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NOTICE-
This report was prepared as an account of work I 
sponsored by the United States Government. Neither I 
the United States nor the United States Energy -
Research and Development Administration, nor an> if \ 
their employees, nor any of their contraciojs, i 
subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned rights. 

F O R E W O R D 

T h i s d o c u m e n t con t a in s the r e s u l t s of the o p e r a t i o n s and d e s i g n 
a n a l y s i s effor t p e r f o r m e d d u r i n g the P h a s e III N u c l e a r Shut t le 
Def in i t ion Study for the C l a s s 1 Hybr id R e u s a b l e N u c l e a r Shut t le 
(RNS) concep t . T h i s w o r k w a s a c c o m p l i s h e d for the Na t iona l 
A e r o n a u t i c s and Space A d m i n i s t r a t i o n , G e o r g e C. M a r s h a l l 
Space F l i g h t C e n t e r , H u n t s v i l l e , A l a b a m a , u n d e r C o n t r a c t 
NAS8-2714 . The f inal r e p o r t w a s g e n e r a t e d to fulfill the r e q u i r e ­
m e n t s of D R L No. M S F C - D R L - 1 9 6 , L i n e I t em 3, and it c o v e r s 
the p e r i o d f r o m M a y 1, 1970 to May 1, 1971. 

The s tudy effort d e s c r i b e d in th i s v o l u m e w a s p e r f o r m e d u n d e r 
the d i r e c t i o n of Dr . R. J . HoU and Dr . K. P . J o h n s o n , wi th 
r e s p o n s i b i l i t y for spec i f i c a c t i v i t i e s a s fo l lows : 

G, I. A b r a m s — A s t r i o n i c s and S y s t e m A n a l y s i s 

M. P . B i l l ings — R a d i a t i o n Shie ld ing A n a l y s i s 

C. B. B o e h m e r — R e l i a b i l i t y and Safety 

R. Chen — T h e r m a l and S t r u c t u r e s A n a l y s i s 

R. S. Cowls — M i s s i o n A n a l y s i s 

P . A. F e r g u s o n — O p e r a t i o n s A n a l y s i s 

L . B. Goda — S t r u c t u r e s D e s i g n and A n a l y s i s 

C. Goetz — Rad ia t i on Shie ld ing A n a l y s i s • 

J . P . H a r l a n d — T r a j e c t o r y A n a l y s e s 

R. H a u v e r — F l i g h t D y n a m i c s A n a l y s e s 

R. Luna — R e l i a b i l i t y A n a l y s e s 

R. F . M a n o s k e — P r o p u l s i o n A n a l y s i s 

M. M a y e r — Comput ing A n a l y s e s 

G. Montoya — A s t r i o n i c s D e s i g n 

W. C. Nowak — Nav iga t ion and Guidance A n a l y s i s 

Y. O s t e r — P r o p u l s i o n Des i gn and A n a l y s i s 

R. G. R i e d e s e l — O p e r a t i o n s A n a l y s i s 

J . Sa lon ta i — T h e r m a l A n a l y s i s 

D. A. Schow — R a d i a t i o n Ef fec t s 

R. G. S e i b e r t — Nav iga t i on and Guidance A n a l y s i s 

R. v a n ' t R ie t — S t r u c t u r a l D y n a m i c s and F l i gh t Con t ro l 
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P R E F A C E 

The m a t e r i a l con ta ined in th i s d o c u m e n t r e p r e s e n t s a p o r t i o n 
of the f inal r e p o r t d o c u m e n t a t i o n for the P h a s e III N u c l e a r 
Shut t l e S y s t e m Def in i t ion Study. The s tudy effort w a s p e r f o r m e d 
a s a 1 2 - m o n t h e x t e n s i o n to the ex i s t i ng N u c l e a r F l igh t S y s t e m 
Def in i t ion Study C o n t r a c t (NAS8-24714) , w i th the ob jec t ive of 
e s t a b l i s h i n g P h a s e A concep tua l def in i t ion for two c l a s s e s of 
r e u s a b l e n u c l e a r shu t t l e c o n c e p t s . The f i r s t concep t c l a s s i s 
c h a r a c t e r i z e d a s a 3 3 - f t - d i a m e t e r con f igu ra t ion tha t i s l aunched 
i n t e g r a l l y to o r b i t by a S a t u r n V I N T - 2 1 v e h i c l e . The second 
concep t c l a s s i s c h a r a c t e r i z e d a s a m o d u l a r conf igu ra t ion wh ich 
i s a s s e m b l e d in e a r t h o r b i t f r o m m o d u l e s c a r r i e d to o rb i t in a 
s p a c e s h u t t l e . 

The f inal r e p o r t d o c u m e n t a t i o n has b e e n o r g a n i z e d to p r o v i d e 
s e p a r a b l e i n f o r m a t i o n for the two c o n c e p t s , w h e r e a p p r o p r i a t e , 
and to c o m b i n e r e p o r t m a t e r i a l c o m m o n to both c o n c e p t s in 
s i n g u l a r d o c u m e n t s . The to ta l d o c u m e n t a t i o n for the s tudy i s 
l i s t e d be low, w i th th i s d o c u m e n t ident i f ied in the left m a r g i n . 

V o l u m e I: 
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Vo lume TTT: 

V o l u m e IV: 

Vo lume V: 

Vo lume VI: 

V o l u m e VII 
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Book 2 — S y s t e m Defini t ion 
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P r o g r a m Suppor t R e q u i r e m e n t s 
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P a r t C — T e s t P r o g r a m A n a l y s e s and SRT 
R e q u i r e m e n t s 

Cos t Data 

P a r t A - C l a s s 1 Hybr id RNS 

P a r t B - C l a s s 3 RNS 

S c h e d u l e s , M i l e s t o n e s , and N e t w o r k s 
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Sec t ion 1 

INTRODUCTION 

1. 1 S C O P E 

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

of the d e s i g n and o p e r a t i o n s of a R e u s a b l e N u c l e a r Shut t le (RNS), g e n e r a t e d 

by McDonne l l Doug las A s t r o n a u t i c s Company u n d e r a S y s t e m Def in i t ion Study 

a s a 12-nnonth e x t e n s i o n to C o n t r a c t NAS8-24714 , d e s i g n a t e d h e r e as 

P h a s e I I I . 

The r e s u l t s of the p r e v i o u s P h a s e I and II a c t i v i t i e s of the N u c l e a r F l i g h t 

S y s t e m Defini t ion S tud ies p r o v i d e d a sound b a s i s for P h a s e I I I . Al though 

P h a s e I c o n c e r n e d an expendab le n u c l e a r s t a g e ( N F P M ) , an advanced s t a g e 

c o n c e p t w a s s e l e c t e d which inc luded a r e u s a b l e shu t t l e m i s s i o n as a des ign 

r e q u i r e m e n t . P h a s e II e n t a i l e d a to t a l r e o r i e n t a t i o n to r e u s a b l e s y s t e m s , 

and s u r v e y e d a b r o a d s p e c t r u m of p o t e n t i a l RNS s y s t e m and s u b s y s t e m con ­

c e p t s . F r o m t h e s e , two RNS c o n c e p t s w e r e s e l e c t e d for f u r t h e r eva lua t i on 

d u r i n g P h a s e III : (1) C l a s s 1 H y b r i d , a 3 3 - f t - d i a m e t e r con f igu ra t ion l aunched 

to o r b i t by a S a t u r n I N T - 2 1 , but with NERVA l aunched to o r b i t s e p a r a t e l y as 

a p r o p u l s i o n m o d u l e by the s p a c e shu t t l e ; and (2) C l a s s 3, a m o d u l a r conf ig­

u r a t i o n a s s e m b l e d in o r b i t f r o m m o d u l e s l aunched by the s p a c e s h u t t l e . The 

d i s t i n c t i o n s b e t w e e n t h e s e c o n c e p t s w e r e m a i n t a i n e d wi th in the contex t of 

p a r a l l e l e v a l u a t i o n s , v/hich a r e r e p o r t e d as s e p a r a t e s e l f - c o n t a i n e d v o l u m e s . 

T h e d e s i g n and o p e r a t i o n s a c t i v i t i e s on the C l a s s 1 Hybr id RNS a r e r e p o r t e d 

h e r e i n , and t h o s e for the C l a s s 3 RNS a r e con ta ined in V o l u m e II, P a r t B . 

A b a s e l i n e RNS con f igu ra t i on w a s e s t a b l i s h e d at an o r i e n t a t i o n m e e t i n g , he ld 

at the i n c e p t i o n of the P h a s e III s t u d y , RNS o p e r a t i o n s ( launch , o r b i t a l , 

f l ight , e t c . ) w e r e eva lua t ed for th i s b a s e l i n e , and the conf igu ra t ion and s u b ­

s y s t e m d e s i g n r e q u i r e m e n t s w e r e r e v i s e d a c c o r d i n g l y . T h e s e r e s u l t e d in 

a d d i t i o n a l s u b s y s t e n n t r a d e s t u d i e s , s o m e of wh ich w e r e i n t i m a t e l y r e l a t e d to 

the s e q u e n c e and i n t e r r e l a t i o n of o p e r a t i o n s ( such as s t a r t u p of the RNS), 
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and more complete definition of sys tem and subsys tem operat ional 

p a r a m e t e r s . The design effort concluded with definition of the ha rdware 

t r ee and a descr ipt ion of the design de ta i l s . 

Documentation of the resu l t s of these activit ies has been organized in this 

volume in a nnanner which pe rmi t s the reader to focus on each aspect of the 

sys tem definition as an entity. Section 1.2 concisely summar i zes the final 

basel ine design. Section 2 defines the RNS miss ion applications and the 

reference lunar shuttle miss ion . Section 3 incorpora tes the complete set 

of RNS operat ions from prelaunch through the re ference miss ion , es tabl i sh­

ing the basis for RNS design requ i rements and interfaces with other planned 

s y s t e m s . Section 4 contains the design analyses performed in response to 

t he se . Book 2 descr ibes the result ing RNS design as an integrated sys t em. 

It also desc r ibes the RNS modules and subsystems and the recommended 

NERVA/stage interface. 

1. 2 DESIGN SUMMARY 

This section contains a brief descr ipt ion of the RNS Class 1 Hybrid (1-H) 

concept. The vehicle is based in low ear th orbi t and provides t ranspor ta t ion 

in a shuttle mode to more distant des t inat ions . Its design miss ion is a round 

t r i p to a 60-nmi lunar polar orbi t , operating from a 260 nnni, 31.5 degree 

inclination ea r th orbi t . It is maintained and replenished there by the space 

shut t le . 

A sketch of the Class 1 Hybrid RNS configuration is shown in Figure 1 .2-1 , 

which i l lus t ra tes the selected configuration and provides a locator for some 

of the features which were evaluated. It consis ts of th ree dist inct modules 

which can be assembled and disassembled in space . The aft module, called 

the propulsion module, contains NERVA and a smal l run tank of propel lant . 

The propellant module provides the main propellant tank and minimal p ro ­

pellant managennent subsys tems . At the forward end of the stage is a com­

mand and control module (CCM) which contains nnost of the functional equip­

ment and all of the expendables except for main stage LH2. The auxil iary 

propulsion engines a r e located on out r iggers on the CCM, which are visible 
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Figure 1.2-1. Class 1 Single-Module Hybrid RNS 



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

t h e r e b y effect ing a r e p l e n i s h m e n t of e x p e n d a b l e s and a l l s chedu l ed 

m a i n t e n a n c e . 

Both the p r o p u l s i o n m o d u l e and the C C M a r e d e s i g n e d to be t r a n s p o r t e d to 

e a r t h o r b i t wi th in the c a r g o bay of the s p a c e s h u t t l e . T h i s f a c i l i t a t e s 

r e p l a c e m e n t of the C C M , as no ted , and of NERVA, as migh t be r e q u i r e d 

b e c a u s e of f a i l u r e o r to extend the l i f e t i m e of the RNS beyond tha t of the 

e n g i n e . The RNS i s r e s u p p l i e d wi th LH^ in e a r t h o r b i t by the s p a c e shu t t l e 

b e t w e e n m i s s i o n s . 

The t o t a l p r o p e l l a n t c a p a c i t y of the s t a g e i s 300, 000 lb L H ^ , of wh ich 

10, 85 0 lb LH-, i s con ta ined in the run tank on the p r o p u l s i o n m o d u l e . The 

m o d u l e s a r e con ta ined wi th in a 1 0 - d e g r e e h a l f - a n g l e cone sub tended by the 

NERVA r e a c t o r , d e t e r m i n e d f r o m a c o m b i n e d o p t i m i z a t i o n of s t r u c t u r a l and 

sh ie ld we igh t s du r ing P h a s e I I . The l o c a t i o n of the C C M is s e l e c t e d for e a s e 

of r e p l a c e m e n t . The run tank d i a m e t e r on the p r o p u l s i o n m o d u l e i s con ­

s t r a i n e d to 160 i n . to l i m i t the r a d i a t i o n sh ie ld we igh t but s t i l l p r o v i d e a d e ­

qua t e v o l u m e to a l low a u t o n o m o u s o p e r a t i o n du r ing s t a r t u p , shu tdown, and 

a f t e r c o o l i n g . T h i s a u t o n o m y s i m p l i f i e s the o p e r a t i n g r e q u i r e m e n t s i m p o s e d 

on the s t age and r e d u c e s the RNS d e v e l o p m e n t r e q u i r e m e n t s . 

The RNS d e s i g n and o p e r a t i o n s concep t m i n i m i z e s o r b i t a l s u p p o r t r e q u i r e -

n a e n t s . The s p a c e shu t t l e i s u t i l i zed to d e l i v e r r e p l a c e m e n t m o d u l e s and 

r e s u p p l y p r o p e l l a n t . A s p a c e tug i s u t i l i zed to s u p p o r t a s s e m b l y and r e p l a c e ­

m e n t of m o d u l e s and to sa fe ly d i s p o s e of expended p r o p u l s i o n m o d u l e s . No 

p e r m a n e n t , m a n n e d , o r b i t a l f a c i l i t i e s a r e r e q u i r e d for m a i n t e n a n c e o r p r o ­

p e l l a n t r e s u p p l y . 

A we igh t s t a t e m e n t for the RNS C l a s s 1 Hybr id v e h i c l e i s g iven in 

T a b l e 1. 2 - 1 . 
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T a b l e 1 .2 -1 

WEIGHT SUMMARY - CLASS 1 HYBRID RNS 

C o d e D e s c r i p t i o n 
P r o ­

p e l l a n t 

( 2 1 , 110) 

17, 150 
4 7 0 
620 
7 2 0 
4 9 0 
210 
360 
230 

640 
220 

M o d u l e s 

P r o -
pu l ; 

(1 

s i o n 

, 300) 

570 
170 
25 0 

20 
60 

160 
— 

___ 
70 

C o m m a n d & 
C o n t r o l 

(720) 

360 
360 

T o t a l 
V e h i c l e 

W e i g h t ( lb) 

( 2 3 , 130) 2 .00 

2 . 0 1 
02 
03 
04 
05 
06 
07 
08 
09 
10 

3.00 

01 
02 

4.00 

4.01 
4.02 
4.03 

5.00 

5.01 
5.02 
5.03 
5.04 

05 
06 
07 
08 
09 
10 
11 
12 
13 

S t r u c t u r e 

P r o p e l l a n t Tank A s s e m b l y 
T h r u s t S t r u c t u r e 
F o r w a r d Skir t 
Aft Sk i r t 
Tunnel and F a i r i n g s 
E x t e r i o r F in i sh and Sea le r 
An t i s lo sh Baffles 
Equ ipment Support S t r u c t u r e 
Equ ipment Module S t r u c t u r e 
Addi t ional S t r u c t u r e 

Pay load Adap te r 
A c c e s s 

M e t e o r o i d / T h e r m a l P r o t e c t i o n 

Insu la t ion 
Meteoro id P r o t e c t i o n 

D o c k i n g / C l u s t e r i n g 

F o r w a r d Docking S t r u c t u r e 
Aft Docking S t r u c t u r e 
C lus t e r ing S t r u c t u r e 

Main P r o p u l s i o n 

NERVA Engine 
E x t e r n a l Disc Shield for NERVA 
P u r g e S y s t e m 
P r o p e l l a n t Scavenging Sys t em 

and S e n s o r s 
P r o p e l l a n t Feed S y s t e m 
P r e s s u r i z a t i o n Sys t em 
P r e p r e s s u r i z a t i o n S y s t e m 
P n e u m a t i c Sys t em 
F i l l and D r a m / O r b i t Refueling 
Ground and E m e r g e n c y Vent 
F l igh t Vent 
In t eg ra t ed Chilldown Sys t em 
Refil l S y s t e m 

(6, 250) 

2 ,470 
3, 780 

(280) 

80 
200 

(710) 

430 
280 

(80) 

80 

(520) ( 3 0 , 6 3 0 ) 

27 ,300 
2 ,900 

110 
70 

120 
160 

60 

140 
60 

60 

50 
70 
50 

(110) 

no 
(280 

80 
200 

(560) 

500 

60 

(7 ,070) 

(640) 

( 3 1 , 7 1 0 ) 
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Table 1,2-1 (Continued) 

Code Desc r ip t ion 

Modules „ ^ , 
i o t a i 

P r o - P r o - Command & Vehic le 
pe l lant puls ion Contro l Weight (lb) 

6 .00 A u x i l i a r y P r o p u l s i o n 

6 .01 Reac t ion Cont ro l Sys t em 
6 .02 Re t ro Sys t em 
6 .03 Ullage S y s t e m 

7. 00 A s t r i o n i c S y s t e m / A s t r i o n i c s 

7 . 01 Guidance , Navigat ion and Cont ro l 
7 .02 I n s t r u m e n t a t i o n 
7 .03 Command and Cont ro l 
7 .04 E l e c t r i c a l Power 
7.05 E l e c t r i c a l Networks 
7 .06 E n v i r o n m e n t a l Cont ro l 
7 .07 P r o p e l l a n t Management 
7 .08 Onboard Checkout 
7 .09 Data Management 

8 .00 Sa fe ty /Ordnance S y s t e m 

8 .01 Safety S y s t e m 
8.02 Ordnance S y s t e m 

9.00 Cont ingency 

(160) 

160 

(950) 

95 0 

(255) (345) (1,905) 

35 
10 
40 

160 

--_ 
5 
5 

20 
15 
10 

130 
150 

10 
5 
5 

310 
210 
140 
785 

85 

_--
60 

315 

(1,480) (150) (200) 

( 1 , 110) 

(2 .505) 

(1,830) 

Subtotal 29,865 33,375 4 ,725 67 ,995 

10 

11 

12 

13 

14 

. 0 0 

. 0 0 

11.01 
11.02 
11. 03 

. 00 

. 0 0 

. 0 0 

14.01 
14.02 
14.03 
14.04 

RCS P r o p e l l a n t 

Res idua l P r o p e l l a n t 

Liquid P r o p e l l a n t 
Vapor Vented 
Vapor 

R e s e r v e F l igh t P e r f o r m a n c e 

P r o p e l l a n t Boiloff 

I m p u l s e P rope l l an t (Star tup, 
M a m s t a g e , Shutdown, Cooldown) 
Base l i ne 6 -Burn Miss ion Prof i l e 

L e a v e E a r t h 
A r r i v e Moon 
L e a v e Moon 
A r r i v e E a r t h 

(1,250) 

9,030) 

4 0 0 

8,630 

(440 

100 

340 

(1,250) 

(9,470) 

(1.700) 

(288,830) 

174,330 
37,960 
26,210 
50,330 

Total NA NA NA 369,245 
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Sec t ion 2 

MISSION A P P L I C A T I O N S 

T h r e e c l a s s e s of m i s s i o n s a r e p r o p o s e d for the RNS: i n t e r o r b i t a l s hu t t l e 

( luna r and g e o s y n c h r o n o u s ) , u n m a n n e d p l a n e t a r y , and m a n n e d p l a n e t a r y . 

T h e s e a r e a l l p e r f o r m e d in a r e u s a b l e shu t t l e m o d e . The l una r shu t t l e m i s ­

s ion p r o v i d e s the b a s i s for RNS d e s i g n r e q u i r e m e n t s in th i s s t udy . The 

o t h e r m i s s i o n c l a s s e s a r e d e s c r i b e d only in the con tex t of fu tu re a p p l i c a t i o n s . 

H o w e v e r , the RNS d e s i g n e d for the l u n a r shu t t l e m i s s i o n p o s s e s s e s the func­

t i ona l c a p a b i l i t y to p e r f o r m the o t h e r m i s s i o n s , excep t for t r a n s p l a n e t a r y 

o p e r a t i o n s . M o r e de t a i l ed m i s s i o n d e s c r i p t i o n s and p e r f o r m a n c e da t a a r e 

d o c u m e n t e d in the M i s s i o n P l a n n i n g Handbook . Al l m i s s i o n p e r f o r m a n c e a r e 

b a s e d on t h e fol lowing NERVA p e r f o r m a n c e f i g u r e s and a 300, 000 - lb L H T 

c a p a c i t y RNS: 

Speci f ic 
T h r u s t T h r u s t I m p u l s e 

Mode (lb) (sec) 

F u l l T h r u s t 75 , 000 825 

T h r o t t l e 4 5 , 0 0 0 825 

Idle 1,000 500 

A f t e r c o o l i n g 302 431 

2 . 1 MISSION DESCRIPTIONS 

2 . 1 . 1 L u n a r Shut t l e 

The l u n a r s h u t t l e m i s s i o n e n t a i l s t r a n s f e r of c a r g o and m e n to and f rom a 

6 0 - n m i p o l a r l u n a r o r b i t , o p e r a t i n g f r o m a low c i r c u l a r e a r t h o r b i t . An 

a p p r o x i m a t e 2 6 0 - n m i c i rcxi lar e a r t h o r b i t , i nc l ined at 31 .5 d e g r e e s , p r o v i d e s 

both l una r p h a s e and da i ly g round r e n d e z v o u s c o m p a t i b i l i t y , p e r m i t t i n g 

r e p e t i t i v e l y r e n d e z v o u s i n g with a fac i l i ty in l u n a r o r b i t . T h i s m o d e l p r o v i d e s 



two coplanar round t r i p opportunities for each 54 .6-day cycle . During this 

cycle the moon completes two o r b i t s about the ea r th while the ear th opera­

tional orbit r e g r e s s e s a total of one cycle. These two coplanar opportunities 

a re charac te r ized by an 18-day lunar and 15-day ea r th -o rb i t stay on the f irs t 

coplanar round t r ip and four days and three days, respect ively , on the second 

round t r i p . In o rde r to have a finite launch window, the capability of pe r ­

forming orbi tal plane changes at the moon must be introduced. For the pur­

pose of identifying RNS design requ i rement s , a plane change requirenaent of 

30 degrees was imposed for both the lunar orbi t inser t ion and t rans lunar 

injection maneuve r s . This is equivalent to an ear th or l una r -depa r tu re 

launch window of about one to three days, depending upon the specific t r a n s ­

fer opportunity in question, assuming an attendant var ia t ion in t rans i t t im e . 

The cha rac t e r i s t i c s of the lunar shuttle design miss ion a re schematical ly 

por t rayed in F igure 2. 1-1, indicating a total of eight main stage burns , one 

each for t r ans lunar and ear th orbit injection, and th ree each for lunar orbit 

and t r ansea r th injection. The orbital plane change maneuvers conducted at 

the moon are accomplished near apoapsis in an internnediate ell iptical orbi t . 

© TRANStUNAn INJECT ION 

® LUNAR ORBIT INJECTION 

® 
0 
® PLANE CHANGE 130°). THBOTTLE 

PLANE CHANGE (3C°) THROTTIE 

ClflCULAHIZATION 

OCPAHTUnE ORBIT INJECTION 

® TRANSEARTH INJECTION 

EARTH OB»IT INJECTION 

®® 

i*MH CAPTURE AND UEPARTURE 
ORBIT 

aO^MI POLARI 
OTERATIONAL O F I I T 

®® 

Figure 2.1-1 LUNAR SHUTTLE DESIGN MISSION PROFILE 
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The orbi ta l period of this orbit (24 hours) was selected because of its 

cha rac t e r i s t i c s of providing for an efficient plane rotation maneuver (low 

apoapsis speeds) and not being unduly la rge in regard to the ear th- induced 

pe r tu rba t ions . Ideal velocity requ i rements associated with this design 

profi le , as well as with the normal operat ional profile (four burns) , a re 

summar ized in Table 2. 1-1. Because of the short burn t ime required for 

the plane change maneuver , NERVA is operated in the throt t le mode. 

Table 2. 1-1 

VELOCITY SUMMARY FOR LUNAR SHUTTLE MISSION 

Trans lunar injection (108-hr t ransfer , 
C3 = 1. 912 k m ^ / s e c ^ , 300 fps 
flight geometry rese rve) 

Midcourse cor rec t ion 

Lunar orbit injection (C3 = 0. 808 k m ^ / s e c ) 

24-hr orbit 
30-deg plane change 
Ci rcu la r ize at 60 nmi 

Lunar orbit operat ions 

T r a n s e a r t h injection (72-hour t ransfer ) 

24-hour orbit 
30-deg plane change 
Injection ^03 = 1. 486 km^/ sec^ ) 

Midcourse cor rec t ion 

Ear th orbit injection (C3 = 1. 378 k m ^ / s e c ^ , 
300 fps flight geometry r e se rve ) 

Flight per formance r e s e r v e 
(3/4 percent of total AV) 

TOTAL 

Profi le (fps) 
8-Burn 

10, 372 

50 

3, 150 

(929) 
(320) 

(1.831) 

3.590 

(1.831) 
( 390) 
(1.369) 

50 

10,454 

207 

27, 873 

4-Burn 

10, 372 

50 

2, 760 

3, 200 

50 

10, 454 

201 

27, 087 
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2. 1.2 G e o s y n c h r o n o u s Shut t le 

The g e o s y n c h r o n o u s shu t t l e m i s s i o n e n t a i l s t r a n s f e r of m e n and e q u i p m e n t 

b e t w e e n low c i r c u l a r and e q u a t o r i a l g e o s y n c h r o n o u s (19, 323 nmi ) o r b i t 

a l t i t u d e s . Th i s m i s s i o n r e q u i r e s four m a i n s t a g e m a n e u v e r s for e a c h m i s ­

s ion round t r i p , a s i s dep i c t ed in F i g u r e 2. 1-2. A 2 . 4 - d e g r e e p lane change 

i s i n c o r p o r a t e d into the 260 n m i d e p a r t u r e and a r r i v a l m a n e u v e r s . C o u r s e 

c o r r e c t i o n s v i a NERVA id le m o d e a r e r e q u i r e d on the a s c e n d i n g and d e s c e n d 

ing m i s s i o n l e g s . Major m i s s i o n p h a s e t i m e s i nc lude 5 . 2 5 - h o u r t r a n s f e r 

b e t w e e n the 2 6 0 - n m i b a s e l i n e d e p a r t u r e o r b i t and s y n c h r o n o u s a l t i t ude , and 

30 days (des ign va lue) on s t a t i on at g e o s y n c h r o n o u s a l t i t u d e . 

2 . 1.3 U n m a n n e d P l a n e t a r y 

A v a r i e t y of t r a n s p l a n e t a r y in jec t ion m i s s i o n s , c h a r a c t e r i z e d by a b r o a d 

r a n g e of e a r t h - d e p a r t u r e v e l o c i t y r e q u i r e m e n t s , i s be ing c o n s i d e r e d for t h e 

R N S . The i d e a l v e l o c i t y r e q u i r e n a e n t s of t h e s e m i s s i o n s r a n g e f r o m about 

12, 000 fps for M a r s s u r f a c e s a m p l e r e t r i e v a l m i s s i o n s to about 28, 000 fps 

•Velocity (fpi) 

(1) INJECTION INTO J60 BY 19 3 » NMI TRANSFER ELLIPSE—ORBITAL PLANE IS CHANOEO 2.4 DEO " O l ' ' 
e t 0RBITISC1RCULABIZE0ATUJ3SNMI .0RB1TALPLANE ISCHANGE029 1 DEO 7 8 o 5 

I INJECTION INTO 260 BY 19.32S NMI TRANSFER ELLIPSE—ORBITAL PLANE IS CHANGED 29.1 OEO 7 6 8 5 
i ORBITISCIhCULARIZEO AT26aNMIOf l lBTALPLANE ISCHANGED2.4DEG 6 0 l l t 

*Id««l TCloelty retuiranent. Exclude* In- transit •Idcour** correction allovanc* 
of 90 fps eaeh for outbound and inbound Biasion lega. 

Figure 2.1-2 GEOSYNCHRONOUS SHUTTLE MISSION 

10 



(above 2 6 0 - n m i c i r c u l a r speed) for g r a n d t ou r m i s s i o n s . The b a s i c r e q u i r e ­

m e n t i m p o s e d upon t h e RNS i s to a c c e l e r a t e the m i s s i o n s p a c e c r a f t f r o m the 

260-nm.i c i r c u l a r speed to the d e s i r e d h y p e r b o l i c t r a n s f e r t r a j e c t o r y . S u b s e ­

quen t ly , the RNS i s to (1) s e p a r a t e f r o m the s p a c e c r a f t , (2) d i s p o s e of i t s e l f 

v i a p l ac ing i t on a sa fe t r a j e c t o r y r e l a t i v e to the s p a c e c r a f t , o r (3) p e r f o r m 

the r e q u i r e d p r o p u l s i v e m a n e u v e r s to r e t u r n it to a 2 6 0 - n m i o r b i t . In the 

c a s e w h e r e the RNS is u s e d in an e x p e n d a b l e m o d e , e n e r g y p r o v i d e d by the 

a f t e r c o o l i n g p h a s e folio-wing in j ec t ion and s e p a r a t i o n f r o m the s p a c e c r a f t 

would p r o v i d e suf f ic ient s e p a r a t i o n to avoid i n t e r f e r e n c e with the s p a c e c r a f t . 

In the c a s e w h e r e the RNS i s r e q u i r e d to r e t u r n to the 2 6 0 - n m i c i r c u l a r 

o r b i t fol lowing in jec t ion of the m i s s i o n s p a c e c r a f t on to the d e s i r e d e s c a p e 

h y p e r b o l a , suff ic ient p r o p e l l a n t r e s e r v e s m u s t be r e t a i n e d to p e r m i t 

r e c a p t u r e of the RNS into t h e e a r t h ' s s p h e r e of i n f l u e n c e . 

F i g u r e 2 . 1-3 s c h e m a t i c a l l y i l l u s t r a t e s the r e q u i r e d m a n e u v e r s for the 

shu t t l e m o d e . The f i r s t m a n e u v e r following in jec t ion (AV-2) r o t a t e s the 

v e l o c i t y v e c t o r along the h y p e r b o l a to an angle co inc iden t wi th an i n t e r m e d i a t e 

buffer e l l i p s e . T h i s m a n e u v e r i s a c c o m p l i s h e d n e a r p e r i g e e of the buffer V\oT S o 

HJME CHANGE 

AV^ - RNS Injects Spacecraft Onto 
Escape (Hyperbolic) Trajectory 

AVg - Following RNS-Spacecraft 
Separation, RNS Injects Onto 
Buffer Ellipse 

AV - RNS Circularizes Orbit at 
260 NMi 

ESCAPE 
TRAJECTORY 

Figure 2.1-3 ESCAPE INJECTION MISSION SCHEMATIC 
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e l l i p s e . N e a r apogee of the buffer e l l i p s e , a p l a n e change m a n e u v e r w^ill be 

p e r f o r m e d to ad jus t for the r e l a t i v e r e g r e s s i o n b e t w e e n the e l l i p t i c a l buffer 

o r b i t and a d e s i r e d 2 6 0 - n m i o r b i t a l p l ane ( a p p r o x i m a t e l y 6 d e g r e e s , o r 

5 00 fps , for a 4 8 - h o u r p e r i o d buffer e l l i p s e ) . T h i s would be a c c o m p l i s h e d 

wi th an id le naode o p e r a t i o n of the NERVA e n g i n e . Subsequen t l y , t he s e c o n d 

m a j o r m a n e u v e r following t r a n s p l a n e t a r y in jec t ion (AV-3) would be p e r ­

f o r m e d n e a r p e r i g e e of the buffer e l l i p s e p l ac ing the RNS aga in in to the 

2 6 0 - n m i e a r t h o r b i t . The second m a n e u v e r (AV-3) could be b r o k e n into t̂ wo 

p h a s e s to p e r m i t e s t a b l i s h i n g an i m m e d i a t e e l l i p t i c a l o r b i t wh ich would p r o ­

v ide p h a s e c o r r e c t i o n betw^een an e a r t h - o r b i t f ac i l i ty and the RNS. As the 

ve loc i ty i n c r e m e n t s a r e m i s s i o n - d e p e n d e n t , they a r e not i n d i c a t e d on the 

f i g u r e . The r e l a t i o n s h i p s b e t w e e n t h e s e v e l o c i t i e s and the m i s s i o n in j ec t ion 

v e l o c i t y r e q u i r e m e n t s a r e d i s c u s s e d and d i s p l a y e d p a r a m e t r i c a l l y in the 

M i s s i o n P l a n n i n g Handbook . 

2 . 1 . 4 Manned P l a n e t a r y 

Two r e f e r e n c e m a n n e d M a r s landing m i s s i o n s a r e e v a l u a t e d and d e s c r i b e d 

in the M i s s i o n P lann ing Handbook . The m i s s i o n s a r e d e s c r i b e d b r i e f l y as 

fo l lows . 

2 . 1.4. 1 1990 M a r s Conjunct ion C l a s s 

The h e l i o c e n t r i c flight p ro f i l e ( F i g u r e 2 . 1-4) i n d i c a t e s t r a j e c t o r y p h a s e 

t i m e , p l a n e t a r y n u c l e a r p r o p u l s i o n s y s t e m p r o p e l l a n t r e q u i r e m e n t s , and 

i d e a l m i s s i o n v e l o c i t y r e q u i r e m e n t s . The l aunch da te (midd le of 

A u g u s t 1990), 1 ,005 -day t o t a l t r i p t i m e , and 13 May 1993 a r r i v a l d a t e a r e 

b a s e d on the o p t i m u m e a r t h - d e p a r t u r e d a t e . The p ro f i l e is o p t i m u m in a 

s e n s e tha t t he i n i t i a l m a s s in e a r t h o r b i t i s m i n i m i z e d b a s e d on a p r o p u l s i o n 

v e h i c l e conf igured for r e t r i e v a l of the l e a v e - e a r t h s t a g e s . The p l a n e t a r y 

m i s s i o n m o d u l e i s a s s u m e d c a r r i e d t h r o u g h o u t the e n t i r e m i s s i o n to r e t u r n 

to e a r t h o r b i t , whi le al l o t h e r i t e m s a r e a s s u m e d j e t t i s o n e d whi le in M a r s 

o r b i t . T h e e a r t h d e p a r t u r e i s f r om a 2 6 0 - n m i c i r c u l a r o r b i t . The 12 -hour 

M a r s o r b i t h a s a p e r i a p s i s a l t i tude of 270 n m i and an a p o a p s i s a l t i t ude of 

9 , 7 0 0 n m i , and the e a r t h a r r i v a l o r b i t ( 24 -hou r p e r i o d ) h a s a p e r i g e e a l t i tude 

of 270 n m i , and an apogee a l t i tude of 3 8 , 4 2 0 n m i . 
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MANEUVER 

LV-EARTH 
WIDCOURSE 
ARV-MARS 
ORBir TRIM 
LV-WARS 
MIDCOURSE 
ARV-EARTH 

1 TOTAL 

AV 

(1000 FPS) 
13.72 
0.50 
4.71 
0.15 
6.55 
0.50 
5.42 

31.55 

Wp 1 
(1000 LB) 

876' 
31 

151 
• 7 

98 
10 
59 

1,232* 

MIDCOURSE LV-MARS 

'FOR RETRIEVAL OF LV-EARTH 
STAGES, PROPELLANT = 949,000 LB, 
TOTAL IS 1,305,000 LB 

ARV-MARS (12-HR ORBIT) 

ORBIT TRIM 

ARV-EARTH 

Figure 2 .1 -U PLANETARY MISSION PERFORMANCE 

LV-EARTH 
(8-12-90) (260-N/Vll). 

400 DAYS 

1990 MARS CONJUNCTION 

2. 1 . 4 . 2 1986 M a r s Oppos i t i on C l a s s (Outbound Venus Swingby Mode) 

The h e l i o c e n t r i c p ro f i l e for the 1986 outbound Venus swingby m a n n e d p l a n e ­

t a r y m i s s i o n i s shown in F i g u r e 2. 1-5. M i s s i o n v e l o c i t y and p h a s e t i m e 

r e q u i r e m e n t s a r e b a s e d on the opt imunn e a r t h d e p a r t u r e d a t e . It i s o p t i m u m 

in the s e n s e t h a t i n i t i a l m a s s in e a r t h o r b i t i s m i n i m i z e d when it i s b a s e d 

on an o r b i t a l l a u n c h v e h i c l e conf igured for r e t r i e v a l the l e a v e - e a r t h s t a g e s . 

M i d c o u r s e and M a r s o r b i t t r i m p r o p u l s i o n m a n e u v e r s a r e a s s u m e d to be 

p e r f o r m e d wi th a NERVA o p e r a t i n g in the id le m o d e . E a r t h d e p a r t u r e i s 

f r o m a 2 6 0 - n m i c i r c u l a r o r b i t . The M a r s c a p t u r e o r b i t h a s a p e r i a p s i s a l t i ­

tude of 270 n m i and an a p o a p s i s a l t i t ude of 9, 700 n m i , and the e a r t h a r r i v a l 

o r b i t has a p e r i g e e a l t i t ude of 270 n m i and an apogee a l t i tude of 38, 420 n m i . 

2. 2 P E R F O R M A N C E 

2 . 2 . 1 L u n a r Shut t le 

The RNS p e r f o r m a n c e i s shown in F i g u r e 2 . 2 - 1 for both the 4 - b u r n and 8 - b u r n 

l u n a r shu t t l e m i s s i o n s . The 4 - b u r n p ro f i l e i s r e p r e s e n t a t i v e of the c o p l a n a r 

m i s s i o n m o d e l ( d i s c u s s e d in Sec t ion 2. 1. 1), r e p e a t i n g once e v e r y 5 4 . 6 d a y s . 
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MANEUVER 

LV-EARTH 
MIDCOURSE 
ARV-MARS 
ORBITTRIM 
LV-MARS 
MIDCOURSE 
A R V T E A R T H 

1 TOTAL 

AV 

(1000, FPS 
14.08 

0.50 
11.05 

0.15 
6.88 
0.50 
8.95 

42.11 

Wp 

(1000 LB) 
1222^ 

39 
431 

6 
113 
11 

101 1 

1923* 

ARV-MARS 
a2-HR ORBIT) 

•FOR RETRIEVAL OF LV-EARTH 
STAGES, PROPELLANT = 1,493.000 LB, 
TOTAL IS 2.194,000 LB 

ARV-EARTH 
(24-HR 
ORBIT), 

F i g u r e 2 . 1 - 5 PLANETARY MISSION PERFORMANCE ~ 

1986 I>1ARS OPPOSITION (OUTBOUND VENUS SWINGBY MODE) 

lOOf 

3 
o o 
o 

« J 
^ 

•s 
o 

OK 

V 

a 

+> 

60 80 100 120 l40 160 

Delivered Payload, PL^ (1,000 Lb) 

180 200 

Figure 2.2-1 LUNAR SHUTTLE PERFORMANCE 
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T h i s p r o f i l e i s u sed for o p e r a t i o n s and c o s t a n a l y s e s . The 8 - b u r n p ro f i l e 

r e f l e c t s a d e s i g n cond i t ion . The p e r f o r m a n c e d a t a shown r e f l e c t t o t a l u t i l i z a ­

t ion of the coo ldown i m p u l s e for the o v e r a l l m i s s i o n v e l o c i t y r e q u i r e m e n t . 

R e t u r n pay load ( P L „ ) i s defined as the to ta l pay load c a r r i e d above the RNS 

on the t r a n s e a r t h leg of the m i s s i o n w h i l e , c o r r e s p o n d i n g l y , d e l i v e r e d p a y -

load ( P L ) i s defined as the to t a l pay load c a r r i e d above the RNS on the t r a n s ­

l u n a r leg of the m i s s i o n . T a b l e 2 . 2 - 1 p r e s e n t s a v a r i e t y of p e r f o r m a n c e 

s e n s i t i v i t i e s to v a r i o u s p a r a m e t e r s for the l u n a r s hu t t l e m i s s i o n . The 

r e f e r e n c e m i s s i o n m o d e l c o n s i d e r s r e t u r n of only the c r e w m o d u l e 

(20, 000 lb) . The 300, 000 - lb LH^ c a p a c i t y RNS can d e l i v e r 98^0_00 lb of pay -

load to the moon in t h i s c a s e for the 8 - b u r n p rof i l e o r 127, 000 lb for the 

4 - b u r n p r o f i l e . B a s e d on a s p a c e shu t t l e l aunch c o s t of $5 m i l l i o n p e r l aunch 

and a m i s s i o n r a t e of s ix p e r y e a r , th i s c o r r e s p o n d s to a t r a n s p o r t a t i o n cos t 

of $ 5 7 8 / l b of pay load in l u n a r o r b i t for the 4 - b u r n p rof i l e ( see Volume IV, 

Sec t ion 2. 1, Cos t Da ta ) . 

2 . 2 . 2 G e o s y n c h r o n o u s Shut t le 

M i s s i o n p e r f o r m a n c e for the g e o s y n c h r o n o u s m i s s i o n is shown in 

F i g u r e 2 . 2 - 2 b a s e d on the min imunn v e l o c i t y s u m for the two p r i m a r y 

t r a n s f e r m a n e u v e r s b e t w e e n the low 2 6 0 - n m i (3 1 . 5 - d e g r e e inc l ina t ion) 

o r b i t , at a g e o s y n c h r o n o u s e q u a t o r i a l o r b i t . M a n e u v e r v e l o c i t y r e q u i r e m e n t s 

w e r e as no ted in Sec t ion 2 . 1 . 2 . R e t u r n pay load is defined as the to ta l pay load 

above the RNS on the d e s c e n t leg of the m i s s i o n , whi le d e l i v e r e d payload i s 

def ined as the t o t a l pay load f o r w a r d of the RNS on the a s c e n t leg of the m i s ­

s i o n . The p e r f o r m a n c e da t a shown for th i s m i s s i o n a r e c o n s e r v a t i v e in the 

s e n s e tha t i m p u l s e d e r i v e d f r o m the a f t e rcoo l ing i s not c r e d i t e d t o w a r d the 

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

2 . 2 . 3 Unmanned P l a n e t a r y 

RNS e s c a p e in j ec t ion p e r f o r m a n c e i s shown in F i g u r e 2 . 2 - 3 for t h r e e o p e r a t ­

ing m.odes . T h e s e a r e : (1) RNS-on ly , no r e t r i e v a l — the RNS i s u sed in the 

e x p e n d a b l e m o d e , r e q u i r i n g only s e p a r a t i o n f r o m the s p a c e c r a f t and e s t a b l i s h ­

m e n t of a safe t r a j e c t o r y ( r e l a t i v e to the s p a c e c r a f t ) t h r o u g h app l i ca t i on of 
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Table 2 .2 -1 

LUNAR SHUTTLE MISSION SENSITIVITIES 

Sensitivity 8-burn 4-burn 

a P L ^ / a P L ^ (lb/lb) -1 .70 -1 .73 
D R 

a P L / a R N S Iner t (lb/lb) -2 .70 -2 .73 

aPL.^/aRNS Iner t (lb/lb) -1 .59 -1 .58 
R 

aPLj^ /aWp (lb/lb) 

aRNS I n e r t / a W p = 0 lb / lb 1.18 1.30 

aRNS I n e r t / a W p = 0. 125 lb / lb 0.84 0.96 

aPLj^/aWp (lb/lb) 

aRNS I n e r t / a W p = 0 lb / lb 0.69 0.75 

aRNS I n e r t / a W p = 0. 125 lb / lb - 0.49 0.56 

aPL /avented propellant (lb/lb) 

Trans lunar coast -1 .82 -2 .02 
Capture orbi t - 1 .91 
60-nmi c i rcu la r orbi t -2 .09 - 2 . 3 1 
Depar ture orbi t -2 .26 
T r a n s e a r t h -2 .43 -2 .69 

aPL /aJe t t i soned weight (lb/lb) 
Trans lunar coast -0 .65 -0 .72 
Capture orbit -0 .73 
60-nmi c i rcu la r orbit -0 .92 - 1 . 0 1 
Depar ture orbi t -1 .08 
T r a n s e a r t h -1 .26 -1 .39 

aPLj^/aAV (Ib/fps) 

Outbound - - 26 
Inbound - - 18' 

aPL / a i sp ( lb/sec) ^ 700 ^ 700 
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the cooldown thrust ; (2) RNS-plus-kick-stage with RNS re t r i eva l — the RNS 

re tu rns to the init ial 260-nmi depar ture orbit following burnout and staging, 

with the chemical kick stage providing the remainder of the required m i s ­

sion velocity; and (3) RNS-only with re t r i eva l — the RNS provides the total 

miss ion injection velocity requi rement , followed by re tu rn to the initial 

260-nmi depar ture orbi t . P a r a m e t e r s pert inent to the represen ta t ive 

chemical kick stage include the following: 

Specific Impulse 460 sec 

S t ruc tura l Efficiency (\') 0.86 

RNS/KS In ters tage 2, 000 lb 

Usable Propel lant 80,000 1b 

2 . 2 . 4 Manned Plane tary 

Mission per formance requirennents, in t e r m s of number of stages and 

propellant in the 260 nmi assembly orbit , a re identified for var ious operating 

modes in the Mission Planning Handbook. 

2 .3 MISSION TIMELINES 

2 . 3 . 1 Lunar Shuttle 

Table 2. 3-1 p resen t s the miss ion t imeline for the lunar shuttle miss ion as 

related to the var ious propulsion maneuver r e q u i r e m e n t s . The reference 

t ime is the t rans lunar injection maneuver . The propellant consumption 

requ i rements and associated phase t imes a re those utilized for design pur ­

poses (for example, see Section 3. 10). With exception of the outbound and 

inbound midcourse and outbound and inbound plane change maneuvers (LOI-2 

and TEI-2) , the maneuvers a re conducted at full th rus t . The t imeline is 

for the f i rs t of the two coplanar miss ion opportunities of the 54 .6-day cycle 

previously d iscussed (Section 2. 1. 1), indicating an 18-day stay in lunar 

orbi t . 
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Tab le 2. 3-1 

MISSION T I M E L I N E - CLASS 1 HYBRID 

E v e n t 

T L I 

M i d c o u r s e ^ ' 

L O I - 1 

L O I - 2 ( 4 ) 

L O I - 3 

T E I - 1 

T E I - 2 ( 4 ) 

T E I - 3 

M i d c o u r s e ^ ' 

EOI 

T O T A L 

I n i t i a t i o n 
T i m e (h r ) 

0 

15, 37, 67 
(typ) 

108 

120 

132 

518 

530 

542 

552, 577 , 
595 (typ) 

614 

I m p u l s e 
P r o p e l l a n t ( l ) 

(lb) 

166 .026 

1, 000 

1 0 , 7 3 0 

5, 370 

19, 330 

11, 860 

3, 900 

8, 200 

500 

47, 910 

274, 826 

Cooldown 
P r o p e l l a n t 

(lb) 

7, 300 

-

770 

400 

1,250 

850 

300 

600 

-

2, 800 

14, 270 

P r o p u l s i o n 

S t e a d y - S t a t e 
T i m e ( s e c ) 

1 ,750 

5 00 

70 

25 

160 

82 

0 

43 

250 

470 

P a r a m e t e r s 

T o t a l R u n 
T i m e ( l ) ( s e c ) 

2, 700 

500 

330 

260 

460 

350 

230 

290 

250 

930 

Cooldown 
T i m e ( 2 ) ( h r ) 

108 

-

12 

12 

27 

12 

5 

11 

-

45 

N O T E S 

T L I T r a n s l u n a r i n j e c t i o n 
L O I - 1 L u n a r o r b i t i n j e c t i o n (into 2 4 - h o u r e l l i p t i c a l c a p t u r e o r b i t ) 
L O I - 2 3 0 - d e g p l a n e c h a n g e m a n e u v e r 
L O I - 3 C i r c u l a r i z a t i o n m a n e u v e r a t 60 n m i 
T E I - 1 In j ec t ion m a n e u v e r to e l l i p t i c a l d e p a r t u r e o r b i t 
T E I - 2 3 0 - d e g p l a n e c h a n g e m a n e u v e r 
T E I - 3 T r a n s e a r t h i n j e c t i o n 
E O I E a r t h o r b i t i n j e c t i o n (260 n m i ) 

(1) Inc lud ing ch i l ldown (56 s e c ) t h r o u g h PSOV c l o s u r e . 

(2) Or t i m e to nex t m a n e u v e r , w h i c h e v e r i s l e s s . 

(3) Id l e m o d e o p e r a t i o n . 

(4) T h r o t t l e m o d e o p e r a t i o n , 3 0 - d e g p l a n e c h a n g e . 
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A c t i v i t i e s o c c u r r i n g du r ing the r e c y c l e o p e r a t i o n in e a r t h o r b i t a r e s u m ­

m a r i z e d in T a b l e 2 . 3 - 2 . In th i s c a s e , the to ta l t i m e a v a i l a b l e for e a r t h 

o r b i t t u r n a r o u n d of 8 4 . 2 days c o r r e s p o n d s to a m i s s i o n m o d e l wi th a 

6 - m i s s i o n - a - y e a r f r e q u e n c y . F o r t h i s m i s s i o n m o d e l two RNS s y s t e m s 

a l t e r n a t e l y pe r fo rnn l u n a r shu t t l e m i s s i o n s at a c o m b i n e d r a t e of once e a c h 

5 4 . 6 days ( e v e r y two l u n a r c y c l e s ) . S ince the m i s s i o n s a r e p e r f o r m e d 

a l t e r n a t e l y by the two RNS, 8 4 . 2 days a r e spen t in e a r t h o r b i t by e a c h RNS 

b e t w e e n m i s s i o n a p p l i c a t i o n s . In o r d e r to m i n i m i z e , if not e l i m i n a t e , the 

r e q u i r e m e n t to p e r f o r m r e c y c l i n g o p e r a t i o n s s i m u l t a n e o u s l y in the two RNS, 

only a p o r t i o n of t h i s i s a l l o c a t e d for the p e r f o r m a n c e of the m a j o r o p e r a t i o n s 

of p r o p e l l a n t re fue l ing and m i s s i o n payload l aunch and i n t e g r a t i o n . Two 

b locks of t i m e a r e a l l oca t ed in the p ro f i l e shown to p e r f o r m unchedu led 

m a i n t e n a n c e . The f i r s t b lock of t i m e (960 h o u r s ) i m m e d i a t e l y fol lows the 

c o m p l e t i o n of cooldown o p e r a t i o n s and m i s s i o n c r e w r e t r i e v a l . T h i s b lock 

of t i m e p r o v i d e s for m a j o r m a i n t e n a n c e such as p r o p e l l a n t m o d u l e 

r e p l a c e m e n t . A s i m i l a r , but s m a l l e r , b lock of t i m e i s a l l o c a t e d following 

e x c h a n g e of the RNS c o m m a n d and c o n t r o l m o d u l e and s u b s y s t e m v e r i f i c a t i o n 

and i n t e g r a t e d t e s t s . The ex ten t to which the f i r s t u n s c h e d u l e d m a i n t e n a n c e 

p e r i o d i s u sed c o r r e s p o n d i n g l y i n f r i nges upon the p e r f o r m a n c e of t u r n a r o u n d 

o p e r a t i o n s on the a l t e r n a t e RNS, and would i m p o s e a g r e a t e r b u r d e n b e c a u s e 

of i n c r e a s e d s p a c e shu t t l e l aunch f r equency and o r b i t a l a c t i v i t y . The t a b l e 

i n d i c a t e s the c o m b i n e d l aunch of the new c o m m a n d and c o n t r o l m o d u l e and 

m i s s i o n c r e w . Th is a p p r o a c h is t aken to m a x i m i z e the u s e of the s p a c e 

shu t t l e pay load c a p a b i l i t y . Should fu ture i n v e s t i g a t i o n s i n d i c a t e th i s a p p r o a c h 

u n t e n a b l e b e c a u s e of ex tended c r e w t i m e r e q u i r e d in e a r t h o r b i t ( add i t iona l 

14 days of o n - o r b i t t i m e ) , the c r e w could be l aunched s e p a r a t e l y , following 

l aunch and i n t e g r a t i o n of the u n m a n n e d pay load , at the e x p e n s e of an added 

s p a c e shu t t l e l a u n c h . A s p a c e shu t t l e l aunch r a t e of one e a c h t h r e e days i s 

r e q u i r e d to filfill t h e s e o b j e c t i v e s . 

T a b l e 2 . 3 - 3 iden t i f i e s m a j o r m i s s i o n o p e r a t i o n s f r o m , and inc lud ing , l u n a r 

o r b i t i n s e r t i o n t h r o u g h t r a n s e a r t h i n j e c t i o n . No l u n a r o r b i t o p e r a t i o n s 

a r e as sunned to be conduc ted unt i l c o m p l e t i o n of cooldown following the l u n a r 

o r b i t i n j ec t ion m a n e u v e r . T h u s , the t i m e l i n e could be c o m p r e s s e d if n e c e s ­

s a r y by a c c o m p l i s h i n g r e n d e z v o u s and docking b e t w e e n p u l s e s once the 

n o - p u l s e d u r a t i o n b e c o m e s suf f ic ient ly l a r g e . The t i m e a l lowed for pay load 
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T a b l e 2 . 3 - 2 

E A R T H ORBIT T I M E L I N E 

(6 m i s s i o n s p e r y e a r ) 

E v e n t 
In i t i a t i on T i m e 

(hr) 
D u r a t i o n 

(hr) 

I n j ec t i on into 2 6 0 - n m i 0 
c i r c u l a r e a r t h o r b i t 

Cooldown o p e r a t i o n s 0 

Deploy e a r t h - r e t u r n c a r g o / c r e w * 45 

P o s t - f l i g h t checkou t 49 

C o n t i n g e n c y for u n s c h e d u l e d m a i n t e n . 73 

LHo re fue l ing (10 s p a c e 1,033 
shu t t l e l a u n c h e s ) 

C C M e x c h a n g e / m i s s i o n c r e w up 1,681 

S u b s y s t e m v e r i f i c a t i o n , i n t e g r a t e d 
t e s t 1,685 

Con t ingency for u n s c h e d u l e d 
m a i n t e n a n c e 1,75 7 

L a u n c h and i n t e g r a t e u n m a n n e d 
pay load ( t h r e e l a u n c h e s ) 1,85 3 

I n t e g r a t e d t e s t , flight r e a d i n e s s 
t e s t , countdown 1,997 

T r a n s l u n a r i n j ec t ion 2 , 0 2 1 

45 

4 

24 

960 

648 

72 

96 

144 

24 

^ A l t e r n a t i v e i s d e p l o y m e n t of c r e w d u r i n g cooldown p h a s e . 

S p a c e shu t t l e l aunch r a t e i s 3 days p e r l a u n c h . 

d e p l o y m e n t and e x c h a n g e (10 h o u r s ) i s c o n s i d e r e d r e p r e s e n t a t i v e in the c a s e 

w h e r e the c a r g o d e l i v e r e d i s p a l l e t i z e d , r e q u i r i n g no E V A . A con t ingency 

i s s e e n even for the s h o r t e r 4 . 5 - d a y l u n a r o r b i t s t ay , which i s the s h o r t e r 

of the two c o p l a n a r m i s s i o n o p p o r t u n i t i e s o c c u r r i n g du r ing the 5 4 . 6 - d a y 

c y c l e , thus giving conf idence tha t both o p p o r t u n i t i e s a r e a v a i l a b l e for m i s ­

s i o n s . I t should be no ted tha t t he t i m e l i n e h a s p r o v i s i o n s for LOl and TEI 

by way of an i n t e r m e d i a t e 2 4 - h o u r e l l i p s e to p r o v i d e the capab i l i t y of a 

3 0 - d e g r e e p l ane c h a n g e . In the even t the n o m i n a l c o p l a n a r o p p o r t u n i t i e s 
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Table 2 .3-3 

LUNAR ORBIT TIMELINE 

Event 
Initiation Time 

(hr) 
Duration 

(hr) 

Injection into 24-hr 

el l ipt ical capture orbi t 

Cooldown operat ions 

Plane change (30 deg) 

Cooldown operat ions 
Injection into 60-nmi 

c i r cu la r orbi t 

Cooldown operat ions 

Rendezvous with orbi ta l 
facility or space tug 

Cargo deployment/exchange 

Contingency 

Integrated, flight readiness t e s t s , 
countdown 

Injection into 24-hr 

el l ipt ical depar ture orbit 

Cooldown operat ions 

Plane change 

CooldoAvn operat ion 

T r a n s e a r t h injection 

*13 hr for 4. 5-day lunar stay 

0 

0 

12 

12 

24 

24 

51 

55 

65 

404 

410 

410 

422 

422 

434 

12 

12 

27 

4 

10 

339>i 

6 

12 

a r e a c h i e v e d , th i s would be u n n e c e s s a r y , t h e r e b y f r ee ing an added 48 h o u r s 

for l u n a r o r b i t o p e r a t i o n s . 

2 . 3 . 2 O t h e r M i s s i o n s 

The t o p - l e v e l t i m e l i n e s for the g e o s y n c h r o n o u s s h u t t l e , u n m a n n e d p l a n e t a r y , 

and m a n n e d p l a n e t a r y m i s s i o n s a r e defined in Sec t i ons 2. 1 as m i s s i o n 

d e s c r i p t i o n s . 
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Sec t ion 3 

RNS O P E R A T I O N S 

3. 1 SUMMARY 

P r e l a u n c h , l aunch , and m i s s i o n p h a s e s of RNS s y s t e m o p e r a t i o n s have been 

a n a l y z e d to e s t a b l i s h a b a s i s for the RNS d e s i g n and a r e def ined in t h i s s e c t i o n . 

The p h i l o s o p h y and t r a d e o f f s involved in e s t a b l i s h i n g the b a s e l i n e mode of 

o p e r a t i o n s wi l l be d e s c r i b e d . The a p p r o a c h to the s tudy and i t s r e p o r t i n g is 

to focus on hov7 the o p e r a t i o n s l ead to d e s i g n r e q u i r e m e n t s for the RNS. 

T h e s e w i l l then be r e f l e c t e d in the d e s i g n c r i t e r i a ind ica ted for e a c h of the 

s u b s e c t i o n s wi th in Sec t i on 4 , RNS A n a l y s e s , and Book 2, RNS S y s t e m 

Def in i t ion . A n o t h e r output of the o p e r a t i o n s a n a l y s e s is the iden t i f i ca t ion of 

the RNS i n t e r f a c e wi th o t h e r p l anned s y s t e n a s , wh ich is r e p o r t e d in 

Sec t i on 3. 17. 

The func t iona l flov/ of o p e r a t i o n s and m e t h o d of r e p o r t i n g is s u m m a r i z e d in 

F i g u r e 3. 1-1 for m a j o r c a t e g o r i e s of o p e r a t i o n s : g round and p r e l a u n c h 

o p e r a t i o n s , l aunch o p e r a t i o n s , o r b i t a l o p e r a t i o n s , e t c . T h e s e c a t e g o r i e s 

have been a b s t r a c t e d f r o m the top and f i r s t l eve l func t iona l flow d i a g r a m s , 

v/hich a r e r e p o r t e d in Volume VII. The c o r r e s p o n d i n g box wi th in the 

func t iona l flow diagrann. is i nd i ca t ed h e r e ou t s ide the box a t i t s u p p e r r i g h t -

hand c o r n e r by the d e s i g n a t i o n " F F " . The f igu re a l s o e s t a b l i s h e s a 

c o r r e s p o n d e n c e b e t w e e n s tudy t a s k n u m b e r s and s e c t i o n s of the r e p o r t . 

T a s k n u m b e r s a r e d e s i g n a t e d by "T " and r e p o r t s e c t i o n s a r e d e s i g n a t e d by 

" S " . T h e s e a r e i n d i c a t e d for the a p p r o p r i a t e e n t r i e s wi th in the o p e r a t i o n s 

b o x e s . U n d e r the m a j o r h e a d i n g of e a c h box, the i s s u e s dea l t wi th in the 

s tudy a r e c i t ed wi th i den t i f i c a t i ons as i nd i ca t ed . The t e r m i n o l o g y for s o m e 

of t h e s e i s s u e s c o r r e s p o n d to spec i f i c s tudy t a s k s ca l l ed out u n d e r S u b -

t a s k 2. 3. 1, O r b i t a l O p e r a t i o n s , and Subtask 2. 3. 2, F l i g h t O p e r a t i o n s , but 

the l o w e r l e v e l s u b t a s k b r e a k d o w n is not inc luded in the f i gu re . 

23 



rr (6.0, 5.0) 
Qrftuad aad Tralauacb 
O^fratioaa (T 2.1/3 312) 

^ l i aa l Aiicably (S 3.2.1) 

* Graond Eandliag (3 3.2.2) 

" TraaapartatleK (8 3.2.3) 

• TeitlBg (8 3.2.'») 

n (8.0) 
Mcsltor and Control Miaalon 

Information Naaageacnt 
(T 2.3.V»3.8) 

rr (k.o) 

Launch Operations (T2.2/S3.3) 

" Launch Configuratl«> 

° Mating/Loading 
o 
Propellant Loading 

Checkout 

Launch 

Ceploynent 

T 
Design Xe<iairauents 

DesigB Criteria (T 3.l/sl») 

Interface with Other Planned 
Systcu (t 2.3.3/S 3.17) 

Figure 3.1-1 RNS OPERATIONS SUMMARY 

rr (1.1) 

Orbital Operations (T 2.3.1) 

" Rendezvous and Doddng (S 3.'») 

" Orbital Assembly (S 3.5) 

° Propellant Transfer (8 3.6) 

° CheclMut (3 3.7) 

" Prestart Coast (S 3.9) 

JUhll 
Turnaround 

Saae as Orbital Operations 

Maintenance and Replenishaent 
(I 2.3.1.e/S 3.15) 

TT (1.2, 1.3, l."*) 

Flight Operations (T 2.3.2) 

° Mission Tlnellne (3 2.3) 

° Propellent iniliiation and 
Thrust Modes (S 3.10) 
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3. 2 GROUND AND PRELAUNCH OPERATIONS 

T h e o p e r a t i o n s on the RNS sys tenn d u r i n g f inal a s s e m b l y , g round hand l ing , 

and t e s t i n g g e n e r a t e d e s i g n r e q u i r e m e n t s for the s y s t e m . The o p e r a t i o n s 

a r e d e s c r i b e d in the fol lowing s e c t i o n s to p r o v i d e an i n t e g r a t e d s t a t e m e n t of 

the b a s i s for the d e s i g n r e q u i r e m e n t s and c r i t e r i a c i t ed in the s y s t e m 

d e s c r i p t i o n and h a r d w a r e t r e e s . 

T h e s e q u e n c e of o p e r a t i o n s , s e l e c t i o n of m a n u f a c t u r i n g and t e s t s i t e s , and 

nnethods of t r a n s p o r t a t i o n a r e d i s c u s s e d in d e t a i l in o t h e r s e c t i o n s of th i s 

r e p o r t . T h e m a n u f a c t u r i n g is d i s c u s s e d in Volume III, P a r t A, Sec t ion 3, 

and the a c c e p t a n c e t e s t i n g and t h e m o d e s of t r a n s p o r t a t i o n a r e d i s c u s s e d in 

Volunae III, P a r t A, Sec t i on 5. 2, 3. 

3. 2. 1 F i n a l Assennbly 

3. 2. 1, 1 P r o p e l l a n t Module 

T h e b a s e l i n e p r o g r a m f e a t u r e s p r o p e l l a n t modu le f inal a s s e m b l y at Michoud . 

T h e p r o p e l l a n t modu le -will be c a p a b l e of be ing p i cked up by a c r a n e at the 

f o r w a r d end of the tank for t r a n s f e r to and f r o m the h y d r o s t a t i c t e s t p i t p r i o r 

to f inal a s s e m b l y , and for t r a n s f e r to and f r o m a v e r t i c a l p o s i t i o n for f inal 

a s s e m b l y , i n t e g r a t i o n , and checkou t . The aft hea t b l o c k / i n t e r s t a g e m a t i n g 

p lane wi l l be d e s i g n e d to be c o m p a t i b l e wi th p l a c e m e n t on a 3 3 - f t - d i a m e t e r 

s p e c i a l f ix tu re for p e r f o r m i n g the s u b s y s t e m s i n s t a l l a t i o n , veh ic l e i n t e g r a ­

t ion, and checkou t o p e r a t i o n s . T h e s e f inal a s s e m b l y o p e r a t i o n s wi l l be 

conduc ted in a c l e a n r o o m a t m o s p h e r e . The tank wi l l be d e s i g n e d for i n s t a l ­

l a t ion of d e s i c c a n t s to p r e v e n t c o n t a m i n a t i o n of the i n n e r w a l l s a f t e r a s s e m ­

b ly and c l e a n i n g . The h i g h - p e r f o r m a n c e i n s u l a t i o n b l a n k e t s wi l l be p u r g e d 

wi th an i n e r t g a s af ter i n s t a l l a t i o n , and a p r o t e c t i v e cover wi l l be p l aced 

o v e r the e x t e r i o r of the m o d u l e to p r e v e n t a t m o s p h e r i c c o n t a m i n a t i o n of the 

h i g h - p e r f o r m a n c e i n s u l a t i o n d u r i n g s u b s e q u e n t p r e l a u n c h o p e r a t i o n s . 

3. 2. 1. 2 P r o p u l s i o n Module 

T h e c u r r e n t b a s e l i n e p r o g r a m a s s u m e s tha t the de t a i l f a b r i c a t i o n and f inal 

a s s e m b l y of the s t a g e p o r t i o n of the p r o p u l s i o n modu le wi l l t ake p l a c e at 
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Huntington Beach. Subsequently, it will be mated to NERVA at KSC during 

prelaunch operat ions . The run tank will be capable of being picked up and 

rotated f rom a horizontal to a ver t ica l position for t ransfe r to and from the 

hydrosta t ic tes t pit p r io r to final assembly , and for t ransfe r to and from a 

ve r t i ca l posit ion for p lacement in and removal f rom final assembly , in tegra ­

tion, and checkout tow^ers. The final assembly and checkout w^ill be 

acconaplished w^ith the tank in a horizontal position. The tank will be sup­

ported by a special fixture at each end of the cyl indrical section of the tank. 

These final assembly operat ions Avill be conducted in a clean room, a tmosphere . 

The tank ^vill be designed for installation of desiccants to prevent contamina­

tions of the inner w^alls after assembly and cleaning. The h igh-performance 

insulation blankets w^ill be purged with an inert gas after installation, and a 

protect ive cover v/ill be placed over the ex te r ior of the module to prevent 

a tmospher ic contamination of the high-performance insulation during sub­

sequent prelaunch opera t ions . 

3. 2. 1. 3 Command and Control Module 

The cu r r en t basel ine p r o g r a m as sumes that the detail fabrication and final 

assembly of the CCM will be per formed at Huntington Beach. The module 

will be outfitted with functional subsys tems while in a ver t ica l position at 

the manufacturing si te . The naodule will be placed on a support fixture with 

a d iameter equivalent to that of the CCM, with the aft interface plane of the 

module being the load car ry ing surface. The final assembly , integration, 

and checkout operations will be conducted in a clean room a tmosphere . Fuel 

cell reactant tanks and auxi l iary propulsion hydrogen and oxygen tanks will 

be designed to allow installat ion of desiccants to prevent contamination after 

a s sembly and cleaning. The high-performance insulation blankets on the 

tanks will be purged w^ith an iner t gas after installation, and a protect ive 

cover will be placed over the ex te r ior of the module to prevent a tmospher ic 

contamination of the h igh-performance insulation and damage to the module 

subsys tems during subsequent prelaunch operat ions. 
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3. 2, 2 G r o u n d Handl ing 

3. 2, 2. 1 P r o p e l l a n t Module 

T h e m o d u l e w i l l be s t r u c t u r a l l y d e s i g n e d for hand l ing wi thout p r e s s u r e 

s t a b i l i z a t i o n in both a v e r t i c a l and h o r i z o n t a l pos i t i on a f t e r c o m p l e t i o n of 

the f inal a s s e m b l y and c h e c k o u t o p e r a t i o n s a t the m a n u f a c t u r i n g s i t e . D u r i n g 

t i m e p e r i o d s when the modu le is not be ing t e s t e d , it v/ill be p l a c e d on a 

m o b i l e t r a n s p o r t e r in a h o r i z o n t a l p o s i t i o n , wi th l o a d s be ing t r a n s m i t t e d 

f r o m the m o d u l e to the t r a n s p o r t e r t h r o u g h load r i n g s l o c a t e d at s t a t i o n s 

c o m p a t i b l e wi th the forw^ard and aft hea t b locks of the m o d u l e . The e x t e r i o r 

p r o t e c t i v e c o v e r and tank d e s i c c a n t a r e kep t in p l a c e d u r i n g a l l g round 

h a n d l i n g o p e r a t i o n s u n l e s s the naodule is be ing r e a d i e d for t e s t . 

3. 2, 2. 2 P r o p u l s i o n Module 

T h e m o d u l e vi^ill be s t r u c t u r a l l y d e s i g n e d for hand l ing -without p r e s s u r e 

s t a b i l i z a t i o n in both a v e r t i c a l and h o r i z o n t a l pos i t i on a f t e r c o m p l e t i o n of 

the f inal a s s e m b l y and checkou t o p e r a t i o n s a t the m a n u f a c t u r i n g s i t e . 

D u r i n g t i m e p e r i o d s when the m o d u l e is not be ing t e s t e d , it w i l l be p l a c e d 

on a m o b i l e t r a n s p o r t e r in a h o r i z o n t a l p o s i t i o n , wi th l oads be ing t r a n s ­

m i t t e d f r o m the m o d u l e to the t r a n s p o r t e r t h r o u g h p ickup po in t s at the aft end 

of t h r u s t s t r u c t u r e and the f o r w a r d end of the f iber g l a s s s t r u t f o r w a r d 

s k i r t . The e x t e r i o r p r o t e c t i v e c o v e r and tank d e s i c c a n t a r e kept in p l ace 

d u r i n g a l l g round handl ing o p e r a t i o n s u n l e s s the modu le is be ing r e a d i e d for 

t e s t . 

3. 2. 2. 3 C o m m a n d and C o n t r o l Module 

T h e m o d u l e w^ill be s t r u c t u r a l l y d e s i g n e d to be hand l ed in both a v e r t i c a l and 

h o r i z o n t a l p o s i t i o n a f t e r c o m p l e t i o n of the f inal a s s e m b l y and checkou t 

o p e r a t i o n s at the m a n u f a c t u r i n g s i t e . D u r i n g t i m e p e r i o d s when the modu le 

is not be ing t e s t e d , it w i l l be p l a c e d on a mob i l e t r a n s p o r t e r in a v e r t i c a l 

p o s i t i o n , wi th l o a d s be ing t r a n s m i t t e d f r o m the modu le to the t r a n s p o r t e r 

t h r o u g h p i ckup po in t s l o c a t e d a r o u n d the c i r c u m f e r e n c e of the m o d u l e . The 

e x t e r i o r p r o t e c t i v e c o v e r and tank d e s i c c a n t s a r e kep t in p l a c e d u r i n g a l l 

g round hand l ing o p e r a t i o n s u n l e s s the modu le is be ing r e a d i e d for t e s t . 
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3, 2. 3 T r a n s p o r t a t i o n 

3. 2. 3. 1 P r o p e l l a n t Module 

T h e p r o p e l l a n t modu le v/ill be d e s i g n e d to be moved on a m o b i l e t r a n s p o r t e r 

and to be c a r r i e d on r i v e r and o c e a n - g o i n g b a r g e s . The mob i l e t r a n s p o r t e r 

w i l l be u s e d for m o v e m e n t b e t w e e n the m a n u f a c t u r i n g s i t e and b a r g e , a s w e l l 

a s movenaen t a t t e s t s i t e s and at KSC b e t w e e n the b a r g e and VAB. The p r o ­

p e l l a n t m o d u l e wi l l be t r a n s p o r t e d by b a r g e b e t w e e n the m a n u f a c t u r i n g s i t e , 

p r o d u c t i o n a c c e p t a n c e t e s t s i t e , and KSC. T h e b a s e l i n e concep t as c u r r e n t l y 

def ined i nvo lves f ina l a s s e m b l y a t Michoud , p r o d u c t i o n a c c e p t a n c e t e s t i n g 

at t he M i s s i s s i p p i T e s t F a c i l i t y , and l aunch o p e r a t i o n s a t KSC. In add i t ion , 

one p r o d u c t i o n a r t i c l e wi l l be sh ipped by b a r g e f r o m Michoud to s o u t h e r n 

C a l i f o r n i a , and , s u b s e q u e n t l y , f e r r i e d by h e l i c o p t e r to NRDS for a l l s y s t e m s 

t e s t i n g . The e x t e r i o r p r o t e c t i v e c o v e r and tank des iccan t a r e kep t in p l a c e 

d u r i n g a l l t r a n s p o r t a t i o n p e r i o d s . 

3. 2, 3. 2 P r o p u l s i o n Module 

T h e run tank modu le wi l l be d e s i g n e d to be m o v e d on a m o b i l e t r a n s p o r t e r , 

to be c a r r i e d on r i v e r and o c e a n - g o i n g b a r g e s , and to be t r a n s p o r t e d in the 

c a r g o hold of a i r c r a f t (such a s the Supe r Guppy). The mob i l e t r a n s p o r t e r 

v/ill be u s e d for m o v e m e n t b e t w e e n the m a n u f a c t u r i n g s i t e and b a r g e o r 

a i r c r a f t , a s w e l l a s m o v e m e n t at t e s t s i t e s and at KSC be tween the b a r g e o r 

a i r c r a f t and the VAB. T h e p r o p u l s i o n modu le wi l l be t r a n s p o r t e d by a i r c r a f t 

betw^een the m a n u f a c t u r i n g s i t e and p r o d u c t i o n a c c e p t a n c e t e s t s i t e , and by 

b a r g e betAveen the p r o d u c t i o n a c c e p t a n c e t e s t s i t e and KSC, a s s u m i n g the 

b a s e l i n e c o n c e p t a s d e s c r i b e d above . T h e NERVA wi l l not be m a t e d to the 

p r o p u l s i o n modu le d u r i n g t r a n s p o r t a t i o n bet^veen the v a r i o u s s i t e s . An a l l -

s y s t e m s t e s t a r t i c l e w i l l a l s o be flown fronn the m a n u f a c t u r i n g s i t e to NRDS 

by a i r c r a f t . The e x t e r i o r p r o t e c t i v e c o v e r and tank d e s i c c a n t a r e kep t in 

p l a c e d u r i n g a l l t r a n s p o r t a t i o n p e r i o d s . 

3. 2. 3. 3 C o m m a n d and C o n t r o l Module (CCM) 

T h e C C M v/il l be d e s i g n e d to be m o v e d on a mob i l e t r a n s p o r t e r and to be 

t r a n s p o r t e d in the c a r g o hold of a i r c r a f t (such a s the S u p e r Guppy). The 
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m o b i l e t r a n s p o r t e r Avill be u s e d for m o v e m e n t bet^veen the maniofactur ing 

s i t e and a i r c r a f t , a s w e l l a s m o v e m e n t at t e s t s i t e s and at KSC b e t w e e n the 

a i r c r a f t and the VAB. T h e CCM wi l l be t r a n s p o r t e d by a i r c r a f t be tween 

the m a n u f a c t u r i n g s i t e a t Hunt ington B e a c h and KSC, a s s u m i n g the b a s e l i n e 

c o n c e p t a s d e s c r i b e d a b o v e . In add i t ion , an a l l s y s t e m s t e s t a r t i c l e wi l l be 

flown f r o m the m a n u f a c t u r i n g s i t e to NRDS by a i r c r a f t . The e x t e r i o r 

p r o t e c t i v e c o v e r and tank d e s i c c a n t a r e kep t in p l a c e d u r i n g a l l t r a n s p o r t a ­

t ion p e r i o d s . 

3. 2. 4 T e s t i n g 

3. 2. 4 . 1 P r o p e l l a n t Module 

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

p r o p e l l a n t modu le wil l u n d e r g o p o s t m a n u f a c t u r i n g checkou t a t Michoud , 

d u r i n g w h i c h t i m e it v/ill be i n t e g r a t e d with a CCM. The a u t o m a t i c checkou t 

s y s t e m of the CCM wi l l be u s e d to o p e r a t e the funct ional s y s t e m s of the 

p r o p e l l a n t m o d u l e . S u b s e q u e n t t e s t i n g wi l l be p e r f o r i n e d on the i n t e g r a t e d 

a s s e m b l y at the M i s s i s s i p p i T e s t F a c i l i t y , wh ich wi l l i nc lude , a s a m i n i m u m , 

a t a n k i n g , p r e s s u r i z a t i o n , and de tank ing o p e r a t i o n u t i l i z ing L H T . F u n c t i o n a l 

s y s t e m s wi l l be e x e r c i s e d , u s ing the CCM a s the m a s t e r c o n t r o l e l e m e n t . 

The p r o p e l l a n t modu le p u r g e s y s t e m ^vill be ac t i ve d u r i n g the t e s t a c t i v i t i e s 

w h i c h involve l iquid h y d r o g e n . The c u r r e n t p r o g r a m does no t r e q u i r e a 

p r o p u l s i o n m o d u l e for conduc t ing the p r o d u c t i o n a c c e p t a n c e t e s t of the 

p r o p e l l a n t m o d u l e . Add i t i ona l a l l s y s t e m s t e s t i n g v/ill be pe r fo rnned on a 

m i n i m u m of one p r o d u c t i o n p r o p e l l a n t modu le a t NRDS, in c o m b i n a t i o n with 

a p r o p u l s i o n m o d u l e and a C C M , to d e m o n s t r a t e i n t e g r a t e d s y s t e m o p e r a t i o n . 

3. 2. 4 . 2 P r o p u l s i o n Module 

T h e c u r r e n t b a s e l i n e p r o g r a m a s s u m e s tha t the p r o d u c t i o n run tank m o d u l e s 

wi l l u n d e r g o p o s t - m a n u f a c t u r i n g checkou t at Hunt ington B e a c h , d u r i n g which 

t i m e they wi l l be m a t e d to a m a s t e r tool s i m u l a t i n g the e n g i n e / s t a g e i n t e r f a c e 

and the p r o p e l l a n t m o d u l e / p r o p u l s i o n m o d u l e i n t e r f a c e p l a n e s for d i m e n s i o n a l 

v e r i f i c a t i o n . S u b s e q u e n t t e s t i n g wil l be p e r f o r m e d at the M i s s i s s i p p i T e s t 

29 



F a c i l i t y , w^here the m o d u l e s w^ill be t a n k e d , p r e s s u r i z e d , and de t anked 

•with L H T to ve r i fy s t r u c t u r a l i n t e g r i t y of the modu le u n d e r a c r y o g e n i c 

e n v i r o n m e n t . Spec i f i c a l l y , the weld a r e a s of the p r o p e l l a n t t a n k s w^ill be 

c h e c k e d fo r l e a k a g e . Add i t i ona l a l l s y s t e m s t e s t i n g wi l l be p e r f o r m e d on 

a m i n i m u m of one p r o d u c t i o n p r o p u l s i o n m o d u l e a t NRDS, in c o m b i n a t i o n 

w^ith a p r o p e l l a n t modu le and a C C M , to d e m o n s t r a t e i n t e g r a t e d s y s t e m 

o p e r a t i o n . E n g i n e nnating and i n t e r f a c e v e r i f i c a t i o n t e s t s w^ill be conduc ted 

on e a c h p r o p u l s i o n m o d u l e at KSC, 

3. 2. 4 . 3 C o m m a n d and C o n t r o l Module 

The c u r r e n t b a s e l i n e p r o g r a m a s s u m e s tha t p o s t - m a n u f a c t u r i n g checkou t 

o p e r a t i o n s w i l l be p e r f o r m e d on e a c h p r o d u c t i o n C C M at Hunt ington B e a c h . 

T h i s i n c l u d e s d i m e n s i o n a l c h e c k s of the C C M / p r o p e l l a n t nnodule i n t e r f a c e s , 

a s we l l a s a s t r i o n i c s c i r c u i t r y c h e c k s , a l i g n m e n t , c a l i b r a t i o n and r e d u n d a n c y 

v e r i f i c a t i o n . Subsequen t to th i s checkou t , the C C M ' s wi l l be sh ipped to KSC, 

w h e r e they wi l l u n d e r g o r e c e i v i n g i n s p e c t i o n and p r e l a u n c h checkou t t e s t s 

b e f o r e be ing p l a c e d in the s p a c e shu t t l e o r b i t e r . All s y s t e m s t e s t i n g wi l l be 

p e r f o r m e d on a m i n i m u m of one p r o d u c t i o n CCM at NRDS, in c o m b i n a t i o n 

wi th a p r o p e l l a n t modu le and a p r o p u l s i o n m o d u l e , a s d i s c u s s e d above . 

3. 3 LAUNCH 

3. 3. 1 B a s e l i n e L a u n c h Mode 

T h e C l a s s 1 Hybr id RNS is l aunched to o r b i t in i t i a l ly as t h r e e s e p a r a t e 

m o d u l e s . The p r o p e l l a n t modu le is l aunched by the I n t e r m e d i a t e - 2 1 l aunch 

v e h i c l e wh ich c o n s i s t s of the S-IC and S-II s t a g e s . The NERVA p r o p u l s i o n 

modu le and the CCM a r e l aunched to o r b i t ins ide the c a r g o bay of the s p a c e 

s h u t t l e . T h i s a p p r o a c h m i n i m i z e s the i m p a c t of the RNS on the I N T - 2 1 and 

a c k n o w l e d g e s r e q u i r e d r e p l a c e m e n t of t h e s e m o d u l e s . T h e p r o p e l l a n t nnodule 

can be l aunched to o r b i t wi th only a p a r t i a l load ing of p r o p e l l a n t , about 

155 ,000 lb . T h u s , a s s e m b l y of the c o m p l e t e RNS veh ic l e and p r e p a r a t i o n for 

in i t i a l f l ight would r e q u i r e add i t i ona l p r o p e l l a n t l aunched by a s p a c e s h u t t l e . 

The ne t in i t i a l l aunch c o s t for the t h r e e m o d u l e s , exc lud ing c r e d i t for 

p r o p e l l a n t , is $117. 5 m i l l i o n for e a c h RNS. 
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3. 3. 1. 1 P r o p e l l a n t Module 

T h e l aunch con f igu ra t i on for the p r o p e l l a n t modu le on the I n t e r m e d i a t e - 2 1 

l a u n c h v e h i c l e is d e p i c t e d in F i g u r e 3. 3 - 1 . The 341-ft o v e r a l l he ight p r e s e n t s 

no f ac i l i t y he igh t p r o b l e m s (VAB hook he igh t is 410 ft). The veh ic l e in jec t s 

the p r o p e l l a n t nnodule into the o p e r a t i o n a l 31 . 5 - d e g r e e i nc l ina t ion , 2 6 0 - n m i 

o r b i t in a d i r e c t a s c e n t m o d e wi th a d e l i v e r e d pay load f o r w a r d of the S - I I /RNS 

i n t e r s t a g e of a p p r o x i m a t e l y 192, 000 lb . T h e RNS p r o p e l l a n t modu le is 

d e s i g n e d to connply wi th the I N T - 2 1 g round , l aunch , and a s c e n t des ign load 

e n v e l o p e , c o m p a t i b l e wi th c u r r e n t d e s i g n loads for the S-IC and S-II s t a g e s . 

T h i s i m p o s e s a p o l i c y of u t i l i z i n g a w i n d - b i a s e d l aunch t r a j e c t o r y and 

a c c e p t i n g a nn in imum s e a s o n a l l aunch a v a i l a b i l i t y of 84 p e r c e n t for w i n t e r 

w^inds. 

An a l t e r n a t e l aunch c o n c e p t can be c o n s i d e r e d with the C C M and p r o p e l l a n t 

nnodule l a u n c h e d a s an i n t e g r a l uni t by the I N T - 2 1 . In t h i s con f igu ra t ion the 

p a y l o a d enve lope is i n c r e a s e d by 12 ft and the l aunch a v a i l a b i l i t y would be 

r e d u c e d to 80 p e r c e n t . 

3crH 

3 4 a 575 FT. 

1-347 
- ^ STA 3969 

-STA3772 
^ 1 r-STA 3622 

1103 

—STA 25(9 

978 

—STA 1541 

656.494 

L_4#J -STA -115.494 

Figure 3.3-1 BASELINE LAUNCH COWTIGURATION 
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In p r e p a r a t i o n for l aunch the p r o p e l l a n t modu le u n d e r g o e s r e c e i v i n g i n s p e c ­

t ion in the low bay of the VAB whi le in the h o r i z o n t a l pos i t i on on a m o b i l e 

t r a n s p o r t e r . The p r o t e c t i v e e x t e r i o r c o v e r and tank d e s i c c a n t wi l l be 

rennoved in s ide the VAB d u r i n g the l aunch p r e p a r a t i o n s e q u e n c e . The nnodule 

and i n t e r s t a g e wi l l be m a t e d in the VAB wi th both e l e m e n t s in a v e r t i c a l 

p o s i t i o n . T h e connbined nnodule and i n t e r s t a g e wi l l be s t a c k e d and m e c h a n i ­

c a l l y nnated wi th the l aunch veh i c l e in the VAB high bay . The p r o p e l l a n t 

m o d u l e ^vill be fueled on the l aunch pad . 

3. 3. 1. 2 P r o p u l s i o n Module 

T h e l aunch con f igu ra t i on for the NERVA p r o p u l s i o n m o d u l e in s ide the c a r g o 

bay of the s p a c e shu t t l e is in a n o r m a l v e r t i c a l a t t i t u d e , a s dep ic t ed in 

F i g u r e 3. 3 -2 . It is dep loyed in o r b i t u s i n g the s t a n d a r d s p a c e shu t t l e p a y -

load d e p l o y m e n t n n e c h a n i s m . Launch s u p p o r t , inc luding p r o v i s i o n of l a t e r a l 

r e s t r a i n t , a r e def ined in Sec t ion 4. 2. 9. The nnodule is l aunched wi th i ts 

p r o p e l l a n t tank d r y and u n p r e s s u r i z e d . U m b i l i c a l p a n e l s a r e p r o v i d e d by the 

s p a c e shu t t l e for p o w e r , da ta a c q u i s i t i o n , checkou t , and h e l i u m p u r g e s . 

Figure 3.3-2 PROPULSION MODULE IN ORBITER CARGO BAY 

32 



In p r e p a r a t i o n for l a u n c h , the p r o p u l s i o n modu le wi l l u n d e r g o r e c e i v i n g 

i n s p e c t i o n in the low bay of the VAB whi le in the h o r i z o n t a l p o s i t i o n on a 

m o b i l e t r a n s p o r t e r . T h e p r o t e c t i v e e x t e r i o r c o v e r and tank d e s i c c a n t wi l l 

be rennoved in s ide the VAB d u r i n g the l aunch p r e p a r a t i o n s e q u e n c e . The 

m o d u l e w i l l be m a t e d wi th the NERVA in the VAB w^ith both e l e m e n t s in a 

v e r t i c a l p o s i t i o n . T h e connple ted m o d u l e w i l l s u b s e q u e n t l y be loaded into 

the c a r g o bay of the s p a c e shu t t l e o r b i t e r whi le both a r e in a h o r i z o n t a l 

a t t i t u d e , w^ith load p ickup a t t a c h po in t s be ing c o m p a t i b l e wi th s t a t i o n s of the 

m o d u l e t h r u s t s t r u c t u r e , f o r w a r d s k i r t , and the NERVA. The o r b i t e r is 

s u b s e q u e n t l y e r e c t e d in a v e r t i c a l a t t i t ude on the b o o s t e r . E n v i r o n m e n t a l 

cond i t i on ing is p r o v i d e d by the s p a c e s h u t t l e . 

P o i s o n w i r e s a r e i n s t a l l e d in NE RVA d u r i n g c o r e a s sennb ly for sa fe ty d u r i n g 

t r a n s p o r t a t i o n and l aunch o p e r a t i o n s . A r e m o v a l m e c h a n i s m is a t t a c h e d to 

the c a r g o bay aft bu lkhead , c o n s i s t i n g of an e l e c t r i c m o t o r , r e e l , and l ine . 

T h i s is a t t a c h e d to the p o i s o n w i r e s d u r i n g load ing of the p r o p u l s i o n modu le 

in to the c a r g o bay . The w i r e s and a f i b e r g l a s s n o z z l e t h r o a t s h e a t h a r e w i t h ­

d r a w n p r i o r to d e p l o y m e n t of the nnodule in o r b i t . 

3. 3. 1, 3 C o m m a n d and C o n t r o l Module 

F o r i n i t i a l a s s e m b l y and r e c y c l i n g of the RNS a f t e r e a c h nniss ion , the C C M 

is l aunched to o r b i t i n s ide the c a r g o bay of the s p a c e s h u t t l e . B e c a u s e the A P S 

m o t o r s a r e l o c a t e d on o u t r i g g e r s w^hich e x c e e d the 1 5 - f t - d i a m e t e r e n v e l o p e , 

the C C M m u s t be l a u n c h e d wi th i t s ax i s p e r p e n d i c u l a r to the c a r g o bay . The 

l a u n c h c o n f i g u r a t i o n is shown in F i g u r e 3. 3 - 3 , wi th the C C M m o u n t e d on a 

r a c k which is a t t a c h e d to the s t a n d a r d pay load deploynnent m e c h a n i s m . The 

r a c k is dep loyed w^ith the m o d u l e and i s u t i l i z ed for r e t r i e v a l of the CCM for 

r e c y c l i n g . U m b i l i c a l p a n e l s a r e p r o v i d e d by the s p a c e shu t t l e for p o w e r , 

da ta a c q u i s i t i o n , c h e c k o u t , LH^ and LO2 t r a n s f e r , GH^ and GOo ven t ing , 

and h e l i u m p u r g e s . 

In p r e p a r a t i o n for l a u n c h , the C C M w^ill u n d e r g o r e c e i v i n g i n s p e c t i o n and 

s u b s y s t e m c h e c k o u t in the low bay of the VAB, whi le in a h o r i z o n t a l p o s i t i o n 
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Figure 3.3-3 COMMAND AND CONTROL MODULE IN ORBITER CARGO BAY 

on a mobile t r a n s p o r t e r . The protect ive cover and tank desiccants will be 

removed inside the VAB. The module will be loaded into the cargo bay of 

the space shuttle orbi ter while both a re in a horizontal att i tude, with load 

pickup attach points compatible with the aft end of the module. The orbi ter 

is subsequently erected in a ver t ica l attitude on the booster . The tankage 

for fuel cell reac tants and auxil iary propulsion propel lants will be filled 

w^hile the module is in a ver t ica l attitude inside the cargo bay. Environ­

mental conditioning is provided by the space shuttle. 

3. 3. 2 Al ternate Integral Launch Mode 

The three nnodules of the Class 1 Hybrid RNS (propellant, propulsion, and 

CCM) a r e initially launched to orbit as a single unit by the INT-21 launch 

vehicle which consis ts of the S-IC and S-II s tages . The propulsion module 

is launched to orbit dry and unpressur ized , and the propellant module can be 

launched w^ith only a pa r t i a l loading of propellant , about 120, 000 lb. Thus, 

p repara t ion for initial flight would requi re additional propellant launched by 

a space shuttle. The net initial launch cost for the sys tem, excluding credi t 

for propel lant , is $107, 5 million for each RNS. The CCM is launched to 
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o r b i t s e p a r a t e l y i n s i d e the c a r g o bay of the s p a c e shu t t l e for each s u b s e q u e n t 

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

T h e i n t e g r a l RNS l a u n c h c o n f i g u r a t i o n on the I N T - 2 1 l aunch veh i c l e is 

d e p i c t e d in F i g u r e 3, 3 -4 . T h e o v e r a l l veh i c l e he igh t inc luding the 3 0 - d e g r e e 

nose cone ( a p p r o x i m a t e l y 410 ft l e s s 10 ft be low s t a t i on z e r o ) is j u s t wi th in the 

410- f t VAB hook he igh t l i m i t . T h e veh i c l e i n j ec t s the RNS into the o p e r a t i o n a l 

3 1 . 5 - d e g r e e i n c l i n a t i o n , 2 6 0 - n m i o r b i t in a d i r e c t a s c e n t mode wi th a 

d e l i v e r e d p a y l o a d f o r w a r d of the S - I I /RNS i n t e r s t a g e of a p p r o x i m a t e l y 

192, 000 lb . 

T h e RNS is d e s i g n e d to c o m p l y with the I N T - 2 1 g round , l aunch , and a s c e n t 

d e s i g n load e n v e l o p e , c o m p a t i b l e wi th c u r r e n t d e s i g n l o a d s for the S-IC and 

S-II s t a g e s . T h i s i m p o s e s a po l i cy of u t i l i z i n g a w i n d - b i a s e d l aunch t r a ­

j e c t o r y and a c c e p t i n g a m i n i m u m s e a s o n a l l aunch a v a i l a b i l i t y of 60 p e r c e n t 

for w i n t e r w i n d s . T h i s c o n s t r a i n t for l aunch a v a i l a b i l i t y is m u c h m o r e 

s e v e r e t han for the b a s e l i n e l a u n c h nnode wi thout the p r o p u l s i o n m o d u l e . 

• ^ ^ / I v ^ S T A . ^807 

409.79 FT 

: _ L . ^ 

t 

L. 

T—STA. 4492 

1973 

STA. 2519 

1656.494 

*—STA -115.494 

Figure 3.3-1* INTEGRAL LAUNCH CONFIGURATION 
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w h i c h is 60 ft s h o r t e r . L a t e r a l r e s t r a i n t of the p r o p u l s i o n nnodule m a y be 

r e q u i r e d d u r i n g l aunch in the i n t e g r a l nnode (Sect ion 4. 8. 2). 

The l aunch p r e p a r a t i o n s e q u e n c e s for a l l m o d u l e s a r e i d e n t i c a l to t h o s e 

d e s c r i b e d for the b a s e l i n e l aunch m o d e . All of the m o d u l e s and the i n t e r ­

s t a g e wi l l be m a t e d in the VAB wi th a l l e l e m e n t s in a v e r t i c a l pos i t i on . The 

c o m b i n e d m o d u l e s and i n t e r s t a g e w^ill be s t a c k e d and m e c h a n i c a l l y m a t e d 

wi th the l aunch v e h i c l e in the VAB high bay. The p r o p e l l a n t modu le wi l l 

be fue led on the l aunch pad . 

T h e C C M and the p r o p u l s i o n m o d u l e w^ould be l a u n c h e d a s d e s c r i b e d in 

Sec t ion 3. 3. 1 for r e c y c l i n g and r e p l a c e m e n t , 

3. 4 R E N D E Z V O U S AND DOCKING 

The RNS and i t s m o d u l e s wi l l e x p e r i e n c e n u m e r o u s r e n d e z v o u s and docking 

o p e r a t i o n s du r ing t h e i r life h i s t o r y , inc lud ing t h o s e for in i t i a l a s s e m b l y 

o p e r a t i o n s , o r b i t a l i n j ec t i on m a n e u v e r s , and t u r n a r o u n d o p e r a t i o n s i n e a r t h 

o r b i t . The v e h i c l e d y n a m i c s and flight m e c h a n i c s for t h e s e o p e r a t i o n s a r e 

d e s c r i b e d in th i s s e c t i o n . The add i t iona l o p e r a t i o n s r e q u i r e d to a c c o m p l i s h 

RNS o r b i t a l a s s e m b l y a r e def ined in Sec t ion 3. 5. E v a l u a t i o n of s e n s o r and 

t h r u s t o r a c c u r a c i e s in th i s s e c t i o n i n d i c a t e s t ha t t h e s e a r e adequa t e for an 

a u t o m a t e d r e n d e z v o u s and docking o p e r a t i o n . 

3. 4. 1 Veh ic l e D y n a m i c s 

3. 4. 1. 1 RNS A s s e m b l y 

It i s d e s i r a b l e tha t the RNS be m a i n t a i n e d in a g r a v i t y - g r a d i e n t - s t a b l e , l o c a l -

v e r t i c a l o r i e n t a t i o n du r ing a l l r e n d e z v o u s and docking m a n e u v e r s (when the 

RNS i s the p a s s i v e e l e m e n t ) to m i n i m i z e RNS a t t i t ude c o n t r o l p r o p e l l a n t 

c o n s u m p t i o n . The d y n a m i c s of the RNS d u r i n g the o r b i t a l a s s e m b l y phase 

have b e e n a n a l y z e d to ident i fy a t t i t ude c o n t r o l r e q u i r e m e n t s . D y n a m i c s of 

the c o m p l e t e con f igu ra t i on at v a r i o u s payload and p r o p e l l a n t l oad ings have 

b e e n e v a l u a t e d . 

The C l a s s 1 RNS is d e l i v e r e d to o r b i t as t h r e e s e p a r a t e nnodules . A s p a c e 

shu t t l e f i r s t p l a c e s the CCM in the a s s e m b l y o r b i t . Next the I N T - 2 1 b o o s t s 
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t h e p a r t i a l l y l oaded p r o p e l l a n t t ank in to the c l o s e v i c in i t y of the CCM. The 

CCM p e r f o r m s a m i c r o - r e n d e z v o u s and docks wi th p r o p e l l a n t m o d u l e . 

F i n a l l y , the p r o p u l s i o n m o d u l e i s d e l i v e r e d by the s p a c e s h u t t l e . After it i s 

dep loyed , i t can s e p a r a t e i t s e l f f r o m the s p a c e shu t t l e and m a i n t a i n a s t a b l e 

a t t i t ude us ing i t s cold gas a t t i t ude c o n t r o l s y s t e m . The RNS a s s e m b l a g e , 

s e l f - p r o p e l l e d , t h e n docks to the p r o p u l s i o n nnodule. Dur ing CCM r e p l a c e ­

m e n t , the old CCM r e m o v e s i t se l f , a l lowing the RNS to o s c i l l a t e as g r a v i t y -

g r a d i e n t f o r c e s d i c t a t e . The CCM r o t a t e s the conf igu ra t ion into the c o r r e c t 

a t t i t ude and t h e n nu l l s the a t t i t ude r a t e s as a c c u r a t e l y as p o s s i b l e . The 

r e s i d u a l RNS a t t i t ude r a t e s t ha t would c a u s e the c l u s t e r to t u m b l e w e r e 

c a l c u l a t e d . If the r e s i d u a l a t t i tude r a t e s about the p i tch , r o l l , and yaw axes 

a r e equa l and the v e h i c l e has no a l i g n m e n t e r r o r s , r e s i d u a l r a t e s of 

0. 08 d e g / s e c would r e s u l t in t umb l ing in the p i tch plane ( m i n i m u m g r a v i t y -

g r a d i e n t r e s t o r i n g t o r q u e s ) if a l l the r o t a t i o n a l e n e r g y w e r e c o n c e n t r a t e d in 

t ha t p l ane . B a s e d on the need for q u i e s c e n t s t o r a g e of the CCM, the r e s u l t a n t 

m i n i m u m i m p u l s e - b i t r e q u i r e m e n t for the CCM A P S to p r e c l u d e t umbl ing is 

a p p r o x i m a t e l y 130 l b - s e c or l e s s . The c u r r e n t d e s i g n e a s i l y m e e t s t h i s 

r e q u i r e m e n t , having a m i n i m u m i m p u l s e bi t s i z e of 3 l b - s e c . 

The d e s i g n c r i t e r i a for the p r o p u l s i o n m o d u l e a t t i tude c o n t r o l s y s t e m wil l 

be p r i m a r i l y d i c t a t e d by the r e q u i r e m e n t to s t a b i l i z e m o d u l e r a t e s induced 

by a d i s t u r b i n g f o r c e , s u c h a s , a m i s s e d docking a t t e m p t . As c u r r e n t l y 

e n v i s i o n e d , th i s c o l d - g a s a t t i t ude c o n t r o l s y s t e m has a t h r u s t l eve l of 10 lb , 

m o m e n t a r m s of 80 in. for r o l l con t ro l and 300 in. for p i tch and yaw, and a 

m i n i m u m i m p u l s e bit of 0. 5 l b - s e c . It is c a p a b l e of s t ab i l i z ing the p r o p u l s i o n 

m o d u l e if the m i s s e d docking a t t e m p t induced r a t e s a r e on the o r d e r of 5 d e g / 

s e c or l e s s , c o m p a r e d to a n t i c i p a t e d induced r a t e s of 1 d e g / s e c or l e s s . A 

s e c o n d a r y funct ion of th i s c o n t r o l s y s t e m is to s t a b i l i z e the RNS when the 

CCM i s being r e p l a c e d . The c r i t i c a l s i t u a t i o n is a g a i n tha t of a m i s s e d d o c k ­

ing a t t e m p t . In th i s con f igu ra t ion the p i tch and yaw c o n t r o l m o m e n t a r m s a r e 

a s s u m e d to be 665 in. , and the c o n t r o l s y s t e m i s capab le of s t ab i l i z ing the 

RNS if the r a t e s a r e on the o r d e r of 3 d e g / s e c or l e s s , c o m p a r e d to a n t i c i ­

pa ted induced r a t e s of 0. 5 d e g / s e c or l e s s . 
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3 . 4 . 1 . 2 O r b i t a l S t o r a g e 

The c o m p l e t e RNS con f igu ra t i on wi l l spend the m a j o r i t y of i t s l i f e t ime in the 

g r a v i t y - g r a d i e n t - s t a b l e , l o c a l - v e r t i c a l o r i e n t a t i o n . Dur ing s t o r a g e in both 

luna r and e a r t h o r b i t s , the p r o p e l l a n t c o n s u m p t i o n for the a t t i t ude c o n t r o l 

s y s t e m wi l l be m i n i m i z e d in t h i s o r i e n t a t i o n . Fo l lowing a g iven ac t i ve 

o p e r a t i o n the RNS is r o t a t e d in to the l o c a l - v e r t i c a l o r i e n t a t i o n and the a t t i tude 

r a t e s d a m p e d by the RNS a t t i t ude c o n t r o l s y s t e m . If a t t e m p t e d docking to 

the RNS fa i l s , the RNS a t t i t ude c o n t r o l s y s t e m m u s t r e s t a b i l i z e the v e h i c l e . 

R e s i d u a l r a t e s not r e m o v e d by the c o n t r o l s y s t e m tha t m i g h t r e s u l t in t u m b l ­

ing a r e 0. 08 d e g / s e c for e a r t h o rb i t and 0. 06 d e g / s e c for l una r o rb i t . Aga in 

it i s a s s u m e d the r a t e s about a l l t h r e e a x e s a r e equa l and tha t a l l the 

r o t a t i o n a l e n e r g y i s t r a n s f e r r e d to the p i tch p lane . T h e s e r a t e s a r e con ­

s i d e r e d to be qu i te i n s e n s i t i v e to both p r o p e l l a n t loading and payload weight 

a s , in a l l o p e r a t i o n a l p l a n s , the c o m p l e t e RNS has equa l p i tch and yaw 

i n e r t i a s (it i s s y m m e t r i c a l about the r o l l ax i s ) and the r o l l i n e r t i a is v e r y 

s m a l l in c o m p a r i s o n to the p i t c h - y a w i n e r t i a s . T h e s e c h a r a c t e r i s t i c s m a k e 

the t u m b l i n g r a t e t h r e s h o l d only a funct ion of the g r a v i t y - g r a d i e n t p ro f i l e . 

The ab i l i ty of the RNS a t t i t ude c o n t r o l s y s t e m to p r e c l u d e t umbl ing i s 

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

m a x i m u m p o s s i b l e p i tch angle a m p l i t u d e and m i n i m u m bit s i z e in F i g ­

u r e 3 . 4 - 1 for a p a r t i c u l a r c o n t r o l a u t h o r i t y in e a r t h o rb i t . The 3 l b - s e c 

m i n i m u m i m p u l s e bit c a p a b i l i t y of the RNS a t t i t ude c o n t r o l s y s t e m can l i m i t 

t he a m p l i t u d e to 0. 2 d e g r e e (pe r iod equa l to the o r b i t a l pe r iod ) wh ich is m o r e 

t h a n a d e q u a t e . S i m i l a r l y , c o n s i d e r i n g the c o m p a r a b l e tumbl ing t h r e s h o l d 

r a t e , the s y s t e m is a d e q u a t e in lunar o rb i t . 

The p o s s i b i l i t y of the RNS spinning about the r o l l ax i s has not b e e n i n v e s t i ­

ga ted . G r a v i t y - g r a d i e n t r e s t o r i n g t o r q u e s a r e the s m a l l e s t about th i s ax i s 

and, if the con f igu ra t i on is s y m m e t r i c a l , a r e z e r o . In addi t ion , the p e r i o d 

of p i tch and yaw o s c i l l a t i o n for the c o m p l e t e con f igu ra t ion is a p p r o x i m a t e l y 

equa l to the o r b i t a l p e r i o d and t h e r e f o r e the p o s s i b i l i t y of ampl i fy ing the 

o s c i l l a t i o n e x i s t s . This should be i n v e s t i g a t e d in future s t u d i e s . 
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Control Moment Arms: 
Pitch and Yav = 922 in. 
Roll = 200 in. 

...... . 
0 20 I4O 60 80 100 

Minimum Impu l se B i t (Lb-Sec ) 
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3 . 4 . 2 F l i g h t M e c h a n i c s 

3 . 4 . 2 . 1 R N S A s s e m b l y 

T h i s s e c t i o n d e s c r i b e s t h e f l i g h t m e c h a n i c s of r e n d e z v o u s a n d d o c k i n g 

o p e r a t i o n a l r e q u i r e m e n t s a s s o c i a t e d w i t h t h e i n i t i a l a s s e m b l y of t h e R N S 

i n t h e 2 6 0 - n m i o p e r a t i o n a l e a r t h o r b i t . T h e s p a c e s h u t t l e o r b i t e r d e l i v e r s 

t h e C C M a n d p r o p u l s i o n n n o d u l e s t o t h e o r b i t a n d p e r f o r m s a r e n d e z v o u s 

w i t h t h e R N S s t a g i n g a n d a s s e m b l y a r e a . A p a y l o a d m o d u l e i s d e p l o y e d 

f r o m t h e o r b i t e r a n d t h e s p a c e t u g d o c k s w i t h i t , r e m o v e s i t f r o m t h e o r b i t e r , 

a n d t r a n s p o r t s t h e m o d u l e t o t h e R N S w h e r e i t i s d o c k e d t o t h e a s s e m b l a g e , 

w h i c h s e p a r a t e s i t s e l f f r o m t h e o r b i t e r , p e r m i t t i n g t h e s p a c e t u g t o t r a n s f e r 

a n d d o c k t h e R N S t o i t . 

S p a c e S h u t t l e R e n d e z v o u s 

R e n d e z v o u s c o n s t i t u t e s a r r i v a l of t h e o r b i t e r i n t h e p r o x i m i t y ( 5 0 0 ft) of t h e 

R N S s t a g i n g a n d a s s e m b l y a r e a . T h e m o d e d e s c r i b e d h e r e i s c o m m o n t o 

a l l m o d u l e s a n d i s t h a t p r e s e n t l y e n v i s i o n e d fo r r e n d e z v o u s of t h e s p a c e 
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shu t t l e o r b i t e r wi th the e a r t h o rb i t i ng s p a c e s t a t i o n as we l l . The f i r s t m o d u l e 

to be o r b i t e d in the RNS a s s e m b l y s e q u e n c e p r o v i d e s the focal point of 

r e n d e z v o u s for s u b s e q u e n t m o d u l e l a u n c h e s . The r e n d e z v o u s o p e r a t i o n s 

( F i g u r e 3. 4-2) c o n s i s t of (1) e s t a b l i s h m e n t of a c i r c u l a r pa rk ing o rb i t 

(100 n m i ) , (2) p h a s e c a t c h - u p in the pa rk ing o r b i t , (3) t r a n s f e r to the final 

a p p r o a c h c o - e l l i p t i c o r b i t , and (4) two p h a s e s of t e r m i n a l r e n d e z v o u s with 

the RNS. The f i r s t t h r e e s t e p s in t h i s s e q u e n c e a r e open loop , a c c o m p l i s h e d 

wi thout con t ac t wi th the t a r g e t point or RNS a s s e m b l a g e . The two p h a s e s of 

t e r m i n a l r e n d e z v o u s a r e c l o s e d loop , u t i l i z ing l a s e r r a d a r a c q u i s i t i o n of the 

RNS a s s e m b l a g e . 

The c i r c u l a r p a r k i n g o r b i t i s m a i n t a i n e d unt i l c o r r e c t phas ing is e s t a b l i s h e d 

wi th the RNS for i n i t i a t i o n of the f i r s t H o h m a n n t r a n s f e r o rb i t i n s e r t i o n 

(TOI) b u r n . The ob jec t ive of phas ing is to b r i n g the o r b i t e r wi th in the r a n g e 

of t e r m i n a l r e n d e z v o u s s e n s o r for as b r o a d a r a n g e of i n i t i a l t a r g e t p h a s e 

ang le s as p o s s i b l e . The loca t ion of the t a r g e t point i s b i a s e d be low and 

beh ind the RNS a s s e m b l y a r e a to a l low for d i s p e r s i o n s in the o r b i t e r p o s i ­

t ion and yet m a i n t a i n the a s s e m b l y a r e a in a known d i r e c t i o n for the c i r c u l a r -

RK3 at C —V , .^^ 

Insertion into 50 X 100 N Mi 
Phasing Orbit Perigee 

Circularization at 100 N Mi 

Trtuisfer Orbit Insertion 
(Range to go = i+50 N.Mi) 

Coelliptic Maneuver 
(Circularization) 

Terminal Rendezvous 
Phase Initiation 

Braking (500 ft. from RNS) 

Figure 3.i*-2 BASELINE RENDEZVOUS PROFILE 
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i z a t i o n m a n e u v e r . This f a c i l i t a t e s l a s e r l o c k - o n and p r o v i d e s t i m e for 

n a v i g a t i o n and c o m p u t a t i o n of the t e r m i n a l phase i n i t i a t i on (TPI ) m a n e u v e r . 

T e r m i n a l r e n d e z v o u s i s a c l o s e d loop s e q u e n c e of m a n e u v e r s beginning with 

T P I m a n e u v e r and ending 500 ft f r o m the RNS a s s e m b l a g e . Typ ica l i n t e r c e p t 

t r a j e c t o r i e s a r e shown in F i g u r e 3. 4 - 3 . 

B r a k i n g i s t h e m o s t i m p o r t a n t of the t e r m i n a l r e n d e z v o u s m a n e u v e r s . F o r 

a t y p i c a l p r o f i l e , t he c o m m a n d pilot nu l l s the l i n e - o f - s i g h t r a t e when the 

r a n g e to go i s a p p r o x i m a t e l y 3 n m i . The o r b i t e r t h e n d r i f t s in at a c los ing 

v e l o c i t y of 25 fps unt i l t he r a n g e to go is a p p r o x i m a t e l y 0. 5 n m i , at which 

t i m e the f i r s t b r a k i n g m a n e u v e r r e d u c e s the c los ing r a t e to 10 fps. When 

t h e r a n g e to go i s r e d u c e d to 1, 000 ft, a s e c o n d b r a k i n g m a n e u v e r r e d u c e s 

the c lo s ing r a t e to 5 fps. When the r a n g e r e a c h e s 500 ft, the c o m m a n d pilot 

e x e c u t e s the f inal b r a k i n g m a n e u v e r to null the r a n g e r a t e . 
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Figure 3.̂ -.3 TERMINAL RENDEZVOUS PROFILE 
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Space Tug Docking 

The s p a c e tug docking p h a s e e m b r a c e s the a c t i v i t i e s f r o m in i t i a l e r e c t i o n 

and d e p l o y m e n t of the payload m o d u l e s (or CCM) f r o m the s p a c e shu t t l e 

o r b i t e r up to docking of the g iven m o d u l e to the RNS a s s e m b l a g e . The 

s e q u e n c e of r e q u i r e d o p e r a t i o n s h a s b e e n a l r e a d y d e s c r i b e d . The o r b i t a l 

t r a n s f e r m o d u l e i s e s s e n t i a l l y l ine of s ight over the 500-ft r a n g e f r o m the 

o r b i t e r to the RNS. The docking c o n t r o l l e r in the tug g r o s s l y a l igns the 

m o d u l e to the a s s e m b l a g e , s topping about 200 ft f r o m the a s s e m b l a g e to 

m a k e the n e c e s s a r y v e r n i e r a d j u s t m e n t s and t h e n apply a s m a l l ve loc i t y to 

effect t he docking . 

Docking s y s t e m r e q u i r e m e n t s a r e i n f e r r e d by the p e r f o r m a n c e c h a r a c t e r i s t i c s 

of the tug A P S . A l im i t i ng c a s e of a C C M - d e r i v a t i v e tug ( m i n i m u m bit pu l se 

of 10 l b - s e c ) e m p l o y e d to a t t a c h a pay load m o d u l e to the RNS a s s e m b l a g e 

r e s u l t s in the m a x i m u m r a t e s at the docking i n t e r f a c e of the p r o p e l l a n t 

m o d u l e shown in Tab le 3. 4 - 1 , w h e r e the CCM r a t e s a r e a l s o shown. 

Table 3. 4 -1 

SUMMARY O F DOCKING CONDITIONS 

P a y l o a d Module CCM 

Long i tud ina l Ve loc i ty (fps) 0- 02 0. 25 

L a t e r a l Ve loc i ty (fps) 0 . 0 2 0 , 0 2 

P i t c h Angu la r Ve loc i ty ( d e g / s e c ) 0- 04 0. 08 

Roll Angu la r Ve loc i ty ( d e g / s e c ) 0 , 0 3 1.0 

T h e s e a r e b a s e d on: 

Weight (lb) 38, 200 5, 200 

I n e r t i a ( s lug- f t ) 

P i t c h - y a w 374, 000 4, 500 

Ro l l 3 3 , 5 0 0 9 ,050 

M o m e n t A r m (ft) 

P i t c h - y a w 26 7. 5 

Ro l l 7. 5 7. 5 
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3. 4. 2. 2 O r b i t a l In jec t ion M a n e u v e r s 

Th is s e c t i o n c o n s i d e r s the r e n d e z v o u s m o d e s r e q u i r e d to a c c o m p l i s h e a r t h 

o r b i t and l una r o r b i t i n j e c t i o n m a n e u v e r s . The cooldown s p i r a l (as d i s ­

c u s s e d in Sec t ion 3. 13. 4. 2) p r o v i d e s the r e q u i r e d c o u r s e r e n d e z v o u s 

c a p a b i l i t y . Of f -nomina l p e r f o r m a n c e d u r i n g the cooldown phase i s a c c o m ­

m o d a t e d by way of s t a g e r o t a t i o n (for the h i g h - i m p u l s e c a s e ) or NERVA id le 

m o d e o p e r a t i o n (for the l o w - i m p u l s e c a s e ) . R e f i n e m e n t s in o r b i t a l pos i t ion 

following c o m p l e t i o n of cooldown wil l be a c c o m p l i s h e d by way of a c o m b i n a ­

t i o n of the NERVA id le and A P S m a n e u v e r s ( s e e Sec t ion 3. 14. 2) in the c a s e 

of a r e q u i r e m e n t for c l o s e pos i t ion ing or docking with a m a n n e d o r b i t a l 

f ac i l i ty . In t h i s c a s e the final b r a k i n g m a n e u v e r i s a c c o m p l i s h e d with the 

A P S whi le the RNS is in a r e t r o g r a d e o r i e n t a t i o n to k e e p the f ac i l i t y wi th in 

the RNS shadow cone . 

Noting tha t a p p r o x i m a t e l y 45 h o u r s (or 2 8 - 1 / 2 o r b i t a l r e v o l u t i o n s ) a r e 

r e q u i r e d to c o m p l e t e the cooldown p h a s e for the EOI m a n e u v e r , the q u e s t i o n 

is r a i s e d as to the p o s s i b i l i t y of c r e w d e p l o y m e n t be fo re the t e r m i n a t i o n of 

the cooldown p h a s e . Two a p p r o a c h e s to a c c o m p l i s h i n g th i s w e r e i n v e s t i ­

g a t e d : (1) i n j ec t ing the RNS at a lower i n i t i a l o rb i t to p e r m i t s p i r a l i n g down 

to 2 60 n m i m o r e qu ick ly , fol lowed by deploying the c r e w and a l lowing the 

RNS to connplete the cooldown p h a s e on i t s own; and (2) i n t e r c e p t i n g the RNS 

e a r l y i n the cooldown p h a s e at a h ighe r o r b i t wi th a n o t h e r s t a g e , s u c h as in 

the c h e m i c a l tug and r e t u r n i n g the c r e w to 260 n m i . In the l a t t e r c a s e , the 

RNS would con t inue i t s downward s p i r a l to 260 n m i following d e p l o y m e n t of 

the c r e w . 

P e r f o r m a n c e p e n a l t i e s w e r e d e t e r m i n e d for t h e s e c o n c e p t s for a NERVA 

s t e a d y - s t a t e o p e r a t i n g t i m e of 600 s e c o n d s , wh ich is c h a r a c t e r i s t i c of an 

E O I m a n e u v e r . If a 2 6 0 - n m i i n s e r t i o n w e r e d e s i r e d at the end of two 

o r b i t a l r e v o l u t i o n s (following 40 cooldown p u l s e s ) , i n j ec t ion m u s t occu r in 

an o r b i t wi th a 3 9 4 - n m i apogee and 3 2 0 - n m i p e r i g e e . This c o m p a r e s wi th 

the 437 by 3 65 n m i in i t i a l i n j ec t ion o r b i t , which would u s e a l l the cooldown 

p r i o r to c i r c u l a r i z a t i o n of 260 n m i , as w a s p r e v i o u s l y d i s c u s s e d . Adopt ing 

t h i s a p p r o a c h in effect r e s u l t s in dep r iv ing the RNS of the useful i m p u l s e 

o c c u r r i n g following c i r c u l a r i z a t i o n at 260 n m i . The lunar o rb i t pay load 

i m p a c t of t h i s h ighe r e n e r g y r e q u i r e m e n t is 950 lb . 
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The tug i n t e r c e p t concep t c o n s i d e r e d r e t r i e v a l of the 20, 000 - lb c r e w m o d u l e 

wi th a tug weighing 12, 000 lb ( i n e r t we igh t , as spec i f i ed in NASA gu ide l i ne s ) 

at a spec i f i c i m p u l s e of 460 s e c o n d s . No v e l o c i t y p e n a l t i e s w e r e a s s i g n e d 

beyond the i d e a l H o h m a n n t r a n s f e r r e q u i r e m e n t . The tug p r o p e l l a n t r e q u i r e ­

m e n t to a c c o m p l i s h t h i s s e q u e n c e of even t s (10. 2 I b / n m i b e t w e e n 260 n m i 

and the i n t e r c e p t o rb i t ) w a s c o n v e r t e d to equ iva l en t pay load d e l i v e r e d to l una r 

o r b i t at the r a t e of 112 ,000 lb of pay load for 3 0 0 , 0 0 0 lb of p r o p e l l a n t , or 

0. 373 l b / l b r e s u l t i n g in a 2 0 0 - l b pena l ty . This a p p r o a c h would r e q u i r e tha t 

the c r e w m o d u l e be p h y s i c a l l y m o u n t e d in f ront the R N S / p a y l o a d c o m b i n a t i o n 

and t h a t a p r o v i s i o n for s e p a r a t i o n of the c r e w m o d u l e e x i s t s . Add i t iona l 

v e l o c i t y p e n a l t i e s would be i n c u r r e d to a s s u r e m a i n t e n a n c e of the c r e w m o d u l e 

wi th in the shadow cone of the RNS d u r i n g the e a r l y s e p a r a t i o n p h a s e . 

3. 4. 2. 3 O r b i t a l T u r n a r o u n d 

T u r n a r o u n d a c t i v i t i e s in e a r t h o r b i t r e q u i r e m u l t i p l e r e n d e z v o u s m a n e u v e r s 

wi th the s p a c e s h u t t l e o r b i t e r to p r o v i d e p r o p e l l a n t r e f u e l i n g , CCM r e p l a c e ­

m e n t and c a r g o d e p l o y m e n t and i n s t a l l a t i o n p r i o r to d e p a r t u r e on a s u b s e q u e n t 

m i s s i o n . The r e n d e z v o u s p r o c e d u r e s m u s t be d e s i g n e d to p roh ib i t exceed ing 

o r b i t e r c r e w r a d i a t i o n m a x i m u m s . Dur ing the m a j o r i t y of t i m e in e a r t h 

o r b i t the RNS wil l be in a g r a v i t y - g r a d i e n t - s t a b i l i z e d m o d e with the NERVA 

engine point ing down. E x c e p t i o n s to th i s wi l l be du r ing p r o p e l l a n t t r a n s f e r 

when the R N S / o r b i t e r c o m b i n a t i o n a r e o r i e n t e d p e r p e n d i c u l a r to the o r b i t a l 

p l a n e , and du r ing p r e - i n j e c t i o n o p e r a t i o n s and p r o c e d u r e s . 

C o n s i d e r i n g the g r a v i t y - g r a d i e n t o r i e n t a t i o n of the RNS, a p r o c e d u r e has 

b e e n iden t i f i ed to p e r m i t a p p r o a c h by the o r b i t e r to the RNS which m i n i m i z e s 

the r e q u i r e m e n t s on the RNS A P S , whi le o b s e r v i n g r a d i a t i o n c o n s i d e r a t i o n s . 

The i n i t i a l p o r t i o n of r e n d e z v o u s wil l be as d e s c r i b e d for o r b i t a l a s s e m b l y 

of the RNS in Sec t ion 3. 4. 2. 1. The d i f f e r ence i s tha t whi le the m o d e 

d e s c r i b e d for veh i c l e a s s e m b l y r e q u i r e s r e n d e z v o u s of the s p a c e shu t t l e 

o r b i t e r at the a s s e m b l y a r e a , the o r b i t e r wi l l in th i s c a s e r e n d e z v o u s at a 

c o - a l t i t u d e pos i t i on with the RNS at , for e x a m p l e , 2 0 - n m i d i s t a n c e . This 

d i s t a n c e wil l depend on the t i m e following the l a s t fu l l -power eng ine o p e r a ­

t ion . In a l l c a s e s t h i s wi l l not o c c u r p r i o r to t h e c o m p l e t i o n of NERVA 
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cooldown f r o m the p r e c e d i n g EOI m a n e u v e r . Thus i t would be no s o o n e r 

t h a n app rox inna t e ly 45 h o u r s fol lowing the l a s t f u l l - p o w e r b u r n . In t h i s 

c a s e the 2 0 - n m i s e p a r a t i o n would y ie ld a m a x i m u m d o s e pe r m i s s i o n (one 

day) to the o r b i t e r c r e w of l e s s t han 10"3 r e m , if the o r b i t e r w e r e v iewing 

the NERVA f r o m the s i d e . CCM r e p l a c e m e n t and c a r g o handl ing o p e r a t i o n s 

by the s p a c e tug a r e t h e n ana logous to t h o s e for RNS a s s e m b l y . 

F o r p r o p e l l a n t r e s u p p l y , fol lowing r e n d e z v o u s with the 2 0 - n m i pos i t i on , the 

t e r m i n a l c l o s u r e m a n e u v e r would be i n i t i a t e d . Dur ing the f inal p h a s e of the 

c l o s u r e , i t i s n e c e s s a r y to a s s u r e t ha t NERVA is po in ted away f r o m the 

o r b i t e r . A s t a b l e o r b i t nnaneuver i s u s e d b e c a u s e the final p o r t i o n of the 

t r a j e c t o r y i s s t r a i g h t , t hus m a k i n g it e a s i e r for the o r b i t e r to k e e p w i th in 

the shadow cone of the RNS. Th is p o r t i o n of the m a n e u v e r is dep i c t ed in 

F i g u r e 3. 4 - 4 . The c h a r a c t e r i s t i c of t h i s type of c l o s u r e i s tha t it has a low 

r e l a t i v e l i n e - o f - s i g h t change d u r i n g the final p h a s e and thus a l lows the 

o r b i t e r to s t a y wi th in the shadow cone . This can be a s s u r e d t h r o u g h a c t i v a ­

t i on of the RNS a t t i t ude c o n t r o l s y s t e m d u r i n g t h i s f inal c l o s u r e p h a s e . The 
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d o m i n a n t f a c t o r , in t e rnns of r a d i a t i o n e x p o s u r e , wi l l be the i n t e g r a t e d d o s e 

r e c e i v e d by the o r b i t e r c r e w b r i n g i n g the f i r s t load of LHo up. Subsequen t 

t r i p s wil l e n c o u n t e r s u b s t a n t i a l l y lower d o s e s (one and m o r e o r d e r s of 

m a g n i t u d e ) due to the added t i m e f r o m engine shu tdown and i n c r e a s e d fuel 

l e v e l in the RNS. The d o s e r e c e i v e d by the f i r s t c r e w , docking 48 h o u r s 

a f te r shu tdown, and s t a y i n g 24 h o u r s , would be about 1 r e m . The RNS wi l l 

be in a g r a v i t y - e s t a b l i s h e d m o d e at t he t i m e of r e n d e z v o u s and dock. In 

the c a s e of p r o p e l l a n t t r a n s f e r , th i s wi l l be fol lowed by r o t a t i o n of the 

o r b i t e r / R N S to a o r i e n t a t i o n n o r m a l to the o r b i t a l p lane in o r d e r to conduct 

p r o p e l l a n t t r a n s f e r o p e r a t i o n s (Sec t ion 3. 6). This m o d e m i n i m i z e s the 

r e s u l t a n t o r b i t a l p e r t u r b a t i o n s to a wobble in i n c l i n a t i o n and node. 

3. 4. 3 R e n d e z v o u s and Docking S e n s o r s 

The i n v e s t i g a t i o n of r e n d e z v o u s and docking r e q u i r e m e n t s focused on the 

i m p l i c a t i o n s of u s e of a l a s e r r a d a r s y s t e m s e l e c t e d in P h a s e II for a c q u i s i ­

t i on and g r o s s r e n d e z v o u s as wel l a s t e r m i n a l docking . The s cann ing l a s e r 

r a d a r s y s t e m c u r r e n t l y be ing deve loped for NASA by I T T was u s e d a s a 

r e f e r e n c e for th i s eva lua t i on . The e q u i p m e n t l o c a t e d on the c h a s e r or a c t i ve 

v e h i c l e c o n s i s t s of a t r a n s m i t t e r and r e c e i v e r and s c a n n e r s which pos i t ion 

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

r e c e i v e r c o n s i s t s of op t i ca l l e n s e s and f i l t e r s and an i m a g e d e t e c t o r . The 

b e a m s t e e r e r c o n s i s t s of s o l i d - s t a t e d e v i c e s and op t i ca l l e n s e s . The I T T 

scann ing l a s e r r a d a r s y s t e m r e q u i r e s tha t the t a r g e t be c o o p e r a t i v e and 

c o n t a i n funct ional e q u i p m e n t to a s s i s t the r e n d e z v o u s . The r e q u i r e d e q u i p ­

m e n t c o n s i s t s of a c o r n e r cube r e f l e c t o r . With such a c o o p e r a t i v e t a r g e t , 

the b a s e l i n e s y s t e m could a l low the c h a s e r to a c q u i r e and t r a c k the t a r g e t 

out to a r a n g e of a p p r o x i m a t e l y 75 m i l e s a d e q u a t e for b a s e l i n e RNS o p e r a ­

t i o n s . If the s y s t e m w e r e n o n c o o p e r a t i v e , i t would be l i m i t e d to a 1 -mi le 

r a n g e . The ITT s p e c i f i c a t i o n s ( R e f e r e n c e 4-47) a r e r e p r o d u c e d in Tab le 3. 4 -2 

i nd i ca t i ng a po t en t i a l l y high a c c u r a c y s y s t e m . 

It was c o n s i d e r e d tha t p r o v i s i o n of a c t i v e funct ional e q u i p m e n t on the t a r g e t 

v e h i c l e m i g h t not be d e s i r a b l e for RNS o p e r a t i o n , s i nce tha t would r e q u i r e 

a t t i t ude c o n t r o l and p r o v i s i o n of power on the t a r g e t du r ing the e n t i r e 
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T a b l e 3. 4 - 2 

E S T I M A T E D SYSTEM P E R F O R M A N C E CHARACTERISTICS O F THE 
SCANNING LASER RADAR 

Range 

Range A c c u r a c y (3o") 

R a n g e - R a t e 

R a n g e - R a t e A c c u r a c y 

Angle C o v e r a g e wi thout G i m b a l s 

Angle A c c u r a c y 

P i t c h and Yaw 

Rol l Index 

A c q u i s i t i o n Scan T i m e 

A n g l e - R a t e 

A c q u i s i t i o n Mode 

T r a c k Mode 

A n g l e - R a t e A c c u r a c y 

0 to 120 k m (75 m i l e s ) 

±0. 2% or ±10 c m 
(whicheve r is g r e a t e r ) 

0 to 5 k m / s e c (28, 800 mph) 

±1. 0% or ±0. 5 c m / s e c 
(wh icheve r is g r e a t e r ) 

±15 d e g r e e pi tch 

±15 d e g r e e yaw 

±90 d e g r e e r e l a t i v e r o l l 

±0 .02 d e g r e e 

± 1 . 0 d e g r e e 

1 to 150 s e c o n d s 

0 to 0. 4 d e g r e e / s e c o n d 

0 to 10 d e g r e e / s e c o n d 

±1. 0% or ±0. 01 d e g r e e / s e c o n d 
(whicheve r i s g r e a t e r ) 

r e n d e z v o u s and docking o p e r a t i o n . A s y s t e m could be def ined wi th p a s s i v e 

s y s t e m s l o c a t e d at e a c h i n t e r f a c e r e q u i r i n g only the ac t ive l a s e r r a d a r 

s y s t e m at the CCM. Such an a p p r o a c h r e q u i r e s m u l t i p l e l a s e r r a d a r un i t s 

l o c a t e d a r o u n d the c i r c u m f e r e n c e of the v e h i c l e to e s t a b l i s h the g e o m e t r y . 

T h u s , t h e full a c c u r a c y of the I T T s y s t e m could be u t i l i z e d and , in add i t ion , 

t he r o l l i n d e x a c c u r a c y would be r e d u c e d to 0. 05 p e r c e n t . The u s e of 

m u l t i p l e un i t s would p r o v i d e r e d u n d a n c y without us ing t h e b a c k u p of a 
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d i f fe ren t t e c h n o l o g y s y s t e m s u c h a s r a d a r o r TV. The a c c u r a c y of t h e 

a l i g n m e n t s y s t e m would not p r o d u c e any l i m i t a t i o n s on the r e n d e z v o u s or 

a s sennb ly o p e r a t i o n s . 

3. 5 O R B I T A L A S S E M B L Y 

This o p e r a t i o n s p h a s e p r o v i d e s for a s s e m b l y cf the t h r e e d i s t i n c t m o d u l e s 

in to t h e RNS v e h i c l e . It i n c l u d e s s t r u c t u r a l a s s e m b l y and the hookup of 

fluid and e l e c t r i c a l l i n e s . The b a s e l i n e l a u n c h m o d e s w e r e e s t a b l i s h e d in 

Sec t ion 3. 3 and the t e c h n i q u e s for a c c o m p l i s h i n g r e n d e z v o u s and docking 

w e r e d e s c r i b e d in Sec t ion 3. 4. This o p e r a t i o n a l p h a s e wi l l t e r m i n a t e with 

the RNS v e h i c l e in a fully funct ional f o r m , but p r i o r to c o m p l e t i n g p r o p e l l a n t 

load ing in e a r t h o rb i t and f inal v e h i c l e checkout . Th i s o p e r a t i o n a l p h a s e 

wi l l be d e s c r i b e d by f i r s t e s t a b l i s h i n g the a s s e m b l y concep t and t h e n d e s c r i b ­

ing the o p e r a t i o n s s e l e c t e d for a s s e m b l i n g the p r o p e l l a n t m o d u l e wi th the 

c o m m a n d and c o n t r o l m o d u l e in to a s u b a s s e m b l y , and then a s s e m b l i n g th i s 

wi th the p r o p u l s i o n m o d u l e . 

3. 5. 1 A s s e m b l y Concep t 

The l aunch m o d e , e s t a b l i s h e d in Sec t ion 3. 3, c o n s i s t s of l aunch ing e a c h 

m o d u l e i n d e p e n d e n t l y . The CCM and the p r o p u l s i o n m o d u l e a r e both l aunched 

wi th in the c a r g o bay of the s p a c e s h u t t l e . The p r o p e l l a n t m o d u l e is l aunched 

on the I N T - 2 1 l aunch v e h i c l e . The d i f fe ren t a l t e r n a t i v e s for l aunch s e q u e n c e 

w e r e a s s e s s e d in t e r m s of o p e r a t i o n a l c o m p l e x i t y and s u p p o r t e l e m e n t 

r e q u i r e m e n t s . With the s e q u e n c e s e l e c t e d — CCM, p r o p e l l a n t m o d u l e , t hen 

p r o p u l s i o n m o d u l e — no s u p p o r t e l e m e n t s a r e r e q u i r e d to aid in the RNS 

a s s e m b l y and the m i n i m u m c o m p l e x i t y of o p e r a t i o n s a r e e n c o u n t e r e d . 

S ince the CCM c o n t a i n s t h e p r o c e s s i n g and c o n t r o l funct ions for the RNS, 

e l e c t r i c p o w e r , a u x i l i a r y p r o p u l s i o n , and the l a s e r r a n g i n g r a d a r s y s t e m , 

s t a r t i n g the a s s e m b l y wi th th i s m o d u l e a l lows u s e of t h e s e RNS s y s t e m s . 

T h u s , the CCM wil l be l a u n c h e d f i r s t , a c t i v a t e d , and dep loyed f r o m the s p a c e 

shu t t l e in the a s s e m b l y o rb i t . 

The p r o p e l l a n t nnodule wil l be l aunched next and i n s e r t e d in to the a s s e m b l y 

o r b i t by the I N T - 2 1 l aunch v e h i c l e . The p r o p e l l a n t m o d u l e wil l be s t a b i l i z e d 

by the l aunch v e h i c l e whi le the CCM r e n d e z v o u s and d o c k s wi th i t . F o l l o w ­

ing a s s e m b l y of t h e s e two m o d u l e s , t h e l aunch v e h i c l e s wi l l be j e t t i s o n e d . 
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The p r o p u l s i o n m o d u l e wi l l be l a u n c h e d by the s p a c e s hu t t l e which wi l l 

r e n d e z v o u s wi th t h e f i r s t two m o d u l e s in the a s s e m b l y o rb i t . The p r o p u l s i o n 

m o d u l e wi l l be a c t i v a t e d so t h a t i t c an s t a b i l i z e i t s e l f d u r i n g s u b s e q u e n t 

o p e r a t i o n s . It wi l l t h e n be dep loyed f r o m the s p a c e s hu t t l e and the CCM 

wi l l c o n t r o l docking the aft end of the p r o p e l l a n t m o d u l e wi th i t . While t h e s e 

o p e r a t i o n s m a k e m a x i m u n n u s e of the ex i s t i ng s y s t e m e l e m e n t s , the I N T - 2 1 

l a u n c h v e h i c l e and the s p a c e s h u t t l e , no add i t i ona l c a p a b i l i t y i s r e q u i r e d f r o m 

t h e s e e l e m e n t s to a c c o m p l i s h t h e s e o p e r a t i o n s . 

3. 5. 2 P r o p e l l a n t / C o n n m a n d and C o n t r o l Modu l e s A s s e m b l y 

The CCM is l a u n c h e d f i r s t in to the a s s e m b l y o rb i t by the s p a c e s h u t t l e . 

Whi le s t i l l w i th in the c a r g o bay , i t is a c t i v a t e d and p e r f o r m s suff ic ient 

s e l f - c h e c k to ve r i f y i t s p o w e r , c o m m a n d and c o n t r o l , and a u x i l i a r y p r o p u l ­

s i on c a p a b i l i t i e s . It i s t h e n dep loyed in to the a s s e m b l y o rb i t and the s p a c e 

s h u t t l e o r b i t e r r e t u r n s to e a r t h . The p r o p e l l a n t nnodule i s t hen l aunched by 

the I N T - 2 1 l a u n c h v e h i c l e . It i s i n j ec t ed in to the a s s e m b l y o rb i t by the 

l a u n c h v e h i c l e to wi th in an a c c u r a c y of 10 nniles f r o m the CCM. The p r o ­

pe l l an t m o d u l e a t t i t ude i s p r e a s s i g n e d and s t o r e d wi th in the l aunch v e h i c l e 

lU. The lU a l s o p e r f o r m s s t a t u s m o n i t o r i n g funct ions for the p r o p e l l a n t 

m o d u l e . H o w e v e r , no c o o p e r a t i v e ac t i on o the r t han s t a b i l i z a t i o n is r e q u i r e d 

f r o m the lU d u r i n g the t e r m i n a l r e n d e z v o u s and docking m a n e u v e r s . The 

n o s e cone was j e t t i s o n e d du r ing l a u n c h so tha t t he f o r w a r d docking s t r u c t u r e 

a t t a c h e d to the pay load a d a p t e r i s e x p o s e d t o g e t h e r wi th t h e four c o r n e r cube 

a s s e m b l i e s n e e d e d to a s s i s t t h e f inal dock ing m a n e u v e r . The p r o p e l l a n t 

m o d u l e r e m a i n s s t a b i l i z e d by the l aunch v e h i c l e whi le the CCM r e n d e z v o u s 

wi th i t . After a c c o m p l i s h i n g th i s r e n d e z v o u s to wi th in 500 ft, the CCM 

v e r i f i e s the a t t i t ude and condi t ion of the p r o p e l l a n t m o d u l e b e f o r e t e r m i n a l 

dock ing . Dur ing the f inal docking a p p r o a c h an upl ink s igna l f r o m g round i s 

p r o v i d e d to d e a c t i v a t e the l i m i t cyc l ing on the p r o p e l l a n t m o d u l e . F i n a l 

c l o s u r e is a c c o m p l i s h e d by a s t ab l e o r b i t r e n d e z v o u s m a n e u v e r . 
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The CCM i s p r o v i d e d wi th docking p r o b e s on i t s aft end which engage wi th 

con i ca l d o r g u e s on the p r o p e l l a n t m o d u l e . The a s s e m b l y is shown s c h e ­

m a t i c a l l y in F i g u r e 3. 5 - 1 . E n g a g e m e n t of the soft p r o b e wi th in the d r o g u e 

i s a c c o m p l i s h e d by the a c q u i s i t i o n l a t c h . The k ine t i c e n e r g y of innpact i s 

d i s s i p a t e d by s h o c k a b s o r b e r s . The m o d u l e s c o m e to r e s t wi th a p p r o x i m a t e l y 

a 3- in . s e p a r a t i o n . S c r e w j a c k s a r e u t i l i z e d , r e a c t i n g a g a i n s t t he a c q u i s i ­

t i on l a t c h of the soft p r o b e to d r a w the b e a r i n g s u r f a c e s of the m o d u l e s 

t o g e t h e r . After the c i r c u m f e r e n t i a l b e a r i n g s u r f a c e s a r e a l igned and jo ined 

h o o k - t y p e l a t c h e s l o c a t e d at 12 poin ts a r o u n d the i n t e r f a c e a r e a c t i v a t e d 

s i m u l t a n e o u s l y by a s i n g l e c ab l e d r i v e n by a r e v e r s i b l e m o t o r and d r u m 

a s s e m b l y . A b r a k i n g s y s t e m on the m o t o r ho lds the l a t c h e s in e i t h e r the 

c l o s e d over c e n t e r or open p o s i t i o n s . Fo l lowing s t r u c t u r a l l a t c h i n g , the 

m o d u l e s a r e in a f ina l , s t a b l e s t r u c t u r a l conf igura t ion . 

Fo l lowing s t r u c t u r a l a s s e m b l y the e l e c t r i c a l hookup i s a c c o m p l i s h e d to 

p rov ide c o n t r o l to the CCM of p r o p e l l a n t m o d u l e s u b s y s t e m s which need to 

c o o p e r a t e du r ing fluid l i n e s coupl ing and to p r o v i d e power to the p r o p e l l a n t 

m o d u l e . The e l e c t r i c a l hookup i s a c c o m p l i s h e d by deploynnent of a s ing le 

Figure 3.5-1 DOCKING DROGUE AND PROBE ASSEMBLY 
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pane l f r o m t h e CCM to a m a t i n g pane l on the p r o p e l l a n t m o d u l e . The f inal 

m o d u l e d r a w u p u s e d for s t r u c t u r a l l a t ch ing a l s o engaged the c o a r s e l eve l 

guide pins for the e l e c t r i c a l pane l m a t i n g . The i n i t i a l panel d e p l o y m e n t 

a l igns the p a n e l s by the c o a r s e guide pins and e n g a g e s the fine al ignnnent 

g u i d e s . The s e c o n d p h a s e of pane l d e p l o y m e n t a l igns the t e r m i n a l pins wi th 

t h e i r s o c k e t s by u s e of the fine a l i g n m e n t g u i d e s . The f inal d e p l o y m e n t 

p h a s e i n s e r t s t he e l e c t r i c a l pin c o n n e c t o r s . Al l p r o b e s and pins a r e l o c a t e d 

on the CCM s i d e of the i n t e r f a c e . Al l p o w e r , da t a , and c o n t r o l connec t i ons 

a r e m a d e by the s ing l e pane l d e p l o y m e n t . H o w e v e r , u s e of da ta bus for 

c o m m u n i c a t i o n wi th in the RNS r e d u c e s da t a and c o n t r o l s igna l hookup to a 

s i ng l e c o n n e c t o r a s s e m b l y wi th four p ins . The power hookup a l s o e m p l o y s 

one c o n n e c t o r wi th four p i n s . The m a j o r e l e c t r i c a l a s s e m b l y r e q u i r e m e n t 

i s t he coupl ing of 8 c o n n e c t o r s con ta in ing a p p r o x i m a t e l y 100 pins e a c h for 

the e m e r g e n c y d e t e c t i o n s y s t e m . Seven of t h e s e c o n n e c t o r s a r e p rov ided 

to m e e t the c u r r e n t NERVA EDS r e q u i r e m e n t s . One i s p rov ided for s t a g e 

p u r p o s e s . A s c h e m a t i c of the pane l a l i g n m e n t and a s s e m b l y is shown in 

F i g u r e 3. 5 - 2 . 
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Fo l lowing e l e c t r i c a l a s s e m b l y of t h e CCM to t h e p r o p e l l a n t m o d u l e , c o n t r o l 

of the a s s e m b l y i s a s s u m e d by the CCM. An in i t i a l checkou t is a c c o m p l i s h e d 

to e n s u r e t h a t the p r o p e l l a n t m o d u l e r e s p o n d s to a l l c o m m a n d s i g n a l s and 

p r o v i d e s n e c e s s a r y da t a . Fo l lowing t h i s , t he S-II s t a g e and lU a r e j e t t i s o n e d . 

The only fluid l ine a s s e m b l y r e q u i r e d b e t w e e n the CCM and the p r o p e l l a n t 

m o d u l e i s the p r o p e l l a n t f e e d t h r o u g h for o r b i t a l f i l l . No fluid l i ne s c r o s s 

t h i s i n t e r f a c e wh ich a r e n e e d e d for RNS o p e r a t i o n . The f eed th rough i s 

a s s e m b l e d by f i r s t deploying a s e c t i o n of duct f r o m the CCM to a m a t i n g 

f lange on the p r o p u l s i o n m o d u l e and t h e n coupl ing the f langes wi th a 

V - c o u p l i n g l o c a t e d on the p r o p e l l a n t m o d u l e . The d e p l o y m e n t and coupl ing 

m e c h a n i s m is shown s c h e m a t i c a l l y in F i g u r e 3. 5 -3 whi le d e t a i l s of t h e 

a l i g n m e n t and coupl ing m e c h a n i s m a r e shown in F i g u r e 3. 5 -4 . The d r a w u p 

n e e d e d to a c c o m p l i s h s t r u c t u r a l l a t ch ing w a s u s e d to engage the a l i g n m e n t 

pi lot for t h i s duct . A t o t a l of 3 in, is p r o v i d e d with a l i n e a r c o m p e n s a t o r 

in the duct on the CCM a c c o m m o d a t i n g th i s mo t ion . The coupl ing of the 

f langes is a c c o m p l i s h e d s u b s e q u e n t to t h e i r m a t i n g by a c t i v a t i o n of the two 

BALL BEARING LOADED NUT 
PRIOR TO DEPLOYMENT 

ALIGNMENT PILOT (2 PLACES) 

DUAL SEAL (SECURED 
TO FLANGE) 

BELLOWS COMPRESSED 
(FLANGE DEMATED) 

BELLOWS EXTENDED 
(FLANGE MATED) 

U-

MOTOR 

COUPLING 
DRIVE 
MOTOR 

FLANGE MATED ^A 

F i g u r e 3 . 5 - 3 DEPLOYMENT AND COUPLING MECHANISMS 
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F i g u r e 3.5-1* ALIGNMENT AND COUPLING MECHANISM DETAILS 

V-couplings sections i l lus t ra ted in Figure 3. 5-4. They a re supported and 

operated by left- and r ight-hand threaded drive sc rews . Sealing is accom­

plished by dual metal l ic p r e s s u r e actuated sea l s . This operation connpletes 

a s sembly of the CCM with the propellant nnodule. 

3. 5. 3 P rope l l an t /P ropu l s ion Modules Assembly 

The propulsion module is launched into the assembly orbit within the cargo 

hold of the space shuttle. The space shuttle accomplishes final rendezvous 

to within 500 ft of the par t ia l ly assembled RNS. The propulsion module is 

then deployed from the cargo hold of the space shuttle and its s tabil izat ion 

sys tem, utilizing s tored gas attitude control, is activated prior to severance 

from the space shuttle. The forward docking interface on the propulsion 

module contains docking cones and the passive corner cube assembly needed 

for final rendezvous and docking. The te rmina l docking is under the control 

of the command and control module. 
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All s u b s e q u e n t o p e r a t i o n s of s t r u c t u r a l l a t c h i n g , e l e c t r i c a l hookup, and fluid 

l ine hookup a r e the s a m e a s t h o s e d e s c r i b e d in Sec t ion 3. 5. 2 for the a s s e m b l y 

of the c o m m a n d and c o n t r o l m o d u l e wi th the p r o p e l l a n t m o d u l e with t h e 

fol lowing e x c e p t i o n s : the e l e c t r i c a l pane l a s s e m b l y i n c l u d e s coupl ing of a 

1 - 1 / 4 - i n . d iamieter p r e s s u r a n t l i ne , the m a i n flow l ine a s s e m b l y is a l s o 

d e s c r i b e d in Sec t ion 3. 5. 2, but in t h i s c a s e a s s e m b l y of the m a i n 12- in . 

feed duct i s a c c o m p l i s h e d r a t h e r t han m e r e l y an o r b i t a l fill l i ne . C o m p l e t i o n 

of th i s o p e r a t i o n c o n c l u d e s the a s s e m b l y phase of the RNS o r b i t a l o p e r a t i o n s . 

3. 6 P R O P E L L A N T T R A N S F E R 

3. 6. 1 Concept 

P r o p e l l a n t r e s u p p l y is r e q u i r e d to p e r f o r m m u l t i p l e m i s s i o n s wi th the RNS. 

It is a m a j o r o p e r a t i o n affect ing o r b i t a l s u p p o r t of the RNS and the o v e r a l l 

e c o n o m i c s of the s p a c e t r a n s p o r t a t i o n s y s t e m , s i n c e the RNS a p p l i c a t i o n s 

wh ich have b e e n e v a l u a t e d t yp i ca l l y r e s u l t in a s u p p o r t i n g t ra f f ic by the s p a c e 

s h u t t l e c o n s i s t i n g of 75 p e r c e n t LH2 r e s u p p l y . The b a s e l i n e RNS p r o p e l l a n t 

r e s u p p l y concep t u t i l i z e s the s p a c e s h u t t l e , con f igu red as an i n t e g r a l t a n k e r , 

to t r a n s f e r p r o p e l l a n t d i r e c t l y to the RNS u n d e r l i n e a r a c c e l e r a t i o n . 

Dur ing P h a s e II, a n u m b e r of s y s t e m a p p r o a c h e s ( space s h u t t l e t a n k e r s , 

p r o p e l l a n t nnodules , o r b i t a l tank f a r m s ) and p r o p e l l a n t t r a n s f e r s y s t e m s 

( a c c e l e r a t i o n , d i e l e c t r o p h o r e s i s , e t c . ) w e r e e v a l u a t e d wi th the opt ion of 

r e f i l l i ng o r r e p l a c i n g d e p l e t e d t a n k a g e ( R e f e r e n c e 3 -1 ) . It w a s e s t a b l i s h e d 

tha t a r e s e r v o i r of p r o p e l l a n t t ankage in o r b i t , e i t h e r as a tank f a r m o r l a r g e r 

RNS f lee t , is r e q u i r e d to s m o o t h out p r o p e l l a n t d e l i v e r y to o r b i t and m i n i m i z e 

the n u m b e r of r e l a t i v e l y e x p e n s i v e s p a c e s hu t t l e v e h i c l e s which m u s t be 

d e d i c a t e d to p r o p e l l a n t r e s u p p l y for the RNS. Use of a l a r g e r RNS f lee t was 

c o n s i d e r e d a t t r a c t i v e s i n c e it p r o v i d e s r e s e r v o i r c a p a c i t y a s w e l l a s m i s s i o n 

f lex ib i l i ty . 

The i m p l i c a t i o n s of p r o p e l l a n t t r a n s f e r s y s t e m techno logy w e r e a s s e s s e d for 

the RNS in P h a s e II. F i v e t r a n s f e r s y s t e m concep t s w e r e e v a l u a t e d : l i n e a r 

a c c e l e r a t i o n , r o t a t i n g a c c e l e r a t i o n , s u r f a c e t e n s i o n , d i e l e c t r o p h o r e s i s (DEP) , 

and b l a d d e r e x p u l s i o n . A l i n e a r a c c e l e r a t i o n t r a n s f e r was found to be m o s t 

e c o n o m i c a l and c o m p a t i b l e wi th the RNS s y s t e m . The l iqu id r e s i d u a l for 

a c c e l e r a t i o n t r a n s f e r is r e d u c e d by e m p l o y i n g flow c o n t r o l and o t h e r d e s i g n 
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s t ra teg ies to minimize suction dip. The impact of acce lera t ion on the orbit 

is reduced to only a slight wobble by orienting the thrus t vector perpendicular 

to the orbi t and t r ans fe r r ing the propellant in an in tegral number of o rb i t s . 

A spray nozzle inlet is provided in the RNS tank to collapse the ullage and 

allow propellant t r ans fe r without RNS venting. 

The relat ion between the space shuttle cargo bay volume (15 ft d iameter by 

60 ft long) and its payload weight del ivery capability (nominally 33,000 lb) 

impacts the select ion of a propellant resupply mode. An initial evaluation 

during Phase II concluded that for ei ther a volume-l imi ted or weight- l imited 

space shuttle it would be both s impler and more economical to use an 

in tegra l propellant module and deploy a propellant t r ans fe r line from the 

space shuttle to engage the RNS tank fill sys tem, than to deploy propellant 

modules from the space shutt le. This conclusion reflects the inert weight 

penalty (about 3, 000 lb) for the additional design requi rements of a deployed 

propellant tank, which include rendezvous and docking s y s t e m s , the rmal and 

meteoro id protect ion, and increased tank design p r e s s u r e . Also, the 

available propellant volume is reduced for a deployed tank to provide 

c learance for feed lines and meteoroid protect ion. A further evaluation of 

the propel lant resupply mode, was made during Phase III for the Class 3 RNS 

(see Section 3. 6. 2 in Volume II, P a r t B) to clarify weight and volume 

implicat ions and confirm that propellant t ransfer was super ior to replacement 

of depleted tanks. It was found that even if the propellant modules could be 

deployed from the space shuttle at a low orbit and del ivered by a space tug to 

the RNS operat ional orbit (260 nmi and 31. 5-degree inclination), direct 

t r ans fe r f rom the space shuttle would st i l l be most a t t rac t ive . 

3. 6. 2 Propel lant Transfe r Operations 

Propel lant t r ans fe r operat ions will occur before the initial RNS miss ion to 

top off the propellant module and fill the dry propulsion module and between 

miss ions to resupply both tanks. In both ca se s , initial chilldown of a w a r m 

tank (nominally 370°R) must be accommodated by the design and operat ions . 

A nonvented propellant t ransfe r operat ion is provided. However, the the rmal 

protect ion sys t em evaluation in Section 4. 3. 11 imposes a venting operat ion 

on the propellant resupply sequence to re ject tank conditioning propellant and 

orb i ta l heating incur red p r io r to final topping off. This permi ts design of 

the insulation sys tem for the duration of miss ion operations and a short full 

tank orbi ta l coast . 



The RNS is pass ive for propellant resupply opera t ions , requir ing only 

actuation of orbi ta l fill sys t em valving and data management . The burden of 

operat ions is placed on the space shuttle tanker . It will provide accelera t ion 

for both the normal propellant t ransfer and the venting operat ion imposed 

pr io r to topping off. The baseline operations concept will be descr ibed 

briefly. Propel lant resupply operat ions cannot be initiated until completion 

of engine cooldown, 53 hours after completion of the ear th orbit injection 

burn. Payload deployment could be accomplished during that period or impose 

an additional t ime interval before tanking. Thus, the radiation environment 

will impose minimal constra ints on the propellant resupply operation. 

Rendezvous and docking a re accomplished by the space shuttle at the RNS 

operat ional orbit in the manner defined in Section 3,4, while the passive RNS 

maintains a gravity gradient stabil ized local ver t ica l atti tude. An "I" formation 

for tanking is recommended, as shown in F igure 3, 6 - 1 , permit t ing the space 

shuttle orb i te r to remain within the shadow cone of the RNS shield for both 

rendezvous and propellant t ransfer opera t ions . This approach l imits the dose 

ra te to the orb i te r crew to less than 0. 1 r e m / h r for 48 hours after shutdown, 

and a further reduction by an order of magnitude occurs after an additional 

8 days. 

Figure 3.^1 SPACE SHUTTLE TANKER IN "I" FORMATION WITH R.N.S. 
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The docking interface between the space shuttle and RNS for tanking remains 

to be defined, pending resolut ion of the orb i te r configuration and payload 

in te r faces . A single probe-drogue docking mechan i sm could be util ized, 

in tegrated with the orbi ta l t r ans fe r l ines . Fluid couplings could be accomp­

lished s imi la r to the design approach for RNS assembly shown in Section 3. 5. 

Two a l te rnat ives a r e considered for the location of the line def)loyed from the 

o rb i t e r : (1) the line can be deployed from the cargo bay over the top of the 

c rew compar tment , as depicted in Figure 3. 6 - 1 ; or (2) a fixed portion of the 

line could be located inside the orb i te r , running under the crew compartment 

and emerging at the top of the nose. The la t te r approach could be less 

complicated, since the distance from the front of the cargo bay to the tip of 

the nose of the orb i te r is about 50 ft. Transfer line chilldown could be 

implemented without propellant losses with a pump-fed rec i rcula t ing chil l­

down sys t em s imi l a r to that used for RNS feed sys tem chilldown, descr ibed 

in Section 4, 5. 5. 

A l inear acce lera t ion t ransfe r is used, with thrust provided by the space 

shutt le . P r i o r to propellant settl ing and t rans fe r , the docked vehicles a r e 

rotated perpendicular to the orbit plane. The impact of accelera t ion on the 

orbi t is then reduced to only a slight wobble by t r ans fe r r ing the propellant 

in an integral number of o rb i t s . It is anticipated that the orb i te r would 

del iver 1,000-lb thrus t in the forward direct ion for its normal operat ions . 
o 3 

This resu l t s in an accelera t ion level from 1. 7 x lO"-* to 3 x 10" g, depending 

on whether the RNS is full or empty. Accordingly, the corresponding Bond 

number in the 15-f t -diameter space shuttle propellant tank ranges from 

3,000 to 5, 300. In the propulsion module it is 15 percent lower, and in the 

propel lant module it is about 5 t imes as l a rge . A comprehensive discuss ion 

of propellant settling (Section 3. 11.2) indicates that this accelera t ion level 

is at least an o rde r of magnitude higher than is des i red for efficient propellant 

set t l ing. The propellant must be sett led in both the donor and rece ive r tanks 

for the t r ans fe r . At the 1,000-lb orbi ter thrus t level, neces sa ry settling 

would be accomplished within 10 minu tes . The propellant t ransfe r could 

then be accomplished ideally in about 20 minutes (based on t rans fe r r ing 
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30,000- lb LH2 at 1,500 Ib /min through a 4-in. line). Transfer line chil l­

down would be accomplished during the settling period. Thus, at high thrust 

the t ransfe r could be completed within a single orbit period (1. 6 hours) . 

However, It is expected that a lower thrust level would be util ized if the 

space shuttle were designed for RNS propellant resupply operat ions . 

Alternat ively, the thrus t requi rement could be imposed on the RNS. Initial 

settl ing would then take up to an hour, and the t ransfer operation would be 

designed for efficient reduction of liquid res iduals from suction dip in the 

tanker by flow control and other s t ra teg ies which could inc rease the t ransfe r 

t ime by a factor of 10 or m o r e . Accordingly, three orbit periods (4. 8 hours) 

a r e al located for propellant settling and t rans fe r from the space shutt le. 

The sequence of events and t ime budget for each propellant resupply operat ion 

is summar ized in Table 3. 6 -1 . Thus, except for the qualification on orb i te r 

APS thrus t , it appears that at this conceptual level no major constra ints 

would be imposed on ei ther the RNS or space shuttle design or operat ions . 

Table 3, 6-1 

PROPELLANT RESUPPLY OPERATION SUMMARY 

Event Time Allocation (Hr) 

Rendezvous (from 4 nmi) 

Docking 

Fluid Coupling and Checkout 

Attitude Maneuver 

Propel lant Settling and 
Transfe r Line Chilldown 

Propel lant Transfer 

Attitude Maneuver 

Separation (to 4 nmi) 

1, 0 

0, 5 

1.0 

0. 5 

1, 0 

3. 8 

0, 5 

1. 0 

Total 9 .3 
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3, 6. 3 Propel lant Logist ics 

Propel lant resupply h i s to r ies were defined to a s s e s s logist ics implications 

and es tabl ish the rma l protect ion requ i rement s . F igure 3. 6-2 identifies the 

requ i red space shuttle launch ra te to complete RNS turnaround in ea r th orbit 

within available t ime , based on a total 14 shuttle launches required . Ten 

launches a re requ i red for resupplying 300, 000-lb LH2 and four for COM 

replacement and payload assembly . No credi t was taken for space shuttle 

tanker per formance gains without full payload r e tu rn to the ground, so 

propel lant del ivery was 30,000 lb per launch. The sequence of these activites 

i s : (1) refuel; (2) replace CCM; (3) per form unscheduled maintenance (4 days); 

(4) a s semble payload; (5) pe r fo rm checkout and countdown (1 day); and 

(6) initiate TLI. Propel lant venting and final topping off can be performed as 

requ i red for the miss ion during the period assigned to performing unscheduled 

maintenance. The total t ime available depends on the lunar shuttle annual 

mi s s ion ra te as follows: 

Annual miss ion ra te (miss ions /year ) 2 4 6 8 

Time available for turnaround (days) 138. 8 69 54. 6 42. 1 
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A s i n g l e RNS is a s s i g n e d to the t w o - l u n a r - s h u t t l e - m i s s i o n s - p e r - y e a r c a s e , 

whi le two RNS a r e a s s i g n e d for the h i g h e r r a t e s . The u n i n t e r r u p t e d a v a i l a b l e 

t i m e b e t w e e n m i s s i o n s is u s e d to c o m p l e t e t u r n a r o u n d a c t i v i t i e s wi thout 

i n t e r f e r e n c e to t u r n a r o u n d of the o t h e r RNS. The t u r n a r o u n d s e q u e n c e is 

s c h e d u l e d for c o m p l e t i o n as c l o s e as p o s s i b l e to the t r a n s l u n a r in jec t ion 

o p p o r t u n i t y to m i n i m i z e the hold t i m e in a r e a d y cond i t ion . H o w e v e r , in the 

8 m i s s i o n s - p e r - y e a r c a s e , it was n e c e s s a r y to s e r v i c e the RNS i m m e d i a t e l y 

follow^ing r e t u r n f r o m the m i s s i o n in s o m e c a s e s to p r e v e n t i n t e r f e r e n c e wi th 

the s e c o n d RNS, V a r i a t i o n s of s c h e d u l e to a c c o m m o d a t e the l a u n c h window 

r e q u i r e m e n t s of m i s s i o n s s u c h as u n m a n n e d p l a n e t a r y p r o b e s w e r e not 

c o n s i d e r e d . 

The 4 days p e r s p a c e shu t t l e l aunch c a s e was u s e d as a b a s e l i n e for 

e v a l u a t i n g t h e r m a l p r o t e c t i o n r e q u i r e m e n t s , P r o p e l l a n t r e s u p p l y is i n i t i a t ed 

53 days b e f o r e the m i s s i o n beg ins in tha t c a s e . 

3 . 7 CHECKOUT 

T a b l e 3 , 7 - 1 s u m m a r i z e s the checkou t r e q u i r e m e n t s for the v a r i o u s m i s s i o n 

p h a s e s . Th i s s e c t i o n c o n c e r n s o n - o r b i t checkou t p o r t i o n of t h e s e r e q u i r e ­

m e n t s . Ground checkou t o p e r a t i o n s a r e defined in V o l u m e III , Sec t ion 2 . The 

RNS b a s e d e q u i p m e n t s a t i s f i e s the r e q u i r e m e n t s of o n b o a r d checkou t in o r b i t 

only and for g round o p e r a t i o n s i s c o m p l e m e n t e d by the r e q u i s i t e GSE. S e c ­

t ion 4 . 7 . 4 e v a l u a t e s the poin t of c o n t r o l for o n - o r b i t checkou t and the r o l e 

of g round . It conc ludes tha t the p r o c e d u r e s and p r o c e s s i n g should be on 

b o a r d , wi th up l ink and downlink capab i l i t y to a l low for g round eva lua t i on of 

checkou t r e s u l t s , p r o c e d u r e mod i f i ca t i on , and the u s e of s p e c i a l d i a g n o s t i c s 

for s i t u a t i o n s tha t w e r e not p r e p r o g r a m i m e d or a n t i c i p a t e d . Sec t ion 4 . 7 , 4 

a l so def ines the p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s for the onboa rd da t a 

m a n a g e m e n t funct ion, the e m e r g e n c y d e t e c t i o n s y s t e m (EDS), and the r e q u i r e ­

m e n t s for fault p r e d i c t i o n . 
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Table 3 .7 -1 

CHECKOUT REQUIREMENTS BY PROGRAM PHASE 

P r o g r a m Phase 

Requirement On Orbit 
Ground 
Recycle 

Production 
Checkout Launch 

Functional check all s u b s y s t e m s / 
components 

Verify redundancies 

All modules All modules All modules 

Space res ident CCM 
modules 

All modules 

(T> 
P r o c e s s previous miss ion data 
for fault predict ion 

All module data processed 
on ground 

Provides data 
base for all 
modules 

Interface checks 
(Leak check and e lec t r i ca l 
continuity) 

Ins t rumenta t ion cal ibrat ion 

Fo r orbital F o r ground 
connections connections 
made and valve made and 
sea ls valve seals 

Space resident 
modules 

CCM 

For all 
connections 
and seals 
(including 
permanent) 

All modules 

EOS 
connections 
made 

Equipment alignment CCM All modules 

Proof tes t All modules 



F o u r d i s c r e t e p h a s e s of o n b o a r d checkou t can be ident i f ied : 

A, D u r i n g o r b i t a l a s s e m b l y o r r e f u r b i s h m e n t , a s s e m b l y v e r i f i c a t i o n 

wi l l be m a d e for t hose m o d u l e s tha t a r e involved in a s s e m b l y 

( including pay load ) . R e c h e c k s on a l l b r o k e n fluid c o n n e c t i o n s and 

on the d y n a m i c s e a l s of a l l c r i t i c a l v a l v e s w i l l be m a d e . The 

i n t e r f a c e b e t w e e n m o d u l e s and spec i f i c s u b s y s t e m s which a r e b e s t 

checked d u r i n g th i s p h a s e of the o p e r a t i o n wi l l be ve r i f i ed , 

B . D u r i n g the o r b i t a l countdown a l l s u b s y s t e m and c o m p o n e n t checkou t 

w i l l o c c u r , i nc lud ing t h e v e r i f i c a t i o n of a l l r e d u n d a n c i e s for s p a c e 

r e s i d e n t m o d u l e s . T h i s wi l l be a c c o m p l i s h e d by the s y s t e m a t i c 

p e r f o r m a n c e of a s e r i e s of p r o c e d u r e s s t o r e d in the d a t a m a n a g e ­

m e n t s u b s y s t e m , 

C, D u r i n g t h e o p e r a t i o n a l p h a s e of the m i s s i o n con t inuous s t a t u s , 

m o n i t o r i n g of a l i m i t e d se t of funct ions wi l l o c c u r . The s t a t u s of 

t h e s e func t ions w i l l be c o m p a r e d to s o m e p r e d e t e r m i n e d s t a n d a r d 

to e n s u r e tha t the veh i c l e hea l th i s a s expec t ed . D u r i n g the 

o p e r a t i o n a l p h a s e , da ta m u s t be c o l l e c t e d to a c c o m p l i s h faul t 

p r e d i c t i o n , 

D. F o l l o w i n g the m i s s i o n the fault p r e d i c t i o n da ta wi l l be u t i l i zed to 

d e t e r m i n e the po t en t i a l of inapending f a i l u r e s on s p a c e r e s i d e n t 

h a r d w a r e , and the g round wi l l p r o c e s s the m i s s i o n da t a to identify 

a n o m a l i e s . 

The o n b o a r d checkou t s y s t e m is r e q u i r e d to p e r f o r m a funct ional checkou t 

of the RNS in both e a r t h and l una r o r b i t . It m u s t p r o v i d e s t i m u l i and e v a l ­

u a t e the r e s p o n s e s of the s t a g e to d e t e r m i n e if it i s o p e r a t i o n a l l y r e a d y to 

beg in i t s m i s s i o n . To i n s u r e a h igh p r o b a b i l i t y of s u c c e s s for c o m p l e t i o n 

of the m i s s i o n , the checkou t of r e d u n d a n c i e s i s r e q u i r e d . The checkou t 

s y s t e m m u s t a l so be ab le to i s o l a t e to a r e p l a c e m e n t naodule l eve l c o n s i s t e n t 

wi th the m a i n t e n a n c e p o l i c y . Al l p r o c e d u r e s a r e s t o r e d and p r o c e s s i n g is 

a c c o m p l i s h e d by the c e n t r a l i z e d p r o c e s s o r in the da t a m a n a g e m e n t s u b s y s ­

t e m (DMS). The NDICE inc luded in the CCM wi l l effect checkou t of the NERVA. 

The p r o p e l l a n t m o d u l e wi l l u t i l i z e the capab i l i t y of the o n b o a r d checkou t 

s y s t e m in the CCM to ve r i fy i t s flight r e a d i n e s s . 
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The na ture of a reusable stage dic ta tes that during the life of this stage 

impending fa i lures must be detected in advance of the catas t rophic fai lure. 

This r equ i rement c r e a t e s a need for fault predict ion techniques on those func­

tional components which may cause such catas t rophic fa i lures . Since the p r o ­

pellant module is a space res ident element, fault predict ion senso r s a r e 

included. The propuls ion module also being space res ident will have the same 

cha rac t e r i s t i c r equ i remen t s for checkout as the propellant modules . The 

i s sues of maintenance, fault isolation and fault predict ion a re dealt with more 

extensively in Section 3. 15. 

The pr inc ipa l components of the onboard sys tem a re the procedures or software 

p r o g r a m s s tored in the bulk s torage of the DMS which cover checkout of each 

RNS subsys tem and of the RNS as an in tegra l sys tem. These procedures must 

be functionally compatible with the central ized DMS approach which has been 

chosen as base l ine . 

3 . 7 . 1 Orbital Assembly 

3 . 7 . 1. 1 Assembly Operat ions Checkout 

Three candidate checkout approach candidates for assess ing successful 

assembly were identified during the course of this study. All th ree assumed 

that each module will be thoroughly checked-out before launch from ear th 

(including all redundancies) . 

The f i rs t candidate approach requ i res orbi ta l checkout of components within 

a module pr ior to t rans la t ion of that module to the RNS assembly a r ea . This 

checkout could be performed either by the space shuttle or the space tug. 

The second candidate employs sequential checkout of each module as it 

becomes assembled to the RNS using the RNS onboard checkout sys tem. Both 

e lec t r i ca l and fluid interfaces would be verified upon completion of each dock­

ing operat ion. The CCM should necessa r i ly be the f i rs t module upon which 

the complete c lus te r would be built upon if the onboard checkout subsystem 

res ident capabil i t ies a re to be used. The third checkout approach candidate 

i s based on performing checkout of the integrated RNS only. That i s , no 
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checkou t wi l l be p e r f o r m e d for a s sennb ly v e r i f i c a t i o n unt i l the to t a l a s s e m b l y 

o p e r a t i o n is c o m p l e t e d . T h i s c a n d i d a t e u s e s the s a m e s o f t w a r e and h a r d w a r e 

t h a t the o n b o a r d c h e c k o u t s u b s y s t e m would u s e du r ing r e c y c l e c h e c k o u t . 

F o r the C l a s s 1 H y b r i d RNS, un l ike the C l a s s 3, the C C M is up f i r s t and 

i n t e r f a c e v e r i f i c a t i o n can be effected by the C C M o n b o a r d p r o c e d u r e s ; f i r s t 

b e t w e e n the C C M and the p r o p e l l a n t m o d u l e , wh ich p r i o r to C C M m a t i n g i s 

iTLonitored and c o n t r o l l e d by the I N T - 2 1 lU , and s u b s e q u e n t l y the i n t e r f a c e to 

the p r o p u l s i o n m o d u l e . 

3. 7. 1. 2 L e a k Check C o n c e p t s 

F o r t h i s s y s t e m one of the m a i n c o n c e r n s du r ing a s s e m b l y v e r i f i c a t i o n 

checkou t i s to e s t a b l i s h the i n t e g r i t y of the fluid i n t e r f a c e s and to i n s u r e tha t 

no u n a c c e p t a b l e p r o p e l l a n t l o s s e s o c c u r due to i m p r o p e r m a t i n g . F o u r 

a p p r o a c h e s miay be t aken to s a t i s fy th i s c o n c e r n : 

A. I n d i r e c t m e t h o d s of d e t e r m i n i n g jo in t i n t e g r i t y o t h e r than d i r e c t 

l e a k a g e m e a s u r e m e n t s can be u s e d . E x a m p l e s a r e t o r q u e m e a s u r e ­

m e n t s and p o s i t i o n i n d i c a t i o n s . T h e s e p a r a m e t e r s can be c o r r e l a t e d 

to g round t e s t d a t a e s t a b l i s h i n g conf idence l e v e l s for the i n t e g r i t y 

of the connec t i on . 

B. P r e s s u r e d e c a y a n a l y s i s could be p e r f o r m e d a f t e r a s s e m b l y . P r e s ­

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

c a l i b r a t e d v o l u m e . No q u a n t i t a t i v e m e a s u r e n n e n t of l e a k a g e i s 

a t t e m p t e d . Ground da ta c o r r e l a t i o n s a r e u s e d to e s t a b l i s h a go o r 

n o - g o ac t ion . P r o h i b i t i v e p r e s s u r e r i s e would r e q u i r e r e p a i r 

p r o c e d u r e s to be i n i t i a t ed . 

C. A q u a n t i t a t i v e l e a k c h e c k a c r o s s dua l s e a l f l anges could be p e r f o r m e d 

u s i n g l e a k d e t e c t i o n p o r t s on a l l i n t e r m o d u l e fluid i n t e r f a c e s . T h i s 

i s a c c o m p l i s h e d wi th a flow m e t e r p r e s s u r e and t e m p e r a t u r e t r a n s ­

d u c e r c o m b i n a t i o n . T h i s s y s t e m p e r m i t s d e t e r m i n a t i o n of the 

quan t i ty of l e a k a g e . P o s s i b l e a c t i o n s inc lude the r e c y c l i n g of con ­

n e c t i o n s and r e l e a k c h e c k o r r e p l a c e m e n t of the m o d u l e . 

D. A c o u s t i c e m i s s i o n s e n s o r s could be u s e d to m o n i t o r gas l e a k s a c r o s s 

the s e a l s o r f l a n g e s . 
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The third approach, leak check ac ros s dual sea l flanges, is favored for the 

RNS. Dynamic seal integri ty will be checked on the ground before ins ta l la ­

tion on the s tage . Only intermodule connections will be checked in orb i t . 

This approach requi res only minor additional ins t rumentat ion at the in te r ­

module in t e r faces . 

3 .7 .2 Orbital Countdown 

3 . 7 . 2 . 1 Checkout Operat ions 

To a s s e s s the impact of onboard checkout on operat ional RNS subsys tems , 

the propellant management sys tem was selected as a represen ta t ive sys tem 

to develop specific checkout requ i rements and p rocedu re s . Implications of 

two al ternat ive approaches to checkout were a s ses sed : (1) component 

functional checkout, and (2) simulation of operat ions were a s se s sed for 

orbi ta l checkout. 

Component Functional Checkout 

Approaches to component functional checkout a re defined for th ree genera l 

c l a s se s of propel lant management subsystem configurations. Similar con­

s iderat ions apply to the APS. The f i rs t c lass is represen ted by quad-

redundant valve configurations imposed on cer ta in flight sys tems for re l ia ­

bility. No additional checkout valves a re required and fluid losses a re 

minimized if the checkout approach consis ts of sequencing valve actuation 

and verifying ta lkbacks. This approach requ i res independent control of the 

va lves . 

The second c lass of propellant management subsys tems is represented by 

the LH^ feed sys t em. For this sys tem, blocking valves isolate each module 

in terface , permit t ing actuation of the dual feed va lves . Similar ly , the chill­

down and refill pumps could be run with the d ischarge valves c losed. These 

checkout operat ions could be performed at convenient t imes in the operat ions 

profi le , which include the propellant resupply period and the normal feed 

sys tem chilldown during the s tar tup ramp to minimize the impact of these 

opera t ions . 
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T h e t h i r d c l a s s of checkou t i t e m s c o n s i s t s of g r o u n d - o n l y func t ions such a s 

the f i l l - a n d - d r a i n and g round ven t s y s t e m s . T h e s e a r e locked for f l ight , and 

o r b i t a l c h e c k o u t is not r e q u i r e d . 

S i m u l a t e d O p e r a t i o n s 

Al though the s i m u l a t i o n of a c t u a l s u b s y s t e m o p e r a t i o n s is c h a r a c t e r i s t i c of 

g round checkou t o p e r a t i o n s a c c o m p l i s h e d on p r e v i o u s p r o g r a m s to d e t e r m i n e 

fl ight r e a d i n e s s , s u b s t a n t i a l p e n a l t i e s could be i n c u r r e d u s ing th i s a p p r o a c h 

for o r b i t a l checkou t . In o r d e r to ve r i fy the p r o p e l l a n t m a n a g e m e n t s u b s y s ­

t e m in o r b i t s e t t l i ng of p r o p e l l a n t s , feed s y s t e m chi l ldown and NERVA c r i t i c a l -

i ty for p r e s s u r i z a t i o n g a s would be n e c e s s a r y . T h i s ^vould r e q u i r e the u s e of 

c o n s u m a b l e s and, should m a i n t e n a n c e be r e q u i r e d , c a u s e d e l a y s or i n t e r ­

f e r e n c e with o t h e r o p e r a t i o n s d u r i n g NERVA cooldown. A l t e r n a t e l y , a 

s e p a r a t e p r e s s u r i z a t i o n s y s t e m could be employed imp ly ing e q u i p m e n t 

p e n a l t i e s . 

The p o s s i b i l i t y of i n t e g r a t i n g th i s s y s t e m s i m u l a t i o n ph i lo sophy with the 

r e q u i r e d p r e s t a r t o p e r a t i o n s w a s a s s e s s e d . The p r i n n a r y diff icul ty wi th 

t h i s a p p r o a c h i s tha t the t h r u s t bu i ldup r a m p would n e c e s s a r i l y be i n i t i a t e d . 

Should a n o m a l i e s o c c u r at th i s point in the p r e s t a r t , they would l ike ly be 

s e n s e d by the EDS and c o r r e c t i v e p r o c e d u r e s t a k e n at any point in the p r e ­

s t a r t c y c l e . 

S e l e c t i o n 

C o m p o n e n t funct ional checkou t w a s c h o s e n o v e r s i m u l a t e d o p e r a t i o n s on the 

b a s i s of m i n i m u m o p e r a t i o n a l p e n a l t i e s , the l ack of add i t iona l ina jo r d e s i g n 

r e q u i r e m e n t s , and the ab i l i ty of t h i s a p p r o a c h to ve r i f y the d e s i g n i n t e g r i t y 

of the RNS, The c h o s e n a p p r o a c h avoids the p o s s i b l e r e q u i r e m e n t for a 

s e p a r a t e p r o p e l l a n t s e t t l i ng o p e r a t i o n . M i n i m u m fluid flow and v i r t u a l l y no 

e x p e n d a b l e l o s s wi l l be i n c u r r e d dur ing checkou t by e s t a b l i s h i n g a c o m p o n e n t 

s e q u e n c e of o p e r a t i o n tha t wi l l s a t i s fy both of t h e s e g o a l s . Add i t iona l ly , 

s o m e c o m p o n e n t s would be checked at t i m e s when m i n i m u m l o s s i s i n c u r r e d . 

F o r e x a m p l e , the s p r a y n o z z l e fill v a l v e s m a y be checked du r ing o r b i t a l 

r e fue l i ng , p r o p e l l a n t i s o l a t i o n v a l v e s a f te r re fue l ing and p r e s s u r e c o n t r o l 

v a l v e s p r i o r to r e f u e l i n g . S i m u l a t e d o p e r a t i o n s i s an a t t r a c t i v e a p p r o a c h 
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for cer ta in subsys tems in the as t r ion ics sys tem where these penalt ies do not 

acc rue . The use of a bui l t - in tes t equipment (BITE) concept is incorporated 

in the data management subsys tem only with the self tes t approach. 

No additional valves a re required for checkout pu rposes . Component opera­

tion will be verified by monitoring operat ional instrumientation and prec is ion 

ta lkbacks . No additional ins t rumentat ion requ i rements for checkout pur­

poses were identified. The only additional control capability identified 

specifically was that of provisions for individual control of redundant va lves . 

This separa te control is required to verify redundancies and preclude 

expendable l o s s . 

3 . 7 . 2 . 2 Subsystem Requi rements 

Operat ional considerat ions and checkout approaches for RNS elements a re 

summar ized by module in Table 3 . 7 - 2 , Three major phases of checkout a re 

charac te r ized : checkout following orbital assembly (OA), whether initially 

or following CCM recycle; checkout pr ior to t r ans lunar injection (PTLI); and 

ground checkout, whether before initial launch or during CCM recyc le . 

The types of checkout identified a re : (1) functional—the actual activation of 

a component under e lec t r ica l ly powered conditions, verifying i ts response 

and effect on interfacing sys tems ; (2) calibration—establishing output level 

relat ionship to s tandard or predetermined levels ; (3) alignment—physical 

or ientat ion determinat ion and comparison to expected indications or m e a s u r e ­

ment, (4) redundancy verification— check operat ional s tatus of p r i m a r y as 

well as backup components; (5) output quality verification— measu remen t and 

analysis of signal cha rac t e r i s t i c s such as frequency, format or power level 

and compar ison of these measu remen t s with prede termined s tandards ; (6) 

leak check— search , detection, and potentially quantification of fluid loss 

by leakage. Additionally, p re l iminary definition of the functional r equ i re ­

ments of the ground checkout p rocedures a re given where they complement 

s imi la r onboard p rocedu re s . 
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Tab le 3. 7 -2 

CHECKOUT A P P R O A C H SUMMARY 

Functional Checks 
Cal ibrat ion or 

A l ignment Other T e s t s 

E l e c t r i c a l Networks 

Envi ronmenta l 
Control 

Onboard Checkout 

Data Management 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

By in:iplication on other 
t e s t s 

T e m p e r a t u r e m e a s u r e ­
ment during operat ion. 

By implicat ion on other 
t e s t s 

P e r f o r m a n c e verif icat ion 
on sys tem integra t ion RNS 
s i m u l a t o r s . Check soft­
ware p rocedu re s and 
ha rdware EDS. 

Diagnostic se l f - tes t 
(BITE), and verif icat ion 
by implicat ion. 

Verify EDS sensing 
levels during i n s t r u ­
menta t ion cal ibra t ion 

Verify p a r a m e t e r 
l imit a s s ignmen t s 
both m software and 
m EDS ha rdware . 

Verify ins ta l la t ion 
and redundanc ies . 
Check connection 
and insulat ion 
r e s i s t a n c e s . 

Quality fault i so la ­
tion p r o c e d u r e s . 
Verify EDS au to­
mat ic operat ion by 
s imulat ing fa i lu res . 

Check automat ic 
switchover of p r o c ­
e s so r and data bus 
e lements p e r f o r m ­
ance. 

Verify 
redundancies 

S t ruc tu res 

Docking /Clus te r ing 

Prope l lan t Feed 
and P r e s s u r i z a t i o n 
s y s t e m s 

Orbital Refueling 

Vent System 

As t r ion ics 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

PROPEELANT MODUEE 

Same as for CCM 

Activate isolat ion and 
blocking valves - l imit 
sw Itches 

Verify component ope ra ­
tion during refueling. 

Component ac tua t ion -
l imit switches 

Component ac tua t ion -
l imit sw i tches 

Same as for CCM where 
appl icable 

Same as for C CM 

Fault predicting— 
acoust ic detect ion 
of s t r uc tu r a l in teg­
rity and c r a c k s . 

Leak check all 
connections. 

Leak check refuel ­
ing valves after 
refuel by p r e s s u r e 
and t e m p e r a t u r e 
m e a s u r e m e n t in 
quad-valve cav i t ies . 

Leak check all 
c onnections. 

Verify redundancies 
and leak check by 
p r e s s u r e and t e m ­
p e r a t u r e m e a s u r e ­
ments m quad-valve 
ca\ iLy. 

Same as for CCM-
add redundancy 
checks 
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Table 3. 7-2 (Continued) 

E l e m e n t 
O 
A 

P 
T 
L 
I G Func l iona l Checks 

Ca l i b r a t i on of 
Al ignment Other T e s t s 

PROPULSION MODULE 

D o c k i n g / C l u s t e r i n g 

P r o p e l l a n t F e e d , 
P r e s s u r i z , a t i o n , and 
Orb i t a l Refueling 
Sys t em 

Chil ldown S y s t e m 

Chil ldown S y s t e m 

Refill Sys t em 

A s t r i o n i c s 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Same as for CCM 

Same as for P r o p e l l a n t 
Module 

ChiUdown pump opera t ion 
for 1 minute—verify speed 
speed developed. Coni -
ponent cyc l i ng - l im i t 
swi tch ver i f i ca t ion 

P u m p ope ra t ion with 
liquid flow. Verify p e r ­
f o r m a n c e by d i s c h a r g e 
p r e s s u r e and speed 
m e a s u r e m e n t . 

Same as for chilldown 
s y s t e m . 

Samie as for CCM 

P u m p i n v e r t e r f r e ­
quency ca l ib ra t ion . 

Same a s chi l ldown 
i n v e r t e r s . 

Same a s for CCM 

Verify r e d u n d a n c i e s 
of va lves and pumps . 
No prope l l an t s e t t l ­
ing r e q u i r e d . 

Leak check of all 
connec t ions . V e r i ­
f icat ion of ope ra t ing 
and i n s t r u m e n t a t i o n 
r e d u n d a n c i e s . 

Same a s for chil ldown 
s y s t e m . 

Same as for CCM— 
add redundancy 
c h e c k s . 

Au toma t i c Mating 
P a n e l s and 
M e c h a n i s m 

Fluid 

E l e c t r i c a l 

X 

X 

X 

X 

X 

X 

INTERFACES 

Verify ope rab i l i t y by 
mat ing with tes t pane l s . 

By imp l i ca t i on dur ing 
orbi t refuel ing 

Ver i f ica t ion of to rque 
level at connect ing po in t s . 

By impl i ca t ion dur ing 
o ther t e s t s e x e r c i s i n g 
componen t s and verifying 
m s t r u i n e n t a t i o n . 

Mechan ica l a l ignmen t 
t o rque level c a l i b r a ­
tion to ach ieve tight 
connec t ions . 

Redundancy 
ve r i f i ca t ion 

Leak check by 
m e a s u r i n g flow at 
dual sea l f lange 
l eakage p o r t s . 

Continuity and 
i so la t ion r e s i s t a n c e 
m e a s u r e m e n t s on 
t es t l i n e s . 

69 



3 . 7 . 3 A s t r i o n i c s and Sof tware I m p a c t 

R e v i e w i n g the v a r i o u s s u b s y s t e m s , o r b i t a l checkou t , and u t i l i z ing S-IVB 

t e s t d a t a , i t is e s t i m a t e d tha t 25 , 0 0 0 - w o r d s t o r a g e wi l l r e q u i r e for the 

checkou t p r o c e d u r e s . T h i s i n c l u d e s both s u b s y s t e m and e m e r g e n c y p r o c e ­

d u r e s . A l though the bulk of the p r o c e d u r e s a r e p e r f o r m e d off the peak da t a 

p r o c e s s i n g load t i m e (o rb i t a l o p e r a t i o n s or c o a s t p h a s e s ) , t h e r e is a r e q u i r e ­

m e n t to p e r f o r m spec i f i c checkout— r e l a t e d o p e r a t i o n s d u r i n g p e a k ( an t i c i ­

pa t ed d u r i n g eng ine b u r n ) . Rev iewing the c h e c k o u t funct ions tha t m u s t be 

per formied du r ing p e a k , a t o t a l of 8, 200 e q u i v a l e n t adds p e r s econd (ops) 

h a v e been iden t i f i ed . T h e s e p r i m a r i l y i nc lude the d a t a m a n a g e m e n t self-

check p r o c e d u r e s , g u a r a n t e e i n g the h e a l t h of the p r o c e s s o r , and t r e n d 

a n a l y s i s o p e r a t i o n s to d e t e c t i m p e n d i n g f a i l u r e s which p o t e n t i a l l y would 

p r e c l u d e an e m e r g e n c y s i t u a t i o n . Add i t i ona l l y , a s m a l l a m o u n t of p r o c ­

e s s i n g wi l l be u s e d for a g e n e r a l h e a l t h m o n i t o r o r s t a t u s m o n i t o r i n g c a p a ­

b i l i ty inc luded in the d a t a m a n a g e m e n t func t i ons , A r e v i e w of spec i f i c s u b ­

s y s t e m s i n d i c a t e s t ha t the ex i s t i ng v e h i c l e o p e r a t i o n a l d a t a a c q u i s i t i o n c a p a ­

b i l i ty can g e n e r a l l y be u s e d as a p r i m a r y da t a s o u r c e to e v a l u a t e the p e r ­

f o r m a n c e of e a c h s u b s y s t e m dur ing the checkou t p h a s e . Add i t i ona l l y , the 

c o n t r o l to s t i m u l a t e t h e s e s u b s y s t e m s / c o m p o n e n t s can be effected by the 

n o m i n a l c o n t r o l l i n e s of the RNS, A m i n i m u m of add i t iona l i n s t r u m e n t a t i o n 

and c o n t r o l wi l l be r e q u i r e d for c h e c k o u t . E x c e p t i o n s to th i s a r e the 

r e q u i r e m e n t tha t p o s i t i o n i n d i c a t i o n s be supp l ied for al l c o m p o n e n t s to 

ve r i f y the p e r f o r m a n c e of the c o m p o n e n t upon s i m u l a t i o n and d i s c r e t e 

i n s t r u m e n t a t i o n and c o n t r o l be p r o v i d e d for al l r e d u n d a n c i e s . B e c a u s e C C M 

checkou t i s a s s i s t e d by g round s u p p o r t e q u i p m e n t , the add i t ion of t e s t con­

n e c t o r s wi l l be r e q u i r e d for a c c e s s to c r i t i c a l t e s t po in ts for the v e r i f i c a t i o n 

of t h e s e s u b s y s t e m s and the a s s o c i a t e d r e d u n d a n c i e s , 

3 . 8 INFORMATION MANAGEMENT 

Th i s s e c t i o n is c o n c e r n e d with the i n f o r m a t i o n flow b e t w e e n the RNS and 

e x t e r n a l s y s t e m e l e m e n t s . The d a t a flow i n t e r n a l to the RNS, the a s s o c i a t e d 

p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s , the RNS s y s t e m a r c h i t e c t u r e , and da t a 

bus concep t a r e d e s c r i b e d in Sec t ion 4 . 7 , 6 . The P h a s e II s tudy e s t a b l i s h e d 
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the ins t rumentat ion l is t used as a bas is for the data flow evaluation and 

selected PCM/PSK coding and RF t r ansmis s ion in the S-band based on the 

compatibil i ty with the Deep Space Information Faci l i ty (DSIF/MSFN) and the 

maximum anticipated data ra te of 0,5 MHz. 

3 . 8 , 1 External Systems Informational Interfaces 

Table 3 .8 -1 s u m m a r i z e s the informational flow with the leading external 

sys tem e lements by RNS function. The l a rges t quantity of information flow 

occurs between the RNS and ground. Minimal information flow exis ts for 

short per iods of t ime between other p rog ram elements and the RNS. 

3 . 8 . 1. 1 Ground Interfaces 

The ground will monitor the RNS performance and in termit tent ly uplink 

information to the RNS. Uplink requ i rements exist throughout all miss ion 

phases to allow for d i rec t control of RNS operat ions or for p rog ram changes 

that a r e determined n e c e s s a r y during the space res idence of the RNS. Ground 

process ing of RNS data is n e c e s s a r y for evaluation of the previous miss ion 

per formance to a s s e s s vehicle status and establ ish unscheduled maintenance 

r e q u i r e m e n t s . In non- rea l t ime the ground will p rocess the s tored, com­

p r e s s e d per formance data t ransmi t ted by the RNS to per form fault predict ion 

or t rend analysis evaluation between m i s s i o n s . The resu l t s of this evalua­

tion will de te rmine what maintenance operat ions must be effected pr ior to 

initiation of subsequent m i s s i o n s . A l imited number of c r i t i ca l functions 

a re anticipated to be monitored in rea l t ime to provide for ground in terven­

tion in special s i tuat ions . The projected capabil i t ies of the DSIF/MSFN are 

assumed to include an average of five ground stations per orbi t and 160 min­

utes pe r day viewing t ime . 

3 . 8 , 1.2 Space Shuttle Interfaces 

While the ground interfaces a re charac te r ized by RF t r a n s m i s s i o n s , the 

space shuttle interface is charac te r ized by a ha rd - l ine connection to the RNS 

data bus . During launch and module re turn maneuvers , the space shuttle 

will connect into the RNS data bus direct ly to effect the gathering of informa­

tion and control of RNS module components . During propellant t r ans fe r 

opera t ions , the space shuttle will physically connect to the RNS and using the 
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Table 3 .8 -1 

RNS INFORMATIONAL INTERFACE WITH OTHER PLANNED SYSTEM ELEMENTS 

^~~~~--..̂ ^^ o p e r a t i o n a l I n t e r f a c e 
^ ^ - ^ m N S F u n c t i o n s ) 

S y s t e m ~̂~"~~---,.,...̂ ^̂ ^ 
E l e n n e n t ~̂~-~~---....̂ ^̂ ^̂  

D S I F / M S F N 
( G r o u n d ) 

S p a c e S h u t t l e 

r N T - 2 1 

R e n d e z v o u s 
a n d D o c k i n g 

for A s s e m b l y , 
M a i n t e n a n c e , 

a n d R e p l e n i s h m e n t 

M o n i t o r 
o p e r a t i o n s — 
d a t a t r a n s m i t t e d 
f r o m R N S , I N T 21 
o r s p a c e s h u t t l e 

R N S p a s s i v e — 
s p a c e s h u t t l e n i a n -
e u v e r s t o a l l o w fo r 
L H 2 r e p l e n i s h m e n t 

RNS p a s s i v e — 
m u s t h o l d 
c o n s t a n t 
a t t i t u d e — 
C C M m a n e u v e r s 
fo r a s s e m b l y 
o p e r a t i o n s 

N a v i g a t i o n 
a n d G u i d a n c e 

B a c k u p c a p i b . 
to b a s e l i n e 
a u t o n o m o u s 
R N S . N8.G 
u p d a t e o n 
p o s i t i o n a n d 
v e l o c i t y 

N o t 
r e q u i r e d 

N o t 
r e q u i r e d 

C h e c k o u t 

P r o c e s s i n g of 
p r e v i o u s m i s s i o n 
d a t a for t r e n d 
a n a l y s i s / f a u l t 
p r e d i c t i o n . 
O p e r a t i o n a l 
m o n i t o r of 
l i m i t e d n u m b e r 
of c r i t i c a l 
f u n c t i o n s 

N o t r e q u i r e d 

N o t r e q u i r e d 

I n s t r u m e n t a t i o n 
C o m m a n d 

a n d C o n t r o l 

U p l i n k t o t h e 
R N S f o r p r o ­
g r a m c h a n g e o r 
d i r e c t c o m m a n d 

M o n i t o r and 
c o n t r o l of 
m o d u l e s d u r i n g 
l a u n c h p h a s e 
u s i n g R N S 
d a t a b u s 

M o n i t o r and 
c o n t r o l of 
m o d u l e d u r i n g 
l a u n c h and 
a s s e m b l y p h a s e 
u s i n g R N S 
d a t a b u s 

D a t a 
M a n a g e m e n t 

S t o r e a n d 
m o n i t o r d a t a 
c o n n . p r e s s e d and 
t r a n s m i t t e d by 
RNS 

P r o c e s s m o d u l e 
d a t a f r o m RNS 
d a t a b u s d u r i n g 
l a u n c h 

P r o c e s s m o d u l e 
d a t a f r o m RNS 
d a t a b u s d u r i n g 
l a u n c h a n d 
a s s e m b l y 
o p e r a t i o n s 



data bus control operate the required components to effect t ransfer of LH^. 

Information t rans fe r occurs between the RNS and the space shuttle only du r ­

ing these phases of the miss ion . The requi rement for compatibili ty of the 

RNS and space shuttle data bus implementat ion is implied. 

3 . 8 . 1 . 3 Payload Interfaces 

The payload interfaces with the RNS are represen ted by a capability to 

accept data both hard line and via a compatible data bus and to provide for 

manned payload control of RNS functions again using the capability of the 

data bus in addition to ha rd- l ine control effected through the EDS. The RNS 

is independent of the payload and these interfaces provide an over r ide capa­

bility in the case of manned payloads . 

3 . 8 . 1 . 4 INT-21 Interfaces 

Fo r the Class 1 Hybrid RNS, the INT-21 launch vehicle is postulated for the 

launch of the propellant module. No intell igence is attributed to the p ro ­

pellant module; consequently, the INT-21 is required to provide control and 

monitoring of propellant module functions during launch. Additionally, the 

INT-21 will provide stable orientat ion so that the CCM deployed from the 

space shuttle can dock to the propellant module and take over control before 

separa t ion , 

3 . 8 . 1 . 5 NERVA Interfaces 

The NERVA interface is an internal interface to the RNS and is covered in 

detail in Section 4 . 7. 5 and in Section 7, 2, 3 of Book 2, In summary , this 

interface is p r ima r i l y accomplished between the NDICE located forward in 

the RNS and the data bus termiinal dedicated for engine control and ins t ru ­

mentation located on the propulsion module. The RNS data bus is utilized for 

t r ansmis s ion of this data and no independent engine interface exis ts outside 

of the RNS. All data a re integrated into the data nnanagement function of 

the RNS. 
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3 . 8 . 2 Da ta F l o w 

T h e d a t a flow b e t w e e n the RNS and g round w a s e v a l u a t e d and s e v e r a l con­

c l u s i o n s d e r i v e d . Al though n u m e r o u s d a t a i n t e r f a c e s can be e s t a b l i s h e d 

b e t w e e n the RNS and o t h e r s p a c e p r o g r a m e l e m e n t s , the p r i m a r y r e c u r r i n g 

c o m m u n i c a t i o n e x i s t s b e t w e e n the RNS C C M and the g r o u n d . Two a p p r o a c h e s 

w e r e e v a l u a t e d : (1) u s ing a d i r e c t R F l ink to g round s t a t i o n s , and (2) us ing 

an R F l ink to g round v i a a c o m m u n i c a t i o n s s a t e l l i t e . With r e l a t i v e l y low 

d a t a r a t e s , a d u m p of d a t a o v e r e a c h g round s t a t i on can be u s e d r e q u i r i n g 

s t o r a g e of r e a l t i m e da t a when out of v iew of a g round s t a t i o n . With h igh 

d a t a r a t e s , c o m m u n i c a t i o n s a t e l l i t e s m u s t be u s e d to e s t a b l i s h con t inua l 

d a t a flow to e a r t h in r e a l o r n e a r r e a l t i m e . 

3 . 8 . 2 . 1 R e q u i r e m e n t s 

B a s e d on the d a t a r e q u i r e m e n t s ident i f ied in P h a s e II and p r e s e n t e d in 

S e c t i o n 4 . 7 , 1 for an o p e r a t i o n a l v e h i c l e , i t c an be d e t e r m i n e d t h a t t h e r e i s 

an e x p e c t e d 8 ,800 s a m p l e s p e r s e c o n d . F o r t en b i t s p e r s a m p l e , a p p r o x i ­

m a t e l y 90, 000 b i t s p e r second of da t a would be g e n e r a t e d . F o r a t yp i ca l 

RNS e a r t h o r b i t , the t o t a l da t a a c q u i r e d would then be at a r a t e of 
Q 

5 X 10 b i t s / o r b i t . F o r t r a n s m i s s i o n f r o m l u n a r d i s t a n c e s w h e r e the g round 
4 

s t a t i o n s a r e e s s e n t i a l l y in con t inuous v iew, a d a t a a c q u i s i t i o n r a t e of 9 x 10 

b i t s / s e c a p p l i e s . 

3 . 8 . 2 . 2 Bandwid th R e d u c t i o n A p p r o a c h e s 

T h e r e i s a s t r o n g m o t i v a t i o n to r e d u c e the t o t a l quant i ty of da t a t r a n s m i t t e d 

to e a r t h wi thou t r e d u c i n g the i n f o r m a t i o n a l con ten t of t h e s e d a t a . T e c h n i q u e s 

of d a t a c o m p r e s s i o n to a c h i e v e th i s ob j ec t ive a r e w e l l known. A l t e r n a t e l y , 

d a t a e l i m i n a t i o n could be p r a c t i c e d . Th i s would t a k e the f o r m of having 

m u l t i p l e d a t a m o d e s for the v a r i o u s m i s s i o n p h a s e s e a c h of wh ich would 

con ta in only a s u b s e t of the RNS p a r a m e t e r l i s t . It i s e s t i m a t e d tha t about 

e igh t d i s c r e t e p h a s e s would be e s t a b l i s h e d , e a c h hav ing a c h a r a c t e r i s t i c 

s u b s e t of d a t a . Da ta not r e l e v a n t to the p a r t i c u l a r m i s s i o n p h a s e would be 

n e i t h e r s a m p l e d n o r t r a n s m i t t e d . The p o s s i b i l i t y of e l i m i n a t i n g the l e a s t 

s ign i f i can t b i n a r y b i t s , thus s h o r t i n g the w o r d l eng th , a l so e x i s t s . Da ta 

c o m p r e s s i o n t e c h n i q u e s and m u l t i m o d e da t a a p p r o a c h e s e v a l u a t e d in P h a s e II 

a r e p r e s e n t e d in Sec t ion 2. 2. 3 of R e f e r e n c e 3 - 2 . 
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3. 8. 2. 3 A p p r o a c h E v a l u a t i o n and Se l ec t i on 

Us ing da t a c o m p r e s s i o n t e c h n i q u e s wh ich do not r e d u c e the i n f o r m a t i o n a l 

con ten t a r e d u c t i o n of the t o t a l da t a t r a n s m i t t e d f r o m o r b i t c a n be a c h i e v e d . 

G e m i n i da t a c o m p r e s s i o n s i m u l a t i o n s have d e m o n s t r a t e d c o m p r e s s i o n r a t i o s 

of about 100 to 1 for t h e type of d a t a a n t i c i p a t e d for t h e RNS. A s s u m i n g five 

g round s t a t i o n s would be a v a i l a b l e and t h e t o t a l t r a n s m i s s i o n t i m e o v e r t h e s e 

g round s t a t i o n s w e r e 160 m i n u t e s p e r day, a t r a n s m i s s i o n r a t e to g round u s i n g 

da t a c o m p r e s s i o n would be 8. 5 x 10 b i t s p e r s e c o n d . Da ta c o m p r e s s i o n 

r e q u i r e m e n t s on the d a t a m a n a g e m e n t funct ion r e p r e s e n t s one of the l a r g e s t 

p r o c e s s i n g r e q u i r e m e n t s . H o w e v e r , it i s c o n s i d e r e d to t a l l y wi th in the c a p a ­

b i l i t y of a c o n v e n t i o n a l p r o c e s s o r ( s ee Sec t ion 4. 7. 5). Dur ing t h e life of the 

RNS th i s r e p r e s e n t s an o v e r w h e l m i n g quan t i ty of da t a to be r e c e i v e d , 

p r o c e s s e d or s t o r e d in g round f a c i l i t i e s . T h i s s u g g e s t s t h a t ex t ens ive da t a 

e l i m i n a t i o n m a y be a l s o d e s i r a b l e . A l t e r n a t i v e l y the d a t a m a y be d i s p o s e d of, 

u n p r o c e s s e d a f t e r s o m e p e r i o d of t i m e . 

The r e l a t i v e l y low t r a n s m i s s i o n r a t e i n d i c a t e s t h a t t h e r e i s no r e q u i r e m e n t 

for c o m m u n i c a t i o n s a t e l l i t e r e l a y to t r a n s m i t full i n f o r m a t i o n con ten t to 

g r o u n d . H o w e v e r , t h e i r a v a i l a b i l i t y would a l low for e s s e n t i a l l y con t inuous 

v iewing of the RNS. F u r t h e r m o r e , the low da t a r a t e i s c o m p a t i b l e with the 

u s e of a s u b c a r r i e r of the unif ied S-band t r a n s m i s s i o n s y s t e m . T h i s would 

t y p i c a l l y be the 1. 0 2 4 - M H z t e l e m e t r y s u b c a r r i e r of the 2, 287 . 5 -MHz c a r r i e r 

p r e s e n t l y d e d i c a t e d to the CSM. T h i s p r o v i d e s s u b s t a n t i a l add i t i ona l b a n d ­

width c a p a b i l i t y for d a t a on the s a m e c a r r i e r , i nc lud ing low r a t e TV c o v e r a g e 

for o p e r a t i o n s and e x p e r i m e n t s in t h e e a r l y p h a s e s of the p r o g r a m . 
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3, 9 P R E S T A R T COAST 

P r e s t a r t c o a s t c o v e r s the p e r i o d p r i o r to s t a g e m a i n p r o p u l s i v e m a n e u v e r s 

in e a r t h o r b i t , l u n a r o r b i t , and in t r a n s i t a c c o r d i n g to the m i s s i o n t i m e l i n e 

def ined in Sec t ion 2 . 3 . The s t a g e funct ions r e q u i r e d inc lude n a v i g a t i o n and 

g u i d a n c e , a t t i t ude c o n t r o l , a t t i t ude m a n e u v e r s , and s e p a r a t i o n f r o m t a r g e t 

f a c i l i t i e s p r i o r to NERVA o p e r a t i o n . 

3 . 9. 1 Nav iga t i on and Guidance 

The n a v i g a t i o n and g u i d a n c e s u b s y s t e m wi l l be c a p a b l e of o p e r a t i n g in t h r e e 

m o d e s du r ing o r b i t a l c o a s t in add i t ion to full c apab i l i t y o p e r a t i o n : (1) a 

d o r m a n t m o d e , (2) a " w a k e - u p " m o d e , and (3) a checkou t m o d e . Dur ing 

long t e r m c o a s t p h a s e s in e a r t h and l u n a r o r b i t s , the RNS wi l l be s t o r e d in a 

g r a v i t y - g r a d i e n t - s t a b i l i z e d m o d e which obv ia t e s the r e q u i r e m e n t for a t t i t ude 

d e t e r m i n a t i o n . Th i s p e r m i t s u s e of a d o r m a n t m o d e in wh ich a l l N&G 

e l e c t r o n i c s a r e p o w e r e d down and a p r e d e t e r m i n e d e n v i r o n m e n t m a i n t a i n e d . 

P r i o r to a t t i t ude m a n e u v e r s , a " w a k e - u p " m o d e wi l l a l low for i n i t i a l i z a t i o n 

of a t t i t ude and p o s i t i o n and c o a r s e a t t i t ude hold in an o t h e r w i s e d o r m a n t 

p h a s e . In th i s m o d e the h o r i z o n g s e n s o r , IMU and p r o c e s s o r wi l l be a c t i v a t e d 

to d e t e r m i n e the l o c a l v e r t i c a l and m a i n t a i n a lock onto a point on the e a r t h ' s 

h o r i z o n . At t i tude e r r o r s i g n a l s a r e then p r o v i d e d to o p e r a t e the a u x i l i a r y 

p r o p u l s i o n s y s t e m . 

Dur ing c o a s t p e r i o d s , checkou t o p e r a t i o n s wi l l be p e r f o r m e d which inc lude 

c a l i b r a t i o n of the RNS s e n s o r s . Dur ing checkou t and p e r i o d s of pay load 

m a t i n g or r e f u r b i s h m e n t o p e r a t i o n s , a fully o p e r a t i o n a l m o d e wi l l be u s e d 

to d e t e r m i n e pos i t i on and a t t i t u d e . A l so , a c t i ve p e r i o d s ex i s t du r ing t r a n s i t 

w h e r e the full c a p a b i l i t y of the nav iga t ion and gu idance s u b s y s t e m wi l l be 

u t i l i z e d in the gu idance po l i cy to o p t i m i z e the app l i ca t i on of a f t e r coo l ing p u l s e . 
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3. 9. 2 Attitude Control 

F o r l ong - t e rm coast phases in ea r th and lunar o rb i t s , the RNS will be 

s to red in the g rav i ty -g rad ien t - s t ab le , loca l -ver t i ca l orientat ion that precludes 

the necess i ty for active attitude control . The RNS will operate in a l imit 

cycle mode during the t rans lunar and t r ansea r th coast periods and both of the 

24-hour lunar o rb i t s . 

The total impulse for l imit cycle operat ion about pitch, rol l and yaw axes 

over the ent i re miss ion is plotted as a function of min imum impulse bit for 

th ree values of the deadband angle in F igure 3. 9 - 1 , Gravi ty-gradient capture 

considerat ions cons t ra in the min imum impulse bit to less than 190 lb - sec . 

The lower bound is set by the APS motor valve actuation considerat ions which 

r e s t r i c t firing t ime to approximately 0. 030 second. Fo r a thrust level of 

100 lb se lected in Section 4. 6. 2, the resul t ing minimum impulse bit is 

3 l b s - s e c . This value has been adopted for the cur ren t RNS design. In 

addition, a deadband of 1-degree has been assumed to l imit d ispers ions and 

per formance loss during cooldown thrust ing. 
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Figure 3.9-1 COAST PHASE ATTITUDE CONTROL REQUIREMENTS 
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The l imit cycle impulse requ i rements about each axis and the t ime between 

th rus tor firings a r e presented for each of the four affected coast phases in 

Table 3. 9 - 1 . The total impulse requi rement to be used in the APS sizing 

was 1,850 l b - s ec . This impulse requi rement is dependent on the thrus t 

level selected, since the min imum impulse bit is thrust-dependent . However, 

this requ i rement is such a smal l par t of the total requi rement that reduction 

does not appear war ran ted for other considera t ions , such as powered flight 

rol l control authori ty, attitude maneuver t imes , and contingency conditions. 

3. 9. 3 Attitude Maneuvers 

For the lunar miss ion there is a la rge number of candidate attitude 

m a n e u v e r s . The impulse requ i rement is generated in establishing and 

cancelling the attitude ra te at which the maneuver is performed. In 

F igure 3. 9-2 the t ime to per form a 30-degree pitch or yaw maneuver at a 

constant maneuver ra te is presented for the impulse requi red to initiate and 

t e rmina te the pitch or yaw ra t e . The S-IVB uses a maneuver ra te of 

0. 3 degree / second . Fo r the RNS a ra te of 0. 1 degree / second has been 

selected. This ra te should provide a reasonable t ime to complete pitch 

Table 3. 9-1 

CLASS 1 COAST ATTITUDE CONTROL IMPULSE REQUIREMENTS* 

Coast Phase 

Trans lunar 

24-hr lunar orbit 
at a r r i v a l 

24-hr lunar orbit 
at depar ture 

T r a n s e a r t h 

Time (hr) 

108 

24 

24 

72 

Impulse Re 
(Ib-

Pitch 

42 

9 

79 

238 

Yaw 

42 

9 

79 

238 

quirements 
sec) 

Roll 

266 

59 

144 

647 

Total 

350 

77 

302 

1, 123 

1,852 

Frequency of 
Fir ing (hr) 

1 

1 

0 ,2 

0 ,2 

Deadband = 1 degree ; minimum impulse bit = 3 l b - s e c . 
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Figiire 3 .9 -2 TIME TO MANEUVER (PITCH OR YAW) 
(Time t o Achieve and Cancel Rate Excluded) 

or yaw maneuvers (a half-hour to rotate 180 degrees) at a relat ively smal l 

cost (froiTL 500 to 8,200 Ib - sec /maneuve r ) . 

F o r this study 3 6 attitude maneuvers have been assumed for the reference 

miss ion profile. These a re identified in Table 3. 9-2, with their impulse 

expendi ture . Based on this schedule, the maneuver impulse requ i rement to 

be used for APS sizing is 145,000 lb - sec . 

Based on studies of the dynamics of the attitude maneuver s , a thrus t level of 

between 10 and 100 lb will give reasonable maneuver t ime. A nominal 100-lb 

th rus t level , about each of pitch and yaw axes , was selected in this study. 

Two 50-lb motors were used in each plane to achieve this thrus t level. The 

pitch and y a w / r o l l motors a r e all 50-lb thrus t . With this size motor , 

max imum rol l control authority was achieved without causing limit cycle 
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Table 3. 9-2 

ATTITUDE MANEUVERS 

Impulse 
Mission Phase Maneuver (lb-sec) 

P r e - T L I 1, Acquire coast attitude 6,800 

2. Reorient for separa t ion 6,800 

3. Reorient after separa t ion 6, 800 

4. Orient for TLI burn 6, 800 

Trans lunar coast 5. Acquire coast attitude 7,000 

6. Orient for midcourse 7, 000 

7. Acquire coast attitude 7,000 

8. Orient for midcourse 7,000 

9. Acquire coast attitude 7, 000 

10. Orient for midcourse 7,000 

11. Acquire coast attitude 7,000 

12. Orient for f i rs t lunar orbit 7,000 
injection burn 

Intermedia te lunar 13. Acquire coast attitude 7,000 
orbi t coast 

14. Orient for lunar plane 7, 000 
change burn 

15. Acquire coast attitude 7,000 

16. Orbit for second lunar 7,000 
orbit injection burn 

Lunar orbit 17. Acquire coast attitude 8,200 
operat ions 

18. Orient for rendezvous 8,200 
maneuver 

19. Orient for gravi ty- 8,200 
gradient s torage 

20. Orient for separat ion 500 
maneuver 
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Table "3. 9-2 (Continued) 

Mission Phase Maneuver 
Impulse 
(lb-sec) 

Second in termedia te 
lunar orbit coast 

T r a n s e a r t h coast 

Ear th orbit coast 

2 1 . 

22 . 

2 3 , 

24 . 

25 . 

26 . 

27 . 

28 . 

29 . 

30. 

3 1 . 

32. 

33 . 

34. 

35 . 

36. 

37. 

Acquire coast attitude 

Orient for third lunar 
orbit burn 

Acquire coast attitude 

Orient for second lunar 
orbit plane change burn 

Acquire coast attitude 

Orient for TEI burn 

Acquire coast attitude 

Orient for midcourse 
cor rec t ion 

Acquire coast attitude 

Orient for midcourse 

Acquire coast attitude 

Orient for midcourse 

Acquire coast attitude 

Orient for EOI burn 

Acquire coast attitude 

Orient for rendezvous 
maneuver 

Orient for gravi ty-gradient 
s torage 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

TOTAL 144,800 
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consumption to become la rge . As will be shown in Section 4. 6. 3, a 

configuration could be selected which would provide complete redundancy in 

yaw and contingency operat ion (in case of a motor failure) in pitch. 

3 . 9 . 4 Separat ion 

In the event the RNS is in the vicinity of a manned facility pr ior to an-orbi t 

depar ture maneuver , the RNS must leave its vicinity before initiating full-

thrus t NERVA operat ion because of the radiat ion problem. The separa t ion 

maneuver descr ibed in Reference 3-1 imposes a severe impulse requi rement 

on the APS (AV = 22 fps in the ear th orbit case assuming the NERVA engine, 

operating in the idle mode, provides half the impulse) . 

Previously in Phase II, a safe separat ion distance (tentatively identified as 

160 nmi) was achieved by Hohmann t ransfer with RNS moving above and 

behind the space station. The cost of achieving the l60-nmi separat ion 

distance in t e r m s of impulsive velocity (AV) and altitude difference is shown 

in F igure 3. 9-3 as a function of t ime to attain the safe dis tance. An altitude 
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Figure 3.9-3 SEPARATION MANEUVER REQUIRMENTS 
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difference of 5 nmi was assunaed which resul ted in a AV cost of 31 fps that 

was provided by the APS. The sensit ivity of impulse to AV of 10,000 l b - s e c / 

fps made this maneuver a logical candidate for impulse reduction. Half of 

the impulse requi rement can be t r ans fe r r ed from the APS to the main 

propulsion sys tem by using the NERVA engine operating in the idle mode to 

provide the prograde c i rcu lar iza t ion burn at apogee, since the station is 

shielded from the engine by the RNS. Fu r the r reduction in APS impulse is 

obtained by using the APS to provide a smal l separa t ion that would never the ­

less allow the NERVA (in the idle mode) to complete the initial injection 

maneuver . This is accomplished using the APS to provide a prograde AV of 

2. 5 fps. The resul t ing elliptic orbit places the RNS 7 nmi behind, co-al t i tude 

with the space station after one orbit . The NERVA engine then provides that 

AV, over and above the 2. 5 fps, that is requi red to es tabl ish an elliptic 

orbit with the des i red altitude difference. This maneuver is also a prograde 

burn, so again the space station is within the shielded cone angle of the RNS. 

This mode of obtaining the separa t ion distance takes one orbit longer than 

the previously used mode but requ i res a AV of only 2. 5 fps from the APS 

for each maneuver . The t ime to achieve separa t ion is now a function of 

main stage impulse expended ra the r than APS impulse , thus providing 

g rea t e r flexibility. The total impulse requi rement for the separa t ion 

maneuve r s , using this scheme, is 49,400 lb - sec . 

3. 10 PROPELLANT UTILIZATION AND THRUST MODES 

The propellant uti l ization and NERVA thrust modes during the lunar shuttle 

miss ion profile, which generate various stage design r equ i r emen t s , a re 

defined in Table 3. 10-1 . These show the propellant loadings, equi l ibr ium 

ullage volume, and ullage m a s s in the propellant modules and the propulsion 

module after completion of main stage burns . Also, the aftercoolant required 

after completion of the burns and refilling of the propulsion module before 

s ta r tup a r e shown separa te ly . 

The NERVA thrus t modes for the various miss ion maneuvers a r e indicated. 

The f i rs t burn, t r ans lunar injection (TLI), is performed at full thrust . The 

requi red propellant for pulsed aftercooling is contained in the propulsion 

module run tank. The midcourse cor rec t ion is performed using the NERVA 

idle mode. Only the propulsion module is operated for that maneuver . The 
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Table 3. 10-1 

PROPELLANT UTILIZATION AND THRUST MODES - CLASS 1 HYBRID 

I t e m 

I n i t i a l 

T L I 

T L I 
A f t e r c o o l i n g 

T L I 
M i d c o u r s e 

Ref i l l 
Run Tank 

L O I - 1 

L O I - 1 
A f t e r c o o l i n g 

L O I - 2 

Ref i l l 
Run T a n k 

L O I - 3 

L O I - 3 
A f t e r c o o l i n g 

Ref i l l 
Run Tank 

T E I - 1 

T E I - 1 
A f t e r c o o l i n g 

T E I - 2 

Ref i l l 
Run T a n k 

T E I - 3 

T E I - 3 
A f t e r c o o l i n g 

TEI 
M i d c o u r s e 

Ref i l l 
Run T a n k 

E O I 

EOI 
A f t e r c o o l i n g 

F l i g h t 
P e r f o r m a n c e 
R e s e r v e A 

L o a d i n g 
(lb) 

2 8 9 , 8 5 0 

1 2 0 , 2 1 0 

1 1 8 , 2 5 0 

1 1 8 , 2 5 0 

1 0 9 , 9 5 0 

1 0 0 , 5 5 0 

1 0 0 , 5 5 0 

1 0 0 , 5 5 0 

9 2 , 1 0 0 

7 3 , 8 4 0 

7 3 , 8 4 0 

70 , 850 

6 0 , 2 9 0 

6 0 , 2 9 0 

6 0 , 2 9 0 

5 3 , 3 8 0 

4 6 , 6 0 0 

4 6 , 6 0 0 

4 6 , 6 0 0 

4 3 , 7 7 0 

4 0 0 

4 0 0 

P r o p e l l a n t Tan 

Ul l age , 
V o l u m e (ft ) 

3 , 3 0 0 

4 1 , 8 0 0 

4 2 , 2 5 0 

4 2 , 2 5 0 

4 4 , 1 3 0 

4 6 , 2 6 0 

4 6 , 2 6 0 

4 6 , 2 6 0 

4 8 , 1 7 0 

5 2 , 3 1 0 

52, 310 

5 2 , 9 9 0 

5 5 , 3 8 0 

5 5 , 3 8 0 

5 5 , 3 8 0 

5 6 , 9 4 0 

5 8 , 4 8 0 

5 8 , 4 8 0 

5 8 , 4 8 0 

5 9 , 1 2 0 

k 

Ullage 
M a s s (lb) 

4 5 0 

5 ,700 

5 ,760 

5 ,760 

6 , 0 3 0 

6 , 3 3 0 

6 , 3 3 0 

6 , 3 3 0 

6 , 6 0 0 

7, 170 

7, 170 

7 , 2 7 0 

7 , 6 1 0 

7, 610 

7 , 6 1 0 

7, 830 

8, 050 

8, 050 

8 , 0 5 0 

8, 140 

8 , 3 9 0 

8 , 3 9 0 

Run T a n k 

Load ing 
(lb) 

1 9,690 

8, 000 

2 , 4 3 0 

1,400 

9 , 6 9 0 

8 , 0 0 0 

7 , 2 0 0 

1 ,240 

9 , 6 9 0 

8, 000 

6 , 7 0 0 

9 , 6 9 0 

8, 000 

7, 120 

2 , 7 8 0 

9 , 6 9 0 

8, 000 

7 , 3 8 0 

6 , 8 6 0 

9 , 6 9 0 

4 , 7 4 0 

1,850 

1 0 0 

U l l a g e , 
V o l u m e (ft ) 

1 2 0 

5 0 0 

1,770 

2 , 0 1 0 

1 2 0 

5 0 0 

6 8 0 

2 , 0 3 0 

1 2 0 

5 0 0 

8 2 0 

1 2 0 

5 0 0 

7 0 0 

1,680 

1 2 0 

5 0 0 

6 4 0 

7 6 0 

1 2 0 

1,240 

1,900 

2 , 3 0 0 

Ul l age 
M a s s (lb) 

16 

70 

2 4 0 

2 7 0 

16 

70 

1 0 0 

2 9 0 

16 

7 0 

1 2 0 

16 

7 0 

1 0 0 

2 4 0 

16 

7 0 

9 0 

1 1 0 

16 

1 8 0 

2 7 0 

3 2 0 

T h r u s t Mode 

_.-

F u l l T h r u s t 

A f t e r c o o l i n g 

Id le Mode 

F u l l T h r u s t 

A f t e r c o o l i n g 

T h r o t t l e Mode 

F u l l T h r u s t 

A f t e r c o o l i n g 

- - -

F u l l T h r u s t 

A f t e r c o o l i n g 

T h r o t t l e Mode 

F u l l T h r u s t 

A f t e r c o o l i n g 

I d l e Mode 

F u l l T h r u s t 

A f t e r c o o l i n g 
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initial el l ipt ical lunar orbit injection maneuver (LOI-1) is also performed at 

full th rus t . Since the run tank was depleted for TLI aftercooling and the 

midcourse maneuver , it inust be refilled before LOI-1 . The subsequent plane 

change maneuver at the moon (LOI-2) is per formed with the NERVA thrott le 

mode, and all of the requi red propellant for that maneuver and LOI-1 

aftercooling is contained in the run tank. Completion of lunar orbit injection 

(LOI-3) is per formed as a full thrus t operat ion, requir ing a refill of the run 

tank before s ta r tup . The same genera l raodes of operat ion a r e applied for 

the remaining phases of the miss ion char t , including the TEI EOI maneuve r s : 

throt t le mode for the plane change at the moon and idle mode for midcourse , 

with ful l - thrust operat ion in the main burns . All aftercooling operations and 

the smal l maneuvers which a re performed at less than full thrust a r e 

per formed using only the propulsion module run tank. It is refilled before 

each ful l - thrust burn. 

The NERVA thrus t modes generate requi rements for different stage functions, 

including propellant sett l ing, feed sys tem chilldown, p rep res su r l za t ion , 

p r e s t a r t run tank refi l l , navigation and guidance, and thrus t vector control. 

The var ious NERVA thrus t operating modes a r e defined according to their 

respect ive p a r a m e t e r s and requi red RNS functions in Table 3. 10-2. 

Table 3. 10-2 

REQUIREMENTS FOR NERVA OPERATING MODES 

NERVA 
Operating 

Mode 

Full Power 

Thrott le Mode 

Idle Mode 

Aftercooling 

NERVA P a r a m e t e r s 

Thrus t 
(lb) 

75, 000 

45, 000 

1,000 

300 

Flow-
Rate 

( lb/sec) 

91.9 

55. I 

2 

0 . 7 

I s p 
(sec) 

825 

825 

500 

430 

RNS Functions 

P r o ­
pellant 
Settling 

X 

X 

Feed 
System 
Chill-
down 

X 

X 

P r e p r e s -
surization 

X 

P r e s t a r t 
Run 
Tank 
Refill 

X 

Naviga­
tion 
and 

Guidance 

X 

X 

X 

X 

Thrust 
Vector 
Control 

X 

X 

X = Required 
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3. 11 STARTUP 

3. 11. 1 Operations Phasing 

The sequencing and in ter re la t ion of the operations of propellant sett l ing, 

propellant feed sys tem conditioning, NERVA thrus t buildup, and p r e ­

p res su r l za t ion of propellant tankage a re delineated in Figure 3. 11-1 . 

Propel lant settling consists of two phases . The initial phase of inviscid 

orientat ion requi res a low accelera t ion provided by the APS. This is followed 

by a h igh- thrus t , dissipat lve settling phase for which the n e c e s s a r y acce l e r a ­

tion is provided by NERVA during its s ta r tup r amp. The operat ions for 

preconditioning the feed sys tem include chilldown and p r e s t a r t refilling of 

the run tank. These a re accomplished during the inviscid orientat ion phase 

after an initial settl ing period. P rep re s su r l za t i on cannot be initiated until 

completion of the dissipat lve phase of settling and NERVA cannot operate 

above the thrott le point without tankage p rep ressu r l za t ion , so a thrust hold 

per iod at the throt t le point is incorporated into the th rus t buildup r amp . After 

p rep res su r l za t ion of the run tank the NERVA thrust can be increased to full 

SYSTEM 

PROPELLANT 
SETTLING 

FEED SYSTEM 

NERVA 

INVISCID ORIENTATION 

CHILL-PRESTART RUN 
iDOV^Nl TANK REFILL 

BOOT 
STRAP 

DISSIPATIVE 

COMPLETE 
RA/vlP 

POWERED 
RUN TANK 

REFILL 

THRUST 
HO 

PREPRESSURIZATION 

Rm? 
TO 

JllROTTLE PQINI 

D ItlFULLPOWER 

^ i PELi_ANT 
' ' " ' ' MODULE 

Figure 3 .11-1 STARTUP OPERATIONS PHASING SCHEMATIC 
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po'wer, although for some cases it could be des i rab le to maintain the thrust 

hold until completion of p r ep re s su r l za t i on of the propellant module. When 

the propellant module is p r e s s u r i z e d , it can be brought on line to refill the 

run tank under full power. The concepts for each of these operations will be 

defined in the subsequent sec t ions . 

3. 11.2 Propel lant Settling 

The Class 1 Hybrid RNS consis ts of two tanks with different volumes and 

d iamete r s which mus t be set t led up to ten t imes at var ious stages of loading 

in the course of the reference lunar shuttle miss ion . Consequently, 

optimization of the sett l ing p rocess becomes hypothetical and the approach 

adopted for the evaluation was to identify the principle phenomena which would 

design the settl ing sys tem. 

Reference 3-3 delineates the phenomena of settling phases : an initial inviscid 

phase for liquid orientat ion, followed by dissipat lve phases of turbulent 

dissipat ion, l aminar s losh, and bubble r i s e . The advantage of a two-s tep 

sett l ing p roces s was identified. The s t ra tegy is to use a low initial a c c e l e r ­

ation to orient the liquid at the bottom of a tank while impart ing the least 

amount of energy to it, and then r a i se the accelera t ion level to diss ipate the 

energy and el iminate bubbles from the liquid or to stabil ize the liquid gas 

in terface . Fo r Bond numbers much less than 10, settling t imes become 

prohibit ively long, but a lso , the dissipatlve phase at high thrust is a negligible 

fraction of the inviscid portion of the settling t ime. Baffles a re required to 

suppress initial geyser ing and to reduce the laminar slosh phase. 

The geometr ic and accelera t ion considerat ions for the RNS a r e defined in 

t e r m s of Bond number (Bo) as follows: (1) run tank - radius = 6. 66 ft, 

acce le ra t ion (g) = 6. 67 x 10" ' (Bo), length = 21 ft; and (2) Class 1 Hybrid 

propellant tank - radius = 16. 5 ft, accelera t ion (g) = 1.08 x 10" (Bo), and 

length ~ 100 ft. Here the Class 1 Hybrid propellant tank is approximated as 

a cylinder with the full length of the actual i c e - c ream-cone - shaped tank. 
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The a c c e l e r a t i o n l e v e l s p r o v i d e d by a c o n s t a n t t h r u s t and the r e s u l t i n g 

s e t t l i n g t i m e s a r e shown in T a b l e 3. 1 1 - 1 , c o m p a r i n g two c a s e s : in i t i a l r u n 

t ank Bond n u m b e r s of 10 and 100. T y p i c a l l y , a full p r o p e l l a n t t ank would be 

c r i t i c a l in de s ign ing the s e t t l i n g s y s t e m . H o w e v e r , a s the m a i n p r o p e l l a n t 

t ank b e c o m e s s u b s t a n t i a l l y off loaded, the r u n tank b e c o m e s c r i t i c a l for 

s e t t l i n g t i m e . 

T a b l e 3. 11-1 

INVISCID S E T T L I N G PHASE SUMMARY-CLASS 1 HYBRID 

C r i t e r i o n 

(Bo) j^^ = 10, 

3 .15 lb t h r u s t 

(Bo) j^^ = 100, 

3 1 . 5 lb t h r u s t 

P r i o r to 
B u r n 

T L I 
M 
LOI-1 
LOI-2 
L O I - 3 

T E I - 1 
T E I - 2 
T E I - 3 
M 
E O I 

TLI 
M 
LOI -1 
LOI-2 
LOI -3 

T E I - 1 
T E I - 2 
T E I - 3 
M 
E O I 

A c c e l e r a t i o n (g) 

6. 

2 . 
2 . 

6. 

2 . 
2 . 

7 x 1 0 - ^ 
06 X 10-5 ^ 
06 X 10-5 
10 X 10"5 R 
13 X 10-5 

80 X 10"5 
94 X 10"5 R 
99 X 10-5 
10 X 10-5 R 
12 X 10-5 

7 X 10"^ 
06 X 10-4 j ^ 
06 X 10-4 
10 X 10-4 R 
13 X 10-4 

80 X 10-5 
94 X 10-5 R 
99 X 10-5 
10 X 10-5 R 
12 X 10-5 

T 

3 
1 
L 

2, 

L 

3 , 

Settl 
i m e 

, 500 
,460 
, 100 

660 
910 

700 
500 
670 
4 8 0 
660 

,640 

, 100 
150 
320 
2 1 0 
2 9 0 

2 2 0 
160 
2 1 0 
150 
2 1 0 

,020 

ing 
(sec) 

R 

R 

R 

R 

R 

R 

N O T E : R i n d i c a t e s r u n tank is c r i t i c a l . 
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The two-s tep settl ing p rocess was evaluated for severa l s t ra teg ies which a re 

summar i zed in Table 3. 11-2. The applicable Bond number c r i t e r i a for the 

initial and final set t l ing, the associa ted thrus t levels , the inviscid and total 

sett l ing t imes and settl ing propellant requi rements a re indicated. Here the 

cryogenic APS Isp is taken as 400 seconds. Alternate s t ra teg ies a re 

indicated for providing the dissipat lve phase of the settling thrus t , I. e. , use 

of a higher thrust level APS, or integrat ion of the settling with the NERVA 

s ta r tup r a m p . The dissipat lve phases were es t imated based on previous 

detailed technology s tudies . These propellant settling requi rements indicate 

that integrating the settl ing with the NERVA thrust buildup would appear to be 

a super ior s t ra tegy , resul t ing in APS propellant savings of severa l thousand 

pounds and avoiding additional la rge settling m o t o r s . 

The evaluation has resul ted in select ion of a 3, 15-lb settling thrus t to be 

provided by the APS, resul t ing in a run tank Bond number of 10 for initial 

inviscid set t l ing. Additional settling for dissipation will be provided by the 

NERVA s tar tup r amp. Although settl ing t imes of 1,000 seconds and l a rge r 

occur for the initial TLI settl ing with reduced t imes for subsequent burns , it 

Table 3. 11-2 

PROPELLANT SETTLING CRITERIA COMPARISON-CLASS 1 HYBRID 

Bond No. 
Cr i t e r i a 

Initial 

10 

10 

100 

100 

100 

1,000 

Final 

10,000 

10,000 

10,000 

10,000 

100 

10,000 

APS Thrus t (lb) 

Initial 

3. 15 

3. 15 

31. 5 

31. 5 

31.5 

315 

Final 

3, 150 

NERVA 

3, 150 

NERVA 

31. 5 

NERVA 

Settling Time (sec) 

Inviscid 

9,640 

9,640 

3,020 

3,020 

3,020 

960 

Total 

9,830 

9, 640* 

3, 320 

3,020* 

12,080 

960* 

Settling 
Propel lant 

(lb) 

1, 600 

80 

2,630 

240 

960 

760 

* Dissipatlve phase of settl ing integrated with NERVA s tar tup r amp, 

including a hold in the thrus t buildup at the thrott le point. 
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w a s found tha t t h e r e w a s no i n t e r f e r e n c e f ro in a f t e r c o o l i n g p u l s e s , wh ich 

p e r s i s t t h r o u g h s u b s e q u e n t b u r n s in m o s t c a s e s , and a t t i t ude c o n t r o l l i m i t 

c y c l e i m p u l s e s . T h r u s t e r l i f e t i m e s a p p e a r to be a d e q u a t e , s i n c e wi th a 

po l i cy of r e c y c l i n g the RNS c o m m a n d and c o n t r o l m o d u l e to the g r o u n d on 

e a c h m i s s i o n , it would be p o s s i b l e to r e p l a c e the s e t t l i n g t h r u s t o r . 

3 . 1 1 , 3 NERVA T h r u s t R a m p 

The NERVA t h r u s t bu i ldup r a m p is s u m m a r i z e d in T a b l e 3. 1 1 - 3 , w h e r e 

NERVA o p e r a t i n g c o n d i t i o n s , a c c e l e r a t i o n l e v e l , and the r e q u i r e d s a t u r a t i o n 

p r e s s u r e for 0 N P S P a t the ex i s t i ng flow r a t e (defined in Sec t ion 4 . 5. 1) a r e 

i n d i c a t e d at v a r i o u s t i m e s t h r o u g h the r a m p . It is s e e n tha t the eng ine can 

o p e r a t e up to the t h r o t t l e point wi thout p r e p r e s s u r l z a t i o n for the a n t i c i p a t e d 

p r o p e l l a n t h i s t o r i e s (defined in Sec t ion 4 . 3. 12), o r wi th m i n o r a d j u s t m e n t s 

of o p e r a t i n g p r o c e d u r e s . T h e r e is a p p r o x i m a t e l y a l 9 - s e c o n d p e r i o d du r ing 

the r a m p - u p p h a s e un t i l the t h r o t t l e point is r e a c h e d w h e r e a b o o t s t r a p NERVA 

s t a r t u p can be e m p l o y e d wi th a z e r o N P S P r e q u i r e d and p r o v i d i n g a d e q u a t e 

s e t t l i n g t h r u s t for the d i s s i p a t l v e p h a s e of s e t t l i n g . F o r s o m e of the c a s e s 

T a b l e 3. 11-3 

NERVA S T A R T U P THRUST R A M P 

P h a s e 

B o o t s t r a p 

R a m p - u p 

T i m e 
(sec) 

0 

25 

30 

39 

52 

56 

F l o w 
R a t e 

( l b / s e c ) 

1.2 

1.2 

1.8 

29 . 8 

55. 1 

9 1 , 9 

T h r u s t 
(lb) 

295 

383 

691 

17 ,090 

4 4 , 9 9 0 

7 5 , 0 0 0 

I sp 
(sec) 

253 

331 

375 

5 72 

816 

816 

A c c e l e r a t i o n 
(g)* 

6. 3 X 10"4 

8. 1 X lO"'^ 

1.5 X 10"^ 

3 . 6 X 10"2 

9. 6 X 10"2 

0. 16 

PSAT for 
0 N P S P 

(ps la) 

12 

12 

12 

16 .2 

20 . 3 
( T h r o t t l e 
point) 

2 6 . 0 
( F u l l 
t h r u s t ) 

* F u l l RNS at TLI 
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considered it was found that the requi red dissipat lve phase exceeded this 

r a m p - u p phase so that it would be neces sa ry to hold the thrust buildup at the 

throt t le point of 50 ,000- lb th rus t or a lower level until sett l ing were completed 

and all r equ i red p rep re s su r l za t i on could be accomplished. In some cases 

it was also found des i rab le to hold the thrus t below full thrus t until the run 

tank could be refil led. The resul t ing performance losses as a function of the 

duration of the thrus t hold were determined over a 300-second period for the 

two most c r i t i ca l burns a s : -2 . 0 l b / s ec for TLI, and -0 . 4 l b / s ec for LOI. 

Thus, while employing a thrus t hold at the thrott le point can facilitate RNS 

s ta r tup opera t ions , it has a negligible performance impact. An additional 

benefit of the thrus t hold period is an effective increase of burn t ime which 

will reduce the impact of init ial thrust vector misal ignment and minimize 

guidance e r r o r s for the short burns in the miss ion profile. These a re 

analyzed in Section 4. 7. 3. 3 of Volume II, Pa r t B, Book 1 for the Class 3 RNS. 

3. 11.4 Feed System P r e s t a r t Operations 

P r i o r to s ta r tup , it is neces sa ry to chill down the active portion of the RNS 

feed sy s t em to a s s u r e propellant conditions for NERVA and to accomplish a 

predic table s ta r tup operat ion. The feed sys tem interfaces that requi re 

conditioning include the two legs of the NERVA feed sys tem between the 

turbopump and the run tank and the interfaces between the RNS modules . 

These a re summar ized in Table 3. 11-4. All the stage feed ducting uses two 

basic types of flexible e lements , gimbal joints and l inear p r e s s u r e volume 

compensa tors , which account for the m a s s e s shown for those sys t ems . 

The evaluation of boiling heat t ransfer in hydrogen presented in Reference 3-4 

indicates that film boiling occupies about 90 percent of chilldown t ime. 

Accordingly, the film boiling heat t ransfer corre la t ion in Reference 3-5 was 

used, together with a 10 percent increment , to es tabl ish the minimum 

pe rmi s s ib l e t ime for chilldown of each duct from ambient (370 °R) to hydrogen 

sa tura ted conditions. A chilldown sys tem design concept is presented in 

Section 4. 5, 5 which compensates for initial p r e s s u r e surges by automatically 

providing an intermit tent flow. Thus, an additional 100 percent marg in was 

added to the calculated chilldown t imes to account for flow surge effects, 

resul t ing in the t imes shown in Table 3. 11-4. 
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Table 3. 11-4 
CHILLDOWN REQUIREMENTS 

Interface 

NERVA 
(each side) 

Run Tank/ 
Propel lant 
Module 

Components 

PSOV-valve 
9-in. feed duct* 
Turbopump 
PDKVA-valve 

12-in. feed duct* 

Mass 
(lb) 

973 

263 

Length 
(ft) 

8.9 

11 

Equivalent 
Boiloff 

(lb LH2) 

92 

28 

Chill 
Time 
(sec) 

43 

34 

*Includes gimbal joints 

The chilldown operat ion can be initiated as soon as liquid can be supplied to 

the chill pumps. The cur ren t sys t em design is based on initiating chilldown 

at a t ime about 50 percent through the inviscid settling phase. 

It was explained In Section 3. 10 that it is neces sa ry to refill the run tank 

before s ta r tup for all full-power burns to replace propellant expended for 

aftercooling and low^-thrust naaneuvers. The objectives in the design of the 

sys t em a re to avoid venting, to accommodate a higher p r e s s u r e in run tank 

than in the propellant module supply, to integrate the refill operat ion with the 

no rma l sequence of s ta r tup operations (avoiding separa te operat ional r equ i r e ­

ments ) , and to provide for delivery of up to 8, 500 lb of LH2 during the refill 

operat ion. As depicted in the s tar tup operat ion phasing schemat ic , the 

refi l l operat ion will be phased subsequent to the feed sys tem chilldow^n. A 

2 0 - l b / s e c flow ra te is des i red for the refill sys tem defined in Section 4. 5, 6 to 

avoid extending the settling period, but a lower ra te would incur a minimal 

penalty. 
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3 ,11 .5 P r e p r e s s u r l z a t i o n 

To satisfy the propellant condition requ i rements of NERVA (Section 4, 5. 2) 

both the run tank and propel lant tank requ i re p r ep re s su r l za t i on p r io r to 

building up to full thrus t . The propellant module p re s su ran t requi rement was 

es tabl ished for the propellant s tate h is tory defined in Section 4. 3. 12. The 

module is p r e s s u r i z e d from the sa tura t ion p r e s s u r e to the nominal tank 

p r e s s u r e at 28. 7 psia , defined by the p r e s s u r e control analysis in 

Section 3. 12.2. This cor responds to a NERVA operat ing p r e s s u r e of 26 psia 

and a tank design p r e s s u r e of 29 psia . The propellant tank p re s su ran t 

r equ i rement s a r e defined in Table 3. 11-5 utilizing NERVA bleed gas at 225°R 

and a collapse factor of 1. 1. The run tank p r e s su ran t requi rement is less 

than 1 lb in each case so the expulsion p ressu r i za t ion sys tem (0. 58 lb / sec) 

is adequate for p rep re s su r l za t ion . How^ever, a l a rge r p rep res su r l za t ion 

flow rate is requi red in the propellant module: 5 l b / s e c was adopted as a 

base l ine , considering that excess ive depletion of the run tank w^ould not occur 

before the propel lant module was ready to be brought on l ine. 

3. 11. 6 Run Tank Depletion and Refill 

Although the run tank opera tes independently during the s ta r tup operat ion, it 

is des i rab le to avoid depleting its propellant level too great ly because of 

inc reased radiat ion dosage to equipment located at the top of the propulsion 

Table 3. 11-5 

PROPELLANT MODULE PRESSURANT REQUIREMENTS-CLASS 1 HYBRID 

Phase Volume (ft ) 

T L I 

LOI-1 

LOI-3 

TEI-1 

TEI-3 

EOI 

3,300 

44,130 

48,170 

52,990 

56,940 

59, 120 

Saturation 
P r e s s u r e (psia) 

18.6 

19.6 

19.8 

24. 6 

25.0 

26 .0 

P r e s s u r a n t 
Mass (lb) 

20 .4 

246 

262 

133 

129 

98 
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module. The nominal run tank capacity analyzed is 9, 700 lb of LH2 and 

typically it is des i rab le to keep the run tank level above 5,000 lb of LH2, 

where the dose ra te is a factor of 2 higher than for the full tank. The 

min imum run tank level (or depletion) during the s ta r tup operat ions is 

summar i zed in Table 3. 11-6 for the miss ion profile. The duration of the 

NERVA thrus t hold to complete propellant settling and tankage p r e p r e s s u r l z a ­

tion operat ions is also indicated. The resul t ing miss ion performance penalties 

a r e negligible. To avoid excess ive depletion of the run tank for the LOI burns , 

it proved des i rab le to hold the thrust at the throt t le point until completion of 

p r ep re s su r l za t i on . The resul t ing reduced flow ra te before the propellant 

module could be brought on-line avoids excessive run tank depletion. After 

the propellant module is brought on- l ine , the run tank will be refilled during 

full power with the p r e s s u r e head differential between the tanks by reducing 

the impedance of the flow control valve from its s teady-s ta te sett ing. 

Table 3. 11-6 

RUN TANK DEPLETION BEFORE PROPELLANT TANK ON L I N E -
CLASS 1 HYBRID 

Burn 

T L I 

LOI-1 

LOI-3 

TEI-1 

TEI-3 

EOI 

*Option • 

NERVA 
Thrus t Hold 

(sec) 

51 

3 
61* 

0 
59* 

0 

0 

0 

- Maintain thrus 

Propel lant 
Tank 

P r e p r e s s . 
Time (sec) 

5 

58 

60 

29 

28 

20 

Run Tank 
Depletion 
(lb LH^) 

4,010 

6,240 
4, 110* 

6,460 
4 ,290* 

3, 160 

2,970 

2,230 

t hold through propellant tank pre 

Minimum Run 
Tank Level 

(lb LH2) 

5,680 

3,450 
5,580* 

3,230 
5,400* 

6,530 

6,720 

7,460 

ipres surizat ion. 
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3. 11. 7 Navigation and Guidance 

The mos t s t r ingent r equ i rements for the navigation and guidance sensor s 

a r i s e f rom the per formance sensit ivi ty to position and attitude determinat ion 

p r io r to TLI. The accuracy requ i rements derived in the Phase II study, a r e 

shown in Table 3. 11-7 and a r e based on a 50-fps midcourse budget cor rec ted 

by an impulsive maneuver 20 hours after TLI or TEI. Allowance is made for 

impulse e r r o r s , modeling unpredic tabi l i t ies , and navigation inaccuracies 

including sensor e r r o r s in determining the position uncertainty requi rement . 

The requ i rements for TEI is approximately 3 to 5 t imes l ess s t r ingent than 

for TLI; however, for LOI an equivalent velocity e r r o r of 2 fps corresponds 

to a 10-nmi peri lune accuracy . The comparable equivalent velocity for 

10-nmi per igee accuracy at TEI is 6 fps. These requ i rements can be met by 

ground t racking, an autonomous sys tem approach for g round-ass i s ted 

approaches which a r e detailed and evaluated in Section 4. 7. An autonomous 

approach was se lec ted in Section 4. 7. 3 which uses a l andmarker t r a c k e r for 

orbi ta l pa r ame te r determinat ion and s tar t r a c k e r s for p r i m a r y attitude 

determinat ion . 

Table 3. 11-7 

STARTUP NAVIGATION AND GUIDANCE REQUIREMENTS 

RNS Activity 

P r i o r to TLI 
or TEI 

T L I 

T E I 

N&G Mode 

Wakeup 

Operat ional 

Operational 

Sensor Used 

Horizon sensor 
Strapdown IMU 

2 Star t r a c k e r s 
Landmark t r acke r 
Strapdown IMU 

2 Star t r a c k e r s . 
Landmark t r acke r 
Strapdown IMU 

Accuracy Required 

± 1 . 0 degree attitude 
± 5 nmi (radial) position 

± 0. 9 nmi (radial) position 
± 2 fps velocity 
10 a rc second attitude 

± 3 nmi (radial) position 
± 6 fps velocity 
10 a r c second attitude 
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After a period of dormancy in ear th or lunar orbit the "w^akeup" mode 

descr ibed in Section 3 .9 . 1 will initialize position and att i tude. To accurate ly 

de te rmine orbi ta l p a r a m e t e r s , the lankmark t r acke r scans a point on the 

ear th or lunar surface to de termine local ve r t i ca l . After severa l m e a s u r e ­

m e n t s , these data a re combined to refine the initial es t imate of the vehicle 

position and velocity. The s tar t r a c k e r s acquire s t a r s for an iner t ia l attitude 

re fe rence . Once the navigation data thus derived compare with ground-

derived es t imates of the vehicle orbit , a target ing procedure using the s t r a p -

down IMU is c a r r i e d out ^vhich s t ee r s the vehicle during the miss ion burns . 

3. 12 STEADY-STATE OPERATION 

3. 12. 1 Requirements 

During s teady-s ta te operat ion the run tank of the propulsion module acts as 

a surge tank. A control sys tem is required to regulate the p r e s s u r e s in both 

the run tank and main propellant tank(s). In addition, the control sys t em inust 

regulate the flow ra te of LH2 into the run tank to maintain a specified liquid 

level . This control sys tem must be able to: (1) regulate the s tar tup and 

shutdown ramp; (2) refill the run tank after s ta r tup when the propellant 

module has been brought on line; (3) adjust to accelera t ion head changes 

during burn, including switching between tanks; (4) respond to flow rate 

changes for the NERVA emergency mode operat ion at 60 percent of full power; 

and (5) control fluctuations within control ler ha rdware p r e s s u r e bands at 

steady s ta te . 

Thrus t vector control must be provided by engine gimbaling during powered 

flight to achieve vehicle attitude control. The attitude control sys tem must 

compensate for initial thrus t vector misal ignment , vehicle center -of -gravi ty 

offset, initial vehicle rotation r a t e s , and guidance inputs. 

3. 12.2 Propel lant Management Control 

Three p a r a m e t e r s must be sensed by the propellant management control 

sys t em: (1) ullage p r e s s u r e in the propellant module, (2) ullage p r e s s u r e in 

the propulsion module, and (3) the liquid level In the propulsion module. 

Each of these sensors can be tied via the data management sys tem, to one of 

th ree con t ro l l e r s : (1) p r e s su ran t flow valve/vent valve on the propellant 
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module, (2) p r e s s u r a n t flow valve/vent valve on the propulsion module, and 

(3) the LH2 feed valve f rom the propellant module to the propulsion module. 

A var ie ty of concepts for connecting the control s enso r s and control lers were 

evaluated, shown in F igure 3. 12-1 . Control sys tems 1 through 6 a r e 

cha rac te r i zed by connecting a single sensor to each contro l ler . Candidate 

7 has the two sensor s on the propulsion module connected to a single control ler . 

Control sys tems 1, 2, and 7 a r e charac te r i zed by independent p r e s s u r e 

control on each tank. This pe rmi t s p r ep re s su r l za t i on or p r e s su ran t makeup 

as requ i red in any tank and accommodates different thermodynamic s ta tes in 

each tank. Control sys t em 1 is the only one which is suitable for s ta r tup 

and shutdown ramps to bring the propellant tank on line. It is seen that 

s eve ra l of the concepts a r e subject to wide var ia t ions of control response in 

the coupling of the run tank liquid level to the large p r e s s u r i z e d volume of 

the propellant tank. 

Independent operat ion of the run tank would be des i rab le . Orbital checkout 

would be simplified because it would be on a d i sc re te module basis compatible 

CONTROL SYSTEM NO. I CONTROL SYSTEM NO. 4 

Figure 3.12-1 CAMDIDATE PROPELLAHT-PROPULSIOH 
MODULE CONTROL SYSTEMS 
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wi th the m o d u l e a s s e m b l y and r e p l a c e m e n t concep t . Ground t e s t s i m u l a t i o n 

would a l s o be s i m p l i f i e d b e c a u s e the r u n tank could be connec t ed to a r b i t r a r y 

t a n k a g e c o n f i g u r a t i o n s and s t i l l d e m o n s t r a t e o p e r a t i o n on an i n t e g r a l r u n 

t ank . T h e s e w^ould p r o v i d e s ign i f i can t e c o n o m i c benef i t s to the p r o g r a m . 

C o n c e p t s 1 and 7 have the add i t i ona l f e a t u r e of p r o v i d i n g d i r e c t c o n t r o l of 

tank p r e s s u r e for NERVA. C o n t r o l s y s t e m s 1, 2, and 7 w e r e t h e r e f o r e 

c o n s i d e r e d to be the m o s t a t t r a c t i v e , whi le the o t h e r four concep t s w e r e 

c o n s i d e r e d i n c o n s i s t e n t w^lth the s i m p l i f i e d RNS m o d u l e r e p l a c e m e n t concep t . 

S ince c o n t r o l s y s t e m 1 a c c o m m o d a t e s s t a r t u p and shu tdown r a m p s and a l so 

p e r m i t s r e f i l l i ng the r u n tank wi th m i n i m u m add i t i ona l p r e s s u r e head bui l t 

into the s y s t e m , it w^as s e l e c t e d as the b a s e l i n e for f u r t h e r e v a l u a t i o n . The 

l a t t e r c o n s i d e r a t i o n r e f l e c t s a tank weigh t pena l ty of 500 lb p e r p s i a . 

The p r e s s u r e s c h e d u l e and c o n t r o l funct ions a r e def ined in F i g u r e 3. 12 -2 . 

The c o n s i d e r a t i o n s in defining th is s c h e d u l e wi l l be b r i e f l y d e s c r i b e d . The 

f i r s t i s s u e is the feed s y s t e m p r e s s u r e d r o p and the r e s u l t i n g s e p a r a t i o n of 

the p r e s s u r e b a n d s b e t w e e n the p r o p u l s i o n and p r o p e l l a n t m o d u l e s . The feed 

s y s t e m p r e s s u r e d r o p inc luding p r o v i s i o n for a c c e l e r a t i o n h e a d is def ined in 

S e c t i o n 4 . 5. 10. The m a x i m u m s t e a d y - s t a t e va lue shown in the f i gu re is 

1. 2 p s i a . The flow r a t e into the r u n tank v a r i e s as the s q u a r e r o o t of the 

p r e s s u r e d r o p a c r o s s the run tank feed s y s t e m , whi le the p r e s s u r e s In the 

r u n tank and p r o p e l l a n t tank can v a r y wi th in the r a n g e s of t h e i r h a r d w a r e 

d e a d b a n d s . C o n s e q u e n t l y , for a f ixed I m p e d a n c e a wide v a r i a t i o n f r o m the 

s t e a d y - s t a t e flow r a t e could be i n c u r r e d . A buffer 6p is d e s i r e d to m i n i m i z e 

the m a g n i t u d e of the a l lowed f luc tua t ion . In add i t ion , a m a r g i n m u s t be 

p r o v i d e d for i n c r e a s e d flow r a t e r e q u i r e d whi le r e f i l l i ng the r u n tank du r ing 

f u l l - p o w e r , s t e a d y - s t a t e o p e r a t i o n . A flow c o n t r o l m a r g i n 5p = 1.2 p s i a is 

i n d i c a t e d in t h e f i g u r e . Th i s i m p e d a n c e would be p r o v i d e d by the p r o p e l l a n t 

feed c o n t r o l va lve in the run tank. This va lve p e r m i t s a 40 p e r c e n t i n c r e a s e 

in the flow r a t e above s t e a d y s t a t e for r e f i l l ing the r u n tank . 

The nex t c o n s i d e r a t i o n is the t o l e r a n c e s a s s o c i a t e d wi th the p r e s s u r e s e n s o r s 

and c o n t r o l v a l v e s . P r e s s u r e s c h e d u l e s w e r e deve loped for the t o l e r a n c e s 

a s s o c i a t e d wi th t h r e e h a r d w a r e o p t i o n s : (1) p r e s s u r e s w i t c h s e n s o r wi th 

b a n g - b a n g c o n t r o l l e r s ; (2) r e g u l a t o r v a l v e s ; and (3) s t r a i n gage s e n s o r s wi th 

b a n g - b a n g c o n t r o l v a l v e s . The t o l e r a n c e c a p a b i l i t i e s of t h e s e s y s t e m s w e r e 
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considered to be 1. 5, 0. 6, and 0. 2 ps ia , respect ively . In view of the indicated 

tank p r e s s u r e weight penalty, the most accura te control concept, s t r a in gage 

senso r s and bang-bang control valves , was selected. Optical point liquid 

level s enso r s have an accuracy of ±0. 01 in. corresponding to 0, 05 lb LH_. 

Thus liquid level control does not appear limiting for control sys t em 

accuracy . 

The var ious p re s su r i za t i on sys tem functions a r e defined in Section 4. 5, 7, 

according to the module p r e s s u r e control ler action s t ra tegy identified in 

this f igure. A p rep re s su r l za t i on function is provided for the Class 1 Hybrid 

propellant module. It Is turned on until the bottom of the p res su r i za t ion band 

is sensed. The expulsion p ressu r i za t ion function is active to the top of the 

module p r e s s u r e control band, being turned off by activation of the vent band 

sensor which simultaneously actuates the control vent sys tem. The control 

p r e s su r i za t i on function is actuated by the p res su r i za t ion sensor . A deadband 

is provided between the vent and p res su r i za t ion bands within which only the 

expulsion p re s su r i za t ion function is active. 

Simulations of the dynamic behavior of the run tank p r e s s u r e and liquid level 

during s ta r tup , run tank refill , and t rans i t ion to the NERVA malfunction mode 

were per formed. A typical set of responses Is shown in F igure 3. 12-3, where 

the flow control impedance is adjusted 10 percent in response to a 50 - lb liquid 

level sensing increment . These simulations establ ished that the liquid level 

overshoot during run tank refill could be controlled, and that only a smal l 

liquid level r i s e would be incurred if the NERVA flow rate demand was sud­

denly reduced by malfunction. 

3. 12. 3 Thrust Vector Control 

A study was conducted during Phase II to determine the thrust vector control 

sys t em requ i rements for the RNS. P re l imina ry engine gimbal deflections and 

ra te l imits were establ ished based on maintaining an acceptable attitude 

t rans ien t . Results a r e presen ted in Section 2. 6. 2 of Reference 3-2. These 

studies and s imi la r studies by IBM have shown that thrust vector gimbal angle 

requ i rements a re largely determined by the value of thrus t vector misa l ign­

ment plus the vehicle center -of -gravi ty offset. A 1. 5-degree thrus t vector 

misal ignment was allowed for in these s tudies . The factors investigated 
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included the sensit ivi ty of the peak attitude e r r o r to engine position l imi t s , 

the sensit ivi ty to engine gimbaling r a t e , and the t rans ient response . A control 

sy s t em s imi la r to that current ly used on the S-IVB was used for this study. 

Table 3. 12-1 s u m m a r i z e s the engine gimbal requ i rements which were r ecom­

mended during Phase II on the bas is of the cited ana lys is . 

Since it has been found that engine deflection requ i rements a r e very sensi t ive 

to the initial thrus t vector misa l ignment , every effort should be made by the 

engine manufacturer to minimize it. This could resul t in sma l l e r , l ighter 

ac tua to r s , s imple r engine feed l ines , and sma l l e r power requ i rements for 

engine gimbaling. Resul ts of simulations have shown that the attitude excur­

sions following s ta r tup can be highly reduced by p re t r imming the NERVA 

before s ta r tup . With the f i rs t use being TLI, requir ing on the o rde r of half 

an hour of operat ion, the effect of the relat ively short attitude t rans ient (of 

approximately 350 seconds) on the velocity e r r o r s at cutoff will be minimal . 

However, for the subsequent NERVA opera t ions , many of very shor t duration, 

the vehicle atti tude t rans ien t could be reduced by pre t r imra ing the NERVA. 

3 ,12 ,4 Roll Control 

The rol l attitude dis turbances occurr ing during a burn a r e of two types : 

(1) t empora ry roll torques result ing from the s tar tup t rans ient , and (2) s teady-

state torques resul t ing from NERVA operation. The f i rs t of these resul ts 

from c ross coupling between the pi tch/yaw powered flight attitude control 

sys t em t rans ient and the roll control sys tem through center -of -gravi ty offsets. 

The second is caused by engine exhaust gas swi r l and pump gyro torques . 

The f i rs t is independent or burn t ime; the second is burn t ime dependent. 

In this study the powered flight roll control impulse allocation (Section 4. 6. 2) 

was based on 500 lb - sec for each s tar tup + 1 lb - sec for each second of 

NERVA operat ion. The swir l torque requi rement was generated by scaling 

propellant swir l torques experienced on S-IVB flights. Based on the above 

formula the total roll dis turbance occurr ing during the burns is 11,300 lb-sec 

for the RNS miss ion . 
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T a b l e 3. 12-1 

R E C O M M E N D E D ENGINE GIMBAL R E Q U I R E M E N T S 

M a x i m u m eng ine de f l ec t ion ±3 deg 

M a x i m u m engine r a t e 0, 25 d e g / s e c 

2 
M a x i m u m eng ine a c c e l e r a t i o n 0, 5 d e g / s e c 

3. 13 SHUTDOWN AND AFTERCOOLING 

3 . 13. 1 O p e r a t i o n s P h a s i n g 

The r e l a t i o n s h i p of the shu tdown o p e r a t i o n s for NERVA and the p r o p e l l a n t 

and p r o p u l s i o n modu le p r o p e l l a n t m a n a g e m e n t s y s t e m s is shown in 

F i g u r e 3 . 1 3 - 1 . The t h r u s t l e v e l is r e d u c e d f r o m full p o w e r to the t h r o t t l e 

po in t m a i n t a i n i n g a l l s y s t e m s in o p e r a t i o n . At tha t po in t , t y p i c a l l y , the 

p r o p e l l a n t m o d u l e is i s o l a t e d , t e r m i n a t i n g the r e q u i r e m e n t for p r e s s u r i z a t i o n 

and feed s y s t e m o p e r a t i o n for the p r o p e l l a n t m o d u l e . Dur ing the t e m p e r a t u r e 

r e t r e a t p h a s e of N E R V A , p r o p e l l a n t feed i s m a i n t a i n e d t h r o u g h the n o r m a l 

NERVA feed s y s t e m . Run t a n k p r e s s u r i z a t i o n can be t e r m i n a t e d at t he 

t h r o t t l e po in t or con t inued t h r o u g h the t e m p e r a t u r e r e t r e a t if d e s i r e d . After 

p u m p tailoff , the s e p a r a t e a f t e r c o o l i n g b y p a s s s y s t e m is a c t u a t e d to p r o v i d e 

a f t e r c o o l i n g p u l s e s . 

3 . 1 3 . 2 A f t e r c o o l i n g C o n c e p t E v a l u a t i o n 

B e c a u s e of the long t i m e s and l a r g e n u m b e r of p u l s e s involved in p r o v i d i n g 

coo ldown d u r i n g a m i s s i o n , t he r e q u i r e m e n t to p r o v i d e p r o p e l l a n t to NERVA 

at spec i f i ed cond i t i ons d u r i n g a f t e r coo l ing c a n i m p o s e s e v e r e p e n a l t i e s on 

the RNS d e s i g n . Al though p r o p e l l a n t cond i t i ons a r e unspec i f i ed for the c u r r e n t 

NERVA c o n f i g u r a t i o n , t he p r e v i o u s h o t - b l e e d NERVA engine r e q u i r e d tha t t he 

RNS m u s t be c a p a b l e of p r o v i d i n g l iquid h y d r o g e n p r e s s u r i z e d to 30 p s i a at 

i t s ou t le t wi th z e r o p e r c e n t v a p o r d u r i n g cooldown. If such a r e q u i r e m e n t is 

m a i n t a i n e d , the func t iona l r e q u i r e m e n t s i m p o s e d on the RNS inc lude se t t l i ng 

of LH^ and p r e s s u r i z a t i o n t o s a t i s fy p r o p e l l a n t c o n d i t i o n s . The i m p a c t of 

t h e s e r e q u i r e n n e n t s is r e d u c e d for the MDAC b a s e l i n e c o n f i g u r a t i o n s , s i nce 

only the p r o p u l s i o n modu le is u t i l i zed for a f t e r c o o l i n g . In o r d e r to e v a l u a t e 

the a f t e r c o o l i n g i m p l i c a t i o n s for the RNS, the c u r r e n t coo ldown da t a w e r e 
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Figure 3 . 1 3 - 1 SHUTDOWN OPERATIONS PHASING SCHMATIC 

app l i ed for the f o u r - b u r n r e f e r e n c e l u n a r shu t t l e m i s s i o n t o g e t h e r wi th t h e 

p r e v i o u s 100 p e r c e n t l iquid r e q u i r e m e n t at 30 p s i a , and s e v e r a l a f t e r coo l ing 

s y s t e m c o n c e p t s w e r e defined and eva lua t ed which would s a t i s fy the n e c e s s a r y 

o p e r a t i o n a l r e q u i r e m e n t s . A l s o , the s e n s i t i v i t y to NERVA r e q u i r e m e n t s was 

e v a l u a t e d , c o n s i d e r i n g both the r a d i a t e d power l e v e l and the a f t e r coo l ing 

o p e r a t i n g p r e s s u r e , to p r o v i d e g r e a t e r v i s i b i l i t y for s e l e c t i o n of a f t e r coo l ing 

s y s t e m c o n c e p t s and to ident i fy d e s i r a b l e i m p r o v e m e n t s in t h e NERVA 

r e q u i r e m e n t s . 

T a b l e 3 . 13-1 s u m m a r i z e s the r e l e v a n t NERVA a f t e r coo l ing p a r a m e t e r s for 

the f o u r - b u r n r e f e r e n c e m i s s i o n , inc luding a f t e r c o o l a n t for e a c h b u r n , t o t a l 

a f t e r c o o l i n g t i m e , con t inuous flow d u r a t i o n , and the n u m b e r of a f t e r coo l ing 

p u l s e s . The t o t a l a f t e r c o o l a n t p r o p e l l a n t e x c e e d s 5 p e r c e n t of the s t e a d y -

s t a t e p r o p e l l a n t . C h a n g e s in the nniss ion p r o f i l e , inc luding add i t iona l l u n a r 

o rb i t b u r n s , would not change the c o n c l u s i o n s of the t r a d e s tudy . Dur ing the 

i n i t i a l p o r t i o n of coo ldown, a con t inuous t r i c k l e flow at 0 . 4 l b / s e c i s m a i n ­

t a ined b e t w e e n p u l s e s . The r e s u l t i n g 186-lb t h r u s t l e v e l is suff ic ient for 

s e t t l i n g , but it m a k e s a neg l i g ib l e c o n t r i b u t i o n to t h e o v e r a l l s e t t l i ng r e q u i r e -

104 



Table 3. 13-1 

NERVA AFTERCOOLING PARAMETERS 

Full Flow Engine (April 1970), S-130 

Reference Lunar Shuttle Mission 

Continuous 
Burn Aftercooling Total Total Flow Number 

Steady-State Time Propel lant Aftercooling Aftercooling Duration of 
Mission Phase Propel lant (lb) (sec) (lb) Time (sec) Time (hr) (sec) Pu l ses 

Leave ear th 

Arr ive moon 

Leave moon 

o Arr ive ear th 
CJI 

178,100 

45,510 

16,490 

41,460 

1,940 

496 

180 

450 

8,000 

2,900 

1,400 

2,700 

480,000 

168,000 

87,000 

157,000 

139 

46.7 

24.2 

43.6 

1,825 

1, 180 

880 

1, 130 

182 

67 

34 

63 

Tota l 2 8 1 , 5 6 0 3 ,066 15 ,000 8 9 2 , 0 0 0 2 5 3 . 5 5 ,015 346 



m e n t s ince it i s a c t i v e for only 0 .4 p e r c e n t of the t o t a l cooldown t i m e . T h u s , 

a d d i t i o n a l func t iona l r e q u i r e m e n t s a r e i m p o s e d on t h e RNS t o s e t t l e p r o p e l l a n t . 

Af ter a p e r i o d of t i m e , the d u r a t i o n of the a f t e r c o o l i n g p u l s e d e c a y s to 

a p p r o x i m a t e l y 40 s e c o n d s p e r p u l s e . The f l owra t e is 0 .7 l b / s e c d u r i n g e a c h 

p u l s e , so t h a t t he t e r m i n a l p u l s e s c o n s u m e 28 lb of LH p e r p u l s e . The t i m e 

b e t w e e n p u l s e s i n c r e a s e s r a p i d l y , r e a c h i n g s e v e r a l h o u r s for the t e r m i n a l 

p u l s e s . The r e q u i r e m e n t for a c t i v e a f t e r c o o l i n g down to a p o w e r l eve l of 

5 kw r e s u l t s in v e r y long a f t e r c o o l i n g d u r a t i o n s , p a r t i c u l a r l y for the l e ave 

e a r t h b u r n . The l a r g e n u m b e r of p u l s e s c o m p l i c a t e s o p e r a t i o n of the RNS 

s y s t e m s to p r o v i d e p r o p e l l a n t cond i t ions for e a c h p u l s e . On the o the r hand , 

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

m a i n t a i n i n g p r o p e l l a n t cond i t ions con t i nuous ly t h r o u g h o u t the m i s s i o n . 

The e v a l u a t e d a f t e r c o o l i n g s y s t e m c o n c e p t s a r e def ined in Tab le 3 . 13-2 which 

iden t i f i e s p r i n c i p a l f e a t u r e s of the c o n c e p t s . T h r e e c l a s s e s of c o n c e p t s a r e 

d i s t i n g u i s h e d by the t e c h n i q u e used for p r o p e l l a n t c o n t r o l : s e t t l ing by a c c e l ­

e r a t i o n , s u r f a c e t e n s i o n , and d i e l e c t r o p h o r e s i s . The d e s i g n c r i t e r i a , c h a r ­

a c t e r i s t i c s , and o p e r a t i o n s of t h e s e s y s t e m s c o n c e p t s wi l l be d e s c r i b e d b r i e f l y 

to i nd ica t e the b a s i s for the s y s t e m weigh t p e n a l t i e s a s s e s s e d . 

F o r the con t inuous s e t t l i ng c o n c e p t , t he a c c e l e r a t i o n l e v e l would be p r o v i d e d 

c o n t i n u o u s l y for t h e d u r a t i o n of coo ldown, and m a k e u p p r e s s u r a n t would be 

added to the r u n t ank as r e q u i r e d to c o u n t e r a c t t he ef fects of u l lage gas c o o l ­

down and c o n d e n s a t i o n . F o r the p u l s e d se t t l i ng c o n c e p t , a s e t t l i ng i m p u l s e 

Avould be app l ied b e f o r e e a c h cooldown p u l s e cyc l e and a p r e p r e s s u r i z a t i o n 

of the r u n t a n k would be a c c o m p l i s h e d . A c o n s e r v a t i v e s e t t l i ng c r i t e r i o n of 

a Bond n u m b e r of 100 is app l i ed , wh ich r e s u l t s in an a c c e l e r a t i o n l e v e l 
-5 

r e q u i r e m e n t of 6. 73 x 10 g ' s for the r u n t ank . A f ac to r of sa fe ty of 2 t i m e s 

t h e t i m e to r e l o c a t e the p r o p e l l a n t f r om the top to the b o t t o m of the r u n t ank 

w a s app l i ed , r e s u l t i n g in a s e t t l i ng t i m e of 280 s e c for the r e f e r e n c e a c c e l e r a ­

t i on l e v e l in the r u n t ank . The hyb r id se t t l i ng s y s t e m is an o p t i m u m c o m b i n a ­

t i o n of con t inuous and pu l s ed s e t t l i n g . Cont inuous s e t t l i ng is m a i n t a i n e d unt i l 

t he t i m e b e t w e e n p u l s e s e x c e e d s the se t t l i ng t i m e . Then se t t l ing i s app l ied 

p r i o r to e a c h p u l s e . Se t t l ing p r o p e l l a n t c o n s u m p t i o n w a s a s s e s s e d on the b a s i s 

of a 3 0 0 - s e c spec i f i c i m p u l s e . The r o t a t i o n a l concep t could sa t i s fy the a c c e l ­

e r a t i o n r e q u i r e m e n t s wi th an e n d - o v e r - e n d t u m b l i n g of the s t age at a v e r y low 

r o t a t i o n a l r a t e , about one r e v o l u t i o n e v e r y 1,000 s e c . Such a s low r o t a t i o n , 

of the o r d e r of a t t i t ude l i m i t c y c l i n g , is c o n s i d e r e d t o l e r a b l e . 
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Tab le 3 . 13-2 

A F T E R C O O L I N G SYSTEM C O N C E P T DEFINITION 

C o n c e p t P r i n c i p a l F e a t u r e s 

1 P r o p e l l a n t s e t t l i ng 

A Con t inuous 

B P u l s e d 

C Hybr id 

C Ro ta t i on 

2 Sur face t e n s i o n 

A B u r p t ank 

B P u l s e b a s k e t 

3 D i e l e c t r o p h o r e s i s 

A Ul lage c o n t r o l 

B P u l s e b a s k e t 

Run tank LH2 s e t t l e d - B o n d No. = 100 

Use APS for d u r a t i o n of a f t e r coo l ing 

Use APS p r i o r to e a c h p u l s e 

In i t i a l ly c o n t i n u o u s , swi t ch to p u l s e d 

Cont inuous e n d - o v e r - e n d t u m b l i n g 

Co l l ec t p u l s e l iquid wi th s c r e e n s 

D i s c r e t e , p r e s s u r i z e d t ank , r e f i l l 
a f te r p u l s e us ing A P S 

C o l l e c t LH to s e t t l e , t hen p r e s s u r i z e 

Co l l ec t l iquid wi th e l e c t r o d e s 

O r i e n t l iquid t o m a i n t a i n u l l age 
p r e s s u r e • 

C o l l e c t L H to s e t t l e , t h e n p r e s s u r i z e 

The s u r f a c e t e n s i o n b u r p t a n k concep t dep i c t ed in F i g u r e 3 . 13-2 e m p l o y s a 

snnal l , d i s c r e t e t ank in the b o t t o m of the r u n t ank which con ta in s LH_ , s u r f a c e 

t e n s i o n s c r e e n s to c o l l e c t L H , and i t s own p r e s s u r i z a t i o n s y s t e m . The b u r p 

t a n k i s i s o l a t e d f r o m the r u n t a n k at the beg inn ing of a p u l s e and it is p r e s ­

s u r i z e d s e p a r a t e l y wi th cold (LH t e m p e r a t u r e ) h e l i u m to 30 p s i a . A se t t l i ng 

i m p u l s e is app l i ed by the APS upon c o m p l e t i o n of the a f t e r coo l ing p u l s e , and 

t h e b u r p t a n k i s t h e n v e n t e d and r e f i l l e d . The only p r e s s u r i z a t i o n r e q u i r e m e n t 

is for b u r p t a n k e x p u l s i o n , and the r u n t ank is not p r e s s u r i z e d . 

The s u r f a c e t e n s i o n p u l s e b a s k e t c o n c e p t , a l s o dep i c t ed in F i g u r e 3 . 13 -2 , 

e m p l o y s a s e t of s c r e e n s to c o l l e c t suff ic ient LH for an a f t e r coo l ing p u l s e . 

The c o n c e p t would not fully sa t i s fy NERVA p r e s s u r e r e q u i r e m e n t s , in the 

s e n s e t h a t it could only be used to g u a r a n t e e 100 p e r c e n t l iquid but not the 

p r e s s u r e l e v e l , so an effect ive b o o t s t r a p p r e s s u r i z a t i o n a p p r o a c h would be 

r e q u i r e d . 
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Figure 3.13-2 SURFACE TENSION CONCEPTS 

Another a l ternat ive for control of the liquid and ullage locations in the run 

tank is to employ a d ie lec t rophoret ic (DEP) propellant collection. Two con­

cepts were considered. For the f i r s t , an electrode configuration was con­

ceived to locate an ullage bubble near the top of the tank so that only makeup 

p r e s s u r a n t would be requi red to maintain the requi red propellant conditions. 

A pulse basket concept was also considered, which would function in a manner 

s imi lar to that of the surface tension pulse basket concept, but substituting an 

e lect rode grid for surface tension s c r e e n s . 

A weight breakdown for the different aftercooling sys tem concepts is shown 

in Table 3. 13-3. The hardware breakdown is differentiated between the 

p res su r i za t ion system weight penalty and fixed weight penalt ies such as 

s c r e e n s , e l ec t rodes , e tc . The continuous settling mode is excessively heavy 

because of the long aftercooling durat ion, although the settling penalty would 

be reduced if a lower Bond number were utilized. Rotation or DEP with 

ullage control and the burp tank concepts a re the most favorable. The system 

weight penalt ies for the other concepts a re s imi lar and excess ive . 
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Table 3. 13-3 

WEIGHT BREAKDOWN FOR AFTERCOOLING SYSTEM CONCEPTS 

LUNAR SHUTTLE MISSION 

NERVA PASSIVE COOLING BELOW 5 KW 

^ " " ~ - ^ ^ ^ ^ Weight (lb) 
Afte r c oo l ing^^^-^^^ 
Concept —,^^^ 

1. Propel lan t settling 

A Continuous (B^ = 100) 

(B^ - 10) 

B Pulsed 

C Hybrid 

D Rotation 

2. Surface tension 

A Burp tank 

B Pulse basket 

3. Die lec t rophores is 

A Ullage control 

B Pulse basked 

Settling 
Propel lan t 

35,610 

3,560 

5, 143 

4,752 

128 

475 

Makeup 
P r e s s u r a n t 

790 

790 

32 

790 

790 

P r e p r e s surization 

1,945 

1,560 

1,945 

1,945 

Hardware (Incl 
He P r e s s u r a n t s 

and Combustants) 

2,370* 

2,370* 

5,835* 

4,774* 

2,3 70* 

3,015 

74 
5,835* 

350 

2,370* 

350 

5,835* 

Total 

39,770 

6,720 

12,923 

11, 118 

3,288 

3,490 

7,854 

3,510 

8, 130 

* P r e s s u r i z a t i o n sys tem weight penalty 



The p r e s s u r i z a t i o n p e n a l t i e s a s s e s s e d need f u r t h e r c l a r i f i c a t i o n . F o r 

c o n t i n u o u s l y s e t t l e d or c o n t r o l l e d LH a m a k e u p p r e s s u r i z a t i o n s y s t e m is 

r e q u i r e d t o c o u n t e r a c t the connbined effects of u l l age g a s cooldown and 

c o n d e n s a t i o n . The p r e s s u r e d e c a y r a t e for t h i s c a s e w a s e s t i m a t e d u t i l i z ing 

NASA d a t a ( R e f e r e n c e 3-6) as about 3 . 4 p s i a pe r h o u r . P r e s s u r a n t w a s t hen 

added t o the r u n t a n k to c o u n t e r a c t the p r e s s u r e l o s s and m a i n t a i n a c o n s t a n t 

t a n k p r e s s u r e . A l t e r n a t i v e l y , in s y s t e m s w h e r e the p r o p e l l a n t o r i e n t a t i o n 

i s not c o n t r o l l e d betw^een p u l s e s , it i s a s s u m e d t h a t t he u l lage c o l l a p s e s to 

t h e l iquid t e m p e r a t u r e . A p r e p r e s s u r i z a t i o n is t h e n r e q u i r e d to p r o v i d e the 

p r o p e r p r e s s u r e . Th i s w^as b a s e d on a 5 p e r c e n t i n i t i a l u l l age in the r u n 

t a n k , i n i t i a l p r e s s u r e s of 16, 18, 24 , and 30 p s i a for t h e four m i s s i o n l egs 

c o r r e s p o n d i n g to the p r e s s u r e p ro f i l e for the P h a s e II i n s u l a t i o n s y s t e m , and 

a f inal p r e s s u r e of 30 p s i a . P r e p r e s s u r i z a t i o n and m a k e u p p r e s s u r a n t 

s y s t e m weigh t p e n a l t i e s w e r e a s s e s s e d for t h i s c o m p a r i s o n employ ing an 

H / O c o m b u s t o r s y s t e m , wh ich has p r e v i o u s l y b e e n found to be l i g h t e r t h a n 

m o s t c o n v e n t i o n a l s y s t e m s ( s t o r e d g a s , hea t ed h e l i u m , e t c . ) . 

The inf luence of NERVA r a d i a t e d p o w e r l e v e l on the a f t e r c o o l i n g s y s t e m 

weigh t p e n a l t y is shown in F i g u r e 3 . 1 3 - 3 . At h igh p o w e r l e v e l s , the c o n ­

t i nuous s e t t l i n g c o n c e p t b e c o m e s nnore f a v o r a b l e t h a n t h o s e c o n c e p t s r e q u i r i n g 

p r e p r e s s u r i z a t i o n for e a c h p u l s e . The D E P c o n c e p t wi th u l lage c o n t r o l and 

the r o t a t i o n c o n c e p t , bo th of which e m p l o y only m a k e u p p r e s s u r i z a t i o n , 

r e m a i n the m o s t f a v o r a b l e . The b u r p t ank shows l e s s advan t age at h i g h e r 

p o w e r l e v e l s b e c a u s e the r e d u c t i o n in p u l s e s is l e s s t han the r e d u c t i o n of 

t i m e . The t o t a l a f t e r c o o l i n g p e n a l t y i n c l u d e s the p r o p e l l a n t was te fu l ly 

expended d u r i n g p u l s e d a f t e r c o o l i n g o p e r a t i o n s , a s w e l l a s the s y s t e m r e q u i r e ­

m e n t s of the RNS to p r o v i d e NERVA p r o p e l l a n t c o n d i t i o n s . P e r f o r m a n c e 

i m p l i c a t i o n s a r e r e v i e w e d in the next s e c t i o n . 

F i g u r e 3 . 13-4 show^s the s e n s i t i v i t y of the a f t e r coo l ing s y s t e m w^eight t o the 

t a n k p r e s s u r e r e q u i r e d d u r i n g a f t e r coo l ing p u l s e s . While r e d u c t i o n in the t ank 

p r e s s u r e r e q u i r e m e n t does show a benef i t , m a j o r o p e r a t i o n a l p e n a l t i e s a r e 

i n c u r r e d a s long as it is n e c e s s a r y to p r e s s u r i z e above the l iquid s a t u r a t i o n 

p r e s s u r e in the r u n t ank . T h u s , t he m a j o r advan t age of r e d u c e d p r e s s u r e 

would be ob ta ined only if NERVA could o p e r a t e wi th s a t u r a t e d l iquid at 

a r b i t r a r y p r e s s u r e s . B e c a u s e the a f t e r c o o l a n t p u l s e flow^ b y p a s s e s the t u r b o -

p u m p s and only flows t h r o u g h p ip ing , t h i s should be a t t a i n a b l e in t h e eng ine 
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design r e g a r d l e s s of the power level at which aftercooling is t e rmina ted , 

although it might be n e c e s s a r y to accept reduced flow r a t e s . 

There fo re , the surface tension pulse basket concept w âs adopted for providing 

aftercooling propel lant . It is the leas t complicated sys tem, having no moving 

pa r t s or expendables to replenish . F u r t h e r m o r e , based on the above con­

s idera t ions , the ground rule of only supplying saturated liquid conditions 

during aftercooling was adopted for the MDAC design. 

Additional stage per formance gains could be achieved if NERVA specifications 

w^ere modified to pe rmi t use of a mixed phase or gas aftercooling. This w^ould 

pe rmi t the util ization of res idual gas , thereby reducing the stage inert w^eight. 

The savings for the Class 1 Hybrid, obtained for EOI cooldown, amounts to 

2,800 lb of gaseous res idua l . Additional savings could be obtained for 

mul t ip le- tank RNS concepts by venting depleted tanks during the miss ion. 

3. 13.3 Aftercooling Utilization 

3. 13 .3 . 1 Pe r fo rmance Gains 

NERVA aftercooling propellant is consumed at an average Isp of 430 sec 

(compared to 825 sec , steady state) and at nonoptimum points on the t ra jec tory . 

The potential for improving miss ion performance (payload weight del ivered to 

lunar orbit) by reducing the NERVA cooldown propellant requ i rement has been 

evaluated and is summar ized in Table 3. 13-4. The f i rs t column identifies the 

potential for improvement in payload del ivery when the impulse derived from 

cooldown is credi ted to the required miss ion veloci t ies . Conversely, given 

total util ization of cooldown impulse , this is the penalty that w^ould resu l t if 

the impulse w^ere nulled out without a reduction in the propel lants expended. 

Changes in RNS iner t weight would incur additional penal t ies . If, instead, 

the requ i rement for cooldown propellant w^ere somehow el iminated, the 

potential payload improvement shown in the r ight-hand column of Table 3. 13-4 

could be obtained. This will be offset by corresponding inc reases in RNS 

iner t weight to be d i scussed . 

F igure 3. 13-5 p resen t s the potential lunar payload gain as a function the inert 

weight penalty required to radiate a des i red power level from NERVA. A 

capabili ty to radia te 7,300 kw would el iminate the cooldown requ i rement after 
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Table 3. 13-4 

LUNAR PAYLOAD IMPLICATIONS OF NERVA AFTERCOOLING 

Mission 
Maneuver 

Gain by Crediting 
Cooldown Contribution 

to Miss ion Velocity (lb)* 

Potential Gain 
by Cooldown 

Elimination (lb)* 

TLI 

LOI 

TEI 

EOI 

3,380 

884 

900 

3,240 

10,452 

3,296 

2,502 

7,288 

Total 8,4 04 23,53^ 

*The per formance impact is shown on the RNS payload del ivery capability 
to lunar orbit . 

3 4 6 ( 7 

ADDITIONAL MNIINEHT WCIOHT HEQUimO (1 jOOO L U 

Figvire 3.13-5 POTENTIAL FOR PERFORMANCE IMPROVEMENT DUE TO REDUCTION 
IN COOLDOWN 
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PSOV closure (following the TLI burn) . Since the power level diminishes 

rapidly innmediately follow^ing shutoff, substantial port ions of the decay energy 

can st i l l be radiated away at capaci t ies grea t ly below this initial shutoff level . 

For exannple, a 5 00-kw capacity would radiate near ly 6 0 percent of the decay 

energy. The power level is combined w îth iner t weight to show contours of 

constant rad ia tor sys tem specific weight in the figure. 

A brief survey of the l i t e ra tu re has indicated heat pipe radia tor sys tem con­

cepts could be developed possess ing specific weights on the order of 1 Ib/kw 

of radiated pow^er. Substantial per formance gains at this cost a re indicated 

in Table 3. 15-5. together with minimal required radia tor surface a r e a s . It 

is noted that the cyl indrical a r eas of the PVARA and run tank envelopes a re 
2 

approximately 220 and 900 ft , respect ive ly . A radia tor system capable of 

25 0 to 500 kw would achieve most of the potential gain. Thus, the design 

integrat ion external to the engine should not be formidable. However, the 

des i rab i l i ty of this nneans of performance improvement depends on integration 

of heat pipes with the cr i t ica l port ions of the NERVA core without inordinately 

upsetting the p resen t design. 

Table 3. 13-5 

COOLDOWN RADIATOR IMPLICATIONS 

Power Level 
(kw) 

100 

250 

500 

1,000 

2 
Required Surface Area (ft ) 

1,000 °R 

230 

570 

1, 140 

2,280 

1,500 °R 

44 

110 

220 

440 

Potent ial 
Payload Gain (11 

at 1 Ib/kw 

7,000 

9,500 

11,500 

13,000 
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3 . 1 3 . 3 , 2 Tra jec to ry Implications 

NERVA aftercooling re su l t s in a prolonged injection phase re la t ive to 

chemical propulsion. This impacts miss ion safety. F igure 3. 13-6 shows 

the locus of instantaneous per igee altitude as a function of t ime from ignition 

in ea r th orbit . Should p r e m a t u r e loss of th rus t occur between about 0.8 and 

3.3 hour from TLI ignition, lunar gravitat ion would per tu rb the resul tant 

t r ans fe r t r a j ec to ry so that ea r th impact would ul t imately occur on the r e tu rn 

leg. 

F igure 3. 13-7 i l lus t ra tes the orbital sp i ra l cha rac te r i s t i c of the EOI maneuver 

for a NERVA s teady-s ta te run t ime of 600 seconds. The cooldown pulses a re 

identified in the figure at thei r midpoints . The operational approach is to 

es tab l i sh injection orbit p a r a m e t e r s which resu l t in the des i red final c i rcu la r 

orbit conditions (260 nmi at the ear th and 60 mni at the moon) at the end of 

cooldown. These a r e shown in Table 3. 13-6. Dispers ions in cooldown p e r ­

formance during the EOI and LOI maneuvers will introduce d ispers ions in 

the t e r m i n a l orbit at completion of cooldown if no coun te rmeasures a re taken. 

Completion of 
Full Thrust Riase 

Earth Impact If 
Abort Occurs 
During This Period X 
1 2 3 5 5 

Time of Thrust Termination, t (Hr) 

Figure 3.13-6 ABORT PEKIGEE ALTITUDE (108-Hr Lunar Transfer) 
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Puis* No. 

Figure 3.13-7 ORBIT GEOMETRY DURING COOLDOWN EARTH ORBIT INSERTION 
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Table 3. 13-6 

REQUIRED INJECTION ORBIT PARAMETERS 

Maneuver 

Steady-s ta te t ime (sec) 

Cooldown duration (hr) 

Apoapsis altitude (nmi) 

P e r i a p s i s altitude (nmi) 

EOI 

465 

45 

408 

348 

LOI 
(8-burn) 

160 

21 

99 

75_ 

LOI 
(4-burn) 

287 

33 

115 

83 

Specifically, the sensi t ivi t ies of average t e rmina l orbit altitude to total cool­

down impulses a r e -1 .38 nmi /pe rcen t for EOI, and -0 .3 nmi /pe rcen t 

(8-burn) , and -0 .4 nmi /pe r cen t (4-burn) for LOI. Variations in impulse 

could be caused by ei ther an extended pulse durat ion, var ia t ion in pulse thrus t 

or w^eight flow. In the case of the total cooldown impulse being less than 

nominal , the resul tan t orbit at the end of the cooldown phase would be eccen­

t r i c and above the ta rget c i r c l e . Similar ly , if the cooldown impulse is 

excess ive or g r e a t e r than nominal , an overshoot condition would resu l t . The 

guidance function will provide up- to-date status of the cooldown phase as it 

p r o g r e s s e s , so cor rec t ive action, such as attitude maneuvers can be taken 

p r io r to the te rmina t ion of cooldown. The expected value of cooldown impulse 

will be skewed such that it will be more likely to requ i re added impulse at the 

end of cooldown than to offset previous impulse with the APS. 

3. 13.4 Navigation and Guidance 

Guidance cutoff for the main burn is predicated on assumptions about the 

magnitude and di rect ion of the aftercooling impulse . If the aftercooling 

impulse were co r r ec t ly modeled, the aftercooling impulse could be used to 

reduce the midcourse cor rec t ion requ i rement to ze ro . Section 3. 14. 1 com­

p a r e s the approach of an impulsive midcourse cor rec t ion at an optimum t ime 

(NERVA cutoff) for the TLI burn to the use of attitude control during af ter­

cooling. The two approaches produce comparable resu l t s in t e r m s of p r o ­

pellant penal t ies . Since the use of an impulsive cor rec t ion is imprac t ica l at 

the end of burn due to the continuing impulse during aftercooling, the s t ra tegy 

of attitude control using the APS during aftercooling is recommended. 
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The u n c e r t a i n t y of ± 2 0 , 0 0 0 l b - s e c a f t e r c o o l i n g i m p u l s e r e p r e s e n t s 0 .6 p e r c e n t 

of the T L I b u r n i m p u l s e . The s e n s i t i v i t y da t a to a f t e r c o o l i n g and o the r e r r o r 

s o u r c e s in Sec t ion 3 . 14. 1 i nd ica t e t h i s would c o r r e s p o n d to a 14 -nmi e r r o r a t 

c l o s e s t l u n a r a p p r o a c h if unaccoun ted fo r . Con t inuous c o r r e c t i o n of the s t o r e d 

a f t e r c o o l i n g m o d e l us ing a h e u r i s t i c a l g o r i t h m , a s s u g g e s t e d in P h a s e II 

(Sect ion 2. 3 . 4 . 2 , R e f e r e n c e 3 -1 ) , could r e d u c e t h i s to a l m o s t z e r o . 

B a s e d on th i s a n a l y s i s the u s e of the APS for a t t i t ude c o n t r o l d u r i n g a f t e r ­

cool ing and the updat ing of the a f t e r c o o l i n g m o d e l wi l l a l low for the eff ic ient 

u t i l i z a t i o n of the a f t e r c o o l i n g i m p u l s e . Th i s s t r a t e g y has the po t en t i a l of 

r e d u c i n g the i m p u l s i v e m i d c o u r s e c o r r e c t i o n r e q u i r e m e n t to z e r o and p r o ­

v id ing r e l i e f to the p r e s e n t NERVA a f t e r coo l ing i m p u l s e u n c e r t a i n t y r e q u i r e ­

m e n t of ± 2 0 , 0 0 0 l b - s e c . 

3 . 13 .5 At t i tude C o n t r o l 

The v e h i c l e a t t i t ude d i s t u r b a n c e s r e s u l t i n g f r o m t h r u s t v e c t o r m i s a l i g n m e n t 

d u r i n g p u l s e d a f t e r c o o l i n g c a n be a v e r y s ign i f ican t c o n t r i b u t i o n to t o t a l c o a s t 

a t t i t ude c o n t r o l p r o p e l l a n t c o n s u m p t i o n . T h r e e a l t e r n a t i v e s for t h r u s t 

v e c t o r i n g du r ing coo ldown a r e p o s s i b l e : 

A. Not c o n t r o l l i n g the engine a n g u l a r p o s i t i o n 

B . P o s i t i o n i n g and m a i n t a i n i n g the engine m e c h a n i c a l l y " c e n t e r e d " 

C. T r i m m i n g the ef fect ive t h r u s t v e c t o r t h r o u g h the v e h i c l e c e n t e r of 
g r a v i t y 

The f i r s t a l t e r n a t i v e r e s u l t s in e x c e s s i v e a t t i t ude c o n t r o l p r o p e l l a n t u s a g e . 

The second is an i m p r o v e m e n t , but could s t i l l r e s u l t in an e x c e s s i v e r e q u i r e ­

m e n t . In the t h i r d a l t e r n a t i v e an ac t i ve c o n t r o l s y s t e m would be used to 

p e r i o d i c a l l y r e t r i m the t h r u s t v e c t o r . In t h i s adopted a p p r o a c h the d i s t u r b ­

a n c e r e s u l t i n g f rom a f t e r c o o l i n g would be m i n i m a l . The we igh t s av ing in 

c o a s t a t t i t ude c o n t r o l p r o p e l l a n t and t a n k a g e w i l l offset t he added c o m p l e x i t y 

of p rov id ing for ac t i ve t h r u s t v e c t o r c o n t r o l d u r i n g c o a s t . 

H o w e v e r , even if the t h r u s t v e c t o r is p e r i o d i c a l l y r e t r i m m e d , t h e r e wil l be 

s o m e s m a l l m i s a l i g n m e n t b e t w e e n the t h r u s t v e c t o r and the l ine connec t ing 

the eng ine g i m b a l point wi th the v e h i c l e c e n t e r of m a s s , r e s u l t i n g in m o m e n t s 

on the v e h i c l e which m u s t be c a n c e l l e d by the A P S . The cooldown i m p u l s e at 

an a s s u m e d spec i f i c i m p u l s e of 432 s e c o n d s , is shown for e a c h b u r n in 
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Table 3. 13-7, For this study a 0. 1-degree th rus t misal ignment was assumed 

The resul t ing control impulses for this misal ignment a re a lso l isted in the 

tab le . These contribute about 8.5 percent to the total APS impulse r e q u i r e ­

ment presented in Section 4. 6. 2. 

Table 3. 13-7 

CLASS 1 IMPULSE REQUIREMENTS FOR 

ATTITUDE CONTROL DURING COOLDOWN 

Misalignment 
Cooldown Impulse Impulse (0. 1 deg) Wors t -Case Control 

Burn ( lb-sec) ( lb-sec) Impulse ( lb-sec) 

T L I 

LOI-1 

LOI-2 

LOI-3 

TEI -1 

TEI-2 

TEI-3 

EOI 

3, 140,000 

332,000 

123,000 

582,000 

366,000 

86,000 

258,000 

1,205,000 

5,500 

580 

220 

1,020 

640 

150 

450 

2, 100 

25,700 

2,700 

1,080 

5,990 

590 

160 

430 

2, 150 

Total 6 ,112,000 10,660 38,800 

3,14 TRAJECTORY CORRECTIONS 

3, 14, 1 Midcourse Correc t ions 

The RNS p resen t s an inherently complex t ra jec to ry cor rec t ion problem due to 

the extended tailoff and long-durat ion cooldown phases . Normally, midcourse 

t r a jec to ry cor rec t ion requ i rements •would be determined from onboard or 

ground t racking data after the TLI burn is completed. Since the last cool­

down pulse before LOI occurs 102 hours into the 108-hour t rans lunar t r a ­

j ec to ry , the propellant expenditure for a midcourse maneuver at cessat ion of 

the cooldown pulses could be large compared to making correc t ions ear ly in 

the t r a j ec to ry . Flight path angle e r r o r s present at the beginning of tailoff 
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will be amplified during the tailoff and cooldown phases if the thrus t vector 

is nominally aligned along the velocity vec tor . How^ever, if a midcourse 

cor rec t ion is performed at the end of ful l- thrust NERVA operat ion, e r r o r s 

w^ill s t i l l be induced during the tailoff and cooldown phases . The lunar 

a r r i va l (LOI) and lunar plane change maneuvers and the TEI burn presen t 

s im i l a r , but far l e s s s e v e r e , p rob lems because thei r burn t imes and con­

comitant cooldow^n phases a re much sho r t e r . 

Tra jec tory e r r o r s a re identified by the differences between the state var iab les 

of the actual RNS t ra jec to ry and those of a nominal , or design, t r a j ec to ry 
• • • 

(AX, AY, AZ, AX, AY, AZ). Considerat ion of e r r o r s incurred from such 

factors as differences in propellant weight loadings, a tmospher ic density 

fluctuations, guidance system e r r o r s and th rus t level deviations a re beyond 

the scope of the p resen t study. However, the sensit ivi ty of the end conditions 

to e r r o r s in the t r a jec to ry at the end of full thrust operation was investigated 

and is shown in Table 3. 14-1 . Initial e r r o r s of ±1 unit (fps or nmi) in each 

state vector at the end of full th rus t were considered. The par t ia l der ivat ives 

presented a re based on the assumption that no cor rec t ive action was taken and 

no additional e r r o r s were introduced during ei ther the tailoff or the cooldown 

phases . The region of applicability of these sensi t ivi t ies is l imited since the 

var ia t ion of the paranneters is nonlinear . This indicates a requi rement for 

ei ther significant onboard computer capability or a ground command link so 

that the projected t e rmina l e r r o r s and cor rec t ive maneuver(s) can accura te ly 

be de termined. 

Two approaches to midcourse t ra jec tory correc t ions were considered for the 

RNS: (1) applying an impulsive cor rec t ion or a s e r i e s of impulsive c o r r e c ­

tions to minimize the end condition e r r o r s , and (2) utilizing vectored after­

cooling th rus t . Implementation of this second approach could range in 

sophistication from a continuously varying attitude control scheme that 

optimally minimizes e r r o r s , to a simple mode such as constant attitude 

throughout the cooldow^n phase . Both approaches were compared for a set 

of initial e r r o r s (not cooldown-induced e r r o r s ) of a pluse one unit magnitude. 

For the cooldown approach, the control var iab les evaluated were the angle 

between the velocity vector and the projection of vehicle center l ine on to the 

instantaneous orbit plane, ^ , the angle between the vehicle center l ine and the 

orbit p lane , 6 , and the magnitude of the cooldown thrus t vector innpulse, I. 
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Table 3. 14-1 

DERIVATIVES OF LUNAR ARRIVAL PARAMETERS 

TO STATE VECTOR AT FULL-THRUST TERMINATION 

State vec to r 
components ( l ) 

X, (nmi) 

Y, (nmi) 

Z, (nmi) 

X. (fps) 

Y (fps) 

Z, (fps) 

Cooldown Dispos 

Impulse , A I 
(percent) 

In-plane m i s ­
al ignment , 
(deg) 

Out-of-plane 
misa l ignmen t , 

(deg) 

Lunar Ar r iva l P a r a m e t e r s 

P e r i l u n e 
Altitude 

(nmi) 

ah / a x = -176*^' 
P 

ah / a Y = - 7 7 . 4 
p 

Sh / a z = 15. 6 
p 

ah / a x = 5.07 
p 

ah / a Y = -57 . 0<^' 
p 

ah / a z = 109*^' 
p 

al(3) 

ah / aAi = -21 

ah / a c = -72 
p 

ah Idb = 49 
p 

Lunar 
Inclination 

(deg) 

a i / a x = 20 .3 

9 i / a Y = 4 .85 

a i / 3 Z = - 1 . 8 1 

a i / a x = - 1 . 3 2 

a i / a Y = 6.99 

a i / a z = - 6 . 4 0 

a i / a A i = 8 

ai/af, = 0.026 

a i / a 6 = - 0 . 3 

Tr ip 
Time 
(hr) 

aT|, /aX = -0 .267 

aT /9Y = -0 . 081 

a T ^ / a z = 0. 026 

aT / a x = 0. 0087 

aT /aY = -0 . 093 

T / a z = 0. 086 

aTj /9AI = 0. 10 

aT^/a4 = 0. 079 

aT^/95 = -0 .035 

Pe r i lune 
Velocity 

(fps) 

a v / a x = 529*^* 
p 

av / aY = +260 
p 

a v / a z = - 5 6 . 1 

a v / a x = -18 .3 
p 

a v /aY = 202*^* 
p 

a v / a z = 210*^* 
p 

a v / aAi = 85 
p 

a v /af, = 260 
p 

av Idb = -170 
p 

Latitude 
at Closes t 
Approach 

(deg) 

dp / a x = -2 . 74'^* 
P 

ap / aY = 1. 0 
p 

9p / a z = 0.240 

?p / a x = 0. 077 
p 

dp / aY = -0 . 87 
p 

9p / a z = 0.918 
p 

'^pp/aAi = 9 

dp /a?, = -1 .13 
p 

ap I'db = 0.79 
p 

Longitude 
at C loses t 
Approach 

(deg) 

aia / a x = 17.6 

3ti / a Y = 4 .25 

aiji / a z = - 1 . 52 

dv. / a x = - 1 . 10 
p 

an / aY = 5.87 
p 

9(1 / a z = - 5 . 3 9 
p 

af_L / a A i = 9 

9̂ 1 Idl, = 0. 08 
p 

aid /a5 = - 0 . 2 3 

(1) Nonrotating ecl ipt ic coordinate sys tem 
(2) E x t r e m e l y nonl inear behavior 
(3) Applied to 9th through 168th cooldown pulses only 



Values of t h e s e c o n t r o l v a r i a b l e s w e r e s e l e c t e d to m i n i m i z e the d i s p e r s i o n at 

l u n a r a r r i v a l and held c o n s t a n t for the 9th t h r o u g h I68th cooldown p u l s e . The 

s e n s i t i v i t i e s of the l u n a r p a r a m e t e r s to t h e s e c o n t r o l v a r i a b l e s a r e a l s o shown 

in Tab le 3 . 1 4 - 1 . T h e s e s e n s i t i v i t i e s a r e b a s e d on an e r r o r of ±1 unit (fps or 

n m i ) in e a c h cooldown p a r a m e t e r . 

The p r o p e l l a n t and r e s i d u a l a r r i v a l e r r o r r e q u i r e d for e a c h of t h e s e a p p r o a c h e s 

is p r e s e n t e d in Tab le 3 . 14 -2 . 

Tab le 3 . 14-2 

MIDCOURSE C O R R E C T I O N COMPARISON 

1. 

2 . 

3 . 

A p p r o a c h 

R e f e r e n c e cond i t i on 
(no c o r r e c t i o n ) 

I m p u l s i v e m i d c o u r s e 
c o r r e c t i o n 

c o r r e c t at end of 
f u l l - t h r u s t 
o p e r a t i o n 

c o r r e c t at end of 
cooldown 

T r a j e c t o r y c o r r e c t i o n 
u t i l i z ing v e c t o r e d 
cooldown t h r u s t 

M i d c o u r s e 
P r o p e l l a n t 

(lb) 

0 

' 85 

85 

1,450 

153 

R e s i d u a l E r r o r 

A r (nmi) 
P 

- 6 8 

- 8 

- 8 

- 1 0 

+2. 8 

A p (deg) 

+9 .2 

- 1 . 6 

- 1 . 6 

- 0 . 1 

0 

Ai (deg) 

+8 .2 

- 2 . 0 

- 2 . 0 

+ 1. 1 

- 0 . 1 

It is conc luded tha t m u l t i p l e i m p u l s i v e m i d c o u r s e m a n e u v e r s or a s ing le 

i m p u l s i v e c o r r e c t i o n e a r l y in the t r a j e c t o r y a r e p r e f e r a b l e to a s ing le 

i m p u l s i v e m a n e u v e r at the end of the cooldown p h a s e . Man ipu l a t i ng the 

v e h i c l e a t t i t ude d u r i n g the coo ldown t h r u s t i n g a p p e a r s v i a b l e . If i m p u l s i v e 

m i d c o u r s e m a n e u v e r s a r e adopted for the t r a n s l u n a r t r a j e c t o r y l e g , at l e a s t 

one c o r r e c t i o n should be app l ied e a r l y in the t r a j e c t o r y to c o u n t e r the 

ampl i fy ing effect of tailoff and cooldown i m p u l s e . Impu l s ive t r a j e c t o r y 

c o r r e c t i o n m a n e u v e r s wi l l be used in a l l m i s s i o n p h a s e s o the r t han the 

t r a n s l u n a r leg due to the s h o r t - d u r a t i o n b u r n s and t h e i r s u b s t a n t i a l l y 

r e d u c e d cooldown p h a s e s . The t r a j e c t o r y c o m p l e x i t i e s i n t r o d u c e d by the 
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cooldown and tailoff phases negate at tempts to l inear ize final e r r o r p r ed i c ­

tions and introduce the r equ i rement for significant onboard computer capa­

bili ty or for a ground command link to initiate nnidcourse maneuvers . 

Cur ren t ly , 50 fps is allocated for midcourse cor rec t ions on the t rans lunar 

and t r a n s e a r t h t r a j ec to r i e s to de te rmine RNS performance and propellant 

uti l ization. These p re l imina ry resu l t s do not change this allocation. An 

e r r o r analysis is needed to de te rmine expected t ra jec to ry d i spe r s ions , p a r ­

t i cu la r ly during the tailoff and cooldown phases , before firm midcourse 

r equ i remen t s can be es tabl ished. The use of attitude and pos sibly th rus t 

magnitude control during the cooldown phase to minimize te rmina l e r r o r s 

on the t r ans luna r leg dese rves a more detailed ana lys is . 

3 .14 .2 Rendezvous 

In the event active rendezvous is required with a manned facility, ei ther in 

ea r th or lunar orbit , it will be n e c e s s a r y to perform phase cor rec t ion 

maneuvers beyond those performed during the normal course of cooldo^wn 

(see Section 3. 13. 4. 2). During the cooldown phase , cor rec t ions will be 

l imited to NERVA idle mode operation or an APS maneuver to rotate the RNS 

to a r e t rog rade orientat ion. Fur ther ref inements in orbital position will be 

accommodated through a combination of APS and idle mode operat ions, A 

procedure has been identified which is somewhat analogous to the p r e -

injection separat ion maneuver (Section 3, 9.4) and does not unduly burden 

the APS. This approach is i l lus t ra ted in Figure 3. 14-1 . For maximum 

flexibility, the cooldown phase of inser t ion is biased (as required) to a s su r e 

that the RNS is ahead of the t a rge t facility at the same alt i tude. The f irst 

maneuver (idle mode) enlarges the RNS orbit to the extent required to resul t 

in c losure to 7 nmi following one orbital revolution. At this t ime the RNS 

pe r fo rms a r e t rog rade maneuver in the idle mode (the target facility is 

within the shadow cone of the RNS), reducing its orbital eccentr ic i ty to the 

extent that apoapsis is 1.5 nmi above c i r cu l a r . On the subsequent revolution 

c i rcu la r iza t ion is achieved with the APS operating in the r e t rograde or ienta­

tion. This l imi ts the APS contribution to 2. 5 fps. 
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1.5 MMi 

RNS 

AV, 

AV (fps) 
Time (Hr) 
Separation 
Mode 

(mi 

As Req'd 
0 

NERVA Idle 

AV,-2.5* 
1.6 
7 

NEBVA Idle 

2.5* 
3.2 
0 
APS 

•1.1 fps in Lunar Orbit 

3. 15 MAINTENANCE AND R E P L E N I S H M E N T 

T h e P h a s e II s tudy conc luded wi th s e l e c t i o n of a m a i n t e n a n c e l e v e l and 

r e p l e n i s h m e n t concep t for the C l a s s 1-Hybrid RNS funct iona l c o m p o n e n t s 

wh ich inc luded r e p l a c e m e n t of m u l t i p l e r e p l a c e m e n t m o d u l e s in the f o r w a r d 

s k i r t . T h i s c o n t r a s t e d w^ith t h e P h a s e II s e l e c t i o n for the C l a s s 3 RNS of 

r e p l a c e m e n t of the e n t i r e COM and the low l e v e l of r e p l a c e m e n t u s i n g m a n or 

m a n i p u l a t o r s in o the r s t u d i e s . The m i n i m u m r e q u i r e m e n t for o r b i t a l s u p p o r t 

and the o p e r a t i o n a l s i m p l i c i t y of the C l a s s 3 COM concep t s t i m u l a t e d a 

P h a s e III t r a d e s tudy on o r b i t a l m a i n t e n a n c e for the C l a s s 1 -Hybr id , 

inc lud ing c o n s i d e r a t i o n of the r e p l a c e m e n t of the e n t i r e CCM as in the 

C l a s s 3 and the u s e of i n - s i t u t e c h n i q u e s a s a l t e r n a t e c a n d i d a t e s . In a l l 

c a s e s the e n t i r e p r o p u l s i o n m o d u l e is s e l e c t e d a s the l e v e l of r e p l a c e m e n t 

for the eng ine and run tank b a s e d on the P h a s e II s tudy r e s u l t s . The 

P h a s e III t r a d e s tudy then e v a l u a t e d four c a n d i d a t e naa in tenance s t r a t e g i e s 

for the C l a s s 1-H p r o p e l l a n t m o d u l e : (1) d i s p o s a l , (2) i n - s i t u r e p a i r , 

(3) s e c o n d a r y o r s t andby r e d u n d a n c y and (4) o v e r d e s i g n . 
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3, 15, 1 M a i n t e n a n c e L e v e l C a t e g o r i e s 

T h e m a i n t e n a n c e t r a d e s tudy c o n s i d e r e d t h r e e c a t e g o r i e s of c o n c e p t s for the 

o r b i t a l m a i n t e n a n c e l e v e l of the func t iona l c o m p o n e n t s : (1) m u l t i p l e r e p l a c e ­

m e n t naodu les , (2) s ing le C C M , and (3) i n - s i t u m a i n t e n a n c e u s i n g the 

c a p a b i l i t i e s of m a n in o r b i t . T h e s e a r e b r o a d c a t e g o r i e s con ta in ing m u l t i p l e 

c o n c e p t s . T h e i r g e n e r a l c h a r a c t e r i s t i c s a r e s u m m a r i z e d a s fo l lows . 

3 . 15. 1. 1 Mul t ip l e R e p l a c e m e n t Modules 

V a r i o u s r e p l a c e m e n t m o d u l e c o n c e p t s w e r e def ined in P h a s e II on the 

p r i n c i p l e of m i n i m i z i n g the n u m b e r of fluid and e l e c t r i c a l c o n n e c t i o n s \vhich 

m u s t be b r o k e n to r e p l a c e the m o d u l e . Al l p l anned o p e r a t i o n s a r e a c c o m ­

p l i s h e d w^ithout E V A u s i n g the s p a c e tug a s an o r b i t a l s u p p o r t e l e m e n t . 

M a i n t e n a n c e c o n s i s t s of the r e p l a c e m e n t of a r e l a t i v e l y l a r g e modu le a t the 

f o r w a r d end of the RNS. The RNS c o n s u m a b l e s wi l l be r e p l e n i s h e d by 

r e p l a c e m e n t of a l ike m o d u l e e a c h round t r i p . C o n s u m a b l e s inc lude the A P S 

and fuel c e l l r e a c t a n t s and p r e s s u r a n t s . The o n b o a r d checkou t s y s t e m m u s t 

be ab le to i s o l a t e fau l t s only to the l e v e l of the c a n d i d a t e r e p l a c e m e n t modu le 

wh ich s u b s t a n t i a l l y r e d u c e s the p o t e n t i a l onboa rd c h e c k o u t r e q u i r e m e n t s 

c o m p a r e d to a low r e p l a c e m e n t l e v e l . The onboa rd checkou t s y s t e m , h o w e v e r , 

m u s t s t i l l v e r i f y the o p e r a t i o n a l r e a d i n e s s of the RNS p r i o r to m i s s i o n 

in i t i a t i on . 

3 . 15. 1.2 Single C o m m a n d and C o n t r o l Module 

Al l func t iona l c o m p o n e n t s and c o n s i l m a b l e s a r e p a c k a g e d in a s ing le raodule 

wh ich Avill be r e p l a c e d e a c h round t r i p u s ing u n m a n n e d o r b i t a l s u p p o r t for 

both m a i n t e n a n c e and r e p l e n i s h m e n t . In o r d e r to m i n i m i z e the s y s t e m , 

s u b s y s t e m , and c o m p o n e n t r e q u i r e m e n t s , a l l o p e r a t i o n s tha t a r e r e q u i r e d 

e a c h round t r i p wi l l be a t t r i b u t e d to the g round r e c y c l e p r o c e d u r e . The 

e n t i r e r e p l e n i s h e d and qual i f ied CCM would then be r e p l a c e d on the RNS and 

the nex t m i s s i o n i n i t i a t ed w^ith an o r b i t a l checkou t . C h a r a c t e r i s t i c a l l y , th i s 

m o d u l e h a s a s i m p l e i n t e r f a c e wi th the b a l a n c e of the RNS. A s t a n d a r d 

dock ing s t r u c t u r e and p r o c e d u r e i s u s e d for a l l o r b i t a l o p e r a t i o n s , inc lud ing 

p a y l o a d a t t a c h m e n t and r e fue l ing . No o p e r a t i o n a l fluid c o n n e c t i o n s a r e m a d e 

o r b r o k e n in o r b i t to r e c y c l e the m o d u l e , and the e l e c t r i c a l connec t i ons 

b e t w e e n s u b s y s t e m s in the CCM w h i c h m u s t be b r o k e n a r e r e d u c e d to z e r o . 
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3 . 15. 1.3 In -S i tu M a i n t e n a n c e 

T h i s c a t e g o r y i s r e p r e s e n t e d by m a n n e d (e i the r d i r e c t o r v ia m a n i p u l a t o r s ) 

r e p l a c e m e n t of r e l a t i v e l y s m a l l m o d u l e s a s r e q u i r e d . Al l hardw^are , 

i nc lud ing fluid and e l e c t r i c a l c o u p l i n g s , is m o u n t e d so tha t it is a c c e s s i b l e 

for m a n n e d o p e r a t i o n s . A p p r o p r i a t e hand ho lds and r e s t r a i n i n g d e v i c e s a r e 

u s e d to h e l p w^ith c o n n e c t i o n s o r c o m p o n e n t r e m o v a l s and r e p l a c e m e n t s . 

Manned o r b i t a l o p e r a t i o n s r e q u i r e t h a t p r e s s u r e s a r e r e d u c e d to a safe l e v e l 

and h y d r o g e n and oxygen nn ix tu res a r e p r e c l u d e d . T h i s i m p l i e s a r e q u i r e ­

m e n t for p a s s i v a t i o n of s t o r a b l e e l e m e n t s p r i o r to m a n n e d m a i n t e n a n c e 

o p e r a t i o n s . T h e u s e of m a n i p u l a t o r s would t r a d e the r e q u i r e m e n t s of life 

s u p p o r t and sa fe ty for the o r b i t a l s u p p o r t e l e m e n t s n e c e s s a r y to p e r f o r m 

a n a l o g o u s func t ions . The onboa rd checkou t s y s t e m should be a b l e to i s o l a t e 

faul t s to the l ine r e p l a c e a b l e un i t (LRU) , h o w e v e r s u b s t i t u t i o n of m a n n e d o p e r ­

a t i ons is p o s s i b l e for s o m e s u b s e t of t h i s r e q u i r e m e n t . M a i n t e n a n c e o p e r a t i o n s 

c a n then be p e r f o r m e d by r e p l a c e m e n t of the LRU. C o n s i s t e n t wi th the i n - s i t u 

c o n c e p t of m a i n t e n a n c e , r e p l e n i s h m e n t in p l ace w^ill be c o n s i d e r e d for 

e x p e n d a b l e s . H y d r o g e n and oxygen would be t anked s e p a r a t e l y b a s e d on 

sa fe ty r e q u i r e m e n t s . F l u i d d i s c o n n e c t s can be m a d e e i t h e r a u t o m a t i c a l l y 

o r u t i l i z i n g m a n u a l a s s i s t a n c e , 

3, 15, 2 M a i n t e n a n c e L e v e l E v a l u a t i o n Within C a t e g o r i e s 

With in e a c h of the b r o a d m a i n t e n a n c e concep t c a t e g o r i e s , mu l t i p l e c a n d i d a t e s 

h a v e been ident i f ied . T h e t r a d e s tudy a p p r o a c h w a s to f i r s t s e l e c t the m o s t 

a t t r a c t i v e c a n d i d a t e in e a c h c a t e g o r y b a s e d on m i n i m u m c o m p l e x i t y , we igh t , 

r e l i a b i l i t y , and hand l ing r e q u i r e m e n t s , both in o r b i t and on the g round . 

The s e l e c t e d c a n d i d a t e s for e a c h c a t e g o r y w e r e then c o m p a r e d and a s e l e c t i o n 

m a d e b a s e d on t e c h n i c a l f e a s i b i l i t y , c o m p l e x i t y of o p e r a t i o n s , s u p p o r t 

r e q u i r e m e n t s , w^eight, and e f f e c t i v e n e s s . E f f e c t i v e n e s s i nc l udes the p o r t i o n 

of RNS u n r e l i a b i l i t y c o v e r e d , r e l i a b i l i t y of a c c o m p l i s h i n g r e p a i r and 

r e p l e n i s h m e n t , and the i m p a c t on RNS r e l i a b i l i t y . 

3. 15. 2. 1 Mul t ip le Module C a n d i d a t e E v a l u a t i o n 

T h r e e c a n d i d a t e s w e r e c o n s i d e r e d in t h i s eva lua t i on . T h e s e a r e dep ic t ed 

in F i g u r e 3. 1 5 - 1 . T h e f i r s t is r e p r e s e n t e d by the P h a s e II d e r i v a t i v e 

a p p r o a c h which c o n s i s t s of e igh t d i s c r e t e m o d u l e s . The second cand ida t e 
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u t i l i z e s a s i m i l a r c o n c e p t but i n c o r p o r a t e s a u t o n o m o u s A P S p o d s . The 

P h a s e II d e r i v a t i v e r e q u i r e s a m i n i m u m of two m o d u l e r e p l a c e n n e n t s p e r 

round t r i p b a s e d on r e p l e n i s h n a e n t r e q u i r e m e n t s . R e c o n f i g u r a t i o n of the 

A P S to a u t o n o m o u s pods -would r e s u l t in t h r e e modu le r e p l a c e m e n t s and 

r e d u c e the n u m b e r of f luid d i s c o n n e c t s to z e r o . Two a u t o n o m o u s pods 

180 d e g r e e s a p a r t , e a c h con ta in ing func t iona l r e d u n d a n c y , w^ere s e l e c t e d a s 

a r e p r e s e n t a t i v e s u b c a n d i d a t e . C o n s i d e r a t i o n of upw^ard i n t e g r a t i o n of 

n o n c o n s u m i n g e q u i p m e n t and i n t e g r a t i o n of a l l c o n s u m a b l e s into a s ing le 

r e p l a c e m e n t modu le ( c e n t r a l i z e d r e p l e n i s h m e n t ) p r o v i d e s a con t inuous 

r a n g e of c a n d i d a t e s b e t w e e n the P h a s e II d e r i v a t i v e and the s ing le connmand 

and c o n t r o l m o d u l e . T h e t h i r d c a n d i d a t e , then , a c c u m u l a t e s a l l m o d u l e s 

t ha t r e q u i r e r e p l e n i s h m e n t into a s ing le m o d u l e , and the b a l a n c e of the 

func t iona l c o m p o n e n t s into a s e c o n d m o d u l e . The modu le def in i t ion for 

t h e s e c a n d i d a t e s is p r e s e n t e d in T a b l e 3. 1 5 - 1 . 

T a b l e 3. 15-1 

M U L T I P L E MODULE C A N D I D A T E S - D I S C R E T E MODULES 

P h a s e II A u t o n o m o u s C e n t r a l i z e d 
D e r i v a t i v e A P S P o d s Rep len i shnaen t 

P o w e r 

.PS .„...e j 
Two A P S eng ines ; 

P r o p e l l a n t m a n a g e m e n t 

F l i g h t c o n t r o l 

Op t i ca l s e n s o r 

I n s t r u m e n t a t i o n 

T h e s e m u l t i p l e m a i n t e n a n c e modu le c o n c e p t s w e r e c o m p a r e d on the b a s i s of: 

(1) the weigh t p e n a l t y i n c u r r e d for packag ing the v a r i o u s modu le a p p r o a c h e s ; 

(2) the n u m b e r of f i inct ional d i s c o n n e c t s r e q u i r e d , both fluid and e l e c t r i c a l , 

inc lud ing the to t a l r e q u i r e d to be d e s i g n e d and the t o t a l n u m b e r of d i s c o n n e c t s 

to be nn^ade e a c h round t r i p ; (3) the n u m b e r of o p e r a t i o n s r e q u i r e d u n d e r 
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both s c h e d u l e d and u n s c h e d u l e d cond i t ions and the nunaber of r e p l a c e m e n t 

m o d u l e s a n t i c i p a t e d e a c h round t r i p ; and (4) o r b i t a l s u p p o r t r e q u i r e m e n t s . 

T a b l e 3. 15-2 s u m m a r i z e s the r e s u l t s of the e v a l u a t i o n . Al though c o n s i d e r e d 

a s u b c a n d i d a t e of m u l t i p l e m a i n t e n a n c e miodules, a c e n t r a l i z e d r e p l e n i s h m e n t 

opt ion a p p r o x i m a t e s the c o n c e p t of a s ing le c o m m a n d and c o n t r o l m o d u l e with 

r e s p e c t to t h e o p e r a t i o n a l c o n s i d e r a t i o n s . B a s e d l a r g e l y upon the r e d u c e d 

n u m b e r of f luid d i s c o n n e c t s r e q u i r e d and nonninal we igh t p e n a l t y , the 

a u t o n o m o u s A P S pod a p p r o a c h is s e l e c t e d to r e p r e s e n t t h i s c a t e g o r y . 

3. 15. 2. 2 S ingle C o m m a n d and C o n t r o l Module E v a l u a t i o n 

F o r the C l a s s 3 RNS, a con f igu ra t i on of the s ing le C C M w a s e s t a b l i s h e d 

d u r i n g t h e P h a s e II s t u d i e s . T h i s con f igu ra t i on is to be c o n t a i n e d wi th in a 

15-ft m a x i m u m enve lope d i m e n s i o n . 

Two C C M c a n d i d a t e s d i f fe r ing only in p h y s i c a l c o n f i g u r a t i o n s a r e show^n in 

F i g u r e 3. 1 5 - 2 : (1) t h e w a f e r c o n f i g u r a t i o n , and (2) the o u t r i g g e r c o n f i g u r a ­

t ion . The w^afer con f igu ra t i on is c o m p a t i b l e wi th t h e 1 5 - f t - d i a m e t e r 

c o n s t r a i n t of the s p a c e shu t t l e and is m o u n t e d w^ith the docking s t r u c t u r e in 

p l ane wi th the f o r w a r d bu lkhead , u t i l i z i ng the s t a n d a r d s p a c e shu t t l e pay load 

d e p l o y m e n t m e c h a n i s m . The m o t i v a t i o n for the o u t r i g g e r c o n f i g u r a t i o n s is 

to avo id the p o t e n t i a l A P S p l u m e innpingement on the RNS for-ward do ine . 

In t h e w a f e r con f igu ra t i on the r e q u i r e d t h r u s t v e c t o r can t ang le is 29 d e g r e e s . 

F o r the o u t r i g g e r con f igu ra t i on , t h i s ang le can be r e d u c e d to z e r o . 

An a n a l y s i s w^as p e r f o r m e d to d e t e r m i n e the A P S n o z z l e can t ang le r e q u i r e d 

for v a r i o u s o u t r i g g e r c o n f i g u r a t i o n s to r e d u c e h e a t i n g of s t r u c t u r e s due to 

i m p i n g e m e n t to an a c c e p t a b l e l e v e l . Th i s w a s t r a n s l a t e d to an APS p r o ­

p e l l a n t and s t r u c t u r a l we igh t p e n a l t i e s for v a r i o u s l e n g t h s of o u t r i g g e r a r m s . 

B a s e d on 1, 200 lb of A P S aft n o z z l e p r o p e l l a n t u s a g e and 16 l b / f t of ou t ­

r i g g e r l eng th , a r e l a t i v e l y c o n s t a n t t o t a l w^eight p e n a l t y of be tween 133 and 

150 lb o c c u r s c o r r e s p o n d i n g to the o p t i m u m r a n g e of 2 to 7 ft o u t r i g g e r 

l e n g t h s . T h r e e - f o o t o u t r i g g e r s wi th a s t r u c t u r a l we igh t of 69 lb w e r e 

s e l e c t e d c o r r e s p o n d i n g to a can t ang le (G) of 20 d e g r e e s . The A P S p r o p e l l a n t 

w e i g h t p e n a l t y i s : W_, = 1, 200 ( 1 - c o s 6) = 72 lb . 

129 



Table 3. 15-2 

MULTIPLE MAINTENANCE MODULE EVALUATION 

Weight 

S t ruc tu ra l r acks 

Fluid d isconnects 

E l e c t r i c a l panels 

Subsys tem modifications 
(5% propel lant res idue) 

Docking s t ruc tu re 

Tota l 

Number of d isconnects 

Fluid: 

Each miss ion 

Total 

E l e c t r i c a l pane l s : 

Each miss ion 

Total 

Number of modules rep laced: 

Each mis s ion 

Scheduled 

Unscheduled 

Orbi ta l support 

P h a s e 11 
Der ivat ive 

267 lb 

53 lb 

71 lb 

- -

391 lb 

4 (APS) 

8 (APS, vent , 
fill, 
2 p r e s s . ) 

4 

11 

2 

2 

4 

Tug + 
Maint. unit 

Autonomous 
A P S 

317 lb 

33 lb 

65 lb 

90 lb 

- -

505 lb 

0 

4 

4 

10 

3 

0 

4 

Tug + 
Maint. unit 

Cent ra l ized 
Replenishment 

591 lb 

53 lb 

32 lb 

- -

280 

956 lb 

4 

8 

2 

5 

1 

1 

0 

Tug only 



WAFER CONFIGURATION OUTRIGGER CONFIGURATION 

i ' i g u r e 3 . 1 5 - 2 SINGLE COMt-IAND AHD CONTROL MODULE CANDIDATES 

3. 15. 2. 3 In-Situ Maintenance Evaluation 

The in-s i tu maintenance category using manned (either d i rect or via mani­

pula tors) rep lacement and inplace replenishment is represen ted by two 

candidates . The f i rs t candidate ut i l izes a p r e s su r i zed forward skir t which 

w^ould enable sh i r t s leeve maintenance operations when supported by an 

orbi ta l w^orkshop type air lock. Maintenance operat ions would be effected by 

a man at a low^ replacement level (black box or valve assembly) . The second 

candidate Avould requi re backpack EVA or the use of manipulators and 

consis t of access ib le equipment in the forward portion of the RNS. These 

a r e show^n in Figure 3. 15-3. An es t imated 80 line replaceable units (LRU) 

would be replaceable in e i ther candidate. 

Although a sh i r t s leeve environment provides substantial ly g rea te r capability 

for diagnostics repa i r and cal ibrat ion, it a lso has the highest passivat ion 

requ i rement and potentially offers some ser ious safety p rob lems . Addition­

ally, an a i r lock would be requi red as an orbi tal support element . Although 

backpack EVA offers somew^hat less hazard than the sh i r t s leeve environment, 

it does requ i re life support and generates maximum inapact on the various 
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SHIRT SLEEVE ENVIRONMENT EVA 

F i g u r e 3 . 1 5 - 3 IN-SITU MAINTENANCE C:>JroiDATES 

subsys tem designs. Al ternately manipulator system^s would impose the 

requ i rement for an additional orbi tal support element. A minimum weight 

penalty for equipment mounting was assigned based on the RNS forward 

thrus t s t ruc tu re being an access ib le , free location. Nominal weights for 

as t ronaut a ids , such as te ther lines and handholds, -were based on orbital work 

shop exper ience . Comparable weights would be required with manipulator 

sys t ems . Instrumentat ion penalt ies a re assigned based on the requi rement 

to fault isolate to the LRU in orbit . Table 3, 15-3 summar i zes the relat ive 

weight penal t ies . 

Backpack EVA was selected as the representa t ive for this category based on 

the weight advantage and minimum requi rement for orbital support. 

3. 15. 3 Maintenance 'Level Evaluation 

The representa t ive candidates of the three categories were then compared to 

de termine the maintenance level. Table 3. 15-4 summar izes the evaluation 

r e su l t s . The RNS offers essent ia l ly free mounting s t ruc ture for in-si tu 

maintenance conveniently located on the forward thrus t s t ruc tu re . A weight 
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Table 3. 15-3 

WEIGHT COMPARISON 

IN-SITU MAINTENANCE CANDIDATES 

Weight (lb) 

Shir ts leeve 
Environment Backpack EVA 

St ruc ture — equipment mounting 500 90 

P r e s s u r i z e d s t ruc tu re 340 

Astronaut aids 40 60 

Disconnects 140 184 

Inst rumentat ion 240 380 

Total 1,260 714 

penalty for ins t rumentat ion was a s s e s s e d to allow for fault isolation to the 

LRU. Additionally, a smal l weight penalty was a s s e s s e d to provide for an 

es t imated 60 e lec t r i ca l disconnects and 20 fluid disconnects to facili tate 

removal of anticipated LRU's . The re la t ively large number of LRU's 

accounts for a slight weight penalty for in-s i tu compared to the other two 

candidates . 

Assuming the engine module is replaceable in all c a s e s , all th ree candidates 

a r e able to maintain g r e a t e r than 99 percent of the RNS unrel iabi l i ty . For 

the th ree candidates , the single CCM requ i res the minimum number of 

operat ions both each round t r ip and on an unscheduled bas i s . 

With a min imum number of operat ions and a single repeti t ive operation each 

round t r i p , the single CCM was a s s e s s e d to have the highest rel iabi l i ty of 

opera t ions . Because of the extensive EVA and the re la t ive unpredictabil i ty 

of successful manned or manipulator opera t ions , the rel iabi l i ty of performing 

operat ions successfully w^ith an in-s i tu maintenance policy w^as a s s e s s e d to 

be somewhat lower. Because of the large number of disconnects that would 

have to be incorporated into the subsys tem design, it is felt that an in-s i tu 

133 



Table 3. 15-4 

MAINTENANCE LEVEL EVALUATION 

Weight pena l ty 

RNS u n r e l i a b i l i t y 
c o v e r e d 

O p e r a t i o n s - e a c h t r i p 

As r e q u i r e d 

R e l i a b i l i t y of o p e r a t i o n 

I m p a c t on RNS r e l i a b i l i t y 

Suppor t r e q u i r e m e n t s 

Mul t ip l e 
Modu l e s 

505 

0. 992 

R e p l a c e 3 m o d u l e s 
(1 docking o p e r a t i o n ) 

R e p l a c e 4 m o d u l e s 

N o m i n a l 

N o m i n a l 

Tug + m a i n t e n a n c e 
un i t 

S ingle Commiand 
and C o n t r o l 

567 

0. 990 

R e p l a c e 1 m o d u l e 

None 

Highes t 

M i n i m u m 

None 

In -S i tu 

7 1 4 

0. 996 
0. 970 without engine 

modi f ica t ion 
r e p l a c e m e n t s 

R e p l e n i s h by tanking 

E V A expec ted for 
r e p l a c e m e n t 

E x t e n s i v e EVA 
(80 Uni ts) 

L o w e s t 

M a x i m u m 

C r e w module or 
m a n i p u l a t o r s y s t e m 



maintenance policy would impact the rel iabi l i ty of the RNS unfavorably. The 

abili ty to t es t the refurbished CCM on the ground with relat ively unlimited 

support and the potential of using a minimum number of disconnects both 

fluid and e lec t r i ca l within an external to subsys tems resul ted in a minimum 

impact to RNS re l iabi l i ty for a single CCM concept. Also , min imum of 

orbi ta l support is requ i red for the single CCM. 

Base on these cons idera t ions , the single CCM is selected for the orbital 

maintenance level . 

3. 15. 4 Class 1-Hybrid Propel lant Module Maintenance Strategy 

Four candidate s t r a teg ies have been identified for naaintenance of the Class 

1-Hybrid propel lant module: (1) disposal , (2) in-s i tu r epa i r , (3) secondary 

redundancy, and (4) overdesign. 

Probable fa i lures for the Class 1-Hybrid propel lant module a r e summar ized 

in Table 3. 15-5. The functional components then a r e the f i r s t - o r d e r effect 

and should be considered in the maintenance s t ra tegy. Pass ive subsys tems 

contribute such a smal l percentage of the unrel iabi l i ty that maintenance 

operat ions a r e considered unlikely for these subsys tems . 

Table 3. 15-5 

CLASS 1-HYBRID PROPELLANT MODULE FAILURES 

Subsystem Fa i lu re s per 1,000 Round Tr ips 

S t ruc tu res 

Meteor o ld / the rma l 

Propel lan t management 

As t r ion ics 

0. 8 

2 .4 

116 

72 

Total 191. 2 
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In the P h a s e II s tudy , r e p l a c e m e n t of t h e C l a s s 3 p r o p e l l a n t modu le w a s 

s e l e c t e d a s the m a i n t e n a n c e s t r a t e g y . T h i s m o t i v a t e d the p r o p e l l a n t modu le 

d e s i g n to p o s s e s s an a b s o l u t e m i n i m u m of c a p a b i l i t y and c o m p o n e n t s . The 

a n a l o g o u s s t r a t e g y for the C l a s s 1-Hybr id w^ould be to d i s p o s e of the expended 

m o d u l e s i n c e it is not s p a c e shu t t l e c o m p a t i b l e , and r e p l a c e it w^ith a new^ 

m o d u l e . B e c a u s e t h i s w^ould r e q u i r e an I N T - 2 1 l aunch v e h i c l e , t he va lue 

of a l t e r n a t e m a i n t e n a n c e c o n c e p t s for the C l a s s 1-Hybr id p r o p e l l a n t modu le 

i s r e l a t i v e l y h igh . 

B e c a u s e of the h igh r e p l a c e m e n t c o s t of the C l a s s 1-Hybr id p r o p e l l a n t 

m o d u l e , i n - s i t u r e p a i r w a s c o n s i d e r e d . T h i s would a l low for o r b i t a l 

o p e r a t i o n s such a s p a t c h i n g of i n s u l a t i o n or r e p l a c e m e n t of fa i l ed c o m p o n e n t s . 

T h e low va lue of f a i l u r e s e x p e c t e d in the p a s s i v e s u b s y s t e m s ( s t r u c t u r e s , 

m e t e o r o i d / t h e r m a l ) focus the r e q u i r e m e n t s for m a i n t e n a n c e on the func t iona l 

c o m p o n e n t s . S o m e of the p r o p e l l a n t m a n a g e m e n t c o m p o n e n t s a r e l o c a t e d in 

the t ank , h o w e v e r , m a k i n g t h e m i n a c c e s s i b l e . In m o s t c a s e s t h e s e could 

be m o u n t e d e x t e r n a l to the t ank , and a c c e s s i b l e , a t s o m e p e n a l t y in we igh t 

and by a c c e p t i n g the a s s o c i a t e d h e a t s h o r t . In add i t i on , t h o s e p e n a l t i e s 

a s s o c i a t e d wi th i n - s i t u o p e r a t i o n s c i t ed in Sec t ion 3. 15. 2. 3 wi l l be i n c u r r e d . 

T h e s t r a t e g y of s e c o n d a r y r e d u n d a n c y would add add i t i ona l o r s t andby 

c o m p o n e n t s to t h o s e w^ith a r e l a t i v e l y h igh e x p e c t e d va lue of f a i l u r e . 

S e c o n d a r y r e d u n d a n c y would a l low m i s s i o n in i t i a t ion wi th a fa i led c o m p o n e n t 

and s t i l l m a i n t a i n the r e q u i r e d p r o b a b i l i t y of m i s s i o n s u c c e s s . The s t r a t e g y 

of s e c o n d a r y r e d u n d a n c y y i e ld s a p p r o x i m a t e l y a f a c t o r of 50 to 1 r e d u c t i o n 

in the r e q u i r e d m a i n t e n a n c e o p e r a t i o n s for the b a s e l i n e C l a s s 1-Hybrid 

p r o p e l l a n t m o d u l e . T o a c h i e v e th i s i m p r o v e n a e n t in r e q u i r e d m a i n t e n a n c e 

o p e r a t i o n s the add i t ion of spec i f i c c o m p o n e n t s we igh ing an e s t i m a t e d 110 lb . 

T a b l e 3 . 15-6 iden t i f i e s t h e s e c o m p o n e n t s , the a s s o c i a t e d we igh t p e n a l t y and 

i l l u s t r a t e s the ef fects of s e c o n d a r y r e d u n d a n c y . 

The o v e r d e s i g n of p a s s i v e s u b s y s t e m s , such a s s t r u c t u r e s o r nne teoro id 

p r o t e c t i o n , w a s c o n s i d e r e d as a v iab le a l t e r n a t i v e to s u b s t a n t i a l l y r e d u c e 

the l i ke l i hood of r e q u i r e d m a i n t e n a n c e o p e r a t i o n s . A n a l y s i s e a r l y in the 

t r a d e s tudy i nd i ca t ed t h a t t h e l i ke ly m a i n t e n a n c e o p e r a t i o n s r e s i d e d w^ith the 

func t iona l c o m p o n e n t s , not the p a s s i v e c o m p o n e n t s , h e n c e the w^eight 

p e n a l t i e s of o v e r d e s i g n w e r e c o n s i d e r e d u n a t t r a c t i v e . 
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Table 3. 15-6 

SECONDARY REDUNDANCY EVALUATION 

(Allowing Flight with One Component Inoperative) 

Class 1-Hybrid—Propellant Module 

Resulting Per fo rmance for Propel lant Management 

Component 

Propel lant feed valve (2) 

GH2 p r e s s , control valve (2) 

Fi l l valve ground 

GH2 P r e s s , control S/O valve (Grd) 

Inflight fuel t r ans fe r valve 

Vent and relief valve (Grd) 

Relief valve (Grd) 

Flight vent (4) 

Expected 
F a i l u r e s / 

1,000 Round 
Tr ips 

Without 
Secondary 

Redundancy 

12 

20 

(6) 

(14) 

6 

(10) 

(8) 

24 

(100) 

62 

No, of Components 
Added to 
Fly with 

One Inoperative 

1 

1 
j O 

>'c 

1 

__* 

5 

7 

Weight 
Penalty 

(lb) 

45 

10 

15 

50 

110 

Fa i l u r e s 
That Need 

Repair 
Frequency of 
Two F a i l u r e s 

with Secondary 
Redundancy 

0, 107 

0.27 

- -

- -

0, 036 

- -

- -

1, 22 

1, 635 

Ground functions—Assume P (fail) ~ 0 after orbital checkout. 



Table 3. 15-7 quantifies the values of maintenance for three candidate 

maintenance s t r a t eg ie s : (1) disposal , (2) in-s i tu r epa i r , and (3) secondary 

redundancy. Design compromises w^ould be required with an in-s i tu repa i r 

s t ra tegy to make the components on the propellant nnodule access ib le and 

removable . These would also increase the likelihood of fai lures and 

penal ize the RNS per fo rmance . Based on these considerat ions a secondary 

redundancy stategy is recommended as most economical for the propellant 

module of the Class 1-Hybrid RNS. The simple requ i rements of the propel ­

lant module allows for a minimum of capability and components , hence a 

re la t ively low likelihood of requi red maintenance. Enhancing this initially 

low likelihood of requi red maintenance by a factor of 50 appears to be the 

most a t t rac t ive maintenance s t ra tegy. 

The secondary redundancy approach could benefit both the propulsion and 

propel lant miodules, and dese rves further considerat ion in future s tudies . 

3, 16 END-OF-LIFE DISPOSAL 

A t rade study was conducted during Phase II which indicated that based on 

safety, s implici ty, and economy the p re fe r red mode for disposal of a 

complete RNS consisted of injection into a hel iocenter ic orbit , e i ther with 

or without a payload (Reference 3-1), During Phase III the baseline RNS 

design was subdivided into three d i sc re te modules: propulsion, propellant , 

and command and control . These modules will have different life cycles 

and disposal r equ i r emen t s . The connmand and control module is recycled 

to the ground for maintenance and replenishment , so space disposal is not 

requi red . An inoperative propellant module can be left unattended to pe rmi t 

orbit decay and burnup on reen t ry . Thus , the concern for end-of-life 

disposal is focused on the propulsion naodule. System economics evaluations 

during Phase II indicated that frequent rep lacement of the propulsion module 

could be war ran ted , on the basis that NERVA specific impulse has a g rea t e r 

impact on RNS t ranspor ta t ion cost than NERVA lifetime. In the event of a 

fa i lure , capabili ty must be provided for disposal of it f rom either the 

operat ional orbit or lunar orbit . 
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Table 3. 15-7 

CLASS 1-HYBRID PROPELLANT MODULE 

MAINTENANCE STRATEGY 

EVALUATION 

Expected disposal cost at 
appropr ia te end-of-life point 

Operat ional penalty for added 
weight at $500/RT x 10 R T ' s 

Operat ions cost at $5 x 10^/ 
expected operation 

Tota l Cost per RNS 

Disposal 
($ million) 

47. 5 

47, 5 

In Situ 
Repair 

($ million) 

4. 75* 

~0 

0, 95 

5, 70 

Secondary 
Redundancy 
($ million) 

0,41 

0. 55 

0. 96 

' 10% of component unrel iabi l i ty inacces sable in tank 



The ve loc i t y r e q u i r e m e n t s and s y s t e m p e r f o r m a n c e for a l t e r n a t i v e d i s p o s a l 

m o d e s a r e ident i f ied and c o m p a r e d in T a b l e 3, 1 6 - 1 . H e l i c e n t r i c o r b i t 

in jec t ion i s f a v o r e d for s a fe ty . W h e r e a s the full RNS can d i s p o s e of i t se l f 

w^ith a s m a l l f r a c t i o n a l p r o p e l l a n t l oad ing f r o m low^ e a r t h o r b i t , the p r o p u l s i o n 

m o d u l e c a p a c i t y i s not suff ic ient for t ha t c a s e and a s p a c e tug is r e q u i r e d . 

M o d e s t p r o p e l l a n t r e q u i r e m e n t s a r e ident i f ied for the tug o p t i o n s . A 

63 , 0 0 0 - l b p r o p e l l a n t r e q u i r e m e n t for a r e u s a b l e tug is i n d i c a t e d wh ich Avould 

p e r m i t h e l i o c e n t r i c d i s p o s a l of the N E R V A p r o p u l s i o n m o d u l e f r o m e a r t h 

o r b i t a t a p r o p e l l a n t c o s t of about $10 m i l l i o n . If such a l a r g e tug sys t ena 

w e r e not a v a i l a b l e , s e l f - d i s p o s a l o r u s e of a C C M - d e r i v a t i v e tug -would 

p e r m i t in jec t ion of the p r o p u l s i o n m o d u l e in to a l o n g - l i v e d o r b i t . 

T a b l e 3 . 16-1 

COMPARISON O F P R O P U L S I O N MODULE DISPOSAL MODES 

Disposal Maneuver 

1. 

2 . 

3 . 

4 . 

5. 

Operat ional ear th orbit 
to hel iocentr ic orbit 

Operat ional ear th orbit 
to 5-year lifetime 
orbit 

Operat ional ear th orbit 
to ocean 

Lunar orbit to he l io ­
cent r ic orbit 

Lunar orbit to lunar 
surface 

*Isp = 800 sec 
**Isp = 450 sec 

Propel lant Required for System 
Approach (lb) 

AV 
(fps) 

10,300 

440 

362 

2,220 

80 

Self-Disposal* 

Exceeds 
capacity 

1,300 

>1,000 

2, 500 

>1,000 

Expendable 
Space Tug** 

33,000 

Use reusable 

Use reusable 

Use reusable 

Use reusable 

Reusable 
Space 
Tug** 

-63 ,000 

-1 ,300 

-1 ,100 

6^000 

>1,000 

140 



F o r disposal of NERVA from, lunar orbit , the capacity of the run tank on the 

propulsion module is adequate for hel iocentr ic disposal . However, additional 

navigation and guidance and control capabili ty would be requi red on the 

propulsion module to accomplish such as operation. The propellant r e q u i r e ­

ment for a reusable tug disposal of NERVA from lunar orbit is seen to be 

modest and would be easi ly provided by the lunar lander propulsion sys tem. 

Thus , the reusable tug approach was adopted as a basel ine for he l icent r ic 

disposal of the propulsion module. Normal replacement w^ould be accom­

plished in the ea r th assembly orbit , but emergency removal and disposal 

could be accomplished in lunar orbit or any other s imi la r operat ional orbit 

with genera l procedures and interface employed. The functional requi rements 

imposed on the propulsion module for this operation a r e fully analogous to 

those for no rma l a s sembly of the RNS, as defined in Section 3. 5. 

3. 17 INTERFACE WITH OTHER PLANNED SYSTEM ELEMENTS 

3, 17. 1 Summary 

According to the MSFC guidelines and const ra ints document provided for 

the RNS study, the RNS may have an operat ional interface with a var ie ty 

of sys t em elements cur ren t ly included in NASA planning. These sys tem 

elements a r e summar ized in Table 3. 17-1 . A var ie ty of operational 

interfaces of the RNS with these sys tems a re shown, including rendezvous 

and docking, assembly and maintenance support , and functional in terfaces . 

The space shuttle and space tug a r e the dominant sys tems effecting ope ra ­

tional interfaces with the RNS, Therefore these will be d iscussed in 

g rea t e r detail in subsequent sect ions . 

The selected mode of RNS operat ion is essent ia l ly independent of the various 

space station sys tems , How^ever, some space station elements could become 

payloads for the RNS, Data management , power, and command and control 

interfaces w îth the space shutt le, space tug, and payloads a re identified in 

Table 3. 17-1 . A manned planetary miss ion spacecraft has a special 

re la t ionship to the p lanetary RNS system. The increased data t r ansmiss ion 

and power r equ i rement s for such nnissions justify that the RNS configured 

for ea r th -cen te red applications should be paras i t i c and slaved to the miss ion 

spacecraf t . 
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Table 3, 17-1 

RNS INTERFACE WITH OTHER PLANNED SYSTEM ELEMENTS-CLASS 1 HYBRID 

'̂""---^^^ o p e r a t i o n a l 
^̂ "̂ ^̂ ^̂ ^ I n t e r f a c e 

S y s t e m ^^^^--^ 
E l e r n e n t ^~~^^^^^ 

E a r t h O r b i t a l Space 
S t a t i o n / B a s e 

Space Shut t l e 

P r o p e l l a n t Depot 

S p a c e Tug 

L u n a r O r b i t a l Space 
S t a t i o n 

L u n a r S u r f a c e B a s e 

Manned and 
U n m a n n e d P a y l o a d s 

M a n n e d P l a n e t a r y 
M i s s i o n S p a c e c r a f t 

INT 21 L a u n c h 
V e h i c l e 

R e n d e z v o u s 
and Dock ing 

Opt iona l o p e r a 
Lion RNS a c t i v e 

RNS p a s s i v e 

Not r e q u i r e d 

RNS p a s s i v e 

Opt iona l o p e r a 
t ion RNS a c t i \ e 

Not a p p l i c a b l e 

A u t o n o m o u s or 
tug s u p p o r t 
RNS p a s s i v e 

A u t o n o m o u s or 
tug s u p p o r t 
RNS p a s s i v e 

Not r e q u i r e d 

RNS A s s e m b l y 
and M a i n t e n a n c e 

S u p p o r t 

Not r e q u i r e d 

1 RNS m o d u l e 
d e l i v e r y 

2 O p t i o n a l -
a s s e m b l y 
s u p p o r t 

Not r e q u i r e d 

P a y l o a d h a n d l i n g 

B a s e l m e - n o t 
r e q u i r e d but 
p o s s i b l e s a f e ty 
and r e l i a b i l i t y 
i m p a c t 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

C l a s s 1 H y b r i d 
RNS p r o p e l l a n t 
m o d u l e d e l i v e r y 

P r o p e l l a n t 
R e s u p p l y 

Not r e q u i r e d 

S p a c e s h u t t l e 
i n t e g r a l t a n k e r 

Not r e q u i r e d 

Not r e q u i r e d 

B a s e l i n e — n o t 
r e q u i r e d but 
p o s s i b l e s a f e t y 
i m p a c t 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

Not r e q u i r e d 

C o m m a n d 
and C o n t r o l 

Base l ine—not 
r e q u i r e d but 
p o s s i b l e o v e r ­
r i d e if s p a c e 
s t a t i o n c o n t r o l s 
s p a c e tug 

1 S h i t t l e C&C 
for l a u n c h 
and d e p l o y 

2 Shu t t l e o v e r 
r i d e fo r 
a s s e m b l y 

Not r e q u i r e d 

S p a c e tug C&.C 
for r e n d e z v o u s 
d o c k i n g and 
a s s e m b l y of 
p a y l o a d 

B a s e l i n e — n o t 
r e q u i r e d but 
p o s s i b l e s a f e ty 
i m p a c t 

Not applicc^ble 

1 RNS a u t o n o ­
m o u s w i th 
g r o u n d 
o v e r r i d e 

2 O p t i o n a l 
o v e r r i d e by 
m a n n e d 
p a y l o a d 

RNS s l a v e d t o 
in I s s 1 on 
s p a c e c r a f t 

P o t e n t i a l nav i 
g a t i o n u p d a t e 
f r o m l a u n c h lU 
a t s p a c e c r a f t 

Da ta 
M a n a g e m e n t 

O p t i o n a l R F l ink 

C h e c k o u t and 
s t a t u s 
m o n i t o r i n g 

Not r e q u i r e d 

Not r e q u i r e d 

Op t iona l 

Noi. a p p l i c a b l e 

1 P o t e n t i a l l y 
p a r a s i t i c on 
RNS 

2 Opt iona l 
o v e r r i d e by 
mianned 
p a y l o a d 

RNS p a r a s i t i c on 
s p a c e c r a f t 

Not r e q u i r e d 

P o w e r 

Not r e q u i r e d 

RNS p a r a s i t i c 
d u r i n g l a u n c h 

Not r e q u i r e d 

Not r e q u i r e d 

Not r e q u i r e d 

Not a p p l i c a b l e 

P o t e n t i a l l y 
p a r a s i t i c on 
RNS 

RNS p a r a s i t i c on 
s p a c e c r a f t 

Not r e q u i r e d 

NERVA 
R e p l a c e m e n t 
and D i s p o s a l 

Not r e q u i r e d 

RNS r e p l a c e m e n t 
m o d u l e d e l i v e r v 

Not r e q u i r e d 

B a s e l i n e 
d i s p o s a l s y s t e m 

Not r e q u i r e d 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

Not a p p l i c a b l e 

Not - requi red 



Although identified as a candidate sys tem element for the RNS, the r e q u i r e ­

ment for an orbi ta l propel lant depot has not been es tabl ished. It is not 

requ i red for e i ther propel lant resupply or support of a ssembly maintenance 

and r epa i r . 

The rendezvous mode show^n for the interface with the various sys tems 

ut i l izes the RNS in a pass ive mode, where the space shuttle or space tug 

bring requ i red payloads or se rv ices to the s ta t ionary RNS. However, it is 

r equ i red that the RNS should have a capabil i ty to assunne an active role 

during rendezvous and docking with orbi tal faci l i t ies . This is indicated as 

an optional capabili ty for interfacing with the ear th orbital space station or 

lunar orbi ta l space station. However, the baseline interface considered 

between those sys tems does not requi re a hard dock of the RNS to the 

space s ta t ions , but r a t h e r , the RNS would loi ter at a specified exclusion 

distance from the facility, with ei ther autonomous or space tug supported 

payload t rans fe r . 

3. 17. 2 Space Shuttle 

The space shuttle is used to launch the RNS modules to orbit . The cargo 

bay has a c lear volume 1 5 ft d iameter by 60 ft long and provisions for 

deployment and boarding. The reference per formance is shovm in 

F igure 3, 1 7 - 1 , with a design point of 33, 000 lb del ivered to and re turned 

f rom a 260 nmi 31. 5-degree inclination operational orbit for the RNS. 

Increased per formance is considered to be available for propellant del ivery 

at a ra t io of payload del ivered to payload re turned of -0 . 27. 

The RNS modules a r e loaded into the space shuttle orbi ter while it is in a 

horizontal at t i tude. The orb i te r is subsequently erec ted on the booster on 

the launch pad. The genera l concept for laiinch support is defined in 

Section 3. 3. Conventional orbi ta l assembly docking interfaces a r e used for 

a t tachment to the space shuttle payload deployment mechanism at the 

forward end of the cargo bay. Since the propulsion module only has a 

docking interface at its forward end, additional provisions for l a t e ra l 

support a r e requi red . A concept for l a t e ra l r e s t r a in t of NERVA with s t ru t s 

at tached to the space shuttle cargo bay hard points was evaluated and is 

p resen ted in Section 4. 2 .9 . Load factors a r e defined in Section 4. 2. 2. It 

is requi red to locate a poison w^ire removal mechanism, consisting of an 
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Figure 3 .17-1 25K SPACE SHUTTLE PAYLOAD CAPABILITY 

e lec t r i c motor , r ee l and line, on the aft bulkhead of the cargo bay, to 

accomplish removal in orbit p r io r to propulsion module deployment. 

The RNS modules a re designed to use e lec t r ic pow^er from the shuttle while 

in the cargo bay in the form of 28 vdc and 400 Hz ac and to t r ansmi t and 

accept multiplex data and commands interfacing with the space shuttle data 

bus. Discre te display and control capability for crew overr ide must be 

provided by the space shuttle. The RNS naodules a re designed to accept 

these se rv ices for all operat ional phases after installation in the cargo bay 

including propel lant fill operat ions and launch. RNS modules will be checked 

out p r io r to installation in the space shuttle. Additional checkout requirenaents 

after LH^ loading will uti l ize the space shuttle data bus and onboard checkout 

sys tem. The e lec t r i ca l connections used for orbital assembly of the RNS 

modules w^ill be used for establishing interfaces with the space shuttle. 

As a basel ine , the space shuttle is not required to dock w^ith the RNS for 

a s sembly , maintenance, or payload handling, these se rv ices being nominally 

provided by the space tug. However, this could be a des i rable optional 
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approach for uti l ization of the space shuttle. It would be des i rab le , however, 

to provide a docking in te r face between the space shuttle and RNS for p rope l ­

lant t r ans fe r opera t ions , permi t t ing use of an integral tanker and not 

requi r ing deployment of propel lant modules . The in tegral tanker vers ion of 

the space shuttle orb i te r is the basel ine propellant resupply approach. This 

operat ion is d iscussed in Section 3. 6. 2. The rendezvous and docking 

c r i t e r i a uti l ized in the RNS design a r e summar ized in Section 4. 4, 

A single p robe /drogue docking mechanism could be utilized integrated with 

the orbi tal t r ans fe r l ines . Fluid couplings could then be accomplished 

s imi l a r to the design approach for RNS assembly shown in Section 3. 5, 

The implicat ions of the space shuttle orientation and location of the t ransfe r 

line a r e d iscussed iinder Section 3. 6. 2. It -would be des i rab le for the space 

shuttle tanker to provide l inear accelera t ion along its axis for the propellant 

t r ans fe r operation. It is anticipated that the orbi ter would del iver 1, 000-lb 

th rus t in the forward direct ion for its normal operat ions . This accelera t ion 

level is higher than des i rab le for efficient propellant settling and t rans fe r 

opera t ions . At leas t an o rde r of magnitude reduction in th rus t level would 

be des i rab le . 

3, 17. 3 Space Tug 

The space tug is not ut i l ized for assembly of the Class 1-Hybrid RNS, since 

the RNS command and control module is capable of performing the n e c e s s a r y 

operat ions autonomously. The space tug is utilized as the baseline support 

sy s t em for payload t r ans fe r operat ions . Table 3.17-2 s u m m a r i z e s the 

descr ipt ion of the basel ine space tug provided for the RNS study by MSFC. 

A kit is provided for the tug to operate as a lunar lander. The method of 

basing or sustaining the space tug is not defined. Fo r example, it could 

operate autonomously, it could operate from the space shuttle for a 

pa r t i cu la r set of RNS support operat ions , or it could be based at an ear th 

orbit or lunar orbit space station. The la t te r approach would be more 

likely for RNS miss ion dest inat ions. 
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Table 3. 17-2 

SPACE TUG CHARACTERISTICS 

Propuls ion Module: 

Kits : 

Dry Weight 10, 000 lb 

LO2/LH2 Capacity 60, 000 lb 

Crew Module (3 to 6 men) 15, 000 lb 

Cargo Module 4, 000 lb 

Lunar Landing Legs 5, 000 lb 

The basel ine MSFC tug is l a r g e r than requi red for efficient support of 

a s sembly and payload handling operat ions . Actually, a sys t em the size of 

the RNS command and control module w^ould be adequate. Ho^vever, a space 

tug type propulsion s y s t e m (probably a lunar lander) would be des i rab le for 

the propulsion nnodule disposal operation. This is d iscussed in Section 3, 16. 

A tug with a propellant capacity of approximately 63, 000 lb would be 

des i rab le for a reusable disposal f rom each orbit and about 33, 000 lb w^ould 

be requi red for an expendable mode of operation. 
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Sec t ion 4 

RNS ANALYSES 

T h e RNS d e s i g n c o n c e p t w a s l a r g e l y e s t a b l i s h e d d u r i n g P h a s e II. The 

P h a s e I and P h a s e II t r a d e s t u d i e s r e s u l t e d in s e l e c t i o n of m o s t of the 

m a j o r d e s i g n f e a t u r e s . The a n a l y s e s a r e r e p o r t e d in R e f e r e n c e s 4 - 1 and 

4 - 2 . T h e s e r e s u l t s w e r e r e v i e w e d wi th the COR at the beg in ing of the 

P h a s e III s tudy to e s t a b l i s h t h o s e f e a t u r e s w h i c h r e q u i r e d f u r t h e r a n a l y s e s . 

Speci f ic s u b s y s t e m f e a t u r e s a r e r e v i e w e d in the s u b s e q u e n t d e s i g n s e c t i o n s . 

P h a s e II s t u d i e s c o n c e n t r a t e d on a r e u s a b l e m o d e of o p e r a t i o n b a s e d in a 

low e a r t h o r b i t . R e u s a b i l i t y i m p o s e d a r e q u i r e m e n t for m a i n t e n a n c e and 

r e f u r b i s h m e n t in o r b i t , and a v a r i e t y of o r b i t a l s u p p o r t c o n c e p t s w e r e 

c o n s i d e r e d . P r o v i s i o n of s e p a r a t e o r b i t a l s u p p o r t f a c i l i t i e s w a s d i s c a r d e d 

a f t e r P h a s e II, and the b a s i c s u p p o r t s y s t e m s for the RNS w e r e s e l e c t e d as 

t h e s p a c e shu t t l e and the s p a c e t ug . W h e r e a s the N F P M in P h a s e I w a s a 

s i ng l e m o d u l e c o n c e p t , t he r e u s a b l e s t age o p e r a t i o n m o d e and the a l t e r n a t e 

l aunch v e h i c l e c o n c e p t s for P h a s e II r e s u l t e d in def in i t ion of a v a r i e t y of 

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

and c o n t r o l m o d u l e s . The s ing l e m o d u l e concep t evo lved to the C l a s s 1-Hybr id , 

wh ich inc luded a p r o p u l s i o n m o d u l e fo r engine r e p l a c e m e n t . The C l a s s 2 

c o n c e p t w a s b a s e d on a 2 2 - f t - d i a m e t e r l aunch v e h i c l e , and the C l a s s 3 c o n ­

cep t w a s b a s e d on t h e 1 5 - f t - d i a m e t e r s p a c e shu t t l e c a r g o bay . 

E c o n o m i c a l p e r f o r m a n c e of the r a n g e of r e f e r e n c e m i s s i o n s f a v o r e d a s i ng l e 

p r o p e l l a n t c a p a c i t y , A 300, 0 0 0 - l b LH2 c a p a c i t y w a s s e l e c t e d for s u b s e q u e n t 

s tudy p h a s e s , c o n s i d e r i n g tha t i n t e r o r i b i t a l shu t t l e m i s s i o n s o r m a n n e d 

p l a n e t a r y m i s s i o n s , a l though i m p r e c i s e l y def ined at tha t t i m e , would r e q u i r e 

a s t a g e of a t l e a s t tha t c a p a c i t y for an e c o n o m i c a l s y s t e m . 

The l aunch c o n f i g u r a t i o n w a s a m a j o r c o n c e r n for the I N T - 2 1 l aunched 

RNS-concep t . As the d e s i g n s evo lved , it w a s found that a s t i f fened t ank 
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c o n f i g u r a t i o n a p p r o a c h e d the m i s s i o n p e r f o r m a n c e ef f ic iency of a d e s i g n 

u t i l i z i n g an a s c e n t she l l , but had r e d u c e d d e v e l o p m e n t r e q u i r e m e n t s . A c c o r ­

d ingly , t he s t i f fened t ank l aunch con f igu ra t i on w a s r e t a i n e d for P h a s e III. 

The P h a s e III s tudy w^as f o c u s e d on the C l a s s 1-Hybr id and C l a s s 3 c o n c e p t s 

fo r wh ich the l aunch v e h i c l e s w e r e w e l l def ined . I nves t i ga t i on of t h e C l a s s 2 

c o n c e p t w a s d e f e r r e d pend ing f u r t h e r def in i t ion of the a l t e r n a t e s econd s t a g e s 

for t h e s p a c e s h u t t l e , w h i c h would m a k e tha t con f igu ra t i on a t t r a c t i v e . Dur ing 

P h a s e III t h e m a n n e d M a r s m i s s i o n w a s d e e m p h a s i z e d for d e s i g n and an 

e i g h t - b u r n l u n a r shu t t l e m i s s i o n p r o v i d e d t h e b a s i s for d e s i g n r e q u i r e m e n t s . 

The ob jec t ive of the P h a s e III s tudy w a s to i n c r e a s e the def in i t ion of RNS 

o p e r a t i o n s and the a s s o i c a t e d d e s i g n r e q u i r e n n e n t s . R e s u l t s of t h e s e a n a l y s e s 

a r e p r e s e n t e d in Sec t i ons 2 and 3. The add i t i ona l RNS d e s i g n a n a l y s e s 

r e p o r t e d in t h e s u b s e q u e n t s e c t i o n s r e p r e s e n t t r a d e s t u d i e s and rede f in i t ion 

of d e s i g n f e a t u r e s r e s p o n s i v e to the new d e s i g n r e q u i r e m e n t s . A l so new 

s u b s y s t e m s have been def ined to sa t i s fy P h a s e III o p e r a t i o n a l r e q u i r e m e n t s , 

A m a j o r c o n s i d e r a t i o n w a s t h e RNS con f igu ra t i on , c o n s i d e r i n g the i m p l i c a ­

t i ons of l aunch on the I N T - 2 1 and o r b i t a l m a i n t e n a n c e r e q u i r e m e n t s . T h e s e 

a f fec ted t h e p r o p e l l a n t t a n k g e o m e t r y and s t i f fening r e q u i r e m e n t s . P r o ­

p u l s i o n m o d u l e l aunch s u p p o r t i n s ide the s p a c e shu t t l e w a s def ined . A l s o , 

the t h e r m a l and m e t e o r o i d p r o t e c t i o n s y s t e m d e s i g n s w e r e r e v i s e d to r e f l e c t 

t he r e f i n e m e n t of d e s i g n c r i t e r i a inc lud ing e n v i r o n m e n t s , s u r v i v a l c r i t e r i a , 

m a t e r i a l p r o p e r t i e s , and m i s s i o n t i m e l i n e i m p l i c a t i o n s . 

F u n c t i o n a l s u b s y s t e m s w e r e a l l o c a t e d to the ind iv idua l m o d u l e s of the P h a s e III 

RNS c o n s i s t e n t wi th o r b i t a l m a i n t e n a n c e r e q u i r e m e n t s . A m a j o r c o n s i d e r a ­

t ion w a s the r e q u i r e m e n t to p r o v i d e r e m o t e fluid l ine and e l e c t r i c a l l ine 

d e p l o y m e n t and coupl ing to a c c o m m o d a t e o r b i t a l a s s e m b l y / d i s a s s e m b l y of 

the RNS m o d u l e s . S tage s t a r t u p and s t e a d y - s t a t e o p e r a t i o n s w e r e e v a l u a t e d 

r e s u l t i n g in i den t i f i ca t ion of add i t iona l p r o p u l s i o n funct ions and r e q u i r e m e n t s . 

T h e s e inc lude e n g i n e / s t a g e feed s y s t e m chi l ldown, r u n tank r e f i l l , and p r o ­

p e l l a n t m a n a g e m e n t c o n t r o l . I n t e r m o d u l e p r o p e l l a n t feed s y s t e m i n t e r f a c e s 

w e r e r e f ined inc lud ing c o n s i d e r a t i o n of o r b i t a l a s s e m b l y r e q u i r e m e n t s . The 
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APS sys tem was re -eva lua ted in the context of new configuration and opera ­

tional r equ i r emen t s , consider ing improved cryogenic APS concepts derived 

f rom the concurrent space shuttle p rog ram. 

Navigation and guidance concepts were reviewed considering sensor r equ i r e ­

ments and the per formance and data process ing implicat ions of relat ive 

autonomy on the RNS. Requirements for the data management sys tem were 

defined including external and internal data flow, permit t ing synthesis of 

subsys tem a rch i t ec tu re . The p r i m a r y power source tradeoff was ca r r i ed 

forward considering revised engine power requ i rements and a refined miss ion 

profi le . Radiation effects were evaluated for a range of component r equ i r e ­

men t s . Engine /s tage s t ruc tu ra l dynainics were evaluated for launch of NERVA 

in tegra l with the RNS on the INT-21 . These analyses and additional considera­

tions a r e documented in this section. 

The resu l t s of the RNS operations and design analysis have been accumulated 

into a baseline sys tem descr ipt ion which is bound separa te ly as Book 2 of 

this volume to facili tate its use as a reference document. Accordingly, only 

a s u m m a r y of design c r i t e r i a is included in Book 2. Complete docunnentation 

of design c r i t e r i a applicable to both the Phase III design analyses and the 

sys tem descr ip t ion is provided within Section 4. 

4. 1 CONFIGURATION 

4. 1. 1 Phase II Configuration Evaluation 

This section reviews the basis for the RNS configuration which was analyzed 

during Phase III. The Phase I expendable nuclear stage (NFPM) was a single 

module concept intended for launch as a third stage on Saturn V. Configura­

tion i s sues during Phase I included load-car ry ing tank versus load-car ry ing 

shell launch configurations and aft bulkhead geometry. The launch configura­

tion was ca r r i ed forward to Phase II, where refinement of design weights 

resul ted in a negligible operat ional weight difference between the load-car ry ing 

tank and load-ca r ry ing shell configurations. Since its development r equ i r e ­

ments a r e lower, the load-car ry ing tank was selected. Both conical and 

el l ipsoidal aft bulkhead geometr ies were considered in Phase I, including 

s t ra teg ies of telescoping the engine for g rea te r separat ion and providing an 

in ternal tank. A 15-degree half-angle cone was recommended on the basis 
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of a v a i l a b l e da t a , but the need for f u r t h e r o p t i m i z a t i o n w a s iden t i f i ed . Sub­

s e q u e n t l y , a 1 0 - d e g r e e h a l f - a n g l e cone w a s s e l e c t e d in P h a s e II . 

M a j o r f a c t o r s af fect ing the con f igu ra t i on d u r i n g P h a s e II r e l a t e to m o d u l a r 

r e u s a b l e s y s t e m c o n c e p t s and e m p h a s i s w a s p l a c e d on c o m b i n e d o p t i m i z a t i o n 

of r a d i a t i o n s h i e l d i n g and s t r u c t u r a l c o n f i g u r a t i o n to m i n i m i z e s y s t e m weigh t . 

P r e l i m i n a r y s p a c e shu t t l e c h a r a c t e r i s t i c s w e r e p r o v i d e d to the RNS s tudy, 

inc lud ing a b a s e l i n e 1 5 - f t - d i a m e t e r by 60 - f t - l ong c a r g o bay and a pay load 

d e l i v e r y to o r b i t of 50, 000 lb . A v a i l a b i l i t y of t h i s s y s t e m i n t r o d u c e d the 

p o s s i b i l i t y of e c o n o m i c a l NERVA r e m o v a l and r e p l a c e m e n t in o r b i t . V a r i o u s 

eng ine s t a g e i n t e r f a c e c o n c e p t s and s u p p o r t r e q u i r e m e n t s w e r e e v a l u a t e d , 

w h i c h r e s u l t e d in def in i t ion of a p r o p u l s i o n m o d u l e c o n s i s t i n g of NERVA and 

a r u n tank conf igu red in a g e o m e t r y c o m p a t i b l e for l aunch i n s i d e the s p a c e 

s h u t t l e . 

T h u s , two b a s i c c o n f i g u r a t i o n c a n d i d a t e s r e s u l t e d for the 3 3 - f t - d i a m e t e r 

I N T - 2 1 l a u n c h e d RNS conf igu ra t ion . The s ing le m o d u l e , or C l a s s 1 S t a n d a r d , 

and the dual m o d u l e , o r C l a s s 1-Hybr id , wh ich w a s subd iv ided into a p r o p e l ­

l an t m o d u l e and the p r o p u l s i o n m o d u l e . Upon c o m p l e t i o n of P h a s e II , the 

h y b r i d con f igu ra t i on w a s s e l e c t e d a s a b a s e l i n e for P h a s e III. The f a c t o r s 

which e n t e r e d into th i s s e l e c t i o n wi l l be r e v i e w e d in d e t a i l in the s u b s e q u e n t 

s u b s e c t i o n s . Th i s con f igu ra t i on evo lved f u r t h e r d u r i n g P h a s e III a s wi l l be 

d e s c r i b e d in Sec t ion 4. 1. 2. 

4. 1. 1. 1 Cand ida t e Conf igu ra t ions 

F i g u r e 4. 1-1 shows a c o m p a r i s o n of the two RNS C l a s s 1 c o n c e p t s wh ich 

r e s u l t e d d u r i n g P h a s e II . Both v e r s i o n s have a tank d i a m e t e r of 396 in. and 

w e r e s i z e d for a to ta l p r o p e l l a n t tank c a p a c i t y of 300, 000 lb LH^ wi th a 

5 p e r c e n t u l l a g e v o l u m e . Based on s h i e l d / c o n f i g u r a t i o n o p t i m i z a t i o n the 

p r o p e l l a n t tank aft b u l k h e a d s of both v e h i c l e s w e r e d e s i g n e d to con fo rm to 

a 1 0 - d e g r e e h a l f - a n g l e cone which h a s the aft end of the r e a c t o r a s an o r i g i n . 

Tab le 4. 1-1 p r e s e n t s a we igh t c o m p a r i s o n b e t w e e n the s t a n d a r d and h y b r i d 

c o n f i g u r a t i o n s r e p r e s e n t i n g the l e v e l of s y s t e m def in i t ion a c h i e v e d a t the end 

of P h a s e II (Sec t ion 5. 5 of R e f e r e n c e 4 - 1 ) . The p e r f o r m a n c e for the two 

c o n f i g u r a t i o n s is c o m p a r a b l e . 
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Figure U.1-1 PHASE II RNS CLASS 1 CONFIGURATIONS 
(300,000 LB LH PROPELLANT MODULE) 

Table 4. 1-1 

CLASS 1 RNS WEIGHT COMPARISON 

Standard Hybrid 

Operational Weight (lb) 

Total LH Capacity (lb) 

Propel lant Mass Frac t ion 

81, 800 

300,000 

0. 785 

82,520 

309,700 

0. 789 

4. 1. 1.2 Launch Implications 

The la rge envelope of a nuclear stage can inc rease the loading above the 

cur ren t design values for the INT-21 . This question received considerable 

attention during Phases I and II, par t icu la r ly to a s s e s s the implications of 

launching large manned payloads with the NFPM. Accordingly, an in-depth 

optimal control theory analysis was performed utilizing l inear optimal contro 

theory and Kalman 's l e a s t - s q u a r e state es t imat ion theory to see whether an 

improved Saturn V autopilot design could obviate the requirennent for s t r uc -
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t u r a l m o d i f i c a t i o n s to the S-IC and S-II v e h i c l e s . T h e s e r e s u l t s , r e p o r t e d 

in Sec t ion 4. 1. 1 of R e f e r e n c e 4 - 2 , i n d i c a t e d tha t th i s could be a p r o m i s i n g 

a p p r o a c h . 

The s e v e r i t y of the p r o b l e m w a s r e d u c e d du r ing P h a s e II , s i n c e the C l a s s 1-H 

p r o p e l l a n t m o d u l e could be l a u n c h e d u n m a n n e d and by i t s e l f for the r e u s a b l e 

shu t t l e m o d e of o p e r a t i o n . Th i s f a v o r e d s e l e c t i o n of the C l a s s 1-H 

con f igu ra t i on . 

4. 1. 1. 3 Rad ia t i on I m p l i c a t i o n s 

An e x t e n s i v e e v a l u a t i o n w a s conduc ted to r e d u c e the s t a g e i n e r t we igh t 

p e n a l t y a s s o c i a t e d wi th m i n i m i z i n g the r a d i a t i o n d o s e to p a y l o a d s l o c a t e d a t 

the top of the s t a g e . A l a r g e numiber of p r o p e l l a n t tank g e o m e t r i e s and NERVA 

e x t e r n a l sh i e ld c o n f i g u r a t i o n s w e r e e v a l u a t e d . G e o m e t r i c c o n s i d e r a t i o n s for 

the t ankage inc luded the cone ang le of the aft bu lkhead , s e p a r a t i o n fromi the 

e n g i n e , and p r o v i s i o n of i n t e r n a l t a n k s . 

T h e concep t s e l e c t e d for the N F P M w a s the 1 5 - d e g r e e h a l f - a n g l e cone wi th 

a 1 0 - f t - d i a m e t e r s e r i e s flow i n t e r n a l t ank , s i n c e e x c e s s i v e l aunch v e h i c l e 

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

k e e p the N F P M l e n g t h a s s h o r t a s p o s s i b l e . In the P h a s e II r e f e r e n c e p r o ­

g r a m m o d e l a l l RNS l a u n c h e s to o r b i t w e r e unmianned, so the l eng th c o n s t r a i n t 

w a s r e m o v e d for the RNS. T h e r e f o r e , the p o t e n t i a l benef i t of s h a r p e r cone 

a n g l e s for the aft bu lkhead w a s i n v e s t i g a t e d . F i g u r e 4. 1-2 and 4. 1-3 show 

the r e s u l t s of th i s P h a s e II systemi opt imiizat ion for both the C l a s s 1 S t a n d a r d 

and Hybr id c o n f i g u r a t i o n s . The o p e r a t i o n a l s t a g e weigh t p e n a l t i e s inc luded 

p r o p e l l a n t t a n k a g e , s k i r t s , h e a t b l o c k s , tunne l , i n s u l a t i o n , mie teoro id p r o t e c ­

t ion , and i n t e r m o d u l e s t r u c t u r e s . 

T h e r e i s a b r o a d mi in imum in to ta l s y s t e m weigh t in the v ic in i ty of 1 0 - d e g r e e s 

for both the C l a s s 1 s t a n d a r d and hyb r id p r o p e l l a n t t a n k s . In add i t ion , the 

NERVA d e s i g n w a s changed s o m e w h a t f r o m tha t u s e d du r ing the N F P M study, 

p r i m a r i l y wi th the r e c o n f i g u r a t i o n of e x t e r n a l p l u m b i n g to r e d u c e t h e i r s c a t t e r ­

ing i m p a c t . T h i s e l i m i n a t e d the a d v a n t a g e of the i n t e r n a l tank for the 1 5 - d e g r e e 

h a l f - a n g l e aft b u l k h e a d . A c c o r d i n g l y the 1 0 - d e g r e e ha l f - ang le cone was 

s e l e c t e d for the p r o p e l l a n t m o d u l e in both the C l a s s 1 and C l a s s 1-Hybr id 

c o n f i g u r a t i o n s . T h e s e r e s u l t s w e r e s u b s t a n t i a t e d by f u r t h e r i n v e s t i g a t i o n 
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d u r i n g P h a s e III. I n f e r i o r p e r f o r m a n c e w a s found for s h a r p e r cone a n g l e s 

u s i n g a s m a l l e r aft d o m e r a d i u s b e c a u s e of s c a t t e r i n g e v e n t s wh ich s u c c e e d e d 

in b y p a s s i n g the cone of LH^. 

4. 1. 1.4 O r b i t a l A s s e m b l y I m p l i c a t i o n s 

E c o n o m i c a l o p e r a t i o n of the RNS for a l a r g e n u m b e r of r e u s e s o v e r an 

ex t ended p e r i o d of t i m e r e q u i r e s the c a p a b i l i t y to r e m o v e and r e p l a c e the 

NERVA eng ine in o r b i t if e i t h e r it i s i n o p e r a t i v e o r i t s use fu l l i f e t i m e h a s 

b e e n e x c e e d e d . A v a r i e t y of c o n c e p t s for NERVA r e p l a c e m e n t in o r b i t w e r e 

i n v e s t i g a t e d d u r i n g P h a s e II . O r b i t a l a s s e m b l y i n t e r f a c e s c o n s i d e r e d w e r e 

b a s e d on the s t a n d a r d e n g i n e / s t a g e i n t e r f a c e and the p r o p u l s i o n m o d u l e / 

p r o p e l l a n t m o d u l e i n t e r f a c e . O r b i t a l s u p p o r t for t h e s e o p e r a t i o n s inc luded 

c o n s i d e r a t i o n of l a r g e - s c a l e , p e r m a n e n t , s h i e l d e d m a i n t e n a n c e f a c i l i t i e s , 

p o r t a b l e sh i e ld ing c o n f i g u r a t i o n s , and u n m a n n e d a u t o m a t e d o p e r a t i o n s . 

T h e c o m p l e x i t y of the a l t e r n a t i v e o r b i t a l a s s e m b l y i n t e r f a c e s i s i n d i c a t e d 

in T a b l e 4 . 1-2, wh ich iden t i f i e s the fluid l ines and e l e c t r i c a l l i n e s tha t m u s t 

be m a t e d d u r i n g the a s s e m b l y o p e r a t i o n . The fluid l i n e s c r o s s i n g the ANSC 

b a s e l i n e e n g i n e / s t a g e i n t e r f a c e c o n s i s t of two 10. 5- in . -d i amie t e r feed d u c t s , 

an a f t e r c o o l i n g b y p a s s l i n e , and a p r e s s u r a n t l i n e . F o r the p r o p u l s i o n 

m o d u l e / p r o p e l l a n t m o d u l e a s s e m b l y i n t e r f a c e , t h i s i s r e d u c e d to only a s ing le 

12- in . - d i a m e t e r feed duct and a p r e s s u r a n t l i n e . The e l e c t r i c a l l i n e s 

c r o s s i n g the p r o p u l s i o n m o d u l e / p r o p e l l a n t m o d u l e i n t e r f a c e a r e r e d u c e d 

f r o m the s t a n d a r d eng ine i n t e r f a c e by having the c a p a b i l i t y to m u l t i p l e x the 

eng ine d a t a at the top of the r u n tank . C l e a r l y , the p r o p u l s i o n m o d u l e 

s i m p l i f i e s the o r b i t a l a s s e m b l y of the s t a g e func t iona l s y s t e m s and e n h a n c e s 

the p r o b a b i l i t y of s u c c e s s of the o p e r a t i o n . A l s o , a s t a n d a r d m o d u l e docking 

i n t e r f a c e can be p r o v i d e d on the p r o p u l s i o n m o d u l e , w h i c h can be m o u n t e d on 

the s t a n d a r d s p a c e shu t t l e pay load s u p p o r t and d e p l o y m e n t mechan i smi for 

l a u n c h to o r b i t . 

The r a d i a t i o n d o s e l e v e l s a t the e n g i n e / s t a g e i n t e r f a c e and the p r o p u l s i o n / 

p r o p e l l a n t m o d u l e i n t e r f a c e a r e c o m p a r e d in T a b l e 4 . 1-3 for a 3 , 3 0 0 - l b 

NERVA i n t e r n a l sh i e ld and a 7 , 5 0 0 - l b LH^ a v e r a g e loading i n s i d e the r u n 

tank for a to ta l of 10 m i s s i o n s . The r e s u l t i n g d o s e a t t e n u a t i o n by a fac to r 

of 25 to 50 can be c r u c i a l and p e r m i t s l oca t i ng s o m e eng ine c o n t r o l boxes a t 

the top of the run tank wi thout r e q u i r i n g add i t iona l c o m p o n e n t s h i e l d i n g . 
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Table 4. 1-2 

COMPARISON OF ORBITAL ASSEMBLY INTERFACE COMPLEXITY 

Interface Fluid Lines E lec t r i ca l Lines 

NERVA/Stage 
(ANSC Baseline) 

Propuls ion Module/ 
Prope l lan t Module 

3 ,200 to 4 , 5 0 0 

700 NERVA 

+126 Stage 

826 

Table 4. 1-3 
COMPARISON OF ORBITAL ASSEMBLY INTERFACE RADIATION 

DOSE LEVELS 
(10 Missions) 

Interface Gamma 
(rad) 

Neutron 
(n/cm^) 

Total 
(rad) 

NERVA/Stage 10 

Propuls ion Module/ 5 x 1 0 

Propel lant Module 

10 15 

10 10 

2. 4 X 10 hydrogenous 

1. 4 X 10 nonhydrogenous 

5 X 10^ 

Also , the propulsion module concept provides a cold-gas APS (supplied by 

NERVA tapoff) and minimal controls to stabil ize the module for orbital 

assembly and d i sa s sembly . Combined with the remote assembly concepts 

defined in Section 3 . 5 , this pe rmi t s autonomous engine removal and replace­

ment without l a r g e - s c a l e shielded faci l i t ies . 

4. 1. 1. 5 Phase II Selection 

In summiary, the Hybrid configuration has a number of major advantages over 

the Standard configuration. The miodule docking interface facil i tates NERVA 

replacement without l a r g e - s c a l e orbital support faci l i t ies . Lower shield 

weight and improved propellant management offset the additional s t ruc tura l 
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weight to resu l t in an overal l per formance advantage. A zone of reduced 

radiat ion dose is available at the top of the run tank for stage and NERVA 

components. The propel lant module can be launched to orbi t separa te ly , 

permiitting use of existing S-IC and S-II s t r u c t u r e s . It has the potential of 

a significant reduction of launch cost by using the space shuttle booster and 

a l te rna te second stages such as S-IVB to launch the propellant module to 

orbit while not requir ing suborbit s ta r t . In addition, it has the potential for 

lower tes t p r o g r a m cost by simplifying test facility r equ i r emen t s . 

Also, the propulsion module can operate autonomously to provide the 

propel lant for shor t NERVA burns and aftercooling pu l ses , permit t ing m o r e 

efficient propel lant management . Propel lant acquisit ion for NERVA after­

cooling pulses is great ly simplified by the run tank because the LH^ m a s s e s 

and d is tances of t ravel a r e great ly reduced compared to the l a rge single 

module tank. If p re s su r i za t ion were required for aftercooling pu lses , the 

single miodule concept would be sever ly penalized. 

Considering all these fac tors , the Class 1 Hybrid configuration with a 

separa te launch of the propel lant module was selected at the end of Phase 11 

as the baseline for an RNS concept utilizing an INT-21 launch. The selected 

configuration shown in Figure 4. 1-1 has a 10-degree half-angle conical 

bulkhead on the propellant module and a ^̂ 2" ell ipsoidal forward bulkhead. 

4. 1. 2 Phase III Configuration Evaluation 

A major impact on the Phase II configuration was the des i re to investigate 

the subdivision of the Class 1 Hybrid propellant module into a propellant 

module and a command and control module (CCM) to facili tate orbi tal 

maintenance. The mierit of this approach was establ ished for the Class 3 

concept during Phase II. The evaluation of this concept is repor ted in 

Section 3. 15. The reduced orbi tal support requ i rements associated with 

having a CCM led to its selection. Considerat ion of plume impingement 

resul ted in an outr igger configuration for the CCM to provide sufficient 

c learance for the APS. 
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The launch configuration on the INT-21 is evaluated in Section 4. 2. 3, resulting-

in select ion of a separa te launch of the Class 1-H propel lant miodule. The 

reduced payload envelope resu l t s in minimial impact on the launch vehicle. 

The propellant tank forward bulkhead shape was re -eva lua ted during Phase III, 

considering the reduced launch vehicle impact . A hemispher ica l forward 

bulkhead was selected in Section 4. 2. 6 for the Phase III basel ine. 

A rev ised NERVA interface permi t ted an inc rease in the run tank capacity 

from 9, 500 to 10, 850 lb of LH^. 

The resul t ing baseline configuration for Phase III is presented in Figure 4. 1-4. 

The Phase III analyses supported select ion of the Hybrid configuration for 

the Class 1 RNS. The Phase II shielding resu l t s were confirmed. More 

favorable launch availabil i ty was establ ished. Evaluation of engine/s tage 

s t ruc tu ra l dynamics during launch indicated the desi rabi l i ty of developing 

a r e s t r a in t and load attenuation concept for a single concept — space shuttle 

•180 ^COMMAND & 
DIA. CONTROL 

MODULE 

PROPELLANT 
MODULE 

PROPULSION 
MOD ULE 

Figure k.l^ MS CLASS 1 HYBRID 
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l aunch of the p r o p u l s i o n m o d u l e . With f u r t h e r def in i t ion of RNS o p e r a t i o n s , 

a d d i t i o n a l a d v a n t a g e s w e r e iden t i f i ed for the p r o p u l s i o n m o d u l e for 

a u t o n o m o u s s t a r t u p o p e r a t i o n s by r e d u c i n g p r e s s u r a n t d e m a n d on NERVA 

and p e r m i t t i n g b o o t s t r a p p r o p e l l a n t tank p r e p r e s s u r i z a t i o n at m a x i m u m 

p r e s s u r a n t t e m p e r a t u r e . A l s o , the r u n tank e f f e c t i v e l y i s o l a t e s the 

n u c l e a r h e a t i n g of p r o p e l l a n t and p e r m i t s a d e s i g n wi th comiplete miixing 

of the incomiing p r o p e l l a n t , wh ich r e s u l t s in a mi in imal i m p a c t , 

4 . 2 S T R U C T U R E 

4 . 2, 1 P h a s e II Concep t 

This s e c t i o n e s t a b l i s h e s the P h a s e II s t r u c t u r e s concep t and the r a t i o n a l e 

for t h e a d d i t i o n a l a n a l y s e s p e r f o r m e d d u r i n g P h a s e III. Dur ing P h a s e s I and 

II, t h e m a t e r i a l s and m e t h o d s of c o n s t r u c t i o n for s t r u c t u r a l c o m p o n e n t s w e r e 

s e l e c t e d on the b a s i s of w e i g h t , cos t , and a v a i l a b l e t e chno logy (see Sec t ion 2 

of R e f e r e n c e 4 - 2 for spec i f i c t r adeof f d a t a ) . The s e l e c t e d s t r u c t u r a l f e a t u r e s , 

inc lud ing t h e r e l a t e d t h e r m a l / m i e t e o r o i d p r o t e c t i o n concep t , w i l l be r e v i e w e d . 

A l o a d - c a r r y i n g t ank con f igu ra t i on w a s s e l e c t e d du r ing P h a s e 11. I s s u e s 

r e l a t e d to the s t a g e con f igu ra t i on a r e d i s c u s s e d s e p a r a t e l y in Sec t ion 4 . 1. 

The p r o p e l l a n t t ank m a t e r i a l s e l e c t e d w a s the a l u m i n u m a l loy 2014-T6 , b a s e d 

on p e r f o r m a n c e c o m p a r e d to o t h e r a l u m i n u m a l loys such a s 2219, wh ich 

exh ib i t s s u p e r i o r m a n u f a c t u r i n g c h a r a c t e r i s t i c s . The t i t a n i u m a l loy 6A1-4V 

w a s a l s o e v a l u a t e d , and a s ign i f i can t weigh t s av ing w a s ident i f ied for th i s 

m a t e r i a l even wi thou t tak ing a d v a n t a g e of the i n c r e a s e d b i a x i a l s t r e s s 

c h a r a c t e r i s t i c s which can be ob ta ined with t e x t u r e s t r e n g t h e n i n g of t i taniumi. 

H o w e v e r , t i t a n i u m w a s not s e l e c t e d b e c a u s e it w a s c o n s i d e r e d that i t s t e c h ­

nology w a s not suf f ic ien t ly d e v e l o p e d . I s o t r o p i c (60 d e g r e e s ) Avaffle s t i ffening 

of the c y l i n d r i c a l s i d e w a l l w a s found to be the m o s t eff icient c o m p a r e d to 

a l t e r n a t e c o n s t r u c t i o n s . The f o r w a r d s k i r t and i n t e r s t a g e m a t e r i a l s e l e c t e d 

w a s a l u m i n u m 7 0 7 5 - T 7 3 , b a s e d on s t r e s s c o r r o s i o n da t a p r o v i d e d by M S F C . 

A c o r r u g a t e d c o n s t r u c t i o n w a s i n i t i a l l y s e l e c t e d for t h e s e , but the a l t e r n a t i v e 

of an i n t e g r a l l y s t i f fened f o r w a r d s k i r t and i n t e r s t a g e w a s c a r r i e d forw^ard to 

P h a s e II and s e l e c t e d , b a s e d on a n t i c i p a t e d low^er m a n u f a c t u r i n g c o s t . Hea t 

b l o c k s w^ere p r o v i d e d a t the f o r w a r d and aft ends of the p r o p e l l a n t t ank . T h e y 

•were c o n s t r u c t e d of f ibe r g l a s s h o n e y c o m b to m i n i m i z e h e a t input to the 

p r o p e l l a n t . S i m i l a r l y , the t h r u s t s t r u c t u r e w a s a h e a t b lock in i t s e n t i r e t y , 
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and w a s a l s o c o n s t r u c t e d of f i b e r g l a s s h o n e y c o m b . An i n t e g r a l m e t e o r o i d 

b u m p e r c o n f i g u r a t i o n w a s r e c o m m e n d e d wi th a l a y e r of f o a m and a f ibe r g l a s s 

o u t e r s h r o u d a p p l i e d o v e r the i n s u l a t i o n s y s t e m . This r e s u l t e d in a l o w e r 

o p e r a t i n g we igh t and c o s t t h a n the a l t e r n a t i v e s of d e p l o y a b l e o r fixed s h r o u d s , 

p a r t i c u l a r l y fo r e a r t h - c e n t e r e d i n t e r o r b i t a l shu t t l e m i s s i o n s . 

D u r i n g P h a s e II, t he m u l t i p l e m o d u l e RNS c o n f i g u r a t i o n s w e r e def ined, a s 

d e s c r i b e d in Sec t ion 4 , 1, and s e l e c t i o n s m a d e for the new c o m p o n e n t s 

r e q u i r e d . Spec i f i ca l ly , f ibe r g l a s s s t r u t s w e r e s e l e c t e d for the i n t e r m o d u l e 

s t r u c t u r e s and the p r o p u l s i o n m o d u l e t h r u s t s t r u c t u r e when c o m p a r e d to 

a l t e r n a t e m a t e r i a l s and c o n s t r u c t i o n s (Sect ion 2 . 2 of R e f e r e n c e 4 - 1 ) . A l s o , 

a f i b e r g l a s s h o n e y c o m b pay load a d a p t e r w a s i n c o r p o r a t e d to f ac i l i t a t e 

e q u i p m e n t m o u n t i n g . O t h e r w i s e , the b a s e s for t h e in i ta l f e a t u r e s e l e c t i o n s 

r e m a i n e d unaf fec ted by the con f igu ra t i on c h a n g e s . P h a s e II w a s c o m p l e t e d 

wi th a d e t a i l e d def in i t ion of the d e s i g n f e a t u r e s , a s d o c u m e n t e d in Sec t ion 5 

of R e f e r e n c e 4 - 1 . 

A c c o r d i n g l y , t he P h a s e I and II f e a t u r e s e l e c t i o n s w^ere r e t a i n e d , and the 

s t r u c t u r a l a n a l y s e s d u r i n g P h a s e III have d e a l t wi th r e f i n e m e n t of the d e s i g n 

c r i t e r i a and t h e r e s u l t i n g d e s i g n i m p l i c a t i o n s . The l aunch con f igu ra t i on of 

t h e I N T - 2 1 w a s r e e v a l u a t e d , r e s u l t i n g in changed t ank g e o m e t r y and s t i f fening 

r e q u i r e m e n t s . P r o p u l s i o n m o d u l e l aunch s u p p o r t i n s ide the s p a c e shu t t l e 

w a s def ined . A l s o , P h a s e III t h e r m a l p r o t e c t i o n r e q u i r e m e n t s w e r e r e v i e w e d 

to e v a l u a t e the t ank d e s i g n p r e s s u r e and the m a t e r i a l and c o n s t r u c t i o n of the 

t a n k s u p p o r t s and i n t e r m o d u l e s t r u c t u r e s . T h e s e a n a l y s e s a r e p r e s e n t e d in 

the s u b s e q u e n t s e c t i o n s , and the r e s u l t i n g def in i t ion of d e s i g n f e a t u r e s i s 

con ta ined in Book 2. In add i t ion , e n g i n e / s t a g e s t r u c t u r a l d y n a m i c s a n a l y s e s 

w e r e p e r f o r m e d , wh ich a r e d o c u m e n t e d in Sec t ion 4 . 8. 

4 . 2. 2 D e s i g n C r i t e r i a 

The RNS s t r u c t u r a l d e s i g n w a s a n a l y z e d and deve loped us ing m e t h o d s spec i f i ed 

by NASA in R e f e r e n c e 4 - 4 , wh ich was p r o v i d e d for the P h a s e II s tudy by the 

COR. Add i t i ona l s o u r c e s of s t r u c t u r a l d e s i g n c r i t e r i a w e r e u t i l i z ed which 

a r e a p p l i c a b l e to s p a c e shu t t l e ( R e f e r e n c e 4 -5 ) and the S a t u r n o r b i t a l w o r k ­

shop ( R e f e r e n c e 4 - 6 ) , 
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4. 2. 2. 1 General C r i t e r i a 

The Class 1-H RNS reference propel lant capacity is 300,000 lb EH^, as 

provided by the propulsion module run tank volume plus the volume of the 

propel lant module, including a 5 percent ullage volume (Reference 4-7) . 

In accordance with the RNS safety c r i t e r i a specified in References 4-7 and 

4 -8 , single fai lure points in s t ruc tu ra l par t s a re judged incredible if the 

par t can be readily analyzed, i. e. , if the geometry is s imple, the ma te r i a l 

p roper t i e s a r e know^n, and the load and strength distr ibut ions can be de te r ­

mined with accuracy and confidence. 

All p r e s s u r e vesse l s a r e designed so that p r e s s u r e stabilization is not 

requi red for any ground, launch, or miission operation. This philosophy, 

which was applied for the S-IVB design, was recommended by MDAC for the 

RNS study, GSE must be designed so that s t ruc tu res will not be subjected 

to t ranspor ta t ion and handling loads more severe than flight design condition. 

The design l imit values for regulated p r e s s u r e s a re based on the upper l imit 

of the relief valve setting, w^hen p r e s s u r e is detrinaental to s t ruc tura l 

load-car ry ing capability (Reference 4-5), When p r e s s u r e i nc reases s t ruc tura l 

load-car ry ing capability, the lower l imit of the operating p r e s s u r e schedule 

is the design l imit value, Propel lant tanks will accept the design p r e s s u r e 

for miss ion operat ions at the t empera tu re of the expulsion p r e s su ran t . 

Sufficient meteoroid protect ion will be provided for propellant tanks to ensure 

no penetrat ion (Reference 4-7), 

The design of the RNS accounts for dynamic loads (Reference 4-4), including 

thrus t vector interact ion, thrus t t r ans ien t s , POGO, slosh, staging, docking, 

z e ro - e l a s t i c , and acoust ic conditions. When a detailed dynamic response 

study cannot be per formed within the scope of the study, an appropr ia te 

dynamic load factor is used in determining the l imit condition. Analysis will 

account for r ig id- and flexible-body dynamics and cont ro l - sys tem dynamics 

of the vehicle. 

S t ructura l a t tachments to propellant tankage a r e designed to minimize heat 

input to the tank, 
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S t r u c t u r e s a r e d e s i g n e d for n o r m a l o p e r a t i o n a l l o a d s , and l o a d s a r i s i n g f rora 

a b o r t cond i t i ons wi l l be l i m i t e d to t h o s e of n o r m a l o p e r a t i o n s . 

M a t e r i a l p r o p e r t i e s f r o m R e f e r e n c e s 4 - 9 t h r o u g h 4-12 a r e u s e d for the 

RNS d e s i g n . 

T h e de f in i t i ons of t e r m i n o l o g y , inc lud ing l i m i t load , d e s i g n load , a l l owab le 

load , f a c t o r of sa fe ty , m a r g i n of sa fe ty , o p e r a t i n g p r e s s u r e , l i m i t p r e s s u r e , 

p roo f p r e s s u r e , c o m b i n e d s t r e s s e s , e t c , c o n f o r m to R e f e r e n c e 4 - 4 , 

The RNS d e s i g n e m p l o y s m a n n e d v e h i c l e f a c t o r s of sa fe ty for a l l m o d u l e s and 

a l l o p e r a t i o n a l p h a s e s , wi th the excep t ion tha t t he p r o p e l l a n t m o d u l e l a u n c h 

on the I N T - 2 1 i s u n m a n n e d . The following f a c t o r s of sa fe ty a r e app l ied 

( R e f e r e n c e 4 - 4 ) , 

1, G e n e r a l Safety F a c t o r s : 

Manned Veh ic l e 

Yield F a c t o r of Safety 

U l t i m a t e F a c t o r of Safety 

U n m a n n e d Veh ic l e 

Yield F a c t o r of Safety 

U l t i m a t e F a c t o r of Safety 

P r o p e l l a n t T a n k s : 

M a n n e d V e h i c l e 

IT 

-

— 

ZZ 

1. 

1. 

1. 

1. 

10 

40 

, 10 

2 5 

2, 

P r o o f P r e s s u r e 

Yield P r e s s u r e 

U l t i m a t e P r e s s u r e 

U n m a n n e d Veh ic l e 

P r o o f P r e s s u r e 

Yield P r e s s u r e 

U l t i m a t e P r e s s u r e 

= 1. 05 x l i m i t p r e s s u r e 

= 1. 10 X l i m i t p r e s s u r e 

= 1, 40 X l i m i t p r e s s u r e 

= 1, 05 X l i m i t p r e s s u r e 

= 1, 10 X l i m i t p r e s s u r e 

= 1, 25 X l i m i t p r e s s u r e 

In c i r c u m s t a n c e s w h e r e c e r t a i n loads have a r e l i e v i n g , s t a b i l i z i n g , o r o the r ­

w i s e bene f i c i a l effect on s t r u c t u r a l load c a p a b i l i t y , the m i n i m u m e x p e c t e d 

va lue of such l o a d s w i l l be u s e d and i s not m u l t i p l i e d by t h e f a c t o r of sa fe ty 

in c a l c u l a t i n g the d e s i g n y ie ld o r u l t i m a t e load ( R e f e r e n c e 4 - 4 ) . When a 

p r e s s u r i z e d s y s t e m or c o m p o n e n t is sub j ec t ed to e x t e r n a l l o a d s , such a s 

a i r l o a d s , g round h a n d l i n g , t r a n s p o r t a t i o n , in addi t ion to p r e s s u r e , f a c t o r s 

of sa fe ty g iven above a r e u s e d . 
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The fol lowing t o l e r a n c e s a r e p r o v i d e d by MDAC to a c c o u n t for m a n u f a c t u r i n g 

o p e r a t i o n s : c h e m - m i l l i n g , + 0 . 0 0 5 i n . ; m a c h i n i n g , + 0 . 0 0 5 i n . ; h o n e y c o m b 

face s h e e t s , +0. 003 in . The p r o v i s i o n for we ld l a n d s i s +15 p e r c e n t of t h e 

c o m p o n e n t we igh t a f t e r add i t ion of t o l e r a n c e s . 

4 , 2 . 2 . 2 I n t e r f a c e s 

NERVA 

The def in i t ion of the NERVA engine i s c o n t a i n e d in R e f e r e n c e s 4 - 1 3 and 

4 - 1 4 . The fol lowing eng ine p a r a m e t e r s apply : 

T h r u s t 7 5 , 0 0 0 lb 

M a s s (wi thout e x t e r n a l sh ie ld) 27, 800 lb 

O v e r a l l l eng th 408 in. 

G i m b a l po in t 23 in. ( f rom i n t e r f a c e ) 

C e n t e r of g r a v i t y 140 in. ( f rom i n t e r f a c e ) 

T h r u s t v e c t o r c o n t r o l 

D i s p l a c e m e n t 3 d e g r e e s 

Ve loc i t y 0. 75 d e g r e e / s e c 
2 

A c c e l e r a t i o n 0. 5 d e g r e e / s e c 

The engine i n t e r f a c e con f igu ra t i on u t i l i z e d wi th the RNS i s the b a s e l i n e 

concep t of the NERVA 75, 0 0 0 - l b f l i gh t - eng ine d e s i g n shown on A e r o j e t 

d r a w i n g 1136339. The s t r u c t u r a l i n t e r f a c e i s a bo l t ed connec t ion and i s 

def ined in Sec t ion 7. 3 of Book 2. 

The RNS s t r u c t u r e i s p h y s i c a l l y and m e c h a n i c a l l y c o m p a t i b l e wi th the NERVA 

e n g i n e . The d e s i g n wi l l w i t h s t a n d e n g i n e - i n d u c e d l o a d s ( t r a n s i e n t , a c c e l e r a ­

t ion , and g i m b a l h a r d o v e r ) and e n v i r o n m e n t s ( m e c h a n i c a l , t h e r m a l , v i b r a t i o n , 

and r a d i a t i o n ) . If e x c e s s i v e g i m b a l a c t u a t o r load ing o c c u r s d u r i n g l aunch to 

o r b i t , s t a b i l i z a t i o n wi l l be p r o v i d e d . 

Space Shut t le 

RNS m o d u l e s l aunched to o rb i t i n s ide the c a r g o bay of the s p a c e shu t t l e 

o r b i t e r m u s t h a v e e x t e r n a l d i m e n s i o n s not e x c e e d i n g 15-ft d i a m e t e r by 

60 ft long . The RNS m o d u l e s a r e c o m p a t i b l e wi th s p a c e shu t t l e p r o v i s i o n s 

for c a r g o loading and d e p l o y m e n t . 
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T h e s p a c e shu t t l e p e r f o r m a n c e for l aunch to the RNS r e f e r e n c e o p e r a t i o n a l 

o r b i t i s 3 3 , 0 0 0 lb up and down ( R e f e r e n c e 4 - 4 ) , The o r b i t e r i s c apab le of 

l and ing wi th a full p a y l o a d . 

RNS m o d u l e s l a u n c h e d i n s i d e the c a r g o bay a r e d e s i g n e d to a c c o m m o d a t e the 

p r e l i m i n a r y a c c e l e r a t i o n load f a c t o r s shown in Table 4 , 2 - 1 wh ich a r e 

spec i f i ed by R e f e r e n c e 4 - 1 5 . The space shu t t l e l aunch is m a n n e d . 

T a b l e 4, 2-1 
P R E L I M I N A R Y A C C E L E R A T I O N LOAD F A C T O R S 

S P A C E S H U T T L E PAYLOAD C O M P A R T M E N T 

( B a s e d on pay load at eg l oca t ion . Sign conven t ions b a s e d on 
o r b i t e r r e f e r e n c e d a t u m , l e v e l II r e q u i r e m e n t s ) 

M i s s i o n P h a s e / E v e n t 

L a u n c h R e l e a s e 
T r a n s i e n t (within 
2 s e c of r e l e a s e ) 

Lif t -off +5 s e c 

M a x Q-Alpha Reg ion 
(35 to 55 p e r c e n t 
b o o s t e r burn) 

Maximium A c c e l e r a t i o n 
(80 to 100 p e r c e n t 
b o o s t e r burn) 

C u t o f f / S e p a r a t i o n 
(Within 2 s ec of 
b o o s t e r cutoff) 

S e p a r a t i o n +5 s e c 

M a x i m u m A c c e l e r a ­
t ion (60 to 100 p e r c e n t 
o r b i t e r bu rn ) 

R e e n t r y 

L a n d i n g / t a x i i n g / 
b r a k i n g 

Long 

S teady 
(g) 

+1 . 5 

+1 . 5 

+2, 0 

+3. 0 

0 

+ 1. 5 

+3. 0 

- 1 . 0 

- 1 . 0 

i tud ina l (X) 

D y n a m i c 
(g) 

±2. 0 

± 0 , 2 5 

± 0 . 4 0 

± 0 .25 

± 3 . 0 

± 0 . 2 5 

±0 .25 

0 

0 

L a t e r a l (Y /Z) 

S teady 
(g) 

0 

0 

- 0 . 7 5 (Z) 

- 0 . 5 (Z) 

0 

0 

0 

- 4 . 0 (Z) 

- 2 , 0 (Z) 

0 , 5 (Y) 

D y n a m i c 
(g) 

± 2 , 0 (Y & Z) 

±0, 25 (Y & Z) 

± 1 . 5 (Y & Z) 

± 0 . 2 5 (Y & Z) 

± 2 , 0 (Y & Z) 

±0, 1 (Y & Z) 

±0, 1 (Y & Z) 

±0, 1 (Y & Z) 

± 2 . 0 (Z) 

± 0 , 5 (Y) 
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I 

INT-21 

The RNS propellant module will be designed to accommodate launch to orbit 

by the INT-21 launch vehicle, based on the Saturn V S-IC and S-II s tages . 

Requirements for this vehicle a re defined by Reference 4-16, The launch is 

unmanned, A launch vehicle operat ions policy is applied so that the existing 

Saturn V design loads a r e not exceeded. Launch vehicle allowables and wind 

c r i t e r i a implicat ions a r e identified in References 4-3 and 4-17. 

Prov is ions for launch vehicle ins t rument unit equipment a re made within the 

envelope of the RNS in te rs tage . The existing forward attach pat tern of the 

S-II is uti l ized. The propellant loading of the RNS module conforms to a 

g ross weight above the S-II at launch of 249, 000 lb. 

Payloads 

A maximum miss ion payload 15 ft d iameter by 140 ft long of uniform density, 

weighing 118, 000 lb, with a stiffness equal to the propellant tanks is consid­

e red for analysis of the s t ruc tu ra l design. 

4 . 2 . 2 . 3 RNS Operational Requirements 

Propuls ion Module 

Transpor ta t ion and Handling — The propulsion module s t ruc ture will be 

designed to accommodate t ranspor ta t ion by slow-moving dolly and barge , or 

a i r (guppy). Limit load factors a re defined in Table 4 . 2 -2 , based on 

Reference 4-18. 

Pre launch —The propulsion module is designed to pe rmi t loading (and removal , 

if required) in the space shuttle o rb i te r cargo bay with the orb i te r in a 

horizontal position before booster mating. The design of the at tachments and 

support s t ruc tu res will accommodate orbi ter operat ions for erect ion and 

mating with the booster during launch prepara t ion . Limit load factors will be 

2. 0 g ver t ica l and 0. 5 g in any horizontal direct ion. 
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Table 4. 2-2 
LOAD FACTORS FOR TRANSPORTATION MODES 

M o d e 

G r o u n d 

W a t e r 

S u p e r G u p p y 

C o n d i t i o n 

(1) 
(2) 
(3) 

( i ) 

(2) 

(3) 

E m e r g e n c y 
L a n d i n g : 

(1) 
(2) 
(3) 
(4) 

L a n d i n g : 

(5) 
(6) 

F l i g h t : 

(7) 
(8) 
(9) 

L i m i t Lo 
{ R e l a t i v e to 

L o n g i t u d i n a l 

±0. 75 
0 

± 1 . 0 

±0. 7 

±0. 5 

±0. 5 

- 4 . 00 
0 
0 
0 

0 
- 1 . 00 

- 0 . 57 
±0. 33 
- 0 . 2 2 

a d F a c t o r s 
the T r a n s 

L a t e r a l 

±0. 5 
±0. 75 
±0. 5 

± 0 . 8 

± 1 . 0 

±0. 6 

0 
± 1 . 00 

0 
0 

±0. 72 
0 

0 
±0. 33 

0 

(g) 
Dorter) 

V e r t i c a l 

- 3 . 0 
- 3 . 0 
- 2 . 0 

- 1 . 8 
- 0 . 2 

- 1 . 3 
- 0 . 7 

- 2 . 5 

0 
0 

+ 1. 33 
- 3 . 00 

- 1 . 00 
- 1 . 00 

- 2 . 00 
- 2 . 50 
± 1 . 00 

D e s c r i p t i o n of 

L o a d i n g C o n d i t i o n 

Road b u m p s 
T u r n i n g 
Quick s t a r t s and s t o p s 

B a r g e hu l l o s c i l l a t i o n s 
( 6 - 1 0 Hz) d u r i n g h e a v y s e a 
c o n d i t i o n s , 40 kno t w i n d s . 

D e e p d r a f t s h i p - 30 d e g r e e r o l l , 
20 foot s e a s , 40 knot w i n d s , 
( r o l l f r e q u e n c y 1/7 to 1/5 Hz) 

Ship o r b a r g e - m a x i m u m v e r t i c a l 
a c c e l e r a t i o n - 20 to 25 foot s e a s 
(p i t ch f r e q u e n c y 1/5 to 2 / 5 Hz) 

(CAR 4b . 260) 

M a x . F o r w a r d 
M a x . S i d e w a r d 
M a x . U p w a r d 
M a x . D o w n w a r d 

40 knot c r o s s w i n d 
B r a k i n g 

G u s t 
G u s t 
G u s t 

NOTES: ( + ) sign indicated aft, por t , and up. (-) sign indicates forward, s t a rboard , and down. 
With each condition, include the effect of a 45 knot wind on the RNS. 
In each condition include the effect of a 70 knot wind gust if the t r a n s p o r t e r (RNS) is not shel te 



The run tank is dry , unpressur ized , and purged with iner t gas for 

launch operat ions . 

Launch —The propulsion module is designed for launch to orbit in the space 

shuttle orbi ter cargo bay. The launch loads a r e specified in Table 4, 2 - 1 , 

Vibration isolat ion and load attenuation w^ill be provided by the propulsion 

module. Stabilization will be provided as required . 

Assembly —The propulsion module will be deployed from the space shuttle in 

orbit . The standard space shuttle deployment mechanism is util ized. The 

design v/ill accommodate the specified interface, mechanism operation, 

and poison wire removal in orbit . Docking loads a re based on any combina­

tion of re la t ive velocit ies and attitude misal ignments at initial contact between 

this module and other modules . The s t ruc ture will be designed for RNS 

assembly opera t ions , including provisions for mounting of functional subsys ­

tems to simplify rendezvous, docking, mating and demating of l ines , and 

checkout. 

Mission Operations— The run tank will accept the design p r e s s u r e at the 

t empera tu re of the expulsion p r e s su ran t , as establ ished by propulsion 

sys tem requ i remen t s . The design will accommiodate NERVA-induced loads 

and environments (miechanical, thermial, vibration, and radiation). The 

module design will satisfy vehicle stability and controllabili ty r equ i remen t s . 

Propel lant Module 

Transpor ta t ion and Handling —The launch in ters tage will be t ranspor ted 

separa te from the propellant module tankage. Both components a re designed 

to be t ranspor ted by slow-naoving dolly or barge . Limit load factors a re 

defined in Table 4. 2-2, The in ters tage will be mated to the propellant 

tankage at KSC. 

Pre launch —The RNS propellant module will be designed to comply with the 

INT-21 prelaunch design load envelope. The RNS s t ruc ture and protect ive 

m e a s u r e s will be l imited to the exposure duration and r i sk level as 

established by the INT-21 design. 
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All g round wind e n v i r o n m e n t is b a s e d on R e f e r e n c e 4 - 1 9 , Def in i t ion of p e a k 

w^ind s p e e d for e x p o s u r e p e r i o d s and p e r c e n t i l e s of e x c e e d a n c e and i t s v a r i a ­

t ion wi th a l t i t ude a r e g iven in Sec t ion 5. 2, 5 of tha t r e p o r t . Def in i t ion of gus t 

f a c t o r s to be app l i ed to p e a k wind to ob ta in m e a n wind and g round wind 

t u r b u l e n c e d a t a a r e p r e s e n t e d in Sec t ion 5. 2. 6 and 5. 2. 7 of R e f e r e n c e 4 - 1 9 , 

r e s p e c t i v e l y . 

The follov/ing p r e l i m i n a r y c r i t e r i a for g round -wind a t KSC a r e app l i ed : 

o n - p a d , unfueled , u n p r e s s u r i z e d , 3 0 - d a y e x p o s u r e , 5 p e r c e n t r i s k ; peak 

vi^ind speed of 33 . 1 m / s e c fronn any a z i m u t h , m e a s u r e d at the 18. 3 m 

r e f e r e n c e l e v e l wi th the a s s o c i a t e d t h r e e s i g m a p ro f i l e shape g iven in 

T a b l e 5 . 2 . 15 of R e f e r e n c e 4 - 1 9 . T h e s e wind v e l o c i t i e s a r e p r e s e n t e d in 

T a b l e 4, 2 - 3 , It is no ted tha t t h e s e c r i t e r i a a r e c o n s e r v a t i v e for the RNS 

d e s i g n , s i n c e the a n a l y s i s of the INT-21 with a pay load enve lope app rox ima t ing 

the RNS p r o p e l l a n t m o d u l e con ta ined in R e f e r e n c e 4 - 3 , i n d i c a t e s tha t for the 

above c r i t e r i o n the I N T - 2 1 d e s i g n loads a r e e x c e e d e d by a s m a l l m a r g i n . 

T a b l e 4, 2 -3 
P E A K WIND P R O F I L E (KSC) 

(m) 

10. 0 

1 8 . 2 

30. 5 

6 1 , 0 

9 1 . 4 

121 . 9 

1 5 2 , 4 

H eight 

(Ft) 

33 

60 

100 

200 

300 

400 

500 

(Knots) 

60, 1 

6 4 , 4 

68 . 3 

74. 0 

7 7 . 6 

8 0 . 2 

8 2 . 3 

V( s loc i ty 

(Ms-1 ) 

30, 9 

33 . 1 

35 . 1 

38. 1 

40, 0 

4 1 , 3 

42, 3 
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L a u n c h —The RNS p r o p e l l a n t m o d u l e i s d e s i g n e d to c o m p l y w^ith the INT-21 

l a u n c h and a s c e n t d e s i g n load e n v e l o p e , inc lud ing m a x i m u m (q a) and 

m a x i m u m long i tud ina l a c c e l e r a t i o n . The n o m i n a l , n o - w i n d INT-21 l a u n c h 

t r a j e c t o r y (for i n j ec t i on in to a 100 n m i by 260 n m i o rb i t ) def ined in R e f e r ­

ence 4 - 3 y i e ld s a m a x i m u m d y n a m i c p r e s s u r e of 732 psf and m a x i m u m ax ia l 

a c c e l e r a t i o n of 4, 387 g. 

The a s c e n t wind e n v i r o n m e n t i s b a s e d on R e f e r e n c e 4 - 1 9 . Def in i t ion of wind 

s p e e d s for e x c e e d i n g p e r c e n t i l e and i t s v a r i a t i o n wi th a l t i tude a r e g iven in 

Sec t ion 5. 3, 6 of tha t r e p o r t . S h e a r e n v e l o p e s and g u s t s a r e def ined in 

Sec t i ons 5. 3 . 7 and 5. 3 . 8 , r e s p e c t i v e l y . Syn the t i c wind p r o f i l e s c o n s t r u c t e d 

a c c o r d i n g to Sec t ion 5. 3 . 9 a r e u s e d . 

The p r e l i m i n a r y RNS load ing enve lope i s n o r m a l i z e d to the c u r r e n t d e s i g n 

load ing at the S-II i n t e r f a c e (2, 540 l b / i n . ). A po l icy of u t i l i z ing a w i n d -

b i a s e d l a u n c h t r a j e c t o r y and a c c e p t i n g a m i n i m u m s e a s o n a l l a u n c h a v a i l a b i l i t y 

of 84 p e r c e n t for w i n t e r winds i s app l i ed . 

The s t r u c t u r a l d e s i g n i n c l u d e s p r o v i s i o n for ven t ing e n c l o s e d c o m p a r t m e n t s 

and i n s u l a t i o n . 

A s s e m b l y —The s t r u c t u r e wi l l be d e s i g n e d for a s s e m b l y o p e r a t i o n s , inc lud ing 

p r o v i s i o n s for m o u n t i n g of func t iona l s u b s y s t e m s to s impl i fy r e n d e z v o u s , 

dock ing , m a t i n g , and d e m a t i n g of l i n e s , and checkou t . 

M i s s i o n O p e r a t i o n s — S a m e a s p r o p u l s i o n m o d u l e run tank . 

C o m m a n d and C o n t r o l Module 

The o p e r a t i o n a l r e q u i r e m e n t s fo r the CCM a r e the s a m e a s for the p r o ­

p u l s i o n m o d u l e , excep t run tank and po i son w i r e r e m o v a l c r i t e r i a a r e not 

a p p l i c a b l e . 

4 . 2 . 3 L a u n c h Conf igu ra t ion 

The l a r g e enve lope for the RNS can i n c r e a s e s t r u c t u r a l loading above the c u r r e n t 

d e s i g n va lue for the I N T - 2 1 . O p t i m a l c o n t r o l t h e o r y w^as i n v e s t i g a t e d d u r i n g 
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P h a s e II and found p r o m i s i n g for m i n i m i z i n g s t r u c t u r a l m o d i f i c a t i o n s to t h e 

S-IC and S-II v e h i c l e s . C o n c u r r e n t wi th the P h a s e III RNS s tudy a c o m p r e ­

h e n s i v e e v a l u a t i o n of the load ing i m p l i c a t i o n s for a r a n g e of pay load e n v e l o p e s 

on the I N T - 2 1 v e h i c l e w a s p e r f o r m e d by Boeing ( R e f e r e n c e 4 - 3 ) . The 

p a y l o a d s c o n s i d e r e d i nc luded Skylab , s p a c e s t a t i on c o n c e p t s , and RNS 

c o n c e p t s . Al l a r e to be l a u n c h e d u n m a n n e d . The c r i t e r i a u s e d for the s tudy 

inc luded a 3 0 - d a y e x p o s u r e and 5 p e r c e n t r i s k for g round winds at KSC and 

a 5 p e r c e n t r i s k for l a u n c h r e l e a s e . The p a r a m e t r i c r e s u l t s a r e s u m m a r i z e d 

in F i g u r e 4 . 2 -1 in t e r m s of l aunch a v a i l a b i l i t y v s . pay load l eng th . S e v e r a l 

RNS l a u n c h c o n f i g u r a t i o n s c o n s i d e r e d d u r i n g P h a s e II a r e s u m m a r i z e d in 

T a b l e 4 . 2 - 4 . The p a y l o a d he igh t inc lud ing a 3 0 - d e g r e e n o s e cone i s i n d i c a t e d . 

The C l a s s 1 H y b r i d , which p e r m i t s l aunch of the p r o p e l l a n t m o d u l e by i tself , 

p r o v i d e s t h e m o s t f a v o r a b l e l aunch a v a i l a b i l i t y . A l so , the P h a s e III concep t 

of a s e p a r a t e CCM p e r m i t s f u r t h e r r e d u c t i o n of the p r o p e l l a n t m o d u l e l aunch 

e n v e l o p e . The p r o p e l l a n t m o d u l e could be l aunched i n v e r t e d , a s i n d i c a t e d in 

the t a b l e . H o w e v e r , t h i s i s u n d e s i r a b l e b e c a u s e it w^ould i m p o s e the r e q u i r e -

100 
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Figure 1+.2-1 
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Table 4. 2-4 

RNS LAUNCH CONFIGURATION COMPARISON 

Payload Launched 
by INT-21 

Phase H Concepts 

1. NFPM 

2. Class 1 Standard 

3. Class 1 Hybrid 

a. Propel lant Module 

b. Propel lant Module Inverted 

Phase III Concepts 

4. Class 1 Hybrid 

a. Propel lant Module + CCM 

b, Propel lant Module 

Bulkhead 
Geometry 

2 Ell ipsoidal 
Forward and Aft 

10° Cone Aft 
\JZ El l ipsoidal 
Forward 

10° Cone Aft 
\/2 Ell ipsoidal 
Forward 

10° Cone Aft 
Hemispher ica l 
Forward 

Payload Height (ft) 

Without 
Nosecone 

128, 3 

157.2 

102.8 

85.9 

104.4 

92.2 

With 30 deg 
Nosecone 

154. 6 

183. 5 

129. 1 

112.2 

130.7 

118. 5 

Launch 
Availability 
(percent)* 

67 

60 

80 

87 

80 

84 

* Winter w^inds, wind-biased t ra jec tory 



m e n t of a s e c o n d flight ven t s y s t e m l o c a t e d at the t ank aft bu lkhead for l aunch > 

to o r b i t and would c o m p l i c a t e i n t e g r a t i o n of a g round fill s y s t e m i n t e r f a c i n g 

wi th the c o n i c a l aft bu lkhead . Add i t i ona l c o n f i g u r a t i o n s c o n s i d e r e d d u r i n g 

P h a s e III a r e a l s o s u n a m a r i z e d in T a b l e 4. 1-2. 

In the c o n c e p t adop ted a s the P h a s e III b a s e l i n e , the C l a s s 1-H p r o p e l l a n t 

m o d u l e i s l a u n c h e d u p r i g h t by i t se l f . T h u s , the p r o p u l s i o n m o d u l e and CCM 

a r e d e s i g n e d for l a u n c h i n s i d e the s p a c e shu t t l e for in i t i a l RNS a s s e m b l y o r 

n o r m a l r e p l a c e m e n t o p e r a t i o n s . The p r o p e l l a n t m o d u l e l aunch enve lope i s 

s h o r t e n e d by 12 ft when l a u n c h e d wi thout a CCM, Th i s r e s u l t s in a 84 p e r c e n t 

l a u n c h a v a i l a b i l i t y for the w o r s t w i n t e r w i n d s . F o r s u m m e r w i n d s , a v a i l a b i l i t y 

i n c r e a s e s to 90 p e r c e n t •without v/ind b i a s i n g . F u r t h e r i m p r o v e m e n t s could 

be ob ta in t ed with the p r e v i o u s l y c i ted o p t i m a l c o n t r o l concep t . 

While the RNS enve lope d o e s r e q u i r e changes f r o m c u r r e n t S a t u r n V l aunch 

p r a c t i c e , the u s e of •wind-biased t r a j e c t o r i e s p r o v i d e s s u b s t a n t i a l i n c r e a s e s 

in l a u n c h a v a i l a b i l i t y , whi le r e t a i n i n g ex i s t i ng S-IC and S-II s t r u c t u r e . The 

r e s t r i c t i o n s on the C l a s s 1 S t a n d a r d o r N F P M c o n f i g u r a t i o n s a r e s e v e r e , but 

i t i s p r o b a b l y u n w a r r a n t e d to exc lude t h e m on th i s b a s i s a lone , c o n s i d e r i n g 

t h a t i t i s no t n e c e s s a r y to m e e t p r e c i s e l aunch •windo^ws for u n m a n n e d l a u n c h e s 

•without p a y l o a d s . 

An e v a l u a t i o n of e n g i n e / s t a g e s t r u c t u r a l dynamiics was p e r f o r m e d d u r i n g 

P h a s e III ( s e e Sec t ion 4, 8) to e v a l u a t e l a u n c h of NERVA in both the C l a s s 1 

S t a n d a r d and i n t e g r a l C l a s s 1-H con f igu ra t i ons on the INT-21 v e h i c l e . 

S igni f icant a m p l i f i c a t i o n of t h e l aunch l a t e r a l a c c e l e r a t i o n t r a n s i e n t w a s 

ob ta ined , w h i c h i n d i c a t e s a po t en t i a l l y s e r i o u s i m p a c t on the NERVA c o r e . 

S ince a shu t t l e l a u n c h i s r e q u i r e d to a c c o m p l i s h NERVA r e p l a c e m e n t , it i s 

p r o b a b l y m o s t e c o n o m i c a l to d e v e l o p a r e s t r a i n t and load a t t e n u a t i o n concep t 

for only a s ing le l a u n c h concep t . T h i s f u r t h e r e n h a n c e s the d e s i r a b i l i t y of 

the h y b r i d conf igu ra t ion , wi th a n o r m a l s e p a r a t e l aunch of the p r o p u l s i o n 

m o d u l e by the s p a c e s h u t t l e . 

4 . 2. 4 L o a d i n g A n a l y s i s 

R i g i d - b o d y a n a l y s e s w e r e p e r f o r m e d to d e r i v e i n e r t i a l l o a d s on the p r o p e l l a n t 

m o d u l e for the fol lowing c o n d i t i o n s : (1) t r a n s p o r t a t i o n b a s e d on the load 
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f a c t o r s i n T a b l e 4 . 2 - 2 , (2) p r e l a u n c h b a s e d o n t h e w i n d p r o f i l e p r e s e n t e d i n 

T a b l e 4 . 2 - 3 , (3) l a u n c h f o r b o t h m a x q - a a n d m a x i m u m a c c e l e r a t i o n c o m p l y ­

i n g •with t h e t r a j e c t o r y a n d a s c e n t -wind e n v i r o n m e n t d e f i n e d i n t h e d e s i g n 

c r i t e r i a , a n d (4) m i s s i o n o p e r a t i o n •with t h e e n g i n e g i n a b a l e d h a r d o v e r a t 

5 . 7 d e g r e e s (\fZ x 3 d e g r e e s f o r c o n t r o l p l u s 1 . 5 d e g r e e s f o r m i s a l i g n m e n t 

u n d e r fu l l t h r u s t , 7 5 , 0 0 0 l b ) . 

T h e M D A C S A - 3 3 A D M U S c o m p u t e r p r o g r a m , •which c o n s i s t s of a s e r i e s of 

i n t e r r e l a t e d s u b r o u t i n e s •within a m i s s i o n a n a l y s i s a n d v e h i c l e d e s i g n s u b p r o ­

g r a m s , w a s u s e d t o g e n e r a t e t h e l o a d s f o r t h e l a u n c h c o n d i t i o n s . M a c h 

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

A x i a l a n d n o r m a l a e r o f o r c e d i s t r i b u t i o n , t o t a l n o r m a l f o r c e , c e n t e r of 

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

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

m o m e n t s o n t h e v e h i c l e b o d y . F r o m t h e s e t h e l o a d s a r e g e n e r a t e d . T h e 

p r e l a u n c h a n d l a u n c h l o a d i n g e n v e l o p e , sho"wn i n F i g u r e 4 . 2 - 2 , •was n o r m a ­

l i z e d t o a g r e e -with t h e c u r r e n t d e s i g n l o a d a t t h e S - I I i n t e r f a c e . 

2 , 5 0 0 

2 , 0 0 0 

^ 1 ,500 

tr< 1 ,000 

o 
^ 500 

•Max q-a——H 

Max q-a-* 

' ^ 

-Prelaunch 

U,000 3 ,500 

iirr-21 
0^ Interface 

(STA 2519) 

3,000 

(Station (In.) 

Figure U,2-2 CLASS 1-H APPLIED LOAD DISTPIBIITION 

2,500 
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The m a s s d i s t r i b u t i o n for the C l a s s 1-H w a s c o m p u t e d for five t i m e po in t s 

d u r i n g the r e f e r e n c e m i s s i o n p r o p e l l a n t d e p l e t i o n h i s t o r y . The condi t ion of 

the eng ine g i m b a l e d h a r d o v e r a t 5. 7 d e g r e e s u n d e r 75 , 000 lb of t h r u s t w a s 

input in to the MDAC S B - 1 5 " S t r u c t u r a l L o a d H i s t o r i e s " p r o g r a m for the 

p r o p e l l a n t d e p l e t i o n h i s t o r y to ob ta in m o m e n t s , s h e a r s and a x i a l l o a d s d u r i n g 

eng ine o p e r a t i o n . The m a x i m u m load c a s e o c c u r r e d with both m o d u l e s full 

and p r o d u c e d the l i m i t l o a d s shown in T a b l e 4 . 2 - 5 . 

4 . 2 . 5 P r o p e l l a n t T a n k P r e s s u r e 

The t ank we igh t s e n s i t i v i t y to d e s i g n p r e s s u r e i s def ined in Sec t ion 4. 2. 7. 

T h e r m a l p r o t e c t i o n r e q u i r e m e n t s ( i n su l a t ion and boiloff) a r e def ined in 

Sec t ion 4 . 3 . T h e s e a r e c o m b i n e d with the r e s i d u a l gas •weight for the l u n a r 

shu t t l e m i s s i o n p r o f i l e to e s t a b l i s h the to t a l •weight p e n a l t y for the tank 

d e s i g n p r e s s u r e . The p r e s s u r e s c h e d u l e def ined in Sec t ion 3 . 12. 2 -was 

app l i ed , wh ich s e t s the t ank d e s i g n p r e s s u r e a t 3 p s i a o v e r the r e q u i r e d 

NERVA o p e r a t i n g p r e s s u r e , b a s e d on s e n s o r t o l e r a n c e s , l ine l o s s e s , and 

p r o p e l l a n t s y s t e m o p e r a t i o n a l r e q u i r e m e n t s . Since the boiloff i s ven ted 

T a b l e 4 . 2 - 5 
C O M P O N E N T LIMIT LOADS - MISSION O P E R A T I O N 

Module 

Propuls ion 

Propel lan t 

CCM 

Component 

Thrus t 
St ructure 

Intermodule 
Skirt 

Intermodule 
Thrus t 
Structure 

Payload 
Adapter 

Cylinder 

Moment Axial 
(in, - I b x l O ^ ) Shear (lb) Load (lb) 

0,74 5,750 69,750 

2.47 5,120 67,850 

2.47 5,120 67,850 

3.42 2,680 16,820 

3.42 2,680 16,820 
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during the miss ion , it has l e s s impact on the per formance than iner t weight. 

The effective boiloff penalty is about half of the actual boiloff on the lunar 

shuttle miss ion . 

The separa te factors cited and total sys tem weights a r e plotted in F i g ­

u r e s 4. 2-3 and 4. 2-4 for t̂ wo the rmal protect ion sys tem design s t r a t eg ies . 

The selected thermial protect ion design approach (Figure 4. 2-3), entails 

venting of tank conditioning propellant and orbi ta l coast heating to reduce the 

equivalent t ime and inc rease the propellant heat capacity for the miss ion . 

With this s t ra tegy, a reduction of the tank design p r e s s u r e from the cur ren t 

basel ine of 29 psia (imposed by the 26-ps ia NERVA requirement) to the 

vicinity of 24 psia i s des i rab le . No vented boiloff •would be incur red during 

the miss ion in this c i rcumstance . The second approach (Figure 4 .2 -4 ) , 

provides no venting for propellant conditioning before miss ion operation. 

This mos t severe t he rma l design requi rement resu l t s in a negligible weight 

improvement by reduction of the tank design p r e s s u r e . 

21 25 30 35 
Design Pressure (psia) 

Figiire U,2-3 TANK PRESSURE OPTIMIZATION - CLASS 1-H PROPELLANT MODULI 
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e 
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I n i t i a l Saturation 
21 psia 
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Insulation 
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21 25 30 
Design P r e s s u r e ( p s i a ) 

35 

F igure k.2-k TANK PRESSURE OPTIMIZATION - CLASS 1-H PROPELLANT MODULE 

T h e a d d i t i o n a l w e i g h t s a s s o c i a t e d w i t h t h e r u n t a n k a n d m e t e o r o i d p r o t e c t i o n 

w e r e n o t i n c l u d e d i n t h e e v a l u a t i o n . T h e s e w o u l d s l i g h t l y i n c r e a s e t h e b i a s 

t o w a r d a l o w e r d e s i g n p r e s s u r e . A d d i t i o n a l p r o p e l l a n t s u b c o o l i n g w o u l d 

a l s o i n c r e a s e t h i s b i a s . 

4 , 2 , 6 F o r ^ w a r d B u l k h e a d S h a p e 

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

s p h e r i c a l c o n f i g u r a t i o n w a s c o m p a r e d to a n e l l i p s o i d a l c o n f i g u r a t i o n . T h e 

e l l i p s o i d a l s h a p e h a d b e e n s e l e c t e d a s a b a s e l i n e d u r i n g P h a s e II , w h e n 

m o d u l e l e n g t h h a d a m a j o r i m p a c t o n l a u n c h v e h i c l e l o a d i n g f o r t h e R N S 

s t a n d a r d c o n f i g u r a t i o n . H o w e v e r , t h e c u r r e n t d e s i g n c r i t e r i a f o r l a u n c h of 

o n l y a p r o p e l l a n t m o d u l e a s a p a y l o a d on t h e I N T - 2 1 a l l e v i a t e s t h i s c o n d i t i o n , 

a n d a m o r e e f f i c i e n t d e s i g n c a n b e c o n s i d e r e d . F o r b o t h c o n f i g u r a t i o n s t h e 

t a n k s w e r e s i z e d t o c o n t a i n 2 9 0 , 500 lb of L H 2 w i t h a 5 p e r c e n t u l l a g e v o l u m e 

a n d w e r e d e s i g n e d f o r a p r e s s u r e of 29 p s i . T h e h e m i s p h e r i c a l d o m e w e i g h e d 

90 lb m o r e t h a n t h e e l l i p s o i d a l , b u t b e c a u s e of i n c r e a s e d v o l u m e t r i c e f f i c i e n c y . 
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i t r e d u c e d the i n t e g r a l l y s t i f fened s i d e w a l l length by 29 in. , w h i c h r e s u l t e d in 

a we igh t s a v i n g s of 690 l b . A l s o , t he h e m i s p h e r i c a l con f igu ra t ion a c h i e v e d a 

s u r f a c e a r e a r e d u c t i o n of a p p r o x i m a t e l y 1 p e r c e n t . Th i s r e s u l t e d in an i n s u ­

l a t i on and m e t e o r o i d p r o t e c t i o n we igh t r e d u c t i o n of 60 lb which c o m b i n e d wi th 

the t ank we igh t s a v i n g s for a to ta l s y s t e m we igh t s a v i n g s of 660 lb . T h u s , the 

h e m i s p h e r i c a l f o r w a r d bu lkhead s h a p e w a s s e l e c t e d a s the new b a s e l i n e . Over­

a l l s t a g e l eng th wi th the h e m i s p h e r i c a l con f igu ra t i on is 19 in, l o n g e r than for 

the e l l i p s o i d a l . 

4. 2. 7 P r o p e l l a n t T a n k Stiffening 

The p r o p e l l a n t m o d u l e t a n k a g e s i d e w a l l s , which a r e f a b r i c a t e d f r o m 2 0 1 4 - T 6 

a l u m i n u m a l loy , w e r e a n a l y z e d to d e t e r m i n e if i n t e g r a l r e i n f o r c e m e n t w a s 

r e q u i r e d a s a r e s u l t of the v a r i o u s d e s i g n l o a d s . The cond i t ions i n v e s t i ­

ga ted w e r e : (1) t r a n s p o r t a t i o n wi th the load f a c t o r s con ta ined in Tab le 4. 2 -2 

app l i ed , (2) p r e l a u n c h us ing the p e a k wind p ro f i l e con ta ined in T a b l e 4 . 2 - 3 , 

(3) l a u n c h d u r i n g m a x (q a) b a s e d on the t r a j e c t o r y c r i t e r i a con ta ined in 

Sec t ion 4 . 2 . 2, and (4) RNS engine o p e r a t i o n a t full t h r u s t wi th the engine 

g i m b a l e d h a r d o v e r a t 5. 7 d e g r e e s . The r e s u l t i n g u l t i m a t e l oads for the 

d e s i g n cond i t ions a r e p r e s e n t e d in T a b l e 4 . 2 - 6 . 

T h e s e l o a d s w e r e u s e d to d e t e r m i n e the a m o u n t of s t i f fening r e q u i r e d , if any, 

for the v a r i o u s d e s i g n c o n d i t i o n s . R e f e r e n c e 4 -20 w a s e m p l o y e d to d e t e r m i n e 

the buck l ing allo^wable for m o n o c o q u e c o n s t r u c t i o n whi le the m e t h o d d e s c r i b e d 

in R e f e r e n c e s 4 -21 t h r o u g h 4 - 2 4 b a s e d on D o n n e l l - t y p e buckl ing so lu t ions 

app ly ing a c o r r e l a t i o n f a c t o r of 0. 65 w a s u s e d to d e t e r m i n e the buck l ing 

T a b l e 4 . 2 - 6 
DESIGN CONDITION L I N E LOADS 

Condi t ion Nx . ( l b / i n . ) 

T r a n s p o r t a t i o n 170 c o m p r e s s i o n 

P r e l a u n c h 335 c o m p r e s s i o n 

L a u n c h (Max q a) 1040 t e n s i o n 

Engine o p e r a t i o n 95 c o m p r e s s i o n 
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allow^able for integral ly stiffened cyl inders . Only isot ropic (60 degree) 

stiffening -was considered based on the resu l t s of a t r ade study performed 

during Phase II of this study (Referen<;e 4 - 1 , page 2-18). 

The analysis indicated that a monocoque tank designed for 29 psi was capable 

of r e s i s t ing the buckling loads imposed during engine operat ion under z e r o 4 P 

and t ranspor ta t ion . Zero 4 P may occur during engine operation as a resu l t 

of a vent valve malfunction or a meteoroid penetrat ion. For the t r a n s p o r t a ­

tion condition, the module was assumed to be supported at the forward end 

of the forward ski r t and the aft end of the in termodular th rus t s t ruc tu re . The 

max q a condition was investigated because the tank is launched off-loaded 

under sa tura ted LH^ p r e s s u r e (16 psi) , ra ther than being p r e s su r i zed to the 

design p r e s s u r e during flight through the sensible a tmosphere . However, 

even though the tank exper iences essent ia l ly a zero /IP on the ground, it will 

be exposed to an internal p r e s s u r e of 13. 3 psi when max qc o c c u r s . This 

p r e s s u r e differential is sufficient to overcome the compress ive forces 

resul t ing from bending and axial loads and to ensure a tension load in the 

tank s idewalls . 

In the case of the prelaunch condition, the 335-lb/ in . compress ive line load 

produced buckling in an unpressur ized monocoque tank. For this condition 

additional stiffening must be provided or the tank must be p r e s s u r e stabil ized. 

P r e s s u r e stabil izat ion is undesirable from a safety standpoint; therefore , 

the tank cylinder -was integral ly reinforced. This is in accordance w îth the 

S-IVB design philosophy. The weight penalty for the additional stiffening is 

minimal (590 lb). F igure 4. 2-5 depicts the weight of an integral ly stiffened 

tank for a range of design p r e s s u r e s and was used for the propellant tank 

p r e s s u r e study in Subsection 4. 2. 5. 

The propulsion module tankage was also analyzed for the same conditions 

as the propel lant module with resul t ing ul t imate compress ive line loads of 

20, 90, and 340 lb / in . for t ranspor ta t ion , launch, and engine operation, 

respect ive ly . For the t ranspor ta t ion condition the loads were computed 

based on t r a n s p o r t e r support points at the aft end of the th rus t s t ruc ture and 

the forward end of the skir t . In addition the NERVA was not attached to the 

module. In the case of the space shuttle launch, the NERVA was assumed 
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Figure U.2-5 CLASS 1 HYBRID PROPELLANT TANK PRESSURE SENSITIVITY 
(INTEGRALLY STIFFENED) 

to be stabil ized at i ts center of gravity by supports within the shuttle. As 

noted above, engine operation produced the g rea tes t loads. At the design 

p r e s s u r e of 30 psi , an integral ly stiffened tank designed to r e s i s t engine 

operation loads only suffers a 20-lb weight penalty over one of all mono­

coque construct ion. 

4. 2. 8 Tank Supports and Attachments 

A t rade study was conducted to evaluate the ma te r i a l s and method of con­

struct ion for s t ruc tu ra l components -which attach to the propellant tankage 

and therefore resu l t in a heat short . These include the intermodule s t ruc ture , 

thrus t s t r u c t u r e , and payload adap te r . 

Based on the resu l t s of a s imi la r t r ade study for the Class 3 (Volume II, 

P a r t B), only the three mos t efficient candidates from an overal l cost -were 

analyzed. These -were: (1) fiber glass s t ru t s , (2) fiber glass honeycomb 

sandwich, and (3) t i tanium (Ti 6A1-4V) s t ru t s . 
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C o m p o n e n t l i m i t l o a d s a r e def ined in T a b l e 4. 2 - 5 . All c o n f i g u r a t i o n s w e r e 

a n a l y z e d for g e n e r a l i n s t a b i l i t y and l o c a l buck l ing . R e f e r e n c e s 4 -20 and 

4 - 2 5 w e r e e m p l o y e d for h o n e y c o m b sandwich c o n s t r u c t i o n . G e n e r a l 

i n s t a b i l i t y for the s t r u t d e s i g n s w a s a n a l y z e d u s i n g the E u l e r c o l u m n f o r m u l a . 

The s t r u t t h i c k n e s s w a s d e t e r m i n e d by the modi f ied E u l e r equa t ion of 

Von K a r m a n and T s i e n . A s u m m a r y of the l o a d s , w e i g h t s , and s e l e c t e d 

d e s i g n s i s p r e s e n t e d in T a b l e 4 . 2 - 7 ( c los ing f r a m e we igh t s a r e not i nc luded) . 

The t u b u l a r f iber g l a s s s t r u t s a r e w r a p p e d wi th the t i t a n i u m end f i t t ings in 

p l a c e . A p r e c i s i o n c a s t i n g i s u s e d to m a k e the c e n t r a l X - s e c t i o n s p l i c e and 

t h r e a d s a r e m a c h i n e d onto the f i t t ing employ ing a b o r i n g m i l l to e n s u r e a 

c l o s e t o l e r a n c e on the ang le sub tended by the l e g s of the X- f i t t ing . 

P a r a l l e l i s m of d o m e and i n t e r f a c e r i n g a t t a c h po in t s and t h e i r c e n t e r l i n e s 

i s e s t a b l i s h e d by tool m a s t e r s . M a s t e r tool ing i s u s e d to l o c a t e and d r i l l 

the h o l e s in the s t r u t end f i t t ings , i n t e r f a c e r i ng , and d o m e l u g s . A t t ach 

po in t s a r e naachined p e r p e n d i c u l a r to the p lane of the s t r u t s u b a s s e m b l i e s 

•with the c l e v i s s lo t o v e r s i z e . Af te r the s u b a s s e m b l i e s a r e p o s i t i o n e d in the 

c l e v i s e s , w a s h e r s a r e i n s t a l l e d to e n s u r e a t igh t fit . 

The cos t of m a n u f a c t u r i n g e a c h cand ida t e m a t e r i a l and c o n s t r u c t i o n w a s 

e s t i m a t e d u s ing c u r r e n t MDAC C E R ' s . C o n s i d e r e d in the m a n u f a c t u r i n g 

c o s t w a s the s u b a s s e m b l y , and i n s t a l l a t i o n of the s t r u t s u b a s s e m b l i e s . The 

m a n u f a c t u r i n g c o s t for a l l s t r u c t u r a l a t t a c h m e n t s i s c u m u l a t e d in T a b l e 4 . 2 - 8 . 

The hea t input to the t ank w a s a m a j o r f ac to r in c o m p a r i n g the c a n d i d a t e s . 

T h e r m a l p e r f o r m a n c e of the c o m p o n e n t s i n s u l a t e d with H P I was a n a l y z e d in 

d e t a i l , and i s d i s c u s s e d s e p a r a t e l y in Sec t ion 4 . 3 . 6. Us ing D A M / D a c r o n 

ne t s p a c e r HPI , a 3-ft i n s u l a t e d l eng th w a s ob ta ined for the f iber g l a s s 

c o m p o n e n t s c o m p a r e d to 6 ft for t i t a n i u m . The t h i c k n e s s w a s o p t i m i z e d for 

s y s t e m p e r f o r m a n c e . The r e s u l t i n g HPI weight and equ iva l en t boiloff weigh t 

a r e sho-wn in T a b l e 4 . 2 - 8 . 
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Table 4 . 2 - 7 
SUPPORT STRUCTURE CONFIGURATION COMPARISON 

Construction 

F iber Glass 
Struts 

F iber Glass 
Honeycomb 

Titanium 
Struts 

Forward Diameter (m. ) 

Aft Diameter (m. ) 

Length (m. ) 

Numbe r 

Diameter (m. ) 

•Wall Thickness (in.) 

Length (m. ) 

Load ( lb/strut) 

•Weight (lb) 

Face Thickness (m. ) 

Core Height (m. ) 

Load (Ib/m. ) 

•Weight (lb) 

Number 

Diameter (m. ) 

•Wall thickness (in.) 

Length (m. ) 

Load ( lb/s t rut) 

•Weight (lb) 

P rop ellant Module 

Intermodule 
Thrus t Structure 

Nxc 

246 

160 

87 

48 

5.25 

0. 065 

100.4 

14,360 

563 

0. 015 

0.875 

- 190 Nxb -

402 

48 

4.75 

0.022 

100.4 

14,360 

363 

120 Nxc 

Payload 
Adapter 

16 

180 

310 

92 

32 

6.0 

0. 070 

121. 7 

430 

501 

0. 015 

0.686 

- 40 Nxb - 190 

16 

523 

32 

5.5 

0.25 

121.7 

430 

344 

Propulsion Module 

Forward 
Skirt 

160 

160 

70 

24 

4. 125 

0.055 

81.3 

9,000 

185 

0.015 

0.50 

Nxc - 190 Nxb 

221 

24 

3.875 

0.018 

81.3 

9,000 

118 

- 140 

Thrust 
Structure 

140 

60 

70 

24 

4.625 

0.065 

84.0 

12,710 

205 

0. 015 

0.625 

Nxc - 520 Nxb - 370 

173 

24 

4. 125 

0.022 

84.0 

12,710 
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The to t a l s y s t e m c o s t p e r m i s s i o n i s c o m p a r e d in T a b l e 4 . 2 - 8 , c o n s i s t i n g 

of the m a n u f a c t u r i n g c o s t ( a m o r t i z e d o v e r 10 m i s s i o n s ) , the t r a n s p o r t a t i o n 

c o s t of the i n e r t -weight, and the t r a n s p o r t a t i o n c o s t of the boiloff, -which can 

be ven ted en r o u t e . The f iber g l a s s h o n e y c o m b c o n s t r u c t i o n i s found to be 

m o s t c o s t e f fec t ive . Ho-wever, the -weights a r e i d e a l i z e d and can be i n c r e a s e d 

by d e s i g n f a c t o r s not inc luded h e r e . A l s o , i n s u l a t i o n l ayup h a s s u b t l e t i e s 

-which could i n c r e a s e the t h e r m a l p r o t e c t i o n p e n a l t y for the h o n e y c o m b 

c o n s t r u c t i o n . It -was dec ided to r e t a i n the f iber g l a s s s t r u t s as a b a s e l i n e 

to ob ta in g r e a t e r v i s i b i l i t y of i t s d e s i g n and m a n u f a c t u r i n g i m p l i c a t i o n s . 

Upon c o m p l e t i o n of the above s tudy an i m p r o v e d m e t h o d of a n a l y s i s -was 

deve loped for the t r u s s s t r u c t u r e s t r u t s -which took into a c c o u n t the c o n s i s ­

t e n c y of the app l ied l o a d s and r e a c t i o n s at the t r u s s s u p p o r t . The r e s u l t i n g 

s t r u t l o a d s d e c r e a s e d for a l l of the s t r u c t u r a l c o m p o n e n t s . The p e r t i n e n t 

d a t a a r e p r e s e n t e d in Tab le 4. 2 -9 -with c lo s ing f r a m e -weights i nc luded . The 

pay load a d a p t e r i s not inc luded b e c a u s e a f iber g l a s s h o n e y c o m b sand-wich 

c o n s t r u c t i o n -was s e l e c t e d for it b a s e d on p r o p u l s i o n c o m p o n e n t and e q u i p m e n t 

moun t ing c o n s i d e r a t i o n s . In o r d e r to have a conamon p r o p u l s i o n m o d u l e for 

both the C l a s s 1-H and the C l a s s 3, the s t r u t s -were s i z e d for the C l a s s 3 

l o a d s . T h i s r e s u l t e d in a for-ward s k i r t tha t -weighed 250 lb and a t h r u s t 

s t r u c t u r e tha t -weighed 170 lb . 

T a b l e 4 . 2 - 9 
F I B E R GLASS STRUT CONSTRUCTION 

For-ward D i a m e t e r ( in. ) 
Aft D ianae t e r (in. ) 
S e p a r a t i o n ( in. ) 

N u m b e r of S t r u t s 
D i a m e t e r (in. ) 
Wal l T h i c k n e s s ( in . ) 
L e n g t h (in. ) 
Load ( l b / s t r u t ) 
Weight (lb) 

P r o p e l l a n t Module 

I n t e r m o d u l a r 
T h r u s t S t r u c t u r e 

2 4 6 
1 7 4 

87 

4 8 
5. 0 
0. 045 

100. 4 
6 ,330 

4 7 0 

P r o p u l s i o n Module 

For-ward 
S k i r t 

1 7 4 
160 

70 

2 4 
4. 0 
0. 055 

8 1 . 3 
8 ,070 

2 3 0 

T h r u s t 
S t r u c t u r e 

120 
60 
4 5 

2 4 
3. 5 
0. 065 

5 8 . 8 
1 0 , 6 3 0 

160 
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4. 2. 9 Propuls ion Module Launch Support 

A concept for propulsion module support in the shuttle cargo bay is i l lus t ra ted 

in F igure 4. 2 -6 . In this basel ine scheme the module -with the engine mated to 

it is loaded into the space shuttle -while both a re in a horizontal attitude -with 

the propulsion module tank empty and unpressur ized . Loading pickup points 

for the module a re compatible -with those for the t ranspor ta t ion mode (i. e. , 

for-ward end of the in te rmodular ski r t and aft ring of the thrus t s t ruc ture) . 

An additional pickup is provided at the engine support plane. 

After the module is loaded in the cargo bay, it is latched to the shuttle pay-

load adapter at tach points . Longitudinal and ver t ica l loads a re t ransmi t ted 

to the shuttle by this support. In addition t-wo other supports a re provided, 

one at the aft ring of the th rus t s t ruc ture and the other at the engine support 

plane. These t r ansmi t l a t e ra l and ver t i ca l loads to the shuttle and a r e 

mounted on ra i l s to compensate for relat ive longitudinal motion bet-ween the 

shuttle and the propulsion module. La te ra l loads a r e t ransmi t ted to the 

payload bay door s i l ls while ver t ica l loads a r e t ransmi t ted to the payload bay 

keel . Engine support is required because the launch and boost loads a s s o c ­

iated -with a shuttle launch impose requ i rements on the propulsion module and 

NERVA -which exceed those anticipated for nuclear engine operation in space. 

The tankage loads associa ted -with this support scheme -were determined for 

launch and a r e denoted in Section 4. 2. 7. 

Module stabil izat ion at the thrus t s t ruc ture aft ring is required to minimize 

the launch loads induced into the propulsion module tankage, thrus t s t ruc ture 

and for-ward ski r t . Engine support is sho-wn at the bell throat because this 

-was the location selected by the engine contractor (Reference 4-26) for the 

RNS Class 1 s tandard configuration. 

It -would be possible to reduce loads on the gimbal and the gimbal actuators 

if this support location -was relocated at the engine center of gravity. An 

al ternat ive is to provide additional stabilizing m e m b e r s at the forward end 

of the engine. 
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Module deployment is effected by f i rs t re leas ing and re t rac t ing the th rus t 

s t ruc ture and engine supports and then actuating the payload adapter to rotate 

the module out of the cargo bay. After the module is deployed, the payload-

adapter la tches a r e re leased and the propulsion module draws away from the 

shuttle employing its auxi l iary propulsion sys tem. 

A p re l imina ry stat ic analysis was performed on the thrus t s t ruc ture and 

engine supports to a sce r t a in the weight penalty incurred by the orbi ter for 

this s t ruc tu re . The launch accelera t ion load factors a re contained in 

Table 4 . 2 - 1 . The most severe ver t i ca l and longitudinal loads occurred during 

r een t ry and launch r e l ea se t r ans ien t respect ively . Results of the analysis 

produced a total support sys tem weight of 80 lb. 

The two methods of engine support recommended by Aeroje t -Genera l Corpora ­

tion for the in tegral launch configuration have been analyzed and a re d iscussed 

in Section 4. 8 -which covers s t ruc tu ra l dynamics for the hybrid. Because of 

unresolved questions concerning the excitation t rans ien t a sat isfactory support 

sys tem cannot be selected at this t ime. 

4 . 2 . 1 0 Radiation Effects 

A l i t e ra tu re sea rch was performed to a s s e s s the effects of nuclear radiation 

on fiber glass s t ruc tu ra l components and adhesives . Fiber glass s t ruc tu res 

a re used extensively in the RNS as tank supports and at tachments to reduce 

heat input to the propellant . Adhesives a re used p r ima r i l y to bond plast ic 

stand-off insula tors and clips to the tankage and for bonding fiber glass face 

sheets to fiber glass honeycomb. 

The gamma dose ra te and fast neutron flux a re defined in Section 4. 5. 11. 

The cr i t ica l location is the propulsion module aft zone, with a dose c r i t e r ion 
g 

for 10 round t r ips of 10 r ads , which includes a factor of 10 safety inargin. 

All types of laminated fiber glass a re re la t ively invulnerable to radiation, 

since mos t of the strength is contributed by the g la s s . Glass impregnated by 

phenolic is the mos t r ad ia t ion- res i s t an t , showing only slight mechanical 
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dannage ( s l i gh t e m b r i t t l e m e n t of the pheno l i c ) a t a d o s e of 10 r a d s . F i b e r 

g l a s s i m p r e g n a t e d -with p o l y e s t e r o r s i l i cone r e s i n sho-ws s ign i f ican t d e t e r -
Q 

i o r a t i o n ( e m b r i t t l e m e n t ) beg inn ing a t a d o s e of 3 x 10 r a d s ( R e f e r e n c e 4 - 2 7 ) . 

F i b e r g l a s s i m p r e g n a t e d wi th epoxy a s i s e n v i s i o n e d for u s e on the RNS h a s 
9 

a r a d i a t i o n d a m a g e t h r e s h o l d of 10 r a d s and s ign i f ican t d a m a g e d o e s not 

o c c u r un t i l 10 r a d s ( R e f e r e n c e 4 - 2 8 ) . 

The s h e a r s t r e n g t h for t-wo a d h e s i v e s -was m e a s u r e d a t L H , t e m p e r a t u r e at 
8 

a t o t a l d o s e of 1. 7 x 10 r a d s ( R e f e r e n c e 4 - 2 9 ) ; an e p o x y - P o l y a m i d e would 

d e g r a d e 40 p e r c e n t , and a p o l y u r e t h a n e only about 25 p e r c e n t . Add i t iona l 

r a d i a t i o n t e s t s of a d h e s i v e s at c r y o g e n i c t e m p e r a t u r e s a r e r e c o m m e n d e d . 

4 . 3 M E T E O R O I D / T H E R M A L P R O T E C T I O N 

4 . 3. 1 P h a s e II Concep t 

Th is s e c t i o n e s t a b l i s h e s the P h a s e II m e t e o r o i d / t h e r m a l p r o t e c t i o n concep t 

and the r a t i o n a l e for t h e f u r t h e r a n a l y s e s p e r f o r m e d d u r i n g P h a s e III. 

D u r i n g P h a s e I of the N F P M study m e t e o r o i d / t h e r m a l p r o t e c t i o n s y s t e m , con ­

c e p t s -were e v a l u a t e d fo r a s e t of s tudy m i s s i o n a p p l i c a t i o n s inc luding e x p e n ­

dab le in j ec t ion s t a g e m i s s i o n s , i n t e r o r b i t a l shu t t l e m i s s i o n s , and expendab le 

m a n n e d M a r s m i s s i o n s ( see Sec t ion 2 . 4 of R e f e r e n c e 4 - 2 for spec i f i c t r adeof f 

d a t a ) . T h r e e c a n d i d a t e i n s u l a t i o n s , foam, doubly a l u m i n i z e d M y l a r (DAM)/ 

f o a m , and D A M / N y l o n ne t , w e r e c o n s i d e r e d c o m p r e s s i b l e and w e r e e v a l u a t e d 

for t h e l o a d - c a r r y i n g tank con f igu ra t i on , for wh ich t h e i n s u l a t i o n would be 

c o m p r e s s e d du r ing l aunch . T h r e e o t h e r c a n d i d a t e i n s u l a t i o n s , D A M / t i s s u g l a s , 

Supe r f loc , and N R C - 2 , w e r e c o n s i d e r e d u n s u i t a b l e u n d e r c o m p r e s s i o n and 

w e r e c o n s i d e r e d only for the l o a d - c a r r y i n g she l l N F P M conf igura t ion , wh ich 

w a s a c a n d i d a t e a t tha t t i m e . 

The a l t e r n a t i v e s c o n s i d e r e d for m e t e o r o i d p r o t e c t i o n inc luded a l o a d - c a r r y i n g 

a s c e n t s h e l l , a dep loyab l e s h r o u d , and an i n t e g r a l foam b u m p e r wi th a f ibe r 

g l a s s p r o t e c t i v e s h r o u d . C o n s i d e r i n g the m i s s i o n p e r f o r m a n c e i m p l i c a t i o n s 

of the c o m b i n e d r e q u i r e m e n t s for t h e r m a l and nae t eo ro id p r o t e c t i o n a s w e l l a s 

t h e i m p l i c a t i o n s of c o m p r e s s i b i l i t y for H P I conduc t iv i ty , the s y s t e m s e l e c t e d 

d u r i n g P h a s e I w a s the DAM/Nylon ne t i n s u l a t i o n s y s t e m t o g e t h e r wi th an 
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in tegra l foam meteoro id bumper and fiber glass protect ive shroud. As t e s t 

data indicated outgassing probe lms for the Nylon net spacer , a Dacron net 

spacer was substi tuted. 

During the Phase II a design of the me teo ro id / the rma l protection sys tem was 

made (see Section 2. 5. 3 of Reference 4-2). A major concern was the in tegra­

tion of the foam bumper external to the HPI blankets . The reference design 

-was based on the lunar shuttle miss ion and consisted of an a r m o r surface den­

sity of 0. 75 psf including 54 layers of DAM/Dacron net insulation. Dimensional 

changes were evaluated for the the rmal cycling of the sys tem. The insulation 

-was instal led as th ree blankets supported by tension s t raps attached to studs at 

the top of the vehicle . Each blanket is held together by smal l Nylon studs and 

buttons located 12 in. on center in both d i rec t ions . The foam is held in place by 

the fiber g lass shell , which contains expansion loops serving as a tensioning 

device. The foam is compressed to 0. 15 psi by the fiber glass skin. A mani­

folded purge sys tem is integrated with the blanket design with the evacuation 

passages located at the interface between the foam and HPI blankets . The design 

concept is s imi l a r in detai l to those sho-wn in Section 3. 3. 2 of P a r t B. 

Having developed a basic concept for installation of the HPI blankets, the major 

considerat ion for the Phase III study has been to refine the design c r i t e r i a 

applied to the design: environments , survival c r i t e r i a , t he rma l environments , 

vehicle orientation, ma te r i a l p rope r t i e s , heat short effects, miss ion t imel ine , 

venting r equ i r emen t s , and propellant uti l ization effects. These c r i t e r i a and the 

assoc ia ted analyses a r e repor ted in the subsequent sec t ions . 

4. 3. 2 Meteoroid Protect ion Design Cr i te r ia 

Design of the meteoroid protect ion subsys tem requi res specification of: the 

meteoroid flux level, the meteoroid penetrat ion model for the s t ruc tura l config­

urat ion of in te res t , and the meteoroid survival probability for the p resc r ibed 

miss ion t imel ine . These i tems will be t rea ted in the following subsect ions . 

4. 3 .2 . 1 Meteoroid Environment 

The space meteoroid environment is defined in Reference 4-30. The meteoroid 

f lux-mass model for the mass range of in te res t is descr ibed mathemat ical ly 

as follows: 

log N = -14. 37 - 1. 213 log m 
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w h e r e Nt = n u m b e r of p a r t i c l e s / m e t e r ^ - s e c of m a s s m o r g r e a t e r , and 

m = m e t e o r o i d m a s s in g r a m s . The m a s s d e n s i t y i s 0. 5 g / c m and the 

a v e r a g e m e t e o r o i d v e l o c i t y i s 20 k m / s e c . 

The g r a v i t a t i o n a l l y focused , u n s h i e l d e d flux, N , m u s t be m u l t i p l i e d by an 

a p p r o p r i a t e de focus ing f ac to r for e a r t h , G,-,, and, if a p p l i c a b l e , by the 

p l a n e t a r y s h i e l d i n g f a c t o r , | . T h e s e f a c t o r s a r e to be ob ta ined from.: 

0 ^ = 0 . 5 6 5 + ^ ^ : ^ 3 5 
E r 

f. _ 1 + cos 0 
^ ~ 2 

1 
s m 0 = — 

r 

R + h 

w h e r e R = p l a n e t ' s r a d i u s and h = a l t i t ude above s u r f a c e . G r a v i t a t i o n a l 

focus ing due to the moon i s low (about 3 p e r c e n t ) and wi l l not be t r e a t e d 

exp l i c i t l y . No a d v a n t a g e is t aken of the a p p a r e n t d i r e c t i o n a l i t y of s t r e a m 

m e t e o r o i d s . 

The b a s e l i n e m i s s i o n for RNS des ign p u r p o s e s is a l u n a r shu t t l e b a s e d in 

a 2 6 0 - n m i a l t i t ude e a r t h o r b i t . T h r e e m e t e o r o i d flux l e v e l s -will be used to 

r e p r e s e n t the e n v i r o n m e n t for this m i s s i o n . T h e s e a r e : e a r t h o r b i t a t a 

2 6 0 - n m i a l t i t u d e , one va lue d u r i n g t r a n s f e r f r o m e a r t h o r b i t to l u n a r o r b i t , 

and a 6 0 - n m i l u n a r o r b i t . F o r c o m p u t a t i o n a l e a s e , the m e t e o r o i d flux in the 

o p e r a t i o n a l e a r t h o r b i t -will be c o m p u t e d and p lo t ted ; then, o p e r a t i o n s away 

f r o m e a r t h o r b i t wi l l be r e l a t e d to th is flux by def in i t ion of an effect ive 

e x p o s u r e t i m e . T h i s is p o s s i b l e s ince a l l m e t e o r o i d e x p o s u r e s a r e r e p r e ­

s e n t e d by a p r o d u c t of the m e t e o r o i d flux and the e x p o s u r e t i m e . The effect ive 

e x p o s u r e t ime for m i s s i o n p h a s e s away f r o m e a r t h o r b i t wi l l be defined a s the 

a c t u a l t i m e m u l t i p l i e d by the r a t i o of m e t e o r o i d flux a t tha t l oca t ion to the flux 

l e v e l in the o p e r a t i o n a l e a r t h o r b i t . 
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In the o p e r a t i o n a l E a r t h o r b i t the a l t i t ude , h, is 260 n m i , whi le 

R = 3, 4 4 0 - n m i . Th i s y i e l d s : r = 1. 0755, G ^ = 0. 970, and f = 0. 683 . 

Apply ing t h e s e v a l u e s , the m e t e o r o i d flux in e a r t h o r b i t at 260 n m i i s equa l 

to 0. 652 t i m e s the focused , u n s h i e l d e d flux, N . T h a t is N = 0. 652 N , w h e r e 

N wi l l be the r e f e r e n c e flux in e a r t h o r b i t . S ince log 0. 652 = - 0 . 19 the 

r e f e r e n c e flux i s : 

log N = - 1 4 . 46 - 1. 213 log M 

The r e l a t i o n s h i p i s sho-wn in F i g u r e 4. 3-1 for the r a n g e of i n t e r e s t in the RNS 

d e s i g n . 

Dur ing t r a n s l u n a r flight r -will be t aken at i t s m e a n value of 30 R. Th is 

y ie lds G „ = 0. 579 and ^ » 1. Then , the m e t e o r o i d flux e q u a l s 0. 579 N = 
XL t 

0. 888 N. T h u s , the effect ive e x p o s u r e t i m e du r ing t r a n s f e r o p e r a t i o n s wi l l 

be 0. 888 t i m e s the a c t u a l t i m e . 

10 
-11 

CM 
10 

« 

10 

10 
o 
« 

V 

10 

-12 

-13 

- lU 

-15 

^ ^ - ^ 

^ 

log N = -11+.U6 - 1.2] 

^ - ^ 

.3 log m 

\ ^ 

.001 .01 . 1 

Meteoroid Mass, gm 

FigTire U.3-1 METEOROID FLUX (26O N.MI. EARTH ORBIT) 
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In l u n a r o r b i t , r = 60 R f r o m e a r t h so that G „ = 0. 572 and ^ „ .̂i. ~ 1-
-Cj ±Liartn 

R e l a t i v e to the moon h = 60 n m i wi th R = 932 n m i . T h i s y ie lds f ^^ = 0 . 670. 
•̂  Moon 

Since l u n a r g r a v i t a t i o n a l focus ing w a s i g n o r e d , no de focus ing f a c t o r i s u t i l i z ed . 

T h e n , the m e t e o r o i d flux in the o p e r a t i o n a l l u n a r o r b i t , inc luding e a r t h ' s 

g r a v i t a t i o n de focus ing and the m o o n ' s sh i e ld ing , i s equa l to 0. 384 N = 0. 589 N. 

T h i s y i e l d s a nnul t ip l ie r of 0. 589 to define effect ive e x p o s u r e t i m e s in l u n a r o r b i t . 

4. 3. 2. 2 M e t e o r o i d P e n e t r a t i o n 

R e s u l t s of l ight gas gun h y p e r v e l o c i t y i m p a c t t e s t s a r e u s e d to e s t a b l i s h the 

p e n e t r a t i o n r e s i s t a n c e of m e t e o r o i d a r m o r . F o r the c o m p l e x conf igu ra t ion 

c o n s i d e r e d , HPI , foann, and s h r o u d , t h e s e t e s t s m u s t c l o s e l y r e p r o d u c e the 

a c t u a l m a t e r i a l s and s p a t i a l d i s t r i b u t i o n . T e s t r e s u l t s for the a r m o r conf ig­

u r a t i o n of i n t e r e s t a r e d o c u m e n t e d in Sec t ion 2. 5. 2 of R e f e r e n c e 4 - 1 . T h e s e 

r e s u l t s a r e s c a l e d to r e p r e s e n t m e t e o r o i d cond i t ions of ve loc i t y and d e n s i t y 

by the fol lowing r e l a t i o n s h i p : 

/ t e s t . ^ - 4 8 / t e s t . 0 - 4 
m = m. ^test "̂ 20 ' ' 0. 5 

w h e r e m = nne teoro id m a s s , m, , = t e s t m a s s ( s a m e uni ts a s m ) , 
t e s t 

V . = i m p a c t v e l o c i t y of t e s t ( k m / s e c ) , and p = t e s t p r o j e c t i l e 
d e n s i t y ( g / c m ). 

The d a m a g e c r i t e r i o n for t ankage is no p e n e t r a t i o n of the t ank wa l l (Ref­

e r e n c e 4 - 7 ) . Apply ing th i s c r i t e r i o n , t e s t r e s u l t s for the i n t e g r a l s h r o u d 

m e t e o r o i d p r o t e c t i o n concep t , wi th a to ta l t h i c k n e s s a r o u n d 3 i n c h e s , y ie ld 

the fol lowing r e l a t i o n s h i p for the a r m o r e f f e c t i v e n e s s : 

m 0-352 
W = 0 75 ( ——) 

2 
w h e r e W . = a r m o r -weight in lb / f t to defeat m e t e o r o i d of m a s s m and 

m = m e t e o r o i d m a s s in g r a m s . 
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4. 3 . 2. 3 S u r v i v a l C r i t e r i a 

The m e t e o r o i d p r o t e c t i o n s y s t e m of the RNS wil l p r o v i d e at l e a s t a 0. 995 

p r o b a b i l i t y of no t ank p e n e t r a t i o n in one l u n a r m i s s i o n ( R e f e r e n c e 4 - 7 ) . The 

b a s e l i n e l u n a r shu t t l e m i s s i o n is u sed for the m e t e o r o i d des ign c r i t e r i a . I ts 

m i s s i o n d u r a t i o n i s 27. 5 d a y s , e m b e d d e d wi th in a 54. 6 -day r e p e a t i n g c y c l e . 

T h i s d u r a t i o n i s m e a s u r e d f r o m in i t i a l RNS s t a r t u p in e a r t h o r b i t to c o m ­

ple t ion of a f t e r c o o l i n g upon r e t u r n to e a r t h o rb i t , and c o n s i s t s of the m i s s i o n 

p h a s e t i m e s sho-wn in T a b l e 4. 3 - 1 . The m e t e o r o i d flux l eve l v a r i e s o v e r the 

m i s s i o n a c c o r d i n g to l o c a t i o n a s d e s c r i b e d in Sec t ion 4. 3 . 2. 1. S ince m e t e o r ­

oid e x p o s u r e i s the p r o d u c t of flux and t i m e , an effect ive e x p o s u r e t ime i s 

def ined for m i s s i o n p h a s e s a-way f r o m e a r t h o r b i t to r e l a t e the m e t e o r o i d 

e x p o s u r e to the flux i s e a r t h o r b i t , N. T h i s m u l t i p l i e r i s a l s o shown in the 

t a b l e . 

The s u r v i v a l p r o b a b i l i t y of 0. 995 for the to ta l round t r i p m i s s i o n is equ iva l en t 

to a p r o b a b i l i t y of 0. 9975 for s u r v i v a l t h r o u g h the o p e r a t i o n a l and t r a n s i t 

p h a s e s of the m i s s i o n s (exc luding only the l u n a r o r b i t c o a s t phase f r o m the 

t ab le ) . 

No veh i c l e o r i e n t a t i o n r e q u i r e m e n t s sha l l be i m p o s e d on the RNS dur ing any 

m i s s i o n o r c o a s t p h a s e for m e t e o r o i d p r o t e c t i o n p u r p o s e s ( R e f e r e n c e 4 - 7 ) . 

Tab le 4. 3-1 

MISSION T I M E L I N E F O R M E T E O R O I D P R O T E C T I O N 

M u l t i p l i e r for 
Effect ive 

M i s s i o n P h a s e Dura t i on E x p o s u r e T i m e E x p o s u r e T i m e s 

T r a n s l u n a r c o a s t 

L u n a r o r b i t in jec t ion 

L u n a r o r b i t c o a s t 

T r a n s e a r t h in jec t ion 

T r a n s e a r t h c o a s t 

EOI cooldown 

108 

24 

16 . 

24 

72 

45 

659 

2 7 . 

1 

5 

h o u r s 

h o u r s 

days 

h o u r s 

h o u r s 

h o u r s 

h o u r s . o r 

days to ta l 

0. 

0. 

0 . 

0. 

0. 

1 

8 8 8 

8 8 8 

5 8 9 

8 8 8 

8 8 8 

96 

21 

9. 

21 

64 

45 

475 

h o u r s 

h o u r s 

5 days 

h o u r s 

h o u r s 

h o u r s 

h o u r s 
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4. 3. 3 M e t e o r o i d P r o t e c t i o n A n a l y s i s 

The m e t e o r o i d p r o t e c t i o n s u b s y s t e m is i n t e g r a t e d wi th the t h e r m a l in su la t ion 

s u b s y s t e m and -with the a e r o d y n a m i c s h r o u d c o v e r i n g the t ank du r ing l aunch . 

C o n s e q u e n t l y a l l t h r e e funct ions m u s t be c o n s i d e r e d in s i z ing the s u b s y s t e m . 

T h i s s u b s e c t i o n -will s u m m a r i z e the a n a l y s e s p e r f o r m e d to s u p p o r t th i s s i z i n g . 

It i s found that the p r o t e c t i o n a f forded by the m i n i m u m t h i c k n e s s c o m p a t i b l e 

wi th t h e s e o t h e r r e q u i r e m e n t s and wi th the p e n e t r a t i o n t e s t r e s u l t s d e s c r i b e d 

in Sec t i on 4. 3. 2. 2 p r o v i d e s p r o t e c t i o n e x c e e d i n g the m i n i m u m s u r v i v a l c r i ­

t e r i o n supp l i ed in the s tudy gu ide l ine s and the e c o n o m i c o p t i m i z a t i o n b a s e d 

upon r e p l a c e m e n t of a p e n e t r a t e d p r o p e l l a n t m o d u l e . 

The s u r v i v a l p r o b a b i l i t y P ( 0 ) is the p r o b a b i l i t y of not e n c o u n t e r i n g a m e t e o r ­

oid wi th a m a s s g r e a t e r than the des ign m a s s of the m e t e o r o i d p r o t e c t i o n 

s u b s y s t e m d u r i n g the m i s s i o n . A s s i g n i n g th i s s u r v i v a l p r o b a b i l i t y to the 

RNS wi th a known v u l n e r a b l e a r e a for the spec i f i ed m i s s i o n ( loca t ion and 

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

def ini t ion of the d e s i g n m a s s , m . Then , e m p l o y i n g the a r m o r e f f e c t i v e n e s s 

r e l a t i o n s h i p d e r i v e d f r o m t e s t r e s u l t s . Subsec t i on 4 . 3 . 2 . 2 , a l lows s p e c i f i ­

ca t ion of the m e t e o r o i d p r o t e c t i o n r e q u i r e m e n t s . 

The s u r v i v a l p r o b a b i l i t y i s : 

P ( 0 ) = e - ^ ^ T 

w h e r e P ( 0 ) = p r o b a b i l i t y of no p u n c t u r e wi th p r o t e c t i o n for m a s s m , 
2 

N = r e f e r e n c e m e t e o r o i d flux hav ing m a s s g r e a t e r than m ( n u m b e r / m e t e r - s e c ) , 
2 

A = s u r f a c e a r e a sub j ec t to m e t e o r o i d p u n c t u r e ( m e t e r ), and T = effect ive 

e x p o s u r e t i m e ( sec ) . 

F i g u r e 4. 3-2 shows the m e t e o r o i d des ign m a s s for a r ange of v a l u e s of 

P ( 0 ) a s a funct ion of the p r o d u c t A T . The b a s e l i n e des ign va lue a t 
• 9 2 AT = 1. 57 x 10 m - s e c is shown on the f i g u r e . T h i s c o r r e s p o n d s to a 

2 
v u l n e r a b l e a r e a of 916 m and the effect ive e x p o s u r e t i m e of 475 h o u r s . 

At the spec i f i ed s u r v i v a l p r o b a b i l i t y of 0. 995, the m e t e o r o i d des ign m a s s 
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Figure U.3-2 METEOROID MASS VS. EXPOSURE 

is 2. 9 mg. Applying the a r m o r effectiveness from Section 4. 3. 2. 2, the a r m o r 
2 9 0 352 weight per unit a r ea is 0. 75 ( „ ) ' = 0. 48 psf. The total minimum a r m o r 

weight then is 4, 700 lb. 

While this r ep re sen t s the a r m o r weight required to provide the minimum 

survival probabili ty called for in the study guidelines, a further investigation 

was made to a s s e s s any possible economic advantage of providing g rea te r 

meteoroid protection. To aid the overal l evaluation of meteoroid protection, 

the a r m o r -weight as a function of survival probability was tabulated for sev­

e r a l survival c r i t e r i a . These c r i t e r i a a r e defined below together with c o r r e s ­

ponding value of the product of vulnerable a rea and effective exposure t ime. 

A. Survival for full miss ion period of 54. 6 days. This is an economic 

c r i t e r ion . Adding 651 hours of additional exposure in ear th orbit 

inc reases the effective exposure time to 1, 126 hours and the product 
9 2 

AT to 3. 72 X 10 m - s e c . 
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B. The b a s e l i n e c r i t e r i o n of s u r v i v a l d u r i n g the l u n a r m i s s i o n a f t e r 
9 2 in j ec t ion out of e a r t h o r b i t . AT = 1.57 x 10 m - s e c . 

C. S u r v i v a l d u r i n g t r a n s f e r p h a s e s b e t w e e n e a r t h o r b i t and l u n a r o r b i t . 

T h i s c r i t e r i o n r e p r e s e n t s the c a s e w h e r e a " sa fe h a v e n " for the 

c r e w e x i s t s in l u n a r o r b i t . C l e a r l y , the a b o r t a c t i o n s r e q u i r e d a r e 

g r e a t e r if a p e n e t r a t i o n o c c u r s d u r i n g t r a n s f e r than d u r i n g l u n a r 

o r b i t c o a s t . T h i s c r i t e r i a i m p o s e s an effect ive e x p o s u r e t i m e of 
9 2 247 h o u r s wh ich p r o d u c e s AT = 0. 82 x 10 m - s e c . 

A p a r a m e t r i c d i s p l a y of a r m o r weigh t a c c o r d i n g to t h e s e c r i t e r i a i s shown in 

F i g u r e 4 . 3 - 3 . 

An e c o n o m i c o p t i m i z a t i o n w a s p e r f o r m e d by c o m p a r i n g the i n c r e m e n t a l 

t r a n s p o r t a t i o n cos t due to c a r r y i n g add i t i ona l m e t e o r o i d a r m o r on the round 

t r i p m i s s i o n wi th the s a v i n g s due to the c o r r e s p o n d i n g r e d u c t i o n in the p r o b ­

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

c o s t i s $ 7 7 0 / l b of s t a g e we igh t b a s e d on the m a x i m u m l a u n c h c o s t for LH_ of 

$ l 6 7 / l b to e a r t h o r b i t . The c o s t s a s s e s s e d to a m e t e o r o i d p e n e t r a t i o n of the 

p r o p e l l a n t t ank a r e $65 m i l l i o n for l o s ing the m i s s i o n ( t r a n s p o r t a t i o n c o s t s to 

e a r t h o r b i t of $50 m i l l i o n for the p r o p e l l a n t and $15 m i l l i o n for the pay load) 

and $60 m i l l i o n for the a v e r a g e va lue of the p r o p e l l a n t m o d u l e in e a r t h ' s o r b i t 

(module c o s t of $13 m i l l i o n , l a u n c h cos t of $107 mi l l i on , and half a m o r t i z e d 

at t i m e of p e n e t r a t i o n ) . C h a r g i n g the full cos t of one m i s s i o n is c o n s i d e r e d to 

be c o n s e r v a t i v e r e l a t i v e to the a v e r a g e effect of the p e n e t r a t i o n and to fully 

c o v e r the c o s t s for t h o s e e v e n t s w h e r e an o v e r t r e s c u e o p e r a t i o n is r e q u i r e d . 

T h i s o p t i m i z a t i o n u s e s the a r m o r -weight v e r s u s s u r v i v a l p r o b a b i l i t y shown 

in F i g u r e 4. 3-3 for c r i t e r i o n A. The a r m o r we igh t above the m i n i m u m found 

above (4, 700 lb) is m u l t i p l i e d by $770 / lb to r e p r e s e n t the to ta l p e n a l t y for a 

s ing le m i s s i o n . The c o r r e s p o n d i n g s u r v i v a l p r o b a b i l i t y is u sed to d e t e r m i n e 

the p r o b a b i l i t y of p e n e t r a t i o n , l - P ( O ) , o v e r one full m i s s i o n cyc l e , wh ich is 

m u l t i p l i e d by $125 m i l l i o n to e s t a b l i s h the e c o n o m i c i m p a c t of p e n e t r a t i o n . 

T h e s e r e s u l t s a r e shown in F i g u r e 4. 3 -4 . It can be s een that the op t imurn 

o c c u r s at a s u r v i v a l p r o b a b i l i t y of 0. 992 for c r i t e r i o n A (0. 9965 for c r i t e r ­

ion B). S ince the r e s u l t of th is e c o n o m i c o p t i m i z a t i o n is c lo se to the m i n i ­

m u m a r m o r r e q u i r e d to m e e t the s tudy g u i d e l i n e s , and s ince the c u r v e shows 

a sha l low m i n i m u m , fu r the r e c o n o m i c a n a l y s i s is not w a r r a n t e d . 
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While the a n a l y s e s d e s c r i b e d above e s t a b l i s h e d the min imunn m e t e o r o i d 

a r m o r r e q u i r e m e n t s , f inal s u b s y s t e m spec i f i c a t i on m u s t c o n s i d e r the o t h e r 

r e q u i r e m e n t s i m p o s e d on the c o m b i n e d t h e r m a l / m e t e o r o i d p r o t e c t i o n s u b -

sys temi . T h e r m a l p r o t e c t i o n r e q u i r e m e n t s , e s t a b l i s h e d in the fol lowing 

s u b s e c t i o n s , u t i l i ze 0. 54 in . of h i g h - p e r f o r m a n c e i n s u l a t i o n hav ing a d e n s i t y 

of 4. 1 lb / f t . T h i s y ie lds an a r e a d e n s i t y of 0. 184 psf and a to ta l we igh t of 

about 1, 800 lb . T h i s e x c l u d e s the we igh t of a t t a c h m e n t s and o t h e r c o m p o n e n t s 

wh ich do not c o n t r i b u t e to m e t e o r o i d p r o t e c t i o n . 

A 0. 0 2 0 - i n . f iber g l a s s c lo th o u t e r she l l is u s e d a s an a e r o d y n a m i c s h r o u d 

du r ing l a u n c h of the p r o p e l l a n t m o d u l e . Th i s i s c o n s i d e r e d to be the m i n i m u m 

t h i c k n e s s for th i s funct ion and p r o v i d e s a 0. 20 psf o r 1,960 lb total for 

m e t e o r o i d p r o t e c t i o n . 

3 
A f lex ib le p o l y u r e t h a n e foam wi th a d e n s i t y of 1. 2 lb / f t is u s e d to s p a c e the 

s h r o u d away f r o m the h i g h - p e r f o r m a n c e i n s u l a t i o n wh ich i s a t t a c h e d d i r e c t l y 

to the p r o p e l l a n t tank. A t h i c k n e s s of 1 in. wh ich i s c o n s i s t e n t w i th g r o u n d -

hold i n s u l a t i o n r e q u i r e m e n t s , would be r e q u i r e d to m e e t the 0. 995 s u r v i v a l 

c r i t e r i o n given in the s tudy g u i d e l i n e s . The e c o n o m i c o p t i m i z a t i o n would 

i n c r e a s e th i s t h i c k n e s s to about 1-1/2 in. H o w e v e r , d e c r e a s e d to ta l a r m o r 

t h i c k n e s s r e s u l t s in s u b s t a n t i a l l y r e d u c e d e f f e c t i v e n e s s and e x t r a p o l a t i o n of 

the h y p e r v e l o c i t y t e s t r e s u l t s f r o m Sec t ion 4. 3 . 2. 2 to a to ta l t h i c k n e s s of 

l e s s than about 2 - 1 / 2 in . is not c o n s i d e r e d w a r r a n t e d . Applying th is c o n ­

s t r a i n t e s t a b l i s h e d 2 in . for the foam t h i c k n e s s w h i c h adds 0. 20 psf o r 

1, 960 lb to the m e t e o r o i d p r o t e c t i o n s u b s y s t e m . 

T h e s e t h r e e c o m p o n e n t s p rov ide 0. 58 psf o r 5, 720 lb to ta l of m e t e o r o i d a r m o r . 

Th i s i s no t ed a s the b a s e l i n e d e s i g n on F i g u r e s 4. 3-3 and 4. 3 -4 . The s u b ­

s y s t e m p r o v i d e s the fol lowing s u r v i v a l p r o b a b i l i t i e s : 

C r i t e r i o n P ( 0 ) 

F u l l cyc le (54. 6 days ) 0. 994 

L u n a r m i s s i o n (27 .5 days ) 0 . 9974 

L u n a r m i s s i o n du r ing t r a n s i t (9. 5 days) 0. 9987 
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It shou ld be no ted tha t C r i t e r i o n B c o r r e s p o n d s to the s tudy gu ide l ine 

r e q u i r i n g a m i n i m u m s u r v i v a l p r o b a b i l i t y of 0. 995 wh ich i s e x c e e d e d in the 

b a s e l i n e d e s i g n . 

4 . 3 . 4 T h e r m a l P r o t e c t i o n D e s i g n C r i t e r i a 

4. 3 . 4. 1 T h e r m a l E n v i r o n m e n t 

The t h e r m a l e n v i r o n m e n t i s def ined h e r e for p r e l a u n c h , l aunch , and s p a c e 

o p e r a t i o n s . 

P r e l a u n c h 

The RNS m o d u l e s sha l l be p r o t e c t e d f r o m t e m p e r a t u r e e x t r e m e s du r ing 

g round hand l ing and t r a n s p o r t a t i o n . The e x t r e m e s for po ten t i a l RNS p r o g r a m 

l o c a t i o n s and o p e r a t i o n s a r e def ined in T a b l e 4. 3 -2 . 

L a u n c h 

The C l a s s 1-H p r o p e l l a n t m o d u l e des ign wi l l a c c o m m o d a t e a e r o d y n a m i c 

h e a t i n g d u r i n g l aunch . P r e l i m i n a r y des ign wi l l be b a s e d on RNS l aunch 

hea t i ng da ta g e n e r a t e d du r ing P h a s e II for the C l a s s 1 RNS, u t i l i z ing a 

S a t u r n V l aunch t r a j e c t o r y and the P a t r i c k A F B 1963 R e f e r e n c e A t m o s p h e r e . 

The fol lowing t e m p e r a t u r e l i m i t s a r e app l i ed : a l u m i n u m f o r w a r d s k i r t , 190°F ; 

f ibe r g l a s s s h r o u d , 3 5 0 ° F ; and f iber g l a s s H. C. aft s k i r t , 2 9 0 ' ' F . 

Modu le s l a u n c h e d in s ide the s p a c e shu t t l e c a r g o bay sha l l be d e s i g n e d to 

a c c o m m o d a t e a t e m p e r a t u r e l i m i t of 2 0 0 ° F m a x du r ing l aunch to o r b i t . 

Tab le 4. 3-2 

P R E L A U N C H T E M P E R A T U R E E X T R E M E S 

Condi t ion L o c a t i o n 

T e m p e r a t u r e ( °F) 

M a x i m u m M i n i m u m 

G r o u n d hand l ing 

R i v e r t r a n s p o r t a t i o n 

A i r c r a f t c o m p a r t m e n t 

A i r c r a f t c o m p a r t m e n t 

G r o u n d s t o r a g e 

Space shu t t l e c a r g o bay 

S a c r a m e n t o 

Michoud 

G r o u n d 

20, 000 ft 

E T R 

115 

190 

99 

80 

•23 

•49 
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O r b i t a l and M i s s i o n O p e r a t i o n s 

The o n - o r b i t t e m p e r a t u r e l i m i t s of - 1 5 0 ° F to -f 2 0 0 ° F wi l l be u s e d for a l l 

m o d u l e s that a r e l a u n c h e d ins ide of the s p a c e shu t t l e c a r g o bay . The RNS 

wi l l be d e s i g n e d for the o r b i t a l and m i s s i o n t h e r m a l e n v i r o n m e n t def ined by 

R e f e r e n c e 4 -32 c o n s i s t i n g of the folio-wing v a l u e s of e n v i r o n m e n t a l p a r a m e t e r s : 

Sun Mean S o l a r C o n s t a n t a t 1. 0 A. U. 
2 

T h e r m a l Rad ia t i on 1, 353 ± 20 w a t t s / m 

(va r i a t i on wi th d i s t a n c e f r o m sun to follow 

—2 r e l a t i o n s h i p ) 
R 

E a r t h A v e r a g e T o t a l Albedo 0. 3 
2 

T h e r m a l Rad ia t ion (mean va lue ) 238 w a t t s / m 

L u n a r A v e r a g e T o t a l Albedo = F r o n t s ide 0. 110 

B a c k s ide 0. 217 
2 

T h e r m a l r a d i a t i o n 324. 35 w a t t s / m 

4. 3. 4. 2 M a t e r i a l P r o p e r t i e s 

Su r f ace Coa t ings 

The s u r f a c e coa t ing wi l l a d h e r e and m a i n t a i n i n t e g r i t y th roughou t the full RNS 

l i f e t ime of 10 r o u n d t r i p s and 3 y e a r s in s p a c e . The des ign -will take into 

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

ex t ended e x p o s u r e in s p a c e . Z - 9 3 (SP500 Z N O - p i g m e n t e d p o t a s s i u m s i l i ­

c a t e pa in t ) and S-13G ( s i l i c a t e t r e a t e d - ZNO in m e t h y l s i l i c o n e b a s e ) a r e 

s u r f a c e coa t ing c a n d i d a t e s . The following p r o p e r t i e s a r e app l i ed for d e s i g n : 

Mater ia l 

Z-93 

S-13G 

a 
c 

Nominal 

0.20 

0. 22 

/ « 

Degraded 

0. 21 

0. 32 

Exposure 
Time (ESH) 

1580 

1600 

References 

4-33, 4-34 

4-35, 4-36 

H i g h - P e r f o r r r i a n c e Insu la t ion 

The t echno logy of h i g h - p e r f o r m a n c e i n s u l a t i o n i s in a r a p i d s t a t e of d e v e l o p ­

m e n t . The RNS d e s i g n i n c o r p o r a t e s H P I p e r f o r m a n c e da ta accoun t ing for 

the ef fects of b l anke t d e s i g n and i n s t a l l a t i o n ( including p e r f o r a t i o n s , j o i n t s , 

s t u d s , and tank a t t a c h m e n t ) and effects of e n v i r o n m e n t s ( including c o m p r e s s i o n . 
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d e c o m p r e s s i o n , e v a c u a t i o n , and d e g r a d a t i o n f r o m m e t e o r o i d d a m a g e ) a s it 

b e c o m e s a v a i l a b l e f r o m C o n t r a c t NAS8-21400 o r r e l a t e d s t u d i e s a p p r o v e d by 

NASA. The RNS b a s e l i n e d e s i g n u t i l i z e s doubly a l u m i n i z e d M y l a r wi th a 

D a c r o n ne t s p a c e r . The fol lowing p r o p e r t i e s a r e app l i ed for de s ign : 

_5 
Conduc t iv i ty - space 2. 0 x 10 B t u / h r ft °R 

- g round 0. 025 B t u / h r ft "R 

D e n s i t y 4. 1 Ib / f t^ 

L a y e r Dens i t y 96 p a i r s / i n . 

M y l a r Shee t T h i c k n e s s 0. 00015 in. 

M a n u f a c t u r i n g A c c e p t a n c e Rate 75 p e r c e n t 

E v a c u a t i o n T i m e 1 h o u r 

The a p p r o a c h to t h e r m o d y n a m i c a n a l y s e s wi l l t r e a t H P I p e r f o r m a n c e in 

p a r a m e t r i c fash ion . Unpub l i shed M S F C and MDAC t e s t da ta w e r e e v a l u a t e d 

to s e l e c t a r e a l i s t i c va lue of D A M / n e t p e r f o r m a n c e to c o m p l e t e s y s t e m 

def in i t ion for a point d e s i g n . 

The MDAC t e s t da ta u t i l i zed a r e b a s e d on a 1 5 - i n . - d i a m e t e r c a l o r i m e t e r , 

24 in. long. The t e s t t e m p e r a t u r e r ange was 5 2 0 / 4 0 °R. The i n s u l a t i o n t e s t 

s p e c i m e n c o n s i s t e d of 70 s h e e t s of D A M / n e t (B-2A) . T h i s ne t h a s a we igh t 
2 

of 0. 0024 psf and a m e s h count of 198 m e s h e s / i n . . The i n s u l a t i o n w a s 

a p p l i e d to the c a l o r i m e t e r at a n a t u r a l layup d e n s i t y of 96 l a y e r s p e r inch. 

The conduc t iv i t y s e l e c t i o n r a t i o n a l e is s u m m a r i z e d b r i e f l y in T a b l e 4. 3 - 3 . 

The n a t u r a l l a y e r d e n s i t y (96 l a y e r s / i n c h ) wi l l be u t i l i z e d for s p a c e p e r f o r m ­

ance unt i l c o m p r e s s i o n t e s t s in p r o g r e s s jus t i fy an a l t e r n a t i v e c r i t e r i o n . 

E v e n whi l e the D A M / n e t s y s t e m is r e t a i n e d a s a b a s e l i n e , it should be a n t i ­

c i p a t e d that f u r t h e r w o r k e v a l u a t i n g c o m p r e s s i b i l i t y effects could l ead to 

i den t i f i ca t ion of o t h e r s p a c e r c o n c e p t s as m o r e a t t r a c t i v e . 

F o a m 

S p r a y f o a m p r o p e r t i e s a r e ob ta ined f rom page 75 of R e f e r e n c e 4 - 3 7 . The 

des ign va lue for t h e r m a l conduc t iv i t y i s 0. 01 B t u / h r - f t ° F . 
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Tab le 4. 3-3 

D A M / N E T CONDUCTIVITY S E L E C T I O N RATIONALE 

Conduc t iv i ty 
(Btu/ f t h r "R) 

MDAC T e s t Data a t 5 2 0 / 4 0 ° R 1. 37 x lO"^ 
(96 l a y e r s p e r inch) 

E x p e r i m e n t a l e r r o r + 3 . 4% 

L a t e r a l conduc t ion , e s t i m a t e d + 2. 7% 

_5 
A d j u s t m e n t to e l i m i n a t e t echn ique + 6. 1% 1. 46 x 10 

P r o v i s i o n for p e r f o r a t i o n s , j o i n t s , +62 % 
and s tuds ( e x p e r i m e n t a l ) 

0 

P r o v i s i o n for s t r a p s ( e s t i m a t e d ) +13 % 0 

A d j u s t m e n t for +75 % 2 . 5 6 x 1 0 " 

_5 
A d j u s t m e n t for m i s s i o n t e m p e r a t u r e 2. 01 x 10 

r a n g e a t 4 0 0 / 4 0 ° R ( ca l cu l a t ed ) 

4. 3 . 4. 3 O r i e n t a t i o n 

The t h e r m a l p r o t e c t i o n s y s t e m wi l l i m p o s e no r e q u i r e m e n t s for veh ic l e o r i e n ­

ta t ion d u r i n g any o p e r a t i o n s o r m i s s i o n p h a s e s . The t h e r m a l p r o t e c t i o n s y s t e m 

des ign wi l l a c c o m m o d a t e a l l o p e r a t i o n a l r e q u i r e m e n t s for o r i e n t a t i o n , inc lud ing 

t h r u s t v e c t o r o r i e n t a t i o n , r e n d e z v o u s and docking, and s t a t ion keep ing . 

4 . 3 . 5 Su r f ace T e m p e r a t u r e E v a l u a t i o n 

The s u r f a c e t e m p e r a t u r e i m p l i c a t i o n s of s u r f a c e coa t ing p r o p e r t i e s , m a t e r i a l 

t h i c k n e s s e s , and veh i c l e o r i e n t a t i o n have been i n v e s t i g a t e d wi th MDAC o r b i t a l 

h e a t i n g codes for the RNS l u n a r o r b i t and in t r a n s i t . The s u r f a c e p r o p e r t i e s 

have the g r e a t e s t i m p a c t , whi le the s e n s i t i v i t y to veh ic l e a t t i t ude in e a r t h 

o rb i t i s s m a l l , and the inf luence of the f iber g l a s s e x t e r n a l m e t e o r o i d b u m p e r 

t h i c k n e s s is n e g l i g i b l e . 

T h r e e RNS o r i e n t a t i o n s in e a r t h o r b i t w e r e c o n s i d e r e d : (1) p l a n e t a r y o r i e n t e d , 

long i tud ina l a x i s po in ted t o w a r d e a r t h c e n t e r ( g r a v i t y - g r a d i e n t s t a b i l i z e d ) ; 

(2) p l a n e t a r y o r i e n t e d , l ong i tud ina l a x i s p a r a l l e l to v e l o c i t y v e c t o r ; and 
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(3) i n e r t i a l o r i e n t a t i o n . The veh i c l e o r i e n t a t i o n g e o m e t r y for the f i r s t c a s e 

is def ined by F i g u r e 4. 3 - 5 . It i s the s a m e for C a s e 2, but wi th the RNS ax i s 

r o t a t e d 90 d e g r e e s . H o w e v e r , to ob ta in a w o r s t c a s e for the i n e r t i a l o r i e n ­

ta t ion , the sun pos i t i on w a s r o t a t e d 90 d e g r e e s , n o r m a l to the p lane of the 

f i g u r e , wh i l e the veh i c l e a x i s o r i e n t a t i o n r e m a i n e d in the p lane of the f i gu re . 

T e m p e r a t u r e d i s t r i b u t i o n s w e r e c a l c u l a t e d a r o u n d the veh ic l e c i r c u m f e r e n c e . 

The r e s u l t i n g m a x i m u m , m i n i m u m and a v e r a g e s u r f a c e t e m p e r a t u r e s for 

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

in T a b l e 4. 3 - 4 . 

Two c a s e s w e r e c o n s i d e r e d for the RNS in 6 0 - m n i p o l a r l u n a r o rb i t : for the 

f i r s t the sun -was a t a 90 d e g r e e ang le to the o r b i t a l p l ane , and the s e c o n d had 

a sun ang le of 0 d e g r e e s . Both c a s e s have the veh ic l e in a v e r t i c a l o r i e n t a ­

tion ( p a r a l l e l to the r a d i u s v e c t o r ) . M a x i m u m , m i n i m u m , and a v e r a g e 

s u r f a c e t e m p e r a t u r e s for s e v e r a l a n o m a l i e s , and a v e r a g e o r b i t a l t e m p e r a ­

t u r e s a r e t a b u l a t e d in T a b l e 4. 3 - 5 . With the ang le 90 d e g r e e s , the veh i c l e 

p r e s e n t s a c o n s t a n t pos i t i on wi th r e s p e c t to the sun and thus s u r f a c e t e m p e r a ­

t u r e s a r e i n d e p e n d e n t of a n o m a l y . 

The i m p a c t of v e h i c l e a t t i t ude d u r i n g t r a n s l u n a r o r t r a n s e a r t h c o a s t is sho-wn 

in T a b l e 4. 3 -6 . 

The i m p a c t of s u r f a c e a b s o r p t i v i t y on the s u r f a c e t e m p e r a t u r e h i s t o r y in 

e a r t h o r b i t i s shown in T a b l e 4. 3 - 7 . 

C o n s i d e r i n g t h e s e f a c t o r s , and a space d e g r a d e d a b s o r p t i v i t y of 0. 32, a 

r e f e r e n c e s u r f a c e t e m p e r a t u r e of - 9 0 ° F o r 370°R w a s adop ted for p r e l i m ­

i n a r y t h e r m a l p r o t e c t i o n s y s t e m d e s i g n . 

4. 3. 6 Hea t S h o r t Defini t ion 

The h e a t s h o r t s inc lude the t ank suppor t and i n t e r m o d u l e s t r u c t u r e s , p r o p e l l a n t 

feed, p r e s s u r i z a t i o n , and vent l i n e s . T h e s e a r e def ined for the RNS C l a s s 1-H 

m o d u l e s in Tab le 4, 3 - 8 . The f iber g l a s s h o n e y c o m b s k i r t s a t e a c h end of the 

p r o p e l l a n t m o d u l e wi l l c o n t r i b u t e 300 to 600 ft to the h e a t s h o r t i n s u l a t e d a r e a 

for the c u r r e n t b a s e l i n e d e s i g n . H o w e v e r , t h e s e a r e not inc luded in the s u b ­

sequen t a n a l y s e s on the b a s i s that if the C l a s s 1-H is of suff icient i n t e r e s t to 
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elliptic sun 

270° on circumference 

Figure li.3-5 VEHICLE ORIEKTATION GEOMETRY 

T a b l e 4. 3 -4 

T E M P E R A T U R E HISTORY F O R RNS IN E A R T H ORBIT 

(a = 0. 32, € = 0. 96) 

O r i e n t a t i o n 

A n o m a l y 

T ° F 
m a x 

T . ° F 
m m 

T ° F 
avg 

T avg 
( o r b i t ) ° F 

V e r t i c a l 

Qc 90° 270° 

+84 +80 -113 

-130 -112 -130 

-52 -38 -127 

-73 

H o r i z o n t a l 

0° 90° 270° 

+80 +82 -20 

-325 -293 -288 

- 7 4 -47 -117 

-73 

I n e r t i a l 

0° 90° 270° 180° 

+80 +95 +95 -25 

-70 -108 -202 -236 

-25 -65 -58 -130 

-70 

202 



Tab le 4. 3-5 

T E M P E R A T U R E HISTORY F O R RNS IN LUNAR ORBIT 

(ff = 0 . 3 2 , € = 0. 96) 

V e r t i c a l At t i tude 

Sun Angle 

A n o m a l y 

T ° F 
m a x 

T . m m 

T avg 

T (orbi t ) 
avg 

0° 

0° 

-32 

-92 

-56 

90° 

+ 100 

-101 

-52 

180° 

-105 

-105 

-105 

270° 

+ 104 

-105 

-53 

-67 

90° 

All 

+102 

-105 

-53 

-53 

Tab le 4. 3-6 

T E M P E R A T U R E HISTORY FOR RNS IN TRANSLUNAR COAST 

(a= 0. 32, c = 0. 96) 

Sun Angle (to 

T m a x 

T . 
m m 

T avg 

n o r m a l ) 

F 

0° 

76 

-415 

-178 

30° 

58 

-415 

-187 

60° 

-9 

-415 

-199 
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Table 4. 3-7 
IMPACT OF SURFACE ABSORPTIVITY 

ON RNS SURFACE TEMPERATURE HISTORY 

(Vertically Oriented RNS) 

Absorpt ivi ty-

A n o m a l y 

T m a x 

T . 
m m 

T 
avg 

T 
avg 

(Orbi t ) 

Deg 

°F 

°F 

°F 

°F 

0 

-24 

-130 

-97 

0. 1 

90 

-28 

-125 

-100 

270 

-118 

-130 

-128 

-106 

0 

+40 

-130 

-78 

0. 2 

90 

+30 

-118 

-80 

270 

-113 

-130 

-127 

-91 

(N 

0 

+84 

-130 

-52 

0. 32 
omina 

90 

+80 

-112 

-62 

1) 

270 

-113 

-130 

-127 

-73 

0 

+ 136 

-130 

-42 

0. 4 

90 

+105 

-108 

-49 

270 

-105 

-130 

-125 

-65 

receive further definition, design concepts will be developed to cover the 

stub ends with HPI in orbit after jett ison of the in ters tage and nosecone. 

An accura te thermal analysis model was used to account for par t ia l insulation 

coverage over a cylindrical component. The heat input through the ith heat 

short is 

Q 
B.K.A. 

H. ~ tanh (6.1.) 
1 ^ 1 1 

•AT 

where 

1/2 
^. = K 

1 e (K. h. d) 
-1 /2 

204 



Table 4. 3 -8 

H E A T SHORT SUMMARY 
RNS CLASS 1-H 

I t e m 

P R O P U L S I O N M O D U L E 

T h r u s t s t r u c t u r e 

F o r w a r d s k i r t 

NERVA feed s y s t e m 

Incone l l i n e s 

CRES l i n e s 

A l l i ne s 

I n t e r m e d i a t e feed s y s t e m 

P r e s s u r i z a t i o n l ine 

Vent 

K. 
1 

(Btu / f t^ h r 

0. 12 

0. 12 

4 . 5 

7. 1 

38 . 0 

7. 1 

7. 1 

7. 1 

°R) 

h. 

( in . ) 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

060 

060 

035 

035 

25 

035 

035 

035 

A. 

0. 11 

0. 141 

0 .0305 

0. 0290 

0. 0545 

0 .00915 

0 .00153 

0 .00458 

1 

(ft^) 

66 

84. 8 

28. 9 

4. 14 

2. 18 

2 2 . 5 4 

3 . 9 8 

7 .85 

T o t a l 220. 39 

P R O P E L L A N T MODULE 

T h r u s t s t r u c t u r e 

P a y l o a d a d a p t e r 

Aft feed s y s t e m 

Fwd feed s y s t e m 

P r e s s u r i z a t i o n l ine 

Vent 

0. 

0. 

7. 

7. 

7. 

7. 

12 

12 

0. 

0. 

0. 

0. 

0. 

0. 

065 

070 

035 

035 

035 

035 

0. 357 

0. 293 

0 .00915 

0 .00915 

0 .00153 

0. 00458 

T o t a l 

198 

151 

17. 

23 . 

3. 

7. 

4 0 1 . 

77 

09 

89 

85 

6 

K. = T h e r m a l conduc t iv i ty 
1 

h. = Tube w a l l t h i c k n e s s 
1 

A. = C r o s s - s e c t i o n a l a r e a 

A = H P I c o v e r a g e a r e a 
H . 

1 
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and the following nomencla ture is used: K , equivalent thermal conductivity 

of HPI; K., thermal conductivity of heat short; A., heat short c ross - sec t iona l 

a rea ; h., thickness of (tubular) heat short , 1., insulated length of heat short; 
d „ . , heat short HPI th ickness . Typically for RNS applications the heat input 

H i 

through the component is severa l t imes that predicted by the l inear conduc­

tion law, even with HPI. 

Heat inputs calculated for the candidate ma te r i a l s and construction for the 

Class 1-H propellant module interface s t ruc tu res a r e shown in Figure 4. 3-6 

as a function of the length and thickness of HPI coverage . The coverage for 

most tank at tachments should be longer than 2 ft and performance is not 

improved appreciably when the coverage is extended beyond 4 or 5 ft. The 

insulated a r e a s in Table 4. 3-8 a r e based on a 3-ft length for s t ru ts and 

ducts. The insulation thickness on the heat shorts will be considered equal 

to the tank blanket th ickness . 

Si 

-P 
P 
C 

-P 
ed 
(U 

23 

21+ 

20 

16 

12 

0 

Fiberglass 
Struts 

2000, 

l600 

1200 

800 

1+00 

1 1 1 1 
K = 2 X 1 0 - 5 B T U / f t - h r - ' ^ 

1 ^ 

\ 

\ 

U8 •] 

L 

\ 

\ 

P i t a n i i 

^ 

im S t r u i t s 

0 

Insulated Length (ft) Insulated Length (ft) 
Figure 1+.3-6 EFFECT OF INSULATION LAYIJP ON CANDIDATE THRUST STRUCTURE 

PERFORj-'IAÎ JCE CLASS 1-H PROPELLANT MODULE 
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4. 3 . 7 E q u i v a l e n t T i m e A n a l y s i s for M i s s i o n P h a s e s 

The a n a l y s i s of p r o p e l l a n t h e a t i n g for the RNS l u n a r shu t t l e m i s s i o n is 

c o m p l i c a t e d by m u l t i p l e b u r n s and m u l t i p l e t a n k a g e . The v a r i o u s p r o p e l l a n t 

t anks spend p r o l o n g e d p e r i o d s of t ime in v a r i o u s d e g r e e s of o f f - load ing . An 

o f f - loaded tank h a s a m o r e s e v e r e t h e r m a l p r o t e c t i o n r e q u i r e m e n t than a full 

t ank b e c a u s e the h e a t flux e n t e r i n g t h r o u g h the s i d e w a l l s m u s t be a b s o r b e d by 

a s m a l l e r a m o u n t of fluid w h i c h h a s a l o w e r h e a t c a p a c i t y than for a full t ank . 

T h i s effect i s conven i en t l y def ined by c o n v e r t i n g the a c t u a l m i s s i o n t i m e a s 

an offloaded tank, t . , in to an equ iva l en t full t ank t i m e , t . The r e l a -
a c t . ^ equ iv . 

t i onsh ip i s a p p r o x i m a t e d by 

(W^ + W ^ ) full 
t = — h y Q ,. 
equ iv . (W^ + W p ) a c t . 

w h e r e (W^ + W_,) i s the m a s s of l iqu id and gas in the t ank and C i s a c o r r e c ­

t ion f ac to r , ob t a ined f r o m a d e t a i l e d e n e r g y , m a s s , and vo lume b a l a n c e , 

wh ich a c c o u n t s for v a p o r i z a t i o n a s the t ank i s d e p l e t e d . C o m p l e t e m i x i n g 

wi th in the s y s t e m is a s s u m e d . 

The l u n a r shu t t l e m i s s i o n t i m e l i n e def ined in Sec t ion 2. 3 and the a s s o c i a t e d 

p r o p e l l a n t u t i l i z a t i o n h i s t o r y w h i c h def ines the p r o p e l l a n t t ank load ings in 

Sec t ion 3. 10 w e r e u sed to e s t a b l i s h the equ iva len t t i m e h i s t o r y for the p r o p e l ­

l an t m o d u l e and the run tank. F i g u r e 4. 3-7 d i s p l a y s a c c u m u l a t e d equ iva l en t 

t i m e s v s . a c t u a l p h a s e t i m e s for bo th the p r o p e l l a n t and p r o p u l s i o n m o d u l e s , 

a s s u m i n g they s t a r t a t the s a m e s a t u r a t i o n p r e s s u r e . The run tank s t a r t s out 

s l i gh t l y w a r m e r than the p r o p e l l a n t t ank but a f t e r be ing r e f i l l ed , and a f t e r 

c o m p l e t i n g the L O I - 3 b u r n , i s l e s s s e v e r e l y o f f - loaded and t h e r e f o r e s t a y s 

c o o l e r for the r e m a i n d e r of the m i s s i o n . 

The RNS p r o p e l l a n t i s r e s u p p l i e d o v e r a p r o l o n g e d o r b i t a l c o a s t p e r i o d p r i o r 

to the m i s s i o n . The a s s o c i a t e d p r o p e l l a n t l o g i s t i c s h i s t o r y is def ined in 

Sec t ion 3 . 6. 3. A b a s e l i n e of 4 days p e r s p a c e shu t t l e t a n k e r fl ight w a s adopted 

for t h e r m a l p r o t e c t i o n , w i th d e l i v e r y of 30, 000 lb L H , p e r f l ight . P r o p e l l a n t 

r e s u p p l y is i n i t i a t e d 53 days b e f o r e the s t a r t of the m i s s i o n and the s t age i s 

fully l oaded for the l a s t 18 days b e f o r e T L I whi le CCM r e p l a c e m e n t in pay load 

207 



1200 

t 
V 
H 
)« 
>• 
•H 

I 

I 
o 
u 

1000 

200 300 ItOO 500 
Accumulated Phase Time (Hrs) 

Figure U.3-7 PROPELLANT HEATING EQUIVALENT TIMES 
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assembly a r e in p r o g r e s s . The result ing orbi tal heating is actually more 

severe than imposed by the operat ional portion of the miss ion away from 

ear th orbit . The resul tant equivalent t imes for the basel ine miss ion a r e 

summar ized in Table 4. 3-9. These a r e used for selection of a point design 

in the thermal protection sys tem optimization. 

4. 3. 8 Insulation Optimization 

The optimum insulation sys tem is one that causes a min imum penalty on the 

del ivered payload. The sys tem weight penalty consis ts of the insulation 

weight on tankage and heat shor ts combined with the boiloff incur red on the 

miss ion , weighted according to the location where it is vented. The total 

sys tem weight penalty was optimized as a function of the insulation thickness . 

The method of analysis is summar ized in Tables 4. 3-10 and 4. 3-11. The 

analyses were p rogrammed to facilitate handling the complications introduced 

by inclusion of exact heat shor ts in the optimization. 

Table 4. 3-9 
EQUIVALENT TIME PHASE SUMMARY (HR) 

(CLASS 1-H) 

Propel lant Run 
Module Tank 

Before Mission 

During loading 

After loading 

Subtotal 

During Mission 

Total 

Total After Loading 

1, 

2, 

1, 

3, 

1, 

570 

430 

000 

190 

190 

620 

1, 

2, 

1, 

3, 

1, 

570 

430 

000 

.298 

298 

728 
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T a b l e 4 . 3-10 

T H E R M A L P R O T E C T I O N SYSTEM WEIGHT P E N A L T Y SUMMARY 

1 Total s y s t e m penal ty 

2 Breakdown of e l e m e n t s 

Heat Shor t HPI 

W - pAd 

X ''HAH P* S ^HI 

(Q^ + Q H " - ^ p ' ^ ' ^ T 

Heat Input Through Tank 

Heat Input Through Heat Short 
p K A 

H 2 tanhV'',) "̂̂  ==Z PiVi^^ 

N o m e n c l a t u r e 

Tank sur face a r e a 

Heat sho r t HPI c o v e r a g e a r e a 

Heat sho r t c r o s t , - s e c t i o n a l a r e a 

Heat capac i ty of 1 H 

Tank HPI t h i cknes s 

Heat sho r t HPI t h i cknes s 

Th ickness of ( tubular) heat s h o r t 

Equivalent t h e r m a l conduct ivi ty of HPI 

T h e r m a l conduct ivi ty of hea t shor t 

Heat leak r a t e th rough hea t s h o r t s 

Heat leak r a t e of tank HPI 

T e m p e r a t u r e 

T i m e 

Bulk weight of LH 

Boiloff LH weight 

Weight of hea t sho r t insu la t ion 

Total weight penal ty 

Weight of tank insu la t ion 

Effective growth fac tor for p e r f o r m a n c e 

Heat of evapora t ion of LH 

Weight dens i ty of HPI 
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T a b l e 4. 3 -11 

O P T I M U M INSULATION THICKNESS SUMMARY 

1. HPI thickness for minimum thermal protection sys tem weight penalty: 

1. 1 For systems with no boiloff 

1. 1. 1 Tank only: 

K AATt 
i S 
o C WAT, ^ p LH, 

1.1.2 Tank with effect of heat shorts 

d = 1/2 (D^d + 2) + D(D^d ^ + 4D )^ ^^ \d o o o ' '• 

where 

K. 1 './^ 

°=xSifh-) \ 

1. 2 For sys tems with boiloff 

1.2.1 Tank only 

K ATt^ ' ' ' ^ 

o \ p\y 

1.2,2 Tank with effect of heat shorts 

d d + e 
o 

with 

. ,̂,, SM-t) , , 
K.-"' 

i rr -i. J J. K ' " - — d + -1 }d 
2 I 2 " A + A H . ° A + % f o 

1 1 

1. 3 Transi t ion time from no boiloff to LH, boiloff 

1.3.1 Tank only 

/C WAT, „ " 
t= i i-E- LH, 

K ATpxv' 

1.3.2 Tank with effect of heat shorts 
Solutions may be obtained from graphs plotting 
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The pay load d e l i v e r y p a r t i a l s in T a b l e 2. 2-1 ind ica t e that for the t yp i ca l c a s e 

of ven t ing a f t e r c o m p l e t i o n of t r a n s l u n a r c o a s t , the p e r f o r m a n c e pena l ty for 

ven ted boiloff is ob t a ined by r e d u c i n g the a c t u a l boiloff by an effect ive g rowth 

f ac to r Y = 8 (vented p r o p e l l a n t ) / 9 (RNS i n e r t ) P L D = 1.5 . T h i s i d e a l i z e d 

we igh t ing m u s t be i n c r e a s e d to accoun t for the i n c r e n n e n t a l we igh t of 

i n c r e a s e d p r o p e l l a n t t ankage and a b i a s t o w a r d ven t ing be fo re the m i s s i o n . 

A va lue of Y = 2. 0 is u sed a s an a p p r o x i m a t i o n for the r e d u c e d we igh t ing of 

boiloff in s u b s e q u e n t da ta . 

The i n s u l a t i o n t h i c k n e s s for no boiloff o r the a m o u n t of boiloff i n c u r r e d when 

it i s r e q u i r e d depends on the i n i t i a l and final p r o p e l l a n t s t a t e cond i t i ons . The 

LH-, en tha lpy r i s e is i nd ica t ed in T a b l e 4. 3-12 for a r a n g e of in i t i a l s a t u r a t i o n 

p r e s s u r e s and NERVA o p e r a t i n g p r e s s u r e s wh ich a r e t yp i ca l of the s y s t e m 

o p t i m i z a t i o n c a s e s . 

The a m o u n t of equ iva l en t t ime e l a p s e d be fo re it is f a v o r a b l e to vent boiloff 

is i n d i c a t e d in F i g u r e 4, 3 -8 a s a function of p r o p e l l a n t en tha lpy r i s e p e r m i t t e d 

for a r a n g e of t h e r m a l c o n d u c t i v i t i e s . The a n t i c i p a t e d conduc t iv i ty is adequa t e 

to avo id ven t ing d u r i n g the m i s s i o n if the full t ank equ iva l en t t ime i s not m u c h 

g r e a t e r than that i n c u r r e d a f t e r T L I and if the a v a i l a b l y en tha lpy r i s e is not 

s e v e r e l y l i m i t e d by p r i o r o r b i t a l hea t i ng or tank ch i l ldown. 

F i g u r e 4. 3-9 shows the t h e r m a l p r o t e c t i o n s y s t e m weigh t pena l ty for the p r o ­

pe l l an t m o d u l e a s a funct ion of the full t ank equ iva l en t t ime and LH^ en tha lpy 

r i s e . The p a r a m e t r i c v a l u e s of i n su l a t i on plus boiloff i n d i c a t e d above the 

c u r v e for i n s u l a t i o n only show the p e n a l t i e s a s s o c i a t e d wi th boiloff (as 

r e d u c e d by Y = 2) for a r a n g e of p r o p e l l a n t en tha lpy r i s e s . The c u r v e s for 

i n su l a t i on only in the no boiloff r e g i m e ind ica t e the add i t i ona l p e r f o r m a n c e 

ga ins wh ich can be ob t a ined by p r o p e l l a n t subcoo l ing . T h i s s y s t e m p e r f o r m ­

ance m a p p r o v i d e s the b a s i s for defining and e v a l u a t i n g a l t e r n a t i v e t h e r m a l 

p r o t e c t i o n s y s t e m point d e s i g n s . T h e s e wi l l be d i s c u s s e d f u r t h e r in 

Sec t ion 4 . 3 . 11 . F i g u r e 4 . 3 - 1 0 i n d i c a t e s the c o m p a r a b l e s y s t e m p e r f o r m a n c e 

m a p for the p r o p u l s i o n modu le run tank. Hea t s h o r t s a r e a s e v e r e pena l ty 

on the r u n tank t h e r m a l p r o t e c t i o n . 
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Table 4. 3-12 

LH^ ENTHALPY RISE MATRIX (BTU/LB) 

In i t i a l 
S a t u r a t i o n 
P r e s s u r e 

(ps ia) 

1 

10 

16 

21 

NERVA P r e s s u r e (ps ia) 

26 

32. 4 

14. 3 

8. 2 

4 . 0 

Des ign 
Goal 

30 

35. 2 

17. 2 

10. 8 

6 . 7 

Old 
Spec i f i ca t ion 

Subcool to t r i p l e point 

T y p i c a l subcoo l 

B a s e l i n e d e l i v e r y to o r b i t 

I nc ludes ch i l ldown of w a r m tank 

10,000 

S 

•J 1,000 

I 

d 
£ 

100 
U 6 8 
Enthalpy Rise (BTU/lb) 

Figure U.3-8 VENTING AND NO BOILOFF DESIGN REGIMES 
CLASS 1-H PROPELLANT MODULE 
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F i g u r e 4. 3-11 shows the s e n s i t i v i t y of the p r o p e l l a n t m o d u l e t h e r m a l 

p r o t e c t i o n s y s t e m we igh t p e n a l t y to the i n s u l a t i o n p e r f o r m a n c e for two point 

d e s i g n a l t e r n a t i v e s wh ich a r e d i s c u s s e d in Sec t ion 4. 3 . 1 1 . A d e g r a d a t i o n of 
-5 -5 

the d e s i g n va lue f r o m 2 x 1 0 up to the r a n g e of 4 x 10 would i m p o s e a 
m a j o r pena l ty on the des ign of the RNS s y s t e m . 

The t h e r m a l p r o t e c t i o n s y s t e m weigh t s e n s i t i v i t y to subcoo l ing is shown in 

F i g u r e 4. 3 -12 . Ma jo r p e r f o r m a n c e ga ins could be a c h i e v e d by r e d u c i n g the 

h y d r o g e n s a t u r a t i o n p r e s s u r e to the t r i p l e point (1 ps ia ) o r even us ing s l u s h . 

The RNS s t r u c t u r a l des ign c r i t e r i a r e q u i r e that p r o p e l l a n t t ankage sha l l not 

be p r e s s u r e s t a b i l i z e d for any o p e r a t i o n s . H o w e v e r , if subcool ing w e r e 

u t i l i zed , p r e s s u r e s t a b i l i z a t i o n would be r e q u i r e d for g round fill and l aunch 

o p e r a t i o n s u n l e s s s u p p o r t i n g s t r u c t u r e s w e r e i n c o r p o r a t e d into the tank 

d e s i g n . A d e t a i l e d a n a l y s i s of th is tank buck l ing p r o b l e m is beyond the scope 

of the p r e s e n t s tudy . How^ever, a c u r s o r y i n v e s t i g a t i o n i nd i ca t ed tha t p r o ­

v i s i on of r i n g f r a m e s to s t a b i l i z e the tank a g a i n s t c r u s h i n g p r e s s u r e would 

r e s u l t in s t r u c t u r a l we igh t wh ich e x c e e d s the po ten t i a l s av i ngs in the t h e r m a l 

p r o t e c t i o n s y s t e m . A c c o r d i n g l y , d e l i v e r y of subcoo led o r s l u s h h y d r o g e n to 

o r b i t is not c o n s i d e r e d a p p l i c a b l e for the RNS without f u r t h e r i n v e s t i g a t i o n of 

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

4. 3 . 9 N u c l e a r Hea t ing of P r o p e l l a n t 

An e v a l u a t i o n w a s m a d e of n u c l e a r hea t ing of p r o p e l l a n t in the p r o p u l s i o n 

m o d u l e run tank. A m a p of the e n e r g y depos i t i on in the tank is shown in 

F i g u r e 4. 3 -13 dep ic t ing i s o h e a t i n g l i n e s . The to ta l e n e r g y depos i t i on r a t e 

at full power c o r r e s p o n d s to 13 kw. T h i s d iv ides into 4 kw f r o m g a m m a s 

and 9 kw f r o m n e u t r o n s . T h e s e w e r e b a s e d on P A T C H point k e r n e l c a l c u l a ­

t ions wi th the fol lowing a s s u m p t i o n s : (1) 1, 574 -Mw NERVA o p e r a t i n g power ; 

(2) no e x t e r n a l sh i e ld ing ; (3) 80 - in . - d i a m e t e r run tank; (4) t o t a l - t o - f a s t 

n e u t r o n flux r a t i o of 3; and (5) l e a k a g e f r ac t ion of 0. 65 for LH c a p t u r e 

g a m m a s in run tank. 

The i m p l i c a t i o n s of n u c l e a r hea t i ng w e r e eva lua t ed for s e v e r a l m o d e l s and 

o p e r a t i o n a l a l t e r n a t i v e s which a r e s u m m a r i z e d in T a b l e 4. 3 - 1 3 . T h e r e is a 
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T a b l e 4. 3-13 

N U C L E A R HEATING M O D E L COMPARISON 

E n e r g y D i s t r i b u t i o n 

C o m p l e t e m i x i n g 

S t r a t i f i c a t i o n 

C o m p l e t e m i x i n g 

C o m p l e t e m i x i n g 

Run T a n k S ta tu s 

S t e a d y s t a t e 

S t eady s t a t e 

Deple t ion for s t a r t u p r a m p 

Deple t ion for L O I - 2 b u r n 

T e m p e r a t u r e R i s e (°R) 

0. 054 

8. 8* 

0. 034 

0. 094 

^ A l t e r n a t i v e : 2 l 6 lb boiloff p e r m i s s i o n . 

m i n i m a l i m p a c t by n u c l e a r hea t i ng if c o m p l e t e m i x i n g o c c u r s . S t r a t i f i c a t i o n 

would i m p o s e a s e v e r e p r e s s u r e pena l ty wi thout ven t ing but can be a c c o m ­

m o d a t e d wi th ven t ing wi th a m i n i m a l boiloff pena l ty . 

The c r i t e r i o n for d e t e r m i n i n g when the c o m p l e t e m i x i n g m o d e w^ould domina t e 

o r when s t r a t i f i c a t i o n would o c c u r i s not a s yet e s t a b l i s h e d . E x p e r i m e n t s by 

A n d e r s o n and K o l a r ( R e f e r e n c e 4 -38) i nd i ca t e tha t wi th b o t t o m h e a t i n g a lone 

c o m p l e t e m i x i n g i s ob ta ined . H o w e v e r the c o m b i n a t i o n of b o t t o m and s idewa l l 

h e a t i n g r e s u l t s in an i n t e r a c t i o n be tween the m o d e s in wh ich the b o t t o m h e a t e d 

fluid i s unable to p e n e t r a t e t h rough the s t ab l e s t r a t i f i e d l a y e r r e s u l t i n g f r o m 

s i d e w a l l h e a t i n g . The shape of the e n e r g y d e p o s i t i o n prof i le shown in 

F i g u r e 4 . 3 - 1 3 s u g g e s t s tha t a m a j o r po r t i on of the h e a t i n g would e n t e r the 

t ank a s b o t t o m h e a t i n g . The feed s y s t e m in le t f r o m the p r o p e l l a n t tank can 

be conf igu red so tha t the i n c o m i n g fluid j e t would be d i r e c t e d u p w a r d to 

b r e a k up any s t r a t i f i e d l a y e r . T h u s , n u c l e a r hea t i ng should have a m i n i m a l 

i m p a c t on the RNS p r o p u l s i o n m o d u l e des ign and o p e r a t i o n . 
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4 .3 .10 Stratification 

The implicat ions of propellant stratif ication in the RNS were investigated for 

the lunar shuttle miss ion . Stratification can occur when a heat t ransfer 

mechan ism (conduction or convection from boundary layers ) permi ts the 

buildup of a layer of w a r m fluid near the surface of the liquid. The p r e s su re 

in the tank will c losely follow the surface t empera tu re . The principal con­

figuration of concern for evaluation of the RNS is a tank with the liquid oriented 

at one end with the heat flux through the sidewall being c a r r i e d through the 

boundary layer on the sidewalls into a stratif ied layer at the surface. Such a 

configuration pe rmi t s the bulk of the fluid to be unaffected by the sidewall heat 

input until the strat if ied layer has grown sufficiently to fill the entire height of 

the fluid volume. Use of an oriented fluid model with a sidewall boundary layer 

would requ i re that the acce lera t ion level be sufficiently large to provide a Bond 

number of unity. For very low accelera t ion levels , the liquid would assume a 

min imum energy configuration with wet walls and a cent ra l ullage bubble. The 

implications of strat if ication for this unoriented configuration are not well 

defined, but its impact is considered negligible. 

The effects of acce lera t ion from aerodynamic drag, solar p r e s s u r e , l imit 

cycling, attitude maneuve r s , and orbital r a tes were evaluated. The cr i t ica l 

acce lera t ion levels for strat if icat ion a s s e s s m e n t assoc ia ted with various 

miss ion coast phases , the source of accelera t ion, tank Bond number, and 

liquid orientation a re defined in Table 4. 3-14. For orbit coast phases , the 

rotational ra te assoc ia ted with the gravi ty-gradien t -s tab i l ized mode tends to 

keep the liquid oriented at one end of the tank. However, at the aft end of the 

inboard propellant module the values in the table a re reduced by a factor of 6, 

so the oriented model tends to b reak down. 

Stratification was analyzed for the oriented liquid cases using the boundary 

layer model in References 4-39 and 4-40. The effects of bottom heating and 

ullage heating were neglected at this level of ana lys i s . The difference between 

the surface t empera tu re and the bulk tempera ture developed ac ros s the s t r a t i ­

fied layer is shown in Table 4. 3-15, together with the time to fully develop the 

strat if ied layer . 
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Table 4. 3-14 
ACCELERATION CRITERIA FOR STRATIFICATION EVALUATION 

(CLASS 1-H) 

Miss ion Phase 

Ea r th orbi t 
(fully loaded) 

Lunar t r ans i t 

Lunar orbi t 
(with payload) 

Lunar orbi t 
(without payload) 

Ea r th t r a n s i t 

Ea r th orbi t 
(empty) 

Duration 
(hr) 

p 0 4 * * 
(408 

108 

24 

410 

72 

697 

Source of 
Acce le ra t ion 

Orbit r a t e 

Limi t cycle 

Orbit r a t e 

Orbit r a t e 

Limi t cycle 

Orbit r a t e 

P rope l l an t Module 

A c c e l e r a t i o n * 
(g) 

2. 7 X 10-6 

4. 2 X 10"^^ 

1. 7 X 10"^ 

5. 3 X 10"^ 

1 . 1 x 1 0 - 1 0 

1. 0 X 10"^ 

Bond No. 

25 

3. 9 X 10"^ 

16 

4. 9 

1. 1 X 10"^ 

9 . 3 

Run Tank 

Acce l e r a t i on* 
(g) 

4.0 X 10-6 

5.7 X 10"^^ 

2. 3 X 10"^ 

1. 1 X 10"^ 

2 . 3 x 1 0 - 1 0 

2. 1 X 10-^ 

Bond No. 

6 . 0 

8.5 X 10-^ 

3. 5 

1. 7 

3. 5 X lO-'^ 

3. 2 

Liquid 
Orientat ion 

Bot tom 

Wet wal ls 

Bottom 

Bottom 

Wet wal ls 

Bot tom 

*Axial acce l e r a t i on at aft end of module 

**Propel lant loading tiine 



Table 4. 3-15 

POTENTIAL STRATIFICATION IMPACT 
(CLASS 1-H) 

Ear th orbit 
(fully loaded) 

Lunar orbit 
(with payload) 

Lunar orbit 
(without payload) 

Ear th orbit 
(empty) 

Sidewall Heat Flux 
(Btu/ft2 Hr) 

Propel lant Module 

Maximum 
Tempera tu re 

Difference (°R) 

1. 3* 
1. 6 

1. 2 

1. 1 

Time to 
Fully Develop 

(hr) 

800* 
1, 000 

800 

1, 000 

0. 06 

Run Tank 

Maximum 
Tempera tu re 

Difference (°R) 

1. 4 

1. 5 

1. 8 

1.6 

Time to 
Fully Develop 

(hr) 

500 

600 

900 

700 

0. 06 

*Half propellant loading 



In LH^ the s t r a t i f i e d l a y e r bu i lds up v e r y r a p i d l y a t f i r s t so that a l m o s t the 

e n t i r e t e m p e r a t u r e d i f f e r ence is deve loped in about half of th i s t i m e . Once 

the t e m p e r a t u r e d i f f e r ence h a s deve loped a c r o s s the s t r a t i f i e d l a y e r the b a s e 

t e m p e r a t u r e of the fluid w i l l g r o w wi th f u r t h e r h e a t input and the t e m p e r a t u r e 

d i f f e r ence w i l l be m a i n t a i n e d a c r o s s the l iqu id . C o m p a r i n g the e s t i m a t e d 

s t r a t i f i c a t i o n t i m e s to the m i s s i o n p h a s e d u r a t i o n s on th i s b a s i s , i t i s ev iden t 

that s t r a t i f i c a t i o n is l i ke ly for the p r o l o n g e d o r b i t c o a s t p h a s e s of the l u n a r 

shu t t l e m i s s i o n p r o f i l e , if no m i t i g a t i n g f a c t o r s a r e i n c o r p o r a t e d into the RNS 

d e s i g n o r o p e r a t i o n s . 

The A P S could be u s e d wi thou t add i t i ona l h a r d w a r e to i n t r o d u c e s l o s h d i s t u r b ­

a n c e s and g e y s e r i n g to m i x the l iqu id . A l t e r n a t i v e l y , a pump m i x e r could be 

l o c a t e d i n s i d e the tank. While th i s a p p r o a c h would i m p o s e a s m a l l we igh t and 

p o w e r r e q u i r e m e n t , it does e n t a i l add i t i ona l h a r d w a r e . T h u s , use of the APS 

is m o r e c o m p a t i b l e wi th the RNS d e s i g n a p p r o a c h for m a i n t e n a n c e . S e v e r a l 

types of d i s t u r b a n c e can be u sed to m i x the l iquid: con t inuous r o t a t i o n about 

the t ank a x i s , r o t a t i o n a l s l o s h (about the t ank a x i s ) , ax i a l a c c e l e r a t i o n to 

induce g e y s e r i n g , and l a t e r a l a c c e l e r a t i o n . The l a t e r a l a c c e l e r a t i o n a p p r o a c h 

is a d o p t e d h e r e a s a r e p r e s e n t a t i v e b a s e l i n e . A c c o r d i n g to the s l o s h wave 
-2 

c r i t e r i a in R e f e r e n c e 4 - 4 1 , a l a t e r a l i m p u l s e of about 10 fps can induce a 

b r e a k i n g wave ( ampl i tude of about 1/3 tank r a d i u s ) on the q u i e s c e n t s u r f a c e . 

T h i s would r e q u i r e l e s s than 0. 25 lb A P S p r o p e l l a n t for e a c h d i s t u r b a n c e . If 

such a d i s t u r b a n c e w e r e i m p o s e d e a c h 48 h o u r s , up to 50 p u l s e s , o r 12 lb of 

A P S p r o p e l l a n t would be r e q u i r e d . T h u s , use of the A P S i s c o n s i d e r e d to 

p r o v i d e a p r a c t i c a l a p p r o a c h to a l l e v i a t i o n of s t r a t i f i c a t i o n , but r e f i n e m e n t of 

the t e chn ique wi l l not be c o n s i d e r e d . 

4 . 3 . 1 1 T h e r m a l P r o t e c t i o n S y s t e m Defini t ion 

The v a r i o u s f a c t o r s invo lved in def ini t ion of the RNS t h e r m a l p r o t e c t i o n s y s t e m 

for the l u n a r shu t t l e m i s s i o n have been def ined in the p r e c e d i n g s e c t i o n s . 

B a s e d on the c o n s i d e r a t i o n s c i ted , n u c l e a r hea t i ng of the p r o p e l l a n t and 

s t r a t i f i c a t i o n ef fec ts d u r i n g c o a s t w i l l be n e g l e c t e d . Consequen t ly , the 

p r i n c i p a l c o n s i d e r a t i o n s a r e the p r o p e l l a n t in i t i a l and final cond i t i ons , the 

b a s i s for the full t ank e q u i v a l e n t t i m e , and the s t r a t e g y a p p l i e d for p r o p e l l a n t 

ven t ing . 
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The e v a l u a t i o n of p r o p e l l a n t t ank d e s i g n p r e s s u r e in Sec t i on 4. 2. 4 i n d i c a t e s 

that t h e r e i s no m o t i v a t i o n for i n c r e a s i n g the NERVA o p e r a t i n g p r e s s u r e 

f r o m 26 p s i a . Chi l ldown of a w a r m tank can be t aken a l t e r n a t i v e l y a s an 

i n c r e a s e in the i n i t i a l s a t u r a t i o n of p r e s s u r e (5 ps ia) o r as ven ted boiloff 

(7, 000 lb) . The full t ank equ iva l en t t ime for the m i s s i o n , a s b r o k e n down in 

T a b l e 4. 3 - 9 , can inc lude the p e r i o d du r ing which the p r o p e l l a n t t ank is be ing 

f i l led, o r if the o r b i t a l h e a t i n g i s ven ted b e f o r e the m i s s i o n , it ex t ends only 

f r o m the t i m e the p r o p e l l a n t t ank is topped off. A c c o r d i n g l y , four t h e r m a l 

p r o t e c t i o n s y s t e m d e s i g n s t r a t e g i e s have been c o n s i d e r e d , def ined in 

T a b l e 4. 3 - 1 6 . Subcool ing by vent ing in o r b i t i s c o n s i d e r e d , but th is woUld 

not be a t t r a c t i v e if a space shu t t l e l aunch of subcoo led p r o p e l l a n t w e r e f e a s i b l e . 

E v a l u a t i o n of t h e s e s t r a t e g i e s focused on the t r a n s p o r t a t i o n cos t for pay load 

d e l i v e r e d to l u n a r o r b i t , c o n s i d e r i n g that the r e f e r e n c e RNS des ign h a s a 

f ixed p r o p e l l a n t c a p a c i t y of 300, 000 lb of LH^ . The pay load d e l i v e r y p a r t i a l 

in T a b l e 2. 2 -1 is 9PL-^/9 i n e r t we igh t = 2 . 7 l b / l b , wh ich is app l i ed to the 

to t a l t h e r m a l p r o t e c t i o n s y s t e m w^eight pena l ty . The r e f e r e n c e pay load 

T a b l e 4. 3 -16 

CANDIDATE T H E R M A L P R O T E C T I O N SYSTEM 
DESIGN S T R A T E G I E S (CLASS 1-H) 

t equ iv . Ah 
D e s c r i p t i o n of S t r a t e g y (hr) ( B T U / l b ) 

N o n - v e n t e d chi l ldown; ven t ing a s r e q u i r e d du r ing 3, 190 4. 0 
the m i s s i o n on d e m a n d . 

Ven t ing of i n i t i a l t ank condi t ion ing p r o p e l l a n t at 3, 190 8. 2 
the t i m e of ch i l ldown wi th s u b s e q u e n t vent ing a s 
r e q u i r e d du r ing the m i s s i o n . 

Ven t ing of t ank condi t ion ing p r o p e l l a n t and o r b i t a l 1, 620 <8 . 2 
h e a t i n g to r e d u c e the p r o p e l l a n t in i t i a l condi t ion 
a f t e r topping off down to and inc lud ing the p r o p e l -
l and d e l i v e r y condi t ion of 16 p s i a . 

S a m e a s l a s t p a r a g r a p h but wi th add i t i ona l vent ing 1, 620 >8 . 2 
p r i o r to topping off to chi l l the LH^ in o rb i t , 
r e s u l t i n g in an in i t i a l condi t ion be low 16 p s i a . 
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delivered to lunar orbit is 110, 000 lb when the the rmal protection sys tem 

performance penalty is ze ro . The payload del ivery to lunar orbit is plotted 

as a function of the propellant enthalpy r i se in F igure 4. 3-14 for the cited 

sys tem design s t ra teg ies , indicating a continuous payload gain with increased 

heat capacity. 

The cost of payload del ivery to ear th orbit was held fixed at $15 million 

(considering pallet ized cargo) v/hile th^ value of the RNS was taken as 

$14 million per miss ion . Thus, the major economic factors a re the payload 

weight delivery, which is reduced by the thermal protection sys tem pe r fo rm­

ance penalty, and the propellant delivery cost to orbit , which includes addi­

tional propellant del ivery requi rements if venting occurs pr ior to the miss ion . 

Propel lant de l ivery was a s s e s s e d $ l67 / lb (30, 000 lb LH^ at a cost of 

$5 million), which is considered high, but accentuates the optimization. 

This charge was applied uniformly to all propellant del ivered to orbit on the 

bas is that leftover propellant in the tanker would be del ivered to a second 

RNS so that space shuttle flights would not be wasted. 
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The e c o n o m i c i m p l i c a t i o n s of the v a r i o u s d e s i g n s t r a t e g i e s c o n s i d e r e d is 

shown in F i g u r e 4. 3 -15 a c c o r d i n g to the i n d i c a t e d g round r u l e s . It i s m o s t 

f a v o r a b l e to ven t the t ank condi t ion ing p r o p e l l a n t and the o r b i t a l h e a t i n g 

i n c u r r e d p r i o r to T L I . The t ank m u s t then be topped off, w i th the o p t i m u m 

r e s u l t i n g i n i t i a l condi t ion be ing a p p r o x i m a t e l y 16 p s i a , wh ich is the condi t ion 

of the d e l i v e r e d p r o p e l l a n t . T h e r e is no f u r t h e r p e r f o r m a n c e benef i t by ven t ing 

to subcoo l the p r o p e l l a n t m o d u l e . The r e s u l t i n g t h e r m a l p r o t e c t i o n s y s t e m 

d e s i g n i s s u m m a r i z e d in T a b l e 4. 3 -17 . The run tank is f i l led i n i t i a l l y at the 

t i m e of topping off, so only t ank condi t ion ing p r o p e l l a n t is ven ted f r o m it . 

H e a t s h o r t s s e v e r e l y i m p a c t the run tank, and p r e - T L I vent ing and topping off 

to subcoo l to 7 p s i a i s i n d i c a t e d to avoid vent ing du r ing the m i s s i o n . T h i s would 

r e q u i r e ven t ing an add i t i ona l 600 lb LH^ p r i o r to topping off. If NERVA a f t e r -

coo l ing u t i l i z ed gas i n s t e a d of l iqu id f r o m the run tank, vent ing d u r i n g the m i s ­

s ion could be a c c o m p l i s h e d wi thout a p e r f o r m a n c e pena l ty . While not e x p l i c i t l y 

p r o v i d e d for in the r e f e r e n c e d e s i g n , gas o r m i x e d p h a s e cooldown could be 

a c c o m p l i s h e d . A c c o r d i n g l y , the run tank i n i t i a l condi t ion i s se t equa l to that of 

the p r o p e l l a n t m o d u l e and the r e q u i r e d v e n t e d boiloff du r ing the m i s s i o n is not 

c h a r g e d a g a i n s t the d e s i g n we igh t . 
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T a b l e 4 . 3 - 1 7 . 

T H E R M A L P R O T E C T I O N SYSTEM DESIGN SUMMARY 

C l a s s 1-H 

2 
Tank s u r f a c e a r e a (ft ) 

H e a t s h o r t i n s u l a t e d 
a r e a (ft^) 

P r o p e l l a n t l oad ing 
(lb LH2) 

LH2 s a t u r a t i o n p r e s s u r e 
a f t e r topping off (ps ia ) 

F u l l t ank e q u i v a l e n t 
t i m e (hr ) 

B e f o r e m i s s i o n 

D u r i n g m i s s i o n 

T o t a l 

I n s u l a t i o n t h i c k n e s s ( in. ) 

N u m b e r of s h e e t s 

I n su l a t i on m a s s (lb) 

LH^ boiloff (lb) 

Ven ted d u r i n g 
m i s s i o n 

Vented p r i o r to 
topping off 

P r o p e l l a n t 
Module 

9,-706 

402 

2 8 9 , 1 5 0 

16. 0 

43 0 

1, 190 

1, 620 

0 . 5 3 

51 

1, 820 

0 

12 ,800 

Run Tank 

964 

230 

10 ,850 

16. 0 

43 0 

1,298 

1,728 

1.0 

96 

410 

0* 
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T o t a l 
S y s t e m 

2, 230 

0 

13 ,020 

*Not c h a r g e d , c o n s i d e r i n g u s e a s a f t e r c o o l i n g . 
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The t r a n s p o r t a t i o n c o s t m i n i m u m c o v e r s a b r o a d r a n g e of in i t i a l c o n d i t i o n s , 

so the a m o u n t of p r e m i s s i o n ven t ing i s not c r i t i c a l . When l e s s than m a x i m u m 

pay load d e l i v e r y w e r e r e q u i r e d on a m i s s i o n , the a m o u n t of p r e m i s s i o n ven t ing 

could be r e d u c e d a c c o r d i n g l y . 

Low^er p r o p e l l a n t d e l i v e r y c o s t s could be c o n s i d e r e d . The va lue app l i ed h e r e 

t a k e s no c r e d i t for i m p r o v e d s p a c e shu t t l e pay load d e l i v e r y to o r b i t when i t is 

not r e q u i r e d to r e t u r n wi th equa l pay load . The $ l 6 7 / l b va lue could be r e d u c e d 

to about $ 1 3 7 / l b by th is c o n s i d e r a t i o n (see Vol . II, P a r t B, Sec t ion 3 . 6 .Z) , and 

po ten t i a l i n c r e a s e d s p a c e shu t t l e p e r f o r m a n c e could r e d u c e the c o s t f u r t h e r . 

A v a i l a b i l i t y of c h e a p e r LH-, would i n c r e a s e the b i a s t o w a r d p r e m i s s i o n ven t ing 

and p r o p e l l a n t subcoo l ing . 

It shou ld be e m p h a s i z e d that the c o a s t t ime in o r b i t p r i o r to in i t i a t ing T L I 

b e c o m e s a m a j o r f ac to r in th i s s y s t e m o p t i m i z a t i o n . The 18 -day c o a s t t ime 

a s a full t ank p r o v i d e d h e r e i n is c o n s e r v a t i v e , and f u r t h e r o p t i m i z a t i o n i s 

a v a i l a b l e , a s i n d i c a t e d by F i g u r e 4. 3 -16 , by a r r a n g i n g the p r o p e l l a n t d e l i v e r y 

and the pay load d e l i v e r y and CCM r e p l a c e m e n t o p e r a t i o n s . T h e r e is a 35 p e r ­

cent i n s u l a t i o n we igh t m a r g i n c o m p a r e d to a z e r o c o a s t t i m e a f t e r topping off. 

Since a l l of that we igh t r e d u c t i o n could not be a c h i e v e d in p r a c t i c e , the 

i n h e r e n t d e s i g n m a r g i n i s r e a s o n a b l e . 

4. 3. 12 P r o p e l l a n t S ta te H i s t o r y 

The p r o p e l l a n t s t a t e cond i t ions for the r e f e r e n c e t h e r m a l p r o t e c t i o n s y s t e m 

des ign in T a b l e 4. 3-17 a r e b a s e d on the m i s s i o n equ iva l en t t ime h i s t o r y p r e ­

s e n t e d in F i g u r e 4. 3 - 7 . No vent ing o c c u r s a f t e r p r o p e l l a n t h a s b e e n topped 

off at 16 p s i a . The p r i m a r y c o n s i d e r a t i o n is the p r o p e l l a n t s a t u r a t i o n p r e s s u r e 

at s t a r t u p in T a b l e 4. 3 -18 , wh ich e s t a b l i s h e s the tank p r e s s u r i z a t i o n 

r e q u i r e m e n t s . 

4 . 3 . 1 3 Rad ia t i on Effec ts 

A l i t e r a t u r e s e a r c h w a s p e r f o r m e d to a s s e s s the effects of n u c l e a r r a d i a t i o n on 

the c o m p o n e n t s of the m e t e o r o i d / t h e r m a l p r o t e c t i o n s y s t e m : M y l a r , D a c r o n , 

Nylon, and p o l y u r e t h a n e foam. 
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The g a m m a dose r a t e and fas t n e u t r o n flux a r e def ined in Sec t ion 4. 5. 11. The 

c r i t i c a l l o c a t i o n is the p r o p u l s i o n m o d u l e aft zone , v/ith a dose c r i t e r i o n for 
Q 

10 round t r i p s of 10 r a d s , wh ich i n c l u d e s a f ac to r of 10 sa fe ty m a r g i n . 

Al though t h e r e i s c o n s i d e r a b l e s p r e a d in the r a d i a t i o n da ta on M y l a r , it s e e m s 

l i ke ly tha t a t the t e m p e r a t u r e at wh ich it w i l l o p e r a t e (nea r that of the l iquid 
Q 

h y d r o g e n ) and in a v a c u u m , it could w i t h s t a n d a t l e a s t 3 x 1 0 r a d s ( R e f e r ­

e n c e 4. 42 t h r o u g h 4-45) b e f o r e t h e r e w a s any d a n g e r that it would buck le o r 

c r u m b l e s p o n t a n e o u s l y , s i n c e a l m o s t no l a t e r a l s t r e s s i s app l i ed . 

G a s s i n g of the M y l a r , D a c r o n , and Nylon is not a s e r i o u s p r o b l e m , s ince the 

b l a n k e t l a y e r s con ta in p e r f o r a t i o n s and gas p a s s a g e s wh ich wi l l a l low the gas 

to e s c a p e . No b l i s t e r i n g of the a l u m u n i m coa t ing on the M y l a r is e x p e c t e d , 

s i nce the a l u m i n u m is only 13 A n g s t r o m s th ick; it is e x p e c t e d that the gas 

w i l l e s c a p e t h r o u g h gaps and p e r f o r a t i o n s . H o w e v e r , t h e r e is a s l igh t p o s s i ­

b i l i t y tha t s o m e of the a l u m i n u m would flake off at the e x p e c t e d d o s e . 

T h e r e a r e no da ta on how r a d i a t i o n affects the t h e r m a l conduc t iv i ty of M y l a r 

and D a c r o n ; h o w e v e r , s i nce in p l a s t i c s in g e n e r a l r a d i a t i o n does not c a u s e a 

p e r m a n e n t change in e l e c t r i c a l conduc t iv i ty ( R e f e r e n c e 4 -27) , and s ince 

e l e c t r i c a l and t h e r m a l conduc t iv i ty would be e x p e c t e d to b e h a v e s i m i l a r l y , 

no change i s a n t i c i p a t e d . 

S ince D a c r o n , w h i c h is a type of po lye thy lene t e r e p h t h a l a t e , l ike M y l a r , i s 

c o n s i d e r e d v e r y r a d i a t i o n - s t a b l e , and i s unde r only a s l igh t s t r e s s in th is 

a p p l i c a t i o n , it is e x p e c t e d to w i t h s t a n d a t l e a s t a s m u c h r a d i a t i o n dose a s 

the M y l a r . 

F o r the foam, the m a i n r a d i a t i o n effects a r e g a s s i n g , a change in c o m p r e s ­

s ive s t r e n g t h and a p o s s i b l e i n c r e a s e in t h e r m a l conduc t iv i ty . G a s s i n g is 

not a p r o b l e m a s long a s the gas wh ich f o r m s in the ind iv idua l c e l l s is ab le 

to e s c a p e , a long wi th the gas f o r m e d by the M y l a r . To a l low the gas to 

vent , the f iber g l a s s s h r o u d h a s b lowout p a t c h e s . Changes in c o m p r e s s i v e 

s t r e n g t h a r e not i m p o r t a n t , s i nce the foam wi l l not be c o m p r e s s e d a f t e r it 
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r e a c h e s e a r t h o r b i t . Only l i m i t e d da ta a r e a v a i l a b l e on changes in t h e r m a l 

conduc t iv i ty , but i t shows that at cold t e m p e r a t u r e s s o m e types of r i g i d foam 

m a y i n c r e a s e s ign i f i can t ly (30 p e r c e n t ) whi le o t h e r types i n c r e a s e only a 

few p e r c e n t , a t the r a d i a t i o n dose e x p e c t e d at the aft end of the p r o p u l s i o n 

m o d u l e ( R e f e r e n c e 4 - 4 6 ) , R e s u l t s m a y be d i f fe ren t in a v a c u u m , h o w e v e r , 

s ince the a b s e n c e of oxygen would d e c r e a s e the r a d i a t i o n d a m a g e . 

No r a d i a t i o n p r o b l e m s a r e f o r e s e e n for .the l a m i n a t e d f iber g l a s s , a s d i s c u s s e d 

in Sec t ion 4 . 2 . 9 . 

T h e r e a r e no a v a i l a b l e d a t a on the c o m b i n e d ef fec ts of n u c l e a r r a d i a t i o n and 

long t e r m e x p o s u r e to the s p a c e e n v i r o n m e n t on the p e r f o r m a n c e of t h e r m a l 

p r o t e c t i v e c o a t i n g s . 

4 . 4 DOCKING 

4 . 4 . 1 P h a s e II C o n c e p t 

D u r i n g P h a s e II the four docking s y s t e m s d e p i c t e d in F i g u r e 4 . 4 - 1 w e r e 

e v a l u a t e d c o n s i d e r i n g 42, OOO-lb, 15-f t d i a m e t e r by 60- f t long m o d u l e s . 

The p r e l i m i n a r y s y s t e m we igh t s c o m p a r e d as fol lows: c o n e / r i n g , 520 lb; 

f o r k / r i n g s e g m e n t , 280 lb; r a m p / r i n g , 280 lb; and m u l t i p l e p r o b e / d r o g u e , 

280 lb . The c o n e / r i n g s y s t e m w a s c o n s i d e r e d m o s t c o m p l e x , b a s e d on n u m b e r 

of c o m p o n e n t s , whi le the o t h e r s had a c o m p l e x i t y fac to r equa l to one -ha l f tha t 

of the c o n e / r i n g . The f o r k / r i n g s e g m e n t c o n c e p t was r a t e d s o m e w h a t l e s s 

f a v o r a b l e for c a p t u r e c o m p l i a n c e , which is r e l a t e d to the i n h e r e n t m a r g i n for 

o p e r a t i o n of the a c q u i s i t i o n o r c a p t u r e l a tch ing m e c h a n i s m . Good indexing in 

r o l l i s i n h e r e n t for the r a m p / r i n g and m u l t i p l e p r o b e / d r o g u e s y s t e m s , bu t i s 

d i f f icul t for the c o n e / r i n g . Ax ia l length is a l s o s ign i f i can t for v o l u m e t r i c 

e f f ic iency of m o d u l e s l aunched in the space shu t t l e . The m u l t i p l e p r o b e / 

d r o g u e a r r a n g e m e n t w a s s e l e c t e d on the b a s i s of m i n i m u m we igh t and s p a c e , 

and p r o b a b l e b e s t p e r f o r m a n c e . In add i t ion i t is adap t ab l e to the " r e t r a c t o r " 

dock ing c o n c e p t w h e r e i n the m o d u l e s i n s t e a d of i m p a c t i n g at low ve loc i ty , a r e 

s t a t i o n e d wi th in r a n g e of the p r o b e m e c h a n i s m s . The p r o b e s a r e then deployed , 

l a t c h e d and r e t r a c t e d to d r a w the m o d u l e s t o g e t h e r . Th i s s e l e c t i o n of th is 

s y s t e m w a s no t c o n s i d e r e d c r u c i a l , h o w e v e r , and could be r e v i s e d to be 

c o m p a t i b l e wi th o t h e r s p a c e p r o g r a m e l e m e n t s . 
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F i g u r e k,k-l CANDIMTE DOCKING STRUCTURES SCHEMATIC 

Figure 4. 4-2 shows an inboard profile at the docking interface. The four 

p robes and their supports a re shown in View A-A, the cones in View B-B. 

The cone d iameter is 28 in. to provide for a maximum axial misal ignment of 

10 to 12 in. In the deployed position, the probe tips extend 20 in. axially 

beyond the module interface. 

4. 4. 2 Design Cr i t e r i a 

The RNS sys tem design is based on multiple modules which can be assembled 

and d i sassembled in orbit . This will be accomplished under automatic or 

remote control . 

The RNS module designs will incorporate end-to-end docking. The docking 

interfaces between RNS modules, space tug, payloads, and space shuttle a re 

considered to be common and reusable . The docking mechanism provides for 

mechanical latching (capture or acquisition) within a p resc r ibed misal ignment 

to lerance at initial contact or before large forces a re developed. Impact 
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e n e r g y wil l be d i s s i p a t e d wi thout i m p o s i n g e x c e s s i v e loads on the veh i c l e 

s t r u c t u r e . Docking f o r c e s wil l not be u s e d to a c t u a t e o r lock l a t ch ing m e c h a ­

n i s m s . The s y s t e m d e s i g n wil l a l ign the m o d u l e s , lock t h e m r i g id ly t o g e t h e r , 

and t r a n s m i t a l l s u b s e q u e n t o p e r a t i o n a l l o a d s . P r o v i s i o n is m a d e for un la t ch ing 

and d e m a t i n g . The dock ing and c l u s t e r i n g m e c h a n i s m d e s i g n s wi l l i n c o r p o r a t e 

p r o v i s i o n s for s t a t u s m o n i t o r i n g and e x t e r n a l c o n t r o l d u r i n g a s s e m b l y or 

dock ing o p e r a t i o n s . 

The dock ing m e c h a n i s m d e s i g n s wi l l sa t i s fy a l l s t r u c t u r a l d e s i g n c r i t e r i a in 

S e c t i o n 4. 2. 2 to a s s u r e i n c r e d i b i l i t y of f a i l u r e of s t r u c t u r a l c o m p o n e n t s . 

The docking m e c h a n i s m d e s i g n a c c o m m o d a t e s t o l e r a n c e s , e s t a b l i s h e d with 

r e f e r e n c e to n o m i n a l l a s e r r a d a r p e r f o r m a n c e c h a r a c t e r i s t i c s ( R e f e r e n c e 4-47) 

for a c o r n e r cube p a t t e r n on the m o d u l u s , c o n s i d e r i n g the r e s u l t a n t of a 1 0 l b - s e c 

i m p u l s e for m a n e u v e r i n g an e m p t y p r o p e l l a n t m o d u l e , a s deno ted in Tab le 4 . 4 - 1 . 

T a b l e 4 . 4 - 1 

DOCKING MECHANISM DESIGN CRITERIA 

P a r a m e t e r Accuracy 

Longitudinal position (in. ) 

La t e ra l posit ion (in. ) 

Angle, pitch, or rol l (deg) 

Longitudinal velocity-:^ (f t /sec) 

La te ra l velocity (ft /sec) 

Pi tch angular velocity (deg/sec) 

Roll angular velocity (deg/sec) 

Design 
Value 

± 5 

± 5 

± 3 

± 0. 1 

± 0. 1 

± 0 . 2 

± 0. 02 

*The d e s i g n wil l a c c e p t a r e l a t i v e i m p a c t ve loc i t y of up to 0. 2 f t / s e c 
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4 . 4 . 3 P r o b e / D r o g u e M e c h a n i s m 

The p r o b e / d r o g u e a s s e m b l y i s shown in F i g u r e 4 . 4 - 3 . The u p p e r half of the 

s e c t i o n a l v iew d e p i c t s the s y s t e m in the l a t ched p o s i t i o n and the lower half 

shows the r e t r a c t e d or l aunch p o s i t i o n . The p r o b e a s s e m b l y ( inc luding shock 

a b s o r b e r s and p u l l - i n m e c h a n i s m s ) i s a t t a c h e d to one m o d u l e and a m a t i n g 

d r o g u e cone is m o u n t e d to the o the r m o d u l e . The p r o b e , w h i c h has a f lexible 

t ip , i s a c t u a t e d by a m o t o r - d r i v e n s c r e w jack . The f lexib le t ip i s de f l ec t ed 

a long the cone s u r f a c e and e n t e r s a l a t c h p o c k e t a t the v e r t e x . C a p t u r e is 

a c c o m p l i s h e d by the p r o b e r i d i n g up the inc l ined p l a n e l a tch ing c a m s , w h i c h 

a r e s p r i n g loaded c l o s e d and p r o b e de f l ec t ed open to a c c o m p l i s h the c a t c h . 

P r o b e r e l e a s e is ef fec ted by ac tua t i ng the four p u l l - s o l e n o i d s to r e t r a c t the 

c a m s . The f lex ib le s e c t i o n s a r e then r e t r a c t e d , pul l ing the r i g i d s e c t i o n s of 

the p r o b e s into the c o n e s , to a l ign the m o d u l e s . M a r r i n g of the cone is 

p r e v e n t e d by i n s t a l l a t i o n of a soft w i r e m e s h on the r i g i d p r o b e . F u r t h e r 

r e t r a c t i o n of the p r o b e d r a w s the a l igned m o d u l e s into con tac t . A flange is 

i n c o r p o r a t e d on the p r o b e hous ing to p r o v i d e a b e t t e r d r a w up load p a t h and to 

i m p r o v e s t ab i l i t y and t o l e r a n c e a b s o r p t i o n capab i l i t y , A so leno id o p e r a t e d 

d e a c t u a t i n g r a t c h e t to p r e v e n t r e c o i l of the h a r d p r o b e is m o u n t e d on the p r o b e 

h o u s i n g . The cone d i a m e t e r w a s r e d u c e d to 14 in. a s a r e s u l t of a 50 p e r c e n t 

r e d u c t i o n in a x i a l m i s a l i g n m e n t c r i t e r i a . 

4 . 4 . 4 L a t c h i n g 

The t e n s i o n load on the docking s t r u c t u r e was d e t e r m i n e d b a s e d on the da t a 

g e n e r a t e d f r o m the t ank s u p p o r t and s t r u c t u r a l a t t a c h m e n t s tudy d e l i n e a t e d in 

Sec t i on 4. 2. 7. In th i s i n v e s t i g a t i o n the engine w a s g i m b a l e d h a r d o v e r at 

5. 7 d e g r e e s u n d e r 75, 000 lb of t h r u s t and p r o d u c e d a m o m e n t of 2. 5 x 10" i n - l b , 

a s h e a r of 5, 130 lb, and an a x i a l load of 67, 800 lb a t the i n t e r f a c e of i n t e r ­

m o d u l a r t h r u s t s t r u c t u r e . T h e s e loads in t u r n induced a t en s ion load of 

8, 950 lb in to the dock ing s t r u c t u r e , w h i c h e x c e e d s the t e n s i o n - c a r r y i n g 

c a p a b i l i t y of the s y s t e m . T h e r e f o r e , add i t iona l l a t c h e s a r e r e q u i r e d to 

e n s u r e the s t r u c t u r a l i n t e g r i t y of the a s s e m b l e d v e h i c l e . The s y s t e m m u s t 

a l s o be c a p a b l e of un l a t ch ing in o r d e r to s e p a r a t e the m o d u l e s if r e p l a c e m e n t 

is n e c e s s a r y . 

Two c o n c e p t s w e r e i n v e s t i g a t e d . The f i r s t s y s t e m u t i l i z ed a r o t a t i n g t u r n b u c k l e 

wh ich e x t e n d e d o p e n - e n d l a t c h e s to e n g a g e s h o u l d e r s tuds in the m a t i n g m o d u l e . 
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The s e c o n d s y s t e m e m p l o y e d h o o k - t y p e l a t c h e s to engage s t r i k e r p l a t e s in 

the m a t i n g m o d u l e . Bo th s y s t e m s w e r e d e s i g n e d to w i t h s t a n d a t e n s i o n load 

of 4, 280 lb ac t ing n o r m a l to the i n t e r f a c e p l ane a t the i n t e r s e c t i o n of e a c h p a i r 

of s k i r t s t r u c t u r e s t r u t s . T h e s e i n t e r s e c t i o n s a r e s p a c e d 30 d e g r e e s a p a r t on 

a 174- in . d i a m e t e r c i r c l e , r e s u l t i n g in an a p p r o x i m a t e spac ing of 46 in. 

The hook s y s t e m w a s s e l e c t e d b a s e d on s i m p l i c i t y and r e l i a b i l i t y . Twelve 

m o t o r s , one a t e a c h l a t c h point , w e r e r e q u i r e d for the t u r n b u c k l e c o n c e p t 

whi le only one i s needed to o p e r a t e a l l 12 l a t c h e s in the hook concep t . A n o t h e r 

d i s a d v a n t a g e of the t u r n b u c k l e s y s t e m is the p o s s i b i l i t y of the o p e n - e n d l a t ch 

b ind ing u n d e r the s h o u l d e r s tud and no t be ing able to b o t t o m . 

The hook s y s t e m shown in F i g u r e 4 . 4 - 4 is a c t u a t e d a f te r the docking s y s t e m 

h a s a l i gned and jo ined the two m o d u l e s . The h o o k - t y p e l a t c h e s l o c a t e d a t 

12 p o i n t s a r o u n d the i n t e r f a c e f r a m e a r e a c t i v a t e d s i m u l t a n e o u s l y by a s ing le 

c a b l e d r i v e n by a r e v e r s i b l e d r u m and m o t o r a s s e m b l y . A b r a k i n g s y s t e m 

i n c o r p o r a t e d in the m o t o r ho lds the l a t c h e s in both the c l o s e d o v e r - c e n t e r or 

open p o s i t i o n s . 

The l a t c h and l ink a s s e n a b l i e s a r e a t t a c h e d to m a c h i n e d s u p p o r t s in the aft 

m o d u l e i n t e r f a c e f r a ine wi th the a x e s lying in a r a d i a l p l a n e of the f r a m e . 

E a c h a s s e m b l y c o n s i s t s of a hook and four l inks . Mot ion of the hook is con­

t r o l l e d by a p in r i d ing in a m a c h i n e d s lo t in the f r a m e . Upon ac tua t ion , the 

hook t r a v e l s t h r o u g h c l e a r a n c e ho les in the m a t i n g f r a m e s and e n g a g e s an 

a d j u s t a b l e s t r i k e r p l a t e m o u n t e d on the oppos i t e f r a m e . The f r a m e s a r e 

locked a s the l inks a r e r o t a t e d to t h e i r o v e r - c e n t e r pos i t i on . Un la t ch ing is 

a c c o m p l i s h e d by r e v e r s i n g the d i r e c t i o n of cab le t r a v e l which r e t u r n s the 

hook to i t s n o r m a l un locked pos i t i on . A s h e a r pin i s p r o v i d e d a t e a c h l a tch 

for a l i g n m e n t and t r a n s f e r of s h e a r l oads b e t w e e n m o d u l e s . 

4 . 5 MAIN P R O P U L S I O N 

4 . 4. 5 P h a s e II C o n c e p t 

Th i s s e c t i o n e s t a b l i s h e s the P h a s e II p r o p u l s i o n s y s t e m s c o n c e p t and the 

r a t i o n a l e for the add i t iona l a n a l y s e s p e r f o r m e d du r ing P h a s e III. D u r i n g 
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P h a s e s I and II, m o s t b a s i c p r o p u l s i o n s y s t e m d e s i g n f e a t u r e s w e r e s e l e c t e d 

on the b a s i s of weight , c o s t , and r e l i a b i l i t y (see Sec t ion 2 of R e f e r e n c e 4 - 2 

for spec i f i c t radeof f d a t a ) . T h e s e inc luded va lve s i z e s and t y p e s , va lve 

a c t u a t i o n , va lve n o r m a l i t y , s e a l s , d u c t i n g , r e m o t e coup l ing , func t iona l c h e c k ­

out and l eak check p r o v i s i o n s , and the type of p r e p r e s s u r i z a t i o n s y s t e m . 

S a t u r n - d e r i v a t i v e and a d v a n c e d s y s t e m c o n f i g u r a t i o n s w e r e def ined , inc lud ing 

e v o l u t i o n a r y r e q u i r e m e n t s , for the r e f e r e n c e m i s s i o n / p r o g r a m m o d e l . R e d u c e d 

d e v e l o p m e n t r e q u i r e m e n t s led to s e l e c t i o n of the a d v a n c e d s t age c o n c e p t . 

P h a s e II c o n c e n t r a t e d on a r e u s a b l e m o d e of o p e r a t i o n r e q u i r i n g a d v a n c e d 

p r o p u l s i o n s y s t e m s . Mul t ip le m o d u l e RNS c o n f i g u r a t i o n s w e r e def ined, a s 

d e s c r i b e d in Sec t ion 4 . 1 , and the p r o p u l s i o n funct ions w e r e a l l o c a t e d to the 

ind iv idua l m o d u l e s c o n s i s t e n t with o r b i t a l m a i n t e n a n c e r e q u i r e m e n t s . S e l e c ­

t ions w e r e m a d e for the new c o m p o n e n t s r e q u i r e d . A m a j o r c o n s i d e r a t i o n was 

the r e q u i r e m e n t to p r o v i d e r e m o t e fluid l ine d e p l o y m e n t and coupl ing to a c c o m ­

m o d a t e o r b i t a l a s s e m b l y / d i s a s s e m b l y of the RNS m o d u l e s . E l e c t r i c - m o t o r -

d r i v e n ba l l s c r e w j a c k s w e r e s e l e c t e d for t h e s e func t i ons . The e n g i n e / s t a g e 

i n t e r f a c e s e l e c t e d was a g round a s s e m b l y i n t e r f a c e wi th in the RNS p r o p u l s i o n 

m o d u l e . R e d u c e d p r e p r e s s u r i z a t i o n r e q u i r e m e n t s a s s o c i a t e d with the p r o p u l ­

s ion m o d u l e r u n tank p e r m i t t e d s e l e c t i o n of a p r e p r e s s u r i z a t i o n s y s t e m c o n c e p t 

of a m b i e n t GH^ b o t t l e s , r e c h a r g e a b l e by the engine tap-off g a s , l o c a t e d on the 

p r o p u l s i o n m o d u l e . Th i s s y s t e m was i n t e g r a t e d with a c o l d - g a s A P S s y s t e m 

for s t a b i l i z a t i o n of the m o d u l e d u r i n g a s s e m b l y o p e r a t i o n s . The p r o p u l s i o n 

s c h e m a t i c was r e v i s e d for the m u l t i p l e m o d u l e a p p r o a c h , but e x c e p t for the 

c o n s i d e r a t i o n s i n d i c a t e d , the b a s e s for the a p p l i c a b l e P h a s e I a d v a n c e d s t a g e 

f ea tu r e s e l e c t i o n s r e m a i n e d unaffec ted by the con f igu ra t i on c h a n g e s . P h a s e II 

was c o m p l e t e d with a d e t a i l e d def in i t ion of d e s i g n f e a t u r e s , a s d o c u m e n t e d in 

Sec t ion 5 of R e f e r e n c e 4 - 1 . 

The p h i l o s o p h y u t i l i z e d in the P h a s e II s tudy w a s to p o s i t i o n a l l of the m a j o r 

va lv ing in the f o r w a r d a r e a of the v e h i c l e s , t h e r e b y r e d u c i n g r a d i a t i o n d o s e 

l e v e l s to w h e r e s t a t e - o f - t h e - a r t o r g a n i c l ip s e a l s could be u sed as m a i n ga te 

s e a l s . Th i s p h i l o s o p h y w a s con t inued in the P h a s e III wi th the fol lowing 

excep t ion : i n s t e a d of a d h e r i n g to e x i s t i n g v a l v e m a i n ga te o r g a n i c s e a l 

c o n f i g u r a t i o n s so le ly , s e a l d e v e l o p m e n t wi l l p r o c e e d wi th the e v o l u t i o n a r y 

r e q u i r e m e n t of m e t a l - t o - m e t a l s e a l s c o n s i d e r e d . 
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T h e N E R V A eng ine c o n f i g u r a t i o n u t i l i z ed in the P h a s e II s tudy had both of the 

m a i n t u r b o p u m p s m o u n t e d i n s i d e a s h r o u d e d u p p e r t h r u s t s t r u c t u r e (UTS). 

The upda t ed NERVA c o n f i g u r a t i o n for P h a s e III i s an o u t b o a r d m o u n t e d p u m p 

c o n f i g u r a t i o n wi th an i n t e r n a l t h r u s t s t r u c t u r e , wh ich af fords the ab i l i t y for 

r e m o t e a c c e s s to e q u i p m e n t . Th i s i s c o n t r a r y to the b a s e l i n e P h a s e II MDAC 

p h i l o s o p h y of m a i n t e n a n c e a t the o r b i t a l a s s e m b l y l eve l , wh ich w a s c a r r i e d 

o v e r to P h a s e III, and r e s u l t s in a n u m b e r of eng ine d e s i g n c o m p r o m i s e s wi th 

r e s p e c t to c o n f i g u r a t i o n and l oca t i on of c o m p o n e n t s . 

N E R V A r e q u i r e m e n t s changed for P h a s e III, inc lud ing i t s conf igura t ion , 

r e q u i r e d p r o p e l l a n t cond i t i ons and au togenous s t a r t c apab i l i t y . The l a t t e r 

c o n s i d e r a t i o n e l i m i n a t e d the r e c h a r g e a b l e , a m b i e n t GH^ p r e p r e s s u r i z a t i o n 

s y s t e m . S tage s t a r t u p and s t e a d y - s t a t e o p e r a t i o n s w e r e e v a l u a t e d d u r i n g 

P h a s e III, r e s u l t i n g in i den t i f i ca t ion of add i t i ona l p r o p u l s i o n funct ions and 

r e q u i r e m e n t s . T h e s e inc lude e n g i n e / s t a g e feed s y s t e m chi l ldown, r u n tank 

r e f i l l , and p r o p e l l a n t m a n a g e m e n t con t ro l , which a r e c o v e r e d in Sec t ion 3 of 

t h i s r e p o r t . The s u b s y s t e m d e s i g n s for t h e s e funct ions a r e g e n e r a t e d and 

a n a l y z e d in the s u b s e q u e n t s e c t i o n s . I n t e r m o d u l e p r o p e l l a n t feed s y s t e m 

i n t e r f a c e s w e r e r e f i ned . F e e d s y s t e m p r e s s u r e d r o p s w e r e e s t a b l i s h e d to 

p e r m i t de f in i t ion of p r o p e l l a n t m a n a g e m e n t c o n t r o l o p e r a t i o n s and tank d e s i g n 

p r e s s u r e s . O r b i t a l a s s e m b l y r e q u i r e m e n t s w e r e a l s o e v a l u a t e d in depth to 

e s t a b l i s h d e f l e c t i o n s of duc t ing . R a d i a t i o n effects on o r g a n i c s e a l s w e r e 

r e v i e w e d . T h e s e a n a l y s e s a r e p r e s e n t e d in s u b s e q u e n t s e c t i o n s , and the 

r e s u l t i n g def in i t ion of d e s i g n f e a t u r e s is con ta ined in Book 2. 

4 . 5. 2 D e s i g n C r i t e r i a 

4 . 5. 2. 1 NERVA R e q u i r e m e n t s 

The def in i t ion of the NERVA engine and i t s r e q u i r e m e n t s a r e con ta ined 

p r i n c i p a l l y in R e f e r e n c e s 4 - 8 , 4 - 1 3 , and 4 - 1 4 . T h e s e a r e s u p p l e m e n t e d by 

a d d i t i o n a l d a t a s u b m i t t e d by ANSC and M S F C . 

The ANSC fluid l ine i n t e r f a c e wi th the RNS c o n s i s t s of: (1) feed duct , two 

r e q u i r e d , 10. 5 - in . d i a m e t e r ; (2) a f t e r c o o l i n g b y p a s s l ine , 3- in . d i a m e t e r ; 

and (3) p r e s s u r a n t l i n e , 1 . 2 5 - i n . d i a m e t e r . The i s o l a t i o n v a l v e s for t h e s e 

l i n e s a r e c u r r e n t l y l o c a t e d on the engine s ide of the e n g i n e / s t a g e i n t e r f a c e . 

241 



NERVA LH_ flow r a t e r e q u i r e m e n t s for n o m i n a l p e r f o r m a n c e a r e : (1) full 

p o w e r , 9 1 . 9 l b / s e c ; and (2) a f t e r c o o l i n g p u l s e , 0 . 7 l b / s e c . NERVA b o o t s t r a p 

s t a r t u p and shutdown r a m p s a r e def ined by R e f e r e n c e s 4 - 1 3 and 4 - 1 4 and the 

a f t e r c o o l i n g pu l se p a r a m e t e r s def ined p a r a m e t r i c a l l y in R e f e r e n c e 4 - 1 3 . The 

p r o p e l l a n t condi t ion ing r e q u i r e m e n t s for s t e a d y - s t a t e fu l l -power o p e r a t i o n 

c o n f o r m to F i g u r e 4 . 5 - 1 , d e r i v e d f r o m R e f e r e n c e 4 - 4 8 , which inc ludes a 

s t e a d y - s t a t e o p e r a t i n g p r e s s u r e of 26 p s i a , s a t u r a t e d l iquid , with 0 N P S P . 

R e d u c e d flow r a t e s a r e p e r m i t t e d a t 0 N P S P and s a t u r a t e d l iquid for s a t u r a t i o n 

p r e s s u r e be low 26 p s i a , a c c o r d i n g to F i g u r e 4 . 5 - 2 , to p r o v i d e au togenous 

s t a r t c a p a b i l i t y . 

The RNS m u s t p r o v i d e p r o p e l l a n t cond i t ions for a NERVA mal func t ion m o d e . 

H o w e v e r , the to ta l p r e s s u r e ( s a t u r a t i o n p r e s s u r e p lus NPSP) wi l l not e x c e e d 

26 p s i a for such a m o d e . Dur ing p u l s e d a f t e r coo l ing , the RNS wi l l p r o v i d e 

s a t u r a t e d l iquid to the b y p a s s l ine at a p r e s s u r e e x c e e d i n g 16 p s i a . 

The NERVA engine w i l l p r o v i d e p r e s s u r a n t flow a s r e q u i r e d for a l l RNS 

o p e r a t i o n s e x c e p t d u r i n g p u l s e d a f t e r c o o l i n g . GH is supp l ied a t 225°R. 

4 . 5. 2. 2 Stage D e s i g n P r i n c i p l e s and P h i l o s o p h y 

The RNS p r o p u l s i o n s y s t e m s a r e d e s i g n e d to f a i l - s a f e c r i t e r i a on a l l c r e d i b l e 

f e a t u r e s to p r e v e n t l o s s of c r e w and s u p p o r t i n g p e r s o n n e l or u n a c c e p t a b l e r i s k 

to the g e n e r a l popu la t ion . They a r e d e s i g n e d to p e r m i t r e m o t e a s s e m b l y and 

d i s a s s e m b l y of RNS m o d u l e s in o r b i t , c o n s i s t e n t wi th the pol icy for in i t i a l 

a s s e m b l y , m a i n t e n a n c e and r e p a i r . F a u l t d e t e c t i o n and i s o l a t i o n is c o n s i s t e n t 

wi th th i s po l i cy . Al l c o m p o n e n t s a r e d e s i g n e d for the full s y s t e m l i f e t ime . 

NERVA r e m o v a l and r e p l a c e m e n t in o r b i t wi l l be acconap l i shed by r e m o v a l and 

r e p l a c e m e n t of the c o m p l e t e p r o p u l s i o n m o d u l e . The p r o p u l s i o n m o d u l e wi l l 

be l aunched to o r b i t in the c a r g o bay of the s p a c e shu t t l e in a d ry , u n p r e s s u r i z e d 

condi t ion . An eng ine p u r g e funct ion is not p r o v i d e d by the RNS for launch. 

The RNS p r o p u l s i o n s s y s t e m s wi l l con ta in p r o v i s i o n s for a u t o m a t e d funct ional 

and l eak c h e c k s . Al l s t a t i c connec t i ons sha l l con ta in dua l s e a l f langes wi th 

an i n t e g r a t e d l eak c h e c k p o r t . Welded j o i n t s a r e u s e d w h e r e v e r p o s s i b l e . 
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Al l d i s c r e t e LH t anks a r e d e s i g n e d to p e r m i t i s o l a t i o n , i ndependen t checkou t , 

and i n d e p e n d e n t p r e s s u r e c o n t r o l . 

F l u i d l ine i n t e r f a c e s b e t w e e n p r o p e l l a n t and p r o p u l s i o n m o d u l e s a r e l i m i t e d 

to LH^ feed duc t ing and p r e s s u r i z a t i o n l i n e s . D i s c o n n e c t s a r e p r o v i d e d for 

coupl ing t h e s e in o r b i t . Al l duc t ing wi l l be d e s i g n e d to m i n i m i z e the hea t 

input in to LH^ t a n k a g e . B e l l o w s s h a l l be m u l t i - p l y , g i m b a l e d , and have 

m e c h a n i c a l s t ops to p r e c l u d e e x c e s s i v e l oad ing . No u n r e s t r a i n e d be l lows 

a r e u s e d . In a l l LH_ duct ing w h e r e fluid can be t r a p p e d be tween s e r i e s 

v a l v e s , c l o s e d loop p r e s s u r e r e l i e f p r o v i s i o n s wi l l be i n c o r p o r a t e d . All RNS 

v a l v e s o p e r a t e d d u r i n g o r b i t a l and fl ight o p e r a t i o n s wi l l be e l e c t r i c a l l y 

a c t u a t e d . Valve s e q u e n c i n g s y s t e m o p e r a t i o n s wil l c o n s i d e r m i n i m i z i n g 

l iquid e n t r a p m e n t in d u c t i n g . 

P r e s s u r e s t a b i l i z a t i o n of LH^ t ankage i s not e m p l o y e d for t r a n s p o r t a t i o n , 

handl ing , p r e l a u n c h , o r l aunch o p e r a t i o n s . I n t e r f a c e s wi th ex i s t i ng 

f a c i l i t i e s and GSE wi l l be a c c o m m o d a t e d to the m a x i m u m ex ten t f ea s ib l e , 

w i thou t p e r f o r m a n c e d e g r a d a t i o n . 

Al l e q u i p m e n t wi l l be l o c a t e d and m o u n t e d so a s to p r e v e n t d e g r a d a t i o n of 

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

4 . 5. 2. 3 RNS O p e r a t i o n a l R e q u i r e m e n t s 

P r e l a u n c h 

A l o w - p r e s s u r e i n e r t gas p u r g e is p r o v i d e d in al l t ankage be fo re f i l l ing. 

Confined a r e a s e x t e r n a l to the LH_, t ank a r e p u r g e d by GSE or s p a c e shu t t l e 

s u p p o r t s e r v i c e s . LH^ t a n k s a r e f i l led in the a s - l a u n c h e d pos i t ion , wi th 

p r o v i s i o n for topping off. Ground p r e s s u r i z a t i o n for r a p i d e x p u l s i o n of LH_ 

i s p r o v i d e d by GSE. 

L a u n c h 

U m b i l i c a l i n t e r f a c e s a r e p r o v i d e d to the s p a c e shu t t l e for s t a t u s m o n i t o r i n g 

and p o w e r to s u p p o r t e m e r g e n c y o p e r a t i o n s d u r i n g l aunch . 
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Orbital Assembly and Disassembly 

Fluid line coupling and decoupling in orbit will be accomplished under 

automatic or remote control . Docking forces a re not used for coupling. 

Flexible ducting e lements will be used to accommodate and assembly and 

operat ional deflections and to l e rances . P rog re s s ive checkout will be utilized 

during the assembly opera t ions . 

Fl ight Operat ions 

The active port ion of the LH^ feed sys tem mus t be chilled down pr ior to 

NERVA bootstrap s ta r t . P r e p r e s s u r i z a t i o n and expulsion p ressu r i za t ion 

ut i l izes NERVA bleed hydrogen gas. The propulsion module run tank will 

be refil led and maintained at a specified level during full-power operation 

to minimize the radiat ion impact on equipment. Propel lant for pulsed after­

cooling will be provided by the propulsion module. Provis ion is made to 

vent propel lant tanks p r io r to or during the miss ion. Propel lants will be 

maintained oriented at the bottom of the tanks during venting operat ions. 

Prope l lan t Resupply 

LH- is resupplied by orbi tal t ransfer . The propellant will be in a settled 

condition during t ransfer operat ions. Equi l ibr ium of liquid and gas conditions 

will be maintained to obviate venting during t ransfer . The RNS will control 

liquid levels and p r e s s u r e s inside the propellant modules during t ransfer . 

Chilldown of tanks for propel lant t ransfer will be accomplished in a manner 

compatible with the normal operat ional tank p r e s s u r e schedule. 

4. 5. 3 Basic Propel lant Management Functions 

The simplified propel lant management schematic in Figure 4. 5-3 shows the 

propulsion module propel lant module with functions provided for ground, 

launch, and min imum miss ion operat ions . This essent ia l ly r ep re sen t s the 

Phase II concept as modified for Phase III r equ i rement s . The s tage/engine 

interface is a ground assembly interface. The stage intermodule interfaces 

a r e flight remote couplings. Stage operational requ i rements d iscussed in the 

preceding section concerning design c r i t e r i a apply to this schematic , and since 

the complete propel lant management schematic is d iscussed in depth in 

Section 3. 4 of Book 2, these functions will not be descr ibed further here . 
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Figure U . 5 - 3 BASIC PROPELLANT MANAGiMENT SCHEMATIC 

The subsequent sections will address the design and analysis of new subsystems 

which have been defined during Phase III to satisfy RNS operational requ i rements 

and consequently must be added to this simplified schematic to es tabl ish the 

Phase III basel ine design. These functions a r e : propellant resupply, feed s y s ­

tem chilldown, run tank refil l , and p r e s s u r e control for all opera t ions . 

4. 5. 4 Propel lan t Resupply 

The schematic of the design concept for orbital propel lant resupply is 

depicted in F igure 4. 5-4. This concept is used for orbi ta l fill on both 

propel lant and propulsion modules . An objective of the design is to fill a 

propel lant tank in orbit without venting or an excessive p r e s s u r e r i s e . This 

is accomplished by using spray-nozzle injection to accomplish ullage 

collapse (i. e. , avoiding compress ion) , maintaining propellant orientation 

during the propel lant t ransfer operation with axial acce lera t ion provided by 

the tanker vehicle. 

It is also neces sa ry to minimize p r e s s u r e surges during chilldown of a w a r m 

tank. This r equ i remen t is imposed on modules which have been depleted 
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Figure k.^-k PROPELLANT RESUPPLY METHOD 

e a r l y in the m i s s i o n o r have s u s t a i n e d a long c o a s t in o r b i t be fo re r e f i l l . 

A c h e c k va lve and a flow m e t e r a r e l oca t ed in the fill l ine to c o n t r o l the 

p r o p e l l a n t in - f low r a t e . The flow m e t e r p e r m i t s in jec t ing only s m a l l 

q u a n t i t i e s of p r o p e l l a n t d u r i n g the in i t i a l p o r t i o n of the ch i l ldown, when 

l a r g e p r e s s u r e s u r g e s can o c c u r . This a p p r o a c h g ives the s y s t e m t i m e to 

m o v e t o w a r d e q u i l i b r i u m . The check va lve p r e v e n t s backf low s u r g e s . 

Q u a d - r e d u n d a n t fill shu t off v a l v e s a r e p r o v i d e d to e n s u r e a c a p a b i l i t y to 

t r a n s f e r p r o p e l l a n t b e t w e e n t anks du r ing the m i s s i o n . 

4 . 5. 5 F e e d S y s t e m Chi l ldown 

C h i l l d o w n i s r e q u i r e d u n d e r t h r e e c i r c u m s t a n c e s : (1) NERVA feed s y s t e m 

p r e s t a r t , (2) s t a g e p r o p e l l a n t feed s y s t e m p r e s t a r t , and (3) w a r m p r o p e l l a n t 

t a n k s for p r o p e l l a n t r e s u p p l y in o rb i t . The feed s y s t e m p r e s t a r t o p e r a t i o n s 

r e q u i r e m e n t s a r e def ined in Sec t ion 3. 11 .4 , inc luding c o m p o n e n t m a s s e s and 

ch i l l down t i m e s . A t r a d e s tudy w a s conduc ted to e s t a b l i s h a ch i l ldown 

s y s t e m c o n c e p t for the RNS. Al though p r o p e l l a n t se t t l ing is r e q u i r e d to 

o r i e n t LH a t feed duc t i n l e t s , e c o n o m i c a l s e t t l i ng a c c e l e r a t i o n l e v e l s a r e 

no t a d e q u a t e to fill the duc t s wi th LH^, and fo rced convec t i on ch i l ldown 
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sys tems a r e requi red . The evaluation of chilldown thermodynamics has 

resu l ted in formulation of chilldown sys tem concepts with flow control 

features which accommodate the expected surge effects when LH is 

introduced into w a r m l ines. 

4. 5. 5. 1 Chilldown Concepts Evaluation 

Schematics for seve ra l chilldown sys tem concepts considered will be 

descr ibed here . A concept for NERVA feed sys tem p r e s t a r t chilldown is 

shown in Figure 4. 5-5. It is a closed-loop rec i rcula t ion sys tem located 

in the propulsion module run tank with separa te feed and re tu rn lines 

configured to precondit ion the pump inlet ducting, pump shutoff valves, and 

turbopump. The sys tem contains a submerged motor-dr iven-centr i fugal 

pump, an antibackflow check valve, and an on-off isolation valve. Flow from 

the pump discharge is d i rected into the main feed duct downstream of the PSOV. 

Flow proceeds in a forward direct ion through the pump inlet ducting and the 

turbopump down to the pump discharge shutoff valve. Ups t ream of the pump 

d ischarge valve a tap-off is made for the r e tu rn line. This duct te rminates 

in the run tank via a check and a shutoff valve. The sys tem uti l izes a dual 

pump for each feed system. A common re tu rn line completes the loop. 

Several concepts were considered to precondition the feed sys tem between 

two adjacent modules . The design approach avoided adding any additional 

fluid line connections between modules. Figure 4. 5-6 shows two closed-

loop pump chilldown sys tems . The same tank r e tu rn sys tem consis ts of a 

submerged moto r -d r iven pump, pump discharge valve, antibackflow check 

valve, and a r e tu rn line with a check valve. Pump discharge flow is 

introduced into the main feed duct downstream of the tank isolation valves. 

The isolation valves a r e closed and chilldown flow is provided down to the 

blocking valve of the adjacent module. An upper line provides the r e tu rn flow 

path to the tank via a check valve. The check valve and r e tu rn line prevent 

tank surges and geysering. The pump discharge check valve provides the 

same function in the pump discharge line. A feedthrough chilldown sys tem 

is also shown, identical to the same tank r e tu rn sys tem for the supply 

posit ion of the pump loop, but utilizing the baseline spray nozzle refueling 

sys tem of the adjacent module for d ischarge into the ullage of the lower 

module. 
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An o p e n - l o o p o v e r b o a r d d u m p i n t e r m o d u l e ch i l ldown concep t w a s c o n s i d e r e d . 

The p u m p is e l i m i n a t e d f r o m the b y p a s s supply l ine and the r e t u r n l ine is 

a l s o e l i m i n a t e d . I n s t ead , the l ower duct tap-off l ine and shutoff va lve d i r e c t 

the flow to two o v e r b o a r d dump n o z z l e s l o c a t e d 180 d e g r e e s a p a r t on the 

m o d u l e ou t e r s t r u c t u r e , p e r m i t t i n g tank head to p r o v i d e the ch i l ldown 

h y d r o g e n . The n o z z l e d i s c h a r g e flow a id s in p r o v i d i n g p r o p e l l a n t s e t t l i n g 

t h r u s t d u r i n g ch i l ldown. 

A n o t h e r c l o s e d - l o o p c o n v e c t i o n ch i l ldown c o n c e p t c o n s i d e r e d o p e r a t e s on 

the p r i n c i p l e of an e j e c t o r . H e l i u m is in jec ted in to a r e t u r n l ine tha t 

e m i n a t e s f r o m a low po in t tap-off on the feed duc t . The h i g h - v e l o c i t y low 

s t a t i c p r e s s u r e a t th i s po in t c a u s e s the gas or l iquid f r o m the feed duc t to 

be s u c k e d into the r e t u r n l ine and r e t u r n e d to the tank. L iquid is supp l i ed to 

the feed duc t f r o m the t ank d o w n s t r e a m of the t ank i s o l a t i o n v a l v e v ia a b y p a s s 

l ine and c h e c k v a l v e . 

S ince eng ine and s t a g e feed s y s t e m ch i l ldown r e q u i r e m e n t s a r e s i m i l a r , an 

i n t e g r a t e d ch i l ldown s y s t e m c o n c e p t in wh ich the r u n tank l oca t ed s u b m e r g e d 

m o t o r d r i v e n p u m p s a r e s i z e d for the c o m p l e t e s t a g e ch i l ldown w a s a l s o 

e v a l u a t e d . Al l of t h e s e c o n c e p t s a r e c o m p a r e d on the b a s i s of h a r d w a r e 

weight , boiloff, and r e l i a b i l i t y in Tab le 4 . 5 - 1 . C l e a r l y , r e d u n d a n t s y s t e m s 

a r e r e q u i r e d to a c h i e v e s a t i s f a c t o r y p e r f o r m a n c e . 

The tank w e i g h t i s p e n a l i z e d for the c l o s e d - l o o p s y s t e m s to a c c o m m o d a t e a 

s a t u r a t i o n p r e s s u r e r i s e f r o m hea t ed p r o p e l l a n t . Th i s can a m o u n t to 5 p s i a 

for the r u n tank f r o m the NERVA feed s y s t e m . The o v e r b o a r d dump and 

h e l i u m bubble e j e c t o r c o n c e p t s i ncu r p r o h i b i t i v e we igh t p e n a l t i e s wi thout a 

s ign i f i can t r e l i a b i l i t y i m p r o v e m e n t c o m p a r e d to the pump r e c i r c u l a t i o n 

c o n c e p t s . An i n t e g r a t e d N E R V A / s t a g e p u m p d r i v e n s y s t e m is both l i gh t e r 

and m o r e r e l i a b l e than p r o v i d i n g s e p a r a t e p u m p r e c i r c u l a t i o n s y s t e m s a t 

e a c h m o d u l e i n t e r f a c e , and m a i n t a i n s p r o p e l l a n t nn.odule s i m p l i c i t y . 

4. 5. 5. 2 I n t e g r a t e d Chi l ldown S y s t e m Defini t ion 

F i g u r e 4. 5-7 shows a s c h e m a t i c of the s e l e c t e d i n t e g r a t e d s y s t e m concep t 

c o m p a t i b l e wi th the c u r r e n t NERVA i n t e r f a c e . The p r o p u l s i o n m o d u l e r u n 
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Table 4. 5-1 

CHILLDOWN SYSTEM COMPARISON 

(Class 1-H)' 

Chi l ldown 
S y s t e m 
C o n c e p t 

Ind iv idua l m o d u l e — 
P u m p r e c i r c u l a t i o n 

Ind iv idua l m o d u l e — 
O v e r b o a r d d u m p 

Indiv idua l m o d u l e — 
He i n j e c t o r 

I n t e g r a t e d RNS — 
P u m p r e c i r c u l a t i o n 

Boiloff 
(lb) 

0 

1,470 

0 

0 

Tank 
Weight 

(lb) 

100 

0 

100 

120 

N o n - R e d u n d a n t S y s t e m 

Chi l ldown 
H a r d w a r e 

(lb) 

150 

80 

1,290 

50 

Tota l 
Weight 

(lb) 

250 

1, 550 

1. 390 

170 

F a i l u r e s 
p e r 1, 000 
M i s s i o n s 

3 4 5 

54 

360 

115 

R e d u n d a n t Sys 

Chi l ldown 
H a r d w a r e 

(lb) 

300 

150 

- -

100 

T o t a l 
Weight 

(lb) 

4 0 0 

1, 620 

- -

2 2 0 

t e m 

F a i l u r e s 
p e r 1, 000 
M i s s i o n s 

2 1 

~1 

- -

7 
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Figure U.5-7 INTEGRATED CHILLDOWN SYSTEM CURRENT INTERFACE 
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t a n k c o n t a i n s r e d u n d a n t s u b m e r g e d a c - m o t o r - d r i v e n c e n t r i f u g a l p u m p s . An 

i n v e r t e r i s p r o v i d e d for e a c h m o t o r to u t i l i z e the dc p o w e r b u s . E a c h p u m p 

is s i z e d for full s y s t e m ch i l ldown capac i t y . In n o r m a l o p e r a t i o n a t r e d u c e d 

flow the p u m p s w i l l o p e r a t e a t a h i g h e r head . The p a r a l l e l man i fo lded p u m p s 

d i s c h a r g e v i a two an t ibackf low c h e c k v a l v e s in to a h e a d e r tha t d i r e c t s flow 

f o r w a r d to the s t a g e m a i n p r o p e l l a n t feed duc t ing and aft to the eng ine . 

R e t u r n for s t a g e feed duc t ch i l ldown i s a c c o m p l i s h e d wi th the r e fue l ing s p r a y 

n o z z l e b y p a s s s y s t e m on the r u n tank. 

NERVA feed s y s t e m ch i l ldown c o n c e r n s the condi t ion ing of the in l e t duc t ing 

to the NERVA t u r b o p u m p , the pump , and p u m p d i s c h a r g e duc t ing to the 

l o c a t i o n of the p u m p d i s c h a r g e v a l v e (PDKVA). T h e r e a r e two s u c h s e c t i o n s 

for the dua l tu rbopunap conf igu ra t ion . The pump shutoff v a l v e (PSOV) and 

p u m p d i s c h a r g e v a l v e a r e c l o s e d du r ing chi l ldown. Condi t ion ing i s a c c o m ­

p l i s h e d by d i r e c t i n g the ch i l ldown p u m p d i s c h a r g e flow to two l i ne s t ha t t ee 

f r o m the ch i l l down p u m p d i s c h a r g e man i fo ld . E a c h l ine in jec t s flow f o r w a r d 

in to the NERVA p u m p in l e t duc t down s t r e a m of the c l o s e d PSOV. C h e c k 

va lv ing l o c a t e d a t the in j ec t ion po in t s p r e v e n t s u r g e s and d i s t u r b a n c e s f r o m 

be ing t r a n s m i t t e d to the a d j a c e n t s y s t e m . Th is ch i l ldown duc t ing does not 

c r o s s the g i m b a l p l a n e . The p r e s e n t c o n s i d e r a t i o n is to in jec t the supply 

flow t h r o u g h a b o s s t ha t i s an i n t e g r a l p a r t of the PSOV va lve body c a s t i n g . 

C h i l l flow p r o c e e d s t h r o u g h the NERVA p u m p in l e t duct ing , t u r b o p u m p , and 

down to the p u m p d i s c h a r g e v a l v e s . U p s t r e a m of t h e s e v a l v e s a tap-off t a k e s 

the r e t u r n flow man i fo lded f r o m both engine p u m p s to a c o m m o n r e t u r n l ine . 

Th i s r e t u r n l ine c r o s s e s the g i m b a l p l a n e and con ta in s t h r e e g i m b a l j o i n t s 

to p r o v i d e for the r e q u i r e d def lec t ion . R e t u r n flow is i n t r o d u c e d b a c k into 

the t ank v ia a s e t of q u a d - r e d u n d a n t shutoff v a l v e s at a l o c a t i o n wel l r e m o v e d 

f r o m ch i l ldown p u m p loca t ion to p r e v e n t d e g r a d i n g fluid in l e t condi t ion . 

Ch i l ldown s y s t e m s i z ing w a s b a s e d on the m i n i m u m p e r m i s s i b l e t ime for 

ch i l ldown of e a c h i n t e r f a c e , c o n s i d e r i n g f i lm boi l ing h e a t t r a n s f e r for a duc t 

i n i t i a l l y a t a m b i e n t t e m p e r a t u r e , and p r o v i d i n g a m a r g i n of safe ty for flow 

s u r g e s . T h e s e w e r e def ined in Tab le 3. 11 -4 . 
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T h e s t a g e feed s y s t e m is ch i l l ed f i r s t , fol lowed by both l egs of the NERVA 

feed s y s t e m in p a r a l l e l . - The n o m i n a l c a p a c i t y of e a c h p u m p is 2 l b / s e c 

of LH . The d o m i n a n t p r e s s u r e d r o p in the s y s t e m is a t the NERVA t u r b o ­

p u m p , e s t i m a t e d a s 3 . 5 p s i a . Th i s s i z e s the ch i l l p u m p s at 0 . 8 4 H P , which 

r e p r e s e n t s a neg l i g ib l e p o w e r d r a i n for the s h o r t ch i l l d u r a t i o n , 0. 1 kwh 

p e r ch i l l . The systerr i_weight i s s u m m a r i a ^ in T a b l e 4 . 5 -2 . 

^ 

If f u r t h e r def in i t ion of NERVA l e a d s to a r e q u i r e m e n t for a p r e s s u r e feed 

d u r i n g a f t e r c o o l i n g , t he b a s e l i n e ch i l ldown s y s t e m could be i n t e g r a t e d wi th 

the b y p a s s l ine u s e d for a f t e r c o o l i n g p u l s e s . 

4 . 5. 6 Run Tank Ref i l l 

NERVA eng ine r e s t a r t for f u l l - t h r u s t o p e r a t i o n r e q u i r e s tha t the p r o p u l s i o n 

m o d u l e r u n t ank be r e f i l l e d and topped off be fo re or a s a p a r t of the s t a r t 

s e q u e n c e ( s e e Sec t i ons 3. 10 and 3. 11). Th i s i s r e q u i r e d for five b u r n s , and 

up to 8, 500 lb of LH m u s t be t r a n s f e r r e d . Run tank p r e s s u r e s a t th is t i m e 

c a n be in e x c e s s of p r o p e l l a n t m o d u l e p r e s s u r e s due to c o a s t hea t ing , as 

shown in Sec t ion 4. 3. 12. A p r e l i m i n a r y e s t i m a t e of the l a r g e s t d i f f e r en t i a l 

p r e s s u r e o c c u r r i n g is on the o r d e r of 0. 6 p s i . 

Tab le 4 . 5-2 

I N T E G R A T E D CHILLDOWN SYSTEM WEIGHT SUMMARY (lb) 

P u m p s (2 r e q u i r e d ) 26 

Check Va lves (5) 3 

Shutoff Va lves (4) 12 

Line s 2 5 

T o t a l 66 
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The p r e f e r r e d m e t h o d for r e f i l l i ng the r u n tank wi thou t i n c u r r i n g the l o s s of 

p r o p e l l a n t r e q u i r e d in a blowdown s c h e m e is a p u m p - f e d s y s t e m . Such a 

s y s t e m is shown s c h e m a t i c a l l y in F i g u r e 4 . 5 -8 . The s y s t e m mod i f i e s the 

feed d u c t c o n f i g u r a t i o n in the r u n tank by ex tend ing the 12- in . - d i a m e t e r 

feed d u c t to the tank b o t t o m . At th is l oca t ion a c los ing fi t t ing p r o v i d e s the 

hous ing for the two 8- in . - d i a m e t e r m a i n c o n t r o l v a l v e s and a b a s e in le t s u m p . 

The b a s e s u m p wi l l con ta in two p a r a l l e l r e d u n d a n t t r a n s f e r p u m p s . The p u m p s 

a r e s u b m e r g e d , c e n t r i f u g a l type d r i v e n by ac m o t o r s . T h e s e p u m p s in take 

f r o m the m a i n feed s y s t e m which has b e e n condi t ioned and is open to the 

p r o p e l l a n t m o d u l e wh ich wi l l supply the r e f i l l . P u m p d i s c h a r g e is d i r e c t e d 

t h r o u g h two an t ibackf low c h e c k v a l v e s and then man i fo lded into a quad -

r e d u n d a n t s e t of shutoff v a l v e s . A s ing le r i s e r then r u n s up to the tank u l l age . 

The r i s e r d i s c h a r g e s into the u l l age v i a a flow m e t e r and s p r a y n o z z l e . Th i s 

i s the b a s e l i n e nonven ted t r a n s f e r s y s t e m modi f ied to p e r m i t loca t ing the 

m o t o r p u m p s in a s u b m e r g e d p o s i t i o n . S u b m e r g e n c e of the m o t o r p u m p is 

d e s i r a b l e to p r o v i d e r e l i a b l e b e a r i n g cool ing and l u b r i c a t i o n . Th i s r e f i l l 

s y s t e m is c o m p a t i b l e wi th the i n t e g r a t e d s t a g e / e n g i n e ch i l ldown s y s t e m and 

v a r i o u s c o n f i g u r a t i o n s , such as a s ing le m o t o r , d o u b l e - e n d e d p u m p could be 

u s e d to i n t e g r a t e t h e s e s y s t e m s . 

The r e f i l l s y s t e m s i z ing c r i t e r i a w a s b a s e d on a m a x i m u m re f i l l r e q u i r e m e n t 

of 8, 500 lb . The t i m e r e q u i r e d to a c c o m p l i s h feed s y s t e m chi l ldown and 

s u b s e q u e n t r u n tank r e f i l l t r a n s f e r w a s s e l e c t e d a s half the i nv i s c id s e t t l i n g 

t i m e . A c c o m p l i s h i n g the t r a n s f e r wi th in th i s t i m e f r a m e does not i n c u r any 

a d d i t i o n a l p e n a l t y for s e t t l i ng for the re f i l l o p e r a t i o n s and e s t a b l i s h e s a 

n o m i n a l to ta l p u m p flow r a t e of 10 l b / s e c . S y s t e m r e l i a b i l i t y c o n s i d e r a t i o n s 

w a r r a n t the s e l e c t i o n of two p a r a l l e l m o u n t e d p u m p s , e a c h d e l i v e r i n g 5 l b / s e c . 

In c a s e of f a i l u r e , ex t ended t r a n s f e r t i m e s would incu r m o d e s t se t t l ing 

p r o p e l l a n t p e n a l t i e s . S y s t e m i m p e d a n c e s and tank p r e s s u r e d i f f e r e n c e s a r e 

e s t i m a t e d a t 3 p s i . The above p a r a m e t e r s and the u s e of a 70 p e r c e n t 

e f f ic iency f ac to r for both the p u m p and m o t o r r e s u l t in e a c h m o t o r being s i zed 

a t 1. 3 H P and a p o w e r c o n s u m p t i o n of 0. 97 5 kw. Tota l r e f i l l t ime for five 

b u r n s on the l una r shu t t l e m i s s i o n is 2600 s e c . The s y s t e m we igh t is 

s u m m a r i z e d in T a b l e 4. 5 - 3 . 
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Control Valves 

LHg Refill 
Pump 
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Pumps 

Check Valve 

Figure U.5-8 PRESTART RUII TANK REFILL SYSTIM 

Tab le 4 . 5-3 

R E F I L L SYSTEM WEIGHT SUMMARY (lb) 

M o t o r - D r i v e n P u m p s (two r e q u i r e d ) 

Check Va lves ( t h ree r e q u i r e d ) 

F l o w m e t e r s (one r e q u i r e d ) 

Shutoff Va lve s (four r e q u i r e d ) 

Duc t s 

F u e l Cel l R e a c t a n t and T a n k a g e 

26 

1. 5 

2 

12 

18 

2 

T o t a l 62 
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4 . 5. 7 P r e s s u r i z a t i o n S y s t e m Def in i t ion ' 

4 . 5. 7 . 1 S c h e m a t i c and O p e r a t i o n 

A p r e s s u r e s c h e d u l e and p r e s s u r e c o n t r o l funct ions a r e e s t a b l i s h e d in 

Sec t ion 3. 12. P r e p r e s s u r i z a t i o n r e q u i r e m e n t s a r e def ined in Sec t ion 3. 11. 5. 

T h e s e a r e s a t i s f i e d by a two function p r e s s u r i z a t i o n s y s t e m on the p r o p u l s i o n 

m o d u l e c o n s i s t i n g of e x p u l s i o n and p r e s s u r e c o n t r o l . An add i t i ona l 

p r e p r e s s u r i z a t i o n funct ion i s p r o v i d e d on the p r o p e l l a n t m o d u l e . The 

func t ions and flow r a t e s p r o v i d e d (at 225°R) a r e def ined s c h e m a t i c a l l y in 

F i g u r e 4 . 5 -9 . T h e s e a r e o p e r a t e d t o g e t h e r for v a r i o u s m o d u l e p r e s s u r i z a ­

t ion r e q u i r e m e n t s a c c o r d i n g to the p r e s c r i p t i o n in Tab le 4 . 5 -4 . The flow 

r a t e r e q u i r e m e n t s a r e b a s e d on a c o l l a p s e f ac to r of 1. 1. The s y s t e m is 

a b a n g - b a n g type c o n t r o l l e d by p r e s s u r e s e n s i n g s t r a i n gage s e n s o r s l o c a t e d 

in the r e s p e c t i v e t a n k a g e . E a c h funct ion con ta in s q u a d - r e d u n d a n t , n o r m a l l y 

c l o s e d v a l v e s , wi th the flow r a t e c o n t r o l l e d by a choked o r i f i c e . When the 

r e q u i r e d flow r a t e i s exceeded , the funct ions o p e r a t e a u t o m a t i c a l l y in an 

i n t e r m i t t e n t m o d e . 

NERVA 

rSS>^ 
(B) 

j-O-^ 
/ ! 

^ Diffuser 

Propellant Modiile Only-

Function 

(A) Expulsion 

(B) Pressure Control 

(C) Prepressurization 

Flov Rate 
(Lb/Sec) 

0.6 

0.4 

4.0 

Figure 4.5-9 MODULE PRESSUEIZATION SYSTEM SCHEMATIC 
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Table 4. 5-4 

PRESSURIZATION SYSTEM OPERATION 

(Class 1-H) 

P r e s s u r i z a t i o n Requi rement 
Flow Rate 
( lb /sec) 

Functions 
Utilized 

Prope l lan t Module 

Expulsion (normal) 

P r e s s u r e control 

Prepressur i2 ;a t ion 

Run Tank Refill 

Malfunction mode 

Propuls ion Module 

Expulsion (normal 

Idle mode 

P r e s s u r e control 

Steady state 

0. 58 

0.06 

5 . 0 

0. 81 

0. 35 

A 

B 

A + B + C 

A + B 

B 

0. 58 

0. 39 

0. 06 

0 

A 

B 

B 

4 . 5 . 7 . 2 P r e s s u r a n t Supply P r e s s u r e Level 

P r e s s u r a n t is available from NERVA at p r e s s u r e s ranging from 978 ps ia at 

the turbine inlet to 704 ps ia at the turbine d ischarge . An intermediate 

turbine tap-off has also been considered. Thus, two approaches were 

considered for p r e s s u r a n t supply to the stage; a l ow-pres su re sys tem 

operat ing at 30 psia , and a h igh -p re s su re sys tem operating at a nominal 

engine tap-off p r e s s u r e of 850 ps ia . 

P r e s s u r i z a t i o n duct s izes and weights a r e compared at these p r e s s u r e s in 

Table 4. 5-5 for a range of flow ra t e s , based on a limiting Mach number 

of 0. 3. It has been found that velocit ies higher than M = 0. 3 cause vibration 

in the meta l bellows, resul t ing in fatigue fa i lures . Duct gages in 

Table 4. 5-5 a re indicated based on p r e s s u r e alone, and based on the safe 
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Tab le 4 . 5-5 

PRESSURIZATION DUCTS WEIGHTS 

P r e s s u r e 

Weight flow ( l b / s e c ) 

D i a m e t e r (in. ) 

T (in. ) 

Weight - 60 ft (lb) 

t M i n i m u m (in. ) 

Weight - 60 ft (lb) 

30 p s i a 

4 

6 . 0 0 

0 . 0 0 2 9 

12. 1 

0. 020 

81 

0 .6 

2 . 5 0 

0 .00120 

2 . 1 

0 .012 

21 

0 . 4 

2 . 0 0 

0 .00096 

1.35 

0 .012 

16 .2 

850 p s i a 

4 

1.25 

0 .0170 

15 

0 .012 

15 

0.6 

0 .500 

0 .00680 

2 . 4 

0 .010 

3 .42 

0 . 4 

0. 500 

0 . 0 0 6 8 0 

2 . 4 

0 . 0 1 0 

3 .42 



hand l ing and m a n u f a c t u r i n g m i n i m u m gages def ined by SAE A R D - 7 3 5 , 

A e r o s p a c e V e h i c l e C r y o g e n i c Duct ing S y s t e m s . Th i s s p e c i f i c a t i o n i s 

a c c e p t e d for m a n n e d v e h i c l e s and i s c u r r e n t i n - h o u s e p r a c t i c e . Due to the 

m i n i m u m hand l ing g a g e s n e e d e d to i n s u r e r e l i a b l e i n s t a l l a t i o n and to p r e v e n t 

d a m a g e , i t is c l e a r t h a t the l o w - p r e s s u r e s y s t e m af fords no advan tage in 

we igh t . 

The h i g h - p r e s s u r e s y s t e m p e r m i t s u s ing l ight b r a i d e d m e t a l l i c h o s e or 

s m a l l g i m b a l s for f lex ib le e l e m e n t s , w h e r e a s , heavy t ied g i m b a l s would be 

r e q u i r e d for the l o w - p r e s u r e s y s t e m . M e t a l l i c be l lows a r e c o n s i d e r e d 

s u i t a b l e for e i t h e r s y s t e m . The h i g h - p r e s s u r e s y s t e m would be e x p e c t e d 

to i ncu r l e s s l e a k a g e , b e c a u s e of l e s s s e a l p e r i m e t e r and the u s e of p r e s s u r e -

a c t u a t e d s e a l s . 

The l o w - p r e s s u r e v a l v e s i z ing is l a r g e r , and for the 6- in . n o m i n a l d i a m e t e r 

s i z e a m o t o r - d r i v e n c o n t r o l va lve is r e q u i r e d . Th i s v a l v e r e q u i r e d 

i n t e r m e d i a t e g e a r i n g b e t w e e n the m o t o r d r i v e and the ga te . L a r g e v a l v e s 

of th i s type could p r e s e n t r e s p o n s e p r o b l e m s for opening and c los ing , and 

f u r t h e r m o r e , a r e e x c e e d i n g l y heavy (about 30 lb) . If the h i g h - p r e s s u r e , 

l o w - d i a m e t e r s y s t e m s a r e u sed , th is wi l l p e r m i t the u s e of p i l o t - o p e r a t e d 

so l eno id v a l v i n g . T h e s e a r e b a s i c a l l y l i g h t e r v a l v e s , a p p r o x i m a t e l y 12 lb, 

and do not i ncu r e x c e s s i v e we igh t p e n a l t i e s when quad r e d u n d a n c y and o the r 

r e l i a b i l i t y c o n s t r a i n t s a r e i m p o s e d on the s y s t e m . Al though the fo rce 

r e q u i r e m e n t s in an 8 5 0 - p s i s y s t e m and the s i z e s shown do not e x c e e d tha t 

of d i r e c t - a c t i n g s o l e n o i d s , a p i l o t - o p e r a t e d so leno id s y s t e m can be u sed . 

Solenoid v a l v e s of th i s type wi l l p r o v i d e the f a s t r e s p o n s e r e q u i r e d for 

s y s t e m c o n t r o l . 

P r e l i m i n a r y c o n s i d e r a t i o n s i nd i ca t e tha t a w i d e - t o l e r a n c e , s i n g l e - s t a g e 

r e g u l a t o r s y s t e m l o c a t e d on the p r o p u l s i o n m o d u l e would suffice to p r o v i d e 

l o w - p r e s s u r e gas to a l l the p r o p e l l a n t m o d u l e s . In the c a s e of the h igh -

p r e s s u r e s y s t e m , no such r e g u l a t i o n would be r e q u i r e d . Single f a i l u r e m o d e 

c o n s i d e r a t i o n s m i g h t r e q u i r e tha t even in a l o w - p r e s s u r e s y s t e m the full 

duc t ing r u n would have to be d e s i g n e d for the high p r e s s u r e should a s ing le 

f a i l u r e o c c u r in the r e g u l a t i o n s y s t e m . L a r g e p r e s s u r e d r o p s m a y be 
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i n c u r r e d in the h i g h - p r e s s u r e s y s t e m on ' the o r d e r of 30 to 40 p s i p e r 60 ft 

of run , a l though the a v a i l a b l e head of 850 p s i i s suff ic ient to p r o v i d e for 

s y s t e m l o s s e s of th i s type . 

In v iew of t h e s e c o n s i d e r a t i o n s the h i g h - p r e s s u r e duct s y s t e m w a s s e l e c t e d . 

4 . 5. 7. 3 V a l v e Type^and Ac tua t i on 

The va lv ing r e c o m m e n d e d for the h i g h - p r e s s u r e p r e s s u r i z a t i o n s y s t e m shown 

s c h e m a t i c a l l y in F i g u r e 4. 5-9 i s p r e s e n t e d in Tab le 4. 5 -6 . N o r m a l l y c l o s e d 

q u a d - r e d u n d a n t on-off v a l v i n g p o w e r e d by a 2 8 - v d c supply i s u s e d for e a c h 

p r e s s u r i z a t i o n funct ion. I d e n t i c a l va lv ing is u s e d for the e x p u l s i o n and 

c o n t r o l funct ions wi th the flow r a t e s e s t a b l i s h e d by o r i f i c ing . A d i r e c t 

a c t i n g so l eno id poppe t v a l v ^ shown in F i g u r e 4. 5-10 , is the s i m p l e s t type 

a p p l i c a b l e to t h e s e func t ions . No e x t e r n a l d y n a m i c s e a l s a r e r e q u i r e d . Good 

l e a k a g e c o n t r o l is p r o v i d e d . Life e x p e c t a n c y e x c e e d s 10, 000 c y c l e s . Th i s 

v a l v e p r o v i d e s the s h o r t e s t a v a i l a b l e r e s p o n s e t i m e s , in the r a n g e of 

5 to 50 m s e c , wh ich is i d e a l for the b a n g - b a n g c o n t r o l function. The l a r g e r 

v a l v e s i z e r e q u i r e m e n t of p r e p r e s s u r i z a t i o n funct ion c o m b i n e d wi th the h igh -

p r e s s u r e c l o s i n g fo rce e x c e e d the p r a c t i c a l c a p a b i l i t i e s of a d i r e c t ac t ing 

so leno id , so a p i l o t - o p e r a t e d d e s i g n is u t i l i z ed . Th i s would r e s u l t in a 

s l igh t ly l o n g e r r e s p o n s e t i m e of abou t 200 m s e c . 

Tab le 4 . 5-6 

P R E S S U R I Z A T I O N SYSTEM VALVE T Y P E AND ACTUATION 

F l o w Ra te Line Size Valve 
F u n c t i o n ( l b / s e c ) (in. ) Type Ac tua t ion 

E x p u l s i o n 0 .6 0 . 5 P o p p e t D i r e c t - a c t i n g 
so leno id 

C o n t r o l 0 . 4 0 .5 P o p p e t D i r e c t - a c t i n g 
so leno id 

P r e p r e s s u r i z a t i o n 4 . 0 1.25 P o p p e t P i l o t - o p e r a t e d 
so leno id 
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ARA/IATURE RETURN SPRING 

ARIVIATURE 

SOLENOID 

BALL RETURN SPRING 

VALVE BODY 

F i g u r e 4 . 5 - 1 0 DIRECT ACTING SOLENOID 

4. 5. 8 Ven t S y s t e m Def in i t ion 

The t h e r m a l p r o t e c t i o n s y s t e m c o n c e p t s e l e c t e d in Sec t ion 4. 3. 11 does not 

r e q u i r e ven t ing of boiloff d u r i n g the m i s s i o n , i. e. , s u b s e q u e n t to T L I . 

P r o p e l l a n t t r a n s f e r o p e r a t i o n s can be p e r f o r m e d wi thou t ven t ing . Howeve r , 

v e n t i n g is r e q u i r e d in e a r t h o r b i t p r i o r to in i t i a t ing the m i s s i o n to r e j e c t the 

p r o p e l l a n t h e a t i n g f r o m tank ch i l ldown and o r b i t a l c o a s t . The t a n k s a r e 

s u b s e q u e n t l y topped off wi thou t ven t ing . A c c o r d i n g to Sec t ion 4 . 3. 10, the 

p r o p e l l a n t wi l l r e m a i n o r i e n t e d at the bo t t om of the t ank d u r i n g the p r o l o n g e d 

o r b i t a l c o a s t s t o r a g e p h a s e s . A l so , the p r o p e l l a n t t r a n s f e r o p e r a t i o n s 

e m p l o y a c c e l e r a t i o n p r o v i d e d by the t a n k e r v e h i c l e . D u r i n g the t r a n s l u n a r 

and t r a n s e a r t h p o r t i o n s of the m i s s i o n , the p r o p e l l a n t wi l l be in a r a n d o m l y 

o r i e n t e d con f igu ra t i on . Ven t ing would no t be p o s s i b l e for the l a t t e r s i t ua t i on 

wi thout e i t h e r u t i l i z ing a vent s y s t e m conf igu ra t ion with a l i q u i d - v a p o r s e p a r a 

t o r o r i n c o r p o r a t i n g a p r o p e l l a n t o r i e n t a t i o n o p e r a t i o n . H o w e v e r , t h e s e p o r ­

t ions of the m i s s i o n a r e r e l a t i v e l y s h o r t c o m p a r e d to the p r o l o n g e d o r b i t a l 

c o a s t p h a s e s . It is p o s s i b l e to p e r f o r m any r e q u i r e d vent ing o p e r a t i o n e i t h e r 

whi le in a g r a v i t y - g r a d i e n t - s t a b i l i z e d m o d e o r while s e t t l e d in p r e p a r a t i o n 

for p r o p e l l a n t t r a n s f e r . S ince p r o l o n g e d p r o p e l l a n t se t t l ing p e r i o d s a r e a l s o 
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i n c o r p o r a t e d a s a p a r t of the n o r m a l RNS s t a r t u p r a m p , a vent o p e r a t i o n can 

be i n c o r p o r a t e d in tha t p o r t i o n of the m i s s i o n . T h u s , a z e r o - g l i q u i d - v a p o r 

s e p a r a t o r is no t r e q u i r e d . A l s o , s e p a r a t e p r o p e l l a n t s e t t l i ng o p e r a t i o n s a r e 

r e q u i r e d for v e n t i n g . A p r o p u l s i v e ven t concep t s u c h a s u s e d on the S-IVB 

a p p e a r s to be a d e q u a t e for the RNS m i s s i o n r e q u i r e m e n t s . 

The fl ight g r o u n d vent func t ions w e r e ind ica t ed s c h e m a t i c a l l y in F i g u r e 4 . 5 - 3 . 

The s y s t e m s u t i l i z e d a r e s u m m a r i z e d in T a b l e 4 . 5 - 7 . 

The f l ight v e n t s y s t e m on e a c h m o d u l e c o n s i s t s of four n o r m a l l y c l o s e d 

q u a d - r e d u n d a n t on-off v a l v e s t ha t a r e a c t u a t e d by a s t r a i n gage , p r e s s u r e -

s e n s i n g s y s t e m l o c a t e d in the tank u l l age . I ts s i z e is d e t e r m i n e d by the 

p r e s s u r i z a t i o n e x p u l s i o n flow r a t e of 0.6 l b / s e c a t a p p r o x i m a t e l y 30 p s i . 

A p i l o t - o p e r a t e d so leno id w a s s e l e c t e d for th is a p p l i c a t i o n b e c a u s e a d i r e c t -

ac t i ng so leno id v a l v e in s i z e s in e x c e s s of 1/2 in. in d i a m e t e r g e n e r a l l y is 

e x c e s s i v e in we igh t due to the l a r g e s t r o k e r e q u i r e d . In the s e l e c t e d des ign , 

the so l eno id c o n t r o l s a v e r y s m a l l flow of fluid wh ich p e r m i t s the l ine 

p r e s s u r e to a c t u a t e the m a i n poppe t . F i g u r e 4. 5-11 i l l u s t r a t e s a n o r m a l l y 

Tab le 4 . 5-7 

VENT SYSTEM VALVE T Y P E AND ACTUATION 

F u n c t i o n 
' low Ra te 
( l b / s e c ) 

Line Size 
( in . ) 

Valve 
Type Ac tua t ion 

F l i g h t Vent 

* P r o p e l l a n t m o d u l e only 

0.6 2 .25 

Ground Vent and 

Vent Mode 

Rel ie f Mode 

G r o u n d Rel ief* 

R e lief* 

10 

1 .8 

1 .5 

6 . 0 

2 . 5 

2. 5 

P o p p e t P i l o t - o p e r a t e d 
so leno id 

P o p p e t P n e u m a t i c 

P o p p e t P i l o t s e n s o r 

P o p p e t P i l o t s e n s o r 
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Figure U.5-11 PILOT OPERATED SOLESOID 

closed pi lot -operated solenoid of this design. The solenoid opens the pilot 

valve w^hich dumps fluid from behind the main poppet through the pilot port . 

Since pilot por t is sized la rger than the bleed port , the result ing p r e s s u r e 

unbalance forces the main poppet open. Note that a differential p r e s s u r e 

mus t be available to operate this type of valve. In the vent sys tem the 

differential p r e s s u r e is supplied by venting the back side of the poppet to 

a downst ream p r e s s u r e . 

Ground venting of the propulsion module run tank is r e s t r i c t ed to ground tes t 

only, so field connections a re provided to both of the flight vent propulsive 

nozzles . In addition, ground test fill ra tes will be governed by the flight vent 

valve flow capabi l i t ies . This el iminates the addition of a ground vent sys tem 

as p a r t of the baseline flight module. 

The propel lant module requ i res a separate vent and relief sys tem for both 

ground and pre launch operat ions . The ground vent and relief sys tem is sized 

for the ground fill flow ra te of 3, 000 gpm, A 6-in. nominal d iameter vent 
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and r e l i e f va lve is p r o v i d e d , and it i s b a c k e d up by a 2 - 1 / 2 - i n . n o m i n a l 

d i a m e t e r r e l i e f v a l v e . T h e s e v a l v e s a r e m o u n t e d in p a r a l l e l and both 

d i s c h a r g e to an u m b i l i c a l coupl ing tha t is l o c a t e d on the u m b i l i c a l p a n e l in 

the f o r w a r d s k i r t r e g i o n s of the p r o p e l l a n t m o d u l e . They a r e s i z e d for 

4 0 ° R g a s e o u s h y d r o g e n . 

The 6 - in . v e n t and r e l i e f v a l v e shown in F i g u r e 4 . 5-12 is a c o m b i n a t i o n 

p n e u m a t i c a l l y c o n t r o l l e d v e n t va lve and an a b s o l u t e p r e s s u r e r e l i e f va lve 

u t i l i z i n g a s ing le flow pa th . The p n e u m a t i c c o n t r o l c a p a b i l i t y i s a g round 

only c o n t r o l . The m a i n poppe t is connec t ed v ia a guided shaft to a p i lo t 

p i s t o n and a s i n g l e - a c t i n g p n e u m a t i c p i s t on . N o r m a l c o m m a n d o p e r a t i o n is 

a c c o m p l i s h e d v i a the p n e u m a t i c a c t u a t o r wi th a s p r i n g r e t u r n to the n o r m a l l y 

c l o s e d p o s i t i o n . The r e l i e f funct ion i s c o n t r o l l e d by p i lo t va lve s e n s i n g 

a b s o l u t e fluid p r e s s u r e wh ich d i r e c t s fluid to the p i lo t p i s t o n in the even t of 

p r e s s u r e bu i ldup . The p i lo t p i s t o n h a s a l a r g e r s u r f a c e a r e a than the m a i n 

p o p p e t and a d i f f e r e n t i a l f o r ce wi l l open the va lve unt i l the p r e s s u r e h a s 

d e c a y e d to a safe l e v e l . The v a l v e is u sed to p e r m i t ven t ing of the h y d r o g e n 

t ank and to p r o v i d e a p r i m a r y sa fe ty d e v i c e in the even t of i n a d v e r t e n t 

p r e s s u r e bu i ldup . 

Figtire U . 5 - 1 2 VENT AND RELIEF VALVE 
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The 2 - 1 / 2 - i n . r e l i e f va lve shown in F i g u r e 4 . 5 - 1 3 a u t o m a t i c a l l y m a i n t a i n s 

LH^ tank p r e s s u r e wi th in spec i f i ed l i m i t s in c a s e the ven t and r e l i e f va lve 

fa i l s to open . It has a s p r i n g - l o a d e d poppet c o n t r o l l e d by an a b s o l u t e p r e s s u r e 

s e n s i n g p i lo t . The c r a c k i n g p r e s s u r e is s e t high enough to p r e v e n t a c tua t i on if 

the ven t and r e l i e f va lve funct ions p r o p e r l y . 

4 . 5. 9 Module I n t e r f a c e Def in i t ion 

F i g u r e 4 . 5-14 shows the p r o p e l l a n t feed s y s t e m i n t e r f a c e b e t w e e n the p r o ­

pu l s ion m o d u l e and the p r o p e l l a n t m o d u l e . P r o v i s i o n is m a d e for r e m o t e 

o r b i t a l a s s e m b l y . A l i n e a r d e p l o y m e n t m e c h a n i s n n i s l o c a t e d on the feed duc t 

for the p r o p u l s i o n m o d u l e , and a coupl ing m e c h a n i s m is l o c a t e d on the p r o ­

p e l l a n t m o d u l e . F i g u r e 3 . 5-3 and 3 . 5-4 show d e t a i l e d v iews of t h e s e m e c h a ­

n i s m s and t h e i r o p e r a t i o n is d e s c r i b e d in Sec t ion 3 . 5. 

In o r d e r to m e e t the m o t i o n r e q u i r e m e n t s of th is a u t o m a t i c coupl ing i n t e r f a c e , 

v a r i o u s f lex ib le e l e m e n t s w e r e c o n s i d e r e d for the feed s y s t e m . The a p p r o a c h 

for f lexib le e l e m e n t s e l e c t i o n and c r i t e r i a i s s u m m a r i z e d be low. T h r e e 

c o n c e p t s w e r e c o n s i d e r e d . The f i r s t would al low the f lex ib i l i ty of the p ipe 

to a b s o r b the m o t i o n as i n t e r n a l s t r e s s . The u s e of bends can r e d u c e the 

induced s t r e s s in the duc t for a given def lec t ion , but bending m o m e n t s a r e 

i n c u r r e d . The duc t wi l l s e e c o m b i n e d longi tud ina l , t r a n s v e r s e , and to a 

s m a l l e x t e n t r a d i a l s t r e s s e s . Th i s s y s t e m con ta ins no be l lows s e c t i o n and i s 

t h e r e f o r e h ighly r e l i a b l e . The second c o n c e p t u t i l i z e s a n g u l a r be l lows 

a s s e m b l i e s ( s u c h as g i m b a l j o i n t s ) . T h e s e can be u s e d to a b s o r b a x i a l 

m o t i o n only if they a r e p l a c e d in s e t s of t h r e e in c o m p l e m e n t a r y s e c t i o n s of 

the duc t a s s e m b l y . Th i s r e q u i r e s the duc t rou t ing to have bends in it to 

e n a b l e p r o p e r jo in t p l a c e m e n t . S q u i r m or s t ab i l i t y l i m i t s the l eng th of 

be l l ows u s e d in e a c h jo in t and t h e r e f o r e the m a x i m u m a n g u l a r m o t i o n of the 

jo in t . A r e p r e s e n t a t i v e a l lowab le angle of 10 d e g r e e s p e r jo in t i s c h a r a c t e r ­

i s t i c of h y d r a u l i c a l l y f o r m e d o m e g a be l lows for the o p e r a t i n g p r e s s u r e s . 

Th i s could be i n c r e a s e d if c l o s e - p i t c h low-convolu t ion-he igh t s p e c i a l f o r m e d 

be l l ows a r e to be c o n s i d e r e d . Th i s type of s y s t e m is a p p l i c a b l e for m i d -

r a n g e de f l ec t ion r e q u i r e m e n t s wh ich a r e c h a r a c t e r i s t i c s of the i n - l i n e 

i n t e r f a c e s w h e r e docking and l a t ch ing a c c o m p l i s h e s m a j o r duct a l i g n m e n t . 

The s y s t e m is load p r e d i c t a b l e and a r e l i a b l e m e t h o d of tying m e t a l b e l l o w s . 
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The t h i r d c o n c e p t u t i l i z e s a l i n e a r c o m p e n s a t o r . The c o m p e n s a t o r be l lows 

a r e i n t e r c o n n e c t e d so tha t p r e s s u r e s a r e b a l a n c e d and, t h e r e f o r e , the end 

loads a r e b a l a n c e d . The t h r e e s e c t i o n s of b e l l o w s wi th in the c o m p e n s a t o r 

a r e a l s o c o n s t r a i n e d by the s q u i r m l i m i t a t i o n . The s y s t e m m e e t s the 

r e q u i r e m e n t s for high a x i a l m o t i o n . 

T h e p r o p e l l a n t m o d u l e s e c t i o n of duc t ing shown in F i g u r e 4. 5 -14 i s a s t r a i g h t 

r u n s t a r t i n g f r o m the p r o p e l l a n t m o d u l e s u m p ex i t and runn ing to the i n t e r ­

m o d u l e s t r u c t u r e . Th i s 12- in . - d i a m e t e r s t r a i g h t s e c t i o n of duc t ing con ta in s 

two g i m b a l j o i n t s and i s soft m o u n t e d a t the i n t e r f a c e f lange end. The s e c t i o n 

feed duc t ing on the p r o p u l s i o n m o d u l e is a s t r a i g h t l ine duc t con ta in ing two 

g i m b a l j o i n t s and a p r e s s u r e v o l u m e c o m p e n s a t o r . 

The i n t e r m o d u l e feed duc t ing wi l l r e q u i r e t h e r m a l p r o t e c t i o n for both g round 

o p e r a t i o n s and f l ight o p e r a t i o n s . A s e p a r a t e g round fill s y s t e m is i n c o r p o ­

r a t e d . V a r i o u s t ypes of t h e r m a l p r o t e c t i o n w e r e c o n s i d e r e d . The b a s e l i n e 

t ank s y s t e m wh ich i s e s s e n t i a l l y h i g h - p e r f o r m a n c e i n s u l a t i o n c o v e r e d by a 

foam b l a n k e t and then a f iber g l a s s s h r o u d . Al though a d e q u a t e for the tank, 

it p r e s e n t s a p r o b l e m when appl ied to th i s type of feed duct , which m u s t have 

both l i n e a r and l a t e r a l m o t i o n - c a p a b i l i t y . A r e p r e s e n t a t i v e d e s i g n concep t is 

shown in F i g u r e 4 . 5 - 1 5 . Th i s con f igu ra t ion u t i l i z e s h i g h - p e r f o r m a n c e i n s u ­

la t ion w r a p p e d a r o u n d the p a r e n t duc t in the m a n n e r shown. The i n su l a t i on 

b l anke t r u n s o v e r the g i m b a l s , o v e r the p r e s s u r e v o l u m e , c o m p e n s a t o r , 

b e l l o w s , and f ina l ly t a k e s a U - c o n f i g u r a t i o n e n c l o s e d in a U-man i fo ld welded 

to the end of the duc t . The U - o v e r l a p wi l l p r o v i d e for the l i n e a r d e p l o y m e n t 

m o t i o n r e q u i r e d of th i s duc t . I n t e g r a t i o n of v a c u u m j acke t i ng o r foam for 

g round hold and fill i s n e c e s s a r y and r e q u i r e s f u r t h e r e v a l u a t i o n . 

4 . 5. 10 F e e d S y s t e m Defini t ion 

The p r o p e l l a n t m o d u l e m u s t supply 9 1 . 9 l b / s e c of h y d r o g e n a t the t ank d e s i g n 

p r e s s u r e . The p r o p e l l a n t m o d u l e feed s y s t e m con ta in s two p a r a l l e l r e d u n d a n t 

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

p r o p e l l a n t t ank . T h e s e v a l v e s will u t i l i z e ac e l e c t r i c m o t o r s a s d r i v e r s . 

Veh ic le 120 vac power input is u s e d for the ac induc t ion m o t o r a c t u a t o r . The 

m o t o r a c t u a t o r d r i v e s a compound p l a n e t a r y t r a n s m i s s i o n s y s t e m which in 
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In t h i s Area uniy 

F i g u r e U . 5 - 1 5 INSULATION OF COMPENSATED BELLOWS SECTIONS 

t u r n o p e r a t e s the v a l v e . Ad jus t ab le o v e r l o a d p r o v i s i o n s a r e p r o v i d e d for by 

a s l i p c lu t ch tha t is i n c o r p o r a t e d in the p l a n e t a r y t r a n s m i s s i o n a s s e m b l y . 

Th i s type of e l e c t r i c a c t u a t o r wil l be u sed to d r i v e a l l feed s y s t e m va lv ing . 

E a c h 8 - in . n o m i n a l d i a m e t e r shutoff va lve is an on-off va lve u t i l i z ing a b a l l -

conf igu red m a i n g a t e . The 9 0 - d e g r e e r o t a t i o n of the m a i n ga te opens the 

va lve to a ful l - f low cond i t ion . F u l l open d i a m e t e r is duct d i a m e t e r . The 

m a i n ga te s e a l for th i s b a l l - t y p e va lve wi l l be a conven t iona l c r y o g e n i c Teflon 

l ip s e a l . To s u p p o r t the evo lu t ion to a p u r e m e t a l - t o - m e t a l gate s e a l , the 

p u r e r o t a t i o n a l opening mo t ion of th i s va lve is modi f i ed so tha t the in i t i a l 

opening c o m m a n d wi l l f i r s t w i t h d r a w the b a l l f r o m the l ip s e a l and then r o t a t e 

the full open 90 d e g r e e s . Clos ing is a c h i e v e d by the u s e of a d i s c o n n e c t s o l e ­

noid which r e l e a s e s the a c t u a t o r f r o m the ba l l d r i v e and p e r m i t s m e c h a n i c a l 

s p r i n g f o r c e to r e t u r n the va lve to the c losed p o s i t i o n . 

The p r o p u l s i o n m o d u l e feed s y s t e m c o n s i s t s of two 8- in . n o m i n a l d i a m e t e r , 

b a l l - t y p e , m o t o r - d r i v e n c o n t r o l v a l v e s . T h e s e v a l v e s a r e l o c a t e d ins ide to 

the p r o p u l s i o n m o d u l e run tank in a p a r a l l e l conf igu ra t ion s i m i l a r to the 

269 



outflow v a l v e s on the p r o p e l l a n t m o d u l e s . T h e s e v a l v e s u t i l i z e the b a s e l i n e 

m o t o r d r i v e a s an a c t u a t o r and con ta in a m a i n ga te s e a l con f igu ra t i on i d e n t i c a l 

to the v a l v e s d e s c r i b e d above . F o r u s e in the p r o p u l s i o n m o d u l e , t h e s e 

v a l v e s do not con ta in any b i a s f a i l u r e m o d e and a r e not u t i l i z e d a s on-off type 

v a l v e s . I n s t ead , they w i l l be u t i l i z e d in a t h r o t t l e m o d e to c o n t r o l l iquid l e v e l 

in the r u n tank. T h e s e flo 'w-type c o n t r o l v a l v e s wi l l r e s p o n d to a l iquid l eve l 

s e n s i n g e l e m e n t l o c a t e d in the p r o p u l s i o n m o d u l e r u n tank. 

The feed s y s t e m p r e s s u r e d r o p w a s e v a l u a t e d to e s t a b l i s h m o d u l e p r e s s u r e 

s c h e d u l e s . The p r e s s u r e s c h e d u l e is def ined in Sec t ion 3. 12. 2. A t the 

s t e a d y - s t a t e flow r a t e of 91 l b / s e c , the 1 2 - i n . - d i a m e t e r duc t ing h a s ve loc i t y 

of 28 f t / s e c , r e s u l t i n g in R e y n o l d s n u m b e r s in the o r d e r of 10 , wh ich i s in 

the t u r b u l e n t flow r e g i m e . The f r i c t ion f ac to r u s e d for the s t r a i g h t duc t ing 

w a s 0 . 0 1 5 . An e q u i v a l e n t f ac to r of 0, 08 w a s u s e d for convo lu ted m e t a l 

be l l ows d e r i v e d f r o m e m p i r i c a l da ta . S t r a i g h t s e c t i o n s of be l lows wi l l be 

i n t e r n a l l y l ined . The p r e s s u r e d r o p is def ined in Tab le 4 . 5 -8 , and is 

c o m b i n e d wi th the h y d r o s t a t i c head to e s t a b l i s h the ne t l o s s p lo t t ed in 

F i g u r e 4 . 5 -16 . 

T a b l e 4 . 5-8 

F E E D SYSTEM P R E S S U R E D R O P (ps ia) 

r o p e l l a n t Module 

S c r e e n 

I s o l a t i o n v a l v e 

9 0 - d e g r e e bend (2 r e q u i r e d ) 

B e l l o w s (2 ft) 

Duc t (10 ft) 

0 . 0 7 

0 . 2 7 

0. 14 

0 .06 

0 . 0 5 

0. 59 

P r o p u l s i o n Module 

B e l l o w s (3 ft) 

Duc t (2 3 ft) 

9 0 - d e g r e e bend (2 r e q u i r e d ) 

C o n t r o l v a l v e 

T o t a l S tage F e e d S y s t e m 

0 . 0 9 

0. 13 

0. 14 

0 , 2 7 

0 . 6 3 

1. 22 p s i a 
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F igure 4 .5-16 FEED SYSTIM PRESSURE DROP AND ACCELERATION HEAD HISTORY 

4 . 5 . 1 1 NERVA Shie ld E v a l u a t i o n 

The ob jec t ive of sh i e ld ing a n a l y s i s du r ing P h a s e III w a s to c o n f i r m the sh i e ld 

w e i g h t r e q u i r e m e n t s of the c u r r e n t C l a s s 1 H y b r i d RNS des ign . The b a s i c 

sh i e ld o p t i m i z a t i o n s t u d i e s w e r e p e r f o r m e d in P h a s e II and r e s u l t e d in 

s e l e c t i o n of a con f igu ra t i on having a 1 0 - d e g r e e h a l f - a n g l e aft dome for the 

p r o p e l l a n t t ank wi th the r u n tank con ta ined wi th in th is cone . 

The f u n d a m e n t a l r a d i a t i o n c r i t e r i o n was a d o s e of 10 r e m p e r m i s s i o n to a 

m a n n e d c a p s u l e l o c a t e d 11 ft ahead of the RNS. The dose a t t e n u a t i o n fac to r 

of the c r e w c o m p a r t m e n t w a s t aken to be 3, y ie ld ing an a m b i e n t d e s i g n l e v e l 

of 30 r e m for the b a s e l i n e RNS d e s i g n . P a r a m e t r i c sh ie ld we igh t s wi l l be 

shown to m e e t a new^ c r i t e r i o n , i m p o s e d n e a r the c o n c l u s i o n of the s tudy, 

wh ich e l i m i n a t e s the a t t e n u a t i o n f ac to r of 3. 

D a t a on the eng ine and i t s r a d i a t i o n s o u r c e s w e r e b a s e d on the May 1969 

C o m m o n R a d i a t i o n A n a l y s i s Model ( R e f e r e n c e 4-49) s u b s e q u e n t mod i f i c a t i ons 

( R e f e r e n c e 4 - 5 0 ) . T o g e t h e r wi th input r e l a t i n g to the p r o p e l l a n t t ank des ign , 

t h e s e d a t a w e r e u s e d wi th the P A T C H poin t k e r n e l code . Se l ec t i on of th i s 
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m e t h o d was b a s e d on (1) the g e n e r a l u t i l i t y of th i s t echn ique for s u r v e y work , 

and (2) the g e n e r a l a c c o r d shown b e t w e e n such po in t k e r n e l c a l c u l a t i o n s and 

e x p e r i m e n t a l d a t a on s i m u l a t e d n u c l e a r e n g i n e / p r o p e l l a n t tank con f igu ra t i ons 

( R e f e r e n c e 4 - 5 1 ) . The P A T C H code e m b o d i e d t h e s e t e c h n i q u e s and offered 

two f e a t u r e s un ique ly a p p l i c a b l e to th i s s tudy: (1) d i r e c t e v a l u a t i o n of 

s i n g l e s c a t t e r and s e c o n d a r y p r o d u c t i o n e v e n t s in the p r o p e l l a n t tank, as 

w e l l a s the u s u a l l i n e - o f - s i g h t c o n t r i b u t o r s , and (2) t a l ly ing of d e t e c t o r 

r e s p o n s e by s o u r c e and by the spec i f i c sh i e ld zone t r a n s m i t t i n g the r a d i a t i o n . 

Mu l t i p l e s c a t t e r i n g in the t ank w a s a p p r o x i m a t e d by applying a bui ldup fac to r 

to the c a l c u l a t e d v a l u e of the s ingly s c a t t e r e d c o n t r i b u t i o n . 

The output of the P A T C H code w a s dose r a t e by s h i e l d zone a s a funct ion of 

p r o p e l l a n t l e v e l in the tank. T h e s e d a t a w e r e i n t e g r a t e d o v e r eng ine o p e r a ­

t ion, a f te r equa t ing p r o p e l l a n t l e v e l to d r a i n t i m e . The r e s u l t a n t d o s e by 

s h i e l d zone w a s then coupled wi th da t a on sh i e ld g e o m e t r y and sh i e ld m a t e r i a l 

a t t e n u a t i o n and fed into the ZONER code . Th i s code , a f o r m u l a t i o n of the 

L a g r a n g i a n m u l t i p l i e r me thod , w a s then u s e d to d i s t r i b u t e a g iven we igh t of 

s h i e l d m a t e r i a l so a s to y ie ld the m i n i m u m c r e w d o s e . 

F i g u r e 4 . 5-17 shows the v a r i a t i o n of the g a m m a d o s e r a t e wi th LH^ d r a i n a g e 

t i m e . (The n e u t r o n d o s e r a t e i s now shown as it i s a p p r e c i a b l e only when 

the p r o p e l l a n t i s n e a r l y e x h a u s t e d and i t is not a s ign i f i can t c o n t r i b u t o r to 

the o v e r a l l d o s e . ) The d a t a in th is f igure c o r r e s p o n d to the following 

c o n d i t i o n s ; 

A. P r o p e l l a n t flow r a t e of 90 .7 l b / s e c (327, 000 I b / h r ) . 

B . M a i n t e n a n c e of 7, 500 lb of LH in the r u n tank du r ing d r a i n i n g of 

the m a i n p r o p e l l a n t tank. 

C. 160- in . - d i a m e t e r r u n tank. 

D. 3, 300 - lb i n t e r n a l sh ie ld and no e x t e r n a l sh ie ld . 

F i g u r e 4 . 5-18 p r e s e n t s the m i n i m u m sh ie ld we igh t r e q u i r e m e n t s as a function 

of r a d i a t i o n l e v e l 11 ft f o r w a r d of the m a i n tank. T h e s e da t a r e f l e c t no 

s ign i f i can t s e c o n d a r y g a m m a r a d i a t i o n due to n e u t r o n c a p t u r e in the d i s k 

sh i e ld l o c a t e d b e t w e e n engine and run tank. 
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Al lowing for a 10 p e r c e n t u n c e r t a i n t y in the c a l c u l a t e d d o s e and us ing a 

c r e w c o m p a r t m e n t a t t e n u a t i o n fac to r of 3. 0, the d i s k sh i e ld we igh t n e e d e d 

to r e d u c e the c r e w d o s e to 10 r e m p e r m i s s i o n i s 2, 900 lb . Th i s r e s u l t i s 

b a s e d on (1) a 3, 500 lb LH r e s i d u a l ; (2) a t h r e e - z o n e d i s k sh i e ld wi th 

r a d i i of 2 5 . 5, 40 and 50 in. ; and (3) a 160- in . - d i a m e t e r r u n tank. 

T a b l e 4 . 5-9 c o m p a r e s the r e q u i r e d s h i e l d ' s w e i g h t for o the r v a l u e s of 

p r o p e l l a n t r e s i d u a l and r u n tank d i a m e t e r for the s a m e d o s e c r i t e r i o n and 

a t h r e e - z o n e sh i e ld . 

A p p l i c a t i o n of the 1 0 - r e m dose c r i t e r i o n wi thout the p a y l o a d a t t e n u a t i o n 

f a c t o r would w a r r a n t u s e of a f o u r - z o n e sh ie ld . R e f e r e n c e to F i g u r e 4 . 5-18 

shows tha t a t o t a l sh i e ld we igh t of about 9, 000 lb would be r e q u i r e d . With 

a 3, 300 - lb i n t e r n a l sh ie ld , th i s r e q u i r e s a 5, 7 0 0 - l b d i s k sh ie ld . Th i s 

r e p r e s e n t s an i n c r e a s e of 2, 800 lb c o m p a r e d wi th the b a s e l i n e d e s i g n . 

A s c h e m a t i c r e p r e s e n t a t i o n of r a d i a t i o n e x p o s u r e for RNS e q u i p m e n t in 

d i f f e r e n t z o n e s on the s t a g e is shown in F i g u r e 4 . 5 -19 . To ta l a c c u m u l a t e d 

d o s e s for 10 m i s s i o n s a r e g iven . The t h r e e z o n e s of i n t e r e s t a r e : (1) the 

C C M / p a y l o a d r e g i o n , (2) f o r w a r d on the p r o p u l s i o n m o d u l e and aft on the 

p r o p e l l a n t m o d u l e , and (3) aft on the p r o p u l s i o n m o d u l e . The e x p o s u r e s 

g iven a r e the m a x i m u m a c c r u i n g in the spec i f i ed zones , and a l l e q u i p m e n t 

i s to be e v a l u a t e d for t h e s e l e v e l s wi thout r e g a r d to the de t a i l ed l ayout in 

the zone . W h e r e t h i s i m p o s e s a s e r i o u s c o n s t r a i n t on e q u i p m e n t s e l ec t i on , 

s u b s e q u e n t s p e c i f i c a t i o n s can be e s t a b l i s h e d and used . 

T a b l e 4. 5-9 

CLASS 1 HYBRID SHIELD WEIGHTS 

R u n Tank LH2 D i s k Shie ld 
D i a m e t e r (in. ) R e s i d u a l (lb) Weight (lb) 

112 0 2,900 
3, 500 2, 400 
7,500 2,200 

160 3,500 2,900 
7,500 2,400 
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Figure ^+.5-19 RADIATION EXPOSURE TO RNS EQUimENT (10 MISSIONS) 

4. 5. 12 Radiation Effects 

A l i t e ra tu re sea rch was performed to a s s e s s the effects of nuclear radiation 

on organic sea l s . The selection of a seal ma te r i a l is a major concern for 

both valve gate seal and shaft seal applications as well as static flange 

connections. Cur ren t cryogenic technology is to utilize Teflon and Ke l -F 

type organic sea l s . A soft seal ma te r i a l of this type affords good sealing 

cha rac t e r i s t i c s and extended cycle life. 

The gamma dose ra te and fast neutron flux a re defined in Section 4. 5. 11. 

The c r i t i ca l location is the propulsion module aft zone, with a dose c r i t e r ion 
o 

for 10 round t r ips of 10 rads , which includes a factor of 10 safety margin . 

This is reduced to 5 x 10 rads at the top of the propulsion module. 

A compilation of radiat ion effects data on var ious seal ma te r i a l s is shown in 

Table 4. 5-10. Additional data ( reference 4-45) on TFE-tef lon indicates that 
Q 

its tensi le s t rength remains good in a vacuum even at a dose of 8 x 10 rads , 

but it c rumbles if i r rad ia ted to this does in a i r , and shows some crazing and 

spall at 4. 4 X 10 rads and powdered at 4 x 10 rads in a i r . Other tes ts in air 
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Table 4. 5-10 

RADIATION E F F E C T S ON ORGANIC SEAL MATERIALS 

P r o p e r t y Change (%) 
Mater ia l Dose (rads) Environment Tensile Strength Elongation Reference 

-20 -40 I 4-52 

-50 -95 I 

-45 -75 I 4-43 

-45 -88 I 

-18 -18 4-43 

-15 -60 1 4-52 

-45 -90 J 

0 0 1 4-43 

TFE Teflon 

F E P Teflon 

K e l - F 

Nylon 

Kynar 

Mylar C 

Tedlar 

Kapton 

10^ 

10^ 

9 X 

10^ 

4 X 

8 X 

1.2 

5 X 

1.5 

3 X 

1. 3 

10« 

1.3 

5 X 

10^ 

10« 

10^ 

10^ 

10^ 

X 1 0 ^ 

10^ 

X 1 0 ^ 

1 0 « 

X 1 0 ^ 

X 1 0 ^ 

10 « 

A i r / A m b i e n t 

V a c u u m / A m b i e n t 

V a c u u m / A m b i e n t 

A i r / A m b i e n t 

V a c u u m / A m b i e n t 

A i r / A m b i e n t 

V a c u u m / A m b i e n t 

C r y o g e n i c 

V a c u u m / A m b i e n t 

V a c u u m / A m b i e n t 

V a c u u m / A m b i e n t 

A i r o r V a c u u m / A m b i e n t 

^ 1. 5 X 10" -100 

+5 -75 4 -52 

-34 -20 4 - 4 3 

0 0 4 -27 

-25 -10 4 - 4 3 

25 25 4 - 4 2 

- 5 -7 4 - 4 3 

- 3 -20 4 - 4 3 



( R e f e r e n c e 4 -27) show tha t T F E Teflon c r u m b l e s a n d / o r p o w d e r s and b e c o m e s 
7 3 

v e r y b r i t t l e a t 10 r a d s and i t s f lex ib i l i ty d e c r e a s e d s o m e w h a t a t 10 r a d s . 

In a v a c u u m F E P Tef lon w i t h s t a n d s about 10 t i m e s the d o s e tha t T F E does 

for an e q u a l a m o u n t of d a m a g e and 16 t i m e s a s m u c h when i r r a d i a t e d in 

a i r ( R e f e r e n c e 4 - 4 3 ) . 

It i s conc luded tha t Tef lon i s u n s u i t a b l e for u s e in the aft r e g i o n of the 

p r o p u l s i o n m o d u l e and q u e s t i o n a b l e e lsew^here. K e l - F is a l s o u n s a t i s f a c t o r y 

in the aft r e g i o n of the p r o p u l s i o n m o d u l e , but it could p r o b a b l y be u s e d in the 

r e s t of the v e h i c l e . Nylon, Kyna r , Kapton, and T e d l a r m a y be adequa t e in 

a l l r e g i o n s of the RNS. M y l a r m a y be a p p l i c a b l e above the r u n tank. 

Add i t i ona l t e s t d a t a a r e n e c e s s a r y . 

The u s e of m e t a l l i c s e a l s in s m a l l va lv ing s u c h as d i r e c t - a c t i n g so l eno id s 

c a n be c o n s i d e r e d c u r r e n t t echnology , but a p p l i c a t i o n to ga te s e a l s for 

8- and 12- in , d i a m e t e r v a l v e s would r e p r e s e n t an a d v a n c e m e n t in t echno logy . 

M e t a l l i c s e a l s u s e d in such a p p l i c a t i o n s would inf luence the b a s i c v a l v e 

con f igu ra t i on . A c o n v e n t i o n a l bu t t e r f ly type va lve u t i l i z ing a Teflon o r 

K e l - F m a i n ga te s e a l would not lend i t s e l f to a m e t a l l i c s ea l b e c a u s e the 

wip ing type m o t i o n r e q u i r e d would not p e r m i t low l eakage and long cyc le 

l i fe . I n s t e a d u t i l i z a t i o n of m e t a l l i c s e a l s for l a r g e va lv ing f a v o r s a poppe t 

type c o n f i g u r a t i o n which would p e r m i t l i n e a r m o t i o n for s e a l i n g . V a r i o u s 

b a l l o r v i s o r type v a l v e s could a l s o be adap ted to a l i n e a r s e a l i n g m o t i o n by 

c a m m i n g d e v i c e s t ha t would f i r s t w i t h d r a w the va lve s e a l f r o m i t s s e a t and 

then a n o r m a l r o t a r y opening to a c los ing m o t i o n be u s e d . 

T h e s e c o n s i d e r a t i o n s have led to the d e s i g n ph i lo sophy tha t a l l RNS p r o p u l s i o n 

s y s t e m va lv ing wi l l u t i l i z e m e t a l l i c s e a l s w h e r e s i z e c o n s t r a i n t s do not i ncu r 

a l a r g e p e n a l t y . F o r l a r g e v a l v e s i z e s l o c a t e d in the aft r e g i o n of the 

p r o p u l s i o n m o d u l e the b a s e l i n e d e s i g n wi l l be a va lve concep t tha t can u s e 

soft s e a l s but i s equa l ly c o m p a t i b l e wi th a m e t a l l i c s e a l . In o the r r e g i o n s , 

the s a m e b a s i c d e s i g n con f igu ra t i on wi l l be u t i l i zed wi th c u r r e n t c r y o g e n i c 

or soft s e a l c o n f i g u r a t i o n s . Th i s ph i losophy p e r m i t s an e v o l u t i o n a r y t echno logy 

d e v e l o p m e n t in the a r e a s of m e t a l l i c s ea l i ng for both low l e a k a g e and ex tended 

cyc le life wi thout tying the va lve b a s i c d e s i g n to th i s type of an a d v a n c e m e n t . 
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4, 6 AUXILIARY P R O P U L S I O N 

4. 6. 1 P h a s e II Concep t 

T h i s s e c t i o n e s t a b l i s h e s the t h e P h a s e II APS concep t and t h e r a t i o n a l e for 

the add i t i ona l a n a l y s e s p e r f o r m e d d u r i n g P h a s e III. Dur ing P h a s e II 

p r e l i m i n a r y i m p u l s e l e v e l s w e r e e s t a b l i s h e d and the A P S l o c a t i o n s and 

s u b s y s t e m f e a t u r e s w e r e s e l e c t e d . The def in i t ion of m u l t i p l e m o d u l e 

RNS c o n c e p t s r e s u l t e d in two A P S s u b s y s t e m s : (1) a cold GH^ s y s t e m 

l o c a t e d on t h e p r o p u l s i o n m o d u l e and r e c h a r g e d by NERVA tap-off gas 

to p r o v i d e m o d u l e s t a b i l i z a t i o n for o r b i t a l a s s e m b l y , and (2) a low-

p r e s s u r e c r y o g e n i c A P S wi th r a d i a t i o n - c o o l e d n o z z l e d conf igured with 

two pods l o c a t e d on t h e f o r w a r d s k i r t . F o r the C l a s s 1 RNS c o n f i g u r a t i o n s , 

m a i n t ank L H , w a s u t i l i zed and L O , w a s l oca t ed in a r e p l a c e m e n t m o d u l e 

for o r b i t a l r e p l e n i s h m e n t . 

T h e c o l d - g a s A P S concep t on the p r o p u l s i o n m o d u l e was r e t a i n e d for 

P h a s e III. H o w e v e r , the A P S s y s t e m loca t ed in the f o r w a r d s k i r t was 

sub j ec t ed to a c o m p l e t e r e - e v a l u a t i o n b a s e d on the fol lowing c o n s i d e r a t i o n s : 

(1) e x t e n s i v e def in i t ion of RNS o r b i t a l and m i s s i o n o p e r a t i o n s du r ing P h a s e 

III ( s e e Sec t ion 3); (2) a focus on i m p r o v e d c r y o g e n i c A P S c o n c e p t s wi th in 

t h e c o n c u r r e n t s p a c e shu t t l e p r o g r a m ; and (3) r e c o n f i g u r a t i o n of the C l a s s 

1-H RNS d u r i n g P h a s e HI wi th a CCM for o r b i t a l m a i n t e n a n c e and 

r e p l e n i s h m e n t . 

4 . 6. 2 D e s i g n C r i t e r i a 

The a u x i l i a r y p r o p u l s i o n s y s t e m (APS) l oca t ed in the CCM wil l p r o v i d e 

t h r u s t for: (1) a t t i t ude c o n t r o l d u r i n g c o a s t p h a s e s , (2) a t t i t ude m a n e u v e r s , 

(3) a t t i t ude c o n t r o l du r ing cooldown t h r u s t i n g , (4) s e p a r a t i o n m a n e u v e r s , 

(5) r o l l c o n t r o l d u r i n g m a i n engine b u r n s , (6) r e n d e z v o u s m a n e u v e r s , and 

(7) p r o p e l l a n t s e t t l i ng . 

L o n g - t e r m s t o r a g e of the RNS wil l be in the l oca l v e r t i c a l to m i n i m i z e 

a t t i t ude c o n t r o l i m p u l s e r e q u i r e m e n t s . A l t i t ude l o s s e s r e s u l t i n g f r o m 

a e r o d y n a m i c d r a g in e a r t h o r b i t wi l l be m a d e up by the o r b i t a l s u p p o r t 

s y s t e m to m i n i m i z e RNS r e q u i r e m e n t s . The d e s i g n wi l l m a k e m a x i m u m 
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p r a c t i c a l u s e of e x t e r n a l s u p p o r t for o r b i t a l o p e r a t i o n s , inc lud ing a s s e m b l y 

and pay load hand l ing . A po l i cy of m i n i m i z i n g A P S u s e b e f o r e in i t i a l 

m i s s i o n in jec t ion is i m p l e m e n t e d . The d e s i g n of A P S h a s been b a s e d on 

n o r m a l m i s s i o n and o r b i t a l o p e r a t i o n s , wi thout r e g a r d to m a i n p r o p u l s i o n 

s y s t e m f a i l u r e c o n s i d e r a t i o n s . If con t ingency m a n e u v e r s a s s o c i a t e d wi th 

m a i n p r o p u l s i o n s y s t e m f a i l u r e s w e r e def ined, t hey could i m p a c t the APS 

d e s i g n . 

E a c h of the func t ions tha t t he A P S wi l l p e r f o r m a r e s u m m a r i z e d a s fo l lows , 

b a s e d on t h e o p e r a t i o n s def ined in Sec t ion 3: 

A. C o a s t A t t i t ude C o n t r o l ( L i m i t Cycl ing) - The APS h a s been s i zed 

to p r o v i d e s t a b l i z a t i o n c a p a b i l i t y for a l l o p e r a t i o n s p e r f o r m e d 

d u r i n g o r b i t c o a s t , and for t r a n s l u n a r and t r a n s e a r t h c o a s t 

p h a s e s , a s def ined in Sec t ion 3. 9. 2. A c o a s t deadband of ± 1 . 0 
- 4 

d e g r e e s i s app l i ed . T h e c o a s t a t t i t ude r a t e i s b e t w e e n 0. 9 x 10 
- 4 and 7. 0 x 10 d e g r e e s / s e c . A m i n i m u m bit p u l s e of 3 l b - s e c is 

u t i l i z ed . 

B. A t t i t ude M a n e u v e r s - The A P S to t a l i m p u l s e r e q u i r e m e n t depends 

on t h e n u m b e r of o r b i t a l a t t i t ude nnaneuve r s and m a n e u v e r r a t e s . 

T h e s e a r e d i s c u s s e d in Sec t ion 3. 9. 3. An a t t i t ude r a t e of 

0. 1 d e g r e e / s e c i s u t i l i z ed . M a n e u v e r s o c c u r p r i o r to and fol lowing: 

(1) e a c h RNS b u r n , (2) e x c l u s i o n d i s t a n c e s e p a r a t i o n n n a n e u v e r s , 

(3) e a c h m i d c o u r s e t r a j e c t o r y c o r r e c t i o n , and (4) m a c r o - r e n d e z v o u s 

o r b i t p h a s i n g c o r r e c t i o n s . The m a n e u v e r s tha t a r e used to 

e s t a b l i s h the A P S i m p u l s e r e q u i r e m e n t s a r e shown in T a b l e 3. 9 - 3 . 

C. At t i tude C o n t r o l for Af t e r coo l i ng - Veh ic l e a t t i t ude d i s t u r b a n c e s 

d u r i n g a f t e r c o o l i n g can r e s u l t f r o m t h e m i s a l i g n m e n t of t h e t h r u s t 

v e c t o r and the c e n t e r of m a s s . Sec t ion 3. 13. 5 d i s c u s s e s t h e s e 

d i s t u r b a n c e s and t h e i r effect on the A P S i m p u l s e r e q u i r e m e n t s . 

In s iz ing t h e i m p u l s e r e q u i r e m e n t s to c o u n t e r a c t t h e s e d i s t u r ­

b a n c e s an a l i g n m e n t of the t h r u s t v e c t o r wi th in 0. 1 d e g r e e was 

a s s u m e d . T h i s a l i g n m e n t would be a c t i v a t e d by p e r i o d i c a l l y 

r e t r i m m i n g the NERVA by the u s e of an a c t i v e c o n t r o l s y s t e m . 

D. S e p a r a t i o n M a n e u v e r - The APS wil l be u sed to p r o v i d e AV = 2. 5 

fps to e n s u r e a safe s e p a r a t i o n be tween the RNS and the space 
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f ac i l i t y p r i o r to NERVA o p e r a t i o n for e a c h t r a n s f e r b u r n . Sec t ion 

3. 9. 4 d i s c u s s e d t h e s e m a n e u v e r s and e s t a b l i s h e d the AV r e q u i r e n n e n t s , 

E . R o l l C o n t r o l - The A P S wi l l nul l out r o l l d i s t u r b a n c e s d u r i n g each 

b u r n . Sec t ion 3. 1 2 . 4 de f ines the i m p u l s e r e q u i r e m e n t s . 

F . R e n d e z v o u s AV - T h e r e n d e z v o u s AV r e q u i r e m e n t s h a v e been 

def ined in Sec t ion 3. 14. 2. A c a p a b i l i t y of p r o v i d i n g 10 fps for 

e a c h r e n d e z v o u s m a n e u v e r h a s b e e n a s s i g n e d t o t h e A P S . 

G. P r o p e l l a n t Se t t l ing A c c e l e r a t i o n - The i m p u l s e and t h r u s t l eve l 

r e q u i r e m e n t s for p r o p e l l a n t s e t t l i ng have b e e n d i s c u s s e d in 

Sec t ion 3. 11 . 2. An i m p u l s e of 40, 000 l b - s e c and an a x i a l t h r u s t 

l e v e l of 3. 2 lb have been e s t a b l i s h e d a s the r e q u i r e m e n t for t h i s 

funct ion . 

T h e i m p u l s e budge t d e r i v e d f r o m t h e s e r e q u i r e m e n t s i s shown in T a b l e 4. 6 - 1 . 

The d e s i g n m o m e n t s of i n e r t i a and m o m e n t a r m s a r e p r e s e n t e d in Sec t ion 3 . 2 . 3 

of Book 2 . The a s s o c i a t e d t h r u s t l e v e l r e q u i r e m e n t s ( d e r i v e d for a t t i tude 

m a n e u v e r s in Sec t ion 3. 9. 2) a r e 100 lb for p i tch , r o l l and yaw, 200 lb ax ia l ly 

for l ong i tud ina l m a n e u v e r s , and 3. 2 lb for p r o p e l l a n t s e t t l i ng . The 100-lb 

t h r u s t l e v e l r e q u i r e m e n t , c o m b i n e d wi th a m i n i m u m va lve o p e r a t i n g t i m e 

of 30 m s e c , y i e l d s a 3 l b - s e c n i i n i m u m i m p u l s e b i t . 

Tab le 4 . 6 - 1 

A P S I M P U L S E BUDGET 

I m p u l s e 
M a n e u v e r ( l b / s e c ) 

C o a s t a t t i t ude c o n t r o l 1,800 

At t i tude m a n e u v e r s 145, 000 

At t i tude c o n t r o l for a f t e r coo l ing 38, 800 

S e p a r a t i o n 4 9 , 4 0 0 

Rol l c o n t r o l 11 , 300 

R e n d e z v o u s 108 ,000 

P r o p e l l a n t s e t t l i n g 40, 000 

Subto ta l 3 9 4 , 0 0 0 

Cont ingency (15%) ' 5 8 , 7 0 0 

To ta l 4 5 3 , 0 0 0 
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T h e A P S could be m o u n t e d e i t h e r f o r w a r d o r aft of the c e n t e r of m a s s . In 

the P h a s e II s tudy it w a s d e t e r m i n e d tha t whi le the aft l oca t ion r e d u c e d 

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

h i g h e r , m a k i n g c o m p o n e n t d e s i g n and d e v e l o p m e n t diff icul t . B a s e d on 

t h e s e f indings and on the n e e d for r e c y c l i n g the A P S to the g round a f te r e a c h 

nn iss ion for r e p l e n i s h m e n t and r e f u r b i s h m e n t , the CCM was s e l e c t e d as the 

A P S l o c a t i o n . 

T h e A P S wi l l be d e s i g n e d to p r o v i d e a u t o n o m o u s a u x i l i a r y p r o p u l s i o n c a p a ­

b i l i t y for a l l n o r m a l m i s s i o n o p e r a t i o n s . The s y s t e m wi l l be d e s i g n e d to 

fa i l o p e r a t i o n a l for a l l c r e d i b l e f a i l u r e s . H o w e v e r , s ing le f a i l u r e s of the 

s t r u c t u r a l c o m p o n e n t s wi l l be judged i n c r e d i b l e . S u b s y s t e m s wil l b e 

d e s i g n e d for t h e full RNS l i f e t i m e of 10 round t r i p s o v e r 3 y e a r s . R e f u r ­

b i s h m e n t wil l be p r o v i d e d b e t w e e n e a c h m i s s i o n to a l low u s e of componen t 

l i f e t i m e s which o p t i m i z e c o s t and p e r f o r m a n c e . 

4. 6. 3 A P S E n g i n e Conf igu ra t ion 

T h e r a t i o n a l e for t h e A P S engine conf igu ra t ion s e l e c t i o n i s p a r t i a l l y 

exp la ined by T a b l e 4. 6-2, which i n d i c a t e s the pod l o c a t i o n s , t he eng ines 

u t i l i z ed , t h e d e s i g n t h r u s t l eve l , and the i m p a c t of engine f a i l u r e for the 

v a r i o u s m a n e u v e r s r e q u i r e d . T h e f i r s t c o n s i d e r a t i o n is t h e n u m b e r of APS 

p o d s . C a n d i d a t e s wi th two and four pods w e r e eva lua t ed . The C l a s s 1-H 

RNS t h e c o m m a n d and c o n t r o l m o d u l e enve lope c o n s t r a i n t s r e q u i r e d 

l o c a t i n g the APS m o t o r s on o u t r i g g e r s to avoid p l u m e i m p i n g e m e n t . T h u s , 

two pods a r e p r o v i d e d for t ha t c a s e . The space shu t t l e l aunch conf igura t ion 

for t h i s CCM is d e s c r i b e d in Sec t ion 3. 3. In addi t ion , u t i l i z ing only two 

pods s i m p l i f i e s the h a r d w a r e i n s t a l l a t i o n r e q u i r e m e n t s , t h e r e b y t end ing 

to m i n i m i z e s y s t e m weigh t . 

T a b l e 4. 6-2 i n d i c a t e s which A P S eng ines a r e o p e r a t i o n a l for the d e s i g n 

t h r u s t l eve l in t h e v a r i o u s RNS m a n e u v e r s . E c o n o m i c a l s y s t e m d e v e l o p m e n t 

f a v o r s u t i l i z a t i on of a s ing le m o t o r s i z e and c o n s e q u e n t l y r e s u l t s in m u l t i p l e 

m o t o r s for s o m e o p e r a t i o n s . A m a j o r c o n s i d e r a t i o n is t h e RNS d e s i g n 

r e q u i r e m e n t to fai l o p e r a t i o n a l . The i m p a c t of engine f a i l u r e is r e v i e w e d 

in T a b l e 4. 6-2 , showing how t h i s r e l i a b i l i t y ph i losophy is i m p l e m e n t e d . The 
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T a b l e 4. 6-2 

A P S ENGINE CONFIGURATION 

M a n e u v e r 

T o t a l 
D e s i g n 
T h r u s t 

(lb) 

P O D S / E n g i n e 
Conf igu ra t ion 

(View) 
I m p a c t of 

Eng ine F a i l u r e 

P i t c h 100 (End) 

(Side) < 

P e r f o r m m a n e u ­
v e r at 1/2 r a t e 

Yaw 100 (End) 

(Side) 

Redundan t -
n o r m a l l y o p e r a t e 
1 engine in each 
pod 

Rol l 100 (End) r r 

(Side) S 

Redundan t -
n o r m a l l y o p e r a t e 
1 engine in each 
pod 

Aft 
T h r u s t 

200 
^ 

(End) 
Looking ^^ 
F o r w a r d ^ 

(Side) , :: 

1m 

^ 

P e r f o r m a t 
(a) 7 5% t h r u s t 
(b) o r 50% one 

engine in 
each pod 

F o r w a r d 
T h r u s t 

200 (End) 
Looking 
Aft 

(Side) ^5 

P e r f o r m at 
(a) 75% t h r u s t 
(b) o r 50% one 

engine in 
each pod 

Se t t l ing 3. 2 (End) 

(Side) 

% 
J^ 

- ^ 

(a) P e r f o r m at 
1/2 t h r u s t 

(b) Ut i l i ze 
100 lb t h r u s t 

R e s u l t a n t 
D e s i g n 
Conf igura ­
t ion 

(End) 

(Side) 
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a p p r o a c h for m o s t m a n e u v e r s is to a c c e p t a l o w e r m a n e u v e r r a t e in c a s e of 

a s i ng l e engine f a i l u r e . F u l l r e d u n d a n c y is a v a i l a b l e only for the yaw and r o l l 

m a n e u v e r s . T h i s a p p r o a c h i s c o n s i d e r e d a d e q u a t e for t h e p r e s e n t RNS d e s i g n 

r e q u i r e m e n t s , s i n c e the m a n e u v e r r a t e s a r e not c r i t i c a l . If t he RNS w e r e 

r e q u i r e d to h a r d dock with a m a n n e d fac i l i ty , t he m a n e u v e r r a t e s could be 

c r i t i c a l , r e q u i r i n g a r e v i s i o n of t h i s ph i lo sophy . 

T h e s e l e c t e d con f igu ra t i on shown a t t he end of the t a b l e con ta in s a t o t a l of 

twen ty 5 0 - l b t h r u s t m o t o r s d iv ided a m o n g t h e two p o d s . In addi t ion two 

1. 6- lb t h r u s t p r o p e l l a n t s e t t l i ng m o t o r s a r e p r o v i d e d , one in each pod. 

B e c a u s e the m o t o r conf igu ra t ion i s confined to two p o d s , it would be 

n e c e s s a r y to p r o v i d e d e f l e c t o r s be tween ad j acen t m o t o r s to p r o t e c t 

a g a i n s t b u r n t h r o u g h . 

4. 6. 4 A P S P r o p e l l a n t s , S t o r a g e , and Condi t ion ing 

An a n a l y s i s of A P S p r o p e l l a n t s and the a p p r o a c h for t h e i r s t o r a g e and 

condi t ion ing w a s p e r f o r m e d to s e l e c t t he type of s y s t e m m o s t su i t ab l e to 

t h e RNS. Both e a r t h s t o r a b l e and c r y o g e n i c A P S s y s t e m s w e r e c o n s i d e r e d . 

T h e d e s i g n b a s i s u sed for the c o m p a r i s o n is r e v i e w e d a s fo l lows . 

4. 6, 4. 1 E a r t h - S t o r a b l e A P S 

Two t y p e s of s y s t e m s us ing e a r t h - s t o r a b l e p r o p e l l a n t s w e r e c o n s i d e r e d : 

(1) m o n o p r o p e l l a n t h y d r a z i n e , and (2) the b i p r o p e l l a n t c o m b i n a t i o n of 

n i t r o g e n t e t r o x i d e ( N , 0 ) and m o n o m e t h y l h y d r a z i n e (MMH). T h e s e a r e 

r e p r e s e n t a t i v e of c u r r e n t t e c h n o l o g y . While e a r t h - s t o r a b l e s y s t e m s do not 

p r o v i d e t h e h igh spec i f i c i m p u l s e s a t t a i n a b l e with c r y o g e n i c s y s t e m s , t h e i r 

h i g h e r bulk d e n s i t y i s a t t r a c t i v e for the low t o t a l i m p u l s e of the RNS. 

S u r f a c e t e n s i o n o r be l lows type p o s i t i v e p r o p e l l a n t expu l s ion d e v i c e s a r e 

m o s t f a v o r a b l e for r e u s a b i l i t y . O t h e r d e v i c e s w e r e a s s u m e d as a b a s e l i n e . 

E x p u l s i o n p r e s s u r i z a t i o n i s a c c o m p l i s h e d with a m b i e n t s t o r e d h e l i u m , which 

i s s i m p l e and l ends i t se l f to r e u s a b i l i t y . Al though o t h e r t y p e s of s t o r a b l e 

p r o p e l l a n t p r e s s u r i z a t i o n s y s t e m s (such a s gas g e n e r a t o r s ) a r e u sua l l y l i g h t e r 

t han t h e s e l e c t e d a p p r o a c h , t hey a r e a l s o m o r e c o m p l e x . 
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4 . 6 . 4 . 2 C r y o g e n i c A P S 

C r y o g e n i c a u x i l i a r y p r o p u l s i o n s y s t e m s ( L O ^ / L H ^ ) have r e c e i v e d c o n s i d e r a b l e 

a t t e n t i o n for the s p a c e s h u t t l e , which r e q u i r e s both high t h r u s t and high 

t o t a l i m p u l s e . Since the p r o p e l l a n t s a r e not h y p e r g o l i c , e i t h e r a c a t a l y s t 

o r ign i t ion s y s t e m is r e q u i r e d . L i q u i d / l i q u i d in jec t ion of O^ and H_ 

r e s u l t s in u n p r e d i c t a b l e and ineff ic ient c o m b u s t i o n , so g a s / g a s in jec t ion o r 

at l e a s t G H ^ / L O , in jec t ion i s r e q u i r e d to a c h i e v e s a t i s f a c t o r y p e r f o r m a n c e . 

G a s / g a s in j ec t ion i s c o n s i d e r e d m o s t f a v o r a b l e . S ince g a s e o u s s t o r a g e of 

p r o p e l l a n t s i s inef f ic ient , a p r o p e l l a n t condi t ion ing s y s t e m c o n s i s t i n g of 

gas g e n e r a t o r s , h e a t e x c h a n g e r s , and a c c u m u l a t o r s i s r e q u i r e d , which 

d e g r a d e s the o v e r a l l s y s t e m p e r f o r m a n c e . F o r a low to t a l i m p u l s e a t t i t ude 

c o n t r o l s y s t e m , the r e s u l t i n g h a r d w a r e weight can offset t h e high spec i f i c 

i m p u l s e . 

S impl i f i ed s c h e m a t i c s for t h r e e c a n d i d a t e c r y o g e n i c A P S s y s t e m s a r e shown 

in F i g u r e 4. 6 - 1 . The f i r s t concep t i s a low c h a m b e r p r e s s u r e s y s t e m . Both 

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

T h e g a s e o u s p r o p e l l a n t s in the a c c u m u l a t o r s a r e then r o u t e d to the v a r i o u s 

LOW-PRESSURE SVSTEU PUKV-AUGMENTEO SYSTEM COMPRESSOR-AUGMENTED SVSTEH 

Figure U.6-1 CANDIDATE CRYOGENIC APS SYSTMS 
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t h r u s t e r s a s we l l a s t h e gas g e n e r a t o r s which p r o v i d e the h e a t s o u r c e for 

p r o p e l l a n t s v a p o r i z a t i o n . Al though t h i s s y s t e m is the s i m p l e s t c r y o g e n i c 

A P S concep t , it su f fe r s f r o m low spec i f i c i m p u l s e due to t h e l i m i t e d t h r u s t e r 

e x p a n s i o n r a t i o a t low c h a m b e r p r e s s u r e s . 

H i g h e r t h r u s t e r c h a m b e r p r e s s u r e o p e r a t i o n m a y be r e a l i z e d by us ing e i t h e r 

a p u m p o r c o m p r e s s o r to r a i s e the p r e s s u r e in the r e s p e c t i v e a c c u m u l a t o r s . 

C o n c e p t s for t h e s e s y s t e m s a r e a l s o shown in F i g u r e 4 . 6- 1. In the p u m p -

a u g m e n t e d s y s t e m , the l iquid i s v a p o r i z e d a f t e r it l e a v e s t h e p u m p and 

b e f o r e e n t e r i n g t h e a c c u m u l a t o r . In t h e c o m p r e s s o r - a u g m e n t e d s y s t e m t h e 

l iqu id i s v a p o r i z e d p r i o r to e n t e r i n g t h e c o m p r e s s o r w h e r e i t s p r e s s u r e i s 

r a i s e d en r o u t e to t h e a c c u m u l a t o r . Both the t u r b o - c o m p r e s s o r and t u r b o -

p u m p s y s t e m s u s e t h e gas g e n e r a t o r efflux to d r i v e the t u r b i n e s . 

4 . 6. 4. 3 S y s t e m C o m p a r i s o n 

P r e l i m i n a r y d e s i g n s y s t e m weigh t c u r v e s w e r e g e n e r a t e d o v e r a r a n g e of t o t a l -

i m p u l s e r e q u i r e m e n t s for the c o n c e p t s d e s c r i b e d a b o v e . Tab le 4 . 6 - 3 s u m m a r i z e s 

the v a l u e s of the m a j o r p a r a m e t e r s which w e r e u s e d . T h r u s t c h a m b e r a s s e m ­

bly we igh t s w e r e b a s e d on r a d i a t i o n - c o o l e d t h r u s t c h a m b e r a s s e m b l i e s . 

T h e weigh t of the five c a n d i d a t e A P S s y s t e m s i s c o m p a r e d to F i g u r e 4. 6-2 . 

T h e s y s t e m we igh t s inc lude a l l i n e r t h a r d w a r e , p r e s s u r a n t s , and p r o p e l l a n t s , 

u s ing the c i t ed d e s i g n a s s u m p t i o n s for a t o t a l i m p u l s e of 455, 000 l b - s e c . 

T h e c o m p r e s s o r a u g m e n t e d c r y o g e n i c A P S c o n c e p t s offer the l i g h t e s t s y s t e m 

for t h i s t o t a l i m p u l s e l e v e l by a s m a l l ( ~100 lb) m a r g i n o v e r the p u m p -

a u g m e n t e d c r y o g e n i c A P S . H o w e v e r , t h i s s l igh t weight advan t age i s p r o b a b l y 

not suff ic ient to w a r r a n t t h e r e c o m m e n d a t i o n of the c o m p r e s s o r s y s t e m . 

0 , / H , t u r b o p u m p t echno logy is we l l deve loped , so excep t for l ong- l i f e and 

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

t u r b o p u m p s y s t e m should be m i n i m a l . H o w e v e r , t u r b o c o m p r e s s o r s have 

not b e e n d e v e l o p e d for cold gas a p p l i c a t i o n s of 0-, and H , , so the u n c e r t a i n ­

t i e s in t h e d e v e l o p m e n t r e q u i r e m e n t s p r e c l u d e the r e c o m m e n d a t i o n of tha t 

s y s t e m . T h u s , t h e t u r b o p u m p - a u g m e n t e d c r y o g e n i c A P S i s s e l e c t e d . Howeve r , 

the b i p r o p e l l a n t s t o r a b l e s y s t e m , r e q u i r i n g m i n i m u m d e v e l o p m e n t m a y be 

v iewed as a b a c k u p to the r e c o m m e n d e d p u m p - a u g m e n t e d 0 - / H s y s t e m , a t 

the c o s t of about a 2 0 0 - l b weight p e n a l t y . 
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Table 4. 6-3 

SUMMARY OF AUXILIARY PROPULSION 

SYSTEM PROPULSION CHARACTERISTICS 

C a t e g o r y 

P r o p e l l a n t s 

F e e d Concep t 

T h r u s t (lb) 

C h a m b e r P r e s s u r e 
(ps ia ) 

E x p a n s i o n Ra t io 

M i x t u r e Ra t io 

S t eady S t a t e 
V a c u u m I ( sec) sp 

C r y o g e n i c S y s t e m 

0 , / H , 

P r e s s u r e 

50 

10 

40 

3 . 0 

330 

0 2 / « 2 
P u m p 

50 

100 

60 

4 . 0 

3 6 5 

0 2 / ^ 2 
C o m p r e s s o r 

50 

100 

60 

4. 0 

3 9 4 

S t o r a b l e 

^ 2 ^ 4 
P r e s s u r e 

50 

100 

60 

-

230 

S y s t e m s 

N^O^/MMH 

P r e s s u r e 

50 

100 

60 

2. 3 

2 9 8 

Ol 1 1 1 1 I 
0 100 200 300 1+00 500 

Total Impulse (100 Lb/Sec) 

Figure 1+.6-2 AUXILIARY PROPULSION SYSTEM COMPARISON 
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4 . 7 ASTRIONICS 

4 . 7. 1 P h a s e II Concep t 

Th i s s e c t i o n e s t a b l i s h e s the P h a s e II a s t r i o n i c s concep t and the r a t i o n a l e for 

the a d d i t i o n a l a n a l y s e s p e r f o r m e d d u r i n g P h a s e III. Dur ing P h a s e s I and II 

s e v e r a l a s t r i o n i c s c o n c e p t s e l e c t i o n s w e r e m a d e on the b a s i s of weight , cos t , 

and r e l i a b i l i t y (see Sec t ion 2 of R e f e r e n c e 4-2 for spec i f i c t radeoff d a t a ) . 

S a t u r n - d e r i v a t i v e and a d v a n c e d s y s t e m conf igu ra t i ons w e r e def ined, i nc lud ­

ing e v o l u t i o n a r y r e q u i r e m e n t s , for the r e f e r e n c e m i s s i o n / p r o g r a m m o d e l . 

R e d u c e d d e v e l o p m e n t r e q u i r e m e n t s led to s e l e c t i o n of the a d v a n c e d s t age 

c o n c e p t . 

P h a s e II c o n c e n t r a t e d on a r e u s a b l e mode of o p e r a t i o n r e q u i r i n g a d v a n c e d 

a s t r i o n i c s s y s t e m s . Mul t ip le m o d u l e RNS conf igu ra t ions w e r e def ined, a s 

d e s c r i b e d in Sec t ion 4 . 1, and the a s t r i o n i c s funct ions w e r e a l l o c a t e d to the 

i nd iv idua l m o d u l e s c o n s i s t e n t with o r b i t a l m a i n t e n a n c e r e q u i r e m e n t s . 

A c c o r d i n g l y , m o s t a s t r i o n i c s s u b s y s t e m s w e r e l o c a t e d on the CCM, which 

would be r e c y c l e d to the g round a f t e r e a c h m i s s i o n for m a i n t e n a n c e , c a l i b r a ­

t ion , and r e p l e n i s h m e n t . Th i s modu le p r o v i d e d a f o r w a r d loca t ion for e a s e 

of r e p l a c e m e n t which a l s o r e d u c e d the r a d i a t i o n e n v i r o n m e n t on e q u i p m e n t . 

S e l e c t i o n s w e r e m a d e for new d e s i g n f e a t u r e s as r e q u i r e d . R e m o t e coupl ing 

p a n e l s wi th s c r e w jack d r i v e s w e r e p r o v i d e d for o r b i t a l a s s e m b l y / d i s a s s e m b l y 

of m o d u l e s . A da ta bus concep t (plus e m e r g e n c y backup) with d i s t r i b u t e d 

m u l t i p l e x i n g was adopted to m i n i m i z e i n t e r c o n n e c t i o n s . P h a s e II was c o m ­

p le t ed with a d e t a i l e d def in i t ion of d e s i g n f e a t u r e s , a s d o c u m e n t e d in Sec t ion 5 

of R e f e r e n c e 4 - 1 . 

T h e P h a s e II s tudy def ined t h e nav iga t ion and gu idance (N&G) func t iona l 

r e q u i r e m e n t s by m i s s i o n p h a s e . An a u t o n o m o u s N 8,'G a p p r o a c h was 

s e l e c t e d b a s e d on m i n i m u m s u p p o r t r e q u i r e m e n t s . H o w e v e r , s a t e l l i t e 

and g r o u n d - a s s i s t e d a p p r o a c h e s w e r e c a r r i e d in the P h a s e III s tudy to 

e v a l u a t e s e n s o r r e q u i r e m e n t s and the p e r f o r m a n c e and da ta p r o c e s s i n g 

i m p l i c a t i o n s of r e l a t i v e a u t o n o m y on the RNS. The P h a s e II s tudy ident i f ied 

the m e a s u r e m e n t r e q u i r e m e n t s and c o n t r o l l a b l e funct ion r e q u i r e m e n t s for the 

RNS, F r o m t h e s e r e q u i r e m e n t s the P h a s e III s tudy d e r i v e d t h e e x t e r n a l 
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s y s t e m c o m m u n i c a t i o n s r e q u i r e m e n t s ( see Sect ion 3 . 8), i n t e r n a l da ta flow, 

and the r e q u i r e m e n t s for the da ta m a n a g e m e n t s y s t e m . A r e p r e s e n t a t i v e 

s u b s y s t e m was then s y n t h e s i z e d and the r e q u i s i t e a r c h i t e c t u r e def ined . The 

p r i m a r y p o w e r s o u r c e s e l e c t i o n of fuel c e l l s f r o m P h a s e II was r e v i e w e d 

c o m p a r e d to an a l t e r n a t i v e of s o l a r c e l l s , c o n s i d e r i n g r e v i s e d eng ine power 

r e q u i r e m e n t s and a r e f ined m i s s i o n p r o f i l e . A l s o , r a d i a t i o n ef fec ts on s o l a r 

c e l l s , s e m i c o n d u c t o r s , and i n s u l a t o r s w e r e r e v i e w e d . T h e s e a n a l y s e s a r e 

p r e s e n t e d in s u b s e q u e n t s e c t i o n s , and the r e s u l t i n g def ini t ion of d e s i g n 

f e a t u r e s is c o n t a i n e d in Book 2. 

P h a s e II study r e s u l t s tha t w e r e c a r r i e d f o r w a r d into P h a s e III i nc lude the 

u s e of i n t e r n a l e l e c t r i c h e a t e r s for t h e r m a l condi t ion ing , u s e of s e c o n d a r y 

A g Z n r e c h a r g e a b l e b a t t e r i e s for e m e r g e n c y and peak ing power , d e c e n t r a l i z e d 

m u l t i p l e x i n g of i n s t r u m e n t a t i o n , and the u s e of a da ta bus concep t , PCM 

encoding of R F t r a n s m i s s i o n e x t e r n a l to the RNS, an independen t h a r d w i r e 

e m e r g e n c y d e t e c t i o n s y s t e m , the use of RNS s t o r e d p r o c e d u r e s for o n b o a r d 

checkou t , and p r o v i s i o n of an i n e r t i a l s t a b i l i z a t i o n p a c k a g e on the p r o p u l s i o n 

m o d u l e for a s s e m b l y o p e r a t i o n s . 

4. 7. 2 D e s i g n C r i t e r i a 

T h e RNS a s t r i o n i c s d e s i g n was a n a l y z e d and deve loped in a c c o r d a n c e with 

s tudy g u i d e l i n e s p r o v i d e d by NASA in R e f e r e n c e 4 - 7 . Naviga t ion and gu idance , 

da t a m a n a g e m e n t , c o m m a n d and c o n t r o l , and power funct ions a r e independen t 

of pay load and the capab i l i t y for o r b i t a l checkou t , faul t i s o l a t i o n and d e t e c t i o n , 

and e m e r g e n c y d e t e c t i o n is p r o v i d e d . Uplink and downlink capab i l i t y for da ta 

and c o n t r o l b e t w e e n the RNS, g round and n e c e s s a r y s u p p o r t s y s t e m e l e m e n t s 

a r e r e q u i r e d . The d e s i g n m u s t p r o v i d e for s t a t u s m o n i t o r i n g of e a c h modu le 

d u r i n g a l l o p e r a t i o n s and p h a s e s of i ts l i f e t i m e . The RNS nav iga t ion and 

gu idance po l i cy wi l l p r o v i d e for m a x i m u m p r a c t i c a l u t i l i z a t i on of a f t e r coo l ing 

p u l s e s for f inal ve loc i ty a t t a i n m e n t , m i d c o u r s e c o r r e c t i o n , a n d / o r r e n d e z v o u s 

m a n e u v e r s . The RNS wi l l have a u t o m a t e d r e n d e z v o u s and docking c a p a b i l i t y . 

The RNS a s t r i o n i c s s y s t e m s a r e d e s i g n e d to f a i l - s a f e c r i t e r i a on a l l c r e d i b l e 

f a i l u r e s to p r e v e n t l o s s of c r e w and suppor t i ng p e r s o n n e l o r \xnacceptable 

r i s k to the g e n e r a l popu la t i on . They a r e d e s i g n e d to p e r m i t r e m o t e a s s e m b l y 
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and d i s a s s e m b l y of RNS m o d u l e s in o r b i t , c o n s i s t e n t wi th the po l icy for 

i n i t i a l a s s e m b l y , m a i n t e n a n c e and r e p l e n i s h m e n t . The d e s i g n wil l l o c a t e 

a s t r i o n i c s c o m p o n e n t s on the CCM to the m a x i m u m p r a c t i c a l ex tent to 

f a c i l i t a t e m a i n t e n a n c e . 

E l e c t r o n i c t e c h n o l o g y e x p e c t e d in the 1974 t i m e p e r i o d wil l be u t i l i zed (Ref­

e r e n c e 4 - 7 ) . T h i s i m p l i e s tha t t h e t e c h n o l o g y should be p r e s e n t l y unde r 

d e v e l o p m e n t wi th a h igh e x p e c t e d v a l u e of s u c c e s s , and no b r e a k t h r o u g h s 

shou ld be r e q u i r e d . F o r a r e a s w h e r e e x t r a p o l a t i o n beyond d e m o n s t r a b l e 

t e c h n o l o g y is e m p l o y e d , c u r r e n t t e c h n o l o g y should be c a r r i e d a s an 

a l t e r n a t e / b a c k u p . The a p p r o a c h for s e l e c t i o n of c o m p o n e n t s and s u b s y s t e m s 

wi l l c o n s i d e r c o m m o n a l i t y and a p p l i c a b i l i t y to o t h e r p lanned s p a c e p r o g r a m 

s y s t e m e l e m e n t s and s u p p o r t f a c i l i t i e s . 

4. 7. 2. 1 Nav iga t ion , G u i d a n c e and C o n t r o l 

A s u m m a r y of the func t iona l r e q u i r e m e n t s for t h e NG &-C s u b s y s t e m for the 

l una r shu t t l e m i s s i o n a r e shown in T a b l e 4 . 7 - 1 , d e r i v e d in P h a s e II (Sect ion 

2. 3 . 4 of R e f e r e n c e 4 - 1 ) . The m i s s i o n r e q u i r e m e n t s inc lude nav iga t ion in low 

e a r t h o r b i t , nav iga t ion and gu idance for i n t e r o r b i t a l f l ight, and gu idance 

and c o m m a n d g e n e r a t i o n for r e n d e z v o u s and docking with o t h e r s p a c e 

v e h i c l e s . T h e NG &rC s u b s y s t e m p r o v i d e s c o n t r o l for the engine a c t u a t o r s 

and t h e A P S . 

The RNS wi l l have the c a p a b i l i t y to be the a c t i v e e l e m e n t in t e r m i n a l r e n d e z ­

vous and docking wi th o r b i t a l e l e m e n t s . It wi l l a l s o have the capab i l i t y to be 

the p a s s i v e e l e m e n t by p r o v i s i o n of r e f l e c t i ng c o r n e r cube p a t t e r n s to a l low for 

e l e c t r o - o p t i c a l docking and wi l l r e m a i n o r i e n t e d and s t ab l e for tha t o p e r a t i o n . 

4, 7. 2. 2 I n s t r u m e n t a t i o n 

The i n s t r u m e n t a t i o n s u b s y s t e m inc ludes the a p p r o p r i a t e t r a n s d u c e r s , s igna l 

cond i t ion ing , m u l t i p l e x e r s and a n a l o g - t o - d i g i t a l c o n v e r t e r s . The p r e l i m i n a r y 

m e a s u r e m e n t s l i s t d e r i v e d in the P h a s e II s tudy (Sect ion 2 . 3 , 3 . 1 of 

R e f e r e n c e 4 - 1 i s shown in T a b l e 4 . 7 - 2 . F o r the e a r l y v e h i c l e s , an add i t i ona l 

420 p a r a m e t e r s a r e r e q u i r e d . The n u m b e r of c h a n n e l s of s i g n a l condi t ion ing is 

a s s e s s e d as 60 p e r c e n t of the to t a l n u m b e r of ana log c h a n n e l s . T r a n s d u c e r s a r e 

r e q u i r e d for 80 p e r c e n t of the ana log channe l s and not r e q u i r e d for even t c h a n n e l s . 
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T a b l e 4 . 7 - 1 

NAVIGATION AND GUIDANCE F U N C T I O N A L R E Q U I R E M E N T S 

M i s s i o n P h a s e N &G F u n c t i o n s P e r f o r m a n c e R e q u i r e m e n t s 

E a r t h o r b i t 

T r a n s l u n a r and c o a s t 

L u n a r a r r i v a l and o r b i t 

o T r a n s e a r t h c o a s t 

E a r t h a r r i v a l and o r b i t 

P e r f o r m nav iga t i on d u r i n g a c t i v e 
( n o n d o r m a n t ) p e r i o d s . 

P r o v i d e gu idance and nav iga t i on d u r i n g 
boos t ; p e r i o d i c nav iga t ion d u r i n g coas t ; 
g u i d a n c e for m i d c o u r s e c o r r e c t i o n s . 

D e t e r m i n e b r a k i n g ve loc i ty v e c t o r s 
r e q u i r e d and t i m e of a p p l i c a t i o n for 
c a p t u r e and s u b s e q u e n t o r b i t shaping; 
n a v i g a t e in o rb i t ; r e n d e z v o u s and dock 
with l u n a r tug for pay load t r a n s f e r . 

P e r f o r m gu idance and nav iga t ion d u r i n g 
boos t ; p e r i o d i c nav iga t ion d u r i n g c o a s t ; 
g u i d a n c e for m i d c o u r s e c o r r e c t i o n s . 

D e t e r m i n e b r a k i n g ve loc i t y v e c t o r s 
r e q u i r e d and t i m e of app l i c a t i on ; r e n ­
d e z v o u s and dock with s p a c e tug; 
n a v i g a t e in e a r t h o r b i t . 

± 1 . 8 nmi : and 2 fps ( r ad ia l ) 
r e q u i r e d at TLI 

±15 nmi : and 2 fps ( r ad ia l ) 
(±0 .004 d e g r e e s e n s o r 
angle a c c u r a c y for 
au tonomous ) 

±2 fps for ±10 nmi , 
p e r i l u n e a c c u r a c y 

A p p r o x i m a t e l y 3 to 5 t i m e s 
TLI r e q u i r e m e n t s 

±6 fps for ±10 nmi: 
p e r i g e e a c c u r a c y 



T a b l e 4. 7 -2 

SUMMARY M E A S U R E M E N T LIST BY F U N C T I O N 

FOR O P E R A T I O N A L RNS 

N u m b e r of 
F u n c t i o n P a r a m e t e r s 

A c c e l e r a t i o n 13 
T e m p e r a t u r e 220 
P r e s s u r e 120 
F l o w 6 
P o s i t i o n 54 
G u i d a n c e and C o n t r o l 46 
R F and T e l e m e t r y 11 
E v e n t 141 
L e v e l 5 
Vo l t age , C u r r e n t , and F r e q u e n c y 37 
M i s c e l l a n e o u s 24 
A n g u l a r V e l o c i t y 24 
Speed 4 
N e u t r o n i c s 9 
T o r q u e 18 

T o t a l 732 

The f r e q u e n c y r e s p o n s e r e q u i r e m e n t s for th is da ta s e t i s d i s t r i b u t e d as 

shown in T a b l e 4 . 7 - 3 . F o r e a r l y v e h i c l e s the addi t ion of v i b r a t i o n , a c o u s t i c 

and o t h e r h i g h - f r e q u e n c y r e s p o n s e p a r a m e t e r s c a u s e s a b i t r a t e r e q u i r e m e n t 

tha t i s about five t i m e s a s g r e a t as for o p e r a t i o n a l v e h i c l e s . 

4 . 7 . 2 . 3 C o m m a n d and C o n t r o l (Communica t i ons ) 

The c o m m a n d and c o n t r o l ( c o m m u n i c a t i o n s ) s u b s y s t e m a c c e p t s a l l c o m m u n i ­

ca t ion f r o m g round and e x t e r n a l s p a c e p r o g r a m e l e m e n t s , o n b o a r d veh i c l e 

s e n s o r s and the pay load . Th i s i n f o r m a t i o n i s p r o c e s s e d to a u s a b l e f o r m 

and t r a n s m i t t e d as r e q u i r e d to g round or e x t e r n a l s p a c e p r o g r a m e l e m e n t s . 

The p r o j e c t e d c a p a b i l i t i e s of the Deep Space I n f o r m a t i o n F a c i l i t y (DSIF /MSFN) 

a r e a s s u m e d . The a v a i l a b i l i t y of g round t r a c k i n g s t a t i o n s and s a t e l l i t e s was 

c o n s i d e r e d but not a s s u m e d . 

4 . 7 . 2 . 4 E l e c t r i c P o w e r 

The e l e c t r i c p o w e r s u b s y s t e m d e l i v e r s p r i m a r y and s e c o n d a r y 28 -vdc power 

to a l l v e h i c l e s u b s y s t e m s . I n v e r t e r s a r e p r o v i d e d in e a c h m o d u l e to supply 
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T a b l e 4 . 7 -3 

DISTRIBUTION O F F R E Q U E N C Y RE SPONSE 

R E Q U I R E M E N T FOR O P E R A T I O N A L RNS 

F r e q u e n c y R e s p o n s e 
R e q u i r e m e n t (Hz) 

N u m b e r of 
P a r a m e t e r s 

1-3 

10-14 

20-120 

2 0 0 - 1 . 000 

457 

168 

82 

25 

T o t a l 732 

120 VRMS, 400 Hz to m o t o r d r i v e n func t i ons . The power r e q u i r e m e n t for the 

RNS is def ined in Tab le 4 . 7 - 4 . F i g u r e 4 . 7 - 1 shows the power p rof i l e for a 

t y p i c a l engine b u r n and the p h y s i c a l l o c a t i o n w h e r e the power wil l be u t i l i z e d . 

The m a j o r i t y of s t e a d y s t a t e power i s c o n s u m e d in the CCM, shown by the 

c r o s s - h a t c h e d a r e a . The e n e r g y r e q u i r e d for one l u n a r shu t t l e m i s s i o n is 

317 kwh. 

T a b l e 4. 7 - 4 

RNS P O W E R R E Q U I R E M E N T S 

NERVA Engine 

G u i d a n c e , Nav iga t i on 
and C o n t r o l 

I n s t r u m e n t a t i o n 

C o m m a n d and C o n t r o l 

E n v i r o n m e n t a l C o n t r o l 

O n b o a r d Checkou t 

Data M a n a g e m e n t 

T o t a l 

P o w e r (wat ts ) 

Eng ine 
O p e r a t i o n 

N o m i n a l 

2, 300 

500 

300 

50 

50 

300 

3, 500 

P e a k 

3, 500 

2, 000 

300 

300 

200 

50 

350 

6, 700 

A f t e r -
cool ing 

N o m i n a l 

200 

400 

200 

50 

50 

300 

1, 200 

P e a k 

1, 000 

400 

200 

300 

200 

50 

350 

2, 500 

C o a s t 

N o m i n a l 

60 

50 

50 

20 

50 

100 

330 

P e a k 

60 

50 

50 

300 

50 

200 

100 

810 
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n 

u 
4) 

g 

8000 

7000 

6000 

5000 

Ucoo 

3000 

2000 

1000 

-WM^ 

Nominftl 

Location of Pover Dissipation 

Engine Area 

CCM 

Coast 
333zis::s:x:x3:3l 

Fia i 
Power 

Af te rcoo l ing 

Time 

Coast 

F igure h,l-l RNS POWER PROFILE FOR A TYPICAL EHGINE BURN 

4. 7. 2, 5 O n b o a r d C h e c k o u t 

T h e RNS is c a p a b l e of d e t e r m i n i n g i t s o p e r a t i o n a l r e a d i n e s s for a m i s s i o n 

in o r b i t wi th no e x t e r n a l a s s i s t a n c e . The r e s u l t s of the checkou t i s 

c o m m u n i c a t e d to ground , and c a p a b i l i t y of r e c e i v i n g o v e r r i d e and p r o c e d u r e 

m o d i f i c a t i o n v ia uplink is p r o v i d e d . The checkou t s y s t e m i s a l s o c a p a b l e of 

faul t i s o l a t i o n to the r e p l a c e a b l e m o d u l e a s def ined in t h e m a i n t e n a n c e po l i cy . 

An e m e r g e n c y d e t e c t i o n s y s t e m (EDS) is con t inuous ly o p e r a t i o n a l wi th 

c a p a b i l i t y for m o n i t o r i n g and c o n t r o l of p o t e n t i a l l y h a z a r d o u s cond i t ions 

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

4 . 7. 2. 6 Da ta M a n a g e m e n t 

T h e da t a m a n a g e m e n t s u b s y s t e m s t o r e s the RNS p r o c e d u r e s , p r o c e s s e s the 

da t a , and i s s u e s the r e q u i r e d c o m m a n d s for c o n t r o l of the RNS. A s e r i a l 

t r a n s m i s s i o n (da ta bus) a p p r o a c h i s u t i l i zed to c o m m u n i c a t e b e t w e e n subsys ­

t e m s and m o d u l e s . 
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4 . 7 . 3 Nav iga t ion , G u i d a n c e and C o n t r o l 

A s tudy w a s m a d e of t h e r e l a t i v e a u t o n o m y of the RNS for NG &C func t ions . A 

s e l e c t i o n w a s m a d e for t h e t y p e of s e n s o r t h a t would fulfil l e a c h of the s e n s ­

ing r e q u i r e m e n t s iden t i f i ed . 

4. 7. 3. 1 RNS A u t o n o m y 

T h e c a n d i d a t e N&G c o n c e p t s i nc lude g round t r a c k i n g , nav iga t ion s a t e l l i t e 

and b e a c o n r a n g i n g a p p r o a c h e s , and o n b o a r d a u t o n o m o u s nav iga t ion . De ta i l ed 

d e s c r i p t i o n s of t h e s e a r e p r e s e n t e d in R e f e r e n c e 4 - 5 3 . G r o u n d t r a c k i n g 

u s e s the p r e s e n t MSFN t r a c k i n g n e t w o r k and an o n b o a r d t r a n s p o n d e r . The 

a u t o n o m o u s nav iga t ion a p p r o a c h c o n s i d e r e d h e r e r e q u i r e s no g round equ ip ­

m e n t . T a b l e 4. 7 -5 shows the p e r f o r m a n c e of c a n d i d a t e g round a s s i s t e d 

a p p r o a c h e s and F i g u r e 4 . 7 - 2 shows t h e p e r f o r m a n c e c h a r a c t e r i s t i c s of 

a u t o n o m o u s c o n f i g u r a t i o n s wi th v a r i o u s s e n s o r c o m p l e m e n t s . The a c c u r a c y 

of e a c h concep t m e e t s the r e q u i r e m e n t s spec i f i ed in T a b l e 4 . 7 - 1 , 

1.0 2.0 
Tracking Time (Hr) 

Figure 4.7-2 PERFORMANCE OF AUTONOMOUS NAVIGATION CONFIGURATIONS 
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Table 4. 7-5 

PERFORMANCE CHARACTERISTICS OF NONAUTONOMOUS N&G CONCEPTS 

Concept 

Ground Tracking 
(MSFN) 

5 Stations 

3 Stations 

1 Track /Day 

Ground Beacons 

Ne,,vigation 
Satel l i tes 

Ranging to 
Satell i te 

Satelli te as 
Relay to Ground 

Posi t ion E r r o r 
Ea r th Orbit 

(ft) 

678 

1, 188 

1, 881 

1, 000 

1, 000 

1, 700 

Velocity E r r o r 
After TLP^) 

(ft/sec) 

16 

16 

20 

20 

20 

16 

Position E r r o r 
F i r s t Midcourse 

(ft) 

1, 200 

2,400 

___(3) 

- - ( 3 ) 

1, 200 

Velocity E r r o r 
Lunar Injection 

(ft/sec) 

- -

0. 2 

0 . 4 

0.2(1) 

0.2(1) 

0. 2 

Posit ion E r r o r 
Lunar Orbit 

(ft) 

2, 000 

4, 000 

2,200(1) 

2,200(1) 

2, 200 

(1) With lunar orbit satel l i te or lunar surface t ransponder . 

(2) A significant portion of this e r r o r is due to the just completed burn. 

(3) Ranging from these dis tances requi re appreciable power on-board, or very large antennas. 



The p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s for the c a n d i d a t e c o n c e p t s a r e shown 

in Table 4 . 7 - 6 . The p r o c e s s i n g r e q u i r e m e n t s a r e e x p r e s s e d in e q u i v a l e n t 

a d d s p e r s econd (ops ) . Al though a l l p r o c e s s i n g r e q u i r e m e n t s m a y not o c c u r 

co inc iden t in t i m e (at p e a k ) , t hey a r e s u m m e d to p r o v i d e a f i r s t - o r d e r 

a p p r o x i m a t i o n of the p r o c e s s i n g r e q u i r e m e n t d i f f e r e n c e s b e t w e e n c o n c e p t s . 

T h e s t o r a g e r e q u i r e m e n t s m a k e s no d i s t i n c t i o n b e t w e e n h i g h - s p e e d and bulk 

s t o r a g e r e q u i r e m e n t s . The s t o r a g e r e q u i r e m e n t is a g r o s s r e p r e s e n t a t i o n 

of the s o f t w a r e c o m p l e x i t y r e q u i r e d for each a l t e r n a t i v e . About 15 p e r c e n t 

of t h e s t o r a g e r e q u i r e m e n t i s da ta , t he b a l a n c e be ing i n s t r u c t i o n s . 

T a b l e 4 . 7-7 s u m m a r i z e s t h e h a r d w a r e and so f twa re c h a r a c t e r i s t i c s for e a c h 

concep t . T h e a u t o n o m o u s a p p r o a c h u t i l i z e s t h e g r e a t e s t c o m p u t e r c a p a c i t y . 

Sl ightly g r e a t e r weigh t and p o w e r and l ower r e l i a b i l i t y is a t t r i b u t e d to the 

g round a s s i s t e d a p p r o a c h e s . 

The p r i m a r y o p e r a t i o n a l c o n s t r a i n t s a s s o c i a t e d with the cand ida t e a p p r o a c h e s 

a r e r e l a t e d to the a t t i t ude r e s t r i c t i o n s and the s u p p o r t i n g r e q u i r e m e n t s . The 

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

p l a n e t to wi th in about 20 d e g r e e s . A s i m i l a r r e q u i r e m e n t e x i s t s for the 

a n t e n n a s y s t e m for the nav iga t i on s a t e l l i t e a l t e r n a t i v e . The g r o u n d t r a c k i n g 

c a n d i d a t e r e q u i r e s t h e a s s o c i a t e d g round t r a c k i n g n e t w o r k . O u t s i d e of the 

a t t i t u d e r e s t r i c t i o n , t h e r e i s l i t t l e m a j o r d i s t i n c t i o n bet"ween c a n d i d a t e s 

i n s o f a r a s v e h i c l e c o n s t r a i n t s a r e c o n c e r n e d . T h e cloud c o v e r d e g r a d a t i o n 

of a c c u r a c y h a s b e e n shown by p a s t s t u d i e s to be of m i n i m a l effect on s t a t e d 

a c c u r a c i e s . 

An a u t o n o m o u s s y s t e m a p p r o a c h w a s s e l e c t e d . T h e r e a r e only m o d e s t 

i n c r e a s e s in h a r d w a r e and s o f t w a r e r e q u i r e m e n t s for the a u t o n o m o u s a p p r o a c h 

b e c a u s e of t h e c o m m o n a t t i t ude r e f e r e n c e r e q u i r e m e n t s for a l l c a n d i d a t e s . 

T h e o p e r a t i o n a l f l ex ib i l i ty a c h i e v e d wi th t h i s c o n c e p t i s c o n s i s t e n t wi th t h e 

high a n t i c i p a t e d u s a g e of the RNS and the v a r i e t y of m a n n e d and u n m a n n e d 

p a y l o a d s t h a t m u s t be a c c o m m o d a t e d . Add i t iona l ly , t he c o s t of any add i t i ona l 

e q u i p m e n t i s a m o r t i z e d o v e r the m a n y r e u s e s of t h e RNS. T h i s a p p r o a c h 

a l s o a l l ows for an independen t backup capab i l i t y to be p r o v i d e d by the g round 

t r a c k i n g n e t w o r k . The diff icul ty wi th l u n a r o r b i t r e q u i r e m e n t s for both n a v i ­

ga t ion s a t e l l i t e s and g r o u n d b e a c o n s m a k e s t h e s e a p p r o a c h e s l e s s d e s i r a b l e 
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T a b l e 4 . 7 - 6 
PROCESSING AND STORAGE R E Q U I R E M E N T S 

F O R T H E RNS N&G SUBSYSTEM 

F u n c t i o n 

A t t i t ude D e t e r m i n a t i o n 

G y r o s 

S t a r T r a c k e r 

H o r i z o n S e n s o r 

C o n t r o l Log i c 

P o s i t i o n D e t e r m i n a t i o n 

L a n d m a r k T r a c k e r 

P o i n t i n g and C o n t r o l 

D a t a Mixing 
(Space & Ground) 

O r b i t K e e p i n g 

O r b i t Change 

Rang ing Nav iga t ion 

T o t a l 

A u t o n o m o u s 
+ G r o u n d Update 

P r o c e s s i n g 
( o p s / s e c ) 

(19 ,700) 

5, 000 

9 , 4 5 0 

4, 000 

1, 250 

(59, 500) 

30, 000 

4, 000 

500 

5, 000 

20, 000 

79. 200 

S t o r a g e 
(Words) 

(2, 300) 

500 

1, 280 

4 0 0 

120 

(13, 700) 

10, 000 

4, 000 

300 

1, 000 

2, 000 

16, 000 

G r o u n d T 

P r o c e s s i n g 
( o p s / sec) 

(19,700) 

5, 000 

9 ,450 

4, 000 

1, 250 

(30, 000) 

4, 000 

~ ~ — 

5, 000 

20, 000 

1, 000 

19 ,700 

r a c k 

S t o r a g e 
(Words) 

(2, 300) 

500 

1, 280 

4 0 0 

120 

(4 ,400) 

4 0 0 

1, 000 

2, 000 

1, 000 

6 ,700 

Nav. Sa t e l l i t e 
o r Ground Beacons 

P r o c e s s i n g 
( o p s / s e c ) 

(19 ,700) 

5, 000 

9 .450 

4, 000 

1, 250 

(57, 000) 

4, 000 

. — _ 

5, 000 

20, 000 

28, 000 

76, 700 

S t o r a g e 
(Words) 

(2, 300) 

500 

1, 280 

4 0 0 

120 

(11 , 400) 

4 0 0 

_ — .. 

1, 000 

2, 000 

8, 000 

13, 700 



T a b l e 4. 7-7 

NG&C T R A D E STUDY SYSTEM CHARACTERISTICS 

C o n c e p t 

S e n s o r 
T y p e s 

R e q u i r e d 

S y s t e m 
Weight 

(lb) 
P r o c e s s o r 

R e q u i r e m e n t M e m o r y 

C o m m u n i ­
ca t ions 

R e q u i r e ­
m e n t s 

Ex t ended 
S y s t e m 
M T B F 

P o w e r 
R e q u i r e ­

m e n t s 
(wat ts ) 

A u t o n o m o u s L a n d m a r k 
t r a c k e r 

IMU 
2 S t a r 

t r a c k e r s 
H o r i z o n 

S e n s o r 

310 59, 500 
o p s / s e c 

13 ,700 
w o r d s 

None 12. 400 h r . 110 

Naviga t ion S a t e l l i t e s Rang ing 

00 

o r G r o u n d B e a c o n s r a d a r 
IMU 
2 S t a r 

t r a c k e r s 
H o r i z o n 

S e n s o r 

3 8 0 + 5 0 , 0 0 0 11 ,400 K u - b a n d 10, 000 h r . 
a n t e n n a o p s / s e c w o r d s r ang ing 

channe l 

185 

G r o u n d T r a c k i n g T r a n s ­
p o n d e r & 
R e c e i v e r 

2 S t a r 
t r a c k e r s 

H o r i z o n 
s e n s o r 

IMU 

295 30, 000 
o p s / s e c 

4, 400 
words 

S-band 
ranging 
channel 

15, 000 : hr 100 



than g r o u n d t r a c k i n g . The p o t e n t i a l of s a t u r a t i o n of the g round t r a c k i n g 

n e t w o r k in a d y n a m i c s p a c e p r o g r a m m a k e s it l e s s d e s i r a b l e than an a u t o n o ­

m o u s a p p r o a c h . An a u t o n o m o u s s e l e c t i o n is a l so c o n s i s t e n t wi th the o t h e r 

NASA l ead ing p r o g r a m s inc lud ing s p a c e shu t t l e and s p a c e s t a t i o n . 

4 . 7 . 3 . 2 S e n s o r C a n d i d a t e s 

A l t e r n a t e s e n s o r s w e r e e v a l u a t e d for the d e t e r m i n a t i o n of a t t i t ude and p o s i ­

t ion . R e f e r e n c e 4 - 5 3 p r o v i d e s a de t a i l ed d e s c r i p t i o n of e a c h of the s e n s o r s 

and an e x p l a n a t i o n of t h e i r o p e r a t i o n . R e g a r d l e s s of the a p p r o a c h s e l e c t e d 

for n a v i g a t i o n , the d e t e r m i n a t i o n of a t t i tude would r e q u i r e the s e l e c t i o n of 

s o m e c o m b i n a t i o n of the fol lowing s e n s o r s . 

C e l e s t i a l (Opt ica l ) S e n s o r s 

S ta r t r a c k e r s and h o r i z o n s e n s o r s nnay both be u s e d for a t t i tude d e t e r m i n a t i o n 

of the RNS. T h r e e types of s t a r t r a c k e r s a r e c a n d i d a t e s for the RNS: g i m b a l , 

p a t t e r n r e c o g n i t i o n , and s t r a p d o w n . T a b l e s 4 . 7 - 8 and 4 . 7 - 9 s u m m a r i z e the 

p e r f o r m a n c e and o t h e r c h a r a c t e r i s t i c s of t h e s e s e n s o r s . The g i m b a l e d s t a r 

Tab le 4 . 7 - 8 

STAR SENSORS 

P a t t e r n 
Recogn i t i on 
S ta r S e n s o r 

S t r a p p e d - D o w n 
Star S e n s o r 

G i m b a l e d 
S ta r S e n s o r 

A c c u r a c y 

F i e l d of View 

M T B F 

P o w e r 

Weight 

D e v e l o p m e n t 

S ta r Magni tude 

C o m m e n t s 

~10 s e c 
(exac t n u m b e r 
C la s s i f i ed ) 

10 deg 

3 5 , 0 0 0 h r 

9 wa t t s 

16 lb 

P r e s e n t l y unde rgo ing 
e n v i r o n m e n t a l t e s t 

O p e r a t e s on t r a n s i t of 
s t a r s i g n a l b e t w e e n 
s l i t s on d e t e c t o r , 
r e q u i r e s veh ic l e 
a t t i t ude m o t i o n to 
o p e r a t e 

1 0 s e c 

8-10 deg 

60 , 000 to 
9 0 , 0 0 0 h r 

8 wa t t s 

8-10 lb 

3 . 0 - 4 . 0 

St rapped down to 
v e h i c l e , s e n s e s 
s t a r p a t t e r n s 

1 0 s e c 

1. 0 deg 

2 1 , 0 0 0 h r 

3 9 wa t t s 

40 lb 

O p e r a t i o n a l 

2. 0 

G i m b a l 
l i m i t s 
±60 deg 

299 



T a b l e 4 . 7 - 9 

E A R T H V E R T I C A L SENSORS 

H o r i z o n 
S e n s o r -

E d g e T r a c k e r 

M o n o p u l s e 
R a d a r 

S y s t e m 

O p e r a t i n g R a n g e 

A c c u r a c y 

M T B F 

Weight 

P o w e r 

V o l u m e 

S p e c i a l N o t e s 

70 to 100, 000 n m i 

0. 10 deg , 
±3 m i a l t i t ude 

150, 000 h r 

10 lb 

5 w a t t s 

250 in'? 

O p e r a t e s 
14 to 16 
\i - b a n d 

Up to 300 n m i 

0. 1 to 0, 01 deg , 
±13 ft in a l t i t ude 

15, 000 - 20, 000 h r 

15 lb 

35 w a t t s 

500 in, ^ 

R e q u i r e s 15- in . -
d i a m e t e r an t enna 

O p e r a t e s a t 
10 X 109 Hz (X-band) 

e a r l y m o d e l s have not 
m e t spec i f i ca t i ons 

s e n s o r i s p r e f e r r e d b a s e d on the m i n i m u m c o n s t r a i n t i m p o s e d on RNS a t t i t ude , 

A h o r i z o n s e n s o r i s a l s o u s e d to a l low for i n i t i a l i z a t i o n of a t t i tude and a s a 

b a c k u p for both a t t i t ude and pos i t i on d e t e r m i n a t i o n . 

I n e r t i a l S y s t e m s 

S h o r t - t e r m i n e r t i a l a t t i t ude r e f e r e n c e is g e n e r a l l y ob ta ined f r o m g y r o s . 

S e v e r a l a l t e r n a t e g y r o c o n c e p t s m e r i t c o n s i d e r a t i o n for RNS inc luding gas 

b e a r i n g , b a l l b e a r i n g , l a s e r , and e l e c t r o s t a t i c g y r o s . G y r o s can be used 

in e i t h e r a p l a t f o r m o r s t r a p d o w n c o n f i g u r a t i o n . T a b l e 4 . 7 - 1 0 c o m p a r e s the 

p e r f o r m a n c e of four c l a s s e s of g y r o s . B a l l b e a r i n g g y r o s w e r e s e l e c t e d 

b e c a u s e of the r e s t a r t d i f f icu l t ies p r e s e n t l y a s s o c i a t e d with g a s b e a r i n g , the 

c a t o s t r o p h i c f a i l u r e m o d e of e l e c t r o s t a t i c g y r o s wi th a m o m e n t a r y l o s s of 

p o w e r and the r e l a t i v e i n s e n s i t i v i t y of l a s e r g y r o s to the s low r a t e s e x p e r i ­

enced with the RNS. The s t r a p d o w n g y r o in a r e d u n d a n t d o d e c a h e d r o n con­

f i g u r a t i o n is p r e f e r r e d a t th i s po in t ; h o w e v e r , the s p a c e s hu t t l e p r e f e r e n c e 

for a g i m b a l e d s y s t e m would favor taking a d v a n t a g e of fu ture d e v e l o p m e n t 

w o r k . Two r a n g e s of a c c e l e r o m e t e r s , 1 to 10 g and 10 to 10 g, a r e 

inc luded to a l low for a c c u r a t e m e a s u r e m e n t of the t h r u s t i n g and a f t e r coo l ing 

i m p u l s e r e s p e c t i v e l y . 
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Table 4 .7-10 

GYRO COMPARISON 

CO 
o 
I - -

Bias Dr i f t 

R a n d o m Drif t 

S c a l e F a c t o r 
L i n e a r i t y 

Input R a t e 
L i m i t 

M T B F 

Life 

Weight 

P o w e r 

S i ze 

C o m m e n t s 

Ba l l 
B e a r i n g 

0. 4 d e g / h r 

100 p p m 

30 d e g / s e c 

30, 000 h r 

2, 000 h r 

1. 6 lb 

6 w a t t s 

2. 3 X 6. 7 
X 1. 6 

P o o r 
r e l i a b i l i t y 

G a s 
B e a r i n g 

0 . 0 0 5 d e g / h r 

100 p p m 

30 d e g / s e c 

50, 000 h r 

>45, 000 h r 

1. 0 lb 

3 wa t t s 

2. 0 X 3. 5 
X 1. 0 

L i m i t e d 
r e s t a r t s 

to 10 ,000 
s o m e t i m e s 

s t i c k s 

0, 

5. 

R 

L a s e r 

, 1 to . 01 d e g / h r 

0 . 0 1 d e g / h r 

20 ppm 

30 d e g / s e c 

33, 000 h r 

>18, 000 h r 

5 lb 

2-4 wa t t s 

, 7 in e q u i l a t e r a l 
t r i a n g l e 

e q u i r e s b i a s i n g 
away f r o m dead 

zone a r o u n d 
null , needs 

d e v e l o p m e n t 

E lec t ros ta t ic 

0.00001 deg /h r 

10 ppm 

TBD 

20, 000 hr 

6. 16 lb 

TBD 

60 cu in. 

Not operat ional 
much develop­
ment cost 



4 . 7. 2 . 3 Gu idance P o l i c y 

The RNS h a s a s low r e s p o n s e t i m e , p r i m a r i l y l i m i t e d by veh i c l e d y n a m i c s , 

so tha t for s h o r t b u r n t i i n e s g u i d a n c e e r r o r s p o t e n t i a l l y would no t be nu l l ed 

out b e f o r e m a i n eng ine cutoff. Th i s is m o s t s e v e r e for the C l a s s 3 RNS, for 

which an e v a l u a t i o n of the ef fec ts of a s i m p l e gu idance po l i cy on c o n t r o l 

s y s t e m s t a b i l i t y and r e s p o n s e was p e r f o r m e d (Sect ion 4 . 7 . 3 . 3 of P a r t B , 

Book 1). T h r u s t v e c t o r m i s a l i g n m e n t is the m o s t s e v e r e d i s t u r b a n c e the 

s y s t e m m u s t cope wi th d u r i n g the f l ight . In i t i a l a n g u l a r pos i t i on and 

a n g u l a r r a t e s upon the v e h i c l e h a v e a s m a l l e r in f luence upon t h e l a t e r a l 

v e l o c i t y p e n a l t y a t end of b u r n . I m p r o v e m e n t in s y s t e m r e s p o n s e to t h r u s t 

m i s a l i g n m e n t m a y be f u r t h e r i m p r o v e d v i a an o p t i m a l g u i d a n c e / c o n t r o l 

a p p r o a c h wi th p o s i t i o n and gain c h a n g e s b e t w e e n and du r ing b u r n s . T h r u s t 

m i s a l i g n m e n t m a y a l s o be m i n i m i z e d by the u s e of a h e u r i s t i c a l g o r i t h m . 

T h e s e a p p r o a c h e s offer about a f a c t o r of 10 i m p r o v e m e n t in t h e c o n t r o l s y s t e m 

r e s p o n s e . In add i t ion , r e s p o n s e r e q u i r e m e n t s can be r e d u c e d s o m e w h a t by 

o p e r a t i o n in t h e t h r o t t l e m o d e (45, 0 0 0 - l b t h r u s t ) for s h o r t b u r n s , wh ich m a y 

b e r e q u i r e d for s e p a r a t e p r o p e l l a n t m a n a g e m e n t c o n s i d e r a t i o n s . 

4 . 7. 4 P o w e r 

T h e P h a s e II s e l e c t i o n of fuel c e l l s a s t h e p o w e r s o u r c e w a s r e v i e w e d b a s e d 

on c u r r e n t p o w e r r e q u i r e m e n t s . T h e p r i m a r y change w a s a s u b s t a n t i a l l y 

l o w e r NERVA engine p o w e r r e q u i r e m e n t , A b r e a k d o w n of RNS p o w e r 

r e q u i r e m e n t s by funct ion is con ta ined in T a b l e 4, 7 - 4 . T h e s e r e s u l t in t h e 

p o w e r p r o f i l e shown in F i g u r e 4 , 7 - 1 , T a b l e 4 . 7 - 1 1 d e t a i l s t h e r e s u l t i n g 

p o w e r r e q u i r e m e n t s for e a c h of the 8 b u r n s . T h e t o t a l m i s s i o n i n t e g r a t e d 

p o w e r r e q u i r e m e n t i s 317 kwh. 

S iz ing of the p o w e r s o u r c e w a s b a s e d on the concep t of us ing s e c o n d a r y 

b a t t e r i e s on t h e run tank to supply peak NERVA eng ine d e m a n d s and a m a i n 

p o w e r s o u r c e l o c a t e d on the CCM to r e c h a r g e t h e s e b a t t e r i e s and sa t i s fy 

o t h e r p o w e r r e q u i r e m e n t s d u r i n g the long a f t e r c o o l i n g p e r i o d s . Th i s concep t 

o f fe r s a c o n s i d e r a b l e we igh t a d v a n t a g e , s i nce the m a i n p o w e r s o u r c e i s not 

s i z e d for t h e l a r g e peak d e m a n d l eve l of 6. 7 kw r e q u i r e d for m a i n s t a g e , but 

i n s t e a d a t the 1. 2 kw l e v e l r e q u i r e d d u r i n g a f t e r c o o l i n g . T h e peak ing e n e r g y 

r e q u i r e d to be d e l i v e r e d d u r i n g NERVA full p o w e r o p e r a t i o n i s t h e n 1. 15 kwh. 
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Table 4 .7 -11 

POWER REQUIREMENTS 

Burn 

1 

2 

3 

4 

5 

6 

7 

8 

Maneuver 

T rans luna r Injection 
Midcourse Cor rec t ion 

Lunar Orbi t Injection - I 

Apolune Plane Change 

Lunar Orbi t Injection - II 

Lunar Orbit Operat ions 

T r a n s e a r t h Injection - I 

Apolune Plane Change 

P r e - T E I Coast 

T r a n s e a r t h Injection - II 

Midcourse Cor rec t i on 

Earthbound Coast 

E a r t h Orbi t Injection 

Mainstage 

Power 
Level 
(kw) 

3 . 5 

3. 5 

3 . 5 

3 . 5 

3 . 5 

3 . 5 

3. 5 

3. 5 

Time 
(min) 

29 

1. 2 

0 . 4 

2 . 7 

1.4 

-

0 . 7 

7 . 8 

Energy 
(kwh) 

1.69 

0.07 

0.02 

0. 16 

0 . 8 

-

0.04 

0 .46 

Peak 

Power 
Level 
(kw) 

6 . 7 

6 . 7 

6 . 7 

6 . 7 

6 . 7 

6 . 7 

6 . 7 

6 . 7 

Time 
(min) 

6 

6 

6 

6 

6 

6 

6 

6 

Energy 
(kwh) 

0 .01 

0.01 

0 .01 

0.01 

0.01 

0.01 

0.01 

0.01 

After cool 

Power 
Level 
(kw) 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

Time 
(m.in) 

120 

12. 5 

11.9 

18.9 

14.0 

5 .0 

10. 1 

45 

Energy 
(kwh) 

144 

15.0 

14.3 

22.7 

16.8 

6 . 0 

12.1 

54.0 

Coast 

Power 
Level 
(kw) 

0.33 

0 .33 

0. 33 

Time 
(min) 

367.3 

7.9 

61.7 

Energy 
(kwh) 

122.4 

2. 64 

20. 58 



b a s e d on a 30 m i n u t e TLI b u r n . The p o w e r d i s t r i b u t i o n c a b l e s f r o m the m a i n 

p o w e r s o u r c e , l oca t ed in the CCM, to the peak ing b a t t e r i e s , l oca t ed f o r w a r d 

of the r u n tank, a r e s i z e d for c u r r e n t l e v e l s of 20 a m p s , c o m p a r e d to the 

120 a m p s tha t would be r e q u i r e d to p r o v i d e only the peak eng ine d e m a n d s of 

3. 5 kw. The weigh t r e d u c t i o n in cab l ing i s a p p r o x i m a t e l y 400 l b s . 

Two t y p e s of p o w e r s o u r c e w e r e ana lyzed : s o l a r c e l l s and fuel c e l l s . 

R a d i o i s o t o p e s o u r c e s w e r e e l i m i n a t e d in P h a s e II b a s e d on i n c r e a s e d 

o p e r a t i o n a l c o m p l e x i t y and cos t , 

A t y p i c a l s o l a r ce l l p o w e r s y s t e m as on the MDAC Skylab o r p r o p o s e d s p a c e 

s t a t ion is c o m p o s e d of dep loyab le s o l a r c e l l p a n e l s , a d e p l o y m e n t and pane l 

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

p a n e l s would need to be ro l l ed in d u r i n g NERVA t h r u s t i n g . The Skylab d e s i g n 
2 

i n c u r s a weight of 3 . 3 lb / f t with a 6 - m i l c o v e r g l a s s . The r a d i a t i o n effects 

s tudy p r e s e n t e d in Sec t ion 4 . 7. 7 i n d i c a t e s the po t en t i a l r e q u i r e m e n t for up to 
2 

a 30 m i l c o v e r g l a s s which could add a n o t h e r 0. 5 lb / f t . B a s e d on an MDAC 

s p a c e s t a t i on p r o p o s a l for a f r e e - f l y i n g m o d u l e of c o m p a r a b l e power l e v e l s , 
2 

which p r o m i s e s s l i gh t ly g r e a t e r than 2 lb / f t with a 6 - m i l cove r g l a s s , and s o m e 
2 

o p t i m i s m on i m p r o v e m e n t in c u r r e n t t echno logy , 2 lb / f t i s u sed in the p r e s e n t 

t r a d e s tudy. F i g u r e 4, 7 -3 is a d e s i g n c u r v e deve loped in the MDAC P h a s e B 

s p a c e s t a t i on s tudy, which is u sed to d e t e r m i n e the a m o u n t of s o l a r ce l l a r e a 

r e q u i r e d to ob ta in a p r e d e t e r m i n e d l eve l of p o w e r when the o r b i t p l ane i n c l i ­

nat ion is known ( R e f e r e n c e 4 - 5 4 ) , Us ing the o n e - a x i s g i m b a l i n g c u r v e to 

m i n i m i z e d e p l o y m e n t m e c h a n i s m weight pena l ty , the s o l a r p a n e l a r e a 

r e q u i r e m e n t for the 3 0 - d e g r e e o r b i t of the RNS is 310 ft / k w of a v e r a g e 

p o w e r . The a v e r a g e p o w e r u s a g e d u r i n g a f t e r c o o l i n g , t he d e t e r m i n i n g f ac to r 

in m a i n p o w e r s o u r c e s iz ing , is 1, 2 kw, 

A t y p i c a l fuel ce l l p o w e r s y s t e m a s on the MDAC p r o p o s e d s p a c e shut t le is 

c o m p o s e d of m u l t i p l e h y d r o g e n / o x y g e n fuel c e l l s wi th swi tch ing c o n t r o l 

c i r c u i t r y for load s h a r i n g and faul t r e c o v e r y . The fuel c e l l s y s t e m weigh t 

was d e t e r m i n e d us ing p r e v i o u s l y e s t a b l i s h e d s i z ing laws of 200 lb p e r fuel 

c e l l . Th i s i s r e p r e s e n t a t i v e of the A l l i s C h a l m e r s 5-kw fuel c e l l p r o p o s e d 

for the Manned Orb i t ing L a b o r a t o r y (MOL). Both r e a c t a n t and t ankage weight 

a r e inc luded in the weight t radeoff . R e a c t a n t , inc lud ing both h y d r o g e n and 

oxygen, is a s s u m e d a t 0.8 I b / k w h a n d a l u m i n u m t ankage of 0 . 4 l b / l b r e a c t a n t . 
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Figure 4.7-3 DESIGN CURVE FOR SOLAR CELL SYSTEMS 

F i g u r e 4 . 7 - 4 shows c o m p a r a t i v e s y s t e m weigh t s for the s o l a r ce l l and the 

fuel c e l l s y s t e m s a s a funct ion of a v e r a g e a f t e r c o o l i n g power r e q u i r e m e n t s . 

T a b l e 4. 7 -12 sumn- ia r i zes the i n f o r m a t i o n used to eva lua t e both p o w e r s o u r c e 

s y s t e m s . T h e m o d e l s used to e s t a b l i s h the e s t i m a t e d r e l i a b i l i t y of the c a n d i ­

da te p o w e r s o u r c e s a r e shown in R e f e r e n c e 4 - 1 , The weigh t d i f f e r ence for 

t h e c a n d i d a t e p o w e r s o u r c e s a r e neg l ig ib le for the a n t i c i p a t e d p o w e r p r o f i l e . 

T h e p o w e r s o u r c e i s e s s e n t i a l l y s i zed for t h e a f t e r coo l ing r e q u i r e m e n t . As 

t h i s i n c r e a s e s , the weight a d v a n t a g e is shif ted to fuel c e l l s . F o r l ower p o w e r 

r e q u i r e m e n t s , a weight c r i t e r i o n f a v o r s s o l a r c e l l s . The fuel ce l l s y s t e m 

w a s c h o s e n on the b a s i s of i n i t i a l s y s t e m cos t , r e l a t i v e i n s e n s i t i v i t y to 

c h a n g e s in r e q u i r e n n e n t s , and t echno logy s t a t u s . The u n c e r t a i n t y of L i - d o p e d 

s o l a r c e l l d e v e l o p m e n t , t he p o t e n t i a l r e q u i r e m e n t for h e a v y c o v e r g l a s s e s 

to p r o v i d e r a d i a t i o n p r o t e c t i o n , and the o p e r a t i o n a l c o m p l e x i t y of pane l d e p l o y ­

m e n t a f t e r e a c h b u r n f u r t h e r favor the s e l e c t i o n of fuel c e l l s . The s e l e c t i o n 

and a n t i c i p a t e d d e v e l o p m e n t of a 2 -kw fuel ce l l s y s t e m for the s p a c e shu t t l e 

m a t c h e s the RNS r e q u i r e m e n t of 1.2 kw and offers a po t en t i a l we igh t advan t age 

when c o m p a r e d to the 5-kw Al l i s - C h a l m e r s c e l l s m o d e l e d in the RNS t r a d e s tudy . 
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0 i.o"̂ *̂ *̂  27o 37o 470" 

Aftercooling Average Power (Kilowatts) 

Figure 4.7-4 POWER SYSTM WEIGHT SENSITIVITY TO AFTERCOOLING POWER 

T a b l e 4 , 7 - 1 2 

P O W E R SOURCE EVALUATION 

S o l a r C e l l s F u e l Ce l l s 

Weight (lb) 

E s t i m a t e d R e l i a b i l i t y 
( M T B F X 103 /RT) 

E s t i m a t e d S y s t e m Cos t ($) 

O p e r a t i o n a l R e q u i r e m e n t s 

T e c h n o l o g y S ta tu s 

750 

37 

1,7 X 10^ 

R o l l in d u r i n g 
t h r u s t i n g 

L i - d o p e d c e l l s 
u n d e r d e v e l o p m e n t 

755 

53 

0 , 5 X 10^ 

R e s u p p l y e a c h 
round t r i p 

B a s e l i n e for 
Space Shut t l e 
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4 . 7 . 5 Checkou t 

Checkou t o p e r a t i o n s w e r e def ined in Sec t ion 3 . 7 a c c o r d i n g to m i s s i o n p h a s e , 

a l t e r n a t i v e o p e r a t i o n s , and s u b s y s t e m r e q u i r e m e n t s . The a n a l y s i s d e s c r i b e d 

h e r e c o n c e r n s the checkou t c o n t r o l c o n c e p t . 

T h r e e b a s i c c o n c e p t s c o n s i d e r e d in P h a s e II w e r e r e v i e w e d . The f i r s t m a y 

b e c h a r a c t e r i z e d a s a u t o n o m o u s . T h e o n b o a r d checkou t s y s t e m i n c l u d e s 

a l l of the p r e p r o g r a m m e d p r o c e d u r e s r e q u i r e d to effect checkou t . Th i s 

would inc lude the c a p a b i l i t y to t r a n s m i t t h e r e s u l t s of the checkou t o p e r a t i o n 

to t h e g round c r e w s . H o w e v e r , no r e q u i r e m e n t would ex i s t for the g round 

crevi^s to p a r t i c i p a t e a c t i v e l y in the o n b o a r d p r o c e s s . T h i s a p p r o a c h r e q u i r e s 

e s s e n t i a l l y r e a l - t i m e eva lua t i on of a l l da ta a c c u m u l a t e d du r ing t h e checkou t 

o p e r a t i o n and p r o v i d e s for t h e ab i l i t y of t ak ing d i r e c t a c t i on when a m a l f u n c ­

t ion is d e t e c t e d . Within t h e a u t o n o m o u s a p p r o a c h , the s e l e c t i o n be tween 

c e n t r a l i z e d checkou t and b u i l t - i n t e s t e q u i p m e n t (BITE) for e a c h s u b s y s t e m 

was c o n s i d e r e d . B I T E is g e n e r a l l y m o r e c o m p a t i b l e with a d e c e n t r a l i z e d 

da t a m a n a g e m e n t func t ion . Sec t ion 4 . 7 . 6 c o n s i d e r s two a l t e r n a t e d e c e n t r a l i z e d 

da t a m a n a g e m e n t s u b s y s t e m a r c h i t e c t u r e , howeve r s e l e c t s a c e n t r a l i z e d a p p r o a c h . 

The second a p p r o a c h would be to m a x i m i z e the u t i l i z a t i on of g round f ac i l i t i e s 

and t r a n s m i t a l l c o m m a n d s to s t i m u l a t e the veh ic l e and e v a l u a t e by g round c o m ­

p u t e r the r e t u r n i n g da t a , a l lowing for the d e c i s i o n m a k i n g p r o c e s s on e a r t h . 

Th i s a p p r o a c h a l lows for the u s e of the e s s e n t i a l l y u n l i m i t e d g round capab i l i t y 

for d a t a p r o c e s s i n g , s t o r a g e , and s u b s e q u e n t fault p r e d i c t i o n a n a l y s e s . 

T h e t h i r d a p p r o a c h i s a h y b r i d one w h e r e t h e o p e r a t i o n a l p r o c e d u r e s a r e 

s t o r e d and p r o c e s s e d o n b o a r d . The g round would get s e l e c t e d da ta and have 

t h e ab i l i t y t o modify p r o c e d u r e s by uplink and t r a n s m i t new p r o c e d u r e s to 

t h e v e h i c l e for s p e c i a l p u r p o s e checkou t . O p e r a t i o n a l checkou t and fault 

i s o l a t i o n p r o c e d u r e s would be s t o r e d o n b o a r d whi le faul t p r e d i c t i o n p r o c e d ­

u r e s for n o n - s p a c e r e s i d e n t m o d u l e s could be s t o r e d on the g round . The 

v e h i c l e would t h e n h a v e to s t o r e s o m e l i m i t e d se t of p r o c e d u r e s , p r i m a r i l y 

o p e r a t i o n a l , to s t i m u l a t e and eva lua t e the p r i m e s u b s y s t e m s . The ground 

would have c o n t r o l of the s e q u e n c e of p r o c e d u r e execu t ion and the t i m i n g 

when checkou t i s to be p e r f o r m e d . Th i s a p p r o a c h is c l o s e r to the autononaous 

c o n c e p t t h a n to the g round c o n t r o l a p p r o a c h . 
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The r e q u i r e m e n t for checkou t e x i s t s in both e a r t h and l u n a r o r b i t . While the 

RNS is a t l u n a r d i s t a n c e s only a l i m i t e d a m o u n t of c o m m u n i c a t i o n c o m p a t i b i l i t y 

i s a v a i l a b l e . D u r i n g n e a r e a r t h checkou t o p e r a t i o n s , c o m m u n i c a t i o n d e l a y s 

o c c u r both in t r a n s m i s s i o n t i m e and b e c a u s e of l i m i t e d v iewing t i m e o v e r the 

g r o u n d s t a t i o n s . T h e r e f o r e , g round t r a n s m i t t e d p r o c e d u r e s cannot r e s p o n d 

r a p i d l y to a n o m o l o u s s i t u a t i o n s . The g round c o n t r o l l e d a p p r o a c h would p r e ­

c lude the u s e of a c l o s e d loop checkou t ph i lo sophy , which was s u c c e s s f u l l y 

u s e d d u r i n g the S a t u r n p r o g r a m and d e s c r i b e d in R e f e r e n c e 4 - 1 , Sec t ion 2 . 3 . 7 . 

B a s e d on th i s and the r e c u r r i n g n a t u r e of checkou t , hybr id a p p r o a c h , a p p r o x i ­

m a t i n g the a u t o n o m o u s a p p r o a c h , i s s e l e c t e d a s b a s e l i n e . C e n t r a l i z e d c h e c k ­

out with a B I T E c o n c e p t for NDICE and the da t a m a n a g e m e n t s e l f - c h e c k i s 

e m p l o y e d . The p r o c e d u r e s r e q u i r e d to effect the s e l e c t e d onboa rd checkou t 

s t r a t e g y a r e a l s o ident i f ied and d e s c r i b e d in R e f e r e n c e 4 - 1 , Sec t ion 2 . 3 . 7 . 

A n a l y s i s of fault i s o l a t i o n r e q u i r e m e n t s in the m a i n t e n a n c e s e c t i o n s u g g e s t s 

that only a l i m i t e d a m o u n t of fault i s o l a t i o n is r e q u i r e d b e c a u s e of the l a r g e 

s i z e of the r e p l a c e m e n t m o d u l e s . The ab i l i t y of the m a n (on the g round) to 

p r o v i d e p r o c e d u r e m o d i f i c a t i o n and c r e a t e d i a g n o s t i c s for s i t u a t i o n s tha t 

w e r e not a n t i c i p a t e d o r p r e p r o g r a m m e d s e e m s m a n d a t o r y . 

The p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s a s s o c i a t e d wi th the r e q u i r e m e n t for 

onboar-d checkou t i s shown in T a b l e 4 . 7 - 1 3 . T h e p r i m a r y p r o c e s s i n g m o d e 

a t peak i s r e p r e s e n t e d by t h e da t a m a n a g e m e n t s e l f - c h e c k and t h e p o t e n t i a l 

i m p l e m e n t a t i o n of fault p r e d i c t i o n a l g o r i t h m s ( t r e n d a n a l y s i s ) in r e a l t i m e . 

T h e d i a g n o s t i c r o u t i n e for t h e p r o c e s s o r is a s s e s s e d a t 5, 000 o p e r a t i o n s p e r 

s e c o n d with a high s p e e d s t o r a g e r e q u i r e m e n t of 500 w o r d s . It i s a s s u m e d that 

up to 100 func t ions p e r s e c o n d wi l l r e q u i r e faul t p r e d i c t i o n a t an a v e r a g e of 

27 e q u i v a l e n t adds for e a c h funct ion . A cont inuous s c a n of funct ions to d e t e r ­

m i n e in o r out of l i m i t s i s a s s u m e d for a n o t h e r 100 f u n c t i o n s . An i ndependen t 

h a r d w a r e e m e r g e n c y d e t e c t i o n s y s t e m (EDS) is b a s e l i n e for the RNS and the 

a s s o c i a t e d e m e r g e n c y p r o c e d u r e i m p l e m e n t a t i o n i s c o n s i d e r e d to be a n o n - p e a k 

r e q u i r e m e n t for the p r i m a r y p r o c e s s o r . The l a r g e s t i m p l i c a t i o n of onboa rd c h e c k ­

out i s the l a r g e bulk s t o r a g e r e q u i r e m e n t for p r o c e d u r e s . In g e n e r a l , t h e s e p r o ­

c e d u r e s a r e i m p l e m e n t e d d u r i n g n o n - p e a k p e r i o d s s u c h a s o r b i t a l c o a s t and do not 

c o n t r i b u t e to the p e a k l o a d . Add i t iona l ly , s i n c e t h e s e p r o c e d u r e s d e a l wi th 

e l e c t r o m e c h a n i c a l d e v i c e s s u c h a s v a l v e s , they g e n e r a l l y r u n for long p e r i o d s 

of t i m e and have m i n i m a l p r o c e s s i n g r e q u i r e m e n t s p e r un i t t i m e . 

308 



Table 4 .7-13 

PROCESSING AND STORAGE REQUIREMENTS 

ONBOARD CHECKOUT 

Function 

Data Management Self Check 

Fault Predic t ion (100 Functions) 

Function Scan (100 Functions) 

Emergency Detection P r o c e s s o r 

Emergency P rocedures 

Interface Verification 

Inst rumentat ion Calibration 

Subsystem Checkout (Including Redundancy Checks) 

Astr ionics 

Propuls ion (Excl NERVA) 

Auxiliary Propuls ion 

Other Subsystem 

Totals 

P rocess ing Equivalent 
Adds/Sec at Peak 

5,000 

2,700 

500 

-

-

-

-

-

-

-

_ 

8,200 

Stor 

High Speed 
(Words) 

500 

350 

250 

100 

-

-

-

-

-

-

_ 

1,200 

age 

Bulk 
(Words) 

-

-

-

-

10,000 

2,000 

150 

6,500 

3,200 

1,000 

1. 500 

24,350 



4. 7. 6 Da ta M a n a g e m e n t 

A s tudy w a s p e r f o r m e d to e s t a b l i s h t h e func t iona l r e q u i r e m e n t s for da ta 

m a n a g e m e n t and s e l e c t a b a s e l i n e a r c h i t e c t u r e for t h e RNS. P r o c e s s i n g and 

s t o r a g e r e q u i r e m e n t s fo r e a c h funct ion a r e e s t a b l i s h e d and c e n t r a l i z e d and 

d e c e n t r a l i z e d s y s t e m s a p p r o a c h e s e v a l u a t e d . 

4. 7, 6. 1 P r o c e s s i n g and S t o r a g e R e q u i r e m e n t s 

T h e p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s of t h e da t a m a n a g e m e n t funct ion 

a r e d e r i v e d f r o m t h e RNS i n s t r u m e n t a t i o n , p r o c e s s i n g , and s t o r a g e r e q u i r e ­

m e n t s of t h e v a r i o u s s u b s y s t e m s . T h e s e a r e i t e m i z e d in T a b l e 4 . 7 - 1 4 , The 

p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s for nav iga t i on and gu idance and o n b o a r d 

c h e c k o u t a r e e s t a b l i s h e d in S e c t i o n s 4 . 7. 3 and 4, 7, 5, r e s p e c t i v e l y . The 

NERVA i n s t r u m e n t a t i o n r e q u i r e m e n t s a r e inc luded in T a b l e 4 . 7 - 1 4 ; h o w e v e r , 

t h e p r o c e s s i n g and s t o r a g e for c o n t r o l for t h e eng ine o p e r a t i o n a r e not i nc luded . 

M a x i m u m p r o c e s s i n g r e q u i r e m e n t s o c c u r d u r i n g a m a i n eng ine b u r n ( R e f e r e n c e 

4 - 5 5 ) , The p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s for e a c h s u b s y s t e m w e r e 

d e v e l o p e d in t e r m s of equ iva l en t adds p e r second (ops) a s s u m i n g a d i v i d e -

m u l t i p l y - a d d t i m e r a t i o of 8:4:1 and 32-b i t p r o c e s s o r . S t o r a g e r e q u i r e m e n t s 

a r e d iv ided b e t w e e n h i g h - s p e e d , r a n d o m a c c e s s and bulk with a d y n a m i c 

i n t e r c h a n g e c a p a b i l i t y . 

The i n s t r u m e n t a t i o n l i s t for an o p e r a t i o n a l RNS and the d i s t r i b u t i o n of 

f r e q u e n c y r e s p o n s e r e q u i r e m e n t s is shown in Sec t ion 4 . 7. 1 , T h e s e r e q u i r e ­

m e n t s t r a n s l a t e to about 8, 800 s a m p l e s p e r second o r at 10 b i t s / s a m p l e about 

90, 000 b i t s / s e c . The u p p e r l i m i t for i n t e r n a l RNS da ta flow is t a k e n a s 

0, 5 X 10 b i t s / s e c for t h e d e v e l o p m e n t v e h i c l e a s s u m i n g a l l da ta i s t r a n s ­

m i t t e d d u r i n g at l e a s t one m i s s i o n p h a s e . T h e l a r g e s t c o n t r i b u t o r to t h e 

p r o c e s s i n g s t o r a g e r e q u i r e m e n t s for t h e i n s t r u m e n t a t i o n , c o m m a n d and 

c o n t r o l s u b s y s t e m is t h e i m p l e m e n t a t i o n of t h e da ta c o m p r e s s i o n a l g o r i t h m . 

The p r o c e s s i n g r e q u i r e m e n t shown a l l ows for 8, 800 s a m p l e s p e r second, each 

of wh ich would r e q u i r e 12 ops to effect t he c o m p r e s s i o n a l g o r i t h m . To a l low 

for c a l i b r a t i o n of the da t a u t i l i zed in t h e o p e r a t i o n a l p r o g r a m s , 38 ops p e r 

s a m p l e a r e a l lowed , b a s e d on a s e c o n d o r d e r c a l i b r a t i o n c u r v e , and an 

a s s u m e d 100 s a m p l e s p e r s e c o n d . Capab i l i ty for both upl ink and downlink 

p r o c e s s i n g , c o n t r o l of t h e i n s t r u m e n t a t i o n m o d e , and a d i c t i o n a r y i s p r o v i d e d . 

T h e s e , h o w e v e r , r e p r e s e n t m i n i m a l p r o c e s s i n g r e q u i r e m e n t s . 
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Table 4 .7 -14 

DATA MANAGEMENT TRADE STUDY 

PROCESSING AND STORAGE REQUIREMENTS 

Function 

Onboard Checkout 

Data Management Self-Check 

Fault Pred ic t ion (100 Functions) 

Function Scan (100 Functions) 

Emergency Detection P r o c e s s o r 

Emergency P rocedu re s 

Interface Verification 

Ins t rumentat ion Calibrat ion 

Subsystem Checkout (Including 
Redundancy Checks) 

Astr ionics 

Propuls ion (Excluding NERVA) 

Auxiliary Propuls ion 

Other Subsystem 

Subtotal 

Ins t rumentat ion, Command and Control 

Data Compress ion 

Downlink P rocess ing 

Uplink P roces s ing 

Inst rumentat ion Mode Control 

Calibrat ion Data 

Dict ionary 

Subtotal 

P rocess ing 
Equivalent 

Adds/Sec 
at Peak 

5,000 

2,700 

500 

-

-

-

-

-

-

-

-

8,200 

105,000 

1,000 

-

-

3,800 

-

109,800 

Storage 

High Speed 
(Words) 

500 

350 

250 

100 

-

-

-

-

-

-

-

1,200 

2,000 

50 

500 

200 

2,500 

1,500 

6,750 

Bulk 
(Words) 

-

-

-

-

10,000 

2,000 

150 

6, 500 

3,200 

1,000 

1,500 

24,350 

2,000 

-

-

-

2, 500 

1,500 

6,000 
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Table 4 .7 -14 (Cont) 

DATA MANAGEMENT TRADE STUDY 

PROCESSING AND STORAGE REQUIREMENTS 

Function 

Data Management 

Executive* 

Control 

Memory Management 

I /O Process ing 

Data Bus Control ler 

Redundancy Switchover 

Time Base Control 

P rocedu re s 

Mission P rocedu re s 

Orbital Operation P rocedu re s 

Subtotal 

Navigation, Guidance and Control 

Attitude Determinat ion and Control 

Guidance and Navigation — Ground 
P rocess ing 

Autonomous Navigation** 

Supporting Routines*** 

Subtotal 

Total 

P rocess ing 
Equivalent 
Adds/Sec 
at Peak 

15,000 

10,000 

9,000 

1,000 

5,000 

40,000 

19,700 

29,500 

30,000 

4,000 

83,200 

241,200 

Storage 

High Speed 
(Words) 

2,000 

400 

600 

500 

100 

100 

3,700 

2,300 

3,700 

10,000 

16,000 

27,650 

Bulk 
(Words) 

10,000 

15,000 

25,000 

15,400 

15.400 

70,750 

*Assumes central ized 1 + 1 p rocesso r configuration. 

**Includes capability for ground update/backup —not required with ground 
p rocess ing . 

***Assumes central ized p rocesso r —for dedicated add 15,000 a d d s / s e c and 
1800 words of high speed s torage for exec plus in tercomputer communica­
tion r e q u i r e m e n t s . 
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M a j o r c o n t r i b u t i o n s to t h e p r o c e s s i n g and s t o r a g e r e q u i r e m e n t s a s s o c i a t e d 

wi th t h e da t a m a n a g e m e n t func t ions a r e r e p r e s e n t e d by e x e c u t i v e func t ions . 

C o n t r o l is e s t i m a t e d to be 15, 000 equ iva l en t adds p e r second and i npu t / ou tpu t 

( I /O) p r o c e s s i n g a n o t h e r 10, 000 adds p e r s econd . The da ta bus c o n t r o l l e r 

i s a s s u m e d to be i m p l e m e n t e d in so f twa re and would r e q u i r e a p p r o x i m a t e l y 

9, 000 o p s / s e c . A l l o w a n c e i s m a d e for a t i m e b a s e and p r o v i s i o n is m a d e for 

p r o c e s s o r s w i t c h o v e r c o n t r o l , wh ich a s s u m e s tha t t he p r o c e s s o r s a r e in a 

conf igu ra t ion t h a t i n c l u d e s r e d u n d a n c y . T h i s r e p r e s e n t s an o v e r h e a d of about 

15 p e r c e n t , which i s c o n s i s t e n t wi th the e x p e r i e n c e of o t h e r c o m p u t e r s y s t e m 

e x e c u t i v e l o a d s . To i m p l e m e n t m i s s i o n p r o c e d u r e s 5, 000 o p s / s e c w e r e 

a l l o c a t e d . It i s a s s u m e d tha t s o m e p o r t i o n of m i s s i o n p r o c e d u r e s wi l l occupy 

h igh speed m e m o r y . H o w e v e r , it i s c o n s i d e r e d f e a s i b l e to u s e d y n a m i c high 

s p e e d s t o r a g e so tha t a only p o r t i o n of the t o t a l p r o c e d u r e r e q u i r e m e n t n e e d s 

to be r e s i d e n t in h i g h - s p e e d s t o r a g e a t any one t i m e . O r b i t a l o p e r a t i o n 

p r o c e d u r e s a r e u s e d off-peak and a r e a l l owed for in the bulk s t o r a g e r e q u i r e ­

m e n t . 

In s u m m a r y , t h e t o t a l p r o c e s s i n g r e q u i r e m e n t s a t peak a r e about 241 , 000 

e q u i v a l e n t a d d s / s e c , and t h e h i g h speed , r a n d o m a c c e s s s t o r a g e r e q u i r e m e n t 

is l e s s t han 28, 000 w o r d s , a s s u m i n g d y n a m i c s t o r a g e of the o p e r a t i o n a l 

p r o c e d u r e s . Th i s would a l low about 5, 000 w o r d s of p r o c e d u r e s t o r a g e with a 

32, 0 0 0 - w o r d m e m o r y . T h e bulk s t o r a g e r e q u i r e m e n t s a r e 70, 000 w o r d s ; 

h o w e v e r , t h e s e n s i t i v i t y to t h i s r e q u i r e m e n t is s m a l l a s a m a g n e t i c t a p e o r 

a n a l o g o u s bulk s t o r a g e d e v i c e i s env i s ioned . The t o t a l s t o r a g e r e q u i r e m e n t 

r e p r e s e n t s a f i r s t o r d e r a p p r o x i m a t i o n of t h e so f tware c o m p l e x i t y of the 

RNS, About 15 p e r c e n t of the s t o r a g e r e q u i r e m e n t i s da ta , the b a l a n c e be ing 

i n s t r u c t i o n s . 

T h e m a j o r r e q u i r e m e n t s for the RNS p r o c e s s o r a r e for da ta c o m p r e s s i o n 

nav iga t ion , gu idance and c o n t r o l , and the o v e r h e a d for the execu t ive func­

t i o n s . The e a r l y e s t i m a t e s of the NERVA engine c o n t r o l p r o c e s s i n g r e q u i r e ­

m e n t s to m e e t t h e i r p r e s e n t s p e c i f i c a t i o n s a r e s u b s t a n t i a l l y a b o v e the p r e s e n t 

s t a g e r e q u i r e m e n t s . T h e s e r e q u i r e m e n t s d e r i v e in p a r t f r o m the p r e s e n t 

s t r i n g e n t s p e c i f i c a t i o n s of t h e eng ine . R e f i n e m e n t of engine c o n t r o l p r o c e s s i n g 

r e q u i r e m e n t s is e x p e c t e d in the n e a r f u t u r e . 
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4, 7, 6. 2 Arch i tec ture 

The data management system a rch i t ec tu re can employ var ious degrees of 

central izat ion, a l te rna t ive approaches to rel iabi l i ty enhancement, and 

different data bus concepts . The evaluation of the degree of central izat ion 

considered th ree d i sc re te candidates: 

A. Centra l ized - - A single p roces so r can satisfy the speed and memory 

requ i rements of the RNS exclusive of the engine control r equ i re ­

men t s . A block d iagram of the RNS with a central ized approach is 

shown in F igure 4. 7-5 . 

B. Decentra l ized by Function - - This approach would util ize dedicated 

p r o c e s s o r s for each major process ing function of the RNS. The 

N&G function, the data compress ion and evaluation functions, the 

NERVA control function, and the data bus control ler a r e likely 

candidates for dedicated p r o c e s s o r s . This has the advantages of 

allowing a num.ber of hardware-sof tware tradeoffs to favor specia l -

purpose hardware approaches and potentially reduces software 

requ i rements for each subsystem. Additionally, it is consistent with 

a corpora te management s t ra tegy of major subcontrac tors , inasmuch 
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a s an e n t i r e N&G p a c k a g e , da ta b u s , o r engine s u b c o n t r a c t o r would 

hold t o t a l r e s p o n s i b i l i t y for h i s funct ion . The d i s a d v a n t a g e s l ie in 

the a d d i t i o n a l o v e r h e a d p e n a l t i e s i n c u r r e d b e c a u s e a s ing le p r o c e s s o r 

c o m p o n e n t o r p r o c e d u r e is r e p e a t e d r a t h e r t han t i m e s h a r e d . 

R e l i a b i l i t y e n h a n c e m e n t t e c h n i q u e s could m u l t i p l y t h i s d i s a d v a n t a g e . 

S o m e l o s s of f l ex ib i l i t y r e s u l t s and t h e q u e s t i o n of s y n c h r o n i z i n g 

c o m p u t e r to c o m p u t e r c o m m u n i c a t i o n is a diff icult one to so lve . 

F i g u r e 4 . 7 - 6 r e p r e s e n t s the s y s t e m a r c h i t e c t u r e c o n s i d e r e d for 

t h i s a p p r o a c h . 

C. D e c e n t r a l i z e d by Module - - The u s e of a p r o c e s s o r in each m o d u l e 

h a s t h e a d v a n t a g e s of a l lowing a u t o n o m o u s checkou t du r ing the 

t r a n s p o r t a t i o n p h a s e and p r o c e s s i n g of l oca l da t a d u r i n g o p e r a t i o n . 

T h e p r i m i a r y d i s a d v a n t a g e is t ha t a p r o p e l l a n t o r p r o p u l s i o n m o d u l e , 

which is s p a c e r e s i d e n t , would have r e l i a b i l i t y r e q u i r e m e n t s o v e r 

t h r e e y e a r s r a t h e r than a s ing le m i s s i o n d u r a t i o n of 45 d a y s . Th i s 

a l t e r n a t i v e i s shown in F i g u r e 4 . 7 - 7 , but is c o n s i d e r a b l y l e s s a t t r a c ­

t ive than the o t h e r . The m o t i v a t i o n for s i m p l e m o d u l e s e x c l u s i v e of 

the CCM r e m a i n s . 
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The rel iabi l i ty of the p roces so r configurations was evaluated, as shown in 

F igure 4, 7-8. These curves were based on the assumption that the failure 

rate for the standby unit is 0. 1 of the operational unit. The curves a r e labeled 

as follows: A + B (X. XX), where A rep resen t s the number of active units 

required to per form a function, B is the number of backup or standby units, 

and (X. XX) is the "coverage, " which is an indication of the probabili ty of 

successful detection of a fault, switchover, and s ta r t of the redundant unit. 

The resu l t s a r e highly sensi t ive to the coverage value. 

The rel iabi l i ty allocation for the data management subsys tem is 0.9976. 

Assuming that the p rocesso r configuration would have to meet this requ i rement 

exclusive of other elements of unreliabil i ty in the sys tem, this would c o r r e s ­

pond to an MTBF of 23,700 hours assuming a 1 + 1 configuration with a switch­

over rel iabi l i ty of 0.99. If. a l ternately, one-half of the unreliabil i ty was at tr ibuted 

to other components in the sys tems such as the data bus control ler , the 

rel iabil i ty allocation for the computer system would be 0. 9988, corresponding 

to an MTBF for the 1 + 1 configuration of 38, 500 hours assuming a 0. 99 
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F igure 4 . 7 - 8 RELIABILITY OF ALTERNATE CONFIGURATIONS 

s w i t c h o v e r r e l i a b i l i t y . A l t e r n a t e l y , a 1 + 2 conf igu ra t ion could be u t i l i z ed . 

In t h i s con f igu ra t i on the s e n s i t i v i t y to the s w i t c h o v e r r e l i a b i l i t y is v e r y high. 

A s s u m i n g a s w i t c h o v e r r e l i a b i l i t y of 0. 95, t he p r o c e s s o r r e l i a b i l i t y 

a l l o c a t i o n would be 13, 500 h o u r s for t h e to t a l a l l o c a t i o n being a t t r i b u t e d to 

t h e p r o c e s s o r . Aga in , a s s u m i n g one -ha l f of the p r o c e s s o r u n r e l i a b i l i t y would 

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

r e q u i r e m e n t for t h e s ing le p r o c e s s o r in the 1 + 2 conf igu ra t ion would be 

26. 400 h o u r s . 

T h e r e q u i r e m e n t for a 4 - | i s e c add t i m e on the c o m p u t e r a p p e a r s we l l wi th in 

the s t a t e of the a r t . F i g u r e 4 . 7-9 shows t h e speed of s e v e r a l a i r b o r n e 

c o m p u t e r s and t h e i r y e a r of i n t r o d u c t i o n . A f a c t o r of 2 i n c r e a s e o v e r t h e 

RNS speed r e q u i r e m e n t is p r e s e n t l y a v a i l a b l e . The p o s s i b i l i t y of i n t e g r a t i n g 

t h e NERVA engine c o n t r o l r e q u i r e m e n t s into the da ta m a n a g e m e n t funct ion 

c e n t r a l p r o c e s s o r w a s c o n s i d e r e d . The p r e s e n t r e q u i r e m e n t for the NERVA 

c o n t r o l s y s t e m , be ing s u b s t a n t i a l l y a b o v e the RNS r e q u i r e m e n t for t h e p r e s e n t 

eng ine s p e c i f i c a t i o n s i n d i c a t e s tha t a p a r a l l e l p r o c e s s o r ( m u l t i p r o c e s s o r ) 
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a p p r o a c h w o u l d h a v e to b e t a k e n . H o w e v e r , if t h e c o n t r o l r e q u i r e m e n t s w e r e 

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

R N S r e q u i r e m e n t , i t w o u l d be f e a s i b l e t o i n t e g r a t e p r o c e s s i n g t h e r e q u i r e m e n t s 

i n a s i n g l e p r o c e s s o r c o n c e p t . 

T h e d a t a b u s c o n c e p t s e l e c t e d in P h a s e II i s f u n d a m e n t a l l y t h e t i m e s h a r i n g of 

a s e r i a l d i g i t a l l i n e t o t r a n s m i t d a t a o v e r s o m e p r e d e t e r m i n e d d i s t a n c e . 

S e v e r a l c o n c e p t s of t h e d a t a b u s a r e p r e s e n t l y u n d e r d e v e l o p m e n t . A d a t a b u s 

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

T h e p r e s e n t d e v e l o p m e n t a l e f f o r t s u s e f r o m 1 to 3 l i n e s a n d h a v e t r a n s f e r 

r a t e s f r o m 1 t o 5 M h z . M a n c h e s t e r o r b i p o l a r f o r m a t s a n d c u r r e n t o r v o l t a g e 

c o u p l i n g of d a t a b u s t e r m i n a l s t o t h e l i n e s s e e m e q u a l l y p o p u l a r . V a r i o u s 

s c h e m e s of e r r o r d e t e c t i o n a n d c o r r e c t i o n a r e e m p l o y e d . A n y of t h e d a t a 

b u s i m p l i m e n t a t i o n s p r e s e n t l y u n d e r d e v e l o p m e n t w o u l d s a t i s f y t h e r e q u i r e ­

m e n t of t h e R N S b a s e d on t h e r e q u i r e m e n t f o r t h e R N S d e v e l o p m e n t a l v e h i c l e 

of 0 . 5 X 10 b i t s p e r s e c o n d . I t i s e x p e c t e d , h o w e v e r , t h a t t h e d a t a b u s c o n c e p t 

s e l e c t e d f o r t h e s p a c e s h u t t l e , w i l l b e a d a p t e d t o t h e R N S r e q u i r e m e n t s 
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b e c a u s e RNS c o m p o n e n t s m u s t p h y s i c a l l y i n t e r f a c e wi th t h e s p a c e shu t t l e da ta 

b u s . F o r t h e C l a s s 1-H RNS conf igu ra t ion , it i s e s t i m a t e d tha t e ight da ta bus 

t e r m i n a l s would b e r e q u i r e d . Al though t h e d a t a bus c o n t r o l l e r can be i m p l e ­

m e n t e d in e i t h e r h a r d w a r e o r so f twa re , t he p r o c e s s i n g r e q u i r e m e n t s for the 

RNS a s s u m e d the w o r s t c a s e - - s o f t w a r e . 

A c e n t r a l i z e d a p p r o a c h wi th t h e da t a bus conf igu ra t ion to be u sed on the s p a c e 

shu t t l e w a s s e l e c t e d a s b a s e l i n e wi th an a u t o n o m o u s engine c o n t r o l p r o c e s s o r . 

T h e s y s t e m a r c h i t e c t u r e fo r t h e s t age u s e s two p r o c e s s o r s in a 1 + 1 configu­

r a t i on - T h e f a i l u r e of the p r i m a r y p r o c e s s o r a l lows for the s w i t c h o v e r to the 

s e c o n d a r y p r o c e s s o r wi thout l o s s of m i s s i o n o b j e c t i v e s . A l though no r e s p o n ­

s i b i l i t i e s a r e a s s i g n e d to the s e c o n d a r y p r o c e s s o r , it is l ike ly tha t a s the 

p r o g r a m d e v e l o p s c e r t a i n func t ions wi l l be def ined. The p r i m a r y r e s p o n s i b i l ­

i ty of the s e c o n d a r y p r o c e s s o r is to r e m a i n in s y n c h r o n i z a t i o n to a l low for an 

eff ic ient t r a n s f e r of c o n t r o l . 

E a c h p r o c e s s o r h a s a r e l i a b i l i t y r e q u i r e m e n t of about 38, 500 -hou r M T B F 

i m p l y i n g tha t t hey a r e l ike ly i n t e r n a l l y r e d u n d a n t . The p r o c e s s i n g speed 

r e q u i r e m e n t of a 4-|JLsec add is r e l a t i v e l y m o d e s t and h i g h - s p e e d s t o r a g e of 

32, 000 w o r d s s e e m s a d e q u a t e . A s h a r e d s e l e c t i o n of m e m o r y to i n s u r e 

s w i t c h o v e r to the s e c o n d a r y c o m p u t e r and a bulk s t o r a g e capab i l i t y i s a l lowed 

fo r . T h e da t a bus t r a f f i c r e q u i r e m e n t is a m a x i m u m of 0. 5 x 10 b i t s / s e c , 

we l l wi th in the c a p a b i l i t i e s of a l l s y s t e m s unde r d e v e l o p m e n t . The r a d i a t i o n 

e n v i r o n m e n t is not c o n s t r a i n i n g for the p r o c e s s o r s which wil l be l oca t ed 

f o r w a r d of the p r o p e l l a n t m o d u l e ; h o w e v e r , s p e c i a l c o n s i d e r a t i o n m u s t be 

g iven to the da t a bus t e r m i n a l s , d i g i t i z e r s , m u l t i p l e x e r s , and i n s t r u m e n t a ­

t ion l o c a t e d on the p r o p u l s i o n m o d u l e . 

T h e l i m i t i n g r e q u i r e m e n t for the RNS da ta m a n a g e m e n t funct ion a p p e a r s to 

be t h e r e l i a b i l i t y of t h e p r o c e s s o r and t h e ab i l i t y to p r o v i d e for an eff icient 

s w i t c h o v e r to a backup p r o c e s s o r o r i m p l e m e n t o t h e r r e l i a b i l i t y e n h a n c e m e n t 

t e c h n i q u e s . 
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4. 7. 7 R a d i a t i o n Ef fec t s 

A l i t e r a t u r e s e a r c h w a s p e r f o r m e d to a s s e s s t h e ef fects of s t e a d y s t a t e 

r a d i a t i o n on s e m i c o n d u c t o r s , s o l a r c e l l s and i n s u l a t i o n m a t e r i a l s . The 

r a d i a t i o n e n v i r o n m e n t for the RNS is def ined in Sec t ion 4. 5. 11. The c r i t i c a l 

l o c a t i o n is the p r o p u l s i o n m o d u l e aft zone , wi th a d o s e c r i t e r i o n for 10 round 
Q 

t r i p s of 10 r a d s , -which i n c l u d e s a f a c t o r of 10 safe ty m a r g i n . T h i s is 

r e d u c e d to 5 x 10 r a d s a t t h e top of the p r o p u l s i o n m o d u l e . 

4. 7 . 7 . 1 R a d i a t i o n Effec ts on S e m i c o n d u c t o r E l e c t r o n i c C o m p o n e n t s 

A s tudy w a s p e r f o r m e d to d e t e r m i n e which c l a s s e s of s e m i c o n d u c t o r c o m p o ­

nen t s m a y be u sed in c i r c u i t r y m o u n t e d n e a r the aft end of the RNS. It w a s 

conc luded tha t t h e effects of the r a d i a t i o n on the s e m i c o n d u c t o r d e v i c e s 

du r ing and a f t e r i r r a d i a t i o n a r e h igh ly p r e d i c t a b l e , and tha t it should be 

p o s s i b l e to s e l e c t c o m p o n e n t s tha t a r e useful for a t l e a s t s e v e r a l round t r i p s 

in the e x p e c t e d e n v i r o n m e n t of the top of t h e run t ank . To h a r d e n t h e c i r c u i t s 

suff ic ient ly , it is n e c e s s a r y to s e l e c t c o m p o n e n t s ca r e fu l l y , b a s e d on the 

f a b r i c a t i o n p r o c e s s , t h e v a l u e s o f f and p. (for b i p o l a r t r a n s i s t o r s ) , and 

the dopant c o n c e n t r a t i o n (in t h e c a s e of J F E T ' s ) . The t o l e r a b l e r a d i a t i o n 

d o s e s for the b e s t a v a i l a b l e d e v i c e s of e a c h type a r e shown in T a b l e 4 . 7- 15 

b a s e d on a 50 p e r c e n t p e r f o r m a n c e d e g r a d a t i o n . 

At the top of the run tank , t he n e u t r o n dose is s rna l l ; h e n c e any s e m i c o n d u c t o r 

d e v i c e s c o n s i d e r e d a r e c o n s i d e r e d a c c e p t a b l e . H o w e v e r , t h e g a m m a e n v i r o n ­

m e n t is r e l a t i v e l y s e v e r e . E v a c u a t e d u n p a s s i v a t e d m e s a t r a n s i s t o r s , J F E T ' s , 

o r d i e l e c t r i c a l l y i s o l a t e d M O S F E T ' s could be u sed in t h i s e n v i r o n m e n t . 

If c i r c u i t r y is r e q u i r e d a t t he b o t t o m of the run tank, heavy sh i e ld ing and 

s u b s t a n t i a l d e v e l o p m e n t work i s i nd i ca t ed . The n e u t r o n dose i s t he l i m i t i n g 

f a c t o r in t h i s l oca t i on . S ince the r a d i a t i o n d o s e s a t t he f o r w a r d end of the 

m a i n tank a r e v e r y s m a l l , any s e m i c o n d u c t o r d e v i c e s could be u sed t h e r e , 

for m a n y t r i p s . 

N e u t r o n D a m a g e 

T h e a m o u n t of p e r m a n e n t d e g r a d a t i o n which n e u t r o n s c a u s e in a b i p o l a r 

t r a n s i s t o r depends on the in i t i a l gain and t h e cutoff f r e q u e n c y , and i s given 

a p p r o x i m a t e l y by: 
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. Table 4 .7 -15 

EFFECTS OF STEADY-STATE REACTOR RADIATION ON TRANSISTORS 

Type of Device 

Tolerable Neutron 
Dose 

(n /cm2, E>10 kev) 

Tolerable Dose of 
Ionizing Radiation 

(rads) P r i m a r y Fai lure Modes 

CO 

Bipolar -

P lanar T rans i s to r 

Mesa Trans i s to r 

Bipolar Integrated 
Circui t 

MOSFET 

MOSFET with dielec­
t r i c insulation. 

MOS Microci rcui t s 

J F E T 

10 

10 

10 

10 

10 

14 

14 

14 

15 

15 

5 x 1 0 14 

3 X 10^5 

10^ 

10^ 

10^ 

2 X lo ' 

10^ 

10^ 

10' 
(Estimated) 

Permanent loss of gain due to neutron 
displacement damage. 

Loss of gain 

Increase in I CBO 

Due to surface 
effects caused 
By ionizing 
radiat ion. 

Voltage shift of charac te r i s t i c curves 
( source - to -dra in cur ren t ve r sus gate-
to- source voltage) due to surface 
effects by ionizing radiat ion. 

Permanent dec rease in source- to . -drain 
durrent due to neutron displacement 
damage. 

Permanent loss of gain due to neutron 
displacement damage. 



p/p. = 1/(1 + 0.194 <t>p. /f k) 
'^ ^m '̂ in aco 

where 3 and 3. are the final and initial values of the common-emitter current 
i n 

gain, ^ is the fast neutron fluence (n/cm , e >10 kev), f is the alpha cut­

off frequency (hertz), and k is the damage constant (3 x 106 for Si) (Reference 

4-56). Majori ty-carr ier devices, such as diodes, JFET 's and MOSFET's, 

do not show significant permanent neutron damage until the dose is high 

enough to cause an appreciable change in the bulk conductivity of the crystal. 

Figure 4.7-10 shows the neutron displacement damage in JFET 's (Reference 

4-57). 

Ionizing Radiation Damage 

All of the gamma energy absorbed in a material , and at least part of the 

neutron energy, form ion pairs . In Si, the ionization dose contributed by fast 

neutrons is 

Neutron dose = 3. 3 x 10 <|>rads. 

and in Si Op, 

Neutron dose = 9 x 10 <})rads 

where (ji is the integrated fast neutron flux (n/cm ). 

The neutron dose must be added to the gamma dose in calculating the 

ionization dose. At the top of the run tank the neutron contribution is 

negligible, but at the bottom of the run tank it is significant. Radiation of 

bipolar semiconductors will cause positive ions to accumulate on the 

surface of the base region, near the junction. These repel the majority 

ca r r i e r s in the base, forming an n-type channel just under the surface. 

The resulting increase in the effective junction area causes Ipr>^ to 

increase. The ions also affect the surface states of the Si, enhancing 

surface recombination of majority and minority ca r r i e r s , which reduces 

the gain. 
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Neutron Fluence (n/cm ) (E > 10 kev) 

Figure 4.7-10 TRANSCONDUCTANCE DEGRADATION IN SI JFET'S DUE TO NEUTRON 
IRRADIATION, FOR VARIOUS INITIAL DOPING LEVELS IN CHANNEL 



M O S F E T ' s , s i n c e t hey a r e m a j o r i t y c a r r i e r d e v i c e s , a r e v u l n e r a b l e to 

i on i z ing r a d i a t i o n , wh ich c a u s e s a p o s i t i v e s p a c e c h a r g e to f o r m in the Si 

oxide i n s u l a t i o n l a y e r b e t w e e n the ga te and the channe l ( R e f e r e n c e 4 - 5 8 ) . 

E x p e c t e d I m p r o v e m e n t s in R a d i a t i o n R e s i s t a n c e 

N e u t r o n d a m a g e c a u s e s r e l a t i v e l y l a r g e d e c r e a s e s in t h e m i n o r i t y c a r r i e r 

l i f e t i m e in t h e b a s e r e g i o n of b i p o l a r t r a n s i s t o r s , r e d u c i n g the c u r r e n t ga in . 

T h i s effect can be m i n i m i z e d by r e d u c i n g the b a s e width. H o w e v e r , p r e s e n t 

t e c h n o l o g y , m o t i v a t e d by speed r e q u i r e m e n t s , h a s r e d u c e d t h e b a s e width to 

e s s e n t i a l l y the l o w e s t p r a c t i c a l v a l u e . Consequen t ly , l i t t l e i n c r e a s e can be 

e x p e c t e d in b i p o l a r d e v i c e n e u t r o n d a m a g e r e s i s t a n c e . L a t t i c e de f ec t s c aus ing 

d e c r e a s e s in c h a n n e l conduc t iv i t y of J F E T and M O S F E T d e v i c e s a r e t h e 

p r i m a r y n e u t r o n d a m a g e m e c h a n i s m . Changes in doping d e n s i t y can i m p r o v e 

n e u t r o n h a r d n e s s . Howeve r , no s ign i f i can t f u r t h e r i m p r o v e m e n t can be 

e x p e c t e d . P r e s e n t l i m i t a t i o n s i n d i c a t e t ha t m a x i m u m i n t e g r a t e d n e u t r o n d o s e s 
14 15 

in t h e 10 to 10 nvt r a n g e can be t o l e r a t e d , wi th s l igh t ly b e t t e r p e r f o r m a n c e 

e x p e c t e d in h igh ly doped J F E T ' s . T h e r e wil l p r o b a b l y be v e r y l i t t l e i m p r o v e ­

m e n t in t h i s r e s i s t a n c e to n e u t r o n d a m a g e o v e r the next 10 y e a r s . 

T h e p r i m a r y d a m a g e m e c h a n i s m of ion iz ing r a d i a t i o n in J F E T ' s and b i p o l a r 

p l a n a r t r a n s i s t o r s i s a c h a r g e bui ldup in the p a s s i v a t i n g l a y e r of the c r y s t a l 

and in the M O S F E T ' s i t is a c h a r g e bu i ldup in the i n su l a t i ng l a y e r be tween the 

ga te and the c h a n n e l . O v e r t i m e s u b s t a n t i a l i m p r o v e m e n t has been m a d e 

in m i n i m i z i n g t h e effect of ion iz ing r a d i a t i o n on t h e s e d e v i c e s ; h o w e v e r , 

J F E T ' s have a l w a y s b e e n r e l a t i v e l y i m m u n e to d a m a g e . It is expec t ed tha t 

con t inued i m p r o v e m e n t in r e s i s t a n c e to ion iz ing r a d i a t i o n wi l l be s e e n . 

P r e s e n t J F E T and b i p o l a r t r a n s i s t o r s can w i t h s t a n d i n t e g r a t e d d o s e s of about 
7 

10 r a d s a t a low d o s e r a t e wi th M O S F E T d e v i c e s w i th s t and ing s u b s t a n t i a l l y 

l e s s r a d i a t i o n . One to two o r d e r s of m a g n i t u d e i m p r o v e m e n t po t en t i a l e x i s t s 

o v e r the next 10 y e a r s for a l l t h r e e c l a s s e s of d e v i c e s . 

4. 7. 7. 2 R a d i a t i o n Ef fec t s on So la r C e l l s 

An l i t e r a t i v e s e a r c h was conduc ted to d e t e r m i n e t h e effects of n u c l e a r and 

s p a c e r a d i a t i o n on the s o l a r c e l l s which a r e a c a n d i d a t e p o w e r s o u r c e in 
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S e c t i o n 4. 7. 4. T h e r a d i a t i o n e n v i r o n m e n t i n c l u d e s n e u t r o n s and g a m m a r a y s 

f r o m t h e n u c l e a r eng ine , e l e c t r o n s and p r o t o n s in the Van Al l en b e l t s , and 

p r o t o n s f r o m s o l a r f l a r e e v e n t s . 

R a d i a t i o n d a m a g e , w h e t h e r c a u s e d by f a s t n e u t r o n s , e l e c t r o n s , o r p r o t o n s , 

c o n s i s t s of l a t t i c e de f ec t s in the b a s e r e g i o n . T h e s e ac t a s r e c o m b i n a t i o n 

t r a p s which r e d u c e the m i n o r i t y - c a r r i e r l i f e t i m e . Th i s cu t s the eff ic iency 

of the s o l a r ce l l , r e d u c i n g t h e s h o r t - c i r c u i t c u r r e n t (I ) and the o p e n - c i r c u i t 

v o l t a g e (V ) t h a t can be ob ta ined f r o m a given a r e a of ce l l i l l u m i n a t e d at a 
° oc ° 

given i n t e n s i t y , s i n c e m a n y of t h e ion p a i r s p r o d u c e d by a b s o r b e d pho tons 

wi l l r e c o m b i n e b e f o r e be ing r e c t i f i e d a t the junc t ion . 

E x p e c t e d N u c l e a r E n v i r o n m e n t 

T h e r a d i a t i o n which the s o l a r c e l l s on the RNS wi l l r e c e i v e d u r i n g one m i s s i o n 

i n c l u d e a f a s t n e u t r o n d o s e r a t e of 108 n e u t r o n s / c m (which does not inc lude 

a sa fe ty f a c t o r ) , 50 r a d s of g a m m a r a y s , which wi l l h a v e no s ign i f ican t 

effect , a d o s e of e l e c t r o n s and p r o t o n s du r ing two p a s s a g e s t h r o u g h t h e Van 

A l l en b e l t s , and b a c k g r o u n d r a d i a t i o n f r o m s p a c e , which is s o m e t i m e s m u c h 

h i g h e r d u r i n g s o l a r f l a r e even t s ( R e f e r e n c e 4 - 5 9 ) . Such a f l a r e event , which 
9 2 

o c c u r s a p p r o x i m a t e l y once p e r y e a r , would give a p r o t o n d o s e of ~10 p / c m 

(E > 30 M e v ) . S i m i l a r l y , the effect of Van Al l en r a d i a t i o n on the ce l l s could 

be c a l c u l a t e d exac t ly , s i n c e the f l uences and s p e c t r a of t h e e l e c t r o n s and 

p r o t o n s in e a c h p a r t of the b e l t s i s known ( R e f e r e n c e s 4 -60 and 4 - 6 1 ) . The 

d o s e a c c u m u l a t e d d u r i n g e a c h p a s s a g e t h r o u g h the Van Al l en b e l t s depends 

on what the i n i t i a l o r b i t i s , and f r o m what p a r t of the o r b i t t he a s c e n t i s 

begun , s i n c e t h e Van Al len b e l t s a r e c o n c e n t r a t e d above t h e E a r t h ' s e q u a t o r . 

H o w e v e r , it is e s t i m a t e d tha t t he d o s e r e c e i v e d d u r i n g e a c h p a s s a g e wil l be 

equ iva l en t to wha t i s ob ta ined du r ing a p p r o x i m a t e l y one hou r in the h i g h e s t -

i n t e n s i t y p a r t of the b e l t s . The s o l a r f l a r e dose ob ta ined d u r i n g a s ing le l a r g e 

event ( o c c u r r i n g once p e r y e a r ) is equ iva len t to rough ly t e n p a s s a g e s t h r o u g h 

the Van Al l en b e l t s ( R e f e r e n c e 4 - 6 1 ) . 

N e u t r o n Effec ts 

T h e effect of f a s t n e u t r o n s on n / p Si c e l l s (without Li) wi th 5 to lOS^cm b a s e s 

i s shown in F i g u r e 4 . 7 - 1 0 . The p a r a m e t e r s shown a r e I , V , and m a x i m u m ° ^ sc oc 
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p o w e r (P ) ( R e f e r e n c e 4 - 6 2 ) . With n e u t r o n i r r a d i a t i o n , t he effects on a 
^ m a x ' 

L i - d o p e d P / N ce l l would be j u s t the s a m e a s on one which had s o m e b a s e 

d o n o r o t h e r than L i , excep t t h a t t he d a m a g e in the L i - d o p e d ce l l could be 

e x p e c t e d to a n n e a l a t r o o m t e m p e r a t u r e n e a r l y a s f a s t a s it f o r m e d , 
12 2 

p r o v i d e d tha t t h e d o s e r a t e w a s low (about 10 n / c m -day) and t h e Si was 
m a d e by the f l o a t - z o n e p r o c e s s ( R e f e r e n c e 4 - 6 1 ) . 

D a m a g e Due to Van A l l en R a d i a t i o n 

The effects of e l e c t r o n s and p r o t o n s in the Van A l l en b e l t s on P / N and N / P 

Si s o l a r c e l l s , wi th f r o m 0 to 60 m i l s of c o v e r g l a s s , a r e d e s c r i b e d in 

R e f e r e n c e 4 - 6 3 . E v e n adding a 3 - m i l c o v e r g l a s s g ives c o n s i d e r a b l e 

i m p r o v e m e n t , i n c r e a s i n g t h e useful life by a f a c t o r of 100. It w a s a l s o 

found t h a t h e a v i l y - s h i e l d e d N / P Si c e l l s l a s t e d t e n t i m e s a s long a s P / N 

c e l l s wi th t h e s a m e sh ie ld ing ( R e f e r e n c e 4 - 6 3 ) . The r e l a t i v e d a m a g e r a t e 

of s o l a r c e l l s u sed in the T e l s t a r s a t e l l i t e i s p lo t t ed vs sh ie ld t h i c k n e s s 

( m i l s of s a p p h i r e ) in F i g u r e 4 . 7 - 1 1 ( R e f e r e n c e 4 - 6 4 ) . 
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Figure 4.7-11 NEUTRON-INDUCED DEGRADATION IN N/P SI SOLAR CELLS 
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H a r d e n i n g S o l a r C e l l s A g a i n s t R a d i a t i o n 

The s i m p l e s t way to h a r d e n c e l l s a g a i n s t e l e c t r o n o r p r o t o n d a m a g e i s to add a 

c o v e r g l a s s . Depend ing on i t s t h i c k n e s s , it r e m o v e s a l l the p a r t i c l e s be low a 

c e r t a i n e n e r g y . A few m i l s of c o v e r g l a s s g ives a g r e a t i m p r o v e m e n t , but i n c r e a s ­

ing the t h i c k n e s s beyond s ay 60 m i l s wi l l not give m u c h add i t i ona l i m p r o v e m e n t , 

b e c a u s e the p r o t o n and e l e c t r o n f luxes d e c r e a s e r a p i d l y with i n c r e a s i n g e n e r g y . 

F i g u r e 4 . 7 - 1 2 shows the r e l a t i v e d a m a g e r a t e of s o l a r ce l l s u s e d in the T e l s t a r 

s a t e l l i t e v e r s u s sh i e ld t h i c k n e s s . Cove r g l a s s e s have no effect on n e u t r o n 

d a m a g e , h o w e v e r . 

If c e l l s a r e u s e d which do not con ta in Li N / P c e l l s a r e b e s t , and the r e s i s t i v ­

i ty of the b a s e should be low (i. e. , it should be h e a v i l y doped) . If L i - d o p e d 

c e l l s a r e u sed , t h e y m u s t n e c e s s a r i l y be of t h e P / N type , t he b a s e should be 

h e a v i l y doped wi th L i ( ~ 1 ficm), and they m u s t be m a d e f r o m f l o a t - z o n e 

Si . W y s o c k i ( R e f e r e n c e 4-65) found tha t when Li c e l l s wi th a 30 fi c m b a s e 

w e r e i r r a d i a t e d wi th e l e c t r o n s , they r e c e i v e d m o r e d a m a g e than s t a n d a r d 

P / N c e l l s wi th a 30 fi c m b a s e . 
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If t h e s o l a r c e l l s on t h e n u l c e a r s t a g e a r e to be u s e d for 10 round t r i p s last ing 

10 y e a r s wi th a f a c t o r of safe ty of 10, t he p r o t o n and e l e c t r o n d o s e equ iva len t 

wi l l be 300 p a s s a g e s t h r o u g h the b e l t s , o r 300 h o u r s in the h e a r t of the b e l t s . 

N / P s t a n d a r d c e l l s wi th a 3 0 - m i l c o v e r g l a s s would d e g r a d e only 10 p e r c e n t 

in t h i s t i m e . T h e n e u t r o n d o s e would d e g r a d e t h e m by a neg l ig ib l e amoun t , 

p r o v i d e d t h e t e m p e r a t u r e of the c e l l s i s 25 C or h i g h e r . If they a r e c o l d e r 

t h a n t h i s , t h e L i could not c a n c e l the d a m a g e a s f a s t a s it f o r m e d . 

If t h e d e v i c e m u s t be h e a t e d to m a k e it a n n e a l s a t i s f a c t o r i l y , an e l e c t r i c 

h e a t e r o r " b l a c k m i r r o r " could be u sed . Boeing, a f t e r s tudying the p r o b l e m , 

d e c i d e d tha t an e l e c t r i c h e a t e r w a s i m p r a c t i c a l , and tha t t h e b e s t way to 

hea t c e l l s would be to pul l a b lack m i r r o r onto the f ron t s u r f a c e (which is a 

s h e e t of m a t e r i a l wi th a h igh a b s o r p t i o n in the s o l a r s p e c t r u m and low 

e m i t t a n c e in t h e i n f r a r e d region) and a l u m i n i z e d i n s u l a t i o n on the b a c k . Th i s 

h e a t s the ce l l to 450 C in 1 h o u r . An h o u r o r so a t th i s t e m p e r a t u r e would 

a n n e a l a l l t he r a d i a t i o n - i n d u c e d d e f e c t s , even in a s t a n d a r d c e l l . It would be 

n e c e s s a r y to u s e a s p e c i a l c e l l , h o w e v e r , tha t did not con ta in any s o l d e r o r 

o t h e r t e m p e r a t u r e - s e n s i t i v e m a t e r i a l s ( R e f e r e n c e 4 - 6 6 ) . 

C o n c l u s i o n 

T h e effects of p r o t o n s and e l e c t r o n s can be g r e a t l y r e d u c e d by us ing c o v e r 

g l a s s e s o v e r t h e c e l l s . In g e n e r a l , N / P c e l l s a r e m o r e r a d i a t i o n - r e s i s t a n t 

t han P / N c e l l s ; h o w e v e r , if L i i s u sed as the b a s e dopant in P / N c e l l s , and 

the Si con ta in s l i t t l e oxygen, m o s t of the r a d i a t i o n d a m a g e wil l a n n e a l in a 

few h o u r s a t r o o m t e m p e r a t u r e . A s s u m i n g t h a t one l a r g e s o l a r f l a r e event 

o c c u r s p e r y e a r , and tha t the c e l l s wi l l get t en t i m e s the r a d i a t i o n d o s e tha t 

is a c t u a l l y expec ted , it is e s t i m a t e d tha t the e l e c t r i c p o w e r ob ta ined f r o m 

L i - d o p e d s o l a r c e l l s wi th 3 0 - m i l c o v e r g l a s s e s would d e c r e a s e l e s s t han 

10 p e r c e n t in 10 y e a r s of o p e r a t i o n . 

4. 7. 6. 3 R a d i a t i o n Effec ts on E l e c t r i c a l In su l a t ing M a t e r i a l s 

An i n v e s t i g a t i o n w a s conduc ted on the r a d i a t i o n effects of i n s u l a t i o n m a t e r i a l s 

in conjunct ion with the cab le and c o n n e c t o r s tudy unde r M D A C / M S F C C o n t r a c t 

NAS8-25620 ( R e f e r e n c e 4 - 6 7 ) . 
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R a d i a t i o n d a m a g e is of two t y p e s : p e r m a n e n t d a m a g e , wh ich depends on t h e 

t o t a l i n t e g r a t e d d o s e , and t r a n s i e n t d a m a g e , which is a d o s e - r a t e effect . 

In o r g a n i c m a t e r i a l s , both n e u t r o n s and g a m m a r a y s c o n t r i b u t e to the d a m ­

a g e , w h e r e a s in c e r a m i c s ' o n l y the n e u t r o n flux n e e d s to be c o n s i d e r e d . 

T a b l e 4 . 7 - 1 6 g ives the d o s e s (in r ads ) at r o o m t e m p e r a t u r e tha t wi l l c a u s e 

t h r e s h o l d d a m a g e and s ign i f i can t d a m a g e (~20 p e r c e n t d e g r a d a t i o n of 

m e c h a n i c a l p r o p e r t i e s ) to o r g a n i c i n s u l a t i o n m a t e r i a l s . The type of d a m a g e 

e x p e c t e d i s g iven u n d e r " C o m m e n t s . " 

T a b l e 4 . 7 -17 g ives t h e effects of r a d i a t i o n on c e r a m i c s . P r o b a b l y any 

c e r a m i c would t o l e r a t e the e x p e c t e d r a d i a t i o n , excep t g l a s s con ta in ing 

b o r o n . 

4. 7. 8 NERVA I n t e r f a c e I m p l i c a t i o n s 

T h e p r i m a r y i m p a c t of the P h a s e III MDAC s tudy on th i s i n t e r f a c e is r e l a t e d 

to the p r o p u l s i o n m o d u l e concep t . The p r e s e n t A e r o j e t b a s e l i n e s t age concep t 

does not i nc lude a run tank , so a s t r i o n i c s m o u n t e d aft r e q u i r e s sh i e ld ing . 

T h e m o r e f a v o r a b l e r a d i a t i o n e n v i r o n m e n t f o r w a r d of the MDAC run tank 

a l l ows for e l e c t r o n i c c o m p o n e n t moun t ing in t h i s a r e a . T h e r e f o r e , s u b s t a n ­

t i a l c h a n g e s to the p r e s e n t l y conce ived eng ine i n t e r f a c e can be c o n s i d e r e d . 

The rou t ing of eng ine w i r e s to the f o r w a r d end of the run tank is r e c o m ­

m e n d e d and would r e q u i r e a p p r o x i m a t e l y 3, 000 w i r e s c r o s s i n g the e n g i n e / 

s t a g e i n t e r f a c e . The u s e of c o n n e c t o r s a s at th i s i n t e r f a c e would i m p o s e a 

s e v e r e r e l i a b i l i t y p e n a l t y . T h e P h a s e II s e l e c t i o n of f lat c a b l e and s u b s e q u e n t 

s tudy of cab le and c o n n e c t o r s ( R e f e r e n c e 4-67) h a s r e c o m m e n d e d tha t a flat 

c o n d u c t o r c a b l e be u s e d and a c o n n e c t o r l e s s t r a n s i t i o n be m a d e a t t he e n g i n e / 

s t a g e i n t e r f a c e . 

It is p r o p o s e d tha t s igna l cond i t ion ing , m u l t i p l e x i n g and d ig i t i z ing and c o n t r o l 

d r i v e r s be supp l ied w^Lth t h e engine i n s t r u m e n t a t i o n and l o c a t e d forw^ard of 

the run t ank . A da ta bus t e r m i n a l would be p r o v i d e d for c o n t r o l and i n s t r u ­

m e n t a t i o n s i g n a l s tha t flow f r o m the RNS and the f o r w a r d m o u n t e d NDICE on 

the s t a g e da t a b u s . 

329 



oe
e 

O
 

t)
 

lyvin 
lorid •—

' 
h

-
' 

tj
^ 

tS
J 

0 I—
- 3 a>
 3 I—

" 

CD
 

>
 3 •

—
' 

• 1
—

' 

!=
 

O
 

4 o I-
'' 4 1—
• 

o 1 

0 1
—

' 

m
 

rt
-

CD
 

Id
 

CD
 

t—
' 

o 

CD
 

1 O
 

4 3 1
—

' 

CD
 

^ a CD
 

1
—

' 

U
l 

1 I—
* 

P
-h

 

1—
' 

3 1
—

' 

t
^ 

o CD
 

CO
 

rt
-

CD
 

4 C
 

3 I-
**

 

CD
 

1
—

1 
1

—
1 

2.
 o

 

2 
o

 
^ 

3 J-
**

 

I—
* 

1—
' 

1 

CD
 

O h
—

' 

O
 

I—
* 

CD
 

a 1
—

' 

• 

CD
 

1 
' 

S
p

e
c

if
ic

 
G

ra
v

it
y 

o o I %
D

 
O

 
O

 

O
 00

 

-J
 

o o o 4 I—
' 

CD
 w (—
• 

CD
 

X
 

1—
' 

o c»
 

o 

01
 f

" 
t*

 

CD
 

(d
 

t-t-
 P

 
2

: 
^

^
. 

o 
a

, 
1-

- 
P

 
CD

 
n>

 
4 

o 
n>

 
;̂

 
"̂

 
CD

 
I-

. 
P

J 
0

3 
«>

 
J

^ 
CD

 
^ P
 

o CD
 

? 
3 

1-
4 

01
 

O
J un

 
O

 
1 U
1 o o 

C
T

-
O

 
O

 

I-
" 

H
i 

1-
h,

 

CO
 

IN
) 

O
 

1 tl^
 

o o l-
h 

H
i 

.4̂
 

U
l o o CD
 

X
 

k-
1.

 

ro
 

00
 

o 1 U
i 

o o CD
 

X
. 

4̂
 

O
 

U
i 

Cs
) 

o o 1 O
i 

o o 4 a 

o 
00

 

o 

I—
 4

 
01

 
o

, 
CD

 
P

 
01

 

CD
 

P
 

01
 

01
 

r+
 

a p OQ
 

rt
- P
' 

o- 1—
' 

CD
 

O 
00

 

o 

fO
 

1̂
 

o C
\) X
 

I—
I 

o 
-J

 

o 

o o 00
 

w
 

I—
' 

CD
 

O
 

a.
 w

 
CD

 
o

 
o 

tl>
 

^ 
n>

 
CD

 
H

 

01
 «

 
CD

 CD
 

p
 

01
 

CD
 

01
 

rt
-

CD
 

P
 

OQ
 

P
' 

H
 

CD
 

P
 

01
 

1
—

' 

CD
 

01
 

rl
- ^ 1

—
' 

*—
>

 
01

 

hd
 

CD
 

n o 3 CD
 

01
 

W
 

4 M
-

1
—

' 

CD
 

O
 

4 i"
 

O
 

01
 

o td
 

CD
 

n o 3 CD
 

0!
 w
 

O
 

O
 1—

1 

o 

td
 

CD
 

O O 3 CD
 

01
 

cr
 

4 

o o -J
 

td
 

CD
 n o 3 (D
 

01
 

cr
 

D
ie

le
ct

ri
c 

st
re

n
g

th
 

(V
/m

il
) 

In
it

ia
l 

M
ec

h
an

ic
al

 
P

ro
p

e
rt

ie
s 

R
ad

ia
ti

o
n 

D
am

ag
e 

T
h

re
sh

o
ld

 
(r

ad
s)

 

D
o

se
 

C
au

si
n

g 
S

ig
n

if
ic

an
t 

D
am

ag
e 

(r
ad

s)
 

O
 

o 3 3 CD
 

P
 

> I—
I > H
 

1—
1 O
 

H
 

"^
 

M
 

a H
 

O
 

2,
 

tt^
 

O
 

^ 

O
 

">
 

o 
^ 

w
 

^ 
w

 
o n > I—

I o '2
, 



T a b l e 4 . 7 - 1 6 (Cont inued) 

RADIATION E F F E C T S ON ORGANIC E L E C T R I C A L INSULATION 

M a t e r i a l 

• • ^ > ' u n) 

u 

(U 

u 
• 1-1 

•—< 0) 

Q wb 
(U 

So. 

O dj o 

M 
« • i - i 
CO 

p 

u 
rn 
n 
Q 

05 
T) 
R) 

% 0) 
.H bO 
"•^ «) 

•rtfi 
WJr t 

chQ C o m m e n t s 

cu 
CO 

P o l y e t h y l e n e 

P o l y c a r b o n a t e 

K e l - F 
( P o l y c h l o r o t r i -
f l uo roe thy lene ) 

P o l y v i n y l 
B u t y r a l 

C e l l u l o s e 
A c e t a t e 

Teflon ( T F E ) 

Tef lon ( F E P ) 

0 .9 -
0. 96 

1.2 

2 . 1 
2. 2 

1. 05 

1.3 

P o l y a m i d e (Nylon) 1, 14 

2. 17 

2. 14 

450-700 

350-400 

4 0 0 - 6 0 0 

325 

200-600 

F l e x i b l e -̂ 3 X 10 

2 X 10' 

.6 10' 

F l e x i b l e 2 x 10' 

10' 

3 5 0 - 4 7 0 F l e x i b l e 10 

4 0 0 - 5 0 0 F l e x i b l e 2 x l o ' 

500 -600 F l e x i b l e 10^ 

4 0 

3 X lo"^ 

2 X 10' 

1. 5 X 

1. 5 X 

10 

10 

T e n s i l e s t r e n g t h and 
b r e a k d o w n v o l t a g e d e c r e a s e 
(af ter f i r s t b e c o m i n g m o r e 
b r i t t l e ) 

E longa t ion i n c r e a s e s , 
i m p a c t s t r e n g t h d e c r e a s e s 

B e c o m e s b r i t t l e 

5 X 10 Stiffens, t e n s i l e 

S t r eng th i n c r e a s e s 

4 X 10 B e c o m e s b r i t t l e , c r a c k s 

3 X 10 B e c o m e s b r i t t l e , c r a c k s 



T a b l e 4 . 7 - 1 6 (Cont inued) 

RADIATION E F F E C T S ON ORGANIC E L E C T R I C A L INSULATION 

M a t e r i a l 

u 
• I-I 
• r -4 

f ) 

0) 
a. 

0. 
1. 

1, 
1. 

•i-i 

> 
ni 
^1 

O 

, q3 
, 1 

. 0 • 

. 5 

o 
• r J 

U bOTH 
Otic 
<U ^ --. 

• ^ + j • > 

n5 
u 

•r-l 

—I (i 

u 
<u 

03 
0) 

•r-l 

u 
<u 
a, 
o 

^^P. 

nJ ni "̂  
• r J (H 1J 

ni oi .rl 

bO 
•1-1 

m "5, <U 
U . ^ b o _ 

M S S T) 

C o m m e n t s 

CO 
CO 

S t y r e n e -
Bu tad i ene (SBR) 

S i l i cone R u b b e r 

P o l y p r o p y l e n e 

P o l y p r o p y l e n e 
F l u o r i d e 
(Kynar 400) 

Dia l lyd P h t h a l a t e 

P o l y u r e t h a n e 

0 . 9 

420-540 

300-550 

450-650 

F l e x i b l e 

F l e x i b l e 

F l e x i b l e 

H a r d 

10 

10^ 

10^ 

10'7 

10 ' 

3 X 10^ 

.7 10 ' 

4 0 10 

1. 1-
1. 5 

400-500 F l e x i b l e 10 

10 

>10 

4 0 

8 

10 

10 

B e c o m e s b r i t t l e 

B e c o m e s b r i t t l e 

B e c o m e s b r i t t l e , c r a c k s 

B e c o m e s b r i t t l e , t e n s i l e 
s t r e n g t h fa l ls 

B e c o m e s h a r d e r 

B e c o m e s s t i f fer 



T a b l e 4 . 7 - 1 7 

RADIATION E F F E C T S ON CERAMIC E L E C T R I C A L INSULATION 

CO 
00 

fVJ 

Mater ia l 

Mg O 

^ ^ 2 0 3 

Glass (hard) 

Glass (Boron free) 

Quartz 

Sapphire 

F o r s t e r i t e 

Spinel 

Beryl l ium Oxide 

S
p

e
c

if
ic

 
G

ra
v

it
y

 

3. 65 

4 . 0 

2. 2-
3.8 

2. 2-
3.8 

2. 65 

4. 0 

3. 2 

3. 6 

3. 0 

D
ie

le
c

tr
ic

 
S

tr
e
n

g
th

 
(V

/m
il

) 

50 

220-340 

500 

500 

400 

220-340 

240 

250-700 

M
e

c
h

a
n

ic
a

l 
P

ro
p

e
rt

ie
s 

Hard 

Hard 

Hard 

Hard 

Hard 

Hard 

Hard 

Hard 

Hard 

R
a
d

ia
ti

o
n

 
D

a
m

a
g

e
 

T
h

re
s
h

o
ld

 
(n

/c
m

^
) 

4x10^ 

10^9 

10^^ 

10^^ 

10^1 

10^9 

10^9 

10^9 

10^9 

19 

a 

D
o

s
e
 

C
a

u
s
in

g
 

S
ig

n
if

ic
a
n

t 
D

a
m

a
g

e
 (

n
/ 

10^^ 

2x10^^ 

>ioi6 

10^^ 

>io^i 

>10^° 

10^0 

10^0 

10^° 

R a d i a t i o n E f f e c t s 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 

^ A l ^ O ^ 4 . 0 2 2 0 - 3 4 0 H a r d 10^~^ 2x10^"" D i m e n s i o n s c h a n g e , 
c r a c k s m o r e p a s i l y 

C r a c k s f o r m 

D i m e n s i o n s c h a n g e , 
d i s c o l o r e d , b r i t t l e 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 

D i m e n s i o n s c h a n g e , 
c r a c k s m o r e e a s i l y 



T h e p o w e r r e q u i r e m e n t s for t h e engine wi l l be inc luded in t h e s t age p o w e r 

p r o f i l e and supp l i ed a s r e q u i r e d in the f o r m of 28 vdc . C e r t a i n s t a g e a p p l i ­

c a t i o n s r e q u i r e the u s e of ac v o l t a g e . I n v e r t e r s on the p r o p u l s i o n m o d u l e wi l l 

be u s e d to a c c o m m o d a t e t h e s e m o t o r r e q u i r e m e n t s . Add i t iona l ly , a b a t t e r y 

i n t e g r a l wi th the s t a g e p o w e r s y s t e m would be l o c a t e d f o r w a r d of the run tank 

to supp ly peak l o a d s for t h e eng ine and r u n t ank c o m p o n e n t s . 

C o m m u n i c a t i o n b e t w e e n t h e RNS d a t a m a n a g e m e n t s u b s y s t e m and the NDICE 

would u s e the d a t a b u s . In add i t ion to the s i g n a l s def ined in Sec t ion 7 of 

Book 2 it i s env i s i oned tha t t he c o n t r o l of a f t e r c o o l i n g i m p u l s e would be 

r e q u i r e d to p r e c l u d e t h r u s t i n g d u r i n g s t a r s igh t ings o r o t h e r spec i f i c s t age 

o p e r a t i o n s . T h i s would t a k e the f o r m of an enab le o r a d i s a b l e s igna l and 

would t a k e into a c c o u n t the m o d e l e d a f t e r c o o l i n g p ro f i l e in the s t age 

p r o c e s s o r . 

T h e RNS b a s e l i n e i s t h a t p r o c e s s i n g n e c e s s a r y for t h e c o n t r o l of the engine 

wi l l be supp l ied by t h e NDICE. T h i s i s b a s e d l a r g e l y on the u n c e r t a i n t y of 

t h e p r o c e s s i n g r e q u i r e m e n t s for eng ine c o n t r o l . Should the p r o c e s s i n g 

r e q u i r e m e n t s be c o m p a r a b l e to the s t age p r o c e s s i n g r e q u i r e m e n t s , it i s 

f e a s i b l e to i n t e g r a t e the two p r o c e s s i n g r e q u i r e m e n t s in the s ing le , c e n t r a l i z e d 

p r o c e s s o r s e l e c t e d for the RNS. 

4 . 8 S T R U C T U R A L DYNAMICS 

4. 8. 1 R e q u i r e m e n t s 

An e n g i n e / s t a g e s t r u c t u r a l d y n a m i c s a n a l y s i s w a s conduc ted d u r i n g P h a s e II 

for a s imp l i f i ed m o d e l of the C l a s s 1 S t a n d a r d RNS d u r i n g l aunch to o rb i t , 

wh ich i nd i ca t ed tha t s t r u c t u r a l l oads could p r e s e n t a p r o b l e m if the eng ine i s 

l aunched i n t e g r a l l y with the s t a g e . A spec i f i c t r a d e s tudy w a s a s s i g n e d to 

MDAC d u r i n g P h a s e III a s Subtask 9. 6, to p r o v i d e a m o r e connplete a n a l y s i s 

of e n g i n e / s t a g e s t r u c t u r a l d y n a m i c s for l a u n c h by the S a t u r n I N T - 2 1 . Both 

the C l a s s 1 S t a n d a r d (a s ing le m o d u l e wi th NERVA a t t a c h e d to t h e con i ca l aft 

bu lkhead) and u p r i g h t , i n t e g r a l l aunch of the C l a s s 1-Hybr id (dual m o d u l e s 

wi th NERVA a t t a c h e d to a p r o p u l s i o n m o d u l e r u n tank) w e r e i n v e s t i g a t e d . The 

d e s i g n c r i t e r i a , m e t h o d of a n a l y s i s , and r e s u l t s for t h e s e two l aunch c o n c e p t s 

a r e r e p o r t e d h e r e . The b a s e l i n e MDAC launch concep t e n t a i l s l aunch of 
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NERVA a t t a c h e d to a p r o p u l s i o n m o d u l e r u n t ank i n s i d e the s p a c e shu t t l e c a r g o 

b a y . The m e t h o d of a n a l y s i s t o be d e s c r i b e d is a p p l i c a b l e to t h i s c a s e , but 

s p a c e shu t t l e l aunch d y n a m i c e x c i t a t i o n s would be r e q u i r e d to e v a l u a t e t h i s 

c o n f i g u r a t i o n . 

F i g u r e 4 . 8 - 1 shows the RNS C l a s s 1 S t a n d a r d H y b r i d con f igu ra t i ons for the b a s e ­

l ine 1 0 - d e g r e e h a l f - a n g l e c o n e . In e a c h , NERVA is c a n t i l e v e r e d f r o m a long, 

f l ex ib le b e a m d u r i n g l aunch , w h i c h wi l l c o m b i n e wi th the h igh weigh t and f lex ib i l i ty 

of the NERVA to r e s u l t in low r e s o n a n t f r e q u e n c i e s . T h e s e low f r e q u e n c y m o d e s 

cou ld coup le w i th t h e l aunch v e h i c l e bending m o t i o n a t r e l e a s e and lift-off and 

d u r i n g boos t . L a r g e d i s p l a c e m e n t s of the NERVA could r e s u l t f r o m th i s coup l ­

ing, l e ad ing to po t en t i a l engine c l e a r a n c e p r o b l e m s and e x c e s s i v e l o a d s . The 

NERVA c l e a r a n c e enve lope in the 3 3 - f t - d i a m e t e r i n t e r s t a g e i s a d e q u a t e , but 

load ing could be a p r o b l e m both to the s t a g e s t r u c t u r e and NERVA. Tw^o d e s i g n 

a p p r o a c h e s h a v e been c o n s i d e r e d : (1) st iffen and s t r e n g t h e n the s t age and NERVA 

s t r u c t u r e , a n d / o r (2) r e s t r a i n the NERVA d u r i n g l aunch and boos t p h a s e of 

f l ight wi th r e m o v a b l e s t r u c t u r e . ANSC c o n s i d e r s t ha t s t r e n g t h e n i n g NERVA would 

i m p o s e a s ign i f i can t we igh t pena l ty ( R e f e r e n c e 4 - 2 6 ) , so the s u p p o r t e d engine 

a p p r o a c h is p r e f e r r e d . 

DOCKING 
SYSTEM EQUIPMENT 

MODULES 

PAYLOAO 
. ADAPTER 

DOCKING 
SYSTEfvl 

EQUIPMENT/ 
MODULES 

PROPELLAWr 
MODULf-

PAYLOAO 
ADAPTER 

1872 

DOCKING SYSTEM — 
140R 

160 DIA 

PROPULSION 
MODULf 

1961 

RNS CLASS 1 RNS CLASS 1 HYBRID 

F i g u r e 4 , 8 - 1 RHS CLASS 1 CONFIGURATICfflS ( 3 0 0 , 0 0 0 Lb LHg) 
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Two engine r e s t r a in t concepts have been analyzed by MDAC: (1) l a te ra l t ies 

between the engine at the nozzle throat and ascent shell , and (2) axial s t ru t s 

between the thrust s t ruc ture and engine p r e s s u r e vesse l with the gimbal 

ac tuators locked. These a r e i l lus t ra ted in Figure 4. 8-2. 

The NERVA s t ruc tu ra l dynamic model defined by Reference 4-68 is depicted 

in Figure 4. 8-3. Most of the m a s s points in the model have axial, l a t e ra l , 

an tors ional deg res s of freedom, except for the gimbal ac tua tors (points E 

through HO, which have only axial motion, and the nuclear subsystem (points 

W and AA through DD), which does not have rotational motion. Dynamic 

response data have been generated by MDAC for the th ree degrees of freedom 

of the s tage /upper thrus t s t ruc ture interface (point B), p r e s s u r e v e s s e l / n o z z l e / 

nuclear subsystem (point V), nozzle throat (point EE), and nozzle extension/ 

des t ruc t subsystem (point KK). These m a s s points a re shaded on the figure. 

The analyses a re based on the f ree- f ree data in Reference 4-69 for the B 

configuration of the NERVA in the 45 to 225-degree X — Y plane. The f i rs t 

six resonant frequencies of this model (which a r e not component miodes) a r e 

3.34, 14.34, 18.14, 36.19, 44 .09 , and 47. 96 Hz. Two percent s t ruc tura l 

damping was used in generating the dynamic response data . 

Gimbal .4-
Actuator (2) 

Method 1 

Aseent 
Shell 

Lateral 
Tie ik) 

Locked- -Axial 
Strut (2) 

Method 2 
Locked Actuators, 2 Axial 
Struts No lateral Ties 

Figure J | .8-2 ENGINE SUPPORT SCHIMES 
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The l a t e r a l a c c e l e r a t i o n t r a n s i e n t u s e d to exc i t e the d y n a m i c m o d e l w a s b a s e d 

on S a t u r n V l aunch d a t a , and i s def ined by R e f e r e n c e 4 - 7 0 . The r e l e a s e and 

liftoff t r a n s i e n t w a s s e l e c t e d s i n c e it is the m o s t s e v e r e . It h a s a p p r e c i a b l e 

e n e r g y at 2 . 4 6 , 4 . 5 0 , 5 . 3 7 , 7 . 9 9 , 9 . 3 0 , and 11 .2 Hz . The t o t a l peak l a t e r a l 

a c c e l e r a t i o n of the t r a n s i e n t v/as 2. 2 g peak . This t r a n s i e n t w a s a l lowed to 

d e c a y to z e r o w i t h i n 6 s e c . 

S a t u r n INT 21 d a t a ob ta ined f rom R e f e r e n c e 4 - 7 1 l i s t the f i r s t t h r e e r e s o n a n t 

f r e q u e n c i e s a t l if t-off a s 0. 89, 2. 01 and 4. 04 Hz. T r a n s i e n t a c c e l e r a t i o n 

l e v e l s a s s o c i a t e d wi th t h e s e f r e q u e n c i e s w e r e not p r o v i d e d . T h e r e f o r e , 

w i thou t m a k i n g s o m e a s s u m p t i o n s a s to the l e v e l s , d y n a m i c r e s p o n s e s could 

not be g e n e r a t e d u s ing th is da t a . Howeve r , w i th the f r e q u e n c y d i f f e r e n c e s 

b e t w e e n t h e s e d a t a and the S a t u r n V d a t a u s e d , the d y n a m i c r e s p o n s e s could 

be a p p r e c i a b l y af fected. 

The r e s u l t s r e q u i r e d a r e the r e s o n a n t f r e q u e n c i e s of the s y s t e m , both 

wi thout any eng ine r e s t r a i n t and wi th e a c h of the two r e s t r a i n t c o n c e p t s , and 

the d y n a m i c r e s p o n s e of the s y s t e m to s t i m u l i . 
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4 . 8 . 2 Method of Analysis 

Figure 4. 8-4 shows schematical ly the models used to analyze NERVA/stage 

dynamics for INT-21 launch and defines the coordinate sys tem used. To 

excite the dynamic model a l a te ra l accelera t ion t rans ient was applied to the 

horizontal degree of f reedom. Posi t ive displacements a re in the direct ion 

of the a r rows show^n. 

The development of the equations of motion for the Class 1 Standard and 

Hybrid is s imi l a r . The Hybird, which is a more complex configuration, 

will be used to i l lus t ra te the technique. The intermodule s t ruc ture and 

the propulsion module a r e represen ted as the following e lements : (1) for­

ward t r u s s s t ruc tu re , (2) run tank, (3) aft thrus t t r u s s s t ruc tu re , and 

(4) NERVA. 

The equations for each of the f i rs t th ree e lements have been developed by 

MDAC. The dynamic descr ipt ion for the fourth was obtained from ANSC, 

as indicated above. These a re combined into the equations of motion for 
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<Input Stimuli 
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NERVA Dynamic 
Model 

Location of 
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Dynamic 
Model 

l-^\ 
Figure k,Q-k MODELS USED IN ANALYZING NERVA/STAGE DYNAMICS 

338 

file:///-i-j


t h e to t a l s y s t e m to be equa t ing l ike d i s p l a c e m e n t s . C o o r d i n a t e t r a n s f o r m a t i o n s 

•were u s e d to e l i m i n a t e dependen t c o o r d i n a t e s . The f inal f o r m of the equa t ions 

of m o t i o n h a s f if teen d e g r e e s of f r e e d o m : (1) the t h r e e m o t i o n s of the s t a g e 

b a s e , (2) the t h r e e r i g i d body d e g r e e of f r e e d o m of the run t ank , (3) the 

t h r e e r i g i d - b o d y d e g r e e of f r e e d o m of the NERVA, and (4) the f i r s t s ix b e n d ­

ing m o d e s of the NERVA. The m a t r i x below ou t l ines t h e s e e q u a t i o n s . 

F o r the two spec i f i c eng ine r e s t r a i n t c o n c e p t s w^hich h a v e been a n a l y z e d 

s u b m a t r i x e s w e r e added to t h i s b a s i c s p r i n g m a t r i x . In the c a s e of l a t e r a l 

t i e s bet-ween the eng ine t h r o a t and a s c e n t she l l , the h o r i z o n t a l input t r a n s i e n t 

app l i ed to the h o r i z o n t a l Y d e g r e e of f r e e d o m of the f o r w a r d t r u s s is a l s o 

app l i ed to t h e a s c e n t she l l a t t a c h point of the l a t e r a l t i e . 

To obta in the n a t u r a l r e s o n a n t f r e q u e n c i e s the p r o b l e m is r e d u c e d to a 

twe lve d e g r e e of f r e e d o m p r o b l e m by moving the input e l e m e n t s u b m a t r i x 

(X , Y , 6 ) to the r i gh t s i de of the equa l s ign and so lv ing the c h a r a c t e r i s ­

t i c e q u a t i o n . The e i g e n v e c t o r s ob ta ined a r e u s e d to t r a n s f o r m the input 

e l e m e n t s u b m a t r i x to the nev/ m o d a l c o o r d i n a t e s . The f o r c e d r e s p o n s e is 

d e t e r m i n e d by eva lua t i ng the r e s u l t i n g d i f f e ren t i a l e q u a t i o n s . Af te r t h e r e s ­

p o n s e s h a v e b e e n ob ta ined in " m o d a l " c o o r d i n a t e s a c o o r d i n a t e t r a n s f o r ­

m a t i o n i s u s e d to c o n v e r t back to " r e a l " p h y s i c a l c o m p o n e n t s d i s p l a c e m e n t s . 

R e s p o n s e c u r v e s ( c o o r d i n a t e d i s p l a c e m e n t v e r s u s t i m e ) a r e then g e n e r a t e d 

u s ing an a u t o m a t i c p lo t r o u t i n e . One c o m p l e t e se t of da ta c o n s i s t s of 37 

r e s p o n s e c u r v e s . 

R e s p o n s e da t a w a s g e n e r a t e d only for the c a s e of an h o r i z o n t a l input app l i ed 

on the Y^ d e g r e e of f r e e d o m . The p r o g r a m u s e d could a l s o g e n e r a t e r e s p o n s e s 

for Xi 3-nd 6_ i n p u t s . H o w e v e r , R e f e r e n c e 4 -70 def ined only the input t r a n ­

s i e n t for Y wi thou t p r o v i d i n g s i m i l a r da ta for X, and e , . 
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4 . 8 . 3 D y n a m i c R e s p o n s e - C l a s s 1 S t a n d a r d 

D y n a m i c r e s p o n s e da ta h a v e b e e n g e n e r a t e d for the C l a s s 1 S t a n d a r d config­

u r a t i o n for the s e v e n c a s e s def ined in Table 4 . 8 - 1 . 

Tab le 4 . 8-1 

STANDARD CONFIGURATION DYNAMIC RE SPONSE CASES 

C a s e Type of R e s t r a i n t Spr ing Ra te 
( l b / i n . ) 

1 U n r e s t r a i n e d — 

2 N o z z l e T h r o a t / A s c e n t Shel l 5, 000 
L a t e r a l T i e s 

3 N o z z l e T h r o a t / A s c e n t Shel l 10 ,000 
L a t e r a l T i e s 

4 Nozz le T h r o a t / A s c e n t Shel l 2 5 , 0 0 0 
L a t e r a l T i e s 

5 E n g i n e P r e s s u r e V e s s e l / T h r u s t 1 , 000 ,000 
S t r u c t u r e Axia l S t r u t s 

6 E n g i n e P r e s s u r e V e s s e l / T h r u s t 2 , 0 0 0 , 0 0 0 
S t r u c t u r e Axia l S t r u s t 

7 Eng ine P r e s s u r e V e s s e l / T h r u s t 4 , 0 0 0 , 0 0 0 
S t r u c t u r e Axia l S t r u t s 

T a b l e 4. 8. 2 l i s t s the r e s o n a n t f r e q u e n c i e s ob ta ined for the u n r e s t r a i n e d 

eng ine and the l a t e r a l r e s t r a i n t and ax ia l s t r u t a l t e r n a t i v e s . Both m e t h o d s 

of r e s t r a i n t i n c r e a s e the f i r s t ( c a n t i l e v e r e d ) r e s o n a n t f r e q u e n c y . H o w e v e r , 

l a t e r a l r e s t r a i n t of the NERVA a p p e a r s to be a far m o r e effect ive m e t h o d of 

r a i s i n g the f r e q u e n c y . F i g u r e s 4. 8-5 and 4. 8-6 p r o v i d e p lo t s of the f i r s t 

r e s o n a n t f r e q u e n c y v e r s u s s p r i n g r a t e for e a c h of the two r e s t r a i n t m e t h o d s . 
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T a b l e 4 . 8 - 2 

RESONANT F R E Q U E N C I E S (HZ) 
CLASS 1 STANDARD CONFIGURATION 

Mode Without 
N u m b e r R e s t r a i n t 

1 0 . 9 7 

2 4 . 9 2 

3 6 .26 

4 16 .12 

5 1 7 . 7 5 

6 2 1 . 4 5 

Axia l S t r u t s B e t w e e n 
the T h r u s t S t r u c t u r e 
and P r e s s u r e V e s s e l 

1 X 10^ 2 X 10^ 4 x 10^ 
l b / i n . l b / i n . l b / i n . 

1.53 1.56 1.57 

6 .26 6 .26 6 .26 

7 . 7 1 8 .09 8 .32 

16. 12 1 6 . 1 3 16. 13 

1 7 . 7 5 1 7 . 7 5 1 7 . 7 6 

2 4 . 0 1 2 4 . 4 3 2 4 . 0 9 

L a t e r a l T i e s Be tween 
the Engine and A s c e n t 

Shel l at Nozz le 

5 .0 x 10^ 10 x 10^ 25 X 10^ 
l b / i n . l b / i n . l b / i n . 

1.79 2 . 3 4 3 . 5 0 

4 . 9 2 4 . 9 2 4 . 9 2 

6 .26 6 .26 6 . 2 7 

16. 12 16. 12 16 .12 

1 7 . 7 5 1 7 . 7 5 1 7 . 7 6 

2 1 , 4 5 2 1 . 4 7 2 1 . 4 8 
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Tables 4. 8-3 and 4. 8-4 summar ize the dynamic response for the cases of 

l a t e ra l r e s t r a i n t at the NERVA throat and r e s t r a in t at the ac tua to r s . The 

unres t r a ined case is shown in each table for re fe rence . For conciseness , the 

r e su l t s a r e presented as the maximum positive and negative displacements of 

each degree of freedom for the p r i m a r y NERVA m a s s points . The d isp lace­

ments resul t ing from the applied l a t e ra l acce lera t ion is not considered 

excess ive . Review of these data leads to the following conclusions: 

A. Res t ra in t of the NERVA does not necessa r i ly reduce the 

d i sp lacements . 

B. For the case of r e s t r a in t at the ac tua tors , increas ing the r e s t r a in t 

spring ra te will dec rease the displacements of the nozzle extension 

while increas ing the displacements for the cr i t ica l nuclear 

subsys tem. 

C. La te ra l r e s t r a in t at the throat can r a i se the canti levered resonant 

frequently to such a level that coupling with the input t ransient 

becomes excess ive . This phenomenon is displayed in the 10,000 lb / in . 

r e s t r a in t case where the canti levered frequency is ra i sed to 2. 34 HZ 

(see Table 4 . 8 - 2 ) , very near to the 2.46 HZ frequency of the input 

t rans ien t . As can be seen from Table 4. 8-3, the displacements 

for this r e s t r a in t case (10, 000 lb / in . ) a re higher than those of the 

. other two r e s t r a in t spring ra te cases . 

4. 8. 4 Dynamic Response — Class 1-Hybrid Integral Launch 

Table 4. 8-5 l i s t s the resonant frequencies obtained for the Hybrid configuration 

for the unres t ra ined case and the case of a 10, 000 lb/ in . l a te ra l tie at the 

nozzle. As can be seen from these data the l a te ra l r e s t r a in t i nc reases the 

f i r s t cant i levered frequency from 0. 63 HZ to 2. 01 HZ. 

Table 4. 8-6 s u m m a r i z e s the dynamic response data obtained for this 

configuration. An additional m a s s point is shown for the run tank. Review 

of these data leads to the following conclusions: 

A. Res t ra in t of the NERVA at the throat does not necessa r i ly reduce 

the dynamic d isp lacements . 

B. With l a t e ra l r e s t r a in t the horizontal displacement of the nuclear 

subsystem is increased approximately from 0. 34 to 1. 75 inches. 

Whereas , the displacement of the nozzle extension is reduced 
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Tab le 4 . 8 - 3 

SUMMARY O F DYNAMIC D I S P L A C E M E N T S 

CLASS 1 STANDARD - L A T E R A L R E S T R A I N T AT THROAT 

Mass 
Point 

Interface 
(Stage/UTS) 

PV/Nozz le /NSS 

Nozzle Throat 

Nozzle 
Extension/DSS 

Degree 
of 

F r e e d o m 

2 L - 4 Inches 

X - 5 Inches 

J_- Radians 

X - 56 Inches 

X - 57 Inches 

e - Radians 

X - 69 Inches 

X - 70 Inches 

J_- 71 Radians 

X - 87 Inches 

X - 88 Inches 

e - 87 Radians 

Unres t ra ined 

Maximum 
Pos i t ive 

0.073 

1.71 

0.0037 

0. 116 

0. 54 

0.015 

0. 116 

0 .51 

0.015 

0. 116 

3.3 

0.0162 

Maximum 
Negative 

0 .064 

1.41 

0 .0034 

0 .72 

0 .47 

0.0187 

0.072 

0 .42 

0.019 

0.072 

3.92 

0.0205 

5 X 10^ lb / i n . 
Res t r a in t 

Maximum 
Pos i t ive 

0.066 

1.62 

0.0035 

0. 14 

1.45 

0.02 

0. 131 

1.45 

0.021 

0. 13 

5.0 

0.024 

Maximum 
Negative 

0 .061 

1. 32 

0.0036 

0. 14 

1.32 

0.024 

0. 142 

1. 5 

0 .024 

0. 14 

6.0 

0.026 

10 x 10^ l b / i n . 
Res t r a in t 

Maximum 
Posi t ive 

0 .075 

1.7 

0.0048 

0.23 

3.2 

0.028 

0.215 

3.6 

0.028 

0.215 

8.4 

0.03 

Maximum 
Negative 

0.068 

1.22 

0.0036 

0. 195 

3 .3 

0.023 

0. 195 

3 .6 

0.023 

0. 195 

7 .6 

0.027 

25 x 10^ l b / i n . 
Res t r a in t 

Maximum 
Pos i t ive 

0 .096 

1.62 

0 .0035 

0. 148 

1.45 

0 .015 

0. 148 

1.48 

0.0155 

0. 15 

3 .8 

0 .017 

Maximum 
Negative 

0. 103 

1.29 

0.003 

0. 18 

1.48 

0 .016 

0. 18 

1.65 

0 .016 

0. 18 

4 . 4 

0 .0175 



Table 4. 8-4 

SUMMARY OF DYNAMIC DISPLACEMENTS 

CLASS 1 STANDARD - RESTRAINT AT ACTUATORS 

Mass 
Point 

Interface 
(Stage/UTS) 

PV/Nozzle /NSS 

Nozzle Throat 

Nozzle 
Extension/DSS 

Degree 
of 

F r e e d o m 

X - 4 Inches 

Y - 5 Inches 

9-6 Radians 

X - 56 Inches 

Y - 57 Inches 

e - 58 Radians 

X - 69 Inches 

Y - 70 Inches 

e - 71 Radians 

X - 87 Inches 

Y - 88 Inches 

e - 89 Radians 

Unres t ra ined 

Maximum 
Posi t ive 

0.073 

1.71 

0.0037 

0. 116 

0. 54 

0.015 

0. 116 

0 .51 

0.015 

0. 116 

3. 3 

0,0162 

Maximum 
Negative 

0. 064 

1,41 

0.0034 

0.072 

0.47 

0,0187 

0. 072 

0. 42 

0,019 

0.072 

3.92 

0.0205 

1 x 10^ l b / i n . 
R e s t r a i n t 

Maximum 
Pos i t ive 

0.032 

0.96 

0.0013 

0.072 

0 .85 

0.007 

0,072 

0.92 

0.0072 

0,072 

2 . 4 

0.0086 

Maximum 
Negative 

0.048 

0 .51 

0.0012 

0,092 

1, 17 

0,0096 

0.092 

1.36 

0.0096 

0.092 

3. 1 

0,0096 

2 X 10^ l b / i n . 
Res t r a in t 

Maximum 
Pos i t ive 

0 ,046 

1, 23 

0,0012 

0,056 

0 ,92 

0,0065 

0,045 

1,03 

0,0066 

0 ,055 

2 , 4 

0 ,0075 

Maximum 
Negative 

0,063 

0,66 

0,0017 

0,078 

1,21 

0.0085 

0,077 

1,35 

0,0086 

0,076 

2,9 

0,0091 

4 X 10^ lb / i n . 
Res t r a in t 

Maximum 
Posi t ive 

0, 044 

1,25 

0,0014 

0.055 

0 .96 

0. 0061 

0,055 

1.07 

0.0062 

0.053 

2, 3 

0,007 

Maximum 
Negative 

0,065 

0. 75 

0.0019 

0,067 

1.22 

0,0077 

0,076 

1. 25 

0,0077 

0,075 

2 ,75 

0,0084 



Table 4, 8-5 

RESONANT FREQUENCIES (HZ) 

CLASS 1 HYBRID 

10 x 10^ lb / in . La te ra l 
Tie Between the Engine 

Mode Without and Ascent Shell 
Number Rest ra in t Tie at Nozzle 

1 0.632 2.01 

2 2. 28 2. 47 

Without 
Rest ra in t 

0. 

2. 

4. 

6. 

9. 

14, 

632 

28 

66 

55 

26 

25 

3 4. 66 4. 66 

4 6. 55 6, 55 

5 9 . 2 6 9 . 2 6 

6 14,25 14,25 

approximately fronn 3, 3 to 2, 0 inches . The horizontal d isp lace­

ments of the run tank is not effected appreciably by the p resence 

of the l a t e r a l r e s t r a in t , 

4, 8, 5 St ructura l Loading Implications 

Dynainic response data have been presented for an INT-21 launch of the 

Class 1 Standard and Hybrid configurations with two engine r e s t r a in t concepts 

and a range of r e s t r a in t system spring r a t e s . It is concluded that l a t e ra l 

r e s t r a in t of the NERVA is far more effective in rais ing the canti levered 

resonant frequency than axial s t ru t s . However, for the model studied re s t r a in t 

of the NERVA does not necessa r i ly reduce the dynamic displacements and 

c rea tes a more severe environment for the nuclear subsystem. Depending on 

the r e s t r a in t sys tem spring r a t e , the canti levered frequency of the NERVA 

could be changed to the point that a correspondence with the frequency of the 

input t rans ien t occur red . This would lead to undesirable coupling. An 

analytic tool such as the one developed should be used to predict and avoid 

this situation. 

The input l a t e ra l acce lera t ion t ransient of 2, 2 g peak can be significantly 

amplified by the canti levered sys tem. Table 4, 8-7 below shows the peak 

l a t e r a l acce lera t ions at various locations for the Standard and Hybrid integral 

launch configurations. Also, for reference this table shows the maximum 

347 



Table 4 . 8 - 6 

SUMMARY OF DYNAMIC D I S P L A C E M E N T S 

HYBRID 

M a s s 
P o i n t 

I n t e r f a c e 
( S t a g e / U T S ) 

P V / N o z z l e / N S S 

N o z z l e T h r o a t 

N o z z l e 
E x t e n s i o n / D S S 

Run Tank 
C e n t e r of 
M a s s 

D e g r e e 
of 

F r e e d o m 

X. - 4 Inches 

X - 5 Inches 

_i - 6 R a d i a n s 

2L - 56 Inches 

X - 57 Inches 

_e. - 58 Radians 

i - 69 Inches 

Y - 70 Inches 

_^ - 71 R a d i a n s 

X - 87 Inches 

Y - 88 Inches 

0-89 R a d i a n s 

Xp „ Inches 

Y „ „ Inches 

9^^ R a d i a n s 

U n r e s t r a i n e d 

M a x i m u m 
P o s i t i v e 

0 . 0 8 

1.92 

0 . 0 0 7 6 

0. 167 

0 . 3 4 5 

0 . 0 1 4 2 

0. 163 

0 . 6 1 

0. 141 

0. 165 

3 . 2 5 

0 . 0 1 4 5 

0 . 0 5 5 

0 . 8 4 

0 . 0 0 7 

M a x i m u m 
Nega t ive 

0 . 0 5 

1.95 

0 . 0 0 8 3 

0. 162 

0 . 3 4 5 

0 . 0 1 5 

0. 163 

0 . 6 1 

0. 15 

0. 163 

3 . 4 

0 . 0 1 6 

0 . 0 3 1 

0 . 9 2 

0 . 0 0 6 3 

L a t e r a l R e s t r a i n t at 
T h r o a t 10, 000 l b / i n . 

M a x i m u m 
P o s i t i v e 

0. 10 

1.92 

0 . 0 1 0 5 

0. 17 

1. 72 

0 . 0 0 7 3 

0. 169 

1.73 

0 . 0 7 3 

0. 168 

i . 9 i 

0 . 0 0 7 5 

0 . 0 6 1 

0 . 7 7 

0 . 0 0 7 2 

M a x i m u m 
Nega t ive 

0 . 0 8 3 

2 . 0 0 

0 . 0 7 8 

0. 135 

1.8 

0 . 0 0 6 7 

0. 134 

1.75 

0 . 0 6 7 

0. 135 

2 . 0 6 

0 .0069 

0 . 0 5 1 

0 . 6 7 

0 .0079 
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T a b l e 4. 8-7 

P E A K L A T E R A L A C C E L E R A T I O N AND D I S P L A C E M E N T COMPARISON 

L o c a t i o n 

I n t e r f a c e ( S t a g e / U T S ) 

P e a k L a t e r a l 
A c c e l e r a t i o n (g) 

M a x i m u m L a t e r a l 
D i s p l a c e m e n t (in, ) 

P r e s s u r e V e s s e l / N o z z l e / 
N u c l e a r S u b s y s t e m 

P e a k A c c e l e r a t i o n (g) 

M a x i m u m D i s p l a c e m e n t 
( i n . ) 

N o z z l e T h r o a t 

P e a k A c c e l e r a t i o n (g) 

M a x i m u m D i s p l a c e m e n t 
( i n . ) 

C l a s s 1 - S t a n d a r d 

U n r e s ­
t r a i n e d 

4. 3 

1.7 

2 . 2 

0. 54 

2. 1 

0. 51 

10 ,000 l b / i n . 
R e s t r a i n t 

At T h r o a t 

4 . 4 

1. 7 

2. 0 

3, 2 

2. 2 

3. 6 

C l a s s 1 - Hybr id 

U n r e s ­
t r a i n e d 

1. 1 

1.9 

0 . 2 0 

0. 35 

0. 50 

0. 61 

10 ,000 l b / i n . 
R e s t r a i n t 
At T h r o a t 

0. 90 

1. 9 

0. 70 

1. 75 

0. 70 

1. 75 

l a t e r a l d i s p l a c e m e n t at t h e s e l o c a t i o n s . The second l o c a t i o n i nd i ca t ed in the 

t a b l e i s the r e a c t o r c o r e b a s e . The r e a c t o r fuel e l e m e n t s a r e c a n t i l e v e r e d 

u p w a r d f r o m th is l oca t i on . I m p l i c a t i o n of the d y n a m i c t r a n s i e n t s on the 

r e a c t o r c o r e would a p p e a r to d e s e r v e p a r t i c u l a r a t t en t i on . 

To a s s e s s the s t r u c t u r a l l oad ings a s s o c i a t e d wi th the d y n a m i c d i s p l a c e m e n t s 

the c h a n g e s in l eng th ( d e f o r m a t i o n s ) of the s t r u c t u r a l e l e m e n t s a r e r e q u i r e d . 

T h e s e d e f o r m a t i o n s m u l t i p l i e d by the known s t i f fness m a t r i x of the s t r u c t u r a l 

e l e m e n t s , wi l l p r o v i d e the s t r u c t u r a l l o a d i n g s . The d e f o r m a t i o n s a r e diff icult 

to ob t a in b e c a u s e of (1) o s c i l l a t o r y n a t u r e of the r e s p o n s e s , and (2) the fact 

tha t r e l a t i v e i n s t e a d of a b s o l u t e d i s p l a c e m e n t s a r e r e q u i r e d to d e t e r m i n e the 

d e f o r m a t i o n s and a t t endan t s t r u c t u r a l l oad ing . The ana ly t i c tool u t i l i z ed 

does not g e n e r a t e t h e s e d e f o r m a t i o n s , but the c a p a b i l i t y can be added . 

A p r e l i m i n a r y a s s e s s m e n t of the loading for a few s e l e c t e d t ime po in t s h a s 

b e e n m a d e u s i n g hand c a l c u l a t i o n s . Th i s a s s e s s m e n t has i nd i ca t ed tha t in 
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genera l the stage loading is not excess ive . The unres t ra ined Class 1 - Hybrid 

configuration was analyzed. For this case the l a rges t re la t ive deflections 

occur red at liftoff t rans ient and produced s t rut loads of 6,270 lb, 10, 310 lb and 

5, 505 lb compress ion for the propulsion module thrust s t ruc tu re , forward 

ski r t , and the propellant module in termodular thrust s t ruc tu re , respect ively. 

Comparing these loads with those in Table 4 , 2 - 9 , only the propulsion module 

forward sk i r t is affected by this dynamic loading condition, with an attendent 

load i n c r e a s e of 2, 240 l b / s t r u t . This would resu l t in a sk i r t that weighed 

260 lb, which is only a 10 lb inc rease over one designed for engine operation. 

The impact on the thrus t s t ruc tu re for the unres t ra ined standard configuration 

is l e s s s eve re . Thus, the major concern for stage s t ruc ture would be 

increased stiffening for propellant tankage. Since the two integral launch 

configurations a re not ser ious candidates for the RNS baseline design, the 

additional s t r e s s analysis required to evaluate this condition was not performed. 

If the unres t ra ined launch case imposed excess ive tank weight penalt ies for 

stiffening, the implicat ions of l a t e ra l r e s t r a in t would war ran t a m o r e careful 

evaluation, since it appears that reducing loads at the stage interface and 

gimbal assembly and actuators must be traded against a more severe dynamic 

environment for the nuclear subsystem. It should be emphasized that the 

resu l t s , cited a r e dependent on the dynamic inputs util ized. Both the INT-21 

and space shuttle a re expected to have a lower spect rum of input frequencies 

than the reference Saturn V data; which inc reases the possibil i ty for dynamic 

coupling of the canti levered engine sys tem. Thus, the baseline space shuttle 

launch case dese rves investigation of these fac tors . 
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