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SUMMARY 

Efactrical pov..:er is a vital requirement for the explore ti.on of space. 
No spacecraft i.s launched without an "on-board 11 source of electrical energy. 
Even the passive Echo b<1lloons carry a small power supply to energize the 
radio beacon used for acquisition and tracking purposes. More sophisticated 
space vehicles require power to opera.te the electronic equipment used for 
navigation, guidance, communication, 1.rn.d data collection. Future space 
vehicles also will use electncal power for vehicle propulsion, life support, 
and environ.mental control (air conditioning) . 

For Hmited space missior::s, chemical fuels and batteries can be used 
effectively to power spacecraft. When the mission time exceeds several weeks, 
however, fuel and battery weight becomes prohibitive, and solar or nuclear 
type generators are favored. Solar generators 1 in the form of solar cells, ha.ve 
powered the majority of space vehicles since 1958. Nuclear isotopic or re
actor type generators are under i.nvestigat.i.on a.nd appear to offer distinct 
advantages for certain space miss.tons whei;e they complement or replace 
the solar type generators. Isotopic generators appear to be more suited to 
space m.issions requiring power at fractional kilowatt levels. Reactor type 
generators are indicated when power demand exceeds a kilowatt. 

The object of the thesis is a critical comparison of the performance of 
the radio isotope thermoelectric (RTE) generator with that of the solar cell 
generator. 

The comparison is based on two design stud~es: a brief one on the solar 
cell power supply, using performance data from ex.isting systems and a more 
detailed study on the RTE. 

There exist o. number of RTE - some already in orbit - which employ lead 
telluride as the active thermoelectric material o Where the thesis shows that 
silicon germanium has greater potential for space, the design study has been 
based on this material, One of the advantages of SiGe is its high strength; 
another its ability to operate in vacuum and at high temperatures. The latter 
consideration permits high radiator temperatures 1 hence small and light-weight 
radiators, which is important in space" 

However, SiGe has a lower efficiency than PbTe under the same temper
ature conditions. In order to arrive at an equally efficient generator, one 
must therefore make full use of the high temperature properties of SiGe and 
operate the hot junction at around ll00°K, instead of around 850°K, as for 
PbTe. This means tho.t the heat source must be able to withstand about 
14SOOK. This is 100 or 200° above the presently recommended operating 
levels of the high temperature nickel and cobalt base superalloys. Because 
of this we felt the need for the construction of a 2 5W(e) genera tor in support 
of the design" 

The thesis describes the construction and manufacturing of the generator. 
Included is also an electrical. heater for initial testing. It has the same out
side dimensions and appearance as the fuel capsule, 

The isotope is strontium 90, which has a half life of 28 years. Three 
kilograms of strontium 90 titanate supplies approximately 640 watts of heat. 
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14.5 Improvements in thermocouples 

The fuel is contained in a cylinder of molybdenum (a materi.al that provides 
the required strength at high temperatures) . An outer cylinder of nickel 
superalloy protects the molybdenum from accidental oxidation. Sixty-six 
SiGe thermocouples shaped li.ke the Greek letter if are arranged around the 
heat source. They are mounted on the cold side only. The hot side is sus
pended toward the fuel container and heat reaches the couples by radiation. 
The remainder of the generator is insulated with alternate layers of metal 
foil and insulating fibers. This type of i!lsulation i s most effective in a 
vacuum, and all tests, therefore were performed on the RTE generator in a 
vacuum chamber. 

The generator is an engineering model and for expediency only it con-
tains parts that are heavier than those intended for a flight generator. The 
thesis shows that with the lighter parts included in the design a strontium 
fueled RTE can produce 2-5 W / kg at 28V, depending on the size of the power 
supply . Fueled with isotopes with higher power density, maximum performances 
of 9 or 10 W /kg are possible . 

Present day solar cell systems have power to weight ratios from 1 to 15 
W /kg, depending on the size of the system, the geometry of the spacecraft, 
the type of the mission and the amount of batteries carried, if any. 

Because of the large spread in performance of RTE and solar cell power 
supplies the merits of the two can be compared in detail only for each specific 
mission. The thesis does this for five standardized missions on the basis of 
total cost, including "freight charges" from earth to the desired position in 
space. 

General conclusions fall in three groups. Solar cells will remain in the 
lead when there are no dark period (as for certa in probes) or when the demand 
is small during those periods. For many of the regular orbiting missions the 
RTE can make a valuable contribution. Finally for extended low power lunar 
missions the RTE in general represents a significant improvement over the 
solar cell. 
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SAMENVATTING 

Alle ruimtevaartuigen, die tot dusverre gelanceerd zijn, hebben een 
elektrische energiebron aan boord. Zelfs de pas sieve 11 Echo" ballonnen 
hebben een kleine ge:-lerator voor hun radio baken . Andere ruimteschepen 
hebben elektri sche energie nodig voor de elektronische installatie, dat wil 
zeggen voor navigatie , kontrole, kommunikaties en wetenschappelijke ex
perimenten. Over enige jaren is er waarschijnlijk ook behoefte aan groter 
vermogen voor voortstuwing , k.limaatregeling, koken e . d. 

Voor tochten van begrensde duur kunnen batterijen en generatoren, die 
met normale brandstoffen werken , dienst doen . Wanneer de tocht langer 
duurt dan enkele weken, warden de batterijen of brandstoftanks te zwaar. 
Inplaats daarvan neemt men z ijn toevlucht tot zonne-energie of atoomenergie. 

De meeste ruimtevaartuigen , die sinds 195 8 langere tochten hebben 
gemaakt, gebruiken zonnebat terijen . Atoominstallaties, zowel reaktoren als 
radioaktieve isotopen zijn in studie genomen en blijken zekere voordelen te 
hebben. Genera toren met isotopen genieten daarbij de voorkeur voor vermogens 
onder een kilowatt; reaktoren boven een kilowatt. 

Het doel van dit proefschrift is een kritische vergelijking van de 
radioisotope theroel~ktrische generator (afgekort RTE) met de zonnebatterij. 
De vergelijking is gebaseerd op twee ontwerpen: een vrij beknopt ontwerp 
van een zonnebatterij met de meeste gegevens ontleend aan bestaande 
system en en een meer gedetailleerd on twerp van een RTE . 

Er bestaan een aantal RTE - daarvan reeds enige aan boord van 
satellieten, die gelanceerd zijn, - die een legering van lood en tellurium, 
PbTe, als aktief thermoelektrisch materiaal gebruiken. In het proefschrift 
wordt aangetoond, dat een legering van silicium en germanium - SiGe - betere 
mogelijkheden biedt voor de rui.mtevaart. Het ontwerp past daarom SiGe toe. 
Enige van de voordelen van SiGe zijn de grotere sterkte en het feit dat het 
tegen vakuum en hoge temperaturen bestand is. Om die redenen kan de 
overtollige warmte op hoog temperatuur niveau uitgestraald worden . Dit 
leidt tot kleine en lichte radiatoren, hetgeen voor de ruimtevaart belangrijk 
is. 

Het materiaal Si Ge heeft echter een lager nuttig effekt dan het PbTe, 
als beide tussen dezelfde temperaturen werken . Teneinde een generator 
te bouwen met dezelfde efficiency is het nodig om ten volle gebruik te maken 
van de hoge tempera tuur, die het Si Ge kan weers taa n. De thermokoppel s 
worden daarom tot 90o0 c verhit inplaats van tot 57S°C zoals bij PbTe . Op 
die manier moet de warmtebron 117 s 0 c kunnen verdragen . Dit i s 100-200°C 
hoger dan de temperaturen waar de meeste superalliages gebruikt worde n. 
Het was daarom noodzakelijk om een model van e e n generator te bouwen, 
teneinde de theorie aan de praktijk te toetsen . De eerste generator werd 
ontworpen voor een vermogen van 2 5 W. 

Het proefschrift vervolgt met het ontwerp en de konstruktie van de 
generator. Een elektrische oven vervangt de radioaktieve isotoop voor de 
e erste serie experimenten . 

De isotoop is s trontium 90, dat ee n halfwaardetijd heeft van 28 jaren. 
Drie kg stontiumtitanaat produce ert ongeveer 640 W warmte . De isotoop is 
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omgeven door een cill.nder van mcly~deen (een materiaal dat de nodige sterkte 
verschaft blj hoge temperaturen), Een tweede cilinder van een nikkel super
alliage beschermt het molybdeen tegen oxidatie. 66 SiGe thermokoppels, 
ieder in de vorm van de Gr~.ekse letter 'f{f zij n om de warmtebron aangebracht. 
Zij zij n gemonteerd aan de kant van de koude las, De hete las hangt vrij en 
de energie van de isotoop bereikt de koppels als stralende warmte. De rest 
van de generator .is geisoleerd met dunne lagen edelmetaal en isolatie materiaal. 
Dit soort isolatie werkt het best in een vakuum. Alle proeven met de generator 
werden daarom in een vakuumkamer verricht. 

De generator is te beschouwen als een proefmodel. Verschillende onderdelen 
zij n daarom eenvoudiger, d, vv, z, zwaarder gekonstrueerd dan wanneer zij voor 
uiteindelijke montage in een ruimteschip beste::nd waren. Het proefschrift toont 
aan, dat met onderdelen va:n licht gewicht de ontworpen energiebron met ston
tium als "brandstof11 2 - 5 W/kg bij 28 V ka.n produceren. Met andere, meer 
gekor.centreerde 1.sotopen is 9 ~ 10 W / kg mogelijk. 

Zonnebatterijen produceren tussen 1 sn 15 W/kg, afhankelijk van het 
vereiste vermogen, de afmetingen van het ruimtevaart:1ig, het doe! van de 
tocht en de chemi.sche ba tterij en, d.ie eventueel nodig zij n, 

Vanwege de grote spreiding in het W /kg getal kunnen de twee stroom
bronnen alleen vergeleken worden aan de hand van be pa.al de opdrachten. Het 
proefschrift geeft een kritische vergelijking van vijf verschillende vluchten, 
op de basis van aanschafkosten en "vrachtkosten" van de aarde naar de positie 
in de ruimte. De volgende algemene konklusies kunnen daaruit worden getTokken. 

1. Zonnebatterijen zij n voordeliger wanneer de baan van het ruim
tevaartuig geheel in het zonlicht ligt, of het vereiste vermogen gerdurende de 
schaduwtij d zeer gering is. 

2. Voor de meeste satellieten kan de RTE de zonnebatterij met gunstig 
gevolg vervangen, vooral wanneer reeds bij het begin van het on twerp met 
de RTE wordt rekening gehouden. 

3. Voor langdurig gebruik in voertuigen en kleine vaste installaties 
op de maan heeft de RTE grote voordelen boven de zonnebatterij. 
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1. PREFACE 

On 31 January 1958 the first American earth satellite was successfully 
launched some months after the first Russian Sputniks. The satellite 
(Explorer 1) was intended to send radio signals back to earth and for that 
purpose it needed less than 0. 2 watt of electrical power. The total electrical 
energy on board was approximately 200 watthours. Explorer 1 performed for 
10 5 days , until its transmitter ceased functioning as expected. (Ref 1-1). 

The United States is working on Project Apollo with the object of sending 
three men to the moon in 1969, of whom two will actually land there. The 
round trip will last a fortnight and the average electrical demand will approach 
two kilowatt, calling for an energy spent of some 700 kWh. 

Advanced planning concerns itself with manned missions to the nearby 
planets . The electric propulsion rockets on board require one megawatt 
electrical power for periods of several years, i.e. 30, 000 MWh of electri
cal energy o 

Figure 1-1 is a graph of some of the demand and energy levels for 
spacecraft for the period 19 58 to 19 7 5. 

Clearly a field of engineering where the capacity increases by a factor 
10 , 000 per decade, is rapidly developing. At the same time the methods 
for making power must shift accordingly. The battery from Explorer 1 has 
been replaced by the fuel cell for Apollo, which in turn may make room for 
the nuclear reactor-thermionic combination for future missions. 

The object of this thesis is a critical comparison of the radioactive 
isotope thermoelectric generator (RTE) with the solar cell power supply. 
For this purpose we will develop the design of an advanced RTE , which 
uses new, high temperature materials. We will support the design with the 
construction of an engineering model. On the basis of the design and re
sults reported in the literature we will examine for which future space 
missions various types of RTE will be able to replace or complement solar 
cell power supplie s . 
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2 • . THE FACTS OF LIFE IN OYTER SPACE AND TijEIR EFFECTS ON SPACE POWER 

As is well known the performance of earth satellites has not always been 
. what we hoped it to be. For examples Ranger III, Ranger IV, Ranger V, 
launched in 1961 and 1962 with the object of photographing the moon from 
close by, failed. 

Although these failures produced disappointment, a closer consideration 
leads to the conclusion, that it was indeed brightly optimistic to expect com
plete success at that time. Outer space is an extremely difficult "site" to 
provide for. It poses to the designer of a spacecraft three problems with 
optimal solutions which are mutually exclusive. The three requirements are: 

low weight 
}1igh reliability 
ability to survive a harsh environment . 

Since these same requirements apply also to the on-board power .supply, they 
deserve a brief discussion. · 

2 .1 Low Weight 

The rati9 between the mass of a spacecraft (sometimes called the payload) 
and the mass of the rocket that places it in orbit is very low. This is illustrated· 
in the following ' table of launch vehicle data. 

Table 2 .1-1 Salient Features of Some Typical U, S. Lauhch Vehicles 

Name 
Gross Launch Payload Weight 
Weiqht in 500 km earth 
(Metric tons) orbit (kg) 

Thor-Delta SO 
Atlas Agena B 126 
Saturn 500 

Saturn B 570 

Advanced Saturn 2730 

* future 

225. -
2300 
9000 

13000 

lOO,oop 

Weight to 
Payload 
Ratio 

220 
55 
55 

44 

27 

Cost per 
Launch 
(million 
dollars) 

2.. 5 
9 

16 

19 

45 

Typical 
Satellites 
which have been 
·launched . by 
these . vehicles 

Tiro a 
Ranger 
Apollo A, 
earth orbit 
test 
Apollo A (LEM)* 
earth orbit 
Apollo (LEM)* 
Lunar Landing 

For a long time the Thor-Delta rocket has been the largest available U.S. launch 
vehicle. If 10 to 20% of the payload weight is allowed for the electrical system, 
the latter has had an absolute maximum of 20-40 kg. ·The result has been strong 
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emphasis on light weight construction with the gram replacing the dollar as a 
measure of value in decision making . 

This condition will not materially change, until the Saturn class 
boosters become available. Even then the larger Sa turns will be too cumber
some and expensive for many missions . For those the weight limitations will 
remain in force. 

2. 2 Reliability 

Most new car owners have had the experience of going back to the dealer 
for minor adjustments during the guarantee period. That is considered standard 
practice and does not cast any doubts on the ability of the manufacturer. 

In space work the operator of an unmanned satellite cannot make repairs 
or adjustments after the vehicle has left the launching pad. There are cases where 
a program representing the result of two years' work by several hundred people has 
failed; and where the failure could have been turned into complete success, if one 
workman could have cut one wire or re-soldered one jolht after launch. 

The impossibility of performing maintenance calls for reliable designs, 
strict production control and careful pre-launch testing. Even so a simple cal
culation shows that these three methods are not sufficient. 

Assume for example that a spacecraft must have a design life of 16 
months or a failure rate of 0.75 per year. Assume further that proper operation 
of the craft requires proper functioning of ten subsystems - one of them the 
electric power supply. Each subsystem has thirty vital components. Then the 
annual failure rate r, for each component is determined by 

r300 = O. 7 5 

or r = 0.001 

i.e., each component must have a mean time to failure - except for wearing 
out - of 1000 years. 

These MTTF values are often impossible to obtain, let alone to prove, 
since spacecraft components are often of a new design. Proving a thousand 
year MTTF would in theory require running 1000 units for one year with only one 
failure allowed. 

The usual way out is through redundancy, carrying two or more parts, of 
which only one has to survive. For example most manned spacecraft may carry 
two complete electrical power supplies. Redundancy drastically reduces the 
required MTTF. In the above example any one of the vital 300 parts, which 
carries its own spare, needs an MTTF of 32 years instead of 1000 years*. 

In practice the automatic change-over equipment from every single 
faulty part to its spare would in itself be so complicated as to reduce overall 

* Provided th.'at the function of a faulty part is immediately taken over by its 
spare. 

2-2 



reliability. On practical craft one therefore doubles certain complete sub
systems such as the electrical power source, rather than individual parts. 

Any redundancy adds to the overall weight and cost, hence goes against 
the requirements of the previous section. 

2. 3 Environment 

After consideration of the preceding two sections, one would imagine 
light, ultra reliable equipment quite feasible, provided it were treated the 
way fine instruments ought to be treated. Unfortunately things are not done 
that way in space. Shipping by rocket is one of the rougher ways of handling 
cargo. The payload is subjected to high acceleration, vibration and shock 
during the first few minutes of the flight. Typical values are: acceleration 
10-20 times the acceleration of gravity (10-20g), vibration 20g and shock 20g. 

Other hazards of space are high vacuum, extremes of temperature, 
nuclear radiation and damage by micrometeorites . To ensure that the craft 
will withstand the rigours of space, it is tested prior to flight in a thermal 
vacuum chamber, on a shaker table, in short under conditions which as close 
as possible simulate space environment. One or more prototypes are sub
jected to similar tests on a more severe scale. If the prototypes pass, the 
new craft is said to be acceptable for flight, or in the jargon of the trade 
"to be flight qualified" . 

2 .4 Incorporation of Requirements in the Design 

For a builder of space el~ctrical power equipment the object is to de
sign with the previously discussed constraints in mind. To reach his goal 
he must sometimes forego the constraints of practicality and cost. To put 
it differently, he may have to resort to "exotic" constructions. That does 
not mean that he must invent new ways of making power but rather that he 
has to consider all existing ways, including those which are normally dis
carded as impractical or uneconomical. Forgetting the terrestial yardsticks, 
he must measure each possible power source on the basis of light weight, 
space environment and reliability and select for each mission the system 
that best meets the requirements . 

Solar cells are a good example. There are very few circumstances on 
earth where anyone would be willing to lay out $200, 000 for one kilowatt 
of raw e lectric power (when the sun shines) . However, in space the solar 
cell has had a prominent pla ce as a power source since 19 58. Its popularity 
for low power long term missions is likely to remain high for years to come. 
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3, GENERAL REVIEW OF SPACE POWER 

Since 19 58 designers of space power sources have studied many possible 
ways of making power. Gradually a number of systems have been developed, 
each considered "the best" for a certain power level and mission duration. 
A graph of the generally accepted state-of-the-art for 196 3 is shown in figure 
3-1, a projected graph for 1966 in figure 3-2. 

In this chapter we will briefly review the space power field~ 
A space power system consists of four sections. See also block diagrams 

fig 3-3and 3-4. 
a) Prime energy source, producing heat 
b) Converter from heat to electrical power 
c) Energy storage device 
d) Power conditioning equipment 
a) and b) are sometimes combined into one section without heat as an 

intermediary. This is called Direct Energy Conversion. 
Figure 3- 5 shows these sections in chart form. 
In theory the prime source and converter or direct converter can be com

bined 40 different ways. If storage and conditioning are included, the 
theoretical number of possibilities becomes several hundreds. 

General Rules for Selection of a Power System 

When a new space mission is planned, the type ·of power supply is 
selected from the theoretically possible combinations by first eliminating 
combinations that do not apply or will not be available at the start of the 
mission. For example for a vehicle that lands on the moon during lunar 
night, solar power ls obviously not applicable. A scientific probe intend
ed to measure gamma radiation in space, will not be able to cope with the 
background radiation from a reactor, and so forth. 

The remaining systems are then listed according to their most important 
single parameter with all other parameters "feeding" into the first mentioned 
one. So far for the electrical system, weight has often been the decisive 
quantity. Other parameters like reliability have been normalized, on the 
assumption that redundancy buys reliability. All systems are made equally 
reliable by adding redundant components or subsystems as needed, adding 
the weight of such extra parts to the basic weight. Extra volume can pro
duce extra weight of additional brackets, supports, shrouds and so on. 

Cost may in the future become the prime parameter for comparative pur
poses. · Weights will then be transformed into costs by multiplying them 
by the per unit cost for placing a payload in orbit. See also Chapter 1 S. 

3 .1 Primary Energy Sources (Heat Sources) 

Figure 3. 5 shows six ways of converting primary energy into heat. They 
are: 

Nuclear: nuclear reactors 
radioactive isotopes 
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Solar: 

Chemical: 

plain solar absorber 
solar concentrator and absorber 
storable reactants 
cryogenic reactants 

Of the three groups the chemical prime sources are only suitable for 
missions up to several weeks. A Journey to the moon (three days out, 
seven days stay and three days back) is a good example. For longer 
missions the weight of the reactants becomes rapidly prohibitive. Apart 
from this drawback, the chemical reactants have the great advantage 
that they have existed for many years and that the princ1pal reaction -
combusUon - does not require a basic development. Chemical reactions 
can take place at all times during the mission and the reaction products 
can be easily disposed of. 

Solar concentrators and plain absorbers can be considered to use an 
inexhaustible supply of power. Meteorite damage is expected to gradually 
reduce the quality of the concentrating mirrors and the design life is 
therefore at present limited from two to ten years. Disadvantages are that 
the solar power supply becomes inactive during dark periods and that the 
mirrors must be kept turned towards the sun. 

Nuclear primary heat sources like chemical sources cprry the prime 
energy on board. The difference in performance in kWh/kg is due to the 
concentration. Disadvantages of nuclear sources include the substantial 
development that is still needed and the emission of radioactive ;radiation, 
which can be harmful to the crew of manned space ships or the instruments 
on board of certain unmanned spacecraft. 

The six primary sources are discussed in some detail in the following 
chapters. 

3 .1 .1 Nuclear Heat Sources 

Since changes in the nucleus of an atom ~ually involv~ large quanta 
of energy, the nuclear fuel has a high energy to weight ratio. This make$ 
nuclear heat sources very attractive for space flight. For example fresftiy 
made thorium 228, upon radioactive decay, gives 140 kilowatts (thermal) 
per kilogram. During one half life' i.e. I 1 • 9 years it produces 5. a. x 1 o9 
kJ/kg (1 .4 x 109 kcal/kg). If the container weighs about 2 kg, the 9utput 
is 2 x 109 kJ (5 x 108 kcal) per kg isotope and container or two hundred 
thousand times the output of hydrogen and oxygen on combustion. 

Two principally different nuclear reactions are of interest: 1) fission 
of uranium or a similar fuel in a reactor and 2) radioactive decay of certain 
isotopes. Fission produces 200 MeV per atom, decay gives O .1 to 6 MeV 

* per atom . Fission on the other hand requires a certain basic weight for 
controls, structural materials, etc. irrespective of the rate of heat output; 

* up to 40 MeV for certain decay chains 
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while for isotope heat sources the fuel and container weight are directly 
proportional to the output. Thus isotope sources are more attractive for 
smaller space power supplies, say from a few watts to one or a few kilo
watts. Reactors are advantageous for larger demands, probably from 500 
watt(e) to the megawatt range. 

3 .1 .1 .1 Reactors 

A nuclear reactor is a device in which a nuclear fuel fissions at a 
controlled rate, thereby producing heat. The space type reactors under 
development at present are all fueled with uranium, which is enriched to 
the maximum. The reactors are of the thermal type, (as opposed to fast 
reactors), which means that the neutrons are slowed down to thermal 
velocities in between links of the fission chain. 

Space reactors contain essentially the same parts as ground based re
actors namely: 

Fuel elements with cladding 
Moderator 

. Reflector 
Structural parts 
Coolant and radiator 
Controls 
Radiation Shielding 

The principal differences are due to the space requirements of low weight, 
high reliability and harsh environment. The following brief description 
highlight these differences. 

Fuel - To save weight and volume the fuel contains as close to 100% 
U235 as is practical. Since uranium metal is too active chemically, a 
compound is preferred. Uranium oxide (UOz) and uranium carbide (UC) have 
been used extensively; uranium nitride (UN) is of later date. All three 
compounds melt at high temperatures; UN at 31600K. 

Moderator - The moderator must have a low atomic number and a low 
absorption cross section for thermal neutrons. Graphite qualifies, but 
hydrogen is better. For space use a high temperature resistant solid com
pound such as zirconium hydride is preferred. 

Reflector - The reflector serves to minimize the loss of neutrons to 
the outside. A suitable material is beryllium. The reflector may surround 
all the fuel elements completely or cover some of them only partially (see 
also below). 

Structural parts - are designed to meet the requirements of low 
weight, low ne.utron absorption cross section and high temperature resist
ance. Therefore beryllium is used extensively. 

Cooling wstem - In space, even more than on the ground, high re
actor temperatures are essential. This is dictated by the general require
ment of low weight, which in turn calls for high power density, high con
verter efficiency and hence high reactor outlet temperatures. 

The heat from the reactor core is removed by a liquid coolant. In 
order to retain a high rate of heat transfer in a compact system without 
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resorting to unreasonably high pressures, liquid metals are selected in pre
f ere nee to water. Table 3 .1 l .1-1 shows the trend to higher temperatures. 

Table 3 .1 .1 .1-1 System parameters for three US space reactors under 
development 

SNAP* lOA SNAP 2 SNAP 8 
Output, kW(e) 0.5 3 30 or 60 
Reactor weight 115 kg 115 kg 180 kg 
Uranium 235 4. 3 kg 4. 3 kg 7 .o kg 
Coolant outlet 

temperature 8000K 920°K 980°K 
Coolant NaK NaK Na!<. 

These temperatures are not yet high enough to satisfy the developers 
of thermoelectric and particularly thermionic converters. A continuous 
research and development program is underway to raise reactor temperatures, 
which is in many respects a matter of finding better high temperature re
sistent materials. 

Controls - Controls for the space reactors of table 3.1.1.1-1 are 
different from those for conventional reactors. Moving control rods - made 
of heavily neutron absorbing boron or cadmium, are omitted. Instead the 
beryllium reflector is made in the shape of a clam shell. When it opens, 
the neutron leakage increases and the reactor power drops to a lower level. 
When it closes, the reverse takes place. 

Radiation Shielding - An operating reactor emits large quantities of 
radiation, which can damage equipment on board. Shielding provides one 
solution; installing the reactor at a distance from the sensitive payload 
is an alternate. Both methods may be used in combination. 

The shielding material must be light. In order to save weight, the 
shield is usually planned as a shadow shield. This means that only the 
side of the reactor adjacent to the payload is shielded and further that 
the shield is placed close to the reactor core. The oth~r sides are not 
shielded, which is quite in order for a reactor in outer space**, provided 
the reactor is placed off to one side of the payload. Since the reactor is 
surrounded by vacuum, no gamma back sea ttering around the shield occurs. 

The reactor is not operated on the launch pad, qut is started after 
achieving orbit. 

The shield must contain light atoms. Due to its location in the 
vicinity of the core it must resist high temperatures. Suitable materials 
are certain hydrides, with LiH preferred. (Ref 3-1) 

* SNAP is an abbreviation of _§ystems for . .Nuclear Auxiliary Power 

**With the exception of docking manoeuvres during rendezvous of the 
reactor vehicle with a second manned vehicle. 
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3 .1 .1 . 2 Radioactive Isotopes 

See Chapter 5 

3 . 1 . 2 Solar Energy 

The solar prime energy source is the only source for which the space
craft does not have to bring along fuel; the fuel is available at the "site". 
In cislunar space the intensity of the solar radiation, in a plane at right 
angles to the direction of the rays, is 1 .4 kW /m2. 

Besides providing electric power the solar energy intercepted by the 
spacecraft is significant because it largely determines the temperature on 
board. With proper choice of reflective or absorbing coatings the equilibrium 
temperature can be selected reasonably accurately. This is true in particular 
for a spinning space vehicle where the larger part of the skin is alternately 
light and dark. If the important subsystems are surrounded by a thermal 
skin, the temperature on board can be selected quite close to room temper
ature. If the thermal lag is sufficiently large, this comfortable temperature 
can be sustained even for earth orbiting craft with regular orbits of one and 
one half hours and up. Thus the designers of spacecraft and space power 
supplies have at least the satisfaction that extreme ambient temperatures 
are not normally part and parcel of the harsh design environment. 

The ambient temperatures on the moon on the other hand vary with a 
twentynine day cycle from -1so0 c to +120°c at the equator and from 
-2oooc to so0 c at 300 !attitude. There freezing at night and difficulty 
with heat rejection during the day are very real problems. 

3 .1. 3 Chemical Heat Sources 

Chemical heat is in general the heat of combustion of a fuel. Since 
there are no known readily available deposits of air or oxygen outside the 
earth atmosphere, the spacecraft must also carry the oxidizer. Fuel and 
oxidizer are collectively called reactants. 

Chemical reactants are divided in two classes: cryogenic and storable. 

3 .1 . 3 .1 Cryogenic Reactants 

Cryogenic reactants are so named because they are stored on board 
as liquids at cryogenic temperatures. 

The highest power density of all reactant combinations is contained in 
the pair hydrogen-fluorine with 13. 0 MJ (3100 kcal) per kg*. It is closely 
followed by the pair hydrogen-oxygen with 12. SMJ (3000 kcal) per kg. 
Because fluorine and HF are very corrosive, the small advantage in speci
fic heat of combustion as compared to hydrogen oxygen does not warrant 

* from cryogenic liquids at 1 atmosphere to gas (vapour) at 25°C at 
1 atmosphere 

3-s 



the extra precautions nor the extra weight of corrosion proof materials, 
tanks, pipes and reaction chambers. The latter pair is therefore chosen 
for space power work. 

Note: The extra weight of corrosion proof linings in tanks and com
bustion chambers does not apply quite so seriously when very large volumes 
and short reaction times are involved. Hence the hydrogen-fluorine pair 
has lately received attention as a possible propellants for large boosters. 
(Ref 3-2) 

Since hydrogen and oxygen are gases under normal conditions, the 
storage vessels would be bulky and heavy unless the gases are highly com
pressed or liquified. Small amounts of fluid - up to SOOg for hydrogen and 
up to 2 kg for oxygen - are carried lightest as compressed gases. (Ref 3-3) 

However, since most requirements are for more than the above minimum, 
the reactants are usually carried on board as liquids or even as a mixture 
of frozen and liquid material. Typical values for tankage weight are: 

The weight of the hydrogen tank is 1-1/3 times the weight of the fluid. 
The weight of the oxygen tank is 0. 25-0. 3 times the weight of the fluid. 
Applying these values gives the hydrogen oxygen pair a combustion 

value of the order of 9. 2 MJ (2200 kgcal) per kg of reactants and tankage 
(end product is steam). 

Cryogenic tanks are usually double wall vessels with the evacuated space 
between the walls filled with so called super insulation. This consists of 
alternate layers of a good reflector material, such as aluminum and a poor 
conductive material. Even so a small amount of heat leaks in from the out
side. In order not to build up dangerous pressures, the fluid must be bled 
off at the rate of 1/2 to 2% per day. Hence cryogenic fluids cannot be stored 
on board indefinitely. They are not suitable for missions, where many months 
of storage time in space preceed the use of the reactants. 

··: 

3 .1 . 3. 2 Storable Reactants 

By adding suitable light a toms to hydrogen and oxygen various combina
tions of reactants can be synthesized, which are liquids at room temperature 
and normal pressure. The most commonly used atom is nitrogen. This leads 
to fuels as }'rydrazine N 2H4 and its derivates, including NH2. N(CH3) 2, 
unsymmetrical dimethylhydrazine (abbreviated UDMH). The main oxydizer 
is N 2o 4 , nitrogen tetroxide. For a stoichiometric mixture of hydrazine and 
nitrogen tetroxide the combustion value is 5. 7 MJ/kg (1370 kcal/kg). Since 
tanks for storable reactants can be built lighter than those for cryogenic 
fluids, the tankage weight is only 10 % of the fluid weight. Hence the com
bustion value per kg of reactants and tankage is 5 .1 MJ/kg (12 30 kcal/kg) . 

An advantage of storable reactants is that the fluids themselves have 
been used for several years as rocket propellants. Thus the technique of 
handling them is well in hand, as is the design and construction of tanks. 
This makes flight hardware tanks for storable fluids much cheaper than cor
responding cryogenic tanks. 

3- .9 



3 • 2 Converters 

3. 2 .1 Thermoelectric Converters 

Wh'.m two electrical conductors of different materials are joined together 
in twn locations ~nd if the two junctions are kept at different temperatures, 
then the combination, called a thermocouple, produces an electromotive 
forc 'J. The emf can do useful work if one of the conductors is opened and 
the circuit _completed through an external resistance (external load). 

The thermoelectric effect has been known for a century, but, lacking 
suitable materials, it has not been used for power production until recently. 
Most metals which are good electrical conductors, are also good heat con
ductors. Thus more than 99% of the heat supplied to the hot junction is 
conducted to the cold junction where it is lost for the converter. 

Only in the last ten years semiconductors have been developed which 
combine reasonably' high electrical with reasonably low thermal conductivity. 
Often the base material is the same for both branches of the thermocouple 
and the differentiation comes by doping one branch positive and the other 
negative. 

The efficiency of semiconductors is now 3-8 %, and therefore of definite 
interest for space power. 

3. 2. 2 Thermionic Copverters 

A thermionic converter is essentially a tube containing a heated electron
emitting metallic surface (cathode) and a cooler electron-collecting metallic 
surface (anode) . The two electrodes are placed close together and electrons 
that boil off from the cathode are absorbed by the anode. This causes a . 
voltage difference between the two which is equal to the difference of the 
work functions of the electrode metals. If the anode and cathpde are con
nected by an external load~ the charge or voltage causes a current to flow 
through the load, 1. e. produces external power. The problem of space 
charge has been solved in two ways: by placing the electrodes in the vacuum
tube very close together, e.g. 2 to 10 microns apart: or by filling the tube 
with an easily ionized gas such as cesium. 

The second method has proven to be the more succe~sful one. An advan
tage is that the temperature of a cathode covered by cesium can be 600-BQQOK 
lower for the same current density than a bare cathode. 

For a reasonable output the cathode temperature must be 1400 to 19.oo°K 
and even at these levels the output voltage across the load may be only O. 5 
to 1 v<;>lt. The currents may vary from 5 to 10 amp/cm2. Hence even a small 
thermionic diode with a cathode area of 10 cm2 may produce 50 ... 100. watts, 
be it at 0. 5 or 1 volt. 

At first glance the thermionic diode has many drawbacks: it requires high 
temperatures, and it gives extremely low voltage output per unit and at such 
high currents, that series connections are practical only for higher power 
levels. 

Still, since the start of the space age much time and effort has been 
devoted to making the thermionic diode effective and reliable. The reason 
is that it has the potential to become the lightest of all power converters. 

3-10 



In this respect the high cathode temperature is an advaptage, because it 
permits a high anode temperature, such as 800-lOOOOK, while maintaining 
a good converter efficiency. This high anode temperature in turn leads to 
a high radiator temperature and a small radiator. This is of great interest 
for space because· the size of the radiator will be the major problem for 
future large space power systems. 

Consider, for example, a manned interplanetary vehicle, propelled 
electrically with a demand of 2000 kW(e). See chapter 1. If the converter 
efficiency is 14%, the radiator must reject 12 MW. If for a conventional 
converter Tr = soo°K, the radiator area is 4000 m2, many times larger 
than the spacecraft itself. But if thermionic converters permit heat re
jection at Tr= l000°K, the radiator area can be reduced to 250 m2, which 
is decidedly more practical. 

3. 2. 3 Dynamic Converters (Engine Alternators) 

Engine driven generators have the big advantage of a low fixed weight, 
which is important in partiCular for short term missions. By means of seldom 
used schemes of thermodynamics, the efficiency can be made considerably 
higher than with conventional small size thermal engines. However, ' some 
of these systems exist in preliminary design only, although in some cases 
various components of the hardware can be readily assembled. 

Special measures have been taken to make the generator as light as 
possible. The rotor is usually a permanent magnet, which saves on exciter 
power. Special attention is paid to the stator winding insulation. The material 
is often of inorganic nature, which permits operation at unusually high temper
atures. For example the alternator for the SNAP 8 30 kilowatt space power 
supply was originally intended to operate at 760°K. (Which was later changed 
to 4 7 SOK) (Ref 3-4) 

Two different drive engines exist: piston engines and turbines. 
The piston engines operate at fairly high speed, for example 6000 rpm. 

They are built very small. · A typical one horsepower single cycle piston 
engine is of the same ''size ' as a small model airplane engine. Several com
panies have gained experience in these engines as part of their missile pro
gram, since these power supplies are very attractive for relatively large 
blocks of power (up to 5 or 10 kilowatts) for short periods of time such as 
one or two hours. For longer missions these engines have to be supplied 
with a proper lubrication system, which often r'equires a complete new de
sign and development program. 

The other type of drive is the turbine, often running at speeds as high 
as 60, 000 rpm to save weight and volume. Here ·also various manufacturers 
have gained experience by building power supplies for missiles. Furthermore, 
some of the turbines have collected many thousands of hours of undisturbed 
operation as prototypes for aircraft afr..::conditioning engines I superchargers 
for automobiles, and the like. 

A typical weight for a 1 kilowatt engine driven generator is 10 kilograms. 
A 6 kilowatt output system complete with controls may weigh 30 kilograms. 
These figures compare very favorably with the radioisotope thermoelectric 
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generator for short missions, where the fuel requirements are not important. 
Irref,pective of the use of drive fuel, the engines normally require a certain 
amount of lubricating oil per hour of operation, which cannot be recovered. 
Thus for real long term missions the lubricating oil requirement alone would 
m.ike this type of converter less attractive . 

. J, 3, Direct Energy Conversion 

The processes by which primary energy is converted in electrical energy 
without an intermediate step of heat, are called "direct enerqy conversion". 
Four such are listed. 

Name 
1. Primary batteries 
2. Fuel cells 
3 • Solar cells 
4. Beta converters 

3. 3 .1 Primary Batteries 

Type of Conversion 
chemical to electrical enet"gy 
chemical to electrical em,ergy 
solar radiation to electrical energy 
nuclear to electrical energy 

Basically all primary batteries contain an anode, a cathode and an 
electrolyte. Chemically anodes are reducing agents characterized by the 
relative ease with which they give up electrons to form positive ions, and 
cathodes are oxidizing agents characterized by the relative ease with which 
they accept electrons. The electrolyte acts as an electron barrier between 
the anode and cathode and permits electric current to flow by ionic con
ductance within the cell. The cell reaction can be expressed as follows: 

Reducing agent (anode) + Oxidizing agent (cathode)~ Discharge products 
The discharge products consist of oxidized anode material and reduced 

cathode material. 
In theory a large number of materials can qualify · as anode or cathode 

material. However, only a few are practical for space work. 
To date the lightest reHable primary battery has an anode of zinc oxide 

and a cathode of silver oxide. The electrolyte is KOH. An important feature 
is that the cells can be hermetically sealed, which prevents evaporation of 
the electrolyte in vacuum. If the weight of the structural materials is included, 
the performance of this so called silver-zinc battery can at present reach 130 
watthours per kg and in a few years perhaps 180 - 200 Wh/kg. (Ref 3-5) 
Evidently primary batteries are restricted to low power and/or short duration 
missions. For example a 20 watt battery for a year long mission would weigh 
l to 1 1/2 tons, as compared to 10 kg for a radio isotope theroelectric gen
erator. 

3. 3. 2 Fuel Cells 

A fuel cell produces power by electrolysis in reverse. Con~ider a beaker 
with water to which some KOH has been added. A potential difference of 2 
volts is maintained between two platinum electrodes, The K+ and OH: ions 
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will travel to their respective electrodes , recombine and take up or give off 
electrons. The result of the well k.!lown process can be expressed as: 
electrical energy +2Hz0 -...2Hz+02 , whereby the two gases escape. 

In a fuel cell the gases are supplied, and water an.d electrical energy 
are produced. In order to let the process proceed certain conditions of 
temperature, press~:-e and presence of a catalyst must be met. For ex
ample the KOH cell by Pratt and Whitney of East Hartford Connecticut 
operates at 500°K and 5 atmospheres (at) gas pressure with finely divided 
nickel as the catalyst, General Electric of West Lynn near Boston uses 
platinum. The temperature is about 3500K, the pressure slightly above 
1 at, the electrolyte ar. acid chemically bonded to a plastic. ASEA - Sweden 
makes the electrodes of nickel and uses silver as a catalyst. (Ref 3-6) 

Fuel cells have an efficiency as high as 50-60 % (defined as the ratio 
between the electric power produced and the combustion heat of the gases 
consumed). This is two to three times as high as for rotating machinery 
powered by chemical fuel . The fuel cell has found a place in the middle 
range of the space power chart, (see Figure 3-1) i.e. for missions lasting 
from a few days up to a month and for power levels in the lower kilowatt 
range. Examples for three of the four large U.S. manned space programs 
are shown in table 3. 3. 2-1 . 

Table 3.3.2-1 Power Sources for Manned Spacecraft 

Name Mission Power Level Duration Type of 
kW 2eak kW average days Power S~stem 

Mercury 1 man earth 0.65 0 .45 up to 1 battery 
orbit 

Gemini 2 men earth 1.6 1 2 to 14 fuel cell 
orbit 

Apollo 3 men moon 2 1. 5 14 fuel cell 
orbit 

Lunar 2 men moon 1 0.7 2 - 7 fuel cell 
Excursion landing 

For the shorter range, lower power level Mercury system the battery is the 
logical choi ce; for the others it is the fuel cell. 

Rough weight figures are: a fuel cell weighs about 30 kg per kilowatt 
nominal capacity. The fuels (H and O) and their cryogenic storage tanks 
weigh about 1 kg per 1200-1400 watt-hours output (Ref 3-5) 

Before endi.ng this section, a few words should be said about practical 
applications on earth. This refers to many space type power systems, but 
in particular to fuel cells. The fact is that the tremendous drive of the 
space industry has accelerated the research on and development of many 
techniques, among them electric power production. Work which normally 
would have been done from decade to decade, is now completed in equally 
many years. Moreover the space industry has the interest, and the cash 
to push for development of "exotic", "difficult", "hairy" schemes, all 
because they may save weight or increase the mission range. The fall-out 
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of this process are new techniques, production processes and so forth. 
With the first, difficult phases already paid for by space interests, the 
terrestrial work may now advance that much more rapidly. However, 
terrestrial uses will first become really attractive when the fuel cell can 
accept methane, natural gas and gasoline vapour with air as the oxidizer. 
These gases are much less reactive than hydrogen and oxygen. This means 
higher temperatures, higher pressures and better catalysts are needed and 
that the development is correspondingly more difficult. 

3. 3. 3 Solar Cells 

A solar cell or photovoltaic cell is a specially made junction diode. 
It is designed so that a large fraction of the photons of incident light are 
absorbed near the junction. 

Commonly used solar cells consist of a wafer of single-crystal silicon, 
doped with one of the elements of the fifth group of the periodic system, 
such as phosphorus. One of the elements of the third group, such as boron, 
is diffused into the top surface, forming a p type skin of a few microns. 
The bottom surface and one narrow strip of the top surface are covered with 
a metal such as silver, to which electrical contacts are soldered. An 
electrical load is connected across the contacts. When light hits the top 
surface, a positive electrical current flows from the top terminal through 
the load to the bottom terminal . 

SOLDERED CONTACTS 

n DOPED SILICON WAFER 

Figure 3. 3. 3-1. Solar Cell 

The p on n cell just described has been the standard solar cell in 
the United States since solar cells first came out in the mid-fifties. In 
Russia and France the standard type has been reversed, namely, a P 
type wafer with an n type material diffused on it. Since n on p cells 
have proven to resist space nuclear radiation better than the p on n type, 
the latter is being replaced by the former for most or all U.S. spacecraft. 

There are some other base materials for solar cells beside silicon. 
One of the better known is gallium arsenide, Ga As, which has better 
efficiency at higher temperatures than silicon. It is also more radiati.on 
resistant than even n on p silicon, but is more expensive to fabricate and 
more delicate to handle. 
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In outer space, near the earth, a surface at right angles to the .direct- . 
ion of the sun's rays intercepts about 1400 W/m2. The overall solar con
version efficiency can be as high as 14% (Ref 3-7), with .10 - 12% as the 
present day standard value. A typical curve of output voltage versus output 
current for a 1 x 2 cmn on psilicon solar cell is shown in Figure 3. 3. 3-2. 
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Figure 3. 3. 3-2. Electrical Characteristics of 1 x 2 cm Non P Silicon 
Solar Cell at Room Temperature 

Solar cells are usually connected in series in groups of five and then 
connected in series-parallel to obtain 28 volts at the required output power 
level. The initial groups of five are often mounted as shingles on a roof. 
Even a small power source needs many hundreds of shingle~, which allows 
for substantial reliability in the system. Failure of a single cell or shingle 
does not jeopardize the performance of the complete power source. A 
relatively small amount ·of redundant shingles provides reliability for the 
solar cell array • 

Solar cells in space are susceptible to damage by nuclear radiation 
and micrometeorites. To protect them against these perils, they are 
covered with layers of glass or fused silica 0 .15 to 1. 5 mm thick. The 
actual thickness is a function of the orbital parameters and the mission 
duration. 

In spacecraft the solar cells are usually mounted on a honeycomb 
structure. Including the weight of the support, the solar cell panel pro
duces from 10 to 25 W/kg. 

Since earth orbiting spacecraft can be in eclipse up to 40% of the time, 
a solar cell system is often not complete without rechargeable batteries, 
which reduce the W /kg figure significantly. 

The above performance figures apply to sun oriented solar cells. 
For spinning or tumbling systems, the performa11ce data are further reduced 
by a factor )'r or 4 . 
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3. 3. 4 Beta Converters 

In a typical beta converter a radioactive gas such as Kr 85 (Ref 3-8) is 
contained in a thin glass bulb surrounded by a graphite sphere. When a Kr 
85 particle decays to Rb 85, a beta particle is emitted with an energy of up 
to 0 .67 Mev, leaving a positively charged Rb atom. Those beta particles 
that penetrate the glass wall are collected in the graphite. The negative 
charge can· be returned through a load to neutralize the positive charge. 

Beta converters produce high voltages - in the above example, up to an 
average of 200 kV. However, the currents are so low - in the order of 10-9 

amps - that the output power is limited to microwatts, which is rarely, if 
ever, of interest to spacecraft. 

3. 4 Energy Storage 

In. all cases where the momentary load is greater than the maximum 
output of the generator, the balance of the energy must be taken from 
storage. Examples are solar powered satellites during dark time and nuclear 
powered systems during peak loads. 

Energy storage devices have received much attention, because they 
often.weigh more than all other parts of the power supply combined. This 
is particularly true for solar cell powered satellites in low earth orbit. 
See Table 3. 4-1, which gives typical weights for the power supplies of 
Relay 1 and Nimbus, built by the Radio Corporation of America for the U.S. 
National Aeronautics and Space Administration. 

Table 3.4-1 
Typical Weight of Energy Storage Devices in Relation to System Weight 

Relay 1 Nimbus 
Power demand during full operation 100 watt 250 watt 
Average power to load 20 watt 175 watt 
Weight of solar cells with 

sup porting structure 14 kg 37 kg 
Weight of battery charge regulators and 

associated electronics 1 kg 3 kg 
Weight of Ni-Cd batteries 13 kg 54 kg 
Weight of complete spacecraft 79 kg 340 kg 

Four types of energy storage are feasible. They are listed in descend
ing order of present day importance. 

1 . Electrical storage batteries (secondary batteries) 
2. Heat storage devices 
3. Regenerative fuel cells 
.4. Mechanica.l storage devices 
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3 .4 .1 Storage Batteries 

Three types of secondary batteries have emerged as lightweight devices 
for repeated charge and discharge, namely silver-zinc cells, silver:-cadmium 
cells and nickel-cadmium cells. Their performance in energy stored per unir 
weight decreases in this order; the number of cycles they can accept increases 
in this order . Typical values for 1964 state-of-the-art are shown in Table 
3.4.1-1. 

Batteries must be sealed, since otherwise the electrolyte would boil away 
in space vacuum. This restricts the chemical processes very much to those 
where little or no gas is developed during charge and discharge. Where 
some processes develop gas on over-charge, this phenomenon must be 
minimized by carefully designed charge regulators. Otherwise, the internal 
gas pressure will rupture the cell container, causing it to fail. 

Battery cells are usually connected in parallel for redundancy and in 
series to obtain the desired output voltage. 

Cells are selected to minimize differences between their characteristics, 
but even so they are never completely alike. This fact has important con
sequences for the use of rechargeable batteries in space, in that the average 
cell must never be fully discharged. If this were the case, some cells would 
be over-discharged during each cycle, resulting in irreversible gas production 
and rupture. 

The level of maximum discharge is found by experience and is shown in 
Table 3. 4 .1-1, for batteries intended to operate the minimum number of 
cycles for their type. If the number of cycles is increased, the safe depth 
of discharge must be reduced. 

Table 3 .4 .1-1 
Practical Performance Data For Secondary: Batteries 

Typical Cost* 
Practical for Flight 
Depth of Actual Qualified 
Discharge Energy Battery in 

Energy Recommended at Minimum** Storage Dollars per 
Storage .Number of Cycles f , .,, . .? ·t!1 Actual I 

~ WhL'.kg Cy:cles Shown WhL'.kg Watt-hour 
Ag-Zn 80-100 30 - 100 SO% 40-SO so 
Ag-Cd 60-70 300 - 1000 60% 36-42 so 
Ni-Cd 2S-30 3000 - 10000 3S% 9-11 2S 

* Hardware only, excluding development 
** Experience limits the practical depth of discharge even further if the number 

of cycles is higher than the minimum. 

3.4.2 Heat Storage 

In certain space power systems, it may be convenient to carry along a 
relatively small amount of energy stored as heat, usually as heat of fusion. 
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The choice of the material depends on the temperature level at which the 
converter operates, 

An example is lithium hydride, LiH, which melts at 955°K. The heat of 
fusion is approximately 2000 kJ/kg, and the specific heat approximately 3. 6 
kJ/kg~ Assuming a permissible drop in temperature between the fully "heat 
charged" liquid and the fully "discharged" solid of l00°K, a storage of 2360 
kJ/kg results. Adding 30 % of the weight for the material of the storage vessel 
gives a net storage of 1660 kJ/kg. In order to compare this figure with the 
secondary battery performance, we must multiply it with the efUciency of the 
converter. With 25% as a typical figure for a dynamic converter, heat stor
age equates 400 kJ/kg (110 Wh/kg). For a thermoelectric generator with 5 % 
efficiency, the heat storage equates 80 kJ/kg (22 Wh/kg), hence consider
ably less than for the better type rechargeable batteries. 

3 .4. 3 Regenerative Fuel Cells 

Separation of certain chemicals in their basic compounds by electrolysis 
is a way to store electrical energy. This energy can be transformed back into 
electricity in a fuel cell . 

To date the only practical process is electrolysis of water and the re
combination of hydrogen and oxygen . These are gases which must be stored 
in quite heavy containers, since cryogenic stcrage does not apply for cycling 
devices , Taking into account the 60% efficiency of the fuel cell and the weight 
of the hardware and fuel tanks, the following performance figures can be de
rived from Ref 3-5 

Fixed weight of fuel cell per kW output 
Fixed initial weight of tanks 

Variable weights per kWh output 
reactants 0 . 7 kg 
gas tanks 1 11 

water tanks O .1 11 

1 .8 kg 

30 kg 
10 kg 

For a discharge time of one hour the combination has a performance 
of lOOO = 24 Wh/kg and for 12 hours, 12000 = 195 Wh/kg. Higher 

41 , 8 61.6 
performance figures apply for longer discharge cycles, since the fixed weight 
is independent of the cycle length. However , most space missions have light-
dark cycles of 2-3 hours . For the few missions where the spacecraft moves 
in a synchronous orbit, the craft is in sunlight more than 9 5 % of the time and 
hence does not need substantial energy storage. 

3 . 4 . 4 Mechanical Energy Storage 

In principle, mechanical energy can be stored in springs and rotating 
flywheels , The first approach is very impractical, because the capacity is 
of the order of 0. 2 Wh/kg. In the second device the flywheel is speeded 
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up when the energy supply exceeds the demand and vice-versa. 
It is usually necessary to use flywheels in pairs, rotating in opposite 

directions, so as not to disturb the dynamic stability of the spacecraft. 
The flywheels are mostly spinning at very _high speed, which requires 
rather heavy gear boxes to transfer the energy to and from storage. These 
gears may weigh almost a s much as the flywheels. 

The upper limit of energy storage is set by the speed of the outermost 
parts -of the flywheel, the so-called tips peed. For high quality tool steel, 
with a yield strength of 2000 MN/m2, the tipspeed is of the order of 500 . 
m/sec and the stored energy, 20 Wh/kg • 

. An advantage of flywheels is that they can absorb and supply energy 
at high rates . . This makes them suitable for storage during short duration 
cycles, from a few seconds to a few minutes. 

3 .4. 5 Conclusions 

Table 3. 4. 5-1 summarizes the salient points of the four energy storage 
devices. 

Useful Energy 
Stored 

.Wh/kg 

Table 3 .4. 5-1 
Energy Storage Types 

Efficiency of Conversion 
from Stored Energy to 
Electrical Energy 

Useful Electrical Remarks 
Energy Stored in 

Wh/kg 
Secondary 

Batteries 9-50* 1 9-50 Well developed 
technology 

Heat 460 0 • 2 5 (dynamic) 
0.05-0.10 (static) 

ll 5 Restricted 
23-46 to certain 

temp . ranges 
Regenerative 
Fuel Cells 

24** 1 24** 

Flywheels 20 0.80 16 Short dura
tion only 

* for detailed v.alues, ·see Table 3. 4 .1-1 
** .higher for longer missions 

· Evidently the batteries have the wides t application. Heat storage is 
·practical primarily if there is a heat source of a temperature which matches 
the melting point of the solid . Fuel cells apply to very long and flywheels 
to vecy. short cycles; the latter only with a rotating converter. 

In combination with isotope thermoelectric generators batteries are the 
logical choice. Heat storage is not practical since both the supply to the 
reservoir and the uptake by the thermocouples are not at all or not signifi
cantly influenced by the power demand of the load . 
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4. DESIGN CONSTRAINTS FOR THE RADIOISOTOPE THERMOELECTRIC 
GENERATOR 

4 .1 General Description 

In the isotope fueled thermoelectric generator (RTE) a radioactive sub
stance produces fast atomic fragments, which convert their mechanical 
energy into heat upon slowing down. The heat moves via the hot and cold 
junctions of a number of thermocouples to a sink. On earth the sink might 
be cooling water or air, flowing past a so-called radiator. In space the 
only heat sink is the true radiator, since conduction and convection do not 
occur. 

Thermocouples produce direct current at a low voltage. Typical values 
are 3 amps at 0 .1 volt. The couples may be connected in series to raise 
the output voltage to 28 volts. This figure was established as a standard 
for aircraft and was accepted by the space industry, as convenient for 
transistor work . 

If for the above mentioned couples the current is 3 amps, 28 volts corre
sponds to 84 watts, if all elements are connected in series. For lower out
put levels the required number of couples would not be sufficient to attain 
28 volts directly and a de to de converter must be added. Such a converter 
is a liability at best, since it adds weight and lowers the overall efficiency 
of the power supply by 10 to 20%+. 

Typical regulation requirements for the generator output voltage are± 10%, 
± 1 % and± 0 .5%. In the first case a regulator may not be needed; in the 
other two the regulator may account for 5 to 10% losses. 

4. 2 Weight 

With weight at a premium, all effort is made to lower it by careful design 
and choice of materials. As is shown in section 6 .4 .1, it is advantageous 
to drive TH as high as the thermocouple material will stand. The cold 
junction temperature T con the other hand has a definite optimal value. 
Higher T cresults in lower thermocouple output but a smaller radiator and 
vice versa. The output power-to-weight vs. Tchas thus a maximum, which 
can be found analytically. 

If the fuel form is. fixed, then its weight is determined to a large degree. 
The same applies to' the container , since the wall thickness depends mostly 
on the requirement of absolute containment on abort. 

4 . 3 Thermal Insulation 

This leaves the thermal insulation as the major component, where careful 
design can help to reduce the weight of the generator. Two problems appear: 
The isotope capsule must be supported firmly during launch and during opera-

+ An alternate solution would be to 11 shave down 11 the area of the thermo
couples. See section 8 .4 .1 
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tion I but the s"upports must not conduct away more than a nominal amount of 
heat. Furthermore, the heat produced in the isotope capsule should move 
largely through the thermocouples, and should not bypass th:em. This . may 
be achieved with super-insulation, consisting of heat resistant metal foils, 
separated by a fibrous insulator . The foils act as thermal radiation barriers 
and the vacuum in space in~ibits heat cond~ction. This arrangement is ·not · 
very efficient pre-launch ar,id during launch with the spacecraft surrounded 
by air, but this is not necessarily a disadvantage. Most scientific and . · 
other' unmanned spacecraft .do not need full power I until they are in orbit• 
Mal'\ned space.craft, which may need power for life support equipment and ·;. 
similar, may operate from one-shot batteries during launch. 

For our generator we will . actually .make use of the fact that the prese-nce . . . . ' 

of gas permits a considerg}:)le amount of heat to leak through the insulation. 
If the isotope fueled generator is operating in the vacuum chamber, the heat 
flow from the fuel caps.ule , cannot be throttled in case of trouble. The ·only 
safeguard is to flood the chamber with gas, perferably an inert gas such as 
argon. Heat will bypass the thermocouples and the fuel capsule 'container 
temperature will dfOP, causing a reduction in the electrical output. 

4 .4 Costs 

Two major elements of cost are the isotope and the thermocouples. 
Assembly, testing .and all other expenses form a third group. Below follow 
a few typical values,· which are by no mean exhaustive . 

. ' . ~ 

Table 4 .1 Cost for RTE in dollars per watt electrical output 

Fuel Sr.; 90 Pu 238 Ce 144 Cm 242 
Generator Life. 3 year.s 
IsotOpe . Cost ;500.,.1000 

3 years 6 months 5 months 
12000 100 4000-5000 (Ref 4-1] 

Thermocoupie Cost* , 500 500 500 500 
.. (for complete :m.oduies) ... 

All other Costs 500-1000 500-1000 500-1000 500-1000 
Total Costs . 1500-2500 13000-135000 1100-1600 5000-6500 

* Values show.~ are Jor 1963-66 period. They have a potential for dropping 
markedly, after completed development. 

The most direct way to reduce the power supply cost is to increase the 
efficiency of the generator. This is particularly true for the plutonium device. 
However, the highest generator efficiency does not always coincide with the 
lowest power supply or spacecraft weight and trade-offs will be required for 
each .. ,indiviQ.ual cgse • . 

,( 

4 • 5 Dyna~ic Aspe~ts of Integration 

The RTE is sometimes called upon to take the place of solar cells on an. 
existing. spacecraft, whereby the spacecraft should be disturbed as little .. 
as possible. This is difficult, because the solar cell weight is spread over 
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a large area, while the RTE is a concentrated weight. 
Even on a craft originally designed for an RTE there are some basic 

integration aspects, which influence the shape of the power supply. The 
most important one is the ratio of moments of inertia for spin stabilized 
spacecraft - which covers the majority of the weather and communication 
satellites launched to date. • 

/ 
--------- - - - - -,fit - - - - - - ---------v 

-- ----~ +- - ------- / ' -....... . ,,. . / t .... 

(. ~ ... -,, 
I CAMfltA 

Figure 4. 5-1. Spinning Spac~craft with Spin Axis and Transverse Axis 

Assume that the craft in Fig. 4. 5-1 carries a camera 1n the bottom. 
The craft spins about its X axis in order to keep the camera directed to a 
fixed point in space. The craft is spinning in a stable manner if the moment 
of inertia about the X axis, Mx, is greater than about the other two axes. 
Experience has shown that the difference should be at least 5%, hence 
Mx )o:.1.05 My and Mx ~ 1.05 Mz 

Figure 4, 5-2. Spacecraft of Figure 4. 5-1 with Added RTE 
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If the RTE is now added as shown in Fig. 4. 5-2, either or both relations 
of equation (4. 5-1) may not longer hold. Even if the craft is launched spinning 
about the X axis, it will after some hours or days spin about the Y or Z axis 
and no longer fulfill its mission. 

The solution for the case shown in Fig. 4 ,,5-1 and 4. 5-2 is to make the 
RTE as squat as possible, giving it a low height and a large d.iameter. This 
may well conflict with the requirement of low generator weight and the usual 
trade offs may be needed. The generator described in Chapter 10 has been 
made as squat as the fabrication of fuel elements will permit.* This has 
resulted in a fuel capsule approximately 16 cm high and with an outer dia
meter of approximately 11 cm. 

4. 6 Safety 

The largest and most important constraint is safety for personnel and 
the public at large. The first basic rule is that the radioactive material 
must not get out of control, which would happen if the container burst ac
cidentally. The second rule is that with the material under control** no 
member of the public or any person working with the generator shall receive 
more radiation at any time than the maximum permissible dose. 

4. 6 .1 Control of Radioactive Material 

Control is achieved in two ways: 1) by making the container very 
strong and completely tight so that it can survive any credible accident. 
2} by selecting an inert, insoluble compound for the isotope, so that little 
or no radioactive material can leach out for example in the groundwater I if 
the container did burst. 

Strength calculations have been carried out for various container shapes 
and the results checked in laboratory and field tests. The most severe con
straint is impact at terminal velocity*** on hard ground or rock, following 
abort at great height. If the container is strong enough to survive this 

* 

** 

*** 

The outer diameter of the fuel container is limited to approximately 
10-11 cm by the remotely controlled welding machine in the isotope 
production plant at Oak Ridge National Laboratory. 

Material evenly dispersed in the atmosphere or ground water as a 
result of a planned burn-up or reentry is considered to be under con
trol. 

See glossary 

4-4 



impact, it will withstand any vibration, acceleration, or shock during 
launch. 

Inert, insoluble compounds are for example strontium-titanate and 
cesium glass. The former loses 1 mg per day per exposed cm2, when im
mersed in water, the latter only 0.2mg/day/cm2 (Ref. 4-2). These com
pounds have the disadvantage of relatively low isotope strength: cesium 
glass contains only 16 % active isotope. 

4. 6 . 2 Maximum Dose for Factory Workers and Launch Personnel 

The safety requirements for workmen assembling and shipping the 
generator and isotope capsule are listed in various national and inter
national publications. They differ little from similar rules on isotopes 
for other purposes. Briefly the maximum exposure rate is 3 rems per 
3 months. The accumulated dose should not exceed S(N-18) rems, where 
N is the individual's age in years. (Ref. 4-3) 

Launch preparations are of course complicated significantly by 
the presence of a strong gamma source on the gantry. To date, U.S. 
agencies in control of space launches have therefore preferred isotopes 
which emit little gamma radiation such as plutonium 238. But even if the 
generator were designed for a primary gamma or brehmsstrahlung emitting 
isotope, acceptance and pre-launch testing of the spacecraft would 
normally be performed with alpha emitting isotopes. This is possible 
since alpha emitters are usually more dense than beta emitters. Thus an 
alpha capsule can find room in a generator designed for beta isotope. 
The change over from alpha to beta capsule can be made at the last possible 
moment before launch by a remotely controlled device, a robot. 

4. 6. 3 Reentry: Dispersion or Ablative Protection 

When an isotope capsule reenters, it should preferable remain intact . 
The container should not weaken during the passage through the atmosphere 
but retain its full strength to withstand impact. The capsule should not 
emit any radiation that would do harm to whoever finds the capsule. 

The container can be kept intact by surrounding the capsule or the 
generator with an ablative shield or nosecone. This method is practical 
for alpha emitters, where the isotope volume is small and the extra weight 
of the nosecone acceptable. Furthermore the intact capsule does not pro
duce substantial dangerous nuclear radiation. 

The more voluminous beta emitters would require a larger and heavier 
ablative shield, which would make the generator performance unattractive. 
The intact capsule would also be dangerous to the public. 

For those reasons it appears more expedient to have the beta emitters 
burn up on reentry. The material must be spread evenly over a large enough 
part of the earth atmosphere, so tha t the maximum permis sible concent
ration is not exceeded at a ny one point. This can be done by selecting a 
chemical compound which easily burns or oxidizes, such as a metal. The 
oxidation product should be a gas or a finely divided powder (particle size 
less than 1 micron). This requirement is at odds with the requirement in 
section 4. 6 .1 for an inert, insoluble compound. 
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The solution of this dilemma is to finely disperse the inert radio
isotope compound in a ma tr ix of metal. If the spacecraft aborts before 
achieving orbit and the container bursts on impact, the isotope will not 
be dissolved in the ground water. if the container reenters, the metal 
will burn up and the isotope will disperse. 

Summary: The present trend is to have beta emitters disperse and have 
alpha emitters reenter intact. 

4 . 7 Radiation Damage to Equipment on Board 

Isotopes which emit primary or secondary gamma radiation may damage 
electronic equipment on board. The threshold for damage lies at about 106 
rads integrated dose for the more delicate equipment. Recently a number of 
manufacturers of transistors and other semi-conductor electronics have im
proved their products until they can withstand 10 7 rads. 

For missions up to three months ( tV 2000 hours) the dose rate of 
500-5000 rads/hour need not cause undue concern. For longer missions 
such as three years, . the allowed dose rate is correspondingly shorter 
(40-400 rads/hour), and one of four measures or a combination of these must 
be taken: 

1. The more delicate equipment is .mounted behind the more robust com
ponents, e.g., the transistorized regulators behind the storage 
batteries. 

2. The generator is mounted on one side of the spacecraft, as far away 
from the radiation sensitive components as the stability of the space
craft will permit. 

3. The generator is turned so that certain parts are interposed between 
the isotope and the radiation sensitive equipment. For example, the 
thermocouples if correctly mounted may double as shielding. (Ref 4-4) 

4. Additional shielding may be interposed. 
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5. ISOTOPE HEAT SOURCES - CHOICE OF RADIOACTIVE MATERIAL 

A casual observer of a chart of the nuclides will be impressed by the 
abundant choice that exists in isotopes. The majority of the 1300 isotopes 
listed are radioactive and try to work their way back to the stability of 
Heisenberg's trough. All produce high speed 'partieles ·; which on slowing 
down raise the general k'inetic energy level of their surroundings, i. e ~, 
produce heat . 

However, the requirements of electric power in space impose five severe 
restrictions on the isotop·es , . eliminating almost a:ll of them. The restrictions 
can be grouped under the following headings: 

1) Type of radiation 
2) Half life 
3) Safety for world population 
4) Available in sufficient quantity 
S) Cost 

5 .1 Type of radiation 

Isotopes which produce substantial penetrating radiation are not suitable, 
because the heat is given off over a large area, instead of locally. The 
spacecraft would also have to carry a disproportionate amount of shield
ing. This eliminates the pure gamma emitters and leaves orily decay modes, 
in which alpha or beta particles provide ' most of the energy. The former are 
preferred, because they require a minimum of shielding. The latter usually 
produce some gamma rays as bremsstrahlung, which requires extra shielding 
even though the primary beta rays d~ not reach beyond the outer wall of the 
container. 

5. 2 Half-life 

Lower limit 
Isotope fueled generators are es'sentially long term mission devices I since 

short term missions can be handled better by chemically fueled devices. The 
cross-over point is of the order of four weeks. Add to this the time for encap
sulating and shipping the material, ' and the delays on the launch pad, totalling 
perhaps three tnore weeks. Since furthermore a rapid decay complicates the 
design of the power supply, the half life should be not less than twice the 
above total or three· to four months • • 

Upper limit " ·· , · ' · 
On the other hand a very long life .results in a low specific' activity and a 

corresponding high specific weight. The RTE' s nearest competitor for long 
mis sions is the solar cell. It produces 
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If oriented towards the sun: 
If spinning sun stabilized: 

. g 
If fre~ tumbling 2 0 . '1l' I" 

4vrcz 

20 watts per kg } weight in-
lQ == 6 .4 watts per kg eludes solar 
'71 cells and 

:::; 5 watts per k<;J " supports 

When nickel cadmium batteries are added to provid~ power during dark periods, 
the overall output of a complete solar cell - battery COJllbination varies from 
0 . 7 to 2 . 5 watts per kg . 

Thus if the isotope fu~l contributes one half the weight of an RTE . this 
fuel must produce not less than 5 and preferably up to 40 eleFtrical watts 
per kg. With a converter efficiency of 5% the thermal output ot the isotope 
must be at least 100 and preferably 800 watts(t) per kg. 

Let us now tie this in with the half life 

Let A 
a 

= atomic weight of an isotope 
= decay energy in Mev per atom 
== half life in seconds t1;2 

w == thermal energy produced in watts/kg 

Then W == 
6.25xlo 13 xa 

Ax t 1; 2 
or t 1; 2 = 

6.Z5 x 1013 x a 
AxW 

Example 1 A ~ 240 
Typical alpha emitter a ~ 5 MeV 

then t1; 2 < 1 .6 x io9 sec 
< 52 years 

Example 2 
Typical beta emitter 

and if W > 800 watt (t) 
kg 

watt(t) 
or if W > 100 

kg 

A ~ 100 then 
a ~ 1 MeV 

and if W > 800 watt( t) 
kg 

or if W > 100 watt(t) 

kg 

then t 1; 2 < 400 yeprs 

tl/2 < 7 .8 x 108 sec 
< 25 years 

tl/2 < 200 years 

Summing up: The desirable ramie for the half-life is 5 to 25 years for beta 
emitters with 1 MeV particle energy and 5 to ~O or 5 to 100 years for alpha 
emitters with higher particle energy. For certain missions half-lives as 
low as three months or a high as 200 years are acceptable. 
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5 . 3 Safety for V\brld and Local Population 

Let a = decay energy in Mev per atom 
w ' = specific thermal power per c urie of radioactive isotope 
c' = number of curies of isotope needed to produce one thermal watt 
then w' = 0 .006 a 
or c' = 166 

a 

. . 16600 
Thus even a small RTE (e.g . SW(e) = 1 OOW(t} ) requires a or from 3000 
to 20, 000 curies of isotope . A larger supply, e . g . , a SOOW(e) source 
needs megacuries. It is therefore understandable that the Public Health 
authorities have imposed restrictions on the use of the isotopes for space 
power. Four sensitive areas exist: 

a) Hazards to skilled personnel handling the isotopes during 
fabrication and testing of a power supply . These hazards 
although considerable are adequately covered by existing 
safety and licensing requirements . 

b) Hazards to personnel flying nuclear powered spacecraft. 

c) Hazards to the local population . Harvey, et al, have endeavored 
to restrict hazards to the local population by making the isotope 
container so strong that it will not rupture, "n.o matter what 
happens" . (Ref 5-1) It will stand fire on the launch pad, 
impact on concrete after a drop from a suborbital spacecraft and 
so on. The intent is to keep the isotope from being scattered 
about. 

d) World population hazard s - The major difficulty presents itself 
if a capsule re-enters the atmosphere from outer space. It is 
normally assumed that no metal can withstand the high temperatures 
due to the braking action of the atmosphere. The capsule will 
burn up and/or evaporate. The contents will be spread for the 
winds. 

The United States Department of Commerce has published recommend
ed safe tolerance levels for isotopes {Ref 5-2). 
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Excerpts from Table 1 of this publication follow: 

Maximum Permissible Concentrations of Radionuclides for 168 hour week exposure 

. ~dionuclide and type of decay Max. permissible concentration in curie s/m 3 

Sr 90 beta 
Cs 137 beta, gamma 
Ce 144 beta, gamma 
Pm 14 7 beta 
Po 210 alpha 
Th 228 alpha, beta, gamma 
U 232 alpha, beta, gamma 
Pu 238 alpha 
Cm 242 alpha 
Cm 244 alpha 

I 

in water in air 
lo-6 10-10 
2x10-4 5xlo-9 

lo-4 2 x lo-9 

2xlo-3 2x10-8 
7 x lo-6 2 x 10-10 
7 x lo-5 2 x 10-12 
3 x lo-4 9 x 10-12 
5x10-5 7xlQ-:-'13 
2 x lo-4 4 x io"'"ll 
7 x lo-5 9 x 10-12 

The most dangerous isotope in air is apparently plutonium 238. If one assumes 
that this isotope after re-entry is dispersed evenly within bands with latitudes 
250 north and south of the equator, the total activity At that may be deposited, is 

At = V 2 5 , 2 5x as 

. where V25, 25 =volume of atmosphere up to 10 km between 250NL and 25°SL 

V2s,25 = 2 x lol8m3 

as =specific permitted activity = 7 x lo-13 curie/m3 

Hence At = 1 .4 x 106 curies 

This amount corresponds to an electrical power production of 2. 2 kilowatts, 
hence larger by a factor 5 to 10 than the largest presently contemplated isotope 
space power supply. 

A similar calculation based on even dispersion between 25°NL and SL 
can be made for water. Assuming that the most dangerous isotope - Sr 90 -
mixes with ground water to a depth of 2 m I 100 kW(e) worth of isotope is 

· needed to reach the maximum permissible concentration of the table. 
Furthermore most of the radioactive material in orbit does not re-enter 

until long after the activity is down considerably. Koelle (Ref 5-3) gives 
the following life times for satellites with an average density of 250 kg/m 3 
(normal value for a communications satellite). 

Height of circular orbit 
in km 
600 
800 

1200 

Life time before re-entry (year~) 

1.5 
15 
1500 
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TABLE 5. 4-1. ISOTOPES FOR SPACE POWER 

Name of Isotope Strontium Cesium Cerium Promethium Polonium Thorium Uranium Plutonium Curium(l) Curium(2) 

Isotope Symbol Sr90 Cs137 Ce144 Pm147 Po210 Th228 U232 Pu238 Cm242 Cm244 

Halflife (years) 28 30 0.78 2.7 0.38 1.9 74 86 0.45 17.6 

Radiation-primary p (J.y 13. 'Y p a a. 'Y a. 'Y a a a 

Radiation-secondary 'Y 

Chemical Compound SrTi~(SrO) glass CeOz Pmz~ Po Th~ u~ Pu~ Cm2~ Cm2~ 

Initial Output - W(t)/g o. 21 (0. 35) 0.067 3. 8 0.28 (0.14) 140 141 3. 3 0.4 98 2.3 

Initial Output - W(t)/cm3 0. 79 (1.14) 0.22 24.5 1. 8 (0. 9) 1320 1270 33 3.9 1150 27 

Initial Output - W(e)/kg 10.4 (17.5) 3.35 190 14 (7) 7000 7000 165 20 4900 115 

Initial Output - W(e)/dm3 39. 5 (57. 0) 11 1225 90 (45) 66,000 64,000 1650 195 57,000 1350 

Selected Mission (years) 3 3 0.5 2 0.33 1 3 3 o. 3.3 3 

Fuel decays to •••• % 92 93 64 60 55 69 97 97 60 90 

Inverse of % decay 1.08 1.07 1.56 1.67 1.82 1.44 1.03 1.03 1. 67 1.11 

Initial curies/W(t) 154 209 124 2700 32 3.5 3.2 30 28 33 

Initial curies/final W(t) 167 224 194 4500 58 5 3. 3 31 47 37 

1964 A vailablc 
kW(t)/year 18 4.5 demand o. 075 (0. 037) 3. 7 0 0 2 6 0.02 

W(e)/year 900 225 demand 4 (2) 185 0 0 100 300 1 

Cost - k$ /W(e) 10 9 1. 93. 80 (160) 3.4 20 3. 8 ? 

k\V(t)/year 30 15.6 18 o. 125 (0. 062) 3. 7* 0 0 5 6 0.10 
1965 Available 

1500 780 900 6 (3) 185* 0 0 250 300 5 W(e)/year 

Cost - k$ /W(e) 10* 9* 1.93 80 (160)* 3.4* 20 3.8 ? 

1966/7 Possibly 
kW(t)/year 60 45 520 7. 5 (3. 75) 74 £) s0 >5 60 3 

available W(e)/year 3000 2250 26,000 375 (187) 3700 2s<G 2sc0 >250 3000 150 

Cost k$ /\V(e) 0.42 0.45 0.018 1. 82 (3. 64) 1.25 o. If) {!) 20 3. 8 40(-10) 

CJl Notes: Conversion from W(t) to W(e) assumed as 5% efficient Sources: AEC Division of Isotope Development (R. Shivers), Oclo-
I :\\•ailability and cost figures allow for decay during selected mission ber 1963 

CJl 
Figures in ( ) for Promethium refer to material that has been aged AEC Report HW 76323, Rev. 1, October 15, 1963 

one half-life in order to reduce the 'Y emitting contaminant AEC Report HW 77770, July 1963 
Pm 148 Nucleonics, April 1963 

Proposed information marked 0, unconfirmed data marked * 
k$ = $ 1000. -



Polonium 210 

Plutonium 238 

Curium 242 

Uranium 232 
and 

Th 228 

Base material Bismuth ( = 100% Bi 209 ) 

Bi 209 + n-- Bi 210 ~ Po 210 
{3 

Base material Uranium 235 and/or Uranium 238 

1) U235 + n .... U236 

2) U236 + n .... U237 6• Bd T Np 237 

3) 
6.6d 

U238 + n .... 2n + U237 r Np237 

Then separate and irradiate Np 237 

2. ld 
Np 237 + n-- Np 238 T Pu 238 

Hence 3 irradiations and 2 chemical separations are required. 

Base material Uranium 238 (or Plutonium 239) 

U238 + n .... U239 ~ 
{3 

Np 239 2• 3d Pu 239 T 
Pu 239 + n .... Pu 240 

Pu 240 + n .... Pu 241 

Store Pu 241 and let it decay: Pu 241 ~ Am 241 
{3 

Separate and irradiate Am 241 

l()h 

T Am 241 + n .... Am 242 Cm 242 

Base material Thorium 230 (also called Ionium) • 

Th 230 + n .... Th 231 25 • Bh Pa 231 {3 

Pa 231 + n-- Pa 232 

U 232 ~ Th 228 
(i 

1. 3d 
T U232 

(Pa 231 has a half-life of 
3. 2 x 104y) 

• Th 230 is a link in the U 238 decay chain. Due to its 80000 y half-life, it occurs 
in natural uranium in the ratio of 16g Th 230/ton U. It can be recovered as a 
by-product of the milling of uranium from uranium ore, but only certain sp3cific 
methods, notably the sulfuric acid leaching methods, give quantities of Th 230 
that are of interest (Ref 5-5 ) • 

Table 5. 4-2. Examples of Production Methods of Alpha Emitters 
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In principle one can send up one satellite at the time. If it attains 
orbit, the road is clear for the next one, and so forth. Only if many re
entered in a short span of time, would there be restrictions on launching 
further units. 

Summing Up: The active material and container must be designed so that 
on abort or re-entry the isotope is either contained or evenly dispersed over 
a large portion of the earth. If these conditions are met, there is no theoreti
cal restriction on the use of any isotope. 

5. 4 Availability 

To be of interest, radioisotopes must be available in large quantities. 
One or two hundred kilo curies will suffice for a single test model , but 
several megacuries are needed for say a world-wide communication system 
of a dozen satellites. 

The only sources for large quantities of radioactive materials are the 
world's nuclear reactors . Some isotopes are fission products, hence 
actually waste materials. Others, notably the trans uranium elements among 
the alpha emitters are made by exposing a lower placed element to the 
neutron flux of a reactor. Table 5 .4-2 gives examples of production processes 
for certain alpha emitters. 

The amounts of isotopes that are available or in existence are often 
classified. However, it is possible to estimate the production of fission 
products from the installed reactor capacity of the world: 38 Gigawatt 
thermal or of the United States: 9Gigawatt thermal. *(Ref 5-4) Included 
are power reactors that are authorized, under construction or operating 
June 1963. 

The amounts of alpha emitters that can be produced for space work, 
depends largely on the future demand. At present (1964) the actual 
quantities in stock are small (for Po 210 and Pu 238) or non-existent 
(for the others). For the United States the Atomic Energy Commission 
decides how much reactor capacity it wishes to employ for future isotope 
production. The AEC in turn depends on the proposals and forecasts of 
its customers to set production plans. 

It is therefore of interest to all parties concerned if spacecraft de
signers carefully study the application of isotopes for a number of missions, 
in particular since several isotopes have three years lead time between go
ahead and production in quantit~. 

To assist pla nners the AEC has compiled production da ta shown in 
table 5 . 4-1. For years 1966 and later these figures may be higher than 
shown if this is "in the national interest" or lower if the demand drops un
expectedly. 

* These figures do not include the probably substantial capacity of the 
reactors that. make, plutonium for nuclear weapons. 

··' -' .. ,_,. ' . ' ) 
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5. 5 Cost 

For a while the cost was only of secondary importance in the design 
of a spacecraft and its power S\.lpply. The weight was paramount and an 
extra $10 , 000 - was - if not gladly - ·spent, if one kg could be saved. 

With various missions competing for the budget allowances and with 
larger capacity boosters becoming available, this situation is slowly 
changing . Price is again becoming an important factor and the isotope 
should be reasonably priced if the RTE must compete with the solar cell 
or other power sources • 

For comparison a solar power supply costs from $2000 to $10, 000 per 
watt of average power to the load. The lower figure applies to a sun
oriented system with a minimum battery for dark time operation. The higher 
figure refers to a free tumbling satellite in a relatively low orbit, with 
up to 40% shadow time. Both prices are based on $12 per N on P solar cell 
and $5 per cell for assembly, support and so forth, a cell being 1 x 2 cm 2. 

Assume that the power supply without isotope costs from $600 to $1000 
per watt. The isotope may be charged with the difference between solar cell 
power supply cost and the converter cost. Hence in order to be competitive 
the isotope price should not exceed $1600 per watt (e). In extreme cases up 
to $9000 or $10,000 per watt is acceptable. 

Graphs 5. 5-1 thru 5. 5-4 show the important features of the isotopes. 

5. 6 Conclusions 

At present and in the near future no isotope has all desired properties, 
although several miss out on only one count. Most of the twelve have their 
marker point within the outer square, i.e. they are acceptable even if not 
ideal. The isotope which scores highest in physical properties is Cm 244. 
If later the production cost comes down, it may be the best isotope of all. 
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6. THERMOELECTRIC PARAMETERS AND CHOICE OF MATERIALS 

6, l Basic Relations 

The three basic thermoelectric relations were discovered between 
1820 and 1860 by a German, a Frenchman and a Briton. Although these 
relations are well known, we will briefly repeat them here, since this 
provides a convenient way to define the quantities that will be used from 
here on. 

Thomas Johann Seebeck (1770-1831) of Berlin and Gottingen found 
that if two electrical conductors made of different materials, are joined 
in two places, an electromotive force is produced if the junctions have 
different temperatures. See fig 6 .1-1. More specifically 

where .Av 
AT 

s 

= 

= 
= 

AV = SAT 

electromotive force produced in the circuit (volts) 
temperature difference between the Junctions (degrees K) 
Seebeck coefficient of the combination of materials 
(volt/degree K) 

The Seebeck coefficient S is actually the difference between the 
so called absolute Seebeck coefficients s1 and s2 for the two conductor 
materials. 

With regard to the direction of the electromotive force, see figure 6 .1-1 

T+ !::.r 

T 

Figure 6.1-1. Seebeck Effect 

If Ll T > 0 and S1 > s2 the polarity is as shown. 

Jean Charles Athanase Peltier (1785-1845) was a French watchmaker 
who inherited a "modest fortune" and left business life to pursue natural 
science. He discovered that if an electric current is passed through a 
Junction of two conductors of different materials, this junction produces 
or absorbs heat, depending on the direction of the current. The current 
may be due to the Seebeck effect in a closed thermoelectric circuit or it 
may be produced by an external generator. Specifically 

Q = .77'" I 
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where Q 
I 

tr 

= 
== 
= 

heat produced (watts) 
current through junction (amperes) 
Peltier coefficient (watt/amp) 

The Pel tier coefficient like the Seebeck coeff iclent, is a difference of two 

quantities, one for each material 

'// ::: 10 - lr2 

------r 

Fign're 16. '1......2... Peltier Effect 

With the current flowing 'from mateTial l to 2, 71, .). 7/z if heat 
is developed at the junct'ion and 'ti, < >'re if heat is absorbed. 

William Thomson, 'later Lord Kelvin (1824-1907) of Belfast and 
Glasgow found that if an e'lectrical conductor carries a current and at the 
same time there is a temperature gradient along the conductor, a certain 
amount of heat is produced or absorbed along this conductor. This Thomson 
heat is different and separate from the Joule heat. The latter is proportional 
to the square of the current and is always given off; the former is given off 
or taken up depending on the direction of the current relative to the temper
ature gradient. Specifically 

where 

Jx 
dT 
Ox ,.,.. 

Or =-pix dT 
dx 

Thomson heat produced by the conductor per unit time and 
1uni't volume (watt/m 3) 

= current density (amp/m2) 
= temperature gradient (degree K/m) 

0 . 
= Thomson coefficient (joule/coulomb. Kor volt./°K) 

___ ....,.J)( 

____ __. .. dT 

di 

Figure 6.1-3. Thomson Effect 

with Ix and 8-ias shown, pis positive, if heat is absorbed. 
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Kelvin Relations 
Thomson discovered the following relations between the Thomson 

coefficient yi.), the absolute thermoelectric or Seebeck coefficient (S) 
and the Peltier coefficient (7f) of a conductor: 

dS 
fl = T crr---

7T = TS 

We will make use of the second equation when optimizing the 
space power supply. See Chapter 8. 

6. 2 Power Production 

For about a century the thermoelectric effect was used primarily for 
temperature measurements. For power production it was very unattractive 
because of .very low voltage per couple, high generator weight and very 
low efficiency. Generator voltage can of course be raised by series 
coupling, but the efficiency cannot be improved since it is a function of 
the material constants only. 

Let us calculate the efficiency of the well known couple copper 
constantan to prove the point. 

AREA A 

HOT SIDE 

COPPER kl CONSTANTAN k2 

COLO SIDE Tc 

EXTERNAL LOAD 
RESISTANCE R

8 

AREA A 

Figure 6. 2-1. Diagram for an Ideal Thermocouple 

The thermocouple consists of a copper element 1 and a constantan 
element 2, as shown in fig 6. 2-1 

The electromotive force or open circuit voltage E is 

E = (S1 - Sz) (TH - Tc) (6.2-1) 

The internal resistance R1 of the couple is 

Ri = ( f 1 + f 2) 1 
-A- (6.2-2) 
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The power P produced in the load is maximum if Re= Ri 

L 
For this case P = 4Ri (6.2-3) 

The heat Q which passes from the hot to the cold surfaces due to thermal c . 
conduction is: · 

The Peltier heat Op removed from the hot Junction is 

Op = 7(12I = TH(s1 - s 2) I, where 

I = ~ 
2Ri 

and hence 

Op = 
TH (Sl ~ 82)2 (TH - Tc) 

". 

Also a certain amount of Joule heat Qj is produced in the thermocouple. Half 
of this heat is returned to the hot junction. In order to maintain the temperature 
TH the total amount of heat QT supplied by the heat source to the hot Junction 
is now 

The power efficierii:::y f of the couple is defined as 

Power in . the load 
Heat supplied to 

hot Junction 

= 
p 

After substitution of all material constants and thermocouple dimensions in the 
last equation and neglecting the Thomson effect we find after some r~duction: 

f = 

This can be used to calculate the efficiency on a copper-constantan thermo-
couple as follows · 

= 400°C = 673°K 
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S1-S2 = 5. 2 x 10- 5 V ~K 

-8 P2 
-8 

f 1 = 3 x 10 ohm m = 45 x 10 ohm m 

Kl = 400 watt/ °K m K2 = 30 watt/°K m 

Then 

1.08 x io- 6 = l.3xlo- 3 
0.25x10-4 + 3.62 x io-6 - o.54 x io-6. 

Hence ? is very low, only a fraction of one percent. It can be increased by 
giving the two elements of the couple different cross section areas A1 and A .2 
according to 

K2 1 

14 

Then the efficiency is 

I 
t7 - Power out 
I - Heat supplied to hot junction 

= 0. SJ% 

Similar figures are obtained for other combinations of metals, be.cause 
in general the products ( f. + ~ ) (K1 + K2) are the same _order of magnitude 
for all metals. z. 

6. 3 Semiconductors 

The conditions changed in the nineteen-fifties with the arrival of the 
semiconductors. Certain alloys or compounds can be doped with donor or 
acceptor materials so as to change their thermoelectric properties at will -
within limits. 

Briefly, a desirable material or pair of materials should have a ·high 
value for the Seebeck coefficient S and low values for the thermal con
ductivity Kand electrical resistivity .P . This combinatiqn is conveniently 
expressed as a "figure of merit" Z, defined as follows: -

s. t. 
for one material: z - / 

I - f', I<, 

and for a thermocouple consisting of two materials, for which the 
cross-sections have been matched to give optimum efficiency 

(S, - ~) 
z 
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The three material constants will now be discussed 3eparately. We assume 
that the materials are extrinsic non-degenerate semiconductors in which a 
single sign of charge carrier, n , predominates. The concentration of 
carriers can be adjusted by controlled additions of an impurity to the pure 
semiconductor. (Reference 6-1) 

6. 3 .1 Electrical Resistivity 

The electrical resistivity ~ decreases with the concentration of the 
charge carriers n according to 

(Ref. 6-1) 

where -e = electron charge 
fa = mobility of the charge carriers. 

6. 3, 2 Thermal Conductivity 

The thermal conductivity of a doped semiconductor is the sum of the 
conductivities by lattice vibrations K~ , and by moving charges, K,e 

The former is generally independent of the concentration of the charge carries; 
the latter increases in proportion to this concentration according to 

-I 
K~ = 2 k2 T n_,µ -e 

where k = Boltzmann Constant 
T = Absolute temperature of the material. 

6. 3. 3 Seebeck Coefficient 

Ref. 6-2 indicates that in general the Seebeck coefficient decreases 
as a linear function of the logarithm of the charge concentration-n.. S is 
high for low values of 'Tl and becomes very small for high values such as 
occur in metals . 

6. 3 .4 Figure of Merit 

The figure of merit .z is a function of s, K and e I Hence I it too 
depends on the semiconductor properties, in particular on the concentration 
of the charge carriers. 

Typical relationships between the four material values and 1\. are shown 
in fig. 6.3.4-1 (Ref 6-2). For low values of1\, Z is small be.cause~ is 
large. For high values of 1\ Z is small, because S is small. The maximum 
for Z commonly occurs when 1\ is in the order of 1019 carriers per cm3, 
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The most important variation between different semiconductors is found 
in K,t, which can vary by three orders of magnitude. Low K~ is therefore 
the key requirement for q. thermoelectric material that is useful for power 
production. 

For a selected material and dopant level Z varies with the absolute 

temperature, going through a maximum as shown in Fig. 6 . 3. 4-2, for which 
several data were found in Ref 6-2. 

In the following section we will compare the properties of a number of 
thermoelectric materials in order to select one for our genera tor. 

6 .4 Selection of Thermoelectric Materials for Space Power 

The figure of merit mentioned in section 6. 3 is only one of several 
characteristics which determine if a thermoelectric material is suitable for 
space power. Several other properties are to be investigated. To be ac
ceptable the material must score at least a passing grade in each one. 

In the following we will first set the acceptable standards and then 
compare these with the data presented for various materials. 

The standards will refer to an isotope power supply fueled with 
strontium 90 titanate. In order to compete successfully with solar cells, 
the generator shall produce not less than 2. 2 W.(e)/kg and preferably 
3-4 W(e)/kg. 

6. 4 .1 Efficiency and Figure of Merit 

Strontium 90 titanate produces 220 W(t) per kg of compound. Assume 
that the container weighs as much as the isotope and the two together as 
much as the remainder of the generator. That represents a w,eight of 4 kg 
for 220 W(t). With the above limit of 2. 2 W(e) per kg generator weight, 
the minimum acceptable limit for the efficiency of the generator is 4 % • 

There is a difference between the thermoelectric efficiency of the 
material, the thermocouples, and the complete generator. If we require 
4% efficiency for the latter, the material. efficiency must be not less than 
6 % • This is of course only an estimate since there exist other isotopes 
with higher power to weight ratio. On the other hand this extra power is 
needed for future performance beyond the 2. 2 W(e}jkg. Summing up: 
material efficiency significantly below 6% (e.g. 4 %) is of little interest 
for our purpose. 

The efficiency 'P , average temperature Tand figure of merit Z are 
related by: 

where T is the mean of the hot and cold junction te~peratures 
TH and Tc. For approximate calculations we can also use the' following 
relation: 

(Ref. 6-3) 

v 1 + z 
l( V 1 + .z T '+ 1 H 

where Z is the mean of Z over the temperature range Tc to TH. 
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Before we go further, we must select an acceptable cold junction temper
ature. Here lies a big difference between generators for space and those fore 
land or underwater use. 

6 .4 .2 High Heat Rejection Temperature 

We will show in chapter 10 that our optimum generator design allots one
tenth of the total weight to the radiator. However, to arrive at an absolute 
minimum radiator temperature for strontium 90 titanate fueled generators, we 
will in this first approximate calculation make the ratio as high as one-quarter. 

Space radiators weigh in the order of 5 kg. per m2 area. If the generator 
has an efficiency of 4 % , the radiator must reject 1100 W /m2. With a radiator 
efficiency of 75% and a coating emissivity of 0 .85 the radiator base must 
operate at not less than 418 OK. With a 22° drop between the cold junction 
and the radiator base, Tc is not less than 4400K. 

A similar calculation for a 6 % efficient generator gives Tc > 400°K. 
In Table 6.4.2-1 we have computed the material efficiencies for 

several materials at the two cold junction temperatures of 400 and 440°K. 
Since these are at or near the boundary, , we have also shown data for the 
more II practical II level Tc = 500°K,. The hot junction temperatures have 
been selected as high as the materials permit. 

The table shows that Bi Te is not suitable because of its low TH. The 
other materials are comparable. · 

Table 6 . 4 • 2-1 
Maximum Efficiency For Thermoelectric Materials 

Thermoelectric 

Material Ref. 
Efficiency in % 

Bi Te 

Pb Te 

AgSbTe
2 

(p type 
only) 

90% GeTe 
10% AgSbTe2 

Si Ge 

1 . 8 6-3 

1. 2 6-4 

1 • 6 6-1 

1. 3 6-1 

0. 6 6-S 

525 

860 

775 

875 

1175 

3.9 2.7 

9.4 8.6 

9.6 8.S 

10.2 9.3 

8.6 8.2 

6-9 

0.8 

7.3 

7.0 

8.0 
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6 .4. 3 Mechanical Strength 

The general requireme·nt of low weight precludes ela.borate clamping 
and other support for the thermocouples. They have to withstand their 
own acceleration and vibration durin9 launch, hence the thermoelectric 

. material must be mechanically strong at launch temperatures. 
This eliminates liquid materials, such as the molten vanadium oxysalts 

.: ,. c.Navo3 and Na2o. vo4 • sv2o 5 or the otherwise promising Cu2Bo. 2sTeo. 7 s, , 
·;'-'- 'which exhibits Z ct 0. 4 Sxio-3 at T = 137 s°K (Ref 6-6). 
.. ' . ~ ' 

The followinq calculation gives the order of magnitude for the yield 
or tensile strength of the material. Assume that the thermoelements are 
25 mm long bars of 3 x 3 mm cross sectional area and are supported at .. one 
end. This shape 

(XTflA 
MAii 

IMM 

c.o. 
MAK ACCILIRATION: lOOt 

Figure 6. 4. 3-1. Mechanical Load on Thermoeleinent 

has a length to area ratio of 2780 m-1, which is desirable for the d~sion 
of practical small generators that can produce 28V without the need of a 
do-de converter (see chapter 8). Rach element carries at the un1upported 
end a connecting strap or a radiator with a mass equal to the mass of the 
bar, The density of the material is 4000 kg/m 3. The max. acceleration 
during any vibration or acceleration test is 100 times the acceleration of 
oravity (lOOg). 

The maximum bending moment occurs at the support: Mb= 3, 3'7 x lo-2Nm 
The section modulus equals: W . h3 27 10-9 -9 3 . 

.;· . - x = 4. 5 x 10 . m 
' 6 6 

H h i (j ! = Mb 6 I 2 ence t e max mum stresses: = 7. 5 x 10 N m , which should be well 
w 

below t~e average yield strength. If one allows for .small inclusions in the 
semi-conducting material, the maximum yield strength should be about 2 r 
or 1. 5 x 1O1 N/m2 or in English units 2000 psi. 
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6 .4 .4 Long Life 

Operational space systems lasting less than six months to a year 
are usually not attractive, considering the large amounts of time and 
money spent for fabrication, testing and launching of each spacecraft. 
Hence the power supply, in this case the thermocouples, should have 
a design life of at least one to two years. During this time the semi
conducting material should not change its thermoelectric properties, nor 
should it chemically react at high temperatures with any other materials, 
insulation, container, etc. - of the generator. The semiconductor must 
withstand high vacuum in space and oxidation pre-launch. 

6 .4. 5 Stable High Temperature Low Resistance Bonds 

The thermoelements must be bonded to each other and to the structure 
of the generator. These bonds must remain stable for the life of the device. 
This is a major metallurgical problem, because the choice of bonding 
materials is, in general, limited to those with the same coefficient of ex
pansion as the semiconductor. The bonding material must also be chemically 
stable and a good electrical conductor. 

6. 5 Silicon-Germanium 

The results of the comparison are shown in Table 6. 5-1 . 

Table 6. 5-1 Comparison of Thermoelectric Materials 

Bi Te 

Material effiency 6% or more 

Sufficient mechanical strength X 

Proven Life X 

Proven stable, low resistance 
bonds X 

Pb Te 

x 

AgSbTe 2 90% GeTe-
1 Oo/oA.gSbTez 

x x 

When adequately supported 

x 

x 

Si Ge 

x 

x 

x 

x 

Since PbTe and SiGe are acceptable we must now base a decision on other 
than thermoelectric material properties. 

Lead telluride has been employed successfully for a number of terrestial 
and space missions (ref. 6-7 and table 7. 3-1). The thermoelements must be 
encapsulated and must be mechanically supported, which both cause additional 
heat losses and prevent or restrict the use of multi-foil insulation. 
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SiGe is lighter than PbTe; this will be important for generators fueled with 
for example Po 210, where the fuel capsule is so light that the weight of the 
thermoelements become significant. A similar argument can be made for the 
radiator. PbTe requires a relatively low (up to SOOOK) radiator temperature. 
This becomes a significant restriction for future high power-to-weight ratio 
generators. SiGe gives the designer the freedom to raise the cold junction 
and radiator temperatures to 600 or even 700°K. (A 7QOOK radiator weighs 
one-quarter of a soo°K radiator). 

With SiGe on the other hand, the low value of Z forces the designer into 
high T8 and high capsule temperatures. · This requires dl3veloping a hig.~ 
temperature technology and superior thermal insulation, but once these · exist 
the SiGe has more future for space power than the PbTe. 

Since our goal is to advance the state of the art, we have accepted the 
challenge of high temperature technology rather than being limited by the 
properties of a thermoelectric material. Thus, we have selected SiGe for 
our genera tor. 

The alloy and its properties are described in Ref. 6-8 and 6-9. The 
compostion is approximately 2 atoms Si and 1 atom Ge. The specific 
weight is 3. 5, the melting · point 14 7 s°K. The posit! ve elements are doped 
with boron, the negative ones with phosphorus • 

. Life tests in air have shown stability of over 1000 hours at approximately 
12.7 SOK. In hard vacuum with fewer test data available, a 100° lower level 
appears to be called for. To secure reasonable operation we have selected 
the hot shoe temperature somewhat lower yet; namely l l00°K .• 

The published yield strength in tension for SiGe is 50 x 106 N/m 2 , hence 
substantially above our rule-of-thumb figure • 

..§..:.§. Irradiation Effects on the Selected Thermoelectric Material 

The thermocouples will be exposed to gamma radiation to a level, which 
· conservatively deducted from Ref. lJ-2, does not exceed 1.3x108 rads per 
year. At this time there are no published data on the effect of nuclear radi
ation on SiGe, but there are some results on lead telluride and germanium 
telluride, which may be used as guide posts. 

Ref. 6-1 O describes semiquantitatively how Ge Te and Pb Te have been 
exposed to neutron fluxes equal to or exceeding 4. 5 x 1ol8 n/cm 2 (thermal) 
and· 1.s x 1Q20 ro/cm2 (fast). Although direct comparison between the damage 
due to gamma radiation and neutron radiation is not possible, a conservative · 
approach puts 4. 5 x 1O18 nvt in line with 1 o9 to 1 ol O rads. This exceeds 
the expected total dose for our generator by one to two orders of magnitude. 

According to Ref. 6-10, the thermal neutron irradiation caused certain 
increases in the Seebeck coefficient, and thermal and electrical conduc
tivities, which were again removed by annealing at temperatures up to 
57SOK. 

The thermocouples for our generator are designed to operate at temper
atures between 550 and ll 00°K. This and the fact that the integrated dose 
for our .thermocouples is considerably lower than the doses mentioned in 
Ref. 6-10 gives us confidence that the SiGe couples for the present gene
rator will not be adversely affected by the bremsstrahlung from the stron
tium titanate fuel. 
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7 . SELECTION OF MISSION AND POWER LEVEL FOR RTE. 

The previous chapters have shown what sort of fuels and converter mater
ials and techniques are available to-day. Now we must exploit these to de-

.. sign and build a space power supply that is better than the solar cells discussed 
in Chapter 3.3.3. "Better" in space work refers to lighter, more reliable, long
er lived, cheaper, easier to integrate, easier to launch or any combination of 
these. By definition a new device is better than an existing one, if it outper :
forms the latter in one respect and equals ' it in all other. 

Usually, however, the new device performs considerably better in some 
respects but somewhat poorer in others. The designer must then weigh pros 
and cons for each mission. In the jargon of the space age: he must trade-off 
the performance data for the two devices. 

In the foll~wing we will delineate the parameters of a 1963 state-of-the
art solar cell power supply for 25 watts. The description will serve as the bas
ic specification for a RTE with the understanding that the latter must exceed 
this spec. in one respect and meet it on all other counts. The comparison will 
apply to a selected typical mission. In Chapter 15 we will discuss applications 
to different missions. 

7 .1 Choice of Mission and Orbit 

The U.S. National Aeronautics and Space Administration (NASA) planned 
to launch 24 spacecraft in 1963 (Ref 7-1). The orbits are shown in figure 7 .1-1. 
One spacecraft (Ranger) is to impact the moon. Of the remaining 23, 13 have 
orbital heights between 500 and 1200 km, and hence 800 km can be considered 
a typical height for our purpose. There is of course a reason why 500-1200 km 
is such a popular altitude. Placing a spacecraft in a lower orbit requires less 
rocket power or permits a larger payload, as illustrated in Table 7 .1-1. 

On the other hand if the orbit is too low, the atmospheric drag will slow 
the spacecraft down and bring it back to earth too soon. Data for Table 7 .1-2 
are obtained from Ref. 5-3 and 7-2. 

800 km altitude appears to be a good compromise. At this level the orbital 
period is just over 100 minutes. The fraction ef the orbit in sunlight depends 
on the time of the year and the inclination of the orbit. We will assume an 
equatorial orbit with a night time of 35 minutes and a day time of 65 minutes. 

7 .1.1 Space Nuclear Radiation Effects 

Nuclear radiation is another important consideration when selecting an orbit. 
J. van Allen discovered in 1958 the existence of two radiation belts outside the 
earth atmosphere. They cons it of protons and electrons trapped in the earth mag
netic field. The be! ts are generally of toroidal shape, lying in the plane of the 
earth's magnetic equator (displaced 11° from the geographical equator). These '\l· 

two be! ts are centered at 4000 km and 20, 000 km altitudes, respectively. The 
inner belt contains protons and electrons with the former dominant. The outer 
be! t contains mostly electrons. 
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Figure 7.1-1. NASA 1963 Launch Schedule 
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TABLE 7 .1-1 APPROXIMATE PAYLOAD CAPACITY 

Height of Circular 
Equatorial Orbit 

(km) 

170 

500 

1000 

3700 

6800 

10,000 

minimum lunar 

Earth escape 

Payload for Atlas Agena B 
(kg) 

2900 

2600 

1900 

1300 

900 

600 

450 

400 

(minimum Venus) 
(for 

300 

(minimum Mars) 

Approximate cost 
for one launch in
cluding vehicle, 
launching cost, etc. 

comparison) 
280 

$7' 500, 000 

Payload for Delta DSV-3B 
(kg) 

400 

200 

50 

$2, 500, 000 

TABLE 7 .1-2 SATELLITE LIFETIMES 

Height of Circular Orbit 
(km) 

160 

400 

600 

800 

1000 

1200 

Approx. Lifetime Before Reentry 

2-4 days 

30 days 

1. 5 years 

15 years 

150 years 

1500 years 

7-3 



At the heart of the inner belt 4000 km above the magnetic equator the 
' 4 2 

proton flux rate is 4 x 10 protons per cm per second. Many of these pro-
tons have energies of 40 Mev or more. 

Table 7 .1.1-1 depicts some typi('.al radiation levels for various altitudes. 

Table 7 .1.1-1 Order of Magnitude Radiation Level3 

Inner van Allen be! t: 

Outer van Allen belt: 

Artificial be! t (one 
typical example only): 

Heart approx. 4000 km aJtitude above geo
magnetic equator: 4 x 10 protons/cm2 /sec, 
equivalent to 140 rads per hour at vehicle 
surface 

Heart approx. 20, 900 km above geomagne
tic equator: 2 x 10 electrons/cm 2/sec 
(E> 500 Kev), equivalent to 2400 rads/hour 
at vehicle surface 

at 600 km altitude 10 6 to 108 electrons/cm2 / 
sec equivalent to 120 to 12, 000 rads per hour 
at vehicle surface. 

The interesting point is that the levels at 800 km height used to be quite 
moderate. For a time there existed a corridor at 500-1200 km'· provided by 
nature, in which spacecraft could be launched with minimum effort and where 
they could stay with minimum influence of space radiation. This situation 
changed when the AEC exploded a large hydrogen bomb 400 km above the 
Pacific Ocean in July 19 62. A number of spacecraft were silenced, never to 
be heard of again. Among these were Ariel I, a British and Transit IV-B and 
Traac, two American satellites. Ariel stopped transmitting three days after 
the blast. (Ref 7-3). 

The trouble could be traced to radiation damage to the solar cells, caused 
by an increase by several orders of magnitude of the electron count in the 
corridor. Some months later the effect did not decay as expected. La test 
indications are that the charged particles may make the originally free cor
ridor at 800 km unsafe for perhaps ten years to come. 

Thus for our typical mission at 800 km altitude we must take precautions 
against radiation damage as if the altitude were 2000-2300 km. We must 
select either heavy transparent covers or make the solar array oversize to 
allow for degradation during the year long mission. Cells will be N on P 
type- see section 3. 3. 3. 

7 . 2 Solar Cell Sys tern De sign 

7. 2 .1 Solar Cell System Weight 

From the NASA schedule of Ref. 7-1 we also select an output range of 
25 watts. This means that the load receives 25 watts continuously, which 
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implies use of rechargeable batteries. During day time the solar array 
powers the load and charges the batteries. During the night the batteries 
provide all on-board power. 

The design life is one year, which equals 5200 orbits. For such a num
ber of cycles sealed nickel-cadmium batteries are the only type with a 
proven record of accomplishment in space. 

II> 
I-
I-

i 
0:: 
I.I.I 
:r 
0 
Q. 

45 

25 

0 
0 

DAWN 

SOLAR CELLS CHARGING BATTERY 

POWER FROM SOLAR CELL 
ARRAY TO LOAD 

SOLAR CELL ARRAY 
OUTPUT P 

POWER P'ROM 
BATTERY TO LOAD 

STEADY LOAD PAV 

65 100 
DUSK DAWN 

TIME (MINUTES) 

Figure 7. 2. 1-1. Typical Load Profile for Solar Cell System 

The output P of the solar array is computed on the assumption that the 
batteiy is 67% energy efficient, Le. 

(P - Pav) 65 

Then P = 45 watts 

If allowance is made for a 90% efficient voltage regulator, P~ 50 watts. 
The batteiy has stored at dusk 25 x ~g = 14.6 watt hours. For a 

large number of cycles experience limits the discharge depth to 10-15%. 
In the following table we have calculated the weight for the lightest 

solar cell and batteiy system, consistent with good engineering practice. 
The redundancies and degradation figures all apply to one year operation. 

Assumptions 
Batteiy watthour efficiency 67% 
Solar cell array redundancy for degradation 15% 
Ba tteiy redundancy 15% 
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The solar cell array follows the sun. Its plane is always turned at 
right angles to the direction of the sun's rays. 

The optimum solar cells are covered with 0. 75 mm fused silica 
The power to the load is a steady 25 watts. 
The voltage regulator is 9 0 % efficient. 

Table 7 .2.1-1 Weight Calculation 

Solar cell area 50 x 80 cm2 + 0. 4 m2. Adding 15% for degradation gives 0. 46 m2 

Solar cell array weight 5 7 . 5 x 2 6 g = 

Substructure 0. 46 m2 @ 3000 g/m2 = 

Battery: 
add for voltage regulator 10% 

for redundancy 15% 

Battery weight: 18. 3 x 350 g 

Voltage regulator and other electronics 

14. 6 wa tthours 
1. 5 
2.2 

18 . 3 wa tthours 

Orientation device - including sensors and electronics 
TOTAL 

1500 g 

1380 g 

6400 g 

1120 g 

1lQQ. g 
11, 600 g 

. The orientation device should be charged with 0. 8 watt. Thus the net output is 
24. 2 watt. Conversely a device for 25 watt net would weigh 12 kg. 

7. 2. 2 Costs 

Costs cannot be determined as easily as weights because the solar cell 
industry is going through a series of developments. Brodtman (ref 7-4) has 
collected data from various manufacturers, which show completely wired and 
mounted arrays costing from $500 to $900 per watt. In the following table we 
will assume a unit price of $700 per watt. 

Table 7. 2. 2-1 Cost of 2 5 Watt Optimum Solar Cell Power Supply 
Original Development and Prototype Expenses not Included 

Solar array 57. 5 x $700 = 
Battery 
Voltage regulator 
Orienta ti on device 
Assembly, purchasing & Manufacturing expenses 
Acceptance testing 

Total 

$ 40,000 
1,000 
3,000 
5,000 

25,000 
6 000 

$ 80,000 

or $3200 per watt net 
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7 . 2 . 3 Summary 

The optimum solar cell and battery power supply against which the RTE 
must compete has the following summarized specification: 

Nominal constant output to load 
sign life 

Array area - must follow the sun 
Power supply weight 
Output voltage de 
Power supply cost 
Circular orbit altitude 
Orbital period (sun: 65 min + dark 35 min) 

7. 3 Review of Earlier Work on RTE 

25 watts 
l year 
0 .46 m2 

12 kg 
28 volts+ 1% 
$80,000 
800 km 
100 minutes 

The RTE was first proposed by Hittman in 1957 (Ref 7-5). The idea 
subsequently led to the development of a family of power supplies designated 
with letters SNAP (see Section 3 .1.1-1} followed by a number. 

Odd numbers are reserved for isotope fueled systems, even numbers denote 
that the primary energy comes from a reactor. A letter after the number may 
refer to a significant change in design, or may distinguish between different 
manufacturers. 

It should be noted here that the U.S. AEC does not do any work 11 in-house. " 
With some minor exceptions the scientific, technical and production work is 
done by contractors. Table 7. 3-1 lists for the odd numbered SNAP devices 
the prime contractors and such salient data as can be obtained from the open 
literature {Ref 7-6, 7-7) . 

Among the contractors for RTE the Martin Company in Baltimore ranks 
number one with four units actually in orbit. 

The table also shows that PbTe has been the preferred thermoelectric 
material until recently. 

we disregard the power sources for non-space use, No. 7 ,21 and 23, 
the remaining power supplies produce in general less than 2. 2 W /kg. For 
this reason, among others we have elected to employ SiGe, since it promises 
higher power to weight ratio, provided the high temperature technology can 
be developed. 
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I 
m 

Net Out-
Number In 

Fuel 
FUel Disposal Converter Deelgn Llfe put Power Weight 

Purpose Reported Progress 
Prime 

SNAP Series Upon Reentry (years) at end of Life (kg) Contractor ( s) 
W (e) 

lA Ce 144 Pb Te I 125 90 Contract terminated M 

3 Pu 238 burn up Pb Te 2. 7 2. 3 Navy navigational lat Unit launched June 1961 , M 
Satellites still operating 3 years later 

2nd Unit lunche~ November 
1961, failed 8 months later 

5 No De.ta Available 

7 Sr 90 N/A Pb Te JO 5- 60 750-2000 Navigational First unit employe~ August M, R 
Buoys, 'Weather 1961 , several units employer' 
Station since then 

9A Pu 238 bum up Pb Te 5-10 20.4 12. 3 Military Sate!- !st Unit launched September M 
lites J 963, stl II operating April 

1964 
2nd Unit launched December 
1963, still operating April 
1964 

I 
3rd Unit launched ~pril 1964, 
Failed to attain orbit 

11 Cm 242 Intact reentry Pb Te 0.25 25 at 3V 13. 8 Surveyor Lunar M 
Lander 

13 Cm 242 Thermionic o. 25 12 !. 0 The r mionic de- M, T 
velopment 
demonstration 

15 Pu 238 Metallic thermo- 2-5 o. 00 1 0. 5 Dept. of Defense Work started 1963 ! 3M, GA , GI 
couples ( 3 different sizes ) 

17 Sr 90 burn up Pb Te SIGe 5 Approx 25 12. 7 Communication Work started 1964 GE , M 
Satellite ( 2 different de-

velopments ) 

19 Pu 238 burn up 5 30 to 2.4V Inter Planetary Work started 1964 M 
Monitoring Probe, 
Nimbus Weather 
Satellite 

21 Sr 90 N/A Thermoelectric 5 10-200 Deep Sea Work alerted 1964 3M, M various 
(or Cs 137) sizes 

23 Sr 90 
(ores 137) N/A Thermoelectric 5 10-200 Land and off-

shore 

N/A = Not Applicable 3M = Minnesota Mining and Manufacturing Co. 
GA ~ General Atomlca Division of General Dynamics Corp. R = Royal Research Corp. 

Legend: 
GE = General Electric Co. T = Thermo Electron Engineering Co. 
M = Martin Company GI = General Instrument Co. 

Blank spaces denote that the data are not available in the open literature , or for certain generators that the figure may not yet be known . 

Table 7.3-1. Salient Data on Isotope Fueled Generators (Ref. 7-6, 7-7, 7-8) 



8. DESIGN OF A SPECIFIC RADIOISOTOPE THERMOELECTRIC GENERATOR -
COMPONENTS 

8 .1 Heat Source 

25 watts(e) calls for 500-700 watts(t) from the heat source, which is 
equivalent to 20, 000 curies for some alpha sources or about 100, 000 curies 
for beta sources, These are large figures, considering that in other branches 
of isotope physics - tracer work, static electricity dischargers and so forth -
one is used to working with millicuries , 

At present the only US supplier of isotopes in kilocurie quantities is the 
US Atomic Energy Commission. Deliveries can be made from one of the 
National Laboratories or from one of the AEC ' s contractors . Since beta 
isotopes are reactor byproducts, while alpha isotopes must be specially 
made, the former are cheaper and more abundant . Table 5 .4-1 shows that 
the whole country had only 400 W(e) worth of alpha source material during 
1964. 

Upon our request for isotope the AEC restricted us therefore to beta 
sources. Since we ·needed a long half life, strontium 90 became our choice 
and we were granted a loan of 100 kilocuries . 

Fresh strontium 90 produces 950 W(t) per kg isotope, but it cannot be 
obtained in pure form. The best end product of the refining process con
tains 56 atom percents of strontium 90. The remainder consists of stable 
strontium isotopes and small amounts of barium and calcium. Moreover 
strontium is chemically active and must be converted into a chemically 
stable and inert compound. Initially th.e AEC wanted to make the strontium 
compound so stable that the radioactive material would be contained even 
in case of an accident , They developed strontium titanate SrTi03 , an 
ex:tremely inert compound. It does not react with normal containers at 
high temperature, it is insoluble in water and it has a high melting point: 
1950°K. 

Strontium makes up only one half the weight of SrTi03 and only part 
of the strontium is the active isotope. This reduces the heat production 
to 200 W(t) per kg compound . Thus the fuel alone will take up some 3 kg 
of the 11 . 8 kg allowed for our generator . At present this is acceptable 
but in the future it is not desirable, since it prevents building light weight 
power sources . 

We have therefore briefly investigated other strontium compounds and 
have found SrO and SrF2 promising. SrO contains 85% Sr and may give up 
to 400 W(t) per kg. The AEC has let a contract for study and development 
of this And other fuels but results are not expected until late 1964. So 
our generator design is based on the heavier SrTi0 3 . 

The material is first made as a powder, which is then compressed in 
a cylindrical die. The resultant cylindrical cake with a diameter of approx. 
10 cm and height of 2. 5 cm is sintered at about l 700°K, whereby all dimensions 
shrink 10- 20 %. 

The final parameters are : thermal output 0.22W/g, 0 . 79 W/cm 3 and 
density 3.6 g/cm3. 
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8. 2 Container Design* and Selection of Material 

The generator described here is not intended to be flight qualified. 
However, it should resemble flyable hardware as much as possible. 

The container must satisfy two requirements: It must perform at operat
ing temperature during the mission and it must not break during a near launch 
abort when it hits hard ground with terminal velocity.** 

The second requirement is the more severe of the two. The terminal 
velocity depends on the aerodynamic shape of the capsule and what is left of 
the surrounding structure. For the strength calculation we assume that the 
abort causes an explosion, which rips away all structures exterior to the 
capsule. The latter then obtains a terminal velocity of approximately 90 m/sec. 
(Ref 5-1) . 

What happens at impact, depends considerably on the temperature of the 
capsule when it hits the ground . The most conservative approach would assume 
the full 130 o°K. A more realistic calculation will take into account slow 
heating during ascent and cooling during descent . 

The following calculation applies to a capsule with dimensions and weights 
as shown. These figures will differ somewhat from the final ones, but will be 
close enough for a semi- quantitative discussion of the capsule strength. 

Container I . D. 
Internal height 
Preliminary wall thickness 
Weight of Isotope 
Preliminary weight of container 
Preliminary total weight 
Specific heat of capsule 

9 cm 
16 cm 
0. 5 cm 
3 kg 
3 kg 
6 kg 

3000 joules/°K estimated 

Assume that the generator is kept cool on the launch pad by blowing air 
through the spacecraft under the shroud. The radiator is kept at or near air 
temperature or about 500C = 323°K, which is 200° lower than at normal 
operation. Furthermore the presence of air spoils the insulating properties of 
the insulation and lowers the capsule temperature another estimated 200°K. 
The capsule temperature at launch is therefore 9000K. 

With a thermal capacity of 3000 joules/OK and a heat production of 650 
watts, the capsule temperature rises after launch with approximately l 3°K per 
minute. 

We need not allow more than 5 minutes between launch and abort, because 
if the abort occurs later, the vehicle is over the ocean or in orbit. Thus the 
maximum temperature which the capsule obtains during ascent is 965°K. 

After abort the capsule is surrounded by moving air, at least during the 
latter part of the descent, say from 10 km height down. The air will cool off 

* "Container" is the empty vessel , Filled with isotope we will call it "capsule", 
** See glossary 
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the capsule. Given enough time the capsule surface would reach an equili
brium temperature of 300-400°K • It is not possible to calculate the exact 
temperature at impact. However, assuming that the descent usually lasts 
longer than the ascent, we may state that the capsule surface will probably 
be cooler than and in no case materially hotter than 900°K. We will assume 
that that is the worst case and base our strength calculations on this tempera
ture, looking for a capsule material to match it, 

Considerable development has taken place in high temperature, high 
strength metals since the start of the jet age. Figure 8. 2-1 shows the 
strength vs temperature for some of the newer materials, for which Table 8. 2-1 
gives the approximate composition o 

Since the operating temperature is intended to be about l 3000K, Inconnel 
600 is not applicable . Hastelloy C and Haynes 2 5 have the advantage over 
TD Nickel of higher strength at 9000K. For that reason the first containers for 
strontium compounds have been made of Hastalloy C, (Ref 8-1). 

Since we feel that higher container temperature will be a first require-
ment for future improved RTE, we have selected the relatively new molybdenum 
alloy TZM (Titanium 0.5%, Zirconium 0.08%) with considerably better properties 
at l 300°K and above. Since the welding technique for TZM is not yet complete
ly established, test welds are made as part of our constructing the generator. 

The exact analytical calculation of the stresses on the container on impact 
is difficult. In the following we assume that the capsule hits the horizontal 
ground with the axes of the cylinder vertical . We further assume that all 
kinetic energy is absorbed by the 3 kg TZM container and none by the 
strontium titanate or the ground . Both assumptions are conservative. 

The kinetic energy of the capsule at impact equals 1/2 m v2 = 1/2 x 6 kg 

x go2m2/sec2 = 24300 joules. 
Figure 8. 2-2 shows the stress-strain curve for TZM. The energy for 

fracture of a sample equals the area under the curve. For 9000K this figure 
is approximately 108Nm/m3 = l08joules/m3 or 104 joules/kg mass. 

If the whole 3 kg container partakes in absorbing the energy, it could 
take care of 30000 joules. This exceeds the available energy at impact. 

This very rough calculation shows that the container strength is of the 
right order of magnitude. Hence the container is certainly sufficiently strong 
to withstand the hazards of normal shipping, laboratory tests, etc. 

For eventual qualification of flight hardware - which is beyond the scope 
of the thesis - exhaustive tests would be necessary . Those could be done 
by attaching capsules of the right temperature to artillery shells and shooting 
those into targets of concrete or hard rock {granite). An alternate approach 
is to mount the electrically heated capsule on a stationary support and hit 
that with a rocket sled, travelling at speeds of 90 m/sec and up. 
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TABLE 8. 2-1 APPROXIMATE COMPOSITION OF SOME 
HIGH TEMPERATURE MATERIALS 

Composition 

Trade Name Supplier Ref. (%) 

Ni Co Cr Fe Mn w Mo Ti 

TZ Molybdenum Climax 8-6 99 0.5 
Thoria Dispersed DuPont 8-5 98 

Nickel 
Haynes 25 Haynes 8-3 10 49 20 3 2 15 
Hastelloy X Haynes 8-3 43 2 23 20 1 1 10 
Hastelloy C Haynes 8-3 54 2 16 6 1 4 16 _..,._,.. 
Inconel 600 INCO 8-4 74 15 9 1 
Stainless Steel Various 12 I 17 66 2 2 

316 

Zr Th02 

0.08 
2 

TABLE 8. 2-2 SHORT TIME ULTIMATE TENSILE STRENGTH VS 
TEMPERATURE 

~ 600 940 1100 1270 1450 300 
MRtP.r1 1 

TZ Molybdenum 10 8.6 7.6 6.2 5.5 4.9 
Sheet 
TD Nickel 4.8 3.3 2.2 1. 9 1.4 1.1 
Haynes 25 10 .• 2 9.2 7.4 4.0 2.5 0.47 
Sheet 
Hastelloy X 8.2 5.9 3.7 1. 6 
Sheet 
Hastelloy C 8.7 7.6 6.9 5.0 2.3 
Sheet 
Inconel 600 6.4 6.4 4.6 1. 6 0.53 
Stainless Steel 316 5.9 4.5 2.8 1 

Temperatures in degrees Kelvin, Strength in 108N/m2• 

Data are derived from Ref 8-3 thru 8-6 on the basis of 108N/m2 = 14000 psi. 
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Similar tests have been carried out earlier for smaller containers of 
Hastelloy (ref 8-2f. The largest of these have dimensions of 

Container I. D. 
Internal height 
Wall thickness 
Container weight 
Fuel weight 
Stainless steel liner 

approx. 
approx. 

Total Weight 

3 .84 cm 
19A3 cm 

0 .46 cm 
1130 g 

600 g 
270 g 

2000 g 

Tests with artillery shells have shown that these capsules are able to 
withstand impact on granite at 100-110 m/sec. 

The kinetic energy of these capsules at 100 m/sec is 10, 000 joules. The 
maximum energy which the Hast,;elloy container can absorb at 900°K can be 
calculated from the mass and properties of the material. From Ref 8-3 one 
arrives at about 1. 5 to 2 x l04joules/kg for the energy absorbed to cause 
fracture at 900°K. Ref 5-1 mentions further that capsules of the type just .. 
described have withstood impact with 30% overspeed, without fracture, 
which corresponds to a kinetic energy per capsule of 17000 joules. 

The above test results cannot be applied immediately to the container 
for our prototype, because among other things we have not taken into account 
the shape of the container . Nor have we considered the effects of impact on 
a corner or on the round side. However, the tests at least indicate that the 
container is strong enough to withstand abort. 

8. 3 Double-wall Container Design 

The calculations of the preceding section have suggested that 5-6 mm 
is the right order of magnitude wall thickness for the TZM container which 
can survive impact on abort. Since, however, public safety depends on 
absolute containment of the isotope, one feels intuitively that two welded 
containers - one inside the other - are safer than one. 

There is also a more direct reason for a double container. The inner 
container would be filled with isotope and then welded shut in a "dirty" 
hot cell. This would be so because the multi kilocurie quantities of un
sealed isotope - including our 100 kc - that are normally handled in such a 
cell, could have deposited some radioactive dust on the floor and walls of 
the cell and the tools and items that come in contact with them. Thus by 
definition (and probably also in practice) the outside wall of the inner con
tainer is contaminated. To decontaminate the surface by washing, or 
grinding or both is very difficult, because it all must be done remotely, in 
a separate clean cell, which then might become contaminated by the grind
ing dust. It is also doubtful if the treatment would be a success before the 
grindstone had appreciably changed the dimensions of the container. 

The preferred procedure would therefore be to move the container to a 
clean cell. There it would be enclosed in a second container, which would 
then be welded shut. The second container would be clean if normal pre
cautions are taken. 
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8 . 3 .1 Choice of Materials 

The selection of the container materials now gives rise to several interest
ing problems. 

First one wonders if one may count on the second container for strength. 
If so the wall thickness of the first container may be reduced correspondingly. 
We feel that in principle the answer is affirmative, if the stress-strain curves 
of the two materials are approximately equal at the temperature which the con
tainer may have during an abort shortly after launch. The fact that at operating 
temperature, the second material may be considerably weaker than the first is 
immaterial*, since the first material by itself is amply strong for operating 
conditions. Of course this is only an approximate statement and careful 
tests on the new double container would be necessary if the generator is to 
be flight qualified. However , for the generator described here these quali
fication tests are not called for. 

A second problem is concerned with the thermal expansion of the two 
containers. The expamsion coefficient should be greater for the inner con
tainer to assure an easy assembly while still guaranteeing a perfect fit at 
operating temperature. See table 8. 3"1-1 " The expansion coefficient of 
the fuel should in turn be greater than that of the inner container. 

Corrosion of the outer container is a third consideration, since the 
future spacecraft, which uses the RTE may be sitting fully assembled on 
the pad for days or longer . One might surround and cool the generator by dry 
nitrogen, but this may not always be .;a·1Pila--.bl;e .. At best it would count as an 
added complication , 

If nitrogen is used, it will be replaced gradually by air upon launch, 
until high vacuum takes over " However, since launch occurs only once and 
only takes a few minutes, this is not a major consideration. 

Our generator will be tested in a vacuum chamber . We forsee many 
starts and stops, each of which may require filling the vacuum chamber with 
air and slowly pumping it down . This will expose the outer container to 
corrosion. Hence preventive measures are called for. 

8 . 3 • 2 Confiqura tion 

After considering the above we decided to enclose the isotope in a l mm 
thick container of Hastalloy X. The outer container would be 5 mm thick TZM, 
coated with molybdenum-disilicide (MoSi2) for corrosion protection. MoSi2 
appeared to be one of the few coatings for molybdenum that combines re
sistance to high temperature with resistance to corrosion. If broken in spots, 
the coating heals itself in an oxidizing atmosphere, particularly at about 
16000K. (Ref8-7) 

* provided it has some strength left . 
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TABLE 8. 3. 1-1 LINEAR THERMAL EXPANSION COEFFICIENTS 

Material 
Temperature Expn~~rff 

(o K) 
' ' 

T D Nickel 300 - 1400 Approx. 17.5 

Hastelloy X 300 - 1400 17.0 

Haynes 25 300 - 1400 17.7 

T Z Molybd~num 300 - 1400 5.6 

Inconel 600 300 - 1400 17.3 

Strontium Titanate 300* 11. 2 

Stainless Steel 316 300 - 1400 19.8 

Silicon Germanium 63-37 700 5.1 

Tungsten 300 - 600 4.6 

Copper 300 - 600 17.8 

Aluminum 300 - 600 26 

Nickel 300 - 600 14.8 

NOTE: The coefficients are average values for the temperature range of 
interest to the generator. Second order effects are neglected. 

*Data at other temperatures not available. 
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TABLE 8. 3.1-2 THERMAL CONDUCTIVITY FOR REPRESENTATIVE 
MATERIALS AT TEMPERATURES OF INTEREST TO THE 

DESIGN OF THE RTE 

Thermal 
Material cr:t:y Temperature Melting point 

(oK) (oK) 

. ) 

Copper 357 375-1110 1356 

Platinum 71 300 2046 

Rhodium 150 300 2239 

Stainless Steel 316 16.2 373 1660-1680 

21. 4 773 

Inconel 600 20.2 675 1660-1720 

28.6 1150 

Hastelloy X' 16.6 675 1550-1650 

25.0 1075 

Hastelloy C 14.1 675 1560-1640 

17.1 875 

Haynes 25 16.6 675 1620-1700 
24.4 1075 

TD Nickel 90 300 1750 

TZ Molybdenum 158 300 
112 1075 2880 

90 1475 

63. 37 Silicon 5,4 300 

Germanium 4.2 700 1470 
3.5 1000 

Tungsten 120 675 3643 
112 1475 

Aluminum 226 575 933 
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We found a supplier in New York with considerable experience with the 
material. Together with him we worked out a technique for recoating the 
welding seams after the container had been welded shut in the hot cell. 
Briefly, the MoSi 2 would be applied with a brush held by a master-slave 
manipulator. 

Reference 8-7 warned, however, that the slightest imperfection in the 
coating would jeopardize the container. Also the selfhealing effect would be 
absent in vacuum and at our temperature level of l 300°K. 

We then considered asking our supplier to ship his dip-coating instal
lation and drying oven from h.is plant to the hot cell. However, the distance, 
and the extra time for moving and setting up would lead to considerable extra 
cost which would have overtaxed our budget by several thousand dollars. 

A technically better solution , which we proposed next, was to platinum 
coat the molybdenum. This worked out very well , except that here also 
the final coating would have to be done in the hot cell. We expected that 
the platinum bath would become contaminated with radioactivity. , Replacing 
the platinum bath would be even more expensive than renewing the MoSi2 
installation and therefore this approach was also abandoned. 

8. 3. 3 Reverse Configuration 

We finally decided to dispense with coating the molybdenum. Instead 
we changed the design. The molybdenum would be the inner container and 
the Hastelloy X the outer one. 

Since Hastelloy expands more than molybdenum, a difference of ap
proximately 0. 8 mm will exist between the diameters at operating temper
ature. This introduces a thermal impedance between the two surfaces of 
0. 0 6 thermal ohms, raising the temperature drop between them from a negli
gible value to as high as 40 - SOOK. 

The actual temperature drop depends on the emissivity of the two sur
faces and on the gas if any, that f ills the innerspace. 

In selecting this gas we wish to avoid air, since it would react with 
the molybdenum, Of the inert gases helium is the best thermal conductor. 
See Table 8.3.3-1. (Ref 8-8) However, since argon is easier to weld with, 
we selected a mixture of 50% He and 50% Ar as a compromise. 

Table 8. 3. 3-1 Thermal Conductivity for certain gases at latm. 

unit: 10- 2 w 
OI( m 

Temperature ~ l000°K 1200°K 1400°K 

Nitrogen 8.28 9.30 10.30 
Argon 4 .07 4.60 5.08 
Helium 34 .4 38.7 42.7 
Hydrogen 50 .4 56.8 62.7 

(Shown for comparison only) 
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We also coated both surfaces with Rokide C, whi.ch is a trade name for a 
chrome-oxide (Cr203) coating with an emissivity of 0. 79 at l 300°K. Both 
measures helped to reduce the temperature drop to approximately 20°K.* 

We now selected the wall thickness for the molybdenum as 5 . 1 mm and 
for the Hastelloy 1.5 mm. The latter was selected as thin as mechanical 
handling and welding required . 

Checking over the design we finally discovered another thermal problem 
which threatened to (almost) melt parts of the outer container . 

As explained by Laessig in Ref 8-·10 the heat is radiated from the moly
bdenum to the Hastelloy at a rate , which is uniform over the periphery of the 
inner cylinder. However, from the Hastelloy cylinder out we have taken 
every measure to let the heat go only through the thermocouples (at A in 
fig. 8. 3. 3-1) and not through the area between them (at B). This causes 
the Hastelloy at B to heat up by about l00°K, bringing the temperature 
to 1470°K or only 8S0K below the published melting point. Since the 
analytically determined temperature can carry an error of 30°K, we felt 
that the above design would be unsafe. We therefore increased the Hast elloy 
wall thickness to 2. 7 5 mm, thus reducing the temperature at B to l l S°K below 
the melting point. This gave a weight penalty of approximately 700 grams , 
for which we compensated by reducing the molybdenum wall to 4. 27 mm. Fig. 
8. 3. 3-2 shows the temperature at B in relation to the melting point. 

We have further decided that future prototypes and flight hardware will 
be built with the molybdenum container on the outside, corrosion protected 
by platinum. The present generator is still a valid engineering model, in 
accordance with the established rules, even though the molybdenum con
tainer is thinner than the value required for safety on impact . The reasons 
are that the weight is equal to that of the future prototypes . The present 
generator itself will safely withstand the stre sses to which it will be s ub
jected as an engineering model . We have also shown that the change-over 
from the present reverse configuration to the originally planned configuration 
is only a matter of fundi ng , not a technical problem . 

8 . 4 Thermocouples 

Having selected silicon-geranium as the thermocouple material for 
reasons given in section 6 . 4, it now behoves us to settle on the shape of 
the couples . Detailed calculations will come in Chapter l 0, but a few 
approximate calculations are needed now to guide our choice of couple 
configuration . 

* Whe n during the actual testing the chrome-ox ide coatings started to 
peel off, we removed them al together . We oxidized the Ha s telloy 
and found that the natura l oxide layer adhered very well. The e mis
.sivity was also very satisfactory: 0 . 86 (Ref 8-9) . 
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A combination of equations 6.2-1, 6.2-2 and 6.2-3 gives the output 
per thermocouple at matched load* as 

P = (S1 - S2) 2 (TH - Tc)
2 A 

c 4 ( ~' +- P2 ) ,{. 
We will show in Chapter 10 that for our space generator the cold junction 
temperature has an optimum about 600°K. The hot junction temperature has 
no direct optimum; the higher TH, the better all performance figures such 
as efficiency and power to weight ratio. TH is therefore tentatively selected 
as high as the thermocouple material can stand safely, in our case 11 oo°K. 

Thus TH - TC= S00°K and 

T = = 8500K 

Figures 8 .4-1 and 8 .4-2 obtained from Ref 6-5 give the material constants 
atT= 8S0°K as follows: 

sl - S2 = 550 J11f I OK 

Pi +- r7- = 6 .15 x 1 o- 5 ohm meter 

Substituting all values gives 
A 

Pc = 308T 

Where A = area of one element in m 2 

.1. = length of one element in m 

Equation 6. 2-1 gives the open circuit voltage 

(8.4-1) 

E 
and the output voltage at matched load = -= 0. l 38V 

2 

The specification of section 7. 2. 3 calls for a generator output voltage 
of 28 volts, which is standard for space. With all couples in series, just 
over 200 are needed to produce the specified voltage. However, such a 
string lacks reliability, because failure of one couple will cause the gene
rator to fail. 

*"matched load" is defined as external load resistance Re equal to total 
internal couple resistance Ri 
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The couples must therefore be connected in parallel in groups of at 
least two, which brings their total to 400. Each coujle then produces 
~ = O .062W. Insert this is equation 8 .4-1. Then A = .4960m -1. For 

400 
example if ..f = 2 cm, A= 4 mm2 == 0 .04 cm2. 

At this point we anticipated manufacturing problems because SiGe 
bars with .):' = 2 cm and A = 0 • 04 cm 2 appear difficult to make and to handle. 
In our opinion a space generator with 800 such separate elements (400 
couples) would have difficulty passing shock tests. 

The way out would have peen to bond the elements into solid blocks 
as shown in fig. 8 .4-5, 

2MM 

20MM 

HOT SHOE 

D ELECTRICAL 
INSULATION 

COLO SHOE 

COPPER CONNECTOR 
BETWEEN THERMOCOUPLES 

Figure 8. 4 - 5. The rmocouples Bonded into Solid Blocks 

where the bars are supporting each other over the full length. An alternate 
with support at three points is shown in fig. 8. 4-6. 

Figure 8. 4 -6. As Figure 8. 4-5 But Bonded in Three Locations Only 
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However, this too appeared to be difficult, because of the lack of an insula
ting bonding material with the same coefficient of expansion as SiGe 
("' 5 x 1 o-6 per °K) . 

We have therefore decided to design for a lower output voltage - 3 to 4 
volts - stepping up to 28 volt with a de to de converter. This has the drawback 
for our generator that the power to weight ratio must be reduced by the efficiency 
of a converter (assumed 85%) and by the weight of same (300-400 grams). A 
flight generator would also carry a penalty of slightly less reliability. 

This problem of low voltage is not unique for thermoelectrics . Several 
other power conversion methods from heat to electricity and most direct con
version devices produce low voltage o Batteries , fuel cells and the like give 
out less than 1 . 5 volt, and a number of units must be connected in series to 
give 28 vol ts. Solar cells also produce only 0. 5V and have to be connected 
in series. However, because the p0wer per unit is so small, they can at the 
same time be connected in parallel in sufficient quantity to meet reliability 
specifications. 

8 .4 .1 Description of the selected Thermocouples 

We have now accepted the arrangement that the 25 W (e) generator produces 
28 V indirectly, i.e. through ad .c. to d .c. stepup converter. Such a converter 
is most efficient if the voltage ratio is close to unity. The efficiency drops 
sharply when the input voltage is less than 2 to 3 V. See fig. 8.4 .1-1. 

If 3 Vis the lower limit for the output voltage at matched load, not less 
than 3:0 .138 = 22 couples must be connected in series. For increased relia
bility we selected 2 couples in parallel in each group, which makes a mini
mum of 44 couples. Thus each couple should producj approxi~tely 0. 57W. 
Substitution of P = 0. 57W in equation 8 .4-1 gives '?'I = 540 m 1 . This can 

c -be obtained for example with l = 2. 5 cm and A= 0 .465 cm 2 • 
When surveying the field we found that thermocouples with dimensions 

J, = 2. 54 cm and A= 0. 393 cm2 were available at reasonably short notice 
from one of RCA' s other divisions. (Ref 8-11). See fig. 8. 4 .1-2. They had 
been developed for operation in both air and vacuum and had been coined 
Airvac couples. 

As with most thermocouples the difficulties of making couples and modules 
are much greater than in preparing elements. The main hurdle is usually the 
stable metallurgical bond between dissimilar materials. 

In our case the p and the n materials are the same: SiGe. The cold side 
shoes are made of tungsten; the connecting straps on the hot side are also 
SiGe (Ref 8-11) 

8. 5 Thermal Insulation Materials 

In the following we will use approximate figures to assist us in the 
seclection of the insulation type. More accurate data appear in Chapter 10 . 

We are building to build a 25 W(e) generator for 12 kg, of which 3 kg 
is allowed for the isotope. This corresponds to a heat production of between 
600 and 660 W(t). 

At the temperatures, which we have tentatively selected, the thermo
couples are 4. 5 - 5% efficient. Thus between 500 W(t) and 550 W(t) must 
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pass through the couples. Only of the order of 100 W(t) is allowed to bypass 
them. We will assume that Q=50 W leaks through the main thermal insulation, 
and the remainder through miscellaneous supports. 

The isotope capsule has an exposed surface area A,cAof 900 cm2. The 
distance d between capsule and radiator is in the order of 2 cm. The temperature 
difference between them is about 800°K. These figures suffice to indicate the 
thermal conductivity Ki of the thermal insulation between the capsule and the 
radiator: 

50 = 800 

w 
°Km 

Numerical values for Ki for a few typical insulation materials are listed in 
table 8. 5-1. It shows that materials, with the desired low thermal con-

, . 
ductivity, cannot tolerate high temperatures and vice versa. MinK - a trade 
name for a silica product with a 3 % phenolic binder, made by the John's 
Manville Co. in Manville N. J. - is almost sufficient when in vacuum, but is 
still not good enough. 

8. 5 .1 Superinsulation 

Since the generator is intended to work in hard space vacuum, the 
solution lies in "super insulation". See section 4. 3. It has been applied 
successfully in containers for cryogenic fluids. (Ref 3-3) Under those con
ditions the shields are made of aluminized mylar, and number from 50 to 200, 
depending on the application. Heat transfer rates corresponding to conducti
vities of lo-4 to 10 -3 :!!___ are obtainable. 

°Km 
Since mylar and aluminum cannot stand high temperatures, we must find 

different materials for our generator. In selecting those I we look for high melt
ing point, low weight, very low emissivity at the wavelengths of interest and 
resistance to corrosion. 

The order of magnitude value for the emissivity of the foil is derived from 
the formula for heat transfer by radiation 

4 
- TRA ) A CA 

Where Qi= heat flowing through the insulation 

!;,~ff = effective emissivity of a stack of radiation 
shields 

11'"' = Stefan-Boltzmann constant 

TCA = temperature of outside of outer container 
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TABLE 8. 5-1 THERMAL CONDUCTIVITY FOR REPRESENTATIVE 

INSULATION MATERIALS 

Material 

Eiderdown 

Cork 

Bees' Wax 

Silk 

Fir wood perpendicular 
to grain 

Dia tomaceous earth 

Light concrete 

Asbestos 

Insulating tiles 

Zirconia 

Min K 2000 

Min K 2000 (in vacuum) 

Zirconia Foam 

Zirconia A 

Zirconia B 

Microquartz 

Tipersul 

Refrasil 

Thermal 

0.019 

0.036 

0.04 

0.04 

0.04 

0.08 

0.1 

0.24 

0.35 
(varies) 

o. 93-1. 7 

0.065 

0.035 

0.13 

0.9 

1.0 

0.09 

0.04-
0.06 

0.1-
0.16 

Maximum Temperature 
(oK) 

300 j 
350 Shown for 

300 ) compa.rison 

300 
only 

I 
350 

1100 

500 

600 

1300 

up to 1700 

1300 Trade name for 
90% Si02 fibers 

1300 by Johns-Manville 

1500 

1400 

2700 

1600 

1400 Trade name for 
Potassium Titanate 
by DuPont 

1350 Trade name for 
99% Si02 fibers by 
H. I. Thomson, 
Los Angeles 
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TRA = temperature of radiator 

ACA = exposed area of isotope capsule 

£.,.. is related to e by 

Where 80 = emissivity of container surface 

E = emissivity of heat shield 

n = number of shields 

Since we only need approximate data to guide our choice, we may simplify 
the above equations. TRA is less than half of TCA' and may be neglected. The 
influence of £0 is also small, hence it is neglected. G is assumed to be con
stant. 

Then 

Substitution of 

gives 

or 

~· =er Zne_& 1L TcA~ A~ 
Q, =SoW 

.lle.11 = '/ XIO -
2m.a 

~ 2.21' /O -.J 
;, n-e"-

n. t:== §o E 
z-e 

This expression permits us to compute the weight of the foil stack as a 
function of C°. We will assume that foils thinner than 1 S microns are not practi
cal for our purpose because they are difficult to obtain commercially. They are 
also difficult to handle and they show pinholes - as we observed on a number of 
samples. 

Table 8. S .1-1 gives the weight for stacks of foils with specific weights of 
3 (typical for light metals), 10 (iron to rhodium metals) and 20 (heavy metals). 
Fig 8. S .1-1 gives the results in graphic form. · 

The preliminary weight allowance for the foil insulation is 0. S kg. 1 kg 
is the upper limit . 

If one could be assured that the generator would operate solely in vacuum, . 
then copper foils for the lower temperature s and tantalum foils for the higher 
ones would make a desirable combination. However, our generator is intended 
to operate in air from time to time. Both metals would oxidize very rapidly and 
lose their insulating va lue. 
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TABLE 8. 5. 1-1 WEIGHT OF STACK OF FOILS COVERING 900 crn 2 

CAPSULE SURFACE, BASED ON FOIL THICKNESS OF 15 MICRONS 

Number of Weight of foils in kg 
Emissivity 

foils n Spec. Weight Spec. Weight Spec. Weight 
3 10 20 

0.05 12 0.05 0. 16 0.32 

0.1 24 0.10 0.32 o. 64 

0.15 37 o. 15 0.50 1. 00 

0.2 50 0.20 0.67 0.135 

0.3 79 0.32 1. 07 2.13 

0.4 112 0.45 1. 51 3.02 

0.5 150 0.62 2.08 4.16 

Ref 8-12, 8-13 
--

TABLE 8. 5. 1-2 WEIGHT AND COST OF ALTERNATE FOIL INSULATIONS 
WITH EQUAL INSULATING VALUE 

Base Foil Plating Weight 
Number of Approx. 

Thickness on Foils 
of Stack 

Cost$ 
Material 

Thickness Material each side (kg) 
(microns) (microns) 

Hastelloy 25 Platinum 1 37 0.89 3000 

Hastelloy 25 Rhodium 1 24 0.54 2000 

Titanium 13 Platinum 1 37 0.33 3000 

Titanium 13 Rhodium 1 24 0.18 2000 

Platinum 15 37 1. 06 3400 

Rhodium 15 24 0.41 3000 

Beryllium 15 1 24 0.12 22000 

Beryllium 15 24 0.07 20000 
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We selected therefore Hastelloy X and aluminum, which are corrosion 
resistant materials. However tests showed that it was not possible to prevent 
some initial oxidation of the Hastelloy . With the first few foils losing their 
low emissivity, the high temperature travelled on to the adjacent foils, until 
it would have melted the aluminum if we had not terminated the test. 

The next possibility was to plate a light, high temperature resistant 
material with a corrosion resistant (precious) metal or to select a pure pre
cious metal. Several alternate solutions are shown in table 8. 5 .1-2. 

Beryllium foil was available but very expensive, due to extreme fabri
cation difficulties. It was eliminated because of its high price. 

We found that the other thin base foils were commercially available. 
Techniques for plating l micron of a precious metal on thicker (1/2 mm) 
base foils were also well established. However the technique of plating 
l micron on a 13 - 25 micron base foil was not established. The high prices 
quoted for these processes in table 8. 5, 1-2 represent a considerable de
velopment program by the plating industry, The subsequent loss of time 
would delay our program. 

For this reason we selected rhodium foil, although it was neither the 
lightest nor the cheapest material. Tests (section 9-2) showed also that 
it oxidized after 1 - 2 hours heating in air. However measurements by 
Betz, Olson and Morris (ref 8-12, 8-14) and by ourselves confirmed that the 
oxidation layer disappears in vacuum. We accepted therefore the possibility 
of slight oxidation of the rhodium at the start of the pump down, on the as
sumption that the foil stack would regain full insulating value in high vacuum. 
The same reasoning would hold for future flight hardware, assuming that the 
flight through the air post-launch would last only minutes. 

Since platinum is more resistant to corrosion in air than rhodium, we may 
consider the use of platinum plated titanium for future improved generators. 
This has the double advantage of slightly lower weight and considerably lower 
cost - once the plating development cost is amortized. 

8. 5. 2 Block Insulation 

The foil insulation is not stiff enough to be used without additional support. 
Furthermore the metal foils would make electrical contact with the thermocouples 
and cause short circuits. 

Therefore the couples are surrounded by a frame of bloc insulation, for 
which we selected MinK. 

We wished to exclude the possibility of a chemical reaction at high tempera
ture between the MinK (92% Si02) and the silicon in the thermocouples. Test 
showed that MinK did not react with the thermocouples (Section 9-4). 

The properties of the MinK were partly found in the literature (Ref 8-15) 
and partly established by ourselves (Section 9-3). 

8 .6 Radiator Materials 

Only a few per cent of the heat from the fuel is converted into electrical 
power. The remainder is rejected to space through the radiator. 
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In order to save weight the radiator doubles as the main structure of the 
generator. This calls for a light and strong material which is also a good heat 
conductor. It should be able to operate continuously at the temperature of the 
radiator, which is not expected to exceed 700 °K. (Later the actual temperature 
was found not to exceed 550 °K (chapter 10) .) 

Aircraft and spacecraft experience suggest that the .choice be limited to 
commercially pure beryllium, an aluminum alloy and a .m'agnesium alloy. Table 
8 .6-1 lists the salient properties. 

Table 8.6- 1 

Property 

Nominal ~ 
Composition ! 

0. 2% yield 
strength 

Thermal 
conductivity 

Density 

Figure of 
merit* 

Source of 
information 

I 
l 
~ 
ij 
~I 

Pro erties of Rad 'a tor Materials at 540 °K 
l Beryllium i Aluminum ' Magnesium 

Symbo~ Units '· ~ ~a~ll"--'o~s'----.------ alloy 
i 2024 -T4 ~ 6061-T6 HK 31A T6 

K 

arbi
trary 
units 

BeO 2% max~ 

l 
l 

2. 5. I 
125 

1840 

1.68 

Ref 8-16 

Cu 4.5% i Mg 1% Th 3% 
11 

Mg 1.5% ~ Si 0.6% Zr 0.7% 
Mn 0.6% ~ Cu 0.25% Mn 0.15% 

. I Cr 0 .25% 
I• 

0.7 0.35 1 

190 ~. ! 180 78 

l 
~ 

2770 2700 1800 

0.48 i 0. 23 0.43 

8-17 8-17 8-18 

* A high figure of merit indicates a desirable material. However, there is no 
linear relation between the numerical value of the figure of merit and the 
weight of the radiator. 

Beryllium has the highest figure of merit but is expensive ($200 per kg 
against $1 per kg for aluminum). It is also difficult and costly to machine, and 
somewhat toxic . 

Since the present generator is not subjected to shock and vibration tests, 
the extra strength of the beryllium is not used. In order to save funds we have 
therefore restricted our choice to aluminum and magnesium, with the under
standing that for future flight hardware the matter may be recom:idered. 

With the higher strength requirement eliminated, the ratiof·now acts as 
a revised figure of merit. Aluminum has the higher value. Since 6061 T6 is 
easier to join then 2024-T4, we have selected it for the radiator. 
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8 . 7 Radiator Goa ting 

The radiator must have a high emissivity, particularly in the 5 micron 
region of the spectrum. At the same time the absorbtivity in the visible region 

·must be low; so that the flying generator avoids absorbing heat from the sun. 
This suggest covering the radiator with a flat white paint. The paint should not 
darken in ultra violet light or under the influence of gamma radiation. It should 
have a life of several years, not evaporate in vacuum and not blister or peel off 
at 500-600°K. On application the coating should not warp or deform the 1/2 mm 
thick radiator. Several of the characteristics had been worked out in one way 
or another but combining all needed properties presented difficulties .. The most 
desirable material appeared to be alumina, Al 2o3 , which could be applied by 
several refractory type processes. However, this must be preceded by sand
blasting, which would destroy the thinner parts of the radiator. 

We then made up mixtures of aluminum and zinc oxides, using waterglass 
(sodium silicate} as the binder and spraying it on the surface. This produced 
a coating with an: emissivity of 0. 80 to 0. 85 and an absorbtivity for visible 
light of 0 .15 to 0. 20. However, the coating did not adhere sufficiently to 
the surface during 24 hour tests at 600-:-650°K. 

We felt that with further work we would obtain a coating meeting all 
specifications. But the schedule did not permit us to experiment further. 
For the present generator we therefore relaxed the color specification. Our 
final choice was an automotive paint, originally developed for the missile 
ind us try, manufactured by S per ex (Ref 8-19) . It showed good adhesion at 
600°K, and an acceptable emissivity, although not as high as desired. See 
Section 9. 7. 

Further improvement in the quality of the coating will be discussed in 
chapter 14. 
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9, TESTS IN SUPPORT OF THE DESIGN 

The design has required numerical values for a number of material 
constants, which had not been established before. In such cases we have 
measured these data ourselves. 

9 .1 Emissivity of Silicon Germanium at Elevated Temperatures 

Silicon germanium being a special alloy with few applications besides 
thermocouples, many of its physical properties including the emissivity 
were not available in the literature. We determined the emissivity in a 
standard arrangement shown in Fig. 9 .1-1 

BLACK BODY 

MONOCHROMATOR 

THERMOCOUPLE 

OVEN 

THERMOCOUPLE FOR 
MEASURING TEMPERATURE 

Si Ge 
SAMPLE 

Figure 9. 1-1. Equipment for Emissivity Testing 

The SiGe was welded to a tungsten support, which was heated in a small 
oven. The temperature of the tungsten was measured with a Pt-PtRh thermo
couple. The sample was made as thin as possible (thickness 0. 5 mm) in 
order to reduce the temperature drop from the measuring thermocouple to the 
front of the. sample. 

The black body control oven was adjusted to the same temperature as 
the sample. The energy radiated by the sample was compared with the en
ergy from the black. body at various wave lengths using a two-position mirror, 
monochrometer and receiving thermocouple. The tests were performed at 
475°K, 875°K, ~md 975°K. Typical results are found in Fig. 9.1-2 
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Figure 9. 1-2. Emissivity of Silicon Germanium Alloy at 875° K 

Fig. 9 .1-2 shows the radiation intensities for the sample and the black 
body at 87 5°K as a function of the wavelength. The emissivity is the ratio 
of the areas under the curves. 

The curves for the other temperatures, which are not shown, have similar 
shapes. The results are found in Table 9.1-1 

Table 9 .1-1 Emissivity of Silicon Germanium at Various Tem'?eratures 

Temper~ture 
475 K 
875°K 
975°K 

9. 2 Emissivity of Foil 

Emissivitv 
0.70 
0.74 
0. 74 

Ref. 8-12 gives the emissivity of rhodium as follows: 

______ T~e~m~p=er~a~t-ur~e~<0~K~>~=----------5~0~0 ______ --"l~O~oo __ ~--"'1=5~0~0----
Emissivity 0.02 0.05 0.08 

These data have been applied for the initial design of the generator. 
Since, however, the actual values are very important for the success of 
the whole project, we wished to verify the data. We were chiefly inter
ested in the emissivity of 15 micron thick foils without substrate. 

Test results were difficult to obtain, because the foil contained pin
holes, through which radiation from the oven behind the sample passed on 
to the detector. It was also difficult to connect the platinum/platinum
rhodium thermocouple properly to the fragile sample. Brazing was not per
mitted because the brazing material would change the surface properties of 
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the foil " After many attempts at regular resistance welding failed, we used 
ultra soni.c weldi::1g. Practic ing great care in handling the sample we obtained 
a few readings in agreeme nt wi.th ref , 8-12, 

In order to fur ther check the behaviour of the material, we brazed 1/4 mm 
thick foils to supports of Ha s telloy and measured f. = 0 , 008 at ll00°K. 
However, after an hour at thi s temperature the foil visibly oxidized and the 
emissivity rose to 0 . .S , The oxide layer disappeared upon subsequent heat 
treatment at ll00°K in vacuum or 1000°K in hydrogen. We also found that 
the l S micron foil samples that ~Nent through one oxidation and reduction 
cycle, lost only approximately 0 . 1 % in weight. We concluded from these 
tests that the material is acceptable as a radiation shield for our generator, 
which i s Jntended to operate in vacuum , Even if the material becomes 
oxidized by accident , it can be reduced to its pure state without lasting 
damage , This is an advantage over foils of the cheaper refractory materials 
such as tantalura. Tantalum could be severely oxidized and reduced to a 
powder under sJmllar conditions , 

9. 3 Shrinkage of Min K Bloc Insulation 

The bloc insulation was advertized as Min K 2000 . suggesting an 
operating temperature of 2000°F = l 3700K. Not willing to take this for 
granted we soaked Min K 2000 at this temperature for 24 hours. To our sur

. prise we observed a shrinkage of close to 20% . 
Consultation with the supplier brought out the fact that the material had 

been developed as pipe insulation, whereby normally only the inner layer 
is at the peak temperature , Already at l 3000K the shrinkage is much less 
and at 11 so°K it is negligible . When used as pipe insulation, the tempera
ture ranges from 1370° to say soooK. The overall shrinkage is then nomi
nally less than 1 % . 

In our design we originally had some of the Min K exposed to l 3S0°K. In 
order to avoid any shrinkage problem, we made the foil insulation somewhat 
wider, so that it would parti.ally shield the Min K from 11 seeing 11 the hot 
Hastelloy can. The Min K which remains exposed, is located so close to 
the thermocouple hot shoes which operate at 11 so°K that its temperature is 
limited to 11SO-l200°K. 

9 .4 Reaction between Min Kand Silicon Germanium 

Silicon germanium is a s table material at temperatures exceeding the 
operating temperature of the present generator . This has been proven during 
approximately 18 months life testir..g by the supplier and a number of users. 
However, we have found only very limited data on the behaviour of the Min K 
insulation in contact with SiGe at high temperatures. 

Since the insulation material consists for 92% of Si02, we considered it 
possible, but not probable, that oxygen could diffuse from the insulation 
into the thermocouple and disturb the thermoelectric properties. To safe
guard ourselves against surpri ses we subjected one thermocouple in contact 
with Min K to operating conditions for 38 days. The installation contained 
an electric heating element mounted 12 mm from the hot shoe. The heat en
tered the thermocouple by rad iation and left by conduction to a small heat 
sink mounted on the cold ju:".'lction. The hot and cold junction temperatures 
were checked continuously with Chromel Alumel thermocouples. They were 
adjusted daily if necessary , 9-3 



The output of the couple was measured daily. It proved to be constant 
as shown in Fig. 9. 4-1. This gave us confidence that the SiGe and MinK 
were compatible at the 1100-1200°K level. MinK was subsequently used in 
the generator. The single thermocouple life test was continued even after 
the completion of the generator. To-date a total of 4500 hours has been 
logged with no apparent degradation. 

9. 5 Chemical Reactions Between Fibrefrax and Foil 

The Fibrefrax contains an organic binder, which evaporates at high 
,_' 

temperature, leaving the material without strength. Hence when winding 
the insulation we rather use fresh than baked out Fibrefrax, but we then 
risk that the foil becomes coated with the decomposition products of the 
binder, when the generator is brought up to temperature for the first time. 
The emissity of the foil would then go up to such a level that the insulation 
would become worthless. 

In order- to evaluate this risk we wrapped two samples of foil in Fabre
fax and heated them in a vacuum furnace at Sxlo-3 mmHg to 1170°K for 15 
minutes. 

The foil showed no visible change, from which we concluded that it was 
not affected. The insulation material discolored to a dark gray, suggesting 
that the organic binder decomposed into volatiles and carbon. The deposited 
carbon disappeared when the paper was heated afterwards in air to 100° C. 

9. 6 Emissivity of VHT Paint 

A variety of paints and coatings were checked for emissivity at s2s°K 
and for adhesion in the range 500-6S0°K. The choice finally fell a) on a 
"home made" mixture of 3 parts Alz03 and one part ZnO with sodium silicate 
as the binder and b) on a commercial paint. 

Our own paint showed an emissivity of 0. 85 at szs°K, but did not adhere 
as well as expected. We therefore accepted the commercial paint-type VHT. 
(=Very High Temperture) by Sperex. · 

Fig. 9. 6-1 shows the emissivity at 525°K as a function of the wavelength. 
The areas under the curves were integrated by a computer, resulting in an 
emissivity of 0.73. 
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10, SYSTEM DESIGN AND FABRICATION OF A SPECIFIC RTE 

10 .1 Basic Parameters 

In this chapter the dimensions of the generator* are determined and 
tbe design frozen. 

The goal for the power supply, of which this generator is the major 
part, is to meet or exceed the specifications ci. Chapter 7, The prime 
criterion is an output of 25 ·Watts at 28 Volts after one year for 12 kg weight. 
The efficiency comes in second place, and the generator with the highest 
power to weight ratio does not necessarily require the minimum amount of 
fuel.. The block diagram in Fig. 10 .1-1 shows the specification for the 
generator a~one as 30, 4 W initial output for a weight of 11 • 65 kg. 

APPROX. 4V 

RT£ GENERATOR 

For Generator Alone 

Output After 1 Year : 29.4 w 

Output Initially 30.4 w 

Weight 11. 65 kg + 

D Shows design goal for present generator. 

r-----, 
I I 
I I 
I 28V 
f 1-1------• LOAD 

I I L _____ J 

DC - DC CONVERTER 
"1=85o/o 

For de-de Converter 

o. 35. kg = 

For System 

25 w 

26 w. 

12. Okg 

Figure 10. 1-1. Block Diagram 

* The power supply consists of a generator and a voltagE1 step-up device 
(de-de converter). The design and construction of the de-de converter 
is not included here. 
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Several partial design decisions have been made earlier by analysis 
(Chapter 8) and where necessary, supported by tests (Chapter 9). These 
initial choices are repeated for completeness in table 10 .1-1. 

Table 10 .1-1 Initial Choices of Design Parameters and Materials 

Radioisotope : Strontium 90 as SrTi03 
initial output: 0. 22 W(t)/cm3 (average) 
density: 3. 6 g/cm3 (average) 

Container materials: inner: TZ molybdenum,wall thickness 4.27 mm 
outer: Hastelloy X, wall thickness 2. 75 mm 
shape: Squat cylinder, O. D. up to 10-11 cm 

Thermocouple material : Silicon germanium alloy, approx 65 atom percent Si, 
balance Ge 
Hot junction temperature not to exceed in vacuum: 1100°K 

in air: 1275°K 
Maximum cold junction temperature in vacuum : 77S°K 

in air : 67S°K 

Thermocouple dimensions: p and n doped elements have the same dimension. 
effective length of each element: 2. 65 cm 
area of each element : 0. 393 cm2 

Thermal insulation : main insulation: approximately 25. foils, separated by 
fibrous material;supporting insulation: 
.1'.1in K· K1 = 0.035 W (in vacuum) 

. °Km 

Radiator Material : Aluminum, minimum thickness 0 .45 mm 

Support for capsule: Zirconia tubing, capped with buttons of Hastelloy X 

Assumed parameters of de-de step up device: Output voltage 28 V 
Input voltage approx. 4V 
weight: 350 g 
efficiency: 85 % 

10, 2 General Shape of the Generator 

(this device is not included, 
but its properties are needed 
to specify the performance 
of the genera tor.) 

The thermocouples receive heat from the fuel capsule by radiation only, 
The exact dimensions of the gap are not critical. This has the advantage 
that the couples require support on the cold side only. It also avoids the 
problem of differential expansion associated with couples supported on both 
hot and cold sides. It even permits us to consider the fuel capsule and the 
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remainder of the generator as two distinct entities, which can change their 
shape with temperature, independent of each other. 

The fuel capsule is a cylinder. Initial calculations show that each 
flat surface can have an area of 60 - 100 cm2 and the round surface 500-
700 cm2. The total surface of the thermocouples is only between 50 and 80 
cm2 . Thus the couples can find room opposite any of the flat or round cyl
inder surfaces. 

Note: The capsule is much larger than would be needed to give the thermo
couples sample view area of the heat source. It should be pointed out 
that this mismatch is caused by the low power density of the isotope. 
Improvement is possible with denser isotopes such as strontium oxide, 
plutonium 238-oxide and curium 244-oxide .) 

Thermal insulation is less of a problem if the couples are mounted to
gether in a bloc opposite a flat side. (Fig. 10. 2-1) However, this arrangement 
makes it difficult to load and unload the generator repeatedly. 

We have therefore selected a configuration in which the capsule is sup
ported at the ends by sets of three "fingers" of zirconia tubing. (Fig. 10. 2-2.) 

The thermocouples can be mounted either clustered on one side of the 
cylinder (.'Fig. 10. 2-2 BB) or symmetrically (Fig. 10. 2-3). The former con
figuration gives fewer insulation problems but makes it harder to design a 
radiator. We finally decided on the latter configuration. 

10. 3 Influence of the Radiator Temperature 

The only major independent parameter still to be determined is the tem
perature of the radiator . The importance of this quantity is · not always immed
iately obvious to those of us, who are familiar with cooling ground based 
equipment. However, in the absence of cooling water and cooling air the 
heat from the space generator can be rejected only by radiation. The area of 
the radiator must increase inversely proportional to the fourth power of the 
absolute temperature in order to reject a constant amount of heat. Thus a high 
reject temperature makes for a liqht radiator. But !his leads to a smaller 
temperature difference between the thermocouple junctions and to a lOwer 
electrical output. There must be an intermediate radiator temperature at 
which the. power to weight ratio is optimum. 

When the RTE is designed for a specific spacecraft, the tendency is to 
design for a somewhat higher radiator temperature than is warranted for the 
generator alone. In our case we will disregard future integration and select 
the radiator temperature to produce the lightest generator per se. 

In the following the weights of all major . components are expressed as 
functions of the radiator temperature TRA or the cold junction temperature 
Tc . Differentiation of the total weight or graphic analysis gives the opti
mum working point. 

10. 4 Thermocouples 

The arrangement of one thermocouple and the symbols used are shown in 
Fig. 10. 4-1 and 10. 4-2. With TH pegged at l 100°K, the electrical and thermal 
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Figure 10. 2-1. Configuration of Generator - Isotope Capsule 
Supported Sideways Radiator not Shown 
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Figure 10. 2-2. Generator with Capsule Supported Endwise 

THERMOCOUPLES 
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Figure 10. 2-3. Capsule Supported Endwise and Thermocouples 
Divided into Three Groups 
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characteristics of the thermocouples are direct functions of Tc. The relation 
between Tc and TRA depends essentially on the thermal impedance of the 
ceramic insulator. Calculations and initial tests show that 

under normal full operating conditions. 
The material constants are shown as function of T in fig. 8. 4-1, 2, 3. 

We will perform all calculations for the region 

4oo°K ~ Tc~ soo°K 

or 7 50°K ~ T ~ 950°K 

Disregarding second order effects we find 

Tc 5 
~: fp+fn= (4.25 + 2.15 1000 ) x 10- ohm.m 

s =(450+0.16Tc) x10-6Volt/OK 

K = 4.55 - 0.0011 TC 

Apply the equations of chapter 6 . 

6.2-1: Open circuit voltage E = (450 + 0.16Tc) (1100 - Tc) x lo-6 x 0.97 
the factor 0. 97 has been found by experience; 
it accounts for a possible slight mismatch between 
elements, et cetera. 

-2 . 2.15T )2.65xl0 
6.2-2: InternalresistanceRi=(4.25+1000 C 3 . 93 x 1o-5 +y 

the term y accounts for the contact resistance at the 
the hot junction with an average value of 6 milliohms. 

Substitution of Tc= 400° and Tc= 800° gives 
Ri = 34. 2+6 resp. 39. 9 + 6 milliohms. 

This illustrates the fact that the contact resistance materially reduces 
the output power of the thermocouple. The efficiency of the thermocouple 
is therefore lower than the theoretical efficiency of the materials. 

6. 2-3: Power produced in the external resistance Re 
for Re= Ri 

p = 

Table 10. 4-1 lists the results of computations for various values of Tc. 
Fig. 10 .4-1 shows the results in graphical form. 
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EFFECTIVE HOT JUNCTION 

EFFECTIVE LENGTH 
J =2.65 CM I l _ __,...__AREA : A= 0 393 CM2 

T }-RADIATOR 

Figure 10. 4-1. Explanation of Symbols for Generator Design 

E • ELECTROMOTIVE FORCE •OPEN CIRCUIT VOLTAGE 

Re • CONTACT RESISTANCE 

RI : INTERNAL RESISTANCE 

R • • EXT!RNA L RESISTANCE 

E • Ep + En 

R1 •R1• Rp+Rn+Rc 

Figure 10, 4-2. Equivalent Circuit for One Thermocouple 
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Table 10 .4-1 Weight of Thermocouples as a Function of Tc 

Assumptions: TH= ll00°K 

Weight of one thermocouple, complete with baseplate 
and connections: 18 grams 

TC (OK) 400 500 600 700 800 

E (V) 0.349 0.308 0.265 0.218 0.168 

Ri (milli- 40.2 41.6 43 44.5 45.9 for one couple 
ohm) 

p (W) 0.756 0.571 0.407 0.268 0 .154 

Number of 40 53 75 113 198 
couples to 
produce 
30.4W 

Weight of 0.72 0.95 1. 35 2.04 3.56 
couples (kg) 

10.5 Fuel 

The design parameters for the fuel, given in table 10 .1-1 are accurate 
only to 10 % . The discrepancies are caused by the sintering process, over 
which the supplier, Oak Ridge National Laboratory, as yet has little control. 

The amount of fuel is directly proportional to the useful heat flowing 
through the thermocouples and the heat leaking past them. Both are strongly 
dependent on TRA or Tc. 

The heat flow for one thermocouple is given in equation 6 .2-4. Substi
tution of all material constants produces table 10.5-1. The total useful heat 
flow permits us then to make an initial estimate of the weight and volume of 
the fuel. To that will be added some 20-40% to cover the losses. 
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Table 10 . 5-1 Heat Flow Data as Functions of Tc 

TC (OK) 400 500 600 700 800 

Oc 8.50 7.10 5.80 4.50 3.27 

Op 2.53 2.23 1.90 1. 56 1.20 

-l/2QJ -0.38 -0.29 -0.20 -0.13 -0.08 

QT 10.65 9.04 7.50 5.93 4. 39 

Number of thermo- 40 53 75 113 198 
couples 

Total heat flow 427 478 564 669 870 
through all 
thermocouples (W) 

Initial estimate of 
fuel quantity to 
provide useful heat 
flow: weight (kg) 1.94 2 .17 2.56 3.04 3.96 

volume (cm 3) 541 605 714 847 1100 

10.6 Containers 

With the initial fuel volume determined, the approximate dimensions of 
the containers can be established. Since the containers should be squat but 
limited to an outer diameter of 10-11 cm, the internal height can be initially 
computed to range from 9. 0 cm for Tc = 400°K to 18. 2 cm for Tc = 800°K. 
If we assume 20% heat loss and 5% void volume, the actual size of the con
tainer can be estimated. This in turn tells us the total area which the insul
ation has to cover . 

With the area known and the type and quality selected earlier (section 
8. 5), the losses through the foil and block insulation can be found. To this 
must be added the losses through the capsule supports and through some minor 
structural details. The amount of fuel needed to supply these heat losses is 
then compared to the 20% originally assumed, and the calculation is repeated 
with more accurate figures. The results are as follows: table 10 .6-1. 
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Table 10 .6-1 Final Weights of Fuel and Containers as Functions of Tc 

Tc (OK) 400 500 600 700 800 

Total heat flow supplied 535 . 589 680 791 1003 
by fuel (including losses) 
(W) 

Weight of fuel {kg} 2.43 2.68 3.09 3.60 4.56 

Weight of TZM and 3.41 3.63 4.04 4.55 5.47 
Hastelloy containers {kg} 

10. 7 Insulation 

The insulation consists of two parts: 25 foils separated by sheets of 
fibrefrax and solid blocks of Min K. 2000. 

The weight of the foil is a function of the area covered. The weight of 
the blocks depends on the number of thermocouples and the temperature dif
ference. 

For Tc = 400 500 600 700 800 °K 

Total insulation weight= 0. 735 0.780 0.855 0.945 l.120kg 

10. 8 Radiator 

The radiator weight depends on the amount of heat QRA and the temper-
ature TRA at w~ich it is rejected, according to . · 

Where ORA = heat rejected by the radiator 

TR.A = effective rejection temperature 

0- ~ Stefan-Boltzmann constant 

ARA= Radiator area 

e RA= effective. emissivity 

fRA = effectiveness of the radiator 

The factor fRA would be unity for an isothermal radiator, of which all 
parts can freely "see" outer space. However, an isothermal radiator would 
require a large cross section for the conductive path. This would be too heavy 
for a space generator. 
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Furthermore the radiator we wish to use has three fins, which partly 
"look at" each other. 

Laessig (ref 8-10) has done a number of optimization studies on space 
radiators, from which he concludes that fRA :::::: 0. 7 leads to the lowest weight 
radiator for this application. 

For mechanical and structural reasons we assume a unit weight of 4 kg/m2 ~ 
the corresponding radiator data are listed in table 10.8-1. e is assumed at 0.8. 

Table 10.8-1 Radiator Area and Weight as Functions of T RA 

Tc (OK) 400 500 600 700 800 

TRA (OK) 380 480 580 680 780 

Heat load rejected 505 559 650 761 973 
by radiator (W) 

ARA (m2) 0.74 0.32 0.17 0.10 0.07 

Weight of radiator 2.96 1.27 0.68 0.40 0.28 
(kg) 

10 .9 Selection of Design Point 

The variable weights for the five major components can now be added 
and compared. Table 10.9-1 and fig 10.9-1 show that the optimum design point 
lies at TC= 530 °K and TRA = 510 OK. We will now accept these values for the 
completion of the design and construction of the generator. 

Table 10 .9-1 Estimated Total Weight as a function of TC and TRA 

TC = 400 500 600 700 800 

fuel 2.43 2.68 3.09 3.60 4.56 

containers 3.40 3 .63 4.04 4.55 5.47 

thermocouples 0.72 0.96 1. 35 2.04 3.55 

insulation 0.74 0.78 0.86 0.95 1.12 

radiators 2.96 1. 27 0.66 0.40 0.28 
10.25 9. 32 10. 00 11.54 14.98 

Add for 
fixed weight 1.00 1.00 1.00 1.00 1.00 

Estimated 
total weight 
(kg) 11.25 10.3211.00 12.54 15.98 
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1 O .10 Special Fabrication Techniques 

The triple requirements (light-strong-reliable in space environment) 
have led to the development of certain fabrication techniques or to the use 
of existing techniques in new fields. The present generator employs a few 
such methods which may be of interest to record. 

The two biggest changes from conventional to space type fabrication 
engineering are due to the hard space vacuum - which runs as high as 
10-l 3mm Hg in cislunar space. If air is absent, heat does not flow freely 
between adjacent surfaces, even if they are bolted together. The reason. 
is that such surfaces normally make point contact only, see Fig. 10 .10-1 . 

Figure 10. 10-1. Two Surfaces in Contact - On Earth the shaded area 
is airfilled; in space it is empty 

On earth the trapped air provides a low impedance heat flow path, because the 
distances are small. In space the air is absent. Heat is transferred partly by 
conduction across the point contacts but mostly by radiation. This gives rise. 
to large temperature drops at low temperature levels. A brief calculaqon shows 
that if the heat from the baseplates of the thermocouple modules were transferred 
to the radiators solely by radiation, the cold junction temperature would rise 
from approximately 540°K to approximately 880°K, which would obliterate the 
advantages of this RTE. Thus, wherever heat must flow from one body to another, 
there must be a solid metallic contact between them. 

The other problem is in some respects the reverse. In ultra vacuum the 
thin layers of oxides or similar, which are normally absorbed on metallic sur
faces, may be absent. If like metals are in contact, atoms may diffuse freely 
between surfaces, ultimately welding them together. That is, for example the 
reason why we have rhodium plated the Hastelloy buttons that come in contact 
with the outer Hastelloy container. 
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10 .10 .1 Dip Brazing 

The shape of the radiator has been ·developed as shown in Fig 10 .10 .1-1 
and 10.10.1-2. 

THERMOCOUPLES 

Figu~.e 10. l~ .• 1-l. Origin.al Radiator Figure 10.10.1-2. Stronger Radiator 
with Approximately the Same Weight 

The original single fin has been split in two to give more strength to the 
structure without increase in weight. This has led to the us~ of thin sheet 
metal. At the same time we want the fins built to rather close tolerances, 
because the radiator doubles as the main structure. We have considered 
fabrication by bending only but this is not practical because there are two 
locations, where three surfaces mf~et. Arc welding is not practical because 
it does not appear possible to avoid distortion of the thin sheet metal. 
Electroforming is possible, except. that the tapered fins present problems. 
Soldering is the next possibility, which we have eliminated. 520°K is . too 
high operating temperature for the normal soft solders. They melt or lose 
all their strength. We must also have some margin in the design arid not 
risk that parts of the generator fall off during a brief temperature excursion. 
Special solders mostly contain cadmium or zinc, both of which have too 
high vapor pressures at the temperature levels of interest. 

We finally decided on dip brazing. By this method the individual 
aluminum parts are mounted in a fixture. Brazing compound is applied at 
the joints and the assembly is dipped in a bath of molten salt. The temper~ 
ature of the bath is just below the melting point of aluminum. 

Dip brazing requires considerable experience. Our supplier did not 
meet the specification completely. The thin sheet near the tip's of the fins 
was distorted and required substantial rew:>rking in our own shop. Had we 
known all the problems beforehand, we would perhaps have made the fins 
of uniform thickness and selected a different fabrication method, at the 
expense of 500 g extra weight. However, the chosen method has given us 
useful experience for the fabrication of future lightweight radiators for larger 
spacecraft. The larger the generator, the more important the radiator struc-
ture and the method of joining thin sheet metal. 
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10 .10. 2 Remote Welding in a Hot Cell 

The bottom plates of the inner and outer containers can be attached to 
the cylinder walls by conventional means. For example, the bottom of the 
TZM container is an integral part of the can, the can having been machined 
from solid bar stock. However, the tops must be attached when the con
tainers are filled with the radioactive material, which requires remote handl
ing and remote welding in a hot cell. 

Remote handling with master slave operators - so called manipulators -
is a well established technique. Even a beginner, like the author, could 
pick up objects and do simple tasks after a brief training. 

Remote welding in particular of TZM has proven to be more difficult 
partly due to the technique, partly due to the material. The method was 
worked out by Early of Oak Ridge National Laboratory in consultation 
with Wilkes of RCA and the author. 

The TZM can is positioned by manipulators in a copper block which 
acts as the welding fixture. The block and the welding electrode are 
mounted in- a metal box approximately 1 x 0. 6 x 0. 6 m which can be hermeti
cally closed. It can be evacuated or filled with a welding gas such as 
argon or helium under a pressure of up to 2 atm. The box in turn is located 
in the hot cell . 

The welding fixture is supported by a shaft, which is slowly rotated 
by an electric motor during the actual welding operation. 

The method was worked out on a number of TZM samples with the same 
diameter (10 cm) as the inner container. However, to save about $1000 
material and machining cost per container, we reduced the height of'the 
samples to 2. 5 cm. After completed welding the samples were checked 
with gamma rays and then metallographically checked on the cross section. 

The first welds were unsuccessful. Sometimes the penetration was 
not deep enough; sometimes the sample cracked after welding. At the 
advice of Briggs the cleaning technique before welding was augmented 
(Ref. 10-1). Besides washing the parts in acetone she recommended a 
30 minute stay in a hydrogen reduction .furnace at 1600-1700°K. 

The welding atmosphere was carefully controlled to exclude oxygen 
and nitrogen, both of which have a detrimental effect on ductility. Reason
able limits were oxygen below 0. 00 5 % and nitrogen below 0 .1 % (Ref 10-2). 
Briggs recommended further a preheat of sdo°K and a postheat of l 300°K 
in hydrogen or vacuum for 15-30 minutes with very slow cooling afterwards. 

Early installed a hydrogen furnace in the hot cell and managed to com
bine all the safety requirements of the combustible gas, and the 100 kilo
curie source with the remote welding technique described earlier. The 
results were satisfactory and the welding technique accepted. 

After the method had been worked out for TZM, the welding of 
Hastelloy presented few problems. 

10, 10, 3 Fabrication of the Insulation 

Multifoil in vacuum has insulation qualities that are far superior to 
those of solid material, as has been discussed in section 8. 5 .1. But 
just for this reason small leakage paths cause appreciable heat losses. 
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For example, if the multifoil has an average area of approximately 900 cm2 , 
it passes about 10 watts. However, if as little as 1 cm2 of the 1450°K 
capsule were permitted to see the radiator area, the heat loss would triple. 

The application. of the foil thus becomes a mechanical problem, in parti
cular because the insulation under the top cover must be removable to permit 
insertion or removal of the fuel capsule from time to time. 

Superi.n sulation of cryogenic tanks and the like is usually accomplished 
by preparation of small stacks of foil, whl.ch are placed overlapping. For 
example, a sphere can be insulated by preparing a dozen foil stacks shaped 
slightly larger than half spheres and packing them so that they overlap, and 
with the laps staggered. 

In our case the presence of the therP.locouples prevents this simple 
solution. We had therefore planned to prepare stacks of foil and fibrefrax 
and to insert these stacks in between the block insulation. However we 
were not able to guarantee absolute tight packing at the edges. 

Wilkes, Laessig and Winkler of RCA then developed a better method, 
which was finally adopted. The foil and fibrefrax were wound as a cylinder 
with 25 layers. The end plates were simple stacks of 25 circular foils and 
fibrefrax. The critical problem was to assure full contact of all horizontal 
foils with their vertical counterparts, since mismatch would mean a thermal 
short circuit. Gaps would Likewise mean extra heat losses . See fig. 10 .10. 3-1 
and -2. 

The solution proposed by Wi.lkes was to clamp the edges between a mandril 
and a support ring and to miter them with a high speed saw. The same method 
was applied to the bottom and top covers. 

The top cover was furthermore lined with a sheet of soft insulating 
material to prevent damage to the foils. The· windows for the thermocouples 
were cut with the high speed saw. 

10 .10. 4 Bonding of the Thermocouples to the Radiator 

Severe stress problems result if the thermocouple module is not bonded 
properly to the radiator, mainly for the reason that the SiGe is very brittle. 

Ideally all materials involved shouid have the same thermal expansion. 
Then no stresses would occur, provided heating and cooling always took 
place slowly. Unfortunately Si Ge has a value of 5. lxl o-6 per °K, which is 
below the range of most metals, to which it might be bonded. See table 
8.3.1-1. 

The supplier of the thermocouples has selected tungsten as the metal 
to which to bond the SiGe, since the two materials have similar coefficients 
of expansion. However, the baseplate for the thermocouple module is copper. 
In order to compensate for the difference in expansion, a second tungsten 
shoe has been bonded to the underside of the baseplate. The idea is that 
the two discs of tungsten will restrain the copper sufficiently so that the 
SiGe is not subjected to excessive stresses. 

We have followed a s imilar approach for the bond between the copper 
baseplate and the aluminum radiator . Table 8.3 . 1-1 shows that the latter 
material expands more than eopper. We have therefore sandwiched the 
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aluminum between strips of nickel which gives the combination the same 
coefficient as copper . Modules bonded in this fashion have held together 
under extensive tests. 

10 .11 Description of Final Genera tor 

Incorporating all ma terial choices and fabrication techniques of the 
preceding chapters and sections we have constructed the generator shown 
in fig 10.11-1. . , 

The strontium titanate pellets are contained in TZ Molybdenum, which 
in turn is surrounded by a Hastelloy X container . The thermocouple modules 
are aligned radially to the capsule but do not touch it. The outer ends of 
the thermocouples are supported by the three radiators which form the RTE 
structure. The capsule is supported by three studs at each end which are 
designed to be loaded in compression only. This allows the use of ceramic 
materials which exhibit low thermal conductivity and high compressive 
strength at high temperatures. All heat flow paths between the capsule and 
radiators - except those passing through the thermocouples or ceramic supports -
are obstructed by conductive insulation and radiation insulation (i.e. multi-
foil insulation). Wherever possible the latter is used. 

The radiators are made of aluminum alloy which is dip brazed from 
machined pieces to give the near optimum design of fig. 10 .11-1. The thermal 
conductivity requirements dictate the design, rather than the mechanical 
loading. To allow for the thermal expansion of the generator after capsule 
insertion as well as to minimize the conduction area to the supporting medium, 
a three dimensional truss is chosen for generator support. The expansion of 
the generator does not produce any stresses because the truss ends are ball 
joints which rotate freely to allow movement of the end points. Fig. 10 .11-2. 

When it is desired to operate the generator, the capsule is inserted by 
remotely controlled equipment and the lid ·"' closed . At the end of the test 
the lid can be opened and the capsule removed in the same way. Fig. 10 .11- 3. 
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• 

Figure 10.11-3 Close up of Generator with Open Lid. The 
Electrical Heater or the Isotope Fuel Capsule 
(Fig. 10. 11-4) will find Room in the Center. 
The three zirconia rods in the lid hold the cap
sule in place. 

This photograph shows an initial arrangement 
with 14 thermocouples instead of the ultimate 
arrangement with 22 couples per radiator sub
assembly, which is described in the text. 
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Figure l0.11-4 IsotoPe Capsule 



11. DESCRIPTION OF EXPERIMENTAL EQUIPMENT FOR TESTS WITH AN 
ELECTRICAL HEAT SOURCE 

The development of the generator has required the installation of a variety 
of experimental equipment. Part of this is readily found in a physics or elec
tronics laboratory; the remainder has been purchased. The two most interesting 
items are the vacuum chamber and the electrical heater. 

11 .1 Vacuum Chamber 

Because the generator can give rated output only in vacuum, a vacuum 
chamber has been acquired specially for this purpose. See fig 11.1-1. It 
is shaped as a bell jar and has been chosen somewhat larger than is presently 
required so as to accomodate future, larger, power supplies. 

The bell jar has a few special features, not normally found in a va,cuum 
chamber. 

The chamber contains a thermal shroud with piping, through which a cool
ing fluid can circulate. The inside of the shroud is coated to give it a high 
emissivity for infra red. The shroud absorbs the heat radiated out by the 
generator, causing the latter to see the equivalent of outer space. Dep~nding 

on the temperature of the radiator and the required accuracy of the simulati9n 
the shroud can be cooled with water (300°K) or liquid nitrogen (770K). For 
most applications water suffices. 

The base of the chamber and the bell jar are made of stainless steel to . 
facilitate cleaning, should the chamber ever become contaminated with radio
activity. A 30 cm diameter glass disc covers a viewport. A smaller glas's 
disc permits illumination of the interior by an exterior light source. The 
glass has been selected specially resistant to discoloration due to gamma 
rays. 

The base plate contains about 200 electrical feed-through pins, of copper, 
chrome! or alumel. The latter two match the monitoring thermocouples which 
are made of these materials. 

The chamber is specially designed to fit in the hot cell reserved for the 
isotope tests or a similar c ell. It is mounted on. casters to make it semi
portable. 

'Thermal testing does not require a very high vacuum. For many 
heat transfer problems lo-4 mm Hg is sufficient and lo-5 mm Hg is hard 
vacuum~ However, since we wish to open and close the chambe r repeatedly 
during a working day, we have provided two six- inch diffusion pumps with a 
speed of 1500 liters/second at lo - 4 mm Hg each. The oil is Dow Corning 
704, which is not affected by gamma rays up to a total do~ of 5xl0 7 rads. 

The controls, finally, are arranged for remote operation. The control 
console is located outside the hot c e ll, and all parameters needed to moni
tor or control the chamber are telemetered to it. 

11 . 2 Electrica l Heater 

The electrical heater for the initial tests consists of an alumina core 
on which heater wire has been wound. The assembly is surrounded by a 
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Hastelloy X container, with the same outside dimensions and coating as the 
isotope capsule. 

The heater has a few problems of its own. The core material has been 
selected so that it contains very little binding material, which would 
outgas in vacuum. The heater wire is made of an alloy of 5.5% Al, 22% Cr, 
0.5% Co, balance Fe, produced by Kanthal AB, Hallstahammar, Sweden. 
Kanthal wire of the type we are using, resists corrosion in air to l 500-l 600°K 
because the aluminum compound oxidizes rapidly on the surface and the oxide 
protects the underlying material. In vacuum, however, the oxide coating 
disappears and the aluminum slowly evaporates out of the alloy. 

This matter was discussed at length with the supplier who suggested that 
_ the oxide layer be reformed by operating the heater in air for a few hours after 

every hundred hours operation time in vacuum. This procedure has proven 
successful. 

11 . 3 Other Equipment 

The other equipment needed for the electrical tests is quite conventional . 
. It includes a yariety of automatic temperature recorders, alarm and protective 
devices and several furnaces for component testing. The largest of these is 
approximately 90x90xl20 cm and can be used to l000°K; a second one 
measuring 20x30x45 cm can reach 2000°K. 
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Figure 11. 1-1. Vacuum Chamber 
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12. INITIAL TEST RESULTS WITH AN ELECTRICAL HEAT SOURCE 

During the assembly of the generator we tested the validity of the design 
of major individual components. Thereafter the design of the complete generator 
was checked. 

12 .1 Thermocouple Modules 

The thermocouple modules were mounted upside down on simple furnaces 
made of fire brick. Electrically heated carborundur.1 elements running under
neath the thermocouples at a distance of approximately 4 mm from the hot 
shoes radiated sufficient heat to the couples to raise the temperature of the 
hot junctions to approximately operating level. The modules were bonded to 
slightly oversize radiators. . .. 

The operating conditions were controlled by the temperature of the carbo
rundum elements and by wrapping larger or smaller sections of the radiator with 
thermal insulation. 

Photograph 12 .1-1 shows a 2 2 couple module packed with insulation 
material. The space between the elements and between the couples is also 
packed carefully. Otherwise heat would radiate directly from the underside 
of the hot shoes to the baseplate and the radiator, thus bypassing the couples 
and lowering the efficiency of the assembly. 

Fig 12 .1-2 gives load curves for the module for two sets of temperatures. 
The maximum output is 9.3 resp. 8.8 watts. To this should be added 0.2 watt 
lost in the leads connecting the module with the test equipment. 

Comparison with the design 

We will here compare the 9. 5 W actual output with the figure predicted in 
section 10 .4. 

The calculated resistance for the module is 5. 5 times the resistance for one . 
couple, which according to equation 6.2-2 equals 40.2 + 6 = 46.2 milliohms. 
This gives a total of 254 milliohms. However, the actual resistance of the 
module as derived from equation 6. 2-3 equals 

R -i - = 3.27 

4 x 9. 5 
= 281 milliohms or 10% higher. 

Similarly the actual open circuit voltage of 3. 2 7 vol ts is 4 % lower than the 
3.41 volts calculated from equation 6.2-1 and curves 8.4-2. · 

Discuss.ions with the supplier of the thermocouples brought out the fact 
that diffusion of positive dopants to the negative half of the hot shoe and the 
reverse can set up extra resistances in the hot shoe. Figures of 5 to 7 milli
ohms per couple are not uncommon. This corresponds to 27 to 39 milliohms 
for the complete module, which is the same discrepancy that we have measured. 
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13. DESCRIPTION OF EXPERIMENTAL EQUIPMENT FOR TESTS WITH A 
RADIOACTIVE HEAT SOURCE 

1 3 . 1 Hot Cell 

The approximate 100 kilocurie strontium 90 produces no primary gamma 
radiation. However, the Y 90 daughter produces 2. 26 MeV beta particles 
which upon collision with surrounding material give secondary gamma rays, 
the so:--called bremsstrahlung. 

Hecht (Ref 13-1) has calculated the intensity of such bremsstrahlung 
for SrTi0 3 . Nichols and Arnold (Ref 13-2) have presented test data which 
are in substantial agreement. Making allowance for the self shielding of the 
isotope and the shielding effect of the TZM container we have estimated the 
radiation intensity at 1 m from the center of the fueled generator at 100 
rads/hour. 

Safety regulations allow personnel exposure of 6 millirems per hour 
(= 6 millirads/hour for gamma rays). 

Evidently a factor of 17000 must be attenuated by shielding. The 
bremsstrahlung energy spectrum covers the whole range from 0 to 2. 26 MeV 
with a peak at 0. 9 MeV. For order of magnitude shielding calculations the 
equivalent energy is 0. 8-1 MeV. Hence a wall of 40 cm extra heavy concrete 
or 60 cm regular concrete is needed to protect personnel adequately. 

The normal procedure is to enclose the radioactive material in a small 
room (hot cell) with walls, floor and ceiling of no less than the prescribed 
thickness. A typical hot cell, good for 10000 curies of cobalt-60 (which is 
equivalent to 600000 curies of strontium 90), is shown in fig 13 .1-1. The 
free space in the hot cell is 2. Sxl. 8 m and the walls are 90 cm thick. 

The cell contains a window of lead glass which permits the operator 
to observe the interior of the cell. Mechanical manipulators enable him to 
handle the equipment. 

The vacuum chamber has been designed to fit in the hot cell. The view
port is at the same height as the cell window. There is further room in the 
cell for a shipping container. When the strontium 90 is not used in the gen
erator, it can be placed in this container, which is then closed. If the cell 
is not contaminated otherwise, personnel can safely enter the cell through the 
door at the back for adjustments to the vacuum chamber etc. 

The manipulators can handle loads up to 10 kg; heavier loads, such as 
the bell jar are lifted by a remotely controlled one ton electrical hoist. 

An important auxiliary facility is the ventilation. Air passes through 
the cell and is exhausted in the smoke stack through a so called absolute 
filter. The air in the cell is always under slightly lower pressure than the 
air in the building. 
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Figure 13.1-1. Vacuum Chamber in Hot Cell 
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14 EVALUATION OF FUTURE RTE 

14 .1 Fuel Container 

A set of containers which is lighter than the present set but equally 
strong may be obtained as follows: 

The inner container is made of stainless steel 316. Since its purpose 
is to provide a second container for the fuel and not to contribute to the 
strength of the capsule, the walls need be only 0. 5 mm thick. 

The outer container is made of TZM (0. 5 % Ti, 0. 08 % Zr, balance Mo) 
clad with 0. 5 to 0. 7 mm palladium or platinum. This arrangement was 
suggested by Pessel (ref 14-1). The noble metal can in turn be coated 
with Cr203 to provide the required high emissivity for infra-red. 

An alternate solution is to plate the TZM with Pd and to clad the 
plated TZM with 0; 5 mm Inconel 600 or 7 50-X (ref 14-2, 3). The Inconel 
oxidizes on the surface, when heated in air and the oxide layer provides 
the desired high emissivity. No further coatings are necessary. 

Based on 0. 5 mm thick stainless steel, 5 mm TZM and 0. 5 mm 
Inconel cladding the proposed containers together would weigh approxi
mately 3 .66 kg. This includes flat ends and provides the same fuel volume 
as the present containers. This arrangement represents a saving of 0. 7 kg 
over the present design. 

A possible further refinement is to provide internal trusses for the 
outer container, made of a tungsten base alloy with 26% rhenium. (ref 14-1) 
The pros and cons of such a construction can be worked out by a careful 
stress analysis and subsequent testing. A possible arrangement is shown 
in figure 14 . 1-1 . 

14 . 2 Isotope 

If the strontium titanate is replaced by strontium oxide, the weight 
and volume of the fuel and the container(s) decrease significantly. A brief 
calculation, which includes the findings of the previous chapter, gives the 
following results: 

Assume that approximately 660 Watts (t) are required. 

The weight of the SrO 

The weight of the containers, according to 
the arrangement described in section 16 .1 

Total 

= 1 .94 kg 

= 2.69kg 

4. 63 kg 

This is a gain in weight of 2. 82 kg over the present fuel and containers. 
In making these comparisons we must point out that the improvements in 

weight apply to the individual components only if the other components remain 
unchanged. 
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However, the actual new design would probably not have the same 
optimum cold junction temperature as the existing design. Thus the new 
generator would probably have a weight, which is somewhat lower yet 
than what we will find here. Our calculation of the total weight improve
ment is thus conservative. 

DOUGHNUT SHAPED 
FUEL PELLET 

EAC.H INDLVIDUAL PELLET 
INCLOSED IN STAINLESS 

STEEL CAN 

D 

B 

WELDED OR BRAZED JOINTS 

··1 
A 

MOLYBDENUM CONTAINER 
CLAD WITH INCONEL 900 

TUNGSTEN H% RHENIUM 
REINFORCEMENT ROD 

SECTION A-A . 

Figure 14.1-1. Proposed Future High Strength Capsule 

14. 3 Beryllium Radiator 

A radiator of beryllium will be much stronger than the present radiator, 
but not much lighter. A conservative estimate points to a saving of 100 
grams. The main advantage is of course that the new generator will be 
better prepared for the shaker and the other environmental tests. 
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An improved radiator coating will have an emissivity at operating temper
ature of O. 9, which also contributes to the lower weight. 

14 .4 Thermal Insulation Improvements 

Replacement of the present foil by rhodium plated titanium is expected 
to reduce the weight of the thermal insulation by 200 grams. The fact that 
the generator itself has shrunk slightly will also make a small contribution. 

14. 5 Improvements in Thermocouples 

The ideas put forward in section 8 .4 may lead to a thermocouple con
figuration of approximately the same weight but producing 28 V direct, i.e. 
without a d .c to d .c converter. This will increase the output of the system 
to 30.4 W initially or 29 . 4 Wafter one year. 

We believe at this point that such an improvement is feasible, but that 
it will require a substantial development which will require one or two years 
and large expenditures of funds. It is not something that we would be able 
to accomplish within the present scope, even if more time and funds had 
been available for the design and fabrication. In the summary of the 
properties of the "Mark II" we will therefore not include the new thermo
couples at present. 

14 .6 Summary of Improvements 

In the following table 14.6-1 we designate as "Mark II" a generator 
which includes all improvements possible, given more time and money, 
but which does not require a breakthrough in the fabrication of thermocouples. 
We designate as "Mark III" a generator with the same improvements and the 
advanced thermocouples, 

Table 14 .6-1 Projected Performance of Sr90 fueled power supplies at 28 V output yoltage 

!Inti.. Mark I Mark II Marjs III 
Fuel SrTi03 SrO SrO 
Projected weight of present system* Kg 12.0 
Savings on fueled capsule Kg 2.82 2.82 

radiator Kg 0 .1 0.1 
insulation Kg 0.2 0.2 
d .c. to d .c. converter Kg 0.35 

Total weight savings Kg 3.12 3.47 
Total projected system* weight Kg 8.88 8.53 
Projected output, initially w 26 26 30.4 

after one year w 25 25 29.4 
Projected performance, initially W/Kg 2.08 2.93 3.56 

after one year W/Kg 2.00 2.82 3 .45 

* System is generator & d.c . -d.c. converter if applicable. 
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The table shows clearly that weight can be saved and the performance 
improved for the two future generators. The figures do not include weight for 
shielding, since that depends heavily on the shape of the spacecraft and type 
of the payload. Under advantageous conditions, shielding is not required -
see Section 15 .1. In the opposite case, the shielding may weigh more than 
the genera tor. If this is not acceptable, we may switch to a different isotope, 
as is ~xpla ined in the next section . 

14.7 Use of Other Isotopes 

Strontium is the most readily available isotope at this time, but it has 
the drawbacks of gamma radiation (bremsstrahlung) and relatively low power 
density. We have therefore investigated how other fuels would affect the 
performance of the RTE. The follmr1ing computations all apply to systems 
producing in the order of 2 5 W(e) at approximately 28 V d. c. We have 
further assumed that the fuel produces 660 W(t) initially. No allowance has 
been made for thermocouple breakage and/or degradation during the mission. 

Table 14. 7-1 and figure 14. 7-1 compare generators Mark II with different 
fuels. We have omitted Cs 137 because it is in all respects inferior to Sr 90; 
and U 232 because its thermal performance is comparable to Cm 244. Also 
Po 210 and Cm 242 have thermal properties that are sufficiently similar that 
we can treat them together in this order-of-magnitude discussion. 

Table 14. 7-2 compares Mark III generators with different fuels. The 
difference with Mark II is that the weight and loss of the d .c. to d .c. con
verter have been omitted. The results are expressed graphically in figure 
14.7-2. 

Before leaving the subject, we must stress that the performance data in 
figures 14. 7-1 and -2 are based strictly on the techniques developed for the 
present SrTi03 generator. Hence they are not optimal for the other fuels. 
This is particularly true for the short lived isotopes. 

For example, we have assumed in the above comparison that the output 
of the Ce 144 generator drops in 6 months from 30.4 W to 20 W. We have 
computed the performance at the end of the mission as 20 W per 4 .25 kg or 
4.70 W/kg. However, if the generator were built specifically for Ce 144, 
we would charge it with about 50% extra fuel, so that it could produce 
about 30 W (e) at the end of life. This extra fuel and extra container would 
cost only 0. 50 kg or thereabouts in extra weight. In order not to overload 
the thermocouples we would reject the surplus heat directly to space via an 
adjustable "thermal switch". Several designs have been proposed for such 
a switch (Ref. 14-4), but to our knowledge none has yet been reduced to 
practice. The most straightforward approach is to attach to one side of the 
container an extra radiator, separated from the container by multifoil in
sulation, which is initially filled with helium gas. The gas is designed to 
leak slowly to vacuum in six months, thus gradually cutting down the heat 
leak. At the end of the mission the multifoil has regained its full insulating 
value. 

Initial calculations place the weight of the thermal switch at 0. 5 kg. 
If we add to this the we ight of the extra fuel, 0 • 5 kg, and the extra radi
ator, 0.5 kg, the advanced Ce 144 generator can be built for 5.75 kg. The 
performance of such a generator - hereby designated Mark IV - at the end 
of life would be ~O. 

7 5 
= 5. 5 W/ kg . 
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. A Po 210 or Cm 242 Mark IV generator, built on the same principles 
would p~·oduce 30 = 5. 9 5 W /kg. at the end of its 0 . 3 year life. See 

5.05 
Figure 14.7-2. Similar calculations can be performed for Th 228 and Pm 147, 
but sJnce the actual design of Mark IV generators falls outside the present 
scopa, we will not go into further details. 

TABLE 14. 7-1 PROJECTED PERFORMANCE OF ISOTOPE THERMOELECTRIC 

POWER SUPPLIES MARK II* W(e) INITIAL OUTPUT 

Sr 90 Pm147 
Po 210 

Weight (kg) 
(as SrO) Ce 144 

(fresh) 
or Th 228 Pu 238 Cm 244 

Cm 242 

Fuel 1.94 0.18 2.43 0.005 0,005 1. 70 0.30 

Containers 2.69 0.70 2.30 0.50 0.50 1. 80 0.70 

Thermocouples 1.17 1.17 1.17 1.17 1.17 1.17 1.17 

Insulation 0.63 0,40 0.63 0.30 0.30 0.50 0.40 

Radiators 1.10 1. 00 1.10 1. 00 1.00 1.10 1.10 

Contingency for 1. 00 0.80 1,00 0,80 0,80 1. 00 1.00 
Structures, etc. 

Total Generator 8.53 4,25 8.53 3.77 3~77 7.27 4. a·7 

de - de converter 0,35 0.35 0.35 0,35 0,35 0.35 0,35 

8. 881 
--

Total System 4.60 8.88 4.12 4.12 7.62 5.02 

System output in 
W(e) initially 26 

after ( ) years (1) 25 (0.5) 17 (1) 20 o. 3) 15 (1)17.5 (1)25. 7 (1)24. 8 

i ~Approx. 
I 

System perform-
ance in W(e)/kg 
initially 2.93 5.66 2.93 6.32 6.32 3.41 5,18 

after ( ) years (1)2. 82 (0. 5)3. 70 1)2. 25 O. 3)3. 6C (1)4. 25 (1)3. 31 (1)4. 95 
,Approx.) 

*For explanation see Section 14. 6 
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TABLE 14. 7-2 PROJECTED PERFORMANCE OF JSOTOPE THERMOELECTRIC 
POWER SUPPLIES MARK ID* FOR 30. 4 W(e) INITIAL OUTPUT 

Sr 90 
Ce 144 

Pm 147 Po 210 or 
Th 228 Pu 238 

(as SrO) (fresh) Cm 242 

Total generator 
weight, kg 8.53 4.25 8. 53 3.77 3.77 7.27 

system output in 
W(e) initially - 30.4 , 

after ( ) years (1) 29. 4 (0. 5) 20 (1) 24 (0. 3) 18 (1) 21 (1) 30 

system performance 
in W(e)/kg initially 3.56 7.15 3.56 8.05 8. 05 4.18 

after ( ) years (1) 3. 45 (0. 5) 4. 70 (1) 2. 82 (0. 3) 4. 78 (1) 5. 58 (1) 4. 13 

Two salient ad- reasonably cheap minor high power very dense long life 
vantages of isotope priced in gamma density 

future 

readily abundant no gamma could be no gamma 
available reasonably 

priced 

Two major draw- heavy heavy moderate short life no planned expensive 
backs of isotope bremsstrah- gamma power production 

lung density 

moderate short life not yet heavy restricted 
power available gamma availability 
density 

* For explanation see Section 14. 6 

Cm 244 

4. 67 

..... 
r 

(1) 29 

6.51 

(1) 6. 20 

long life 

high power 
density no 
gamma 

expensive 

not yet 
available 
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1 S APPLICATION OF RTE TO SPACE MISSIONS 

We will now use the data from the previous chapters to investigate how 
the RTE may provide power for certain missions. In every case we will also 
compare the RTE with the best or most applicable solar cell system. 

This study can be performed in two ways: either for real spacecraft 
that have flown or are being built or for general typical space missions. 

We have selected the latter course because the results are more 
generally useful. However, many numerical values have been obtained from 
"real" spacecraft. 

The following typical cases are considered on the assumption that the 
flights take place in 1966 or 1967 except as indicated below:. 

1 . Unmanned Lunar Roving Vehicle, 2 S W for 30 days 
2. Meteorological satellite, SO W for 1 year 
3. Communication satellite, 25 W average for 3 years 
4. Synchronous-communication satellite, 250 W for 3 years 
S. Lunar base, 500 W for S years. (1970s) 

In all cases we will try to find the "best" system on the basis of one 
single parameter, which will be the cost of a complete power supply, in
cluding .the cost for its delivery to orbit or station. This way the important 
parameter of the weight is accounted for by multiplying it with the "freight 
rate". These freight rates, obtained from published data on rocket costs 
and payloads (Ref 5-3, 15-1, 15-2) are as follows; in round order of magni
tude: 

To low earth orbit 500 km 
To intermediate earth orbit 6800 km 

35000 km To synchronous orbit 
For soft landing on the moon 

15 .1 Unmanned Lunar Vehicle 

$2500/kg 
$6500/kg 

$12000/kg 
$15000/kg 

The success of man's first landing on the moon depends greatly on the 
design of his vehicle, of which the landing gear forms an important part. This 
must be adapted to the constitution of the moon surface, about which · little is 
known at present. 

·A number of unmanned lunar vehicles have been proposed to rectify this 
situation. We will select one as a possible application for an RTE, :assuming 
that the vehicle operates on the moon for one month. During that time it re
quires 25 W(e) into a constant load. 

Based on the designs of chapter 14 we can now list the properties of 
RTEs. For each s ystem several parameters must be considered. 

Type of genera tor 

We will apply both Mark II and Mark III. Since this is a short term 
mission we will substitute Ma rk IV for Mark III for the short lived isotopes. 
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Weights 

System weights are derived from tables 14. 7-1 and 14. 7-2 with cor
rections for the shorter mission time. They are multiplied by $15000/kg 
to cover the transportation cost. 

Shielding 

Ref. 13-2 lists the gamma and neutron radiation produced by isotope 
sources. The vehicle is unmanned and the more delicate electronic equip
ment on board can stand 10 6 rads total dose, or 1040 rads/hour. The latter 
figure is calculated for a total of 30 days mission on the moon, 3 days in 
transit and 12 days contingency on the pad.* The vehicle is probably at 
least 1 m long and the isotope source can be placed at least 0. 7 5 m from the 
most sensitive electronics. The neutron doses are insignificant in all cases. 

The gamma dose is heaviest for the cerium. A 500-600 W (t) source 
in a normal container produces about 2000 rads/hour at 0. 5 meter distance. 
At O. 7 5 m the rate is down to about 900 rads/hour. Thus extra radiation 
shielding is not necessary. The other isotopes produce weaker radiation 
and hence do not ask for shielding either. 

Costs 

From section 4 .4 and our own additional experience we have derived 
the following unit costs: 

Mark II Mark III or IV 
For thermocouple modules $500/W(e) $600 /W(e) 

Other generator costs $500/W(e) $500/W(e) 

Thermal switch $100/W(e) 

d .c .-d .c. converter $100/W(e) 

The fuel costs are derived from table 5 .4-1 with due allowance for 
the decay (sometimes insignificant) of the fuel during the mission. 

Redundancy 

The generator and the remainder of the system carry a certain re
dundancy to permit continued operation, should one or more components faH. 
The parts most prone to failure are the thermocouples and the de .-de. con
verter. For the former we will include 10 % extra couples, for the latter a 
complete extra converter. Since the extra thermocouples must be heated 
during the whole mission, the generator carries 10% extra fuel and fuel cost, 

* See glossary 
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1 O % extra weight of structure and so on. Thus the 10 % can be conveniently 
added to the total weight and cost. The error due to doubling the de-de con
verter is of secondary importance and is neglected. 

Solar Cells 

Solar cells are quite suitable for lunar operation, provided the difficult 
technical problem of operation at extreme temperatures can be solved. How
ever, if we adhere strictly to the requirement of constant electrical demand, 
the solar cell system needs Ag-Zn batteries to produce 8. 4kWh during the 
fourteen day dark period. These batteries weigh at least about 65 kg (see 
Section 3. 3 .1) which makes the system unattractive. 

A solar cell system without batteries is estimated to cost $120,000. -
The extra cost as compared to table 7. 2 . 2-1 covers the problems due to 
extreme temperature. The batteries are worth about $20, 000. -

Straight batteries 

The total power requirements for the mission can also be supplied by 
a one-shot battery for 16. 8 kWh, costing $40, 000. - and weighing about 
100 kg. 

Fuel Cells 

With the regular batteries so heavy the thought turns to fuel cells. A 
25 watt fuel cell system without tanks may weigh 8 kg and cost $25, 000. -
The tanks and fuel weigh at least 14 and probably closer to 20 kg and equal 
the fuel cells in cost. 

Summary of Comparison 

All the above considerations are represented in tables 15 .1-1 and 
15 .1-2. It should be clearly understood that the total costs are only 
order of magnitude figures. They will also depend on the actual layout 
of the spacecraft, the proposed landing site on the moon and the detailed 
power requirements . However, the trend is clear: the cerium fueled gene
ra tor has the edge under the given conditions. But if' conditions on the pad 
prevent the use of the gamma emitting cerium, polonium (or curium 242) 
are suitable fuels. If there is a risk that launches may be delayed repeated
ly, promethium may solve that problem thanks to its somewhat longer half
life. 

The comparison also shows that solar cells, batteries and fuel cells 
are unattractive due to their high weight and correspondingly high fr_eight 
cost. 

In summary: The unmanned lunar vehicle provides a suitable appli
cation for an RTE. 
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TABLE 15.1-1 POWER SUPPLY MARK II FOR UNMANNED 
LUNAR VEHICLE.OUTPUT 25 W(e) AT 28 V 
AFTER ONE MONTH 

Radio Isotope Thermoelectric Solar Cell Straight 
Weights in kg Generator* and Ag-Zn . Ag-Zn 
costs in $1000 SrO Ce Pm Po Pu Cm244 battery battery 

(fresh) 

Generator and dc-d'c 8.8 4.5 8.8 4.6 -7.5 4.9 64 100 
converter weights · 

Costs, thermocouples 15 15 15 15 15 15 

de-de converter 3 3 3 3 3 3 

Thermal switch 2 3 

Fuel 11 1 33 30 570 300** 

Other, including 13 13 13 13 . 13 13 140 40 
acceptance tests 

Freight to moon , i32 67 132 69 112 73 960 1500 

Subtotal costs . 174 101 196 133 713 404 1103 1543 

Redundancy 1 O I 17 10 20 13 71 40 110 154 
I 

Total costs*** 191 111 216 146 784 444 1213 1687 

Fuel 
Cell 

25 

50 

375 

428 

43 

471 

•• Th 228 is not included in this comparison, because it will not be available 
in 66/67. 

** Assuming lower limit of published price range (Table 5. 4-1 ). 
*** Hardware costs only; development costs are not included. 
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TABLE 15.1-2 POWER SUPPLY MARK III OR IV FOR 
UNMANNED LUNAR VEHICLE.OUTPUT 
25 W(e) AT 28 V AFTER ONE MONTH 

Radio Isotope Thermoelectric 
Generators 

Solar Cell 
Weights in kg 
Costs in $ 1000 

Mark Mark Mark Mark Mark Mark and Ag-Zn 
III IV III IV III III battery 

SrO Ce Pm Po Pu Cm24L 
(fresh 

Generator weight 7.6 4 7.7 4 6.5 4 

Costs* thermo-
couples 18 18 18 18 18 18 

Thermal. switch 5 6 

Fuel 9 1 28 28 500 250 

Straight 
Fuel 

Ag-Zn 
Cell 

battery 

·.-

Details same as 
Other incl. in Table 15. 1-1 
acceptance 
tests 15 15 15 15 15 15 

Flight. to 
moon 114 60 116 60 97 60 

Subtotal 156 99 177 127 631 343 

Redundancy 
10% 16 10 18 13 63 34 

Total costs 172 109 195 140 1694 377 1213 1679 471 

* Hardware costs only; development costs not included. 

15. 2 Meterological Satellite 

Being able to predict the weather accurately has been one of man's 
goals through the ages. The weather satellites now give him a new tool, 
that enables him to look at the clouds from the outside for the first time. 

The U.S. weather satellite series - Tiros - has been highly success
ful. The eight spacecraft launched to date have all worked as specified 
and they have taken many useful pictures. One of their major achievements 
has been confirming the presence of hurricanes one or two days earlier than 
by conventional means. 
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We will now compare the performance of the RTE and the solar cell 
system for a typical meterorological satellite on the assumption that the 
power supply provides 50 W continuously to the load for one year, The 
orbital height is 500 km. In this order of magnitude discussion we will 
again neglect second order effects. 

The comparison is carried out along the same lines as in section 
15 .1 with some modifications. 

The longer mission time requires that the need for gamma shielding 
be reconsidered. If the spacecraft permits a distance of 0. 7 5 m between 
the cerium source and the sensitive electronics, the initial dose rate at 
the latter location is 600 r/h. This takes into account that the source 
strength decays to 42% of the initial value but still delivers 50 Wafter 
one year. 

Depending on the exact type of electronic components and their self 
shielding*, the permissable total dose varies from 1 to 4 Megarads and the 
hourly dose from 125 to 500 rads/hour. This requires from 4 to 2 cm uranium 
shielding, weighing 2. 8 to 1. 4 kg. In table 15. 2-1 we use the average 
value of 2 .1 kg. 

The other isotopes do not require shielding. 
The solar cell system differs little from the arrangement shown in 

section 7. 2 except that it is double size. The array is oriented towards the 
sun. The slightly larger ratio of dark time to light time is a second order 
effect. 

The table presents the results of the comparison. Straight batteries 
and fuel cells are not longer included because their weight is prohibitive. 
The short lived polonium and curium 24 2 are likewise losing' appeal. Polo
nium degrades in activity by a factor 6 in one year. This means six times 
the cost for the fuel. More important, it means that the thermal switch 
must cover a range of six to one, which causes severe technical problems. 

Summary of Comparison 

Comparing the solar cell system _with the RTE Mark II, we find that the 
strontium and cerium fueled generators have comfortable margins. If Mark ·III 
or Mark IV are available, also the promethium fueled RTE can begin 'to com
pete. However, none of these margins is so large that it compels the space
craft designer to switch from a well developed solar system to a n-ewer isotope 
generator. Furthermore, we have assumed here that the power requirement 
of the load is constant through the orbit. This was done in order not to 
complicate the computations. In reality weather satellites normally need 
more power during sun time when the light permits taking television pictures, 
than during dark time. This favors the solar cell system more than the 
nuclear system. 

* meaning the most sensitive items shielded by other equipment 
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On the other hand the present '10w ·power weather satellites 1tJ.p.ve USEl~ 
non-oriented solar cell systems, whiCh are 3 - t1 times ·tieav.ier ~r:if:l mqre ex
pensive but much simpler to apply. In that case the RiTE : n~s a :lame mqr~Hr. 
The nuclear systems also have the big advantage of easy growth iiP size and 
in mission duration (except for the short lived isotopes). They qlso are in
herently more reliable in space than solar cells. These points have not 
been included in table 15. 2-1. 

TABLE 15. 2-1 COMPARISON OF POWER SUPPLIES FOR WEATHER 
SATELLITES, OUTPUT 50W(e) at 28 V AFTER ONE YEAR 

Radio Isotope Thermoelectric 
Generators 

Weights in kg ' Oriented Solar Cells 
Costs in $ 1000 Sr as 

Ce 
Pm 

Pu Cm2144 · 
and Ni-Cd Batteries 

SrO (fresh) 

Mark II Generator and 
converter w.eight"' 16 19 20.8 13.8 9J10 

Shielding weight 0 2. 1 0 'l0 0 

Total weight 16 21. 1 20.8 :13. 8 9;·0 21. 6 

System cost (without fuel) 64 99 71 64 64 144 

Fuel cost 24 2 83 1180 560 

Freight cost to orbit 40 53 52 40 40 54 

Subtotal cost 128 154 206 1284 664 198 

Redundancy 10% 13 15 21 128 66 already included 

Total cost Mark II 141 169 227 1414 730 198 

Total cost of a Mark III 
or Mark IV System, 
computed in a simila,r 
manner 119 103 , 188 1168 597 198 

• The weight of a 50 W generator is approximately 1. 8 times the 
weight of a 25 W generator. 

Summing up: For the typical sa tellite sys tem described here the re is · 
no order of magnitude adva ntage for RTE over sola r cells or vice versa. Much 
depends on the terms of reference for each specific mission. The RTE has 
certain potential advantage s, which warrant advanced development work on 
the power system. This way the RTE power supply can be ready if a nd when 
a suita ble mission deve lops . 
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15. 3 Communication Satellite 

The communication satellite seems to be the first outer space object 
of commercial interest. For that reason a long life and fewer replacements 
are mandatory. We will therefore consider three year operation in this 
typical case. 

At 6800 km height an orbit lasts three hours, of which the satellite 
may be in the dark up to one hour. 

Because a communication satellite only "works" when it is within 
sight of both terminals, the load profile is quite irregular. In this case 
we assume a demand of 55 W for 40 minutes alternating with 10 W for 140 
minutes. 

This suggests that the RTE be outfitted with a rechargeable battery, 
since this leads to a lighter and much cheaper system than with an RTE 
big enough to carry the peak load. 

With allowance for the 60% power efficiency of the battery the RT~ must 
produce 25 W(e). The battery stores 18 Wh, which is released during peak de
mands. 

As before we can calculate the weights and total costs of the various RTE. 
The results are found in table 15. 3-1. 

The solar cell system is substantially heavier in relation to its size than 
in the previous cases. The orbit lies to a great extent in or near the 'radiation 
belt. This suggests that the solar cells be covered with 1 to· 1. 5 mm thick 
glass or saphire to limit degradation due to space radiation. We further assume 
that the satellite is quite small and spin stabilized. 

Under these conditions the orientation mechanism for the solar array would 
be complicated and heavy out of proportion to the weight saved. Hence we now 
compare the RTE with a non-oriented solar cell system weighing and costing 
twice as much as the system of table 7. 2. 2-1. 

Because of the small size of the satellite we permit 50 cm separation 
between the generator and the sensitive payload. This leads to very heavy 
shielding for the cerium source, which is therefore eliminated from the table. 
The Sr genera tor needs 2. 6 kg shielding. · 

The comparison of table 15. 3-1 shows that the beta fueled genera tors 
hold their own. If the relative vulnerability of solar cells vs RTE is also taken 
into account - this is not done in the table - the curium generator may also be
come competitive with the solar cells. The plutonium generator has the draw
back of high fuel costs. 
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Table 1S.3-1 Comparison of Power Supplies for Communication 
Satellite; Average Output 25 W(e) at 28V, 

Weights in kg 
Costs in $ 1000 

Mark II generator 
weight incl • 
battery 

Cost** system 
(without fuel) 

fuel 

freight 

redundancy 10% 

Total 

Total for Mark III 
system, computed in 
a similar manner 

Radioisotope Thermoelectric 
Generators 

Sr as 
SrO 

13* 

30 

14 

84 

140 

115 

fresh 
Pm 

13 

30 

74 

84 

210 

170 

Pu Cm244 

8.6 6.5 

30 30 

600 300 

SS 43 

7SO 410 

650 320 

Non-oriented 
solar cells 

and 
NiCd batteries 

24 

160 

156 

3SO 

350 

* includes 2. 6 kg shielding ** development costs not included 
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15. 4 Synchronous Communication Satellite 

A synchronous satellite orbits the earth once every twenty-four hours, 
hence appears to stand still above a certain point or to oscillate above an 
arc of a fixed meridian. Thus it can always be in view of its two ground 
terminals. We will therefore assume that the demand is constant in time. 

The synchronous orbital height is 35000 km or almost six times the 
radius of the earth. Under these conditions the satellite is always in the 
sun except for one brief period every day during certain months of the year. 
For 99% of the elapsed time the spacecraft never passes through the earth 
shadow. If we treat these brief period s - which vary from zero to 66 minutes -
as scheduled outages, the solar cell syst em does not need batteries. This 
leads to a light and therefore advantageous solar cell system, see table 
15.4-1. 

The greater distance from the earth, as compared to the low or medium 
orbital satellites, requires more powerful and larger transmitting and re
ceiving equipment and larger antennas. We therefore set the demand at 
250 W(e) and assume a maximum separation between the generator and the 
sensitive electronics of 2 m. 

For cerium three years equals four half lives and the initial source 
strength must be 80 kW(t). This requires a shield of about 16 kg uranium. 
The other isotopes do not need shielding . 

At 250 W output the 28 V level can be reached already by the Mark II 
generator, without d.c.-d.c. converter. Thus in our calculation we apply 
Mark II prices, but achieve Mark HI or Mark IV performance. 

A generator contains a number of parts which are independent of the 
size. Hence the weight grows less then proportional with the output. De
tailed calculations show that an RTE for 250 W(e) has about 7 times the 
weight of a 25 W(e) device. 

Making allowance for the larger size and the three year opera ting life, 
the generator weights are obtained from table 14. 7-2 and entered in table 
15.4-1. 

The table indicates that the synchronous satellite is best served by 
solar cells, unless conditions are exceptional. For example, military 
satellites might not be allowed to be out of service at scheduled inter
vals. However, such special cases are beyond the scope of the general 
comparison and will not be considered here. 
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Table 15 .4-1 Comparison of Power Supplies for Synchronous Satellites 
Output 250 W(e) at 28 V. Mark III 

Radiolsotope Thermoelectric Oriented solar 
Generators cell system 

SrO Ce Pm Pu Cm244 

Total weight (kg)* 53 75 60 42 30 25 

Costs** Generator 250 275 275 2 .so 250 300 

fuel 1.05 48 500 5000 2500 

freight 640 900 720 504 360 300 

Contingency 1QQ_ llL .ill_ -9.Z§_ _llQ_ 60 
Total 1095 1350 1650 6330 3420 660 

* includes 16 kg gamma shielding 
** Costs are expressed in $1000, They do not include development. 

15. 5 Lunar Base 

A manned lunar base is of course further in the future than any of the other 
four systems. However, the general opinion is that the manned lunar landing 
about 1970 is not an end in itself but the beginning of a number of permanent 
settlements of different sizes. A major base will probably need many kW power, 
but for a minor base 500 W may suffice. Because of the rather permanent 
nature of such a venture we assume five year life, but with the understanding 
that fuel can be renewed regularly. This may again make the short lived iso
topes, including cerium, attractive. We also assume that some type of dust, 
gravel or stone is readily available on the moon, so that shielding material 
need not be brought from earth. In the 1970 Mark III or IV generators will be 
standard and we can therefore eliminate Mark II from this discussion. 

For the comparison see table 15. 5-1. Plutonium 238 has no specific 
advantages over curium 244 at this stage and is not included in the table. 
We have further assumed that the cerium is renewed six times, the prom
ethium once and the thorium twice. 

For the first time in this chapter we have included a nuclear reactor 
thermoelectric combination which can produce 500 W(e) for years. An 
example of such a power supply is SNAP 1 OA. 
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Table l S • S-.1 Comparison of Power Supplies for Lunar Base 
.. 

Outout SOO W(e) for 5 vears ! 

Radio Isotope Thermoelectric Solar cells SNAP lOA 
'r I 

Generators and type reactcr 
Ag-Cd batter. with t~ermoel 

Sr as Ce Pm Th Cm244 converter 
SrO 

Weights (kg) 
Generator 
and initial 106 6S 170 60 60 l SOO 240 
fuel ~ 

Make-up fuel 
and containers ·o _QQ_ .Jill_ 3 0 0 ' Q 

Total 106 12S 2SO 63 60 l SOO 240 

Costs 
Generator .. 
without fuel sso 600 600 600 sso 700 1000 

All fuel 2SO 90 2200 1650 ssoo 0 so 

Freight to 
moon 1S90 l87S 37SO 945 900 . 22SOO 3600 

Contingency . 
10% 240 --1.§.§. §SO ~2§ 6SQ 23QQ 4§Q 
Total 2630 ·2020 7200 3S20 7600 2SSOO SlOO 

Costs are expressed in $1000. They do not include de'velopment. 

The table shows that the battery weight eliminates the solar cell power 
supply. The strontium generator is the cheapest by our standards; the cerium 
generator is a close second. 

Summing up: The table shows that the Sr or Ce fueled RTE is the prime 
choice • If the gamma radiation cannot be tolerated on the pad , a SNAP 1 OA 
device comes next. 

If Th 228 were available by 1970, it might be attractive too. The make 
up fuel has such a small weight and volume that the Th RTE would lead the 
field for missions lasting more than five years. 
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16. Concluding Remarks 

We are now in a position to critically investigate the pros and cons of 
the RTE. Specifically we should be able to answer three questions. 

1 . Is the RTE technically and economically a useful space power supply? 
2. Does the RTE present an improvement over solar cells? 
3. Even if the RTE has adva.!1tages at this time, does it stand to be re

placed shortly by something that is better yet? 

16 .1 Technical and Economical Merits of the RTE 

Our design work and the work described in Ref 5-1, 6-7(and other) have 
shown that the RTE as such i s technically feasible. 

We have also shown that SiGe thermocouples have merit, in particular 
because they permit a relatively high radiator temperature. If the thermocouples 
are properly bonded , the RTE can be one of the more reliable subsystems of a 
spacecraft. As to the fuel, s t rontium titanate has sufficient power density to 
drive a breadboard or laboratory model generator, but it should be replaced 
by denser fuels for actual flying models. 

We have not quite reached our goal of 26 W for 12 kg system weight, 
but we have shown how it can be reached, given more time and money. 

The losses through the thermal insulation have been found lower than 
expected, which is gratifying. Safety for personnel and the public at large 
is a problem that we feel is solved by sealing the isotope in a very strong 
double container. 

Radiation damage to equipment on board appears to be a minor problem 
for unmanned spacecraft. Shielding weights vary from reasonable amounts to 
zero, except in extreme cases . For manned craft on long term missions only 
isotopes which emit no gamma or weak gamma radiation, are acceptable. We 
should also point out for completeness that on certain unmanned missions 
radioactive power systems cannot be accepted under any conditions. Examples 
are scientific spacecraft aimed at measuring radiation in space and similar.* 

Monetarily the RTE fall in two groups: moderately priced and high 
priced types. The difference is caused mainly by the fuel costs. The first 
group includes the beta emitters and in some cases polonium, the second 
group covers the other isotopes. The moderately priced units vary from a 
low of $1500 per W(e)** at 1966/7 fuel prices to a high of $3000 per W(e)**. 
The other category can run as high as $24000 per W(e)**. 

* The Lunar Orbiter Satellite under construction by the Boeing Co. and the 
Radio Corporation of America presents an interesting borderline case. It 
will carry photographic film on board, which eliminates any but the pure 
alpha emitters. Since these isotopes were not acceptable for other reasons, 
the L.O.S. was designed for solar cell operation . 
** not including development or freight charges to orbit or station 
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The firs t group is acceptable moneywise, since this level appears to be 
the going price for long term space power supplies, see table 7. 2. 2-1. Further
more, ff the unit can be made to work for 3 - 5 years, the cost per Wh comes 
down to 4 - 11 ¢ which is very rea sonable for space, as compared to $1. - or 
more per Wh for storage batteries. 

The expensive power supplies have so far been accepted because in the 
development phase alpha emitters are eas ier to handle on the pad. It is not 
clear if this situation will co:,Ltinue o 

Summing up: The RTE i s te chnically feas ible o It needs improvements 
in several respect s, all of which appear poss ible o 

16. 2 Comparison of the RTE and Solar Cells 

The RTE is small and compact a nd can therefore relatively easily be in
tegrated in the spacecraft . 

If well built the RTE is rugged. It can survive meteorite showers better 
than the solar cells o Space type radiation does not harm it. 

Some RTEs have the drawbacks that they are hard to handle due to gamma 
radiation. Also the heat output cc. ::mot be turned off at will. This can be a 
serious problem when there are no facilities to reject the heat during the first 
few hours or days after launch. Such may be the case with spacecraft that 
are launched folded and first unfold when in space. 

The weight comparisons of chapter 15 give only typical round order of 
magnitude data, but they permit some general conclusions. 

There is a great difference in weight between oriented and non oriented 
solar cell systems and between systems that need batteries and those that 
can do without. The RTE can compete on a W /kg basis with all solar cell . 
systems that need batteries. Normally they cannot compete with oriented 
solar cell systems without batteries, such as the synchronous satellite. The 
non-oriented system without batteries forms a borderline case. 

If the power profile contains significant peaks, the RTE must also be 
equipped with rechargeable batteries, although these are smaller than for 
the corresponding solar cell system. 

Economically the RTE can compete if fueled with the cheaper beta 
emitting isotopes. With alpha emitting isotopes the RTE are in general 
more expensive than solar cells. 

Reliability, growth potential and ease of integration are in general on 
the side of the RTE up to the kilowatt level. Above one kW the nuclear re
actor driven power supply normally takes over. 

Summing up: Once the RTE is improved to the level described in 
chapter 14, the RTE and the solar cell system will live side by side. They 
will each cater to specific types of spacecraft. Neither will be able to 
replace the other in all cases, but there will be missions where both apply. 

16. 3 The Long-term Future of the RTE 

The third and final question on the future of the RTE is: Will the de
vice keep its place in space or will it soon be replaced by a better power 
supply? 
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The answer to this question is important from the technical and economic 
points of view. Development of thermocouples and generators costs time and 
much money. If the market dries up after a few years, it may not be warranted 
to continue improving the present generators. 

Major drawbacks of the RTE are the cost of the thermocouples and for 
certain isotopes the cost of the fuel and/or the nuisance of handling heavy 
gamma emitting equipment on the pad. It is also unfortunate that the techni
cally most attractive isotopes a re also the most expensive and least available 
ones. 

Thermocouple modules and the remainder of the generator - without the 
fuel - will probably drop in price to $200 per watt(e) by 1966/70. However, 
the fuel cost will not likely decrease below the 1966/7 ,_ levels of table 5 .4-1. 

The only way to save on the cost of fuel is to use less of it, i.e. in
crease the converter efflc :iency. Higher hot junction temperatures for silicon 
germanium and for other materials may lead to generator efficiencies of 6, 8 
or even 10%. The optimum cold junction temperatures will then also rise some
what, which will lead to smaller radiators. However these improvements, in
teresting as they are , are not a wholesale cure for the problem. 

The cure may well come from the thermionic converter. This device 
operates at higher temperatures and efficiency. Present day quotations men
tion hot and cold (cathode and anode) temperatures of 1600 and 900°K and con:.. 
verter efficiencies of 10 and 12 % • Major improvements are being worked on. 
Furthermore the thermionic converter is very light and future prices may be as 
low as $25 per W(e) . On the other hand the thermionic converter is a very low 
voltage device. At power levels of 50 to 100 W(e), the output voltage of one 
unit may be as low as 0. 5 V. In order to obtain voltages reasonable for space-:: 

. craft use, one must connect a number of converters in series, which requires 
a relatively large power level. The other solution is to use a d.c-d.c con-
verter, which is not easy because of the low input voltage. See also fig 8.4.1-1. 

We therefore foresee that some years hence the long term (more than a 
few months), low power (up to 1 kW) space power market will be divided among 
three systems as follows: 

- - solar cells for missions that have sunshine most of the time, i.e. need 
very little battery support. 
- - radio isotope thermoelectric generators for missions at the lower end of 
the energy scale and where solar cells would be weighted down significantly 
by batteries . 
- - radio isotope thermionic generators (RTI) for missions at the higher end of 
the energy scale , and where the higher efficiency as compared to thermoelectric 
generators results in major savings in fuel costs, or system weight or heat re
jection area or any combination of these. 

Thus the third question can be answered with a qualified yes. The RTE 
will in some cases be replaced by the RTI but only for c e rtain specific applica
tions. There will be other space missions for which the RTE will remain the 
best power supply also in the future . 
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16. 4 Listing of Technical Conclusions 

Listed below are some of the technical conclusions of the thesis, not 
necessarily in order of importance. 

A. The RTE with silicon germanium thermocouples would be more efficient 
if the hot junction temperature could be raised. The restrictions are 
not caused by the SiGe but by the materials of the heat source. Re
fractory materials cannot survive oxidation in case of an abort and 
most super alloys lose their strength at the temperatures of interest. 
Thorium dispersed nickel may present an attractive compromise solution, 
as soon as brazing methods have been worked out. 

B. When a high temperature low conductivity thermal insulation is required 
for a space vehicle, multi-foil insulation has several advantages. For 
the temperatures encountered in the RTE rhodium or platinum plated 
titanium exhibits a desirable combination of low weight and resistance 
to (accidental) corrosion in air. 

C. The oxidelayer on Hastelloy produced by heating the metal to l 200-l 4QOOK 
in air has adherence and emissivity superior to commercial coatings. The 
oxide stays if the metal is subsequently heated to l 3QQOK in vacuum. 

D. When equal quantities (expressed in thermal watts) of plutonium 2 38 and 
strontium 90 get out of control, the danger to the public at large is much 
greater from the plutonium than from the strontium, although the latter 
has received much more adverse publicity. 

E. Thorium 228 has several desirable properties as an isotope for space 
power, such as very high power density and acceptable half life for 
short missions. The heavy gamma radiation can be reduced by a relatively 
light shield because the isotope volume is small. 

F. The fact that the fuel capsule can be substantially cooler during the critical 
minutes post-launch than during normal operation can lead to a significant 
reduction in the design weight of the capsule. 
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GLOSSARY 

Maximum Credible Accident; - U o So Atomic Energy regulations stipulate that 
the plans for any new nuclear inst:a.llation include a list of all possible irreg
ularities. The, planner must then consider cases in which a number of irreg
ularities (failures) occur at the same time o The most severe combination· is 
called the maximum credible accident and the planner must show how his pro
posed safety measures can cope with this situation, preventing injury to 
personnel and the public at large o 

Cislunar space - Space outside the earth atmosphere but inside the moon 
orbit. 

On the pad - Space jargon for "at the launch facility", or "prior to and 
during launch". 

Probe - A spacecraft which is not intended to return to earth. 

Qualification - A spacecraft or a component is said to be qualified for flight 
when one or more prototypes have successfully passed the qualification tests. 
During those tests the equipment is subjected to simulated space environment 
{shock, acceleration, high vacuum, etc.) considerably more severe than what 
is expected in flight. After the environmental tests, the equipment must still 
have normal specified performance. 

State-of-the-art - A device is 11 1964 state-of-the-art" when 1964 is the first 
year in which it is routinely obtained or built. 

Degenerate Semiconductor - Semiconductor in which the concentration of 
impurities is so large that it has become metallic in character. 

Extrinsic Semiconductor - Semiconductor which owes its conductivity to 
the presence of impurities. 

Sun Stabilized Satellite - A spinning satellite with the spin axis normal to 
the ecliptic plane. 

To trade off - To select numerical values for mutually dependent but different 
parameters of a device or system in order to arrive at the optimum value for a 
third parameter. For example, one can trade off volume against weight to 
arrive at the lowest cost. 

System - subsystem - power supply - generator - prime source - A system 
is a complete, independently operating unit, which fulfills a mission. A 
system can be a complete spacecraft or a spacecraft with its ground control 
equipment. 

Major sections of a spacecraft are called subsystems. Examples 
are the life support {air conditioning) subsystem, the electric power supply 
subsystem and the propulsion subsystem, In this thesis the electric power 
supply subsystem {abbreviated to power supply) consists of the generator , 
the energy storage device and the power conditioner. The generator in turn 
may consist of a prime energy source and a device that converts heat into 
electricity. A typical power conditioner is a de-de converter or a dc-ac 
inverter. R-6 
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with the U.S. Atomic Energy Commission as part of the U.S. program for 
high energy physics research. 

In 196 2 the author moved to RCA in Princeton. There he had the good 
fortune to work on the initial design of the Lunar Excursion Module, the 
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Following that, he became Project Engine er for the Company's first nuclear 
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Stellinqen Proefschrift E. de Haas, T. H. Eindhoven, 9 Oktober 1964 

Aangezien de produktie van radio-1sotopen ten gebruike van de 
ruirr,tevaart van twee tot vier Jaar kan vergen, verdient het aanbeveling om 
voor het lanceren van ruimtevaartuigen een vi Jfjaren plan in te voeren. 

Het is denkbaar, dat in zekere dalen op de maan een dampkring aanwezig 
is, waar de druk io-3 mm Hgkan bedragen, d.w.z. 106 tot 109 malen hoger 
dan de druk in de ruimte tussen de aarde en de maan. 

m 

De algemene vergelijking, die Rebman gebruikt voor de weerstand van de 
thermistor, is onjuist. 

J. Rebman Design Shortcuts for Thermistor-Resistor Temperature 
Compensatffig Networks. Electronic Design, 16 aug. 1963. 

IV 

De resultaten van berekeningen van spanni:igen in vlakke platen in het hand
boek van Roark zijn niet korrekt. 

R. J. Roark: Formulas for Stress and Strain, derde dru)<, blz. 216. 
McGraw Hill 1954. 

v 

De geomagnetische noordpool is in de nieuwe atlas van The National Geo
graphl.c Society (Washington, 1963) ruJm 500 km te ver naar het Z.Z.W. 
aangegeven. 

VI 

In tegenstelling tot wat gewoonlijk aangenomen wordt, kunnen er moi.anden of 
zelfs jaren overheen gaan, voordat de gasdruk in een niet verzegeld ruimte
vaartuig tot het niveau buiten het vaartuig gedaald is. 

VII 

RadJ.oactieve besmetting van het omliggende land bij het verongelukk.en Ujdens 
of direkt na het lanceren van een met radioaktieve isotopen voorzien ruimte
vaartuig kan voorkdmen worden door de behouder voor het lanceren tot kamer
temperatuur af te koelen. 

VIII 

Een vergelijking van het west-europese lagere en middelbare schoolsysteem 
met het noordamerikaanse toont aan, dat het eerstgenoemde dank zij de 
kortere vakanties en de langere school week, veel beter gebruik maakt van 
de beschikbare tijd en middelen dan het laatstgenoemde. 




