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STATUS OF SATURN 1750 LB,  THRUST ULLAGE ROCKET ENGINE 

1.0 SUMMARY OF ENGINE STATUS 

Development o f  t h i s  e n g i n e  was conducted by Marquardt  under Douglas 
CPIF Subcon t rac t  62-229. The ecope o f  t h i s  c o n t r a c t  i n c l u d e d  f i v e  p h a s e s ;  
Development, Design E v a l u a t i o n  T e s r ,  P r e - F l i g h t  R a t i n g  T e s t  (PERT-7 e n g i n e s ) ,  
R e l i a b i l i t y  Demonstra t ion T e s t  (RDT-12 e n g i n e s )  and End I t e m  D e l i v e r i e s  (23 
engines) .  The c o n t r a c t  was i n i t i a t e d  on November 1 9 ,  1962,  and was t e r m i n a t e d  
on Apr i l  23 ,  1964,  j u s t  a s  t h e  DET t e s t  phase  was b e g i n n i n g ,  due t o  a  change i n  
NASA requ i rements .  S u c c e s s f u l  comple t ion  o f  t h e  Development phase  l ed  t o  a  
j o i n t  TMC/DAC d e s i g n  f r e e z e  mee t ing  on J a n u a r y  21,  1964. A l l  hardware  f o r  t h e  
DET phase was f a b r i c a t e d ,  a s  was some PFRT hardware .  T e s t  f i r i h g  o f  DET Engine 
#1 was completed o n  A p r i l  6-7 ,  1964. A photograph o f  t h i s  e n g i n e  c o n f i g u r a t i o n  
i a  shown i n  F i g u r e  1. 

The s t a t u s  o f  t h e  e n g i n e  development ,  w i t h  r e s p e c t  t o  t h e  c r i t i c a l  
requirements  o f  DAC S p e c i f i c a t i o n  C o n t r o l  drawing lA39598, i s  shown i n  T a b l e  I .  
Engine c h a r a c t e r i s t i c s  a r e  more comple te ly  d e f i n e d  i n  model S p e c i f i c a t i o n  6027. 
A f u r t h e r  summary o f  s t a t u s  f o r  t h e  t h r u s t  chamber, i n j e c t o r ,  and v a l v e  i s  p r e -  
eented i n  t h e  f o l l o w i n g  p a r a g r a p h s .  Tnb le  I1 l i s t s  t h e  p e r c e n t a g e  comple t ion  
o f  hardware and t e s t i n g  a t  t h e  t i m e  of t e r m i n a t i o n .  
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THRUST CHAMBER SUMMARY 

Summary 

The t h r u s t  chamber h a s  demons t ra ted  c a p a b i l i t y  o f  s a t i s f y i n g  t h e  
s p e c i f i c a t i o n  d u t y  c y c l e  o f  90 seconds  w i t h  a  mean t ime  t o  f a i l u r e  o f  a p p r o x i -  
mately 260 seconds .  S t a t i c  and v i b r a t i o n  t e s t s  have  i n d i c a t e d  s t r u c t u r a l  
adequacy o f  t h e  t h r u s t  chamber under  a l l  s p e c i f i c a t i o n  env i ronmenta l  r e q u i r e -  
ments. F a b r i c a t i o n  t e c h n i q u e s  have been developed which p r o v i d e  good r e p e a t a -  
b i l i t y  and h i g h  q u a l i t y .  

2 . 2  . D e s c r i p t i o n  

The DET t h r u s t  chamber c h a r a c t e r i s t i c s  a r e  oe' f o l l o w s :  

(a) L* = 24 
(b) C o n t r a c t i o n  R a t i o  = 1.84 
(c )  Expansion R a t i o  - 20 
(d) Chamber p r e s s u r e  = 100 p s i a  
( e )  T h r u s t  = 1750# 
( f )  C o n s t a n t  d i a m e t e r  t h r o a t  f o r  1 i n c h  l e n g t h .  

The DET t h r u s t  chamber ( F i g u r e  2 )  f e a t u r e s  a n  o r i e n t e d  r e f r n s i l  
phenolic a b l a t i v e  l i n e r  f o r  chamber, t h r o a t  and e x i t  b e l l  t h a t  Is ovcrwri~pped 
with p a r a l l e l  t o  c e n t e r l i n e  r e f r o s i l  p h e n o l i c  i n s u l a t i n g  I n y c r .  A h i g h  s t r e n g t h  
f i b e r g l a s s  i s  t h e n  wrapped o n  t h e  a b l a t i v e  u n i t ,  and t h e  f i b e r g l a s s  i s  s e c u r e l y  
a t t ached  t o  t h e  e t e e l  i n j e c t o r  a t t a c h  f i t t i n g  and t h e  aluminum main e n g i n e  mount 
f i t t i n g  by means o f  wave shaped s t r u c t u r a l  j o l n t s .  A s i l i c o n e  r u b b e r  "0" r i n g  
i a  l oca ted  between t h e  a b l a t i v e  oveiwrap s t r u c 2 u r e  and t h e  i n j e c t o r  a t t a c h  f i t t i n g  
t o  p r e c l u d e  gat3 l e a k a g e  a t  t h e  s t r u c t u r a l  join:. 

2 .3  E v o l u t i o n  o f  D e s i ~ n  

Combustior, c o n s i d e r a t i o n s  t h a c  c o n t r i b u t e d  t o  t h e  s e l e c t i o n  of 
a b l a t i v e  l i n e r  m a t e r i a l ,  o r i e n t a t i o n  and t h i c k n e s s  a r e  a s  f o l l o w e .  

2.3.1 M a t e r i a l  S e l e c t i o n  

U. S .  Poiymer ic  FM 5067 and F i b e r i t e  MX 2646 a b l a t i v e  m a t e r i a l s  were  
e x t e n s i v e l y  used f o r  l i n e r  and i n s u l a t i n g  overwrap d u r i n g  t h e  development p r o -  
gram. T h e s e ' m a t e r i a l s  e x h i b i t e d  e q u i v a l e n t  e r o s i o n  r e s i s t e n c e  i n  the  chamber 
wall  and t h r o a t ,  however,  MX 2646 was s e l e c t e d  because  o f  s u p e r i o r  f a b r i c a t i o n  
p r o p e r t i e s  and fewer  procurement  problems.  

2 . 3 . 2  M a t e r i a l  O r i e n t a t i o n  

The 45O t o  g a s  f low a b i a t i v e  o r i e n t a t i o n  r e s u l t e d  i n  low c h a r  d e p t h  
and good e r o s i o n  q u a l i t i e s .  L i n e r  o r i e n t a t i b n  i n  t h e  b e l l ,  which changes  w i t h  
r e s p e c t  t o  t h e  e n g i n e  c e n t e r l i n e ,  remains  c o n s t a n t  a t  approx imate ly  450 t o  t h e  
gas s t r e a m .  The 90° o r t e n t a t i o n  a t  t h e  head end r e d u c e s  d e l a m i n a t i o n  a t  t h e  
i n j e c t o r  i n t e r f a c e .  
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,2.3.3 Thickness  o f  L i n e r  

7. 
. . 

,,.-i o;lencet a b t a c i v e  ; r n e r  : ? . : s ~ n z s s  is :hc c > ~ = c r  azd Sz ; l  uas 

. es tabl ished as t h e  e r o s i o n  p l u s  c h a r  d e p t h  t h a t  r e s d i c e d  from 200 seconds  o f  
f i r i n g .  Th i s  t h i c k n e s s  i s  0.6" i n  t h e  chamber. The 92 second Douglas s p e c i -  
f i c a t i o n  requ i rement  p roduces  approx imate ly  2 / 3 r d s  o f  t h e  above c h a r  d e p t h .  
The remaining unchar red  l i n e r  t h i c k n e s s  i n h i b i t s  d e l a m i n a t i o n  t o  t h e  p a r a l l e l  
wrap i n t e r f a c e ,  and e s t a b l i s h e s  a r e l i a b i l i t y  pad r e q u i r e d  t o  a c h i e v e  t h e  
spec i f i ed  ,9998 v a l u e .  The p r e d i c t e d  (and demonstra ted)  burnou t  t ime  i s  
approximately 260 seconds .  

The a b l a t i v e  p a r a l l e l  wrap t h i c k n e s s  was e s t a b l i s h e d  (1 )  t o  p r o v i d e  
' adequate i n s u l a t i o n  t o  keep t h e  f i b e r g l a s s  overwrap below t h e  c h a r  t e m p e r a t u r e  

and ( 2 )  t o  keep t h e  o u t e r  w a l l  t e m p e r a t u r e  below 4 0 0 ' ~  d u r i n g  soak f o l l o w i n g  
. the 28.6 second f i r i n g  r e q u i r e d  by t h e  Douglas s p e c i f i c a t i o n  o r  a n  e x t r a p o l a t e d  
, 500°F f o r  space  c o n d i t i o n s  i n  a  160°F environment .  The a d d i t i o n  of  a n  e x t e r n a l  

114 inch f i b e r g l a s s  i n s u l a t i o n  b l a n k e t  r e d u c e s  t h e  o u t e r  w a l l  t e m p e r a t u r e  t o  
below 300°F. Chamber w a l l  t e m p e r a t u r e  a t  t h e  end of  28  seconds  f i r i n g  remains  
below 150°F. 

2.4 Exper ience  

Three  DET c o r i f i g u r a t i o n  t h r u s t  chambers have been s a t i s f a c t o r i l y  
tes ted  t o  s p e c i f i c a t i o n  d u t y  c y c l e ,  and f i n a l l y  t o  d e s t r u c t i o n ,  n t o t a l  o f  
800 seconds f i r i n g  w i t h  a minimum f a i l u r e  t ime  o f  250 seconds .  The s p e c i i i -  
c a t i o n  t h r u s t  r e q u i r e m e n t s  were  met f o r  each t e s t .  I n  a d d i t i o n  t o  t h e  a f o r e -  
mentioned t e s t s ,  an  a d d i t i o n a l  1800 seconds  o f  combustion t e s t i n g  h a s  becn 
accumulated o n  t h e  m a t e r i a l s  o f  c o n s t r u c t i o n  used i n  t h e  DET c o n f i g u r a t i o n .  
These t e s t s  were  conducted a t  s e a  l e v e l  c o n d i t i o n s  b u t  t h e  i n f o r m a t i o n  ga ined  
was of  v a l u e  i n  making t h e  8 e L e c t i o n  of  i n a t e r t a l s  f o r  t h e  DET c o n f i g u r a t i o n .  

S t r u c t u r a l  S t a t u s  

2.5.1 Overwrap S t r u c t u r e  

The f i b e r g l a s s  s t r u c t u r a l  overwrap o f  t h e  t h r u s t  chamber c o n s i s t s  
of a l t e r n a t i n g  i a y e r s  o f  p h e n o l i c  impregnated u n i d i r e c t i o n a l  f i b e r g l a s s  c l o t h  
o r i en ted  i o n g i t u d i n a l l y ,  and c i r c u m f e r e n t i a l l y  wounci p h e n o l i c  impregnated 
f i b e r g l a s s  r o v i n g .  T h i s  sys tem p r o v i d e s  f o r  s t r a i g h t f o r w a r d  a n a l y s i s  o f  
a x i a l  and hoop i o a d s .  A c o n s i d e r a b l e  o f  t e s t i n g  h a s  been done t c  

e s t a b l i s h  t h e  d e s i g n  a l l o w a b l e s  o f  t h i s  geometry f o r  a x i a l  t e n s i o n ,  compres- 
s ion ,  and hoop l o a d i n g s  a s  w e l l  a s  t r a n s v e r s e  and i n t e r l a m i n a r  s h e a r ,  b e a r i n g ,  
e t c .  T e s t s  were  conducted a t  t e m p e r a t u r e s  r a n g i n g  from ambient t o  as  h i g h  
as 70C°F. I n  g e n e r a l ,  t e m p e r a t u r e  a f f e c t s  ioad  c o n d i t i o n s  t h a t  a r e  dependent  
upon r e s i n  such  as i n t e r l a m i n a r  s h e a r ,  and do n o t  a f f e c t  t h e  hoop s t r e n g t h  which 
i s  dependent  l a r g e l y  o n  t h e  g l a s s  f i b e r s .  "E" g l a s s  and t h e  h i g h e r  s t r e n g t h  "S" 
g l a s s  were  t e s t e d .  "Sf' g l a s s  i s  used f o r  r o v i n g  because  o f  i t s  h i g h e r  f i b e r  
s t r e n g t h  i n  hoop t e n s i o n .  "E" g i a s s  is used f o r  c l o t h  because  i n  compress ion 
higher  s t r e n g t h  i s  not ach ieved .  



2 .5 .2  I n i e c t o r  A t t a c h  F i t t i n g  

The i n j e c t o r  a t t a c h  f i t t i n g  i s  a  h e a t  t r e a t e d  t y p e  17-4 s t a i n l e s s  
s t e e l  f o r g i n g .  A double  wave j o i n t  c o n f i g u r a t i o n  h a s  been employed t o  j o i n  
t h e  s t r u c t u r a l  f i b e r g l a s s  overwrap t o  t h e  f i t t i n g  and t r a n s f e r  a x i a l  l o a d s .  
This c o n f i g u r a t i o n  r e s u l t e d  from t e s t i n g  s e v e r a l  a l t e r n a t e  d e s i g n s .  Ref. 
Figure 2. 

The l a y e r s  o f  wound r o v i n g  a r e  p r o g r e s s i v e l y  t e r m i n a t e d  approach ing  
the j o i n t  s o  t h e  a x i a l  c l o t h  l a y e r s  a t  t h e  j o i n r  a c t  t o g e t l x r  t o  t r a n s f e r  load 
across the  i n c l i n e d  p l a n e  t o  t h e  f i t t i n g .  The r e s u l t i n g  r a d i a l  load i s  r e s i s t e d  
by the  e x t e r n a l  l a y e r s  o f  wound r o v i n g .  Small  s c a l e  and f u l l  s c a l e  s t a t i c  
compression and t e n s i o n  t e s t s  a s  w e l l  a s  p o s t  f i r e d  t h r u s t  chamber p r e s s u r e  
t e s t s  t o  d e s t r u c t i o n  have been conducted t o  e s t a b l i s h  t h e  s t r u c t u r a l  i n t e g r i t y  
sf the  j o i n t .  J o i n t  s l i p p a g e  s t a r t s  a t  n e a r  t h e  p roof  p r e s s u r e  load and i n -  
,creases approx imate ly  l i n e a r l y  w i t h  load  t o  f a i l u r e  ( a t  r o u g h l y  5 t imes  t h e  
proof l o a d ) .  The j o i n t  i s  t e s t e d  a t  a p r e s s u r e  s l i g h t l y  h i g h e r  t h a n  p roof  
.during f a b r i c a t i o n .  A maximum o f  ,005" r e s i d u a l  d e f l e c t i o n  i s  a l lowed  b e f o r e  
f in ieh  machining t h e  i n j e c t o r  i n t e r f a c e .  

2 . 5 . 3  Main Engine Mount R ing  

The main e n g i n e  mount r i n g  is  a  h e a t  t r e a t e d  aluminum f o r g i n g .  It 
i s  a t t a c h e d  t o  t h e  f i b e r g l a s s  s t r u c t u r a l  overwrap by means o f  t h e  same wave 
form j o i n t  d e s c r i b e d  above.  A h e a v i e r  b u i l d u p  o f  wound r o v i n g  o v e r  t h e  j o i n t  
provides g r e a t e r  s t i f f n e s s  t o  r e s i s t  v i b r a t o r y  l o a d s .  The c r i t i c a l  load  
cond i t ion  r e s u l t s  from t h e  v i b r a t i o n  requ i rement  o f  t h e  Douglas procurement 
s p e c i f i c a t i o n  1639598. T h i s  g e n e r a t e s  r e v e r s i n g  a x i a l  Loads a c r o s s  t h e  
jo in t  r e s u l t i n g  from v i b r a t o r y  bending o f  t h e  b e l l .  V i b r a t i o n  o f  development 
chambcn o f  t h e  f i n a l  c o n f i g u r a t i o n  demons t ra ted  t h e  c a p a b i l i t y  o f  t h c  j o i n t  
to wirhstanci t h e  s p e c i f i c a t i o n  v i b r a t i o n  requ i rement  w i t h  no j o i n t  f a i l u r e .  
Resonance o c c u r r e d  a t  approx imate ly  160 c p s  a t  19 g  i n p u t  w i t h  a maximum o f  
180 g ' s  r e g i s t e r e d  by a c c c l c r o m e t e r s  o n  t h e  b e l l .  During f a b r i c a t i o n ,  t h e  
j o i n t  w i l l  b e  s t a t i c  p roof  t e s t e d  .tc a Load based o n  t h e  maximum eng ine  t h r u s t  

: a t  which no j o i n t  d e f l e c t i o n  w i l l  be  a l lowed .  

F a h r i c a b i l  i t y  S t a t u s  

Three  methods a r e  employed i n  t h e  f a b r i c a t i o n  o f  t h e  v a r i o u s  t h r u s t  
chamber a b l a t i v e  components from p h e n o l i c  impregnated s i l i c a  f a b r i c .  

Method I:  T h r o a t  b i l l e t s  a r e  f a b r i c a t e d  from d i e - c u t  ( cook ie )  
shapes, stamped o u t  o f  t n e  p r e - p r e g  m a t e r i a l  and p l a c e d  o n  a  mandrel  i n  
ind iv idua l  l a y e r s  t o  t h e  d e s i r e d  b i l l e t  l e n g t h .  

Method 11: The combustion chamber m i d - s e c t i o n  i s  f a b r i c a t e d  from . 
pre-preg f a b r i c  t a p e  wound o n  a  mandrel  a t  a n  o r i e n t a t i o n  o f  45' t o  t h e  mandrel  
axis  and dehulked w i t h  a  h i g h  p r e s s u r e  r o l l e r  as t h e  wrapping p r o g r e s s e s .  The 
e x i t  b e l l  i s  f a b r i c a t e d  i n  t h e  same manner excep t  t h a t  t h e  o r i e n t a t i o n  of  the  
wrap changes from a  45O t o  mandrel  a x i s  a n g l e  t o  a 15' a n g l e  (45' t o  e n g i n e  
exhaust g a s  f low) by a s p e c i a l  ( p a t e n t  a p p l i e d  f o r )  t e c h n i q u e  r e s u l t i n g  i n  a 
very uniform t r a n s i t i o n  o f  d i r e c t i o n a l  l a y .  
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Plcthod I l l : 'rhe forward s e c t i o n  o i  1 lip coml,tlsc i o n  cllalnhcr ~ ~ c i l i z e s  
n cml , inat ion of methods 1 and 11. The m a t e r i a l  a t  the  clinmbcr e n t r a n c e  i s  

0 
ar lented a t  90' f o r  one- inch ,  t h e n  changes d i r e c t i o n  Lo 45  , and i s  f a h r l c a l e d  
f r ,m d i e - c u t  c o o k i e s  (Method I )  o f  s p e c i f i e d  s i z e s  i n  combina t ion .  The renlaining 
lcns th  i s  a p p l i e d  u s i n g  t a p e  (Method 11). 

~ o m ~ o n e n t s ' m a d e  by Methods 1 and l L L  a r e  fornied .?nd curcd  i n  n l ~ e n t e d  
,$nd closed d i e  f i x t u r e  and compacted (dchu lkcd)  I n  n h y d r o p r e s s  a t  s p c c i f i c d  
j r e s sures  t o  r e s u l t  i n  t h e  p r o p e r  d e n s i t y .  Coinponents mndc by Me~liod L1 ;Ire cn- 
cared i n  rubber  and cured  i n  hydroc lov ing  equipment.  Cyc l ing  i s  c o n t r o l L e d  by 
t ime-or iented cams. 

g 2.7 .1  Cookie Lnminnte Versus  ' l ' s e  Wrappins -------- 7- 

To f a b r i c a t e  components t h a t  must demons t ra te  a  r e l i a b i l i t y  v a l u e  
of .9598 o r  b e t t e r ,  c o n t i n u o u s  s t a t e - o f - t h e - a r t  r e s e a r c h  i n  t h e  devclopmcnt 
of advanced t e c h n i c a l  and p r o d u c t i o n  c o n c e p t s  would j u s t i f y  some d i s c u s s i o n  
of c e r t a i n  s i g n i f i c a n t  c o n s i d e r a t i o n s  g i v e n  t o  a s e u r e  t h e  q u a l i t y  o f  t h e  

- combustion chamber. 

F a b r i c a t i o n  Methods T and 111 d e s c r i b e d  above,  w h i l e  more c o s t l y  
due  t o  i n c r e a s e d  m a t e r i a l  r e q u i r e m e n t s ,  a r e  c o n s i d e r e d  j u s t i f i a b l e  s i n c e  t h e  
tcchniquc p rov ide8  u n i f o r m i t y  i n  m a t e r i a l  o r i e n t a t i o n  w i t h o u t  w r i n k l i n g  a n d  

, i n  a d d i t i o n ,  t h e  c r i t i c a l  r e s i n  c o n t e n t  and b i l l e r  d e n s i t y  can be more p r e -  
c i s e l y  c o n t r o l l e d  w i t h  r e p e a t a b i l i t y  a s s u r e d  d u r i n g  p r o d u c t i o n .  

2 . 7 . 2  Post  Cure 

E a r l y  i n  t h e  development program, d e l a m i n a t i o n 8  and c r a c k s  were c x p e r i -  
enced i n  t h e  f a b r i c a t i o n  of  d e t a i l  components which was recogn ized  a s  being due 
t o  mold s h r i n k a g e .  When p a r t s  which have n o t  been "post  cu red"  a r c  h e a t e d  . 
durlng subsequen t  p r o c e s s i n g ,  a r e s u l t i n g  mold s h r i n k  is  e x p e r i e n c e d .  ip. t n e  b u i l d -  
u p  of a t h r u s t  chamber, t h e  s e v e r a l  l a y e r s  a r e  a p p l i e d  i n  s e p a r a t e  o p e r a t i o n $ .  
and complete ly  c u r e d  a f t e r  each a p p l i c a t i o n .  Th i s  r e q u i r e s    he v n r i o u s  coii~ponents 
t o  be s u h j c c t e d  t o  s e v e r a l  h e a t i n g  and c o o l i n g  c y c l e s ,  To prcvenL c r a c k s  and 
t lelvi~inat  i o n s  from o c c u r r r n g  d u r i n g  subsequen t  b u i l d u p ,  clle d t t a ~ l  components arc: 
d imensional ly  s t a b i l i z e d  by a p o s t - c u r i n g  p r o c e s s  i n  a n  oven a t  c o n t r o l l e d  
temperatures f o r  48 h o u r s  minimum. 

2 .7 .3  Marquardt  I R  Index 

M a t e r i a l  c o n t r o l  p rocedures  a r e  impor tan t  i n  t h e  f a b r i c a t r o n  of 
ccmponents from "pre  p regs"  r e s i n  impregnated f a b r i c s  from t h e  t ime  of  r e c e i p t  
t o  the t ime  of f a b r i c a t i o n .  E a r l y  i n  t h e  development program, t h e s e  m a t e r i a l s  
were judged main ly  o n  t h e  b a s i s  o f  t e s t s  f o r  f low,  v o l a t i l e s ,  r e s i n  c o n t e n t ,  
end s u b j e c t i v i t y  by t h e  " f e e l "  o f  t h e  m a t e r i a l .  These t e s t s  a r e  no t  e n t i r e l y  
adequate nor  a r e  t h e  p r e c i s e  t e s t i n g  t e c h n i q u e s  c l e a r l y  d e f i n e d  by n a t i o n a l l y  
accepted. s t a n d a r d s .  
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I t  h a s  been shown t h a t  t h e  Chang Index,  f i r s t  r e p o r t e d  by J .  C .  11. Chang 
in  Modern P l a s t i c s ,  A p r i l  1961,  i s  n o t  a p p l i c a b l e  t o  a11 p h e n o l i c  r e s i n  sys tems 
for  the d e t e r m i n a t i o n  o f  c u r e  advancements i n  p r e - p r e g s  ( B - s t a g i n g ) .  However, 
th i s  t echn ique  was recogn ized  a s  hav ing  p o t e n t i a l  a n d  was f u r t h e r  developed a t  
Marquardt t o  c h a r a c t e r i z e  a l l  o f  t h e  m a t e r i a l s  ( p h e n o l i c  impregnated s i l i c a  and 
glass f a b r i c s ,  and g l a s s  r o v i n g s )  used i n  t h e  f a b r i c a t i o n  o i  t h e  DET t h r u s t  
chamber. T h i s  m a t e r i a l  c o n t r o l  p rocedure  has  been named t h e  "Marquardt Index1'  
Control. T h i s  i n d e x  i s  t h e  numerical  d i f f e r e n c e  i n  p e r c e n t  t r a n s m i s s i o n  aL i 3 . 2  
and 12.2 mic rons ,  w i t h  absorbance  r a t i o s  a t  13 .2  /? v e r s u s  1 2 . 2  /I/ and 1 2 . 2 1 4  
versus 9 . 8 4 .  It i s  measured by e x t r a c t i n g  t h e  uncured r e s i n s  from t h e  p r e - p r e g  
mater ia ls  and examining them by u s e  o f  a Beclanan IR-5 I n f r a r e d  Spec t ropho tomete r .  

. INJECTOR STATUS 

3 . 1  I n j e c t o r  S t a t u s  Summary 

The DET i n j e c t o r  h a s  s u c c e s s f u l l y  demons t ra ted  a d e q u a t e  margin  f o r  t h e  
c p e c i f i c a t i o n  d u t y  c y c l e .  Average I s p  e f f i c i e n c y  h a s  been shown t o  b e  91.8%. 
Daffle e r o s i o n  i s  s a t i s f a c t o r y  f a r  t h e  i n t e n d e d  a p p l i c a t i o n .  I n  g e n e r a l ,  t h e  
i n j e c t o r  development h a s  reached a  s t a t e  where i t  exceeds  a l l  s p e c i f i e d  r e q u i r e -  
ment s. 

3.2 D e s c r i p t i o n  o f  DET I n j e c t o r  

The DET i n j e c t o r  p a t t e r n  c o n s i s t s  o f  two c o n c e n t r i c  r i n g s  o f  e q u a l l y  
apaced d o u b l e t s  w i t h  48 d o u b l e t s  i n  each r i n g  and a  c s n t r a l  quad f o r  v a l v e  dumps. 
The impingemegt i n c l u d e d  a n g l e  f o r  t h e  d o u b l e t s  i s  70 and f o r  t h e  c e n t r a l  quad 
element is 90 , P r o p e l l a n t  f low t h r u  t h e  c e n t r a l  quad amounts t o  lox  of t h e  
t o t a l  p r o p e l l a n t  f low.  Welded t o  t h e  i n j e c t o r  f a c e  a r e  t e n  non-symmetr ica l ly  
spaced b a f f l e s  t o  s t o p  t h e  t a n g e n t i a l  i n s t a b i l i t y  exper ienced  w i t h  non-baf f l ed  
i n j e c t o r s  o f  t h i s  d e s i g n .  The s t e e l  b a f f l e s  a r e  coo led  by d i r e c t i n g  a  .017 
inch d iamete r  f u e l  s t r e a m  a t  t h e  c e n t e r  and upon e a c h  s i d e  o f  t h e  b a f f l e .  %is  
fuel  c o o l i n g  f l o w  nmounts t o  a p p r o x i m a t e l y  8% of t h e - t o t a l  f u e l  f low.  

3 . 3  E v o l u t i o n  o f  Design 

Tile b a s i s  f o r  t h e  s e l e c t i o n  o f  t h e  i n j e c t i o n  p a t t e r n  was uniform hea t  
re lease  a c r o s s  t h e  combust ion chamber c r o s s  s e c t i o n a l  a r e a .  Thus, t h e  i n j e c t i o n  
rings were p o s i t i o n e d  a t  c e n t r o i d s  o f  a r e a .  E a r l i e s t  i n j e c t o r s  o f  t h i s  type  had 
16 doub le t s  i n  each  r i n g .  T h i s  smal l  number o f  d o u b l e t s  caused groovrng of t h e  
combustion chamber w a l l s  and t h e  d e s i g n  g r a d u a l l y  evo lved  t o  t h e  p r e s e n t  48 
doublets  i n  each r i n g .  E f f i c i e n c y  o f  t h i s  type  o f  i n j e c t o r  h a s  c o n s i s t e n t l y  been 
higher t h a n  s i n g l e  r i n g  d e s i g n s  both  w i t h  and w i t h o u t  s p l a s h  p l a t e s .  

During t h e  l a t t e r  s t a g e s  o f  t h e  i n j e c t o r  development i t  became apparen t  
that  a  t a n g e n t i a l  mode o f  combustion i n s t a b i l i t y  was r e s u l t i n g  i n  heavy e r o s i o n  
r a t e s  a t  t h e  i n j e c t o r  end o f  t h e  combustion chamber. To reduce  o r  e l i m i n a t e  t h i s  
i n s t a b i l i t y ,  f i v e  b a f f l e s  were added t o  t h e  i n j e c t o r  f a c e  i n  a  non-symmmetrical 
pa t t e rn .  The f i v e  b a f f l e s  g r e a t l y  reduced bu t  d i d  n o t  comple te ly  e l l m i r l n t c  t h e  
eros lon,  s o  f i v e  a d d i t i o n a l  b a f f l e s  were added and t h i s  comple te ly  e l imini l ted  
tke combustion chamber e r o s i o n .  Other  methods ( a c o u s t i c  dampeners and h i g h e r  
c o n t r a c t i o n  r a t i o s )  o f  e l i m i n a t i n g  i n s t a b i l i t y  were t e s t e d  and found t o  be o n l y  
c o n d i t i o 3 a l l y  s a t i s f a c t o r y .  B a f f l i n g  was s e l e c t e d  o v e r  t h e s e  because t h e  



canfidence i n  t h e  b a f f l i n g  was h i g h e r  t h a n  f o r  t h e  o t h e r  methods,  and b e c a u s e  o f  t h e  
weight penalty o f  9 l b s .  w i t h  t h e  h i g h e r  c o n t r a c t i o n  r a t i o .  

3 .4  Exper ience  

T h i s  i n j e c t o r  c o n f i g u r a t i o n  h a s  s u c c e s s f u l l y  completed 1 ,451  seconds  
(with 123 s t a r t s  and s t o p s )  o f  combustion t ime  and h a s  n o t  shown any s e v c r c  chamber 
erosion due t o  t a n g e n t i a l  combustion i n s t a b i l i t y  p r e v i o u s l y  experienced wi rh  t h i s  
type o f  i n j e c t o r  w i t h o u t  b a f f l e s .  V i b r a t i o n  l e v e l s  exper ienced  w i t h  t h i s  c o n f i g u r a -  
tion are  on ly  1/10 magnitude o f  those  exper ienced  i n  t h e  p r e v i o u s  i n j  e c t o r s .  Average 
Isp ef f i c i ency  f o r  t h i s  i n j e c t o r  c o n f i g u r a t i o n  i s  91.8% w i t h  a h i g h  of 93% and a  low 
01 91%. B a f f l e  e r o s i o n  does  o c c u r  w i t h  t h i s  d e s i g n ,  b u t  t h e  e r o s i o n  r a t e  i s  such  
that a t  the  end o f  combustion r u n s  i n  e x c e s s  o f  265 seconds  (accumulated)  t h e  eng ine  
rcmalna s t a b l e .  A t  t h e  end o f  a 92 second s p e c i f i c a t i o n  d u t y  c y c l e ,  t h e  e r o s i o n  i s  
very s l i g h t .  A t  combus t i o n  t i m e s  o f  approx imate ly  300 seconds,  s u f  f  i c i c n t  e r o s i o n  
has occurred t o  t h e  b a f f l e s  and t h e  t h r o a t  o f  t h e  e n g i n e  t h a t  t h e  e n g i n e  i s  o n l y  
candit ionally s t a b l e  a t  t h a t  t ime .  

3.5 S t r u c t u r a l  C o n s i d e r a t i o n s  

3 . 5 . 1  Thermal S t a b i l i t y  of  I n j e c t o r  Face 

Bccnuse o f  t h e  h i g h  t e m p e r a t u r e s  o f  t l ie  f a c e  exposed t o  combustion and 
thc r e l n t i v e l y  c o o l  manifold  components and t h r u s t  chamber n t  taclt f l a n g e ,  e a r l y  
i n j c c t o r  c o n f i g u r a t i o n s  were  v e r y  u n s t a b l e .  T h i s  was d u e  t o  thermal  s t r e s s e s  
growth of the  h o t  f a c e  which r e s u l c e d  i n  l o a d i n g  t h e  co ld  f  lnngc i n  hoop t e n s i o n s  
and  yielding t h e  h o t  f a c e  i n  c o n p r e s s i o n .  Cool ing of  t h e  i n j e c t o r  produced ci 

shr i n k ~ g e  and cupping o f  t h e  o u t e r  f l a n g e  and c r a c k i n g  o f  t h e  bottom of  t h e  
impingement Vec grooves .  The DET i n j e c t o r  d e s i g n  h a s  c o r r e c t e d  th i s  c o n d i t i o n  
b y :  (a) changing t h e  m a t e r i a l  from type  3 2 1  s t a i n l e s s  t o  h e a t  t r c a t c d  17-4 
material, which h a s  a lower the rmal  expans ion  c o e f f i c i e n t  and h i g h e r  s t r e n g t h  
w i t h  which t o  r c s i e t  thermnl s t r e s s e s  and (b) r c - d e s i g n i n g  t h e  h o t  face o f  t he .  
i n j e c t o r  t o  a f l a t  p l a t e  and l o c a t i n g  t h e  i n j e c t o r  a t t a c h  f l a n g e  i n  l i n e  with 
r h e  hot face .  A development i n j e c t o r  o f  t h i s  improved d e s i g n  h a s  undergone 
1,256 seconds o f  f i r i n g  w i t h o u t  warpage.  

3.5.2 A b i l i t y  t o  R e s i s t  Chamber and Manifold  P r e s s u r e s  

A DET type  i n j e c t o r  was b u r s t  t e s t e d  a t t a c h e d  t o  a t h r u s t  chamber arid 
withstood o v e r  1100 p s i  w i t h o u t  f a i l u r e .  Proof  p r e s s u r e  i n  t h e  i n j e c t o r  manifold  
i s  350 p s i .  

F i ~ b r i c n b i l i t y  S t a t u s  

3 . 6 . 1  The  DET i n j e c t o r  i s  a  composi te  o f  d e t a i l s  welded t o g e t h e r  t o  form an 
~nrcgrnl u n i t  c o n t a i n i n g  two s e p a r a t e d  compartments o r  m a n i f o l d s .  Each nlnni fo  l d  
tli:{tributcs a f l u i d  ( o x i d i z e &  o r  a f u e l )  t h r u  two c o n c e n t r i c  p a t t e r n s  o f  e q u a l l y  
sp;icc(l o r i t i c e s  o r i e n t e d  such t h a t  impingement o f  t h e  f l u i d s  o c c u r s  a r c  a p rc -  
determined d i s t a n c e  from t h e  i n j e c t o r  i n t e r f a c e .  



The f a c e  p l a t e  d e t a i l  i s  t h e  major  component i n  t h e  f a b r i c a t i o n  o f  t h e  
in jec to r  assembly.  I r  i s  p r e c i s e l y  m c l ~ i n e d  from a  c o n t r o l l e d ,  r a d i a l  g r a i n ,  u p s e t  
forging of  17-4 Cres  conforming t o  AMS-5643. Bccausc of  t h e  complex i ty  o f  t h i s  
d e t a i l ,  on ly  p r e c i s i o n  machine equipment and h i g h l y  s k i l l e d  o p e r a t o r s  a r c  u t i l i z e d  
i n  the many and v a r i e d  o p e r a t i o n s  r e q u i r e d  t o  produce i t .  Again,  because  o f  
complexity, o n l y  l i m i t e d  p r o d u c t  i o n  t e c h n i q u e s  a r e  c o n s i d e r e d  1pp lLcah le .  The 
face p l a t e  c o n t a i n s  f o u r  groups  o f  48 e q u a l l y  spaced o r i f i c e s .  Each group i-, o i  
a  d i f f e r e n t  h o l e  s i z e  w i t h  a  t o l e r a n c e  o f  2 .001 o f  t h e  nominal d i a m e t e r  s p e c i f i e d  
and a t  an a n g l e  which p r e c l u d e s  any p o s s i b i l i t y  o f  u s i n g  m u l t i p l e  s p i n d l e ,  h o l e  
producing equipment.  While t h i s  t e c h n i q u e  i t q u i r e s  192 s e p a r a t e  d r i l l i n g  o p e r a t i o n s  
and four d i f f e r e n t  s e t u p s ,  no problems a r e  b e i n g  encoun te red  i n  p r o d u c i n g  t h e  t o l e r -  
ancea a s  s p e c i f i e d .  The f r o n t  f a c e  c o n f i g u r a t i o n  o f  t h e  i n j e c t o r  l e n d s  i t s e l f  t o  
u t i l i z i n g  t h e  cam- t r a c e  method o f  p roduc ing  t h i s  s u r f a c e .  

E a r l i e r  development i n j e c t o r  c o n f i g u r o t i o n s  made o f  321  s t i l i n l c s s  s t e e l  
did p resen t  n problem i n  d r i l l  b reakage .  A s  many a s  1 2  t o  15 dozen d r i l l s  were 
used i n  producing o s i n g l e  p a r t .  Th ie  r e q u i r e d  an a d d i t i o n a l  o p c r o t  i o n  t o  rcmove 
the broken d r i l l s  w i t h  e l o x i n g  equipment.  C o n s i d e r a b l e  c a r c  i n  t h i s  e c t u p  was 
rcquired t o  m a i n t a i n  s i z e  and h o l e  a l i g n m e n t .  S e v e r a l  dcvelopmcnt conf i g u r a ~  i o n s ,  
( l imi ted  t o  one  o r  two o f  a  t y p e )  were  f u r n a c e  b razed  u s i n g  a  h i g h  t e m p e r a t u r e  
n ickel  a l l o y .  Because o f  t h e  l i m i t e d  number o f  u n i t s ,  n o t  enough e x p e r i e n c e  was 
gained pe r  u n i t  t o  produce a  l eakproof  assembly t h a t  would y i e l d  t h e  h i g h  r e l i a -  
b i l i t y  rcquirernents  o f  s p e c i f i c a t i o n .  Subsequent  m a t e r i a l  changc t o  17-4 pH and 
the a c q u i s i t i o n  o f  s p e c i a l  h i g h  speed s t e e i  d r i l l s  o f  an  E n g l i s h  make reduced  t h c  
d r i l l  breakage problem t o  t h a t  which i s  c o n s i d e r e d  normal i n  p roduc ing  h o l e s  of 
the s i z e ,  q u a l i t y ,  and q u a n t i t i e s  r e q u i r e d  i n  each p a r t .  The i n j e c t o r  m a t e r i a l  
was changed f o r  r e a s o n s  o f  m a t e r i a l  s t a b i l i t y  ( lower  expans ion  c o e f f i c i e n t  and 
higher s t r e n g t h  p r o p e r t i e s )  and because  o f  p r e v i o u s  e x p e r i e n c e  w i t h  b r a z e d  
assemblies and t h i s  prompted t h e  d e c i s i o n  t o  change t o  we ld ing .  S p e c i a l  t o o l i n g  
rcquirernents a r c  minimal .  Welding,  h e a t  t r e a t  and l o c a t i n g  f i x t u r e s  a r e  r e q u i r e d ,  
i n  a d d i t i o n  t o  t h e  cam- t race  t e m p l a t e  r e f e r r e d  t o  above.  

Q u a l i  t y  S t a t u s  

M a t e r i a l s  used i n  t h e  f a b r i c a t i o n  o f  t h e  i n j e c t o r  head a s s e m b l i e s  are . 
procured t o  M i l i t a r y  S p e c i f i c a t i o n s  (MIL-Specs) o r  A e r o n a u t i c a l  M a t e r i a l  Spec i -  
f i c a t i o n s  (AMS) a s  a p p l i c a b l e .  M a t e r i a l  C e r t i f i c a t i o n s  f o r  chemical  and p h y s i c a l  
p r o p e r t i e s  a r e  r e q u i r e d  o f  a l l  s u p p l i e r s .  M a t e r i a l s ,  a f t e r  b e i n g  r e c e i v e d  and 
inspected,  a r e  k e p t  i n  bond and i s s u e d  t o  manufac tu r ing  depar tments  by m a t e r i a l  
order r e q u e s t s .  

D e t a i l  p a r t s  a r e  machined by cof ivent ional  methods such  a s  t u r n i n g ,  
mi l l ing ,  shap ing  and d r i l l i n g ,  they  a r e  d e b u r r e d ,  i n s p e c t e d  and i d e n t i f i e d  by 
part number, change l e t t e r  and by a  manufac tu r ing  sequence o r  l o t  number. An 
asscmbly p a r t s  l i s t  (APL) i s  t h e n  i s s u e d  which l i s t s  p a r t s  by number, s e r i a l ,  
l o t ,  c t c .  t o  complete  t h e  assembly.  A l l  machined p a r t s  a r e  p a s s i v a t e d ,  c l e a n e d ,  
and placed i n  c l e a n  p l a s t i c  bags .  
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Assembly o f  t h e s e  p a r t s  i s  accompl i shed  by s e t - u p  and w e l d i n g .  The 
assembly i s  p r e s s u r e  t e s t e d  a f t e r  w e l d i n g  and t h e n  p r o c e s s e d  t h r u  a complc t c  
hear t r e a t  c y c l e .  X-Ray and d y e - p e n e t r a n t  i n s p e c t i o n  i s  pe r fo rmed  b e f o r e  and 
a f t e r  h e a t  t r e a t  p r o c e s s i n g ,  t h e n  t h e  f l a n g e  a r e a  i s  f i n i s h  ninc'l~ineti. The  
assembly i s  t h e n  f l o w  checked  p e r  Mnrquard t  T e s t  S p e c i f i c a t i o n  (MTS) 0589 a f t e r  
which i t  i s  p r o p e l l a n t  c l e a n e d  p e r  a Marqua rd t  P r o c e s s  S p e c i f i c a t i o n .  The 
i n j e c t o r  i s  t h e n  a s sembled  w i t h  a s e t  o f  Cwo e a c h  o x i d i z e r  and f u e l  v a l v e s  o n  a  
s t e e l  ( b o i l e r - p l a t e )  combus t ion  chamber f o r  a c c e p t a n c e  t e s t i n g  p e r  PITS 0517.  

A f t e r  h a v i n g  p a s s e d  a c c e p t a n c e  t e s t i n g  (MTS 0 5 1 7 ) ,  t h e  a s sembly  i s  
again p r o c e s s e d  t o  b e  p r o p e l l a n t  c l e a n .  I t  i s  t h e n  d o u b l e - b a g g e d ,  i d e n t  i f  i e d ,  
and t o g e t h e r  w i t h  t h e  r e c o r d  l o g  book ,  p l a c e d  i n  s t o r e s  and  h e l d  f o r  t h e  n e x t  
aseembly . 

4 .0  VALVE STATUS 

Va lve  S t a t u s  Summary 

The b a s i c  DET d e s i g n  h a s  p r o v e n  t o  b e  a d e q u a t e  (as shown i n  t h e  Va lve  
Summary o f  E x p e r i e n c e )  w i t h  t h e  e x c e p t i o n  o f  o n e  problcm whicli a r o s e  [is n 
conscqucncc o f  reclrlcirlg e n g i n e  chno~bc r  p r e s s u r e  f rom 150 t o  100 p s i  . inJ s u p p l y  
p r c s s u r c  from 230 t o  180 p s i  a t  DAC t i i r e c ~ i n n .  Tllc 11 1' a c r o s s  ~ h c :  vn lvc '  w , l s  
lowcr t han  o r i g i n a l l y  e x p e c t e d  a n d ,  a s  a r e s u l t ,  t h e  s econd  s i n g c  p i s t o n  f u r r i i s ~ ~ c d  
j u s t  enough powcr t o  make f u l l  o p e n i n g  o f  t h c  v a l v e  o n l y  m a r g i n a l .  h ' l~cn c n r c  i s  
exe rc i s ed  t o  e n s u r e  t h a t  o t h e r  p a r a m e t e r s  ( i n j e c t o r  A P ,  c a l i b r  a c i n g  o r i f i c e  A P ' s ,  
and tank  p r e s s u r e )  a r e  n o m i n a l ,  t h e  v a l v e s  o p e n  f u l l y .  When t h e s e  p, i ramtl tcrs  v a r y  
s l i g h t l y  from n o m i n a l ,  t h e  A P a c r o s s  t h e  v a l v e  may bc! r e d u c e d  and t i le  v a l v c  w i l l  
not  always open  f u l l y .  As 3ET h a r d w a r e  f a b r i c a t i o n  was a l r e a d y  underway,  t h i s  
problem c o u l d  n o t  b e  c o s i l y  r en i ed i ed ;  however ,  i n  t h c  PFRT v a l v e  d e s i g n ,  rllc 
second s t a g c  p i s t o n  a r e a  wns i n c r e a s e d  t o  f u r n i s h  g r c t ~ t c r  powcr a t  i h c  :;amtl LOW 

A F. OLherwise ,  t h e  DET v a l v e s  h a v e  p r o v e n  t h e i r  n b i l i t y  t o  f u r n i s h  n  i:ood 
leak  t i g h t  s e n 1  and  t o  ope11 ant1 c l o s e  i n  l e s s  t h n n  150 m s ,  u s i n g  o n e - t h i r d  l e s ~  
power t hnn  t h e  maximum a l l o w a b l e .  

S i x t e e n  ( l G j  Redundant  V a l v e  A s s e m b l i c ~  wcrc  f n b r i c n t c d  f o r  Li ic .  D l 3  
program, ,111 o f  which h a v e  p a s s e d  v a l v e  accep ta r i ce  t e s t i n g .  Twtblvc o f  t h c  v a l v e  
a s sembl i e s  a r c  cwn ic ing  DET e n g i n e  r u n n i n g  and f o u r  h a v e  a l r e a d y  completed s u p p o r t  
o f  eng ine  r u n s  and a r e  now a w a i t i n g  DET component t e s t s .  

4 . 2  D c s c r i p t  i o n  

The DET v n l v c  i s  a two s t a g c ,  c o - a x i a i  s o l e n o i d  p i l d o p e r a t e d ,  h y d r a u l i c  
powcrcd v n l v c ,  a s  were  p r e v i o u s  v a l v e s  c o n s t r u c t e d  d u r i n g  t h e  development  or t h e  
1750 pound t h r u s t  c n g i n c .  Thc s p e c i f i c a t i o n  r e q u i r e m e n t  i s  f o r  e i g h t  v . i lvcs  p e r  
cnginc nrrnrlged i n  a  quad r e d u n d a n t  scticmc. The s e l e c t e d  approact :  w a s  Lo c o n s t r u c t  
Lhc. p a i r  o f  v a l v e s  r e q u i r e d  ~ o  b e  i n  s c r i p s  a s  one  component ,  c a l l e d  a "licdundnnt 
Propcl ln r i t  Valve  Assem1)ly". A DET v a l v e  s e t  h a s  n w c i g h t  o f  1 1 . 5  pounds ancl f i  i s  
i n t o  an  c n v e l o p c  10 i n c h e s  i n  d i a m e t e r  by 4-4 i n c h e s  i n  d e p t h ,  c o n s i s t e n t  w i t h  
o r i g i n a l  program p l a n s .  I t  may b e  n o t e d  t h a t  a s i g n i f i c a n t  p o r t i o n  o f  c h i s  1 1 . 5  
pounds i s  c o n t r i b u t e d  by c o n o s e a l  i n l e t  and v e n t  p a s s a g e  f l a n g e s .  T h i s  v e n t  
passagc i s  n o t  a f u n c t i o n a l  p a r t  o f  t h e  v a l v e  b u t  i s  u t i l i z e d  i n  f i l l i n g  t h e  
v e h i c l e ' s  p r o p e l l a n t  t a n k s .  Pzge 3 



Opera t ing  P r i n c i p l e  

E l e c t r i c a l  power i s  uscd t o  a c t u a t e  t h e  v a l v e .  I n  orcler t o  keep t h e  
pewer requirement low and m a i n t a i n  good r e s p o n s e ,  a  two s t a g e  d e s i g n  was chosen 
for the 1750 pound t h r u s t  e n g i n e ' s  p r o p e l l a n t  v a l v e s .  Only t h e  p i l o t  s ~ a g c  u s e s  
c l c c t r i c a l  power. The second s t a g e  i s  a c t u a t e d  by d i f  f c r e n t - i a l  p r e s s u r e  a c r o s s  
tllc c lose ly  f i t t e d  p i s t o n  (second s t a g e  poppet)  n i t e r  t h c  p i l o t  stcige has  opcncd,  
reducing t h e  p r e s s u r e  behind t h e  p i s t o n .  Flow th rough  t h e  p i l o t  s t a g e s  e n t e r s  
the combustion chamber through t h e  i n j e c t o r ' s  c e n t e r  d o u b l e r s .  

4 .3  Evo lu t ion  o f  Design 

The evo lu t io r i  of  t h e  v a l v e  d e s i g n  L S  shown i n  F i g u r e  3 .  A t r n d c - o i f  
study of  v a l v i n g  concep t s  was conducted a t  t h e  s t a r t  o f  M a r q u a r d t ' s  1750 pound 
thrus t  engine program. The f i r s t  phase  of  t h e  t r a d e - o f f  c o n s i s t e d  o f  evz lu , l t ing  
several types o f  v a l v e s ,  i . e .  b a l l ,  g a t e ,  p o p p e t ,  e t c .  T h i s  stuciy 1cd t o  the  
se lec t ion o f  a  poppet v a l =  a s  t h e  b a s i c  v a l v i n g  c o n c e p t .  The second s e t u p  was 
a  comparison o f  b i - p r o p e l l a n t  v a l v e s  v e r s u s  s i n g l e  p r o p e l l a n t  v a l v e s .  S i n c e  
there wcre no known b i - p r o p e l l a n t  v a l v e  c o n c e p t s  i n  which t h e  p r o b a b i l i t y  o f  a 
ca tas t rophic  f a i l u r e  due t o  l eakage  p a t h s  could  b e  e l i m i n a t e d ,  i t  wns dec ided  
that  the v a l v e  should be  a s i n g l e  p r o p e l l a n r  v a l v e .  The most s i g n i f i c a n t  
c r i t e r i a  f o r  s e l e c t i o n  wcre  r h e  ar rangement  o f  a quad-redundant  f u c l  vnlvc s e t  
and a quad redundant  o x i d i z e r  v a l v e  s e t  i n t o  a r c l a t i v c l y  smal l  envc lopc  tlrl t  
would o p e r a t e  on l e s s  than 1 . 3  amps p e r  v a l v e  and s t i l l  f u r n i s h  p r o p e l l a n t  Lor 
a 1750 pound t h r u s t  e n g i n e  i n  t h e  r e q u i r e d  response  t i m e s .  i"i t h e  f i n a l  s t e p  
in  the t r a d c o f f  s t u d y ,  t h r e e  candic ia te  d e s i g n s  (Moog, W h i t t a k e r ,  a d  TXC) were 
cvaluoted i n  d e t a i l  w i t h  r e s p e c t  t c  a l l  s i g l ~ i i i c a n t  p a r a m e t e r s .  I t  was conclucied 
from t h i s  comparison t h a t  t h e  v a l v e s  b e  made by TMC were  most s u i t a b l e  p d r t i c u l a r l y  
because of  b e s t  o v e r ~ l l  d e s i g n  f e a t u r e s  and a l s o  because  o f  l o g i s t i c  advnn tngcs .  

T h e  conc1usio:ls o f  t h i s  t r , ldeoff  s t u d y ,  i n  con junc t io l l  w l t i l  t h e  s p e c i f i -  
cat ion requirements  f o r  f low v e r s u s  O P ,  r e s p o n s e ,  s e a l i n g  and power consurr,ption; 
and with p rev ious  c x p e r i e n c e  ga ined  on b o i i e r p l n c c  v a l v e s  o f  t h i s  cor:ccp~ werc! 
uscd t o  a r r i v e  a t  t h e  development v a l v e .  Development v a l v e  t e s t  rlxpesicilce was 
combined wi th  s p e c i f i c a t i o r i  r e q u i r e m e n t s  f o r  i lnvelope,  n i t r o g e n  purge nb i  l i l y ,  
a l l  welded v a l v e  assembly,  and w i t h  t a r g e t  w e i g f i ~  t a  produce rile p r o t o t y p e  v a l v e  
design. The DET v a l v e  d e s i g n  r e s u l t e d  £ram p r o t o t y p e  v a l v e  exper ier lce  modi i i ed  
by minor s p e c i f i c s t i o n  r e q u i r e m e n t s  such a s  c o n t i n u ~ u s  energ izz i t ion  f o r  t h r e e  
hours wi th  no f l o w ,  c t c .  

Accumulated e x p c r i c n c e  ga ined  a n  !JET v a l v e s ,  a n d  v a l v e s  lentl ing 
d i r e c t l y  zo t h c  DET v a l v e s ,  i s  p r e s e n t e d  i n  T a b l e  111, "Valvt3 Summary o f  
Experience". I t  can  b e  not ed h e r e  t h a t  many of  t h e  eng ine  r e q u i r c m e ~ l t s  . ~ n d  
s p e c i f i c a t i o n  r e q u i r e m e n t s  have been s a t i s f i e d  a n d  some requ i rements  have 
been fa r  s u r p a s s e d ,  i .  c . ,  m r e  t h a n  10,000 c y c l c s  o p e r a t  i o n ,  b u r s t  p r e s s u r e  
safe ty  a t  approx imate ly  4 ,000  p s i ,  more than  80 minutes  of  eng ine  r u n  t ime ,  
160~hours  of  accumulated p r o p e l l a n t  soak t i m e ,  e n e r g i z a t i o n  f o r  one  hour  
during non-opera t ion ,  p r o p e l l a n t  t e m p e r a t u r e s  r a n g i n g  from 18 t o  176OF, and 
valve o p e r a t i o n  a t  temperatl ire s  above 200°F. 



4.5 S t r u c t u r a l  S t a t u s  

No v i b r a t i o n  t c s t s  have been conducted on t h e  DET v a l v e s  b u t  a  
vibration a n a l y s i s  h a s  been made on t h e  v a l v e  assembly w i t h  s p e c i a l  emphasis 
on  the PFRT v a l v e  c o n f i g u r a t i o n .  I n  o r d e r  t o  r a i s e  t h e  n a t u r a l  f r equency  above 
the maximum induced f requency  o f  2,000 c y c l e s ,  ext reme r i g i d i t y  i s  n e c e s s a r y .  
PFRT v a l v c s  i n c o r p o r a t e  a conosea l  c o n f i g u r a t i o n  r a t h e r  t h a n  a  welded f lnngc  
t y p c  s e a l i n g  i n n e r  f a c e  between f i r s t  and second s t a g e s .  Thus,  t h e  j o i n t s  
bctwcen the  upst ream and downstream v a l v e ,  and between t l ie  downstream v a l v e  
and i n j  cc t o r  have been s t r e n g t h e n e d  a s  r e q u i r e d  which s l  i @ c  l y  i n c r e a s e s  
the weight o f  t h e  PFRT v a l v c s .  Also ,  extensive s t r e s s  a n a l y s i s  was performed 
on t h c  PFRT v a l v e s ,  b o l t s ,  tapped h o l e g ,  f l a n g e s ,  body c a s t i n g ,  and m a t e r i a l .  
PFRT valve  b o d i c s  were  p r e s s u r e  t e s t e d  up  t o  6700 p s i  w i t h  no i n d i c a t i o n s  o f  
s t r u c t u r a l  problems. 

4 . 6  F a b r i c a b i l i t y  S t a t u s  

Manufacture o f  t h e  S a t u r n  p r o p e l l a n t  v a l v e s  r e q u i r e s  no s p e c i a l  f a b r i -  
cat ion p rocesses .  Moat d e t a i l  p a r t s  r e q u i r e  o n l y  r o u t i n e  machining opcraLions  
with an extreme c l o s e  t o l e r a n c e  o f  0 . 0 0 0 3 ' i n c h .  T o o l i n g  i s  complete  f o r  machining 
the body c n s t i n g  and t o o l  p r o o f i n g  h a s  s u c c e s s f u l l y  been completed.  Machining 
methods f o r  t h e  v a l v e  s e a t  c o n f i g u r a t i o n  have long been e s t a b l i s h e d  a t  TMC. 
Coil winding t e c h n i q u e s  a l o n g  w i t h  vacuum imprcgna t ing  and p o t t i n g  methods hnvc 
a lso  bccn w e l l  c s t a b l i s h c d  a t  TMC. Although some d i f f i c u l t i e s  were c x p e r i e n c c d  
i n  thc  f a b r i c a t i o n  of DET s e a t  a s s e m b l i e s ,  c o r r e c t i v e  a c t i o n  h a s  been t a k e n  to  
prevent r e o c u r r e n c e .  A c t i o n  token  was t o  make t h e  s e a t  m a t e r i a l  c a l l o u t  more 
l imi t ing,  t o  p reven t  u s e  of  i n f e r i o r  g r a d e  t e f  lon .  

4 .7  Q u a l i t y  S t a t u s  

Q u a l i t y  o f  t h e  v a l v e  oseembly h a s  improved c o n t i n u o u s l y  s i n c c  t h e  
i n i t i n t i o n  o f  t h e  program, and q u a l i t y  s t a n d a r d s  a r e  now a t  n l c v c l  s a t i s f a c t o r y  
for tlrc p roduc t ion  o f  end i t e m  hardware .  

A c a s t i n g  i s  now used i n  p i a c e  of  n weldment f o r  t11c v a l v e  body. Not 
only is i t  l e s s  cxpcns ivc  t h a n  a wc?dment b u t  i t  i s  more d c s i r a b l r  from a 
s t r u c t u r a l  v i e w p o i n t .  Dimensional  samples o f  t h e  c a s t i n g  have been cht.ckcci Lot 
dcfor~n,~cion under l o a d ,  have been s e c t i o n e d  and examined f o r  p o r o s i t y ,  and t h r e a d s  
oi t a p p e d  h o l e s  have been t e s t e d  t o  tlie p o i n t  o f  f a i l u r e  o f  n t t a c i i i n g  b o l t s .  

It h a s  been known t h a t  c e r t a i n  t y p e s  o f  t e f l o n  do a b e t t e r  job than  
o t h e r s  f o r  t h i s  v a l v e  s e a t  s e a l  c o n f i g u r a t i o n .  Only r e c e n t l y  i t  became p o s s i b l e  
to-ensure t h e  u s e  o f  t h e  most d e s i r a b l e  t y p e  of  t e f l o n .  Some f l u o r o c a r b o n  
companies now s p e c i f y  d i f f e r e n t  g r a d e s  o f  t e f l o n  m a t e r i a l  depending upon what 
p a r t i c l e  s i z e  was used t o  f a b r i c a t e  t h e  t e f l o n  rod  o r  "bar s t o c k " ,  e r c .  A 
ca l lou t  f o r  "Virgin  g r a d e  7-TFE t e f l o n "  i s  b e i n g  used t o  e n s u r e  t h e  q u a l i t y  
of r e f l o n  t h a t  w i l l  pe r fo rm s a t i s f a c t o r i l y  f o r  t h i s  s e a t  s e a l .  



TABLE I 

Engine Statuc Summary 

propellant flow. ance, repeatability, & 
setting tolerances ) 

Thus, no insulation blanket would be used 
on DET engine. Exterior temperature of 
4000F is expected during soak af'ter 28.6 
sec. mission duty cycle. 
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