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ABSTRACT 

Manned space labora tor ies and stations a r e an integral pa r t of the National 

Space P r o g r a m and a r e cur rent ly in the planning phases within both NASA and 

the USAF. These labora tor ies and stations will r equ i re sizeable amoxonts of 

on-board e lec t r ic power to per form their l i fe-support , guidance and control , 

communicat ions, and operational functions. Nuclear power sys tems current ly 

under development in the USAEC s SNAP P r o g r a m offer many advantages as 

p r ime power sources for these l abora to r ies and s ta t ions , i. e., a high power-

to-weight ra t io , low radia tor a r e a s and therefore low drag and minimum 

propel lent inventory for station keeping in low ear th orbit (150 to 350 n -mi ) , 

no effect on power production during the sun-shade orbital t rans ient , no com­

plex sun orientat ion requi red during the sun port ion of the orbit , etc. 

The SNAP nuclear power system which appears to offer the mos t potential 

for these applications in the 5 kw to few hundred kw power range with l ifet imes 

g rea t e r than severa l weeks , is the z i rcon ium-hydr ide-uran ium thermal reac tor 

coupled through a NaK loop to a Mercury-R.^nkine Power Conversion System. 

This sys tem is current ly under development by the USAEC and could be qualified 

and ready for use during the 1970 to 1980 time period. P r e l i m i n a r y designs of 

this sys tem at 5, 10, 15, and 20 kwe power levels give unshielded sys tem 

weights (including one redundant power conversion system) of 1850, 2530, 3230, 

and 3940 lb, respect ively . Shielding for 90-day on-orbi t stay t ime in a 10-f t -diameter 

space station resu l t s in total plant weight for these power levels of 4310, 5040, 

5760, and 6470 lb. 

NAA-SR-9715 
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I. INTRODUCTION 

E a r t h o rb i t i ng r e s e a r c h l a b o r a t o r i e s and s t a t i o n s occupy a m a j o r r o l e in 

the N a t i o n a l Space P r o g r a m and a r e c u r r e n t l y in the final p lann ing s t a g e s in 

NASA and the U S A F . NASA is i n i t i a t i ng d e v e l o p m e n t w o r k on ex t ended Apo l lo , 

a 45 - to 120-day o r b i t i n g v e r s i o n of the L u n a r Apol lo S y s t e m , T h i s d e v e l o p ­

m e n t i s e x p e c t e d to l e a d to the Apol lo Orb i t i ng R e s e a r c h L a b o r a t o r y (AORL) 

with o r b i t a l l i fe t i m e s of 1 y r o r m o r e . O t h e r NASA s tudy p r o g r a m s inc lude 

the M a n n e d O r b i t i n g R e s e a r c h L a b o r a t o r y (MORL) , a 6 - m a n , 1 - to 5 - y e a r 

l i f e t i m e s y s t e m , and the L a r g e Orb i t i ng R e s e a r c h L a b o r a t o r y ( L O R L ) , a 3 0 - to 

4 0 - m a n s y s t e m . 

The USAF h a s i n i t i a t e d d e v e l o p m e n t on the M a n n e d O r b i t i n g L a b o r a t o r y 

(MOL) , a 2 - m a n , 3 0 - d a y c y l i n d r i c a l l a b o r a t o r y which i s be ing deve loped to d e ­

t e r m i n e the m i l i t a r y r o l e of m a n in s p a c e . 

E a c h of the fo rego ing l a b o r a t o r i e s and s t a t i o n s r e q u i r e s s ign i f i can t a m o u n t s 

(3 to 50 kw^e) of r e l i a b l e , long d u r a t i o n e l e c t r i c a l pow^er for life s u p p o r t , e n ­

v i r o n m e n t a l c o n t r o l , c o m m u n i c a t i o n s , s t a t i on c o n t r o l , and o p e r a t i o n a l func t ions . 

A s m i s s i o n l i f e t i m e s e x c e e d s e v e r a l w e e k s in d u r a t i o n , n u c l e a r p o w e r s y s t e m s 

b e c o m e a d v a n t a g e o u s a s p r i m e po-wer s o u r c e s . T h i s r e p o r t d i s c u s s e s in de t a i l 

the s ign i f i can t d e s i g n and o p e r a t i o n a l f e a t u r e s of an a t t r a c t i v e n u c l e a r s y s t e m 

in the 5 to s e v e r a l h u n d r e d kwe r a n g e , the z i r c o n i u m h y d r i d e r e a c t o r — M e r c u r y 

Rank ine P o w e r C o n v e r s i o n S y s t e m . Th i s s y s t e m i s d e s i g n a t e d in t h i s r e p o r t 

a s N u c l e a r P o w e r P l a n t — M e r c u r y Rank ine ( N P P - M R ) . 

M a j o r e m p h a s i s i s p l a c e d on p l a n t s in the 5 - to 2 0 - k w e r a n g e , but s o m e 

a t t e n t i o n is devo ted to s y s t e m s capab le of h i g h e r pow^er l e v e l s . M a i n e l e m e n t s 

of the o v e r a l l s y s t e m a r e : (1) r e a l t o r s u b s y s t e m and b i o l o g i c a l sh i e ld ing ; (2) 

p r i m a r y s u b s y s t e m coo lan t (NaK) loop; (3) p o w e r c o n v e r s i o n s u b s y s t e m (PCS) ; 

(4) r a d i a t o r / c o n d e n s e r (RC) , which a l s o a c t s a s the m a i n s t r u c t u r a l m e m b e r of 

the p lan t ; and (5) e l e c t r i c a l and c o n t r o l e q u i p m e n t . An a r t i s t ' s concep t of an 

N P P - M R p o w e r e d s t a t i o n in s p a c e fl ight is shown in F i g u r e 1. The g e n e r a l 

p r o c e s s i s s c h e m a t i c a l l y p i c t u r e d in F i g u r e 2 wi th only a s ing le m o d u l e in the 

P C S sho-wn. A bui ld ing b lock a p p r o a c h i s adop ted for the 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 b a s e d on u s i n g an a s s e m b l y of 3 - to 5 -kwe m o d u l e s to fu rn i sh the t o t a l 

p o w e r l e v e l . 

N A A - S R - 9 7 1 5 
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The technology for these 3-kwe modules is in a state of advanced develop­

ment as a resu l t of extensive engineering, design, and tes t act ivi t ies conducted 

during the past 7 yr on the AEC SNAP 2 p r o g r a m . The neces sa ry per formance 

cha rac t e r i s t i c s of all bas ic components have been demonst ra ted , and each unit 

has ei ther completed, or is at some advanced stage of endurance tes t ing. 

Startup and re l iable l ong - t e rm operat ion of the r eac to r and the 3-kw^e rotating 

machinery has been achieved. Tes t s , including s imulated orbi tal s ta r tups , of 

in tegrated (single module) sys tems a r e w^ell underw^ay and verify performance 

pred ic t ions . Along with the benefits of ea r ly availabil i ty, the modular approach 

offers rel iabi l i ty (achieved in pa r t from the use of spare or standby modules) , 

re la t ive economy, and flexibility w^hich extends the pe rmis s ib l e lead t ime in a 

pa r t i cu la r space station p r o g r a m before final e lec t r i ca l r equ i rements must be 

fixed. 

While the need for such operat ions is not anticipated, NPP-MR sys tems 

a r e designed to be capable of being shut down and then r e s t a r t ed a number of 

t imes in orbi t . Also, the engineering and testing c a r r i e d out in support of a 

planned flight w^ith an At las-Agena boos ter has demons t ra ted the ability to mee t 

s t ruc tu ra l space vehicle interface r equ i r emen t s . 

The ma te r i a l d i scussed in subsequent sect ions is l i s ted in the o rder of i ts 

t r ea tmen t in the text. The ma te r i a l is intended to: 

1) Summar ize the genera l considerat ions per t inent to all design aspects 

of NPP-MR sys tems for space station applications; 

2) Provide extensive p a r a m e t r i c information which may be used by d e ­

s igners in developing rea l i s t i c p re l iminary es t imates of NPP-MR 

cha rac t e r i s t i c s for space stations of var ious s izes and configurations, 

w îth emphasis on the 5 - to 20-kwe range; 

3) Provide in some detail p re l imina ry designs of 5 - , 10-, 15-, and 

20-kw^e plants for use with a 10-ft d iameter cyl indrical space station; 

4) P r e s e n t briefly the cha rac t e r i s t i c s es t imated for NPP-MR sys tems 

of s izes up to 300 kwe; 

5) Review in some detail the cur ren t advanced state of technology of 

such s y s t e m s . 

*SNAP 2 was the designation of the flight tes t p r o g r a m for the r eac to r powered 
3-kwe sys tem with m e r c u r y Rankine power conversion. The cur ren t technology 
p r o g r a m has been renamed the Mercury Rankine P r o g r a m . 

NAA-SR-9715 
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II. GENERAL CHARACTERISTICS OF NUCLEAR-MERCURY RANKINE SYSTEMS 

This section contains brief d iscuss ions of genera l design and operat ional 

cha rac t e r i s t i c s of r e a c t o r - m e r c u r y Rankine power sys tems for space appl ica­

tion. Special attention is given to power plant-payload interface c h a r a c t e r i s t i c s . 

In P a r t IV, the features of a pa r t i cu la r sys tem design a r e deal with in detai l . 

A. GENERAL DESCRIPTION 

The p r i m a r y element of the power plant is the r eac to r . Nuclear and m a t ­

e r i a l s considerat ions indicate that the most suitable r eac to r s for the energy 

levels of in te res t , i .e . , 5 kwe to s eve ra l hundred kwe, should operate in the 

t h e r m a l - e p i t h e r m a l neutron energy spec t rum and should be hydride modera ted . 

The resul t ing reac to r is of smal l size and light weight SNAP 2/10A and 8 
1 2 r eac to r s a r e in this category and a r e very s imi la r in design. ' The r eac to r 

core cons is t s of a number of homogeneous u ran ium-z i rcon ium-hydr ide fuel-

modera tor rods . The high content of hydrogen in the fuel r e su l t s in a smal l , 

compact co re . The SNAP 2/lOA reac to r envelope is about 20.8 in. in d iamete r 

by 15.5 in. high; SNAP 8 is slightly l a r g e r . Heat removed from the core by 

low p r e s s u r e (15 psi) NaK coolant is used (in Rankine sys tems) in vaporizing 

Hg in the boi ler . The smal l s ize and resul tant high-neutron leakage of the 

reac tor core pe rmi t s effective reac to r control by means of movable d rums in 

the bery l l ium ref lector . This external reflector control feature p r e s e r v e s the 

compactness of the reac tor and re su l t s in a mechanical ly simple and re l iable 

control sys tem. 

A number of interdependent factors play ro les in determining the specific 

power capabil i t ies of SNAP type r e a c t o r s . Reactor stabili ty, operating t e m ­

p e r a t u r e s , fuel life, and available react ivi ty control a r e but a few. The S2/10A 

and S8 r e a c t o r s a r e capable of meeting the power demands which a re expected 

to develop for space stat ions in the near future. 

The Hg Rankine power cycle offers the advantage of high thermodynamic 

efficiency and exhibits the smal les t a r e a requ i rements per unit power output of 

*With control d rums full out the envelope d iamete r is 23.1 in. 

NAA-SR-9715 
11 



any conventional power plant thermodynamic cycle . It is for these reasons that 

Rankine cycles have h is tor ica l ly been chosen for high per formance nuclear and 

solar power sys t ems . The essent ia l i tems of equipment for such a sys tem 

a re the boi le r , r ad ia to r -condense r (RC), turbine , a l t e rna tor , and m e r c u r y 

pump, as indicated in F igure 2. Liquid m e r c u r y is supplied by the pump to the 

boiler where it is vaporized. Additional heat is added to superheat the vapor 

thereby minimizing the possibi l i ty of turbine blade erosion due to liquid 

ca r ryove r . The superheated vapor expands adiabatically through the turbine 

to a low p r e s s u r e , with that turbine extracting energy from the flo-wing vapor 

s t r eam. The energy is then converted to e lec t r i ca l power by nneans of an 

a l t e rna to r . Mercury exhausting f rom the turbine is condensed and subcooled 

in the RC after which it flows to the pump suction, thus completing the cycle. 

In the NPP-MR sys tem the turbine , pump, and a l te rna tor constitute a single 

unit called the Combined Rotating Unit (CRU.) The p resen t CRU is suitable 

for 3 kwe se rv ice , and has been operated as high as 5 kwe. 

B. PLANT RELIABILITY AND LIFE 

For manned space stat ions, rel iabi l i ty is a p r ime considerat ion. There a r e 

well accepted methods for predict ion of power sys tem rel iabi l i ty based on the indi­

vidual re l iabi l i t ies of the sys tem e lements . Humanpresence in the space craft will 

effectively i nc rease sys tem rel iabi l i ty , since to some degree tes t ing, maintenance, 

r epa i r , and rep lacement of ce r ta in pa r t s (par t icular ly e lec t r i ca l and control com­

ponents) will be poss ib le . Design objectives and component allocations for r e l i a ­

bility of a nuclear space power plant a r e predicted on achieving an overal l sys tem 

rel iabi l i ty of 0.95 - 0.99, which seems to be in the range of manned space s t a ­

tion r equ i r emen t s . The demonstra t ion of re l iabi l i t ies in this range at a r ea son ­

able confidence level for a pa r t i cu la r sys tem, however, is very expensive since 

numerous repl icat ions a r e requi red . This is i l lus t ra ted in F igure 3 for the 

case of a 15-kwe sys tem consist ing of th ree 5-kwe modules and one standby 

unit. 

In o rde r to achieve high rel iabi l i ty at an ear ly date, it is des i rab le to adopt 

a modular approach to build up high powered sys tems using SNAP c o m ­

ponents a l ready developed. Also, g r ea t e r rel iabil i ty can be achieved ear ly 

through the use of inc reased design marg ins , quality control , nnaintainability, 

and inc reased redundancy in sys tem components . An example of improving 

rel iabi l i ty through using la rge design marg ins is the provision of a 

NAA-SR-9715 
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4 (T s t r e s s marg in against s t ruc tu ra l failure due to all c r i t ica l loads and ope r ­

ating conditions. Another i l lus t ra t ion is the p rac t i ce , in sizing R/C a r e a , of 

providing a 3 o- overal l heat t r ans fe r marg in based on specified to le rances in 

flow regulat ion, m a t e r i a l p r o p e r t i e s , e tc . 

Use of multiple PCS modules provides redundancy which will allow continued 

operation at l e ss than ra ted power in the event of failure in a nnodule. The use 

of one or more standby units in excess of those needed for the design power 

level can considerably inc rease the rel iabi l i ty of providing full power during 

the miss ion , while increas ing total plant weight by a smal l percentage . These 

and other design cha rac t e r i s t i c s of multiple sys tems a r e d iscussed in more 

detail in P a r t IV. 

The effectiveness of the redundant loop approach in increasing sys tem 

re l iabi l i t ies is i l lus t ra ted in F igure 4a. The curves a r e based on 5-kwe 

module power rat ing and tentative NPP-MR potential re l iabi l i ty objectives 

shown in Table 1. Information relat ive to the development of these curves is 

given in Appendix B. Fo r a given rel iabi l i ty of each 5-kwe PCS nnodule, the 

rel iabi l i ty requi red of the r eac to r and p r i m a r y loop to achieve overal l r e l i ­

ability of 0.98 is shown in F igure 4b, assuming one redundant PCU in each 

sys tem and the NPP-MR rel iabi l i ty objectives. The minimum design objectives 

for major pa r t s of the systenn a re summar ized in Table 1. These values r e p r e ­

sent reasonable goals which probably can be rea l ized during the normal course 

of development ac t iv i t ies . 

An important factor in power plant re l iabi l i ty is the r eac to r . The tentative 

SNAP 2 r eac to r - con t ro l near t e r m design rel iabi l i ty objective is 0.977. Signif­

icant s t r ides have been made toward demonstra t ing the rel iabi l i ty of the r eac to r 

and its control systenn, as d i scussed in VI. P r o g r a m s a r e underway to further 

inc rease SNAP 2/lOA and 8 r eac to r re l iabi l i t ies by providing general ly g r e a t e r 

design margins and total or par t i a l redundancies in itenns such as s tar tup p r o ­

g r a m m e r , s ta r tup and control d r u m re lease and d r ive s , t empera tu re s e n s o r -

switches , cont ro l le r , and safety c i r cu i t s . Excess react ivi ty available over the 

r eac to r design life p rovides , in effect, a redundancy or surplus of fuel e lements 

in that some may fail without resul t ing in unacceptable loss of react ivi ty . A 

s imi la r rel iabi l i ty picture exis ts for the control d rum sys tem. Manual ove r ­

ride and switching provis ions add further rel iabi l i ty . Still further i nc reases in 
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design rel iabi l i ty may be obtained using redundant r e a c t o r s . Design layouts of 

dual SNAP 8 units have been made, and the weight penalty was found to be 

about 2,000 lb. Final ly , the use of passive reac to r control for l ong - t e rm oper ­

ation will further improve rel iabi l i ty . 

TABLE 1 

NPP-MR RELIABILITY OBJECTIVES 

R e a c t o r - s h i e l d 
and p r i m a r y 
s u b s y s t e m 

P o w e r c o n v e r ­
s ion s y s t e m 

S t r u c t u r e r a d i a ­
t o r c o n d e n s e r 
a s s e m b l y 

S t a r t u p c o n t r o l 

S t e a d y - s t a t e 
c o n t r o l 

To ta l s y s t e m 

To ta l s y s t e m 
wi th r e d u n ­
dant s t a r t u p 
and s t e a d y -
s t a t e c o n t r o l s 

E a r l y P r o g r a m Objec t ive 

S t a r t u p 

0.9901 

0.9748 

0,9968 

0.9789 

0.943 

9 0 - D a y 
E n d u r a n c e 

0.9936 

0.9819 

0.9982 

0.9894 

0.964 

1-Year 
E n d u r a n c e 

0.9744 

0.9789 

0.9928 

0.9579 

0.861 

E s t i m a t e d P o t e n t i a l R e l i a b i l i t y 

S t a r t u p 

0.9999 

0.9995 

0.9999 

0.9995 

0.9989 

0.9994 

9 0 - D a y 
E n d u r a n c e 

0.9992 

0.9965 

0.9996 

0.9931 

0.9984 

0.9952 

1-Year 
E n d u r a n c e 

0.9966 

0.98 58 

0.9983 

0.9724 

0.9536 

0.9799 

Recent studies indicate this control mode is effective and does not cause 

excess ive swings in operating t empe ra tu r e s and other c h a r a c t e r i s t i c s . 

The factor that controls power plant life is the r eac to r , assuming that adequate 

shielding against meteoroid puncture is provided. (There is some weight penalty 

involved in e stablishing very high probabili ty that meteoroid puncture failure will 

not occur) . Useful r eac to r life depends on a numbe r of features including react ivi ty 

c h a r a c t e r i s t i c s , fuel tennperature , fuel rod integri ty, and power level . With 
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the present SNAP 2/lOA design, the life l imitation is due to react ivi ty . Con­

siderable extension of reac to r longevity could be derived from changes in such 

var iables as the control schenne (prepoisoning distr ibution) and fuel rod s ize . 

However, with the present r eac to r , a one to two year design life is reasonable 

for al l power levels of in te res t for both SNAP 2/lOA and SNAP 8 co re s . Some 

power plant concepts suitable for long miss ions (> one year) incorporate 

reusable i-adiation shields . Eliminating the need to replace the connparatively 

heavy shield each t ime the power plant is replaced can allow a worthwhile r e ­

duction in logist ics support cos t s . (Reusable shields will however incur an 

initial launch weight penalty. ) F o r the power plants d iscussed in this r epo r t , 

shield l ives in the range 5 to 1 0 yea r s may be expected. 

C. SAFETY 

The nuclear safety aspec ts nnay be divided into severa l chronological phases : 

(1) t ranspor ta t ion , ground handling, and launch; (2) r eac to r s ta r tup; (3) s teady-

state operat ions; (4) r eac to r shutdown; and (5) d isposal . These phases a re d i s ­

cussed in o rde r below. 

Nuclear safety problenns during t ranspor ta t ion , ground handling, and launch 

will be nninimal. The requi rement linniting nuclear operat ion (at ve ry low power) 

pr ior to shipment resu l t s in an a lmost insignificant fission product inventory and 

associa ted radiat ion levels . During t ranspor ta t ion and ground handling, mechan­

ical control d r u m inter locks coupled with special ly designed react ivi ty protect ive 

devices and shipping containers will prevent the occur rence of accidental r eac to r 

cr i t ical i ty . During final countdown and preorb i ta l flight, precaut ions ordinar i ly 

taken for range and flight safety will be adequate for public protect ion and (along 

with design safeguards) for operat ions personnel . Tes ts have shown that r eac to r 

cr i t ica l i ty due to forced d rum inser t ion fronn land innpact (launch pad accident) 

of the unit is not credible . However, if the package impacted in water or other 

hydrogeneous fluids during a launch abor t , and was i m m e r s e d sufficiently, the 

r eac to r would most likely undergo a se l f - terminat ing power excurs ion. The 

maximum energy r e l ease fronn such an excurs ion would be ~70 Mws. Di rec t , 

pronnpt, radiat ion exposure of personnel from such an incident would be negl i ­

gible because of the normal exclusion distance requi red . The c losest possible 

operat ions personnel would be a distance of approxinnately 1400 ft from the 

launch pad. They would normal ly be housed in an operations building with a 
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self-contained ventilation sys tem and walls 1 ft thick or m o r e . If these 

personnel were outside the building and di rect ly downwind of the r eac to r , they 

could receive a maximum of 2 r e m fronn external cloud dose, and the total 

potential thyroid exposure due to inhalation would be 19 r em. These doses a r e 

not excess ive . The corresponding unattenuated external and inhalation doses at 

a range of 10,000 ft a r e 0,2 and 0.9 r e m , respect ive ly . Launch abor ts leading 

to downrange ocean impacts could also resu l t in s imi la r nuclear excurs ions , 

but the genera l absence of population would preclude significant haza rds . 

Both mechanical and e lec t r i ca l inter locks will r e s t r i c t control d rum rotation 

during launch until orbi t a t ta inment , at which time the normal r eac to r s tar tup 

would be initiated under the cognizance of the station opera tor . Control d rum 

lockout pins will be explosively removed as par t of the s tar tup sequence. Startup 

of the r eac to r will be done with all d rums actuated simultaneously. This se rves 

to minimize shielding requ i rements and provides redundance. The sys tem is 

designed to allow manual over r ide of the control d rums at any t ime. The e l e c ­

t r i ca l control ler gear will des i rab ly be located in the manned connpartnnent, so 

that it may be eas i ly replaced and maintained without systenn shutdown. 

Redundant t empera tu re ins t ruments and controls a r e provided for r eac to r 

control (see Section IV-B). Ei ther of these ins t ruments may be selected by the 

station opera tor to provide the d r u m "in" or "out" signals sent to the independ­

ently powered con t ro l l e r s . The high level of redundancy in this control sys tem 

should prevent any power or t empera tu re overshoot . If such an unlikely event 

should occur , the information and a l te rna t ives provided the opera tor via a 

single control console, combined with the re la t ively long t ime (several nninutes) 

available for cor rec t ive action to be init iated, would prevent the occur rence of 

any miss ion damaging r eac to r excurs ion. 

Radiation shielding must be provided for protect ion of the as t ronauts during 

the nnission. No pe rmis sab le radiat ion dose for manned space flight has been 

fornnally establ ished by any governnnent agency; however, biological to lerance 

l imits to radiat ion exposure have been fairly well defined. Whether or not a 

space station employs a nuclear power plant, a radiat ion problem exis ts because 

of the environmental rad ia t ionbe l t s p resen t in the space environment. It is expected 

that for space stat ions with NPP-MR, optinnum (with regard to weight) shielding 

against space and reac to r radiat ion will r esu l t in the as t ronauts receiving a 
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m u c h h i g h e r r a d i a t i o n d o s e f r o m the e n v i r o n m e n t t han f r o m the r e a c t o r . D i s ­

c u s s i o n s of the b i o l o g i c a l e f fec t s of r a d i a t i o n and the s p a c e e n v i r o n m e n t a r e 

p r e s e n t e d in Append ix C. The a c t u a l d e s i g n of r a d i a t i o n sh i e ld ing i s d i s c u s s e d 

in Sec t ion III of t h i s r e p o r t . 

Af ter the useful life of the n u c l e a r p lan t i s o v e r , the p o w e r p a c k a g e could 

be s e p a r a t e d f r o m the m a n n e d s p a c e c ra f t by cold g a s j e t s and d i s p o s e d of by 

in jec t ing in to a m u c h l o n g e r life o r b i t . A new p o w e r s y s t e m would t h e n be i n ­

s t a l l e d in i t s p l a c e . U l t i m a t e r e a c t o r shu tdown can be a s s u r e d by m a n u a l l y 

c o n t r o l l e d r e f l e c t o r e j e c t i o n . D i s p o s a l and s u b s e q u e n t d e c a y of the spen t p o w e r 

p lan t p o s e s the g r e a t e s t p o t e n t i a l s a fe ty p r o b l e m . It i s p o s s i b l e to t r a n s f e r the 

spen t p lan t to a l o n g - l i v e d o r b i t to a l low r a d i o a c t i v e d e c a y of f i s s i o n p r o d u c t s . 

The p lan t m i g h t r e e n t e r the a t m o s p h e r e a f t e r a s h o r t e r t i m e e i t h e r due to 

ma l func t ion o r a s p a r t of the d i s p o s a l p l an . With e m p l o y m e n t of one o r m o r e 

of s e v e r a l p o s s i b l e p o s i t i v e m e a n s of c o r e d i s a s s e m b l y - f u e l e l e m e n t r e l e a s e , 

fuel e l e m e n t b u r n u p i s f a i r l y c e r t a i n . E v e n wi thout a s s u r e d b u r n u p , the h a z a r d 

i s not s ign i f i can t a s i n d i c a t e d in F i g u r e 5. T h e s e c u r v e s a r e b a s e d on the v e r y 

c o n s e r v a t i v e a s s u m p t i o n t h a t the r e a c t o r i s d i s a s s e m b l e d but not b u r n e d up 

du r ing r e e n t r y , and tha t the d o s e i s due to the e x p o s u r e of a m a n to a w^hole 

fuel e l e m e n t at a d i s t a n c e of 1 ft for one h o u r . The u l t i m a t e r e a c t o r shutdown 

and d i s p o s a l m e t h o d wi l l awa i t m o r e d e t a i l e d A e r o s p a c e n u c l e a r safe ty s t u d i e s 

eva lua t i on of spec i f ic s p a c e s t a t i on o p e r a t i o n s . 

D. M E C H A N I C A L CHARACTERISTICS 

The p o w e r p lan t p a c k a g e m u s t be d e s i g n e d to w i t h s t a n d a v a r i e t y of load 

cond i t ions and fall wi th in c e r t a i n s t r u c t u r a l and s t a b i l i t y c o n s t r a i n t s when 

i n t e g r a t e d with the v e h i c l e . The r e a c t o r i s n o r m a l l y pos i t i oned in the s y s t e m 

in such a f a sh ion tha t r a d i a t i o n wi l l not be s c a t t e r e d f r o m o t h e r p a r t s b a c k into 

the s p a c e s t a t i o n . T h i s n o r m a l l y p l a c e s the r e a c t o r a t the fa r end of the p o w e r 

p a c k a g e f r o m the s t a t i o n ( see F i g u r e 1). Con t iguous to the r e a c t o r is the s h i e l d , 

and the r e m a i n d e r of the s y s t e m t h e n l i e s b e t w e e n the sh i e ld and the m a n n e d 

c r a f t . SNAP 2 fl ight s y s t e m e n g i n e e r i n g e x p e r i e n c e i n d i c a t e s N P P - M R ' s a r e 

capab le of m e e t i n g a l l e x p e c t e d m e c h a n i c a l i n t e r f a c e r e q u i r e m e n t s and 

s t r u c t u r a l and s t a b i l i t y c o n s t r a i n t s . 
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The sequence of events from launching through long- t e rm operation in orbit 

r e su l t s in a var ie ty of design environments for the power plant. The s t ruc tu ra l 

loads encountered during the ea r ly phase of flight include lift off shock, v ib ra ­

tion, and acoust ica l noise . In the next flight phase wind loadings occur , giving 

r i se to an angle of attack combined with high dynamic p r e s s u r e —these resul t 

in comparat ively high bending loads in the power plant s t ruc tu re . After conn-

pletion of this flight phase , maximum acce le ra t ion is reached and t empera tu re s 

of the s t ruc ture r i s e due to aerodynamic heating. In studies of SNAP 2 launch­

ing of Atlas-Agena vehicle , it was found that maxinnum t empera tu r e s reach 

about 810°F for the case of an aluminum steel RC, and 680°F for a honeycomb 

RC. Radial differences in t e m p e r a t u r e s a c r o s s the RC s t ruc ture reach a nnax-

innum of about 300°F and 260°F for the honeycomb and aluminum steel units , 

respect ively . 

The s t ruc tu ra l integri ty of the SNAP 2 flight sys tem has been shown by 

component and systenn t es t s covering the envelope of environmental conditions 

represen ted by the combinations of loads previously mentioned. As d iscussed 

in subsequent sect ions of this r epo r t , the power package heights and d i ame te r s 

for manned stations will exceed those of the flight systenn. However, studies 

have indicated that the external loading and heating conditions outlined in the 

preceding text should be l ess severe with a Titan III vehicle than with the 

Atlas-Agena, and all p resent components and the overal l sys t em a r e capable 

of withstanding this environment. 

After orbit has been es tabl ished, sys tem s tar tup will begin and the r e l a ­

tively slow ra t e s of t empera tu re inc rease in different par t s of the sys tem will 

preclude adverse the rma l s t r e s s e s . During s teady-s ta te opera t ions , some 

components will exper ience cyclic t empera tu re swings of as nnuch as 50 to 60°F 

if the station is t ravel ing in a sun-shade orbit . It is easy to design these conn-

ponents with a safe nnargin against the rmal fatigue. Also, there will be smal l 

vibrat ion-induced loads due to expected CRU rotor imbalances (approximately 

600 cps) . However, these induced loads a r e smal l and nnay be isolated to avoid 

design prob lems . 

The influence of powerplant angular momenta and torques on overal l space 

station stability should be very smal l . The spinning axis angular nnonnentum of 

any spinning stations will be so large that any effects due to the powerplant on 
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station stabili ty will be negligible. Fo r any iner t ia l ly oriented space station, 

the penalty in stabil ization sys tem weight n e c e s s a r y to compensate for power 

plant effects would not exceed 100 lb, assuming the design of station and plant 

was done in para l le l . Even comparat ively smal l , z e r o - g , ea r th -cen te red 

stations should presen t no significant problem. NPP-MR torques and angular 

momenta may be constrained within allowable values by steps such as balancing 

multiple CRU's against one another , designing fluid flow paths in such a way as 

to have cancellat ion of angular momentum, and balancing magnetic torques of 

t he rmoe lec t r i c pump nnagnets against one another . These design techniques 

have been explored and found feasible. 

As represen ta t ive va lues , the pr incipal s teady-s ta te angular momenta and 

torque for the SNAP 2 flight sys tem (one CRU) a r e l isted in Table 2. 

TABLE 2 

FLIGHT SYSTEM ANGULAR MOMENTA AND TORCUES 

A n g u l a r m o m e n t u m on 3 a x e s due to 
CRU and Hg and NaK flow ( f t - l b - s e c ) 

M a x i m u m ( p e r i o d i c ) t o r q u e s due to 
s y s t e m m a g n e t i c m a t e r i a l s in e a r t h 
f ie ld (600 n . m i . p o l a r o rb i t ) ( f t - lb) 

T o r q u e s f r o m CRU and fluid s y s t e m s 
s t a r t u p (f t - lb) 

A x i s 

Yaw*(X) 

0.02 

40 X 10"^ 

-4 1 X 10 

Pi tch**(Y) 

0.07 

-4 
2 x 1 0 

0.4 

Rol l (Z) 

0.01 

80 X lO"* 

-4 
2 X 10 

*Longitudinal, vehicle center l ine ax is . 
**CRU ax i s . 

Impulse torques from slight acce lera t ion and decelera t ion of the CRU with 

load changes give ~0 .02 f t / l b - sec x kwe (step load change). The wors t case for 

the flight systenn was a 3 kwe step load change giving ~ 0.06 f t / l b - sec . F o r 

purposes of es t imat ing the magnetic torque for conditions other than those in 

the table , the flight sys t em could be regarded as being made up of two dipole 

nnoments. The f i rs t (pernnanent magnet) having a monnent of 1100 ampere 

m e t e r s along the l a t e ra l axis of the unit, and the second (permeable mate r ia l ) 
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given by M 60 x 10 B ( a m p e r e m e t e r s ) w h e r e B i s the e x t e r n a l f ield a long 

the long i tud ina l a x i s . The r e s u l t i n g ne t t o r q u e (T) would be g iven by : 

> > > 
T = M X B . . . . (1) 

E . T H E R M A L CHARACTERISTICS 

T h e r m a l c o n s i d e r a t i o n s p lay a m a j o r r o l e in s e t t i ng n u c l e a r p o w e r p lan t 

d e s i g n for s p a c e a p p l i c a t i o n s . The w a s t e h e a t in the p o w e r cyc le nnust be r e ­

j e c t e d by r a d i a t i o n to s p a c e . T h i s p r o c e s s m u s t o c c u r a t r e l a t i v e l y h igh t e m ­

p e r a t u r e s in o r d e r to have r e a s o n a b l e r a d i a t o r a r e a s and w e i g h t s . F r o n n t h i s 

r e q u i r e m e n t for a h igh t e m p e r a t u r e r e j e c t i o n of h e a t fol lows the need for 

connpa ra t i ve ly h igh t e m p e r a t u r e s of r e a c t o r o p e r a t i o n . M a t e r i a l s and r e l i a ­

b i l i ty c o n s i d e r a t i o n s i nd i ca t e the maxinnunn (NaK) coo lan t t e m p e r a t u r e should 

fal l in the r a n g e 1200 to 1300°F, wi th the l o w e r va lue p r e f e r r e d . In e a r t h 

o r b i t , the p lan t r e c e i v e s d i r e c t r a d i a t i o n f r o m the sun , r e f l e c t e d s o l a r r a d i a ­

t ion fronn the e a r t h , and t h e r m a l r a d i a t i o n f r o m the e a r t h . The effect ive 

e q u i l i b r i u m r a d i a t i o n - s i n k t e m p e r a t u r e d e p e n d s upon the o r b i t a l pa th and the 

p r o p e r t i e s of the r a d i a t i n g s u r f a c e ; it g e n e r a l l y fa l l s in the r a n g e -200 to 0°Fo 

The N P P - M R is d e s i g n e d to o p e r a t e with a wide r a n g e of s ink t e m p e r a t u r e s 

and with no p r e f e r e n t i a l o r i e n t a t i o n . 

An a r e a r e l a t e d to t he rnna l p e r f o r m a n c e i s the inf luence of r o t a t i n g s t a t i on 

" g " ef fects on s y s t e m c h a r a c t e r i s t i c s . T h e s e ef fec ts a r e d i s c u s s e d b r i e f l y in 

Appendix D. Al though the p r e s e n c e of a " g " f ield is not r e q u i r e d for N P P - M R 

o p e r a t i o n , when it e x i s t s it can be used to a d v a n t a g e . 

B e c a u s e of the h igh t e m p e r a t u r e of the RC s h e l l i n t e r n a l v o l u m e ( i . e . , t he P C S 

r e g i o n ) , s p e c i a l m e a s u r e s a r e r e q u i r e d to r e d u c e the flow of h e a t to the p a y -

load . Unde r the SNAP 2 fl ight p r o g r a m , a t he rnna l b a r r i e r w a s deve loped 

which s e g r e g a t e d the i n s t r u m e n t c o m p a r t m e n t (at the b a s e of the p lan t ) f r o m 

the b a l a n c e of the s y s t e m . The b a r r i e r a l l owed only 100 w a t t s to be t r a n s f e r r e d 

into the c o m p a r t n n e n t at d e s i g n c o n d i t i o n s . 

F . E L E C T R I C A L CHARACTERISTICS 

The b a s i c output of the deve loped C R U ' s , which have p e r m a n e n t m a g n e t 

r o t o r a l t e r n a t o r s , is 1800 c p s , a c . T h i s p o w e r can be u sed d i r e c t l y for l ight ing 
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and hea t i ng n e e d s s i n c e f r e q u e n c y is not c r i t i c a l for t h e s e a p p l i c a t i o n s . 

S tud ies i nd i ca t e tha t a s ign i f i can t f r a c t i o n of the e l e c t r i c a l load could be r o t a t ­

ing e q u i p m e n t for which 400 cps i s p r e f e r r e d . Some of th i s i s v i t a l e q u i p m e n t 

which m u s t be nnainta ined even d u r i n g shutdown p e r i o d s , such a s d u r i n g 

r e a c t o r r e p l a c e m e n t o p e r a t i o n s . S tud ie s a l s o i n d i c a t e r e q u i r e m e n t s for a 

28 vdc supply ; t hus the a c supp ly could be ob ta ined f r o m a 28 vdc i n v e r t e r . 

V i t a l dc l o a d s would be fed d i r e c t l y fronn a 28 vdc bus supp l i ed by a bank of 

b a t t e r i e s which a r e r e c h a r g e d by a r e c t i f i e r runn ing d i r e c t l y f r o m the CRU 

output . The i n v e r t e r supply ing v i t a l a c l oads would of c o u r s e be one of the 

v i t a l dc l o a d s . A t y p i c a l e l e c t r i c a l d i a g r a m is p r e s e n t e d in Sec t ion I V - B , 

Nonv i t a l 400 cps l o a d s cou ld be supp l i ed by a 1800/400 ac i n v e r t e r t i e d d i r e c t l y 

to the a l t e r n a t o r ou tpu t . 

The a l t e r n a t o r s would be c o n n e c t e d t h r e e - p h a s e , f o u r - w i r e with i s o l a t e d 

n e u t r a l . When nnultiple C R U ' s a r e to be u s e d , a l l a c b u s e s m a y be c o m p l e t e l y 

s e p a r a t e and r e d u n d a n t wi th load b a n k s d e s i r a b l y sp l i t and r u n fronn the 

s e p a r a t e C R U ' s . D u r i n g nornnal o p e r a t i o n , th i s p r e c l u d e s the n e c e s s i t y for 

p a r a l l e l i n g a l t e r n a t o r s and e n h a n c e s p o w e r sys tenn r e l i a b i l i t y by the use of 

m u l t i p l e b u s e s . The s e p a r a t e d i s t r i b u t i o n s y s t e m s can be r o u t e d t h r o u g h a 

c e n t r a l sw i t ch ing a r r a n g e m e n t wi th p r o v i s i o n fo r load i n t e r c h a n g e . In the 

even t of CRU f a i l u r e , a l l v i t a l e q u i p m e n t which w a s supp l i ed f r o m the CRU 

would con t inue to r u n f r o m the s t o r a g e b a t t e r i e s unt i l the r e d u n d a n t CRU could 

be s t a r t e d and m a d e to supply tha t bus ( ac tua t ion of s e v e r a l nninutes) . All 

swi t ch ing a c t i o n s could be autonnat ic wi th p r o v i s i o n for m a n u a l o v e r r i d e . 

The a n t i c i p a t e d r a n g e of p o s s i b l e p o w e r f a c t o r s i s 0.8 to uni ty lagging and 

the P C S can o p e r a t e s a t i s f a c t o r i l y u n d e r t h e s e c o n d i t i o n s . F o r r e a s o n a b l y 

c o n s t a n t l oads and p o w e r f a c t o r , a c a p a c i t i v e r e a c t a n c e m a y be s e l e c t e d which 

wi l l nnake p o s s i b l e vo l t age r e g u l a t i o n wi th in about ±5% with the p r e s e n t CRU. 

In o r d e r to p r e v e n t d e m a g n e t i z a t i o n of the pe rnnanen t m a g n e t r o t o r in the even t 

of a s h o r t c i r c u i t t r a n s i e n t , s h o r t c i r c u i t p r o t e c t i o n c a p a c i t o r s m u s t be i n s t a l l e d 

in s e r i e s with the a l t e r n a t o r output o v e r l o a d . A l s o , p r o t e c t i o n m u s t be p r o ­

v ided to r a p i d l y r e m o v e s h o r t c i r c u i t s o r s u s t a i n e d o v e r l o a d s in o r d e r to p r e ­

ven t l a r g e speed c h a n g e s of the CRU o r d a m a g e r e s u l t i n g f r o m t h e r m a l o v e r ­

load of the a l t e r n a t o r . With the p r o t e c t i v e e l e m e n t s and for o p e r a t i n g load 

v a r i a t i o n s b e t w e e n z e r o and full load and p o w e r f a c t o r s b e t w e e n 0.8 and uni ty 

l agg ing , the w o r s t vo l t age r e g u l a t i o n in the 1800 cps bus with the p r e s e n t 
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permanent magnet CRU a l te rna tor would be about 15%. Voltage regulation on 

the 28 vdc and 400 cps ac supplies could be about ±1%. The output frequency 

is maintained within ±1% of nominal by use of a pa ras i t i c load cont ro l le r . 

An a l te rna te CRU approach present ly being studied is a b rush les s e l e c t r o -

magnetical ly excited machine. With such units, a PCS voltage regulation of ±1% 

may be achieved. While such units a re not subject to demagnetizat ion due to 

short c i r cu i t s , like the PM machine they nnust be protected against sustained 

ove rcu r ren t resul t ing from overload or short c i rcu i t s . 

The e lec t r i ca l sys t em outlined above is ve r sa t i l e and re l iab le . The load 

requ i rements for a pa r t i cu la r station and miss ion may not dennand such v e r s a ­

t i l i ty, and a s impler sys tem may be used. Sizing of the power supply is d e ­

pendent uppon nnission e lec t r i ca l load scheduling. F r o m pre l iminary studies 

it appears to be most efficient to design for peak load requirennents and to l imit 

peak to average ra t ios by load programming in the station power sys tem. 

However, detailed studies for a pa r t i cu la r miss ion nnight point toward designing 

for average load requ i rement s and using ba t t e r i e s to accommodate increased 

demands during peak per iods . As previously d i scussed , ba t t e r i e s will be 

needed to supply power for vital loads when the reac to r is not operat ing, as 

during power plant replacement per iods . Ba t te r ies capable of furnishing 

unregulated dc for per iods of r eac to r shutdown weigh approximately 90 Ib /kw-hr . 

Secondary ba t t e r i e s designed for many d i s cha rge - r echa rge cycles at low depth 

of d ischarge weigh about 30 to 50 Ib /kw-hr . 

G. ORBITAL STARTUP, SHUTDOWN, AND RESTART 

While it is not anticipated that sys tem shutdowns and r e s t a r t s will be 

required during normal operat ions in orbit , the NPP-MR sys tem never the less 

has this capabili ty. This capacity enables ground t e s t s to be c a r r i e d out using all 

flight sys tem components and r equ i re s a minimum of aux i l i a r ies . Detailed engineer ­

ing analyses and component t e s t s indicate the shutdown-res ta r t nnay be ca r r i ed 

out a number of t imes with high rel iabi l i ty . The equipnnent and procedures 

involved a r e d iscussed below. 

NPP-MR s tar tup is c a r r i e d out in three phases — reac to r s ta r tup , p r i m a r y 

loop preheat , and power conversion sys tem (PCS) s ta r tup . The overal l schenne 

is depicted schemat ical ly in F igure 6. The r eac to r s tar tup is accomplished 
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by (1) an initial rapid inser t ion of the control d rums to a position close to 

cr i t ica l i ty , followed by (2) further inser t ion at a uniform rate until the r eac to r 

is slightly superc r i t i ca l . This phase can be ca r r i ed out in about 15 minutes 

without approaching any sys tem l imita t ions . 

The p r i m a r y loop preheat phase occurs from the t ime of initial generat ion 

of sensible heat by the r eac to r until boi ler inlet design t empera tu re conditions 

a r e attained. A smal l NaK flow (5%) is initially provided by the TE pump 

(using bat tery power) to a s s u r e a smooth t empera tu re t rans ient up to design 

conditions. Using the same uniform control d rum inser t ion rate that was 

employed for r eac to r s ta r tup , preheat of the p r i m a r y loop may be completed 

in 1 0 min without exceeding allowable t empera tu re t r ans i en t s . With the com­

bined rapid inc rease in NaK t empera tu re and the rma l lag of the "cold" e lements 

of the T / E pump, a NaK flow of 60% of design ra te develops by the end of the 

preheat phase. This effect considerably modera tes the t empera tu re t rans ien ts 

result ing from m e r c u r y injection into the boi ler during the final s ta r tup phase. 

The final phase covers the t ime from the end of p r i m a r y loop preheat until 

e lec t r i ca l power output is attained. In the PCS pr io r to s ta r tup , about 50 lb 

(normal s teady-s ta te inventory) of m e r c u r y is d i spersed through the sys tem 

and approximately 95 lb is s tored in the injection tank. Upon injection, m e r c u r y 

flows both to the boi ler and through the bear ings and toward the RC. Liquid 

previously in the sys tem is pushed ahead by the injected liquid or generated 

vapor. With plant s izes up to 15 kwe, s tar tup of al l active m e r c u r y loops 

commences simultaneously. In the 20 kwe case , however, it is n e c e s s a r y to 

delay s tar tup of the fourth loop for severa l minutes to avoid exceeding allowable 

r eac to r t empera tu re t r ans i en t s . The CRU spins up a short t ime (20 sec) after 

injection begins , but p r e s s u r e in the injection tank is maintained above pump 

supply p r e s s u r e for about two minutes so that all m e r c u r y is expelled fronn the 

tank. Vapor condensation causes preheating of the R / C , and as the saturat ion 

p r e s s u r e i nc reases the pump p r i m e s . When the m e r c u r y from the injection 

tank is exhausted, the m e r c u r y pump s t a r t s supplying the sys tem flow. 

As s teady-s ta te operat ion continues, the injection tank p r e s s u r e s t a r t s to 

decay, and a A P develops a c r o s s the check valves which separa te the injection 

tank from the main sys tem. Backflow occurs through one of the valves and 

m e r c u r y is slowly re -admi t t ed to the tank, thus res to r ing conditions needed for 

s ta r tup . During per iods of shutdow^n, the boiler inlet valve, which has been 

NAA-SR-9715 
27 



found to be the mos t sat isfactory means for PCS shutdown, mus t be closed to 

prevent the introduction of m e r c u r y into the CRU cavity. 

For each s ta r tup , one of the gas genera tors connected with the injection tank 

is actuated causing p res su r i za t ion of the bellows and injection of m e r c u r y into 

the sys tem. The gas genera to r s a r e manifolded as shown to a s s u r e that the f i r ­

ing of one will not ignite o the r s . Two smal l fixed orif ices in the gas chamber 

walls will r e s t r i c t gas leakage so as to maintain the needed injection p r e s s u r e 

(600 psi) for the n e c e s s a r y durat ion (2.2 min). Subsequently, the gas will rapidly 

bleed to space allowing re s to ra t ion of conditions for r e s t a r t to begin. Weight of 

an injection unit equipped for 10 ground and 20 orbi ta l s t a r t s is about 110 lb. 

The soundness of this s ta r tup routine has been demonst ra ted in numerous 

tes ts of components and s y s t e m s . CRU injection s tar tups have been ca r r i ed out 

in t es t r igs under a var ie ty of conditions. Startup capabil i t ies and stability of 

the integrated PCS have been verified in PSM-1 and -3 t e s t s . 

A broad range of potential problem a r e a s connected with s ta r t and r e s t a r t 

has been investigated in depth, and the r e su l t s indicate few special design m e a s ­

u res a r e requi red to a s s u r e sys tem r e s t a r t capabili ty. The main obstacles 

a r i s e in connection with: (1) migra t ion of liquid to the CRU cavity during periods 

of shutdown, and (2) m e r c u r y freezing during nonoperating periods in orbit . 

The f i r s t i t em is of concern because it was foLtnd that liquid p resen t in the cavity 

at s tar tup might cause ser ious consequences. On the ground, about 25 lb of m e r ­

cury v/ill be deposited in the CRU cavity before s teady-s ta te vapor flow begins. 

In orbi t , for sufficiently long per iods of shutdown, surface tension conceivably 

may cause some amount of liquid to mig ra t e to the CRU. Poss ib le trouble from 

these effects, hov/ever, is easily avoided. On the ground, a drain may be 

attached to the CRU to collect liquid enter ing the cavity. The liquid may be 

vaporized in some convenient way following injection. In orbi t , t ime on the 

o rde r of days is probably requi red in order for an impor tant amount of liquid to 

move into the cavity. Installation of a smal l ba t te ry powered heating e l e ­

ment in the cavity would elevate the vapor p r e s s u r e of m e r c u r y there and p r e ­

vent flow into the cavity. 

The second i tem, m e r c u r y freezing during nonoperating per iods in orbit , 

may or may not be a problem depending upon flight package overa l l configura­

tion. If precaut ions a r e found neces sa ry to prevent freezing pr ior to initial 

orbi ta l s t a r t , the use of a mechanical heat shield (150 lb) or a subl imative, low e 

coating coupled with ground preheat would appear to be sat isfactory. The 

*Discussed in P a r t VI. 
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weight of fixtures for e lec t r i ca l heatup would be prohibitively high. Aside from 

the period preceding initial orbi tal s tar tup, no freezing problem exists unless 

the shutdown period (following operation) exceeds severa l hours . Then r e ­

movable heat shield, e lec t r i ca l , or possibly chemical means for prevention of 

freezing mus t be considered. 

H. OPERATIONAL CONSIDERATIONS 

In this section a r e d iscussed briefly some aspec ts of operat ions involving 

the power unit. The considerat ions covered here fall into the a r e a s of: 

(1) possible a s sembly or deployment of station in orbi t , (2) s ta r tup and s teady-

state opera t ions , (3) rendezvous maneuver s , and (4) removal and replacement 

of power plant. 

Whether the power plant and space station can be launched into orbit as a 

single package depends upon factors such as pay load weight, orbi tal al t i tude, 

and boos ter capabili ty. There have been es t ima tes that the ea r ly " z e r o - g " 

space stations will weigh about 15,000 lb and be placed in a 300 mile orbit . It 

is probable that a package consist ing of this size station and a 10 kwe (and 

perhaps l a rge r ) nuclear power plant could be put into orbit by a Titan III-C 

or Saturn IB-Centaur . After orbit is achieved, the power unit may be separa ted 

from the space station by a telescoping boom, using tension cables for stabili ty. 

Fo r la rge space station power plant weights or for long miss ions involving 

power plant rep lacement , joining of power plant to space station in orbit is 

required (at least until availabil i ty of Saturn V, Nova). F o r these c a s e s , the 

vehicle carry ing the powerplant aloft and joining it with the station can be 

e i ther manned or unmanned. Several possible schemes for this operat ion a r e 

shown in F igure 7; a lso shown a re two concepts for integrated s ta t ion-

powerplant launch packages . The f i rs t a r r angement pictured has the advantages 

of: (1) unmanned launch, and (2) the propulsion sys tem being available for 

disposal . However, for this case a completely new vehicle must be developed. 

The second and third a r r angement s pictured employ a Gemini vehicle. The 

advantage of unmanned launch is held by the second, while the presence of the 

*In P a r t III will be d iscussed the considerat ions in determining optinaum 
separat ion distance between space station and reac to r for weight reduction. 
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as t ronaut in the third scheme upgrades the rendezvous and docking rel iabi l i ty. 

A s t ruc tura l disadvantage in e i ther case is introduced by the logist ic vehicle 

length. With the in tegral space station launch shown in the fourth f rame , there 

is no manned launch or rendezvous requi rement (for initial station assembly) , 

but spacecraft weight and size l imitat ions may exis t , depending on station 

cha rac t e r i s t i c s and boos ter capacity. An assembly operat ion is pictured in 

F igure 8 which also shows deployment of a telescoping boom a r rangement . 

The power package is positioned on the front of the shuttle vehicle and is ready 

for mating as the station is approached. After mating and al ignment, the 

s t ruc tu res a r e locked together and e lec t r i ca l and mechanical connections a r e 

made. Then the boom is extended to its locked position and the cables rigged 

to the proper tension. 

To a s s i s t rendezvous and final mating of the power package to the station, 

special light weight tools to guide, position, index, and pin down the two bodies 

can be used through penetrat ions in the station wall facing the r eac to r . The 

as t ronaut may operate from a special compar tment which is sealed and isolated 

from the r e s t of the station and w^hich may be entered through an air lock. The man 

may also have a p r e s s u r e suit , thus providing him with a doubly protect ive 

environment. The reac tor control d rums a re locked in the out position throughout 

these operat ions . Similar operat ions may be ca r r i ed out for other space station 

configurations such as spur and toroid-shaped. 

The sys tem cha rac t e r i s t i c s during s tar tup, the s tar tup components, and 

the plant control sys tem a re d iscussed in II-G and IV-B. Completely au to­

mat ic control of the r eac to r with manual overr ide capability is provided for 

both s tar tup and long t e r m operation. All ins t rumentat ion control and e lec t r i ca l 

equipment except the a l t e rna tor and pa ras i t i c load hea te r s should des i rab ly be 

within the space station. They may be easi ly maintained and /o r replaced by 

as t ronauts as requi red . The "shi r t s l eeve" environment will a lso enhance 

the rel iabi l i ty of this equipment. Operator and maintenance time during long-

ternfi operat ion will be minimal . 

The information available (for example, re ference 7 through 16) indicates 

the shuttle vehicle should have little difficulty in maneuvering to approach the 

station in the shadow cone of the s teady-s ta te station shield during the final 

phase of the rendezvous operat ion. The topic of rendezvous mechanics is 

taken up in Appendix E. A "wave off" during approach, if it occu r s , will take 
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place ea r ly enough that any "fly by" would be at a safe range from the operating 

reac to r . Turning to a potential hazard condition, if the space station is tunnbling 

and the r eac to r is in operation, it is conceivable that as t ronauts leaving the 

station and escaping in a shuttle vehicle nnight receive a significant radiation 

dose. However, manual over r ides for shutting down the r eac to r would minimize 

the radiat ion hazard . The condition descr ibed could well constitute a c a t a s ­

trophe and unless the station had redundant attitude control sys tems would be 

abandoned. Normal deorbiting of a shuttle craft might involve a velocity impulse 

of about 400 fps at an inclination of about 10° below horizontal . Under these 

conditions, as t ronaut exposure to radiation will be negligible. 

While s teady-s ta te shielding of the operating reac to r will protect the 

a r r iv ing personnel during normal rendezvous, additional shielding may be 

provided to allow for major guidance e r r o r s by as t ronauts and for sys tem 

fa i lures , even though it does not appear to be requi red . P a r t i c u l a r s on the 

weight penalt ies associa ted with providing different safe regions for rendezvous 

maneuvers a r e provided in P a r t III. (The weight penalt ies may be reduced by 

having the reac to r shutdown just before and during the docking phase. However, 

there acc rues a re l iabi l i ty penalty for this r eac to r shutdown — r e s t a r t approach. 

In addition, a weight penalty is incur red in the ba t t e r i e s requi red to supply 

power for per iods when the r eac to r is shut down.) As will be seen in P a r t III, 

the station shield shadow regions available at fair ly reasonable shield weights 

for a continually operating reac to r will provide (for the expected velocit ies 

during docking phase) more than adequate t ime for as t ronauts to take any 

n e c e s s a r y cor rec t ive m e a s u r e s . 

Upon terminat ion of r eac to r operating life, the sys tem is shutdown and 

readied for replacement . Ba t t e r i e s furnish the power needed while the nuclear 

plant is not in operat ion. As previously indicated, shutdown is accomplished 

by splitting away the ref lec tors from the reac to r . Spring loaded fixtures would 

propel the ref lector independently into space, thus ensuring against accidental 

cr i t ica l i ty incidents . The manual over r ide provision a s s u r e s that the r eac to r 

will be successfully shut down. 

Fo r some long- t e rm mis s ions , economy may dictate the use of a power 

plant design having a reusable radiation shield. In such c a s e s , steps would be 

taken, as n e c e s s a r y , to s tore the reusable shield t empora r i ly before integrat ion 
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with the new power plant. Some conceptual designs which have been made for 

plants incorporat ing a reusable shield would requ i re no special m e a s u r e s as 

the shield would be permanent ly attached to the supporting s t ruc ture or station. 

After the final mechanical and e lec t r i ca l connections between power plant 

package and station a r e broken, the two bodies would be separa ted using cold 

gas j e t s . The new power plant package would then be joined to the station in 

a manner such as that previously descr ibed. 

• 

NAA-SR-9715 
34 



III. GENERAL SHIELDING DESIGN INFORMATION 

A major fraction of total power plant weight is due to the shield. Shield 

weight is a s trong function of many design considera t ions ; among the m o r e 

significant ones a r e : (1) space station configuration and plant integrat ion, 

(2) allowable cumulative dose during miss ion , (3) reac to r the rmal power level, 

and (4) rendezvous maneuver . The p a r a m e t r i c infornnation furnished in the 

following sections will allow pre l iminary shielding es t imates to be made for a 

broad variety of space s tat ions, m i s s ions , and rendezvous r equ i r emen t s . These 

data, when coupled with the information of P a r t s II, IV, and V, will make it 

possible to compose rea l i s t i c es t imates of p re l iminary power plant designs for 

given space station applicat ions. 

A. INTRODUCTION 

As discussed in Appendix C, protect ion against fast neutron and gamma 

radiat ion from the reac to r must be provided. Several heavy meta l s suitable 

for gamma ray attenuation have sat isfactory s t ruc tu ra l and the rma l c h a r a c t e r ­

i s t ics (viz. , depleted uranium-al loyed with molybdenum, tungsten). Lithiuna 

hydride has proven to be a very sat isfactory neutron shielding ma te r i a l , com­

bining light weight with ability to modera te (by hydrogen atoms) high energy 

neutrons to the rmal energies where they a r e captured by l i thium, which has a 

high absorption c ro s s section for low energy neutrons . 

The discussion of shield design is facilitated by re fe rence to the nomen­

cla ture indicated in Figure 9. Each of the two sect ions of the station shield 

consis ts of a layer of depleted uranium for attenuation of core gamma rays and 

a layer of lithium hydride for remova l of neutrons . These shields must not 

only protect stat ion personnel from radiat ion emanating from the co re , they mus t 

also mit igate to to lerable levels the gamma radiat ion caused by: (1) the capture 

by uranium of neutrons at resonance energy leve ls , (2) the capture of neutrons 

by hydrogen in the LiH complex, (3) the NaK in the gal lery region (boiler and 

TE pump), which is activated by neutrons during i ts passage through the core , 

and (4) the capture of neutrons by cobalt in the boiler s t ruc tu ra l ma te r i a l 

(Haynes 25). F u r t h e r m o r e , attenuation by the upper neutron shield mus t p r e ­

vent the neutron activation of m e r c u r y in the boi ler . If the m e r c u r y becomes 

radioact ive , it would consti tute a personnel hazard since it flows below the 

protect ive shielding. 
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To minimize weight, it i s des i rab le that the d iameter of each shield be as 

smal l as possible . Thus, the gal lery should be of minimum height and the core 

section of LiH be of minimum thickness so that the lower section of the station 

shield will be as near the r eac to r as possible . The uranium of the core shield 

should be sufficiently thick to reduce core gammas to the des i red level, but not 

so thick that the gamma source generated by neutron capture in the shield 

becomes of excess ive strength. The optimum thickness of this uranium is about 

3 in. The LiH in the core section of the station shield shoLdd filter neutrons to 

the point that the capture of neutrons by hydrogen in the lower shield and the 

activated m e r c u r y do not constitute important sources . The problem of neutron 

capture gammas from cobalt and m e r c u r y in the boiler may be eliminated by 

the use of borated 316 s ta inless steel for the thin s t ruc tura l canning m a t e r i a l 

of the LiH in the core section of the station shield. As a conservat ive approxi ­

mation, a thickness of 18 in. may be used for LiH in the core section for all 

pow^er levels . 

In the lower portion of the station shield, the thickness of uranium direct ly 

beneath the boi le rs mus t be selected (using curves presented in Section III-D) to 

at tenuate: (1) core radiat ion not removed by the core shield, (2) NaK activation 

radiat ion, and (3) hydrogen capture radiat ion from the upper shield. ''' The 

remainder or " sk i r t " portion of the uranium layer is of different th ickness , and 

it needs only to shield against the hydrogen capture gammas . The LiH in the 

lower shield supplements that in the upper shield to reduce the neutron flux to 

an acceptable dose level. 

The envelope of the p r i m a r y radiat ion source (reactor) which mus t be 

shielded is different for the SNAP 2/lOA and 8 r e a c t o r s . For the fo rmer , the 

core d iameter — for which both neutron and gamnna shielding must be provided — 

is 9 in. in d iamete r . With control d rums — for which only neutron shielding is 

needed —the total r eac to r envelope d iameter var ies from 19.0 in for 5 kwe to 

20.8 in for 20 kwe. Height of the 2/lOA unit is 15.5 in. For the SNAP 8 unit 

the height and overal l envelope d iameter a r e approximately 22 and 26.6 in. 

*For p re l iminary purposes , the c red i t for gamma attenuation by LiH may be 
neglected 
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It is n e c e s s a r y for safety reasons that a shuttle craft or some sor t of 

escape capsule be docked at all t imes , even when another vehicle is docking. 

This r equ i remen t imposes a shield weight penalty on smal l stations when the 

vehicle is docked at the side and pro t rudes from the stat ion shield shadow as 

shown in F igure 9. As flux from the reac tor impinges on the craft , sca t ter 

back into the space station occurs at an intensity of about 1% that of the flux 

incident on the vehicle. In cases where this sca t te r contribution is of signifi­

cance, the d i rec t radiat ion to the vehicle must be reduced by a "parking" shield. 

Also, additional shielding may be provided as insurance to protec t the as t ronau t s ' 

support vehicles in the rennote event that they should deviate from the station 

shield shadow during rendezvous . This topic is d iscussed in III-C. 

Radiation flux levels in the space station depend not only on shield th ickness , 

but a lso on power level (P), of cour se , and a r e inverse ly proport ional to the 

square of the distance (s^) separa t ing the station from the r eac to r , i. e. , 

Da— , . . . (2) 

where D is the dose ra te in m r / h r or r / h r . With the use of this proport ional i ty, 

the application of shielding curves to be presented la ter is considerably extended. 

Thus, for a given allowable dose r a t e in the space station, the shield weight naay 

be reduced by increas ing the boom length to gain S'̂  attenuation and reduce shield 

l a t e r a l d imensions . However, this adds s t ruc tu ra l and e lec t r ica l cable weight. 

B. BOOM OR EXTENDED STRUCTURE 

As indicated by Equation 2, radiat ion intensity is degraded according to the 

inverse square of the distance from the source . Thus, the weight of normal 

shielding requ i red to give a ce r ta in radiat ion level in the space station is 

lowered if the r eac to r separa t ion dis tance from the plant-s ta t ion mating plane 

is inc reased by means of a boom or extended s t ruc tu re . The reduction in shield 

cone angle with inc reased separa t ion distance also lowers the shield weight. 

However, the added weight of boom or extended s t ruc tu re tends to compensate 

for shield weight reduction. Additional consequences of the increased separat ion 

distance a r e inc reased weight of e lec t r i ca l distr ibution cable and possibly 

dec reased voltage regulation and t r ansmis s ion efficiency, depending on cable 

design. 
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A smal l re l iabi l i ty penalty is incur red with use of a boom. The boom mus t 

be able to te lescope, being in the collapsed condition during launch and being 

extended for normal operat ion in orbit . For extension lengths under about 

20 ft, the weight of a boom about equals that of a false s t ruc tu re . For extension 

lengths g rea te r than 20 ft, false s t ruc tu re is l ighter but r e su l t s in a g rea te r 

launch package height. A boom and cable a r r a y is schematical ly i l lus t ra ted in 

Figure 10. The cables provide tension and shear stabil ization for the connecting 

s t ruc tu re . The s t ruc tu ra l design of the boom is based on disturbing loads, due 

to docking, of 1/4 g in the l a t e ra l direct ion and 1 g along the longitudinal axis . 

During launch, the boom is collapsed and c a r r i e s no load. The separat ion d i s ­

tance for optimum weight compromise between boom and shield is i l lus t ra ted in 

Figure 28 (Section III-D). 

C, RENDEZVOUS SHIELDING 

In Appendix E the general aspec ts of the rendezvous maneuver a r e d i s ­

cussed. It is shown that the information available indicates the shuttle craft 

should have no difficulty remaining in the shadow of the station shield. The 

docking phase begins with the commuter in a position re la t ive to the station such 

as that indicated in F igure 11, point 0. Despite the expected high re l iabi l i t ies 

and accuracy for propulsion, navigation, guidance, and control , it st i l l may be 

deemed des i rab le by the user to provide radiat ion protect ion against the pos s i ­

bility of major e r r o r by as t ronaut or systenn fai lure. The information provided 

in this r epor t will make possible the es t imat ion of shielding r equ i remen t s for 

any degree of vehicle protect ion during any assumed rendezvous " e r r o r 

maneuver . " The par t icu la r and conservat ive " e r r o r maneuver" assumed for 

this r epo r t is descr ibed next. It is postiolated that the vehicle: (1) depar ts from 

the shadow cone at a dis tance d off of the cone axis because of a propulsion s y s ­

tem fai lure; and (2) t rave l s pa ra l l e l to the axis (broken line in Figure 11) at 

constant velocity v until, (3) reaching plane A. By this t ime the as t ronaut has 

taken cor rec t ive action and the vehicle rapidly acce le ra t e s backwards along the 

path. For re la t ive veloci t ies used in the docking phase , this assumed e r r o r 

maneuver allows from one to severa l minutes for cor rec t ive action to be taken. 

With the as t ronauts exposed to an unshielded r eac to r operating at P kwt (while 

outside of the station shadow of cone angle a) with no rendezvous shielding, the 

cumulative dose in r e m , M, for the rendezvous e r r o r maneuver is given approxi ­

mately by: 
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M = 
178P TT 

- a - tan vd 2 11) . . . (3) 

where S and d are in ft, and v is in fps. Solutions to Equation 3 are displayed in 

Figures 12a and 12b for two values of separation distance, S, between reactor 

and space station. Given in Figure 13 are the ranges, c, corresponding to 

different displacement errors, d, at w ĥich departure from the shado'w cone 

occurs. 

In Figure 14 a family of curves appear that give approximate radiation 

exposures occurring during a vehicle flight at velocity v which begins at distance 

q away from the reactor and proceeds along a radial path normal to the principal 

axis of station until the craft enters the steady-state shadow. " 1 " denotes the 

distance from the reactor at which the vehicle path intercepts the principal axis. 

Possible "terminal phase" maneuvers discussed in Appendix E could approxi­

mate such a vehicle trajectory. By adjustments of the variables v, d, q, and S, 

together with appropriate additions and subtractions, it is possible through the 

use of Figures 12 and 14 and Equation 3 to estimate the radiation dose accumu­

lated during any arbitrary "error maneuver" for any reactor power. Knowing 

the exposure received from the bare reactor, it is possible frona curves provided 

in the next section to deternaine the shield thickness required to reduce the total 

dose to the desired level. This same approach is generally applicable regard­

less of space station configuration or size. 

For some arrangements, the station may have a "view" of the rendezvous 

shield and therefore be subject to radiation scattered from the shield. Gamma 

ray scattering will be negligible, but fast neutron scattering may be of impor­

tance. The neutron scattering may be approximately represented by a forward 

cosine distribution. The thickness of LiH to be placed in the line of sight 

between the basic rendezvous shield and the station may be selected using curves 

given in the next section. Where appropriate in the designs in this report, the 

scattered neutrons were attenuated so that their contribution to the exposed 

parts of the station added 10% to the normal station dose rate, i. e. , 1 mr/hr. 

If a rendezvous shield is used, the shield material contiguous to the reactor 

will produce a "vault" effect, scattering some leakage neutrons back toward the 
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core . Calculations indicate the increased react ivi ty from this cause is snaall 

and will p resen t no control or shutdown prob lems . Normal t empe ra tu r e s of 

components will be higher due to the rendezvous shield p resence , unless special 

emissivi ty coatings a r e used for d rums , etc. However, (90 day) component and 

ma te r i a l s compatibility tes t s at and above these expected higher tenaperatures 

indicate there will be no performance problems . 

D. SHIELD WEIGHTS 

Shov^n in F igure 15 a r e the design radiat ion dose r a t e s that correspond to 

different miss ion t imes and cumulative s teady-s ta te exposures . The gamma 

and neutron station shield th icknesses required for var ious degrees of dose ra te 

attenuation a r e shown in Figure 16. Similar curves for the rendezvous shields 

a r e given in Figure 17. The two sets of curves differ in that the thickness rat ion 

of LiH and U for minimum total weight is geometry dependent. The curves 

shown r e p r e s e n t a p re l iminary effort at optimization. 

P resen ted in F igures 18 and 19 a r e the station shield thicknesses required 

for different s t eady-s ta te power levels . This information is predicated on the 

use of the split shield concept descr ibed ea r l i e r , and the total th icknesses given 

by the curves a r e divided between the upper shield and lower shield (see 

F igure 9) as noted on the figure. F igures 18 and 19 a r e based on a separat ion 

distance of 50 ft between bottom of r eac to r and space station mating plane. For 

other separat ion d i s tances , an equivalent power can be calculated which w^ill 

give the thickness requi red for a given dose. The equivalent power is given by 

(see Equation 2): 

where Pg is the equivalent power, P is the operating power, and S is the 

separat ion distance in feet for the operating r eac to r . The weights of station 

shield and boom for different power levels and space station d iamete r s a r e 

given as a function of S in F igures 20 and 21. The total weight of the station 

shields as a function of thickness is indicated in F igure 22. These values a re 

based on gallery heights of 2 ft in all c a se s . The cone angle, a, is 
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a = tan"^ ( — | , . . . (5) 

where the symbols a r e those shown in Figure 9. For a given space station 

d iamete r , B, different values of a a r e assumed as the reac tor separat ion 

distance va r i e s . The radia tor a r ea is fixed for a par t icu la r power level. For 

a fixed mating plane d iameter , B, as S inc reases the base dimension of the RC 

shell dec r ea se s in such a way that the shield just shadows the space station. As 

the RC base d iameter d e c r e a s e s , for fixed power the height inc reases in order 

to maintain a constant surface a r ea . 

Referr ing again to the nomencla ture of F igure 9, the rendezvous shield 

cas ts a shadow of angle f -\- a, the rendezvous shield weight depends on a, Given 

in F igure 23 a r e rendezvous shield weights as a function of th ickness , f , and a. 

Neutrons entering the rendezvous shield a r e sca t te red approximately in acco rd ­

ance with a forward cosine distr ibution. The sca t te r ing of gamma ray photons 

is negligible. Some of the neutrons a r e sca t te red toward the payload, and addi ­

tional LiH is needed to attenuate their contribution to payload dose r a t e . The 

thickness requi red for this sca t ter shielding is given in Figure 24 for a power 

level of 100 kwt and a 50 ft separat ion dis tance. The th icknesses of LiH to be 

placed in the line of sight between rendezvous shield and station for other powers 

and separat ion dis tances may be est imated using Equations 2 and 4. The weights 

shown in Figure 23 include allowance for shielding to reduce the sca t te red neu­

t ron contribution due to dose ra te at the mating plane. 

If for some reason the reac to r is shut down, the dose levels in the vicinity 

of the reac tor a r e considerably reduced as indicated in F igure 25. The unattenu-

ated dose r a t e s at different ranges from the reac tor a r e given in Figure 26. 

In the preceding section was presented a d iscuss ion of the use of a boom or 

extended s t ruc tu re . The distance S between reac to r and naating plane which 

gives minimum weight for station shield and boom for different power levels is 

given in Figure 27. In F igure 28, the total of station shield plus boom and cable 

weight is plotted ve r sus separa t ion distance for the case of a 10 ft. d iameter to 

i l lus t ra te the occurence of an optimum spearat ion dis tance. 

As previously d iscussed , with a shuttle vehicle docked at the side of a smal l 

cyl indrical station (both during docking operat ions and while two shuttle craft 
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NAA-SR-9715 
59 



F
R
A
C
T
I
O
N
 
O
F
 O
PE
RA
TI
NG
 R
E
A
C
T
O
R
 S
O
U
R
C
E
 S
T
R
E
N
G
T
H
 

o
 

0
4
 

o
 

I 

O
 o
 

o
 

> > I I 

CD
 !"
 

n
 

r-
t- O
 

i-
i cn
 

c ft
 o
 

o
 

o
 

20 
REACTOR 

30 
SHUTDOWN H

 

m
 

4
i 

3 
° 

3 

O
 

1 
1 

1 
1 

1 
II 

1 

—
 

—
 

—
 

/ 

1 
/ 

1 
1 

1 
II

 
1 

1 
1 

1 
1 

1 
1
 1

 1
 

/ 

/ 

/ 

1 
1 

1 
1 

II 
1

 1
 

1 
1 

1 
1 

1 
1 

1 
1 

—
 

—
 

—
 

1 
1 

1 
1 

1 
1 

II
 

(-
••
 

o
 

3
 



E 

UJ 
1-
< 
Q: 

i i j 
en 
/—I 

o 

10^ 

10̂  

10 

[_ \ 1 1 1 I I I I 

r\ \V^ \ 

1 \ \ v \ \ 

U \ \ \ \ \ 
\ \ \ \ \ 

r \ \ V 

h-

1 1 1 1 I I II 

1 I I I 1 1 ! I I 1 

L 

\ REACTOR POWER 

\ ^^ 600 
V \^^,/^^^250 
s\ V^^/]/—200 

SL V 5 ( 0 ^ 0 - 50 

% 

1 1 l \ 1 

1 1 

(kwt) 

I
I 

I
I 

-

-

-

— 

-j 

-j 

II 1 1 
1 1 

1 
1 

10 10 10 

DISTANCE FROM CENTER OF CORE ( f t ) 

Figure 26. Dose Rates F rom Unshielded Reactor 

NAA-SR-9715 
61 



8 0 

> 
I 

I 

I—' 

O 
O 
00 + 
UJ 
en 

I -
O 
3 
CE 
I -
C/5 
-i-
Q 

X 
CO 

LlJ 
O 

Q 

< 

< 
Q. 
UJ 

70 -

6 0 

50 -

=i 40 

3 0 

Q. 

O 20 

30 ft DIAM STATION 

20ft DIAM STATION 

10 ft DIAM STATION 

10 

REACTOR POWER (kwe) 
20 

Figure 27. Optimum Separation Distance for Station Shield 



100,000 

X 
o 
l l J 

t t 10,000 

0. 
a. 

1000 

STATION DIAMETER = 10tl 

NPP-MR POWER=20kwe. 

± J_ 
10 20 30 4 0 50 60 70 

SEPARATION DISTANCE ( f t ) 

80 9 0 100 

Figure 28. Total NPP-MR Weight vs Separation Distance 

NAA-SR-9715 
63 



a r e a t t a c h e d for ex tended w a i t i n g p e r i o d s ) the v e h i c l e s ( s ) wi l l c a u s e n e u t r o n 

s c a t t e r i n g b a c k in to the s t a t i o n of about 1% of the i n c i d e n t r a d i a t i o n . If a r e n ­

d e z v o u s sh i e ld i s e m p l o y e d , t h i s " v e h i c l e s c a t t e r " w i l l c a u s e no p r o b l e m . In 

the a b s e n c e of r e n d e z v o u s s h i e l d i n g , a " p a r k i n g " sh ie ld i s needed to r e d u c e the 

i n t e n s i t y of n e u t r o n r a d i a t i o n r e c e i v e d by the p a r k e d v e h i c l e . Th i s in t u r n wi l l 

r e d u c e the d o s e r a t e in the s t a t i o n a t t r i b u t a b l e to s c a t t e r f r o m the shu t t l e c r a f t . 

The sh i e ld ing c u r v e s a l r e a d y p r e s e n t e d m a y be u sed to rough ly a p p r o x i m a t e the 

L iH t h i c k n e s s r e q u i r e d in the l ine of s igh t b e t w e e n r e a c t o r and e x p o s e d p a r t s of 

the shu t t l e c r a f t . With no s c a t t e r s h i e l d i n g , the pay load d o s e r a t e d e r i v e d f r o m 

n e u t r o n s s c a t t e r e d f r o m the v e h i c l e w i l l be rough ly 1% of tha t i n d i c a t e d in 

F i g u r e 26 for the r a n g e betw^een c r a f t and r e a c t o r . The LiH t h i c k n e s s r e q u i r e d 

to a t t e n u a t e the d o s e r a t e to the d e s i r e d l e v e l m a y be e s t i m a t e d f r o m F i g u r e 16. 

It i s l i ke ly t h a t w o r t h w h i l e r e d u c t i o n s in t o t a l sh ie ld w e i g h t nnay r e s u l t for 

any p a r t i c u l a r s t a t i o n f r o m m o r e r e f ined a n a l y s e s . H o w e v e r , t he fo rego ing 

i n f o r m a t i o n i s c o n s i d e r e d to p r o v i d e a r e a s o n a b l e b a s i s for p r e l i m i n a r y e s t i ­

m a t e s of sh ie ld c h a r a c t e r i s t i c s . 

E . S P A C E STATION CONFIGURATION 

The sh i e ld ing i n f o r m a t i o n p r e s e n t e d in the p r e c e d i n g s e c t i o n s h a s b e e n 

o r i e n t e d p r i m a r i l y t o w a r d c y l i n d r i c a l s t a t i o n s of v a r i o u s s i z e s ; h o w e v e r , the 

s a m e da t a m a y be app l i ed in a p r e l i m i n a r y fash ion to o t h e r s t a t i on c o n f i g u r a ­

t i o n s . S tud ies of l a r g e s p a c e i n s t a l l a t i o n s have ex tended to o the r c o n f i g u r a t i o n s 

such a s t o r o i d a l , h e x a g o n a l , and s p o k e - s h a p e d . Many s p a c e s t a t i on c o n c e p t s , 

p a r t i c u l a r l y for l a r g e f a c i l i t i e s d e s i g n e d for l o n g - m i s s i o n d u r a t i o n , u s e sp inn ing 

to c r e a t e an a r t i f i c i a l g r a v i t y e n v i r o n m e n t . The effect ive c o n c e n t r a t e d m a s s of 

p o w e r p l an t and sh ie ld m u s t be t a k e n a c c o u n t of in d e s i g n i n g for s p a c e s t a t i o n 

d y n a m i c b a l a n c e , s t a b i l i t y , and c o n t r o l . In g e n e r a l , a good s t ab i l i t y m a r g i n 

e x i s t s if the m o m e n t of i n e r t i a about the sp in a x i s e x c e e d s tha t abou t o t h e r a x e s 

by 40% o r m o r e . 

A t y p i c a l t o r o i d a l s t a t i o n is p i c t u r e d in F i g u r e 29. T h i s s t a t i on i s d e s c r i b e d 

in R e f e r e n c e 17 and would acconnmoda te a c r e w of about 20 m e n who w^ould 

n o r m a l l y occupy the t u b u l a r s e c t i o n s of the r i m . In th i s concep t , the s t a t i on 

would sp in abou t an a x i s p a s s i n g t h r o u g h the hub and n o r m a l to the s t a t i on p l ane . 

At the hub would be the docking p o r t s and the r e a c t o r s u p p o r t s t r u c t u r e . The 

r a d i a l p a s s a g e s jo in ing the rinn and hub would be used for the l i m i t e d a c c e s s 
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requi red . The hub section would be disengaged from the spinning motion for 

rendezvous operat ions . The station shield would be hemispher ica l (a = 90°) 

and would shadow the r i m of the space station. For shield weight optimization, 

the station shield coiild be of var iable th ickness , corresponding to an acceptable 

distr ibution of dose levels over the various par t s of the station. 

The spur, or Y, station ( i l lustrated in F igure 30) is another configuration 

receiving considerable attention. In this p ic ture , one of the a r m s of the spurs 

is tipped w^ith the nuclear plant. In other Y station designs that have been con­

s idered, the nuclear plant would be mounted on the hub. Space station stability 

can be achieved with either a r rangement . With the plant positioned on the end 

of the leg as shown in Figure 30, a relat ively low weight shield may be used. 

The station shield shape will approximate the f rus t rum of an ell iptical cone. The 

thickness of the gamma and neutron shielding may be determined as previously 

descr ibed, and the corresponding shield weights may be calculated as i l lus t ra ted 

in Figure 31. 

It was ea r l i e r mentioned that for some long mis s ions , economics might 

dictate that shielding remain permanent ly with the station ra ther than be 

replaced as par t of the power plant package replacement . One deployment that 

is suitable for this approach is i l lus t ra ted in Figure 32. The station shield 

would be selected as previously discussed. With this a r r angement , however, 

additional shielding is needed to in tercept radiat ion sca t te red back from the PCS 

toward the space station. Assuming isotropic scat ter ing of neutrons and obse rv ­

ing that X scat ter ing is negligible, the dose in the unprotected par t s of the 

(cylindrical) station due to sca t te r from the radia tor may be roughly approxi ­

mated by: 

D . «^Q 
^^ (30.5S)2 {sh^y^N •••(«) 

This equation is based on: (1) a 20% neutron contribution to total dose 

D (S j at range S , and (2) on calculations in which an "equivalent r ad ia to r" 

in the shape of a spher ica l segment was used. The radia tor surface was 

assumed to be uniformly at a distance S .̂ from the r eac to r ( reactor between RC 

and station). The effective weight of the RC and PCS for sca t ter ing was taken 
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to be 10,000 lb, and a (rs/A value of 0.04 was used, corresponding to an 

a luminum-s tee l RC. Dĵ g may be calculated for other weights using (8) and 

adjusting the resu l t in d i rec t proport ion with weight. The sca t ter shield thick­

ness may then be de termined with the aid of F igure 16. 
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IV. DESIGN CHARACTERISTICS OF SPECIFIC PLANTS 

In this section a re presen ted the layout, operating, and component c h a r a c ­

t e r i s t i c s of specific power plants designed respect ively to provide 5,10, 15, and 

20 kwe for a cylindrical space station of 10 ft d iamete r . These designs feature 

the modular (5 kwe unit) approach d iscussed previously with the exception of the 

r eac to r - r e f l ec to r assembly . The RC is used only in a quas i -modular sense 

where each 5 kw PCS has an individual radia tor that forms a horizontal segment 

of the total radia tor a r ea cone. This requ i res that the configuration be slightly 

different for each 125 square foot module. 

A. LAYOUTS 

The equipment layouts and flow d iagrams show^n in this section a r e an out­

growth of yea r s of detailed engineering, design, and test ing on the SNAP 2 p r o ­

g r a m . In Figure 33 is shown the overal l layout of a 20 kwe multiple Pov/er 

Conversion System. The number of active and redundant units joined together 

w^ould correspond to the number of 5 kv/ modules requi red . With this a r r a n g e -
2 

ment the total RC cone configuration remains constant (625 ft including min i ­
mum of one redundant unit for 2 0 kw^e) and false s t ruc tu re or an extendable boom 
is substi tuted in place of cone segments that a r e not needed for heat rejection 
when lower powers a re requi red . 

In Figure 33 may be seen other component a r r angement s previously de ­

scr ibed . The reac tor is located at the opposite end of the power sys tem from 

the station. The NaK pumps and boiler a re nested in the gal lery between the two 

sections of station shield. The CRU and other m e r c u r y components a r e deployed 

in modular fashion within the shell of the RC. In Figure 34 appear l e s s detailed 

layout drawings of the 5, 10, 15, and 20 kwe p lants . In all cases a nose cone 

would cover the r eac to r during launch and w^ould be ejected after reaching orbi t . 

The P&I d iagram for the 15 kwe sys tem is p resen ted in Figure 35. The 

sys tem consis ts of a single NaK circui t passing through the reac tor and four 

secondary m e r c u r y loops, th ree normal ly active and one standby. This P&I 

d iagram is representa t ive of plants using ei ther the segmented or the ta i lored 

RC concept. The boi le rs and TE pumps and individual 5 kwe units a r e linked in 

pa ra l l e l . This d iagram also cha rac te r i zes plants of l a rge r and smal le r power 

ra t ing. The P&I d iag rams for other plant s izes would change only in the number 
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Figure 33, 20-kwe Power Plant 
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of PCU' s shown, from two (1 + 1) in the 5 kw case to five (4 + 1) in the 20 kw 

situation. In the modular sys t ems , each m e r c u r y loop is completely independ­

ent of the o the rs , and the loss of one will in no way affect the integri ty of the 

o the r s . Corresponding components in each m e r c u r y loop are identical . P a r a l ­

leling each TE pump and boiler combination would tend to cause r e v e r s e flow 

through the redundant boi ler - TE sys tem if it were not that each pump is cooled 

by radiating fins in addition to normal liquid m e r c u r y cooling. The t empera tu re 

gradient due to heat t ransfe r from the TE pump fins prevents r e v e r s e flow^ (thus 

avoiding the need for a mechanical check valve). 

B. OPERATING CHARACTERISTICS 

Normal operat ing conditions for the 5 kwe systenn a r e noted on the schematic 

drawing in F igure 36. It is seen that the turbine inlet t empera tu re and p r e s s u r e 

a r e 1185° and 12 0 psi , respect ively . The radia tor condenser heat reject ion 

t empera tu re is approximately 600°F. In going to higher power sys tems the 

PCS conditions, due to the modular approach, a r e identical and the NaK flow 

goes up proport ionally with power (excluding the smal l flow^ requ i rements for 

the redundant unit). The NaK sys tem p r e s s u r e drop i n c r e a s e s from 0.6 to 

0.92 psi in going from 5 kw to 20 kw. Since the TE pump is designed to meet 

the highest power requ i rement , an excess of NaK flow will be available for the 

lower power sys t ems . This r e su l t s in boiling marg in in the boiler (cf Section 

IV-C) or an inc rease in the allowable NaK flow degradation and, therefore , an 

i nc rease in sys tem rel iabi l i ty for the low power sys t ems . There a re slight 

NaK tempera tu re var ia t ions with the use of a redundant loop; how^ever, these 

have no significant effects on the sys tem performance . In genera l , design 

allowance is made to a s s u r e sat isfactory performance even after a 5% reduction 

in NaK flow due to pump degradat ion for all c a s e s . The equipment and 

procedures for sys tem s tar tup a re d iscussed in II-G. Shortly after normal 

operat ing conditions a r e establ ished following s tar tup , the conditions necessa ry 

for r e s t a r t a r e autonaatically attained. Startup procedures a r e generally the 

same r ega rd l e s s of the number of loops involved. 

In all plants , the redundant loop is operated in a standby mode and does not 

normal ly produce power. When incipient or complete failure of a loop is d e ­

tected through loss of CRU power, the defective PCU is shut down and the 

standby loop is activated. During the s ta r tup period (~3 min) for the standby 
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loop t h e r e i s a s m a l l r e d u c t i o n in p l an t p o w e r output . After CRU shaf t r o t a t i o n 

s t o p s , the fa i led loop m e r c u r y i n v e n t o r y wi l l e i t h e r b l eed to s p a c e o r r e m a i n 

in p l a c e , depend ing upon w h e t h e r or not the f a i l u r e m o d e w a s a m e r c u r y l eak . 

P r e s e n t e d in F i g u r e s 37 and 38 a r e p r e l i m i n a r y b lock d i a g r a m s showing the 

e l e c t r i c a l s y s t e m and c o n t r o l func t ions . T h e s e a r e p a t t e r n e d a c c o r d i n g to the 

c o n s i d e r a t i o n s d i s c u s s e d in Sec t ion II. Both 400 cps ac and 2 8 vdc e l e c t r i c a l 

s e r v i c e s can be p r o v i d e d , a long wi th a s t a t i on b a t t e r y to supply v i t a l l o a d s in 

c a s e of e m e r g e n c y and d u r i n g p e r i o d s of r e a c t o r r e p l a c e m e n t . S t a r t u p and 

l o n g - t e r m c o n t r o l i s c a r r i e d out a u t o m a t i c a l l y , wi th p r o v i s i o n s for m a n u a l 

o v e r r i d e . The c o n t r o l c o n s o l e con t a in s a m i n i m u m of i n s t r u m e n t a t i o n , c o n t r o l 

a c t u a t o r s , and a l a r m s for p lan t o p e r a t i o n s . E x c e p t for the a l t e r n a t o r s and 

p a r a s i t i c load h e a t e r s , a l l i n s t r u m e n t a t i o n and e l e c t r i c a l e q u i p m e n t i s l o c a t e d 

wi th in the s t a t i on for e a s e of m a i n t e n a n c e and r e p l a c e m e n t . Vi ta l c o n t r o l e q u i p ­

m e n t i s r e d u n d a n t wi th p r o v i s i o n to r e p l a c e or r e p a i r a fa i led lanit wh i l e o p e r a ­

t ion c o n t i n u e s . 

C, C O M P O N E N T S 

A s i n d i c a t e d l a t e r , the SNAP 2 c o m p o n e n t s a r e for the m o s t p a r t we l l 

a long in d e v e l o p m e n t t e s t i n g . Many of t h e s e co^nponents a r e a l m o s t d i r e c t l y 

a p p l i c a b l e in the 5 kw m o d u l e s . F o r e x a m p l e , the CRU, t h e r m o e l e c t r i c p u m p s , 

e x p a n s i o n c o m p e n s a t o r , p ip ing e x p a n s i o n j o i n t s , m e r c u r y r e g u l a t o r t a n k s , and 

v a l v e s a r e a l l in final d e v e l o p m e n t s t a g e s . Th i s i s a l s o t r u e of i t e m s such a s 

w i r e , c o n n e c t o r s , p a r a s i t i c load c o n t r o l s , and h e a t e r s . In s o m e i n s t a n c e s p r e ­

v ious SNAP 2 fl ight s y s t e m ( u n m a n n e d unit) r a d i a t i o n h a r d e n i n g and packag ing 

r e q u i r e m e n t s a r e a l l e v i a t e d b e c a u s e of the l o w e r r a d i a t i o n l e v e l s r e q u i r e d for 

m a n n e d s y s t e m s . 

The SNAP 2 / lOA and 8 r e a c t o r s a r e capab le of p o w e r i n g a l l p l a n t s d i s ­

c u s s e d in P a r t IV, i . e . , 5 to 20 kwe p l a n t s . M i n o r m o d i f i c a t i o n s a r e p r e s e n t l y 

be ing u n d e r t a k e n , a s p r e v i o u s l y d i s c u s s e d , which a r e d e s i g n e d to i m p r o v e r e ­

a c t o r r e l i a b i l i t y . T h e s e changes fall in the a r e a s of m u l t i p l e d r u m c o n t r o l and 

p a r t i a l o r c o m p l e t e r e d u n d a n c y in e l e m e n t s of the con t ro l and a c t u a t i o n s y s ­

t e m s and i n c r e a s e d d e s i g n m a r g i n s . The f a b r i c a t i o n m e a s u r e s c a l l e d for in the 

sh i e ld ing c o n c e p t s a r e wi th in the p r e s e n t sh i e ld s t a t e - o f - t h e - a r t . 

N A A - S R - 9 7 1 5 
77 



> 
> 
I 

I 

- J 
I—' 

STARTUP c i e c o i ' 

CRU NO. I N-TERNMW CAi>ftciran 
BANK 

1 
IDAD 

SENSOR 

•SFABE STASnUP OR£U ITS - • -

STAKTOP ClRCUl 

CRL) Hal M-TBiNKaB CM>ACnOR 

1 
LOAD 

SENSOR 

s P M t E s T w n u p c i e c u i T s - * 

•SPARE SrA)?TUP a w : u i T s —1 

CRO NO?>|*LTEKNATB(?—»-
CSPAE6) 

c^p^Cltol^. 
BAU< 

LOJvD 
SENSOR 

C L O « _ 

F » a « i T \ c 
IJ3AO 

CDNTUUZD 

VARI^BUE 
>ARAS1TC 

PfrRAIlTC 
VJCAD 

S/i lTCH 

FIXED 
PABASITVC 

LOKO 

CURRENT 
•seJSOR 

PARASITIC 
U3AD 

COMTBOUa 

VAaiAB>l£ 
PNIAVTIC 

U3A0 

PARASITIC 
UDAD 

SWITCH 
'W(ASIT\C 

I.OAD 

CURRENT 
SENSOR 

PARASITIC 
LOAD 

:0NTROLU[ 

VARIABLE 
PARASITIC 

LOAD 

TRANSFBl 
RELAy 

NO. I 

CIRCUIT 
:BR£AKER 

NO.I 

MANUAL 
CLOSE 

CLOSE. 

TRANSFER 
RELAY 

HOZ 

^GUUTOR 
aJNVERTEd 

(.VITAL) 

BC BUS MO. IA C\/lT^\.l 

I — ' 1 '^-K^ 
^' ' ' D C V ITAL L O A 

eATTER^( 
INVERTER 

(WTAL) 

L O A D S 

A C B 0 S N 0 . 2 A , 4 0 0 C P S C V I T A L ) 

SESULATOR P C BOS NO 3A (NOH-YtTAL) 
COHVERTEB *• ^̂  — 
>10N-V\TW 

AC NiVTAL LDi L D A P S 

i i -U-i 
r D C N O N V I T A I 

ITAL L O A D * 

INVERTER 
NON^rTrt 

AC BOS NO 5 A , \ 6 0 O CPS 

AC B U S N 0 . 4 - A , 4 0 0 C P S ( N O N - V I T A L I 

A C N O f i W I W I T A L L O A D S 

CIRCUIT 
BRENC.ER 

VIAMUAL 
CLOSE 

RECiDLATOR 
tEMVERTiS-
(.VITAL) 

•PCBOS NO. 1B (V ITAU 
S.OURCETRE9UENC\ L O A D S JURCETREpUEN 

I ' T>C V ITAL L O A D S 

BATVEiW 

NON-VlTAl^ 

imERJER 

[vnAq 

AC B U S N Q . ^ B . A O O CPS(,V\TAtJ 

^ ^ S ^ ^ DCBU^^VJO.3B(N0N. VITAL) A C 1 « \ - A L LO 

D C NOJi -V ITAL 

L O A D S 

mVEgTEB A C B O S N O , 4 B , 4 0 0 CPS CNO^I-VITAL'j 

twK-vnw^ i i i 1 

AC N O N - V I T A L L 0 A D 5 

WRASITIC 
LOAD 

S v g n t H 
— f c - p / 

F K E D 
'ARASITK 

LJOAO 

TRANSFER 
RELAV 

CUIieENT 
SENSOR 

AC B U S NO, 5 B , l&QO CPS ^ 

'-U.i_4 
S O U R C E V R E Q U E N C S LOADS 

Figure 37. Elec t r ica l Diagram 



VITAL BO"; N a t 

JITALBIJS MOZ 

lATALBOS Mas 

[VITAL BUS NO.4 n 
Th AMPUFIER 

^10.1 
T K b l S T A 6 l £ 

KIO.V 

Th ^MPUFIER. 
KO.Z 

Tt , aSTABUE 
^40.^ 

REACTOR OUOET 
T C 

Th >̂ ETER. 

Th CUTBACK 
AMPUFIER 

Th CUTBACK 
•B(<3TA6LE 

TK SEIHCTOB. 
SVM\TCH 

AUTO MANUAL 
=CLECTOR 

9\NITC« 

VAAMOAL 
COKTBQL "SWITCH 

TV̂  METER 
NARROW RAN5E 

LDCIC 
CveCU(T=. 

•REACTOR 
COHTROULER. 

HO. I 

XWTBOLORUMN0.I 
AauATORAND 

BRAKE 

C0KTRQ(.T>euiAN0.3 
ACTUATOR AND 

BSAKE 

REACTOR. 
COWTROUEE 

MO,Z 

:0Nn!0L0BUMNO,2 
ACTUATOR WD 

BRAy;.e 

ClOMTRDLaZUMNOA 
ACTUATOR AND 

BRAKE 

HVQri STARTUP RATE 
CUTBACK Si&NAL—^ 

l=ROM NUCLEAR INSTRUMEKITATON 

T h ALARM 
BISTABLE 

H\tJH 

Th ALARM 
H16H 

T h ALARM 
BiSTABLE 

LOW 

Th ALARM 

Figure 38. Control Block Diagram 



The 3 kw ê chromel-cons tan tan TE pump is in an advanced stage of develop­

ment and only a smal l redesign is requi red to upgrade these pumps to meet the 

5 kwe module design r equ i r emen t s . Tes ts to date have been run on these pumps 

at the design t empera tu re of 12 00° F for extended per iods and they have met p e r ­

formance r equ i r emen t s . At the p resen t t ime, it is anticipated that this pump 

will exhibit negligible one yea r degradation in a vacuum environment. 

The boi ler and the RC involve the most changes from presen t configurations 

for incorporat ion in a multiple module manned plant. The new (model 8) boi ler 

is show^n in Figure 39 and is very s imi la r to the model 5C boiler w^hich is com­

pletely developed. The 5C unit has undergone development and prequalification 

and has per formed exceedingly well . This new^ boi ler is more compact than 

ei ther of the preceeding ones so that it may fit between the two sections of shield. 

It is significantly l ighter , and fits into the modular concept to make a very com­

pact NaK sys tem. The model 8 boi ler r ep resen t s a very smal l extrapolat ion of 

cur ren t technology result ing in a high degree of confidence in its predicted 

per for inance . 

A typical 5 kwe RC section is displayed in Figure 40. The total surface 
2 

a r e a is 125 ft . Fea tu re s of the design include: (1) all ( tapered) tube s izes and 

lengths, and fabricat ion requ i rement s fall within existing technology and ex­

per ience ; (2) the short tube lengths will resul t in low^ p r e s s u r e drops w^ithout the 

use of l a rge flow a r e a tubes; (3) a minimum amount of ext ra m e r c u r y w îll be r e ­

quired for s tar tup prehea t (cf II-G); and (4) this approach allow^s minimum 

launch package heights and plant total surface a r e a s . The principle disadvan­

tages concomittant with the ta i lored RC a re the multiplication of qualification 

testing required, the need for different tubing and fabrication tooling for each 

RC section, and the problem of thermal ly insulating the subcooler region (base) 

of one RC segment from the high t empera tu re (upper) region of the adjacent 

segment . 

D. SUMMARY 

Summar ized in Table 3 a r e the salient features of the four modular power 

plants descr ibed above. The power plants a re for a 10 ft d iameter cylindrical 

space station, and the shielding provided reduces the mating plant dose ra te to 

10 m r / h r . The w^eights designated in Table 3 as Basic Unit Weight include the 

ent i re po'wer plant package (and nose cone) -with the exception of the shielding. 
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TABLE 3 

NUCLEAR SYSTEM CHARACTERISTICS (5-20 kwe)" 

Power (kwe) 

N u m b e r P C U ' s 
( a c t i v e and s t andby) 

B a s i c un i t w e i g h t ( lb) t 

S t a t ion s h i e l d p lus b o o m (lb) 

T o t a l p l an t w e i g h t (lb) 

P o s s i b l e e x t r a w e i g h t (lb)S 

R a d i a t o r a r e a (ft^) 

P l a n t l a u n c h he igh t (ft) 

S ta t ion dose r a t e f r o m 
r e a c t o r ( m r / h r ) 

R e a c t o r ou t l e t t e m p e r a t u r e 
( n o m i n a l ) ( °F) 

5 

1 + 1 

1850 

2460 

4310 

2 6 0 

2 5 0 

25.4 

10 

1200 

10 

2 + 1 

2530 

2510 

5040 

3 1 0 

3 7 5 

31.8 

10 

1200 

15 

3 + 1 

3230 

2530 

5760 

3 6 0 

5 0 0 

37.5 

10 

1200 

2 0 

4 + 1 

3940 

2530 

647 0 

4 0 0 

625 

42.5 

10 

1200 

'^'Cylindrical space station, 1 0 ft d i amete r . 
t T o t a l power plant weight exclusive of shielding, boom, and e x t r a s . 
§Includes nose cone, power conditioning equipment, s ta r tup ba t t e r i e s , 
mating r ing. 

The figures given do not include an allowance for standby ba t t e r i e s or power 

conditioning equipment. The radia tor a r e a s shown a re the totals for active and 

standby loops. Shutdown and r e s t a r t capability is available for maintenance and 

emergency conditions. 
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V. LARGER POWER SYSTEMS 

Looking beyond the nascent stages of space station development, it appears 

that needs will exis t for power well in excess of 20 kwe. It is likely that second 

generat ion stations w^ill r equ i re e lec t r i ca l power at levels up to 100 kwe, and 

subsequent space facil i t ies should requ i re even more power. A brief review is 

given below of some considera t ions and very pre l iminary study resu l t s re levant 

to power plants in the range 20 to 300 kwe. 

As the plant size i n c r e a s e s , m o r e and more changes from the sys tems 

descr ibed in P a r t IV a r e requi red . At the f i r s t t ransi t ion power level 

between 20 and 100 kwe, two impor tant changes occur : (1) A SNAP 8 

r eac to r mus t be substituted for the SNAP 2/lOA unit (assuming dual 

SNAP 2/lOA r e a c t o r s a r e not used) , and (2) a NaK pump capable of 

producing g rea t e r flows and p r e s s u r e s mus t be substituted for the TE 

pumps. Studies and exper imenta l evidence show that ei ther static EM 

or canned rotor pumps a r e suitable for this se rv ice , and some development 

has been s tar ted in this a r ea . The 3 to 5 kw multiple units may be extended to 

power plant s izes of about 30 to 40 kwe size before weight and rel iabil i ty penal­

t ies become significant. 

For power plants of size l a rge r than 25 to 40 kwe, considerat ions of weight 

and rel iabi l i ty suggest that a new m o r e optimum module size be selected. 

Therefore , for power exceeding this second t rans i t ion level it is neces sa ry to 

develop a full set of scaled up PCS components. Selection of the optimum 

module s ize is dependent upon a var ie ty of factors including total planned space 

p r o g r a m power plant r e q u i r e m e n t s , cos t s , weight, and rel iabi l i ty . P re l imina ry 

evaluations centered on the las t two qualit ies indicate that between 15 to 25 kwe 

is a reasonable tentative select ion of module size to cover the power range up to 

about 100 to 125 kwe. In scaling up the p resen t CRU to 25 kwe s ize , some bene­

ficial design changes may be made . An electromagnet ical ly excited a l te rna tor 

may be substituted for the permanent magnet machine , thus eliminating the in ­

c reased ro tor w^eight and packaging problems and providing good shor t c i rcui t 

stabili ty. The EM machine also gives very efficient voltage regulation. The 

machine speed would probably be adjusted to yield an output frequency c o r ­

responding direct ly to the station requ i rement . It is expected that the manned 

station rotating machinery would r equ i re 400 cps . To match power requ i rements 
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not exac t ly a m u l t i p l e of m o d u l e s i z e , the C R U ' s (i. e. , PCS) m a y be o p e r a t e d 

a t a flow r a t e l e s s than d e s i g n v a l u e . T h i s r e s u l t s in a w e i g h t s av ings on s o m e 

c o m p o n e n t s (RC, s h i e l d , e t c . ) and an i m p r o v e d p e r f o r m a n c e m a r g i n . T h i s 

s c a l e f r o m CRUV to a 25 kwe d e s i g n i s not a m a j o r d e v e l o p m e n t p r o b l e m . Al l 

p r e s e n t c o m p o n e n t t echno logy would app ly . Des ign s t u d i e s and d e v e l o p m e n t of 

a l a r g e r CRU have a l r e a d y begun . 

A n o t h e r t r a n s i t i o n power l e v e l o c c u r s in the v ic in i ty of 100 to 125 kwe. 

Beyond th i s poin t , the a d v a n c e d SNAP r e a c t o r m a y be u s e d . Th i s r e a c t o r i s 

p r o b a b l y n e a r the uppe r l i m i t in SNAP r e a c t o r t echno logy and i s p r e s e n t l y in 

the s tudy s t a g e and is a m e m b e r of the s a m e c o m p a c t r e a c t o r f ami ly a s a r e 

SNAP 2 / l O A and SNAP 8. It i s c a p a b l e of s e r v i n g p o w e r p l a n t s of 300 kwe and 

g r e a t e r s i z e . As the p o w e r p l an t s i z e p r o g r e s s e s to 300 k w e , i t a p p e a r s t h e r e 

i s i n c e n t i v e on the s a m e g r o u n d s a s b e f o r e for chang ing the m o d u l e s i z e . P r e ­

l i m i n a r y i n d i c a t i o n s a r e tha t a n o m i n a l 100 kwe s i z e m a y be a p p r o p r i a t e . 

R e s u l t s so far ob t a ined f r o m the p r e l i m i n a r y s t u d i e s p r o v i d e an i n d i c a t i o n 

of the c h a r a c t e r i s t i c s tha t m a y be e x p e c t e d for n u c l e a r p l an t s b a s e d on the 

m o d u l a r c o n c e p t for the p o w e r r a n g e 20 to 300 kwe . The s a l i e n t f e a t u r e s of 

t h e s e p l a n t s a r e s u m m a r i z e d in T a b l e 4 . 
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TABLE 4 

ESTIMATED CHARACTERISTICS OF LARGE PLANTS* 

Power (kwe) 

Module size (kw) 

Number PCU's 
(active and standby) 

Station d iameter (ft) 

Basic unit weight (lb) 

Station shield weight (lb) 

Total NPP-MR weight (lb) 

Radiator a r ea (sq ft) 

Station dose ra te 
from reac to r ( m r / h r ) 

Reactor outlet and 
Tempera tu re (°F) 

30 

5 

6 + 2 

20 

5,500-
6,000 

3,000-
3,200 

8,500-
9,200 

860 

10 

1,200 

50 

25 

2 + 1 

30 

7,500-
8,000 

4,000-
4,800 

11,500-
12,800 

1,560 

10 

1,200 

100 

25 

4 + 1 

30 

12,000-
13,000 

10,000-
12,000 

22,000-
25,000 

2,600 

10 

1,200 

150 

25 

6 + 2 

30 

17,000-
18,000 

15,000-
17,000 

32,000-
35,000 

4,300 

10 

1,200 

300 

100 

3 + 2 

50 

21,000-
22,000 

20,000 
23,000 

41,000-
45,000 

7,100 

10 

1,200 

*For cyl indrical stations 
tTo ta l power plant weight exclusive of shielding 
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VI. CURRENT STATE OF TECHNOLOGY 

In recent y e a r s , the re has been a considerable yield of tes t experience a p -

plicable to NPP-MR from the SNAP 2, 8, and lOA p r o g r a m s . The SNAP E x ­

per imenta l Reactor (SER) and the SNAP 2 Development Reactor (S2DR) have 

operated for extended per iods at SNAP 2 conditions. Cumulative operating t ime 

for SER is 222,000 kwh and for S2DR is 250,000 kwh. Shown in Figure 41 a r e 

severa l view^s of the S2/10A r eac to r . The SNAP 8 Exper imenta l Reac tor has 

operated at its 1300°F rating at power levels meeting and exceeding the design 

value of 450 kw^t. Pe r fo rmance during its severa l hundred hours of operat ion 

has been very stable and all cha rac t e r i s t i c s verify design pred ic t ions . 

Extensive development testing has been c a r r i e d out at the subsys tem and 

component level . Tes ts at both SNAP 2 and SNAP lOA conditions have gone far 

tow^ard establishing the rel iabi l i ty of the reac tor and reac tor control sys tem. 

A 1-yr t es t and severa l 90-day t es t s of control d rum actuators have been ca r r i ed 

out with design radiat ion doses at 700°F and 10 m m of Hg. Additional high 

vacuum tes t s of ac tua tors at SNAP 2 conditions a r e underway. Gears and b e a r ­

ings w îth dry film lubricant have also been tes ted under i r rad ia t ion and hard 

vacuum, 10 m m Hg, at and above S2 and SlOA design t empe ra tu r e s and r a d i ­

ation leve ls . The SIO equipment has completed 90-day t e s t s , and S2 units now 

under tes t a r e approaching the 500-hr mark . Resul ts of the extended t es t s 

under high vacuum indicate self-welding is not a ser ious problem. Fuel e l e ­

ment and diffusion b a r r i e r integri ty has been good during approximately 

380,000 hr of fuel rod t e s t s at r eac to r t e m p e r a t u r e s . A t empera tu re s e n s o r ­

s-witch has completed 3,000 h r under S2 conditions, and has operated perfectly 

through 400 s-witching opera t ions . Many s imi la r components re la ted to the r e ­

ac tor , such as safety and diagnostic e lements , control ler , e tc . , have been 

tes ted and per formed as requi red under design conditions. 

Most NaK and Hg sys tem conaponents a r e of basical ly simple design and a r e 

in an advanced state of development. A vital element in the PCS is the CRU, 

which includes turbine, a l t e rna to r , and Hg pump. Figure 42 is a p ic ture of a 

CRU just before instal lat ion in a tes t r ig . 

*SNAP 8 is a nuclear po-wer sys tem designed for 30 kwe with m e r c u r y t u rbo ­
genera to r pow^er conversion. SNAP lOA ut i l izes essent ia l ly the same reac to r 
as SNAP 2, but a t he rmoe lec t r i c pow^er conversion sys tem designed for 
0.5 kwe. 
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Several yea r s ago, a s e r i e s of CRU bearing fai lures were experienced after 

the e a r l i e r , apparently successful development of individual CRU components. 

This brought about an intense effort to co r r ec t the t roub les . The resu l t s have 

been very sat is factory. The feasibility of the CRU concept and the integri ty of 

Hg- lubr ica ted th rus t and journal bear ings has been c lear ly demonst ra ted . 

In the las t 2 y e a r s , 10 advanced CRU's of flight design and their rebuilds 

(designated IVM and V) have been fabricated and successfully tes ted under v a r i ­

ous s tar tup conditions and for extended operating pe r iods . Integrated endurance 

tes t t ime of these units p resen t ly totals 11,000 hr , and severa l units a r e now^ 

continuing extended endurance t e s t s , producing bet ter than design pe r fo rmance . 

It is anticipated that by the end of CY 1964, a total of 20,000 hr of endurance 

testing will have been accumulated. Also, SNAP 1 and Sunflower CRU units 

exhibited in excess of 10,000 hr of integrated tes t t ime . Pos t -ope ra t ion d i s ­

assembly and inspection of the recent long endurance units has shown insignifi­

cant bear ing and pump wear . 

Thermoe lec t r i c pumps for NaK a re nearing completion of development. In 

genera l , per formance predict ions have been verified and ma te r i a l s and fabr ica­

tion problems appear to have been solved. Endurance testing is underway. 

Other key components a r e the boiler and RC. Several boiler units have been 

tes ted (see Figure 43), with per formance being as predic ted . In the case of the 

RC, it is requi red that this component in tegrate s t ruc tu ra l and hea t - re jec t ion 

capabil i t ies with weight optimization and meteoroid protect ion. Two RC con­

cepts a r e under development (honeycomb and a luminum-s tee l ) and tes t s of sev­

e ra l units a r e underway. Resul ts of the development effort show that the 

a luminum-f in / s tee l - tube unit is super ior w îth r ega rd to cost, w^eight, and fabr i ­

cation ea se . Such a unit is p ic tured in F igure 44. Most other SNAP 2 compo­

nents , including the radiat ion shield, T / E pump expansion compensator , p r e s ­

sure regula tor and valves, e lec t r ica l e lements and ins t ruments , expansion joints , 

and t he rma l b a r r i e r s , a r e in the advanced development s tage. A T / E pump for 

NaK is pic tured in F igure 45. 

On the s t rength of the component development foundation, sophist icated tes t s 

of in tegrated sys tems have proceeded. Long- t e rm nonnuclear operating t e s t s of 

NaK and Hg sys tems have been successful . Two tes t sys t ems , SNAP 10 FSM-1 

*Of the same basic technology as CRU IVM and V. 
t P a r t of the SNAP lOA p r o g r a m — but s imi la r in NaK sys tem technology to 

SNAP 2 -NPP-MR. 
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and DRM-1, have completed 90-day qualification t e s t s at design t empe ra tu r e s 

under s imulated space conditions. F o r severa l y e a r s , t e s t s have been conducted 

at SNAP 2 conditions in Hg s y s t e m s . Current ly p rogress ing a r e tes t s of SNAP 2 

prototype PCS units , P S M - 1 , -2, and - 3 . With these systenns it is possible to 

duplicate for the PCS prac t ica l ly all environmental and operating conditions of 

in te res t . The substitution of a carefully designed s imulator for the reac tor and 

control sys tem for the reac tor significantly reduces costs and safety m e a s u r e s 

required, w^ithout compromising the technical quality of the r e s u l t s . PSM-1 is 

the flight configuration prototype designed for study of sys tem the rmal c h a r a c ­

t e r i s t i c s in a s imulated space environment. F igure 46. PSM-2 is a mechanical 

and s t ruc tura l mockup w^hich, since mid-1963, has been undergoing t es t s cover ­

ing the ent i re envelope of expected vibration, shock, aerodynamic heating, and 

stat ic conditions. PSM-3 is a sys tem designed to study orbital s tar tup effects; 

all important components lie in the same horizontal plane (Figure 47) to m i n i ­

mize gravity effects. Table 5 is a summary of the cur ren t status of component 

development. 
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Figure 46. Thermal Per fo rmance Test System 

NAA-SR-9715 
95 



> 
> 

O" 1X1 
I 

- J 

Figure 47. SNAP 2 Zero-G Simul 7562-187^A 
ation 



TABLE 5 

STATUS OF COMPONENT DEVELOPMENT 

2 
> 
> 
I 
en 
I 

Component 

Combined 
r o t a t i n g unit 

Bo i l e r 

R a d i a t o r 
c o n d e n s e r 

T h e r m o e l e c t r i c 
p u m p 

E x p a n s i o n 
c o m p e n s a t o r 

E x p a n s i o n jo in t s 

M e r c u r y p r e s s u r e 
r e g u l a t o r 

M e r c u r y in jec t ion 
tank 

P a r a s i t i c load 
con t ro l 

R e a c t o r s i m u l a t o r 
h e a t e r 

P a r a s i t i c load 
h e a t e r 

N u m b e r 
F a b r i c a t e d 

(uni ts ) 

18 

19 

5 

14 

3 

8 

4 

6 

11 

4 

11 

Tota l T e s t 
T i m e (hr) 
(approx) 

11,000 

5,600 

1,100 

5,000 

5 5 0 

150 

100 

1,000 

6,000 

1,000 

10,000 

Longes t 
Individual 

T e s t s 
(hr ) 

2,500 

2,160 

5 0 0 

2,700 

5 0 0 

50 

0 

0 

2,466 

500 

8,400 

Shock 
Vibra t ion or 
Stat ic T e s t s 
(No. uni t s ) 

1 

3 

3 

I n 
p r o c e s s 

0 

0 

1 

1 

1 

N.A. 

0 

M a x i m u m 
S ta r tup 
Cyc les 
(unit) 

29 

2 0 

115 

10 

15 

4 

25 

500 

8 1 

15 

1,440 

P e r f o r m a n c e 
Ver i f ied 

y e s 

y e s 

T h e r m a l and 
hydrau l i c 

yes 

y e s 

y e s 

y e s 

n o 

y e s 

y e s 

y e s 

y e s 

R e m a r k s 

CRUV long t e r m 
e n d u r a n c e t e s t s 
underway 

5 c b o i l e r p r e q u a l i f i e d 

P ro to type c o m p o n e n t 
m f a b r i c a t i o n 

P ro to type componen t 
m f a b r i c a t i o n 

New d e s i g n concept 

New d e s i g n concep t 

On t e s t - P S M - 1 
and 3 



APPENDIX A 

RELATIVE MERITS OF NPP-MR 

Nuclear and solar power sys tems a r e the only sys tems which can supply 

space stations with significant levels of power for per iods of tinae exceeding a 

few weeks . For nnissions of this type, ba t te r ies and fuel cells sys tems a r e not 

p rac t ica l because of thei r excessively high weights . Nuclear ( reac tor and 

radioisotope) and the var ious solar power sys tems (basically solar cell and 

so la r -dynamic sys tems) each offer their own favorable and unfavorable fea tures . 

The selection of one over the ^thers for a pa r t i cu la r miss ion must be made in 

the context of overal l miss ion requ i rements , total cost, rel iabil i ty, and other 

fac tors . In making compar isons for such select ions, the distinct advantages 

offered by NPP-MR sys tems have previously been published (References 3 

through 6). The advantages of these nuclear power sys tems become more d e ­

cisive as mis s ion durat ion and e lec t r ic pow^er requ i rements i n c r e a s e . 

NPP-MR units a r e compact, rugged, s ingle-package, closed-loop, complete 

e lec t r ica l power plants , and provide safety and relat ive economy without i m ­

posing significant const ra ints on space station design. N P P - M R ' s requi re 

min imum power s torage and no collector (or other a rea) deployment while fur­

nishing the advantages of continuous power and high power per unit radia tor 
2 

a r e a (~40 wat ts / f t ). 

The modular , or building-block approach, based on the SNAP 2 reac to r and 

cur ren t s t a t e -o f - the -a r t components, yields ear ly availabili ty, rel iabil i ty, and 

considerable design flexibility. This approach also yields economic advantages. 

Development costs for such building-block sys tems would be well under the 

costs for l a rge , single unit s y s t e m s . Three important reasons for this a r e : 

1) It will be unnecessa ry to develop new components for each individual 

spacecraft pow^er requ i rement . 

2) The actual cost of developing a low-power pow^er conversion subsys ­

tem (PCS) module is l e s s than that for a specific high-power PCS due 

to savings on ha rdware , faci l i t ies , and tes t cos t s . Also, flight t e s t s 

of sma l l e r PCS ' s may be ca r r i ed out w îth sma l l e r launch vehicles , 

and the money a l ready expended in SNAP 2 development provides an 

" inc rementa l " investment p ic ture that favors the sma l l e r uni ts . 
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3) The cost of the rel iabi l i ty demonstra t ion p r o g r a m will be l e s s for 

smal le r P C S ' s . 

The use of an NPP-MR package el iminates the need which exis ts with solar 

sys tems for preferent ia l plant orientat ion and for the the rmal or chemical 

energy s torage n e c e s s a r y for power generat ion during per iods when the station 

is shaded by the ear th . 

A key economic factor is weight placed in orbit during a miss ion , and in 

this connection nuclear power plants afford impor tant advantages. The basic 

power plant weight for N P P - M R ' s is general ly much lower than that for other 

sys tems as indicated in some detail in References 3, 4, 5, and 6. In addition, 

weight advantages a r e indirect ly gained by N P P - M R ' s in other a r e a s . For 

exannple, solar voltaic and solar dynamic sys tems requ i re far m o r e surface 

a r ea for normal r equ i rements (for 10-kew plants , a factor of '^10 l a rge r than 

NPP-MR sys tems) ; a lso in the case of solar cells a substantial amount of ex­

cess a r e a rnast be provided to allow for power source at t r i t ion due to meteor i te 

damage and Van Allen Belt proton i r rad ia t ion (assuming gamma and x - r ay 

shielding is provided). Nuclear dynamic sys tems a r e not subject to degradation 

from these causes . In relat ively low altitude orb i t s , the large surface a r e a of 

solar plants causes significant drag and a port ion of payload weight mus t be 

devoted to providing thrus t to maintain orbit . Nuclear plants cause much less 

orbital drag , and in addition SNAP flight sys tem development has produced a 

configuration well suited for launch and easily adaptable, without redesign, to 

both deployable and non-deployable space s tat ions. 

For long miss ions involving pov/er plant renewal , the rep lacement weight 

of a nuclear sys tem is smal l compared with sys tems such as solar ce l l s , 

pa r t i cu la r ly if one of severa l feasible designs providing reusable nuclear rad ia ­

tion shields is adopted. How^ever, for some applicat ions, making the shield 

an in tegral pa r t of the disposable package may be advantageous — such as 

providing simplici ty, compactness , and bet ter weight distr ibution. During 

per iodic pow^er plant r ep lacement s , the ent i re package may be safely disposed 

of and a new unit instal led in i ts p lace. Only mechanical and e lec t r ica l con­

nections a r e broken and rejoined since the r eac to r , components, and complete 

fluid sys tems a r e contained within the plug-in power plant package. 
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As a space station power source , nuclear dynamic sys tems have cons ider ­

able growth potential . Weights and surface a r e a s of other sys tems escala te 

rapidly with increasing power, in cont ras t with proport ionately smal l i nc reases 

in nuclear sys tem weight and a r e a s . Extension of Mercury-Rankine nuclear 

plant designs to specific applications is largely an engineering task. Design 

flexibility is such that adequate shielding protect ion may be provided for 

as t ronauts during normal operat ions and various rendezvous maneuver s . While 

the re la t ive advantages offered by nuclear sys tems at low power levels (<10 kwe) 

a r e l ess imposing than in the case of higher power level , the basic technology 

is the same. The use of nuclear plants for ear ly space miss ions with low power 

requ i rements will provide a valuable foundation for the use of nuclear power 

with attendant substantial advantages to mee t future demands for higher power 

and longer miss ions . 

In summary , the more impor tant conclusions regarding NPP-MR plants for 

manned space stat ions a r e : (1) 7 yea r s of intense engineering, design, and 

hardware development act ivi t ies have established a f i rm bas i s for NPP-MR 

technology; (2) the weight of a shielded NPP-MR is competit ive with or l ess than 

other power sources with the weight advantage increas ing considerably as power 

level and nnission duration grow; (3) the comparat ively smal l surface a r e a r e ­

quired pe rmi t s low altitude operation permit t ing escape from space radiat ion 

effects with minimum drag penalty; (4) N P P - M R ' s a r e safe, and safety is en­

hanced by the p re sence of onboard personnel ; (5) there exists no orientat ion 

requ i rement (or sun-shade var ia t ion in operat ions) so that the interact ion of 

power sys tem/s ta t ion is minimum; (6) the total cost of development plus ut i l iza­

tion is comparable for all sys t ems ; and (7) ear ly use and integrated nuclear 

sys tem experience will acce le ra te growth to l a rge r future sys t ems . 
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APPENDIX B 

NPP-MR RELIABILITY 

The equation for overal l NPP-MR plant re l iabi l i ty is ; 

o e b V / J l i / hej hs j \ ~ he hsj 
1 = 0 

where R is overal l re l iabi l i ty , R is re l iabi l i ty of e lec t r i ca l power distr ibution 

sys tem, R, is boi ler NaK-Hg interface rel iabi l i ty , R, and R a r e m e r c u r y 

loop s teady-s ta te and shutdown-res tar t re l iab i l i t i es? R is r eac to r and p r i m a r y 

loop rel iabi l i ty , s is the number of r e s t a r t s , i is the number of PCU's requi red 

for full power, r is the number of redundant loops, and n is the total number of 

modules . Load switching is accomplished external to the bas ic power d i s t r ibu­

tion sys tem. The numbers in pa ren theses a r e NPP-MR rel iabi l i ty objectives. 

An overal l sys tem rel iabi l i ty goal of 0.95 - 0.99 has been used in some stud­

ies in the industry. Fo r given rel iabi l i ty of each power conversion (mercury) 

loop (R, = R, R, ), the rel iabi l i ty requi red of the r eac to r and p r imary loop 

(R = R R R^ ) in o rde r to achieve R = 0 . 9 8 is given in F igure 9b for ^ p n re r s o ^ ^ 
seve ra l power levels (5 kwe module) assuming one redundant PCU in each s y s ­

t em and the SNAP 2 rel iabi l i ty values given in Table 2. 

*The best infornnation available on rendezvous maneuvers indicates reac to r 
shutdown for that operat ion is unnecessary (cf Sections II-B and III-C). How­
ever , the equation is wri t ten as shown for general i ty . 
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APPENDIX C 

RADIATION - ENVIRONMENTAL AND BIOLOGICAL EFFECTS 

Listed below a re the probable ea r ly effects of acute doses of whole body 

radiation exposure . Some evidence available tends to indicate the effect of 

pro t rac ted doses in genera l a r e l ess severe for the same exposure . 

TABLE 6 

BIOLOGICAL EFFECTS OF ACUTE RADIATION JLL-DSES 

Acute Dose 
( r e m ) 

0 to 25 

25 to 50 

50 to 100 

200 to 400 

600 

Effect 

No d e t e c t a b l e c l i n i c a l ef fec ts 

P o s s i b l e blood c h a n g e s , but no c l i n i ca l l y 
d e t e c t a b l e ef fects 

D e p r e s s i o n of blood e l e m e n t s ( r e c o v e r y in 
n e a r l y a l l c a s e s in 3 to 6 m o n t h s ) 

S a m e a s above w^ith i m m e d i a t e d isabi l i ty , some 
d e a t h s p o s s i b l e 
F a t a l to n e a r l y a l l wi th in two w e e k s 

In the natura l space environment there exist very intense radiat ion fields 

which probably will contribute more to the dose received by as t ronauts than 

will the nuclear plant. In n e a r - e a r t h space, there is considerable non-uniformity 

in the environment , and the protect ion required depends on the path followed by 

the par t icu la r station. There a re four major sources of radiat ion: Van Allen 

radiation be l t s , the Starfish or ar t i f icial e lec t ron bel t , solar f l a r e s , and galactic 

cosmic r a y s . The Van Allen belts consist of e lec t rons and protons , and the 

Starfish belt is composed of e lec t rons alone. Solar f lares and galactic cosmic 

rays consist p r imar i l y of high energy protons , and the solar proton s t r e a m s 

may also be accompanied by x - r a y s , e lec t rons , and gamma r a y s . 

VanAllen belt radiat ion imposes a l imit on operat ional celing of about 300 

mi les for extended mi s s ions , since the shield weight requ i rements above that 

altitude become prohibit ively high. Similar ly , the presence of ex t remely high 

energy radiat ion from solar f lares and galactic radiat ion in the higher lati tudes 
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es tabl i shes an upper l imit of about 45° latitude on the orbi tal inclination. At 

lower la t i tudes , the e a r t h ' s magnetic fields shield the station fronn solar flare 

and cosmic radiat ion, and the acute dose hazard is near ly el iminated. A tmos ­

pher ic drag and sputtering effects become increas ingly innportant at lower 

a l t i tudes , and, based on these effects, a lower l imit on orbi tal altitude is p roba­

bly about 200 mi l e s . 

The threshold for radiat ion damage to the most sensit ive hardware com-
7 

ponents ( t rans i s to rs ) is about 2000 rad for fast neutrons (~ 1 0 rad for gamma 

rays ) . The thresholds for biological damage depend on the par t of the anatomy 

involved. As indicated above, in the expected envelope of orbital operation, 

there is protect ion from acute doses of radiat ion. Thus, the r i sk- l imi t ing 

effects a r e those associa ted with pro t rac ted exposure . On the Apollo moon 
19 miss ion p r o g r a m the bas ic c r i t e r i a being employed a r e the National Committee 

on Radiological Protec t ion recommendat ions for pe rmiss ib le integrated lifetime 

doses , although there is no official sanction for this position. The assumption 

is naade that each as t ronaut will have a f ive-year c a r e e r and thus may receive 

his l ifetime dose over this period. These conditions a r e tabulated in Table 7. 

TABLE 7 

APOLLO CRITERIA 

Cri t ical Organ 

Skin of whole body 

Blood forming organs 

Feet, ankles, hands 

Eyes 

Maximum 
P e r m i s s i b l e 

Integrated 
Dose 
(rem) 

1630 

271 

3910 

271 

Average 
Yearly 

Dose Rate 
(rads) 

233 

54 

559 

275 

Maximum Pe rmi s s ib l e 
Single Acute Emergency 

Exposure 
(rads) 

* 
500 

200 

700'^ 

100 

*Based on skin erythenaa level 
•fBased on skin e ry thema level; these appendages a r e l ess radiosensi t ive 
§Slightly higher RBE assumed because eyes a r e believed more radiosensi t ive 

Tabulated in Table 8 a re var ious other figures relevant to shielding design for 

radiat ion. 
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TABLE 8 

RADIATION FACTORS 

Dose 

P e r m i s s i b l e L e v e l s 

3 r e m / 13 w e e k s 
(12 r e m / y e a r o r 0.033 r e m / d a y ) 
5 (N-18) r e m 

Space R a d i a t i o n L e v e l s 

0.5 to 8.5 r a d / d a y 

N P P - M R 
0.01 r e m / h r 
(0.24 r e m / d a y ) 

Condi t ion 

A E C occupa t i ona l d o s e l i m i t 

A E C l i m i t on c u m u l a t i v e e x p o s u r e , 
N = age of ind iv idua l 

Van A l l e n bel t p r o t o n s and g a l a c t i c 
c o s m i c r a d i a t i o n 

T y p i c a l b a s i s for r e a c t o r s t a t i o n 
sh i e ld d e s i g n for 9 0 - d a y m i s s i o n s 

^Considering present contributions by Starfish and other e lect rons to be 
negligible; based on 30° orbital inclination, 125 to 310 mile alt i tude, 
420 mi l thick Al wall shielding (3 gm/cm^) 

The reac tor produces a gamma and fast neutron radiat ion against which b io ­

logical shielding must be provided. During plant operat ion the sources of 

significant gamma radiat ion a r e prompt-f i ss ion gamnnas, fission product 

gammas , and activation gammas from neutron capture by s t ruc tura l and coolant 

m a t e r i a l s . Pro tec t ion against fast neutron leakage from core and ref lector 

must a lso be provided. During shutdown, the (biologically) imiportant radiat ion 

is gamma ray flux associa ted with fission product decay and activated NaK in 

the p r i m a r y coolant sys tem. 
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APPENDIX D 

ARTIFICIAL GRAVITY EFFECTS ON DESIGN 

Depending upon the ra te of spin and dis tance of the plant f rom the axis of 

rotat ion, the ar t i f ic ia l gravity may induce sufficient fluid motion due to natura l 

convection in p r i m a r y and secondary sys tem loops to important ly influence the 

plant layouts. The influence of "g" effects is also reflected in the design m e a s ­

u res requi red to a s s u r e flow stabili ty in the radia tor condenser . Fo r a given 

design situation, th ree possible types of flow instabil i ty must be considered: 

(1) flow regiine stabil i ty, (2) liquid leg instabil i ty, (3) l iquid-vapor interface 

stabili ty. With reference to the f i rs t , it is neces sa ry only to a s s u r e that the 

conditions requi red for maintenance of annular or semi-annula r flow a re obtained. 

There is an abundance of technical experience in this a r ea (at least 150 studies 

a r e repor ted in the l i t e r a tu re ) , and flow regime instabili ty will not be a problem. 

Considerable attention has a lso been di rected toward the la t te r two a r e a s , p a r t i ­

cular ly in connection with the SNAP 2-MRP effort (viz. Reference 20-24). 

With reference to condition (2), for stable operat ion of a mult i- tube condens­

e r , it is n e c e s s a r y that the change in p r e s s u r e drop between tube entrance and 

exit due to change in condensing length must be posi t ive. That i s , the c r i t e r ion 

for "liquid l eg" stabili ty is d (AP)/dl>0, where 1 is the tube length in which con­

densing occu r s . This is t rue whether the total p r e s s u r e drop is posi t ive, or 

negative, as it may be if the s tat ic p r e s s u r e r i se due to momentum recovery 

exceeds the friction losses down the tube and p r e s s u r e change due to gravi ty. 

It was determined that the maximum permiss ib le ar t i f ic ial g force (due to 

package tumbling) opposite the flow direct ion and before the onset of instabili ty 

was 0.05 to 0.14 g for the SNAP 2 flight sys tem. The reason behind the stabili ty 

c r i t e r i a is that for positive dAP/d l , an inc rease in condensing length of a pa r t i cu ­

l a r tube causes a dec rease in p r e s s u r e at the l iquid-vapor interface. This r e ­

sults in a net force on the liquid leg which tends to r e s t o r e the interface to its 

original position. S imi lar ly , with reduction in condensing length, the net force 

tends to r e s t o r e the interface to its original position. When dAP/dl< 0, the net 

force is such as to acce le ra te the liquid leg in the di rect ion of the initial d i s ­

turbance and the sys tem becomes unstable. 

The thi rd potential p roblem a r i s e s from Taylor instabil i ty, i . e . , conditions 

a r i s ing when the di rect ion of acce lera t ion at an interface is from the denser to 
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the l ighter fluid. The requ i rement for stabili ty (in round tubes) in this case is 

given by 

D < 1.835 —r-^ -x 
V a(pj - p^) 

where D is the tube d i ame te r , cr the surface tension, a the local acce lera t ion , 

and p . and p the liquid and vapor dens i t ies . F o r some acce le ra t ion in a d i r e c ­

tion opposite to the flow in a tube of given d i ame te r , the l iquid-vapor interface 

will become unstable. Bench nnodel t es t s and sy s t em tes t s (PSM-3) have shown 

for the present SNAP 2 sys tem that no such flow stabili ty p roblems exist . In 

genera l , it will be possible by the select ion of RC orientat ion and configuration, 

tube geome t r i e s , and performiance conditions to provide a sat isfactory stable 

range of operat ion of the unit r ega rd l e s s of what the g level might be . In fact, 

by having the d i rec t ion of ar t i f ic ia l "g" the samie as the flow direct ion, stabili ty 

is enhanced. 

Two col la tera l and l e s s important effects re la ted to spinning stations a r e 

worth mentioning. F i r s t , the g force should be taken into account in designing 

the control d rum positioning f ixtures . Secondly, the g effect may be used to 

advantage (although s ta r tup in zero g is possible) in connection with sys tem 

s ta r tup by ar ranging for the ar t i f ic ia l gravi ty to control the distr ibution of 

liquid m e r c u r y in the des i red manner . F o r example , the liquid dis tr ibut ion 

at s ta r tup (and shutdown) could be exactly the same as exis ts for ground t e s t s . 
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APPENDIX E 

RENDEZVOUS MECHANICS 

An abundance of information has been published on the rendezvous and 

docking of space craft. The data available (for example References 7-16) 

indicate that it should be feasible for a shuttle craft to approach and dock at a 

space station without being exposed to significant radiat ion from the operating 

r eac to r . That i s , it should be possible for the shuttle craft to r emain in the 

shadow cas t by the station shield from the t ime that the s ta t ion- to-craf t range 

is about 1500 ft until the t ime of contact. To clarify and support this view, a 

simplified account of some aspec ts of rendezvous is presented in the paragraphs 

below. 

The mode usually considered for rendezvous of a f e r ry vehicle with a target 

vehicle in ea r th orbit involves f i r s t placing the f e r ry in a co-planar in termediate 

orbit , then t r ans fe r r ing it to the orbi t of the ta rge t . This approach gives far 

g r ea t e r launch t ime allowance than is available when rendezvous is accomplished 

by d i rec t ascent . Two types of in termediate orbit a r e often r e f e r r ed to: (1) an 

el l ipt ical or chasing orbit with apogee which matches the altitude of the (c i rcular) 

t a rge t orbi t , and (2) a c i r cu la r parking orbit . The la t te r case is the approach 

adopted in severa l ear th orbit rendezvous s tudies , with parking orbit alt i tudes of 

about 100 mi les and station orbit alt i tudes of about 300 mi l e s . 

Although nomenclature re la t ive to the rendezvous maneuver va r ies in 

industry prac t ice and in the l i t e r a tu r e , the following tabulation (Table 9) c h a r a c ­

t e r i ze s the four bas ic phases of the operation following depar ture f rom the 

parking orbi t . 

TABLE 9 

RENDEZVOUS NOMENCLATURE 

Phase 

1 

2 

3 

4 

Descript ion 

Transfer orbit injection 

Mid- t rans fe r orbital cor rec t ions 

Termina l homing (begins 5 to 100 mi les 
from target ) 
Docking (begins 500 to 1500 ft from target) 
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I l l u s t r a t e d in F i g u r e 48 i s a t y p i c a l r e n d e z v o u s s e q u e n c e . Di f fe ren t studie^i 

have c o v e r e d the p o s s i b i l i t i e s of: (1) the shu t t l e c r a f t c l o s i n g a t about the s a m e 

a l t i t ude a s the t a r g e t , a s shown in the f i g u r e , and (2) the shu t t l e c r a f t d e p a r t i n g 

f r o m the t r a n s f e r o r b i t a t a l o w e r a l t i t ude and c lo s ing whi le the s t a t i o n m a i n ­

t a i n s an e a r t h - c e n t e r e d , v e r t i c a l a t t i t u d e . 

B e f o r e beg inn ing P h a s e 1, c o m p l e t e e q u i p m e n t and n a v i g a t i o n a l checkou t 

wi l l t a k e p l ace in the p a r k i n g o r b i t . In g e n e r a l it i s p r o b a b l e tha t s e v e r a l 

g u i d a n c e , n a v i g a t i o n , and c o n t r o l m o d e s w i l l be a v a i l a b l e wi th both o n - b o a r d 

and g round d e r i v e d i n f o r m a t i o n . It i s p o s s i b l e t ha t s o m e o r b i t a l m a n e u v e r s u c h 

a s an o r b i t p l ane change m a y be c a r r i e d out p r i o r to c o m m e n c e m e n t of P h a s e 1. 

P h a s e 1 wi l l be i n i t i a t e d by i m p u l s e in to the t r a n s f e r o r b i t , and n a v i g a t i o n 

and gu idance upda t ing wi l l t a k e p l a c e d u r i n g the f l ight — P h a s e 2. At o r n e a r 

the a p o g e e of the t r a n s f e r o r b i t , e i t h e r a s econd i m p u l s e wi l l be app l i ed to 

c i r c u l a r i z e the shu t t l e c r a f t o r b i t , o r e l s e the t e r m i n a l homing p h a s e wi l l beg in 

wi th no s e p a r a t e c i r c u l a r i z i n g i m p u l s e . V a r i o u s e r r o r a n a l y s e s have b e e n 

r e p o r t e d r e l a t i v e to the a m o u n t s by which shu t t l e c r a f t p o s i t i o n and v e l o c i t y 

di f fer f r o m d e s i r e d v a l u e s a t the end of the t r a n s f e r o r b i t . T h e s e have c o v e r e d 

d i f fe ren t c o n t r o l naodes , o r b i t a l c o n d i t i o n s , and e q u i p m e n t a c c u r a c i e s r e p r e s e n t ­

ing both c u r r e n t s t a t e of the a r t and p r o j e c t e d c a p a b i l i t i e s . T y p i c a l r e s u l t s a r e 

p r e s e n t e d in T a b l e 10. 

T A B L E 10 

T E R M I N A L ERRORS - T r a n s f e r O r b i t 
— . _ — , — _ , „ _ » 

N u m b e r p a r k i n g o r b i t s 

Range ( n . m i ) 

A l t i t ude (mi) 

Ve loc i ty (fps) 

Single 

0 

5 

2 

35 

T y p i c a l 

Impulse' '" 

1 

1.5 

0.2 

10 

E r r o r s 

Two 

0 

2 

1 

15 

[mp u l s e s t 

1 

1 

0.2 

5 

* T o in i t i a t e t r a n s f e r o r b i t 
"finitial p lus f inal c i r c u l a r i z i n g i m p u l s e 

P h a s e 3 , t e r m i n a l h o m i n g , would p r o b a b l y be e x e c u t e d a u t o m a t i c a l l y w i t h ­

out m a n u a l i n t e r v e n t i o n . In g e n e r a l the m e t h o d s p r o p o s e d for P h a s e 3 c o r ­

r e s p o n d c l o s e l y to gu idance s c h e m e s long in use for a i r c r a f t i n t e r c e p t i o n s , e t c . 
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Figure 48. Rendezvous Profile 
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Figure 49. Shuttle Craft Tra jec tory During Docking 
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The sys tems a r e low in complexity, and a r e further simplified because of the 

near absence of a tmosphere . Range, range r a t e , and t a r g e t - f e r r y line of sight 

angular turning ra te a r e sensed and p rocessed , ult imately resul t ing in com­

mands to the propulsion sys tem. The cur rent capabil i t ies of typical sensing 

equipment of the type called for in Phase 3 a r e tabulated below. 

TABLE 11 

CHARACTERISTICS OF HOMING PHASE SENSORS 

V a r i a b l e 

M a x i m u m r a n g e (mi ) 

Range a c c u r a c y (ft) 

Range r a t e a c c u r a c y (fps) 

Ang le a c c u r a c y (°) 

Ang le r a t e a c c u r a c y ( m i l l i r a d i a n s / h r ) 

C h a r a c t e r i s t i c 

150 

± 0.5% ± 5 

± 0.5% ± 0.5 

0.25 

0.25 

A nunaber of p a r a m e t r i c studies of ternainal homing have been ca r r i ed out 

analytically and with s imula to r s . In general it was found very prac t ica l for the 

fe r ry to achieve a range from, and velocity relat ive to , the ta rget which was very 

suitable for initiation of the docking phase. This was t rue even in cases with 

bui l t - in e r r o r s , deviations in th rus t and measu remen t s of kinematic va r iab les . 

In a typical case , the rrtiss dis tance at the end of a homing naaneuver beginning 

at 200,000 ft range was ~ 50 ft. The resu l t s of these s tudies , as might be ex­

pected frona the information in Table 11, indicate the des i red initial conditions 

for the docking phase naay be es tabl ished with good accuracy . Current ly on the 

Apollo p rog ram, the re ference values used for Icr var ia t ion from des i red pos i ­

tion and velocity at the end of the homing phase (beginning of docking phase) a r e 

100 ft and 1 fps. 

In o rde r for the docking phase to be executed with the reac to r operating and 

without shuttle craft depar tu re frona the station shadow cone -co r r ido r , it is 

n e c e s s a r y that the Phase 3 rendezvous objective be a point a s t e r n of the station 

(such as point 0 in F igure 11). This would requi re sonae change from the 

maneuver contemplated in many s tudies , and would involve a smal l f e r ry fuel 

weight penalty. The total fuel consumption es t imated for most docking phase 
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studies is roughly in the range 200 to 400 lb. The weight penalty for the modi­

fied maneuver d iscussed above would probably be a fraction of the total fuel 

allotnaent for docking. 

The docking phase would begin (for a station with NPP-MR) at a range of 

about 1500 ft and would be ca r r i ed out under manual control . The station 

attitude would r emain stable during this phase (about 1° l imit cycle). A large 

number of docking phase studies have been ca r r i ed out analytically and with 

s imula to rs . These efforts usually have been designed to evaluate effects such 

as control mode, thrus t l eve ls , sys tem fa i lures , lighting conditions, and visual 

a ids . They have encompassed a var ie ty of initial conditions and possible sys tem 

fa i lures . The resu l t s genera l ly indicate that the craft can r emain within the 

specified co r r ido r and dock within a reasonable t ime with e i ther as t ronaut or 

automatic control . In Table 12 a r e compared the NASA standards for allowable 
14 

docking ternainal e r r o r with the r e su l t s of one typical s imulator study. In 
12 Figure 49 is shown a typical repor ted shuttle craft t r a jec to ry during the 

docking phase . The run shown was the sixth executed by that par t i cu la r a s t r o ­

naut, and it therefore ref lects a modera te amount of p rac t i ce . 

TABLE 12 

TERMINAL ERRORS - DOCKING 

D i s t a n c e (ft) 

R e l a t i v e v e l o c i t y (fps) 

A l i g n m e n t (°) 

NASA C r i t e r i a 

1 

2 

10 

T y p i c a l S i m u l a t o r R e s u l t s 

0.7 

0 .4 

4 . 0 

A rel iabi l i ty study contained in one publication indicated a very low proba­

bility of failure to rendezvous. Even if during the docking phase the fe r ry 

s t rayed from the co r r ido r and an emergency condition developed (as naight be 

indicated by a gamnaa ray detector on the craft or extended frona the craft on 

a boom), there would be sufficient t ime to take cor rec t ive action before a 

dangerous anaount of radiat ion exposure occur red . In such c i rcumstances the 

as t ronaut naight, for example , use react ion je ts to acce le ra te the vehicle away 
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from station and r eac to r . F o r the Apollo case , if one quadrant of the propulsion 

sys tem fai ls , the other quads compensate and the craft should remain in the 

shadow cone. It is es t imated that a "fly" by the reac to r would occur only if 

th ree of the four quads failed. The probabili ty of this occur rence is es t imated 
- 6 

to be of the o rde r <10 

• 
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