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ANNEX 1. 

LIST OF SAFETY PROBLEMS 

1. Pref nee 

A spacecraft carrying nuclear power sources (NFS) 

is required to have reliability for larger than that 

without NFS, in view of the radiological hazards. 

Therefore, safety measured should be taken in each 

phase starting with launching. In Section 2, technical 

problems connected with the safety of t~e NFS system 

are listed. Section 3 mainly lists technical problems 

of the burn-out of NPS in case of a re-entry accident 

.lollowing the failure in transfer of NPS to higher 

orbit or the failure in retrieval of NPS. Finally, in 

Sectior. 4 is listed information on NPS useful for the 

evaluation of the radiological hazards in the re-entry 

accident. It is desirable that each item listed in 

this paper be examined in detail in the near future. 

2. Technical problems connected with the safety of 
the NFS system 

(1) Techniques for evaluating reliability of 
spncecraft carrying NPS 

tFor example, the fault tree method is applicnble.) 

(2) Te~hniques for ensuring safety of NFS 

(i) Compilation And nnalysis of the information 
on accidents 
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(It is useful for evaluation of the safety 
design of NPS to analyse the experiences in 
abnormal phenomena and accidents.) 

(ii) Safety measures at the time of launching 

(Techniques for retrieval of NPS in case of 
the failure of launching) 

(iii) Safety measures in case abnormal pheno~ena 
occur in orbit 

(Techniques for transferring NPS into higher 
orbit or retrieving it in case NPS runs 
abnormal or out of control from the ground 
station.) 

(iv) Plans following the completion of mission 

(Techniques for transferring UPS into higher 
orbit or retrieving it (after fairly long 
cooling time in orbit in case of a nuclear 
reactor)) 

(v) Safety design of NPS 

(a) Safety and shut-down devices 

(Techniques for having safety and shut­
down devices of NPS (nuclear reactor) 
actu3ted directly by abnormal phenomena 
in the reactor core in the orbit phase 
and by the deacceleration force in the 
re-entry accident.) 

(b) Integrity of ambient gas pressure in NPS 

(Techniques for retaining the NPS ambient 
gas pressure within a suitable range 
with high reliability.) 

(c) Nuclear fuel or radioisotope of NFS 

(Use of such materials as will minimize 
radiological contamination of the 
environment in case of accidents.) 

(d) Remote sensing technique for dingnosis 
of abnormal phenomena of NPS 

(e) Behaviour of NFS in case abnormal 
phenomena such as loss of the coolant 
occur. 

I ••. 
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(3) Techniques for predicting lifetime of spacecraft 
carrying NFS 

Techniques for predicting the lifetime or spacecraft 

equipped with NPS to be used in determining the time 

to initiate the transfer of NFS into higher orbit 

or the retrieval of NPS before the occurrence of 

Rbnormal phenomena which are relatively more 

frequent at the last stage of the lifetime. 

(4) Other engineering problems in designing NPS 

(i) Efficiency of heat-to-electricity conversion 
system 

(ii) Effect of the mechanical shock at the time 
of launching 

3. Technical problems related to re-entry accidents 
such as burn-out of N.PS 

(1) Mechanical devices and structure to divide NPS (n\.lcleor reactor) 

into small pieces on an accidental re-entry accident to 

en~bl~ the Nl~ to burn out, in case of a spacecraft launched 

on the premise that the NPS on board will be retrievP.d. 

(2) Burn-out characteristics of NFS 

Elements such RS fuel, moderator, structural materials, 
reactor vessel and radioisotope heat generator 

(3) Criticality in case of NPS falling into water 

4. Informn tion on l~PS useful for the evaluation of 
rndiolo6ical hazards in the re-entry accident 

The following arc hFS information items required to be 

nr.nounced before nccidcntal NPS re-entry for the evalua­

tion of r~diologicnl hazards. 
/ ... 
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(1) Outline of the NPS structure 

(i) 

(ii) 

(iii) 

Composition, size and weight of the fuel and 
reflector elements (nuclear reactor), heat 
generating elements (radioisotope generator) 
and structural elements 

Reactor vessel and out-of-core co~ponents 
strongly irradiated 

Information on neutron spectra; thermal or 
fast reactor 

(2) History of NFS operation 

(i) Thermal and electrical output and neutron 
flux density averaged over reactor core 
volume 

(ii) Operating time from start-up to shut-down 
and cooling time before actual re-entry 

(iii) Build-up of fission products for nuclear 
reactor; and, nuclide and radio-activity in 
curie units for radioisotope generator 

(3) Information on impact time and area 

(4) Size, weight and radiological activities of the 
components of spacecraft carrying NPS expected to 
fall down to the ground surviving re-entry 

(5) Information useful for identifying falling 
materials as fragments of the spacecraft carryin~ 
NPS. 
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ANNEX 2 

EFFECT OF RADIATION . .FROM NUCLEAR POW'ER SYSTEMS 
BUILT. IN THE S.PACECRAF.r ON POPULATIONS 

AND THE STANDARDS OF ICRP 

This paper is dealing with the human cost i.e., 

collective dose equivalent, of utilizing nuclear power 

sources (NFS) as an energy source in a spacecraft and 

with the question whether or not this cost is approved 

rrom a standpoint of the recent phylosophy of radiation 

protection. 

This paper consists of three sections. In the first 

section, the biological effects of radiation and some 

fentures of exposure to radiation from NPS built in space­

crafts are described very briefly. In the second section, 

approximate estimates of dose equivalent due to NPS are 

calculated for ·three assumed typical cases. In the third 

section, problems involved in the use or NPS in spacecraft5 

are pointed out based on the above-mentioned calculated 

dose an<i the standards of International Commission on 

Radiation Protection. 

1. Biological effect of radiation and some feature3 
of exposure to NFS radiation 

Radiation may cause various types of biological eff~cts. 

The radiation effects can be divided into the ncute effP.ct 

and the lnte effect from the lene;th of latent period between 
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exposure and appearance of the effect. The effects can be 

classified into the somatic and th~ genetic, the formnr is ex-

pressed in the exposed individual and the latter exprAssed in his 

descendants. A convenient method of classification from 

the recent -radiation protection principle is to devide them into 

stochastic effects and non-stochastic effects. 

Sto~hRstic effects are those for which the probability 

of an effect occurri~g, rather than its severity, is 

regarderl as a function of dose without threshold. Genetic 

effect as well as radiation carcinogenesis are regarded as 

being stochastic. Non-stochastic effects are those fo~ 

which the severity of the effect varies with the dose an<l 

for which a threshold occurrs. Cataract of the lens, non­

malignant damage to the skin and cell depletion in the bone 

marrow are examples of non-stochastic effect of radiation. 

Thus, the facts that radiation exposure causes extremely 

serious diseases such as cancer and genetic defect and that 

the relationship between the probability of such effects 

and dose remains down to the lowest dose level,distinguish 

radiation from other factors, such as chemical pollutants, 

which cause deletarious effect and for which thrcRholds are 

usually ansumed to occur. As to stochastic effec~ we do not 

have a corroborative evidence to show that there exintn 

linear relationship between the risk and the dose even within a 

few rems or less, and then the above-mentioned pri.nciple of 

the linear relationship without threshold may well ba called 

a conservative hypothesis for tlrn radiation prf)tection purpose. 
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When we use NPS as an energy source in a spacecraft, how 

are we exposed to r•adiation due· to NPS? Two types or NFS 

which can be radiation sources have already been used. One 

is a radio-isotope (mainly 23 ~Pll) power eenerator and the 

other is a fission reactor generator. Exposure modes vary 

accordini; to its radiation source. These UPS built in 

spacecraftn might cause very small exposure if the operation 

of the spacecraft could be controlled normally. However, 

the possibility of radiation expoaure cannot be denied, 

because the spacecraft may be subject to an accident or 

emergency case which may take place during launch and after 

achieving spacecraft orbit. Re-entry of spacecrafts under 

uncontrolled condition i.s the most likely ncc.ident anc! the 

results may ue classified fundamentally into three car,es. 

The first is the case of complete burn-out of NFS in the 

ntmosphero causing global contamination with radioactivity. 

SNAP-9A was the cnse. However, an estimation shows that complete 

burn-out of the reactor is unlikely. The second is the 

imcomplete burn-out of NPS ond ti1e radioactive materinls 

come down to rest in local area, like in the examplP. of 

Cosmos 954. The thi:rd i.s the intact NFS touching down on 

land anrl ht1co1:iing an external radiation source. Of course, 

nn.nv ot,her variations of these cases can be cons.i.derc'i • ., 

As the result of thP.se c·nses, the following three bo~ic 

mode 3 of exposure CRJl i)e conr;idered; (1) internal e:{po~urc 

by inhi:ilation of nirbornc r,dion.ctive aerosols whict arn 

I ••• 
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released and burned-out in atrnosphere,. (2) internal cxposur·e 

by .lngestion of foods and water conta~inated with released.­

r:idioact i vi Ly, and (3) ,:-x!:ernal expo~ure to direc1. g:.tnma 

radiation from the ~ources. 

2. Population dose from NFS 

Rad int ion dose recf?i ved by thP. worlcl popul::1tion or ea.ch 

indi vi chwl followinf~ the re-entry of UPS built in the space­

craft is calculated below. The readers should keep in 

mind that o~ly typical cases are adopterl and that mnny 

assumptions are intro<lllced for simplifying the calculation. 

Therefore the results might be approximation. 

Case 1 Population dose clue to complete atmospheric burn­
out of radioisotope ( 238 Pu) power generator 

We assume that a spacecraft with n battery contnining 

10,000 Ci J.Jf Pu re-entered and burned out in the .atmosphet'e. 

Vapori~ed ~38 Pu is supposed to spread all over the world. 

The collective dose equivalent commitment due to thin 

radiation source io calculated a3 follows. The principal 

dose calculation is based on the report of the United Nations 

Scientific Co~mittee on the Effect of Atomic Radiation. 

~SCEAR, reviewing radioactivity survey data publish~d in 

variouo countries, calculated the dose factor between 

atmospheric inventory of 231 Pu from the past nuclear tests 

and the collective dose commitments to the lung and to bone 

lining cells to be a~ order of 10 person-rad per Ci. As~umin~ 

that this dose factor cnn be npplied for 231 Pu, the population 

10,000 Ci x 10 person-rad Ci-l = 100,000 person-rad. 
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Almost all. of tnis dose commitment is caused by alpha , 

radiation from th_e, ,~39 Pu. Since the appropriate measure 

for ,risk estimation due·to radiation exposure is dose 

equivalent rather than a9sorbed dose.,._~ is necessary 

to be converted into rem. Taking the errective value of -
the quality factor of _alpha particle to be 20 from ICRP 

Publication 26, the population dose equivalent is 

100,000 person-rad x 20 = 2000,000 person-rem. 

The world population is rou5hly estimated to be.5 x 109 • 

If the population dose equivalent commitment can be 

divided meaningfully by the present world population, the 

average individual dose would be nearly 0.4 mrem. According 

to the ICRP Publication ?.6, the risk factors based upon the 

estimated likelihood of inducing fatal mali&nant disease 

for lung and l>one are 2 x 10-5 rem-l and 4 x 10-6 rem-l, 

respectively. This means that the exce5s risk by lung 

cancer and bone cancer due to 0.4 mrem after atmospheric burn­

out of a spacecraft with 10,000 Ci ·a.JI Pu generator is 

·ax 10-9 and 1.6 x 10-9 , respectively. 

Case 2 Population dose due to atmospheric burn-out 
of fission reactor 

Population dose due to atmospheric burn-out of the 

fission reactor built in a spacecraft at re-entry into 

atmosphere can also be cnlculatcd bc1sed on the do~e fnctors 

which npJH?ar in the IBiSCEA.R report. Assuming that the 

thermal output of thP. reactor is 100 KWT and thnt the space­

craft re-enters immediately after 1 year operation, the 

I ••• 
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inventory of fission products in the reactor is roughly 

500,000 Ci. Major radioactivities which constitute major 

part of human exposure are as follows; 

85 Kr 2 X 101 Ci, 

89 Sr 4 X 103 Cit 

90 Sr 1 X 102 Ci, 

106 Ru 2 X 102 Ci, 

137 Cs 1 X 102 Ci, and 

144 Ce 3 X 103 Ci. 

Using these values and the dose factors cited in the IDiSCEAR 

report for these radionuclides, the world population dose 

commitments due to this radiation source can be calculated 

to be almost 10,000 person-rad. Since the almost all or this 

dose is due to beta and gamma ray radiation for either or 

which the quality factor is unity, 10,000 person-rad means 

10,000 person-rem and the average individual dose is roughly 

0.002 mrem. In the Publication 26 the ICRP concludes that 

the mortality risk factor for radiation induced cancer is 

-4 about 10 per rem, as an average for both sexes and all 

ages. This mean~ that the excess risk for an individual is 

2 x 10-lO after receiving 0.002 mrem from the atmospheric 

burn-out of a 100 RWT fission reactor generator. 

Case 3 Exposure to direct radiation from a fisoion 
reactor ~enerntor 

When a fission reactor generator built in a spacecraft 

re-enters into the atmosphere and reaches on the earth without 

burn-out or crash, people in the neighbour of the reactor 

I ••• 
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receive di1·ect gamma radiation from the fission products in 

the reactor. The following assumptions are made in the 

calculation. Thermal output of the reactor is 100 KWT. 

The reactor have been operated for one year and about 

500,000 Ci of fission products are accumulated in the 

reactor immediately after the shutdown of the reactor. 

Uranium content of the reactor core is 50 Kg. All of the 

fission products are at the center of the core. Beryllium 

reflector is 15 cm thick. Gamma ray fraction of the radio­

activity is one third. Average energy of the gamma ra:y 

from this source is 0.5 MeV and the exposure rate at 1 m 

. 0 5 Rh-l .-l apart from the source 1s • Ci • Using these para-

meters, the expo~ur~ rntes at 1 m, 10 m and 100 m apart from 

the center of the source which lies down on the earth can be 

calculntf!cl to bP. 315 Rh-1 , 3.15 Rh-l, 31.5mRh-1 , respectively. 

Radioactivity of fission products in the reactor decreases 

rapidly. The decreasing rate i~ very high at earlier phase 

after the shutdown and becomes lower with the elapsed time, 

i.e., about 2 weeks after the shutdown the radioactivity 

becomes about one tenth of the initial value and it r.eaches 

less than one hundredth at one yea::: after the shutdown. 

Taking account of the decrease of the radioactivity, it can 

be estimated that people should not live within 367 meters 

from the source in order to avoid radiation dose at the 

level of 500 mrem per year which corresponds to dose limit 

to a member of the public. In this connection the population 
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density for Japan is about 300 person pe; Km2 and that for 

Tokyo is about 5,300 person per Km2• Owing to this rapid 

decrease of radioactivity, it can also be estimated that 

the exposure rates at 1, 10 and 100 meter apart from the 

source which has lied down on the ground for one year since 

the shutdown of the reactor are 3.15 R/h, 31.5 mR/h and 

0.315 mR/h, respectively. 

;. Questions related to the use ·-or NPS from the viewpoint 
of ICRP standards 

According to the ICRP Publication 26, the aim or 

radiation protection should be to prevent detrimental 

non-stochastic effects and to limit the -probability of 

stochastic effects to the acceptable levels. In order- to 

achieve this aim, ICRP recommends a system or·dose limito~ 

tion,. the ~Ri.n features of which are as follows: a) no 

pr~ct:ice r,hall be adopted unless its introduction prorltices 

a positive net benefit (Justification), b) all exposure 

shall be kept as low as reasonably achievable (ALARA)(Optimi­

zation) and c) the dose equivalent to individuals shall not 

exceed the limits recommended for the appropriate circumstance~ 

(Dose limits). At this statement we shnuld recocnize that 

the dose limit, of which numerical value such as 5 rems or 

500 mrem per year ts so fru:ious, is merely one or the factoro 

which constitute the system of dose limitation widely accepted 

as a fundamental principal of radiation protection. 

:~should be additionally commented that ICRP recognized 

two exposure conditions, of which one has the measures to 
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limit the human exposure and the other has not, while the 

system of dose limitation by ICRP is applicable only to the 

former case where the human exposure will be caused b:,­

controlled radiation sources. On the other hand, the exposure 

by NPSs in spacecrafts is no~ necessarily limited because of 

its accidental occurrence as described in the section 1. 

Hence, it could be considered that the system of dose 

limitation is not appropriately applied to the exposure to 

radiation from NFS in space. 

When we dare to judge the use of NFS in spacecrafts 

from the phylosophy of ICRP mentioned above, there exist 

some problems and difficulties. Alternatives such as solar 

cells are available in practically all space miss~ons except 

special missions such as Voyage mission. The most important 

problem involved in the use of NFS in spacecrafts exists in· 

the fact that individual persons or the public of most 

countries other than the launching country have likely to 

bear undue risk without accepting benefit. 

In the case of cocplete burn-out of either a plutonium. 

generator or a fission reactor generator, the calculated 

individual dose equivalent is certainly far below the dose 

limit (500 mrem per year) recommended by ICRP. However, 

w~ should recognize that the world population collective 

dose is condiderably high. When highly radioactive frag­

ments pass through atmosph~re and touch down on the earth, 

the occurrence of radiation exposure near dose limit can be 
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supposed. In the Case~ described in the previous section, 

some persons are likely to receive dose equivalent larger 

than the limit, moreover if reflectors on a spacecraft are 

detached, the dose will be rather higher. The evacuation 

of the people from a considerably large area may be needed, 

and this will be a very difficult problem in the populated 

area. From a standpoint of protective actions against 

accident, NPS built in a spacecraft is in very special 

situation where the technological as well as spacial assur­

ance for safety is extremely difficult. 

/ ... 
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ANNEX 3 

A NOTE OU SATEL:iITE'S ORBIT AdD RE-ENTHY 

1. Introduction 

Spacecrafts are susceptible to various kinds of forces 

in orbits. Dt.\e to.the forces, a spacecraft decays the 

altitude and finally re-enters into the atmosphere, and 

there it may disintegrate and be dispersed mi~utely and/or 

may crash against the earth in one or more.pieces. 

Accordingly, it is important to make an accurate prediction 

or the orbital lifetime and re-entry trajectory of-the 

spacecraft in order to prepare for the accidental re-entry. 

It is very difficult to predict accurately the spacecraft's 

decay date some months or years ahead. The reason comes from 

the difficulty in predicting accurately the primary forces, 

which chane;e the orhital elements of the spacecraft. The 

forces, which cause to change the orbital elements of the 

spacecraft, are listed as follows: 

(1) 

(4) 

(5) 

perturbative influence of the earth's asphericity, 

gravitational attractions of the sun and the moon, 

solar radiation pressure, 

aerodynamic forces, and 

artificial forces such as result from on-board thruster 
firing and/or out gassing. 

The perturbative effects of the forces due to the items 

(1), (2) and (3) are well-known with certain accuracy. The 

effect of the item (5) can be well estimated if information 

I.· .. 
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on the spn~ecraft syntem is available. Aerodynamic forceo, 

the item (4), are ·the most important for the accurate 

prediction of the orbital lifetime and re-entry trajectory. 

Aerodynamic forces acting on a spacecraft depend 

strongly on the .atmospheric density. The predition of the 

atmospheric density, ·therefore, is important for that of the 

orbital Jifetime and re-entry trajectory. An orbital lifetime 

of n spacecraft with_ perie;ee heig:,t above 300km is measured 

by months or years, and it is needed to predict accurately an 

averaced air density profile through the lons lifeti1:1e. 1'he 

lifetime of near-circular orbit with perie;ee heip;ht below 

300km is meas\.rred qy hours or days. It becomes important 

to predict accur.ately the date and hour of the initiation 

of re-entry and the re-entry trajectory. In the latter 

case, it is needed to predict accurately the local variation 

of the atinospheric density and the motion of the upper 

atmosphere. Aerodynamics at these lower altitudes is in 

so called "transition regime". Aerodynamics in this ree;ime 

{s important for the prediction of re-entry trajectory. 

It is, however, one of the most difficult problems of 

today's space science ru1d technolo6J to estimate accurately 

the :ierodyn~.ic forces 'in the transition regime and to 

predict the future variation of the earth's atmosphere. 

In this paper, the current state of the art of nt1.1dv of .. 
the atr:iosphere is described in the second section, and that 
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of aerodynamics of free molecular and transition regime is 

in the third section. -In the fourth section, some.problems 

of improvine; the Rccuracy of orbit determination (OD) and 

orbit prediction (OP) by.satellite tracking are discussed. 

'l'he so-called "burn-up and dispersion in the atmosphere" 

of faliine; components·by aerodynamic heating during re-entry 

is discussed in the fifth section, remarking reflectors -of 

space nuclear reactors. Finally, an impact or attaching 

re-boost system or re-entry control system on spacecraft 

design is discussed~ 

2. Earth's ~tmosphere and its global motion 

Until densities in the 4pper atmosphere beBan to be 

measured by sounding rockets, very little ~as known about 

the atmosphere above 100km, where orbital lifetime of 

spacecraft strongly depends on the densities. Since the 

first artificial satellite was launched in 1957, many 

atmospheric models l1ave been presented by drag measurements 

from the orbital decays of the satellites. The early 

models have been static; i.e. they do not vary with time. 

It has been known since 1958 that the density of the upper 

atmosphere experiences larBe variations. Jonweiler1) et al. 

su~Bested that these variations were correlated with sola~ 

activity. Many efforts to correlate the density fluctuations 

with an index of solar flare activity have been -done. In 

the course of this investigation, Paetzold2) et al. discovered 

/ ... 
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the annual and semi-annual variations of atmospheric density. 

In the meanwhile, Harte1s3) et al. had predicted and 

Jacchia4) had discovered a variation in density correlated 

with e;eomngnetic disturbance. With the development or a set 

of theoretical models by Nicolet5) in 1961, the construction 

of model atmosphere took a new turn. jicolet assumed that 

the density could be represented as a function of a sip5le 

parameter, temperature. This assumption, together with the 

assumption of fixed boundary conditio·n at 120km and diffusive 

equilibrium above 120km, enabled IUcolet to carry out the 

most complete theoretical calculation undertaken up to that 

time. rUcolet 's methods strongly influenced the subsequent 

works. 

The current knowledge of the earth's atmosphere is as 

follows: The absorption of solar ultraviolet radiation in 

the earth's upper atmosphere causes the neutral gas temperature 

to increase monotonically with altitudes above a temperature 

minimum near 80km. This upper region of the atmosphere is 

called the therrnoi:,phere, and as a result of the photoionization 

produced by. solar :ruv ( extreme ultraviolet) absorption, a 

plasma, called the ionosphere, pervades the thercosphere. 

Because heat radiat;ion losses are relatively small above 

100l(m, and because the thermal conductivity of the 

atmosphere is relatively insensitive to gas density, the 

temperature gradient at a given height is nearly proportional 

to the energy absorbed above that height. Thus above 
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approximately 20km, where the remaining atmosphere absorb.s 

very little, the neutral pa!'ticle temperature approaches 

an asymptotic value between 600K and 1500K dependine; on 

solar activity. 

Up to 100km the atmosphere is quite well mixed. lf2 

and 02 make up the bulk of the mixture in a ratio to ·each 

other near that at ground level. Above 100km molecular 

diffusion begins to dominate the atmospheric mixing which 

is generated oy internal gravity waves that propa~ate into 

this region from below. i1olecular diffusion ( the dif.fusion 

velocity increases inversely with the atmospheric density) 

tends to allow each species of ~as to behave independently, 

and in particular to have its own scale height. Thus light 

gases like helium become relatively enriched with increas1ng 

altitude above 100km, whereas the opposite happens to heavy 

gases like arcon and nitrogen. 

Solar ultraviolet radiation in the thermosphere 

photorlissociates molecular oxygen, and the resulting oxy6en 

atoms can recombine efficiently to reform o2 molecules only 

at the heiE,;her·pressures below 90km. Dissociat::..on drives 

an internal convection pattern, \·rith o2. diffusing upward 

into the thermosphere where it is dissociated, and with 

atomic oxy~en diffusinG downward to where it can recombine. 

Considerable atomic oxyuen resides in the upper atmosphere, 

and. it is the dominant 5as above 200km. 

/ ... 
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If no vertical transport took place, nearly all the o2 

nbove lOOk:n would dissociate in about a week. Similarly, 

without ultraviolet· absorption and its associated 

fbotodissocia tion, most of the atomic oxye;en. would recombine 

in a few days. Yet curiously the winter polar reBion, which 

receives no ultraviolet radiation for months, has its full 

measur~ of atomic oxy~en. A massive ~loval. horizontal 

transport· in the upper atmosphere must move gas from the 

summer to the winter hemisphere. High altitude winds also 

flow from the dayside to the nightside. The sea.sonal 

transport causes other effects in the atmospheric composition. 

As previously mentioned, the atmosphere is relatively richer 

in helium at high altitudes, thus high altitude winds blowin~ 

from the stl!Illller to the winter hemisphere transfer an excess 

of helium there. The resultant "winter helium bulge" has 

helium concentrations up to an order of masnitude lare;er 

than over the su.."lJTler pole. These same winds raise the 

ratio of atomic oxycen to moleculnr nitrogen in winter. 

Hydroeen plays a rather specialized role in the upper 

atmospher:-e. The sm':111 amounts of water, hydrocarbons, and 

H2 in the lower atmosphere are continuously transported 

upward where they are photochemically dissociated near 100km 

into atomic hyaro~en, which then diffuses upward in the 

thermosphere at an average rate near 108 atoms/cm2sec and 

ultimately escapes the earth's gravitational field at the 

, ... 
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same rate. The therrnosphere stores only a few days• 

supply of hydrogen. Several transport mechanisms remove 

or aqd hydrogen locally at a rate comparable to its escape 

rate. iirstly, hydrogen moves laterally at great heiGhts 

from hotter to cooler regions. Secondly, it changes to 

n+ by charge exchange with o+ on the dayside (due to an 

Accidental resonance or equality in ionization potential 

for. o· and H), and accumulates in a huge reservoir above the 

normal ionosphere, then converts back to Hat night by the 

reverse charge exchange process. Thirdly, the more energetic 

atoms in the thermal distribution can escape the earth's 

gravitational field directly, and lastly, the H+ ions formed 

by charge exchange at high latitudes can flow out into the 

earth's maenetic tail and be subsequently lost, or perhRps 

be returned as auroral protons. The actual mix of these 

effects is poorly known. 

Based on these knowledges, more refined atmospheric 

models are presented G), 7). The prediction o! orbital 

lifetime of spacecrafts, however, needs the future variation 

of air density. This needs consequently the future variation 

of solar activities and geomagnetic disturbances. These are 

by far the lnrgest sources of error, and are very intractable. 

Fit.5. l shows the vat'iation of density with height by 

day and by niBht at a typical sunspot maximum and minimum. 

At altitudes near 600km the density varies by a factor or 

, ... 
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20 during the sunspot cycle, with.corresponding changes in 

spacecraft decay rates. At present neither the intensity 

nor the date of a sunspot maximum can be predicted accurately, 

so lifetime estimates can only take account of solar-cycle 

variations in a very approximate way. If a spacecraft is 

expected to remain in orbit for several solar cycles, a 

mean density over R solar cycle is used. For a spacecraft 

which is not expected to remain in orbit for more than a 

fraction of R sola~ cycle, a mean density during the remain­

ing lifetime may be used. This is extremely difficult to 

estimate, particularly at solar minimum, when it is not 

known how soon the solar activity will begin to increase. 

It should be emphasized, however, that the avera~e density 

in the future may differ grea~ly, pa:·ticula-:.·ly if in the 

next 50 years there is a period of low solar activity akin 

to the "Maunder minimum" which occured between 1640 and 1710. 

The day-to-night variation in air density is not so 

large a~ the solar-cycle variation, as Fig. 1 shows. But 

the maximum daytime density can exceed the minimum night-ti~e 

density by a factor of up to 5 at 500km altitude, so that n 

lifetime calculated from the perigee density at the night­

time minimum can be in error by a factor of 3 if the perigee 

later exi;eriences the average density. The day-to-night 

variation is somewhat intractable, because even the curren~ 

loca~ time at peri3ee is not r~adily avail~ble nnd needs to 

/ ... 
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be calculated; its future variation is not accurately 

predictable, b~cause it depends on the rate of decay, which 

itself depends on the variation of local time. 

In addition to the wide variations shown in Fig. 1, the 

air density undergoes a fairly reBUlRr semi-annual variation 

with maxima usually in April and October, and minima usually 

in Janunry and July. Although the variations are smaller in 

runplitude than the solar-cycle and diurnal effects-the factor 

or variar.ion is abo:.it 1.6 at altitudes near 200kn increasing 

to about; at 500km-the semi-annual variation is more 

importR.nt .for lifetime estimation (a) because it .extends down 

to 1.50km A.ltit·1de without much diminution, and (b) becausP. 

the three-month inte1·val between maximum and minimum 

introduces considerable errors into the most important 

'ifetime estimates, those of between two and six months. 

The semi-annual effect varies from year to year in amplitude 

and phnse, and cannot yet be predicted accurately. A 

standard variation ia ~iven in modern atmospheric modelsG), 7}. 

The tnermosphc-r·e has tides which solar heating drives. 

Powerful c;ro'.lnd-bnsed backscatter radars have neasured 

peri.odic daily chanr;es in the Bas ternperat11re below l;,Okm 

with very lartue runplitndes. The daily temperature varl,,tion 

at l15km above Puerto :Uco matches annual temperature 

variation at Ground level. Hadar data from several locations 

have shown tidal winds at this same altitude in winter c;reater 

/ ... 



-26-

than 180m/~ec, which conside:rably exceeds· the highest ; 
. J. . • 

surface wind velocities ever recorded. The "weath~.rtt at 
,. . '' . '' ... '. 

these and hic;he_raltltudes, superposed on the tides,. 

takes the form of random-phase intern_al gravity waves with. 

wind velocity and tempe:rat~re _chan(;es o.r ~he same order as 

those due to the tides. Mass-spectrometers on Atr.iosphere 

Explore reveal a "noise level" of nearly -tlOf in the 

concentrations of individual gases over scale sizes greate~ 

than a few hundred kilometers. The concentration chaf1Bes, 

for heavy and light e;ases are usually oat of phase. 

The tidal motions of the upper Rtrnosphere are superposed 

on an overall Atmospheric rotation which appears somewhat 

faster than t;hat of solid en·--th. The cause of this 

superrot.ation and its dependence on latitude and altitude 

remain poorly unders t;ood g). These irre~1lar day-to-dny 

effects mllst be re~arded o.s ln1·t:5ely unpt"edictable at pr~scnt, 

although some of tile likely variations may be partially 

predictable from the 27-day recurrence tendency in solar 

activity; forecasts of solar activity and geomagnetic 

disturbances up to three days ahead are made daily by the 

USAF Geophysical Warning Center. The skilled 1,redic1;or wi:11 

take advantage of any available information or this kind, 

wh.:.ch can be most useful for decay predictions at the very 

end of a spacecraft's life R.nd for ~he prediction or. re-entry 

traJectory. 
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,. A~r<>~ynamic co!fficients-which affect .the accurate pre­
diction of orbital decay and re-entr,y trajectory 

Be'low altitudes about· 'iob . km where a: . spaceraft begins to 

fall to the ground, the eptimation ot. aerodynamic for.ca. becomes 

very important to predict accurately the itdtiation·of falling 

and re-entry trajectory. When the centrifugal force loses 

a balance to the gravitational force due to drag force, the 

spacecraft begins to fall to .the ground.· Before that time 

and above that altitude, orbit-type calculations could be 

applied. After that time and below that altitude, the re-entry 

trajectory of the vehicle is affected by dominant aerodynamic 

forces and gravity force. Assuming a spherically symmetric 

atmosphere and a spherically symmetric earth, descent would 

occur in a meridian plane in the absence or lateral forces. 

This confines the problem to one of two dimensions for which 

polar co-ordinates (r, 8) are convenient. The velocity 

components of the vehicle are (v-,") respectively as shown 

in Fig. 2. The equations of motion of a spacecraft are as 

follows: 
e,hr .. q 

- [{T"- <.1 

du t.u.r -rr -r· 
where 

L . 
' 

, ... 
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reference area of re-entry vehicle, 

lift coefficient, 

drag coefficient, 

local value of gravitational acceleration, 

mass of vehicle, 

reference wetted area, 

resultant velocity; J u.2 + pi. , 

density or free stream, 

!light-path angle relative to local horizontal 
direction. 

The prediction of re-entry trajectory can be given by solv­

ing the e~uations (;.l) with initial conditions. The initial 

conditions are the time and the position at the initiation ot 

falling. It is already explained in the previous section 

that the accurate prediction of the initiation can be hardly 

expected due to uncertainties of predicting future variation 

of air density. It is also explained in this section that 

the accurate estimation of aerodynamic coefficients, \...t. and 

"" (b, is difficult. Consequently, this causes a larger error 

in the prediction of re-entry trajectory. 

Atmospheric mean free path for altitudes between 80 and 

240 km, as given by the US Standard Atmosphere, 1962, is 

shown in Fig. 3. The estimation of aerodynamic coefficients 

is a problem of fluid mechanics. Comparing a characteristic 

/ ... 



-29-

body dimension with molecular mean free path, modern fluid. 

mechanics is classified into four regimes. At very high 

altitudes, the atmosphere becomes so rarefied that it no 

longer behaves like a continuous fluid. The dimensionless 

parameter called the Knudsen number, Kn, has been introduced 

to serve as a criterion for determining the relative importance 

of these rarefaction effects. 

i\ 
Kn= Id (3.2) 

where A is the molecular mean free path and dis a relevant 

characteristic dimension of the flow field. The Knudsen 

number is expressible in terms of the more familiar moduli 

of aerodynamics, the Mach and Reynolds numbers, as 

Kn = 1.25.ff- ..lL (3.3) 
Re 

whereo is the ratio of specific heats. The rarefied gas 

dynamics deals with flows in which Kn is not negligibly 

small. 

In a flow field where molecular mean free path is 

smaller than the boundary layer thickness,£, molecules 

collide many times with one another in the boundary layer. 

In this case, flow field in the boundary layer can be 

approximately dealt with as that of continuum by modifying 

the wall condition. This is called "slip flow". Here the 

relevant characteristic dimension of the flow field is 

/ ... 
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the boundary layer thickness, E', for large Reynolds numbers 

or the body dimension, d, itself for small Reynolds numbers. 

Since one has ~/d "'-- !,j{~ , at least two different Knudsen 

numbers, /\/5 , or A/ d. , are appropriate for characterizing 

the slip flow regime, and 

k M 
n.s -- J Re. (;.4) 

In a flow field where Kn is very large, the basic 

phenomena and theoretical approaches for this flow are 

significantly different from those for continuum !lows. 

This is called "free molecular flow". The flow regime 

intermediate between slip and free malecular flow is known as 

the "transition flow regime". It corresponds to densities 

for which the mean free path has the same general order of 

magnitude as the characteristc dimension of the flow field, 

where collisions among molecules and interaction of incident 

molecules with a surface become samely dominant. 

Tsien10) has classified approximately the flow regimes 

as follows: 

continuum flow : f',1 /J Re < C,D I 

slip flow : fl.[, I < M/JRP <::::... 0' I 

transition flow : lJ, 1 <. ~"f/ JF.c. ) ~-I/RE.< 1D 

free malecular flow : ., C .-:..:_ tf re 

/ ... 
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These flow regimes, together with the equivalent altitudes 

corresponding to a characteristic dimension of one meter are 

indicated in Fig. 4. The aerodynamics which governs t~e motion 

of· a spacecraft at the very end of the orbital lifetime and 

that along the early trajectory of re-entry is in the flow 

regimes of free molecular flow and transition flow. 

In free molecular flow the interaction of the molecular 

flux with a surface is formulated on the basis of coefficients. 

The coefficients relate the extent to which the properties ot 

the incident flow are accomodated to the conditions of the 

surface, as well as the nature of the re-emission flow pattern. 

These coefficients are the surface reflection coefficients for 
I 

tangential and normal momentum (~, ;1\..), and the thermal accom-

odation coeffienct (CX ) : 

) 

where C::. is the tangential momentum, Pis the normal momentum, 

dE is the energy flux. Subscripts~: incident on the surface, 

r: re-remitted from the surface, w: re-emitted if all incident 

molecules were re-emitted in Maxwellian equilibrium with the 

surface. When these coefficients are zero, there is no energy 

or tangential momentum exchange between the incident stream 

and the surface, and the reflection is said to be specular. 

When these coefficients have the value or unity (o{=c:1'-=1--'=l.O) 

the molecules are re-emitted randomly, and in complete thermo­

dynamic equilibrium with the surface; where upon the reflection 
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process is said to be completely diffuse. Most of the 

actual interaction is intermediate between them, which is 

said to be partial~y diffuse, as explained in Fig. 5. 

The coefficients depend on the direction and the intensity 

of incident flux, and the properties of a surface material. 

Aerodynamic coefficients, CL, and CD are closely related 

to these reflection coefficients. Unfortunately, the 

reflective properties of a spacecraft's surfaces vary 

in its long lifetime due to the influence of space 

environment. The uncertainty of LL and Lp in free 

molecular flow primarily comes from that or the proper­

ties·. 

In transition flow regime, theoretical treatments 

are presently limited only near free molecular and near 

slip flows and do not cover the whole transition regime. 

Experimental results are rather limited .:.n this flow 

regime. Even for the simplest shape such as sphere, 

an error of experimental and theoretical results is 

hardly better than: 10% as shown in Fig. 611). It 

can be easily understood that for a spacecraft more 

complicated in shape an accuracy of the estimation of 

aerodynamic coefficients is worse than that for a sphere 

in the transition flow regime. The accurate prediction 

of the re-entry trajectory is therefore very difficult. 

/ ... 
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4. Evaluation of existing methods for orbit 
determination and prediction 

It is already d i.scussed in the previous sect .i ans 

that the accurate prediction of a spacecraft decay date 

and re-entry tra,jectory some months or years ahead is 

intractable because the prediction of future variation 

of air density and the accurate estimation of 

aerodynamic forces in transition flow regime are 

difficult. ThcrP- is a possibility, however, for 

improvement in accuracies of orbit determination (OD) 

and orbit prediction (OP) for short periods by 

improving spacecraft tracking technology and also by 

estimating hourly the parameters such as balli$tic 

coefficient, air density, etc, which have large 

unccrt"iinties in themsclver; and are varying with time. 

This connequently needs a real time process of orbital 

data measured by spacecraft tracking and a lar~er 

coverage of tracking. 

The OD process is to calculate state vector~ 
• 

(posit ion)} , velocity)}") and other parameters such as 

a ballistic coefficient, air density, etc, of a 

spacecrnft. at an epoch from observation data by trackir1g. 

The proceus of OP in to solve the equations of motion 

with an initial condition of the state vectors of the 

vehiclr. which are calculated by OD at the epoch, and 

to predict a future orbit. In the process 01.· OP, 
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equations of motion are required to be integrated 

numerically instead of processing observation data.· 

A set of observables contains range, range-rate, 

azimuth, and elevation. Tracking consists of observing 

the spacecraft by a variety of possible means. Radar, 

rad_io-frequency for a co-operative target and laser are 

available, and a high precision optical camera tracking 

gives the- most accurate information of angles within 

the accuracy of petter than 2 arc seconds. Tracking is 

performed from the earth. On the earth both land-

based -and marine stations are used. In the near future, 

it becomes feasible to track spacecrafts in .the lower 

orbits from another satellite in the higher orbit with 

a larger coverage. TDHSS of UASA and ilAVST.AR/GPS of 

USA}," may be used for that purpose. 

A batch (least-squares) process and a sequential 

process are typical of OD methods. A batch process has 

been used at most of tracking stations to support the 

activities of tracking network by ?resenting an early 

prediction of· spacecraft's orbit, because the algorithm 

is simple and because the process is stable and reliable 

for ordinory operations. But there are soma shortcomings 

in the process, these are: (1) it needs an accurate 

mathematical model to describe orbital ootion of a 

spacecraft, (2) it cannot deal with process noise, and 

(3) it is not applicable to requirer:ient of real time 

, ... 
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process •. Actually, there exist errors in our lmowledge 

of natural forces. The.best accuracy to be expected by 

this method therefore_ may be within j: ,om, and that can 

be obtained only by processing the tracking data in a 

short arc of the orbit. If a larger span of tracking 

data for long time is processed by this method, the 

accuracy becomes degraded due to cumulative errors of 

model dynamics. 

A sequential process improves the above mentioned 

shortcomings of a batch process. Fig. 7 shows the processes 

of OD/OP by both cethods. Applications of a sequential 

pr~cess have mainly been made t~ on-board systems which 

require a real-time process. Some have been applied to a 

specialized purpose of target tracking such as lnunching 

and re-entry in which a real time processing is o strinr,ent 

requirement. The problem on an actual application has been 

that of a divergence of filters, which has prevented practical 

applications to he made to spacecrafts. Hnny techniques to 

control the divergence have been studied. Factors to drive 

divergences of a filter are as follows; (1) errors in a model 

dynamics, (2) errors due to linearization and (3) errors 

in computations. The divergence due to the factor (2) can 

be improved by applying an extended Kalman filter. The 

control of divergence due to the factor (3) depends on 

capability of a computing machine. The process on 



-36-

land-baaed stations therefore has no problems. The 

process of on-board type depends on development of 

computing machine. The factor (1) is most important 

for the accuracy as in a batch process. 

There have been developed two kinds of methods to 

compensate a divergence due to errors in a model 

dynamics, i.e. adaptive and nonadaptive methods. 

Adaptive methods compensate the divergence by estimating 

statistics of process noises along with the spacecraft's 

state. But the algorithms are rather complicated, while 

no discernible improvement in accuracies is expected 

compared with those of nonadaptive methods. Adaptive 

methods are well explained by Jazwinski12 >. Introducing 

nonadaptive methods with simpler algorithms of Tapley 

et a1. 13) in this section, problems or an improvement 

in accuracies of Ob/OP are discussed. 

A equation of motion of a spacecraft is given as 

\'( = A model + ( A - A model) 

WI = A - A model 

where A is the real acceleration vector, A.model is 

the modeled acceleration vector, andW- is the error 

vector of model dynamics. As stated previously, there 

exists an error of model dynamics --WV- due to !)Oor 

knowledge of natural forces and due to simplification 

of algorithms. In a batch process,"W'is neglected by 

assuming as I A model J ~ fw;} . SNC (State Noise 
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Compensation) method, one of nonadaptive methods, 

compensates an error due to model dynamics by dealing 

with"'Wr as Gaussian white noise, while.D!1C (Dynamic 

Model Compensation) method, anothc~ of nonadaptive. 

methods, estimates the error itself as one of unknown 

parameters by approximating-\~\- as a first order Markov 

process (Ornstein-Uhlenbeck, see i!'ig. 8). Using these 

methods, a sequencial process presents a real time 

OD/OP with no worse accuracies com?aretl with those of 

a batch process. 

An OD/OP for re-entry trajectory of a spacecraft 

with NPS requires a real time mode an.d a higher 

accuracy. Dynamics of a spacecraf~ at the end of 

decay and during re-entry gives vezy complicated 

equations of motion as stated in the previous sections. 

Many parameters are contained such as aerodynamic 

coefficlents of Cr, and Cn, shape of the entering body, 

attitude angles, air density, Mach numbers, Reynolds 

numbers, etc., which vary also as functions of other 

parameters. A sequential process for OD/OP of this case 

is therefore very promisinr, to app::.y. Some studies have 

been successfully tried to deal with d~ag parameter 
& 

ns proccr.;. of arown i;.m r.iotion, i.e. (X. = )) ( 1) :=-Gaussian 

wh 1 tc noi!,H), where X = CDA/m is referred to as a 
· . f , .. t 14 ) If . 1 l reciµrocnl of the baJ.l1nt1c coe 11c1.en • . experimen,;a 

I ••• 



-38-

data of wind tunnel t~sts for On are taken into account 

for fitting or a DMC method is applied, there will be 

some possibilities of an improvement in OD/OP of re­

entry trajectories. 

, ... 
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.;. On the so-called ''burn-up" on re-entry 

~ing entry into the earth's atmosphere, a space­

craft is susceptible of severe decelerations and intense 

eerod;ynamic heating. This is called ''burn-up" on re-entey. 

A space nuclear reactor has a thick walled reflector 

covering the core of a reactor. Remarking the reflector, 

the ''burn-up" is discussed in this section. 

An approximate analytical solution to the motion 

equations ~y Chapman14) is applied to the present problem. 

1bree assumptions made at the outset are: 

i) Atmosphere and the earth are spherically 
symmetric. · 

ii) 

iii) 

A locally exponential atmosphere. 

Peripheral velocity of the earth is negligible 
compared to the velocity of the entering 
vehicle. 

In addition to these three physical assumptions, two 

mathematical approximations are made in order to effect 

major simplifications in the structure of the equations 

or motion as (a) jdr/rj" ldu/~, (b) l(L/D)tantpf «. 1 
(see Fig.2). The limitations resulting from approximations 

(a) and (b) are examined by Chapman himself. It is shown 

that ror vehicles entering from decaying spacecrafts 

orbits, with or without positive lift, the errors introduced 

are only the order or a rew percent insofar as aerodynamic 

heating and peak decelerations are concerned. Surprisingly 

sJD811 errors result from approximation (b), even for very 

large LID ratios, because, in orbital decay or in a .smooth 
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glide, the larger the L/D the smaller the angle f at 

conditions near maximum heating arid peak deceleration; 

this keeps the product I (L/D)tanf I small. 

Descent in a spherically symmetric atmosphere about 

a spherically symmetric planet would occur in a meridian 

plane in the absence of lateral forces. Hence, two 

component equations of motion are given in the equations 

(;.1). 

The free-stream Reynolds number per unit length can 

be expressed by i as 

_R_~~- = Vt>o f~ = 2 [fl ( l1l \ 2 (~- 2) 
.1. - .,..u '"' ),<t r cc;¢ CoAJ 

where } is the height and )J..oo is the coefficient of viscosity 

of the free-stream. The Reynolds numbers involved during entry 

from a decaying orbit are relatively small. Near peak heating, 

!or example, the value oft ranges from 0.17 to 0.015, 

for LID ratios between O and 1, so the corresponding 

Reynolds numbers are of the order of (104rv103)B per 

meter, here B=m/C[)A(Kg/cm2); ballicstic coefficient. 
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i'bese are sufficiently small for one to be optimistic 

about the practical possibilities of maintaining laminar 

flow !or shallow entry from a spacecraft orbit. 

Fairly simple expressions also can be obtained for 

the aerodynamic heating rate per t:.!li t area, } , and the 

total heat absorbed per unit area, Q/S. Following the 

analysis of Lees16), the heating rate at any point on 

a body can be considered to be a certain fraction 

K1 = i,1$ of the heating rate &Fa at a stagnation point 

o! radius of curvature R. The heating rate in ~ypersonic 

tlow at a stagnation point, can be expressed as 

1s :::. ..£_(_ f~ _\11 l U: ¢, \tri kcai c,,..,.~ sec' 
JR\f0 )\cos J 

where the constants C, n, and m depend on the type of 1 
2. -3 -'J" fl 

boundary-layer flow, and C ""J f'o).lc L~ p)- [(1-1)/'r] 
_.I.. -I 

tor hypersonic flow but C=25-5 Kcal cm~ s~c is 

adjusted here to match for air at velocities near peak 

beating ( '[-::_ t ,CS) • For laminar flow n = ½ and m ~ 3 

are given (with f 0 being the true sea-level density). 

The laminar convective heat-transfer rate through 

the whole wetted surface, S, can be written in terms or 

the ~ £unction as 

~-- JL[f.l 6 H ) 
g (-t)=. '7. D.) ~► ~ U/ "~~ (Cc,¢ H.: ( k'CA.1/sec. (r. 3) 

h ~ _ f / L le :::1.-(lcfc is the factor which takes into 
w ere r<2.-sJ R, t\r> ~Ji~ ~ 
account the variations in heat flt...~ over the whole 

surface S(cm2 ) wetted by the bountary layer (for a 
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hemisphere, for ~xample, ~2 ; 0.5). Reff (cm) is an 

effective radius of curvature.at a stagnation point.to 
,, ' . ,,. ..... 

that of a hemisphere. A\-\::: H0o~ Hw I Ht1o a.t,d H w ~re 

the total entalpies of the free stream and at the wall, 

respectively. . . 

If the local wall temperature of the entry vehicle, 

Tw, is assumed to be much smaller than the local recovery 

temperature,Tr, of the outer stream, the total heat 

absorbed during entry is 

The total heat Qm to burn up a body of mass weight W(Kg) 

into a melted state is 

. . 
where, Cb is the spec~fic heat (Kcal/Kg°C), Cm is the 

latent heat of melting (Kcal/Kg), and ATm = (melting 

temperature of a material, Tm) -(initial temperature, TjJ-

A simple estimation of melting characteristics of an 

entry body can be given by the equations (5.4) and (5.5). 

Assuming that radiation cooling, Tw compared to Tr, 

variation of Rtft due to a partial melting, effects of 

mass diminution by melting on the trajectory are neglected, 

the mass of a re-entry body which burns up and is 

dispersed in the atmosphere during re-entry is given as 



Materials or lower melting temperatures can be well 

approximated by the equation (5.6), however, those of 

higher melting temperatures (Tm> 1000°0) must be taken 

into account an effect of fadiation cooling. Effects 

or radiation cooling and mass diminution are taken into 

account as follows: . 

Tw(:/.) = Tiv(1~) + ([ Qm-~<1' Tr? StM]tJ.t/cw-Lb) fr.?) 
where tl is a starting time, is the total emissivity, 

~ is Stefan Boltzmann's constant, and ?roi.d is the . 
... 

radiating surface area. When Tw< Tm, there occurs no .. 
melting on the entry body. When Tw> Tm, the entry body 

begins to melt at the temp~rature Tm after the time of 

'l'w(t) a Tm. The rate of melting is given as 

-J • [Om- 60 liv"° Sy-p.JJ/ c,.. 
The equations (5.3), (5.?), and (5.8) are numerically 

integrated with computing machines, considering the wall 

temperature condition. 

Smaller entry bodies will burn up into a melted 
' ' 

state and is dispersed in the atmosphere, while larger 

ones will not be melted and subsequently crash against 

the earth's surface. The "burn-up" of reflectors of 

space nuclear reactors are estimated by the above 

equations. Reflectors are usually made of Al, Ali03 , Be, 

BeO, graphite, etc. A typical configuration of reflectors 
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is cylindrical and the wall is thick. The sizes or 

reflectors depend on core volumes of reflectors, i.e., 

on thermal outputs of reactors. Fig. 9 shows a tendency 

of core volumes of space nuclear reactors versus their 

thermal outputs. KIWI-NERVA series are nuclear rocket 

propulsion systems tested in 1960's for NASA-advanced 

programs and have been ceased for development since 

early 1970's. From this diagram, internal sizes or a 

reflector can be estimated. Thicknesses of a reflector 

will be determined by system design. Fig. 10 shows a 

relation between thicknesses of a reflector and mass of 

u235 at critical for a reactor of about mega watts 

thermal output. The thickness of a reflector is usually 

designed in a range of 5- 50cm. Considering these design 

conditions of a space nuclear reactor, melting charac­

teristics of Be, and Al reflectors are estimated by using 

the previous equations of aerodynamic heating. Beryllium 

is used for the reflectors of USA SNAP lOA, USSR Poma mKL 

and Tona~l?). The relevant physical constants of the 

materials are listed in Table 1. 

A configuration and an attitude of the reflectors 

during re-entry are supposed as shown in Fig. 11, where 

1 and dare length and diameter of the core, respectively, 

tis thickness of the wall, and t/d = 5/4 is supposed for 

calculations. Fig. 12 shows the results. Critical 

thicknesses of "burn-up and dispersion" are shown for 
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both of .Q. and Be reflectors with respect to the 

corresponding thermal outputs. The solid curves of 

To~ /T .-,f -= 0 assume that cores are heat shielded from 

reflectors and the dotted curves of Tcore /T rQf = 0.5 

assumes that aerodynamic heats are transferred to the 

core until to the corresponding temperatures. The 

reflectors of the upper areas do not "burn up" and is 

not dispersed but crash against the earth's surface. 

It can be supposed that the non-shielded cores are more 

practical than the shielded ones. It may be said therefore 

that almost all of the existing space nuclear reactors 

do not "burn up" and is not dispersed during re-entry 

if 8 special device is not attached to the space nuclear 

reactors in order to separate nuclear fuels from 

reflectors in the early phase of re-entry. 
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An impact of attaching reboost system or re-entry 
control system on spacecraft design 

As it is discussed in the previous section, most 

of space nuclear reactors may not burn up and may not be 

dispersed in the atmosphe~e during re-entry i! a special 

device is not attached to the reactors. Even it a 

special device is attached, reliability or such devices 

becomes important. That is to say, there is always a 

fear for human beings such that the launched space 

nuclear reactors would some day crash against the earth's 

surface. Space nuclear power systems therefore must be 

reboosted into a long lifetime orbit or let be fallen 

on a pre-determined area of the earth's surface for sate 

recovery after separation from or together with the 

spacec~afts. Mass increment required to attach such 

systems is discussed in this section. 

For reboosting into a long lifetime orbit, an ascent 

trajectory via Hohmann transfer ellipse is the most 

efficient type. A short-powered phase is required at 

the apogee of the ellipse, to provide the required 

orbital velocity. The first injection, which is into 

a transfer ellipse, is followed by a long coasting period 

to the apogee, where the desired apogee injection 

conditions are obtained from a kick impulse. Control 

of the vehicle must be maintained during coast and the 

short-burning period at apogee. Fig. 13 explains the 

simplest maneuver of a coplanar reboosting via Hohmann 
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transfer. Where 4 V 1 and .6 V :i. are velocity increments 

at perigee and at apogee, respectively, and ri and rt 

are radii of initial and terminal orbits, respectively, 

and)l. is gravitational constant of the earth. Velocity 

increments are given as, 

In order to estimate an effect or attaching a 

reboost propulsion system on spacecraft design, a simple 

case or re-startable single engine system is considered. 

Hass ratio is given for that case as, 

}11 e + Jne, ,n~ = _,.1_ exrt~~~pf"--) __ _ 
'1- (1- /l) €,)(P( l.Y,-tAV~) 

Isr ~o 

(l. 2) 

where Ill, is the mass or a spacecraft without re boosting 

system, JJlr is the mass of the attached re boost propulsion 

system, /1 is the fuel looding !'actor, Isr is the 

specific thrust, and ~o is the gravitational acceleration 

on sea level. 
Required mass increment for reboosting is shown in 

Fig. 14. An assurption is considered there such that 

spacecrafts of which missions are over at a 200km altitude 

circular orbit are reboosted into a 1000-year life orbit. 

Life of a satellite depends on the orbit and the mass/area 

ratio. According to the diagram of King-Hele8>, 1000-y~ar 
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life circular orbits together with mass/area ratios are 

given in Fig. 14. /l = 0.86, Jc;r = 290 secs, and 

3~= 9.Sm/sec are used in the calculations. In Fig. 14, 

if a 200km altitude circular orbit spacecraft with 

mass/area ratio of 100kg/m2 is reboosted into a 900km 

altitude circular orbit according to the arrow, its life 

will be about 1000 years and the required propulsion 

system is about 17% increase in mass to the spacecraft 

without reboosting system. The values or mass/area 

ratios of most usual satellites arP. between 50 and 

200kg/m2 • 

Another approach to dispose of NFS, of which space 

missions are over, is to recover safely on the earth. 

It needs a re-entry navigation, guidance, and control 

system, because non-controlled spacecrafts take random 

re-entry trajectories, and because no one predicts exactly 

the place where the spacecrafts or NPSs crash against. 

In order to estimate an increment in mass required to 

attach a re-entry control system, simple orbital maneuvers 

are considered. Fig. 15 shows two types or simple re-entry 

maneuvers, both are co-planar Hohmann transfers. Fig. 

15(a) shows a re-entry via a parking orbit, and (b) shows 

a direct one. 

In a parking orbit maneuver, a 200km altitude 

circular orbit is considered as that of parking and a 

final kick is calculated by Hohmann ellipse with perigee 

height of 90km. Then, we have , ... 



iV2 =-fe~(f~4~ - t ) 

.6 vl ·:; t,'2>? k»•/scc. 

If re-entries are discussed from a circular orbit 

with lower than 2000km altitude which has about 1000 

(years m2/kg) lifetimes from King-Hele; that is- about 

105 years life for a satellite with mass/area ratio of 

100kg/m2 , a difference in mass ratios between system 

mass or multi stages maneuver and that of re-startable 

one is very small. Then we have the same equation of 

(6.2) for the approximate estimation of mass ratio by 

using velocity increment o!Li AV~ instead. 

A direct re-entry maneuver is estimated by taking 

perigee height of 90km via Hohmann elipse from a mission 

orbit. Then, we have 

The same values or I) ' Isr , ~c, are used for 

estimation of re-entry control maneuvers as those or 

reboosting. Fig. 16 shows required system mass increments 

for re-entry control maneuvers. A navigation, guidance, 

attitude control system and a thermal protection system 

are required for safe recovery, in addition to a re.-entry 

propulsion system. The required mass for pr9of or shock 

! ... 

--------------
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structure and thermal protection system is difficult to 

estimate g'enerally·, but, may be assumed here to be by 

under 20'/4 increments.· The required mass for a navigation, 

guidance, and attitude control system may be about 100kg 

·by the current technology, which does not depend on 

sizes of spacecrafts and will be improved in weight by 

an advancement. It must be noted here th~t e.ven if a 

re-entry navigation and guidance system is on a re-entry 

spacecraft, the dispersion of footprint .by direct 

re-entry trajectory is generally worse than that ot a 

parking orbit method. Controllability or navigation and 

guidance system must be carefully investigated for a 

direct re-entry. 
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7. Conclusions 

.~~requires.the. ~cc~ate prediction or futur~ 

v~ia~ion or t~.e .earth' a atmosphere de~~~ty and the 

accurate estimat~on 9t aerodynamic forces. _to predict 

accurately a spac~cra£t ~ s o.rbi ~al. lifetime and re-entry . 

tra~ectory some months or years ahead by solving the 
' ' . 

equations or mo_tion with a given initial condition. 

The earth's atmosphere has been investigated since the - ,, 

first artificial satellite was launched. The ditficµlty 

or orbital life prediction is explained by introducing the 

studies or the earth's atmosphere, which is relevant to 

orbital lite. It is also explained that there exist 

difficulties for an accurate estimation of aerodynamic 

forces which govern the motion 0£ a spacecraft at the end 

or lifetime and during re-entry. 

There is a possibility or improving accuracies in a 

short orbital life prediction by spacecraft tracking 

techniques and by real-time processing of measured data. 

A DHC (Dynamic Hodel Compensation) method, which is one 

or the modern sequential processes, is promising for the 

prediction of re-entry trajectories, because it executes 

real-time OD/OP processes by compensating the model dynamics 

errors caused by uncertainties of aero~ynamic forces one 

after another. A great improvement tor OD/OP by target 

tracking is achieved by world-wide cooperations in the 
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following fields: 

(1) Accurate calibration of positions or tracking 

stations through the world by a standard world 

geodeti~ system 

(2) An international reference for world geodetic 

system for the above purpose 

(;) International coordination of the study of 

satellite geodesy which has been carried out 

independently in each country 

(4) An international cooperation through tracking 

stations of the world to make easy exchange or 

information on orbital observables or satellites 

possible. 

Remarking reflectors of space nuclear reactors, the 

problems of so-called "burn-up and dispersion in the 

atmosphere" by aerodynamic heating during re-entry are 

discussed under an assumption. A calculation shows that 

almost all of the existing space nuclear reactors may not 

burn up and be dispersed in the atmosphere during re-entry 

except a reactor of small thermal output, unless a special 

device is attached to the reactors. To enable the fuels 

to burn up and to be dispersed in the atmosphere, space 

nuclear reactors must be designed at least to separate 

fuels from reflectors in the early phase o! re-entry. To 

burn up and to be dispersed in the atmosphere must be 



-53-

assessed in another time by considering an effect of the 

accumulated radio active materials on living things of 

the earth. Reliability of a device for "burn-uptl must also 

be discussed thoroughly. 

It is not inevitable to disperse radio active materials 

in the atmosphere, or to let a space NPS fall randomly 

onto the earth's surface. It is one of the simplest tries 

to launch spacecrafts with NFSs into higher altitude 

orbits or which lifetimes are longer than those of the 

radio activities. In case it is inevitable that a NFS is 

used in a lower altitude orbit, there are two ways to 

dispose of the N.PS after the mission is over. One is to 

reboost it into a higher altitude orbit or which lifetime 

is longer than that of the radio activities. The other is 

to recover it on the earth safely by re-entry control. 

The mass increase by attaching reboosting system is under 

20%, while that of re-entry control system is between 20 

and BO%. The latter way will be more desirable though 

the mass increase is larger than that of the former way, 

because an increase of numbers of satellites in orbits 

will cause another problem in future. In the future, 

re-entry control system will be attached to a spacecraft 

with NPS after launching by a new space transportation 

system such as us Space Shuttle Orbiter. There will be 

also feasibility to recover the launched spacecraft with 

I ••• 
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NFS directly on-board by such a vehicle with Manipulator 

System or Teleoperator System. 

In the near .future, a new system such as US TDRSS or 

USAF NAVSTAR/GPS will be available to extend tracking 

network capability. An autonomous system on a spacecraft 

together with the new tracking systems, will contribute 

greatly to increasing accuracies o! OD/OP by target 

tracking, as well as to reboosting, recovering and increasing 

reliability or disposal maneuvers by a new space transportation 

system such as US Shuttle Orbiter. 
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Tabl~ 1. Physical constants of Be and Al 

density specific heat latent heat or melting t.emp. i-Iaterial melting (kg/cm') (kcal/kg0 c) (kcal/kg) (O C) 

Be l. 84 xl0-3 (' - ~26 50.0 l 278 

Al -l 
2. 7 xlO 0.282 ;4.6 660 

total 
emissivity 
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Fig. 11 Reflector on re-entry 
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.ANNEX 4 

FORMAT OF NOTIFICATION 

Format of notification for the spacecraft carrying 

nuclear power sources (NFS) should include the following items. 

1. Prior to launch of the spacecraft 

(1) 

(2) 

(3) 

(4) 

(5) 

Name of launching State or States 

Date and territory or location of launch 

Basic orbital parameters 

(i) Nodal period 

(ii) Inclination 

(iii) Apogee 

(iv) Perigee 

General function of the spacecrai't 

Information on NPS 

(i) Type 

(ii) Thermal ruld electrical output 

(iii) Structure and materials of parts 

(iv) Weight of each ma~erial 

(v) Composition size and weight of fuel or 
radioisotope 

(vi) Planned duration of NPS operation 

(6) Information on spacecraft 

(i) Weight 

(ii) Structure or profile 

(7) Information on safety measures 

(i) Planned Safety measures for used NPS 
(time and procedures for such measures as 
retrieval and transfer into higher orbit) 

(ii) Planned back-up measures for safety 



2. On launch of the spacecraft 

(1) Name of launching State or States 

(2) An Rppropriate designator of the spacecraft or 
its registration number 

(3) Date and territory or location of launch 

(4) Basic orbital parameters 

( i) Nodal period 

(ii) Inclination 

(iii) Apogee 

(iv) Perigee 

(5) General function of the spacecraft 

3. Safety measures ta~en with regard to the spacecraft 

in orbit 

(1) Retrieval or transfer to higher orbit 

(i) Time and procedures of prior notificotion 

(ii) Results of the safety measures token 

(2) Other safety measures if necessary 

4. Before and after re-entry of the spacecraft 

(1) When the spacecraft enters into orbit in which 
the spacecraft has a fair possibility of 
re-entry 

(i) Forecasted orbit map 

(ii) Latest orbital elements and drag pnrameters 

a) Semimajor axis 
b) Eccentricity 

c) Right ascension of ascending node 
d) Inclination 

e) Augument of perigee 
f) Mean anomaly 
g) Drag parameters 
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(iii) Technical description of radio beacon or 
transponder if available for spacecraft 
tracking 

(iv) Latest attitude of spacecraft 

(v) Latest situation of NSP 

a) History of NSP operation 
b) Amounts in curie of radio-active 

materials like fission products 

(2) Prior to re-entry 

(i) Forecasted impact region 

(ii) Precautionary measures to be taken by a 
State or States which may possibly be 
affected 

(3) After re-entry 

(i) Date and time of re-entry 

(ii) Damage and radiological pollution caused 
by the re-entry 




