
\ 

\ \ -  

I 

X-734-66-591 
1 

. 

A COMPARATIVE STUDY 
OF PUMPING SYSTEMS 

FOR A CHEMICAL PROPULSION 
ALTITUDE TEST STAND 

BY 

ALBERT A: YETMAN 
I 

DECEMBER 1966 
- 

- 

GODDARD SPACE FLIGHT CENTER 
GREENBELT, MARYLAND 

e . .  

(THRU) 
\ - 1 0 5 9 4  

( A C C E S S 1 0  U M B E R )  



CHEMICAL PROPULSION SYSTEMS S E C T I O N  

TECHNICAL MEMORANDUM 66-01 

A COMPARATIVE STUDY OF 

PUMPING SYSTEMS FOR A CHEMICAL 

PROPULSION ALTITUDE T E S T  STAND 

P r e p a r e d  by:  

. 
A p p r o v e d  by :  



- 2 -  

TABLE OF CONTENTS 

I .  I n t r o d u c t i o n  

11. Conc lus ions  

111. Recommendations 

I V .  PumDing Systems 

a .  Genera l  Discuss ion  

b .  Mechanical  Pump S y s t e m  

c .  Steam Jet  E j e c t o r  System 

d .  Hyprox Steam Genera to r  

e .  R e n t a l  F a c i l i t i e s  

V .  Re fe rences  

V I .  Appendix A 



F i g u r e  1 

F i g u r e  2 

F i g u r e  3 

F i g u r e  4 

F i g u r e  5 

F i g u r e  6 

F i g u r e  7 

F i g u r e  8 

F i g u r e  9 

- 3 -  

LIST OF FIGURES 

GSFC Rocket Engine A l t i t u d e  F a c i l i t y  Requirements  

Pumping Speed Curves 

Exhaust  D i f f u s e r  For  P res su re  Recovery 

Cross  S e c t i o n  of a T y p i c a l  S t e a m  E j e c t o r  

Baromet r i c  Condenser 

4 -S tage  E j e c t o r  Systems 

Steam Requi rements  

Four S tage  Steam E j e c t o r  Condensing System 

Summary Cos t  S h e e t  f o r  GSFC Small  T h r u s t e r  F a c i l i t y  



I .  INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u i c s  of a f e a s i b i l i t y  s t u d y  coiidiicted t o  
d e t e r m i n e  t h e  s i z e ,  t y p e  and compara t ive  cost  o f  a n  a l t i t u d e  f a c i l i t y  f o r  
t e s t i n g  small  chemica l  r o c k e t  e n g i n e  components and sys t ems .  The s t u d y  w a s  
i n t e n d e d  t o  d e t e r m i n e  g r o s s  o v e r a l l  r equ i r emen t s  and t o  select  a s u i t a b l e  
c o n c e p t u a l  p l a n  f o r  a d e t a i l e d  d e s i g n .  The f i n a l  d e s i g n  w i l l  be made by 
t h e  c o n t r a c t o r  s e l e c t e d  t o  p r o v i d e  A / E  and c o n s t r u c t i o n  and e r e c t i o n  ser- 
v i c e s  f o r  t h e  i n t e g r a t e d  Chemical P r o p u l s i o n  Resea rch  F a c i l i t y .  

The f a c i l i t y  w i l l  b e  l o c a t e d  a t  the  Goddard P roDul s ion  Resea rch  T e s t  
S i t e  l o c a t e d  on Te leg raph  Road i n  G r e e n b e l t ,  Maryland.  

The major  d e s i g n  r equ i r emen t  f o r  t h e  f a c i l i t y  would be t o  m a i n t a i n  a 
200,000 f o o t  a l t i t u d e  c o n d i t i o n  w h i l e  pumping e x h a u s t  p r o d u c t s ,  hav ing  a 
m o l e c u l a r  weight  of 2 2 . 0  and a t empera tu re  of  5000°F, a t  a r a t e  of 0.08 l b s .  
p e r  s econd .  

I n  t h i s  r e p o r t ,  t h r e e  methods of  a c h i e v i n g  t h e  above c o n d i t i o n s  were 
c o n s i d e r e d :  a mechanica l  pump system, a b o i l e r  steam e j e c t o r  sys tem,  and 
a Hyprox steam g e n e r a t o r  e j e c t o r  system. I n  a d d i t i o n ,  a d i s c u s s i o n  of t h e  
economic f e a s i b i l i t y  o f  u s i n g  R e n t a l  F a c i l i t i e s  i s  i n c l u d e d .  
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11. CONCLUSIONS 

__  
'I'he f o l l o w i n g  c o n c i u s i o n s  are  based on pumping e x h a u s t  p r o d u c t s  hav ing  

a m o l e c u l a r  weight  of 2 2 . 0  and a tempera ture  of 5000°F a t  a ra te  of  0.08 l b s  
p e r  second o r  i t s  e q u i v a l e n t  of 70°F dry a i r  a t  a ra te  of 720 pph. 
v e r s i o n  from r o c k e t  e n g i n e  e x h a u s t  gas t o  e q u i v a l e n t  70°F d r y  a i r  i s  g i v e n  
i n  Appendix A ) .  

(The con-  

( 1) A Mechanical  Pumping System i s :  

( a )  s u i t a b l e  f o r  a t t a i n i n g  the  100,000 f o o t  a l t i t u d e  c o n d i t i o n  
(b) i m p r a c t i c a l  f o r  the 200,000 f o o t  c o n d i t i o n  because  of t h e  

l a r g e  pumping requi rement  i n  CFM 

( 2 )  A m u l t i s t a g e  steam e j e c t o r  condensing sys tem:  

( a )  can a c h i e v e  t h e  100,000 and 200,000 f o o t  a l t i t u d e  c o n d i t i o n s  
( b )  m u s t  c o n t a i n  t h e  fo l lowing :  

( I )  a 30,000 pph c a p a c i t y  b o i l e r  
(11) a n  i n t e r s t a g e  ba romet r i c  condense r  sys tem Supp l i ed  . 

(111) a f o u r  o r  f i v e  s t a g e  e j e c t o r  system ( t h e  f i v e  s t a g e  
sys tem a l l o w s  a b l a n k - o f f ,  i . e . ,  z e r o  e x h a u s t  f l ow,  
n e a r  t h e  10-3 TORR vacuum c o n d i t i o n )  

w i t h  c o o l i n g  water  a t  an  approximate  ra te  of  3,600 gpm 

( 3 )  A R e n t a l  F a c i l i t y :  

( a )  i s  too  c o s t l y  
(b) p r o v i d e s  too  many problems t o  be  c o n s i d e r e d  f o r  a permanent 

o r  long  range  o p e r a t i o n .  
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111. RECOMMENDATIONS 

(1) A v a i l a b l e  l i t e r a t u r e  and estimates of r e q u i r e m e n t s  i n d i c a t e  t h a t  a f o u r  
s t a g e  b a r o m e t r i c  condens ing  system w i l l  s i m u l a t e  a 200,000 f o o t  a l t i t u d e  
env i ronmen t .  However, s i n c e  t h e  performance of t h e  f o u r  s t a g e  sys tem i s  
m a r g i n a l  a t  t h i s  a l t i t u d e  i t  is  recommended t h a t  a f i v e  s t a g e  sys tem be 
d e s i g n e d  t o  a s s u r e  performance r e q u i r e m e n t s  are  m e t .  

( 2 )  The comDlete p r o j e c t ,  i n c l u d i n g  d e s i g n ,  f a b r i c a t i o n  and e r e c t i o n  of t h e  
f a c i l i t y ,  shou ld  be  accomDlished by one  c o n t r a c t o r  who w i l l  b e  r e q u i r e d  
t o  g u a r a n t e e  t h e  per formance  of a l l  mechan ica l  and e l e c t r i c a l  sys t ems .  
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I V .  PUMPING SYSTEM 

( a )  Genera l  D i s c u s s i o n  

GSFC h a s  had,  and w i l l  c o n t i n u e  t o  have  r e q u i r e m e n t s  f o r  small t h r u s t  
c h e m i c a l  r o c k e t  e n g i n e  sys t ems  f o r  s a t e l l i t e  a p p l i c a t i o n s .  I n  s p i t e  of  t h i s  
m i s s i o n ,  t h e  deve lopment ,  m o n i t o r i n g ,  and t e s t i n g  of small  t h r u s t e r s  and 
t h r u s t e r  sys t ems  h a s  been t h e  e x c l u s i v e  domain of  t h e  p r o p u l s i o n  s u b c o n t r a c t o r  
and ,  i n  many cases,  h i s  s u b c o n t r a c t o r .  T h i s  s i t u a t i o n  i s  a d i r e c t  r e s u l t  of 
a l a c k  o f  government t e s t  f a c i l i t i e s  f o r  a c c o m p l i s h i n g  work i n  t h e  above men- 
t i o n e d  area. 

The proposed  r o c k e t  e n g i n e  t e s t  f a c i l i t y  t o  b e  c o n s t r u c t e d  a t  t h e  Goddard 
P r o p u l s i o n  Resea rch  T e s t  S i t e  would f i l l  t h i s  v o i d .  The c o n t r o l l e d  e n v i r o n -  
ment i t  w i l l  p roduce  w i l l  al low a p p l i e d  r e s e a r c h  i n  thermodynamics,  f l u i d  dyna -  
mics ,  and g a s  dynamics of r o c k e t  engine  sys t ems  and components .  The f a c i l i t y  
w i l l  e n a b l e  d e t e r m i n a t i o n  o f  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 s t a t e - o f - t h e - a r t  
hardware .  I t  w i l l  be an i n d i s p e n s a b l e  t o o l  f o r  t h e  development  t e s t i n g  of  new 
sys t ems  which i n c o r p o r a t e  c o n c e p t s  p romis ing  t o  f u t u r e  s p a c e  a p p l i c a t i o n s .  

The s t u d y  w a s  d i r e c t e d  a t  s a t i s f y i n g  t h e  r e q u i r e m e n t s  o u t l i n e d  i n  f i g u r e  
(11, The numbers i n d i c a t e  t h e  maximum r a n g e  o f  vacuum c o n d i t i o n s  t h a t  t h e  
sys t em w i l l  b e  expec ted  t o  m a i n t a i n  a t  t h e  r o c k e t  e n g i n e  n o z z l e  e x i t  p l a n e  
w h i l e  removing t h e  c o r r e s p o n d i n g  eng ine  e x h a u s t  weight  f low.  I n  o r d e r  t o  
a c h i e v e  t h e  f o r e g o i n g  c o n d i t i o n s ,  a c o n t i n u o u s  t y p e  pumping sys tem must b e  
employed, Two sys t ems  which meet t h i s  c r i t e r i a  a re  t h e  mechan ica l  pump and 
t h e  steam e j e c t o r  sys t ems .  Both have been used  s u c c e s s f u l l y  t o  a c h i e v e  a l t i -  
t u d e  s i m u l a t i o n  i n  a l a r g e  number of t u r b o j e t  and r o c k e t  e n g i n e s  a l t i t u d e  i n -  
s t a l l a t i o n s  th roughou t  t h e  Uni ted  S t a t e s .  

The v a r i o u s  sys t ems  c o n s i d e r e d ,  i n c l u d i n g  t h e i r  method of o p e r a t i o n ,  
d e s i g n  r e q u i r e m e n t s ,  and c o s t ,  are  p r e s e n t e d  i n  t h e  f o l l o w i n g  pages .  

( b )  Mechanica l  Pumping System 

A mechan ica l  pumping sys tem,  such  as t h a t  manufac tured  by t h e  Kinney 
Vacuum D i v i s i o n ,  combines p o s i t i v e  d i sp lacemen t  l o b e - t y p e  r o t a r y  b o o s t e r  
pumps w i t h  r o t a r y  p i s t o n  h i g h  vacuum second s t a g e  pumps, The second s t a g e  
pumps t h e  sys tem from a t m o s p h e r i c  p r e s s u r e  down t o  t h e  c u t - i n  p r e s s u r e  
t h e  b o o s t e r  pump. A t  t h e  c u t - i n  p r e s s u r e ,  which i s  i n  t h e  r ange  o f  10 
t o  10-2  TORR, a s w i t c h  a u t o m a t i c a l l y  s t a r t s  t h e  b o o s t e r  pump. 

- Y f  

Bo th  t h e  b o o s t e r  and second s t a g e  pumps a re  l u b r i c a t e d  w i t h  a s p e c i a l  
p r o t e c t i v e  vacuum o i l .  The o i l  p r e v e n t s  g a s  l e a k a g e  and p r o t e c t s  t h e  p a r t s  
from c o r r o s i v e  materials such  a s  t h e  n i t r i c  a c i d ,  formed by m o i s t u r e  i n  t h e  
sys tem and t h e  commonly used  o x i d i z e r ,  n i t r o g e n  t e t r o x i d e .  

The a d v a n t a g e s  of t h i s  t y p e  of u n i t  a re  ease of  o p e r a t i o n ,  f a s t  s t a r t  
up  t i m e  and r e l a t i v e l y  l i t t l e  main tenance .  
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'lhe major  d i s a d v a n t a g e  of the mechanical  pump system i s  t h e  r a p i d  l o s s  i n  
v o l u m e t r i c  pumping e f f i c i e n c y  below a c e r t a i n  vacuum l e v e l .  T h i s  i s  i l l u s t r a t e d  
i n  f i g u r e  2 which shows a pumping speed c u r v e  f o r  a t y p i c a l  pump system. T h i s  
f i g u r e  i n d i c a t e s  t h e  i n h e r e n t  d i sadvan tage  of such  sys t ems  i n  t h a t ,  as t h e  pump 
i n l e t  p r e s s u r e  i s  d e c r e a s e d ,  t h e  speed a t  which such pumps a re  c a p a b l e  of  o p e r -  
a t i n g  a l s o  d e c r e a s e s ,  i n s t e a d  of i n c r e a s i n g  as  r e q u i r e d .  

The inadequacy of  such  pumps f o r  t e s t i n g  a t  c o n d i t i o n s  s i m u l a t i n g  very  
h i g h  a l t i t u d e s  i s  i l l u s t r a t e d  by t h e  fo l lowing  example:  

Cons ide r  t h e  pumping speed r equ i r ed  t o  s i m u l a t e  a 200,000 f o o t  a l t i t u d e ,  
w i t h  a s m a l l  r o c k e t  e n g i n e  e x h a u s t i n g  gas  p r o d u c t s  w i t h  a molecu la r  weight  of 
2 2  a t  a r a t e  of 0.08 l b s .  p e r  second.  

Assume t h e  g a s e s  are  coo led  t o  600°R p r i o r  t o  e n t e r i n g  t h e  pumps. 

Assume t h a t  t h e r e  are no l o s s e s  i n  t h e  system and t h a t  t h e  p r e s s u r e  a t  
t h e  pump i n l e t  i s  t h e  same as  t h a t  i n  the t e s t  chamber.  

Then,  by t h e  e q u a t i o n  o f  s t a t e ,  

where p = OJ7 TORR 
R = 1 5 4 5 / 2 2  f t - l b / ib -OR 
T = 6OOOR 
V = 89,000 f t 3 / l b .  

The pumping speed i s  t h e  p roduc t  of t h e  s p e c i f i c  volume of t h e  g a s e s  
and t h e  we igh t  f low.  

S = 89,000 f t 3 / l b  x OJ08 l b / s e c  x 60 s e c / m i n  
S = 477,000 CFM 

T h i s  exceed ing ly  h i g h  punping speed r equ i r emen t  makes t h e  mechanical  
pumping sys tem i m p r a c t i c a l  f o r  t h e  200,000 f o o t  c o n d i t i o n .  

However, by making use  of  p r e s s u r e  r e c o v e r y  methods such  as  a supe r -  
s o n i c  d i f f u s e r  l o c a t e d  downstream of t h e  r o c k e t  e n g i n e  cone ,  a s  shown 
s c h e m a t i c a l l y  i n  f i g u r e  3 ,  t h e  pumping speed  can  be d e c r e a s e d  by a s  much 
as  a f a c t o r  of  t e n .  

The f u n c t i o n  of t h e  d i f f u s e r  i s  t o  augment the mechanica l  pumps by 
u t i l i z i n g  a system of shock waves t o  conve r t  t h e  ene rgy  of  t h e  h i g h  v e l o c i t y  
e x h a u s t  f l o w  t o  low v e l o c i t y  h i g h  p r e s s u r e  f low.  The h i g h  p r e s s u r e  e x h a u s t  
f l o w  i s  t h e n  passed  through a h e a t  exchanger  f o r  c o o l i n g  p r i o r  t o  e n t e r i n g  
t h e  mechanica l  pumps. 
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The p r e s s u r e  r ise  a v a i l a b l e  a c r o s s  a d i f f u s e r  depends  upon many v a r i a b l e s  
such  as  r o c k e t  e x i t  p l a n e  Mach number, geometry,  and e x h a u s t  p r o d u c t s .  Due t o  
t h e  compl i ca t ed  shock i n t e r a c t i o n s  r e s u l t i n g  i n  t h e  d i f f u s e r ,  t h e  d e s i g n  i s  
l a r g e l y  e m p i r i c a l .  However, i n  o r d e r  t o  d e t e r m i n e  t h e  r e l a t i v e  merits of  a 
mechan ica l  pumping sys tem,  i t  w a s  assumed t h a t  such  a d i f f u s e r  cou ld  be p r o p e r -  
l y  d e s i g n e d  f o r  a p r e s s u r e  r a t i o  of t e n .  T h i s  a l l o w s  computing a pumping 
c a p a c i t y  r equ i r emen t  which p r o v i d e s  a base f o r  t h e  a n a l y s i s  of t h e  economics 
of  a s u i t a b l e  pumping sys tem.  

Mechanica l  PumD Cost  E s t i m a t e  

A s  p o i n t e d  o u t  p r e v i o u s l y ,  t h e  use of  a mechanica l  pump system t o  s i m u l a t e  
an  a l t i t u d e  of  200,000 f e e t  i s  f e a s i b l e  o n l y  i f  a n  e x h a u s t  d i f f u s e r  i s  used  as  
a means o f  p r e s s u r e  r ecove ry  i n  o r d e r  to  d e c r e a s e  t h e  pumping speed r e q u i r e d .  
A c o s t  a n a l y s i s  of t h i s  t ype  of system f o l l o w s .  A p r e s s u r e  r i se  of  t e n  a c r o s s  
t h e  d i f f u s e r  w a s  assumed which r educes  t h e  pumping r equ i r emen t  t o  43 ,000  FM. 
From r e f e r e n c e  10, t h e  pump c o s t s  a r e  f i g u r e d  as 4.OO/CFM f o r  t h e  b lowers  and 
10,00/CFM f o r  mechanica l  r o t a r y  pumps. The sys tem under  c o n s i d e r a t i o n  would 
r e q u i r e  f i v e  Kinney KMBV-11000/KD-850 tyDe pumps, amounting t o  a c o s t  o f  
$240,000.  I n  a d d i t i o n ,  a s t a i n l e s s  s t e e l  tes t  chamber,  h e a t  exchanger ,  
e x h a u s t  d u c t i n g ,  plumbing, mi sce l l aneous  equipment  and l a b o r  i s  r e q u i r e d .  
Re fe rence  11 i n d i c a t e s  t h a t  f o r  s i m i l a r  b u t  p h y s i c a l l y  smaller and l e s s  com- 
p l e x  equipment ,  t h e  c o s t  would be  between $50,000 and $60 ,000.  T h e r e f o r e ,  t o  
accoun t  f o r  t h e  a d d i t i o n a l  s i z e  and comDlexity,  and t o  be c o n s e r v a t i v e ,  a c o s t  
o f  $90,000 w i l l  be  added t o  t h e  pumps. The t o t a l  c o s t  would be $330,000. 

T h i s  would be t h e  b r e a k p o i n t ,  because t h e  number, s i z e  and c o s t  o f  t h e  
pump become e x o r b i t a n t  i f  h i g h e r  a l t i t u d e s  o r  g r e a t e r  e x h a u s t  f l o w s  are  con-  
s i d e r e d .  T h i s  f a c t o r  a l o n e  e l i m i n a t e s  f a c i l i t y  expans ion  as  a f u t u r e  c o n s i -  
d e r a t i o n .  

Mechanica l  PumD O p e r a t i n g  C o s t s  

The mechanica l  pumps r e q u i r e  o n l y  p e r i o d i c  main tenance  and o i l  changes .  
The t o t a l  o i l  c a p a c i t y  of  t h e  f i v e  pumps i s  205 g a l l o n s .  On t h e  b a s i s  of 
$ l .OO/gal lon  of o i l  and one o i l  change p e r  month, t h e  y e a r l y  c o s t  would be 
$2 ,460 .  

The e l e c t r i c a l  c o s t s  are based on t h e  t o t a l  horsepower of t h e  pumps of 
400, 30 o p e r a t i n g  h o u r s  p e r  y e a r  and $0.03 D e r  KW h r .  f o r  e l e c t r i c i t y .  The 
e l e c t r i c a l  c o s t s  would be approximate ly  $270 /yea r .  

An e s t i m a t e d  one hundred hour s  per y e a r  of  main tenance  a t  $10 D e r  hour  
would amount t o  $1000 p e r  y e a r .  

The t o t a l  y e a r l y  o p e r a t i n g  c o s t s  would be i n  t h e  neighborhood of $3730. 

( c >  Steam Jet  E j e c t o r  

The steam j e t  e j e c t o r  a c h i e v e s  i t s  pumping a c t i o n  by a n  exchange of  
ene rgy  between t h e  d r i v e  media (steam) and t h e  e n t r a i n e d  media ( r o c k e t  e n g i n e  
e x h a u s t ) .  Each e j e c t o r  s t a g e ,  as  i l l u s t r a t e d  i n  f i g u r e  4 ,  c o n s i s t s  of a d i f -  
f u s e r  s e c t i o n  and a steam n o z z l e  loca ted  i n s i d e  of  a s u c t i o n  and mixing chamber.  
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The steam n o z z l e ,  which i s  t h e  c o n v e r g i n g - d i v e r g i n g  t y p e ,  d i s c h a r g e s  
a n  expand ing  h i g h  v e l o c i t y  j e t  of  steam a c r o s s  t h e  s u c t i o n  chamber .  The 
expand ing  steam j e t  e n t r a i n s  t h e  r o c k e t  e x h a u s t  and a t u r b u l e n t  mixing  be-  
tween t h e  two f l o w s  t a k e s  p l a c e .  The combined f l o w  t h e n  t r a v e l s  t o  t h e  
d i f f u s e r  where i t  i s  c o n v e r t e d  t o  h i g h  p r e s s u r e ,  l o w  v e l o c i t y  f low.  The 
f l o w  i s  t h e n  d i s c h a r g e d  t o  e i t h e r  t h e  s u c t i o n  end of t h e  n e x t  e j e c t o r  stage 
f o r  m u l t i s t a g e  e j e c t o r  sys t ems ,  o r  t o  a tmosphere  i n  t h e  case of a s i n g l e  
s t a g e .  M u l t i s t a g e  e j e c t o r  u n i t s  are used f o r  h i g h  vacuum pumping. However, 
steam r e q u i r e m e n t s  and e j e c t o r  p i p e  s i z e s  can  become v e r y  l a r g e  u n l e s s  water 
c o n d e n s e r s  a r e  p l aced  between t h e  las t  several  e j e c t o r  s t a g e s .  The f u n c t i o n  
o f  t h i s  h e a t  exchanger  i s  t o  condense  o u t  t h e  o p e r a t i n g  steam and any  conden-  
s i b l e s  i n  t h e  g a s  f low from t h e  p r e v i o u s  s t a g e .  The e j e c t o r  s t a g e  immedia te ly  
f o l l o w i n g  t h e  condense r  t h e n  h a s  o n l y  the  non-condensed m a t e r i a l  t o  pump. 

Condensers  used  between s t a g e s  i n  a steam e j e c t o r  sys tem are e i t h e r  of  
t h e  s u r f a c e  o r  d i r e c t  c o n t a c t  t y p e .  The s u r f a c e  t y p e  i s  b a s i c a l l y  a s h e l l  
and t u b e  h e a t  exchange r ;  whereas ,  the d i r e c t  c o n t a c t  condense r  u t i l i z e s  i n t i -  
mate mix ing  of  t h e  c o o l a n t  and c o n d e n s i b l e  mediums. 

The advan tages  of t h e  s u r f a c e  condenser  are t h e  s e p a r a t i o n  of  t h e  c o o l i n g  
water f rom any con taminan t s  i n  t h e  steam or  e x h a u s t  p r o d u c t s ,  and t h e  r e c o v e r y  
o f  a large amount of steam h e a t  f o r  r e - u s e .  For  t h e  r e l a t i v e l y  s h o r t  run  t i m e s  
o f  a r o c k e t  e n g i n e  t e s t ,  r ecove ry  of  steam h e a t  f o r  r e - u s e  would n o t  be  wor th-  
w h i l e  

I n  compar ison  w i t h  t h e  s u r f a c e  condense r ,  t h e  d i r e c t  c o n t a c t  condense r  
r e q u i r e s  smaller q u a n t i t i e s  of c o o l i n g  water,  i n  a d d i t i o n  t o  lower main tenance  
and i n i t i a l  pu rchase  c o s t s .  The l a r g e r  p a s s a g e s  i n  t h e  d i r e c t - c o n t a c t  conden-  
se r  p r e v e n t  c l o g g i n g  and g i v e  i t  t h e  added advan tage  o f  n o t  r e q u i r i n g  t r e a t e d  
o r  c l e a n  water. The water con tamina t ion  problem i s  n e g l i g i b l e  because  of t h e  
l a r g e  c o o l i n g  water t o  e x h a u s t  p roduc t  r a t i o .  

The d i r e c t  c o n t a c t  condense r  can  b e  g r a v i t y  pumDed by p l a c i n g  i t  approx-  
i m a t e l y  34 f e e t  above ground l e v e l  w i th  a l e g  r u n n i n g  i n t o  a h o t  w e l l  ( f i g u r e  
5 ) .  T h i s  sys tem i s  c a l l e d  a d i r e c t  c o n t a c t  b a r o m e t r i c  c o n d e n s e r .  The g r a v i t y  
pumping e l i m i n a t e s  any chance  of  f l o o d i n g  t h e  e j ec to r s ,  which is a p o s s i b i l i t y  
w i t h  a mechan ica l  pump f a i l u r e .  

I n  s p i t e  of t h e  widespread  u s e  of  e j e c t o r s  i n  t h e  r o c k e t  e n g i n e  and 
c h e m i c a l  p r o c e s s i n g  i n d u s t r i e s ,  t h e r e  i s  a l a c k  o f  d e s i g n  i n f o r m a t i o n .  T h i s  
i s  e s p e c i a l l y  t r u e  f o r  m u l t i s t a g e  steam e j e c t o r s - e i t h e r  condens ing  o r  non- 
condens ing .  The problem i s  compounded by t h e  f a c t  t h a t  t h e  d e s i g n  o f  a p a r t -  
i c u l a r  u n i t  i s  based  p r i m a r i l y  on e x p e r i e n c e  and e m p i r i c a l  d a t a .  T h i s  i s  due  
p r i n c i p a l l y  t o  t h e  v e r y  compl i ca t ed  and  u n p r e d i c t a b l e  f l o w  p a t t e r n s  i n  t h e  
o p e r a t i n g  sys tem.  

I n  o r d e r  t o  o b t a i n  estimates f o r  f a c i l i t y  r e q u i r e m e n t s  and t o  have a 
compar ison  f o r  what d e s i g n  d a t a  was a v a i l a b l e ,  a s i m p l i f i e d  g a s  dynamic and 
thermodynamic a n a l y s i s  was conducted  u s i n g  c o n s e r v a t i v e  f a c t o r s  t o  a c c o u n t  
f o r  sys tem l o s s e s .  The a n a l y s i s  i s  shown i n  Appendix A .  The most severe 
case w a s  s e l e c t e d  f o r  t h e  s t u d y .  T h i s  c o r r e s p o n d s  t o  f i r i n g  a 2 5  pound 
e n g i n e  w i t h  a s p e c i f i c  impu l se  o f  300 seconds  a t  t h e  200,000 f o o t  a l t i t u d e  
c o n d i t i o n .  The r e s u l t s  are shown i n  f i g u r e  6 .  
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Based on a 200 p s i a  steam s u p p l y ,  t h e  s t u d y  i n d i c a t e s  t h a t  a minimum of  
f o u r  stages w i l l  be r e q u i r e d  t o  ach ieve  t h e  200,000 f o o t  c o n d i t i o n .  T h i s  con-  
d i t i o n  c a n  be  a t t a i n e d  w i t h  e i t h e r  t h e  condens ing  o r  non-condens ing  u n i t .  
A compar ison  between t h e  t w o  shows t h a t  t h e  non-condens ing  e j e c t o r .  
sys t em r e q u i r e s  a lmos t  n i n e t e e n  times a s  much steam c a p a c i t y  ( 2 8 , 5 2 0  l b / h r  
v e r s u s  537,000 l b / h r )  t o  pump t h e  720 l b s l h r  o f  e q u i v a l e n t  d r y  a i r .  The 
l a r g e  steam requ i remen t  f o r  t h e  non-condensing sys tem i s  tempered somewhat 
by t h e  3600 gpm of  55OF c o o l i n g  water needed f o r  t h e  condens ing  sys tem.  With 
a l l  c o n s i d e r a t i o n s  t o  p u r c h a s e  cos t ,  o p e r a t i o n a l  c o s t ,  p h y s i c a l  s i z e ,  and ex -  
p a n s i o n  c a p a b i l i t y ,  t h e  e jec tor  condenser  sys tem i s  c l e a r l y  t h e  most f e a s i b l e  
and  p r a c t i c a l .  

The f o r e g o i n g  r e q u i r e m e n t s  can  be compared t o  d a t a  f rom a r e f e r e n c e  
s u r v e y .  Both t h e  c a l c u l a t e d  d e s i g n  p o i n t s  and r e f e r e n c e  c u r v e s  a r e  p l o t t e d  
on f i g u r e  7 .  I t  can  be  n o t e d  t h a t  t h e  condens ing  and noncondens ing  d e s i g n  
p o i n t s  b r a c k e t  t h e  f o u r  and f i v e  s t a g e  Fondrk c u r v e s  a t  t h e  200,000 f o o t  con-  
d i t i o n .  I n  comparison w i t h  t h e  Fondrk f o u r  s t a g e  c u r v e ,  t h e  c a l c u l a t e d  
d e s i g n  p o i n t  shows a steam requ i remen t  o f  a p p r o x i m a t e l y  45 p e r c e n t  less,  
w h i l e  r e q u i r i n g  p r a c t i c a l l y  t h e  same c o o l i n g  water f l o w  ra te .  The d i f f e r e n c e  
i n  steam r e q u i r e m e n t s  c a n  p robab ly  be a t t r i b u t e d  t o  t h e  a s sumpt ions  made i n  
t h e  a n a l y s i s  i n  t h i s  s t u d y .  T h e r e f o r e ,  t o  e n s u r e  an a d e q u a t e  steam f low,  a 
r a t e  of a t  least  30 ,000  l b s .  p e r  hour  o f  steam a t  200 p s i a  w i l l  be se lec ted .  
F u r t h e r  s t u d y  w i l l  i n d i c a t e  whethe'l- s a t u r a t e d  o r  s u p e r s a t u r a t e d  steam w i l l  be  
r e q u i r e d .  The f o u r  s t a g e  condens ing  e j e c t o r  sys tem i s  i l l u s t r a t e d  i n  f i g u r e  8 

With  r e f e r e n c e  t o  f i g u r e  7 ,  i t  can be  seen  t h a t  t h e  f i v e  s t a g e  condens ing  
sys tem r e q u i r e s  less  steam, and t h e r e f o r e  may be more p r a c t i c a l  f o r  t h e  200,000 
f o o t  c o n d i t i o n .  An a d d i t i o n a l  advantage  of  t h e  f i v e  s t a g e  sys tem i s  t h a t  t h e  
b l a n k - o f f  vacuum (maximum a l t i t u d e  a t  z e r o  e x h a u s t  f l o w )  may be i n  t h e  n e i g h b o r -  
hood of  TORR. Although t h i s  would be  a marg ina l  c o n d i t i o n ,  i t  would a l l o w  
t e s t i n g  o f  v e r y  low f l o w  e n g i n e s  such  a s  a l b .  t h r u s t  s u b l i m i n g  s o l i d  
e n g i n e .  T h i s  would e n t a i l  pumping about  0.045 l b s l h o u r  o f  e x h a u s t  p r o d u c t s ,  
which c o r r e s p o n d s  t o  approx ima te ly  
p r e s s u r e .  

5,600 cfm of pumping a t  70°F and 10-3 TORR 

The steam r e q u i r e m e n t s  t o  ach ieve  t h e  100,000 f o o t  a l t i t u d e  c a n  be  d e t e r -  
mined from t h e  F lu idyne  c u r v e .  A t h r e e  s t a g e  condens ing  sys tem w i t h  a steam 
o u t p u t  of a p p r o x i m a t e l y  8 , 6 0 0  l b s l h r  w i l l  pump t h e  720 l b s / h r  o f  d r y  a i r .  
T h i s  would be t h e  f l o w  v a l u e  r e q u i r e d  i f  t h e  sys tem were d e s i g n e d  s p e c i f i c a l l y  
f o r  t h e  100,000 f o o t  c o n d i t i o n .  I n  t h i s  case t h e  e j e c t o r  p h y s i c a l  d imens ions  w i l l  
be  s i z e d  t o  t h e  c r i t i c a l  200,000 f o o t  o p e r a t i o n .  T h e r e f o r e ,  because  o f  t h e  
lower volume f l o w  a t  t h e  lower a l t i t u d e  ( h i g h e r  p r e s s u r e ) ,  b l e e d  a i r  and a d d i -  
t i o n a l  steam may be r e q u i r e d  t o  ach ieve  s t a b l e  o p e r a t i o n  a t  t h i s  c o n d i t i o n .  
I n  any e v e n t ,  t h e  30 ,000  l b / h r  of  steam and 3600 gpm of  c o o l i n g  water r e q u i r e d  
f o r  t h e  200,000 f o o t  a l t i t u d e  c o n d i t i o n  w i l l  be s u f f i c i e n t  t o  s a t i s f y  t h e  
100,000 f o o t  r e q u i r e m e n t s .  

I n  t h e  f i n a l  d e s i g n  of t h e  o v e r a l l  sys t em,  e a c h  s t a g e  w i l l  be  matched 
t o  meet a p a r t i c u l a r  d e s i g n  p o i n t  f o r  s t a b l e  o p e r a t i o n .  T h i s  match i n c l u d e s  
n o t  o n l y  t h e  g e o m e t r i c a l  s i z i n g  of the  s t a g e s ,  b u t  a l s o  a minimum steam supp ly  
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p r e s s u r e  r equ i r emen t .  T h e r e f o r e ,  a t t e m p t i n g  t o  set  an  o f f  d e s i g n  p o i n t  ( d i f -  
f e r e n t  a l t i t u d e  co r i J i t i on  and/or exhaust f?cw rate! by Inwering the s t e a m  
s u p p l y  p r e s s u r e  w i l l  r e s u l t  i n  u n s t a b l e  o p e r a t i o n  and l o s s  o f  s u c t i o n  p r e s s u r e .  
However, r e g u l a t i o n  can  be a t t a i n e d  by e i t h e r  c u t t i n g  o f f  t h e  steam f l o w  t o  a 
s e l e c t e d  s t a g e  o r  s t a g e s  a n d / o r  b l eed ing  i n  a c o n t r o l l e d  amount of a i r  o r  
n i t r o g e n  t o  make up t h e  d i f f e r e n c e  i n  exhaus t  f low.  

M u l t i s t a g e  Steam E j e c t o r  Condensing System C o s t s  

Hardware Cos t  Estimate 

The m u l t i s t a g e  s t a g e  s team e j e c t o r  sys tem w i l l  i n c o r p o r a t e  as  one of  i t s  
major  components,  a water tube  s team b o i l e r  d e l i v e r i n g  30,000 pph of  d r y  
steam. The A .  P .  Woodson Company quoted a f i g u r e  of  approx ima te ly  $l.OO/pph 
of  s t eam,  o r  about  $30,000 f o r  a packaged b o i l e r .  

The e j e c t o r  c o s t s  can  b e  approximated by e x t r a p o l a t i n g  f i g u r e  4 of r e f e r -  
e n c e  11, The e j e c t o r  c o s t  would be $26,000 p l u s  a n  a d d i t i o n a l  $4000 f o r  t h e  
c o n d e n s e r s  f o r  a t o t a l  o f  $30,000. 

F o r  a c o o l i n g  water supp ly  sys tem which w i l l  i n c l u d e  a 20,000 g a l l o n  e l e -  
v a t e d  t a n k ,  c o o l i n g  and h o l d i n g  pond and w a t e r  t r e a t m e n t  p r o v i s i o n s ,  t h e  c o s t  
a c c o r d i n g  t o  o u r  p l a n t  e n g i n e e r s  would be approx ima te ly  $20,000. 

The t o t a l  t o  t h i s  p o i n t  would be $80,000.  A l i k e  amount of  $80,000 can  
b e  c o n s i d e r e d  r e a s o n a b l e  f o r  equipment i n s t a l l a t i o n ,  f a c i l i t y  checkout  and 
a c c e p t a n c e ,  c o n t r a c t o r  p r o f i t ,  overhead and any  o t h e r  d i r e c t  c o s t s .  

I n  a d d i t i o n ,  a s t a i n l e s s  s t e e l  t e s t  chamber,  h e a t  exchange r  and v a r i o u s  
plumbing,  m i s c e l l a n e o u s  equipment  and l a b o r  i s  r e q u i r e d .  The same c o s t  of 
$90,000 w i l l  be  used  as was used f o r  the  mechanica l  pumping system. 

The t o t a l  f a c i l i t y  c o s t  can  be expec ted  t o  be  i n  t h e  neighborhood of  
$250,000 e x c l u s i v e  of a r c h i t e c t u r a l  c o n s t r u c t i o n  c o s t s .  

M u l t i s t a g e  Steam E j e c t o r  Condensing System O p e r a t i n g  C o s t s  

TO o b t a i n  a n  e s t i m a t e  o f  f a c i l i t y  o p e r a t i o n  c o s t s ,  a f i g u r e  o f  30 t e s t i n g  
h o u r s  p e r  y e a r  was de termined  based on c u r r e n t  programs,  I n  t h e  case of t h e  
steam b o i l e r ,  a t o t a l  of 60 h o u r s  p e r  y e a r  was c o n s i d e r e d  adequa te  t o  accoun t  
f o r  s t a r t  up and heat t ime i n  a d d i t i o n  t o  a c t u a l  t e s t  t i m e .  Using an i n d u s t r y  c o s t  
f i g u r e  of  $0.01 per pound of  s team,  t h e  a n n u a l  f u e l  and water o p e r a t i n g  c o s t s  
f o r  a 30,000 pph b o i l e r  would b e :  

.01 x 60 x 30,000 = $18,00O/year  

The l a b o r  c o s t s  would c o n s i s t  of a s t a t i o n a r y  e n g i n e e r  i n  a d d i t i o n  t o  
some p a r t  time h e l p .  T h e r e f o r e ,  $16,000 i s  a l l o t t e d  f o r  l a b o r .  

The t o t a l  y e a r l y  o p e r a t i n g  c o s t s  would be $34 ,000 .  
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( d )  Hyprox Steam Genera to r  

The Hyprox Steam Genera to r  was a l s o  c o n s i d e r e d  as a n o t h e r  means of supDly- 
i n g  steam t o  t h e  e j e c t o r  system. The major d i f f e r e n c e  between t h i s  u n i t  and 
t h e  p r e v i o u s l y  d i s c u s s e d  e j e c t o r  system i s  i n  t h e  method of g e n e r a t i n g  steam. 
The Hyprox u n i t  employs a pe rox ide  and hydrogen f u e l e d  steam g e n e r a t o r .  

The steam i s  produced i n  t h e  fo l lowing  manner. The p e r o x i d e  i s  decom- 
posed by p a s s i n g  i t  o v e r  a c a t a l y s t  bed. The r e a c t i o n  forms steam and gaseous  
oxygen.  Hydrogen i s  then  i n t r o d u c e d  t o  mix w i t h  t h e  oxygen and t o  form a com- 
b u s t i b l e  mix tu re .  The m i x t u r e  i s  i g n i t e d  by t h e  a v a i l a b l e  h e a t .  Water i s  
t h e n  added t o  t h e  b u r n i n g  r e a c t a n t s  and  i s  conve r t ed  t o  steam by t h e  h e a t  i n  
t h e  chamber.  

T h i s  system h a s  t h e  advan tages  of a lmos t  i n s t a n t a n e o u s  s t a r t  up t i m e  
and v e r y  sma l l  s i z e  i n  comparison to  a steam b o i l e r ,  The major  drawbacks 
t o  t h e  Hyprox u n i t  are  t h e  ve ry  h i g h  o p e r a t i n g  c o s t s ,  and t h e  need t o  s t o r e  
l a r g e  q u a n t i t i e s  of a d d i t i o n a l  hazardous mater ia l s  - p e r o x i d e  and hydrogen - 
i n  a l i m i t e d  a r e a .  

Hyprox Steam Genera to r  E j e c t o r  System Cos t s  

The steam r e q u i r e m e n t s  of  t h i s  system w i l l  be  c o n s i d e r e d  t o  be t h e  same 
a s  t h e  m u l t i s t a g e  steam condense r  system. T h i s  w i l l  a l l o w  a d i r e c t  comparison 
between t h e  two sys tems f o r  o p e r a t i n g  c o s t s  based on i n i t i a l  c a p i t a l i z a t i o n ,  
a n n u a l  main tenance ,  and annua l  f u e l  c o s t s  and a m o r t i z a t i o n  o v e r  a f i v e  y e a r  
p e r i o d .  The t o t a l  c o s t  i s  then  $250,000. 

Hyprox Steam Genera to r  O p e r a t i n g  Cos t s  

The e x a c t  amount of  steam r e q u i r e d  f o r  t h i s  system would have t o  be de -  
te rmined  by t h e  manufac tu re r  because  he s u p p l i e s  t h e  e n t i r e  steam g e n e r a t o r  
and e j e c t o r  system. However, an e s t i m a t e  of t h e  steam c o s t s  c a n  be made 
based  on 30,000 pph of  steam f l o w  and 30 h o u r s  o f  o p e r a t i o n  p e r  y e a r .  Al lowing  
2.0 p e r c e n t  a d d i t i o n a l  t i m e  f o r  s t a r t  u p , ' s h u t  down and o t h e r  c o n t i n g e n c i e s  t h e  
t o t a l  y e a r l y  usage would be 36  h o u r s .  According t o  Refe rence  1 2 ,  a c o s t  of $,08 
p e r  pound of  steam, t h e  y e a r l y  c o s t  would t h e n  b e :  

c o s t  = $ 0 . 0 8 / l b  x 36 h r s / y e a r  x 30,000 l b / h r  = $86,30O/year  

I n  a d d i t i o n ,  s i x  c a t a l y s t  beds a t  $300 each  would be r e q u i r e d ,  f o r  a 

T h e r e f o r e ,  100 man h o u r s  p e r  y e a r  a t  $ lO/hour  
t o t a l  of $1,800. The u n i t  would r e q u i r e  r e l a t i v e l y  l i t t l e  manpower f o r  
main tenance  and o p e r a t i o n .  
w i l l  be  c o n s i d e r e d  a d e q u a t e .  T h i s  would amount t o  $1000 /yea r .  

The t o t a l  o p e r a t i n g  c o s t s  p e r  year  would be $89,100.  
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( e )  R e n t a l  F a c i l i t i e s  

A t  t h e  p r e s e n t  t ime,  because  of the l a c k  of f a c i l i t i e s ,  i t  i s  n e c e s s a r y  
f o r  GSFC t o  r e n t  o f f - s i t e  f a c i l i t i e s  from a p r i v a t e  company t o  conduct  h i g h  
a l t i t u d e  r o c k e t  e n g i n e  t e s t  work. This  c o s t  amounts t o  $125,000 D e r  y e a r .  

- T h i s  f i g u r e  i s  approx ima te ly  35 p e r c e n t  g r e a t e r  t han  t h e  y e a r l y  ave rage  
c o s t  ( f a c i l i t y  and o p e r a t i n g  c o s t s )  of a steam b o i l e r  sys tem amor t i zed  o v e r  
a f i v e  y e a r  p e r i o d ,  

The problems a s s o c i a t e d  w i t h  a r e n t a l  f a c i l i t y  a r e  n o t  c o n f i n e d  t o  c o s t s  
a l o n e .  Geographic  l o c a t i o n ,  p r o j e c t  p r i o r i t y  e s t a b l i s h e d  by t h e  r e n t a l  f a c i -  
l i t y ,  and c o n t r o l  o v e r  t h e  q u a l i t y  of a c q u i r e d  d a t a  a r e  o f  major  concern .  
Changes i n  t h e  t e s t  p l a n  due t o  p r i o r  t e s t  r e s u l t s  are  n o t  e a s i l y  i n c o r p o r a t e d .  
T h i s  l a c k  of f l e x i b i l i t y  i s  u s u a l l y  due t o  c o n t r a c t u a l  c o m p l i c a t i o n s .  Added 
t o  t h e  f o r e g o i n g  i s  t h e  t i m e  consumed i-n c o n t r a c t  n e g o t i a t i o n s  b e f o r e  a t e s t  
can  be  s t a r t e d ,  and t h e  compromising of optimum d a t a  t o  avo id  r e - n e g o t i a t i o n .  

A l l  t h e s e  f a c t o r s  p o i n t  up t h e  a d v i s a b i l i t y  f o r  a GSFC a l t i t u d e  t e s t  
f a c i  l i  t y  . 
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V I ,  APPENDIX A 

L i s t  o f  Symbols 

F = t h r u s t  f o r c e  l b s .  

Isp = s p e c i f i c  impulse  l b  f- sec / lbm 

w = w e i g h t  f low 

p = d e n s i t y  l b s / f t 3  

V = s p e c i f i c  volume f t 3 / l b  

A = area l e n g t h 2  

l b s / u n i t  time 

P = p r e s s u r e  l b s / i n 2  

R = u n i v e r s a l  g a s  c o n s t a n t  f t - l b / m o l e  OR 

T = t e m p e r a t u r e  OR 

v = v e l o c i t y  f t / s e c  

M = mach number 

k = r a t i o  of s p e c i f i c  h e a t s  

Cp = s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  BTU/lb OR 

H = e n t h a l p y  BTU/lb 

A H s  = i s e n t r o p i c  e n t h a l p y  d r o p  of steam a c r o s s  t h e  d i f f u s e r  BTU/lb 

OH = i s e n t r o p i c  e n t h a l p y  r i s e  of t h e  d r y  a i r  a c r o s s  t h e  d i f f u s e r  BTU/lb 

AHL = e n t h a l p y  r i s e  of t h e  vapor  load c a l c u l a t e d  by /? dv  BTU/lb 

Aq = h e a t  load  BTU/hr 

N = e f f i c i e n c y  

S u b s c r i p t s  r e f e r  t o  t h e  s t a t i o n s  shown on t h e  f o l l o w i n g  schemat i c :  
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Subscripts 

c = steam chamber 

t = total or stagnation 

s = static condition 

x = ejector suction chamber 

y = diffuser exit plane 

i = in 

0 = out 

p = propellant 

A = air 
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AN ALY S I  S 

Pumping Load 

The f i r s t  s t e p  i s  t o  d e t e r m i n e  the r o c k e t  e n g i n e  e x h a u s t  we igh t  f l o w  
which t h e  e j e c t o r  system must pump. Using t h e  f o l l o w i n g  v a l u e s ,  

F = 25.0 l b s .  

Isp = 300 seconds  

The p r o p e l l a n t  weight  f l o w  i s  

F - -  - 0.0833 l b s / s e c o n d  
ISP 

The e j e c t o r  i n d u s t r y  commonly uses pounds of d r y  a i r  p e r  second a t  70°F 
as t h e i r  s t a n d a r d  load f l o w  pa rame te r .  T h e r e f o r e  t h e  p r o p e l l a n t  f l ow can  be 
c o n v e r t e d  t o  a n  e q u i v a l e n t  d r y  a i r  flow as f o l l o w s :  

Assume t h a t  b o t h  f lows  have t h e  same t o t a l  p r e s s u r e  (Rocket  Chamber p r e s -  
s u r e )  and t h e  same s t a t i c  p r e s s u r e  ( s i m u l a t e d  a l t i t u d e ) .  The pumping speed i s  
t h e  same f o r  b o t h  t h e  Rocket e x h a u s t  and t h e  e q u i v a l e n t  d r y  a i r  f l o w s .  
T h e r e f o r e  

o r  

s i n c e  

where 

then  

h* = w v  a 
"A 

1545 f t - l b  R A = - -  1545 f t - l b  R =- -  
P 22 l b  OR ; 28 l b  OR 

Tp = 1000°R TA = 530°R 

wA = 720 l b s / h r  
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E j e c t o r  S t a g e s  Required - 200,000 Fee t  

Re fe rence  2 i n d i c a t e s  t h a t  f o r  de t e rmin ing  t h e  minimum number of  s t a g e s  
r e q u i r e d  t o  a c h i e v e  a d e s i r e d  vacuum, a n  approximate  s u c t i o n  p r e s s u r e  r a t i o  of 
t e n  t o  one p e r  s t a g e  can be assumed. T h e r e f o r e ,  t h e  f i r s t  s t a g e  must p r o v i d e  
a s u c t i o n  p r e s s u r e  of 0 .17  TORR, t h e  200,000 f e e t  a l t i t u d e  c o n d i t i o n .  Subse-  
q u e n t  s t a g e s  must p rov ide  s u c t i o n  p r e s s u r e s  o f :  

second s t a g e  = 10 x 0.17 = 1.70  TORR 

t h i r d  s t a g e  = 10 x 1.70 = 17.0  TORR 

f o u r t h  s t a g e  = 10 x 1 7 . 0  = 170.0 TORR 

The f o u r t h  s t a g e  must compress the load  from a s u c t i o n  p r e s s u r e  of 170 
TORR t o  760 TORR,  a tmosphe r i c  p r e s s u r e .  T h i s  r e q u i r e s  a compress ion  r a t i o  
of 4 . 4 7 .  Four s t a g e s  w i l l  t h u s  achieve  t h e  200,000 f e e t  a l t i t u d e .  

S t age  F l u i d  Dynamic Pa rame te r s  

The f i r s t  
t h e  i s e n t r o p i c  

TE = 

The steam e x i t  

YE = 

s t a g e  s.team n o z z l e  e x i t  c o n d i t i o n s  can  be de t e rmined  u s i n g  
e q u a t i o n s  and t h e  c o n d i t i o n s  shown i n  Tab le  1. 

v e l o c i t y  i s  g i v e n  by 

Using  ( 1 )  and ( 2 )  t h e  e x i t  Mach number can  be de te rmined  from 

The t o t a l  p r e s s u r e  r a t i o  a c r o s s  a normal shock can be de t e rmined  from 
t h e  f o l l o w i n g  normal shock r e l a t i o n :  

1 R 
( R  - 1) MEZ + 2 R-l  

( R  + 1)  ME^ ] - ( 4 )  
2 R  

~ , ~ / p ~ ~  = [I  + (=)(ME~ - 

200 p s i a  
POY 

pox/poy = 

Poy = 0.311 p s i a  

Using  t h e  same f o u r  i s e n t r o p i c  r e l a t i o n s h i p s ,  t h e  f l u i d  dynamic p a r a -  
meters were c a l c u l a t e d  f o r  the fo l lowing  t h r e e  s t a g e s .  The v a l u e s  are t a b u -  
l a t e d  i n  Tab le  1. 
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Stape 

k 

P, PSIA 

T, O R  

P, PSIA 

Steam Nozzle Fluid Dynamic Parameters - ~ _ _  

1 2 

1 .310 1 .310 

200 200 

8 60 8 60 

0 .0034  0 . 0 3 4  0 . 3 4  

188.7 

3958 

4 .79  

9 . 4 3  

62 .43  109.5 

3 . 4  

325.4  

3532 

3 .26  

44 .13  

1% I 9 .08  I 6.65  

IPOy PSIA I 0 . 3 1 1  I 1 . 8 0  

0.110 0 .189  'xfo 1 lowing 

91* 
1.310 1.310 

860 I 860 

0 .360  0.333* 1 
= 14.7  PSIA for the last stage *'Xfol lowing 

stage 
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Steam and Water Requirements  f o r  4 Stage System 

C o n d i t i o n s  & Assumptions 

The r o c k e t  eng ine  e x h a u s t  w i l l  be  conve r t ed  t o  70°F e q u i v a l e n t  d r y  a i r .  

The p r e s s u r e  i n  t h e  s u c t i o n  chamber of e a c h  s t a g e  w i l l  be  a s  i n d i c a t e d  
i n  T a b l e  1. 

S a t u r a t e d  steam a t  200 psi w i l l  be  s u p p l i e d  a s  t h e  mot ive  d r i v e  media.  

The s t a g e  e f f i c i e n c y  w i l l  be t h e  r a t i o  of  t h e  s u c t i o n  p r e s s u r e  of  t h e  f o l -  
lowing s t a g e  (assumed p r e s s u r e )  t o  t h e  t o t a l  p r e s s u r e  c a l c u l a t e d  by t h e  
normal shock e q u a t i o n s  times a n  assumed v a l u e  of 0.60 which a c c o u n t s  f o r  
t h e  mixing  e f f i c i e n c y  of t h e  motive steam and t h e  load t o  be pumped. 

The e n e r g y  which must be t r a n s f e r r e d  t o  compress  t h e  steam load  from t h e  
p r e v i o u s  s t a g e ,  w i l l  be  assumed t o  be t h e  work of  cornDression of  a c l o s e d  
sys tem.  

Cool ing  water a t  55OF w i l l  be  provided  t o  t h e  h e a t  exchange r s .  

The steam requ i remen t s  w i l l  be c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n s :  

The s t a t i o n s  w i l l  be  as denoted  i n  t h e  l i s t  of symbols.  
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Work of  Compression 

I f  t h e  steam load  from t h e  p r e v i o u s  s t a g e  i s  n o t  condensed o u t  of t h e  
sys t em,  i t  must be compressed by t h e  next  s t a g e  e j e c t o r .  The work r e q u i r e d  
can  be  de t e rmined  from t h e  f o l l o w i n g  e q u a t i o n s :  

P7 V? - P I  v1 
1 - k  

/Pdv = 

Second S t a g e  Work 

The second s t a g e  must compress the  steam load  from t h e  f i r s t  stage from 
0 . 0 3 4  p s i  t o  0 .340  p s i  w i t h  t h e  f o l l o w i n g  c o n d i t i o n s :  

T = 860°R 
R = 1545/18 = 85 .8  - 
g =  1.31 l b  OR 

f t - l b  

t h e r e f o r e  from t h e  e q u a t i o n  of s t a t e  

v 1 = - -  RT - 15,060 f t 3 / l b  
P1 

t h e n  
1 
E 

v2 = v1 ($1 = 2603 f t 3 / l b  
2 

The work t h e n  i s  

/Pdv = - 173,900 f t - l b  

The n e g a t i v e  s i g n  i n d i c a t e s  t h a t  t h e  work i s  t o  b e  done on t h e  sys tem.  

The above c o n v e r t s  t o  

f Pdv = - 223.5  BTU/lb 

By a s i m i l a r  a n a l y s i s  t h e  t h i r d  and f o u r t h  s t a g e  work can  be de t e rmined .  The 
r e s u l t s  are t a b u l a t e d  i n  Tab le  2 .  
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J p d v ~ ~ ~ /  l b  223 .5  223.5 191.0 

TABLE 11 2 
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Non-Condensing System 

F i r s t  S t a g e  Steam Requirement  

The f i r s t  s t a g e  must exhaus t  t h e  e q u i v a l e n t  d r y  a i r  f l o w  o f  720 l b s .  p e r  
h o u r  a t  3 . 4  x lO--3 p s i  and compress  i t  t o  3 . 4  x 10-2 p s i  across  t h e  d i f f u s e r .  
T h e r e f o r e  

P2/P1 = 10 

and from t a b l e  1, N = 0.110 

From r e f e r e n c e  ( 7 )  t h e  e n t h a l p y  of steam i s :  

Steam PHs 

HsI = 1198.7 S a t u r a t i o n  a t  ZOO ps i  

Hs2 = 740.0  i c e  v a p o r  a t  1 . 7  TORR ( 0 . 0 3 4  p s i )  

AH, = 458.7 BTU/lb 

The d r y  a i r  e n t h a l p i e s  can  be de te rmined  u s i n g  d a t a  f rom r e f e r e n c e  8 .  

Dry A i r  &l 

T i  = 70°F = 530°R 

Cp = 0.240 BTU/lb - O R  

H I  = Cp TI = ( 0 . 2 4 0 ) ( 5 3 0 )  = 127.1 BTU/lb 

K = 1.397 

T1 ( 10)K-l/K = ( 5 3 0 ) (  10) 

1021 O R  

= ( 5 3 0 ) ( 1 . 9 2 8 )  

0.248 BTU/lb-OR 

CpT2 = ( 0 . 2 4 8 ) ( 1 0 2 1 )  = 253.1 

H 2  - H I  = 253.1 - 127.1 - 126  BTU/lb 



Second S tage  Steam Requirements  

The second s t a g e  must pump t h e  e q u i v a l e n t  d r y  a i r  f l o w ,  p l u s  t h e  f i r s t  
s t a g e  o p e r a t i n g  steam load from 3 . 4  x 10-2 p s i  t o  3 . 4  x 10-1 p s i .  T h e r e f o r e  

P3/P2 = 10 

N = 0.189 from Tab le  1 

Requ i red  Steam AH, 

H s 2  = 1198.7 

H s 3  = 815.0 

AH, = 383.7 

Dry A i r  AH 

H 2  = 253 .1  : T2 = 1021 O R  

T3 = T2 ( l0lT = ( 1 0 2 1 ) (  

l3 = 1932 O R  

k = 1 .383  
k-  1 

C = 0.276 

H3 = C p  T3 = ( 0 . 2 7 6 ) ( 1 9 3 2 )  = 533 BTU/lb 

P 

AH = H3 - H2 = 533 - 253 = 280 BTU/lb 

The s team load from t h e  f i r s t  s t a g e  must be compressed t o  3 . 4  x lo- '  p s i .  
From T a b l e  2 ,  t h e  work of  compression i s  273.5 BTU/lb. The s team load from 
t h e  f i r s t  s t a g e  i s  1950 l b s / h r .  S u b s t i t u t i n g  t h e  above v a l u e s ,  t h e  steam 
r e q u i r e m e n t  becomes. 

ds = 20,000 l b / h r  
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T h i r d  S t a g e  Steam Requi rements  

The t h i r d  stage must pump t h e  e q u i v a l e n t  d r y  a i r  f l o w ,  p l u s  t h e  f i r s t  
and second s t a g e  o p e r a t i n g  steam load  from 3 . 4  x lo- '  p s i  t o  3 . 4  p s i ,  w i t h  
P4/P3 = 10 and 

N = 0.360 

Steam dHs 

H s 3  = 1198,7 

Hs4 = 925 .0  a t  170 T o r r  = 3 . 4  p s i  

AH, = 273.7 BTU/lb 

- Dry A i r  AH 

H s 3  = 533 T3 1932 OR 

K = 1 .333  
k- 1 - 0.250 

= ( 1 9 3 2 ) ( 1 0 )  1'4 = T 3  (10)  

= ( 1 9 3 2 ) (  1 .777)  

T4 = 3433 OR 

Cp = 0,297 

H4 = C p  T 4  = ( 0 . 2 9 7 ) ( 3 4 3 3 )  = 1038 

AH = H4 - H3 = 1038 - 533 = 505 BTU/lb 

The steam load  i s  t h e n :  

dS = 82,000 l b / h r .  



F o u r t h  S tage  Non-Condensing 

The f o u r t h  s t a g e  must pump t h e  e q u i v a l e n t  d r y  a i r  f l o w  p l u s  t h e  f i r s t ,  
second and t h i r d  s t a g e  o p e r a t i n g  steam load  from 3.4 psi t o  a tmosphere .  

- Theref  o r e  

P5/P4 = 4.47 and N = 0.333 

Steam AH, 

Hs4 = 1198.7 

H = 1010.0 (3760 TORR o r  14.7 p s i  s5 

AHs = 188.7 

Dry A i r  OH 

H4 = 1038 ; T4 = 3433 k = 1.30 

T5 = T4 (4.47) = (3433)(4.47) 
k-l 

0.2307) 

T5 = 4850 OR 

C p  = 0.3066 

H5 = 4850 OR 

Cp = 0.3066 

H5 = C p  T5 = (0,3066)(4850) = 1488 

AH = Hg - H4 = 1488 - 1038 = 450 BTU/lb 

The steam load  i s  then  c a l c u l a t e d  a s  

- - 720 (450) + 191 (82,000) 
0.6 (0.333)( 188.7) 

bs = 422,000 l b / h r  

The t o t a l  steam load  f o r  t h e  4 non-condensing s t a g e s  i s  537,000 l b / h r .  
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- Condensing System 

T h i r d  S t a g e  Steam and Cool ing  Water Requirements  

R e f e r e n c e  ( 9 )  shows t h a t  a t  t h e  i n t e r s t age  p r e s s u r e  between t h e  second 
and t h i r d  s t a g e ,  t h e  c o o l i n g  water w i l l  v a p o r i z e  a t  a water t e m p e r a t u r e  
above 690F, T h e r e f o r e  c o o l i n g  water a t  55OF w i l l  be  s u p p l i e d  t o  t h e  baro-  
m e t r i c  condense r  p l a c e d  between the  second and t h i r d  s t a g e s .  

The c o o l i n g  water r e q u i r e d  can  be c a l c u l a t e d  from 

where 

A T  = 69OF - 55'F = 140F , Cpu = 1.0 BTU/lb OR 

removed from t h e  steam and d r y  a i r .  The above e q u a t i o n  may a l s o  be w r i t t e n  

where 

 HA^ = 533 BTU/lb from p rev ious  s t a g e  

 HA^ = 126 BTU/lb @ 69OF 

HL3 = 1000 BTU/lb (assumed e n t h a l p y  e n t e r i n g  condense r )  

HL4 = 33 BTU/lb s a t u r a t e d  water  @ 69OF 

&A 720 l b / h r  

dL = t o t a l  steam load from f i r s t  a n s  second s t a g e s  

.I. Aq = 22,493,000 BTU/hr 

s u b s t i t u t i n g ,  t h e  c o o l i n g  w a t e r  r e q u i r e d  i s  

* 
WH20 = 3350 gpm 

Steam Requirement  

The steam requ i remen t  f o r  t h e  t h i r d  s t a g e  i s  t h e n  based  on pumDing t h e  
720 l b s ,  of e q u i v a l e n t  d r y  a i r ,  p l u s  the  vapor  which s a t u r a t e s  t h e  d r y  a i r  
a t  69OF, From r e f e r e n c e s  6,  t h e  vapor  load  amounts t o  8.0 l b s .  o f  water p e r  
Eb. of d r y  a i r  o r  5750 l b s .  of water p e r  hour .  
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The f o l l o w i n g  H v a l u e s  f o r  
p r o c e d u r e s  as f o r  t h e  p r e v i o u s  s t a g e s .  

Steam AH, 

* '  H s 3  = 1198.7 

Hs4 = 925.0 (3 170 TORR = 3 .4  p s i  
~~ 

AHs = 273.7 BTU/lb 

- Dry A i r  AH 

H3 = 126 BTU/lb ; T3 = 525'R 

k = 1.40 

h e  t h i r d  s t a g e  are c a - a l a t e d  u s i n g  t 

34 )  ( 920) 

T4 = 1021°R 

Cp = 0.248 

H4 = ( 0 . 2 4 8 ) ( 1 0 2 1 )  = 251 BTU/lb 

AH = H4 - H 3  = 125 BTU/lb 

S a t u r a t e d  Vapor Load HT 

8 5 . 8  ( 5 2 5 )  = 920 f t 3  
( . 3 4 0 ) ( 1 4 4 )  

V3 = RT/P = 

- -  - 725 i n - l b  

- -  - 11.18 BTU/lb 

40)  - ( 0  
1 - 1.40  

The t h i r d  s t a g e  steam requ i remen t  then  i s ;  

le same 

3 - s t a g e  t o t a l  = 25,610 l b s / h r  
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F o u r t h  S t a g e  __ Steam a n d  Cgo l ing  Water Requirements  

The i n t e r s t a g e  p r e s s u r e  between t h e  t h i r d  and f o u r t h  s t a g e s  a l l o w s  t h e  
i n t r o d u c t i o n  of  c o o l i n g  water below 147OF. S ince  t h e  s a t u r a t e d  vapor  load 
t o  t h e  f o u r t h  s t a g e  can  be  lowered by l i m i t i n g  t h e  c o o l i n g  water t empera tu re  
r i s e ,  t h e  c o o l i n g  water l e a v i n g  t h e  condenser  w i l l  be  125OF. The r e d u c t i o n  
i n  vapor  load t o  t h e  f o u r t h  s t a g e  w i l l  r educe  t h e  steam r e q u i r e m e n t s ,  Cool- 
i n g  water w i l l  be s u p p l i e d  a t  550F t o  t h e  b a r o m e t r i c  condense r  p l a c e d  between 
t h e  t h i r d  and f o u r t h  s t a g e s .  

The c o o l i n g  water r e q u i r e d  i s  

where 

AT,,= 125 - 55'F = 70aF 

where 

 HA^ = 2 5 1  BTU/lb from Drevious s t a g e  

HA, = 140 BTU/lb @ 125'F 

H L ~  = 1000 BTU/lb (assumed e n t h a l p y  e n t e r i n g  d i f f u s e r )  

H L ~  = 114 BTU/lb s a t u r a t e d  l i q u i d  a t  125OF 

L~A = 720 l b s / h r  

UL = Steam and vapor  load from t h i r d  s t a g e  = 2610 + 5750 = 8 , 3 6 0  l b s / h r  

.*. Aq = 4,881,500 BTU/hr 

- s u b s t i t u t i n g  

W H ~ O  = 220 gpm 
- 

The steam requ i remen t  f o r  t h e  f o u r t h  stage i s  based on pumping 720 l b s / h r  
o f  e q u i v a l e n t  d r y  a i r ,  p l u s  t h e  vapor  which s a t u r a t e s  t h e  d r y  a i r  a t  125OF. 
From r e f e r e n c e  6 t h i s  amounts t o  1.0 l b s .  o f  water p e r  l b .  of d r y  a i r  o r  720 
l b s ,  o f  w a t e r  p e r  hour .  

The steam load  i s  c a l c u l a t e d  as f o l l o w s  u s i n g  t h e  same method as  t h e  
p r e v i o u s  s t a g e .  
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Steam AH, 

Hs4 = 1198.7 

Hs5  = 1010,O @ 14.7 p s i  * 

AHs = 188-7 BTU/lb 

Dry AirAH 

H4 = 144 BTU/lb ; T4 = 602 O R  ; k4 = 1 .40  

P5 = 1 4 . 7  p s i  ; P4 = 3.4 p s i  

Tg  = 914 O R  

Cp = 0 .246  

H5 = Cp T5 = ( 0 , 2 4 6 ) ( 9 1 4 )  = 225 BTU/lb 

,*, AH = Hg = H4 = 81 BTU/lb 

S a t u r a t e d  Vapor Load 

V5 = 371.3 f t 3  

HVL = - 4650 i n - l b  

HVL = - 71.7 BTU/lb 

The steam r e q u i r e d  f o r  t h e  f o u r t h  s t a g e  i s :  

= 2,910 l b / h r  

The f o u r  s t a g e  steam t o t a l  i s  28 ,520  l b / h r  



MONOPROPELLANT AND BIPROPELLANT ENGINES 
(ASSUMED ( I sp )  MAX = 300 SECONDS) 

THRUST LEVEL 
(LBS) 

0.5 - 25. 

WEIGHT FLOW PRESS.-ALT ALTITUDE TYPE OF 
(LBS / SEC) (TORR) (FEET) T EST(S) 

0.0017 -0.0833 8.0 100,000 PULSE 8 
STEADY 
STAT E 

0.0017 - 0.0833 0.1 7 200,000 PULSE & 
STEADY 

0 . 5 - 2 5  

THRUST LEVEL 
U S )  

SUBLIMING SOLID ENGINES 
(ASSUMED I,, = 80 SECONDS) 

WEIGHT FLOW PRESS.-ALT ALTITUDE TYPE OF 
(LBS /SEC) (TORR) (FEET)  TEST(S) 

= 300,000 lo3 IGNITION 
PHENOME N A 

1,25 X lo5 lo3 

GSFC 
ROCKET ENGINE ALTITUDE FACILITY 

REQUIREMENTS 
FIGURE I 



PUMPING S P E E D  ( C F M )  
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S T E A M ( L B S / H R )  
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