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I. SUMMARY 

Extension of m a n ' s capability and uti l izat ion of space will require the 

development and operat ion of la rge long-l ived space s ta t ions . These sys tems 

v/ill r equ i re e l ec t r i ca l power generating sys tems in the 10 to 100 kwe range 

with l i fet imes on the o rde r of y e a r s . In this application nuc lea r -e l ec t r i c space 

power sys tems exhibit ce r ta in operat ional and economic advantages over solar 

sys tems at re la t ively modes t power l eve l s . At the higher power levels the 

nuclear sys t ems a r e probably the only sys tems that can ser iously be considered. 

The p resen t s e r i e s of SNAP r e a c t o r s y s t e m s , i . e . , the 0,5 to 2 kwe 

SNAP lOA, the 3 to 11 kwe SNAP 2, and the 35 kwe SNAP 8, r ep resen t s a closely 

re la ted family of nuclear power sys t ems that can be modified to accommodate 

the power range of i n t e r e s t . The advanced stage of development of these space 

power sys t ems and the scheduled demonst ra t ion flight t e s t s will uniquely qualify 

them for considerat ion in the manned orbi ta l space station application in the t ime 

period r equ i r ed . 

This r epor t p r e s e n t s the resu l t s of a study of the installat ion and operat ional 

cha rac t e r i s t i c s of a SNAP reac tor sys tem integrated with a manned space s t a ­

tion. The re fe rence sys tem selected was an 11 kwe vers ion of a SNAP 2 sys tem 

employing mult iple power convers ion units coupled to a single r eac to r source . 

Of p r ime impor tance is the reac tor radiat ion shield required for the manned 

system and the use of design features which minimize the shield weight. The 

weight of the radia t ion shield is highly dependent upon the geometr ica l con­

figuration of the space station and the r e a c t o r since "shadow" shielding of the 

manned compar tmen t s is r equ i red for min imum weight s y s t e m s . 

The instal la t ion and shielding r equ i remen t s of the 11 kwe system were con­

s idered for two types of space station configurations i l lus t ra ted in the f ron t i s ­

piece; one was a 10 ft diam»cylindrical s tat ion with a reac tor separat ion distance 

of 50 ft and the other a 150 ft diam torodia l station with the reac tor located in the 

hub. The weight of the power sys tem ins ta l led in the cylindrical space station 

was about 9000 lb of which 6000 lb was requ i red for shielding. The weight 

of the sys tem for a torodial stat ion was '^25,000 lbs of which 20,000 lbs was 

requi red for shielding. However^ it is impor tant to note that these weights a r e 

re la t ively insensi t ive to power level and that doubling or tripling the power output 

will only i nc r ea se these weights by a smal l pe rcen tage . In addition, the designs 
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developed for these two concepts pe rmi t the replacement of the r eac to r and 

power convers ion system with the radiat ion shields becoming essent ia l ly a 

permanent pa r t of the space stat ion. Hence the large weight penalty associa ted 

with the r eac to r shield only has to be i ncu r r ed once during the life of the space 

station. 

Because of the dominance of the r eac to r shield w^eights for manned sys t ems , 

p a r a m e t r i c curves of shielding weight a re p resen ted to enable the space vehicle 

designer to es t imate nuclear power sys tem weights for configurations other than 

those se lec ted in this r epor t . 
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If. INTRODUCTION 

A. THE MANNED ORBITING SPACE STATION 

With the advent of la rge booster sys tems and the success of the Mercury 

manned orbi ta l flights, in t e res t has intensified in the manned space station con­

cept. Of all the manned space mis s ions that might be undertaken in the near 

future, the uti l i ty and benefits der ivable from such a system a re the most d i s ­

cern ib le . The rel iabi l i ty of automatic , unattended long-lived complex space 

sys tems has proved, to date, somewhat disappointing ajid man may well have an 

impor tant ro le to per form in space if only as a highly ve rsa t i l e se rv iceman for 

these exceedingly sophist icated s y s t e m s . Certainly the manned space station 

offers a highly flexible concept for a mult ipurpose central izat ion of many of the 

applications envisioned for ear th sa te l l i t e s . 

The m o r e ambitious m i s s i o n s , such as manned exploration of near space and 

the adjacent planets , wil l r equ i r e the development of a technology of very large 

and long-lived man- spacec ra f t s y s t e m s . Because of this the manned orbiting 

space stat ion r e p r e s e n t s not only a goal unto itselfj but a logical in termediate 

development objective towards extended manned miss ions far ther into space . 

B. SELECTION OF A POWER SYSTEM 

The pow^er sys tem for the manned space station mus t be capable of delivering 

10 to 100 kwe for extended per iods of t ime (a year or longer) . The e lec t r ica l 

load for support of the men only will be on the o rde r of 1 to 5 kw/man. In ad­

dition the number of functions or miss ions that can be performed will be to a 

large extent dependent upon the e l ec t r i ca l power available in the space station. 

For space power sys t ems in this power range and application, so lar , 

nuclear , or chemical sys tems can be considered; however, because of the 

immense fuel r equ i rement s for even the mos t efficient chemical sy s t ems , nu­

clear or so lar sys t ems will r equ i re the leas t logistics support . The various 

solar sys t ems all suffer from ex t remely l a rge a r e a requ i rements for col lectors 

or pane ls , coupled with the complexity, of maintaining an accura te constantly 

changing solar at t i tude. The nuclear sys t em, on the other hand, requi res a 

re la t ively smal l a r ea , does not r equ i re a p re fe r red orientation and is 

unaffected by the sun-shade t r ans ien t . F igure 1 compares the a r ea requi rements 
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for the so la r cell , solar dynamic, and the SNAP 2 through 8 s e r i e s of nuclear 

s y s t e m s . In the region above 10 kw^e, the solar sys tems begin to be prohibi ­

tively large in s ize . 

In the a r ea of costs another dist inct advantage can be shown for nuclear s y s ­

t e m s . Solar cell sys tems requ i re a very la rge number of expensive units while 

the nuclear system contains a re la t ively smal l number of components that can be 

manufactured at reasonable cos t s . A 3 kwe SNAP 2 produced in smal l quantiti tes 

'will cost about 0,75 to 1.0 mil l ion do l l a r s . An U kwe advanced SNAP 2 incorpo­

rating th ree power conversion sys t ems would cost 1.5 to 2,0 million do l l a r s . The 

30 kwe SNAP 8 sys tem might cost on the o rde r of 3 to 4 mill ion compared to a 

cost of 15 to 30 mil l ion dol la rs for a solar cell sys tem. Figure 2 p resen t s a cost 

compar i son of the so la r cell and nuclear sys tem vs power. Cost figures on the 

solar dynamic sys tems were not available for comparat ive purposes . The large 

surfaces and high accu rac i e s requi red for the col lectors doubtlessly will make 

these sys tems expensive. 

The weight of a nuclear power plant is ex t remely dependent upon the shie ld­

ing geomet ry which is de te rmined by the configuration of the space stat ion. 

Figure 3 compares the w^eight of a nuclear system to a solar cell system as a 

function of power output and for tw ô types of space station configurations. For 

a 10 ft diam cyl indrical space stat ion with a 50 ft separat ion dis tance , the nu­

c lear sys tem exhibits a weight advantage at about 12 kwe while, for a 150 ft diam 

torodial station with the r eac to r located at the hub, a weight advantage appears 

at about 37 kw. 

By far the l a rges t pa r t of the weight of the nuclear sys tem for manned m i s ­

sions r e s ides in the radiat ion shield ('•^80% for the large torodial space station). 

For large long-lived space stat ions it is reasonable to expect that the power 

plants will, for one reason or another , be replaced during the operational life 

of the s ta t ions . However, it should be unnecessa ry to replace the large biologi­

cal shield associa ted with the r eac to r if the sys tem is proper ly designed so that 

rep lacement weights for the nuclear sys tem will be those of the unshielded-

nuclear sys tem weights shown in Figure 3 . 

F rom the preceding d iscuss ion it can be seen thatj in the 10 to 100 kwe range 

for manned space s ta t ions , nuclear power sys tems a r e considerably more com­

pact and l e s s expensive and offer a significant weight advantage for the higher 

power levels and for those lower power levels of favorable geometry . 
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III. DESIGN CONSIDERATIONS 

A. TYPES O F SPACE STATIONS 

Although there a re a la rge number of genera l configurations possible for a 

manned space station, the requ i rement for art if icial gravity has favored ei ther 

a dumbbell type a r rangement , with two or more widely separa ted m a s s e s , or a 

la rge rotating t o r u s . 

Most of the important factors involved in integrating a nuclear power plant, 

with the outstanding exception of the shielding factor, a r e independent of the 

choice of configuration. Some of the different types of space station configura­

tions p re sen t m o r e favorable shielding geometr ies than do o the r s . 

B. ACCEPTABLE LEVELS OF RADIATION 

Radiation has always been a pa r t of m a n ' s na tura l environment . Cosmic 

r ays , radioact ive e lements in the ea r th , and a tmosphere , and radioactive m a t e -
40 *"• 

r i a l s , such as K , which a r e p resen t in the human body, r ep re sen t some 

of the na tura l radiat ion background. Obviously, smal l amounts of radiation 

can be to lera ted; however, setting upper l imi ts on radiation exposures has been 

a perplexing and difficult p rob lem. The following list p re sen t s a summary of 

the recommendat ions by the National Commit tee on Radiation Pro tec t ion (NCRP) 

as re la ted to pe r sonne l working in the Atomic Energy field. 

1) The maximum p e r m i s s i b l e dose (MPD) shall not exceed 0.1 r em in 

any one week. 

2) The MPD shall not exceed 5 t imes the age minus 18, i. e. , 5 (age-18) 

r e m , during l i fe t ime, 

3) The MPD shal l not exceed 200 r e m during normal life span. 

4) Maximum accidental o r emergency exposure occuring once in a 

l ifetime should not exceed 25 r e m . 

Higher dose r a t e s than the l abora to ry to lerances l is ted above will be a c ­

ceptable for the sma l l number of people 'who will be involved in performing space 

m i s s i o n s . It is genera l ly agreed that a dose of up to 50 rem received in a burs t 

produces no detectable symptoms . A reasonable single miss ion dose appears to 

lie between 5 and 15 r em, depending upon the frequency of such miss ions con­

s idered for each individual. 

AI-7950 
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Although la rge manned space stations with life span up to 5 y e a r s can be 

considered, duty t imes for naen will probably not usual ly exceed a per iod of one 

month. A dose ra te of about 7.5 m r e m / h r (5 rem/month) has been taken as a 

design value for the manned spacecraf t . Such effects as attenuation by s t r u c ­

tures and equipment and space radiat ion shielding may allow cer ta in reductions 

in the r eac to r shield v/hen these factors can be proper ly evaluated. 

C. SHIELDING 

1. Radiation F rom a Bare Reactor 

The cen t ra l problem of shielding is i l lus t ra ted in Figure 4 which gives 

the dose ra te from a reac to r operating at 100 kw the rma l as a function of d i s ­

tance from the r e a c t o r . Conversely, Figure 5 is a plot of the t ime requ i red to 

receive 1 and 5 r em as a function of separa t ion distance from an unshielded 

reactor operat ing at 100 kw the rma l . The SNAP hydride type of r e a c t o r sys tem 

was used to calculate these dose r a t e s ; these cu rves , however, should be r e l ­

atively independent of the r eac to r type. Inspection of these curves indicates 

that, for a reasonable separat ion dis tance , i . e . , 100 ft at 100 kwt the dose ra te 

is 5000 r e m / h r . F rom the previous d iscuss ion of allowable dose r a t e s , it w^as 
-3 seen that a dose ra te of about 10 r e m / h r is des i red; hence the shield requi red 

7 
•will have to provide a dose ra te attenuation of about 10 to p r e sen t an acceptable 

radiation environment for the manned port ion of the space s ta t ion. During op­

erat ion the radiat ion from the reac tor cons is t s of both neutrons and gamma 

rays . After the r eac to r is shutdown the reac to r st i l l p resen t s a significant 

radiation source consist ing of decay gamma r a y s . The dose ra te from an un­

shielded reac to r that has been operated at 100 kwt and then shutdo'wn for one 

hour is shown, vs separa t ion d is tance , in Figure 6. This source of radiation 

is a slowly decreas ing function of t ime . Also shown on this curve is the a t tenua­

tion of the shutdown dose ra te provided by a slab of depleted uranium 2.16 in. 

thick placed between the reac tor and spacecraf t . 

2. The Shadow Shield 

In o rde r to obtain a minimum weight shield, it is n e c e s s a r y to employ the 

"shadow shield" concept. Using this technique shielding is provided around the 

reac tor in such a manner as to cast a re la t ively radia t ion-f ree shadow over the 

volume occupied by the space s tat ion. For the volume outside of this acceptable 

AI-7950 
8 



10" 

10' 

10^ 

1 1 1 1 I I I I 

1 1 1 1 1 1 1 1 

1 1 1 1 1 1 M 

1 1 i 1 1 1 I 1 

J 
1 1 1 1 

1 
1 

1 

1 1 T ^ l 1 1 1 1 

DOSE RATE(R/hr) 

Figure 4. Radiation Levels from Unshielded Reactor 
7582-0092 

2 
o I mile . 

0.1 10' 10' 
TIME (hours) 

8-27-62 7562-0027 

Figure 5. Maximum Residence Timies Outside Shielded Cone 
with Reactor Operating 

AI-7950 
9 



10' 

O vO 

O 

lo­ot: 
o 
I-
o 
< 

oc 

S o 
tr 

UJ 
o 
Z 102 

h-

a 

- 1 1 1 1 1 1 1 ! 

l 
1 1

 
M

 
1 

II
I 

1 ! 1 1 ! I l l 

SHIELDED 
/ C 2 . I 6 in. DEPLETED 

URANIUy) 

1 t 1 1 1 1 M 

1 1 1 1 11 II 

1 1 1 i l > H . 

; i 1 1 I 1 11 

, UNSHIELDED 

I 1 1 1 1 1 I I 

1 1 I I 1 I I I 

— 

1 1 1 ! 1 I I I 
10 - 2 10" 10° 10' 

DOSE RATE (r@m/hr) 
11-29-62 7562-1009 

F i g u r e 6. Dose R a t e s One Hour Af ter Shutdown 



radiat ion zone, the radiat ion is essen t ia l ly that of an unshielded reac tor unless 

other cons t ra in ts a re imposed that make this situation unacceptable . The 

shadow shield concept is i l lus t ra ted in Figure 7a, b, for two typical space s t a ­

tion configurations. 

The most favorable si tuation, from a weight standpoint, for r eac to r 

shielding occurs when the manned spacecraf t can be protected by a shadow shield 

subtending a smal l spher ica l angle . This situation is rea l ized when the reac tor 

is separa ted from the payload by at leas t two payload d i a m e t e r s . P rac t i ca l ly , 

this separa t ion can best be achieved with a payload of re la t ively smal l c ros s 

sect ion. This case is r ep re sen t ed by the cyl indrical station depicted in 

Figure 7a. 

The shadow shield concept provides a zone that pe rmi t s personnel p r o ­

tection from the reac to r radiat ion and excurs ions outside of this zone by p e r ­

sonnel can be permi t ted only -when the reac to r has been shutdow^n. The shutdown 

dose r a t e , too, as shown in Figure 6, may be prohibit ive except when large 

separa t ion dis tances a re involved. When access outside the radiat ion zone 

offered by the main biological shield is required, the concept of a shutdown shield 

is employed. This is a shield that r educes the reac tor shutdown dose to a level 

where access is p e r m i s s i b l e . Since the shutdown dose is ent i re ly made up of 

gamma rays this shield is usual ly composed of a heavy me ta l such as depleted 

u ran ium. The thickness of heavy me ta l r equ i red is dependent upon the accept ­

able dose ra te which is de te rmined by the operat ional p rocedures envisioned, 

r equ i red length of t ime and frequency of a c c e s s , percentage of the total radiat ion 

dosage to be received during the accesSj and other p a r a m e t e r s . The attenuation 

afforded by 2,16 in, depleted uraniuin is i l lus t ra ted in F igure 6, 

3. Shield Geometry 

The radiat ion from a r e a c t o r consis ts of both neutrons and gamma rays 

re leased in the fission p r o c e s s . As developed in Section VIII, the section on 

Shielding, a manned - sys t em shield wil l consis t of (1) regions of heavy m a t e r i a l 

for gamma ray attenuation, (2) regions of light ma te r i a l , usual ly hydrogenous, 

for neutron attenuation, and (3) hydrogenous heavy mate r i a l j such as zirconium 

hydride, to shield against both gamma rays and neut rons . It is important that 

these m a t e r i a l s be placed so that reac t ions of the neutrons with the heavy atoms 

do not produce excess ive secondary gamma radiat ion. Yet as spher ica l geom­

e t r i e s a r e approached, it is n e c e s s a r y to place the heavy ma te r i a l as close to 

AI-7950 
11 



^REACTOR 

SHIELD 
ACCEPTABLE 

RADIATION 
ZONE 

a. CYLINDRICAL SPACE STATION 

ACCEPTABLE RADIATION ZONE 

/ S H I E L D V 

^REACTOR 

1 2 - 6 - 6 2 

b. TOROIDAL SPACE STATION 

Figure 7. Shadow Shield Concept 
7562-0093 

AI-7950 
12 



the r eac to r core as possible followed by the l ighter , neutron shield 

m a t e r i a l . 

D. OPERATIONAL REQUIREMENTS 

In o rde r to provide a consis tent set of assumptions to es t imate the p e r ­

formance of a nuclear power sys tem as applied to the manned space station, the 

following l i s ted c r i t e r i a a re used,* these a r e independent of the geometry or type 

of stat ion involved. 

1) The main biological shield provides a zone of acceptable radiation 

levels in those por t ions of the space station occupied by personnel . 

2) Shutdown shielding will be instal led or available over the remaining 

port ion of 4lt space to the extent of providing personnel access for 

shor t per iods of t ime to accompl ish rendezvous with the space station 

of unshielded vehic les , maintenance , e tc . 

3) The reac to r and power sy s t ems mus t be capable of repeated s tar tup 

and shutdown as a co ro l l a ry of (2) above. 

4) The reac to r shield and power conversion sys tem mus t be capable of 

instal la t ion in the space stat ion while in orbi t . 

5) The reac tor and power conversion sys tem (but not neces sa r i l y the 

shield) mus t be capable of rep lacement with new units in the space 

station and safe disposal mus t be made of the spent or failed reac tor 

and convers ion sy s t em. 

6) Fa i lure of the r eac to r by any reasonable means miust not p resen t an 

unacceptable hazard to the space station or to the personnel involved. 

While the above ground ru les can be re laxed in some ca se s , they descr ibe 

the genera l design c r i t e r i a that a nuclear power plant mus t mee t to offer the 

space stat ion designer an a t t rac t ive e l ec t r i ca l power supply. 

In the following two sec t ions , the design of an 11-kwe SNAP nuclear 

e l ec t r i ca l sys tem for a cyl indr ical and a la rge toroidal space station a re con­

s idered . In both cases the c r i t e r i a l i s ted above a re me t . 

AI-7950 
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IV. THE CYLINDRICAL SPACE STATION INSTALLATION 

A. DESCRIPTION 

The m a n - r a t e d SNAP 2 power sys tem for the 10 ft diam cyl indr ical space 

station depicted in Figure 8 ut i l izes the 11 kwe advanced SNAP 2 power plant 

descr ibed in Section VII. The major components of this sys tem a r e l is ted 

below. 

1) Three independent 4 kwe ( g r o s s ) m e r c u r y power convers ion 

s y s t e m s . 

2) A biological radiat ion shadow shield that reduces the operat ing 

r eac to r dose rate to 7.5 m r / h r within the shadow cone 50 ft from 

the r e a c t o r . 

3) A deployable r eac to r shutdown shield which can be placed around 

the r eac to r to reduce the shutdown radiat ion 1 hr after operat ion 

to a level of 1 r / h r at 30 ft in any d i rec t ion . 

4) Supporting and erect ing s t r u c t u r e . 

A layout of the se lec ted configuration is shown in Figure 9. The power 

plant can be sepa ra ted for disposal from the biological shield and attaching 

s t r u c t u r e s . After the used power plant package is at a safe distance from the 

space station it can be d i sassembled by means of a des t ruc t charge aimed at 

the r eac to r . A rep lacement power plant package may then be brought up by 

the shuttle vehicle and mated to the biological shield. 

1. Shadow Shield 

The shielding m a t e r i a l s and the i r th icknesses r equ i red for the shadow 

shield a re de te rmined from the data developed in Section VIII, specif ical ly from 

F igures 24, 25, and 26 of that sect ion. The shield shape is de te rmined by the 

thickness requi red and the angle is de te rmined by a line tangent to the 10 ft 

diam payload and the fur thermos t co rne r of the r e a c t o r . For the case presented 

the shadow shield is in the shape of a f rustum of a cone with a top d iamete r of 

30.86 in. and a lower d iamete r of 36.12 in. 1% is composed of 2.36 in. of 

depleted uran ium, 17.7 in. 6-phase z i rconium hydride and 19 in. of lithium 

hydride. It is contained in a 1/8 in. can of 316 s ta in less s tee l . This shield 
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provides a dose ra te in the space stat ion of 7.5 m r / h r during operat ion. A map 

of the dose ra te levels is given in Section VIII, Figure 21, and includes con­

ditions exist ing both during operat ion and 1 hr after shutdown with the shutdown 

shield in p lace . 

2. Supporting St ruc tures 

The main supporting s t ruc tu re is used to absorb the collision shock 

during the rendezvous operat ion and to s tabi l ize the bottom tube of the t e l e ­

scoping boom. It is a tubular t r u s s which is locked to the bottom of the shield. 

It contains the mating ring which matches with the space station s t ruc tu re . 

After instal la t ion, the locks a r e r e l eased and the power package can be 

extended 50 ft away from the s ta t ion. 

The telescoping boom is an in tegra l pa r t of the main s t r u c t u r e . It con­

s is t s of 5 tubes of different OD in telescoping a r rangement . It will extend from 

12 to 50 ft using compres sed gas to provide the extension force . Four 1/8 in. 

cables attached to the shield and to the mat ing ring will supply the stabilizing 

reac t ions . 

3 . Shutdown Shield System 

The shutdown shield is composed of two c lam-she l l halves of 2,16 in. 

thick depleted u r an ium. During r eac to r operat ion, the shutdown shield is s tored 

behind the shadow shield to prevent act ivat ion due to the neutron flux. P r i o r to 

rendezvous with the shuttle vehicle the r eac to r is shutdown by rotating the con­

t ro l d r u m s out;the re f lec tors a re split away from the co re . Then, the shutdown 

shield is moved from behind the shadow shield and brought to shielding position 

coinpletely covering the reac tor co re . The maximum dose ra te is now 1 r / h r 

at 30 ft froin the r e a c t o r . The shuttle vehicle can then approach the station 

w^ithout excess ive radiat ion. 

4. Heat Rejection Radiator 

2 

Approximately 350 ft of heat re ject ion surface a r ea is required for the 

power sys t em. In this configuration the rad ia to r follow^s the cone swept out by 

the shadow shield. All components of the power system nnust be located within 

this cone to avoid the sca t te r of radiat ion into the payload sect ion. The radia tor 

consis ts of t h r ee separa te and independent sect ions , each handling the heat r e ­

jection load from one of the power convers ion s y s t e m s . 

AI-7950 
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B. WEIGHTS 

The weight of the sys tem shown in Figure 9 is given in Table I. 

TABLE I 
WEIGHT SUMMARY FOR CYLINDRICAL STATION 

(lb) 

Reactor System 320 

Secondary NaK Systems (3) 150 

Power Conversion Systems (3) 1080 

Radia to r -Condensers (3) 660 

Total Unshielded Power System 2210 

Uranium 950 

Zirconium hydride 1890 

Lithium hydride 460 

Stainless s tee l conta iners 500 

Conical Shadow Shield, Total 3800 

Shutdown shield 2000 

Support s t r u c t u r e s 1300 

Total System Weight 9310 

Shadow shield weights for different separa t ion d is tances a r e given in 

Figure 10 for a r eac to r t h e r m a l power level of 165 kw. For cyl indr ical stations 

of different d i a m e t e r s , the shielding data in Section VIII may be used to es t imate 

the weight of the r equ i red shadow sh ie lds . 

C. OPERATIONAL PROCEDURES 

1. Launch Configuration and Deployment 

The nuclear power unit can be launched with the space station as depicted 

in Figure 11, In o rde r to min imize s t r u c t u r a l weight the power plant should be 

launched in a compact configuration. After orbit is achieved the power unit is 

separa ted from the spacecraf t by a te lescoping aluminum boom using tension 

cables for s tabi l i ty . The boom length has to be de termined by evaluating in­

c r ea sed s t r u c t u r a l weight vs dec rea sed shield weights as the reac to r -pay load 

distance i n c r e a s e s . In addition, the effect on the space station dynamics of this 

separa t ion dis tance and of the var ia t ion of the weights involved mus t be 

cons idered . 
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If the nuclear power plant is to be instal led on a space station es tabl ished 

in orbi t , the f i rs t power plant package to be launched will consist of the r e a c t o r -

power conversion assembly , the biological shield assembly and the supporting 

and extension s t ruc tu re in the r e t r ac t ed posi t ion. 

2. Initial Instal lat ion 

The power package , ready for mating, will be in front of the shuttle vehicle 

as that vehicle approachs the stat ion. The mating ring will be at the base of the 

supporting s t ruc tu re and or iented to mate with the corresponding s t ruc tu res on 

the stat ion. The overa l l al ignment can be made by using auxi l iary bumpers and 

guides . 

After mating and alignment, the s t r uc tu r e s a re locked together and the 

connections a re m a d e . If the e lec t r i ca l connectors a r e incorporated as pa r t of 

the mating r ing, an automatic connection is made . The next operat ion extends 
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the boom to i ts locked posi t ion and r igs the cables to the proper tension. To 

provide the proper tension, a m e a s u r e d length of cable may be used or the 

cables may be adjusted from inside the vehicle . 

The design c r i t e r i a of the SNAP sys tems requi re maintenance-free 

operat ion for one y e a r . Available manpower may be used, however, to inc rease 

re l iabi l i ty and safety. Also, ce r ta in instal la t ion p rocedures will requi re use of 

pe r sonne l . It is des i rab le to operate from inside the space station; therefore , 

a special compar tment , sea led and isolated from the r e s t of the station and 

with ent rance through an air lock, should be provided. A se r i e s of penetra t ions 

in the wall facing the r eac to r will pe rmi t the use of special lightweight tools . A 

man clothed in a p r e s s u r e suit can operate from inside this compar tment and 

per form all the n e c e s s a r y operat ions within the doubly protect ive environment 

of the suit and the compar tment . 

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

space station a s e r i e s of specia l instal lat ion tools to be used to guide, position, 

index and pin down the two bodies can be used through the wall penet ra t ions . 

These will considerably ease the mating si tuation. 

Power package rep lacement equipment, including des t ruct cha rges , gas 

tanks and guidance equipment, may be stowed inside the station away from the 

heat and vacuum environment . When it is t ime to exchange the power package, 

they can be insta l led in their p rope r p laces from inside the compartment by 

means of telescoping probes through the penetra t ion in the wall . 

3 . Power Plant Replacement 

After the nuc lear power plant completes i ts useful life, about 1 yr, the 

complete power unit may be r e l e a s e d from the supporting s t ruc ture and shield 

and sepa ra ted from the tnanned spacecraf t by smal l cold-gas rockets attached 

to the bottom of the rad ia to r cone, Figure 12. This r e l ease will allow the 

m a s s i v e shield and supporting s t r u c t u r e , which should have a useful life of 5 

to 10 y r , to r ema in with the space station to be reut i l ized for another power 

plant which can then be instal led by a rendezvous shuttle vehicle. Only mechan­

ical and e lec t r i ca l connections will be n e c e s s a r y since the fluid sys tems of the 

power plant a re completely contained within the detachable unit. In the case 

of i r r e p a r a b l e damage which would prevent i t s p roper operation, the r e p l a c e ­

ment of the sys tem may also be requ i red . The design presen ted here in provides 
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for the separa t ion and des t ruc t ion of only the reac to r -power conversion sys tem 

(pes), leaving the biological shield, shutdown shield, and all ied s t ruc ture at tached 

to the space station. 

This separa t ion and des t ruct ion is accomplished in the following s teps : 

a. Scram r e a c t o r and split the re f lec tors away from the core vesse l . 

b . Disconnect all e l ec t r i ca l and mechanical connections. 

c. Release and verify all the locks holding the r e a c t o r - P C S assennbly 

to the shield. 

d. Activate the je ts provided at the r e a r end of the r ad ia to r s , at which 

t ime the r a d i a t o r - P C S and reac to r will be propelled away. 

e. Dest roy the assembly , after it is at a safe distance (it is d e s ­

t royed by means of an a rmour p ierc ing shell which i s located at 

the base of the r ad i a to r s ) . Redundancy of systeins may be used 

to i nc rease re l iabi l i ty . 

f. Bring up a new r e a c t o r - P C S assembly by the shuttle vehicle and 

align it in place during rendezvous . 

g. Guide a s sembly into place, and lock al l the connectors . 

The r eac to r is ready for s ta r tup at completion of the final s tep . For 

space stat ions launched into long-lived o rb i t s , the radioactivity in the core 

will decay to negligible levels before r e e n t r y . The f i rs t generation of manned 

stations will probably be in low altitude o rb i t s , and if so, it is des i rable for the 

radioactivi ty to be d i spe r sed in the upper a tmosphere on reent ry . Work 

presen t ly underway by Atomics International (AI), the AEC, the United States 

Air Force (USAF), and others is intended to de termine the requi rements for 

r een t ry burnup. Burnup of an intact SNAP core is marg ina l but burnup can be 

a s su red by d i sa s sembly of the core with an explosive charge s imi la r to the 

des t ruc t charge ut i l ized for the p resen t USAF-AEC SNAP Flight Tes t P r o g r a m . 

The charge would be s tored in an a r ea within the shadow cone of the shield to 

avoid radiat ion and heat degradat ion of the explos ives . The activity in a SNAP 2 
-8 co re is about a factor of 10 l e s s than that r e l ea sed in a 20 KT nuclear 

weapon. 
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4. Rendezvous Operat ion 

Although the shadow shield adequately protec ts the personnel in the 

space station, many sys tems requ i re a rendezvous with shuttle or supply 

veh ic les . Necessi ty for such a rendezvous is an essen t ia l factor in the concept 

of a 5-yr space station with as t ronaut duty per iods of approximately one-month. 

Resupply of food, wate r , fuel and equipment, as well as personnel , is con­

templated. Figure 4 i l lus t ra ted the radiat ion levels that would be encountered 

outside the shielded shadow cone from the ba re operating reac to r at 100 kwt. 

At 1000 ft only six min would be requ i red to receive a 5 r em dose . Therefore , 

if rendezvous is to be achieved, the shuttle vehicle mus t duck into the shadow 

shielded cone while at about 1000 ft from the space stat ion and must remain in 

the cone as approach is made to the docking s t r u c t u r e . The feasibili ty of this 

type of rendezvous has not been invest igated but may be too res t r i c t ive to p r e ­

sent an a t t rac t ive mode of operat ion. For this reason a deployable shutdown 

shield is used which re su l t s in the dose ra te dis tr ibut ion ^vhich was shown in 

Figure 6. Since the dose ra te is only about 1 r e m / h r at 30 ft from the r eac to r , 

this shield p e r m i t s the shuttle vehicle to approach from any direct ion. The 

rendezvous operat ion is depicted in Figure 13. The r eac to r is shutdown 1 hr 

before the anticipated rendezvous . The ref lec tors a re then split away from the 

core and the shutdown shield halves rotated and brought up to enclose the r e a c ­

tor co re . The shuttle vehicle can then approach the space station and complete 

its docking p r o c e d u r e . 

In the case of a fai lure of ei ther of the requi red opera t ions , splitting the 

ref lector halves or deploying the shutdown shield, manual over r ides a r e p r o ­

vided by a system of cables d i rec t ly connected to the mating ring on the outer 

surface of the station, and these may be operated by a hand crank from inside 

the compar tment . 
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¥. THE TOROIDAL SPACE STATION INSTALLATION 

A. DESCRIPTION 

One space stat ion configuration that has received a grea t deal of attention 

is the toroidal or "doughnut" type space station i l lus t ra ted in Figure 14. This 

par t i cu la r sys tem is pat terned after a design developed by the Space and In­

formation Systems Division (SISD) of NAA and descr ibed in SID-62-658-1 "Self 

Deploying Space Station Inter im Repor t . " The design is for a sys tem housing a 

crew of -^20 men, and the e l ec t r i ca l power requ i rements a r e es t imated at about 

11 kwe. The space stat ion would be composed of five cyl indrical 10 ft diam 

sections a r r anged in the shape of a near ly c i rcu la r hexagon. This volume houses 

the occupied sections of the stat ion. Three tubular sections provide access from 

the main port ion of the station to a hub sect ion located in the cen te r of the hexa­

gon. The space stat ion is rotated about an axis perpendicular to the plane con­

taining the l a rge cyl indrical sections and going through the cen t ra l hub to provide 

an art i f icial gravi ty at the outer r im of the stat ion. The hub sect ion may be 

disengaged from the spinning motion to p e r m i t rendezvous to occur at this point. 

When this rendezvous operat ion has been completed the hub section is acce le ra ted 

to the same r p m and a c c e s s to the outer r i m i s made via the acces s tubes 

leading from the hub to the outer r i m . The d iamete r of the space stat ion is 

'--ISO ft. 

A layout of the 11 kwe nuclear power sys tem descr ibed in Section VIII is 

shown in Figure 15. For this example the r eac to r - sh i e ld and power conversion 

system a r e at tached to the cen t ra l hub extended '^20 ft from the c loses t access 

of the hub. Since l imi ted acces s only is usual ly requi red for the hub a r e a (such 

as ze ro -g expe r imen t s , docking, embarking and disennbarking) the design l imi t ­

ing condition for this example then becomes the selected value of the operat ing 

dose ra te at the r im of the space s tat ion. A descr ipt ion of the major po'wer 

plant components follows. 

1. Main Shield 

The main shield is approximately a hemisphere surrounding the SNAP 2 

reac tor and shadowing the ex t r eme edges of the r e a c t o r from the r im of the 

space s tat ion. The shield is a composi te of 2.36 in. depleted uran ium, 15.8 in. 

borated z i rconium hydride, and 16.3 in. l i thium hydride . The shield is canned 

in 1/8 in. thick 316 s ta in less s tee l . 
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Figure 15. Shielding for Toroidal Station 



2. Shutdown Shield 

The shutdown shield is a slab of 2.16 in. thick depleted uranium which is 

rotated into posit ion around the shutdown r e a c t o r . During reac tor operation 

neutron activation is minimized by assur ing that the shutdown shield is not ex­

posed to the d i rec t beam of the r e a c t o r . 

3. Radia tors 

The rad ia to r s a re p ie -shaped ra ther than conical segments . This shape 

allows both s ides of the radia tor to " s e e " space , thus, minimizing the requi red 

radia tor a r e a . 

4. Support S t ruc tures 

The power plant sys tem is sepa ra ted from the hub by a 20 ft high tower 

s t ruc tu r e . This s t ruc tu re need not be of g rea t length since the personnel a re 

usually in the r im a r e a which is 75 ft from the hub. 

F igure 16 depicts the dose ra te dis tr ibut ion around the space station 

during and 1 hr after r eac to r shutdown. 

LOW RADIATION ZONE 

12-7-62 7562-0095 

Figure 16. Dose Rate Map for Toroidal Station 
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B. WEIGHTS 

Table II gives the weight breakdown for the power sys tem installed in the 

toroidal configuration. 

2210 

TABLE II 
WEIGHT SUMMARY FOR TOROIDAL SPACE STATION 

(lb) 

Reactor System 320 

Secondary NaK Systems (3) 150 

Power Conversion Systems (3) 1080 

Radia tor -Condensers (3) 660 

Total Unshielded Weight 

Uranium, depleted 2440 

Zirconium Hydride 11540 

Lithium Hydride 4280 

Stainless Steel Containers 700 

Biological Shadow Shield, Total 

Shutdo^wn Shield 

Support S t ruc tures 

Total System Weight 

18960 

1400 

2000 

24570 lb 

The weight of biological shadow shield for other separa t ion d i s tances , 

space stat ion d i ame te r s is shown in Figure 17. 
1. e . 
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C. OPERATIONAL PROCEDURES 

1. Launch Configuration 

The nuclear po-wer unit can be launched with the toroidal space station 

or mated with the station in orbit following a rendezvous . The mating plane is 

at the base of a 20-ft tower s t ruc tu re which separa tes the r eac to r from the hub 

of the stat ion. The nuclear power plant can be launched with a manned shuttle 

vehicle as sho-wn in Figure 11. 

2. Initial Installation 

The shuttle vehicle will approach the toroidal station from below the hub 

with the mating ring or iented to mate with the corresponding s t ruc tu res on the 

toroidal s tat ion. After mating and aligning the s t ruc tu re s a r e locked together 

and the e l ec t r i ca l amd control connections a re made . 

The possible use of a specia l sealed compar tment , provided with tool 

penetrat ions to allow maintenance of the power plant, is d iscussed in Section IV. 

This concept is equally applicable to the toroidal s tat ion. A man operating from 

inside a compar tment below the hub could a s s i s t in the docking and final mat ing , 

instal l a c c e s s o r y equipment on the power plant, and per form cer ta in maintenance 

functions. 

3 . Power Plant Replacement 

The power plant rep lacement routine used for the toroidal concept is 

basical ly the same as that used for the cyl indrical concept descr ibed in 

Section IV. However, the shutdown shield for the toroidal station is in the form 

of a heavy plate placed below the biological shield ra ther than the clam shell 

a r rangement used for the shutdown shield of the cyl indr ical stat ion. The plate 

is deployedby sliding it into posit ion below the r eac to r following r eac to r shut­

down for rendezvous . Disposal and des t ruct ion p rocedure s a r e identical with the 

toroidal and cyl indrical concepts . As descr ibed in Section IV, the disposal of 

the r eac to r at the end of i t s useful life is accomplished by separa t ion of the 

nuclear power unit (without shield) using cold-gas rockets and the reac tor is 
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dest royed with explos ives . Because of the la rge fraction of the sys tem 

weight r ep resen ted by the shield, the capabili ty for reuse of the shield with 

replacement power units i s pa r t i cu la r ly important in the toroidal concept. 

4. Rendezvous Operat ion 

Although the biological shield adequately pro tec t s the personnel in the 

space station, rendezvous •with shuttle vehicles will be required and p e r ­

sonnel in the vehicle may be exposed to excess ive radiation f ields. If the 

shuttle vehicle approaches from "above" the space station it will be a d e ­

quately shielded. If, however , the vehicle overshoots ( routinely or by 

e r r o r ) , the r eac to r mus t be shutdown and, possibly, a shutdown shield d e ­

ployed. The radiat ion levels around the space station during reac to r op ­

era t ion and following the r eac to r shutdown with shutdown shield in p lace , 

a r e shown in Figure 16. The dose ra te with the shutdown shielded condition 

is only 1 r / h r at 30 ft from the reac tor ( outside the biological shield 

shadow) . Thus essen t ia l ly complete freedom for the rendezvous vehicle is 

allowed. If the r eac to r is operated continuously during rendezvous, however, 

the dose ra te is 50 r / h r at as much as 1000 ft and very little time can be 

spent outside of the biological shield shadow. 
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Vf. NUCLEAR SAFETY CONSIDERATIONS 

A. LAUNCH OPERATIONS 

The reac tor is not operated at any t ime before or during launch. It therefore 

r ep re sen t s a negligible radiat ion source during these pe r iods . Special locks and 

filler blocks a r e at tached to the ref lector control a s sembly during handling oper­

ations to insure that the r eac to r cannot be brought to c r i t ica l i ty and thus genera te 

power. These provis ions a r e removed just before launch but could be removed 

in orbit for ce r ta in manned veh ic les . 

To bring the r eac to r to cr i t ica l i ty , a squib-actuated pin must be removed 

and control d rums dr iven in. 

The reac to r can go c r i t i ca l if i m m e r s e d in wa te r while fully intact. In the 

case of a launch abort , the manned craft would be pulled away from the booster 

by a rocket escape tower . The r eac to r system w^ould be jet t isoned from the 

manned craft and d i sas sembled by a des t ruc t charge to a s s u r e that cr i t ica l i ty 

could not be achieved on i m m e r s i o n in w^ater. 

B. ORBITAL OPERATIONS 

1. Reactor Operation 

The reac tor is s ta r ted after orbit is reached and deployment completed. 

Shielding has been provided (as d i scussed elsewhere) to l imit c rew exposure to 

5 r e m / m o n t h . 

Operating exper ience on the two SNAP 2 ground tes t r e a c t o r s — SNAP 2, 

Exper imenta l Reactor (S2ER) and SNAP 2, Developmental System (S2DS) — has 

been excellent . In a per iod of over th ree y e a r s , no major or minor nuclear r e a c ­

tor accident has occu r r ed . Operations exper ience in space should be equally 

good. The p r e s e n c e of men to monitor the r eac to r operat ions should a s s u r e 

safety. Automatic fast s c r a m sys tems a r e , nonetheless , routinely used in ground 

operat ion and would probably be equally as useful in space operations to supple­

ment the human ope ra to r s and re l ieve them of the r equ i remen t for c lose at tend­

ance to the r eac to r ins t rumenta t ion . 

2. Rendezvous 

The rendezvous of a shuttle vehicle with the space station has a l ready 

been d i scussed in some detai l with r e spec t to the shielding r equ i r emen t s . With 
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adequate shielding the r i sk of overexposure to radiation is smal l . The design 

value for the shutdown shield has been taken as 1 r e m / h r at 30 ft. This would 

allow over 25 hr at that dis tance before the acceptable emergency dose for rad ia ­

tion w^ould be rece ived . Even if the shutdown shield were unable to be brought up 

around the r eac to r , due to some malfunction, about 10 min would be required at 

30 ft to rece ive the emergency dose . 

3. Release of F i ss ion Produc ts 

Fo r ground operat ing conditions, the major hazard of nuclear r e a c t o r s is 

the r e l e a s e of radioact ive fission products into the a tmosphere . An interest ing 

consequence of a ze ro -g rav i ty , high-vacuum environment is that fission product 

r e l e a se poses no major danger . This is due to the fact that the fission products 

r e l ea sed a r e hot and volatile and the re fore quickly d i spersed in the absence of 

a tmosphere and gravi tat ional influence. The as t ronauts would not inhale, ingest, 

or otherwise be int imately exposed to the radioactive fission produc ts . 

C. REACTOR DISPOSAL 

After completion of the useful life of the nuclear power unit, the unit will be 

detached and je t t isoned as desc r ibed previous ly . For orbits w^ith lifetinaes g rea t e r 

than300 y r s , radioact ive decay causes negligible radiat ion to be p re sen t on r een t ry . 

1. Reentry Burnup 

For shor t - l ived orb i t s , the radioact ivi ty must be d i spersed in the upper 

a tmosphe re . Studies a r e p re sen t ly underway to de termine if complete r een t ry 

burnup occurs for a SNAP 2 r e a c t o r . To a s s u r e burnup, a des t ruc t charge may 

be ut i l ized to b reak the r eac to r into smal l p i eces . 

2. Atmospher ic Contamination 

The contribution of SNAP r e a c t o r s to the worldwide a tmospher ic contam­

ination is quite smal l as shown in F igure 18. If a 50-kw SNAP 2 reac to r is burned 

up in the a tmosphere at the r a t e of 1/yr continuously until 2020 A ,D . , and no m o r e 
90 nuclear bomb tes t s a r e c a r r i e d out, the Sr level due to weapons t e s t s will st i l l 

exceed the r eac to r induced level by a factor of a lmost 100. 
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VI!. THE 11-kwg MULTIPLE SNAP 2 UNIT 

The Advanced SNAP 2 11-kwe Power System consis ts of th ree 4-kwe (gross) 

power conversion sys tems coupled to a single reac to r heat source . The r eac to r 

is an upgraded vers ion of the SNAP 2 r eac to r and the power conversion sys tems 

ut i l ize the components of the 3-kwe SNAP 2 flight tes t unit. The SNAP 2 system 

and the various components a r e descr ibed in Section IX with a brief summary of 

the i r development s ta tus . 

A. SYSTEM DESCRIPTION 

A flow schemat ic of the sys tem is shown in F igure 19. The reac to r core is 

cooled by liquid meta l NaK which en te rs the core at 1040°F and exits at 1240' 'F. 

The NaK is then pumped to th ree separa te para l le led NaK to NaK heat exchangers 

where the reac to r heat is t r a n s f e r r e d to the th ree independent me rcu ry powered 

convers ion loops. The NaK from the p r i m a r y heat exchanger is conducted to a 

m e r c u r y boiler where liquid m e r c u r y is vaporized and superheated. This super ­

heated m e r c u r y vapor is then expanded through a minia ture high speed turbine 

which in turn dr ives an a l t e rna tor that de l ivers 4.0 kwe of g ross e lec t r ica l power 

at 110 V and 1800 cps . The turbine, a l t e rna tor , and centrifugal m e r c u r y boiler 

feedpump a r e located on a single shaft unit called the Combined Rotating Unit (CRU). 

The expanded m e r c u r y vapor is conducted to a d i rect radia tor condenser where 

the miercury vapor is liquified and re tu rned to the boi le r . A portion of the liquid 

m e r c u r y being re tu rned to the boiler is subcooled to provide a low t empe ra tu r e 

liquid s t r eam for a l t e rna tor cooling and bear ing lubricat ion. The p r i m a r y and 

secondary NaK loop pumps a r e the canned rotor types and a r e e lect r ica l ly dr iven 

by a port ion of the g ro s s a l t e rna tor output. 

Table III l i s t s some of the per t inent system c h a r a c t e r i s t i c s . 

With the exception of the r ad ia to r -condense r , the component s izes , d imen­

sions , and shapes a r e cons idered a fixed geometry . The radiator shape is a l ­

lowed to a s sume geomet r i e s dictated by the par t i cu la r installation configuration 

with a fixed a r e a r equ i r ed . 
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TABLE III 

ADVANCED SNAP 2 POWER SYSTEM 

Elec t r i ca l Power 

3 CRU (net) 

1 CRU (gross) 

Type 

Frequency 

Voltage 

Reactor System 

Thermal power 

Flow (NaK) 

P r e s s u r e drop 

Outlet t e m p e r a t u r e 

Inlet t e m p e r a t u r e 

Power Convers ion System (per CRU) 

Thermal power 

Turbine inlet t empe ra tu r e 

Turbine inlet p r e s s u r e 

Turbine exhaust p r e s s u r e 

Mercu ry flow ra te 

Total mechanical efficiency 

Turbine efficiency 

Al terna tor efficiency 

Rankine cycle efficiency 

Mechanical power-shaf t 

Radiator t e m p e r a t u r e inlet 

Radiator t e m p e r a t u r e outlet 

Total rad ia to r a r ea 

Radiator p r e s s u r e drop 

11 kwe 

4 kwe 

3-phase 

1800 cps 

110 ± 5.5 v 

163 kw 

216 Ib /min 

6 ps i 

1240^F 

1040''F 

50 kw 

USO 'F 

115 psia 

9 ps ia 

20 Ib /min 

37% 

53% 

84% 

8% 

5.6 kw 

600^F 

350' 'F 

350 ft^ 

3 psi 
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B. WEIGHTS 

A weight s u m m a r y of this sys tem is p resen ted in Table IV. 

TABLE IV 

11-kwe SNAP 2 POWER PLANT WEIGHT SUMMARY 
(lb) 

Reactor System 

Secondary NaK sys tems (3) 

Power convers ion sys tems (3) 

Rad ia to r -condensers (3) 

Total power plant 

C. STARTUP AND RESTART 

1. Startup 

The power sys tem is s ta r ted after the requi red orbit is obtained and v e r i ­

fied. The NaK pumps (for each loop) a r e , however, s t a r ted on the ground (bat­

te ry powered) to provide 5% NaK flow in o rde r to prevent any NaK from freezing 

before sys tem s ta r tup . 

The s tar tup sequence is begun (see F igure 20) by rotat ing in the r e a c t o r 

safety d r u m s . Simultaneously, the r eac to r control d rums slowly begin stepping 

inward in response to the low^ t e m p e r a t u r e signal from the NaK t empe ra tu r e 

sensor at the secondary heat exchanger outlet. As the r eac to r t empe ra tu r e in­

c r e a s e s , each of the NaK loops and boi le rs is preheated . When the secondary 

heat exchanger outlet t empera tu re r eaches 1000°F, the Power Conversion System 

(PCS) s ta r tup sequence commences by opening the valves from the injection tank 

and regula tor tank and closing the condenser exit valve s imultaneously for all 

th ree m e r c u r y loops. This sequence causes the injection of m e r c u r y into the 

boiler and bea r ings . The mfercury is vaporized in the boiler and spins the tu r ­

bine, the shaft of which provides the mount for the m e r c u r y pump and a l t e rna to r . 

As m e r c u r y condenses and col lects in the radia tor condenser , the p r e s s u r e and 

t empe ra tu r e build up to design condit ions. The r ad ia to r -condense r exit valve is 

then opened and the excess m e r c u r y flow^s into the regulator tank. At the comple­

tion of this s tep, the system reaches s t eady-s ta te condit ions. 

320 

150 

1080 

660 

2210 
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2, R e s t a r t 

When the s y s t e m is shu tdown the r e g u l a t o r t ank is v a l v e d off to t r a p the 

m e r c u r y (130 I b / C R U of the t o t a l of 150 I b / C R U is r e q u i r e d to s t a r t t he s y s t e m ) . 

The r e m a i n d e r of the s y s t e m is t h e n e v a c u a t e d to s p a c e r e l e a s i n g 20 lb of m e r ­

c u r y . (See F i g u r e 20.) 

To r e s t a r t j t he i n j ec t i on t ank is f i l l ed wi th m e r c u r y f r o m the r e g u l a t o r 

t ank and the s e q u e n c e i s c a r r i e d on a s p r e v i o u s l y d e s c r i b e d . 

Twenty pounds of e x c e s s m e r c u r y p e r CRU m u s t be p r o v i d e d for e a c h 

r e s t a r t in a d d i t i o n to the b a s i c 150 lb /CRU« 

(J) 3ATTERY POWER a/PPLlED ON LAUNCH PAD TO 
^^ MINTAIN 5% FLOW 

( 2 ) GROUND START COMMAND SNAPS IN SAFETY 
^ ^ DRUMS AND CONTROL DRUMS START STEPPING 

IN TO PREHEAT NaK LOOP 

(Z) WHEN BOILER OUTLET REACHES !000°F A 
SIGNAL -

® SIMULTANEOUSLY OPENS INJECTION VALVE 
AND CLOSES R C EXIT VALVE 

( 5 ) MAINTAINS BOILER EXIT NoK AT !000°F BY 
^ ^ CONTROL DRUM ACTION 

( i ) MERCURY IS INJECTED INTO THE BEARINGS AND 
THE BOILER 

(j) MERCURY VAPOR FROM THE BOILER SPINS UP 

(e) AFTER CRU SPIN UP THE INJECTION TANK IS 
EXHAUSTED AND THE CRU PUMP SUPPLIES THE 
BOfLER 

(9) CONDENSJNG Hg PREHEATS THE R C UNTIL THE 
CONDENSING PRESSURE REACHES 6 PSIA AT 
WHICH TIME 

(FS) A SIGNAL FROM THE R/C OPENS THE R C EXIT 
^^ VALVE AND ALLOWS THE EXCESS INVENTORY 

TO DRAIN INTO THE REGULATOR TANK 

SHUTDOWN-RESTART 

( ? ) CLOSE REGULATOR TANK VALVE 

(2) EVACUATE SYSTEM TO SPACE CLOSE EVAC 
^^ VALVE 

( 3 ) CLOSE INJECTION TANK VALVE 

( 4 ) OPEN FILL VALVE FORCSNG HG FROM REGU 
^-^ LATOR TANK INTO EVACUATED INJECTION 

TANK 

( 5 ) CLOSE FiLL VALVE AND R/C EXIT VALVE AND 
^ ^ BEGIN NORMAL STARTUP SEQUENCE 

7-25-62 7S62-001!b 

F i g u r e 2 0 . SNAP 2 O r b i t a l S t a r t u p and R e s t a r t 
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VIII. SHIELDING 

A. SHIELD DESIGN CRITERIA 

1. P e r m i s s i b l e Radiation Level 

While no pe rmi s s ib l e radiat ion dose for manned space flight has yet been 

fixed by any government agency, it is probably conservat ive to a s sume that a 

total in tegrated dose of 5 r em for a " rout ine" space flight is permiss ib le^ with 

25 rem poss ib le under some condit ions. In the p resen t study, the various reac tor 

shields have been designed so that the integrated dose in the space station over 

a per iod of 4 ŵ k is 5 r e m . 

2, Shield Configuration 

Shields for two different space station designs were analyzed. The f i r s t 

space station design is cyl indr ical in shape. The r eac to r is placed along the axis 

of the cyl inder . The shield for this design is a shadow shield in the form of a 

frustum of a cone. This configuration p r e sen t s the most favorable geometry for 

a lightweight r eac to r shield. 

The second space stat ion design is toroidal shaped, and the reac to r has 

been placed at the center of the space stat ion. In this case , the shield weight 

optimization has been based on the concept of a shield completely surrounding 

the r eac to r , although it should be noted that the shield used does not completely 

sur round the r eac to r , as show^n in F igure 15 and the w^eights a r e adjusted 

accordingly. 

B. SOURCES OF RADIATION 

One of the f i r s t s teps in designing a shield is the de terminat ion of the inten­

sity, energy distr ibut ion, and spatial d is t r ibut ion of radia t ion s o u r c e s . If the 

p r i m a r y source of radiat ion is a r eac to r , only neutrons and gamma rays a r e 

considered, since these a r e the most penetra t ing forms of radia t ion. 

1. During Reactor Operat ion 

The sources of radiat ion during r eac to r operat ion a r e given in Table V 

and d iscussed below. F igure 21 shows the radiat ion levels with the r eac to r oper­

ating and also one hour after shutdown with a shutdown shield in p lace . 

AI-7950 
42 



SHUTDOWN SHIELDED 

1 2 - 6 - 6 2 7S62-009« 

Figure 21 . Dose Rate Map for Cylindrical Station 
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TABLE V 

SOURCES OF RADIATION DURING REACTOR OPERATION 

Where Produced 

Reactor core 

Coolant, s t ruc tu ra l 
m a t e r i a l s and r eac to r 
shield 

Gamma Rays 

P rompt - f i s s ion gammas 

F i s s ion-p roduc t gainmas 

Neut ron-capture gammas 

Gammas from neutron 
inelast ic sca t te r ing 

Decay gammas of neutron 
activated m a t e r i a l s in co re 

Neut ron-cap ture gammas 

Gammas from neutron 
inelast ic sca t te r ing 

Coolant-act ivat ion gammas 

St ruc ture-ac t iva t ion gaminas 

Neutrons 

F i s s ion neutrons 

Delayed neutrons 

Photoneutrons 

Photoneutrons 

TABLE VI 

GAMMA RAY ENERGY SPECTRA RESULTING FROM 
FISSION OF URANIUM-235 

(Mev per F iss ion) 

Average 
Gamma Ray 

Energy 

1 

2 

3 

4 

5 

6 

7 

Total 

P r o m p t 
F i s s ion 

Gamma Ray 

3.450 

2.360 

1.175 

0.477 

0.203 

0.136 

0.026 

7.827 

Equil ibrium 
F i s s ion Produc t 

Gamma Ray 

5.16 

1.737 

0.322 

7.219 

Capture Gamma Ray 
in U235 in 

Thermal Reaction 

0.520 

0.356 

0.177 

0.072 

0.031 

0.020 

0.004 

1.18 

Total 

9.130 

4.453 

1.674 

0.549 

0.234 

0.156 

0.030 

16.226 

*Capture g a m m a - r a y spec t rum is a s sumed to have the same spec t r a l d i s t r ibu­
tion as that of the prompt fission gamma r a y s . 

a. Gamma Rays 

In the computation of the co re g a m m a - r a y strength, the mos t important 

contributions a r e the p rompt - f i s s ion g a m m a s , the f i ss ion-product g a m m a s , and 

the neu t ron-cap ture g a m m a s . The gamma-ray contribution resul t ing fronn neutron 
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inelast ic sca t te r ing and from decay of neutron-act ivated ma te r i a l s in the core 

is compara t ive ly smal l ; thus it may be neglected in the considerat ion unless 

grea t accuracy is des i red . The g a m m a - r a y energy spec t ra resul t ing from fis-
235 

sion of U is show^n in Table VI. The neut ron-capture gamma rays from other 
m a t e r i a l s in the core should be added to the spectrum given in the table . The 

total g a m m a - r a y source s t rength is comiputed by the following equation. 

S. = PKU. + V ^ C . . N . j^°°<p(E)a.(E)dE , . . . ( 1 ) 

J 

•where 

S. = source s t rength of core at energy i, in Mev/sec 

P = t he rma l pow^er of r e ac to r , in watts 

K = constant, 3.3 x 10 f i s s ions / s ec -wa t t 

U. = total gamimia-ray energy spec t ra of uranium at energy i, in Mev/ 

f ission (see Table VI) 
3 

V = volume of core , in cm 

C . = gaimma ray energy given off at energy i per neutron capture in 
Ĵ 2 

e lement j , in Mev 
3 

N. = number of a toms per unit volume of core of element j , in a t o m s / c m 

<p(E) = neutron flux per unit energy E in core , in neu t rons / cm - s e c - M e v 

a.(E) = absorpt ion c r o s s sect ion of element j at energy E, in cm /a tom of 

elennent j . 

235 In the above equation, the f i r s t t e r m is the contribution from U and 

r e p r e s e n t s a source s t rength of 16.2 Mev/f iss ion. The second t e r m is the con-
235 tr ibution of neu t ron-cap tu re gamma rays from mate r i a l s other than U in the 

co re . This may amount to as much as 2,5 Mev/f iss ion. However^ for SNAP 

r e a c t o r s , capture gamma r ays contr ibute approximately 0.5 Mev/fission, and 

these have been added to the f ission source with the spect rum given in Table VI. 

The calculat ions a r e thus considerably simplified without introducing la rge e r r o r s 

in the r e s u l t s . 
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The gamma rays outside the co re resu l t mainly from neu t ron-cap tu re 

and from neutron inelast ic sca t te r ing w^ith shield m a t e r i a l s . The secondary 

g a m m a - r a y source s t rengths a r e calculated identically to those given in the 

second t e r m of Equation 1. 

Cer ta in nuclei become radioact ive upon neutron absorpt ion and emit 

gamma radiat ion. This source of radiat ion may somet imes be important , as in 

the case of r eac to r coolants or s t ruc tu re , thus present ing an additional source 

requir ing shielding. The source s t rength of activated m a t e r i a l s may be de te r ­

mined using the follow^ing equation, 

S.(E.) = 

w^here 

Np. f .E . .n . . /* 
(p(E)a.(E)dE 

-X.t \ / -nX.t \ -X.T 
e ^ n i - e ^^]e ^ 

- X . t • 
1 c 

. . ( 2 ) 

S.(E.) = source s t rength of radioact ive isotope i per unit volume of act ivated 
^3 3 

m a t e r i a l emitting gamma rays of energy E., in Mev /cm - s e c 
23 N = Avogadro 's number , 6.025 x 10 a t o m s / m o l e 
3 

p - density of m a t e r i a l i, in g m / c m 

f. = weight fraction of pa ren t isotope of radioact ive isotope i in m a t e r i a l . 

This is equal to the product of the w^eight fraction of elemient i and 

the isotopic abundance of the pa ren t isotope of i. 

A. = atomic w^eight of parent isotope of i, gm/mole 
3 

E.. = decay gamma-ray energy of isotope i, in Mev/photon 
3 

n. . = fraction of photons emit ted by isotope i at energy E., in photons/ 

d is integrat ion 

2 
cp(E) = differential neutron flux, in neu t rons / cm - s e c - M e v 

4 (J.fE) = energy dependent absorpt ion c r o s s section of paren t isotope i, in 

cm /a tom 

X. = decay constant of isotope i, in units of inverse t ime = 0.693/half-life 
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t = amount of t ime that the parent isotope is being i r rad ia ted pe r cycle 

t = amount of t ime for one cycle 

n - number of cycles 

T = t ime after m a t e r i a l being activated is out of neutron flux. 

Let H.(E.) be defined as follows: 
1 J 

H.(E. ) = 
1 J 

Np.f .E. .n. . . 
L i i ^ i i f <p(E)0 (E)dE 

^ i • 'E ' 

For one cycle activation (n = 1), and Equation 2 reduces to 

S.(E.) = H.(E.) 1 - e 
-X.t " 

1 r 
•X.T 

1 . . . ( 3 ) 

This is the bas ic equation for activation of stat ionary m a t e r i a l s . For 
5 

many cycle act ivat ions, i . e . , coolant activation, n is l a rge , and Equation 2 

reduces to 

S.(E.) = H.(E.) 
1 J 1 J 

1 - e 
• X . t 

1 r 

1 - e 
I X X 

1 c 

-X.T 
(4) 

If X.t (and hence X.t ) is a smal l number, i . e . , l e ss than about 0.1, 1 c 1 r J s ? 

Equation 4 reduces to 

t -X.T 
S.(E.) » H . ( E . ) T^ e ^ . . ( 5 ) 

Equations 4 and 5 a r e usual ly used for calculating r eac to r coolant 

ac t iv i t ies . In this case : 

t = t ime coolant spends in core , i . e . , in high neutron flux 

t = coolant cycle t ime 
c ' 
T = t ime after r eac to r shutdown 
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During reac to r operation, Equation 5 reduces to, 

t 
S.(E.) - H . ( E . ) - 7 ^ . . . ( 6 ) 

Coolant cycle t imes a r e usually about one minute, thus for radioact ive sodium 

(Na ), which has a half-life of 15.0 hr , Equation 6 could be used, and the source 

strength calculated would be quite accu ra t e . 

In thermal r e a c t o r s , most of the activation r e su l t s from the rma l 

neutrons , for which the following approximation may be used: 

I (p(E)a(E)dE«(p(th)a (th) , . . . ( 7 ) 
E ^ ^ 

where (p(E) and CT.(E) a r e defined in Equation 2, 
2 

<p(th) = average t he rma l flux in the core , in n e u t r o n s / c m - s e c 

CT.(th) = the rmal neutron absorpt ion c r o s s section of paren t isotope i, in 

cm / a tom. 

In some c a s e s , the fas t -neut ron activation may be important . In 

these c a s e s , the radioact ive isotopes a r e produced by (n,y) , (n, p), (n,a), and 

(n, 2n) r eac t ions . 

b . Neutrons 

235 For t he rma l r e a c t o r s , like SNAP r e a c t o r s , using U , 2.47 neutrons 

a r e emit ted per f ission. The energy spec t rum of these neutrons is given in 

Table VII. It is important to note that this spec t rum occurs only during the f is ­

sion p r o c e s s in the co re . 

Delayed neutrons and photoneutrons in the co re may be ignored, since 

they r e p r e s e n t a very smal l fract ion of the total neutrons produced. Photo-

neutrons produced out of the core may usually be neglected also since these too, 

in genera l r ep re sen t a smal l fraction of the total neutrons from the co re . 

2. After Reactor Shutdown 

After the r eac to r is shut down, since no fissions a r e taking place, the re 

is no source of neutrons except for the negligible contribution from delayed 

neutron s o u r c e s . The only radiat ion source is fission product decay which r e ­

sults in the emiss ion of beta and gamma r a y s . Fo r shielding calculat ions, only 
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TABLE VII 

NEUTRON SPECTRUM FROM FISSION OF U 
THERMAL NEUTRONS 

235 
BY 

Energy of Neutrons , E 
(Mev) 

0 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7,0 

8.0 

9.0 

10.0 

Frac t ion of Neutrons 
Above Energy, E 

1.000 

0.8531 

0.7024 

0.4024 

0.2131 

0.1076 

0.05259 

0.02505 

0.01169 

5.372 X 

2.434 X 

1.092 X 

10-3 

10-3 

10-3 

gamma rays a r e cons idered . The activity of fission products after r eac to r shiat-

down is given by the following approximate equation: 

1.4P t r"-' - .-"•'• 'o)- . ( 8 ) 

where 

C = activity of fission products at t ime t days after reac to r s tar tup, in 

cu r i e s (1 c = 3 . 7 x 10 d i s in tegra t ions / sec ) 

P = operating t he rma l power of r eac to r , in watts 

t = t ime after r eac to r s tar tup, in days 

t = t ime the r e a c t o r has operated, in days 

It should be noted that in Equation 8, (t - t ) is the number of days after 

shutdown. This equation should only be used when (t - t ) is g rea te r than 10 s ec . 

In o rder to calculate af ter-shutdown shielding requ i rements , the gamma-

ray intensity and energy spec t rum should be known. F igures 22a, b i l lus t ra te the 

ra te of g a m m a - r a y energy emit ted per watt of reac tor power, as a function of 

t ime after shutdown, for var ious energy groups and for a reac tor operation t ime 
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of 10 h r . It shou ld b e e m p h a s i z e d tha t t h e g a m m i a - r a y e n e r g y s p e c t r u m does 

not v a r y a p p r e c i a b l y for o p e r a t i n g t i m e s f r o m a few days to one y e a r . H o w e v e r , 

t he t o t a l g a m m a - r a y e n e r g y e m i t t e d p e r w a t t a s a funct ion of t i m e a f te r a s h u t ­

down v a r i e s w i th the r e a c t o r o p e r a t i o n t i m e , a s shown in F i g u r e 23 . T h u s , the 
3 

g a m m a - r a y e n e r g y s p e c t r u m in F i g u r e 22 ( o p e r a t i n g tinae 10 h r ) m a y be u s e d , 

and t h e s o u r c e m a y be n o r m a l i z e d to t ha t in F i g u r e 23, if o p e r a t i n g t i m e s o t h e r 
3 

t h a n 10 a r e r e q u i r e d . 

C. SHIELD M A T E R I A L S E L E C T I O N 

G r e a t c a r e shou ld be t a k e n in c h o o s i n g t h e sh ie ld ing m a t e r i a l s . The t e m ­

p e r a t u r e b e h a v i o r and r a d i a t i o n d a m a g e c h a r a c t e r i s t i c s should be c o n s i d e r e d a s 

w e l l a s the sh i e ld ing p r o p e r t i e s . S e v e r a l of t h e u s u a l l y i dea l sh ie ld ing m a t e r i a l s 

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

e r t i e s a t the t e m p e r a t u r e i nvo lved o r p o o r r a d i a t i o n d a m a g e c h a r a c t e r i s t i c s . 

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

p r o b l e m : 
3 

1) U s e a few i n c h e s of a h igh d e n s i t y (> 10 g m / c m ) m a t e r i a l in the b e g i n ­

ning of the s h i e l d to e f f ic ien t ly a t t e n t u a t e c o r e g a m m a r a y s . 

2) Con t inue w i th a g a m m a - r a y s h i e l d wh ich h a s an i n t e r m e d i a t e d e n s i t y 

but a h igh f a s t n e u t r o n r e m o v a l c r o s s s e c t i o n p lus a v e r y low t h e r m a l 

n e u t r o n c a p t u r e c r o s s s e c t i o n for the p r o d u c t i o n of high e n e r g y c a p t u r e 

g a m m a r a y s . 

3) F i n a l l y , c o i n p l e t e t h e s h i e l d w i th a low d e n s i t y m a t e r i a l con ta in ing a 

h igh f a s t n e u t r o n r e m o v a l c r o s s s e c t i o n . 

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

u s e d for the h igh d e n s i t y s h i e l d m a t e r i a l . Th i s l a y e r i s fol lowed by a r e g i o n of 

b o r a t e d z i r c o n i u m h y d r i d e , f o r m i n g the i n t e r m e d i a t e d e n s i t y sh ie ld , and, f ina l ly , 

by a r e g i o n of l i t h i u m h y d r i d e for the low d e n s i t y s h i e l d . (See Tab le VIII.) 

T A B L E VIII 
SHIELDING M A T E R I A L S 

M a t e r i a l 

U r a n i u m (dep le t ed ) 

Z r H i . 8 
L iH 

D e n s i t y 
( g / c m ^ ) 

18.7 
5.55 
0.710 

F a s t N e u t r o n R e m o v a l 
C r o s s Sec t ion (cm"-^) 

0.170 
0.154 
0.110 
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Depleted uranium is an excellent m a t e r i a l for the high density shield (den-
3 si ty = 18.7 g m / c m ) and can withstand re la t ive ly high t e m p e r a t u r e s . It a lso has 

good attenuation p rope r t i e s for high energy gamma rays accompanying fission in 

the core and it has a high fast neutron removal c r o s s section, (0.170 cm" ). F u r ­

t h e r m o r e , it has a t he rma l neutron absorpt ion c ro s s section and resonance inte­

gra l less than that of tungsten, thus it genera tes l e s s secondary gamma r a y s . 

The zi rconium hydride used in the calculat ions has the formula Z r H , „ and 

a density of 5.55 g m / c m . It is a s sumed that the zirconiumi hydride contains 1% 

boron by weight and that, as a resu l t , t he rma l neutron capture gamma rays p r o ­

duced in the z i rconium a r e reduced to such a level that they a r e only a small 

fraction of the co re gamma r a y s . This is a reasonable assumption since the 

t he rma l neutron mic roscop ic absorpt ion c r o s s sections for the zirconium and for 

the boron a r e 0.0065 cm and 2,35 cm , respec t ive ly . As required, the z i r c o ­

nium hydride also has a high fast neutron removal c ros s section (0.154 cm ) 

and, s ince it contains hydrogen, it effectively slow^s down intermediate energy 

neutrons to t he rma l energ ies where they a r e readi ly absorbed by the boron. The 

fact that the z i rconium also has a fair ly good c r o s s section for inelast ic s ca t t e r ­

ing helps in slowing down high energy fission neutrons (greater than 5 Mev). 

3 
Lithiunn hydride was chosen for the low density (0.710 g m / c m ) shield. It 

has a high effective neutron remova l c r o s s section (0.110 cm per w^eight) and 

it exhibits good t h e r m a l and radiat ion stabil i ty. 

D. OPERATING SHIELD DESIGN 

Two basic shield configurations were considered: a spher ical shield par t ia l ly 

or fully enveloping the r eac to r , and a conical shadow shield. The conical con­

figuration is used for applications in which the payload (or manned compartment) 

s ize is smal l , re la t ive to the dis tance between the payload and the r eac to r . The 

spher ica l configuration is used for ca ses in w^hich a conical shadow shield would 

not suffice, such as a l a rge toroidal manned space station with the reac tor near 

the center of the wheel . 

1. Optimization of Mater ia l s 

Three shield m a t e r i a l s a r e used: depleted uranium, borated zirconium 

hydride, and lithium hydr ide . Section VIII-C descr ibed the bases for the se lec ­

tion of these th ree shielding m a t e r i a l s . A la rge nunaber of detailed calculations 
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were per formed by IBM 7090 computer to de te rmine the optimum th icknesses of 

the three m a t e r i a l s , based on minimum total shield -weight, for var ious dose 

r a t e s and pay load- reac to r separa t ion d i s tances . The r e su l t s of this analysis 

indicated that two major simplifications could be effected in the design of r ad i a ­

tion shields utilizing these m a t e r i a l s : 

a) A constant uranium thickness of 6 cm may be used in the shield 

design since this uraniunn th ickness r e su l t s in a minimum total 

shield weight for both configurations which w e r e studied. 

b) For any specific dose ra te and separa t ion dis tance, use of the z i r ­

conium hydride and lithium hydride th icknesses which were calcu­

lated for the spher ica l configuration re su l t s in a total weight for 

the conical configuration which is within 5% of the weight given by 

the use of the th icknesses calculated for the conical shape. Thus, 

it is poss ib le , within the accuracy requ i red for a p re l imina ry de­

sign, to use the samse naaterial th icknesses for both basic configu­

ra t ions . 

2. Shielding Mater ia l Thicknesses 

F igures 24, 25, and 26 a r e plots of z i rconium hydr ide and lithium hydr ide 

th icknesses requ i red to give a minimum weight shield design for a payload dose 

r a t e of 7.5 nnr /hr , for r eac to r power levels of 100, 200, and 300 kwt. In o rder 

to obtain a shield weight based on these curves , it is n e c e s s a r y to de te rmine the 

shield configuration r equ i r ed which is normal ly dependent upon payload s ize , 

shape, and distance from the r e a c t o r . The graph is en te red with the payload-

reac to r separa t ion dis tance to obtain the optimum zirconium hydride and li thium 

hydride th icknesses . Then, with the use of the m a t e r i a l densi t ies given in 

Table VIII, the weight of uranium, z i rconium hydride, and lithium hydride may 

be calculated. 

3. Determinat ion of Thicknesses 

To de termine the r equ i red m a t e r i a l th icknesses for dose r a t e s other than 

7.5 m r / h r , the following re la t ionship is used: 
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Figure 25. Mater ia l Thickness vs Separation Distance 
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Figure 26. Mater ia l Thickness vs Separat ion Distance (300 kwt) 

where 

S, = the actual separa t ion dis tance, ft 

D, = the requ i red dose ra t e , m r / h r 

D = 7.5 m r / h r 

S^ = value of separa t ion dis tance used to obtain m a t e r i a l th icknesses 

from the graph. 

Example: With a r eac to r power level of 100 kwt, an actual separat ion dis tance 

of 50 ft, and an allowable dose r a t e of 15 m r / h r , F igure 24 would be 

entered with 

^2 = 5 0 - : ^ 
a/2 

= 70.7 ft 

Thus, it is found that, for a minimum weight shield with the above conditions, 

6 cm of uranium, 40.5 cm of bora ted z i rconium hydride, and 42 cm of lithium 

hydride should be used . 
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To obtain optimum ma te r i a l th icknesses for reac tor power levels other 

than those shown in F igu re s 24, 25, and 26, the following express ion maybe used 

,1/2 

. . . ( 1 0 ) 

where 

P , = the actual power level 

P^ = the power level for which the graph is drawn. 

Example: For a r eac to r power level of 165 kwt, a separat ion distance of 100 ft, 

and a dose ra te of 7.5 m r / h r , F igure 25 would be entered with an 

equivalent separat ion distance of: 

a/2 
^3 = - ( ^ ) = no ft 

The requ i red m a t e r i a l th icknesses a r e found to be 6 cm of uranium, 39.8 cm of 

borated z i rconium hydride, and 41 cm of l i thium hydride. 

E. SHUTDOWN SHIELD 

When the r eac to r is shut down following operation, the radiation source 

consis ts of decay gammas from the r eac to r co re and gammas due to activation 

of the NaK p r i m a r y coolant which has pas sed through the core during operat ion. 

Thus, the shielding m a t e r i a l r equ i red for the shutdowncondition consis ts ent irely 

of a high densi ty m a t e r i a l , such as depleted uranium or tungsten. 

The shielding requ i red for r eac to r operat ion includes sufficient heavy mate ­

r ia l to reduce the shutdown dose r a t e in the normal ly manned a r e a s to an insig­

nificant leve l . Therefore , a shutdown shield is requi red only to shield those 

regions which a r e not normal ly manned but which must be shielded during special 

operat ions , such as rendezvous of a manned vehicle with the station. 

F igu re 27 shows the thickness of uranium requi red to reduce the shutdown 

dose ra te to 1 r / h r , at var ious separa t ion d is tances , for the ca ses in which the 

operat ional power level is 100, 200, and 300 kwt. The uranium thickness r e ­

quired for a dose r a t e other than 1 r / h r may be found in the same manner as 

descr ibed in the sect ion above for the operat ing dose r a t e s . 
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Figure 27. Shutdown Shield Thickness vs Separat ion Distance 
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F . SHIELDING PROCEDURES 

The p r e l i m i n a r y shield analysis p resen ted is based on an idealized spher ica l 

configuration. No a t tempt was made to reduce weight by taking credi t for d i r ec ­

tional effects that w^ould be considered in a final design. Basic assumiptions used 

in this analysis a r e as follows: 

1) The c o r e was a s sumed to have a uniformi neutron and g a m m a - r a y source 
g 

and core se l f -absorpt ion was considered. 

2) The core g a m m a - r a y source s trength was calculated to be approximately 

17 Mev/f iss ion, and it was a s sumed this g a m m a - r a y energy is c a r r i e d 

exclusively by 3 Mev photons. 

3) A g a m m a - r a y dose buildup factor of 20 was used in the calculat ions . 

This co r re sponds to approximately 20 mean- f ree paths for any ma te -
9 r i a l . Approximately 20 mean - f r ee paths a r e n e c e s s a r y to reduce the 

dose ra te from core g a m m a - r a y s to 7.5 mremi/hr at 75 ft. 

4) The fast neutron dose r a t e was calculated using an approximate form of 

a double exponential express ion for fast neutron attenuation in a hydrog­

enous shield. This express ion may be used in the p resen t shield de­

sign since both z i rconium hydride and lithium hydride a r e hydrogenous 

media . However, for deep penet ra t ions , i . e . , g rea te r than 10 mean-

free pa ths , only the second t e r m in the attenuation kernel of the double 

exponential express ion for fast neutrons becomes important . As a r e ­

sult, in the p re sen t calculat ions, only the second t e r m was used. 

6) The secondary g a m m a - r a y source born in the depleted uranium shield 

was incorpora ted in the calculat ions by multiplying the core gamma 

source s t rength by the ra t io of the g a m m a - r a y dose ra te including 

uranium secondar ies to the dose r a t e without uranium secondar ies . It 

should be noted that this ra t io was obtained from exper imental data, 

and F igure 28 shows this ra t io as a function of depleted uranium 

th ickness . 

6) Gamma rays resul t ing from fast neutron inelastic scat ter ing in z i r co ­

nium w e r e explicitly cons idered . It was assumed that secondary gamma 

rays from degraded neutrons can be suppressed by proper placement 

of boron. 
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Figu re 28. Ratio of Core Gammas Plus 
Uranium Secondaries to Core Gammas 

The resul t ing express ions for the dose r a t e s from core gamma rays (includ­

ing secondar ies from depleted uranium) , core neut rons , and gamma rays from 

fast neutron inelast ic sca t te r ing in z i rconium a re as follows: 

VFPN D = y— exp 
"^ 47TR'^A 

-(^c\^lh'^ ' (11) 

S F P B G C J ( T ) / \ 

g 4tTR i 

. . ( 1 2 ) 

/ \2 ~^ytj-'^ih -^ih 
3 .r̂  ^ , , ^ .. /a \ _ ^̂ 2 2 ( e D . = ^ L ^ E M B . c p ^ r 5 e - e 

Ml ~ ^ i 

D = D + D -1- D. 
g n 1 

. . . ( 1 3 ) 

. . . ( 1 4 ) 
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D = dose r a t e from core gamma rays and depleted uranium secondar ies , 

m r e m / h r 

D = dose r a t e from core fast neut rons , m r e m / h r n ' 

D. = dose r a t e from inelast ic gamma rays generated in zirconiunn, 

m r e m / h r 

D = total dose r a t e at detector , m r e m / h r 

S = core g a m m a - r a y source s t rength, 17 Mev/f iss ion 
9 

V = effective number of neutrons produced per fission, 2.47 

F = convers ion factor, 3.3 x 10 f i s s ions / sec -wa t t 

P = t h e r m a l power level of r e ac to r , watts 

R = dis tance from center of core to detector , cm 

B = dose buildup factor for 3 Mev gamma rays 

G = dose convers ion factor for 3 Mev gamma rays 

, .^ 1^-3 m r e m / h r 1.45 X 10 ^ 
Mev /cm - s e c 

N = dose convers ion factor for fast neutrons 

2 50 n / c m - s e c = 7.5 m r e m / h r 

A - constant used in double exponential express ion for fast neutron 
9 

attenuation, 8.27 

T = th ickness of depleted uranium shield, cm 

U(T) = ra t io of g a m m a - r a y dose r a t e including depleted uranium secondarie 

to the dose r a t e without depleted uranium secondar ies , for T cm of 

depleted uranium (see F igure 28). 

^ ~ l inear g a m m a - r a y absorpt ion coefficient of core at 3 Mev, cm" 

S - neutron remova l c r o s s sect ion of core , cm c ' 

Z ~ effective self-a t tentuat ion dis tance for gamma rays in core , cm 

Z = effective self-at tentuat ion dis tance for fast neutrons in core , cm 
n ' 
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jj,. - l inear absorpt ion coefficient for 3 Mev gamma rays of ma te r i a l i 

outside core , cm 

S . = fast neutron removal c r o s s section for m a t e r i a l i outside core , cm 
1 ' 

T. = thickness of m a t e r i a l i, cm 

1 ' 

E .J. = microscopic c r o s s section for production secondary gamma rays in 

ZrH, cm 
E = energy of secondary gamma rays generated, 1.5 Mev/cap tu re 

M = dose convers ion factor for 1.5 Mev gamma rays 

1 nL 1A-3 m r e m / h r 
1.76 X 10 2 

Mev/cm - s e c 
8 B. = dose buildup factor for 1.5 Mev gamma rays 

2 
<p = fast neutron flux incident on ZrH shield, n / c m - s e c 

a = distance from center of core to beginning of ZrH shield, cm 

jU, = l inear absorpt ion coefficient for 1.5 Mev in ZrH, cm 

\ly - l inear absorpt ion coefficient for 1.5 Mev in LiH, cm" 

S , = fast neutron remova l c r o s s section for ZrH, cm 

t , = thickness of Z r H shield, cm 

tp = thickness of LiH shield, cm 

An optimization study was pe r fo rmed in o rder to get a minimum weight. The 

folio-wing shield th icknesses w^ere var ied: depleted uranium, z i rconium hydride, 

and lithium hydr ide . It was found that 6 cm of depleted uranium gave a ininimum 

weight. 
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IX. THE 3.kw@ SNAP 2 SYSTEM 

A. GENERAL 

The SNAP 2 nuclear APU sys tem consis ts of three major subsys tems — 

the r eac to r heat source , the power-convers ion unit, and the r ad i a to r -

condenser heat reject ion sys t em. A drawing (Figure 29) i l lus t ra tes the 

basic flight tes t insta l la t ion. Energy is produced in the nuclear reac to r by 

235 

the fissioning of U . A l iquid-meta l (NaK-78) heat t ransfe r fluid is c i r cu ­

lated through the reac to r core and to the NaK- to -mercu ry bo i l e r - supe rhea t e r 

by a rotating pe rmanen t -magne t pump. In the bo i l e r - supe rhea t e r , the r e a c ­

tor heat i s t r a n s f e r r e d from the p r i m a r y reac tor coolant to the m e r c u r y w^ork-

ing fluid of the Rankine power -convers ion cycle . The r eac to r heat converts 

liquid m e r c u r y into superheated vapor which is expanded through a turbine . 

The resul t ing mechica l power output of the turbine is converted to e lec t r i ca l 

power by the a l t e rna to r . The m e r c u r y - v a p o r exhaust from the turbine is 

condensed in the r ad i a to r - condense r , which is par t of the outer skin of the 

space vehicle . Because of the space environment, the cycle re ject ion t e m ­

pe ra tu r e mus t be maintained by radiat ive heat reject ion only. The m e r c u r y 

condensate i s re turned to the boi ler by a boi ler-feed pump. SNAP 2, therefore , 

incorpora tes the major components of a conventional nuclear e lec t r i c plant 

except that the cycle working fluid is miercury instead of wa te r , and the cycle 

heat is re jected by radiat ion to space ins tead of a conventional water heat sink. 

A genera l ized cycle schemat ic of the coraplete SNAP 2 systemi is shown in 

Figure 30. Specifically, the systena per formance values for the flight sys tem 

a re tabulated in Table IX. 

B. REACTOR SUBSYSTEM 

The SNAP 2 r eac to r , as shown in Figure 31, employs a homogeneous fuel 
235 

modera to r of z i rconium hydride containing U , F o r min imum weight, the 

r eac to r i s reflected by bery l l ium and control led by var ia t ion of the effective 

ref lector thickness by means of angular rotation of two semicyl indr ica l be ry l ­

lium d r u m s . Each fuel e lement is clad in a thin-walled s teel tube for l iquid-

mietal exclusion. The s tee l -c lad tubes a r e in ternal ly coated to prevent hydrogen 

loss from the fue l -modera tor m a t e r i a l . The core is contained in an approximate 

9-in. - d i a m - c o r e vesse l , with the beryl l ium radial ref lector outside the vesse l . 
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Figure 29- SNAP 2 APU Configuration 

AI-7950 
65 



O^ —.1 

o 

I200<'F NaK OUT 

CONTROL DRUM DRIVE 

START-UP 
PUMP 

REACTOR 

24.2 lb/mm 
BEARING DRAIN 

7-10-62 7550-20200 ® 

Figure 30. SNAP 2 Schematic 



ao:jDB9-a z dVNS ' 1 £ aJTiSij; 

!S9303-«SI S-i~S 

S^^^^Ki^S' -. // 

^ 

*: :•' :". 

o 

I 

^^^^J&3 'i--^'- ^^^'^ 



TABLE IX 

SYSTEM PERFORMANCE 

System the rma l power 

The rma l power genera ted 54.37 kw 

Reactor 53.17 
Shield 0.70 

Reflector 0.50 

The rma l power to PCS 50.32 kw 

Reactor power 53.17 
Direct line losses - 3.75 
P a r a s i t i c hea te r input 0.25 
NaK pump input 0.65 

Turbine shaft power 5.56 kw 
The rma l power to PCS 50.32 
P r e h e a t from CRU cooling 

and drains 2.00 
Mercu ry losses in CRU - 0.57 
Turbine exhaust -46.19 

Al terna tor power output 3.43 kwe 

Turbine shaft power input 5.56 
Mercu ry pump - 0.13 
NaK pump - 0.65 
Bear ings and seal - 0.70 
Al te rna tor (84% efficiency) - 4.08 

E lec t r i ca l output 3.00 kwe 

Al terna tor power output 3.43 
Reactor control - 0.02 
Instrumentat ion - 0.01 
CRU speed control - 0.10 
Degradation - 0.30 

Heat reject ion 51.37 kw 

Radia tor -condenser 49.25 
NaK lines to space 0.16 
Reactor to space 0.50 
Reflector to space 0.70 
Shield to space 0.50 
E l ec t r i c a l and ins t rument compar tment 0.26 

AI-7950 
68 



TABLE IX (Continued) 

System t h e r m a l power (Continued) 

System efficiencies 

Net sys tem efficiency (3.0 kwe) / I " 
Rankine cycle efficiency (3.43 kwe) 6.8% 
Shaft mechanica l efficiency (3.43 kwe) 33% 

System typical operat ional c h a r a c t e r i s t i c s 
1000°F 
1200°F 

Reactor inlet t empera tu re 
Reactor outlet t empera tu re 
NaK p r i m a r y sys tem flowrate 71.1 l b / m m 
NaK p r i m a r y sys tem p r e s s u r e drop 2.0 ps i 
Hg inlet t e m p e r a t u r e to boi ler 530 F 
Hg superheated vapor t empera tu re 1150 F 
Hg p r e s s u r e turbine inlet 115 Psi 
Hg p r e s s u r e turbine outlet 9.0 ps i 
Hg condensing p r e s s u r e (min) O'O P®^ 
Hg subcooled t empera tu re 351 F 
Hg pump inlet t empera tu re ^^^ ^ 
Hg pump outlet p r e s s u r e ^ . ,?f^ . 
Hg pump flowrate 44 b / m m 
Hg sys tem flowrate 20 l b / m m 

The ref lec tor is completely separable from the core for safe reac to r shutdown 

and handling. The t he rma l output is r emoved by the flow of NaK-78 axially 

through the core within the in te r s t i t i a l pas sages between the fuel e lements . The 

coolant en te r s the core at 1000°F and exits at 1200°F. 

The development of the SNAP 2 r eac to r is complete. Two SNAP 2 r eac to r s 

have been opera ted . The SNAP Exper imenta l Reactor (SER) went to power in 

October of 1959. It opera ted for 6,035 hr without failure including a 1000-hr 

continuous run at SNAP 2 conditions. This r eac to r was followed by the SNAP 2 

Demonstra t ion Reactor (S2DR) shown in F igure 32. This reac tor incorpora tes 

flight type fuel e l ements , bea r ings , and other m a t e r i a l s . It began operat ion 

in Apri l 1961, and is s t i l l performing successful ly . It has been used for 

var ious physics m e a s u r e m e n t s and has operated for extended pe r iods . 

C. POWER CONVERSION SUBSYSTEM (PCS) 

The PCS conver ts the t he rma l energy of the p r i m a r y reac to r sys tem to 

usable e l e c t r i c a l power . A major port ion of the PCS development has been 

subcontracted to Thompson Ramo Wooldridge Co. All the PCS rotating com­

ponents a r e mounted on a single common shaft which is called the CRU. The 

individual components of the rotating shaft include: 
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Figure 3 2 .  SNAP 2 Demonstration Reactor (SZDR) 



1) The rotating pe rmanen t -magne t NaK pump, the operation of which is 

s imi l a r to that of a conventional EM pump with the exception that 

the moving magnet ic field is provided by a rotating magnet . 

2) The m e r c u r y turbine, a two-s tage axial-flow impulse machine . 

3) The a l t e rna to r , a pe rmanen t -magne t miachine with a sealed s ta tor ; 

the a l t e rna to r de l ivers about 3.6 kw at 80 v dnd 2000 cps . 

4) The m e r c u r y pump, a conventional but minia ture centrifugal ejector 

type combination pump, supplying p r e s su r i zed m e r c u r y to the boiler 

and to the bea r ings . 

These a r e shown in F igures 33 and 34. 

All the rotating components —the NaK pump, turbine, a l te rna tor , and 

m e r c u r y pump —are mounted on the shaft, which rota tes at 40,000 rpm. The 

shaft is supported by l i qu id -mercu ry - lub r i ca t ed journal and thrus t bea r ings . 

The ent i re a s sembly of rotating mach ine ry is enclosed within a he rme t i c housing 

w^hich prevents the loss of the m e r c u r y working fluid. Speed control is ma in ­

tained by a pa ra s i t i c type load control . 

Associa ted with the CRU is the N a K - t o - m e r c u r y bo i l e r - supe rhea t e r . Liquid 

m e r c u r y is prehea ted , boiled, and superhea ted within para l le l tubes . The NaK 

flows arotmd the tubes within this annulus. 

D. PCS DEVELOPMENT STATUS 

Basica l ly , the PCS development is broken down into five major a r e a s : 

1) CRU 

2) Boiler 

3) PCS 

4) P a r a s i t i c load control 

5) Mercu ry cor ros ion 

A continuing developmental effort on each of these a r e a s has been expended 

since 1958. 
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1. CRU 

The objective here is to combine the turbine, a l t e rna to r , m e r c u r y pump 

and NaK pump components into a 36,000 to 40,000 rpm single shaft assembly , 

utilizing liquid m e r c u r y lubricated journa l bear ings and a thrus t bear ing . The 

as sembly housing is welded into a he rme t i ca l ly sealed support s t r u c t u r e . The 

basic CRU concept was formulated in 1958. Since that t ime , the addition of a 

shaft-mounted EM-type NaK pump has been the only bas ic modification to the 

design c r i t e r i a . During the per iod of t ime , four CRU models have been designed, 

fabricated, and tes ted . P re sen t ly , the fifth model , CRU-5, is now in the p r e ­

l iminary design s tage . 

E. HEAT REJECTION SUBSYSTEM 

The cycle reject ion heat is radia ted to space by a combined r a d i a t o r -

condenser , which also forms pa r t of the outer s t ruc tu ra l skin of the space 

vehicle . Mercu ry condensation takes place at about 600°F and 6 ps ia within a 

number of s m a l l - d i a m e t e r pa ra l l e l t apered tubes . The tubes a re instal led within 

a honeycomb s t ruc tu re to which is bonded a high the rmal conductivity fin 

(copper) . The fin, in turn, rad ia tes the heat of condensation and subcooling to 
2 

space . The total a r e a n e c e s s a r y to radia te the ~ 5 0 kw is 120 ft . 

The above major subsys tems combine into an integrated nuclear APU power 

plant in which the r ad ia to r - condense r acts as the bas ic s t ruc tu r a l m e m b e r . The 

overal l APU package is about 181 in. in length. 

The weight breakdown for the SNAP 2 flight test application is shown on 

Table X. P r e s e n t weight evaluation indicates that the SNAP 2 flight t es t weight 

will be achieved. The weights shown a re p re l imina ry es t ima tes based, for the 

most p a r t , on prototype component tes t ing . The specific weights assoc ia ted with 

the s ta r tup sys tem and with the shield have the highest degree of flexibility. 

1. Radia tor -Condenser (RC) 

Two pa ra l l e l approaches to the r ad i a to r - condense r development a r e u n d e r 

way, the bas ic effort on the s teel honeycomb concept and the backup effort on the 

a luminum-s tee l concept. These two development efforts w^ill be in p r o c e s s until 

ear ly 1963, at which t ime the flight design concept will be reso lved . Both 

r ad i a to r - condense r s a re being designed to the same per formance object ives. 
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TABLE X 

APU WEIGHT ALLOCATION 

Reac to r - r e f l ec to r a s sembly 

P r i m a r y NaK system 

Mercu ry piping sys tem 

Boiler 

CRU module 

Radi ato r - condense r 

Startup system 

Mercu ry inventory 

PCS control 

E lec t r i ca l , wiring and 

St ructure 

Des t ruc t charge 

insulation 

Diagnostic ins t rumenta t ion 

Contingency 

Shield 

APU 

APU with shield 

258 

50 

10 

75 

45 

220 

70 

75 

45 

37 

55 

10 

50* 

50 

1050 

300 

1350 

*100 lb of ins t rumentat ion no-w under considerat ion 

The p re sen t r ad ia to r -condense r design is based on a total radiation 
2 2 

surface a r e a of 120 ft . Of this a r e a , about 100 ft a re uti l ized for condensing 

heat re ject ion and the remainder for subcooling the liquid m e r c u r y . Approxi­

mate ly 50 kwt is re jec ted by the RC, which acts as the p r i m a r y s t ruc tu re for the 

APU and as such provides support for the r eac to r , shield, PCS, and sys tem 

piping. The ejectable nose fairing supplied by the vehicle contractor also mounts 

on the upper RC s t r u c t u r e . 
2. Honeycomb Concept 

The p re sen t honeycomb design is es tabl ished util izing a 15 PH-7 Mo 

m a t e r i a l co re , facing shee t s , and condensing tubes . The rectangular tapered 

tubes a re bonded to the in ter ior of the honeycomb co re . A continuous copper fin 

is b razed to the ex te r io r facing of the honeycomb facing. Copper is used as the 

high t h e r m a l conductivity fin bonded to the outer facing to es tabl ish a high fin 

effect iveness. Sprayed on the copper fin is a special ly ta i lored high emiss iv i ty 
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coating (e = 0.90 and solar ex; = 0.30). In the p resen t design, t apered tubes a re 

uti l ized for condensing and subcooling the m e r c u r y turbine exhaust vapor . To 

maintain high vapor velocity in the low quality region and to reduce the weight of 

liquid m e r c u r y holdup, tapered tubes have been chosen. Structural ly , the p r e ­

sent RC design is m o r e than adequate to mee t the environmental launch 

conditions. 

3. Aluminum-Steel Concept 

An acce le ra ted effort on the aluminum s tee l concept has been s ta r ted in 

order to qualify it for the flight design considerat ion. The p resen t design calls 

for utilizing rec tangular tapered tubes of HS-25 bonded to an 1100-type aluminum 

skin. The highly emiss ive coating is sprayed di rect ly on the aluminum skin. 

Internal s t r uc tu r a l r ings and supports a r e requi red to handle the launch loads . 

F . PRIMARY SYSTEM DEVELOPMENT 

The p r i m a r y sys tem p r o g r a m consis ts of developing the following 

components . 

1) Expansion compensator 

2) Flow t r i m m e r 

3) Expansion joint 

4) Orbi ta l s tar tup pump 

5) The rmoe lec t r i c pump 

6) P a r a s i t i c load hea te r 

7) Ground t e s t hea te r 

The above components plus the r eac to r co re , boiler j and assoc ia ted 

piping make up the SNAP 2 p r i m a r y NaK sys t em. Each of the components must 

be developed and then qualified and endurance tes ted . Following is a brief 

r e sume of the component descr ip t ion and s tatus of development. 

1. Expansion Compensator 

This component compensates for NaK volume expansion at t empera tu re 

and provides a coolant sys tem p r e s s u r i z a t i o n capabil i ty. A welded bello^vs type 

construct ion is provided, plus the use of auxi l iary sp r ings . Several prototype 
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units have been fabr icated and tes ted for per formance and environmental c h a r ­

a c t e r i s t i c s . Endurance tes t s at t empe ra tu r e on prototype units a r e being run . 

2. Flow T r i m m e r 

A pipe cr imping concept has been selected to adjust to the NaK design 

flow r e q u i r e m e n t s . The t r i m m e r , which is adjusted at the t ime of acceptance 

test ing, p e r m i t s a p r e s s u r e drop range of 0.07 to 2.0 ps i . The unit has been 

tes ted for per formance and endurance . 

^' Expansion Joint 

Special piping expansion joints have been developed to compensate for 

t empera tu re induced dimensional changes . A meta l bellows design approach is 

also being used h e r e . Developmental and endurance testing have been a c ­

complished successful ly . 

4 . Orbi ta l Startup Pump 

A separa te NaK pump is n e c e s s a r y for '-^5% flow circulat ion p r io r to 

orbi tal s t a r tup . This flow prevents the NaK from freezing by utilizing the heat 

capacity of the sys tem and also es tab l i shes the des i red conditions for orbi ta l 

m e r c u r y injection and sys tem s t a r tup . A dc conduction pump driven from a 

1-1/2 V power source has been se lec ted . Extensive test ing on this pump has 

been accompl ished . 

5. The rmoe l ec t r i c Pump 

As a backup to the CRU shaft-mounted NaK pump, a the rmoelec t r i c 

pump is cu r ren t ly under development. The hot junction of this pump will be the 

boiler outlet NaK ('^lOOO^'F) or poss ib ly the boiler inlet NaK ( '--I200°F). The 

cold junction is the m e r c u r y prehea t to the boi ler at about 53 0°F . Fabr ica t ion 

of the f i r s t prototype units is underway. 

6. P a r a s i t i c Load Heater 

P a r a s i t i c load hea te r s {'^1.7 kw each) a re being developed to absorb the 

e l ec t r i ca l output of the a l te rna tor at t imes when the useful load is l e s s than 
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design max imum. Two separa te hea t e r s a re util ized; one located in the r eac to r 

inlet line and one in the r eac to r outlet l ine . Developmental tes t ing has , to date, 

demons t ra ted feasibi l i ty. 

G. CONTROL AND STARTUP 

Two independent sys tems a r e n e c e s s a r y to control and regulate the SNAP 2 

APU sys tem at design conditions. Reactor control is achieved by maintaining 

the NaK boi ler outlet or reac to r inlet t empera tu re at a fixed level of about 

1000°F. A r e a c t o r control drum actuator cont ro l ler i n se r t s s teps of react iv i ty 

if the boi ler outlet t empera tu re drops below the specified level . The boi ler out­

let t empe ra tu r e J r a the r than the r eac to r outlet t empe ra tu re , is uti l ized to hold 

the driving p r i m a r y sys tem at m e r c u r y boiling t empera tu re differential . Ac­

cordingly, any p r i m a r y sys tem degradat ion will show up as a r e a c t o r outlet t e m ­

pe ra tu re i n c r e a s e . 

The CRU is control led by maintaining a constant frequency a l t e rna tor output. 

A var iab le pa r a s i t i c type r e s i s t ance load can be var ied d i rec t ly as a function of 

frequency, the reby establ ishing a constant speed for the shaft components . A 

rough control of the PCS subsys tem is provided through use of a constant flow 

device in the boi ler liquid m e r c u r y inlet l ine . This flow regula tor , in con­

junction with the turbine nozzle throt t l ing c h a r a c t e r i s t i c s , will provide a s t a ­

bilizing effect to the APU sys t em. 

1. Orbi ta l Startup 

Startup concepts for SNAP 2 have been continuously under evaluation 

since 1958. Today, a reasonably re l iable approach is being followed as the 

basic design. In evaluating the var ious s ta r tup schemes , the following c r i t e r i a 

must be evaluated: 

a) High inherent re l iabi l i ty , which implies a minimum of ex t ra 

control components 

b) Operat ion both on ground and in space 

c) A minimum number of ze ro gravi ty or orbi ta l environment effects 

or per turba t ions 

d) Recycle capabil i ty for ground test ing 
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e) Low sys tem weight 

f) Operat ional p a r a m e t e r s to be compatible with component 

cha r ac t e r i s t i c s or capabil i t ies 

g) Minimum number of new components to be developed 

The p re sen t concept which bes t fits the above c r i t e r i a is descr ibed as 

follows. Just p r i o r to launch, the ba t t e ry pow^ered NaK s tar tup pump is e n e r ­

gized to develop -^5% p r i m a r y flow. This circulat ing flow prevents local NaK 

freezing when the sys tem is in orbit and p r i o r to p rehea t . After launch and 

orbi ta l a t ta inment , and once the p roper orbi t and associated satel l i te orbi tal 

lifetime has been verified, a command signal is relayed through the Agena Com­

mand and Communicat ion System to eject any unneeded des t ruc t s y s t e m s . 

To s t a r t the prehea t phase , the two safety control d rums a r e inse r ted by 

firing the r e l ea se squibs, establ ishing the r eac to r at a nominal - $0.30 shutdown. 

The control d rums a r e then rotated in at a specified ra te , causing the reac tor 

to become c r i t i c a l and genera te -^4 kw of the rmal power. This power, with the 

p r e s c r i b e d p r i m a r y flowrate, es tab l i shes the 1000°F inlet and 1200°F outlet 

t empera tu re approximating the s t eady-s t a t e operating conditions. This preheat 

phase is expected to take about 4 h r . 

The actual injection phase is init iated by injecting the m e r c u r y , using 

N_ p re s su r i za t i on tanks , into the bear ings and the boi le r . The m e r c u r y begins 

to boil at a s teadi ly increas ing p r e s s u r e level . Mercury vapor is expanded 

through the turbine and exhausted to the r ad i a to r - condense r . Because the 

r ad i a to r - condense r is about 100 "F , the vapor condenses initially at a very low 

p r e s s u r e . 

The heat of vaporizat ion is thus divided betvi^een ra is ing the t empera tu re 

of the RC and by emiss ive radiat ion to space . A valve at the RC outlet prevents 

outflow until a 6-ps ia p r e s s u r e is achieved. As the RC accumulates the con­

densed liquid m e r c u r y , the effective condensing heat rejection a r e a is decreased 

Eventually, the condensing p r e s s u r e r eaches a value g rea te r than 6 ps ia , at 

which t ime the outlet valve is opened and the liquid inventory flows back into the 

sys t em. The final RC liquid level e s tab l i shes itself at a point where the energy 

radiated from the condensing heat re jec t ion a r e a equals the inlet therixial energy 

of the turbine exhaust vapor . A schemat ic of the above steps is shown in 

Figure 35. 
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During the above phase , the expansion of the vapor through the turbine 

has torqued the CRU up to design speed. Once stabilized s teady-s ta te operation 

has been achieved, the a l te rna tor power is connected to the payload. This over ­

all injection plus stabil izat ion phase takes about 1 h r , of which about 5 min of 

actual m e r c u r y injection t ime is requ i red . 

The p r i m a r y problems assoc ia ted with orbital s tar tup of the SNAP 2 

sys tem a r e l is ted as follows; 

a) Mercu ry pump c h a r a c t e r i s t i c s as a function of inlet p r e s s u r e dur ­

ing s tar tup 

b) Condensing pa ra l l e l tube flov7 distr ibution and stabili ty in the RC 

during t rans ien t phase 

c) Control of liquid m e r c u r y inventory in a ze ro -g rav i ty field pr ior 

to es tabl ishment of no rma l operat ional flow and p r e s s u r e 

dis t r ibut ions 

d) Tempera tu re t r ans ien t s on the CRU and RC 

e) Weight reduction 

The p r i m a r y effects and /o r cha rac t e r i s t i c s of s tar tup will be establ ished 

in the S2PSM-1 sys tem tes t and S2PSM-3 sys tem orbital s imula tor . 

H. TEST SYSTEMS 

System tes t s include S2PSM-1, a nonnuclear t he rma l per formance test 

of the APU flight configuration (Figure 36); S2PSM-2, a s t ruc tu ra l development 

tes t (Figure 37), and S2PSM-3, an orbi ta l s tar tup development system 

(Figure 38). 
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Figure 37. S2PSM-2 
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Figure 38. Orbital Startup Development System 


