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PART I 
STATE-OF-THE-ART - 1963 

1. INTRODUCTION 

There is at the p re sen t t ime a vigorous national p rog ram devoted to the 

development of ex t remely h igh- thrus t space vehicle booster s y s t e m s . These 

large and expensive boos te r sys t ems will have the capabili ty of placing large 

vehicles and payloads into space . The successful uti l ization of these la rge pay-

loads will only be rea l ized with the concurren t availabil i ty of lightweight, long-

lived, high-power, re l i ab le , e l ec t r i ca l generat ing s y s t e m s . The availabili ty of 

la rge boos te rs coupled with nuclear auxi l iary power sources will allow the space 

p rogram to p rog re s s beyond the cu r r en t e r a of space explorat ion. The future 

e r a of space uti l ization will r eap untold benefits to all of mankind through wor ld­

wide communicat ions , weather fo recas t s , navigational a ids , e tc . As nuclear 

power sources grow in power output and re l iabi l i ty , the promis ing ion and p lasma 

forms of e lec t r ic propulsion will allow in te rp lane tary exploration without the 

fantastic s ize and cost of pure chemica l s y s t e m s . 

Fo r significant e lec t r i ca l power loads, which a re requ i red for miss ions in 

excess of s eve ra l days, only solar and nuclear sys tems can be considered. The 

applicable range of var ious power sys tems is i l lus t ra ted in F igure 1. Ba t te r ies 

cUid other chemical sys t ems a r e ruled out on the bas i s of the la rge weights a s s o ­

ciated with these s y s t e m s . At power levels of the o rder of a few kilowatts , both 

the var ious solar and nuclear power sys tems offer their own specific advantages 

and disadvantages , and the select ion of a par t icu la r so la r or nuclear power s y s ­

tem can only be accomplished in the context of specific miss ion r equ i r emen t s , 

payload cons idera t ions , re l iabi l i ty , cos t s , e tc . In this evaluation, the nuclear 

sys tem offers definite advantages of ruggedness , high power per unit a r ea , no 

collector deployment, no orientat ion, continuous power, minimum power s torage 

requ i rement , e t c ' In many c a s e s , the added power availabil i ty of a nuclear s y s ­

tem should offer significant operat ional flexibility and improved re l iabi l i ty 

through application of m o r e conventional c i r cu i t ry and ins t rumentat ion and through 

redundancy. As the power requ i rements a re inc reased to the o rde r of tens of 

ki lowatts , the nuclear sys t ems have an increas ingly favorable weight, s i ze , and 
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TABLE I 

SNAP DEVELOPMENT PROGRAMS 

Power , kwe 

Reac to r power , kwt 

Efficiency, % 

Reac to r outlet t e m p e r a t u r e , °F 

Reac to r 

P r i m a r y coolant 

Power convers ion 

Boiling t e m p e r a t u r e , °F 

Turbine inlet t e m p e r a t u r e , °F 

Condensing t e m p e r a t u r e , °F 

Hot junct ion t e m p e r a t u r e , °F 

Cold junct ion t e m p e r a t u r e , "F 

Radia tor t e m p e r a t u r e , °F 

Rad ia to r a r e a , ft 

f t^ /kwe 

System unshie lded weight , lb 

lb /kwe 

Available 

Development agency 

Fl ight t e s t agency 

System con t rac to r 

Power convers ion con t rac to r 

Reac to r con t r ac to r 

Fl ight t e s t con t r ac to r 

SNAP lOA 

0.5 

30 

1.6 

1000 

U - Z r H T h e r m a l 
X 

NaK-78 

Ge-Si T h e r m o e l e c t r i c 

-

-

-

930 

615 

615 

62.5 

125 

650 

1300 

1964 

AEC 

AF 

Atomics In te rna t iona l 

Radio Corp . of A m e r i c a 

Atomics In te rna t iona l 

Lockheed 

SNAP 2 

3 

50 

6 

1200 

U - Z r H T h e r m a l 
X 

NaK-78 

Hg Rankine 

930 

1150 

600 

-

-

600 

120 

40 

1200 

400 

1966 

AEC 

AF 

Atomics In terna t iona l 

Thompson Ramo Wooldridge 

Atomics In te rna t iona l 

Lockheed 

NASA SNAP 8 

35 to 50* 

600* 

8 

1300* 

U-ZrH T h e r m a l 
X 

NaK-78 

Hg Rcinkine 

1070 

1250 

700* 

-

-

580* 

1800* 

45 

>3500* 

>100* 

1970 

AEG/NASA 

NASA 

Aerojet Gene ra l 

Aerojet Gene ra l 

Atomics In ternat ional 

-

SPUR SNAP 50 

350^ 

2500''' 

14 

- 2 0 0 0 

UC fast 

Lithium 

K Rankine 

-

1950^ 

1300 to 1400^ 

-

-

1300 to 1400 

700^ 

2^ 

5000 

15 

1975/1980 

AEC/AF 

AF 

P r a t t & Whitney 

AiResea rch 

P r a t t & WTiitney 

-

*Nucleonics , Vol 2 1 , No. 7, Ju ly 1936, p 79 
tSPUR High T e m p e r a t u r e Space Rad ia to r , P a r k e r and Stone, ARS P a p e r 2549-62, Sep tember 1962 
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cost advantage over any of the present ly envisioned solar power s y s t e m s . For 

power levels in the hundreds of kilowatts and above, a nuclear sys tem is the only 

one which appears at all feasible . Despite the lack of specific plans for near 

t e rm application of nuclear power, the SNAP (Systems for Nuclear Auxil iary 

Power) p r o g r a m has init iated the development and demonstra t ion of a spec t rum 

of units to fill future needs . The cur ren t ly identified sys tems under develop­

ment a r e descr ibed in Table I . 

TIME (hr) 

7 - 1 9 - 6 2 7561-0016 

Figure 1. Power and Duration Regions for Various Energy Sources . (Chemical 
includes s torage ba t t e r i e s , fuel ce l l s , and cryogenic H2-O2 engine. Solar in­

cludes both photovoltaic as well as solar m i r r o r s y s t e m s . The c i r c l e s in­
dicate objectives of the cu r r en t SNAP sys tems under development) . 
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2. DEVELOPMENT STATUS 

A. REACTORS 

The SNAP hydride (U-ZrH ) the rmal r eac to r concept is employed in 

SNAP lOA, 2, and 8. Two full-power tes t r e a c t o r s have integrated a total ope r ­

ating tiine in excess of two years at t empera tu re and power conditions up to, 

and including, the SNAP 10A and SNAP 2 r equ i r emen t s . A third power r eac to r 

tes t , designed for the SNAP 8 higher power and t empera tu re conditions, is c r i t ­

ical and in the ea r ly tes t phases . A uranium carbide fast r eac to r concept is 

cur ren t ly considered the p r ime choice for SNAP 50. The SNAP 50 p rogram is 

proceeding with the LCRE (Lithium Cooled Reactor Exper iment ) . This t e s t is 

a res idua l of the ANP p rogram and bea r s only a coolant t empera tu re and s t r u c ­

tu ra l m a t e r i a l s technology re la t ionship to SNAP 50. It is significant to note that 

the total operating reac tor experience near the SNAP 50 t empera tu re r e q u i r e ­

ments is just a few minu te s . 

B. POWER CONVERSION 

The SNAP lOA sys tem employs s i l i con-germanium alloy m a t e r i a l s for t h e r -
2 

moe lec t r i c d i rec t power convers ion. The lower figure of m e r i t , S //? k of the 

Si-Ge al loys, was accepted in o rde r to achieve bet ter fabricabil i ty and higher t e m ­

pera tu re capabili ty than the m o r e famil iar P b - T e . The Hg Rankine cycle tu rbo-

mach ine ry development for SNAP 2 has overcome the s t ruc tu ra l and the rmal 

dis tort ion problems that were limiting the re l iabi l i ty of the Hg lubricated bearings^ 

Recent rotating mach inery endurance acconnplishments on SNAP 2 and Sunflower 

have demons t ra ted the complete engineering feasibil i ty of a he rmet ic machine 

with working fluid lubricat ion. In a recent red i rec t ion of the SNAP 8 p rogram, 

these advantages of the SNAP 2 concept have been abandoned. The NASA feels 

that the red i rec t ion to uti l ize rotating shaft sea l s and organic lubricants will 

allow a separa t ion of development var iab les and will provide a c loser re la t ion­

ship to existing technology for SNAP 8. In compar ison to SNAP 2, which emiploys 

d i r ec t condensation of the Hg in a combination condense r - r ad i a to r , SNAP 8 now 

includes a compact condenser with a liquid me ta l heat t ransfer loop coupling the 

condenser to the r ad ia to r . In addition, SNAP 8 now includes an organic loop and 

rad ia tor to cool the lubricant . The immediate SNAP 8 turbomachinery develop­

ment will r evea l the pract icabi l i ty of attempting to apply conventional conversion 
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machinery technology to space power. The power conversion for SNAP 50 should 

be considered to be in the r e s e a r c h phase . Considerable r e s e a r c h has been 

initiated by s eve ra l agencies in the problems rela t ing to alkali meta l pow^er con­

vers ion s y s t e m s . The effort mus t cer ta in ly be considered as dominated and 

paced by high t empera tu re ( re f rac tory meta ls ) ma te r i a l s and fabrication 

technology. 

C. SYSTEM 

The sys tem and boost vehicle integrat ion design have been completed for 

SNAP 10A. Prototype flight sys t ems have been fabricated and the p rogram is 

proceeding into the sys tem preflight qualification phase, SNAP 2 is well into 

component development and the ea r ly s tages of sys tem development. SNAP 8 

should be cha rac te r i zed as in the component development and sys tem definition 

phase and SNAP 50 as r e s e a r c h . 

D. FLIGHT TESTS 

SNAP lOA and 2 will be flight tes ted as pa r t of a joint AEC/AF p rog ram 

during 1964 and 1966, respec t ive ly . The Atlas/Agena combination will be used 

in these tes t fl ights. The NASA has postponed specific flight tes t plans for 

SNAP 8 until there is a be t ter definition of the mi s s ion . It is expected that 

SNAP 50 flight test ing will again be a joint AEC/AF program; any schedule 

planning has not been disc losed. 
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3. OPERATIONAL FACTORS 

A. SHIELDING 

The shield weight is a s t ronger function of the miss ion amd allowable in tegra ­

tion configuration then it is of the power unit. In the case of payloads comprised 

of semiconductor devices , dose levels below 10 nvt and 10 r probably requ i re 
12 ve ry minor r e s t r i c t ions on component select ion. Payload hardening for 10 nvt 

7 
and 10 r can be accommodated if p roper ly considered from the outset of payload 

de s ign. 

The shield weight for s imple conical shadow shield geometry can be in the 

region of 200 to 500 lb for SNAP lOA, 2, and 8. In the case of manned applica­

t ions, the shield weight va r ies from 4000 to 7000 lb for a s imple conical shadow 

shield configuration of a smal l (10 ft d iameter) space station to 15,000 to 20,0001b 

for a la rge (150 ft d iameter) toroidal stat ion. 

B. RELIABILITY 

The h igh-energy densi ty advantage of nuclear heat sources d i rec t ly implies 

that long life is a n e c e s s a r y requ i rement to achieve the full advantage of nuclear 

power s y s t e m s . The only unique, se l f - imposed, environment that could influence 

re l iabi l i ty is radiat ion. The m o r e impor tant influences of high t empera tu re , c o r ­

rosion, c reep , high vacuum, m i c r o m e t e o r s , e t c . , a r e shared by other approaches 

to high performance space power. The major problem becomes apparent when 

one cons iders the unreasonable t ime and cost assoc ia ted with a s ta t i s t ica l demon­

s t ra t ion of re l iabi l i ty or with the coro l l a ry identification of failure modes with 

confidence. This bas ic di lema is shared by many other aspects of the space p r o ­

g r a m . The ul t imate solution mus t re ly upon simplici ty, basic phenomenological 

understanding, and sound engineering. Basic sys tem development m u s t progtress 

to a level which allows a valid judgment of inherent re l iabi l i ty and considerable 

exper ience will have to come from in te r im usage . 

C. COST 

The SNAP lOA and 2 p rog rams have p rog re s sed to the point where r e a s o n ­

ably accura te cost e s t ima tes can be made . The bas ic cost of a SNAP lOAuni t 

is es t imated at less than one mill ion dol lars and the SNAP 2 unit should cost 

between 1 and 1.5 mil l ion d o l l a r s . An es t imate of 3 to 5 mil l ion dol lars for a 

SNAP 8 unit s eems reasonab le . 
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D. SAFETY 

Thus far in the SNAP p rog ram, no insurnnoixntable safety problems have been 

identified. The AEC has es tabl ished an Aerospace Safety Progrann for the spe ­

cific purpose of developing the technology n e c e s s a r y to min imize any nuclear 

safety p rob lems . The SNAP sys tems have been designed to mee t operat ional 

factory-to-f l ight sequence r e q u i r e m e n t s . In genera l , the r eac to r powered SNAP 

unit can be t r anspor t ed , s tored , instal led, checked-out , e t c . , without nuclear 

hazard or personnel exposure . In genera l , the use of a r eac to r powered unit 

need not pe r tu rb the n o r m a l launch opera t ions . During launch, the no rma l chem­

ical exclusion radius is adequate to protec t launch personnel from any unlikely 

nuclear hazard introduced by a vehicle malfunction or abor t . During the ent i re 

prelaunch and launch sequence the r eac to r is bas ica l ly ine r t and contains a neg­

ligible inventory of radioact ivi ty . After s ta r tup and operat ion in orbit , the s y s ­

tem can be shut down and the accumulated radioact ivi ty wil l decay to a safe level 

during the remaining t ime in orbi t p r io r to r e e n t r y . A recen t suborbi tal flight 

t es t indicates that r e en t ry heating will a s s i s t in the safe d i spe rsa l of any r e m a i n ­

ing inventory at r e e n t r y . It is c lea r that the use of nuclear power units in ear th 

orbi ts will not consti tute a radiological haza rd to the general publ ic . 
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4. FUTURE DIRECTION 

The key to improved per formance (wat ts / lb or wat ts / f t ) of all space power 

sys t ems including the SNAP units is heat source t e m p e r a t u r e . In genera l , the 

performance advancements w^ill be paced by the availabili ty of the nnaterials t ech­

nology requ i red by a given operating t e m p e r a t u r e . In the r eac to r , t empe ra tu r e 

and fuel m a t e r i a l select ion will deter inine the useful pow^er output of the r eac to r 

before fai lure due to fission product induced fuel swelling. In the remainder of 

the sys tem, t empe ra tu r e and m a t e r i a l selection will l imit life due to cor ros ion , 

c reep , sublimation, e tc . It is c lear that t empera tu re is the key to improved 

per formance , however de t r imenta l it may be to sys tem life and re l iabi l i ty . 

The performance of SNAP lOA and subsequent the rmoe lec t r i c sys tems i m -
2 

proves rapidly with source t e m p e r a t u r e . The wat t s / f t of rad ia to r a r e a a r e p r o ­
portional to the fifth power of the source t e m p e r a t u r e . The low efficiency d i s ­
advantage of t he rmoe lec t r i c sys tems will probably be offset by the inherent 
re l iabi l i ty of s tat ic power conversion up to multikilowatt power leve ls . 

The performance of the Hg Rankine cycles is l imited by the p rac t ica l work­

ing p r e s s u r e l imit and the thermodynamic p roper t i e s of Hg. The major improve­

ment in Rankine cycles occurs with the change in working fluid which unforttuiately 

involves a d i sc re te t empera tu re s tep of about 600 to 800"F to the SNAP 50 con­

dit ions. In the future, Hg sys tems will probably be used beyond their region of 

optimum size because of the m o r e immedia te availabil i ty of the lower t e m p e r a ­

ture technology. Thus, la rge Hg Rankine sys tems or mult iple sma l l e r sys tems 

may well be used in the s eve ra l hundred kilowatt power range . 

The d i sc re t e t empera tu re applicabili ty of Rankine cycles introduceas a s ig ­

nificant aspect of the Br ay ton cycle which is not cur ren t ly pa r t of the nuclear 

space power p r o g r a m . Even though the Brayton cycle r equ i r e s a l a rge r rad ia tor 

a r e a at a given heat source t empera tu re l imit , the cycle and the mach ine ry a r e 

probably m o r e ve r sa t i l e in accepting the inc reased heat source t empera tu re capa­

bility that t ime and technological improvements will yield. The potential of a 

m o r e continuous per formance growth could have a significant influence on long-

t e r m rel iabi l i ty achievement . 

As a backup to the SNAP 50 p rogram, the AEC has initiated a development 

p rogram at ORNL to evaluate the feasibil i ty of a sys tem emiploying a fast r eac to r 
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with d i rec t alkali me ta l boiling in the r eac to r c o r e . The maximum performance 

sys tem of the future, 5 to 10 Ib/kw, is the r eac to r thermionic sys tem. Even 

though this concept has been called SNAP 70, no sys tem development p rogram 

has been es tabl ished. Tw ô sys tem concepts a re being advanced. One sys tem 

employs vacuum diodes outside the r eac to r , perhaps in the rad ia to r . This con­

cept forces the ent i re r eac to r s t ruc tu r e , control , coolant, pumps, e t c . , to ope r ­

ate in the 2000 to 2500°F region. The other approach places the diodes d i rec t ly 

in the core as an in tegra l subassembly of the fuel e lement . The nuclear m a t e r i a l 

opera tes at the cathode t empera tu re of the space charge neutra l ized diode of 

about 3000°F, while the remaining r eac to r s t ruc tu re , control , coolant, pumps, 

e t c . , opera te at the anode t empe ra tu r e of about 1500°F. There have been many 

independent and government sponsored r e s e a r c h efforts i n the field of thermionic 

conversion. The basic phenomenon is reasonably well understood as evidenced 

by demons t ra ted conversion efficiency andr power density accompl i shments . The 

problems of m a t e r i a l s select ion for the environment and for useful diode life a re 

less wel l understood. The technology n e c e s s a r y for the select ion of a r eac to r 

fuel m a t e r i a l with appropr ia te physical p roper t i e s and high energy output capa­

bility is cur ren t ly far from the s ta tus requ i red to support se r ious sys tem design 

and development. 
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5. COMPETITIVE POSITION 

A par t ia l appreciat ion ot the compar i son between nuclear power plants and 

the a l te rna te energy sources can be der ived from the following f igures . F igure 

2 shows a compar ison with chemical energy s torage devices of var ious w a t t - h r / l b 

ra t ings . The ordinate shows the t ime duration at which the weight of the chemical 

sources exceeds the weight of a nuclear plant for a given power. The nuclear 

devices cur ren t ly occur only at d i sc re te power levels but for the purposes of this 

compar ison, a continuum is implied between these powers . It is apparent from 

Figure 2 that nuclear devices become competit ive f rom a weight point of view for 

r a the r shor t durat ions of l a rge amounts of power. F igure 3 compares the weight 

of the cu r r en t nuclear power plants with the approximate weight of so lar cel l s y s ­

tems as a f\inction of power. It can be seen that the weight c ro s sove r occurs at 

about one kilowatt. Since weight alone is not the complete p ic ture . F igure 4 

compares the requi red solar cell a r ea with the nuclear power plant rad ia tor a r ea 

r equ i r emen t s . The a r ea c ros sove r occurs at a few hundred wat t s . It should be 

r e m e m b e r e d that the nuclear power plant r equ i re s no continuous orientat ion and 

no energy s torage to cover operation while in the ea r th ' s shadow. The a r e a com­

par i son further favors nuclear power when one cons iders far planet operat ions 

where the so la r intensi ty is significantly lower . F r o m a dollar cost point of view, 

SNAP lOA will cost about one mill ion dol lars which is competi t ive with an equiva­

lent so la r cell sy s t em. At high power levels the nuclear sys t ems will have a 

significant cost advantage (see F igure 5). 
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10,000 

1000 

10,000 

WATTS (average in near earth orbit) 

•24-63 7561-0482 

F igure 3 . Comparison of Weight of Solar Cell and Nuclear APU's as a Function of Power . 
(The solar cell weights do not include the weight of orientat ion propellant for long 
dura t ions . The nuclear sys tem weights include shielding for electronic payloads, 

lO^^nvt. Solar cell data: Cher ry , Wm. R. , Ast ronaut ics and Aerospace 
Engineering, May 1963) 
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Figure 4. Area Requi rements for Solar Cell Ar rays and Nuclear 
Systems as a Function of Power 
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Figure 5. Cost Compar ison Between Nuclear and Solar Cell Systems 
as a Function of Power 

7561-0484 



PART II 
SYSTEM TECHNOLOGY 

1. INTRODUCTION 

A nuclear power supply for space vehicle applications is composed of three 

major subsys t ems : 

a) Nuclear r eac to r heat source 

b) Power -convers ion sys tem 

c) Heat - re jec t ion sys tem 

These th ree major subsys tems a re closely in te r re la ted in the select ion of a 

power sys tem concept and the subsequent sys tem optimization and design point 

select ion. The unique space l imitat ion of radiat ive heat reject ion only resu l t s 

in an ex t reme p remium on high heat source t empera tu re and a sys tem Carnot 

cycle efficiency optimum (TJ = 0.2 to 0.25) f o r m i n i m u m hea t - re jec t ion radia tor 

a r e a . These considera t ions coupled with the efficiency and t empera tu re r e q u i r e ­

ments of the power-convers ion subsys tem define the r eac to r heat source t e m ­

pera tu re cind power. The r eac to r t empera tu re and power r equ i rement s in turn 

de termine the r eac to r concept, m a t e r i a l s , s i ze , and configuration. In addition, 

many unique considerat ions and r equ i r emen t s a r e imposed on the space power 

sys t em. 

The m o r e significeint ones a r e : 

a) Operat ion at high t empe ra tu r e to provide for efficient radiat ive heat 

re ject ion 

b) Capability of withstanding the seve re shocks, v ibra t ions , gravi ty, 

p r e s s u r e , and t e m p e r a t u r e treinsients during vehicle launch 

c) Operat ion in high vacuum 

d) Operat ion in ze ro -g rav i ty 

e) Operation in p resence of space radiat ions and ra in of m i c r o m e t e o r i t e 

pa r t i c l e s 

f) Minimum weight and s ize 
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g) Long u n a t t e n d e d life 

h) High r e l i a b i l i t y 

i) R e m o t e s t a r t u p in o r b i t 

j) C o m p l e t e l y a u t o m a t i c c o n t r o l 

k) C a p a b i l i t y of o p e r a t i n g w i thou t sub j ec t i ng the v e h i c l e to e x c e s s i v e 

d i s t u r b i n g t o r q u e s 

1) D e s i g n and i n s t a l l a t i o n to p e r m i t e f f ic ien t low w e i g h t shadow s h i e l d i n g 

of p a y l o a d s 

m) P a c k a g i n g and i n s t a l l a t i o n to p e r m i t p r e l a u n c h s t a r t u p and c h e c k o u t 

w i t h m a x i m u m s a f e t y and m i n i m u m v e h i c l e and f ac i l i t y m o d i f i c a t i o n 

n) P a c k a g i n g for i n s t a l l a t i o n w i th in v e h i c l e s t r u c t u r a l emd fl ight s t a b i l i t y 

c o n s t r a i n t s 

o) R e e n t r y b u r n u p of s y s t e m s w h i c h m a y o p e r a t e in l o w - a l t i t u d e r e e n t e r ­

ing o r b i t s 

The p u r p o s e of the fol lowing m a t e r i a l i s to i n d i c a t e the b a s i c c a p a b i l i t i e s 

and l i m i t a t i o n s of n u c l e a r r e a c t o r h e a t s o u r c e s and to s u r v e y the r e a c t o r r e ­

q u i r e m e n t s i m p o s e d by the c u r r e n t l y a p p l i c a b l e p o w e r - c o n v e r s i o n s u b s y s t e m s , 

i . e . , t u r b o e l e c t r i c , t h e r m o e l e c t r i c , and t h e r m i o n i c . The a p p r o a c h t o w a r d 

sa t i s fy ing the un ique o p e r a t i o n a l r e q u i r e m e n t s of s p a c e n u c l e a r p o w e r p l a n t s 

w i l l be i n t r o d u c e d by a d e s c r i p t i o n of the c u r r e n t s y s t e m s u n d e r d e v e l o p m e n t . 
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2. NUCLEAR FISSION 

A. FISSION PROCESS 

In the f ission p r o c e s s the nucleus absorbs a neutron and the resul t ing com­

pound nucleus is so unstable that i t immedia te ly b reaks up into two pa r t s of m o r e 

or l e s s equal m a s s , called fission f ragments . Most of the f ragments a r e r ad io ­

act ive, decaying at different r a t e s , with the emiss ion of negative beta pa r t i c l e s 

and gamma radiat ion, to form products w^hich a r e themse lves usual ly radioact ive . 

In the f ission of U-235, for example, there a r e formed m o r e than 80 p r i m a r y 

products , with m a s s numbers ranging from 72 to 160. Each of these undergoes , 

on the average , th ree s tages of radioact ive decay before being converted into a 

stable nucleus . As a resul t , t he re a r e over 200 radioact ive isotopes of 30 or 

m o r e different e lements p re sen t among the f ission products after a shor t t ime . 

Nuclear f ission as a resu l t of neutron capture occurs only with the heavies t 

e lements . Whereas cer ta in isotopes , notably u ran ium-233 , u ran ium-235 , and 

plutonium-239 undergo f ission with t h e r m a l (low-energy) neutrons as wel l as 

with fast (high-energy) neut rons , o the r s , such as thor ium-232 and uranium-238 

requ i re fast neutrons to cause fission. In genera l , the c ro s s sect ion (neutron 

capture probability) is l a rges t for t h e r m a l neutrons; it then d e c r e a s e s with 

increas ing neutron energy, according to (velocity) , and becomes re la t ively 

smal l for fast neu t rons . 

F r o m the point of view of the ut i l izat ion of nuclear energy, the impor tance 

of fission l ies in two fac ts . F i r s t , the p r o c e s s is assoc ia ted with the r e l ease 

of considerable amounts of energy, and second, the react ion ini t iated by neutrons 

is also accompanied by the l iberat ion of neu t rons . It is thus possible , under 

p rope r conditions, for the p r o c e s s to be self-sustaining and for energy to be 

genera ted continuously, once the f ission react ion has been s ta r ted . 

B. RELEASE OF NEUTRONS 

Most of the nuclear f ragments formed when fission occurs have too many 

neutrons for stabil i ty, and so there is a tendency for some of them to expel 

neutrons a lmos t instantaneously. These a r e the neutrons which appear to a c ­

company the f ission p r o c e s s . The average number , i/, of neutrons l ibera ted 

for each t h e r m a l neutron absorbed in a f ission reac t ion by U-235, U-233, and 

Pu-239 is given in Table II. It will be noted that the average numbers of neutrons 

liberated are not i n t ege r s . 
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TABLE n 

AVERAGE NUMBER OF NEUTRONS LIBERATED P E R 
THERMAL NEUTRON ABSORBED IN FISSION 

Fiss ionable Nucleus Number of Neutrons (v) 

U-233 

U-235 

Pu-239 

2.41 ± 0.03 

2.51 ± 0.03 

2.91 ± 0.04 

This is because the nucleus spli ts in many different ways as a l ready mentioned. 

Although the number of neutrons expelled in any individual act of f ission mus t 

be in tegral , the average over a la rge number of f issions is not neces sa r i l y a 

whole number . A typical dis tr ibut ion of the number of neutrons pe r fission of 

U-235 is shown in F igure 6. 
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Figure 6. Neutron Yield from the Fissioning of U-235. 
(Even though the number of neutrons from any one 

fission event is an integer , the average over 
a la rge number is not . ) 

The neutrons emit ted as a resu l t of the f ission p roces s can be divided into 

two ca tegor ies , namely, prompt neutrons and delayed neut rons . The prompt 

neutrons , which constitute over 98% of the f ission neut rons , are released within 
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-14 an ex t remely shor t in te rva l of t ime , probably about 10 sec (or l e s s ) , of the 

instant of f ission. The energy of these neutrons covers a considerable range, 

from over 10 Mev down to quite smal l values; the average energy of the prompt 

neutrons is about 2 Mev. The energy dis tr ibut ion for U-235 fission neutrons is 

shown in F igure 7. The energy of the prompt f ission neutrons is an insignificant 
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Figure 7. Energy Distr ibut ion of P rompt 
F i s s ion Neutrons 

fraction of the total f ission energy. However, the neutron energy is ve ry s ig­

nificant to the subsequent f ission that a neutron can induce. In a "fast" r eac to r 

the prompt neutrons a r e ut i l ized nea r the i r energy of origin. In the " the rma l 

r e a c t o r " the neutrons mus t be slowed down from mil l ions of e lec t ron volts to 

energ ies l e s s than 1/10 of an e lec t ron volt before they can enter into a subse ­

quent f ission event. It will be seen l a te r that this neutron slowing-down p r o c e s s 

has a strong influence on the size and composit ion of a t h e r m a l r eac to r . 

The delayed neut rons , as the i r name impl ies , a r e emit ted over a per iod of 

a few seconds to minutes , the intensi ty falling off rapidly with t ime . The de ­

layed neutrons accompanying fission fall into unique groups according to cha r ­

ac t e r i s t i c delay t i m e s . The ra te of decay of the intensity in each delayed-

neutron group is exponential, as it i s for radioact ive change. Because the de ­

layed neutrons a r e a r esu l t of nuclear decomposit ion of f ission f ragments , they 
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fall into the same groups for different fissioning nuclei . The six general ly 

accepted delayed neutron groups have half l ives of 54, 22, 5.6, 2.12, 0.45, and 

0.15 seconds. In a t ime period equal to one half-l ife, one-half of the neutrons 

remaining at the s t a r t of that per iod a r e emit ted. The fraction of delayed neu­

t rons is a function of the fissioning nucleus and is 0.3, 0.75, and 0.23% for U-233 

U-235, and Pu-239 respect ive ly . The energy of the delayed neutrons falls in the 

region of 0.25 to 0.6 Mev. Figure 8 shows the fraction of f ission neutrons r e ­

maining to be emit ted as a function of t ime for U-235. The delayed neutrons 

have an important bear ing on the t ime-dependent behavior of nuclear r e a c t o r s . 

Were it not for these neutrons , the safe control of nuclear r eac to r s would be 

much m o r e difficult than it i s . 
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Figure 8. Time Dependence ot Neutron Emission From Fissioning of U-235 
(The faE*d:Mat 3 /4 of 1% of the U-235 fission neutrons are delayed by 

a significant time greatly simplifies reactor control.) 
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C. FISSION ENERGY 

The f ission p r o c e s s i s r emarkab le for the magnitude of the energy re leased; 

it is about 200 Mev for each nucleus undergoing fission, which may be compared 

with a few e lec t ron volts for each a tom react ing in chemical p r o c e s s e s , such a s 

the combustion of coal or oil, or up to 20 Mev for nonfission nuclear reac t ions . 

The la rge energy r e l ea se in f ission is assoc ia ted with the fact that the products 

of the react ion have an appreciably sma l l e r total m a s s than that of the nucleus 

undergoing fission plus the neutron causing fission. Because of the equivalence 

of m a s s and energy, which has now been f i rmly es tabl ished from the study of 

many nuclear p r o c e s s e s , the considerable dec rease in m a s s in the fission r e a c ­

tion mus t be accompanied by the l iberat ion of a l a rge amount of energy. 

The re la t ionship between energy E and the equivalent m a s s m is given by 

the Einste in equation 

E = mc , 

where c i s the velocity of light. If m is in g r a m s , and c in c m / s e c , i. e . , 

3 X 10 c m / s e c , then E will be in e r g s . F o r the p resen t purpose it is m o r e 

useful to exp re s s m in a tomic m a s s units; the equation then becomes: 

_3 
E(ergs) = m(amu) x 1.49 x 10 

1 Mev = 1.60 X 10 e rg , and so the energy equivalent i s expres sed in Mev by: 

E(Mev) = m(amu) x 931. 

The magnitude of the energy r e l eased in nuclear fission will be es t imated 

for the fission of U-235, making the simplifying assumpt ion that the products 

a r e nuclei with m a s s number 95 and 139, since these a r e known to be obtained 

in g rea te s t amount. In o rde r to balance the m a s s number s , it is evident that 

two fission neutrons a r e l ibera ted in this case , as may be seen from the f-^Uow-

ing equation. 

U 2 3 5 , n l _ x 9 5 + Y l 3 % 2 n \ 
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The neutron on the left is the one which ini t iates fission, and the two on the r ight 

a r e formed as a r e su l t of f ission. 

The m a s s of the U-235 atom is known to be 235.124 amu, whereas that of 

the neutron is 1.00897 amu, which may be approximated to 1.009 for the p resen t 

purpose . By compar ison with known stable spec ies , the m a s s e s of the two f i s ­

sion products postulated above will be 94.945 and 138.955 amu, respect ively . 

Hence the following balance sheet of the m a s s e s before and after f ission may 

be drawn up: 

M a s s e s Before F i ss ion M a s s e s After F i ss ion 

U-235 235.124 Mass number -95 94.945 

1 neutron 1.009 Mass number-139 138.955 

Total 236.133 2 neutrons 2.018 

Total 235.918 

Mass converted into energy = 236.133 - 235.918 = 0.215 amu. 

As seen above, 1 amu is equivalent to 931 Mev, and so the energy re l eased per 

f ission is given by: 

Energy r e l ea sed per fission = (0.215)(931) = 198 Mev. 

Although this calculation was made for one par t i cu la r mode of fission, it 

may be regarded as quite typical . While there a r e slight var ia t ions from one 

mode to another , it appea r s , on the whole, that an es t imate of about 200 Mev 

of energy re l eased per U-235 nucleus undergoing fission is sa t is factory. The 

same value may also be taken as applying to the f ission of U-233 and Pu-239. 

D. ENERGY DISTRIBUTION 

The major proport ion — over 80% — of the energy of f ission appears as 

kinetic energy of the f ission f ragments , and this immediate ly nnanifests i tself 

as heat within l e s s than 0.01 m m of the point of f ission. P a r t of the remaining 

20% or so is l ibera ted in the form of instantaneous gamma rays and as kinetic 

energy of the f ission neut rons . The r e s t is r e l eased gradually as energy c a r r i e d 

by the beta pa r t i c l e s and gamma rays emit ted by the radioactive fission products 

as they decay over a per iod of timie. 
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The approximate dis tr ibut ion of the f ission energy, which may be regarded 

as applying to a l l th ree of the important fissionable species , is given in Table III. 

TABLE m 

LIBERATION OF HEAT DUE TO FISSION 

Instantaneous 

Energy of fission fragments 

Energy of fission neutrons 

Instantaneous gamma rays 

Capture gamma rays 

Delayed 

Beta pa r t i c l e s from fission products 

Gamma rays from fission products 

Radiation from capture products 

Mev 

168 

5 

5 

7_ 

185 

7 

6 

2 

15 

Of the heat l ibera ted instantaneously, about 90%, i . e . , 168 Mev, will oe p r o ­

duced at (or near) the point of fission, and only 17 Mev e l sewhere . But of the 

delayed heat, the two amounts a r e approximately equal, i. e . , about 7 Mev at 

the place where f ission occurs and 8 Mev at a d is tance . 

E . ENERGY EQUIVALENTS 

In o rde r to convert the fission energy into p rac t i ca l units, it should be r e -
-1 3 called that 1 Mev is equal to 1.60 x 10 wa t t - s ec . Hence the total energy 

(200 Mev) available pe r fission is about 3.2 x 10 ' wa t t - sec , so that it r equ i r e s 

3.1 X 10 fissions to r e l e a s e 1 wa t t - sec of energy. In other words , f issions at 

the r a t e of 3.1 x 10 per sec produce 1 watt of power, provided the r eac to r has 

been operating for some t ime . 

One g ram atoni of an element, i. e . , the atomic weight expressed in g r a m s , 
23 

of any element contains Avogadro number of individual nuclei (6.02 x 10 ); if 
23 

all of these undergo fission, the energy l ibera ted would be (6.02 x 10 ) t imes 
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(3.2 x 10" ) = 1.9 X 10 w^att-sec, or 5.3 x 10 kwh. This is the amount of 

heat that would be re leased by the complete fission of 233 g r a m s of U-233, or 

235 g r a m s of U-235, or 239 g r a m s of Pu-239 . Neglecting the relat ively small 

differences between these weights, the resu l t s in Table IV may be regarded as 

applying to the heat produced by the fission of 1 lb of any of these m a t e r i a l s . 

One pound of uran ium is a cube Avhich is 1.1 in. on a side. 

TABLE J.V 

HEAT LIBERATED BY 1 LB OF 

FISSIONABLE MATERIAL 

0.9 X 10^^ cal 

1.0 X 10^ kwh 

2.8 X 10^-^ ft-lb 

3.6 X 10^° Btu 

A useful fact to r e m e m b e r is that the power production corresponding to the 

fission of 1 g r a m of m a t e r i a l pe r day would be roughly 10 watts or 1 Mw. 
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3. THE CHAIN REACTION 

A. CONDITIONS FOR SELF-SUSTAINING 

If a chain react ion is to be maintained, the minimum condition is that for 

each nucleus capturing a neutron and undergoing fission there shall be produced, 

on the average , at leas t one neutron which causes the fission of another nucleus. 

This condition can conveniently be expressed in t e r m s of a multiplication factor 

or reproduct ion factor, defined as the rat io of the number of neutrons of any 

one generat ion to the number of corresponding neutrons of the immediate ly p r e ­

ceding generat ion. If the multiplication factor, r ep resen ted by k, is exactly 

equal to or slightly g rea t e r than unity, a chain react ion will be poss ib le . But 

if k is l e s s than unity, even by a very small amount, the chain cannot be ma in­

tained. 

Suppose, for example, a particular generation starts with 100 neutrons; if 

the multiplication factor is unity, there will be 100 corresponding neutrons at 

the beginning of the second generation, 100 at the third, and so on. Once it has 

started, the fission will continue at the same rate. For practical purposes, 

however, it i s necessary that k be capable of exceeding unity, if power produc­

tion is to be appreciable. The simplest way in which a required power level 

can be attained is for the multiplication factor to exceed unity; the number of 

neutrons present and, hence, the fission rate will then increase until the de­

sired rate is reached. 

B. NEUTRON BALANCE 

The magnitude of the multiplication factor in any system consisting of f i s ­

sionable material, e . g . , uranium, and a moderator for slowing down the neu­

trons depends on the relative extents to which the neutrons take part in four 

main processes . These are: (1) complete loss or escape of neutrons from the 

system, generally referred to as leakage; (2) nonfission capture, by the fuel; 

(3) nonfission capture, sometimes called parasitic capture, by the moderator 

and by various extraneous substances ("poisons") such as structural materials , 

coolant, fission products, and impurities in the uranium and in the moderator; 

and finally, (4) fission capture of slow or of fast neutrons by the fuel. 
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In each of these four p r o c e s s e s neutrons a r e removed from the sys tem, but 

in the fourth p r o c e s s , i. e. , ' ' in the fission react ion, other neutrons a r e genera ted 

to replace them. Hence, if the nximber of neutrons produced in the la t ter p roc ­

ess i s just equal to (or exceeds) the total number lost by escape and by fission 

and nonfission capture , the mult ipl icat ion factor will equal (or exceed) unity and 

a chain react ion should be poss ible . 

An i l lus t ra t ion of the type of neutron balance that might exist in a sys tem 

for which the mult ipl icat ion factor is exactly unity is depicted below. It is 

assumed that fission r e su l t s only from the capture of slow neutrons , and it is 

supposed, for simplicity, that exactly two neutrons a r e produced, on the average, 

in each fission p r o c e s s . 

100 slow neutrons absorbed by U-235 to cause fission 

i 
200 fission neutrons 

I—*• 60 leak' out during slowing down 

140 neutrons slowed down 

j—»"10 leak out as slow neutrons 

130 slow neutrons available for absorption 

\—^30 absorbed by modera to r , s t ruc tu re , poisons, e tc . 

100 slow neutrons (absorbed by U-235 to cause fission) 

Since 100 slow neutrons a r e absorbed in fission p r o c e s s e s at the beginning, 

and 100 a r e available for s imi la r absorpt ion at the end of the generat ion, the 

conditions for a self-sustaining chain a r e satisfied. 

C. MULTIPLICATION FACTOR FOR THERMAL REACTORS 

For the present , in o rde r to avoid the problem of the loss of neutrons by 

leakage, it will be postulated that the multiplying sys tem is infinite in extent. 

Suppose that, at a given instant represent ing the initiation of a generat ion, the re 

a r e available n t he rma l neutrons which a r e captured in fuel. Let rn be the 

average number of fast f ission neutrons emit ted as a resu l t of the capture of 

one t h e r m a l neutron in fuel m a t e r i a l . Then, due to the absorpt ion of the n 

t he rma l neutrons rnrj fast neutrons will be produced. It should be noted that 

since the neutrons captured in fuel do not al l nece s sa r i l y lead to fission, the 

value of Tf differs, in genera l , from the average number (see Table 11) of fast 

neutrons r e l ea sed per slow neutron fission. If the la t te r number is r e p r e ­

sented by V, then 

26 



V= T ^ , 

where cr. is the mac roscop ic c r o s s sect ion for slow neutron fission, and O" is f ^ ' c 
the c ro s s sect ion for absorpt ion of t he rma l neutrons by nonfission p r o c e s s e s in 

the fuel m a t e r i a l (see Table V). 

TABLE V 

THERMAL NEUTRON CROSS SECTIONS 

U " 3 

U " 5 

Pu239 

Cros s Sections (Barns) 

F i s s ion 

532 

579 

740 

Radiative 
Capture 

(T 

c 

59 

118 

285 

Absorption 
°"a = 

^f + '̂ c 

591 

697 

1025 

Neutron Yield 

F e r 
F i s s ion 

V 

2.51 

2.47 

2.91 

P e r 
Absorption 

2.29 

2.07 

2.09 

Before the nrj fast neutrons have slowed down appreciably some will be 

captured by, and cause fission of, the fuel. Since m o r e than one neutron is 

produced on the average in each fission, the re will be an i nc r ea se in the number 

of fast neut rons avai lable . Allowance for this effect may be made by in t roduc­

ing the fast f ission factor denoted by € , and defined as the ra t io of the total 

number of fast neut rons produced by fissions due to neutrons of al l energies to 

the number resul t ing from the rma l -neu t ron f iss ions. 

g_ number of neutrons produced by all f issions 
~ number of neutrons produced by t h e r m a l f issions 

Consequently, a s a resu l t of the capture of n t h e r m a l neut rons in fuel, nrj€ 

fast neutrons will be formed. 

As a r esu l t of col l is ions , mainly e las t ic , with the modera to r , the fast 

neutrons will u l t imate ly be slowed down or thermal ized . However, during the 

slowing down p r o c e s s some of the neutrons a r e captured in nonfission p r o c e s s e s , 

so that not a l l of the nrjc fast neut rons reach t h e r m a l ene rg i e s . The fract ion of 

the fast (fission) neutrons which escape capture while being slowed down is called 

the resonance escape probabil i ty, and is r ep re sen t ed by p. 
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_ number of neutrons which escape capture during slowing down 
" ~ total number of fast neutrons produced 

Consequently, the number of neutrons which become the rmal ized is ni7€p. 

When the energy of the neutrons has been reduced to the t he rma l region, 

they will diffuse for some t ime, the energy distr ibution remaining essent ia l ly 

constant until they a r e ul t imately absorbed by fuel, modera to r , or such poisons 

as may be presen t . Of the t h e r m a l neutrons , therefore , a fraction f, called 

the the rma l util ization, will be absorbed in fuel naaterial; the value of f is r e p ­

resented by: 

- _ t he rma l neutrons absorbed in fuel 
total t he rma l neutrons absorbed ' 

where the denominator is the total number of t he rma l neutrons absorbed by fuel, 

modera to r , and other m a t e r i a l s p resen t in the r eac to r . The number of t h e r m a l 

neutrons captured in fuel is consequently nrjepf. 

For the p resen t purpose, since the mult ipl icat ion factor may be defined as 

the ra t io of the total number of t he rma l neutrons absorbed, on the average , in 

one generat ion to the number of t h e r m a l neutrons absorbed in the preceding 

generat ion, on the average , in an infinite medium, it follows that: 

k = i l lZiPl = -ncpf , 
CD n / ^ > 

w h e r e 

k = inf in i te m e d i u m m u l t i p l i c a t i o n f a c t o r 
oo ^ 

7J = n e u t r o n y i e ld p e r fuel c a p t u r e 

€ = f a s t effect f a c t o r 

p = r e s o n a n c e e s c a p e p r o b a b i l i t y 

f - t h e r m a l u t i l i z a t i o n . 

T h i s r e s u l t i s s b m e t i m e s r e f e r r e d to a s the four f a c t o r f o r m u l a . A s s e e n a b o v e , 

the cond i t ion fo r a s e l f - s u s t a i n i n g c h a i n r e a c t i o n in a s y s t e m i s t h a t the m u l t i ­

p l i c a t i o n f a c t o r shou ld be uni ty ; t he c r i t e r i o n for a n inf in i te s y s t e m i s , t h e r e f o r e , 

t h a t "qe-pi = 1. The n e u t r o n e c o n o m y of a n inf in i te m e d i u m i s s u m m a r i z e d in the 

d i a g r a m of F i g u r e 9. 
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F igure 9- Neutron Economy for an Infinite 
Medium Containing u235 
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In the case of a reactor in which the fuel material contains only U-235 and 

no U-238, both the fast fission factor, e, and the resonance escape probability, 

p, will be virtually unity. Such a reactor can be made critical with a small 

proportion of fuel relative to moderator. In these circumstances, 

k = r)i (U system) 

D. LEAKAGE OF NEUTRONS 

For a reactor of finite size the condition that the infinite medium multiplica­

tion factor should be unity is no longer adequate for a seK-sustaining chain reac­

tion. It is required, in a finite system, that for every thermal neutron absorbed 

in fuel there shall be produced, on the average, one thermal neutron in addition 

to those lost by leakage from the reactor. If P is the total nonleakage probability, 

i. e., the probability that a neutron will not escape either during the slowing down 

process or while it diffuses as a thermal neutron, then the condition for a chain 

reaction to be maintained is: 

k P = 1. oo 
where 

P = P P 

Pf = fast neutron nonleakage probability 

P, = slow neutron nonlesikage probability. 

Only for the infinite system is the nonleakage probability unity, and then k =1, 

satisfies the condition for the chain reaction. For a finite reactor, P is less 

than unity, and hence the infinite multiplication factor must exceed unity if the 

nuclear chain reaction is to be maintained. 

The proportion of neutrons lost by escape from a finite reactor can be 

diminished by increasing the size of the system. The escape of neutrons occurs 

at the exterior, but absorption, leading to fission and neutron production, occurs 

throughout the whole of the interior of the reactor. The number of neutrons lost 

by escape thus depends on the external surface area, while the number formed 

is determined by the volume. To minimize the loss of neutrons and thereby 

increase the nonleakage probability, it is necessary to decrease tne ratio of 

area to volume; this can be done by increasing the size of the reactor. The 
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c r i t i c a l s i z e i s t ha t for w h i c h the n o n l e a k a g e p r o b a b i l i t y P i s s u c h tha t k P i s 

j u s t e q u a l to un i t y . S ince the a r e a - t o - v o l u m e r a t i o d e p e n d s on the g e o m e t r i c a l 

s h a p e , the n o n l e a k a g e p r o b a b i l i t y w i l l be d e t e r m i n e d by the s h a p e of the r e a c t o r . 

F o r a g i v e n v o l u m e , a s p h e r e h a s the s m a l l e s t r a t i o of a r e a to v o l u m e ; h e n c e , 

l e a k a g e f r o m a s p h e r i c a l r e a c t o r w i l l be l e s s t h a n fo r any o t h e r s h a p e . The 

c r i t i c a l v o l u m e of s u c h a r e a c t o r w i l l c o n s e q u e n t l y a l s o be l e s s . 

As i n d i c a t e d a b o v e , the v a l u e of k i s d e t e r m i n e d by the c o m p o s i t i o n of 

the s y s t e m , i . e . , by the n a t u r e of the fuel and the p r o p o r t i o n of m o d e r a t o r , and 

a l s o by the a r r a n g e m e n t of the m a t e r i a l . H e n c e , if t h e s e a r e spec i f i ed , a c h a i n 

r e a c t i o n w i l l be p o s s i b l e on ly if P i s l a r g e enough to m a k e k P e q u a l to o r 

g r e a t e r t han u n i t y . The n e u t r o n e c o n o m y of a f in i te U - 2 3 5 s y s t e m i s s u m m a r i z e d 

in the d i a g r a m of F i g u r e 10, 

E . C R I T I C A L S I Z E O F R E A C T O R 

The f in i te s y s t e m m u s t s a t i s f y a n e u t r o n con t inu i ty e q u a t i o n w h i c h s t a t e s 

+ P r o d u c t i o n - L e a k a g e - A b s o r p t i o n = yr 

The so lu t i on of t h i s e q u a t i o n i s d e p e n d e n t upon the m o d e l u s e d to d e s c r i b e the 

s lowing down of n e u t r o n s . F o r the c a s e of the F e r m i - A g e o r " con t inuous s lowing 

d o w n " m o d e l , i t i s a s s u m e d t h a t a n e u t r o n l o s e s a c o n s t a n t f r a c t i o n of i t s i n c i ­

den t e n e r g y w i th e a c h c o l l i s i o n . The p h y s i c a l quan t i ty of p r i n c i p a l i n t e r e s t i s 

the a v e r a g e d i s t a n c e t r a v e l e d by a n e u t r o n in the p r o c e s s of s lowing down b e ­

c a u s e the r e l a t i o n s h i p b e t w e e n t h i s d i s t a n c e a n d the r e a c t o r d i m e n s i o n s d e t e r ­

m i n e s the ffist l e a k a g e . In l ike m a n n e r the r e l a t i o n s h i p b e t w e e n the d i s t a n c e 

t r a v e l e d by a s low n e u t r o n p r i o r to a b s o r p t i o n and the r e a c t o r d i m e n s i o n s 

d e t e r m i n e s t h e slow l e a k a g e . 

Solu t ion of the con t inu i ty e q u a t i o n r e s u l t s in the fol lowing s t a t e m e n t of the 

c r i t i c a l i t y condi t ion : 

k e oo , 
CRITICALITY EQUATION ?""?"= ^ • 

I + L^B^ 
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Figure 10. Neutron Economy for a Finite 
System Containing u235 
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In the previous equation B (called geomet r i ca l buckling) is re la ted to the r eac to r 

shape and dimensions and is de te rmined by the boundary conditions in the solution 

of the neutron diffusion equation 

V^(p + B^cp = 0 . 

2 
The value of B for var ious r eac to r configurations is given in Table VI. 

TABLE VI 

BUCKLING OF BARE REACTORS 

Geonnetry Buckling (B ) Minimum 
Volume 

Sphere 

Rectangular para l le lepiped 

Cylinder 
2.405 

130 

B^ 

161 

148 

B^ 

R = radius 
H = cylinder height 
a = length 
b = width 
c = height 

In the cr i t ica l i ty equation above e ' T i s the fast neutron nonleakage probabil i ty. 

The F e r m i Age, T , is one sixth the mean square (crow flight) dis tance t rave led 

by a neutron f rom the t ime of i ts emiss ion to the t ime that it is slowed down. 

2 2 
in the cr i t ica l i ty equation above 1/(1 + L B ) is the t h e r m a l neutron non-

2 

leakage probabil i ty. The square of the diffusion length L is one-s ixth the mean 

square (crow flight) dis tance a neut ron t r ave l s after slowing down and before 

absorpt ion. In summary , then: 

F a s t neutron nonleakage probabil i ty = P - = e •B^T 
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Slow n e u t r o n n o n l e a k a g e p r o b a b i l i t y = P = =—=- ; 
* 1 + L '^B '^ 

T o t a l n o n l e a k a g e p r o b a b i l i t y = P = P^P^. = 5—5 
* ^ 1 + L'^B'^ 

The effect ive m u l t i p l i c a t i o n f a c t o r k , , fo r a f ini te s y s t e m i s t h e n 

k e 
00 

B^T 

^«« " 1 + L ^ B ^ ' 

and the c r i t i c a l i t y cond i t ion i s 

k . , = 1. eff 

B^T . 2 ^ . - 1 . If B T i s s m a l l enough t h a t the e x p a n s i o n e = ( 1 - B T ) = ( 1 + B T ) ' i s a 

good a p p r o x i m a t i o n , t h e n the c r i t i c a l i t y condi t ion can be r e d u c e d to: 

0 0 

'eff 2„2 
= 1 , 

(1 + L ^ B ^ C l + B ^ T ) 

o r 

jn. 

1 + B ^ ( L ^ + T ) 
= 1 . 

If ( L + T ) i s r e p l a c e d by a quan t i ty M c a l l e d the " m i g r a t i o n a r e a , " t h e n t h e 

c r i t i c a l i t y e q u a t i o n r e d u c e s to : 

0 0 

« « ^ 1 , M ^ B ^ 
= 1 . 

o r 

JZipf = 
1 + M ^ B ^ 

1 . 
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The F e r m i Age T is a function of the modera to r sca t ter ing c r o s s section and 

m a s s number . The diffusion length (L) is a function of the neutron absorpt ion 
2 'v 2 

c ro s s sect ion of the r eac to r . Some typical values of L , T , and M a r e given 
in Table VIL 

«M = ^^^ +T 

TABLE Vn 

MODERATOR PROPERTIES 

Modera tor 

H^O 

^2° 
Be 

C 

Diffusion 
Length 

Lm (cm) 

2.88 

100. 

23.6 

50.2 

F e r m i Age 
T(cm2) 

33 

120 

98 

350 

Migrat ion 
Length''" 
M (cm) 

6.43 

101. 

25.8 

53.6 

The addition of fuel to the mode ra to r does not significantly influence T except to 

the degree of dilution, but it i n c r e a s e s the neut ron-absorp t ion probabil i ty which 

d e c r e a s e s the distance a t he rma l neutron can wander about before being absorbed. 

Thus L is a function of fuel concentrat ion. The effective L for the r eac to r medium 

can be exp re s sed 

""Reactor = (1 - )̂ ^Moderator 

where f is the t h e r m a l ut i l izat ion. 

It can be seen then that when f approaches unity, i. e. , when prac t ica l ly a l l 

neutrons a r e absorbed in fuel, M approaches T. In a 100% enr iched U 

reac to r r) = 2 and ep = 1; 

therefore f rom 

2„2 ^ 
1 + M B 
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becomes 

1 + B ^ T 
^ 1 

2 o - - ' 

o r 
B ^ T ^ l ; 

and since for a sphere of radius R 

= (1) . 

(i)T^i 

R 
Cri t ica l = 7rVT 

Based on this approximation, the min imum size of var ious homogeneous U-235 

spheres i s shown in Table VIII. 

TABLE V m 

MINIMUM SIZE OF BARE HOMOGENEOUS U-235 SPHERES 

Modera tor 

H^O 

^2° 
Be 

C 

7ryT(cm) 

18 

34.5 

31 

59 

R* 
^ Cr i t i ca l 

(cm) 

16 

32 

29 

55 

Volume 
(ft^) 

0.65 

5. 

3.6 

23 

* Adjusted for boundary condition (extrapolation dis tance) . 

F . REACTOR FLUX AND POWER DISTRIBUTION 

The neutron flux dis tr ibut ion in a r eac to r is de termined by the solution of 

the neutron diffusion equation 

2 2 
V <p + B <p = 0 
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for appropr ia te coordinate sys tems and boundary conditions. The resu l t s for the 

common geomet r ic shapes a r e given in Table IX. These solutions apply only to 

a c r i t i ca l r e ac to r . 

TABLE IX 

FLUX DISTRLBUTION IN BARE CRITICAL REACTORS 

Geometry 

Sphere 

Rectangular Para l le lep iped 

Fini te Cylinder 

Cr i t i ca l Flux Distr ibution 

. . A . TTr 
cp(x) = ^ sm j ^ 

<p(x,y,z) = A cos—— c o s - ^ cos 

, X A T 2.405r TTz <p(r,z) = A J^ ^ 1 — c o s - | j -

A compar ison of the three functions, i. e. , — s in^5- , cos , and J 
will revea l that a cosine function is a good approximation for a l l . 

In a homogeneous r eac to r , where in the fuel is uniformly d i spersed 

throughout the r e a c t o r volume, the power dis t r ibut ion is the same as the flux 

dis tr ibut ion. The resul t ing ra t io of maximunn to average power in bare r e a c t o r s 

is given in Table X, 

TABLE X 

PEAK-TO-AVERAGE POWER FOR BARE REACTORS 

Geometry 

Sphe re 

Rectangular Para l le lep iped 

Fini te Cylinder 

P / P max avg 

3.29 

3.87 

3.64 

The m a x i m u m - t o - a v e r a g e power ra t io mus t be cons idered in the detailed 

hea t - t r ans f e r and fuel burnup design of a r eac to r . 

2.405rj 
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G. REFLECTOR 

In smal l r e a c t o r s , cr i t ical i ty is a strong function of neutron leakage. The 

overa l l neutron economy of a reac to r can be significantly improved by the addi­

tion of a nonfissionable blanket of m a t e r i a l whose function is to reflect neutrons 

back into the r eac to r core and thus dec rease the leakage. The best reflecting 

m a t e r i a l s in genera l a r e those with high scat ter ing c ro s s sections and low neu­

t ron absorpt ion c h a r a c t e r i s t i c s . Whereas in the ba re r eac to r the neutron flvLx 

approaches zero at the core boundary, in the reflected r eac to r the flux is in­

c reased at the core boundary and does not approach zero until some distance 

into the ref lector region. The net resu l t is that the effective reac tor size is 

i nc reased beyond the extent of the core . The flux dis t r ibut ion and effective core 

size change a r e i l lus t ra ted in Figure 11. 

REACTOR FLUX DISTRIBUTION 

7-19-62 7561-0023 

Figure 11. Effect of a Reflector on Neutron Flux Distribution 
and Effective Reactor Size 

The inc rease in effective r eac to r size is called the "reflector savings," 8. 

The magnitude of 8 is a function of the reflector thickness and the nuclear proper­

ties of the core and ref lector reg ions . For smal l reflector thickness 8 i s a 
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fraction of the th ickness . For la rge ref lector th icknesses 8 approaches a con­

stant l imit . This asymptot ic value of 8 is prac t ica l ly achieved when the ref lector 

thickness is between 1.5 and 2 t imes the neutron-diffusion length in the ref lector 

ina te r ia l . Therefore , as ref lector thickness is i nc reased the effective reac to r 

dimensions i nc rease or the core size can be dec reased to maintain the same 

effective s ize . When the ref lector is thick enough to yield the asymptot ic value 

of 8, no further benefit r e su l t s from inc reased ref lector th ickness . This point 

is i l lus t ra ted in F igure 12. 

0 6 

7-19-62 

10 15 20 25 

REFLECTOR THICKNESS T (cm) 

30 35 

7561-0022 

Figure 12. Effect of Reflector Thickness on 
Reactor Core Size and Reflector Savings 

as a Function of Thickness 

The effective reactor dimiension is then 

Reactor Core 

This effective dimension is now used in calculating B and leakage and also in 

describing the fl\ix or power distribution. 
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For compact r e a c t o r s the ref lector has seve ra l significant advantages. 

1) The c r i t i ca l m a s s or u ran ium inventory is dec reased as a resu l t of 

the sma l l e r allowable core . 

2) Fo r cer ta in m a t e r i a l combinations the overa l l weight of the core plus 

ref lector can be made less than the weight of the ba re r eac to r by 

choosing an optimum ref lector th ickness . 

3) The inc reased neutron flux at the core boundary d e c r e a s e s the peak-

to -average power dis tr ibut ion in the r eac to r . In a compact r eac to r 

a dec rea se factor of 2 is reasonable . 

4) Variat ions in ref lector th ickness can be used as an effective way to 

change leakage and thus control the r eac to r . This is especial ly t rue 

for compact r e a c t o r s where in 8 can be an appreciable fraction of the 

effective r eac to r d imensions . 

H. REACTOR KINETICS 

The multiplication factor k is effectively the number of neutrons p resen t 

at the end of a neutron generat ion for each neutron p resen t at the beginning of 

that generat ion. Since one neutron is requi red to maintain the chain react ion, 

the number of neutrons will i nc rease by k - 1 in a generat ion. Thus, if t he re 

a r e n neutrons p re sen t initially, the r a t e of i nc r ea se will be n(k - 1) per gen­

erat ion. If i. is the average t ime between success ive neutron genera t ions in 

the sys tem under considerat ion, then, 

dn _ n(k - 1) ex 
dt " i ^ i ' 

where k is defined by ex ' 

k = k - 1, ex 

Upon integration of above, it is seen that. 

n = n e o 
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w h e r e n i s t he i n i t i a l n u m b e r of n e u t r o n s and n i s the n u m b e r a f t e r the l a p s e 
o 

of t i m e t . It i s s e e n , t h e r e f o r e , t h a t if the m u l t i p l i c a t i o n f ac to r i s g r e a t e r than 

uni ty, the n u m b e r of n e u t r o n s wi l l i n c r e a s e exponen t i a l l y wi th t i m e . 
-9 

T h e g e n e r a t i o n t i m e , i., v a r i e s fronn about 10 s e c for a fas t r e a c t o r to 
- 3 - 3 

10 s ec for v e r y l a r g e r e a c t o r s . If for e x a m p l e k = 1.005 and i - 10 s e c , 
5 

the n e u t r o n i n c r e a s e p e r second e q u a l s e o r a f ac to r of 150 p e r s e c o n d . 

The above c a l c u l a t i o n of the r a t e of n e u t r o n i n c r e a s e in a r e a c t o r wi th a 

m u l t i p l i c a t i o n f a c t o r exceed ing uni ty g i v e s the c o r r e c t r a t e of n e u t r o n i n c r e a s e 

only if a l l the f i s s i o n n e u t r o n s a r e r e l e a s e d pronnpt ly , i . e . , e s s e n t i a l l y a t t he 

i n s t a n t of f i s s i o n . About 0.7 5% of the f i s s ion n e u t r o n s a r e de l ayed , and t h i s 

a f fec t s the c a l c u l a t i o n of the r a t e of n e u t r o n i n c r e a s e (or d e c r e a s e ) . 

The m e a n l i v e s of the d e l a y e d n e u t r o n s r a n g e f r o m about 0.6 s ec to 80 s e c . 

By weigh t ing the v a l u e s a p p r o p r i a t e l y , a c c o r d i n g to the f r a c t i o n in e a c h g r o u p , 

the m e a n d e l a y t i m e , a v e r a g e d o v e r a l l the f i s s i o n n e u t r o n s , i s about 0.1 s e c . 

The a v e r a g e t i m e b e t w e e n the f i s s i on c a p t u r e of a n e u t r o n in two s u c c e s s i v e 

g e n e r a t i o n s i s , c o n s e q u e n t l y , about 0.1 + l s e c ; the f i r s t t e r m i s the a v e r a g e 

t i m e e l a p s i n g be tween f i s s i on and the c o m p l e t e r e l e a s e of the n e u t r o n , w h e r e a s 

the s econd i s t ha t b e t w e e n r e l e a s e and c a p t u r e in a f i s s i o n p r o c e s s . In o t h e r 

w o r d s , the ef fect ive l i f e t i m e i of a n e u t r o n i s r ough ly 0.1 s e c . 

Us ing the va lue 0.1 s ec for i , and t ak ing k to be 1.005, a s b e f o r e , i t i s 

found tha t the n u m b e r of n e u t r o n s a c t u a l l y i n c r e a s e s by a f ac to r of e ' , i. e. , 

about 1.05 p e r second , a s c o m p a r e d wi th a f ac to r of 150 p e r second if a l l the 

n e u t r o n s w e r e p r o m p t . C l e a r l y , the effect of the d e l a y e d f i s s i on n e u t r o n s , when 

the m u l t i p l i c a t i o n f a c t o r e x c e e d s uni ty , i s to m a k e the r a t e of n e u t r o n i n c r e a s e 

m u c h s l o w e r than it would have b e e n had a l l the n e u t r o n s b e e n r e l e a s e d p r o m p t l y . 

When the ef fec t ive m u l t i p l i c a t i o n f ac to r i s equa l to 1.0075, the condi t ion of 

a r e a c t o r i s d e s c r i b e d a s p r o m p t c r i t i c a l , s i n c e the n u c l e a r f i s s i on cha in can be 

m a i n t a i n e d by m e a n s of the p r o m p t n e u t r o n s a l o n e . If k e x c e e d s t h i s v a l u e , 

m u l t i p l i c a t i o n wi l l o c c u r due to the p r o m p t n e u t r o n s , i r r e s p e c t i v e of t h o s e 

d e l a y e d , and the n e u t r o n d e n s i t y wi l l i n c r e a s e r a p i d l y r i g h t f r o m the c o m m e n c e ­

m e n t . In t h i s condi t ion , a r e a c t o r i s diff icul t to c o n t r o l and h e n c e it i s avo ided 

in p r a c t i c e . 
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Jus t as the delayed fission neutrons affect the rate of i nc r ea se of neutrons 

when the effective multiplication factor exceeds unity, so they influence the 

decay in the neutron density when the reac to r is made subcr i t ica l , i. e. , when 

it is being shut down. The delayed neutrons continue to be emitted for some 

t ime, and this mainta ins a fission ra t e that is considerably higher than would 

be the case if all the fission neutrons were prompt . The ul t imate ra te at which 

the neutron flux in a the rmal reac to r d e c r e a s e s after shutdown is de termined 

essent ia l ly by the mos t delayed group of neutrons , i . e . , by those with a mean 

life of 80 sec . 

I. REACTOR CONTROL 

For p rac t i ca l operation, a reac to r mus t be constructed so that it is appre ­

ciably g rea t e r than the c r i t i ca l s ize . One reason is that an effective mul t ip l i ­

cation factor exceeding unity provides the only feasible means of increas ing the 

number of neutrons , and hence the fission ra t e , up to the point where the 

required power level is at tained. Once this has been reached, it is neces sa ry 

to dec rease the effective multiplication factor to unity, and then the reac to r 

will r emain in a steady state, neutrons being produced jus t as fast as they a r e 

used up by leakage and capture . 

The adjustment of the multiplication of neutrons in a t he rma l reac to r is 

achieved by the inser t ion of control rods of cadmium or boron s teel . Both 

cadmium and boron have l a rge capture c r o s s sections for slow neutrons; hence, 

by varying the posit ions of the control rods the effective multiplication factor 

can be made to vary over a suitable range . In order to shut down the reac to r , 

the control rods a r e inser ted to an extent that pe rmi t s them to absorb additional 

neu t rons . The sys tem now loses neutrons faster than they a r e formed bv fission; 

the effective mult ipl icat ion factor sinks below unity, and the chain react ion dies 

out. 

The inser t ion of poison or control rods changes the effective mult ipl icat ion 

factor, k ,,, by influencing the the rma l uti l ization, f. A reac tor can also be con­

t rol led by means of var ia t ion in the neutron leakage probabil i ty. In a reflected 

reac tor this type ol control called ref lector control is achieved by moving port ions 

of the ref lector in o rde r to va ry the neutron leakage probabili ty and thus the effec­

tive mult ipl icat ion factor . 
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4. REACTOR DESIGN 

A. SIZE 

In the case of space r e a c t o r s , wherein size and weight a r e of ex t reme i m ­

por tance , the dominant factor in the determinat ion of reac to r size is the leakage 

probabil i ty. In any r eac to r , whether it be the rmal , ep i thermal , or fast, the 

leakage is dependent on a relat ionship between the r e a c t o r ' s physical s ize and 

the distance between succeeding fission events . For a t he rma l or near ly the r ­

mal r eac to r the dis tance between fission events i s controlled by the number of 

neutron coll is ions or the distance n e c e s s a r y to slow the fission neutrons dow^n 

from fission energy to the the rma l energy at which they a re captured by the fuel 

and re su l t s in the succeeding fission. This slowing down distance is a function 

of the modera to r m a t e r i a l sca t ter ing c r o s s section and atomic m a s s . A m o d e r ­

ator m a t e r i a l proper ty , known as the F e r m i age (T), is re la ted to the mean 
2 

square slowing down dis tance and has units of cm . The influence of slowing 

down distance is revealed in F igure 13 which shows the c r i t i ca l volume of 100% 

dense ba re spheres with c r i t i ca l m a s s in the range of 2.5 to 20 kg of U-235 as a 

function of F e r m i age with the common modera to r m a t e r i a l s indicated on the 

absc i s sa . It is obvious that H^O or hydrogenous moderat ion pernnits the smal l ­

es t t h e r m a l r e a c t o r . The exceptional ability of water is a resu l t of the hydrogen 

content. Since the hydrogen atom has the same m a s s as the neutron, a neutron 

can t rans fe r up to al l of i ts kinetic energy to the hydrogen atom in one coll ision. 

Thus, hydrogenous m a t e r i a l s a r e very effective neutron m o d e r a t o r s . 

A m o r e detailed survey of the relat ionship between c r i t i ca l m a s s and size 

of 100% dense ba re spher ica l r e a c t o r s is shown in F igure 14 for mix tu res of 

U-235 and H^O and of Be. Both curves begin at the zero m o a e r a t o r point which 

cor responds to the c r i t i ca l m a s s and size of a U-235 fast r e ac to r . In the region 

to the left of the min imum cr i t i ca l m a s s point, the r e a c t o r s a r e said to be "vuider 

modera ted" and the average neutron energy causing fission is ep i thermal (greater 

than KT). In the region to the r ight of the c r i t i ca l m a s s min imum the r e a c t o r s 

a re over modera ted and the rma l . F igure 15 shows the weight of U-235-Be, 

U - 2 3 5 - H T O , and U-235-ZrH r e a c t o r s as a function of modera tor to urciniiun 2 ' x 
ra t io . Zirconivun hydride (ZrH ) has been included because it i s a high t e m p e r ­

a ture (1400°F) form of hydrogenous mode ra to r . ZrH can have the same hydro­

gen density as cold water at t e m p e r a t u r e s of about 1200''F with a dissociat ion 
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p r e s s u r e of only 1 a tmosphere (see F igure 16). The U-ZrH calculat ions were 

based on the c r i t i ca l size of a H^O reac tor but the difference a r i s e s from the 

fact that ZrH has a density of about 5.6. 
X ' 

The information d iscussed thus far has been for r e a c t o r s of 100% density. 

A useful r eac to r mus t contain coolant passages for the removal of the reac tor 

heat . The p resence of such voids effectively d e c r e a s e s the density of the r eac to r . 

In o rde r to maintain cr i t ica l i ty the dimensions of a r eac to r mus t vary inverse ly 

as the density of the core m a t e r i a l (fuel modera to r ) . Therefore , since the vol-
-3 -2 

ume va r i e s as (density) weight will be proport ional to (density) . The resu l t 

of density dependence is shown in F igure 17 which gives the weight of ba re spher ­

ica l fast r e a c t o r s as a function of density. This type of density dependence holds 

for all r e a c t o r s . 

In addition to satisfying the bas ic cr i t ica l i ty r equ i rements for maintaining 

a chain react ion the reac to r size is influenced by: 

1) Operating t e m p e r a t u r e . 

2) Exces s react iv i ty r equ i remen t s for connpensation of fuel depletion, 

fission product poisons, e tc . 

3) Power density or heat t ransfe r l imi ta t ions . 

4) Energy density or fuel burnup l imi ta t ions . 

B. TEMPERATURE 

The size of a reac to r is somewhat influenced by the operating t empera tu re 

because the fuel and modera to r m a t e r i a l nuclear p roper t i e s a r e a function of 

t e m p e r a t u r e . In addition as stated above, the r eac to r size is inverse ly p ropo r ­

tional to density which v a r i e s with t e m p e r a t u r e . The mos t significant t e m p e r a ­

ture l imitat ions of a r eac to r a r e the m a t e r i a l s s trength, cor ros ion , compatibili ty, 

e tc . l imitat ions of the s t ruc tu ra l m a t e r i a l s . Even though a reac to r can theore t ­

ically produce power at any t e m p e r a t u r e , the engineering l imitat ions of the fuel, 

modera to r , and s t ruc tu re l imit the available r eac to r outlet t e m p e r a t u r e . Even 

though it cannot be explicitly defined there is an intuitive re la t ionship between 

operating t empera tu re and l i fet ime. F igure 18 shows the l i f e t ime- tempera tu re 

re la t ionship between cu r ren t accomplishment and development objectives in 

nuclear power. This figure innplies a state-of-the-art boundary for perhaps the 

next 10 to 20 y e a r s . This state-of-the-art boundary strongly influences the 
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r eac to r concept selection for immedia te development and emphas izes the fact 

that high t empera tu re m a t e r i a l s developnaent will pace the development of high 

t empera tu re and high per formance space sys tems of the future. A s imi la r con­

clusion can be drawn about the s t a t e -o f - t he -a r t of h igh- t empera tu re r e a c t o r s 

from Figure 19 which shows the number of operating and planned r e a c t o r s as a 

function of the reac tor outlet t e m p e r a t u r e . Of course the choice of power reac tor 

t empe ra tu r e s is great ly influenced by economics which may be considered as not 

applicable for space pow^er. However, in effect, cost is probably one of the best 

d i rec t m e a s u r e s of a s t a t e -o f - the -a r t . 

The approximate min imum weight of var ious r eac to r s is shown as a function 

of t empera tu re in F igure 20. The weights shown a re for 100% dense sphe re s . 

Even though these weights could be reduced by the addition of a Be ref lec tor , 

the inclusion of a void fraction for the reac tor coolant would, in genera l , more 

than offset the weight reduction. Therefore , these weights can be considered 

represen ta t ive , but by no means exact . 

The aqueous homogeneous solution-type reac tor is very light at low t e m p e r ­

ature but the modera to r density d e c r e a s e s rapidly with t empera tu re and the p r e s ­

sure n e c e s s a r y to suppress boiling soon becomes inconsistent with the objective 

of a lightweight r eac to r (the curve does not include the core vesse l weight). 

The U-235 meta l fast r eac to r is quite smal l ; however, it mus t be l imited to 

below 1200°F because of a la rge density change that accompanies a phase change 

at 1224' 'F. The U-ZrH sys tem is s imi lar in size to the H^O modera ted reac to r 

because it cajti have the same hydrogen density as water below about 1200°F. 

Beyond 1200°F the size and weight inc rease because the hydrogen density mus t 

be dec reased in o rde r to control the the rma l dissociat ion p r e s s u r e of the com­

pound. The UC and the UO2 fast r e a c t o r s a r e capable of up to 4200 and 5100°F 

respect ively , the U-Be the rma l r eac to r is l imited in i ts t empera tu re capability 

because of radiat ion damage induced swelling of Be at t e m p e r a t u r e s above about 

1500°F. 

C. CONTROL 

In addition to the excess react ivi ty requi red to overcome the genera l r e a c ­

tivity dec rea se resul t ing from t empera tu re , high power sys tems mus t have suf­

ficient excess react ivi ty, and thus increased s ize , to compensate for burnup or 

depletion of the init ial uranium inventory and the buildup of fission products of 
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which some have high neutron absorption c ro s s sec t ions . The major fission 

product poisons a re s a m a r i u m and xenon. The mos t t roublesome of these is 

xenon since the amount of poisoning is l a rges t and since the poisoning i n c r e a s e s 

rapidly and goes through a maximum after reac tor shutdown or power d e c r e a s e . 

This behavior imposes a ser ious l imit on the allowable duty cycle of a high power 

density t he rma l r eac to r . Therefore it i s very des i rab le to maintain reac tor 

power constant. Fas t r e a c t o r s a re not as great ly influenced by fission product 

poisons in genera l because the absorption c r o s s sections a r e much lower at the 

neutron energy of the fast r eac to r . 

These excess react ivi ty requ i rements impose a reac to r control p rob lem. 

In o rde r to control the r eac to r from shutdown to operation throughout i ts lifetime 

the r eac to r mus t have more control worth than excess react ivi ty requ i rement . 

The amount of control that can be provided is a function of reac to r s ize . Large 

r e a c t o r s mus t be controlled by poison rods since leakage is smal l and provides 

little range for var ia t ion. Small r e a c t o r s can be leakage controlled by varying 

the effective ref lector th ickness . However, the total amount of control available 

will dec rea se with increas ing reac tor size because the leakage dec r ea se s with 

s ize . Therefore , control r equ i rement s de te rmine the appropr ia te controlnaethod 

and can l imit the power density or energy content of a given reac to r design. 

D. POWER DENSITY 

In addition to the fuel depletion and fission product poison considerat ions 

reac tor size is a function of power density because: (1) the reac tor density i s 

dec reased by the inclusion of coolant pas sages , and (2) surface or volumetr ic 

heat t ransfe r and s t r e s s l imitat ions can l imit the power densi ty. 

In o rde r to minimize both the reac tor coolant fraction and the coolant pump­

ing power, high t empera tu re and high heat capacity coolants a r e des i red . These 

conditions a r e bes t met by liquid m e t a l s . The p rope r t i e s of selected liquid meta l 

coolants a re show^n in Table XI. It must be r e m e m b e r e d that the r eac to r ma te r i a l s 

and the coolant mus t be compatible frona a cor ros ion standpoint at the operating 

t e m p e r a t u r e . 

If the reac tor fuel e lement design or the coolant imposes a heat flux linaita-

tion, then the allowable r eac to r power density will be a function of the heat t r a n s ­

fer surface per unit volume. It is therefore des i rab le for the reac tor to contain 

the maxinnunn amount of heat t ransfer surface consistent with the needs . The 
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TABLE XI 

PHYSICAL PROPERTIES OF SOME SELECTED LIQUID METALS 

M e l t i n g point , ° F 

Boi l ing point , ° F (14 7 ps i ) 

L iqu id d e n s i t y , g m / c m 

Speci f ic hea t , B t u / l b - ° F 

T h e r m a l conduc t iv i ty , B tu / f t 

H e a t t r a n s f e r coef f ic ien t , B t u / h r - ° F - f t 

P u m p i n g p o w e r (wa te r = 1 00) 

P r o b a b l e t e m p e r a t u r e r a n g e , ° F 

Sod ium 

208 

1621 

0 928-0 78 

0 33-0 30 

4 9 . 8 - 3 4 5 

6400 

0 925 

250-1500 

NaK 
44% K 

65 

1518 

0 8 8 6 - 0 742 

0 269-0 253 

14 8-16 7 

3500 

0 925 

100-1400 

Hg 

-37 

675 

13 5-12 3 

0 033 

5-9 

5700 

13 1 

- 3 7 - 1 0 0 0 

P b 

622 

3170 

10 2 

0 034 

8 

4100 

11 5 

650-1700 

P b - B i 
E u t e c t i c 

257 

3038 

10 

0 035 

5 3-6 5 

3700 

11 5 

300-1700 

L i 

354 

2403 

0 507-0 441 

1 0 

22 

5800 

0 5 

400-2300 

' At 10 f t / s e c in 1 in d i a m e t e r tube 



core m a t e r i a l s of a the rmal reac tor can be a r ranged in two ways . The h e t e r o ­

geneous reac to r has the fuel separated from the mode ra to r . Since a t he rma l 

r eac to r has only a few volume percent fuel and since prac t ica l ly all of the power 

is generated in the fuel, only a few volume percent a r e therefore available to 

provide or contain heat t ransfer surface . The homogeneous reac to r has the fuel 

and modera to r int imately mixed and power is produced throughout the ent i re 

core volume. Therefore the ent i re core volume of a homogeneous reac tor is 

available for heat t ransfer surface . Since the core of a fast reac tor contains 

fuel only^ it has the same advantage as a homogeneous r e a c t o r . Thus for min i ­

mum weight high power density r eac to r s the homogeneous a r rangement of core 

m a t e r i a l s is far super io r . 

If we consider a r eac to r whose core is connposed of a bundle of mutually 

tangent cyl indrical fuel e lements , the heat t ransfer surface per unit volume is : 

Surface 
Volume 

l/27rD 

1 / 2 D - : ^ D 

27r 
-V/TD 

Surface (ft ) _ 43.6 

Volume (ft ) D(in. ) 

If the limiting heat t ransfe r flux is Q/A then 

Q/V = A Q 
" ' V A 

and 

12.8 Q n o Btu 
D(in.) A I , f.Z \ hr- f t 

The maximum tempera tu re drop a c r o s s a given fuel e lement may be l imited 

by maximum tempera tu re considerat ions resul t ing from the fuel m a t e r i a l me l t ­

ing point, phase change, e tc . , or it may be l imited by a maximum allowable 

s t r e s s . 
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The t empera tu re drop a c r o s s a cylinder with uniform surface cooling and 

uniform volumetr ic heat generat ion i s : 

AT - (Q/V)D^ 

Therefore for a given AT l imit 

Q 
V 

Q 
V 

fMv/\ 

Ut^J 

1 6 K A T 

0.000675 

D^( in .^) 
( K A T ) 

where K is the t he rma l conductivity in B t u / h r - f t - ° F and A T is in °F . If there 

exists a A T l imit , the pov^er density is a function of the fuel e lement dimensions 

and K A T which is a m a t e r i a l p roper ty . F o r example, u ran ium meta l undergoes 

a phase change at about 1200°F which resxilts in a 5% density d e c r e a s e . This 

phase change mus t be avoided for meta l lu rg ica l as well as react ivi ty r e a s o n s . 

If a u ran ium meta l fast r eac to r is operating at a fuel surface t empera tu re of 

1000°F then the max imum AT can be only 200°F. The the rma l conductivity of 

uran ium meta l is about 15 and there fore K A T = 3000. The allowable power 

density for 1/4 in. d iameter fuel rods is then Q/V = Lo.000675/(l /4)2j3000 S 

32 Mw/ft3. The volume of such a r eac to r might be about 1/10 ft'^. Thus, it 

could produce 3.2 Mw. If a higher power were des i red the surface t empe ra tu r e 

would have to be reduced or the fuel rod d iamete r reduced, or the r eac to r made 

l a r g e r for heat t r ans fe r pu rposes . We might say the r eac to r s ize is cr i t ica l i ty 

l imi ted below 3.2 Mw and heat t r ans fe r l imited beyond 3.2 Mw. 

The t e m p e r a t u r e drop a c r o s s a m a t e r i a l leads to a s t r e s s . In the case of 

a cylinder the maximum tensi le s t r e s s i s : 

_ _ E Q A T 
°̂  ^ 2(1 - I / ) ' 
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w h e r e 

E = Y o u n g ' s m o d u l u s (psi) 

a = l i n e a r coeff ic ient of e x p a n s i o n (°F) 

V - P o i s s o n ' s r a t i o = 1 / 3 

O" - a l l o w a b l e s t r e s s (psi) . 
m a x 

If the s t r e s s l e a d s to b r i t t l e f r a c t u r e in the m a t e r i a l and the f r a c t u r e in­

f l u e n c e s h e a t t r a n s f e r o r m e c h a n i c a l i n t e g r i t y , then the s t r e s s m u s t be kep t 

be low the f r a c t u r e s t r e s s and the a l l o w a b l e AT i s 

AT 
m a x 

4 rnax 
3 E a 

and f r o m above 

Q / V 
0.0009 ^ ° " m a x 

D Ea 

T h e p h y s i c a l p r o p e r t i e s of two p o t e n t i a l h igh t e m p e r a t u r e high p o w e r d e n s i t y 

fas t r e a c t o r c o r e m a t e r i a l s a r e g iven in T a b l e XII. 

T A B L E X n 

F U E L P R O P E R T I E S 

D e n s i t y , g m / c c 

U conten t , g m / c c 

Mel t ing poin t , " F 

T h e r m a l conduc t iv i ty , B t u / h r - f t - " F 

L i n e a r coef f ic ien t of e x p a n s i o n x 10 

Modulus of e l a s t i c i t y , p s i x 10 

Modu lus of r u p t u r e , p s i x 10 

a K / E a = KAT 
m a x 

M e t a l 

1 9 . 0 

-

2070 

15 

~ 2 0 * 

20 

-

-

UO^ 

1 0 . 9 6 

9.66 
5100 

1 

4 

25 

25 

1/4 x 10^ 

UC 

1 3 . 6 3 

12 .97 

4200 

14 

6 .7 

30 

25 

5 / 3 x 10^ 

*Anisotropic 
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For example, consider a fast r eac to r which uses UO^ for the fuel m a t e r i a l 
and has 1/4 in. d iameter fuel e lements . Since the s t r e s s l imited K A T for UO^ 

3 is about 1 / 4 x 1 0 , this r eac to r would be s t r e s s l imited at a power density of 

R . Mm ( 1 / 4 x 1 0 ^ = 3 . 6 i ^ . 
^ (1/4)"^ ff̂  

If, however, it i s de termined that the rmal s t r e s s induced f rac ture of the UO-, 

does not impede heat t r ans fe r or mechanical integri ty but that the fuel must be 

l imited by cent ra l melt ing, then AT becomes T, . - T^ , where T, , = melting 
•' °' max M C M * 

t empera tu re and T „ = surface t empera tu re , and 

since K = 1 and T, , M 

Q _ 

5100°F; 

Tc 
(•F) 

1000 

2000 

3000 

0.000675 

(1/4)^ 
K(T M " "^C^ ' 

Q/V ^ 
(Mw/ft^) 

44 

33 

22 

It is readi ly seen that the maximum power density under the above conditions is 

a function of the r eac to r operating t e m p e r a t u r e . 

F igure 21 show^s the re la t ionship between power density, fuel element d iam­

eter , heat flux l imit , and AT or s t r e s s l imi ts for a homogeneous sys tem with 

mutually tangent cyl indrical fuel e lements . Note that the above calculations a r e 

based totally on average va lues . No considerat ion has been given to the detailed 

power and t e m p e r a t u r e dis tr ibut ion in the r eac to r . These calculat ions a r e in­

tended only to indicate the r eac to r design considerat ions and l imi ta t ions . 

E. ENERGY DENSITY 

Burnup and resul t ing fuel depletion which a r e re la ted to energy density 

impose control r equ i remen t s and can l imit r eac to r life. However, radiat ion 

damage is general ly the most significant energy density l imitat ion. Even 
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though the fissioning of 1 gm of uranium per day r e l e a s e s 1 Mw of power, we 

have seen that r eac to r cr i t ica l i ty demands anywhere from a few to a hundred 

k i lograms in order to util ize the energy of fission. F u r t h e r m o r e , only a few 

percent of the uranium inventory or c r i t i ca l m a s s of the r eac to r can be util ized 

because of radiation damage. 

F i ss ion r e su l t s in the rep lacement of each fissioned uranium atom with two 

fission products . Thus, as the fissioning of uranium meta l , for example, p r o ­

ceeds the meta l lat t ice is being stuffed with one extra atom for each fission. 

These extra a toms plus the fact that the fission product may not comfortably 

fill a uranium site resu l t in in ternal s t ra ins in the m a t e r i a l . In addition, the 

energet ic pa r t i c l e s and fission products collide with the a toms of the parent 

lat t ice and disrupt it which causes further s t ra in . The parent lat t ice can only 

accomnnodate so much of this s t ra in until it must yield or d is tor t in o rder to 

re l ieve the fission induced s t r a i n s . This resul t ing m a t e r i a l dis tor t ion and ex­

pansion is radiat ion damage. It can be argued on intuitive grounds that a given 

m a t e r i a l can accommodate some maximum fractional i nc r ea se in the normal 

atom density before unacceptable damage r e s u l t s . In other words , some f rac ­

tion of the total number of a toms per unit volume can be fissioned. Exper ience 

shows that radiation damage is indeed well co r re la ted on a total atom percent 

burnup b a s i s . However, the amount of physical dis tort ion or swelling is a 

function p r i m a r i l y of the parent la t t ice or m a t e r i a l that is absorbing the fission 

damage and the t empe ra tu r e at which the m a t e r i a l is operating during fission. 

The above is a g ro s s simplification, however, sufficient data and experience 

for a quantitative descr ipt ion of the radiat ion damage l imi ts for all m a t e r i a l s do 

not exist . In fact, it i s an ex t remely difficult, costly, and t ime consuming task 

to establ ish such l imi t s . F igure 22 shows the r e su l t s of many ye a r s of invest i ­

gation of the UO^ s ta in less s teel sys tem. This systenn is of no in te res t for space 

r e a c t o r s but the data i l lus t ra te the kind of burnup vs t e m p e r a t u r e l imitat ions that 

exist for all m a t e r i a l s . Such detailed information is not yet available for the 

m a t e r i a l s and t e m p e r a t u r e s of in te res t for space r e a c t o r s . However, past ex­

per ience has shown that few m a t e r i a l s can absorb m o r e than 1 to 2 at.% burnup 

without loss of fuel element physical integri ty . 

22 

If we a s sume that a m a t e r i a l contains 5 x 1 0 a t o m s / c c , which is about 

the atom density of U meta l and we further a s sume that 1% of the a toms can be 

fissioned with acceptable radiat ion damage, then the ma te r i a l can sustain the 
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fissioning of 5 x 10 a t o m s / c c . The fissioning of 5 x 10 a t o m s / c c r e su l t s in 

the r e l ea se of 

1 at . % ^ ^ ^ ^ ° ^ , X 5.3 X 10^ kwh/mole = 4.4 Mwh/cc . 
6 X lO'^^ 

Therefore , the fissioning of 1 a t .% r e l e a s e s about 15 Mw-years per cubicfoot 

of reac to r core m a t e r i a l . Since the atom density of mos t m a t e r i a l s is near the 

above assumption, this figure is a reasonable approximation. 

The tempera ture -dependence of the burnup linait is of ex t reme importance 

when maximum t e m p e r a t u r e s a r e des i red as i s the case for space sys t ems . 

Even in the case of t e r r e s t r i a l reac tor sys tems where low t empera tu re heat 

sinks a re available there is a tendency to s t r ive for high t e m p e r a t u r e s in o rder 

to maximize Carnot . If, however, one wants maximum net energy output per 

core ei ther for economic reasons or for endurance r ea sons , the significant 

p a r a m e t e r is the product of allowable burnup t imes Carnot efficiency. This 

quantity i s propor t ional to the net available energy that can be del ivered by one 

co re . Since burnup capability d e c r e a s e s with t empera tu re and Carnot i nc r ea se s 

with source t empera tu re (for a fixed sink t empera tu re ) , there is an optimum 

tennperature for maximum sys tem endurance. F igure 23 i l lus t r a t e s this point 

for a sys tem having the burnup l imits of F igure 22 and having a fixed sink t em­

pe ra tu r e of 100°F. The UO^ s ta in less s teel c e rme t is general ly considered a 

good "h igh - t empera tu re" fuel. However, it can be readi ly seen from Figure 23 

that the optimum t empera tu re for maximum endurance is quite low in comparison 

to the normal ly considered t empera tu re l imi ts of such a m a t e r i a l . 

F . SUMMARY EXAMPLE 

The re la t ive impor tance of the var ious r eac to r size l imitat ions above can 

be shown by an example. As'sume the following conditions: 
3 

1) Reactor c r i t i ca l volume = 0.4 ft 

2) Heat flux l imit = 400,000 Btu /hr - f t^ 

3) Fuel t he rma l conductivity = 15 B tu /h r - f t - "F 
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4) Fuel A T = 200°F 
max 

5) Fuel burnup l imit = 1 at .% 

6) Fuel element minimum diameter = 0.15 in. 

7) Reactor power = 10 Mwt 

8) Lifetime = 1 year 

F igure 24 shows the r eac to r volume as a function of fuel e lement 

d iameter for the var ious l imi t s . If fuel element cladding thickness had been 

included, the void fraction would inc rease with decreas ing rod d iamete r and 

the cr i t ica l i ty l imit and the burnup l imit would not be independent of rod 

d iamete r . 

A probable design point for this example wovild lie on the burnup l imit 

in o rde r to min^.r.iize r eac to r volume and weight and would a lso lie on the 

heat flux lin^^t in o rde r to minimize the number of fuel e lements and thus 

the manufacturing cost . 

It should be noted that the above t r ea tmen t has been high qualitative 

for i l lus t ra t ive pu rposes . Throughout, the power dis tr ibut ion in the 

r eac to r and the tenaperature dis tr ibut ion detai ls have been completely 

neglected. The quantit ies used have been average va lues . In genera l , 

r eac to r power va r i e s as a chopped cosine function in al l d i rec t ions . In 

smal l r e a c t o r s this leads to a power dis t r ibut ion with a peak to average 

value in the range of 1.5 to 2. In a r igorous design ana lys is , all l imi ts 

a r e placed on the max imum t e m p e r a t u r e , heat flux, power density, or 

burnup. 
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5. SYSTEMS DESIGN 

Thus far we have considered the requ i rements and l imitat ions of r e a c t o r s . 

In o rde r to es tabl ish the specific r eac to r requ i rements for a space power appli­

cation and to select a r eac to r -power conversion combination, we must consider 

the mutual in terac t ions of the th ree major subsys tems for nuclear space power 

p lants . These include (1) the r eac to r heat source , (2) the power conversion 

cycle, and (3) the waste heat r ad ia to r . The power conversion cycle de te rmines 

the operating t empera tu re of the other two and its weight is relat ively insensi t ive 

to t e m p e r a t u r e . The detai ls of the cycle, for example the working fluid, a r e a 

function of the operating tenapera ture . The radia tor a r e a and weight a r e , of 

course , a strong function of the cycle cold t e m p e r a t u r e . The reac tor size, 

weight, and concept a r e a function of t empera tu re because of the operating t em­

p e r a t u r e l imitat ions of the applicable core m a t e r i a l s . In o rde r to minimize the 

weight of the heat reject ion sys tem, it is neces sa ry that the conversion sys tem 

operate at a high sink t empe ra tu r e and recover a maximum fraction of Carnot 

efficiency. Since the waste heat of a cycle must be radiated to space, the a r e a 

requ i rement and hence the weight associa ted with the heat rejection systena is , 

for a given power level, proport ioned to the fourth power of the cycle cold t em­

p e r a t u r e and inverse ly propor t ional to the cycle conversion efficiency. At low 

powers , the r eac to r s ize is independent of power because of the nainimuna c r i t i ca l 

s ize r equ i r emen t s . Therefore , the convers ion efficiency affects only the size 

of the rad ia tor and the convers ion equipnaent. Since the reac to r and shield a re 

the dominant weight of nuclear power sys tems at low power, the conversion 

efficiency of the cycle cold tenaperature is not so important at low powers as it 

is at higher powers . At higher power levels , however, the radia tor beconaes 

the dominant weight itenci of the sys t em. Consequently, for the higher power 

sys t ems the re is a g rea t incentive to achieve high efficiency and high heat r e j ec ­

tion tenaperatures to minimize the weight of the rad ia to r . This point is i l lus t ra ted 

in Figure 25 which shows t h e re la t ive weight contribution of the different systena 

components as the power level is inc reased at constant rad ia tor t e m p e r a t u r e . 

A. TURBOELECTRIC SYSTEMS 

A turboe lec t r ic nuclear space power sys tem will probably uti l ize a Rajikine 

cycle because i t offers a high convers ion efficiency, opera tes at relat ively low 
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source t e m p e r a t u r e s , and re jec ts the waste cycle heat at relat ively high t em­

p e r a t u r e s . The Brayton cycle appears unat t ract ive for space application because 

of its lower fraction of Carnot efficiency, higher r eac to r t empera tu re r e q u i r e ­

ments , and l a r g e r radia tor a r e a denaands. 

The optimum heat reject ion t empe ra tu r e for a Rankine cycle i s de termined 

by the working fluid selected. As a resu l t of balancing Carnot efficiency against 
4 

the T law of radiation, the optimum radia tor of condensing tenaperature is 

about 3/4 of the absolute boiling t e m p e r a t u r e . The relat ionship between boiling 

t empera tu re , rad ia tor a rea , and cycle working fluid is shown in Figure 26 . The 

radia tor a r e a per kilowatt of output is calculated on the basis of an optimum 

Carnot of 25% and a convers ion efficiency of 40% of Carnot which resu l t s in an 

overal l sys tem efficiency of 10%. 

The approximate range of in te res t for the var ious working fluids is indi­

cated as falling between a boiling p r e s s u r e of 50 and 300 ps ia . This choice is 

a rb i t r a ry ; however, a lower boiling p r e s s u r e l imit resu l t s from considerat ion 

of p r e s s u r e ra t io a c r o s s the turbine and vapor specific volume. An upper p r e s ­

sure l imit resu l t s from considerat ion of sys tem weight. Another point of con­

ce rn in cycle t e m p e r a t u r e select ion is the condensing p r e s s u r e . The 5 ps ia 

condensing p r e s s u r e points for the var ious fluids a r e shown in Figure 26 . The 

condensing p r e s s u r e mus t be high enough to allow for condensing p r e s s u r e drop 

while maintaining an adequate boiler feed pump inlet p r e s s u r e to prevent cavi­

tation. 

F igure 26 defines the a r e a of in te res t or heat source t empera tu re r e q u i r e ­

ments for var ious Rankine cycle working fluids. The reac to r heat source 

the rmal power and t empe ra tu r e requirenaents for Rankine cycle sys tems a r e 

shown in F igure 27 as a function of e lec t r ica l power output and available rad ia ­

tor a r e a . This survey assunaed a constant fraction (50%) of Carnot convers ion 

efficiency and a constant Carnot efficiency of 25% for naininaum radia tor a r e a . 

This l a t t e r assunaption should not be confused with minimuna sys tem weight 

which can occur at a different value of Carnot . It should be remenabered that 

the actual h e a t - s o u r c e t e m p e r a t u r e requirenaent is probably severa l hundred 

degrees higher than the boiling t empera tu re in o rde r to provide superheat and 

to allow for tenaperature drops throughout the sys tem, especial ly the bo i le r . 

This problena can be el iminated by the use of a d i rec t cycle which boils d i rect ly 

in the r eac to r c o r e to provide sa tura ted vapor . This approach is also a t t rac t ive 

69 



100 

.lOOCR 
,Hg 

77.25% 

SOpsia 300psia 

A5p8ia 

' / rr 

RADIATOR TEMP 

v//m^ 

T^o-AOVoijc. 
10% 

1500 2500 3500 
BOILING TEMPER) 

7561-0018 
Figure 26. Radiator Area per Kilowatt as a Function of Boiling 

Tempera tu re for Rankine Cycle Working Fluids 

70 



100 Mw 

10 Kw 
1500 2500 

AVERAGE SOURCE TEMPER) 
3500 

7561-0013 
Figure 27 . Reactor Thernaal-power and Source- tenaperature 

Requirements as a Function of E lec t r i ca l Power Output 
and Available Radiator Area for Rankine 

Turboelec t r ic Systems 

71 



from the point of view of eliminating sys tem components and weight. However, 

d i rec t boiling in the r eac to r can introduce reac tor control problems and a sa tu­

ra ted cycle probably dennands the complication of moi s tu re separat ion in the 

turb ine . 

Since the reac tor weight and the cycle selection a r e a function of t empera tu re 

and since the radia tor weight is a function of t empera tu re and power, the choice 

of a r eac to r - cyc l e combination is a function of sys tem power level . This point 

can be i l lus t ra ted by naeans of an exanaple which compares the weight of the 

reac tor and radia tor for a water r e a c t o r - w a t e r cycle, for a hydride r e a c t o r -

m e r c u r y cycle, and for a carbide r eac to r - rub id ium cycle (see Figure 28). The 

uran ium meta l fast r eac to r is too marg ina l in i ts t empe ra tu r e capabili ty. The 

UC reac to r can be ruled out for low powers because the ex t reme cost of the 

uranium inventory alone is prohibit ive for low power sys tems which will be 

used in quantity in the future. The cost of fully enriched uraniuna is about $15,000 

pe r kg. Thus, a UC reac to r will cost a minimum of $1-1 /2 mill ion for the u r a ­

nium inventory alone. This can be compared with a uran ium cost of about 

$60,000 for the U-ZrH the rmal sys tem. The example shown in Figure 28 a s -

sumed a reac tor weight inc reased by 50% over that shown in Figure 20 in o rde r 

to provide for coolant void and cyl indrical geometry . Reactor weights a re for 

this purpose considered independent of power, and radia tor a r e a is assumed at 

1/2 to 1 lb/ft . F igure 28 indicates that: 

1) The water sys tem is too l imited in its applicable range, 

2) The h y d r i d e - m e r c u r y sys tem has the lower weight below about 

20 kwe, and 

3) The carb ide- rub id ium sys tem is bet ter about 20 kwe. 

However, this example does not consider the s t a t e -o f - the -a r t difference between 

a 1500 °R sys tem and a 2400 °R sys tem (see F igures 18 and 19). In effect, lower 

radia tor weight is achieved in the higher t empera tu re sys tem at the expense of 

not only inc reased reac to r weight but, more important ly, i nc reased m a t e r i a l s 

problenas such as s trength, corros ion , sublimation, self-welding, e tc . In gen­

era l , inc reased t empe ra tu r e is r a r e ly an easy solution to a p rob lem. However, 

there is no denying that high-power systenas w^ill demand inc reased tenaperature 

and that the neces sa ry technology will be developed. One cannot rule out a s y s ­

t em because of t empera tu re except on the basis of developnaent t ime . As 
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tenaperatures i nc rea se , great ly inc reased development t imes must be allotted. 

Availability will then in effect move the c ros sove r point to a higher t empe ra tu r e 

sys tem to much higher power levels until the technology exists to make the s im­

ple weight considerat ion independent of s t a t e -o f - the -a r t differences. Thus, for 

example, the h y d r i d e - m e r c u r y sys tem may well be extended into the 100 kwe 

range because of technological availability even though it does not have the 

l ightest weight potential at that power. It is , however, c lear that the high-

t empe ra tu r e sys tems must ul t imately be developed in o rde r to achieve the nain­

inaum specific weight (Ib/kwe) requi red for future miss ions and especially for 

e lec t r ic propuls ion. As i l lus t ra ted in Figure 25, at very high powers the r e a c ­

tor weight per kilow^att becomes smal l and the radia tor weight per kilowatt 

becomes dominant. Radiator a r e a and weight can only be reduced by inc reased 

source t e m p e r a t u r e . The significance of inc reased source t e m p e r a t u r e s for 

min imum radia tor a r e a is even further inc reased when the weight penalty for 

me teor i t e protect ion is considered. 

The influence of operating t empera tu re on the reac tor fuel burnup l imit 

should not be forgotten. In the example of Figure 23 the effect of t empera tu re 

on the useful energy from a UO^-s ta in less s tee l c e r m e t core was i l lus t ra ted . 

In the case of a space sys tem the reward for higher t empera tu re is lower rad ia ­

tor a r e a and weight and the penalty is dec reased core endurance or a l a r g e r core 

for a given endurance requ i rement . Thus, if t empera tu re is inc reased radia tor 

weight will d e c r e a s e and the reac to r weight will i nc rease if the reac tor s ize is 

de te rmined by a burnup linait. The following example will i l lus t ra te this s i tua­

tion. Assume: 

1) The reac to r core ma te r i a l has the same burnup dependence on 

t empera tu re as shown in Figure 22. 

2) 1 a t .% = 10 Mw-yr . 
3 

3) Reactor weight = 750 lb/ft of co r e . 

4) Power = 1 Mwe. 

5) Efficiency = 10%. 

6) System life = 1 y r . 
2 

7) Radiator weight = 1 lb/ft . 
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Figure 29 shows the reac tor and the radia tor weight for these assunaptions as a 

function of operating source t e m p e r a t u r e . The resu l t s indicate a naininaum r e ­

actor plus radia tor weight at a source t empera tu re of about 1700°F. This resu l t 

should not be taken l i te ra l ly since the reference fuel ma te r i a l , UO^ s ta in less 

s tee l ce rmet , is not a useful fuel for space systenas. However, it could be con­

s idered represen ta t ive of a very stable high-tenaperature fuel. A significant 

optimization must await conaplete burnup ve r sus t empera tu re data for applicable 

high t empe ra tu r e fuels like UC. 

The SNAP 2 sys t em at 3 kwe and the SNAP 8 systena at 30 kwe use the 

naercury Rankine cycle pow^er convers ion coupled to a U-ZrH the rma l r eac to r . 

These two sys tems a r e cur rent ly being developed under AEC and NASA sponsor­

ship. 

B. THERMOELECTRIC SYSTEMS 

Direct convers ion of heat to e lec t r ic i ty by means of the Seebeck ( thermo­

e lec t r ic ) effect offers advantages of stat ic operat ion and high rel iabil i ty poten­

t ia l . However, the t empe ra tu r e linaits and the conversion efficiency of cur ren t 

" s t a t e - o f - t h e - a r t " conver te r m a t e r i a l s linait the usefulness of thernaoelectr ic 

convers ion systenas to relat ively low power l eve l s . The only ma te r i a l s that can 

be cur ren t ly considered for space a r e PbTe, Pb-Sn-Te , and the Ge-Si a l loys . 

The basic PbTe m a t e r i a l has a theore t ica l conversion efficiency of about 15% of 

Carnot ajid is linaited to a peak hot-junction t empe ra tu r e of about 800°F by sub­

l imation. Through conver te r design the upper t empera tu re linait can be extended 

by use of an encapsulant to suppress sublimation. The Ge-Si alloys have a lower 

convers ion efficiency, about 11% of Carnot, but a r e not as l imited in operating 

t e m p e r a t u r e . However, other p rac t i ca l engineering considerat ions such as 

t he rma l impedances and e lec t r i ca l contact r e s i s t ance linait the net efficiency of 

p rac t i ca l devices to about 10% of Carnot . In a r eac to r -powered space system, 

efficiency and thus Z is not of p r i m e impor tance . 

S^ -1 
Z = - ^ (»C ^ 
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w h e r e 

S = S e e b e c k coef f ic ien t ( v o l t s / "C) 

p = e l e c t r i c a l r e s i s t i v i t y ( i i -cm) 

K = t h e r n a a l c o n d u c t i v i t y (wa t t s / c m - ° C ) 

The t h e o r e t i c a l e f f ic iency of a t h e r m o e l e c t r i c d e v i c e i s abou t 

77= ^ Z A T , 

and the p o w e r ou tput of a s p a c e s y s t e i n 

^ o = ^ Q R = ( i ^ ^ T ) ( - ^ ^ T , ^ ) ' 

s i n c e m i n i m u m , r a d i a t o r a r e a o c c u r s a t T / T j , = 4 / 5 for a low e f f i c iency s y s t e m 

^.-[i^Y. c r e A ( | T j 

o r 

0̂= [MTt-'^^^'^u ' 

P o - ^ ^ ^ ^ H ' 

w h e r e 

P = e l e c t r i c a l power output 

A T = t e m p e r a t u r e d i f ference (T„ - T ) 

(T = S te fan-Bo l t zman constant 

A = radiator a r e a 

T„ = s o u r c e t e m p e r a t u r e 

€ = e m i s s i v i t y 

Qp = heat re j ec ted 
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It is therefore readily seen that the power of a t he rmoe lec t r i c space sys tem is 

an ex t reme function of the allowable source t empera tu re and that smal l differ­

ences in Z can be easi ly compensated by source t empera tu re if the t he rmoe lec ­

t r i c m a t e r i a l is not t empera tu re l imit ing. There i s , however, a ser ious lack 

of convers ion m a t e r i a l s or devices experience of significance above 1000"F. 

Because of the upper l imit on cu r ren t the rmoe lec t r i c m a t e r i a l operating tennper-

a ture , the U - Z r H SNAP reac to r is m o r e than adequate as a heat source for 

cu r r en t t he rmoe lec t r i c - conve r s ion s y s t e m s . In fact, the re is room for a 200 

to 300"F improvement in the ma te r i a l s capabil i ty. 

The pr incipal weight of a the rmoe lec t r i c sys tem is the reac tor weight. In 

general , the conver te r weight is smal l . In theory the conver ter weight could be 

made quite smal l : however, in p rac t ice the device inefficiency result ing from 

the rma l and e lec t r i ca l lo s ses i nc rease with decreas ing conver ter weight. The 

reac to r weight is fixed by cr i t ica l i ty l imi ts of the reac tor concept neces sa ry to 

provide the source t e m p e r a t u r e . The radia tor a r e a pe r unit e lec t r ica l output is 

l a rge because of the hot t empe ra tu r e l imit and the low conversion efficiency. 

The optimum Carnot for a low-efficiency sys tem is 20%. Therefore, the the r ­

moe lec t r i c systenas will have a net efficiency of about 2%. Figure 30 shows the 

radia tor a r e a per kilowatt for the rmoe lec t r i c sys tems as a function of hot-

junction t empe ra tu r e and conversion efficiency. 

For low-power sys t ems (less than a few kilowatts) the simplici ty cund re l i a ­

bility advantages of a the rmoe lec t r i c sys tem can outweight the disadvantage of 

l a rge radia tor a r e a . However, at l a rge powers radia tor weight and s ize or 

awkwardness l imit the a t t rac t iveness of these sys tems until such t ime as be t ter 

m a t e r i a l s have been developed and reduced to p r a c t i c e . The reac tor hea t - sou rce 

t empera tu re and power requ i rements of the rmoe lec t r i c sys tems a r e shown in 

Figure 31 as a function of e lec t r i ca l power out and available radia tor a r ea . 

The SNAP lOA sys tem at 500 watts uses Ge-Si conversion ma te r i a l s and 

the U - Z r H SNAP r eac to r . It is under development by the AEC. 

C. THERMIONIC SYSTEMS 

The thermionic conver te r is par t icu la r ly suited for considerat ion for use in 

a nuclear space power sys t em. It has a potentially high the rma l conversion ef­

ficiency, it can opera te at a very high heat sink t e m p e r a t u r e , is capable of high 

power density, and is a stat ic operating device. 

78 



1500 2500 
HOT JUNCTION TEMP CR) 

3500 

7569-0028 
Figure 30. Radiator Area per Kilowatt as a Function of 

Hot Junction Temperature for Currently 
Available PbTe and Future Materials 

79 



10,000 

1000 

9 

UJ 
I 

Ul 

o 
(T 
D 
O 
CO 

100 

10 

u 

u 

h-

1-

1 

1 

V 

u 

u 

m i^ui> 

ZOKwe y 
/ 

/ / 

hx y 
/ / 

/ > 

y 
/ 

/ 

- 1/2 Kw 

50 Kwe • y ^ 

^ 

y ' — 5 Kwe 

• 1000 f t ^ 

300 f t ^ 

100 f t^ 

ZT= l /2 

, "o'l/^ZTlteARNOT 

T) =0.2 
'CARNOT 

% = 2 5 * 

1000 1500 

AVERAGE SOURCE TEMP ("R) 

2000 

7-19-62 7561-0017 
Figure 31. Reactor Thermal Power and Source Temperature 

Requirements for Thermoelectric Systems as a Function 
of Electrical Power and Radiator Area. 

80 



The thermionic conver te r may be pic tured as an " e l e c t r o n - b o i l e r . " It 

cons is ts of an emi t te r , a col lector , e lec t r i ca l leads , and suitable s t r u c t u r e . 

The emi t te r is heated to a t empe ra tu r e at which it can emit a l a rge cu r ren t of 

e l ec t rons . These e lec t rons pass a c r o s s an in te re lec t rode space and a r e col­

lected on a second electrode, the col lector . The e lect rons leaving the col lector 

del iver power to an external load as they r e tu rn through leads to the emi t t e r . 

Two types of thermionic conver te r s a r e poss ib le . Each is cha rac te r i zed 

by its means of neutral iz ing the in te re lec t rode space charge . In the vacuum 

diode the e lect rode spacing is made of the o rde r of a few thousandths of an inch 

or l ess in o rde r to l imit the negative charge buildup between the e lec t rodes . In 

the ces ium diode, space charge neutra l izat ion is accomplished by injecting 

posit ive ces ium ions into the space between the electrodesj and the spacing r e ­

qui rements become far l e ss s t r ingent . The requi red t empera tu re s and actual 

m e a s u r e d efficiencies for these diodes a r e l is ted in Table XIII. 

TABLE XIII 

THERMIONIC CONVERTER OPERATING CONDITIONS 

Type 

Vacuum diode 

Cesium diode 

Typical Emi t t e r 
T e m p e r a t u r e 

1600 to 1900°F 

2600 to 3500°F 

Typical Collector 
Tempera tu re 

700 to 1100°F 

1100 to 1400°F 

Actual Observed 
Efficiencies 

2 to 6% 

12 to 14% 

For reac tor application the ces ium diode appears mos t p rac t i ca l for the 

following r ea sons : (1) the efficiencies of the ces ium diode a r e considerably 

g r e a t e r than those for the vacuum diode; (2) ve ry close e lect rode spacings a r e 

not r equ i re ; and (3) choice of m a t e r i a l s is l a rge r , since ces ium vapor helps 

establ ish e lectrode surface c h a r a c t e r i s t i c s . 

Because of the ex t remely high cathode (emit ter) t empera tu re the sys tem 

requ i res the cathode to be loaded with fissionable fuel to attain the neces sa ry 

t e m p e r a t u r e . Inspection of F igure 20 reveals that the most applicable reac to r 

concept for thermionic sys tems is the UC fast r eac to r . Only UC and UO^ have 

the neces sa ry t e m p e r a t u r e capabil i ty. UC has the advantage of higher uranium 

density and thus sma l l e r r eac to r s ize and weight. Low power sys t ems could 

consis t of a solid r eac to r core with heat conducted to conver te r s on the outer 

81 



surface. Fo r high power levels , however, l a rge emiss ion surface a r e a s a r e 

requi red so that r e a c t o r s of this type would be compr i sed of an a r r a y of conver ter 

fue l -e lements . Hence, the r eac to r and power conversion sys tem become one 

and the same . 

One method of employing the thermionic conver ter is to in tegra te it in a 

nuclear r eac to r core in such a manner that the fuel m a t e r i a l a lso se rves as 

the cathode of the conver te r . A typical thermionic conversion fuel element is 

i l lus t ra ted in F igure 32, where a nunnber of thermionic conver ter cel ls a r e 

shown connected in s e r i e s . Since each cell is capable of producing a potential 

of approximately 1 volt, many cel ls mus t be connected in se r i e s to produce 

useful high voltage. Each cell cons is ts of a cathode, an anode, an i n t e r e l ec ­

t rode space containing ces ium vapor, insulation to provide the p rope r e lec t r i ca l 

configuration, and an outer s leeve to isola te the ent i re element from i ts external 

surroundings and provide the s t ruc tura l integri ty for the assembly . 

The cathodes a r e solid cyl inders of fuel nnaterial which a r e held in place 

by the insulation s epa ra to r s and the e lec t r ica l leads in the manner of a filament 

in a light bulb. Nuclear heat supplies the t he rma l energy to "lift" free e lec t rons 

at the cathode surface to an energy level at which they a r e emitted into the in t e r ­

electrode space. This electron removal of heat from the cathode is accompanied 

by other cooling p r o c e s s e s including radiat ion to the anode, and conduction of 

heat through the e lec t r ica l leads connecting the anodes to the cathodes. These 

la t te r two p r o c e s s e s a r e heat l o s se s and must be accounted for in cell opt imiza­

t ions . It may be that the cathodes will have to be clad to prevent de le ter ious 

effects caused by the r e l e a s e of the fission products from the fuel. 

The anode is a thin cyl indrical shell of meta l l ic conductor surrounding the 

cathode. The e lec t rons which t rave l to the anode from the cathode a r e absorbed 

with the conversion of their kinetic energy into sensible heat . This heat must 

be removed from the anode to maintain the e lectrode t e m p e r a t u r e difference. 

F o r good heat t r ans fe r the anode mus t be in the rmal contact with the outer 

metal l ic sleeve, which is cooled by a liquid meta l . In order that the anode of 

the adjacent cel ls a r e not e lec t r ica l ly shorted, a layer of e lec t r ica l insulation 

must be in terposed. The annular space between the e lec t rodes contains ces ium 

vapor which is ionized by the h igh- t empera tu re environment and se rves to neu­

t r a l i ze the space charge which is produced by the high e lect ron fliox in the in t e r ­

e lect rode space . The thermionic fuel e lements a r e assembled into a close spaced 

hexagonal la t t ice to form a cyl indrical r eac to r co re . 
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The cha rac t e r i s t i c s of a thermionic conversion sys tem can be explored 

through an evaluation of the ideal conver ter , i . e . , one that is emiss ion- l imi ted 

only. An ideal conver te r is l imited by the surface emiss ion p r o c e s s . T r a n s ­

por t effects which inhibit the in te re lec t rode flow of e lec t rons a r e assumed not 

to be p r e sen t . Thus, the per formance of an ideal conver te r defines an upper 

l imit on per formance for all types of thermionic c o n v e r t e r s . The maximum 

obtainable efficiency is uniquely determined in the ideal conver te r by T , the 

emi t te r t empera tu re ; < ,̂ the col lector work function; e, the enaissivity; and K^ , 

the gas conductivity. If one in se r t s reasonable values for the independent v a r i a ­

b les , the ideal or ul t imate conver te r pe r formance can be es tabl ished. Such r e ­

sults with ĉ  = 1.7 ev and Kp = 0 a r e shown in Figure 33. The significant fea­

tu re is that both optimum efficiency and power density i nc r ea se with increas ing 

t e m p e r a t u r e . The output power of a combined r eac to r - the rmion ic conver te r 

w^ill then be a function of the r eac to r fuel element (cathode) surface a r e a and the 

operating t e m p e r a t u r e . The requi red reac to r volume as a function of cathode 

t empera tu re is shown in Figure 34 for 1 Mwe and 10 Mwe. The values for 

€ = 0.1 in Figure 33 were used and the cathode surface a r e a was taken as 3/4 of 

the maximum for cyl indr ical fuel -conver ter cells of 1/4 in. and 1/2 in. d i ame te r . 

It can be seen from Figure 33 that both r eac to r volume and radia tor a r e a a r e a 

strong function of cathode or fuel t e m p e r a t u r e . It should be noted that this survey 

a s s u m e s constant conditions throughout and makes no allowances for r eac to r 

power or t empera tu re d is t r ibut ions . The indicated min imum ba re core c r i t i ca l 

volume a s s u m e s a UC fuel e lement that occupies 2/3 of the core volume. The 

core size could be reduced by the addition of a ref lec tor . It is not c lear that 

the requis i te inc rease in operating t empera tu re is des i r ab l e . However, when 

reac to r power dis t r ibut ion is considered in a rea l case , it is c lear that a re f lec­

tor is mandatory for the purpose of power flattening. F r o m a m a t e r i a l s point of 

view, the min imum operating t empe ra tu r e seems des i r ab l e . However, the de ­

c r ea sed power density at lower t empe ra tu r e s causes a significant penalty in 

core volume and weight. F r o m the point of view of min imum sys tem weight, it 

seems des i rab le to i nc r ea se t empe ra tu r e until the core is no longer power-

density l imited but becomes r eac to r - c r i t i c a l i t y - l imi t ed . Depending on the burn-

up capability of the fuel, it may be neces sa ry to i n c r e a s e core volume for endur­

ance . The very configuration of a thermionic r eac to r sys tem makes it ex t remely 

sensi t ive to fuel swelling due to fission produc ts . The feasibili ty of a thermionic 

r eac to r sys tem remains to be demons t ra ted . It is obvious that the potential 
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l imit to feasibility is fuel swelling. The genera l hope is that the ex t reme fuel 

t e m p e r a t u r e s will contribute to feasibility by allowing fission products to rapidly 

diffuse out of the fuel m a t e r i a l and thus minimize swelling. In the above analy­

s i s , the p a r a m e t e r s were optimized for maximum efficiency. In genera l this is 

not the c o r r e c t approach for a minimum-weight high-power sys tem. However, 

if the thermionic r eac to r concept indeed turns out to be r e a c t o r - e n e r g y 

content- l imited, the maximum efficiency approach is probably c o r r e c t . The in­

c r ea sed radia tor a r e a and weight do not in any way constitute the same kind of 

feasibility l imit . F igure 32 p resen t s a conceptual design of a 300-kwe reac to r 

assembly which consis ts of the core composed of conver te r fuel e lements located 

by an upper and lower grid plate, a ref lector with movable sections for nuclear 

control, e lec t r i ca l t e rmina l s for power output, and ces ium circulat ion sys tem. 

D. SYSTEM COMPARISON 

A genera l ized p ic ture of the per formance and applicable power range of the 

the rmoe lec t r i c , Rankine tu rboe lec t r ic , and thermionic nuclear space power s y s ­

t ems is shown in Figure 35 . The mos t dominant var iab le in these space power 

sys tems is t e m p e r a t u r e . Each major per formance improvement can be c h a r a c ­

te r ized by an i nc r ea se in t e m p e r a t u r e . Namely, 

The rmoe lec t r i c 800 - 1200''F 

Hg Rankine 1200 - 1400 °F 

K or Rb Rankine 1800 - 2300»F 

Thermionic 3000 - 3500°F 

Tempera tu re is not only the key to inc reased per formance , but will in the end, 

pace the technological advances n e c e s s a r y to achieve these projected goals . 

At low power levels (up to a few kilowatts) the r eac to r and shield a r e the 

dominant weight con t r ibu tors . The immedia te relat ively low space power r e ­

qui rements will be filled with the mos t immedia te technology. In effect, p e r ­

formance will be sacr i f iced for low t empera tu re and s imple s y s t e m s . The 

the rmoe lec t r i c sys tem fits this descr ip t ion . The rel iabi l i ty advantage of i ts 

s tat ic operat ion is very des i rab le for the low power requ i rements of ear ly space 

uti l ization s y s t e m s . The lack of or ientat ion requi rement , f reedom from bat tery 

s torage , eind high r e s i s t ance to the space environment will mal^e these sys tems 

very connpetitive in the apparent range of so lar ce l l s . 
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At in termedia te power levels (a few to hundreds of kilowatts), inc reased 

per formance is nnandatory. The weight and radia tor awkwardness of low- tem­

pe ra tu r e and low-efficiency sys tems is in to lerable . The increased performaJice 

br ings with it the m a t e r i a l s p rob lems of higher t empera tu re , dynamic control , 

the mechanical per turba t ions of rotating machinery, and m o r e severe p rob lems 

in orbi tal s tar tup and ze ro -g rav i ty operat ion. For this power range the ul t imate 

Rankine sys tem will not be selected because of the t ime scale associa ted with 

the requi red technology. The hydride r e a c t o r - m e r c u r y Rankine sys tem requ i res 

the leas t extrapolat ion of the s t a t e -o f - the -a r t . It is mos t probable that this 

combination will be used at power levels beyond its region of optimum p e r f o r m ­

ance because of i ts availabil i ty. 

At high powers (hundreds to thousands of kilowatts) the sys tem select ion may 

be m o r e applicat ion-dependent . In the case of manned orbi ta l stat ions or lunar 

bases the dominant considera t ion will be rel iabi l i ty . Very probably the inc reased 

confidence in and inherent re l iabi l i ty of lower t e m p e r a t u r e sys tems w^ill outweigh 

the per formance advantages of a higher t empe ra tu r e and newer sys tem. In the 

case of e lec t r ic propulsion, both maximum per formance and rel iabil i ty will be 

neces sa ry for this form of propulsion to be competi t ive. The requi red p e r f o r m ­

ance w^ill dictate the highest poss ible t empe ra tu r e sys t em. The thermionic r e a c ­

tor concept s eems very a t t rac t ive for this application; however, the requi red 

t e m p e r a t u r e s will delay i ts availabil i ty. Fo r these high-power sys tems the r e ­

ac to rs will be fast and probably fueled by UC or a mixture thereof. The avai la­

bility of ext remely high t empe ra tu r e r eac to r heat sources is totally dependent on 

cur ren t ly undemonst ra ted fuel burnup capabil i ty. 

A summary of the immedia te and the future space nuclear power sys tems is 

shown in F igure 36. 

89 



POWER kwe 

SNAP PROGRAMS 

0.5 30 300 3 0 0 0 

IDA 8 SNAP 50 
SPUR RESEARCH 

REACTOR ?|i^®V^>Si^{i:S§MvSS^ HYOfiipE. THERMA^ 

TEMPERATURE 1000* F 1200 "F I300*F 2000*F 3500»F 

vD POWER CONVERSION ;§vv 7> '̂v;^;J>;^:;>^v;5vvv^^ FWNKINE;V::i:i::\i^';i?^^ Rb, RANKINEJ|^i:??^THERMK)NlC^^ 

l b / kw(unshielded) 1500 350 7 0 * 20 

AREA/kw 125 40 15̂  1/2 

AVAILABLE 6 4 66 70 75 80 

J L 
^ORIGINAL CONCEPT 

F i g u r e 3 6 . Space N u c l e a r P o w e r S u m m a r y 

7561-0038 



PART III 

SNAP SYSTEMS 

1. SNAP HYDRIDE REACTOR 

SNAP 2, 8, and lOA all use the same reac to r concept as a heat source , 

see Table XIV. The r eac to r concept employs a homogeneous fuel modera tor 
235 of z i rconium hydride containing U For minimum weight, the reac tor is 

reflected by bery l l ium and controlled by var ia t ion of the effective reflector 

thickness by means of angular rotat ion of eight semicyl indr ical beryl l ium d r u m s . 

The core is composed of a bundle of cyl indrical fue l -modera tor e lements , see 

F igure 37. Each fuel element is clad in a thin wall s teel tube for liquid meta l 

exclusion. The fuel e lements a r e contained in a steel core vesse l , with the 

bery l l ium radia l ref lector outside the vesse l . The ref lector is completely 

separable from the co re for safe r eac to r shutdown during handling (F igures 38 and 39). 

The t he rma l output is removed by the flow of NaK-78 axially through the core 

within the in te rs t i t i a l pa s sages betv^een the fuel e lements . 

The f i rs t SNAP reac tor c r i t i ca l assembly was per formed in October 1957. 

The SNAP Exper imenta l Reactor (SER), F igure 40, was designed and constructed 

during 1959. It went c r i t i ca l in September 1959 and operated until the completion 

of the tes t p r o g r a m in December I960. During this operating per iod the SER 

logged a total of 222,000 kwt-hr . The reac to r demonst ra ted the neces sa ry 

SNAP 2 per fo rmance r equ i remen t s of 50 kwt with a core inlet of 1000°F and an 

outlet of 1200°F. The max imum fuel t e m p e r a t u r e in the SER was about 1300°F. 

Out of the above total , the SER operated continuously with no in terrupt ions for 

1000 hr at SNAP 2 temiperature and power conditions. 

A second generat ion r eac to r , the SNAP Development Reactor (SDR) went 

c r i t i ca l in Apri l 1961 and was under tes t continuously until December 1962. 

During this per iod the reac tor produced a total of 270,000 kwt-hr . Both reac to r 

t e s t s operated for approximately the energy requ i rement of SNAP lOA for one 

year . There has never been a r eac to r fai lure in the p r o g r a m . 

Even though the reac tor has been successfully operated at i ts design 

conditions of 50 kwt and 1200°F outlet t e m p e r a t u r e , the reactor has been 

dera ted for SNAP lOA in o rde r to ut i l ize pass ive control and to ease power 
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TABLE XIV 

SNAP REACTOR PARAMETERS 

P a r a m e t e r SNAP lOA SNAP 2 SNAP 8 

Output, kwe 

The rma l , kw 

Efficiency, % 

Conver ter 

Reactor coolant 

Temp out, °F 

Temp in, °F 

Reactor s ize , in. 

Core volume, ft 

Power density, Mwt/ft 

Reactor wt, lb 

Fue l -mode rat or 

Rods, number 
,,235 1 U , kg 

3 
N.^-, H a t o m s / c m 

Max. t emp, °F 

OD, in. 

Heat flux, Btu /hr - f t^ 

Neutron flux, 
n / c m 2 - s e c 

Radial ref lec tor , in. 

Be control d rums 

0.5 

30 

1.6 

t he rmoe lec t r i c 

NaK-78 

1000 

900 

16 x 14 d iameter 

0.3 

0.099 

250 

Zr-Hydr ide 

37 

4.3 

6.5 x 10^^ 

1050 

1.25 

10,200 

1.8 X 10^^ 

2.3 Be 

4 

3 

50 

6 

Hg Rankine 

NaK-78 

1200 

1000 

16 X 14 d iameter 

0.3 

0.165 

250 

Zr-Hydr ide 

37 

4 .3 

6.5 X 10^^ 

1300 

1.25 

17,000 

3.1 X 10^^ 

2.3 Be 

4 

35 

600 

8 

Hg Rankine 

NaK-78 

1300 

1100 

19 X 15 d iameter 

0.6 

1.0 

500 

Zr-Hydr ide 

211 

7.0 

6.0 X 10^^ 

1450 

0.56 

40,000 

2 x 1 0 ^ 2 

3 Be 

6 

convers ion development. The SNAP lOA reac to r weighs about 250 lb and is 

shown in F igure 41 . This r eac to r has undergone component level qualification 

in a t h e r m a l and vacuum environment (Figure 42) and under s imulated launch 

mechanical conditions (Figure 43). For SNAP lOA, the reac to r produces about 

30 kwt at an outlet t e m p e r a t u r e of 990°F and an inlet t e m p e r a t u r e of 882°F. 

For SNAP 2, the r eac to r produces about 50 kwt at 1200°F outlet t e m p e r a t u r e . 

The SNAP 2 r eac to r is shown in F igure 44 and differs only in minor mechanical 

deta i ls from the SNAP lOA reac to r . 

92 



»»,«f.. 'S i * * - * * * ' * 

8-27-62 
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a. Internal View of the SNAP 10A/2 Core 

F igure 38. 

7561-0516 
b. SNAP 10A/2 Reactor Beryl l ium 

Control Subassembly 

SNAP Reactor 
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Top View 

7561-0517 

Side View 
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Figure 39. SNAP lOA/2 Reactor 

7561-0517 
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8-8-60 7550-2047 

Figure 40. SNAP lOA/2 Exper imenta l Reactor 
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8-2-63 7623-0019 

F igure 41. Exploded View of SNAP lOA/2 Reactor and Shield 
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F igure 43. Launch Shock and Vibration Environment Qualification 
of the SNAP lOA Reactor 
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Figure 44. SNAP 2 Reactor 
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The SNAP 8 r eac to r , see Figure 45, which produces 600 kwt at 1300 "F, is 

a sealed-up vers ion of the SNAP lOA/2 r e a c t o r . The core , see F igure 46, has 

been enlarged and the fuel e lements a r e smal le r in d iamete r . The f i rs t power 

demonstra t ion tes t of the SNAP 8 core design has been ini t iated. A view of the 

ground tes t configuration during final instal lat ion is shown in Figure 47. 

7568-1215 

Figure 45 . SNAP 8 Reactor and Shield 
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Figure 46. Internal View 
of the SNAP 8 Cort 

'7568-1128A 
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Figure 47. SNAP 8 Experimental Reactor Test A ' ' ' ' ' ' ' ' ' ' CN 
Lowered into the Test F^^^ f^ ^^^^n^bly Being est Facility 
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2. SNAP lOA 

The objective of the SNAP lOA P r o g r a m is to develop a nuclear reac to r 

power unit capable of producing a minimum of 500 e lec t r ica l watts for a per iod 

of one year in a space environment. As presen t ly scheduled, SNAP lOA will be 

the f i rs t r eac to r powered e lec t r i ca l sys tem to be flight t es ted in ear th orbit . 

The SNAP lOA sys tem is shown in F igure 48. 

SNAP lOA employs a (ZrH) t h e r m a l reac to r coupled to an integral Si-Ge 

the rmoe lec t r i c conve r t e r - r ad i a to r which converts NaK- t ranspor ted fission heat 

to e lec t r i ca l power. The unit is approximately conical in configuration with a 

base d iamete r of ' ^5 ft and an overal l height of -^ 11 ft. The f i rs t flight sys tem 

will have a shielded weight of 950 lb. The225- lb shield will r e s t r i c t the r a d i -
12 7 

ation dose at the base to about 4 x 1 0 nvt of fast neutrons and 1 x 10 r of 

gammas during the one-year l i fet ime. After orbi ta l s tar tup on ground command, 

the unit opera tes without the need for active control , without moving p a r t s , and 

without attitude orientat ion r equ i remen t s . Because of the negligible heat r e j e c ­

tion var ia t ion during the orbi ta l sun-shade t rans ien t , SNAP lOA provides a 

continuous source of at leas t 500 watts without the l imitat ions of secondary 

ba t t e ry - so l a r cell combinat ions. On a production b a s i s , the SNAP lOA unit 

should cost about one million do l l a r s . 

The SNAP lOA sys tem, shown schematical ly in F igure 49 der ives i ts 

t he rma l energy from a t empe ra tu r e and power -de ra ted SNAP 2 r eac to r . 

The fission heat is t r a n s f e r r e d from the reac to r to the the rmoe lec t r i c 

power conver te r by means of a liquid meta l (NaK-78) coolant loop. The liquid 

meta l is c i rcula ted by a d-c Fa raday conduction pump which der ives i ts cur ren t 

from a shorted PbTe thermocouple operating between the NaK outlet t e m p e r a t u r e 

and a cold junction de termined by a smal l pump rad ia tor . The pump magnetic 

field is supplied by a permanent naagnet. A photograph of the flight design pump 

is shown in F igure 50. The NaK flow is divided among 40 para l l e l tubes a r ranged 

axially along the un i t ' s conical surface. 

Each NaK tube is a s e r i e s fluid connection of th ree the rmoe lec t r i c modules . 

Thus, the full 500-watt conver ter is made up of 120 modules of about 4 to 5 watts 

each. A detailed drawing of a module is shown in F igure 51 and an actual 

module photograph is shown in F igure 52. Seventy-two cyl indrical pel le ts of 
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Figure 48. SNAP lOA System 
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Figure 60. SNAP lOA Thermoelectric Powered NaK Pump 
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n- and p-doped Ge-Si alloy the rmoe lec t r i c ma te r i a l a r e a l ternate ly spaced along 

the length of each NaK tube. The pel le ts a r e e lec t r ica l ly insulated from the 

NaK tube by means of thin alumina d isks . The pel le ts a r e e lec t r ica l ly connected 

in s e r i e s with copper s t r aps at the hot end and aluminum combination 

s t r a p - r a d i a t o r s at the cold end. Each aluminum radia tor platelet is e lec t r ica l ly 

insulated from adjacent pla te le ts by a c lea rance gap. All ma te r i a l in terfaces 

from the NaK tube through the aluminum radia tor a r e ei ther meta l lurgical ly 

bonded or brazed . Each m a t e r i a l stack from NaK tube to radia tor is capable of 

supporting 200 to 300 lb in tension. The radia tor p la te le ts have an emiss iv i ty 

of about 0.89 and a r e sized to maintain the thermocouple cold junction at an 

average t e m p e r a t u r e of 604°F. The total radia tor a r e a (including gaps) is 
2 

approximately 65 ft . Thus far in the p r o g r a m a total of about 500 modules or 

4 equivalent 500-watt conver te r s have been fabricated. 

The s e r i e s str ing of couples on each NaK tube is mated with an adjacent 

string by an e lec t r ica l c r o s s connection at each radia tor platelet along the 

length of the NaK tube. These adjacent p a i r s of se r i e s -pa ra l l e l - connec ted 

couples a r e then connected in s e r i e s . This connection has eliminated the • 

possibi l i ty of one open couple causing a sys tem fai lure . The open circui t 

failure ra te during launch will be l e s s than 1 to 2 opens per thousand e lements . 

The conver te r rel iabi l i ty should be in excess of 99%. The SNAP lOAthermo­

e lec t r ic genera tor has an open c i rcui t voltage of about 60 volts and a genera tor 

r e s i s t ance of about 1.6 ohms. 

A conical corrugated t i tanium s t ruc tu re supports the r eac to r shield m a s s 

and forms a mounting bed for the the rmoe lec t r i c modules . A photo of this 

s t ruc ture is shown in F igure 53. The s t ruc tura l adequacy of the SNAP lOA 

sys tem has been demonst ra ted by subjecting s t ruc tu ra l and m a s s mockup 

sys tems to the s imulated launch environment. A s t ruc tura l qualification tes t 

is shown in F igure 54. 

A prototype sys tem has successfully undergone t he rma l per formance 

testing in a vacuum chamber . The tes t employed e lec t r i ca l heat to s imulate 

the r eac to r output. The tes t setup is shown in F igure 55. This t es t verified 

overal l t h e r m a l compatibili ty of the sys tem. 

The e lec t r ica l interface to the Agena flight tes t vehicle is being verified 

by means of a combined e lec t r i ca l mockup tes t at LMSC. The SNAP lOAmockup 
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Figure 53. SNAP lOA Titanium Structure 
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Figure 54. SNAP lOA System Prefl ight Qualification Test-
Shock and Vibration 
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Figure 55. SNAP lOA System The rma l Pe r fo rmance Test 
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mated to an Agena mockup is shown in F igure 56. The SNAP lOA/Agena 

interface and the ins t rument compar tment a r e shown in F igure 57. The fab­

r icat ion of two fl ight-design sys tems for preflight qualification test ing has been 

recent ly completed. A photo of one of these units is shown in F igure 58. This 

specific unit will be tes ted with an e lec t r i ca l hea ter simulating the r eac to r . 

The second unit will be tes ted with a l ive r eac to r . 
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2-20-63 7561-5038 
F igu re 56. SNAP lOA System Elec t r ica l Simulator Compatibility 

Tes t with an Agena Mockup 
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7561-18122 
F igure 57 SNAP lOA fastrument Compar tment 
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F igure 58. SNAP lOA Prefl ight Qualification System 
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3. SNAP 2 

The objective of the SNAP 2 p r o g r a m is to develop, t e s t , and qualify a 3-kwe 

nuclear auxi l iary power unit for space uti l ization. The SNAP 2 concept is the 

resul t of a 1956 p re l imina ry study which evaluated the s t a t e -o f - the -a r t of 

reac to r and power conversion technology, as well as projected space vehicle 

and miss ion r equ i r emen t s . The following development objectives for SNAP 2 

have evolved: 

1) 3 kwe net output 

2) One year unattended automatic operat ion 

3) System weight: 1200 lb (unshielded) 

2 
4) Cycle neat reject ion a rea : 120 ft 

A sys tem schematic is shown in F igure 59. Energy is produced in the 
235 

nuclear r eac to r by the fissioning of U . A liquid meta l (NaK-78) heat t r a n s ­

fer fluid is c i rcula ted through the reac to r core and the m e r c u r y boi ler super ­

hea ter by a rotating permanent nnagnet pump. In the boi ler superhea ter the 

r eac to r heat is t r a n s f e r r e d from the p r i m a r y reac tor coolant to the m e r c u r y 

working fluid of the Rankine power conversion cycle . The r eac to r heat converts 

liquid m e r c u r y into superheated vapor which is expanded through a turbine . The 

result ing mechanical power output of the turbine is converted to e lec t r ica l power 

by the a l t e rna to r . The m e r c u r y vapor exhaust from the turbine is condensed in 

the r ad ia to r -condense r which is pa r t of the outer skin of the space vehicle. The 

m e r c u r y condensate i s re tu rned to the boi ler by a boi ler feedpump. 

All the power conversion sys tem rotating components a r e mounted on a 

single common shaft component which is called the combined rotating unit 

(CRU). Thus, the ent i re SNAP 2 power conversion sys tem has only one moving 

par t which is supported on liquid m e r c u r y lubr icated bea r ings . The ent i re 

assembly of rotating machinery is enclosed within a he rmet ic housing which 

prevents the loss of the m e r c u r y working fluid during the sys tem life. The CRU 

is shown schematical ly in F igure 60. The individual components of the rotating 

shaft include: (1) the rotating permanent magnet NaK (pump) whose operat ion is 

s imi la r to that of a conventional E-M pump with the exception that the moving 

magnetic field is provided by a rotating magnet; (2) the m e r c u r y turbine which 

is a two-s tage axial flow impulse machine; (3) the a l te rna tor which is a p e r m a n e n t 
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magnet machine with a sealed s ta tor and de l ivers 3.5 kw at 1800 cps; and 

(4) the m e r c u r y pump which is a conventional but minia ture centrifugal pump 

supplying p r e s s u r i z e d m e r c u r y to the boi ler and to the bea r ings . 

The m e r c u r y bo i l e r - supe rhea t e r i s a tube and shell , counterflow, once-

through boi ler with NaK in the shell and m e r c u r y in the tubes . The boi ler is in 

a coiled tube configuration which cancels fluid angular moments . 

The cycle reject ion heat i s radia ted to space by a combined rad ia to r -condense r 

which forms par t of the outer s t ruc tu ra l skin of the space vehicle. Mercury 

condensation takes place at 600°F and 6 ps ia w^ithin a number of snnal l -diameter 

pa ra l l e l tubes which a r e attached to a high the rma l conductivity skin which in 

turn rad ia tes the heat of condensation to space. The total a r ea n e c e s s a r y to 
2 

radia te 40 kw at 600° F is about 100 ft . A developmental radia tor -condenser 

is shown in F igure 61 . 

The f i rs t Combined Rotating Unit (CRU), F igure 62, for the power-convers ion 

package was successfully t es ted in September 1959. Similar power packages 

have accumulated in excess of 2500 hr of successful operat ion. 

The major sys tem components , the r eac to r heat source and the power-

convers ion package, have been demons t ra ted at the requ i red design point. The 

remaining development effort i s concentrat ing on sys tem integrat ion and vehicle 

configuration packaging. The SNAP 2 sys tem configuration is shown in 

F igure 63. 
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Figure 61. Developmental SNAP 2 Radiator Condenser 
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7550-2005 

Figure 62. SNAP 2 Combined Rotating Unit (1959) 
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PART IV 
APPLICATION 

1. VEHICLE INTEGRATION 

A nuclear auxil iary power unit (NAPUl offers many advantages for the longer 

lived satel l i te and space probe m i s s i o n s . SNAP 2 for example furnishes 3 kw of 

well regulated e lec t r i ca l power with a sys tem weight of approximately 1200 lb 

unshielded or about 1500 ib shielded (this is highly dependent on vehicle design 

as is show^n l a t e r ) . This cor responds to about 2 wa t t s / l b or , on an energy bas i s , 

some 20,000 w a t t - h r / l b . There is no sun-shadow t rans ien t and no orientat ion 

problem such as is assoc ia ted w^ith a so lar unit. Integrat ion of the nuclear APU 

into a vehicle is s t ra ightforward. 

The major problem presen ted to the des igner concerns the APU location 

with r e spec t to other components of the vehicle sys tem. There a r e many r a m i ­

fications to this choice of location that mus t be considered before an optimum 

design can be obtained. For example, the r eac to r - sh i e ld combination is the 

heavies t component in the NAPU and may vary from a min imum of 250 to 400 lb 

for an optimum vehicle a r r angemen t with a radiat ion r e s i s t an t payload; 500 to 

600 lb for an optimum vehicle with a conventional t r ans i s to r i zed payload; and 

1000 to 2000 lb for an inept vehicle-payload a r r angemen t . Vehicle design will 

be simplified in m o s t cases if this m a s s is located on the vehicle th rus t l ine , 

although in some instances other heavy components in a vehicle may be used as 

counterbalances . This r e s t r i c t ion -will normal ly prevent location of the r e a c t o r -

shield combination in the propulsion section of the vehicle since tanks , pumps, 

and th rus t chambers usually preclude center l ine locat ions. In genera l , a NAPU 

nose cone instal lat ion with a conical rad ia tor , a payload section which may be 

init ially nest led within the rad ia to r , and a propulsion section is optimum. 

Figure 64 shows the integrat ion of SNAP lOA with the Atlas-Agena. 

S t ruc tura l sca t t e r of nuclear radiat ion emitting from the reac to r can cause a 

high payload dose if shielding for the sca t te red radiat ion is not used. With the reac to r 

located in the vehicle nose and the nose cone skin jet t isoned, and with the payload ex­

tended back below the rad ia to r , an optimum sys tem r e s u l t s . The reac tor and shield 

a r e on the vehicle th rus t line and no s t ruc tu ra l sca t te r occurs since the ent i re vehicle-

payload complex is within the shadow of the shield. With a conventional t r ans i s to r i zed 

payloadof any p rac t i ca l volume, the shield weight will be 250 to 300 lb for SNAP 2 

125 



AGENA 

NOSE FAIRING 

ATLAS BOOSTER 
HEAT SHIELD 

ATLAS SUSTAINER 

Figure 64. SNAP IDA APU Integrat ion with Atlas-Agena 
7580-10455 



The SNAP 2 NAPU is about 1 3 ft long. NAPU access on the launch pad is 

good with the nose cone location but payload visual a cces s in orbit may be s a c r i ­

ficed unless the propulsion sys tem is jet t isoned. Placing the r eac to r - sh i e ld 

combination at the tip of the vehicle i nc r ea se s gravi tat ional res to r ing torques 

for satell i te applications bî c can pe r tu rb the vehicle flight stabili ty. Reentry 

burnup of the reac tor is m o r e easily obtained with the exposed nose location. 

It was indicated above that the payload to lerance affects the shield weight 

a great deal . It has been assumed that a conventional payload utilizing t r a n -
7 12 

s i s to r s can be subjected to 1 0 r of gammas and 10 nvt of fast neut rons . A 

payload especial ly designed for NAPU's could util ize hard vacuum tubes and 

radiation r e s i s t an t t r a n s i s t o r s in especial ly designed c i rcui t s which a r e to lerant 

of component dr i f t s . Such a payload could be expected to withstand g rea t e r than 
14 9 

10 nvt and 10^ r . 

Ex t remely radiat ion-sensi t ive payloads, i . e . , photographic filnra, should 

be equipped with individual shields so as to r a i s e their to le rances to the payload 

design value. 

Van Allen and cosmic radiation sources a r e usually no problem for unmanned 

sys t ems . Exceptions occur in the case of photographic film and a few other very 

sensit ive components . The year ly dose in the inner Van Allen belt (at about 

2000 miles) taking into account var ious geometr ic fac tors , fraction of t ime 
5 

spent in the maxinnum dose r a t e region, e t c . , is about 10 r . That in the outer 
belt (about 13,000 miles) is somewhat higher but also m o r e easily shielded. In 

either case , a grea t deal of attenuation can be obtained by use of the vehicle 

skin and other s t ruc ture m e m b e r s as shielding. 

The requ i rement s for manned applications depend heavily upon miss ion and 

upon the vehicle a r r angemen t . If the miss ion is to spend most of i t s t ime in the 

Van Allen bel ts , the crew compar tment will have to be well shielded and as a 

resul t the reac tor shielding need not be significantly different than for e lectronic 

mi s s ions . If Van Allen radiat ion is to be avoided, the crew connpartment shield 

will be quite light and other s teps mus t be taken to reduce reac to r shield. Nor ­

mally, a configuration would be used with the crew compar tment extended well 
_2 

to the r e a r of the NAPU. This not only provides the geometr ic r reduction in 

dose r a t e s but, m o r e important , reduces the cone angle that the shadow shield 

mus t cover . The design if optimized when the inc rementa l reduction in shield 
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weight is offset by the incrementa l i nc rease in te lescope extension m e m b e r s and 

power conductor weights . The sys tem shield weights for var ious SNAP units 

a r e shown in Table XV. 

TABLE XV 
MINIMUM SHIELD WEIGHTS 

(lb) 

SNAP lOA 

SNAP 2 

SNAP 8 

Core to 
Payload 

Separation 
(feet) 

6 

30 

13 

30 

20 

30 

Hard Elec t ron 
Tubes 

(10l6 nvt, 
l O l l r ) 

0 

0 

0 

0 

35 

0 

Special 
T r a n s i s t o r s 
and Diodes 
(10^3 nvt, 

10^ r) 

170 

70 

170 

130 

220 

190 

P r e s e n t 
Germanium 
Trans i s t o r 
(10 12 nvt, 

lO^r) 

250 

100 

250 

190 

320 

270 

Man 
(7.6 X 10^ 

nvt, 
2 .6r ) 

-

-

2140 

1640 

2300 

1900 

A m o r e genera l survey of shadow shielding requ i rement s is shown in 

F igure 65. 

If an establ ished vehicle is modified for a NAPU, it may be n e c e s s a r y to 

conceal the radia tor within the vehicle until orbit is reached, then ejecting the 

vehicle skin. If the NAPU is integrated into the vehicle design ear ly in the 

development, it would be poss ible to combine many of the functions of vehicle 

support, space radiat ion surface, and aerodynamic skin. A substantial weight 

reduction may be so gained. 

The SNAP 2 rad ia tor will operate at 600' 'F; therefore , it may be undes i r ­

able to have any payload components near by. In a configuration such as shown 

in F igure 63, a payload package may be c a r r i e d to orbi t nes t led within the 

radia tor and then extended to the r e a r p r io r to NAPU s ta r tup . This e l iminates 

t empera tu re in teract ions and significantly reduces shield weight and min imizes 

vehicle length at launch. 

Since a m o r e re l iable NAPU can be developed if it opera tes at constant 

e lec t r ica l load and since induced torques a r e minimized under this condition, 

it is usually des i rab le to provide a dummy load control which insures a constant 

load to NAPU. It is n e c e s s a r y that payload t r ans ien t s be considered in the design 

of the dummy load control although ser ious in teract ions a r e not l ikely. 
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In the case of an ear th satel l i te , the axis of the CRU will normal ly es tabl ish 

the pitch axis of the vehicle . It, therefore , may be n e c e s s a r y to have a very 

accura te alignment between the CRU and the vehicle . Allowable deviations in 

vehicle atti tude will be reflected as rpm to le rances on the CRU and as allowable 

torques resul t ing from other angular momenta in the vehicle . At low al t i tudes, 

it may be feasible to obtain att i tude control from na tura l r e s to r ing torques and 

an oscillation damper . At very high orbital a l t i tudes, a dynamic attitude control 

will probably be n e c e s s a r y . In that case , a joint vehic le-APU study mus t be 

made so as to establ ish optimum induced torque specif icat ions. 

Ground handling equipment and launch pad complex modifications for the 

nuclear APU a r e minor if orbi ta l s tar tup is uti l ized. Te leme t ry for the s tar tup 

must be supplied. Straight forward "go-no-go" checkout ins t rumentat ion will be 

avai lable. No nuclear checkout at the laiinch pad would neces sa r i l y be ant ic i ­

pated; this could be covered in the acceptance tes t p rocedure before del ivery. 

If a prelaunch nuclear s tar tup is des i red , the sys tem would be brought to 

power using a smal l 50-kw e lec t r ica l heater built into the p r i m a r y coolant loop. 

The power conversion equipment would be checked and the payload t r ans fe r r ed 

to the NAPU. The r eac to r would be checked at very low power and then, jus t 

before launch, taken to full pow^er as e lec t r i ca l heat is removed. If the nnission 

is scrubbed, the NAPU or the ent i re final stage (depending on the separat ion 

provisions) must be placed in a shielded s torage pit. A cleanup crew should 

also be available in case of a des t ruc t ive booster abor t . The SNAP tmit factory-

to-flight sequence is shown in Figure 66 . 

2. SAFETY 

In considering the use of a nuclear auxi l iary power systenn in space, the 

potential radiological haza rds assoc ia ted with i ts use mus t be evaluated. When 

anticipated by the appropr ia te design c r i t e r i a , handling p rocedures , and opera­

tional l imi ta t ions , it can be shown that these potential radiological haza rds do 

not prevent the use of nuclear power in space. Throughout the design and 

development of SNAP, safety has provided the bas i s for many design dec is ions . 

In o rder to satisfy the objective of maximum possible safety of the SNAP space 

r eac to r sys tems , a set of safety design c r i t e r i a for SNAP r e a c t o r s was formu­

lated. Compromises on the sys tem design a r e n e c e s s a r y in o rder to obtain a 
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suitable balance between the safety of the sys tem and the operat ional c h a r a c ­

t e r i s t i c s of rel iabi l i ty , simplicity, and weight. The safety design c r i t e r i a for 

the SNAP space reac to r sys tems a r e outlined below: 

Safety and Ease of Handling 

The r eac to r sys tem will be designed so that personnel can handle, 

instal l , and r epa i r the sys tem before launch with safety. 

Prevent ion of Accidental Cri t ica l i ty 

The r e a c t o r sys tem will be designed to prevent cr i t ica l i ty of the r eac to r 

under any condition except controlled operat ion. 

Inherent Shutdown 

The r eac to r sys tem will have inherent shutdown c ha ra c t e r i s t i c s ( i . e . , 

negative t e m p e r a t u r e coefficient and fai l-safe shutdown mechan i sms to 

prevent r eac to r operat ion before or after miss ion t ime pe r iods . 

Orbi ta l Startup 

Reactor sys tem full power operation need not begin until after a suitably 

safe orbi t has been es tabl ished. 

Orbital Shutdown 

After the miss ion has been completed and p r io r to r een t ry , the r eac to r 

may be shut down. 

Reentry Burnup 

Design of the r eac to r sys tem and components will enhance the probabil i ty 

of high altitude r een t ry burnup and d i spe r sa l of SNAP reac to r com­

ponents . 

The four major per iods of the operat ional sequence, the par t i cu la r safety 

p rob lems of each, and thei r evaluation and resolut ion a r e d i scussed . 

1. Shipment and Integration Per iod 

During the shipment and integrat ion of the Nuclear Auxil iary Power Unit 

into i ts payload and launch system, the possibi l i ty of accidental cr i t ica l i ty and 

an uncontrolled power excursion mus t be prevented. The SNAP 2 r eac to r is 

specifically designed to allow the renaoval of the r e a c t o r ' s beryl l ium ref lector 

and thus great ly i nc rease the safety marg in that mus t be overcome for accidental 

cr i t ica l i ty . During shipment and integrat ion the beryl l ium will be replaced with 
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a thick solid aluminum jacket such that accidental immers ion in water , liquid 

hydrogen, or ke rosene cannot cause cr i t ica l i ty . Likewise, the proximity of 

installat ion personnel will not cause accidental cr i t ica l i ty . During the shipment 

and integrat ion per iod the radioact ivi ty remaining in the core from the factory 

checkout operat ions will have decayed to a sufficiently low level that personnel 

working on or around the APU will be subjected to radiat ion levels below the 

AEC establ ished occupational dose ra te of 7.5 m r / h r . 

By supplementing these physical cons t ra in ts with carefully planned p r o ­

cedures and t ra ined personnel , the potential of accidental cr i t ica l i ty and p e r ­

sonnel injury during the shipment and integrat ion per iod can be even further 

reduced. 

2. Launch Pad Operat ions Per iod 

It is not expected to be n e c e s s a r y to operate the r eac to r at full power on 

the launch pad. The SNAP 2 APU is designed such that sys tem operation and 

per formance can be checked out with e lec t r ica l power supplying the heat in place 

of the r e a c t o r . If future requ i rements necess i t a t e complete nuclear operat ion 

on the launch pad, it can be accomplished. 

F igure 67 shows the dose r a t e as a function of dis tance from the operating 

SNAP 2 reac to r with a i r and inverse square dis tance attenuation and with 3 ft of 

concrete shielding. It can be seen from inspection of F igure 67 that the dose 

outside of normal chemical exclusion radius or inside a normal blockhouse ins ta l ­

lation is within the AEC occupational dose r a t e of 7.5 m r / h r . 

If the miss ion is "held" after 30 minutes of reac to r power operat ion on 

the launch pad, the dose as a function of distance and decay t ime is shown in 

F igure 68 . After a few hours of decay, short t ime access to the base of a typi­

cal booster is not prohibi t ive. If a cce s s to a payload section is n e c e s s a r y , a 

gantry mounted maintenance shield is requi red . A possible configuration is 

shown in F igure 69 . The 4-inch-thick lead maintenance shield is shown to r e ­

duce the dose at the payload region to about 100 m r / h r which allows seve ra l 

hours of payload acces s without excess ive exposure . 

If the miss ion is totally "scrubbed ," the APU can be removed to a shielded 

storage well by means of a remotely operated manipulator and gantry. 

In the case of a chemical accident after r eac to r operat ion or accompanied 

by an accidental power excurs ion, p re l imina ry analysis indicates only minor 
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hazards outside the no rma l exclusion rad ius . Deposition of radioactivi ty within 

the exclusion radius could lead to t e m p o r a r y evacuation, but the combination of 

decay time and emergency decontamination p rocedures can r e s t o r e the launch 

pad a r e a to usefulness . 

Again, even the wors t case of launch pad abort during reac to r power oper ­

ation can be handled if appropr ia te equipment and p rocedures a r e made avai lable. 

3. Launch- to-Orbi t Per iod 

The significant problem during the launch to orbit period is the possible 

chemical explosion accompanied by an uncontrolled r eac to r power excurs ion. 

Only during the ea r ly s tages of launch does the mis s i l e path pass over land. Fo r 

this period, the haza rds d iscuss ion for the launch pad period is applicable, which 

indicated only minor hazards outside the no rma l exclusion rad ius . After liftoff 

the d i spe r s a l and dilution factors for the alt i tudes associa ted with the mi s s i l e 

path over land will further d e c r e a s e these minor h a z a r d s . The remainder of 

the abort conditions for the latmch phase will exis t over an ocean region in non-

populated a r e a s and far from is lands or major c i t i e s . The potential hazards to 

the genera l populace from a personnel as w^ell as contamination standpoint i s 

negligible over a complete range of possible abort conditions. 

4. Reentry Per iod 

In the f i rs t th ree per iods considered, the haza rds a re at all t imes subject 

to control through site selection, meteorologica l l imitat ions, emergency p r o c e ­

dures , range safety, e tc . The unique problem associa ted with r eac to r r een t ry 

resu l t s from the unpredictable location of r een t ry and the fact that radiat ion 

is undetectable by an unaware populace. 

The objective of the SNAP development p r o g r a m is to design for fuel 

e lement high altitude burnup and d i s pe r s a l to resu l t from reen t ry heating. P r e ­

l iminary calculations supplemented by a r c - j e t exper iments indicate that this 

objective can be achieved. In o rder to evaluate the significance of contributing 

fission products to the e a r t h ' s a tmosphere through reen t ry burnup and d i spe r sa l 
90 of SNAP s y s t e m s , the resul tant buildup of Sr has been calculated. F igure 70 

shows that the r een t ry of one SNAP 2 sys tem each year after one year of ope ra -
90 tion will , after 60 y e a r s , resu l t in an equi l ibr ium Sr concentrat ion in the 

e a r t h ' s a tmosphere that is about 1/240 of the level then existing from bomb 
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test ing p r io r to I960. Or, in other words , SNAP 2 sys tems could be employed 

at the ra te of 240 per year for the next 60 y e a r s and only contribute an amount 
90 equal to the Sr level remaining then from the bomb testing p r io r to I960. 

Until complete r een t ry burnup and high altitude d i s p e r s a l have been 

demonst ra ted , there exis ts an immediate ly available solution to the hazards 

associa ted with the intact r een t ry of a SNAP sys tem. The problem can be 

solved by allowing sufficient t ime for radioactive decay such that intact r een t ry 

does not constitute a radiological hazard . This decay t ime is achieved by l imi t ­

ing the use of SNAP sys tems to orbi ta l al t i tudes which have the requis i te orbi ta l 

l ifetime for decay. This approach mus t be supplemented by orbi ta l s tar tup of 

the sys tem. This capabili ty, which is a SNAP development objective, allows a 

complete safety appra i sa l of the orbi t p r io r to sys tem s tar tup and fission prod­

uct generat ion. 

F igure 71 shows the re la t ionship between dose r a t e , t ime for 25 r total 

dose, decay t ime, and orbi ta l altitude as a function of dis tance froin an intact 

SNAP 2 r e a c t o r . It can be seen that orbi ta l l i fet imes beyond 300 ye a r s or about 

600 mi les for a typical large vehicle, lead to negligible dose r a t e s . Therefore , 

use of SNAP 2 in orbi ts of g rea t e r than 300 ye a r s duration coupled with orbi ta l 

s tar tup r e su l t s in no r een t ry radiological hazard . 

In conclusion, radiological hazards do not significantly l imit the use of 

nuclear power in space. The use of high altitude orbi ts and orbi ta l s tar tup 

el iminate the r een t ry hazard by allowing long decay t imes p r io r to reen t ry . 

Reentering sys tems with high altitude burnup and d i spe r sa l can be used 

in large numbers without appreciably contributing to the contamination of the 

e a r t h ' s surface or a tmosphere . The prelaunch and launch period haza rds can 

be controlled through operat ional p rocedures and appropr ia te facil i t ies and 

equipment. 
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