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ABSTRACT 

97 
The r e s u l t s  a r e  presented  of a p re l imina ry  i n v e s t i g a t i o n  t o  

compare t h e  performance of  a cryogenic  ( l i q u i d  oxygen and l i q u i d  

hydrogen) propuls ion  system wi th  an e a r t h  s t o r a b l e  (n i t rogen  t e t r o x i d e  

and a 50:50 mixture of  hydrazine and unsymmetrical dimethylhydrazine)  

propuls ion  system f o r  t h e  Manned Flying System (MFS). The mass of t h e  

propuls ion  system necessary  t o  meet t h e  mission requirements  of t h e  

MFS, a s  o u t l i n e d  i n  t h e  Apollo Extension System S t u d i e s ,  is used as t h e  
r 

b a s i s  f o r  comparison. A semi-empirical  mathematical  model is developed 

t o  p r e d i c t  t h e  mass of t h e  propuls ion systems. The results,  which a r e  

presented  i n  both t a b u l a r  and g raph ica l  form, i n d i c a t e  t h a t  t h e  cryo- 

g e n i c  system o f f e r s  no apparent  advantage over  t h e  e a r t h  s t o r a b  

system under t h e  p r e s e n t  s t a t e -o f - the -a r t .  



FOREWORD 

The i n v e s t i g a t i o n  desc r ibed  i n  t h i s  r e p o r t  w a s  r eques t ed  by 

M r .  Lynn L. Bradford of t h e  Systems Concepts Planning Of f i ce ,  Aero- 

Astrodynamics Laboratory,  George C. Marshall  Space F l i g h t  Center. 

The study w a s  c a r r i e d  o u t  by M r .  F. B. Tatom and M r .  L. M. Bhal la  of  

t h e  Hun t sv i l l e  Department of Northrop Space Labora to r i e s ,  under 

Con t rac t  No. NAS8-20082, Appendix F - 1 ,  Schedule Order 4 ,  Technical  

D i r e c t i v e  No. 2. Work commenced on May 3, 1965 and ended on J u l y  

19 ,  1965, w i t h  a t o t a l  of f i v e  man weeks expended. 
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SUMMARY 

An analytical investigation has been conducted to determine 

whether or not the use of a cryogenic (liquid oxygen and liquid 

hydrogen) propulsion system for the Manned Flying System (MFS) offers 

any advantages over the earth stbrable (nitrogen tetroxide and a 

50:50 mixture of hydrazine and unsymmetrical dimethylhydrazine) system 

presently under consideration. 

associated with each propulsion system is used as a basis for comparison. 

This mass includes not only that equipment aboard the MFS but also the 

propellant storage system which is contained within the IEMIA, LEM/D, 

and/or LEM/S stages. 

The mass of the necessary equipment 

A semi-empirical mathematical model is developed to permit 

calculation or prediction of the total mass of the propulsion systems. 

This model utilized certain dimensionless parameters including thrust- 

to-weight ratios and structure factors. 

which express the ratio of structural mass to propellant mass. 

method of evaluating these structure factors is provided. 

The latter are mass parameters 

A 

By means of the mathematical model developed, the mass of the 

cryogenic propulsion systems is calculated along with the mass of the 

earth storable system. 

system appears to be heavier than the earth storable system under the 

same mission requirements. The conclusion is reached that there is 

no apparent justification for using the cryogenic system in place of 

the earth storable system. 

Such calculations reveal that the cryogenic 



1.0 INTRODUCTION 

A s  pa r t  o f  t h e  Apollo Extension System (AES) program, a Manned 

Flying System (MFS) w i l l  be used t o  provide r a p i d  t r a n s p o r t a t i o n  from 

po in t  t o  point  on t h e  lunar  sur face .  The o p e r a t i o n a l  c h a r a c t e r i s t i c s  

of  t h i s  c r a f t  have been descr ibed  i n  prev ious  r e sea rch  e f f o r t s  ( r e f s .  1, 

2 ,  and 3 ) .  A s  i nd ica t ed  i n  t h e s e  r e fe rences ,  p re sen t  p l ans  c a l l  f o r  a 

propuls ion  system c o n s i s t i n g  of f i v e  100 l b  t h r u s t ,  t h r o t t a b l e  rocke t  

engines.  

by weight of hydrazine (N2114) and unsymmetrical dimethylhydrazine 

(UDMH) f o r  f u e l ,  arid n i t rogen  t e t r o x i d e  (N2O4) f o r  ox id i ze r .  

p r o p e l l a n t s ,  commonly r e f e r r e d  t o  a s  " e a r t h  s t o r a b l e s f f ,  a r e  a l s o  used 

f 

The p r o p e l l a n t s  f o r  t h e s e  engines  would be a 50:50 mixture 

These 

i n  t h e  descent and a scen t  s t a g e s  of t h e  E M  veh ic l e .  Considerable  

thought has  been given t o  p o s s i b l e  arrangements whereby t h e  p r o p e l l a n t s  

requi red  f o r  t h e  MFS might be suppl ied  by us ing  t h e  r e s i d u a l  p r o p e l l a n t  

from t h e  LEM/D (descent  s t a g e  o f  L E M )  and/or  by us ing  a p o r t i o n  of t h e  

p r o p e l l a n t s  from t h e  E M / A  ( a scen t  s t a g e  of EM). 

Because o f  t h e i r  g r e a t e r  s p e c i f i c  impulse,  l i q u i d  hydrogen and 

l i q u i d  oxygen (cryogenic  p r o p e l l a n t s )  appear t o  be  promising a l t e r n a t i v e s  

t o  t h e  e a r t h  s t o r a b l e  p rope l l an t s .  

a u x i l i a r y  power supply f o r  t h e  E M / A  and t h e  EM/S ( s h e l t e r  s t a g e  of 

E M )  w i l l  involve f u e l  c e l l s  us ing  l i q u i d  hydrogen and l i q u i d  oxygen 

( r e f s .  4 ,  5, 6 ,  and 7). By means of a common s t o r a g e  sys t em,  t h e s e  

cryogenic  p rope l l an t s  might be used both t o  provide  a u x i l i a r y  power f o r  

t h e  LEM/S and LEM/A, and t o  propel  t h e  MFS. Because of t h e  c ryogenic  

There i s  t h e  p o s s i b i l i t y  t h a t  t h e  

2 
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temperature involved, however, such an arrangement would appear to 

require more elaborate f a c i l i t i e s  than would be necessary f o r  the  

earth s torables .  

study by the Huntsvi l le  Department of Northrop Space Laboratories 

This report presents the  r e s u l t s  of a preliminary 

concernir.8 the  r e l a t i v e  merits of the  two propulsion systems. 

3 



. 
2.0 TECHNICAL DISCUSSION 

2.1  Background 

I n  o rde r  t o  o b t a i n  a more up-to-date  understanding of t h e  two 

propuls ion systems under cons ide ra t ion ,  a s h o r t  l i t e r a t u r e  search  was 

conducted. The performance and o v e r a l l  c h a r a c t e r i s t i c s  of both cryo- 

gen ic  and e a r t h  s t o r a b l e  propuls ion  systems f o r  t h r u s t s  ranging from 

100,000 t o  1,000,000 lbf  a r e  r e l a t i v e l y  w e l l  e s t ab l i shed .  

t h r u s t  range from 100 t o  500 lbf  , however, e s p e c i a l l y  f o r  c ryogenic  

systems, a s c a r c i t y  of publ i shed  m a t e r i a l  exis ts .  For t h i s  reason ,  

l e t t e r s  were w r i t t e n  t o  seven aerospace companies, prominent i n  cryo- 

gen ic  propuls ion,  r eques t ing  information regard ing  t h e i r  most r e c e n t  

work i n  the a r e a  of low-thrust  cryogenic  propuls ion .  

l e t te rs  is provided i n  Appendix A, a long w i t h  t h e  responses  obta ined .  

Although l imi t ed  informat ion  was a v a i l a b l e  concerning low-thrust  e a r t h  

s t o r a b l e  propuls ion systems, several r e p o r t s  (refs. 2 and 3 )  were 

obta ined  which were both d e t a i l e d  and p e r t i n e n t .  

i n q u i r i e s  t o  t h e  appropr i a t e  aerospace f i r m  f o r  t h i s  ca se  were 

unnecessary. 

I n  t h e  low 

A sample of  t h e s e  

Thus, w r i t t e n  

Because of t h e  r e l a t i v e l y  s h o r t  t i m e  pe r iod  involved i n  t h e  s tudy ,  

t h e  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  f o r  t h e  most p a r t  before  t h e  answers 

t o  t h e  w r i t t e n  i n q u i r i e s  were rece ived .  

were made i n i t i a l l y  o u t  of n e c e s s i t y ,  r ega rd ing  p ropu l s ion  system 

performance, may d i f f e r  t o  some e x t e n t  from t h e  a c t u a l  d a t a  provided i n  

Thus, c e r t a i n  assumptions which 

4 
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t h e  responses  conta ined  i n  Appendix A. 

not  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  v a l i d i t y  of t h e  a n a l y s i s .  

Such d i f f e r e n c e s ,  however, do 

2.2 Basis  f o r  Comparison 

There a r e  numerous parameters upon which t h e  performance of a 

propuls ion  system can be judged. I n  t h e  problem under cons ide ra t ion ,  

a number of t h e s e  parameters  have a l r e a d y  been f i x e d  e i t h e r  by t h e  

miss ion  requirements  o r  by t h e  system i n t e r f a c e  requi rements  a s  

d i scussed  i n  r e fe rence  1. These include:  

P rope l l an t  long-term s to rage  t i m e  (T = 180 days ss 

Engine t h r u s t  (F) = 100 lb f  

Number of engines  (ne)  = 5 .  

C e r t a i n  o t h e r  q u a n t i t i e s  while  not t r u l y  cons tan t  can or must be 

t r e a t e d  a s  such f o r  s impl i c i ty .  These q u a n t i t i e s  a r e  presented  i n  

Table 2-1. I n  drawing conclusions from t h i s  s tudy ,  cons ide ra t ion  must 

be given t o  t h e  assignme'nt of cons t an t  va lues  t o  t h e  parameters  i n d i c a t e d .  

i n  t h i s  t a b l e .  

The most l o g i c a l  parameter upon which t o  compare t h e  performance 

would appear t o  be t h e  t o t a l  mass involved i n  t h e  o p e r a t i o n  of t h e  

p ropu l s ion  system. 

mass of t h e  rocke t  engines  and of t h e  p r o p e l l a n t  s t o r a g e  and f eed  

This  mass would t a k e  i n t o  account ,  no t  on ly  t h e  

system aboard t h e  MFS, but a l s o  t h e  mass of t h e  MFS p r o p e l l a n t  s t o r a g e  

system loca ted  w i t h i n  t h e  LEM/A, I E M / D ,  and/or  IEM/S s t ages .  That 

system wi th  t h e  l e a s t  mass which can meet t h e  o p e r a t i o n a l  requirements  

5 



TABLE 2-1  

Values of Important Propulsion Parameters 
(Assumed to be constants) 

Parameter 

Number of missions (n ) 

Mission time (Tm) 

Minimum design MFS propellant tank pressure (Ppmin) 

Maximum design MFS propellant tank pressure (Ppmax) 

Cryogenic propellant storage pressure (PSI 

Earth storable propellant storage pressure (PSI 

Structure safety factor (n) 

Maximum outer surface temperature of propellant container 

Minimum outer surface temperature of propellant container 

Earth storable propellant specific impulse (I 

Cryogenic propellant specific impulse (I ) 

Earth storable propellant mixture ratio ( x )  

Cryogenic propellant mixture ratio (x) 

m 

) 
SP 

SP 

6 

Value - 
3 

3 hours 

150 psia 

1000 psia 

50 psia 

14.7 psia 

1 e 6 7  

600 O R  

2OOOR 

300 sec 

400 sec 

2.0 

5.0 



specified by the constant parameters already listed, represents the 

optimum propulsion system. 

2.3 Mathematical Model Development 

Based on the discussion presented in the preceding subsections, 

the, need arises for developing a mathematical relationship which will 

permit calculation of the total system mass. 

form, the total system mass, m can be expressed as 

In the most primitive 

a' 

m = m  + m  + m  t e ps ss 

where 

m 

m = mass of the propellant system 

= mass of the rocket engines (lb,) e 

(aboard MFS) (lb,) 

m =mass of the storage system 
ss (including the propellant) (lb,). 

Notice should be taken that the mass described by Eq. (1) does 

not include certain equipment, such as the pressurization system and 

the attitude rocket assembly. These items were not included because, 

for low thrust levels, the associated masses would remain essentially 

constant regardless of the type of propellant. 

An exact analytical prediction of me , the mass of the rocket 
engines, would be exceedingly complex due to the nature of the tech- 

nologies involved. A reasonably accurate value based on the ratio of 

thrust-to-weight (Cfw) can be obtained empirically. Based on the 

I 
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d e f i n i t i o n  o f  t h i s  r a t  i o  , 
F m = n  - 

e c f w  e 

where 

n = number of rocke t  engines  

F = engine t h r u s t  ( l b f )  

g 

e 

2 
= a c c e l e r a t i o n  of g r a v i t y  on e a r t h ’ s  s u r f a c e  ( f t / s e c  >. 

The f a c t o r  C f w  

and t h e  magnitude of t h e  t h r u s t .  

i s  p r imar i ly  a f u n c t i o n  of t h e  na tu re  of t h e  p r o p e l l a n t s  

F igure  2-1  r e p r e s e n t s  t h e  approximate 

wi th  t h r u s t  f o r  both cryogenic  and e a r t h  s t o r a b l e  

F igure  2 - 1  i n d i c a t e s  t h a t  t h e  

cfw v a r i a t i o n  of 

p rope l l an t s .  

app ropr i a t e  th rus t - to-weight  r a t i o s  a r e  

For a t h r u s t  of 100 lbf  

C f w  = 14 ( e a r t h  s torab le’s )  

C f W  = 42 (c ryogenics) .  

Notice  should be taken t h a t ,  due t o  t h e  l ack  of e x i s t i n g  d a t a  f o r  low- 

t h r u s t  cryogenic systems, cons iderable  e x t r a p o l a t i o n  i s  necessary  i n  

o r d e r  t o  o b t a i n  a va lue  of 

t h e  range of 100 t o  500 l b f .  

C f w  f o r  c ryogenic  systems w i t h  t h r u s t s  i n  

The mass of  t h e  p rope l l an t  s y s t e m s ,  m i nc ludes  a l l  equipment 
PS’ 

aboard t h e  MFS which i s  a s soc ia t ed  wi th  t h e  propuls ion  system o t h e r  

than t h e  rocket  engines .  The mass c o n s i s t s  p r i m a r i l y  of  t h e  p r o p e l l a n t  

f eed  tanks  and does no t  inc lude  t h e  mass of t h e  p r o p e l l a n t s  themselves.  

A s  a l r eady  noted, t h e  p r e s s u r i z a t i o n  s y s t e m  mass and a t t i t u d e  rocke t  

8 
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FIGURE 2-1 VARIATION OF THRUST-TO-WEIGHT RATIO WITH THRUST 
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assembly mass a r e  cons t an t s  which can be neglec ted  i n  t h e  p re sen t  

a n a l y s i s .  For convenience, t h e  mass m can be expressed i n  t h e  

form 

PS 

m = ( C p f - l )  mf + ( C  -1) m 0 
PS P O  

( 3  1 

where 

c = Prope l l an t  system f u e l  s t r u c t u r e  f a c t o r  (m /mf) 

m = Mass o f  f u e l  r equ i r ed  f o r  a s i n g l e  miss ion  (Lb,) 

m =Mass a s s o c i a t e d  wi th  t h e  f u e l  system inc lud ing  

P f P f 

f 

pf f u e l  (lb,) 

PO PO 
C = Prope l l an t  system o x i d i z e r  s t r u c t u r e  f a c t o r  (m /mo) 

m = Mass of  o x i d i z e r  r e q u i r e d  f o r  a s i n g l e  miss ion  (lb,) 

m =Mass a s s o c i a t e d  w i t h  t h e  o x i d i z e r  system inc lud ing  

0 

t h e  o x i d i z e r  (lb,). 

Now t h e  masses m and m can be expressed  a s  f 0 

I 

.‘b 
m = n  k 0 d T  

0 e 
0 

( 4 )  

( 5 )  

where 

T = t i m e  (sec) 

= b u r n i n g  t i m e  f o r  a s i n g l e  mis s ion  (sec) 

= m a s s  flow r a t e  of  f u e l  f o r  each engine  ( lbm/sec>  

= mass f low r a t e  o f  o x i d i z e r  f o r  each engine  (1bm/sec>.  

‘b 

i f 
h 

0 

10 



A combination o f  E q s .  ( 31 ,  ( 4 1 ,  and (5) y i e l d s  

and 

where 

Then 

and 

' b  
m = n i (Cpf - l )  r b A f d -  + (C -1) lilod-? 

0 
P O  

0 
PS e 

By d e f i n i t i o n  

lil - t i l  + A  
P O f  

x ho/lilf 

& 

x = mixture  r a t i o .  

= m a s s  f low r a t e  o f  p r o p e l l a n t  ( l b  / s e c )  P m 

1 G f = h  - p x+l 

Thus by s u b s t i t u t i o n ,  

blil 
-1) d. + x(C -1) x+l 

0 
PS = ne[ (CPf a 0 x t l  

n 
- -e [ ( C p f - l )  + x(C -1g [ b r h  d 

x+l P O  P 
0 

The mass of t h e  s t o r a g e  s y s t e m  m i nc ludes  t h e  mass of a l l  
s s '  

f u e l  and o x i d i z e r  necessary t o  perform llnm" mis s ions ,  where f o r  t h e  

case under cons ide ra t ion ,  a s  shown i n  Table 2 - 1 ,  

n = 3 .  m 

11 



This  mass can be expressed i n  a manner s imi l a r  t o  t h a t  developed f o r  

m . The r e s u l t i n g  expression i s  
PS 

m SS = n  m ne (csf I hfdT -k C so I kodT) 
b 0' 

n en 'b 
- - x+l m e  (Csf I kpdT + x C 7th d r )  

SO P 
0 0- 

n en [ b  
-- - m e  (Csf + cso ) , I & d r  p x+l 

0 

where 

s f  m - 
n m  m f  

Csf = s t o r a g e  system f u e l  s t r u c t u r e  f a c t o r  

m =mass  of f u e l  s t o r a g e  system inc lud ing  mass of  
sf f u e l  i t s e l f  (lb,) 

m Cso = s t o r a g e  system o x i d i z e r  s t r u c t u r e  f a c t o r  m m o  

m =mass of  o x i d i z e r  s t o r a g e  system inc lud ing  mass of 
so o x i d i z e r  i t s e l f  (lb,). 

The t o t a l  mass, m , can be expressed a s  a combination of  t 

E q s .  ( l ) ,  ( 2 ) ,  ( l l ) ,  and ( 1 2 ) ,  y i e l d i n g ,  



. 

Eq. (13) r e p r e s e n t s  t h e  mathematical model developed and used i n  t h e  

a n a l y s i s  presented  i n  t h i s  repor t .  I n  u s ing  t h i s  equat ion,  t h e  i n t e g r a l  

term, n \g"m dT , must be c a r e f u l l y  eva lua ted ,  and appropr i a t e  v a l u e s  
e '  P 

0 

of t h e  s t r u c t u r e  f a c t o r s ,  C p f ,  Cpo, C s f ,  and Cso, must be se l ec t ed .  

2.4 Eva lua t ion  of Propel lan t  Consumption 

Tb 
The i n t e g r a l ,  n [ d: , r ep resen t s  t h e  amount of p r o p e l l a n t  

e i o  p 
burned dur ing  a s i n g l e  mission which r e q u i r e s  t h e  engines  t o  be o p e r a t i n g  

f o r  a burning t i m e  of T 

t h e  MFS a t r a j e c t o r y  c o n s i s t i n g  of a v e r t i c a l  ascent  phase,  a h o r i z o n t a l  

l eg ,  and a v e r t i c a l  descent  phase i s  more d e s i r a b l e  than  a b a l l i s t i c  

A previous s tudy  ( r e f .  1) has  shown t h a t  f o r  b' 

t r a j e c t o r y .  Accordingly,  t h e  former type  of  t r a j e c t o r y  has  been used 

a s  a b a s i s  f o r  comparison i n  the  p r e s e n t  i n v e s t i g a t i o n .  Based on 

Table  2-1  from re fe rence  1, f o r  an a l t i t u d e  o f  1,300 f e e t  and a coas t  

v e l o c i t y  of  900 f t / s e c ,  t h e  p rope l l an t  consumption f o r  t h e  e a r t h  

s t o r a b l e  system i s  a s  f o l l o w s : ,  - - 
= 484.74 lb,. 

e a r t h  s t o r a b l e  

The mixtqre  r a t i o  f o r  e a r t h  s t o r a b l e s  from Table  2-1 i s  

x = 2. 

Thus by t h e  d e f i n i t i o n  of mixture r a t i o ,  

f o r  e a r t h  s t o r a b l e s .  

= 161.58 lbm mf 

m = 323.16 lbm 
0 
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Exact eva lua t ion  of cryogenic  p r o p e l l a n t  consumption can only  be 

achieved by performing a dynamic a n a l y s i s  of t h e  MFS (a long  t h e  

t r a j e c t o r y  a l ready  desc r ibed )  i n  t h e  same manner a s  t h a t  c a r r i e d  ou t  

i n  re ference  1. Due t o  t h e  shor tage  of t i m e  such an a n a l y s i s  was not  

f e a s i b l e .  Ins tead ,  a s  i nd ica t ed  i n  Sec t ion  2.2 and Table  2 - 1  of  t h i s  

r e p o r t ,  t h e  t h r u s t  and burning t i m e  f o r  each l e g  of t h e  t r a j e c t o r y  were 

assumed t o  be t h e  same f o r  t h e  cryogenics  a s  f o r  t h e  e a r t h  s t o r a b l e s .  

With t h i s  assumption, 

'b 

F d j e a r t h  =[jTbFdr] cryogenics  
s t o r a b l e s  

Now by d e f i n i t i o n  of  s p e c i f i c  impulse 

Thus 

'sp ( e a r t h  
I (cryogenics  1 e a r t h  

s t o r a b l e s  

e a  cryogenic  s . 0 

le j T i p d ]  

Then r 7 

e 3 00 cryogenic  = 484.74 - 400 

In iP*J 
0 

= 363.54 lbm . 
The mixture  r a t i o  f o r  l i q u i d  oxygen and l i q u i d  hydrogen from Table 2-1 

i s  
x = 5. 
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Then a s  be fo re ,  

mf = 60*59 lbm\ 
f o r  cryogenics.  

0 = 302*95  l b m J  

It i s  important t o  no te  t h a t  t h e  assumption o f  t h e  cryogenic  

burning t i m e  and t h r u s t  being equal t o  t h e i r  c o u n t e r p a r t s  i n  t h e  e a r t h  

s t o r a b l e  system pe rmi t s  a comparison on t h e  b a s i s  o f  burning t i m e .  

However, w i t h  i t s  greater s p e c i f i c  impulse, t h e  cryogenic  s y s t e m  should 

t r a v e l  f u r t h e r  t han  t h e  e a r t h  s t o r a b l e  s y s t e m  dur ing  t h e  same t i m e  

per iod.  

2.5 Evalua t ion  of  S t r u c t u r e  F a c t o r s  

The d e f i n i t i o n s  o f  t h e  s t r u c t u r e  f a c t o r s  are decep t ive ly  simple.  

These f a c t o r s  are no t  c o n s t a n t s  bu t  a re  f u n c t i o n s  of  a number of  

v a r i a b l e s  inc lud ing :  

0 

0 

0 

0 

s t o r a g e  t i m e  

s t o r a g e  environment 

prope 1 l a n t  mass 

p r o p e l l a n t  dens i ty  

p rope l l an t  s p e c i f i c  h e a t  

p r o p e l l a n t  l a t e n t .  h e a t  of  f u s i o n  

p r o p e l l a n t  l a t e n t  h e a t  of  v a p o r i z a t i o n  

p ro  p e 1 1 a n t  s to  r a g  e t emp e r a t u r e 

p r o p e l l a n t  s to rage  p r e s  sure 

p r o p e l l a n t  tank shape 

15 



o p r o p e l l a n t  tank  m a t e r i a l  d e n s i t y  

o 

o i n s u l a t i o n  d e n s i t y  

o i n s u l a t i o n  thermal conduc t iv i ty .  

p r o p e l l a n t  tank  m a t e r i a l  t e n s i l e  s t r e n g t h  

For sphe r i ca l  t a n k s  t h e  gene ra l  r e l a t i o n s h i p  f o r  a s t r u c t u r e  

f a c t o r ,  C ,  i s  

m 

m 
X x s  

w i th  

Q = (mxSmc> c (Tio-Ti) .f mchc ( T f r L T i  LTsat) 
P 

(B-12) 

where 

m 

m 

1‘ 

L’ 

- mass of fue l  o r  o x i d i z e r  sub jec t ed  t o  a change of phase (lb,) 

- t o t a l  mass of  f u e l  o r  o x i d i z e r  (lb,) 

3 - dens i ty  of f u e l  o r  o x i d i z e r  ( l b m / f t  ) 

- dens i ty  of s h e l l  m a t e r i a l  ( l b m / f t  ) 

C 

X 

X 
3 

S 

ri - sa fe ty  f a c t o r  

P - design p r e s s u r e  f o r  a p r o p e l l a n t  c o n t a i n e r  ( p s i a )  

- t e n s i l e  s t r e n g t h  of s h e l l  m a t e r i a l  ( p s i )  

- dens i ty  of t h e  i n s u l a t i o , .  ( l b m / f t  ) 

P 

S 
3 

’ i n  
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q - r a t e  of hea t  f low from t h e  s h e l l  (Btu /hr )  

- thermal conduct iv i ty  of t h e  i n s u l a t i o n  ( B t u /  f t ° F  h r )  k i n  
- mean temperature  d i f f e rence  between i n n e r  and o u t e r  

i n s u l a t i o n  temperature (OF) a s  def ined  by Eq. (B-8)  AT - 
T - s t o r a g e  t i m e  ( h r )  

C - hea t  capac i ty  (Btu/lbmoF) 
P 

Tio 

Ti 

S 

- i n i t i a l  s to rage  temperature (OR) 

- t empera ture  of p rope l l an t  o r  i nne r  su r face  of i n s u l a t i o n  (OR) 

- temperature  f o r  change of  phase (OR) 

- l a t e n t  hea t  generated by change of phase (Btu/lbm) 

- f u s i o n  temperature  of p r o p e l l a n t  (OR) 

- s a t u r a t i o n  temperature of  p rope l l an t  ( O R ) .  

TC 

hc 

T f r  

T s a t  

The development of Eqs. (B-12) and (B-13) i s  provided i n  Appendix B. 

The manner i n  which t h e  s t r u c t u r e  f a c t o r s  are def ined  obviously 

r e q u i r e s  t h a t  t h e  minimum poss ib le  va lue  f o r  any such f a c t o r  is  1.0. 

Previous s t u d i e s  ( r e f s .  7 and 8) have ind ica t ed  t h a t  f o r  an 180-day 

pe r iod  t h e  s t o r a g e  system s t r u c t u r e  f a c t o r  f o r  cryogenics  would be 

- 

2 .25  Csf (5.35 ( f o r  l i q u i d  hydrogen) ( 1 7 )  

so = 1.11 ( f o r  l i q u i d  oxygen) (18) 

Because of t.he v a r i a t i o n  of t he  lunar  environment during a pe r iod  of  

180 days, a c t u a l  c a l c u l a t i o n  of t h e  f a c t o r s  Cso and Csf f o r  t h e  e a r t h  

s t o r a b l e s  us ing  Eq. (B-13) i s  q u i t e  involved. Due t o  t h e  phys ica l  

c h a r a c t e r i s t i c s  of t h e  e a r t h  s t o r a b l e s ,  however, a s  shown i n  Table 2-2,  

t h e  a s s o c i a t e d  s t r u c t u r e  f a c t o r s  should be no g r e a t e r  than  t h a t  f o r  

17 



TABLE 2-2 

Physical Characteristics of Earth Storable and 
Cryogenic Propellants 

Earth Storable Propellants 

Heat Fu s ion Sat ura t ion Density Capacity 
Temperature Temperature at (lbm/ft3) (Btu/lbmoF) Propellant (OR) 14.7 psia (OR) 

Nitrogen tetroxide (N204) 47 2 530 93 0.084 

50:50 mixture of 
56.2 0.4503 Hydrazine + UDMH ’ 480 6 18 

Hydrazine (N2H4) 49 5 696 63.0 0.3552 

UDMH 2 89 606 49.18 0.6285 

, 

Propellant 

Liquid Hydrogen 

Liquid Oxygen 

18 

Cryogenic Propellants 

Latent heat of 
Va po 1: i z at ion Saturation Density 

50 psia ( O R )  (lb m /ft3) ( Btu / lb,) Temperature at 

46 

188 

4.0 

68.0 

180 

43 0 



l i q u i d  oxygen. The assignment of a va lue  of 1.11 f o r  t h e  C and Csf so 

f o r  t h e  e a r t h  s t o r a b l e s  t h u s  appears reasonable .  

The p rope l l an t  system structure f a c t o r s  C and C involve on ly  
PO PS 

a shor t - te rm s to rage  pe r iod  of  three hours ,  which is t h e  d u r a t i o n  of  

one mission. During t h i s  t i m e  per iod,  v a r i a t i o n  of t he  luna r  environ-  

ment is n e g l i g i b l e .  Thus a c t u a l  c a l c u l a t i o n s  of  t hese  s t r u c t u r e  

f a c t o r s  by means of  E q .  (B-13) i n  Appendix B a r e  f e a s i b l e  f o r  both t h e  

e a r t h  s t o r a b l e s  and t h e  cryogenics.  Because both a maximum and 

minimum design MFS p r o p e l l a n t  tank p res su re  m u s t  be considered as 

given  i n  Table 2-1, two sepa ra t e  va lues  o f . e a c h  s t r u c t u r e  f a c t o r ,  C 

and C w i l l  r e s u l t .  
PO 

P f ’ 

I n  ca r ry ing  ou t  t h e  c a l c u l a t i o n s  f o r  C and C t h e  n e c e s s i t y  
PO Pf ’ 

a r i s e s  t o  select s p e c i f i c  ma te r i a l s  f o r  use i n  t h e  s to rage  f a c i l i t i e s  

under cons idera t ion .  Accordingly, an a n a l y s i s  was made of t h e  most 

d e s i r a b l e  m a t e r i a l s  f o r  such use. Based on t h i s  ana lys i s ,  t i t a n i u m  

w a s  s e l e c t e d  f o r  t h e  s h e l l  material and S I - 9 1  w a s  chosen f o r  t h e  

i n s u l a t i o n .  The p e r t i n e n t  phys ica l  c h a r a c t e r i s t i c s  of t h e s e  m a t e r i a l s  

a r e  found i n  Table 2-3 .  

Notice should be taken t h a t  cryogenic  p r o p e l l a n t s  a r e  normally 

s t o r e d  a t  t h e i r  s a t u r a t i o n  temperature.  Thus boi l -off  m u s t  be taken  

i n t o  account.  

p rocess  is involved when boil-off occurs .  An example of t h e  necessary  

c a l c u l a t i o n s  i s  given i n  Appendix B. 

Because of  t h e  form of Eq. (B-13), an op t imiza t ion  

Obviously t h e  minimum value  of  
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TABLE 2-3 

Physical Characteristics of Titanium 
and SI-91 Insulation 

Titanium 

3 
density ( ,  - 281 lbm/ft 

tensile strength ( -  - 80,000 psi 
S 

. 

SI-91 Insulation 

3 
density (iin) - 7.8 lbm/ft 

thermal conductivity (kin) - 1 x lom5 Btu/hr ft OR 
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t h e  s t r u c t u r e  f a c t o r  i s  t h e  des i red  value.  

t h e  manner i n  which t h e  va lues  of C and C 

p rope l l an t  vary  wi th  boil-o 'ff .  As i nd ica t ed  by t h e s e  f i g u r e s  , 

Figures  2-2 and 2-3 p re sen t  

f o r  t h e  cryogenic  
P O  P f 

c = 3,373 (Ppf = 1,000 p s i a )  

= 150 p s i a )  C = 1.373 

C = 1.136 (Ppo = 1,000 p s i a )  

150 p s i a )  c = 1.020 ( p  

P f 

P f (ppf 

PO 

PO PO = 

Cryogenic ' Propel lan t  

When bo i l -o f f  does not  occur,  a s  i s  g e n e r a l l y  t h e  case  wi th  e a r t h  

s t o r a b l e s ,  eva lua t ion  of  t h e  propel lan t  system s t r u c t u r e  f a c t o r s  

involves  s e l e c t i o n  of t h e  optimum s t o r a g e  temperature  i n  t h e  p r o p e l l a n t  

tanks.  A comparison of  t h e  maximum and minimum luna r  temperatures  

provided i n  Table 2-1,  w i th  the  b o i l i n g  and f r e e z i n g  p o i n t s  of  t h e  e a r t h  

s t o r a b l e  p r o p e l l a n t s ,  a s  presented i n  Table  2-2,  i n d i c a t e s  t h a t  t h e  

p o s s i b i l i t y  of  t h e s e  p rope l l an t s  f r e e z i n g  a s  w e l l  a s  b o i l i n g  m u s t  be 

guarded a g a i n s t .  The t r u e  thermal problem involved i s  t r a n s i e n t  i n  

na tu re  and i t s  exac t  s o l u t i o n  is  too  complex t o  a t tempt  i n  t h i s  prel im- 

ina ry  i n v e s t i g a t i o n .  In s t ead ,  t h e  approximate a n a l y s i s  presented  i n  

Appendix C may be used. Based on t h i s  a n a l y s i s  t h e  optimum p r o p e l l a n t  

temperatures ,  Tio , f o r  3-hour t i m e  pe r iods  a re  

( ~ ~ 0 ~ )  = 518OR 

= 618OR (N~H~+LJDMH)  
( s a t u  r a t ion  t emp e r a t u  re  ) . 
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With t h e s e  va lues ,  t h e  p r o p e l l a n t  system s t ructure  f a c t o r s  a r e  a s  

fo l lows:  

C P f = 1.162 (Ppf = 1,000 p s i a )  

C = 1.028 

c = 1.100 
P f 

P O  

\ Ear th  (Ppf = 150 p s i a )  

S to rab le s .  I (Ppo = 1,000 p s i a )  

I = 150 p s i a )  ( ppo C = 1.016 
P O  

Notice should be taken t h a t  t h e  c a l c u l a t e d  va lues  of C and.C f o r  

e a r t h  s t o r a b l e s  a r e  less than  t h e  corresponding c a l c u l a t e d  va lues  of 
PO P f 

C and C f o r  cryogenics  a t  t h e  same p r o p e l l a n t  tank  pressure .  
PO P f 

2.6 Calcu la t ion  of To ta l  System Mass 

Based on t h e  procedure descr ibed  i n  subsec t ions  2.4 and 2.5, 
‘b 

f fi d t ,  C s f ,  Cso,  C p f ,  and C were ob ta ined  f o r  u s e  
P O  

va lues  of n 

i n  Eq. (13),  f o r  both cryogenic  and e a r t h  s t o r a b l e  p r o p e l l a n t s .  For 

t h e  cryogenic C 

For t h e  thrust- to-weight  r a t i o s ,  those  va lues  l i s t e d  i n  subsec t ion  2.3, 

e 8 ,  p 

a va lue  of 4.68 was ass igned  based on r e fe rence  7. s f ’  

corresponding t o  100 lbf  t h r u s t  engines ,  were used. By means of 

Eq. (13) ,  t he  t o t a l  system mass was then ca l cu la t ed .  

p resented  i n  Table 2-4. 

systems mass i s  provided i n  Appendix D. 

pres su re ,  the  c a l c u l a t e d  mass of t h e  e a r t h  s t o r a b l e  propuls ion  system 

was less than t h e  c a l c u l a t e d  mass of t h e  cryogenic  p ropu l s ion  system. 

The resu l t s  a r e  

A sample of t h e  c a l c u l a t i o n s  f o r  t h e  t o t a l  

For each p r o p e l l a n t  tank  . 
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TABLE 2-4 

Calcula ted  T o t a l  Mass of E a r t h  S t o r a b l e  and 
Cryogenic Propuls ion Systems 

a. m = 2056.31 l b  
t m 

b. mt = 1900.0 lbm 

C. m = 1708.35 lbm 

d. m = 1663.22 lbm 

t 

t 

(P P = 1000 p s i a )  

( P  P = 150 p s i a )  

( P  P = 1000 p s i a )  

( P  P = 150 p s i a )  

cryogenic 

e a r t h  
s t o r a b l e  
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2.7 Varia t ion  of Propuls ion Parameter 

As noted previous ly ,  t h e  va lue  of t h e  s t ructure  f a c t o r  Csf € o r  

c ryogenic  p r o p e l l a n t s  used i n  t h e  mass c a l c u l a t i o n s  was 4 .68 .  

va lue  i s  the primary reason f o r  t h e  cryogenic  system being heav ie r  than  

t h e  corresponding e a r t h  s t o r a b l e  system. 

p o s s l b l e  values o f  Csf f o r  l i q u i d  hydrogen as i nd ica t ed  by Eq. (171,  

it i s  of i n t e r e k t  t o  cons ide r  what e f f e c t  v a r i a t i o n  of  t h i s  f a c t o r  has  

upon t o t a l  system mass f o r  cryogenics.  

v a r i a t i o n  f o r  a p r o p e l l a n t  tank  p res su re  of  1,000 p s i a ,  whi le  Figure 2-5 

This 

Because of t h e  r ange ,  i n  

F igure  2-4  r e p r e s e n t s  t h i s  

r e p r e s e n t s  such v a r i a t i o n  f o r  a p re s su re  of 150 ps i a .  I n  each f i g u r e ,  

t h e  va lue  of t h e  cryogenic  Cso was 1.11. Also shown i n  each f i g u r e  

i s  t h e  v a r i a t i o n  of system m a s s  wi th  e a r t h  s t o r a b l e  Csf f o r  s e v e r a l  

d i f f e r e n t  values  of Csoo  The p o i n t s  w i t h  l e t te r  des igna to r s  

correspond t o  t h e  c a l c u l a t e d  va lues  g iven  i n  Table 2 - 4 .  

Examination of F igu res  2-4  and 2-5 r e v e a l s  t h a t  wi th  a p r o p e l l a n t  

tank  pressure of 1,000 p s i a ,  i f  t h e  c ryogenic  Csf i s  less than  2.80 

(with t h e  cryogenic Cso he ld  a t  l . ll),  t h e  cryogenic  system mass w i l l  

be less than t h e  e a r t h  s t o r a b l e  system mass g iven  by Eq. (13) ,  w i th  

t h e  e a r t h  s t o r a b l e  Csf and C both equa l  t o  1.11. Likewise; wi th  

a p rope l l an t  tank p r e s s u r e  of 150 p s i a ,  i f  t h e  cryogenic  

so 

Csf 
i s  less 

than  3.37, the  cryogenic  system mass w i l l  be less than  t h e  e a r t h  

s t o r a b l e  system mass. 

c ryogenic  Cso and t h e  e a r t h  s t o r a b l e  Csf and Cso a r e  a l l  equal  t o  1.11. 

As before ,  t h i s  c o n d i t i o n  a p p l i e s  on ly  when t h e  
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Such r educ t ions  i n  t h e  cryogenic  s t r u c t u r e  f a c t o r  

r e fe rence  7,  would r e p r e s e n t  cons iderable  advances i n  t h e  p re sen t  

s t a t e - o f - t h e - a r t  f o r  cryogenic  s torage .  

c s f ,  . a s  noted i n  

Time d i d  no t  permit  an ex tens ive  a n a l y s i s  of t h e  e f f e c t  of t h e  

v a r i a t i o n  of o t h e r  important  parameters on t o t a l  sys tem mass. An 

examination of t h e  mathematical  model a s  g iven  by Eq. (13)  does i n d i c a t e ,  

however, t h a t  a s  t h e  number of missions i n c r e a s e s ,  t h e  mass of t h e  e a r t h  

s t o r a b l e  systems probably inc reases  more s lowly than  t h e  mass of  t h e  

cryogenic  system. 

decreases ,  t h e  mass of t h e  system w i l l  i nc rease .  A dec rease  in t h e  

mixture  r a t i o  f o r  t h e  e a r t h  s t o r a b l e  system, however, does not  

apprec iab ly  change t h e  t o t a l  system mass. 

Also, f o r  t h e  c ryogenic  system, a s  t h e  mixture  r a t i o  
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3 .O CONCLUSIONS 

Based on t h e  r e s u l t s  presented  i n  Sec t ion  2.0, t h e  u s e  of  

cryogenic  propuls ion  systems f o r  t h e  Manned Fly ing  System does no t  

appear t o  o f f e r  any improvement wi th  regard t o  weight sav ings  over  

t h e  e a r t h  s t o r a b l e  propuls ion  system. 

is t h e  heavier  s to rage  appara tus  requi red  f o r  long-term s to rage  of  t h e  

cryogenic  p rope l l an t s .  

s a t u r a t i o n  temperature ,  is e s p e c i a l l y  n o t i c e a b l e  i n  t h i s  r e spec t .  The 

development of improved i n s u l a t i o n  might conceivably result  i n  a cryo- 

The b a s i c  reason  f o r  t h i s  f a c t  

Liquid hydrogen, w i t h .  i t s  low dens i ty  and low 

gen ic  system which would be as l i g h t  a s  t h e  e a r t h  s t o r a b l e  system. 

Such a development, however, would r e q u i r e  cons ide rab le  advances i n  

t h e  present  s t a t e - o f - t h e - a r t .  

The most gene ra l  conclus ion  t h a t  can be drawn from t h i s  pre l iminary  

i n v e s t i g a t i o n  is t h a t  t h e r e  appears  t o  be no j u s t i f i c a t i o n  f o r  u s ing  a 

cryogenic  propuls ion  system i n  p l ace  of  an e a r t h  s t o r a b l e  system f o r  

t h e  Manned Fly ing  System. 'The  p o s s i b i l i t y  e x i s t s  t h a t  a more d e t a i l e d  

i n v e s t i g a t i o n  might r evea l  advantages o f f e r e d  by t h e  cryogenic  system 

which were n o t  uncovered i n  t h i s  study. 
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APPENDIX A 

Survey of t h e  Present S ta te -of - the-Ar t  f o r  
Low Thrust  Cryogenic Propuls ion Systems 

Because of t h e  

and l i q u i d  hydrogen 

t o  500 l b f ,  w r i t t e n  

companies: 

s c a r c i t y  o f  information concerning l i q u i d  oxygen 

propuls ion  s y s t e m s  w i th  t h r u s t s  ranging from 100 lb f  

i n q u i r i e s  were s e n t  t o  t h e  fo l lowing  aerospace 

Aerojet-General Corporation 
Sacremento, Ca l i fo rn ia  

Jet  Propuls ion Laboratory 
Pasadena, C a l i f o r n i a  

Mar t in  Mar i e t t a  Corporat ion 
Denver, Colorado 

P r a t t  and Whitney 
Eas t  Har t ford ,  Connecticut 

React ion Motor Divis ion 
Thiokol Chemical Corporat ion 
Denvi l le ,  New J e r s e y  

Rocketdyne 
Canoga Park, Ca l i fo rn ia  

Space Technology Laborator ies ,  Inc. 
Redondo Beach, Ca l i fo rn ia  

The remainder of  t h i s  appendix c o n s i s t s  of  a sample of  t h e  

w r i t t e n  inqu i ry ,  a long wi th  t h e  responses  received.  
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S A M P L E  - - - - - -  

1 7  May 1965 

Company r r X r r  

Dear S i r s :  

Northrop Space Labora tor ies  under Contract  NAS8-20082 i s  
p resen t ly  providing support  t o  t h e  Aero-Astrodynamics 
Laboratory of  NASA's George C. Marshall  Space F l i g h t  
Center,  Hun t sv i l l e ,  Alabama. A s  p a r t  o f  t h i s  c o n t r a c t ,  
Northrop has  been asked t o  determine t h e  p re sen t  s t a t e -  
o f - the -a r t  wi th  regard  t o  low t h r u s t  (100-500 l b s . ) ,  
cryogenic  fue l ed  ( l i q u i d  hydrogen and l i q u i d  oxygen) 
rocket  engines.  Any information o r  d a t a  wi th  regard  t o  
such engines ,  which your company can provide  without  
compromising your own p r o p r i e t a r y  i n t e r e s t s ,  is requested.  

Thank you, 

Frank B. Tatom 
Sen io r  Engineer 
Northrop Space Labora tor ies  

FBT/ lb  
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A E R O I E T - G E N E R A L  C O R P O R A T I O N  TL N ~ .  s-101r2 
P. 0. B O X  1 9 4 7  S A C R A M E N T O .  C A L I F O R N I A  

D A T E  7 June 1965 
DHN: ecs 

REPLY TO TECHNICAL INFORMATION REQUEST 

To: Northrop Space Laboratories 
Northrop Corporation 
Attn: Frank B. Tatom, Senior Engineer 
6025 Technology Drive 
Huntsvil le,  Alabama 

(a) .  Your L t r . ,  dtd.  17  May 1965, requesting information on t h e  present  
REF ER ENCE( S) : 

state-of- the-ar t  w i t h  regard t o  low t h r u s t  (100-SOOlbs. ) 
cryogenic fue ld  (Liquid hydrogen and Liquid oxygen) rocket  engines. 

- 

Information requested i s  CLASSIFIED. Please resubmit your request through the agency 
monitoring the contract on which i t  i s  needed. 

Information requested was prepared under government con tract. Please resubmi t your 
request to: 

Report(s) rewested out-of-print, and our supply has been exhausted. 

Available from the Defense Documentation Center, as AD 

Available from NASA Scientific and Technical Information Facil ity, os, 

N 

X 

.Information requested cannot be identified. 

Other-  
this subject. 

This i s  t o  advise you t h a t  w e  have not  published any research on 

Signed: 
f l  

c 

D. T. Bedsole, Manager 
Technical Library 
Sacramento Plant 
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J e t  Propulsion Laboratory 

(No reply received)  
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Mart i n  Marietta Corporation 

(No reply received) 
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J u l y  21, 1965 

M r .  F r a n k  B. Tatom 
N o r t h r o p  S p a c e  L a b o r a t o r i e s  
6025 Techno logy  D r i v e  
H u n t s v i l l e ,  Alabama 

D e a r  M r .  Tatom: 

A t t a c h e d ,  i s  a copy of t h e  e s t i m a t e d .  d e s i g n  d a t a  on  low t h r u s t  
02/H2 e n g i n e s  which you  r e q u e s t e d  i n  y o u r  l e t te r  t o  P r a t t  & 
Whi tney  A i r c r a f t ,  d a t e d  17 May 1965. 

B e c a u s e  o f  t h e  g e n e r a l  n a t u r e  o f  t h i s  r e q u e s t  p r o v i d i n g  n o  
sp:cific a p p l i c a t i o n ,  t h e  e n g i n e s  p r e s e n t e d  w e r e  n o t  o p t i m i z e d  
b u t  d e s i g n e d  w i t h  r e p r e s e n t a t i v e  v a l u e s  o f  chamber  p r e s s u r e ,  
a r e a  r a t i o ,  a n d  m i x t u r e  r a t i o  f o r  low t h r u s t  e n g i n e s .  T h e  
d e s i g n  d a t a  p r e s e n t e d  u t i l i z e s  a f i x e d  b e d  c a t a l y s t  fo r  t h e  
i g n i t i o n  s o u r c e .  

I t  a l s o ' i n c l u d e s  t w o  m i x t u r e s  r a t i o s .  T h i s  i s  b e c a u s e  t h e  
c a t a l y s t  i s  l i m i t e d  t o  t h e  t e m p e r a t u r e  c o r r e s p o n d i n g  t o  a maxi- 
mum m i x t u r e  r a t i o  o f  a p p r o x i m a t e l y  1 .2 .  T h e  u p p e r  l i m i t  v a r i e s  
a c c o r d i n g  t o  t h e  t e m p e r a t u r e  o f  t h e  i n l e t  p r o p e l l a n t s .  A too- 
h i g h  t e m p e r a t u r e  w i l l  r e s u l t  i n  f u s i o n  of t h e  c a t a l y s t  pellets. 
If a h i g h e r  m i x t u r e  r a t i o  s h o u l d  b e  r e q u i r e d ,  i t  c a n  be o b t a i n e d  
by a d d i n g  a d d i t i o n a l  oxygen  downs t r eam of t h e  c a t a l y s t  chamber  
w h e r e  i t  w i l l  m i x  and  i g n i t e  w i t h  t h e  c a t a l y t i c  c o m b u s t i o n  g a s e s .  
I n  t h i s  manner ,  t h e  o v e r a l l  m i x t u r e  r a t i o  c a n  be i n c r e a s e d ;  how- 
e v e r ,  i t  would r e q u i r e  a d d i t i o n a l  c o n t r o l s  a n d  a c o o l e d  t h r u s t  
chamber .  

T h e  e s t i m a t e d  e n g i n e  w e i g h t s  i n c l u d e  t h e  s o l e n o i d  o p e r a t e d  i n l e t  
v a l v e s ,  i n j e c t o r ,  c o m b u s t i o n  chamber  i n c l u d . i n g  t h e  c a t a l y s t  bed, 
a n d  n o z z l e s .  

38 
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Page: 2 
Date: July 21, 1965 

W e  hope t h i s  information w i l l  be he lpful  t o  Northrop i n  
determining state-of-the-art of l o w  thrust oxygen/hydrogen 
engines. I f  there are any further quest ions,  p l ease  do not 
h e s i t a t e  i n  c a l l i n g  t h i s  o f f i c e .  

Very truly  yours, 

John G .  Campbe + / W c y  1 

Enc 1 

JCC/ah 

cc: Mr. L .  M .  Bhalla 
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Space Technology Laboratories, Inc. 

(No reply received)  
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RO TDYNE 
A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N ,  I N C  

6 6 3 3  C A N O G A  A V E N U E ,  C A N O G A  P A R K ,  C A L I F O R N I A  9 1 3 0 4  

1 June 1965 
IN REPLY REFER TO: 

65RCB975 

Northrop Space Laboratories 
Northrop Corporation 
6025 Technology Drive 
Huntsvil le,  Alabama 

Attention: Mr. Frank B. Tatom 
Senior Engineer 

Low Thrust Cryogenic Fueled Rocket 
Engines 

Subject : 

Reference: ( a )  Northrop Request f o r  Information 
dated 17 Ma.y 1965 

Gentlemen :. 

Your reference (a)  request f o r  information concerning t h e  present  
s ta te-of- the-ar t  with regard t o  l o w  t h r u s t  (100-500 pounds) rocket 
engines u t i l i z i n g  l i q u i d  hydrogen and l i q u i d  oxygen as p rupe l l an t s  
has been received. 
using cryogenic propel lants  we r eg re t  t o  inform you t h a t  we do not 
have information or  data  on ensines i n  t h r u s t  ranges as low as 100 
t o  500 pounds. 

I f  addi t ional  information i s  des i r ed ,  p l ease  contact  Mr. W. P.  O'Dea, 
347-5651, extension Go6lt. 

Although w e  have extensive experience on engines 

Very t r u l y  yours,  

NORTH AbER1CA.N AVIATION, I N C .  
Rocketdyne Division 

A .  F. Pietrowski 
Chief, Program Administration 
Spacecraft  Engines 
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CHEMICAL CORPORATION 

REACTION MOTORS DIVISION 

DENVILLE, NEW JERSEY 07834 
Phon. Area Cod. 201,627--7000 
M X  201,627--39913 

28 June 1965 

Northrop Space Laboratories 
Northrop Corporation 
6025 Technology Drive 
Huntsville, Alabama 

Attention: Mr. F. B. Tatom 

Subject: Cryogenic Low Thrust Engines 

Reference: Northrop letter dated 17 May 1965 , same subject 

Enclosure : (1) PI  2-65, Attitude Control System Technology 

Sentlemen: 

Thiokol Chemical Corporation, Reaction Motors Division, regrets that we a r e  
not able to furnish you information a t  this time on low thrust ,  cryogenic attitude 
control engines. W e  a r e  presently engaged in the ear th  storable, bi-propellant 
attitude control engine area.  
engines, however, these a re  with N2O4 and monomethyl. 

We have several contracts for attitude control 

I am forwarding you our latest report on attitude control engine and system work 
that is presently being conducted at RMD. 
helpful in the general a r ea  of attitude control systems - unfortunately it does not 
cover cryogenics. 
that we may be able to supply please do not hesitate to contact either Mr. D. 
Culbertson a t  our Southern District Office, Huntsville, Alabama, Area Code 205- 
881-2661, or Mr. Paul O'Dea; Denville, New Je r sey ,  Area Code 201-627-7000. 

I t rust  that you will find this report  

If after review of this report  there i s  additional information 

Very truly yours, 

CAL CORPORATION 

Director 'of Applications Engineering 
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APPENDIX B 

Analytical Expression f o r  S t r u c t u r e  Fac to r s  

A. General Development 

The genera l  s t r u c t u r e  f a c t o r ;  C,  by d e f i n i t i o n  i s  

m + m  + m i n + m  + m  
X S '  C a c =  m 

X 

where 

m 

m 

i n  

m 

m 

=mass of us 'eful f u e l  o r  o x i d i z e r  w i t h i n  con ta ine r  (lb,) 

= mass of  t h e  s h e l l  (lb,) 

= mass of i n s u l a t i o n  (lb,) 

= mass of f u e l  o r  o x i d i z e r  sub jec t ed  t o  a change of phase (lb,) 

= m a s s  of accessory  equipment (lb,). 

X 

S 

m 

C 

a 

The mass, mx , is  f i x e d  by t h e  mission requirements .  

i s  t o  express  t h e  masses m 

known q u a n t i t i e s  

Thus t h e  problem 

min,, and ma i n  terms of  mx and/or  o t h e r  

For sphe r i ca l  con ta ine r s  t h e  development of  such an express ion  f o r  

m proceeds a s  fol lows:  
S 

3 - -  - 4  T r  
m + m c  X 3 s px 

where 

r = r a d i u s  of t h e  s h e l l  ( f t )  
S 

3 = dens i ty  of  t h e  f u e l  o r  o x i d i z e r  ( l b m / f t  ). 
p X  
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c 

Then 
1 /3 1/3 m p c  

rs =($) (T-) 

For t h i n - s h e l l e d  spheres ,  t h e  th i ckness  t is 

P r  
- L 2  t = r l  2a 

S 

where 

rl = s a f e t y  f a c t o r  (1.67) 

P = design p r e s s u r e  f o r  t h e  s h e l l  ( p s i a )  

Q = t e n s i l e  s t r e n g t h  of s h e l l  material ( p s i )  
P 

S 

Thus t h e  mass of t h e  s h e l l  can be expressed as  

L J 

The mass of t h e  i n s u l a t i o n  can be expressed a s  fo l lows :  

From F o u r i e r f s  Law f o r  s t eady- s t a t e  r a d i a l  h e a t  t r a n s f e r  i n  a sphere 

r r  
AT i o  

k i n  
q = 4 r -  

ro-ri  

45 



4 

o r  

where 

A r =  
0 q - 4n kin AT ri 

q = r a t e  of hea t  f low from t h e  s h e l l  (B tu /h r )  

r = o u t e r  r a d i u s  of i n s u l a t i o n  ( f t )  

ri = i n n e r  r a d i u s  of i n s u l a t i o n  ( f t )  

0 

kin = t h e r m a l  conduc t iv i ty  of t h e  i n s u l a t i o n  (Btu /hr  f t  O F )  

AT = temperature  d i f f e r e n c e  a c r o s s  i n s u l a t i o n  (OF) 

For t h e  present  ca se ,  t h e  temperature  d i f f e r e n c e  is no t  always a 

cons tan t .  
- 

For s i m p l i c i t y ,  however, a mean temperature  d i f f e r e n c e ,  AT 

can be def ined such t h a t ,  - 

where 

Q, = t o t a l  h e a t  flow from t h e  s h e l l  (Btu)  

T = gene ra l  s t o r a g e  t i m e  ( h r ) .  
S 

Then f o r  t he  t r a n s i e n g  case  under c o n s i d e r a t i o n ,  

=, Q 

Now 

r i = r  S [1+ q] (B-10) 
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Then 

PX 

From thermodynamics 

Q = (mxhC) cp(Tio-Ti) + mchc (TfrLTi ITsat) (B-12) 

where 

c = heat capacity (Btu/lbmoF) 
P 

= initial storage temperature (OR) 

Ti =temperature of propellant or inner surface of insulation (OR) 

T = temperature for change of phase (OR) 

m =mass subjected to a change of phase (lb,) 
c 

C 
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h = heat generated by a change of phase (Btu/lbm) 
C 

Tfv = fusion temperature (OR) 

= saturation temperature (OR). Tsat 

The mass of accessory equipment, ma, is difficult to express 

analytically. Furthermore, this mass is relatively small and does not 

appear to have an appreciable effect on the value of the structure 

factor. For these reasons ma is neglected in this analysis. 

By means of a combination of Eqs. (B-l), (B-5), and (B-111, the 

structure factor can be written 

+ m /m c x  

3 

+Pin pX (It?) 

[3+? +(2)2] 
n3 

(B-13) 
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To demonstrate t h e  procedure f o r  u s ing  Eq. (B-131,  t h e  remaining 

p o r t i o n  of t h i s  appendix c o n s i s t s  of sample c a l c u l a t i o n s .  

B. Sample Ca lcu la t ions  of C f o r  Oxygen 

P = 1000 p s i a  
P 

= Ti = 188OR 

Tc = 188'R 

3 = 68 l b m / f t  

m = m  = 302.95 l b  

T = T  = 3 h r  

p X  

X 0 rn 

S m - 
AT = Tomax - Tio 

= 600 - 188 

= 4 1 2 O R  

k i n  = Btu/hr ft 'F 

0 = 1.67 

u = 80,000 p s i  
S 

Assume 

m = 15 lb,. 
C 

Now from Eq. (B-131, f o r  t h e  case  of t h e  s t r u c t u r e  f a c t o r  C f o r  oxygen, 
P O  f 

c ='ls"cpxl { 1 + e  P 0 P  [3 +> +(?f] 
S 

PO 

L . 

(B-13a) 
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where from Eq. (B-12) 

Q = (mxSmc> 

Then 

Q = 5.430 = 6450 Btu 

f c 

281.7*1.67*1000 3 1.67 *,lo00 c PO = (1  2*68*80,000 L 3  -k 2*80,000 

(B-12) 

- 
6 4 5 0 ~  

'I3 (317.95) 68 1/3 (1+ 1.67*1000), 2*80,000 5*4i2*;]3 - 'I} 
1.04952 1 + ,04324 [3 + .031313 + . O O O l l l  r 

L 9 268 336 125.10 

[ 6 4 5 0 - ( 4 ~ ) (  .62)(1.67)(  1.014)(1.236)(10 

7 a 8  + - 1.03164 68 

= 1.04952(1+ .13108 + .00000895) 

= 1.187 
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o r  
T 

Then i f  the thermal capacitance of the insulation is neglected, 

T 

- To d r  1 
T 4nr r kin o i  

m c  
0 0 0 - 5  

or  

1 -4rrlrori k in  [ qdr 
r - ri m c  -I- To - %o 

q =  
0 x p  0 

o r  

-4nr r kin o i  & =  dT (ro-ri) m c 9 
X P  

L e t  

Then 

-AT 
q = C 1  e 

In  order t o  sa t i s fy  the boundary conditions, 

c1 = m c A ( T ~ ~ - T ~ )  
X P  

Thus 

q = m c A (Tio-To) e-AT 
X P  

(c-4) 

(c-10) 
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APPENDIX C 

Calculation of Optimum Storage Temperature and 
- Insulation Thickness for Earth Storable Propellants 

The actual heat transfer problem involved in the flow of heat from 

the propellant containers is quite complex due to its transient nature. 

In the analysis which follows, the thermal capacitance of the insulation 

is ignored. 

accuracy of the solution is reduced. 

investigation, however, the technique appears sufficient. 

This simplification permits a closed-form solution but the 

For purposed of this preliminary 

A. General Development 

As already noted 

t fs 
Qs = J qdT 

0 

Now, for steady radial heat transfer 

41 rori kin (yo 1 

- 5  q =  
0 

where 

To = outside temperature of insulation (OR) 

Ti = temperature of propellant or inner surface of 
insulation (OR). 

Also, if no change of phase occurs, 

T 



Now 

-AT 
-T 1 (e -1) - 

- + (Tie o 

= T -I- (Tio-To) e 
-AT 

0 
(c-11) 

In order to avoid both freezing and boiling for a time period of Tm, 

(C-13) 

-ATrn 
Tsat LTomax + (Tio-Tomax) e ((2-12) 

and 

) e-'Tm 
Tfr 2Tomin + . (Tio-Tomin 

where 

= saturation temperature of propellant (OR) 

= maximum outer surface temperature of propellant 
Tsat 

Tomax 

Tf r 

Tomin 

container (OR) 

= fusion temperature of propellant (OR) 

= minimum outer surface temperature of propellant 
container (OR) 

B. Optimum Storage Temperature for N204 

For N204, as noted in Tables 2-1 and 2-2, 

omax < T  Tsat 

and 
Tfr ' Tomin. 
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? 

Under these  cond i t ions  l o g i c  r e v e a l s  t h a t  t h e  most d e s i r a b l e  

cond i t ion  involves  

- - 
+ (Tio-Tomax T s a t  Tomax 

and 

These equat ions  can be arranged t o  y i e l d  

)eXT, + Tomax 
- - 

(Tsat-Tomax 

and 

(C- 13 a ) 

(C-14) 

(C-15) 

o r  

Thus 

(C-17) 1 1 Tomax - Tomin 

m 
= - I n  [. 

omax - T s a t  + T f r  - Tomin T 

By means of t h e  d e f i n i t i o n  of A ,  a s  g iven  i n  Eq. (C-7), ro can be 

expressed as 

54 

(C-18) 

I 



4 

I f  SI-91 i n s u l a t i o n  is used, f o r  N204 

r = 1.0001 ri 

X = .05217 hr" 

0 

and 

= 518 OR. 

C. Optimum Storage  Temperature f o r  a 50:50 mixture  of  N2H4 and UDMH 

For t h i s  f u e l ,  as shown i n  Tables 2-1 and 2-2, 

and 

T f r  > Tomin 

Under t h e s e  condi t ions ,  from bas ic  thermodynamics, it is d e s i r a b l e  t o  

have 
(c-19) - - 

Tsat 

By means of Eq. ((3-13) 

- )e-'', 
T f r  - Tomin + (Tsat-Tomin ((2-20) 

o r  

Then by t h e  d e f i n i t i o n  of A ,  
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r 
0 m sat-Tomin 

C In[ -T ] - 4nri  kin Tm P Tfr omin 

With SI-91 insulation, 

r = 1.0000115 ri 
0 

and 

A = 0.1321 hr" . 
Based on Eq. (C-19) and Table 2-2, 

= 618 OR. 
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APPENDIX D 

Sample Ca lcu la t ions  f o r  T o t a l  Sys tem Mass 

The c a l c u l a t i o n s  which follow a r e  provided t o  demonstrate t h e  

procedure f o r  c a l c u l a t i o n  o f  t o t a l  system mass a s  expressed by Eq. (13). 

P rope l l an t s :  N 2 0 4  and 50:50 mixture  of N2H4 and UDMH 

n = 5  

F = 100 lbf  

n = 3  

e 

m 

= 14 cf" 

x = 2  

n e c & d T  = 484.74 lbm 
0 

P = 1,000 p s i a  
P 

C = 1.162 

c = 1.100 
P f 

P O  

Csf = 1.11 

cso = 1.11 

Then 

= 5 * - + -  loo [(1.162-1+3*1.11) -t ?(1.100~1+3'1.11)] 484.74 
14 2+1 
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c 

= 35068 + 1672.67 

= 1708.35 lb,. 
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