)

reprcsr ;:t.ing the losses by conduction through the extreme annular spaces (the inside and outside diameters of which are the same
as tho.. of the oven, and the thickness of which is equal to that of the covers).

lor the losses by conduction through the glass of the window, we find:

S (fv - te) t1t
qj =

ev

The heat collected by the water and the pots will be:

qu = me (tll - t(1) + me (t12 - t(2) + MCa (t'll - t'(1) + MCa(:'J2 - t'(2)

Taking .It as 0.25 hours, and substituting the values, we get:

gc = 0.09767 (tl .-:- tal + 0.0273 (tu - tal + 0.018 (tlm - tal
qj = 5.5 (tv - te) .

qu = 0.059 (tll + tl2 - ti1~ 1[2) + 2 (t'l1 + t'/2 - t'11- t'12)
ql = 0.14 t1 (tit + tal + 0.291 t1 (fl + tal + 0.178 t1 tl + 0.065 .l (tv + te)

The ' crms in the last expression have the following meanings:

0.14 .l (tu + ta): the heat accumulated by the cork composition.
0.291 .l (tl + ta) : the heat accumulated by the glasswooL
0.178 .l tl: the heat accumulated by the aluminium and the framing of the glass.
0.065 .l (tv + te) : the heat accumulated by the glass.

In all terms in which the .l precedes a temperature or sum of temperatures, it implies that wc are dealing with the variation
of t'1;, temperature or temperature-sum in the time interval under consideration.

Once the values of qc, ss. qu and qi have been calculated and the value of I is known, the value of qr may be found by caiculation:

qr = 65.1 1- qu - ql - qc - qj

The table gives the results of these calculations.

Since .I t has been taken as 0.25 hours, the test, two hours
in duration, is divided for calculation into eight intervals. The
heat balance is drawn up for each of these intervals, as we shall
now see.

The instantaneous temperatures are of no interest for this
calculation. Therefore, the mean values of tu, ti, t«. tv and te
are taken over the interval of time considered. But we do take
the difference, for instance for .l (tu + tal between the value
of tit + ta at the end of the time interval considered and the
corresponding value at the commencement of the same interval.
It will be the same, for instance, for tl2 - t'2'

Among the values found for qr, there are four that are illogical,
because they are too small. They are precisely the values corres
ponding to the time intervals 11, VI, VII and VIII. The following
explanation is given for this anomaly. The value of the solar
radiation I was determined from the points of graph, while
the intermediate values were found by interpolation (see figure 9).
But it might just have been that the solar radiation was high
in the intervals 11, VI, VII and VIII, exceeding the interpolated
values. This hypothesis is probable, since the day of the test
was foggy. It would have been sufficient for I to have taken
the values marked by an asterisk for the corresponding values
of qr to take acceptable values, likewise marked by an asterisk
and obtained by evaluation. It is these latter values that are
considered in calculating the efficiency.

13"

Calculation of over-all efficiency in two hours of operation

yrr. = 58.7 per cent

Quantity of heat received by the water and the pots:

VIll
~ qu = 275.66 kcal
I

Total solar energy entering the oven:

VIII
~ Eyrr. = 523.76 kcal
I .

Solar energy received by the mirrors:

VIII 523.76
~ E = -- = 892 kcal
I 0.587

Thermal energy lost by radiation through the glass:

VIll
~ qr = 108.7 kcal
I

13121110

-SOIM TDlE

Figure 9. Direct solar radiation
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Time interval

I

11 h-ll h 45

II

11 h 15-11 h 30

III .

11 h 30-11 h 45

IV
11 h 45-12 h

V

12 h-12 h 15

VI
12 h 15-12 h 30

VII

12 h 30-12 h 45

VIII
12 h 45-13 h .

III.C.4 Solar cooking

Summary of the calculations

I,-Ia tu-to I'm -r t« 1,,-1. 1/, + 1/,- 1'/, + 1'/,- A (I" + la) A (1/ + la) ':>1, !l (I, + t,)
'C 'C 'C 'C -1"-1,, -t',.-t'll 'C 'C 'C 'C'C 'C

2.3 -1.4 0.5 0.4 17 16.1 . 10.8 16.!l 14.6 33.9

15.5 5.5 10.5 0.75 18.5 18.7 11.5 17,D Li.!l 23.3

23.1 10.1 16.6 0.9 15.9 17.2 8.0 7.7 ·1.5 2.8

26.6 16.0 20.3 0.3 17.3 18.2 6.5 5.8 ;'.7 -10.1

31.2 22.2 25.4 0.5 16.5 16.1 0.3 2.6 :1.1 3.7

35.1 23.1 29.4 2.3 16.3 17.3 3.1 5.7 .;.1 16.8

39.4 26 33.1 2.5 17.8 17.8 0.9 7.0 ;'.n 12.5

41.3 34.5 35.9 3.2 10.6 10.6 12.9 8.2 :J.8 12
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Losses due. to thermal inertia:

47.35· 100
892 = 5.3 per cent

Losses IJy conduction through the oven walls:

30.10
892 = 3.4 per cent

The c: .;;ency of the oven will be:

31
0.587 = 52.8 per cent

Conclusions from the heat balances

For t he reasons given above, and since certain temperatures,
for in.i.ance those of the glass, have been found from values

measured at an insufficient number of points, the values we have
presented for the efficiencies and the losses give only the order
of magnitude.

The optical efficiency and that of the oven are low.

The efficiency we have presented is not an indication of the
maximum possible performance of the apparatus, since the test
was made on a foggy day.

It should be noted that if instead of nickel-plated brass
(y = 0.67) a material of reflectivity y = 0.80 is used, the optical
efficiency changes from 58.7 per cent to 70 per cent and the
over-all efficiency from 31 per cent to 37 per cent.

Since the conduction losses through the oven walls are greater
than those due to thermal inertia, we may conclude that the
thickness of the insulation '- the member with the highest
specific heat - should be reduced.
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Summary

A solar cooker of a new type is presented.
The solar beams are .collected by a parabolo-cylindrical reflector and

routed to a narrow glass window in the lower portion of an insulated cylindrical
box with a horizontal axis, placed at the focus of the paraboloid. The food to
be cooked is placed inside this box.

This design makes it possible to increase the degree of concentration and
to reduce the heat losses in the oven.

The author reports results obtained in tests of the cooker and discusses
its need for position adjustments while operating, its cost and its utilization.

It is compared in several respects with another type of cooker.
Losses and efficiency are computed.
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CHEAP BUT PRACTICAL SOLAR KITCHENS

H. Slam *

Figure I shows the amount of insolation due to the
direct radiation of the sun, neglecting the scattered

In arid regions, the common use of desert scrub
and dung for household cooking deprives the land
of fodder on which animals might be maintained,
and of essential fertilizer. The successful application
of solar cooking in such areas would, therefore,.
bring direct benefits in increased food production.

There are good reasons why in these regions
wood, straw, charcoal and dung continue to be
used as fuel. They are well adapted to all the needs
of a housewife, from boiling an egg or cooking some
potatoes to roasting a whole camel. The gathering
of scrub and dung for these needs may require no
more than a few hours' work by children a day.
Despite their saving in fuels which are scarce, solar
kitchens cannot easily compete with these ancient
and simple methods of cooking. It is quite under
standable that the varied American, Indian and
Russian domestic solar stoves have had very meagre
success among the people of desert zones. They
are far too small.

Solar kitchens must meet the following conditions:
(a) They must be cheap, even for families with

a yearly income of $150;
(b) At noon, bread must be baked and, in addition,

sufficient heat must be supplied to a heat accumu
lator, also cheaply;

(c) From shortly after sunrise till before sunset,
the kitchen must provide hot water for washing and
must enable the housewife to cook breakfast and
lunch and to make tea and coffee;

(d) A heat-accumulator should make it possible
to cook dinner after sunset and even supply some
warmth during the cold nights, common in arid
regions;

(e) The eyes and the hands of the housewife
should be made safe from concentrated solar radia
tion;

(f) Standard kitchen practice of industrialized
countries must be adopted.

Basic conditions for solar kitchens

Solar-radiation cookers in comparison
with fuel-burning kitchens

* Stichting Dienst Ontwakende Wereld, Amsterdam.

radiation from the sky. The cl,J. -rences between
favourable sites, such as Chile or i 'llkkaro, and the
norm for clear weather condir vns are notable.
In desert regions, aerial dust may (l ! ninish insolation
to a ratio comparable with the a j ... .rption by cirrus
clouds. Drifting clouds are, m: " -rver, a normal
occurrence during a great part 0 ' 'w year in India
and Pakistan. To satisfy the ho: vives with solar
kitchens on all the days of the \\. ';, not on sunny
days only, one can calculate sa i: . on the basi~ of
half the insolation norm of the vnerican Society
of Ventilating and Heating Engir« rs (1 and 2).

Table 1 summarizes the heat oacities of fuel-
burning and electrically operated « "hen equipment
and compares the capacities of· .lar kitchens as
needed for different domestic use The companson
for clear weather and cloudy l «litions is very
superficial indeed, and the concl",;()]1 is that solar
kitchens need areas of 2! to I> Sf .are metres. But
it is the primary purpose of this !.:Iper to make a
closer analysis of kitchen practi«: and to pro~ose

improvements in solar kitchens t hat ~a~ satIsfy
housewives in arid zones with different living stan
dards.

Kitchen practices

TEMPERATURES REQUIRED IN FOOD PROCESSING

The total heat needed by food during preparat~o~
amounts roughly to I! times the net heat acc.umula ee
from a cold start-up to the cooking or bakmg stag,
provided that evaporation is limited. cl

Temperatures vary widely. Eggs are easily bake
at 80°C, though it is desirable to process t~em ~~~~
cooking temperature to prevent typhOId. '1 at
vegetables and soups, as well as laund~y, bOI ueh
sea level at 100°C, but during the steammg .of s an
foods as rice, potatoes and beans, the C?okmfl to
shows wall temperatures normally reachmg 1
140°C. . h

. nd t e
Figure 2 shows the duration of heatmg a hed

danger of scorching such easily burnt foo?s as m:s ID
potatoes and macaroni. For short penods'lls Yble
minutes, temperatures as high as 160°C are a oW~iek
and are often common practice. Rice starts !o ~ree
to the pan at 120°C, and begins to scorch disa ted
ably at 170°C. This is established from data coll~en_
by Professor van Staveren (3). In the abov~uring
tioned cases, scorching must be avoided, but ssary
baking, higher wall temperatures arc nece estie
to obtain the desired caramelled crust. In damvary
baking ovens, the ambient air temperatures

380
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300 kea1/ ,{jot. h,
soo.. 600 700 eoo

•

Figure 1. Sun energy due to direct radiation on perpendicular plane as a function of solar altitude and cloudiness
of the sky
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Table 1. Comparison of standard-kitchens with solar-kitchens

4 000-4 500 1.50 litre
kcal

. . . 5 cents; in Europe: 3 cents

Town gas

Burner size Ilh kcal/h

.{ 84' 350
Simmering 112 475

140 600
Normal. 400 1600-1800 Pet. cooker
Large. 600 2400-2700 3-wick
Largest 900 3600-4000

Solar reflector .' '"roidalj

Normal

Keeping warm

Alto-Cl iuulus Clouds

2,50-0 \Ieals
3.75,. '.. ' , Bread-baking
5 Laundry (accu-

mulator)

360 ked:1; m 2 Insolation

1.50-1

N ccessai
sq m

360

hcal/hkcall h

2000 1800
2700 2700

3600

4 500 kcal 710 kcaljh.m''

Ilh

0.24
0.3Q

Oil products

1.0 m3

Daily costs (D.S.) .

Daily consumption.

Electra-heal Solar reflector [purabci-i ' !

Burner size Plate diamder Watt hcallh hcallh
.\'ecc\;, ; '~'

S:J Jii,

Nil

2000 kcal Meals, laundry f),lly
8000 kcaI With accumuiator

Simmering
Normal.
Large...
Largest ..

Daily consumption .
Daily costs (D.S.)

14.50
18
22

300
850-1000

1200
1800

2.50 kWh
5 cents, Europe

14 cents, Cairo
40 cents, Dakar

260
730-860
1050
1550

2200 kcal
Without

bread-baking

250
800

1200
1600

o.:r; .: 'i0
1 If; ~ ?5
1 7" :;.')0

Meals
Bread·baking

Notes :
This comparison is only very superficial
In electro-cooking, heat losses at the pans are smaller than in gas-cooking; in solar-cooking, heat losses in electro-plates expire.

from 1~5° to 200°C; in industry, from 140° to 250°C,
depending on the kind of product, e.g. soft cakes or
crusted bread. The crust temperatures of the batch
itself will not exceed 140° to 175°C. Finally, frying
in oil requires 180°C.

SIZES OF NORMAL KITCHEN UTENSILS

The laundry of an ordinary family can be boiled
in pails with a content of 10 to 15 litres, but it is

quite normal to place a bucket of 36 to 45 ~itres. on
two normal burners at once to obtain a heatmg hme
of little more than an hour. Pans of 4 to 6 litres are
normally heated to cooking temperature in 20 to
35 minutes.

Soups and meals need pans of 4 litres. S~eamingJ
after reaching the cooking temperature, vanes fro;
10 minutes to some hours. Baking also shOWS \e
same variation in the time needed, depending o~. t ~
kind of bread. Wheaten bread needs a long ba mg·

a) after ho.lf on hour. b) as a. funett'on of time
_ distHl,-eea bly scorch.ed --- sU,htly sCtJrcheJ ...... infec..ted -

. Figure 2. Burnfng temperatures of different foodstuffs



Cheap but practical solar kitchens S{24 Starrt 383

Experiments on heat losses
of pans used in the open air

W,: made a series of time-temperature tests with
European kitchen utensils of varied sizes and shapes
in still air and with It, 3 and 6 m/sec wind velocity.
Only metal containers were used and ail were well
sootcd. Figure 3 shows the heat losses at ioo-c
as a function of volume.

thus tl~e daily ~read of a small family, I! kg when
rea~y, IS ~ade m one or .two loaves only. But short
bakiu; kinds of bread, Le. those made from corn
are div-ided up into pieces, each 200 to 400 grams. '

Scree foods, such as tortillas, are first cooked and
later Laked. Those easily and quickly baked pan
~akes u~ corn-meal, use~ as daily food by the Indians
In Me:-;lCO and the Umted States, are favoured for
the r1.'illonstration of solar stoves of small area.
But in the literature on cultivated plants (4), it is
stated that the flour for tortillas is made from corn
which is cooked with lime for several hours and then
pound-d. In these cases, the pro-cooking requires
a Iare-r kitchen than the baking itself. Regardless
of all variations, the need of warm water for washing
requires the same capacity all over the world.

1--~~~~+---1--1--~10

.J.---r---k---.r.,..----:ll------~ mO

Wil1dve2oc:.it:y

Figure 4. Surface losses at 100·, 130· and 160·C

Mirror material

For both cylindrical and spheroidal reflectors, the
cheapest and one of the best insolation-concentrating
materials is aluminium foil, anodized to give it an

The influence of shape on heat loss is remarkable.
High-shaped pans and pails have considerably lower
losses in still air. The typical pans produced by
domestic handicrafts and sold on the markets of
Africa and Asia, not available for our tests, are
estimated to show characteristics lying between the
curves of the sphere and the low, rectangular form .

Figure 4 shows the influence of the wind as
measured in reality and in comparison with some
formulae for heat transfer. In this figure, heat
losses are given per square' decimetre, emphasizing
the fact that the influence of the shape of the pan
on natural convection is far more important than
the size. We measured total losses. In theory, the
influence of the wind increases proportionally with
temperature difference as well as with velocity,
while natural convection losses increase at the
1.25 power of temperature difference (5).

No measurements were made with black-oxydized
copper pots or with pyrex glass vessels.

-

Figure 3. Totall.osses at 100·C
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Dinner cooking in accumulator, by night

Figure 6. Spheroidal solar kitchen in use

Heating the accumulator

S/24 Stam

Bread baking, cooking, laundering, by day

-== Cheap but practIcal solar kitchens

e~e~a!d-~ardsurface. It is important to emphasize the
diminishing e!iect minor impurities possess, above
all h and SI.
. In t~e hope that n:aterial s~ecialis~s will provide
more, ,~~ta on the subject, the role WhICh super-pure
alum~n1um (99.992 per -cent pure), now gradually
entering .the wo!ld market, may play with regard
t,osobr kitchens IS underlined. From the literature (6),
nguft',,_ Sa, b and ~ 'Yerecollected, demonstrating that
SUper pure .alu~mlUm pos~esses the highest and
longest la~tlllg direct reflection figure of 80 per cent,
uncont ammated by the relatively thick oxide layer,
need~d. for the protection of the finish. Super-pure
aluminium sheets are now available; foils can be
bougLt, but only in large quantities. At the moment,
however, the price is prohibitive: V.S. $46 per lb.
F?r foils of 0.0012 mm thickness, the price is $3/m2•

Figure 5 shows, however, that the next best normal
fine-{j;~ality (99.8~ to 99.9 per cent), with 70 per
cent~mect reflection, can be used where the super
pure quality may be too costly. It will deteriorate
more rapidly, but costs only $0.10 per square metre.

Needed capture of solar heat

Wi th regard to these reflection figures and with
absorption coefficients for well-sooted cooking utensils
of 96 per cent, the normalized value of insolation
from figure I must be reduced to three-fourths or
even two-thirds. Thus, under good weather conditions,
each square metre of mirror, reflecting on the pots,
will deliver to heat their contents, and as heat
l?sscs, 500 to 550 kcal/hour. But, as already men
honed, the heat delivery to the pots will be frequently
halved. The greatest challenge will come from washing
utensils and from the needed heat accumulator.
With unfavourable insolation, washes can be divided
up into some smaller portions, say I5-litre pails.
One pail placed in the open air, and exposed to a
wind of 6 metres per second, demands for cooking
within one hour under slight clouds, a concentrating
surface of 8 square metres. Thus table 1 did not
exaggerate.

Proposed improved solar kitchens

It is obvious that the solar kitchens which have
been made to date, in sizes of 1.0 to 1.3 metres
across, are too small. There are different ways to
improve on them.

One way is simply to enlarge the reflecting s~rfa~e
till it is able to warm up one pot and to mamtam
cooking or baking temperature i? ano~her one, both
heated pots being in ~he open a~r.. ThIS leads to the
spheroidal reflector, m our Opl?~On the best and
cheapest solution for rural condit.ions.

A second way is to prevent the influence ~f !he
wind thus diminishing heat losses and simplifying
the moving mechanism of traditional reflectors and
so leading to the use of the shell-type reflector.

Another way is to continuously heat an accu
mulator, so that during cooking more heat can be
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Designed for 30°

,\

Figure 7. Arrangement for pots or heat accurrrulator- in spheroidal solar kitchen
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Figure 8. Results of spheroidal solar stove clad with aluminium foil
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used than is supplied by the sun during the cooking
period. This principle needs automatic following of
the sun's course. Although it is the most practical
solution, it is also the most expensive.

SPHEROIDAL SOLAR KITCHEN

The photographs of figure 6 give an over-all
impression of cooking with this kitchen during the
day and at night. Figure 7 shows the arrangement
of two pots which allows them to be handled inde
pendently of each other or to be changed for the
heat accumulator during its warming-up. Both the
large reflecting surface, needed for a pail in the open
air, and the necessary distance between two pots in
the focusing stretch, lead to a diameter of 4} metres.
This is quite wide in comparison with the size of
houses. The housewife sits in the shade of the house.
I t is impossible for her to burn her hands in the
focusing stretch, but for stirring the pots she must
bring them into her direct neighbourhood. Judging
the cooking at such instances is difficult, but help
can be obtained from an inlaid small plate, ham
mered on the inside of the pot when cooking starts.
Baking in an oven is mostly done out of visual
observation and is based on experience.

The following of the sun's daily course is done by
means of ropes; it is a kind of "sailing the pots".
The "booms" make it possible to follow the diurnal
displacements of the sun's course. The building
of the spheroidal reflector is a rather easy technique,
if done with a chain joining the centre at the pole and
trowel. The aluminium foil glued with a bitumastic
solution gives a remarkably smooth surface and the
folds cause little loss of the direct reflection.

The heat accumulator

Concentrating the insolation reflected by a 10square
metre foil, the accumulator catches, under cloudy
conditions, roughly 3000 kcal per hour, and under
clear weather, double this. But the losses during
heating cause wide variations in heating time. In
the designed vessel, the cooking pan is enclosed
in the accumulator in order to diminish heat losses
during cooking of the food and for cheap construction.
A good average value for many of the melting
materials fitted for the job is obtained if the content
of the accumulator-pan is 4 litres and the accumulator
content has a fusion heat of 40 kcal per litre. Then
10 litres of the accumulator content coagulates
while the dinner is cooking in the evening.

Taking into account the unfavourable conditions
that often occur in India, and estimating that the
warming up. of the accumulator must be done at
noon, at maximum insolation, a duration of 6 hours
wiII lie between the end of accumulator-heating and
its use for dinner purposes. A total content of
40 litres fusing material is then needed to supply the
heat losses during that period' and for some addi
tional hours. Good heat insulation is obtained with
aluminium foil and a layer of cotton or kapok be
tween two baskets of rushes. Given more favourable

normal weather conditions, the vcumulator mc1Y
be made much smaller and can be <,"lted up in the
afternoon.

The fusing content can be colh-c , d by the rural
population if resins, rubbers or sui: " are used, But
it is estimated that these will be tell) ,ISCUOUS for the
purpose. Thus magnesium chloride (-vstallized with
12 H20 (melting point, 117°C) or . iagnesium pal
mitate (melting point, 121°C) will :" better sU.lted
and costs, in impure state, less t h.«. $0.30 per htre.
But the chloride requires a vess. i carefully lead
plated on the inside, though sonu reports suggest
that aluminium is suited for th: iccumulator as
well.

Actual results

Though the Netherlands, both !'\ latitude and
climate, is exceptionally badly 51 ,('cl to tryout

.. KIT- BUILD" DESIGN T = loO~

Flgure 9. "Oyster-shell" paraboloid solar kitchen
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solar kitchens, some measurements on a spheroidal
. reflector with pots and bucket were made during

195\)on a small scale. The results are given in figure 8.
The extremely bad summer of 1960 did not permit
the measurements to be repeated with the bigger
mod-I, made for the purpose and fitted also with an
accu .nulator.

THE PLASTIC-COVERED "OYSTER SHELL"
REFLECTOR (FIGURE 9)

Th,~ American, Indian and Russian solar stoves of
par,; .xiloidal form, mentioned above, have a support
to follow the sun's course. The costly construction
mak.s it uneconomic to enlarge them, and the wind
force; on them demand rather high weight. But the
same paraboloidal form cut by an oblique, rather
thar a perpendicular, plane enables the resultant
"she.I" to be put on the rim of a hole in the earth.
Catching so little wind, it can easily be enlarged to
1.6 metres across, or more if desired. A plastic
covering will ensure that its behaviour will be reaso
nab!v stable, even under windy conditions, and the
diameter allows the housewife to stir the pots during

\
\

cooking. The plastic cover will serve to reduce the
insolation on her hands. The nonsymmetrical form
of the reflector allows it to follow the sun's course for
6 hours a day by simple turning and towing. The
figure explains the way in which the pots are held
in position on a ring and the method of directing the
reflector axis towards the sun.

Under favourable climatic conditions, it must be
possible to use a heat accumulator with this solar
kitchen too; this affords the opportunity of cooking
in one pan and at the same time in the accumulator
during the day.

In our opinion, the reflector can best be made as
a basket, plaited from twigs, the inside lined with
plaster and covered with aluminium foil.

THE HEAT-STORAGE SOLAR KITCHEN (FIGURE 10)

Any tube held parallel with the earth's axis can
collect a great deal of insolation by means of a
paraboloidal reflector, the line of focus of which
coincides with the tube. The diurnal variations of the
eliptic do not matter, so long as the sun's daily course
is followed by the reflector.

Figure 10. Solar kitchen using accumulated heat
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Figure 10 shows such a tube in use as the lower
part of a heat accumulator, with some pans sunk
in, simulating industrial kitchen ovens in common
practice.

By insulating the tube against heat with a glass
tube-covering, the heat losses throughout the day
will be limited to such an extent that the fusing
accumulator content will never coagulate entirely
under normal domestic use.

An essential point in the design is an inexpensive
feature for following the sun's daily course, bearing
in mind that the reflector catches a great deal of
wind. The simplest turning device is a big size
hour glass, a 5-cm diameter tube with exceptionally
well selected sand so as to maintain sufficiently regular
descent of the weight supported by the sand column.
A smaller counterweight keeps the reflector turning
cord tightly stretched. The reflector turns only
during the day. The hour glass has to be refilled
every morning. Minor adjustment of the reflector
position relative to the sun may be necessary.

The upper part of the accumulator can contain
a thermo-electric element supplying some electricity
during day and night for a transistor radio. (To

obtain light for bulbs by this metl x] would require
a large reflector.)

Handicraft adaptation to pro.t .rtion and use
of solar kitchen:"

It is impossible to design, in dc t I solar kitchens
for the less industrialized ZOIlt without close
contact with craftsmen in order t« irrn a link bet
ween modern knowledge and the L ,IC needs of the
rural masses. Moreover, these sol , kitchens need
actual practical testing by house ves to improve
any faults which may be found,

.The spheroidal reflector, in pall H;ular, is suited
for such rural processing as su.: t cooking, fruit
'canning, and even for lime burniiu, ire melting and
fertilizer production.

A scientific institute and the sup;
ments concerned may be needed,
up handicraft co-operatives. Th.
semi-manufactured products is also
rural handicraft development in
compete with industry.
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Summary

In arid regions, the common use of desert scrub
and dung for household cooking deprives the land
of fodder on which animals might be maintained,
and of essential fertilizer. The successful application
of solar cooking in such areas would, therefore,
bring direct benefits in increased food production.

Basic conditions for solar kitchens

The fires of scrub, charcoal and dung-cakes are
well adapted to all the needs of a housewife. The
gathering of such fuel is easy. On the other hand, the
varied American, Indian and Russian solar stoves
have had very meagre success, mainly because they
are too small. .

Solar kitchens must meet the following conditions:
(a) They must be cheap, even for a yearly family

income of $150;
(b) At noon bread must be baked and sufficient

heat supplied to a heat-accumulator, also cheaply;
(c) During daytime, the kitchen must provide

hot water for washing and for cooking breakfast
and lunch, tea and coffee.

(d) The heat-accumulator should cook dinner after
sunset, as well as supply some warmth during cold
nights; .

(e) Neither eyes nor hands should be hurt by
solar radiation; . . d

(f) ,Standard kitchen practice of industnal1ze

countries must be adopted.

Solar-radiation cookers in comparison with fuel
burning kitchens

Figure I shows the direct radiation, influence 2)f
clouds and the norm for clear weather (I an~ ;
Aerial dust may be comparable with cirrus cloy (~n
normal occurrence in India and Pakistan..Calcu

d:/
to

from half of the norm must be made m or
be safe. .' of

Table I compares superficially the capacI.t1e~ens
kitchens commonly used with those of solar kltC f 2!
and concludes that solar kitchens need ~re~ss°that
to 5 square metres. Closer analysis mdlca e
solar kitchens can be truly satisfactory.

Kitchen practices t
. The hea

Temperatures required in food processmg, hi h has
needed amounts to 11 times the net heat rICoking
been accumulated-by the time norma .~~ rice,
temperature in reached. Steamed foods If 110° to
potatoes and beans show pan temperatures 0
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140')(:. Figure 2 shows the danger of scorching. For
s~ort durations~ 160°C i~ often common practice.
RIce starts to stick at 120 C and is scorched disagree
ably at 170°C (3). In baking, oven temperatures
vary fr~m 125° to 250°C, but temperatures in the
crust will not exceed 140° to 175°C. Frying in oil
requ ies 180°C.

Sires of normal kitchen utensils. Laundry is boiled
in palls of 10 to 15 litres, or in a bucket of 36 to 45
litre:' With pans of 4 to 6 litres, soups or meals cook
in 2(; to 35 minutes. Steaming and baking vary
from 10 minutes to some hours. Long-baking wheaten
brea« (1t kg for a small family) is made in one or two
loaves, Short-baking corn is divided up into pieces
of 2f') to 400 grams. Tortillas, the quickly baked
con, cakes and daily food of the Indians in Mexico
and i he United States, are suitable for cooking
in snhr stoves with small area. Tortillas are made
from corn, which is cooked for many hours and then
pounded (4). Washing requires the same capacity
all over the arid zones. .

Experiments on heat losses of pans used in the open air

Ti.oe-temperature curves were made with varied
Eurc [lean utensils in still air and with wind velo
cities of It, 3 and 6 metres per second, respectively.
Only well-sooted metal containers were used. Figure 3
shows the heat losses at 100° as a function of volume..
Fignre 4 shows the influence of the wind as measured
and in comparison with accepted formulae for heat
transfer. Through an omission, neither black-oxydized
Copper pots nor pyrex glass vessels were tested.

Mirror material

For cheap reflectors, the best material is alu
minium foil, emerald-hard anodized. Figures 5 a, b
and c (6) demonstrate that 99.992 per cent super-pure
aluminium possesses the highest and most. long
lasting direct reflection of 80 per ce~t. .The f~II? .can
be bought but at the moment the pnce IS prohibitive:
$3 per square metre. But next-best quality, 9~.85
to 99.9 per cent pure with 70 per cent r~flectlOn,
can be used too. It deteriorates more rapidly, but
costs only $0.10 per square metre.

Needed capture of solar heat
Efficiency of reflection and absorption for ~ell

sooted cooking utensils (95 per cent) reduces 111S0-

lation (figure 1) to three-fourths or even two-thirds of
the input. Under good weather conditions, each
square metre of mirror directs onto the pots 500 to
550 kcal/hour, but frequently this is halved by
clouds or dust. The challenge comes from washing
utensils and heat accumulator. A 15-litre pail, when
exposed to a wind of 6 m/sec, needs, for cooking
within an hour under slight clouds, a concentrating
surface of 8 square metres. The same surface in
bright weather and still air cooks a 36-litre bucket
within an hour and charges a heat accumulator
in some hours.

Improved solar kitchens

Obviously, solar stoves 1.3 metres across are too
small. They may be improved by: (a) simply en
larging the reflecting surface; (b) screening the wind;
(c) continuously heating an accumulator, automa
tically following the sun's course.

Spheroidal solar kitchen. Figure 6 shows cooking
during day and night, and figure 7 shows the ar
rangement of two pots, independently handled. The
large surface requirement and distance between the
pots necessitate a diameter of 4! metres. The heat
accummulator (figure 7) contains 40litres magnesium
chloride + 12 H20 , or, alternatively, Mg. palmitate,
costing, impure, $0.3 per litre. Actual results are
given in figure 8, though the Dutch climate and
latitude allowed measurements over a small range
only.

The plastic-covered shell reflector (figure 9). The
paraboloidal form cut by an oblique plane enables
the shell to be put directly on the earth. The non
symmetrical form allows 6 hours following of the sun.
The shell is a basket.

Heat-storage solar kitchen (figure 10). A heat
collecting tube mounted parallel to the earth's axis
requires a cylindrical reflector, turning with the sun.
A large hourg-lass achieves the movement. The heating
tube can contain a therrno-element for a radio.

Practical testing of solar kitchens

This is impossible under the Dutch climate. It
needs close contact with the housewives, as well
as with the craftsmen, of the regions concerned, and
the backing of a scientific institute. Ample instruc
tions, covering the whole subject, are available at
our secretariat.

CUISINIERES SOLAIRES ECONOMIQUES MAIS PRATIQUES

Resume

Dans les regions arides du monde, l'emploi g~ne
ralise de broussailles et d'excrements pour fou~ll1r la
chaleur qu'impose .la tenu~ d'~n menage pnve le
pays d'aliments qUI pourralent etre consoI?m.e~ par
les animaux et d'engrais essentiels. Une ,JudIcIeuse
application de la cuisine solaire aux besoins d.e ces
regions pourrait done presenter des avantages directs

prenant la forme d'une augmentation de la produc
tion d'aliments.

Conditions fondamentales appUcables aux cuisinieres
solaires

Les feux constitues par des broussailles, du charbon
de bois et des excrernents se pretent bien a taus les
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besoins d'une menagere, Il est facile de se procurer
ces combustibles. En revanche, les diverses cui si
nieres solaires americaines, indiennes et russes n'ont
eu que peu de succes, en general parce que trop
petites.

Les cuisinieres solaires doivent satisfaire aux condi
tions suivantes :

a) Elles doivent Hre peu cofiteuses, meme pour
une famille dont les revenus annuels ne depassent
pas 150 dollars;

b) A midi, elles doivent pouvoir assurer la cuisson
du pain et foumir assez de chaleur aun accumulateur
de chaleur, le tout a bon compte;

c) Pendant la journee, la cuisiniere doit foumir
de l'eau chaude pour la lessive et assurer la cuisson
du petit dejeuner, du dejeuner et, au besoin, du the
et du cafe;

d) L'accumulateur doit pouvoir faire cuire un
diner apres le coucher du solei! et foumir quelque
chaleur pendant les nuits froides;

e) Ni les yeux, ni les mains des usagers ne doivent
etre blesses par le rayonnement solaire;

f) On doit adopter les pratiques de cuisine standard
applicables dans les pays industrialises.

Comparaison des cuisinieres a rayonnement solaire
avec les dispositifs classiques a combustible

La figure I donne le rayonnement direct, !'influence
des nu ages et la norme applicable aux temps clairs
(1 et 2). La poussiere que l'on trouve dans I'air doit
avoir des effets cornparables a ceux des nuages
cirrus, situation qui se presente normalement en
Inde et au Pakistan. Il faut calculer sur la moitie
de la norme pour avoir une marge de securite.

Le tableau 1 donne une comparaison superficielle
de la capacite des cuisinieres d'emploi commun avec
celle des cuisinieres solaires, et aboutit ala conclusion
que les cuisinieres solaires exigent des surfaces
comprises entre 2,5 et 5 m-. Une analyse plus serree
indique que les cuisinieres solaires peuvent etre
vraiment satisfaisantes.

Pratiques obseruies en cuisine

Temperatures necessaires a la cuisson des aliments.
La chaleur necessaire represente 1,5 fois la chaleur
nette accumulee au moment OU la temperature

.normale de cuisson est atteinte. Les aliments faits
a la vapeur, comme le riz, les pommes de terre et
les haricots, accusent des temperatures, a la sole
du four, allant de IlO a 140 QC. La figure 2 signale
le danger de brfiler. Pour de breves periodes, l'emploi
de 160 QC est chose commune. Le riz commence a
attacher a 120 QC et il est desagreablement brfile
a 170 QC (3). Dans la cuisson au four, les temperatures
varient entre 125 et 250 QC mais, dans la croute, ces
temperatures ne depasseront pas 140 Q a 175 QC.
La friture a l'huile exige 180 QC. -

Dimensions des ustensiles de cuisine standard. La
lessive est bouiIlie dans des lessiveuses ayant une

capacite de 10 a 15 litres, ou dans t,: seau de 30 it 45
litres. Avec des casseroles de 4 it (i .' tres, les soupes
ou les repas sont cuits en 20 a 35 mr: :tes. La cuisson
a la vapeur et la cuisson au four va.: nt entre 10 mi
nutes et quelques heures. Le pair . t,- ble a cuisson
lente, a raison de 1,5 kg pour unc ," rite famille, se
fait en une ou deux miches. Le ,lIS en cuisson
rapide est divise en morceaux de .'., a 400 g. Les
galettes dites « tortillas », qui SOl \'S gateaux de
mais rapidement cuits et la n!?un ' re quotidienne
des Indiens du Mexique et des Eta l ' : 'nis, se pretent
a la cuisson dans des cuisinieres <: .l.iires avec une
petite surface. Elles sont preparecs .1, r-e du mais cuit
pendant plusieurs heures, puis brov. (4). La lessive
exige la merne capacite dans tUldes les regions
arides.

Experiences sur les pertes de cluur, r des casseroles
utilisees en plein air

Nous avons etabli des courbes tCj -s-temperature,
pour divers ustensiles europeens, l'air calme et
avec des vitesses de vent de H, :,.. ~ 6 metres par
seconde respectivement. On ne s'cst "'vi que de reci
pients en metal bien couverts de . 10;. La fi-?,ure 3
don ne les pertes de chaleur a 100 .~ en fonctIOn du
volume. La figure 4 donne I'influcuc du vent, telle
qu'on la mesure, et en comparaison avcc les form~les
qui donnent la transmission de la c1uleur. En raison
d'une omission, on n'a pas fait d'e,,:~;uS sur les ~asse

roles en cuivre traitees al'oxyde noir ou les recIpents
en pyrex.

M aieriaux pour les miroirs

Pour les reflecteurs peu couteux.. l~ mate~i~u
ideal est la feuille de papier d'alummmm [raitee
anodiquement et dure comme de l' emeraude: .Les
figures 5 a, b et c (6) indiquent que l'alu~lll1U~
ultra-pur a 99,992 p. 100 fournit la proportIOn d,
reflexion directe la plus elevee et la plus dur~b!e a
80 p. 100. On peut acheter ces feuilles d'alum~~~~
mais, pour le moment, le prix en est p~Ohl I It
etant de 3 dollars par m". La qualite immedIateme~
inferieure, d'une purete de 99,85 p. 100 a ~?,? P; la~e~
avec 70 p. 100 de reflexion, peut etre utilisee eg .
ment. Ce rnateriau se deteriore plus rapidement mal

S

ne coute que 0,1 dollar par m",

Quantiti de chaleur solaire a recuperer

Le rendement de la reflexion et de I'::bsorpti~?~
pour .les ustensiles de cuisine bien endults de s ux
(95 p. 100), reduit l'ensoleillement (figure 1)n~ite
trois quarts et merne aux deux tiers de, la qu~ ueS
foumie. Dans de bonnes conditions meteor~o~%o ~
chaque metre carre de miroir concentre event

"1 ive SOU550 kcal/h sur les casseroles, mars I arn ou la
que ceci soit reduit de moitie par les nuages iles a
poussiere. La difficulte est creee par les ustens U de
lessive et l'accumulateur de chaleur.. Un se~rface
15 litres expose aun vent de 6 m/sec. exige une s heure
de concentration de 8 m2 pour la cuisson en nnetempS
avec un peu de nuages. La meme surface, par
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brillant et en air calme, assure la cuisson dans un
seau de 36 litres en une heure et charge un accumu
lateur de chaleur en quelques heures.

Cuisinieres solaires perfectionnees

Il est evident que les cuisinieres solaires de 1,3 m
de diametre sont trop petites. On les ameliorera
comme suit : a) en augmentant simplement leur
surface reflechissante ; b) en les protegeant contre
le vent; c) en chauffant continuellement un accumu
lateur qui suit automatiquement la trajectoire du
soleil. .

Cuisinieres solaires spheroides. - La figure 6
montre comment on fait la cuisine de jour et de nuit.
La figure 7 montre la disposition a deux casseroles
maniees independamrnent. Le besoin d'une grande
surface et d'une distance suffisante entre les casse
roles exige un diametre de 4,5 m. L'accumulateur
de chaleur (figure 7) contient 40 litres de chlorure
de magnesium + 12 H 20 ou, au choix, du palmitate
de magnesium, qui cofite, a l'etat impur, 0,3 dollar
par litre. Les resultats effectivement obtenus sont
donnes par la figure 8; bien que le climat et la latitude

des Pays-Bas n'aient permis les mesures que sur
une petite gamme.

Refiecteurs acoquille recouuerte de produit plastique
(figure 9). - La forme paraboloide coupes par un
plan oblique permet que la coquille soit posee direc
tement sur le sol. Son caractere asymetrique permet
de suivre le soleil pendant 6 heures. La coquille
est constituee par un panier.

Cuisiniere solaire a accumulation de chaleur
(figure 10). - Un tube d'accumulation de chaleur
monte parallelernent a l'axe de la terre exige un
reflecteur cylindrique qui tourne avec le soleil. Un
gros sablier assure ce mouvement. Le tube chauffant
peut contenir un element thermique qui sert a un
appareil de radio.

Essais praiiques sur Ies cuisinieres solaires

Ils sont impossibles a executer avec le climat
hollandais. Ils exigent un contact serre avec les
menageres ainsi qu'avec Ies artisans des regions en
cause, et l'appui d'un institut scientifique. Notre
secretariat tient a la disposition des interesses
d'amples instructions portant sur l'ensemble du sujet.
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PRACTICAL SOLAR COOKING OVENS

Maria Telkes and Stella Andrassy *

It is hardly necessary to mention the fact that
two cooking devices are used in most kitchens, the
range and the oven. The cooking range with one or
more burners or heaters is used for boiling water
and for cooking foods in pots or skillets. The oven
is used for roasting, baking and for the preparation
of casserole dishes of most foods. This "division of
labor" between cooking range and oven has been
established during centuries of natural evolution
and it is to be expected that solar cooking devices
will be used in the same way.

The parabolic reflector-type solar cooker concen
trates solar radiation on a relatively small spot on the
bottom of pots or skillets resembling in operation
the burner or heater of the kitchen range. Food must
be stirred, to prevent scorching, and for this reason
the pot must be easily accessible. Well-designed
indoor kitchen burners transfer about 40 to 50 per
cent of the heat of the burner to the contents of the
pot. But when the cooking is out-of-doors, influenced
by wind, considerable heat loss may occur. According

Interest in solar cooking has increased rapidly
during the past ten years, primarily for two reasons.

First, the peoples of sun-rich countries can easily
"reach for the sun" and use it as fuel because it is
practically overhead. They can avoid the tedious
labor of collecting twigs or cow dung, often the
only fuel resource that is available in arid lands.
In such regions, fuel wood is scarce and usual fuels 
charcoal or kerosene - 'are expensive. In most of
these regions, dinner is prepared at noon or during
the late afternoon, when the sun is available. On the
relatively few rainy days, people could return to
their traditional ways of cooking, saving fuel during
clear days. .

Secondly, interest in outdoor cooking during mild
weather has increased rapidly in the United States.
This fad or hobby has captivated the suburban
population. Low-cost gas or electricity is available
in practically all American kitchens, but in spite of
this, some forty million charcoal-burning outdoor
cookers have been sold during the past ten years
and are in frequent use during warm days. If solar
cooking ovens could be fabricated and marketed
at competitive prices, they could gain considerable
popularity as useful devices in outdoor living on
camping trips and for field use. '

Solar cooking devices

* Consultants, Princeton, New Jersey.

to experience, on windy days it is clut.rult to heat
the contents of larger pots with p;,r;l1)olic solar
cookers. Attempts have been made f () cover the
pot with heat insulation, but when tln- IS done it is
difficult to stir the food. In addition, l he parabolic
cooker must be adjusted frequently to keep the
radiation of the sun concentrated 011 t he bottom
of the pot.

Solar cooking ovens consist of a wcll-rn-ulated oven
body, capable of holding larger VOlUIl"; of food in
several cooking utensils. The insulated ('\C'11 prevents

. the loss of heat from pots or pans to a considerable
degree. Solar energy is admitted to thr interior of
the oven through a "window" and J~ augmented
by flat reflectors. Adjustment in w>ntation to
"follow the sun" is less frequently need: ·1. once every
half-hour or hour being sufficient. Hra t from the
sun can be stored inside the oven, accu mulating heat
when the oven is not used for cooking The stored
heat is released when food is placed Into the oven
and cooks it more rapidly, or keeps the food warm
for some time when clouds intervene, or even after
sunset. Solar ovens can cook larger quantities of
rice or vegetables and are able to roast meats ar:d
bake bread. This cannot be done with the parabohc
reflector-type solar cooker.

The intercepted amount of solar energy is directly
proportional to the projected area of the window ~nd
reflectors, or of the parabolic concentrating devlcC.
Larger areas intercept more solar radiation.

Development of solar cooking ovens

A previous article (1) and an extensive report (2)
describe the history of solar cookers and ovens! as
well as the results of measurements of reflectiOn,
transmission and heat loss characteristics of various
oven designs. Several solar ovens have been designe~,
built and tested. These models were different ~n
construction features, costs and convenience in

food handling and orientation.
Field tests have been carried out with several dedsigns and the most convenient model has been selectc2)for further use. Ovens of this type (figures 1 and h

have been exhibited at several trade fairs and at t ~
world fair in Brussels. The' United Nations Foo I
and Agriculture Organization has acquired s~ve'~n
ovens for field tests. The Caribbean CommlsSI.

has operated an oven for more than two years - l~
Trinidad - after the oven was personally introdF~~
and demonstrated to the Commission by one 0 e
authors.

394
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Fi~ure 1. Solar cooking oven, cross-sectional view
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Technlcal details of the solar cooking oven

The oven design used most extensively in tests is
shown in figures 1 and 2. Recent work results in
simplification in design and increase in convenience
(flimes 3, 4 and 5), incorporating the best features
of previous designs.

The oven body consists of a well-insulated semi
cylindrical form,. made of sheet aluminum, sheet
steel, galvanized iron, or basket-work (figures 4 and
5). Two shells are made and the space between them
is filled with insulating materials. The interior shell
is painted black, using heat resistant paint. Sheet
aluminium does not have to be coated, because it is
sufficiently reflective and concentrates solar radia
tion to the pot. A door is part of the oven body and
is made of similar materials.

The window of the oven consists of two air-spaced
transparent layers. Glass panes have been used
successfully, but heat-resistant plastic materials can
be used, especially when the window is hinged
(figure 5) and used as a door to introduce food.

The reflectors, made of silvered glass mirrors,. are
heavy and brittle. Equally good results are obtamed
with anodized sheet aluminum of the type known
as "Alzak." Reflectors of this type have been used
for several years without tarnishing or diminishing
in reflectivity. Bright aluminum foil, or she~t,
tarnishes very rapidly when used out-of~doors m
rain, wind and dust. Bright aluminum foil, coated
or laminated with sun-resistant plastic finish, has
become recently available. Prot~c~ed alu~inum foil
can be laminated to low-cost, rigid backmg to de
crease the cost of reflectors.

The stand and orienting device can be made of
tubular metal (figure 1 or 2) with pivoting axl~ .for
rotating the semi-cylindrica.l oven !?art. 1.'he position
of the oven is fixed by using a pm WhICh engages

Figure i. Solar cooking oven with tubular stand

into openings on the side of the oven-body. This
construction has been simplified greatly in figures 3,
4 and 5, where a cradle-like holder is shown for
moving the oven. The cradle-holder can be made of
wood or other materials.

The cooking platform provides a firm horizontal
base for the cooking utensils and for absorbing and
accumulating heat from the sun before food is placed
into the oven. In figures 1 and 2, the platform is
attached to the pivots in a horizontal position. In
later models (figures 3, 4 and 5), the construction

Figure 3. Solar cooking oven with cradle support

If
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the 300-400°F (about 150-200°C) 'nge and it is
desirable to store heat in this rare: Heat is usually
stored as specific heat, but this can' augmented by
using the latent heat of fusion, Ut ...t of transition
of materials which change phn 1I1 the desired
temperature range. The specific ht,·f bricks, stones
or sand can be used and in this C!~, the entire plat
form could be made of suitably ~. i, t ped blackened
bricks or rocks. The use of the lat"il heat of fusion
requires a cooking platform that is liquid tight and
sturdy enough to prevent the possibility of damage
during use and leakage of the cou.vnts when they
melt. Relatively few materials mr-l: in the 300-400°F
temperature range. One of these n I , terials has been
used for many years in the heat t r, ;, tment of metals
and consists of a mixture of 20 ,':[ cent sodium
nitrate, 30 per cent sodium nitrnt i ' .nd 50 per cent
potassium nitrate. The mixture'dts at 310°F.
It is possible to change the mel: ..~ point of this
mixture by slight variations in ti" .mount of com
ponents. Another mixture consist I equal parts of
sodium hydroxide and potassium ',Jroxide, which
must be entirely free of water. Duv »ossibleleakage
and to the corrosive and hygr . opic nature of
this mixture, it is definitely L recommended.
Another comparatively safe mat-v : J is a mixture
of anhydrous alkaline sulfates (3) ",lich changes III

crystal form, without melting (soho .olid transition),
thus avoiding the danger of punc ere and leakage
through the walls of the platform. 'l t;:: following ~ata
compares the heat storage capacity or these matenal?,
including specific heat and heat of fusion or transi
tion, in the 300-400°F range:

Figure 4. Solar cooking oven with basket body and clay
inner coating

ha? been simplified .by u~ing a movable platform,
adjusted when the orientation of the oven is changed.'
The movable platform eliminates the need for pivots
and their bearings in the walls of the oven thus
simplifying construction. The cooking platfdrm is
preferably made of hollow sheet metal shell filled
with heat storage material. It should be black to
absorb solar radiation.

Heat storage material is necessary to accumulate
heat before food is placed into the oven and to
increase the cooking rate, by transferring stored heat
to pots when these are placed on the preheated
platform. The usual cooking temperatures are in

Material

Bricks or stones (spec. heat) .
Nitrate mixture . . . . . .
Anhydrous sulfate mixture .
Hydroxide mixture .....

Heal storage
capacityin the

300.400'F range

20 btu/pound
96 btu/pound

105 btu/pound
113 btu/pound

Figure 5. Solar cooking oven, as shown in figure 4, with
opened window-door .

In actual use the platform was' built in the forIll
of a flat slab ab~ut one inch thick containing 6pounts
of the sulfate mixture. This could be used repeatedy
without any difficulty.

Cooking utensils were selected to cover the plat
form area and for this reason rectangular pans
("bread pans") or oval roasters were used, as show~
in figure 5. The utensils were preferably black or at
dark color to absorb the maximum possible aIllO~n
of solar radiation. All utensils had tightly fithng
covers which also were black or of dark color.

Improvements in design
. d for' a

Numerous requests have been receive cl in
solar cooking oven that could be fabncat; ying
countries which would use the ove.n, eIllp~ our
local labor and materials. Based on this reques , ent
new design (figures 4 and 5) separates the cOIllfonancl
parts of the oven into easily available par: cl of
key-parts. The body of the oven is ~onstruCne uni
basket-weave material, an art that IS know
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This result shows that the temperature can be kept
at baking level (350°F) for one hour and above
250°F for another hour, if the oven window is covered
with insulation.

and construction details and can be used equally well
to determine the cooking time required for various
foods. The results are shown for an oven with 2 sq ft

-window area (17" X 17" double glass) intercepting
6 sq ft of solar radiation with 3.8 sq ft of radiation
reaching the interior of the oven:

Cooking tests

The aim of the cooking tests was to determine the
cooking capacity of the oven, selecting primarily
staple foods of tropical countries. The tests were made
on clear days in the New York area.

Rice. One pound and 1.2 pounds of water in a flat
pan cooks in 45 minutes, without stirring or ot~er
attention. Water is absorbed completely and nee
is perfectly cooked. -

On clear days, 300 btu sq ft hour solar radiation can
be expected and, therefore, the oven can intercept
1800 btu/hour, and 1060 btu/hour reaches the interior.
The actual maximum temperature attained by this
oven with clear day sunshine (in the vicinity of New
York) was 410-430°F. Higher temperatures could
be obtained in the clearer atmosphere of the country,
where occasionally 460°F was reached during the
noon hours.

Food placed in the solar heated oven (with 2 sq ft
of window area) absorbed 560-600 btu/hour, on
reasonably clear days. This amount of heat is suffi
cient to raise the temperature of 4 pounds of the
usual foods from 70°F to the boiling point, during
one hour. It is obvious that larger ovens of the same
design are capable of absorbing more solar radiation
and can cook larger quantities of food.

The same oven with 2 sq ft of window area was
used to test the efficiency of the heat storage slab,
filled with 6 pounds of anhydrous sulfate mixture.
After the oven was exposed to the sun for 2 hours,
the mirrors were removed and the window was
covered with 2-inch thick heat insulation.

Temperature
inside the oven

('F)

350
350
350
280

·250

Electric healing
delivered 10

lhe platform area
(in btu)

o
280
420
580
980

Time
(minutes)

TempmIJure
inside the oven

('F)

80
200
250
300
400

o
30
60
90

120

vers- 11y. The double walls of the oven are filled with
10c~",iV available heat insulation and the inner shell
is c,)~ted on the inside with clay or cement to form
a hard smooth finish when dry and baked by the
sun. The cradle for orienting the oven can be easily
mad : of wood. The window-frame can also be made
of wood and coated with heat resistant cement.

TLe key parts are: (a) heat resistant plastic for the
hinged window; (b) reflector material, preferably
plastic-coated aluminum foil; and (c) the heat storage
plat f,)rm. These materials can be obtained from
manufacturers and assembled locally to complete the
OVCiL

TLe new design could be perfected during field
tests with the help of people most interested in its
use, determining its most preferred .dimensions.
Several models could be distributed to local shops,
with the necessary patterns and key-parts for fabri
catkin. In this way, small local industries could
prO{,f8SS by introducing the oven to local inhabitants.
The work of demonstrating and marketing the oven
COU;-l progress at the local level, with increased
proi.ability of success.

Temperature and heat transfer

The ovens shown in the illustrations intercept solar
radiation directly through their windows and by
reflection from the mirrors. As the projected area
of the mirrors is twice the window area, as the inter
cepted solar radiation is three times the window
area, This radiation is transmitted through the
double window 'at normal incidence, when 80 per
cent is transmitted through glass of low iron content.
Special heat-resistant plastics may transmit 90 per
cent. The mirrors reflect only the direct part of
solar radiation, while the diffuse part is mostly
scattered. Even on the clearest days, not more than
90 per cent of the incident radiation is direct; it is
reflected from the mirrors and transmitted through
the window at 60 degree incidence. At such angles,
both reflection and transmission are somewhat less
than at normal incidence. The net result is that A sq
ft window and its reflectors intercept 3A sq ft solar
radiation, and 1.9 A reaches the interior of the oven,
on clear days.

The semi-cylindrical shape of the oven body has an
interior heat-losing area of 2.3A sq ft for ea~h A sq. ft
window area. The heat loss through the msulatmg
layer of the oven body and its window can be calcu
lated but, in addition, measurements have been
carried out to control the calculatIOn. In. these tes.ts,
the cooking platform was replaced wI~h a thin,
flat electric heater, of the same area, painted black
oil its top surface. The oven was operated out-of-doors
after sunset, heating it with a measured amount of
electrical energy. The temperature Wlt~J.n ~he oven
was measured until temperature equilibrium was
obtained. At this point, the .heat . loss was equal to
the heat input. This method. IS q~lte us~ful to de~er
mine the merit of various designs, insulating matenals
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Lentils. One pound requires 4 pounds of water.
The mixture was standing at room temperature for
12 hours to soften the lentils and cooked for 2 hours,
until done.

Dry peas and black beans. One pound requires 4
pounds of water and was softened for about 12 hours.
Peas and beans must be cooked for 3 to 4 hours
until they are sufficiently tender.

Roasts. The oval roaster (figure 5) can hold up to
8 pounds of meat (beef, veal, pork, etc.). Roast beef,
8 pounds, required 3 hours. Roast pork, 7 pounds,
required 3.2 hours. Two chickens - 4 pounds
were completely roasted in one hour. On clear days,
the roasting time is approximately the same as in
conventional ovens.

Stews. Stews, containing meat and vegetables,
required about 2 hours cooking until the meat was
sufficiently tender.

Bread, rolls and cakes. Two loaves of bread
2 pounds - baked in 45 minutes; rolls required about
30 minutes; cake - 3 pounds - one hour. The baked
food was uniform in texture, and the results com
parable to baking in conventional ovens.

Fruit preserves. Two pounds of fruit were mixed
with one pound of sugar and .0.5 pound of water.
Cooking time was 3 hours, producing preserves
which were filled into containers and sterilized in the
oven, in the usual way. These tests indicate that
the solar oven can be used for the preparation of
preserved and "home-canned" foods.

The ~on~lusions derive~ from these cooking tests
clearly indicate that bakmg, roasting, stewing and
other forms of cooking can be carried out in the oven
in the same way as in conventional fuel-heated ovens.
On clear days, the cooking time is the same as in
conventio.nal oyens. On hazy or partly cloudy days,
the cookmg time may be somewhat longer but
with the help of the pre-heated heat storage' plat
form, the foods are completely cooked.

The major advantage of the solar cooking oven is
that it requires practically no attention. The orien
tation of the oven is adjusted when the food is
placed into it, and the oven is closed and can be left
out in the sun, while the cook retires into the shade.
An adjustment every half hour to one hour is all
the attention that is needed.

Economical considerations

In arid tropical countries, the major economical
aspect of the solar cooking oven is in saving fuel and
the labor needed to collect and transport fuel. Solar

energy replaces animal dung, whir-l. :'~m be used with
greater advantage as an agricuu.i-nl fertilizer to
improve crop yield. The yearly Ii.. " consumption of
various countries has been estimat: '. ;'y the Statistical
Office of the United Nations : I, ~)52. The non
commercial, per capita consun: .on in tropical
countries is rather uniform, bcinr: 're equivalent of
0.2-0.25 tons of coal yearly. Most ( . .his fuel is used
for cooking and for heating wnt«: .vhich, therefore,
require the equivalent of ncarly i..s- pound of coal
per person daily, corresponding t (\ ! 0 000 btu. This
amount of fuel is burned rather it:'!liciently in open
cooking hearths. According to « i mates (4), only
6 per cent of the heating value r;( fuel, or 600 btu
per person daily, is actually usc.l in the pot. This
amount is plausible, because it ic-\lfncient to cook
about 4 pounds of food, includ i I :1' water used in
cooking and for warm bcveraevs This amount is
sufficient for one person daily. As ',. " outlined above,
a solar cooking oven with two S(,. :' of window area
is capable of furnishing the sail, cooking output
during one hour. An oven of It type, operated
daily for 4 to 6 hours, would be 'L cient to prepare
food for a family of 4 to 6 per:' '5. Larger ovens
with a window area of 4 sq It, forng a rectangular
opening of 24 inches (or 60 eel>, .'ders) on edge,
should be sufficient for a family « 3 to 12 persons.

The value of the estimated per .,If'ita fuel saving,
the equivalent of 0.20 ton of CO;(. [,er year, may be
established by using the local vaiuc of coal or the
local value of the equivalent fuels that are aet~ally
used. In India the value of fuel, including agncu~
tural waste, is around $5.00 per ton (5). On this
basis, the per capita fuel saving may be around
$0.75 per year. Other estimates range fro~ $1 t~
$6 per person as the equivalent cost of COO~lllg fuel
consumed yearly, based on potential agncult~ra
benefits that may be derived if the present cooklllg
fuel were to be used as fertilizer.

Economical considerations clearly lead to th~
unavoidable conclusion that solar cooking ovens mus
be low in initial cost. At the same time, the ovenJ
must be simple in operation, must cook enough foo 5

and must be durable. It is essential that the ovend
be acceptable, and accepted by the pe?ple who ne~
them most. Fabrication in theUmted States
if competitive with the charcoal outdoor CO?ker-;
may easily result in their widespread use, Fabnca :~d
in an industrialized country for export to ~'gh
tropical countries would be precluded, due t? t~on
shipping and distributing costs. Local fabnc~dlY
in arid, tropical countries may progress rarrial~
if the distribution of special key par,ts, :na ~ould
and patterns and the necessary indoctnnatIOn
be organized.
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Summary

The authors' previous work on designing, construct
in;:: and testing solar cooking ovens has been published.
Practically all foods have been baked, roasted or
oP'erwise cooked in such ovens and detailed results
ar.. presented.

Farabolic reflector-type cookers concentrate solar
er:·rgy on a pot and are suitable for boiling water
or for cooking food with continuous stirring to
prevent scorching of the food. The reflector must
be .idjusted frequently to keep the focus image of
th: sun at the center of the pot. In the solar cooking
0',',1, it is not necessary to stir foods, because they
cannot be scorched. Adjustment in orientation is
reouired only once every half hour, or hour, and is
very simple. Staple foods, such as peas, beans, lentils
and rice, can be cooked, without any attention.
Relatively large quantities of foods can be cooked
in several pots or pans at one time. Solar cooking
ovens can be used to prepare fruit and vegetable
conserves and for sterilizing foods for preserving
in containers.

New models have been developed with the aim of
simplifying construction and of using materia~s
available in arid, tropical countries. The semi
cylindrical body of the oven is supported by a
cradle holder for convenience in orientation. Basket
material can be used for the construction of the double
walled oven body - a fabrication method that is
well-known in most countries. The inside surface
of the basket material is coated with clay or cement
and after drying it is baked by the sun.

The door of the oven is replaced by a hinged
window unit made of coated wood framing and heat
resistant pla~tic film, replacing the air-spaced double
glass used in previous models.

The flat reflector mirrors originally made of
anodized sheet aluminum ("Alzak") can be replaced

by aluminum foil, coated with sun-resistant plastic,
or laminated to a thin plastic film. The coated foil
can be reinforced with locally available rigid sheet
material.

Heat storage is desirable, because it can prolong the
cooking period when passing clouds intervene, can
extend cooking for an hour after sunset and can
keep food warm for an additional hour. Heat can
be stored as the heat of transition of a mixture of
alkaline sulfates, which store heat by solid-solid
phase change. This heat storage slab eliminates the
danger of leakage (when heat-of-fusion type materials
are used) and is otherwise harmless.

It is not practical to fabricate solar cooking ovens
in the United States for export to arid, tropical
countries, because shipping and distribution costs
are prohibitive. The new design can be fabricated
by using simple materials, available in most arid
countries, and only "key-parts" have to be obtained
elsewhere. These parts include sun-resistant plastic
film, plastic-covered aluminum film and the heat
storage slab.

The daily fuel savings that could be attained
through the use of solar ovens have been estimated
as the fuel equivalent of one pound of coal per
capita daily. The value of this fuel can be variously
estimated at a low of U.S. $0.75 per capita yearly,
or as high as $5.00 if the agricultural benefit is
considered by using cow dung as fertilizer, instead of
burning it.

On the basis of extensive studies and field tests, we
recommend that solar cooking ovens should be
fabricated locally where they are most needed.
Models, patterns and key parts should be made
available to those interested in fabricating ovens; they
would be most competent to demonstrate and intro
duce the ovens to those who need them the most.

CUISINIERES SOLAIRES PRATIQUES

Resume

Les auteurs ont publie leurs tr~vaux anterieu~s
Sur la mise au point, la cons~ructlOn et !e~ es~als
des cuisinieres solaires. On a CUlt au four, roti, grille,
etc. tous les aliments concevables dans de telles

cuisinieres et le present memoire donne les resultats
detailles de ces essais.

La cuisiniere du type a reflecteur parabolique
concentre l'energie solaire sur un recipient qui se
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prete a I'ebullition de l'eau, ou a la cuisson des
aliments avec une agitation continue, pour eviter
qu'ils ne brulent, Le reflecteur doit et re ajuste
frequemment pour tenir l'image solaire de son
foyer' au centre du recipient. Dans le four solaire,
il n'est pas necessaire d'agiter les aliments, car iI est
impossible de les brtiler. Le reglage en orientation
n'a besoin de se faire qu'une fois toutes les demi
heures ou toutes les heures, et il est tres simple.
Les aliments de base, tels que les pois.Ies haricots, les
lentilles et le riz, peuvent etre cuits sans la moindre
surveillance. Des quantites d'aliments relativement
importantes peuvent etre cuites dans plusieurs reci
pients a la fois. Les fours solaires peuvent etre
utilises pour preparer des conserves de fruits et
de legumes et pour steriliser les aliments en vue
de leur mise en conserve dans des recipients appro
pries.

On a mis au point de nouveaux modeles, dans le
but de simplifier la construction et pour se servir
des materiaux disponibles dans les pays tropicaux
et arides. Le corps semi-cylindrique du four est
supporte par un berceau pour la cornmodite de
l'orientation. On peut se servir de materiaux du type
employe pour les paniers, pour la construction d'un
corps a doubles parois, methode de fabrication bien
connue dans la plupart des pays. La surface interieure
du panier est revetue d'argile ou de ciment et,' apres
sechage, on la cuit au soleiI.

La porte de la cuisiniere est remplacee par une
fenetre acharnieres faite d'un cadre en bois recouvert
de produit plastique, avec une pellicule resistant
a la chaleur qui remplace le double verre avec
espace d'air dont on se servait dans les modeles
anterieurs,

Le miroir reflecteur plat, qui etait fait a l'origine
de feuilles d'aluminium anodisees (Alzac) peut etre
remplace par de la feuille d'aluminium revetue d'un
compose plastique resistant au soleiI ou lamine
de maniere a former une pellicule plastique mince.
La feuille ainsi enduite peut etre renforcee par de la
tale rigide disponible sur place.

L'accumulation de chaleur est souhaitabj- car
elle peut prolonger la periode de t : sson quand des
nuages interviennent et permet-: . de pousser la
cuisson pendant une heure apres 1, ucher du soleil
et de tenir les aliments au chaud 1 «Iant une heure
de plus. On peut mettre en resr r de la chaleur
sous forme de chaleur de transn . " d'un melange
de sulfate alcalin qui accumulc L\ haleur par des
changements de phases solide-soi I, Cette plaque
d'accumulation de chaleur elim:· le danger de
fuites (lorsqu'on se sert de materia:'.'. du type chaleur
de fusion) et ne presente aucun d ll,ger.

Il n'est pas pratique de constnur- des cuisinieres
solaires aux Etats-Unis en vue cl, !f>ur exportation
dans les pays arides tropicaux, car k', frais d'envoi et
de distribution sont prohibitifs. On ,,\'ut fabriquer le
nouveau modele en se servant. de n. u criaux simples,
disponibles dans la plupart des pil)' .rrides, et on ne
doit importer que les pieces esscri: Iles, Ces pieces
comportent une pellicule en con',·· 1tion pla~ti.que

resistant au soleil, line pellicul r-n aluminium
couverte de composition plastic), c·t une plaque
d'accumulation de chaleur.

Les economies journalieres de ' .mbustible q?e
l'on peut realiser par l'emploi (:,1 .urneau solaire
ont ete evaluees comme etant l'equiv :('nt, en combus
tible, d'une livre de charbon par t c 1 'et par jour. La
valetir de ce combustible peut c[ cvaluee ,a pl~~ .
de 0,75 dollar par tete et par an, (11 merne ]usq,u a
5 dollars, si l'on considere les <c\ antages realIses
dans l'agriculture en se servant de bouse de vache
comme d'engrais au lieu de la brfilcr.

Sur la base d'etudes poussees et cl'essais faits ,sur
place, nous recommandons que les cllisinieres solalr~s
soient fabriquees a pied d'ceuvre lA OU le besom
s'en fait le plus sentir. Des modeles, des ma9-u~tt~s
et des pieces essentielles devraient etre rms ,a t
disposition des personnes qui s'interessent. a t
fabrication de ces fours. Ces personnes seraient e

ti desplus competentes pour faire la demon~tra ion 1
cuisinieres et les presenter a ceux qUI en ont e
plus besoin.
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Any improvements in the present methods of
storing solar energy will have wide applications and
open the way to extensive and more economic
utilization of the sun's heat. Space heating is one
of the most important fields which offer the simplest
direct utilization of solar energy, since only a relati
vdy small increase in temperature is needed here.
Among the many domestic uses of energy, perhaps
th: most important are cooking, lighting, hot water
sr.nply arid house heating in winter and cooling in
S~J rnmer. These requirements are of some significance,
since they constitute a large proportion of demand
0,: conventional energy resources. It has been estimat
(;(; that nearly one-third of the total fuel consumed
in the United States is used for heating of buildings
aione. It is not surprising, therefore, that considerable
a-tention has been given during the last several
years to the important problem of storing the sun's
heat, when it is available, for later use for supplying
vital heat when it is not so available. The storage
problem for some localities may be for short periods
only, Le. storage during daytime and use during
the night. Many localities may need long-term storage,
such as storing during the long hours of summer
sunshine for use during the following winter months.

The designs tried so farinclude a fiat plate collector,
a storage system and a means of transporting heat
from collector to storage. For reasons of economy,
,the collector is usually designed to act also as the
roof of the. building, which brings in the I?roblem
of proper architectural design so as to grve the
roof the most favourable angle of tilt and the correct
orientation to take the maximum advantage of the
sunshine hours.

Since space heating is most needed in the winter
months, when the days are short and sunshine un
dependable, it follows that efficient means should be
available for collecting and stonng whatever energy
may be available. During the w~nt~r months, the
solar collectors have to operate within a rather res
tricted temperature level, in the ~3;nge of 120°-150°F
on clear days. For comfort conditions, room tempe
ratures have normally to be maintained around
70°F which sets a limit of minimum 80°F on the
storage temperature.

A major problem in t~e d.esignl.of a storage system
is the selection of matenal III which the heat energy
is to be stored since it determines the capacity of
the system. The selection of material has been the

uss OF SOLAR ENERGY FOR HEATING PURPOSES: HEAT STORAGE

Kailosh. N. Mathur *

subject of considerable experimentation. The mate
rials tried can be divided into two broad types:
(a) those that store energy in the form of sensible
heat; and (b) those that undergo a change of state
or physico-chemical change at some temperature
within the practical range of temperature provided
by the solar heat collectors, namely, 90°-120°F.

In the first category of materials, water and rock
pebbles have been found to be the most practical
storage materials, heat being absorbed here as their
specific heat. Thus, one cubic foot of water can
store 62.5 btu per of rise in temperature, while one
cubic foot of rock can store about 36 btu;oF. Taking
as an average a temperature rise of 30°F, the heat
storage capacity of 1 cubic foot of water comes to
1 880 btu and that of rock, to about 1 080 btu.

According to an estimate made by Maria Telkes,
for an "average house" with a cubic content of
10000, cubic feet and having reasonably good in
sulation, the average daily winter heat loss may be
around 300000 btu per day, with twice this loss
on exceptionally cold days. This "average house"
will require about 160 cubic feet of water weighing
about 5 tons, or 280 cubic feet of rock weighing
about 25 tons. After allowing for additional room
for circulation of hot air or water from the solar
collector, a space of about 400 cu. It. is needed for
storing the heat requirement for about 2 average days
when using water, and about 1.3 days when using
rock pebbles. If a longer period of heat storage is
necessary, especially in localities where winter sun
shine is very uncertain, the storage space necessary
will have to be much larger.

The use of materials that undergo physico-chemical
change has been largely dictated for the purpose of
reducing storage space. A number of low-cost salt
hydrates were tried by Maria Telkes in her early
experiments, a typical example being sodium sulphate
deca-hydrate which almost melts in its water of
crystallization when heated to its transition tempe
rature at 90°F. The stored heat in this case is reco
vered as the material recrystallizes. A great drawback
when using this type of material is that considerable
super-cooling can take place, during which period
the substance does not part with its stored heat
until either some nuclei are introduced or stirring
is done. Although largely discarded for this reason,
these substances nevertheless offer the means of
reducing storage space. It is from this angle that
Martin Goldstein of the National Physical Labora
tory of Israel undertook a survey of materials that
could possibly be used. His aim has been to find

401
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such chemical systems as will give the greatest
storage of heat per unit mass or unit volume - more
especially volumes, since heat losses and insulation
costs will depend on the volume of the enclosure
rather than on the mass of the substance contained
in it. In his paper (S/7), Goldstein has surveyed many
groups of substances selected from standard reference
sources such as Perry's Chemical Engineers' Hand
book and the International Critical Tables, and has
classified his study somewhat as follows: (a) inorganic
and organic substances with large heats of fusion,
having their melting points within the temperature
range 30° and 200°C; (b) eutectic mixtures of inor
ganic salts; (c) change of phase class of substances;
(d) solid-to-solid transitions; (e) heats of solutions;
(f) heats of vaporization; (g) storage by chemical
reaction in solution.

Goldstein's study, based on purely thermodynamic
grounds, deserves to be followed up with detailed
investigation of some of the more promising lines,
such as the vaporization process. .

In his paper entitled "Solar Buildings in Temperate
and Tropical Climates" (S/8), Edward Speyer has
made a critical study of the six important para
meters-cost, space requirements, capacity, effi
ciency, level and rate-in the design of a solar
energy system. In using solar energy for space
heating and cooling, the important over-all problem,
according to him, is to make a solar house pay for
itself in terms of fuel saving. The cheapest form of
energy storage is as sensible heat in rocks or water,
and the storage capacity needed for long-term
storage, i.e., summer heat for winter use does not
according to him, require more than a 'small per
centage of the volume of the space being heated or
cooled. Even less space was needed for short-term
storage. This space can be further reduced if chemical
storage methods are adopted, though at a higher cost.
The efficiency of storage required for a solar house
is based on two superimposed duty cycles, namely
the daily variations in temperature over the seasonal
variations from summer to winter. Speyer considers
that, for long storage, at least 50 per cent of the
energy put into storage must be available some three
months later.

Storage capacity is inversely related to collector
capacity, but if storage efficiency is high, then the
collector capacity, Le. area, can usually be reduced.
Collector efficiency is, however, an important factor
in determining the optimum functioning of the solar
house. The rate of storage or withdrawal is' not
considered of importance unless the storage is done
as heat of fusion. In summing up, Speyer concludes
that solar collectors can only be economically
comparable to fossil fuels if the cost does not exceed
U.S. $3 or $4 per square foot, and for all areas which
can be readily reached, whether by truck, train
or ship, he considers that fossil fuels will continue
to remain the cheapest and most dependable source
of energy. He even considers that, for remote regions,
it may be better economic investment to build roads
rather than make a large investment in solar devices.

Speyer argues that the main ha: " for solar energy
utilization lies in making eh. ,,'r. solar energy
collectors of high efficiency. H« .timates that if
efficient large capacity storage ild be made 80
per cent cheaper, Le. by a Iac.: of 5, it would
minimize the required collector :.«. .t and make the
system economically cornpctiti: On the other
hand, if collectors could be milt: ' 'heaper by only
a factor of 2 or 3 and their effrci. '\' improved, the
over-all performance could be vas ll· better. Realizing
the importance of solar collectors, ~, .. yer has designed
a flat collector using the pri n l , , ,;" of the Dewar
flask, Le. using evacuated chau.b: s for insulating
above and below the absorbing lav :.. of the collector.
This is briefly described in the i" ner, though no
estimates of cost are given.

Alleut and Hooper, of the UIl;" : <ity of Toronto,
have examined the special probk v . of solar energy
utilization in Canada in their ]"I ,; entitled "Solar
Energy in Canada't.!

In the higher altitudes of nOltL· »arts of Canada,
conditions for solar energy us: ", difficult: the
mean annual hours of bright . 'hine are about
1 400-1 600, and during the m.: '1 of December
there may be fewer than 25 h()l;~r sunshine- !he
southern part of Canada is a h. :".i' industnalIzed
region but, besides the large indi: ' ial pow~r needs,
there is the field of residential an-. ")]nmerclal space
heating which accounts for some -: to 30 per cent
of total energy consumption. Thi-: l 1!158 consumed
the equivalent of 34.5 million ton" of coal an,d may
reach a figure of 81 million tons in 20 years t1m~.

Allcut and Hooper have examined in some deta~~
the region of southern Ontario. They find that 1

the heating system is to be entirely i~dependent
of auxiliary sources it would be essential to have
a long-term storage' system to carry over, the he~t
collected during summer, otherwise the Size of t 1~1
collector area would have to be very large and wou I
exceed the projected south-facing area of a norma
house.

After analysing several designs, they conc~de
that a solar heated house fitted with a panel heatwg

, 'I' h at a asystem which could effectively uttnze e ible
temperature of 80°F, would be economically ~~Sl cl
if a large reservoir with heat storage ~t 145 lda~e
with only limited amount of insulatlOn cou
provided. ith. d WI

The paper reports upon the results obtalile rvoirs
scale ~odels of basement heat st~rage rese lete
filled WIth water to predict the behavlOur of ~mPolar
full-scale systems, including the house, t ~ ~s of
collector and storage characteristics., over penOtiaIIY
several years. Their equipment consisted essefr_scale
of a sand box in which they placed ~ SID\ ical
model of the underground heat reservoIr. A ~~aYs
time scale was one minute in the model equal hy had
of real time. The conditions in the house ~o~ sq ft
taken as typical were : a collector area of

eW Sources
1 Proceedings oj the United Nations Conjerence on ~/20,

oj Energy, 1961, vol. 4, agenda item nLA, paper
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til.ed at an angle of 60° to the horizontal, a heat load
of 775 bturF and a storage of 50000 gallons. The
m.iin value of the model scale experiments lies in
th : ease with which information can be provided
for interrelations between angle of tilt and the
in.Idence of direct, indirect and total radiation;
sequences of clear, partly cloudy or overcast hours;
sr..all changes in the orientation, etc. Typical results
obtained have been presented in the form of curves.
While they cannot entirely replace full-scale trials,
tl).' model experiments have the great merit of
being able to forecast long-term behaviour under
predetermined conditions.

impressive work has been done on house heating
in America. Mention may be made here of the two
houses at M.LT.; of the Dover (Mass.) house by
Telkes, Raymond and Peabody; of the houses built
by George Lof in Boulder, Colorado; by Bliss near
Tuscon ; and more recently by Harry Thomason.s
It would appear that for most applications, the
minimum cost heating system will be one in which
entire dependence is not placed on storage alone but

~ See paper 5/67; 5/114, 5/30 and 5/3, under agenda item
rrt.c.z above.

in which provision is made for auxiliary heat. If
such a compromise could be accepted, then the cost
of storage could be brought within economic limits.

Suggested topics for discussion

1. Whether sufficient data exists to justify the
conclusion that a reasonably cheap storage system
can be installed to enable solar energy to be used
exclusively for the purpose of house heating or both
heating and cooling.

2. Whether, in the present state of development,
it would be economically feasible to fully replace
conventional heating systems by roof-type solar
energy collectors and underground storage with
water or rock pebbles as storing media.

3.. Whether a long-term storage system is a prac
tical proposition and, if so, whether it would be
more economical to adopt a solar energy storage
system in which conventional methods of heating
are employed to supplement solar heat storage,
thereby enabling the capacity of the storage system
to be reduced.
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EMPLOI DE L'ENERGIE SOLAIRE POUR LE CHAUFFAGE:
ACCUMULATION DE CHALEUR

(Traduction du rapport precedent)

Kailash N. Mathur *

Toutes les ameliorations apportees aux methodes
actuelles d'accumulation de l'energie solaire sont
susceptibles de vastes applications et ouvrent la voie
a une utilisation extensive et plus economique de la
chaleur solaire. Le chauffage des locaux est l'un des
domaines les plus importants OU l'on puisse directe
ment utiliser l'energie solaire par les precedes les
plus simples, puisqu'il suffit dans ce cas d'elever
la temperature dans des proportions relativement
faibles. Parmi les nombreux usages domestiques de
l'energie, les plus importants sont peut-etre la
cuisson des aliments, l'eclairage, la foumiture d'eau
chaude, le chauffage des maisons en hiver et leur
climatisation en ete. Ces besoins ne sont pas negli
geables, puisqu'ils entrent dans une forte proportion
dans la demande de ressources d'energie classiques.
On estime que pres, d'un tiers du total des cornbus
tibles utilises aux Etats-Unis sert au seul chauffage
des immeubles. 11 n'est done pas surprenant que
depuis plusieurs annees on accorde une grande atten
tion a l'important probleme que constitue I'accumu
lation de,la. c.haleur soIaire, quand elle est disponible,
afin de I utiliser ulterieurement lorsqu'elle est neces
saire pour foumir la chaleur necessaire a la vie. Dans
certaines regions, i1 ne s'agit d'emmagasiner la
chaleur que pendant de courtes periodes, par exemple,
accumuler la chaleur pendant le jour pour l'utiliser
durant la nuit. Nombreuses sont les regions OU il
faut emmagasiner la chaleur soIaire pendant de
longues periodes, c'est-a-dire l'accumuler pendant
les longues heures d'ensoleillement en Me afin de
l'utiliser pendant les mois d'hiver qui vont suivre.

Les modeles experimentes jusqu'ici comprennent
un insolateur a plaques plates, un systeme d'emma
gasinage, et un moyen de transport de la chaleur
de l'insolateur au systeme d'accumulation. Pour des
raisons d'economie, l'insolateur est habituellement
concu de facon a faire egalement office de toit pour
l'immeuble, ce qui pose le probleme d'une architec
ture appropriee afin de donner au toit l'angle le
plus favorable et la bonne orientation qui permettront
de profiter au maximum des heures d'ensoleillement.

Comme le chauffage des maisons est le plus neces
saire pendant les mois d'hiver ou les jours sont courts
et l'ensoleillement imprevisible, il s'ensuit qu'il faut
disposer de moyens efficaces pour amasser et ernma-

.. Directeur,
New Delhi.

Central Scientific Instruments

gasiner toute l'energie disponiblc ?:'ndant les mois
d'hiver, les insolateurs doivent «nctionner a un
niveau de temperature assez faibl ,:ui se situe entre
120 of (49°C) et 150 of (65 0c) p,l .r-mps clair. Pour
qu'une piece soit suffisamment chn.«:-, la temperature
doit normalement etre maintenull1x environs de
70°C (22°C), ce qui impose que temperature du
systerne d'accumulation soit au J "imum de 80

0
F

(27°C).
Un des problemes les plus dif, ,'es que pose la

construction d'un systeme dac. nulation est le
choix de la matiere dans laquer. l'energie de la
chaleur va etre accumulee, puisq ..: cc choix de!er
mine la capacite du systeme. Le Cl, IX de,la matlere
a fait l'objet de tres nornbreuscs ,_'xpenences, Les
matieres essayees peuvent etre dlVisees en deu;x
grandes categories: a) celles qui ace:.mulent l'energl~
sous forme de chaleur sensible; et b) celles ~UI
subissent un changement de nature ou une alterat,lOn
physico-chimique a un degre de temperature qUI se
situe dans la gamme pratique des temperaturoes
foumies par les insolateurs, c'est-a-dire 90 a 120 F
(32 a 49°C).

Parmi les matieres de la premiere categorie, ~n a
constate que l'eau et les pierres de petites dim~nsIO~S
sont les plus pratiques pour l'accumulatIOn" ,a
chaleur etant absorbee sous forme de chaleur specl
fique de la matiere. Par exemple, si la temper~~ur~
s'eleve de 1°F (1/2 0c), un pied cube (0,028,m

3
) f:rs

peut accumuler 625 btu (15 7 kilocalones), a
qu'un pied cube (0,028 m3) de' cailloux peut emma~
gasiner 36 btu (9kcal/l/2 0c). Si l'on prendenmoyenn

une hausse de temperature de 30 OF (15 0C): I~ caJ~~
cite d'accumulation de chaleur de un pIe c lle
(0,028 m3) d'eau s'eleve a 1 880 btu (473 ~caI) et ce
des cailloux a 1 080 btu (272 kcal) envlron,

Selon une estimation de Maria Telkes, dans le cd~
d'un « type moyen de maison » d'un volu~elee
10000 pieds cubes (283 m") normalement, ISO est
la perte moyenne de chaleur par jour d'hlVer erte
d'environ 300000 btu (75600 kcal) , cett,e PelIe
pouvant etre doublee les jours ,exceptlO:

ne »
ment froids. Il faudra pour cette cc maison mo~ envi
environ 100 pieds cubes (2,83 m'') d'eau p~an 'lIouX
ron 5 tonnes, ou 280 pieds cubes (7,85 m") e ca\e de
pesant environ 25 tonnes. Si I'on tient C?ffiPlation

Organisation, I'espace supplementaire necessaire pour la cldrcu!'inso
de I'air chaud ou de l'eau chaude venant e
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la;t8ur, i1 faut environ 400 pieds cubes (11,20 m3)

d "space pour ~ccumuler la chaleur necessaire pour
er.viron deux jours de temperature normale, lors
q.i'on utilise I'eau, et pour 1,3 jour lorsqu'on utilise les
c'.,!.loux. Si une periode plus longue d'accumulation
de chaleur est indispensable, notamment dans les
n;,~ions ou 1'ensoleillement d'hiver est tres incertain,
l'espace necessaire a l'emmagasinage devra etre
beaucoup plus grand.

C'est surtout pour reduire l'espace necessaire a
1'emmagasinage que l'on preconise 1'emploi de
matieres qui subissent une transformation physico
chimique. Dans ses premieres experiences, Maria
Telkes a essaye un certain nombre d'hydrates de
scl de cofrt peu eleve, un exemple typique etant le
decahydrate de sulfate de sodium qui fond presque
dans son eau de cristallisation lorsqu'il est porte
a sa temperature de transition: 90 OF (33°C). Dans
0; cas, la chaleur accumulee est Iiberee lorsque la
rnatiere se recristallise; un grand inconvenient que
pi esente l'emploi de cette matiere est qu'il peut se
produire beaucoup de surfusion, et pendant cette
pcriode la matiere ne libere pas la chaleur accumulee
tant qu'on n'a pas projete une parcelle solide ou agite
L: solution. On a du pour cette raison renoncer
IFesque toujours a 1'emploi de ces substances, qui
offrent neanmoins le moyen de reduire 1'espace
d'emmagasinage. C'est sous cet angle que Martin
Coldstein du Laboratoire national de physique
d'Israel a entrepris l'etude des matieres qui pourraient
etre utilisees, Il s'est propose de trouver des systemes
chimiques qui permettent l'accumulation de chaleur
la plus grande par unite de masse ou unite de volume,
de preference par unite de volume puisque les pertes
de chaleur et les frais d'isolement sont fonction du
volume de l'enceinte plutot que de la masse de la
substance qu'elle contient. Dans cette etude, Goldst~i?
a etudie de nombreux groupes de substances ChOlSIS
dans les ouvrages de reference classiques, tels que
Perry's Chemical Engineers' Ha?dbook, les Tables
critiques internationales, etc., et Ille~ a clas~es de la
maniere suivante : a) Substances morga~Iques et
organiques avec de grandes chaleurs de fusion, dont
le point de transition se situe dans la gamme des
temperatures de 30° a200°C; b)M~langes eutectiques
de sels inorganiques; c) Categories d~. substa~ces
formant de nouvelles phases; d) Transitions solide
solide; e) Chaleurs de solution; J) C~aleur~ d~ vapo
risation; g) Accumulation par reaction chimique en
solution.

L'etude ci-dessus, etablie sur des bases purement
thermodynamiques, merite d'etre suivie de recherches
approfondies sur les aspects les plus p:om.etteurs,
comme par exernple le processus de vaporisation,

Dans son memoire intit~le « Batim~nts utilisant
l'energie solaire sous les chmat~ temperes et ~~OPI
caux » (S/8), Edward Speye; a fait u~e etude critique
des six importants parametres (frais, esp~ce nece~
saire, capacite, rendement, nrveau ~t de?lt) do~t 11
faut tenir compte lors de la construction d ~n syst~1?e
d'utilisation de l'energie solaire. Lorsqu on ~t.llIse
l'energie solaire pour le chauffage ou le refroidisse-

ment des immeubles, Speyer estime que ce qui
importe, c'est que les couts de construction de la
maison solaire soient amortis par l'economie de
combustible. La forme la moins chere d'accurnula
tion d'energie est l'emmagasinage de chaleur sensible
dans des cailloux ou de l'eau, et la capacite d'emma
gasinage necessaire pour une accumulation de longue
duree (par exemple la chaleur de l'ete a utiliser en
hiver) n'exige, selon lui, qu'un faible pourcentage
du volume de l'espace a chauffer ou a climatiser.
Il faut encore moins d'espace pour emmagasiner de
la chaleur pendant une courte periode. Cet espace
peut encore etre reduit si 1'on adopte des methodes
d'accumulation chimique, mais les frais sont plus
eleves. Le rendement de l'accumulation necessaire
a une maison solaire est fonction de deux cycles
surirnposes, a savoir les variations quotidiennes de
temperature venant s'ajouter aux variations saison
nieres entre l'ete et 1'hiver. Speyer estime que pour
un emmagasinage de longue duree, il faut pouvoir
disposer, trois mois plus tard, de 50 p. 100 au moins
de l'energie accumulee,

La capacite d'accumulation est fonction inverse
de la capacite de l'insolateur, mais si le rendement
de 1'accumulation est eleve, la capacite de l'inso
lateur (c'est-a-dire la surface) peut etre ordinairement
reduite. Toutefois, le rendement de 1'insolateur est
un facteur important lorsqu'il s'agit de determiner
le fonctionnement optimal de la maison solaire.
Speyer ne pense pas que le debit d'accumulation ou
de liberation presente de 1'importance, sauf si l'accu
mulation se fait sous forme de chaleur de fusion.
Speyer conclut que les insolateurs ne peuvent etre
rentables par rapport aux combustibles fossiles
que si leur cout ne depasse pas 3 a 4 dollars le pied
carre (0,092 m2) , et, a son avis, les combustibles
fossiles continueront a rester la source d'energie
la moins chere et la plus sure dans les regions facile
ment accessibles par camion, train ou navire. I1
estime que meme pour les regions ecartees il est
peut-etre plus rentable de construire des routes que
d'investir des sommes importantes pour construire
des appareils solaires. Speyer est d'avis que si 1'on
veut utiliser l'energie solaire il faut fabriquer des
insolateurs moins chers et arendement eleve ; selon lui,
si 1'on pouvait abaisser de 80 p. 100 (c'est-a-dire par
coefficient de 5) le prix d'un systeme d'accumulation
de grande capacite et arendement eleve, cela permet
trait de reduire la surface de l'insolateur et ce systeme
pourrait soutenir la concurrence des autres moyens
de chauffage. D'autre part, si 1'on pouvait abaisser
le prix des insolateurs, ne serait-ce que d'un coefficient
de 2 ou 3, et ameliorer leur rendement, le fonctionne
ment du systeme serait bien meilleur. Speyer, qui
reconnait l'importance des insolateurs, a concu un
insolateur plat utilisant le principe du vase de
Dewar, c'est-a-dire muni de chambres avide pourisoler
par-dessus et par-dessous les couches absorbantes
de 1'insolateur. I1 en a donne une breve description
dans son etude, sans toutefois en estimer le cout,

Allcut et Hooper de I'Universite de Toronto ont,
dans leur etude sur « L'energie solaire au Canada ))
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examine le probleme particulier que pose l'utilisation
de l' energie solaire an Canada1.

Dans les hautes altitudes des regions septentrio
nales du Canada, les conditions d'utilisation de
l'energie solaire sont difficiles, la moyenne des heures
d'ensoleillement s'etablissant entre I 400 et I 600
par an; pendant le mois de decembre, il peut y avoir
moins de 25 heures de soleil. La partie meridionale
du Canada est une region tres industrialisee, mais,
en plus d'une importante demande d'energie indus
trielle, le chauffage des immeubles residentiels et
commerciaux entre pour 25 a 30 pour cent dans la
consommation totale d'energie. Celle-ci a represents
en 1958 l'equivalent de 34,5 millions de tonnes de
charbon et peut atteindre 81 millions de tonnes dans
vingt ans.

Allcut et Hooper ant etudie en detail la region de
I'Ontario meridional. Ils onf conclu que si l'on veut
que le systerne de chauffage ne soit pas complete
par des sources de chaleur d'appoint, il est indis
pensable de disposer d'un systeme d'accumulation

. a long terme afin de garder la chaleur accumulee
pendant rete, faute de quoi il faudra que la surface
de l'insolateur soit tres etendue et depasse la super
ficie de la face d'une maison normale orientee vers
le sud.

Apres avoir analyse plusieurs projets, ils concluent
qu'une maison chauffee par l'energie solaire, munie
d'un systeme de chauffage par panneaux qui pourrait
effectivement utiliser la chaleur a une temperature
de 80 o~ (27°C) est economiquement rentable, si 1'0n
peut disposer d'un grand reservoir d'accumulation
de chaleur a145OF (62°C), avec un isolement modere,

Dans le memoire qu'ils ont soumis les auteurs
decrivent les resultats obtenus avec un modele a
echelle reduite de reservoirs d'accumulation de cha
leur, remplis d'eau et places dans le sous-sol; ces
resultats permettent de prevoir le comportement
pendant des periodes de plusieurs annees de systernes
complets aux dimensions normales, comprenant la
maison, l'insolateur et les caracteristiques de l'ernma
gasinage. Leur materiel consistait essentiellement en
une caisse de sable dans laquelle ils placaient un
modele apetite echelle du reservoir de chaleur souter
rain. L'echelle typique de temps etait qu'une minute
de fon~tionnement du modele etait I'equivalent de
deux jours de temps reel. Les caracteristiques
typiques de la maison etaient les suivantes: un·
~nsolateur d'une surface de 600 pieds carres (56 m2)

incline sous un angle de 60° a I'horizontale, une
charge de chaleur de 775 btutF (195 kcal/l/2 "C)

1 Actes 'officiels de la Conflrence des Nations Unies sur les
sources nouuelles d'cnergie, 1961, vol. 4, point lII.A de I'ordre
du jour, memoire S/20.

et un reservoir de. 50 000 gallon' (:225 000 litres).
Le principal avantage des experienr avec un modele
al'echelle reside dans la facilite av 'aquelle on peut
reunir des renseignements sur le" rrelations entre
l'angle d'inclinaison et l'incidenc. a rayonnement
direct, indirect et total; les succ--. "IlS d'heures de
temps clair, partiellement nuageu ou couvert; les
petites modifications de l'orientatx. 1 etc. Les resul
tats typiques obtenus ont ete P[(~''''1tes sous forme
de courbes. Si les experiences a I'hdle ne peuvent
remplacer tout cl fait les essais ~lll une maison de
dimensions normales, elles ont l, .--;rand avantage
de permettre de predire le com 1)( 1 i «ment sur une
longue periode dans des conditio!' predeterminees.

Des travaux remarquables ont , '" effectues sur
le chauffage des maisons en Am« 'lue. Citons les
deux maisons du Massachusetts lid itute of Tech
nology; la maison construite it n.) ,er (Mass.) par
Telkes, Raymond et Peabody; les 1)1 ",ons construites
par George Lof a Boulder, Colore " par Bliss pres
de Tuscon, et plus recemrnent par I' ry Thomason'.
Il semble que, dans la plupart d. -s applications,
le systeme de chauffage le plus eCI »nique soit celui
qui n'utilise pas uniquement la cl lcur accumuIee,
mais Oll il est prevu d'avoir recour- . une source de
chaleur d'appoint. Si ce cornpromis pcut etre accepte.
le cout du systeme pourrait etrc rimene dans des
limites rentables,

Sujets de discussion proposes

1. Dispose-t-on de donnees suffisante~.,~our
conclure qu'il est possible de construire un sy~teme
d'accumulation raisonnable et pen couteux 9-Ul per
mette d'utiliser exclusivernent I'energie solalre pour
le chauffage des maisons ou pour le chauffage et. la
climatisation?

2. Serait-il economiquement rentable, da~s l'etat
actuel des connaissances, de remplacer entIerement
!es systemes de chauffage conventionnels ,Par ~es
insolateurs du type « toit » et par des rese;volrs
souterrains utilisant l'eau ou les cailloux pour I acCU
mulation?

3. Les syste~es' de chauffage par accumulation
a long terme ont-ils un interet pratique, et, dans
l'affirmative, serait-il plus economique d:adop!~r u~
systeme d'accumulation de l'energie solalre utllIsan
les methodes , de chauffage conventionnelle~ po~~
completer l'emmagasinage de chaleur solalre,.
qui permettrait de reduire la capacite du system

e

d'accumulation?

-.---- 5/3 an titre
2 Voir plus haut les mernoires 5/61, 5/114, 5/30 et ,

du point IlI.C.2 de l'ordre du jour.



r.ss OF SOLAR ENERGY FOR HEATING PURPOSES: HEAT STORAGE

Rapporteur's summation

The authors' report in the technical session of the Some of the properties of materials which could be
Conference mentioned that the subject of heat used as heat storage materials can be summarized
storage ha~ been studied mainly as a subsidiary to as follows:
space heating and had therefore not received the (a) Inorganic or organic substances having large
aitention it deserved. The storage problem connected heats of fusion; ,
with space heating discussed under agenda item (b) Eutectic mixtures of inorganic salts;
IH.C.5 has its own importance, but it is a compara- (c) Change-of-phase materials;
tively simple problem since the storage temperature (d) Materials with large heats of vaporization.
lies between the rather restricted range of 25° to In the course of discussion in the technical session,
4'1°C. Water and rock pebbles have served the function reference was made to a study undertaken on heat
:;,(lmirably; the quantity of the material and the storage materials for heat pumps. While for low
i,:3ulation needed depending on whether the storage temperature storage in the range 30° to 50°C,materials
1'."luired was for shorter or longer duration. Since like water,. rock pebbles and salt hydrates were
n -ost of the trials were being made in highly deve- found adequate, the use of materials like fire clay,
loped areas-mainly in the United States-the ceramic oxides and fused salts was found desirable
problem could be made simpler and the solution in the range 50° to 450°C. By using mixtures of
more economical by installing an auxiliary heating metal nitrates, nitrites and chlorides various melting
scarce using coal, oil or electricity to take care of points could be realized in the temperature range
any prolonged periods of bad weather. from 120° to 500°C. In the higher temperature range

The one difficulty that arises in using these mate- of 600°C and above, the use of lithium hydride and
rials is that their large bulk restricts the period of sodium chloride was found to offer good possibilities.
storage to only a few days. Thus storage space of In using solar energy for house heating the tempe
some 400 to 500 cubic feet is needed for storing the rature range involved is very narrow, and flat plate
heat requirements of an average home for two days. collectors have been found adequate. However,
Much larger space is required if the aim is to tide when one comes to consider the problem of storage
over prolonged periods of difficult weather without at higher temperatures, resort has to be made to the
auxiliary heating. focusing type of collector-whether parabolic or

In early pioneering work on solar house heating, cylindrical.
Maria Telkes introduced the idea of using a hydrated Perhaps an exception can be made for solar ovens
salt, like Glauber's salt, which on heating melted in where a cooking temperature of 150°C has been
its own water of crystallization. The heat energy attained for baking purposes and a chemical storage
supplied brings about the physical change without a material has been used for storing heat over several
sensible rise in temperatures. On cooling, the cycle hours.
reverses itself, and the material recrystallizes, releas- A very interesting use of storage material has
ing the absorbed latent energy which could be used been made in the engine demonstrated by the Natio
for house-warming purposes. This appeared to be a nal Physical Laboratory of Israel, in which a constant
very satisfactory solution of the sto~age problem temperature of 150°C is maintained for the turbine
until it was found that these materials could be . fluid despite sunshine variations; and the capacity
very temperamental in their behaviour, and in the of the storage material is such that the engine can
absence of crystal nuclei or stirring, considera~le run even during the dark hours.
supercooling could take place before the material Since the main purpose of this Conference is to
started to recrystallize aI!-d part with its late?t heat. explore possibilities of the application of the newer
The heat of fusion materials was therefore discarded sources of energy to developing countries, it would
by the designers of the solar heated houses constructed be worth while, before concluding, to review the
so far, and use was made of bulky but more depen- storage problem in this context.
dable materials, like water or pebbles. As pointed out in the earlier part of this report,

Phase change materials, however, possess tW? ??t- the major application of storage has been for the
standing advantages: (a) they offer the pOSSIbIlIty purpose of house heating, and a considerable amount
of storage of heat at high~r te.mperatures, and (b) they of carefully recorded data exists on the subject. I
offer considerable reduction m the volume of storage suppose it is fairly well understood that heating of
space occupied by the material itself - the reduction house~ is not generally one of the pro~lems of t~e
in storage being as much as one-tenth. emergmg countries and, therefore, this aspect IS
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largely of academic interest in so far as they are
concerned. The very considerable work done on the
subject is, however, of direct interest to the countries
concerned inasmuch as the subsidiary use of solar
energy could help to reduce the consumption of
conventional fuels or release for industrial purposes
the power consumed for house heating.

It can, however, make a major contribution to the
economy of the emerging countries if a combined

concentrator-storage system coul« effectively trap
and store the sunlight so plentiful" available and
then make use of the power produ ,::l for providing
for some of the basic needs, like ]: 'It irrigation or
electric power for cottage and s: li-scale village
industries. A promising start has 11 . n made in this
direction, and one may express tl hope that the
deliberations of this Conference \\,;1 lead to more
rapid progress.



ETtlPLOI DE L'ENERGIE· SOLAIRE POUR LE CHAUFFAGE:
A{CUMULATION DE CHALEUR

Resume du rapporteur

Dans notre rapport a la seance technique de la fusibles et emploient desormais des matieres volu
Conference, nous avons indique que le probleme mineuses mais sfires comme l'eau ou les galets.
de l'emmagasinage de l'energie avait ete etudie Les matieres sujettes a changement de phase posse
surtout apropos du chauffage des locaux et n'avait dent cependant deux avantages capitaux : a) elles
pas recu, par consequent, l'attention qu'il meritait. permettent d'emmagasiner la chaleur a des tempe
L'emrnagasinage de l'energie en relation avec le ratures plus elevees: b) elles permettent de reduire
cb.uffage des locaux, dont il est question au point considerablement - jusqu'au dixierne - le volume
rIl.C.5 de I'ordre du jour, est un probleme qui ne des reservoirs d'accumulation occupes par la matiere
m.mque pas d'interet, mais qui est relativement meme,
simple, car l'energie est emmagasinee a une tempe- Quelques-unes des proprietes des matieres utili
L·Jure de 25 a 40°C, marge somme toute assez sables pour emmagasiner l'energie peuvent etre
n::treinte. L'eau et les galets ont joue admirablement resumees de la facon suivante :
k1r role dans ce domaine, la quantite de matieres a) Substances organiques ou inorganiques a tem-
et d'isolants thermiques necessaire etant fonction perature de fusion e!evee; . .
du temps pendant lequel on y~ut conserver l,a cha!eur. b) Melanges eutectiques de sels morgamques:
Cornme la plupart des expenences ont ete realisees c) Matieres subissant des reactions chimiques;
dans des pays tres developpes - principalement aux d) Matieres a temperature de vaporisation elevee,
Etats-Unis - on pourrait simplifier le probleme Au cours de la discussion en seance technique,
et rendre la solution plus economique en installant on a signale une etude sur les matieres utilisables
une source thermique d'appoint utilisant le c!Iarbon, pour conserver la chaleur dans les pompes a chaleur.
le petrole ou I'electricite en cas de longues periodes de On a constate que les matieres comme l'eau, les
mauvais temps. galets et les sels hydrates convenaient lorsqu'il

Le seul inconvenient de l'emploi de ces matieres s'agissait de conserver les basses temperatures (30 a
est leur grand volume, qui limite a quelques jou.rs 50 0 q , mais qu'il etait souhaitable d'employer des
seulement la periode d'emmagasinage. De ce fait, matieres comme la terre refractaire, les oxydes
400 a 500 pieds cubes sont necessalr~s p,our emm~ga- employes en ceramique et les sels fondus pour les
siner la quantite de chaleur necessaire <;t une m.al~on temperatures de 50 a450°C. En utilisant des melanges
de dimension moyenne pend~nt deux JOurs: SI Ion . de nitrates, de nitrites et de chlorures metalliques,
doit traverser une longue periode de mauvais temps on pourrait obtenir plusieurs points de fusion entre
sans installation de chauffage d'appoint, il faut un 120 et 500°C. A partir de 600°C, on a constate
volume bien plus important encore. . que l'hydrure de lithium et le chlorure de sodium

Au debut dans les travaux sur le chauffage solaire offraient de bonnes possibilites d'emploi,
des locaux' Maria Telkes a eu l'idee d'utiliser un Quand on emploie I'energie solaire pour chauffer
sel hydrate: comme le sel de Gla.uber,. qu~, en s',echau!- les maisons, la gamme des temperatures voulues
fant fondait dans son eau de cristallisation. L energie est tres reduite, et des collecteurs plans sont suffisants.
ther~ique degagee provoque la reaction physique Mais quand il s'agit de conserver des temperatures
sans augmentation sensible de temperature. Pend.~nt plus elevees, il faut recourir aux collecteurs para
le refroidissement, le cycle s'inv:erse et la matiere boliques ou cylindriques.
recristallise en degageant I'energie latente abs?rbee Peut-etre peut-on faire une exception pour les
qui pourrait etre utilisee pour ch,auffer les .malsons. cuisinieres solaires dans lesquelles on a obtenu une
Cette solution du probleme de 1,em~agasl~a&e est temperature de cuisson de 150°C et employe un
apparue tres satisfaisante jusqu au . Jour o~ Ion a precede chimique afin d'emmagasiner la chaleur
constate que les matieres en question ,avalent un lusi h
comportement tres instable et qu'en l.~bsence ~e pendant p usieurs eures.
noyaux cristallins ou de brassage la mat~ere'pou~alt Un emploi tres interessant de materiaux conser
rester en surfusion avant de se remettre a .cnstalhser vant la chaleur a ete fait dans le moteur presente par
et a degager sa chaleur latente. Les architectes des le laboratoire national de physique d'Israel : le
maisons chauffees par I'energie solaire qUI on~. eM fluide de la turbine est maintenu a une temperature
construites a ce jour ont done abandonne I'idee constante de 150°C malgre les var~ations de I'enscleil
de produire de la chaleur au moyen de matieres lement; la capacite d'accumulation des materiaux
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est telle que le moteur peut tourner meme pendant
la nuit. .

La presente Conference ayant principalement pour
objet d'envisager les possibilites d'application des
sources nouvelles d'energie dans les pays en voie de
developpement, i1 serait utile, avant de conc1ure,
de considerer le probleme de l'emmagasinage de
l' energie a ce point de vue.

Comme nous l'avons fait observer au commen
cement de cet expose, le chauffage des locaux est la
principale application de la conservation de la
chaleur, et il existe ace sujet une somme considerable
de donnees soigneusement enregistrees. On se rend
assez bien compte, je pense, que le problerne du
chauffage des maisons n'est generalement pas de
ceux qui se posent aux pays qui viennent d'acceder ou
qui vont acceder a l'independance, et c'est porquoi
i1ne presente.guere pour eux qu'un interet theorique.
Les travaux considerables effectues dans ce domaine

interessent cependant directement I-s pays en ques
tion en ce sens que l'utilisation (:' l' energie solaire
comme moyen d'appoint perrnet 1 ",it de diminuer
la consommation de combustible- 'hssiques ou de
liberer pour l'industrie l'energie eo I ommee aux fins
de chauffage des locaux.

L'energie solaire peut cependant .iider considera
blement au developpement econornique des pays
nouveaux si l'on arrive amettre all point une instal
lation efficace combinant un COJl\' ntrateur et un
systeme d'accumulation capables ell , r l pter et d'emma
gasiner la lumiere solaire si aiscn. »j t disponible et

. d'utiliser ensuite l'energie produi I, pour satisfaire
"quelques besoins essentiels commr- ' irrigation ou la
fourniture d'electricite pour I'artt-, nat et la petite
industrie de village. On a fait un ;. Lut prometteur
dans cette voie et l'on peut exprrn ' i l'espoir que les
debats de la Conference permettron ~ .iccelerer encore
les progres.
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SOME PHYSICAL CHEMICAL ASPECTS OF HEAT STORAGE

fl,1artin Goldstein *

Sensible heat

IiH
T« = liS

one operating reversibly; the system should be at
or near thermodynamic equilibrium at all times.
In accordance with a well-known thermodynamic
principle, when a system is at equilibrium, a rise in
temperature tends to shift the equilibrium in such
a direction as to absorb heat (1). If a substance is
capable of existing in two different phases, the
phase stable at. the higher temperature is the phase
of higher heat content. The melting of a solid to a
liquid or the change of a solid from one crystal
form to another are examples. In these cases, the
change of state occurs abruptly at a definite tempe
rature. In other processes to be considered, such as a
chemical reaction taking place in solution, the shift
of equilibrium is a gradual one. In these cases, one
may imagine the process carried out with reactants
and products in their standard states (1), rather than
the states observed under actual experimental con
ditions. In this imaginary experiment, the shift of
equilibrium also occurs at a sharply defined tempera
ture, rather than over a range.

To all such abrupt transitions, real or imagined,
the following thermodynamic relations apply:

IiG = IiH - TIiS

in which Ii G is the Gibbs free energy change of the
process, Ii H the change in the heat content, T the
absolute temperature, and Ii S the entropy change.

At the temperature of the transition Ii G = 0
and we have

Teq, the temperature at which products and
reactants are in equilibrium, is determined by the
use to which the energy is to be put, rather than
being a matter of choice. The problem in heat storage
is to make Ii H as high as possible. It is clear then
that changes of state of large Ii S are particularly to
be sought for; unless Ii S is large, a large storage of
heat at a specified temperature cannot be achieved.

We now proceed to the examination of some spe
cific types of physical and chemical changes from
the point of view of the above considerations.

We wish to consider here some physical chemical
aspects of the problem of heat storage. The problem
will be defined somewhat narrowly as follows. A
chemical system in some kind of container is brought
into thermal contact with a heat transfer medium
at a higher temperature than the substance in the
container. Heat flows until the rise in temperature
of the substance puts an effective stop to further
11,,:\t flow. At some later time, the heat transfer
medium, now at a lower temperature, is brought
arsain into thermal contact and heat flows in the
opposite direction, again until some practical limit
0'; the flow is reached. In general, we are interested
in finding such chemical systems as will give the
{?J':atest storage of heat per unit mass or per unit
volume. As heat losses and insulation costs are more
sensitive to volume (or surface) than they are to
mass, more stress will be placed on the volume cri
tcrion, although it is often easier, density data not
always being available, to calculate on the basis of
mass. When possible we will consider both.

In this paper, a number of possibilities that have
been proposed for this purpose are examined, and
estimates of the magnitudes of the storage capacity
to be expected from each are attempted, both on the
basis of tabulated data and on the basis of funda
mental principles. Discussion is limited to the maxi
mum possible storage to be expected when therm?
dynamic equilibrium is reached, and li~tle regard IS

paid to kinetic, engineering, or economic aspects of
processes.

The storage of heat at temperatures within the
range of 30° to 200°C is considered; this covers the
range of temperatures that have been proposed for
various methods of utilizing solar energy directly
for power generation and home heating.

In order to give the problem meaning, an allowed
rise in temperature of the storage medium must be
specified' this is taken to be 20°C. It will be usually
assumed'that the temperatures between whi~h ~e~t
is released are the same as those between which It IS

stored: in a later section, a means of storage in
which this restriction may be disregarded will be
discussed.

General principles

Any chemical or physical chang~ storing and
yielding up heat in the manner specified should be

The direct storage of heat through heat capacity
* National Physical Laboratory of Israel, Jer~salem. (~his is conceptually the simplest possible way of doing it.

paper is a condensed version ~ff a ~o~ ~.~!c.~r;~C;;ic~~e~~~~ Water has one of the highest heat capacities of any
aspects of heat storage prepare or e a I substances known about I calorie per gram per
ratory of Israel in 1958-1959.) -
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degree; Le. a litre or a kilogram of water stores
20 kilocalories for a 20°C rise in temperature. This
figure is a useful reference one for comparison with
other methods.

Consideration of the theory of specific heats of
solids (2) gives little reason to expect any pure
substance to have an appreciably higher heat capa
city than those presently known. There is no complete
theory as yet for the specific heat of liquids: empiri
cally, they are somewhat greater than the solid
phases of the same substances, but not more than
double (3 and 4). Thus there does not seem to be
much hope for the discovery of some new substance
having a significantly higher heat capacity than
water.

Heats of melting ,

Pure substances

All pure substances with melting points between
30 and 200°Clisted in a table of 300 common inorganic
substances (4) were examined on the basis of storage
capacity per kg and per litre of the solid phase. The
capacities per litre ranged from 9.0 kcal to 136 kcal
(AI2CI6) . The distribution was as follows: below
20, 5; 20-40, 6; 40-60, 6; 60-80, 4; 80-100, 3; 120
140, 1. The high value for Al2Cl6 is not only anoma
lous but misleading. We did the calculations on the
basis of the density of the solid, because data on
liquid densities was, in most cases, not available,
but Al2Cl6 doubles in volume on melting, and if
storage capacity were given more realistically in
terms of liquid volume, Al2Cl6 would store about
80 kcaljlitre. '

On examining a table of heats of fusion per gram
of common organic substances (4), it was found that
113 melted between 30° and 200°C. Their heats of
fusion in kcaljkg were distributed as follows: up
to 10 kcal, 1; from 10 to 20, 10; from 20 to 30, 46;
from 30 to 40, 33; from 40 to 50, 15; from 50 to
60, 8. None had higher latent heats than 60 kilo
calories per kilogram, either in the 30-200°C range
or elsewhere. Assuming densities of about 1 for
organic substances, we estimate the maximum storage
capacities to be 50-60 kcalj(litre).

It should be noted that substances of high molar
latent heat of fusion are not necessarily the best
starers of heat. The number of mols that fit into a
kilogram or litre play a part, as can be seen by
comparing the heats in kilocalories per mol, per
kilogram, and per litre, of lithium metal (1.1, 159,
84.5), ice (lA, 80, 73.5) and Al216 (8.0, 9.8, 39.0).

Entropies of fusion reflect additional degrees of
freedom gained by molecules in melting. There are
rough regularities predictable from the molecular
nature of the material (5); however, the higher
storage capacities are mostly associated with some
anomalous and unpredictable effects in melting,
such as shown by ;,\12C16' There does not seem to be
any systematic way to search tor such substances:

EUTECTICS

A eutectic will have a sharp mc1t<'G" point, just
as does a pure compound (6) : the hc:,t of fusion per
gram is the' weight average heat of :llsion of the
pure substances at the eutectic tempo rture phis the
heat of mixing of the liquids. The 1: .ats of fusion
will vary about as do the heats of : .ision of pure
substances. Eutectics should be wortb Investigating:
there are, in principle, more of them i han there are
pure substances. A feature to be considered is that
pure substances melting above the temperature
range we have focused attention on GIll form eutec
tics melting within this range. As cxar-ples, we may
cite patents on mixtures of AlCls, 1\;tel, and Feels
for heat storage, melting at 150°C, and mixtures
of LiN03 , NaN02 and KNOs, melting j-low 100°C (7).
The heats absorbed on melting by thr. compositions
are not given in the patents.

INCONGRUENTLY MELTING S{;F:'(ANCES

Hydrates of certain salts are men «-rs of a class
of substances that at a sharply defir« ~i temperature
"melt" to form two new phases:: solid phase,
consisting of a lower hydrate or the ;'"hydrous s~lt;
and a liquid phase, consisting of a SJ)·J,'ated solution
of the salt in water (6). Some of these substances
melt at temperatures convenient for home heatmg
purposes, and a few have been given careful study
for this reason.

A tabulation of nine common hydrates in the
Handbook of Chemistry and Physics (3) gave va!ues
of from 25 to '67 kcaljkgm and 56 to 105 kcaljh~re.
These are thus comparable to the heats of fUSIOn
of pure substances.

The fact that, at the transition point, there .ar1
three phases in equilibrium, having diff?rent chemlcdcompositions has led to kinetic difficulties on repeate

h' . f t ecycling of these materials: some segregatIOJ?' 0 .

different species results and thermodynamIC dei~l)
librium is not readily achieved (8, 9, 10 an .

Solid-solid transitions

Although the heat capacity of common rocks is
lower than that of water, both on a mass and ~l:
volume basis, the self-insulating property ~ rr bor
beds has led to their use for heat storage. .; of
has suggested that if a pebble-bed could be ~.a e in
some solid that undergoes a phase transi IOn ge
the storage range, an appreciably higher stora
capacity could be achieved.

. id h . transitionsA survey was made of solid-soli p ase ical
listed in the Bureau of Standards tables of chem
thermodynamic properties (12). . . ns

Th ... f eh transItlOe storage capacities m a ew. su . A 2Se
were in the range of heats of fUSIOn: e.g;;.Hjfitre
at 133°C, ~ H jlitre of 46 kcal, FeS at 138°C, 1 KIIF 2

of 55 kcal V ° at 72°C ~ Hjliter of 50 kca ,, 2 4 ,

at 196°C, ~ H jlitre of 75 kcal.
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Most heats of transition in solids are quite small'
these cited are typical ones, in which a considerabl~
pa~;:.of the rand~mi~ationno~mally taking place on
mC~Lm~ occurs within the solid phase: the heats of
fusion m these cases are usually lower than normal.

Some transitions. taking place at higher tempera
tures have even higher latent heats: Li SO has a
tra1.~sition at 575°.C with.a AH of 6.8 k~al/mol,
storing 140 kcal/litre. Solid solution formation is
~nown .to change transition temperatures (13). It is
mt:-restmg t~ ~peculate on the possibility of bringing
sucn a transl~lOn do~n to the r.ange of interest by
means of sohd solution formation,

Heats of solution

If a solid dissolves in its saturated solution with
~he abso~ption of heat, raising the temperature
increases Its solubility; if heat is evolved, raising the
te:~':perature decreases its solubility. In either case,
raismg .the temperature results in an absorption
of neat m excess of that due to the specific heats of
the; substances present.

Some salts are known with very large temperature
coefficients of solubility and very large solubilities,
so much so that on a mass basis (not necessarily on
a rcol basis) the saturated solution is mostly salt :
the process is almost a melting of the salt, except
that it can occur at a temperature somewhat lower
than the melting point of the salt, and the heat
absorbed per mol is not equal to (and may be greater
than) the heat of melting of the salt.

The storage capacity may be calculated from such
thermodynamic data as the heat of solution of the
solid salt in the saturated solution at various tempe
ratures and the change of solubility with tempera
ture.

For survey purposes, data on solubility for about
200 common salts as given in Perry's Handbook (4)
was examined: only three were found to have suffi
cient promise for further calculation - the nitrates of
ammonium, potassium, and silver. Sufficient thermo
dynamic data was available only for ammonium
nitrate (14 and 15). It was found that the heat of
solution in the saturated solution was of the order
of 2-5 kcalfmol at 50°C, decreasing to 1.9 at 124°C.
This is somewhat higher than the heat of melting of
1.46 kcal/mol, but not so much higher as. to give
any significant increase of storage capacity over
storage by sensible hea~. For ~xample, a ~ystem com
posed of solid ammonium nitrate plus Just enough
water to form one litre of a saturated solution of
91.4 per cent NH4NOa at 100°C will, on being heated
from 80°C absorb 15 kcal due to solution of the
solid salt ~ot already dissolved at 80°C. The specific
heat of the .system (assuming it equal to that ~f
the pure components, which is not far wrong) IS
0.6 kcaWC-litre, sufficient to absorb 12 kcal. The
two heats added together exceed only slightly the
heat stored by a litre of water undergoing the same
temperature rise.

A patent exists on heat storage by this method
(16), but the temperature swing is much greater
than ~Oo~, and the potential usefulness of the inven
tion lies m a non-reversible aspect: it is claimed that
the hot saturated solution can be cooled to room
temperature and stored without crystallization until
the heat is needed, at which time crystallization can
be induced by shaking.

Heats of vaporization

As pointed out previously, any process capable
of storing appreciable energy must be a process of
large entropy change. The energy and entropy
changes on evaporating liquids, as is well known,
are usually much greater than the changes of these
quantities on the melting of solids. For example,
a litre of water evaporating at its normal boiling
point absorbs about 500 kcal, a litre of ice melting,
73.5 kcal.

The obvious difficulty is that if it is necessary to
store the vapor, the enormous volume changes
(I 700 litres for water at its boiling point) make
the process useless. It has been suggested in this
connection that the evaporated liquid may itself
be condensed or absorbed in some manner, and
thus stored in a small space. In fine, we are using
a sort of absorption refrigerator as a heat storage
device, and the extensive technology of such devices
may be of help here.

Our storage system then requires two chambers,
a "hot" chamber and a "cool" chamber, held at the
temperature of the environment. The substance
vaporizing must have a lower vapor pressure at a
given temperature in the "hot" chamber than in the
"cool" chamber. This can be achieved by having it
present either as one component of a solution, the
second component being relatively non-volatile, or
else in a chemically bound form, such as a hydrate
or ammoniate. The cool chamber may condense the
liquid directly, absorb it as a hydrate of lower
stability, or absorb it in a solution from which it has
a higher vapor pressure at a given temperature.

The application of heat to the storage chamber
distills substance to the cool chamber where it
condenses, losing heat to the environment. When as
a result of a temperature drop on the hot side, the
vapor pressure falls below the vapor pressure on the
cool side, the substance distills back into the hot
chamber, supplying heat as it condenses there. In a
sense, the heat is stored in the atmosphere or environ
ment, and removed therefrom when needed, through
the medium of the volatile liquid. This fact intro
duces some advantages and some disadvantages. Once
the substance is distilled from the hot chamber the
chambers may be isolated from each other by a
valve and the hot chamber allowed, at the price of
the sensible heat involved, to cool to the temperature
of the environment. There will therefore be no heat
loss during storage, and the time of storage may be
indefinitely long. Among the disadvantages are the
limitation on the rate that heat can be stored or
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used placed by heat transfer requirements at the
cold end.

In addition, if the heat is stored when the enviro~
ment is warm and used when it is cool, an additional
difficulty appears. During storage, the vapor pressures
of the liquid on the hot and cold sides were the same.
If the environment cools, the vapor pressure on the
cold side drops and no heat can be regenerated until
the temperature on the hot side drops sufficiently
to equilibrate the pressures again. If it is necessary
that the heat be regenerated within the same tempe
rature range at which it was stored, a drop in the
temperature of the environment can reduce or elimi
nate completely the recoverable heat. If, however, a
drop in the temperature of the heat can be tolerated,
all the heat can still be recovered. If, for example, a
collector storage system could be charged from 50
to 70°C, a drop in environmental temperature may
permit recovery of the stored heat only from 35 to
55°C; however, this might still be sufficient for home
heating purposes.

In considering this process, one non-thermo
dynamic but quite plausible assumption must be
made: that a steady state is reached in which equi
librium exists between vapor and condensed phase
in each chamber.

We were able to find sufficient data on aqueous
solution of sulphuric acid (4), sodium hydroxide (17)
and potassium hydroxide (18) for calculation. The
heat of vaporization of water from the solutions
could be calculated from the data for the hydroxide
solutions; it did not differ appreciably from that of
pure water.

We have assumed in our calculation that the cold
side is maintained at a temperature of 20°C, at which
the vapor pressure of water is 17.5 mm. The concen
trations of solutions having this vapor pressure at
the lower and upper temperatures of the storage
range were readily calculated and, from these, the
mass of water distilling could be found.

The influence of the specific heats of the substances
involved on storage capacities have not. been included
in the table: it may be shown to have only a slight
effect on the capacities. .

The results are given in table 1. Tr«- decomposition
of hydrates, ammoniates, etc., prese..i s some different
features. The typical reaction ma- be written.

A . n S = A (n - m) . S + 111 .'~. (vapor)

where A is a salt, S a volatile molecule, and n and m
are usually integers. The vapor, -ressure over a
system where both A'n S and A· (11 fII)S are present
usually obeys an equation of the Iorn

b..H
logeP =K- R i

where b.. H is the heat of the rca-:' ion per mol of
S vapor formed. It is usually grc'It.,·r per mol of 5
than the heat of vaporization of th(' ;.ure liquid S.

Obviously, the larger m is, the g'; .fer the storage
capacity tends to be. CaCl2 forme t ammoniates,
and the maximum number of aru-:: 'mia molecules
formed in the decomposition of any (~ of these is 4,
for the reaction CaCI2• 8NH3 = CaC1.j~H3 +4NH3•

The heat of this reaction is 44 kcal r:..- mol of CaC12•

8NH3. BaCl2 appears to form only v: iC ammoniate,
BaCI2. 8NH3, which decomposes t c }:02 and 8NH3,

with b..H = 72 kcal (18 and 19).
A feature of the aqueous soluticu. considered in

the preceding part of this section is t h.it the pressure
in the system must be maintained cfljJ;aderably below
atmospheric pressure (vapor pre~;o;~,:-e of water at
20°C = 17.5 mm), as the presence ()[ air would slow
down tremendously the rate of transfer of water from
one chamber to the other. Maintaining a system at
pressures much lower than atmospheric may wel~ be
undesirable from an engineering point of VIew.
Using solid ammoniates rather than hydrates makes
it possible to do the storage at pressures near atmos
pheric or above it.

lt should be clear that as a result of phase r~~e
requirements (6), storage in such systems is 1I e
storage by heat of fusion in that the process occurs
at a sharply defined temperature, rather than ~ver
a range, as in storage by distillation from a solutIOn.

We have calculated storage capacities for the de
composition of nine common hydrates based t~n
data in the Landolt-Bornstein tables ~I9) and e
International Critical Tables (18).

Table 1. Storage capacity for distillation from aqueous solutions

Initial concentration, Grams water Mean heal of Storage eapacity in kcal:
Temp. range weight per cent distilling vaporization

non-volatile component per litre per gram per litre per kg

Sulphuric acid

40-60·C 54 242 625 150 104
60-80·C 65 170 675 115 74
80-100·C 73 182 740 98 59

Sodium hydroxide

60-80·C 55.5 802 (570) 172 110

Potassium hydroxide

40-60·C 42 802 (570) 172 122
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Table 2. Storage capacity for decomposition of some solid hydrates

Reactant Solid product
~ H, heal per mol Storage temp., °C Grams 1/,0

of starting ~ H, kcal per kgm t>H, keal per litre
substance

(vap", pressure distilled per litre
= 17.fJ mm) of substanee

BaCI2·2Hp. BaC12• ? 28 115 (360)& 39
CaCI2·2H20 . CaC12·Hp 11.0 75 (165)& 70 270
CaS04·!HP CaS04 5.7 39 (105)" 100 170
LiBr.H2O LiBr 18.4 175 (530)" 103 515
Li2S0 4.H 20 . Li2S0 4 13.1 105 210 56 290
MgCI6·6Hp MgC12.4HP 25 123 186 73 280
Mg(OH)2 MgO 12.5 204 20 45 740
MgS04·7H2O MgS04·6H2O 14.0 57 95 30 122
Na2COa·H2O Na 2COa 13.7 110 170 40 225

a Based on an estimate of density.

Tile hydrates were chosen for consideration, as
there was more data on density for them than for
the .onmoniates. In some cases, the densities could
be estimated, when they were not tabulated, by
comparison with higher and lower hydrates of the
sa1?f~ salt. The capacities per litre based on such
estlF~'ites are shown in parentheses in table 2.
The. heats of reactions were calculated -from plots
of tL~ log of vapor pressure vs. ljT and the storage
capacity per litre from the heat of reaction, density
and molecular weight. A cold side temperature of
20°C was again used.

The method of storage by distillation can thus
be seen, when considered purely from the point of
view of capacity, to offer considerable promise.
Distillation from solutions can in favorable cases
store up to 200 kcaljlitre of solution for the permitted
20°C rise; decomposition of a hydrate can store
up to 500 kcaljlitre of the hydrate. The obvious dis
advantages of such a method are its complexity of
construction and its sensitivity to changes in the
environmental temperature.

Storage by chemical reaction in solution

We wish to consider in this section the possibility
of storage by chemical reaction in solution.

If a system of reactants and products is at equili
brium and the temperature is changed, the system
moves to a new position of equilibrium. A rise in
temperature shifts the equilibrium in such a way
as to absorb heat.

A priori estimations of heat and entropy changes
in chemical reactions are very difficult to make in
condensed phases. We therefore chose a particular
class of reactions-oxidation-reduction reactions
involving ionized species-for survey purposes.
These were chosen primarily because sufficient ther
modynamic data was available to determine readily
the 6.Ho and fi.so of the processes. However, it
is also felt that reactions involving such mole
cular species are likely to show high heats and
entropies.

.As the position of equilibrium shifts continuously
WIth temperature, the total heat of reaction is not
available for storage purposes over a limited tempe
rature range. Rather than calculate the heat absorbed
for a twenty degree rise in temperature, we assumed
that half the heat of reaction could be used for
storage: a rough calculation of the temperature rise
necessary to accomplish this gave values of the order
of 20°C or less.

It was found possible to obtain consistent thermo
dynamic data on fourteen half reactions taking place
in neutral or acid solution (12 and 20). These half
reactions could be combined with each other to
give ninety-one complete reactions. Of these, eight
had temperatures of "equilibrium" (Teq = AHOjASO)
in or near the storage range of 30-200°C. The heats of
reaction per mol of major reactant ranged from 2
to 18 kcal. If 10 mols of reagent could be fitted into
a litre of water, then remembering that only a
fraction of the heat of reaction is available for storage,
one could expect storage capacities of the order of
100 kilocalories per litre.

The thermodynamic properties used in the calcu
lation apply only to infinite dilution. To calculate

. 'the true storage capacities, we would need thermo
dynamic data in highly concentrated solutions of
these substances, data which is not presently avai
lable in sufficient detail. Even in the absence of such
data, there are' reasons for believing that the influence
of concentration on the entropy and enthalpy changes
of these reactions will prevent the achievement of
such high capacities.

The entropy changes are in part associated with
the anomalous properties of water as a solvent, and
can be accounted for on the basis of a model of
water structure as an equilibrium between liquid
like and ice-like regions (21). The sizes and changes of
the chemical species affect the sizes of the ice-like
domains. More detailed considerations indicate that
the entropy changes per molecule of reactant or
product species formed must decrease in concentrated
solutions as the number of water molecules per mole
cule of reactant decreases, and as the temperature
is raised. .
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It seems therefore that the estimate of 100 kcalj
litre for storage capacity is too high. This seems to
indicate that these chemical reactions are not pro
mising. Whether other types of chemical reactions
may prove more useful can only be decided by further
investigation.

Some advantages of chemical rc,ction in solution
are that storage is entirely in a Er. .id phase, simpli
fying heat-transfer problems, am~~hat the rate of
storage of release of the heat can 1" .ilmost as fast as
in storage by sensible heat, as some .:uemical reactions
have extremely rapid rates in cu:xLion.
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Summary

A number of physical and chemical processes
having potential application for heat storage have
been examined from the point of view of the maximum
storage capacity to be expected on purely thermo
dynamic grounds.

The storage capacity of the sensible heat of water
when a 20°C rise in temperature is allowed provides
a reference figure of 20 kcaljlitre or 20 kcaljkgm.

No pure substance among those considered by
us storing heat by melting has a storage capacity
in excess of 100 kcal per litre. There appear to be
many such whose capacities lie between 75 to 100 kcal
per litre. The heats of transitions of hydrates also lie
in this range.

A few solid-solid transitions out of a very large
number examined had storage capacities comparable
to heats of fusion: the highest found was 75 kcalj
litre (KHF2 at 196°C).

Heats of solution of salts forming highly ~?~~
ideal solutions did not - on the basis of a calcula I
on only one salt, but that a very promisin~ onever
show much enhancement of storage capaCIty 0

systems using sensible heat.
Vaporization, being a process of higher entr~r!r

change than melting, appeared to offer grecen_
promise, and this was found to be so: Some c~dered
trated, highly non-ideal aqueous solutions CO~SI and
gave storage capacities as high as 200 kcaljll re~ities
the decomposition of solid hydrates gave cap.a that
up to 500 kcaljlitre. A disadvantage, however,.ISstead
the storage system requires two chambers I~ce of
of a simple insulated tank, and the per~orrn~bient
the system is influenced by changes m a
temperature. of

The shift of equilibrium with ternpera:fJ:red.
chemical reactions in solution was also con
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Capacities estimated for some aqueous oxidation
reduction reactions on the basis of quite naive assump
tions were of the order of heats of fusion. However
there is good reason to belieye that the actual storage
capacity of these particular systems will be lower than
calculated. No general statement can be made yet
a~c:ut such systems until much more data is avai
lame.

The above evaluations have considered only the
maximum storage to be expected if thermodynamic

equilibrium is readily achieved. It follows, there
fore, that in addition to further thermodynamic
data required to evaluate more precisely the storage
capacities, data is needed on the kinetics of the
chemical or physical processes occuring to ascertain
if the rate at which they will store or deliver their
energy is comparable to the rate required by practical
considerations. Equally important are the economic
and engineering considerations that were either passed
over very lightly in this paper or ignored entirely.

QlJELQUES ASPECTS PHYSICO-CHIMIQUES DE L'EMMAGASINAGE DE LA CHALEUR

Resume

Nombre de processus physiques et chimiques
susceptibles de recevoir des applications dans l'emma
gasinage de la chaleur sont examines du point de vue
de la capacite maxima d'emmagasinage aen attendre,
sur la base de considerations purement thermo
dyr.xmiques.

L2. capacite d'emmagasinage que represente la
chaleur sensible de l'eau dont on laisse la tempera
ture' monter de 20°C fournit un chiffre etalon de
20 g;:andes calories par litre ou 20 kilocalories par kg.

I! n'existe aucune substance pure, parmi celles
qu' on a prises en consideration dans ce memoire
sur l'emmagasinage de la chaleur par la fusion, qui
ait une capacite d'accumulation depassant 100 kilo
calories par litre. Il semble y en avoir beaucoup dont
cette capacite s'echelonne entre 75 et 100 kilo
calories par litre. Les chaleurs de transition des
hydrates se retrouvent dans cette meme gamme.

Quelques transitions solide-solide, parmi celles,
fort nornbreuses, qu'on a eu lieu d'examiner, avaient
des capacites d'emmagasinage comparables a leur
chaleur de fusion; la plus grosse valeur ainsi trouvee
fut 75 calories par litre (KHF2, a 196°C).

Les chaleurs de solution des sels, form ant des
solutions tres loin d'etre ideales, n'ont pas revele
d'amelioration appreciable de la capacite d'emmaga
sinage par rapport aux systemes qui s'en remette.nt
a la chaleur sensible, a en juger par les caleuls faits
pour un sel sur lequel beaucoup d'espoir semblait
pouvoir se fonder.

La vaporisation, en tant que processus dans lequel
le changement d'entropie est plus grand que dan~
la fusion, semblait plus riche en pro messes, ce qm
fut confirme, Certaines solutions aqueuses concentrees

et fort loin d'etre ideales ont donne des capacites
d'emmagasinage allant jusqu'a 200 kilocalories par
litre, et la decomposition des hydrates solides fit
ressortir des valeurs atteignant 500 kilocalories par
litre. Elles presentent toutefois le desavantage d' exiger
deux enceintes d'emmagasinage au lieu d'un seul
reservoir calorifuge, et le fonctionnement du systems
est influence par les variations de la temperature
ambiante. .

On a examine le changement d'equilibre des reac
tions chimiques en solution avec la temperature.
Les capacites evaluees pour certaines reactions
d'oxydation-reduction en milieu aqueux, sur la base
de certaines hypotheses fort elementaires. furent de
I'ordre des chaleurs de fusion. On a cependant d' excel
lentes raisons de croire que la capacite d'emmaga
sinage reelle de ces systemes sera inferieure a celle
que donne le caleul. Il est impossible de formuler
des points de vue generaux au sujet de ces systemes
avant de disposer de donnees beaucoup plus nom
breuses.

Les evaluations passees en revue ci-dessus n'envi
sageaient que la capacite maximum d'emmagasinage
a attendre quand l'equilibre thermodynamique peut
se realiser facilement. Il s'ensuit qu'il faut, outre les
donnees thermodynamiques supplementaires qui sont
necessaires pour evaluer les capacites d'emmagasinage
avec plus de precision qu'aujourd'hui, des donnees
sur la cinematique des processus chimiques ou phy
siques en cause, pour s'assurer que leur taux d'ernma
gasinage ou de debit d'e?,ergie. soit ,comparabl~ au
taux qu'imposent les considerations d ordre pratique.
Les aspects economiques et techniques, si rapide
ment traites, voire laisses totalement de cote, dans
le present memoire, sont egalement tres importants.
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SOLAR BUILDINGS IN TEMPERATE AND TROPICAL CLIMATES

Edward Speyer *

If a solar-powered apparatus is to. be operative
during night-time or cloudy hours, It must draw
either on auxiliary energy sources or on energy
stored from previous sunny periods. Thus, in general,
energy storage must be included in the design of solar
energy applications; this is certainly true of solar
houses.

In designing a building heated and cooled by solar
energy, the major problems involve. matching the
parameters of solar energy collectors with those of the
energy storage facility. Some,.if not a~l, of t~e follow
ing six parameters will be major considerations : '

(a) Cost: this is usually figured per unit capacity,
such as dollars per square foot of collector and dollars
per therm of energy storage. '

(b) Space and/or weight of the collector and of
the storage system.

(c) Capacity: collector capacity is the area perpen
dicular to the sun; storage capacity is the number of
calories which can be furnished to, or withdrawn
from, the house.

(d) Efficiency: collector efficiency is the fraction
of incident solar energy which is usefully employed
or put into storage. Storage efficiency is the fraction
of energy previously stored which is still available
after a certain specified storage period. '

(e) Level: collector input level is the intensity of
the incident sunlight; the lower limit is set by what
Tabor (1) has called the cut-off intensity. If the
collector is a quantum device, such as a photo
voltaic cell or fuel cell, the usable range of collector
input levels is a band-width in the electromagnetic
spectrum. Collector output level in ordinary collectors
is the collection temperature, which must be matched
to the use, and to the range of storage input levels.
Usually some adjustment of collection level can be
obtained by controlling the gallons per minut~ ~f

fluid pumped through the. collector. The upper l~mIt

of input storage level WIll usually be determined
by the phase diagram of the storage medium and by
the effect on collection efficiency. The lower limit
of output levels of both collector and storage are
usually approximately the same.

(1) Rate: input rate for the collector is the inso
lation; it is established mostly by the altitude of the
sun. Output rate for the collector is calories collected
per minute; it equal~ the input rate .times the collec
tion efficiency. Maximum storage Input rate must
exceed the maximum collector output rate. The

• American Machine and Foundry Company, Stamford,
Connecticut.

maximum storage output rate ';,llst exceed the
power requirement of the end Wo 0 i.e. the rate of
house heat or cooling demand.

Applications to solar nouses

The over-all problem in using S(I; 0 ~ energy forspace
heating and cooling is to make . solar hou?e pay
for itself in terms of fuel saving, l» ;11 for heatI~g !he
building in cold weather and for "'. ;;i:lg t~e building
in hot weather. This means the ;J"d1tutlOn of solar
energy for fossil fuel, i.e, the fll'!, 'sh~ch is burned
in a home furnace and/or the fll!, .vhich turns the
turbines at an electric power SLl ·,m.

The storage capacity needed fo: :(!ng-ter~ storage
(summer heat for winter use) doe. not reqUire more
than a small percentage of the VO]'1111e of the space
being heated and/or cooled (2). :=llOrt.-term sto~ag)
(night-time and a few cloudy days In successIOn

trequires even less space of cow's,:. The cheapeSt
' . 'bl heaform of energy storage for houses 1,5 as sensi e t

in rocks or water. Water has at least 25 per cr.
higher thermal capacity per unit volum~ than rOhSf
in addition air passages must be I .rovided for ea

, .' I h eas watertransfer to and from solid materia 5, w er t be
has convection. Since the sto.rage.space m;:t not
insulated, it must be at least fairly tIgh~, so t ki it
much additional expense is incurred m ma mg
water-tight. . . t

. water III 0Storing potential energy by pumpmg. lation
a high reservoir elirriinates the need for m~ iency
and apparently gives 100 per cent. storage e Ufor
(more, if rainfall exceeds evaporatIOn losses~ t: the
tunately, a mass of water must be pumpe nergy
enormous height of 427 meters before the e ture
stored equals that of ~ 1°C. rise .in t.emp~~aus~
Moreover, the high efficiency IS an .IlluslOn~chanical
the conversion of solar energy mto. m
energy for pumping the water is ineffiCIent. cl

th d are use,If more sophisticated storage m~ 0 S s storage
such as heat of fusion or of solutIOn:l1le~ higher.
space may be required, but co.sts WI e of heat,
However, if the energy is stored In th~ formrface-to
the, efficiency depends partly on t e s~he type
volume ratio of the tank and partl~ on torage is
and thickness of insulation. If chemIcal ~ ossibly
used the number of input-output cycles, an p affect
also 'the per cent of depletion reached', may
the efficiency. I r house

The efficiency of storage required for a so ale' the
is based on the doubly periodic duty eye .

418
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dally variations in temperature are superimposed
on seasonal (annual) variations. If energy is to be
stored from one season to the next, at least 50 per
cer.t of the energy put into storage must be available
thr:e months later so that late summer heat can be
us' d in early winter. If storage is needed for only
a {"w cloudy days in addition to overnight, the
efficiency requirements, of course, are much lower.
The actual cost difference is not necessarily large,
however, because all that may be involved is reduc
ing the insulation around a tank from 12 inch thick
ncss to 3 inch thickness.

During weeks of peak load (cold wave), the number
of calories required by the house per degree day
ti,;lCS the number of degree days during the cold
wave may exceed the energy collected by an amount
greater than the storage capacity times the storage
efficiency. When this is true, auxiliary (non-solar)
povier must be used. With appropriate definition of
dcc;ree day for cold, a similar relation holds also for
hovse cooling. Gilman et al. (3) found that the compu
tauon of residential cooling load by the degree day
method should use, as the datum temperature,
7[';:: (21°C). For example, a 24-hour day in which
H; average temperature is 85°C is to be counted as
El .legree days. For commercial rather than residential
str.ictures, a lower datum temperature is indicated.

Storage capacity is inversely related to collector
capacity. If heat or cold can be stored for several
weeks, that is, if storage efficiency is sufficient,
collector capacity (area) can usually be reduced.
Storage efficiency by itself, however, has a very

80

slight effect on required collector area. Calculations,
described in reference 2, show that the obvious
advantages of higher storage efficiency tend to be
nullified because it increases the required collection
level (temperature) and thus reduces the collection
efficiency (see figure I).

If air conditioning (space cooling) is the major
interest, short-term storage is all that will be required
in most cases. The engineer has a choice, however,
whether he will store energy to run the compressor,
or whether he will store cold. In other words, during
the sunny periods, the system must operate beyond
the capacity for which it is being used, and the
surplus stored either as heat or electricity for continu
ing the system after the sun has set, or else as chilled
liquid which can be used as a heat sink after the
sun has set. In the latter case, the pumps and fans
must be powered by other means, which could be
supplied by heat storage. Thus, if cold is stored, it
may be desirable to provide also for simultaneous
storage of some heat.

The choice made depends primarily upon storage
level. The biggest problem in solar powered air
conditioning, whether one uses a solar-powered
compressor in a mechanical system or whether one
uses an absorption cycle system, is obtaining energy
at a sufficiently high level. In a mechanical system,
the electric motor must be replaced by a cyclical
heat engine, all of which are afflicted with what
may be called the Carnot curse - the low efficiency
inherent in the formula j)"T, that is to say, nothing
of the much lower operating efficiency reached in
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practice. In proven absorption cycles, such as that
used in the Servel system, collection temperatures
of at least 185°F (85°C) are needed. This means that
in either case the collection temperatures required
.for air-conditioning systems are higher than for
house-heating systems. Thus, if one elects to store
heat for after-dark air conditioning, the storage
level required is considerably higher than if one
elects to store cold.

As can be seen from figure 1, there is a close
relationship between storage level and collection
efficiency. Maximizing the latter is often so important
to the optimum functioning of the solar house that
lowering storage levels (and even lowering storage
efficiency) sometimes surprisingly turns out to
improve the over-all system. A method for calculating
the optimum parameters is given in reference 2.

Rate of storage or withdrawal is not usually a
problem in space heating or cooling, unless heat of
fusion is stored, in which case difficulty may be
encountered with crystallization rates. Otherwise,
storage input rate is determined by the collector,
and storage output rate is determined by the size
of the heat transfer device. The latter will ordinarily
be liquid-to-air, because (a) hot liquid can be used
down to lower temperatures (increasing the energy
?tor~ge capacity) .if used to hea~ circulating air than
If piped directly into room radiators, and (b) circu
lating air lends itself readily to cooling, which usually
will be desired in addition to heating.

Cold vs. hot climates'

Engineering studies of space heating and cooling
have centered almost exclusively around the prob
lems of houses in temperate latitudes.

As pointed out in an earlier study (2), the economic
feasibility of space heating and cooling in temperate
zones stands or falls on the cost of solar collectors
rather tha~ on storage costs. In the tropics, there i~
more sunshme, so that collector areas can be reduced
but as indicated above, the collection temperature
(level) requirement is raised while the storage require- ,
ments, except for level, are easier to meet in warmer
latitudes. Thus, the relative importance of collector
~osts for so~ar houses will be as great, if not greater,
m the tropics than in the temperate zones.

An exception to this may be found in areas where
the night temperatures usually go down to 75°F and/
or the humidity is usually below 60 per cent. Tho
mason (4) has shown that house cooling is feasible
under these conditions, using only the cooling of
water as it runs over the roof at night. In other
words, in areas where heating requirements are
small and the big problem is house cooling, collectors
might become a small item in the system and cool
water storage the biggest expense. This would not
be solar-powered air conditioning, but it could be
combined with solar-powered apparatus for heating
and/or pumping, and the storage system would be
the same as for a fully solar-conditioned house.
Thomason has devised an, interesting two-stage

storage system, consisting of v .: «r in a tank Sur
rounded by a much larger mass (,~ stones, the whole
contained in an insulated bin. iieat is tranferred
from or to the circulated air '.;.1 the stones, which
are cooled or heated by the w;: i .: tank.

However, in most areas, as l:» ',: as solar collectors
cost more than V.S. $3 or $4 per· uare foot, installed
on the site, both house heating .1 r:d air conditioning
will remain best approachc.Ii h rough fossil fuels.
In fact, for all areas which can 1)1' reached readily by
truck, ship or train, fossil fuels r.main so much the
cheapest and most dependable :« '! .rce of energy for
heat, electricity or mechanical \I ork that remote
areas are at the present t ime u.,: ierally more jus
tified in building roads (or ot hcr« i~f' increasing their
accessibility) than in invcstiur heavily in solar
energy equipment which ,.... iII 11(' "bsolete as soon as
roads or railroads are built. 'I'll-' enormous energy
content of a ton of oil or coal, :111'~ the relatively low
cost of shipping fossil fuel alrn ( -.' anywhere in the
world, are the justifications ;. this statement,
discouraging as it may seem fl,~ under-developed
countries. But the penalty for i;~noring such facts
of economic life are far worse i'. ,': for taking them
into account.

The main hope of overcomin.. <uch facts, ~s f~r
as space heating and cooling art' concerned, hes III

the direction of cheaper solar I ncrgy collectors ?f
high efficiency. A break-through in stor~ge costs IS
the less promising road, because storage IS a smaller
fraction of the over-all cost. It is shown III reference 2
that, at prevailing prices in the United States, large
capacity storage would have to become cheaper by
about 80 per cent, Le. by a factor of 5, .b.efor~ sol~~
houses would be economically competItIve m t
Vnited States. If such a break-through were a~c~rr
plished however it would almost automatIc y

" toragemake long-term (several months) energy s I
of large capacity mandatory in solar houses, /
other words, cheap, high efficiency, large capaC1!
storage would minimize the required collector are .

Collectors, on the other hand, need to beco~:
cheaper by only a factor of 2 or 3 in order tOd~'on
solar houses economically competitive. I~ ad ~ticai
as pointed out above, collector efficiency IS a ~r~nglY
parameter, improvement of which pays offsurpr~~use,
in the over-all performance of the solar inly
Therefore, although this paper is con~erned ~:n is
with storage problems, the concl~dlllg.sec. ns of
devoted to describing some recent mvestIgatIo
improved cheap collectors.

Cheap, high level, high efficiency collectors

(5) do not
The usual designs of fiat plate collectors to

generally provide high enough tempe.ratu::lrige_
operate efficient heat engines or absorptIOn trating
ration cycles for air conditioning. Conce~ust be
collectors provide such temperatures, but ble and
made to track the sun, Le. must be mova '11 'yield
hence are expensive. Flat plate collectors;I e glaSS
higher collection temperatures if two or t re
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pt tes are used above the absorbing surface instead
d, single glass plate. Figure 1 shows the effect of
iJ.'· ,-easingthe number of glass plates. The curves cross
n.:.~. the low temperature end of the scale where
F: 'ection losses from multiple sheets become more
siznificant than improved insulation. The calculations
fee figure I were made on the basis of the analysis
given by Hottel and Woertz (6). Details of the calcu
lation are given in reference 7.

The curves for selective black surfaces, suggested
by Tabor (I and 8) show a significant increase in
collection efficiency over conventional carbon black.
The figure gives a typical absorptivity (IX) for solar
energy and for emissivity (e) at normal collection
temperatures for both types of surface. Substituting
a selective black for lampblack has an effect similar
to adding a layer (plate) of glass; however, the selec
tive black gives the greater increase in efficiency;
and does not increase reflective losses.

A further improvement in flat plate collectors can
be made using the principle of the Dewar flask,
that is, using evacuated chambers for insulating
above and below the absorbing layers of the collector.

However, collectors experience large temperature
variations, and the problem of keeping air out of the
evacuated chambers under such conditions, without
making the cost prohibitive, has discouraged inves
tigation.

Recently, our laboratories have been investigating
evacuated flat plate collectors, using designs that
permit sealing the evacuated spaces at the factory.
The collectors are made principally of glass and com
pletely avoid the necessity for pipes containing the
collector fluid to pass through any surface envelop
ing the vacuum. Thus the plumbing problem is
completely separated from that of sealing the eva
cuated chambers.

Figure 2 shows a design of this type. Studies are
in progress on how to mass-produce such collectors
cheaply, and how to install them easily on a house
so that significant saving of conventional roofing
materials is achieved. It is hoped to bring down the
cost below $3 per square foot for collectors which
will efficiently heat liquids to high enough tempera
tures under normal sunny-day conditions to provide
solar-powered air conditioning.
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Summary

Solar energy storage must be designed for the
system of which it is a part, particularly with respect
to cost, space requirements, capacity, efficiency, level,
and rate. The first two parameters have received
much attention, but the last four have not always
been optimized.'

These six parameters are defined and discussed
with relation to house heating and cooling. Storage
capacity is the number of calories which the storage
system can furnish. Storage efficiency is the fraction
of energy put into storage which is still available at
some later period. Storage level is ordinarily the
storage temperature. Storage rate is the power
(e.g. calories per minute) put in, or withdrawn from,
storage. These parameters must be designed to
match, or optimize, similar parameters which are
defined for collectors. Some of the more important
relationships between the twelve parameters are
pointed out, including some which were investigated
in a previously published study.

A comparison is made between the requirements
of solar houses where the major need is for heat and
where the major need is for cooling. The economic
feasibility of solar houses stands or falls on the collec-

tor cost, both in temperate ZOI1' -id in the tropics.
The annual fuel (or electricity)' ings must justify
the total initial extra investment ',;olar equipment;
the greater part of the latter CO~ , that of the collec
tor. For all areas which can I." I .lched readily by
truck, ship or train, fossil fuels ~. .nain so muchthe
cheapest and most dependabuv-ource of energy
for heat, electricity or mechanic:' I work that 'remote
areas are at the present time gCJ11 , lily more justified
in building roads (or otherwise ir I :asing their acces
sibility) than in investing hea \' I. in solar energy
apparatus which will be obsolete '. soon as roads or
rail roads are built.

The most promising line of j , <tigation for the
future appears to be that of Cl , : per collectors. A
new type of evacuated flat-pi . collector, made
almost entirely of glass, is dcscr' rl which uses the
principle of the Dewar flask. T: -vacuated spaces
are sealed at the factory; the Ii, i I flowing through
the collector does not present scaling problem
because the pipes are within, 1 ,10 not penetrate
through, the walls containing the 'llums. It is hoped
that such collectors, mass produ : will be not only
cheaper but also more efficient tha. i .;'cviousdesigns.

BATIMENTS UTILISANT L'ENERGIE SOLAIRE SOUS LES CLIMATS
TEMPERES ET TROPICAUX

Resume

Les dispositifs servant a I'emmagasinage de
I'energie solaire doivent etre organises en accord
avec I'installation dont ils font partie, particuliere
ment en ce qui concerne les frais, les servitudes de
place, la capacite, le rendement, le niveau et le debit.
Les deux premiers de ces parametres ont recu
beaucoup d'attention, les quatre derniers n'ont
pas toujours beneficie du meilleur degre de raffine
ment.

Ce memoire definit et passe en revue ces six para
metres en liaison avec le chauffage et la climatisation
d'une maison, La capacite d'emmagasinage ou d'accu
mulation est definie comme etant le nombre de
calories que le systeme peut fournir. Le rendement
de l'emmagasinage est conditionne par la fraction de
l'energie mise en reserve qui reste disponible a une
date ulterieure. Le « niveau » est habituellement
identique a la temperature d'emmagasinage. Le
debit est une puissance, par exemple un certain
nombre de calories par minute, que l'on accumule
ou que I'on soutire du systeme. Ces parametres
doivent etre etudies de maniere a etre cornparables
ou superieurs aceux, du meme ordre, que I'on definit
pour les co]]ect~ur~. L'auteur attire l'attention sur
certains des pnnclpaux rapports entre les douze

'd . 't' es en revueparametres, ont certains ont c c pass
dans une etude publiee anterieurcment. .

On pro cede a une comparaison entre l~s be~lll~
des maisons qui font usage de l'energie sola~re et o~
la principale exigence est le chauffage, d une. P~~i'
et celles, d'autre part, pour lesquelles ~'~st la ?lr: d;
sation qui compte le plus. La posslblhte pra~l~ 'e
realiser des maisons de ce genre est cOl1:drtr~nnea;
tant dans la zone ternperee quaux troplqu~I~SPde
le cout du collecteur. Les econoI:l1eS al!-nu~fi r la
combustible (ou d'electricite) dOlvent. [usti e re
totalite de I'investissement supplemen~alre9ue rfIire
sente le rnateriel d'utilisation de l:energre lfe~teur:
dont le plus gros element est le prrx. du ~o tteindre
Pour toutes les regions qu'Il est facile d ~ tibles
par camion, bateau ou chemin de fer, les CO?! u: ie la
fossiles restent si nettement la source: enee

g
pour

plus economique et la plus s~re d0!1~ on rsp~Stravail
la production de chaleur, d electnclte o~ ~ I danS
mecanique qu'Il est plus judicieux en .genera ~outes
les regions peu accessibles, de constr~lre d,esde groS
(ou autres voies d'acces) que de prace~er ~ ire qui
placements au titre du materiel a energle. so aut~s ou
deviendrait inutile des que I'on construrt ro
chemins de fer.
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L'orientation la plus fructueuse, pour les recherches
davenir, semble etre celle qui aboutirait a la reali
sce'I(Jn de collecteurs d'un prix plus modique que
CC,i( dont nous disposons aujourd'hui. L'auteur
d{c·-it un nouveau type de collecteur aplaques plates
et; enceinte totalement evacuee, fait entierernent
de verre, qui met en oeuvre le principe du vase de
Dr-war. Les enceintes evacuees sont scellees en usine,

et le liquide qui circule dans le collecteur ne souleve
pas de probleme d'etancheite parce que les tuyau
teries sont logees dans les parois entre lesquelles
regne le vide, sans pour autant les traverser. On
espere que de tels collecteurs, produits en grande
serie, ne seront pas seulement plus economiques que
ceux qui les ont precedes, mais aussi qu'ils auront
un meilleur rendement.
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