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ABSTRACT 

M e a s u r e m e n t s  ob ta ined  d u r i n g  r e c e n t  t e s t i n g  in the  P r o p u l s i o n  
Eng ine  T e s t  Cel l  (J-2A) a r e  a n a l y z e d  to d e t e r m i n e  the a c c u r a c y  of 
m e a s u r i n g  l i q u i d - p r o p e l l a n t  r o c k e t  eng ine  p e r f o r m a n c e .  The  equ ip -  
m e n t  and c a l i b r a t i o n  t e c h n i q u e s  u s e d  to ob ta in  the  da ta  and the  s t a -  
t i s t i c a l  m e t h o d s  e m p l o y e d  for  e r r o r  a n a l y s i s  a r e  d i s c u s s e d .  The  
r e s u l t s  d e m o n s t r a t e d  tha t  the  one s t a n d a r d  dev i a t i on  e r r o r s  in  t h r u s t ,  
c h a m b e r  p r e s s u r e ,  ce l l  p r e s s u r e ,  o x i d i z e r  f low r a t e ,  and fuel  f low 
r a t e  m e a s u r e m e n t s  a r e  l e s s  than  +0. 110, +0. 198, +0. 769, ±0. 181, 
and +0. 150 p e r c e n t ,  r e s p e c t i v e l y .  The  a c c u r a c y  of the  p r i m a r y  ca l -  
cu l a t ed  p e r f o r m a n c e  p a r a m e t e r s ,  t h r u s t  coe f f i c i en t ,  s p e c i f i c  i m p u l s e ,  
and c h a r a c t e r i s t i c  v e l o c i t y ,  a r e  +0. 226, ±0. 166, and +0 .234  p e r c e n t  
(one s t a n d a r d  dev ia t ion) ,  r e s p e c t i v e l y .  

i i i  
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SECTION I 
INTRODUCTION 

AEDC-TR-65-51 

The p r i m a r y  p roduc t  ob ta ined  f r o m  t e s t s  conduc t ed  in the  P r o p u l -  
s ion  Eng ine  T e s t  Cel l  ( J -2A)  is  the  pub l i shed  t e c h n i c a l  i n f o r m a t i o n  and 
data.  T h e s e  data  a r e  of l i m i t e d  va lue  u n l e s s  s o m e  s t a t e m e n t  is m a d e  
c o n c e r n i n g  the  a c c u r a c y  and p r e c i s i o n  of the m e a s u r e m e n t s  u sed  to 
obta in  the data.  

The p u r p o s e  of th i s  r e p o r t  is to c h a r a c t e r i z e  the  qua l i ty  of p e r -  
f o r m a n c e  da ta  by s t a t ing  the p o s s i b l e  e r r o r s  in m e a s u r e m e n t  of eng ine  
t e s t  data  and to c o m b i n e  t h e s e  by s t a n d a r d  s t a t i s t i c a l  m e t h o d s  to show 
the  qua l i ty  of m e a s u r e d  and c a l c u l a t e d  p e r f o r m a n c e  p a r a m e t e r s .  The  
p r i m a r y  r o c k e t  p e r f o r m a n c e  p a r a m e t e r s ,  t h r u s t  coe f f i c i en t ,  c h a r a c t e r -  
i s t i c  ve loc i t y ,  and v a c u u m  s p e c i f i c  i m p u l s e ,  a r e  c a l c u l a t e d  f r o m  the  
m e a s u r e d  data  by the  fo l lowing  equat ion:  

CF = F/Pc At 

c = Pc At g//~'t 

w h e r e  

Isp = F / w t  

F = F m  + Pa Ane 

This  r e p o r t  p r e s e n t s  the  a c c u r a c y  of s t e a d y - s t a t e  m e a s u r e m e n t s  of 
Fro, Pc, ~'o, ~f, Pa, Ane, and At by d e m o n s t r a t i n g  the  p r e c i s i o n  of the  
data  ( r a n d o m  e r r o r }  and by e s t i m a t i n g  the  m a g n i t u d e  of s y s t e m a t i c  
e r r o r s .  T h e s e  e r r o r s  a r e  then  c o m b i n e d  by " p r o p a g a t i o n  of e r r o r "  
m a t h e m a t i c s  to compu te  the  s t a n d a r d  dev i a t i on  of the  p a r a m e t e r s ,  
CF, c* and Isp 9 • 

The da ta  u s e d  for  t h e s e  a n a l y s e s  w e r e  ob ta ined  d u r i n g  t h r e e  p h a s e s  
of t e s t i n g  (I, II, and III) of the  LEM A s c e n t  e n g i n e l .  F o r  P h a s e s  I and 
III, the  p r o t o t y p e  LEM A s c e n t  eng ine  was a 3500-1b n o m i n a l  t h r u s t ,  
ab l a t i ve ly  coo led  eng ine .  F o r  P h a s e  II, a w a t e r - c o o l e d ,  h a r d - c o n t o u r  
eng ine  was used .  F i r i n g s  w e r e  p e r f o r m e d  at p r e s s u r e  a l t i t udes  r a n g -  
ing f r o m  77,000 to 108,000 ft and at t e m p e r a t u r e s  f r o m  70 to 80°F. 
P h a s e s  I, II, and III c o n s i s t e d  of twe lve ,  t w e n t y - e i g h t ,  and n ine  f i r i n g s ,  
r e s  pe c t ive ly .  

I T h e  r e s u l t s  of t h e s e  t e s t s  a r e  p u b l i s h e d  in four  AEDC t e c h n i c a l  
r e p o r t s .  One of t h e s e  is a s u m m a r y  r e p o r t  c o v e r i n g  all  t h r e e  p h a s e s .  
The  o t h e r  t h r e e  r e p o r t s  c o v e r  the  p h a s e s  s e p a r a t e l y .  

1 
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The  data  a n a l y z e d  w e r e  ob ta ined  f r o m  the s t e a d y - s t a t e  po r t i on  of 
r o c k e t  f i r i n g s  us ing  high r e s o l u t i o n  r e c o r d i n g  s y s t e m s  fo r  all  m e a s u r e -  
m e n t s  excep t  p r o p e l l a n t  f low r a t e s .  Ana log  t r a n s d u c e r  s i g n a l s  of axial  
t h r u s t ,  c h a m b e r  p r e s s u r e ,  and cel l  p r e s s u r e  w e r e  c o n v e r t e d  to f r e -  
quency  f o r m  (20 ,000 to 80 ,000 cps) for  r e c o r d i n g  on m a g n e t i c  tape .  

P r o p e l l a n t  f low data  w e r e  d e r i v e d  f r o m  f l o w m e t e r  pu l s e s  g e n e r a t e d  
by t u r b i n e - t y p e  f l o w m e t e r s  ( p r o p o r t i o n a l  to v o l u m e t r i c  f low ra te )  and 
w e r e  r e c o r d e d  on m a g n e t i c  tape .  Analog  tape  data  w e r e  r e d u c e d  to e n g i -  
n e e r i n g  uni t s  by a d ig i ta l  c o m p u t e r  and w e r e  a v e r a g e d  and p r i n t e d  at 
0.2-sec intervals. 

SECTION II 
APPARATUS 

2.1 TEST CELL 

The P r o p u l s i o n  Eng ine  T e s t  Ce l l  ( J -2A)  (Fig.  1 and l~ef. 1) is an 
u l t r a h i g h  a l t i t ude  s i m u l a t i o n ,  r o c k e t  eng ine  t e s t  c h a m b e r  which  can  
p r o v i d e  p r e s s u r e  a l t i t udes  in e x c e s s  of 400, 000 ft. A c o m p l e t e  d e s c r i p -  
t ion  of the  t e s t  c e l l  can be found in Ref. 2. 

The  t e s t  c e l l  was o p e r a t e d  in a c o n v e n t i o n a l  m a n n e r  fo r  the  t e s t s  
d i s c u s s e d ;  that  is ,  no u l t r a h i g h  a l t i t ude  pumping  o r  c r y o g e n i c  s y s t e m s  
w e r e  used .  The  p r e s s u r e  a l t i tude  was ob ta ined  by fac i l i ty  e x h a u s t e r s ,  
m e c h a n i c a l  pumps ,  and a r o c k e t  e x h a u s t - d r i v e n  e j e c t o r - d i f f u s e r .  

2.2 ENGINE THRUST MEASURING SYSTEM 

The rocket engine was rigidly mounted in a thrust cradle which was 
supported by five universal flexures as shown in Fig. I. Two of these 
flexures were mounted in a vertical plane on the centerline of the engine 
to provide vertical support to the cradle and to prevent pitch and vertical 
movement. Three flexures were mounted in horizontal planes. Two of 
these flexures were located in a horizontal plane on the centerline of the 
engine to restr ict  horizontal movement and yaw. The other flexure was 
displaced from the centerline to prevent roll of the cradle about the 
centerline or engine axis. The system of flexures allowed the cradle 
freedom of movement axially with a minimum of interacting forces. The 
axial force of the engine was restrained by the thrust butt through a load- 
cell train consisting of two flexures and two load cells mounted in tandem 
on the centerline of the engine. The flexures were attached to the cradle 
and to the thrust butt. 

2 
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The p r o p e l l a n t  supply  l i n e s ,  coo l ing  w a t e r  l i n e s ,  and i n s t r u m e n t a -  
t ion co nnec t i ons  to the  eng ine  and c r a d l e  w e r e  i n s t a l l e d  in a m a n n e r  
which  would m i n i m i z e  t a r e  loads .  

2.3 INSTRUMENTATION 

The p r i m a r y  m e a s u r e d  p a r a m e t e r s  r e q u i r e d  for  th is  a n a l y s i s  w e r e  
r o c k e t  eng ine  t h r u s t ,  c h a m b e r  p r e s s u r e ,  p r o p e l l a n t  f low r a t e ,  and ce l l  
p r e s s u r e .  

2.3.1 Engine Thrust 

Two 0 to 5000-1b, d u a l - b r i d g e ,  s t r a i n - g a g e - t y p e  load  c e l l s  w e r e  
m o u n t e d  in s e r i e s  (Fig.  1) and p r o v i d e d  four  t h r u s t  data  c h a n n e l s .  The  
t n r u s t  m e a s u r i n g  s y s t e m  (Fig.  2) was  c a l i b r a t e d  by us ing  an i n - p l a c e  
deadwe igh t  c a l i b r a t o r .  The  c a l i b r a t o r  is r e m o t e l y  c o n t r o l l e d  and app l i e s  
known i n c r e m e n t a l  f o r c e s  on the  c r a d l e  a s s e m b l y  in the  s a m e  d i r e c t i o n  
as engine  t h r u s t .  Th i s  c a l i b r a t o r  a l lows  i n - p l a c e  deadwe igh t  c a l i b r a t i o n s  
at a l t i tude  cond i t ions  and has  a m e c h a n i c a l  advan tage  of 10.22.  The  
c a l i b r a t o r  we igh t s  w e r e  c o r r e c t e d  for  a l oca l  g r a v i t y  cons t an t  of 
32. 141 f t - l b f / s e c 2 - 1 b m .  

2.3.2 Propellant Flow Rate 

The p r o p e l l a n t  f low m e a s u r i n g  s y s t e m  c o n s i s t e d  of two 1- in .  v o l u -  
m e t r i c ,  t u r b i n e - t y p e  f l o w m e t e r s  and two r e s i s t a n c e  t e m p e r a t u r e  t r a n s -  
d u c e r s  in e a c h  p r o p e l l a n t  supply  l i ne  as shown  in Fig.  3. 

B e f o r e  the f i r s t  t e s t ,  the  f l o w m e t e r s  and s e c t i o n s  of the  p r o p e l l a n t  
supply l i n e s  ( i m m e d i a t e l y  u p s t r e a m  and d o w n s t r e a m  of the f l o w m e t e r s )  
w e r e  r e m o v e d  and bench  c a l i b r a t e d  as an a s s e m b l y  us ing  p r o p e l l a n t s  as 
the f lowing fluid.  B e f o r e  the  f i r s t  f i r i ng  and dur ing  the t e s t  s e r i e s ,  the  
f l o w m e t e r  s e c t i o n s  w e r e  bench  c a l i b r a t e d  us ing  w a t e r  as the  f lowing 
f luid  (Fig.  4). C o r r e c t i o n s  for  the  d i f f e r e n c e  b e t w e e n  the  p r o p e l l a n t  and 
w a t e r  c a l i b r a t i o n s  ( v i s c o s i t y  e f fec t s )  w e r e  app l ied  to all  s u b s e q u e n t  w a t e r  
c a l i b r a t i o n s  of the  f l o w m e t e r s .  

Since the  f l o w m e t e r  c a l i b r a t i o n s  b a s e d  on the  p r o p e l l a n t s  as the w o r k -  
ing f lu ids  w e r e  not a c c o m p l i s h e d  at AEDC, no a t t e m p t  was  m a d e  to s t a t i s -  
t i c a l l y  d e t e r m i n e  the  a c c u r a c y  of t h o s e  c a l i b r a t i o n s  (the v i s c o s i t y  
c o r r e c t i o n s ) .  

B e c a u s e  the  f l o w m e t e r  m e a s u r e d  v o l u m e t r i c  flow r a t e ,  it  was  n e c e s -  
s a r y  to know the  s p e c i f i c  g r a v i t y  of the p r o p e l l a n t  in o r d e r  to  c o n v e r t  the  
v o l u m e t r i c  f low r a t e  to a weight  f low ra t e .  The  spec i f i c  g r a v i t y  was  
d e t e r m i n e d  by m e a s u r i n g  the t e m p e r a t u r e  of the  p r o p e l l a n t  i m m e d i a t e l y  
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d o w n s t r e a m  of the d o w n s t r e a m  f l o w m e t e r .  The  c o r r e s p o n d i n g  s p e c i f i c  
g r a v i t y  was  d e t e r m i n e d  f r o m  a g r a p h  of t e m p e r a t u r e  as  a func t ion  of the  
s p e c i f i c  g r a v i t y .  Spec i f i c  g r a v i t y  da ta  fo r  t h i s  g r a p h  w e r e  m e a s u r e d  in 
the l a b o r a t o r y  f r o m  p r o p e l l a n t  s a m p l e s  ob t a ined  f r o m  e a c h  p r o p e l l a n t  
t ank  p r i o r  to e a c h  t e s t  p e r i o d .  

P r o p e l l a n t  t e m p e r a t u r e s  (used  fo r  s p e c i f i c  g r a v i t y  d e t e r m i n a t i o n  
d u r i n g  t e s t i ng )  w e r e  m e a s u r e d  wi th  r e s i s t a n c e  t e m p e r a t u r e  t r a n s d u c e r s  
(Fig .  5). T h i s  i n s t r u m e n t  c o n t a i n s  a p l a t i n u m  r e s i s t o r  in an a - c  b r i d g e  
c i r c u i t .  As t e m p e r a t u r e  c h a n g e s ,  the  b r i d g e  is  u n b a l a n c e d ,  and a v o l t a g e  
p r o p o r t i o n a l  to t e m p e r a t u r e  r e s u l t s .  

2.3.3 Chamber Pressure 

C h a m b e r  p r e s s u r e  m e a s u r e m e n t s  w e r e  m a d e  with  s t r a i n - g a g e - t y p e  
t r a n s d u c e r s .  T h e  t r a n s d u c e r  ou tpu ts  w e r e  ana log  v o l t a g e s  p r o p o r t i o n a l  
to p r e s s u r e  (F ig .  6). 

C a l i b r a t i o n s  of the  p r e s s u r e  t r a n s d u c e r s  w e r e  p e r f o r m e d  in two di f -  
f e r e n t  ways .  F o r  P h a s e s  I and II, the  p r e s s u r e  t r a n s d u c e r s  w e r e  b e n c h  
c a l i b r a t e d  in the  l a b o r a t o r y  u s ing  a s y s t e m  of a i r  d e a d w e i g h t  g a g e s  as  
the  s t a n d a r d .  F o r  P h a s e  III t e s t i n g ,  i n - p l a c e  c a l i b r a t i o n s  w e r e  p e r f o r m e d .  
The  s e c o n d a r y  s t a n d a r d  u s e d  fo r  the  i n - p l a c e  c a l i b r a t i o n s  was  a v a r i a b l e -  
r e l u c t a n c e - t y p e  p r e s s u r e  head .  

2.3.4 Cell Pressure 

The  d e v i c e  u s e d  to m e a s u r e  t e s t  ce l l  p r e s s u r e  was  a v a r i a b l e -  
c a p a c i t a n c e  s e n s o r  (F ig .  7). T h i s  i n s t r u m e n t  c o n t a i n s  a tau t  m e t a l  
d i a p h r a g m  w h i c h  f o r m s  the  c e n t e r  p la te  of a t h r e e - p l a t e  c a p a c i t o r .  
One s ide  of the  d i a p h r a g m  is  open  to ce l l  p r e s s u r e ,  wh i l e  the  o t h e r  s i de  
is e x p o s e d  to  a known  r e f e r e n c e  p r e s s u r e .  T h e  c a p a c i t a n c e  s e n s o r  
f o r m s  an a - c  b r i d g e  c i r c u i t  wi th  an e x c i t a t i o n  t r a n s f o r m e r .  As p r e s -  
s u r e  d e f l e c t s  the  d i a p h r a g m ,  the  b r i d g e  is u n b a l a n c e d ,  and a v o l t a g e  
p r o p o r t i o n a l  to the  p r e s s u r e  is  d e v e l o p e d  and is  t r a n s m i t t e d  to the  r e -  
c o r d i n g  s y s t e m .  

T h e  c a p a c i t a n c e  s e n s o r s  w e r e  c a l i b r a t e d  p r i o r  to i n s t a l l a t i o n  in the  
t e s t  ce l l  by u s i n g  a p r e c i s i o n  m i c r o m a n o m e t e r  as  a p r e s s u r e  s t a n d a r d .  
The  c a p a c i t a n c e  s e n s o r s  w e r e  c a l i b r a t e d  in the  ce l l  by p l ac ing  a known  
v o l t a g e  c h a n g e  in the  a - c  b r i d g e  c i r c u i t  and c o r r e l a t i n g  the ana log  out -  
put wi th  the  l a b o r a t o r y  c a l i b r a t i o n .  

H e a t e r s  in the  ce l l  p r e s s u r e  s e n s o r s  m a i n t a i n  the  head  t e m p e r a t u r e  
wi th in  s p e c i f i e d  l i m i t s .  T h e  h e a t e r s  a r e  a l s o  u s e d  fo r  v a c u u m  bakeou t  
of the  s e n s o r s  up to 300°F.  T h i s  a l lows  v a c u u m  o u t g a s s i n g  of any r e s i d u e  
a c c u m u l a t e d  on the  s e n s i n g  c o m p o n e n t s .  

4 
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2.3.5 Recording Systems 

The r e c o r d i n g  s y s t e m s  u s e d  for  t h ru s t ,  c h a m b e r  p r e s s u r e ,  ce l l  
p r e s s u r e ,  and p r o p e l l a n t  t e m p e r a t u r e s  e a c h  c o n s i s t e d  of a v o l t a g e -  
c o n t r o l l e d  o s c i l l a t o r ,  r e c o r d i n g  a m p l i f i e r ,  and one or  m o r e  c h a n n e l s  
of a m a g n e t i c  tape  r e c o r d e r .  The v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  p r o -  
v ided  a l i n e a r  f r e q u e n c y  dev ia t ion  p r o p o r t i o n a l  to the  ana log  vo l t age  
input  s igna l  f r o m  the t r a n s d u c e r .  The  o s c i l l a t o r  o p e r a t i n g  f r e q u e n c y  
r a n g e  was a p p r o x i m a t e l y  20 ,000 to 80 ,000 cps.  Th i s  6 0 , 0 0 0 - c p s  r a n g e  
c o r r e s p o n d e d  to the  r a n g e  of the m e a s u r e m e n t .  The  m e a s u r e m e n t s  
w e r e  r e c o r d e d  in f r e q u e n c y  f o r m  on the m a g n e t i c  tape  and w e r e  a v e r -  
aged  and p r i n t e d  at 0 . 2 - s e c  i n t e r v a l s  by a d ig i ta l  c o m p u t e r .  

The  r e c o r d i n g  s y s t e m s  w e r e  e l e c t r i c a l  r e s i s t a n c e  c a l i b r a t e d  i m -  
m e d i a t e l y  b e f o r e  each  r o c k e t  f i r i ng  whi le  the  t r a n s d u c e r s  w e r e  at a l t i -  
tude cond i t ions .  

The  p r o p e l l a n t  f low r a t e  r e c o r d i n g  s y s t e m s  did not u t i l i z e  the  vo l t age  
c o n t r o l l e d  o s c i l l a t o r .  The  f l o w m e t e r s  g e n e r a t e  p u l s e s  ( p r o p o r t i o n a l  to 
v o l u m e t r i c  flow) which  a r e  a m p l i f i e d  and r e c o r d e d  d i r e c t l y  on m a g n e t i c  
tape .  A d ig i ta l  c o m p u t e r  d e t e r m i n e d  the  n u m b e r  of pu l s e s  pe r  unit  t i m e  
f r o m  the  m a g n e t i c  t ape  and p r i n t e d  a c o r r e s p o n d i n g  flow r a t e  at 0 . 2 - s e c  
i n t e r v a l s .  

SECTION III 
ANALYSIS 

3.1 STANDARD DEVIATION 

The s t a n d a r d  dev ia t ion  is  the m o s t  a c c e p t e d  m e a s u r e  of v a r i a b i l i t y  
of r a n d o m l y  d i s t r i b u t e d  data.  A d i s c u s s i o n  of the s t a n d a r d  dev i a t i on  
and i ts  d e r i v a t i o n  may  be found in n u m e r o u s  text  books dea l ing  with 
s t a t i s t i c a l  a n a l y s i s .  It m u s t  be e m p h a s i z e d  that  the  s t a n d a r d  dev ia t ion ,  
in p r a c t i c e ,  is a s t a t e m e n t  of p robab i l i t y  b a s e d  on the  a s s u m p t i o n  that  
the da ta  a r e  r a n d o m l y  d i s t r i b u t e d  about a m e a n .  The  s t a n d a r d  d e v i a t i o n  
is  the s q u a r e  roo t  of the  m e a n - s q u a r e d  dev i a t i on  of the ind iv idua l  m e a s -  
u r e m e n t s  f r o m  the m e a n  of the popula t ion  and is d e s i g n a t e d  s i g m a  (a), 

, , =  
n 

This  equa t ion  is va l id  only when n r e p r e s e n t s  the to ta l  n u m b e r  of 
p o s s i b l e  o b s e r v a t i o n s  (the e n t i r e  populat ion) .  In p r a c t i c e ,  the  s t a n d a r d  

5 
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deviation $(X) is estimated from a sample of the total possible observa- 

tions and is defined as 

In this equation, the denominator under the radical is reduced by one 

from n to n-I, causing S(X) to be conservatively large. S(X) is, there- 

fore, an estimate of e based on a sample of less than the total number 

of possible observations. As the ratio of a approaches one° S(X) 
u --I 

approaches e. 

T h e  e q u a t i o n  of  t h e  n o r m a l  d i s t r i b u t i o n  c u r v e  in  t e r m s  of  t h e  r e l a -  
t i v e  f r e q u e n c y  of  o c c u r r e n c e  ( a s  a f u n c t i o n  of  t h e  v a r i a b l e  X), t h e  m e a n  
~ ,  a n d  t h e  s t a n d a r d  d e v i a t i o n  e (S(X) i s  o f t e n  u s e d  i n t e r c h a n g e a b l y )  i s  

y = l e 2 C-'~--/ 

T h e  d i s t r i b u t i o n  of  a l l  t h e  d a t a  o b e y i n g  t h e  n o r m a l  c u r v e  c a n  be  
e s t a b l i s h e d  by  t w o  n u m b e r s :  t h e  m e a n  (2 )  a n d  t h e  s t a n d a r d  d e v i a t i o n  
(o). S k e t c h  1 s h o w s  t h e  f r e q u e n c y  d i s t r i b u t i o n  of  o b s e r v a t i o n s  f o l l o w i n g  
t h e  n o r m a l  l a w .  T h e  a b s c i s s a  i s  s c a l e d  t o  t h e  m a g n i t u d e  of  e r r o r s ,  
w h e r e a s  t h e  o r d i n a t e  m e a s u r e s  t h e  n u m b e r  o f  o b s e r v a t i o n s .  

i Y (Frequency) 

30 2 o  l o  X l c  2o  3o  

SKETCH I 

T h e  p e r c e n t a g e  o f t h e  t ~ a l  p o p u l a t i o n  t h a t  l i e s  w i t h i n  t h e  v a r i o u s  
r a n g e s  a b o u t t h e m e a n  a r e  s h o w n  in  t h e  f o l l o w i n g  t a b l e :  

Percent of Total Data Error 

50.0 X _+ 0.674 a 

68.26 X _+ 1.000 e 

90.00 X _+ 1.645 o 

95.00 X -+ 1.960 a 

95.45 X +_ 2.000 e 

99.73 X -+ 3.000 e 
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3.2 COMPARISON OF OBSERVED SAMPLES AND THE NORMAL DISTRIBUTION 

An a n a l y s i s  was  m a d e  to d e t e r m i n e  if the o b s e r v e d  da t a  w e r e  r a n d o m l y  
d i s t r i b u t e d  ( fo l lowed  the  n o r m a l  law) so  tha t  s t a n d a r d  s t a t i s t i c a l  m e t h o d s  
cou ld  be e m p l o y e d .  The  m e t h o d  u s e d  was  the  c o m p a r i s o n  of h i s t o g r a m s  
of the o b s e r v e d  da ta  wi th  the  n o r m a l  c u r v e  c a l c u l a t e d  f r o m  the o b s e r v e d  
m e a n  dev i a t i on  of the da ta  f r o m  the  a v e r a g e  v a l u e s  of r e d u n d a n t  m e a s u r e -  
m e n t s  and the  e s t i m a t e d  s t a n d a r d  dev i a t i on ,  S (X). The  c o m p a r i s o n s  of 
h i s t o g r a m s  and c a l c u l a t e d  n o r m a l  c u r v e s  (Fig .  8) show the  c h a r a c t e r  of 
the r a n d o m n e s s  of the  da ta .  The  da t a  p r e s e n t e d  in t h e s e  f i g u r e s  have  
b e e n  r e d u c e d  to the d i f f e r e n c e  b e t w e e n  m e a s u r e m e n t s  of r e d u n d a n t  c h a n -  
ne l s  and the m e a n  (~() • The  m e a n  is the  a r i t h m e t i c  a v e r a g e  d i f f e r e n c e  
b e t w e e n  ind iv idua l  c h a n n e l s  and the a v e r a g e  of the  r e d u n d a n t  c h a n n e l s  
( c o r r e s p o n d s  to X in the  p r e v i o u s  equa t i ons ) .  S(X) (the be s t  e s t i m a t e  
of o) was  c a l c u l a t e d  f r o m  the  e q u a t i o n  

s (x )  = , f  x A ' - " ( ~ ) ' ~  

The  a b s c i s s a  of the h i s t o g r a m  was  d i v i d e d  into f in i t e  i n c r e m e n t s ,  
and the n u m b e r  of o b s e r v a t i o n s  in e a c h  i n c r e m e n t  was  coun ted .  An i n -  
s p e c t i o n  of the  h i s t o g r a m s  shows  tha t  the  o b s e r v e d  da ta  a r e  n o r m a l l y  
d i s t r i b u t e d  to a d e g r e e  s u f f i c i e n t  fo r  e m p l o y m e n t  of the be s t  e s t i m a t e  
of the  s t a n d a r d  dev i a t i on ,  S(X), fo r  the  s t a t i s t i c a l  a n a l y s i s .  

3.3 ERROR NOTATION 

D u r i n g  a t e s t  f i r i n g ,  p r i m a r y  da ta  (Fro, Pc, W, and Pa) w e r e  m e a s -  
u r e d  by m u l t i p l e  i n s t r u m e n t a t i o n ,  and s t e a d y - s t a t e  v a l u e s  ( o b s e r v a t i o n s )  
w e r e  d e t e r m i n e d  f r o m  a v e r a g e s  of e a c h  channe l  m e a s u r e m e n t  o v e r  a 
p r e d e t e r m i n e d  t i m e  i n t e r v a l  (0 .2  sec ) .  A t y p i c a l  plot of t h e s e  o b s e r v a -  
t i ons  and the  e r r o r  no t a t i ons  a r e  shown  in Ske t ch  2. 

Systematic / -  True Value 

.--Absolute 

andom 

of C h a n n e l  1 

Trend of Channel 2 

Time 

SKETCH 2 
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E r r o r  d e f i n i t i o n s  a r e  a s  f o l l o w s :  

3.3.1 Absolute Error 

T h e  a b s o l u t e  e r r o r  of  a s i n g l e  o b s e r v a t i o n  r e p r e s e n t s  t h e  d i f f e r e n c e  
b e t w e e n  t h e  o b s e r v e d  v a l u e  a n d  t h e  t r u e  v a l u e .  

3.3.2 Random Error 

T h e  r a n d o m  e r r o r  o f  a s i n g l e  o b s e r v a t i o n  r e p r e s e n t s  t h e  d i f f e r e n c e  
b e t w e e n  t h e  o b s e r v e d  v a l u e  a n d  a v a l u e  a s s o c i a t e d  w i t h  t h e  t r e n d  of  t h e  
d a t a .  R a n d o m  e r r o r s  a r e  t h o s e  w h i c h  c a n n o t  be  d i r e c t l y  e s t a b l i s h e d  
b e c a u s e  of  r a n d o m  v a r i a t i o n s  in  t h e  s y s t e m .  ( R a n d o m  v a r i a t i o n s  m u s t  
f o l l o w  t h e  n o r m a l  d i s t r i b u t i o n .  O t h e r w i s e ,  t h e s e  v a r i a t i o n s  a r e  b i a s e d  
a n d ,  t h e r e f o r e ,  a r e  n o t  c o m p l e t e l y  r a n d o m .  ) M e a s u r e m e n t  e l e c t r o n i c s  
a r e  s o  i m p r o v e d  t h a t  r a n d o m  e r r o r s  of  i n s t r u m e n t a t i o n  s y s t e m s  m a k e  
u p  a v e r y  m i n o r  p a r t  of  t h e  t o t a l  e r r o r .  F o r  i n s t a n c e ,  c o n s i d e r  t h e  
e r r o r s  i n  c h a m b e r  p r e s s u r e  m e a s u r e m e n t s  of  t h e  P h a s e  II  s e r i e s  of  
t e s t i n g .  T h e  t o t a l  e s t i m a t e d  e r r o r  of  Pc i s  +0.  201 p e r c e n t ,  w h e r e a s  
t h e  r a n d o m  e r r o r  i s  ± 0 . 0 0 7  p e r c e n t .  

3.3.3 Systematic Error 

T h e  s y s t e m a t i c  e r r o r  r e p r e s e n t s  t h e  d i f f e r e n c e  b e t w e e n  t h e  b e s t  
e s t i m a t e  of  t h e  t r u e  v a l u e  a n d  t h e  v a l u e  a s s o c i a t e d  w i t h  t h e  t r e n d  of  t h e  
d a t a .  By  a s s u m i n g  t h a t  t h e  s y s t e m a t i c  e r r o r s  a r e  r a n d o m l y  d i s t r i b u t e d ,  
t h e s e  e r r o r s  m a y  be  s h o w n  to  be  r e l a t e d  to  t h e  a v e r a g e  d i f f e r e n c e  b e -  
t w e e n  d u p l i c a t e  d a t a .  T h e  f o l l o w i n g  a n a l y s i s  s h o w s  t h a t  t h e  m e a n  d i f -  
f e r e n c e  g i v e s  an  e s t i m a t e  of  t h e  l o w e r  l i m i t  ( one  o) o f  t h e  s y s t e m a t i c  
e r r o r .  

In  S e c t i o n  3 . 1 ,  t h e  p r o b a b i l i t y  d e n s i t y  c u r v e  w a s  g i v e n  by  

y = I~ e 2 
a ~/2 rr 

w h e r e  X i s  t h e  m e a n  of  t h e  d i f f e r e n c e s  b e t w e e n  t h e  a v e r a g e  of  t h e  r e d u n -  
d a n t  m e a s u r e m e n t s  a n d  t h e  m e a s u r e m e n t .  F o r  e a s e  of  c a l c u l a t i o n ,  l e t  

= 0 s o  t h a t  

e - -  ~- y = l 

I f  h - 1 t h e n  Y = ~ -h2 x2 a~/-~- ' ~ -  e . T h e  t e r m ,  h, i s  n o w  a m e a s u r e m e n t  

o f  p r e c i s i o n ;  w i t h  a l a r g e  v a l u e  o f  h, t h e  p r o b a b i l i t y  d e n s i t y  c u r v e  h a s  a 
s h a r p  h i g h  p e a k  w i t h  n a r r o w  l i m i t s ,  a n d  w i t h  a s m a l l  v a l u e  of  h, t h e  
d e n s i t y  c u r v e  i s  s h a l l o w  w i t h  a l a r g e  s p r e a d .  
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h -- ha xa 
F r o m  t h e  e q u a t i o n  Y = ~ e , t h e  p r o b a b i l i t y  o f  a n  e r r o r  

V~ 
b e t w e e n  X a n d  X + AX i s  t h e  a r e a  u n d e r  t h e  c u r v e  b e t w e e n  X a n d  

X +AX o r  Y • AX ( s e e  S k e t c h  3).  

Y • AX = h e AX 

X l o  2 0  3o 30 2 0  lo  

SKETCH 3 

The probable number of errors of size X to X + AX in n measure- 

(-7-~-- -h~x') m e n t s  i s  n t i m e s  t h i s  p r o b a b i l i t y  o r  nh e AX,  a n d  t h e  s u m  of  

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

Xnh -h'X') 
e r r o r ,  X, t i m e s  t h e  n u m b e r  of  e r r o r s ,  o r  ~ , - ~ - ~  e A X .  

T h e  s u m  o f  a l l  e r r o r s  o f  a l l  s i z e s  i s  

+c~ --h 2 Xa 
dX 

-I-oo 

2nh  / -h2 x2 XdX 

f --h 2 X 2 2nh e ( - 2  h 2 ) XdX 
(- 2h 2 ) ~/-~- o 

T h e r e f o r e  
hV~ 

oh x2]: 

9 



A E D C - T R - 6 5 - 5 1  

T h e  a r i t h m e t i c  a v e r a g e  e r r o r  of  a s e t  of  s i n g l e  c h a n n e l  m e a s u r e -  
m e n t s  i s  e q u a l  to  t h e  s u m  of a l l  e r r o r s  d i v i d e d  by t h e  n u m b e r  of 
obs  e r v  at  i o n s .  

~= E___L = ____E___n = 1 

m 

a n d  ~ = e -- 
h " • 

o r  

F o r  m u l t i p l e  c h a n n e l  m e a s u r e m e n t s ,  t he  v a r i a n c e  of  t h e  a v e r a g e  
i s  m e r e l y  t h e  v a r i a n c e  of t h e  i n d i v i d u a l  c h a n n e l  d i v i d e d  by  t h e  n u m b e r  
of  c h a n n e l s .  T h e  s t a n d a r d  d e v i a t i o n  i s  p r o p o r t i o n a l  to  t h e  s q u a r e  r o o t  
of t h e  v a r i a n c e  s o  t h a t  f o r  m u l t i p l e  c h a n n e l s  

O = 

w h e r e  N i s  t h e  n u m b e r  of  c h a n n e l s  a n d  "/-- A.  

T h e  e s t i m a t e  of t he  l o w e r  l i m i t  of  t h e  s y s t e m a t i c  e r r o r s  i s  t a b u -  
l a t e d  in  T a b l e s  I t h r o u g h  IV. 

3.4 VARIANCE 

T h e  v a r i a n c e  is  t h e  m e a n  s q u a r e d  d e v i a t i o n  f r o m  t h e  m e a n  w h i c h  
i s  s i m p l y  o '  [ o r  S(X) 2 w h e n  t h e  s t a n d a r d  d e v i a t i o n  i s  e s t i m a t e d  f r o m  a 
s a m p l e  ] a n d  is  a b a s i c  m e a s u r e  of  t h e  d i s t r i b u t i o n .  

T h e  p o o l e d  e s t i m a t e  of  t h e  s t a n d a r d  d e v i a t i o n  of  a p o p u l a t i o n  w h i c h  
h a s  k n o w n  s a m p l e  v a r i a n c e  is  

S(X)  = . /  ( n z - 1 ) S ( X ) 2 + ( n 2 - 1 ) S ( X 2 ) 2 +  0 n g 

'V ( n ~ - l ) + ( n = - l ) +  . . .  

T h i s  e q u a t i o n  i s  g o o d  f o r  a u n i q u e  p o p u l a t i o n  only ;  t h a t  i s ,  a l l  S(X)'s 
m u s t  b e  s a m p l e  d e v i a t i o n s  of  t he  s a m e  e r r o r .  T h e  S(X) v a l u e s  f o r  t h e  
s y s t e m a t i c  a n d  r a n d o m  e r r o r s  w e r e  d e t e r m i n e d  by  t h i s  e q u a t i o n .  

3.5 CALIBRATION STANDARD 

In  o r d e r  to  c a l i b r a t e  a n y  m e a s u r i n g  d e v i c e ,  a b a s i s  of  c o m p a r i s o n  
o r  t r u e  v a l u e  m u s t  be  found  w i t h  w h i c h  to  c o m p a r e  t h e  o u t p u t s  of  t h e  
i n s t r u m e n t s .  A b s o l u t e  a c c u r a c y  is  u n o b t a i n a b l e ,  e v e n  in  t h e  l a b o r a t o r y .  

10 
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The following table  l i s t s  the ca l i b r a t i ng  equipment ,  the one s i g m a  
e r r o r s ,  And the p a r a m e t e r s  concerned.  E r r o r s  of ca l ib ra t ing  equip-  
ment  a re  t r a c e a b l e  to the Nat ional  Bureau  of S tandards .  T r a n s f e r  
e r r o r s  a re  included where  appl icable .  

P a r a m e t e r  

T h r u s t  

Chamber  P r e s s u r e  

Cell P r e s s u r e  

P rope l l an t  Flow 
Rate 

Desc r ip t i on  of Equipment  

In -p lace  deadweight  c a l i b r a t o r  

L a b o r a t o r y  a i r  deadweight  
c a l i b r a t o r  

In -p lace  r e l u c t a n c e - t y p e  s t anda rd  

M i c r o m a n o m e t e r  p r e s s u r e  
s t anda rd  

l Flow bench c a l i b r a t o r  
H y d r o m e t e r  
M e r c u r y  t h e r m o m e t e r  (for SG 

v e r s u s  t e m p e r a t u r e  curve) 

Io 

0. I00 pe rcen t  

0. 12 pe rcen t  
0. 069 pe rcen t  

0. 104 pe rcen t  

0 .100 pe rcen t  
0. 0005 l b / l b  

0.2°F 

3.6 PROPELLANT FLOW MEASUREMENT ERROR 

In addi t ion to r andom e r r o r  and s y s t e m a t i c  e r r o r ,  flow data a re  
subject  to the addi t ional  e r r o r s  in the f l owmete r  ca l ib ra t ion  cons tan ts  
(see Sect ion 2 .3 .2 )  and spec i f i c  g r a v i t y  (SG) de te rmina t ion .  

The spec i f i c  g r a v i t y  of the propel lan t  is a function of t e m p e r a t u r e  
and m a y  be d e t e r m i n e d  f rom the following typ ica l  equat ions:  

SGo = 1.534 (at 0°F) + (_ 0.001185/~F) (TOF) 

SGf = 0.9359 (at 0°F) + ( - 0 . 0 0 0 5 0 9 / ° F )  (T~r ~) 

The error in the determination of the propellant specific gravity is then 
a function of the errors in the hydrometer readings of a propellant sample, 
in temperature measurements of the laboratory samples, and in the pro- 
pellant temperature measurements in the supply lines during testing. 
The Io errors in specific gravity readings of the propellant sample were 
0. 0534 and 0. 0328 percent for fuel and oxidizer, respectively. The errors 
in specific gravity resulting from temperature measurement of the sample 
were 0. 0109 and 0. 0154 percent for fuel and oxidizer, respectively. The 
io errors in specific gravity readings, which can be attributed to the errors 
in temperature measurement of the propellants in the supply lines, were 
0. 0152 and 0. 0164 percent for the fuel and oxidizer, respectively. The 
deviations in the propellant flows caused by these deviations in specific 

II 
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g r a v i t y  d e t e r m i n a t i o n  w e r e :  

S(~o)SG -- 0.0386 percent 

S ( ~ ' f ) S G  = 0.0328 percent  

3.7 AREA MEASUREMEMTS 

T h e  d i a m e t e r  of  t he  n o z z l e  t h r o a t  and  e x i t  w e r e  m e a s u r e d  wi th  i n -  
s i d e  m i c r o m e t e r s .  An  a v e r a g e  d i a m e t e r  r e a d i n g  w a s  u s e d  in t he  a r e a  
c a l c u l a t i o n .  T w o  m i c r o m e t e r  m e a s u r e m e n t s  e a c h  w e r e  t a k e n  at  a m i n i -  
m u m  of f o u r  d i f f e r e n t  l o c a t i o n s  in 4 5 - d e g  i n c r e m e n t s .  T h e  r o c k e t  n o z z l e  
t h r o a t s  m e a s u r e d  f o r  t h i s  s e r i e s  of t e s t s  w e r e  c o n s t r u c t e d  of a l u m i n u m  
o r  a b l a t i v e  m a t e r i a l .  T h e  p r e - f i r e  t h r o a t  m e a s u r e m e n t s  w e r e  a c c u r a t e  
to  0. 0022 p e r c e n t  (one  s i g m a ) .  P o s t - f i r e  m e a s u r e m e n t s  of  a b l a t i v e  
m a t e r i a l  t h r o a t s  a r e  l e s s  a c c u r a t e  t h a n  p r e - f i r e  m e a s u r e m e n t s  b e c a u s e  
of e r o s i o n  and  t h e  so f t  t e x t u r e  of t he  c h a r r e d  s u r f a c e  m a t e r i a l .  P o s t -  
f i r e  a b l a t i v e  t h r o a t  m e a s u r e m e n t s  w e r e  a c c u r a t e  to  0. 1306 p e r c e n t  
(one  s i g m a ) .  T h e  one  s i g m a  v a l u e  f o r  p r e - f i r e  n o z z l e  e x i t  d i a m e t e r  
m e a s u r e m e n t s  w a s  0. 00416 p e r c e n t .  T h e  one  s i g m a  v a l u e  f o r  p o s t - f i r e  
a b l a t i v e  n o z z l e  e x i t  d i a m e t e r  m e a s u r e m e n t s  w a s  0. 0150 p e r c e n t .  

T h e s e  m e a s u r e m e n t s  and  r e s u l t s  a r e  p r e s e n t e d  in T a b l e  V. S i n c e  
t he  a r e a  is  p r o p o r t i o n a l  to  t h e  s q u a r e  of t h e  d i a m e t e r  and  s i n c e  t h e  one  
s i g m a  e r r o r  of t he  d i a m e t e r  m e a s u r e m e n t s  i s  m u c h  l e s s  t h a n  1 . 0 0 ,  t h e  
e r r o r  in  t he  a r e a  is  t w i c e  t h a t  of t h e  d i a m e t e r  m e a s u r e m e n t l .  T h e  1o 
e r r o r s  f o r  p r e - f i r e  a b l a t i v e  a n d  h a r d  c o n t o u r  e n g i n e s  w e r e :  

S ( A t )  = 0.00440 percent 

$ ( A n e )  ffi 0.00834 percent 

P o s t - f i r e  a b l a t i v e  m e a s u r e m e n t s  w e r e :  

S ( A t )  = 0.278 percent 

S ( A n e )  = 0.0302 percent 

I(i+~)2-I when ~ is small equals 2~ 

1 2  
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SECTION IV 
RESULTS 

4.1 ENGINE THRUST MEASUREMENT 

T h e  n u m b e r  o f  o b s e r v a t i o n s ,  s y s t e m  e r r o r s ,  a n d  r a n d o m  e r r o r s  of  
t h e  i n d i v i d u a l  f i r i n g s  a r e  t a b u l a t e d  in  T a b l e  I .  T h e  v a l u e s  of  l a  s y s -  
t e m a t i c  e r r o r  a n d  r a n d o m  e r r o r s  d e t e r m i n e d  f r o m  t h e s e  d a t a  a r e :  

S (F)s = 0.010 percent 

S (F)r = 0.005 percent 

In a d d i t i o n ,  

S(F)dwc = 0.I0 percent (deadweight calibrator) 

The standard deviation of the thrust measurements is the square 

root of the sum of the squares: 

S(F) = ~5(F)s 2 + S(F)r 2 + S(F)~dwc 

= 0.101 percent 

4.2 CHAMBER PRESSURE MEASUREMENT 

T h e  n u m b e r  of  o b s e r v a t i o n s  a n d  t h e  c a l c u l a t e d  v a l u e s  f o r  S(Po) ,  a n d  
S(Pc)~ f o r  i n d i v i d u a l  f i r i n g s  a r e  t a b u l a t e d  in  T a b l e  II.  T h e  e r r o r  v a l u e s  
f o r  t h o s e  f i r i n g s  u s i n g  l a b o r a t o r y  c a l i b r a t e d  t r a n s d u c e r s  a r e :  

S(Pc), 

S(Pc)r 

S(Pc)cc 

S(Pc) 

= 0.159 percent 

= 0.008 percent 

= 0.120 percent console calibrated 

= N~-Pc): + S(Pc)r 2 + S(Pc) ~ cc 

= 0.198 percent 

T h e  e r r o r s  f o r  t h o s e  f i r i n g s  u s i n g  i n - p l a c e  c a l i b r a t i o n s  a r e :  

S ( P c ) ,  = 0.170 percent 

S (Pc), = 0.019 percent 

13 
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S ( P c  tip = 0.0693 (in-place cal ibrat ion) 

2 S(Pc) = ~]S(Pc)s ~ + S(Pc), 2 + S(Pc)ip 

= 0.183 percent 

4.3 PROPELLANT FLOW RATE MEASUREMENT 

4.3.1 Oxidizer Flaw Rate Measurement 

T h e  n u m b e r  o f  o b s e r v a t i o n s  a n d  t h e  c a l c u l a t e d  v a l u e s  o f  S(~o) ,  a n d  
S(@o), f o r  i n d i v i d u a l  f i r i n g s  a r e  t a b u l a t e d  in  T a b l e  I I Ia .  T h e  l o  e r r o r s  
a r e :  

S(~o) s = 0.141 percent 

S(~ 'o )  r = 0.04.0 percent 

S ( ~ o ) c c  = 0.i00 percent 

S(~o)SG = 0.0386 percent 

" ~I " 2 S(~o) = ~JS(~o)~ + S(,~o), ~ + S(wo)co + S(wo)sc, 

= 0.180 percent 

4.3.2 Fuel Flow Rate Measurement 

T h e  n u m b e r  of  o b s e r v a t i o n s  a n d  t h e  c a l c u l a t e d  v a l u e s  o f  S(~f) .  a n d  
S(~'f)r f o r  i n d i v i d u a l  f i r i n g s  a r e  t a b u l a t e d  in  T a b l e  I I Ib .  T h e  l a  e r r o r s  
a r e :  

S(¢, 'f) s = 0.073 percent  

S ( w f )  r -'- 0.079 percent 

S ( w f ) c c  = O.lOOpercent  

S(g ' f )SG = 0.0328 percent 

= 0.150 percent 

14 
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4,3.3 Total Propellant Flow Rote 

T h e  to ta l  p r o p e l l a n t  f low r a t e  d e v i a t i o n s  a r e  e s t i m a t e d  f r o m  the  
s t a n d a r d  p r o p a g a t i o n  of e r r o r s  fo r  add i t i on  to be 0. 125 p e r c e n t  (one 
s i g m a ) .  

4.4 CELL PRESSURE MEASUREMEHT 

Cel l  p r e s s u r e  was  the  only  m e a s u r e d  cond i t i on  wh ich  did not  a t t a in  
s t e a d y - s t a t e  d u r i n g  any of the  f i r i n g s .  D u r i n g  the  3 0 - s e c  f i r i n g ,  the 
s y s t e m a t i c  e r r o r s  w e r e  u n u s a l l y  high.  T h e  s y s t e m a t i c  e r r o r s  r e c o r d e d  
d u r i n g  two long  d u r a t i o n  f i r i n g s  w e r e  m u c h  l e s s ,  i n d i c a t i n g  the e f f ec t  of 
t r a n s i e n t  da t a  on ce l l  p r e s s u r e  a c c u r a c y .  T h e  r e s u l t s  o b t a i n e d  d u r i n g  
the long  d u r a t i o n  f i r i n g  a r e  p r e s e n t e d  b e l o w  fo r  c o m p a r i s o n .  

S(Pa), 
a r e :  

The  n u m b e r  of o b s e r v a t i o n s  and the  c a l c u l a t e d  v a l u e s  of S(Pa), and 
fo r  i nd iv idua l  f i r i n g s  a r e  t a b u l a t e d  in T a b l e  IV. The  e r r o r  v a l u e s  

S (Pa)a = 0.573 percent 

$ (Pa)r = 0.339 percent 

S ( P s ) c  = 0.104 percent (calibration) 

S(Pa) = ~IS(pa)~ ÷ S(Ps), 2 + S(Pa)c 2 

= 0.751 percent 

The e r r o r s  for  the long du ra t ion  f i r i n g s  a re :  

S(Pa)5 = 0.147 percent 

S(Pa): = 0.403 percent 

S(Pa)~ = 0.104 percent (calibration) 

S(Pa) = 0.441 percent 

15 
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4.5 ACCURACY OF THE PERFORMANCE PARAMETERS 

It can be shown (Ref. 3) that the error of any function (Q) of inde- 

pendent quantities (q~, q2, q,, j-- qn)whose errors (RI, R2, R,, ... Rn) 

are known, and ff Q is a product function of independent quantities, 

the errors can be expressed by R = x/R~ ~ + R/ + R3 ~ + ... Rn ~ when the 

errors are expressed in percentages. When 0 is a sum or difference 

function of the independent quantities (qR), then the q's must be weighted 

before they are expressed as Rs. By using these relationships, the 
errors of the performance parameters were established. 

T h e  e q u a t i o n  f o r  v a c u u m  t h r u s t  i s  

F = Fm + P a Ane 

T h e  d e v i a t i o n  of  v a c u u m  c o r r e c t e d  t h r u s t  i s  

S(F) = ~DI S(F)m 2 + D2 S(Pa) S(A,e) 2 

= 0 . I I 0  percent 

DI and D2 = 

where 

w e i g h t i n g  f a c t o r s  f o r  a d d i t i o n  p r o p a g a t i o n  of  e r r o r s  

F~m 
D I = 

F 

Pa Ane 
D 2 = 

F 

T h e  e q u a t i o n  f o r  t h r u s t  c o e f f i c i e n t  i s  

CF = F 
Pc At 

T h e  d e v i a t i o n  of  t h r u s t  c o e f f i c i e n t  f o r  t e s t s  u s i n g  l a b o r a t o r y  c a l i b r a t e d  
chamber pressure transducers was 

S ( C F )  = ~ S ( F )  2 + S ( P c )  2 + S ( A t )  2 

= 0 .225 percent 

The d e v i a t i o n  o f t h r u s t  c o e f f i c i e n t  f o r  t e s t s  u s i n g  i n - p l a c e  c a l i b r a t e d  
c h a m b e r  p r e s s u r e  t r a n s d u c e r s  w a s  

S(CF) = 0.214 percent 

T h e  p e r c e n t a g e  e r r o r  i n  Isp f r o m  t h e  e q u a t i o n  isp = 

S ( l s p )  = ~ S ( F )  2 + S(wt)" 

F 
- - r - - -  w a s  
W t 

= 0.166 percent 
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The p e r c e n t a g e  e r r o r  in c * ,  f r o m  the  equa t ion  c* = Pc At g/@t was  

S ( c * )  = ~ S ( P c )  2 + S ( A t )  a + S ( @ t )  a 

The  dev ia t ion  in c* for  t h o s e  t e s t s  u s ing  l a b o r a t o r y  c a l i b r a t e d  c h a m b e r  
pressure transducers was 

S ( c * )  = 0 .234 percent 

The  dev i a t i on  in c* fo r  t h o s e  t e s t s  u s ing  i n - p l a c e  c a l i b r a t e d  c h a m b e r  
p r e s s u r e  t r a n s d u c e r s  was  

S ( c * )  = 0.222 percent 

SECTION V 
SUMMARY OF RESULTS 

The a c c u r a c y  of m e a s u r e d  s t e a d y - s t a t e  eng ine  data  ob ta ined  du r ing  
r e c e n t  t e s t i n g  in the  P r o p u l s i o n  Eng ine  T e s t  Cell  (J-2A) has  b e e n  d e t e r -  
m i n e d  and is  s t a t e d  in t e r m s  of one s t a n d a r d  dev ia t ion ,  S(X), as a per- .  
c en t a g e  of the  s t e a d y - s t a t e  point:  

T h r u s t ,  P 

C h a m b e r  p r e s s u r e ,  
( l a b o r a t o r y  
c a l i b r a t i o n s )  

C h a m b e r  p r e s s u r e ,  
( i n - p l a c e  
c a l i b r a t i o n s )  

P r o p e l l a n t  we igh t  
flow, ~'t 

T h r o a t  a r e a ,  At 

Nozz le  exi t  a r e a ,  
Ane 

Pc 

Pc 

S(F) = 0.101 percent 

S (Pc) = 0.198 percent 

S ( P c )  = 0.183 percent 

S(@L) = 0.125 percent 

S ( A t )  = 0.0044 percent 

S ( A n o )  = 0.0083 percent 

F, 
The  1 a e r r o r s  of the  c a l c u l a t e d  eng ine  p e r f o r m a n c e  p a r a m e t e r s ,  

CF, Isp, and c*, f r o m  the  m e a s u r e d  data  w e r e :  

I n - p l a c e  Pc 
C a l i b r a t i o n s  

V a c u u m  t h r u s t ,  S(F) 0. 110 p e r c e n t  
V a c u u m  t h r u s t  coe f f i c i en t ,  S(Cr) 0. 214 p e r c e n t  
Spec i f ic  i m p u l s e ,  S(isp) 0. 166 p e r c e n t  
C h a r a c t e r i s t i c  ve loc i ty ,  S(c*) 0. 222 p e r c e n t  

L a b o r a t o r y  wi th  R e s i s t -  
ance  Subs t i tu t ion  Pc 
C a l i b r a t i o n s  

O. I I 0  p e r c e n t  
O. 226 p e r c e n t  
O. 166 p e r c e n t  
O. 234 p e r c e n t  

17 
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TABLE I 
THRUST MEASUREMENT SYSTEMATIC AND RANDOM DEVIATIONS 

Firing Number n S(F)s, percent S(F)r, percent 

I1-03 

2-02 
3-02 
4-02  

I I1-02 

-04 
-05 
-06 
-07 
-08 
-10 

I I2-  13 

-14 
-15 
-16 
-17 
-18 
-19 
-20 
-21 

I I3-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 

37 
38 
38 
38 

65 
65 
65 
65 
65 
65 
65 

65 

65 
65 
65 
65 
65 
65 
65 
65 

65 
65 
65 
65 
65 
65 
65 
65 

O. 00168 
O. 00500 
O. 00390 
O. 00461 

O. 00258 
O. 00361 
O. 00455 
O. 00578 
O. 00611 
0 .02138  
O. 00374 

O. 00407 

O. 00334 
O. 00518 
O. 00396 
O. 00420 
O. 00660 
O. 00490 
O. 00743 
O. 00510 

O. 00324 
O. 00462 
O. 00558 
O. 01195 
O. 00390 
0 .00950  
O. 01037 
O. 01564 

01229 
01077 

01209 
00892 

01741 
01850 

I I I l - o 1  

-02 

III2 - 01 

-02 

III3 - 01 
-02 

44 O. 
364 O. 

44 O. 
364 O. 

44 O. 
364 O. 

O. 00441 
O. 00329 
O. 00493 
O. 00373 

O. 00655 
O. 00726 
O. 00664 
O. 00664 
O. 00808 
O. 00563 
0. 00557 

O. 00635 

O. 00734 
O. 00680 
0 .00626  
O. 00688 
O, 00582 
O. 00706 
O. 00646 
O. 00715 

O. 00519 
O. 00462 
O. 00537 
O. 00501 
O. 00568 
O. O05O9 
O. 00587 
O. 00552 

O. 00108 
O. 00233 

O. 00159 
O. 00553 

O. 00129 
O. 00162 

S(F)s = 0.010 percent 

S(F)r = 0.005 percent 
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TABLE II 
CHAMBER PRESSURE MEASUR EMENT SYSTEMATIC AND RANDOM DEVIATIONS 

a. Using Laboratory Calibrations 

Firing Number n S(Pc),, percent S(Pc),, percent 

Ii-03 

I3-02 
I4-02 

II1-02 
-04 
-05 
-06 
-07 
-08 
-I0 

II2-13 

37 

38 
38 

65 
65 
65 
65 
65 

0 . 0 0 3 4  

0 . 0 5 4 5  

0 . 0 2 4 5  

0 . 0 1 0 4  
0 . 1 6 5 0  
0 . 1 4 0 0  
0 . 1 4 4 0  
0 . 1 5 7 0  

0 . 0 1 7 0 1  

0 . 0 0 8 0 1  

0 . 0 0 9 0 9  

0 .0054O 
0 . 0 0 7 2 0  
0.0O581 
0 . 0 0 6 0 2  
0 . 0 0 5 6 2  
0.00502 
0.00441 
0.00553 

65 
65 
65 

0 . 1 3 3 0  
0 . 1 6 9 0  

0 . 1 7 3 0  
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-21 

I13-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 

65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

0 . 1 3 3 0  
0 . 1 4 3 0  
0 . 1 6 6 0  
0 . 1 4 6 0  
0 . 3 2 5 0  
0 . 1 4 7 0  
0 . 1 4 0 0  
O. 1510 
0 . 1 6 2 0  
O. 1660 
0 . 1 4 6 0  
0 . 1 6 4 3  
0 . 1 7 0 1  
0 . 1 5 2 2  
0 . 1 6 6 0  
0 . 1 6 0 9  

0 . 0 0 6 2 5  
0 . 0 0 5 6 4  
0 . 0 0 6 3 6  
0 . 0 0 4 3 9  
0 . 0 0 4 7 5  
0 . 0 2 3 9 3  
0 . 0 0 8 3 5  
0 . 0 0 5 8 1  
0. OO452 
0 . 0 0 5 3 7  
0 . 0 0 4 3 7  
0 . 0 0 4 8 7  
0 . 0 0 6 4 4  
0 . 0 0 6 9 9  
0 . 0 0 4 9 7  
0 . 0 0 5 0 5  

S(Pc)o 

S(Pc), 

= 0.159 percent 

= 0.008 percent 

b. Using In-Place Calibrations 
! 

Firing Number n S(Pc)., percent S(Pc)r, percent 

Illl-Ol 
-02 

II12 - 01 
-02 

II13- 01 
-02 

44 
364 
44 

364 
44 

364 

0.1648 
0.0866 
0.1434 
0.2382 
0.1552 
0.1488 

O. 02050 
O. 09350 

O. 01389 
O. 00258 

O. 00252 
O. 00530 

32 
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= 0.170 
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TABLE III 
PROPELLANT FLOW RATE MEASUREMENT SYSTEMATIC AND RANDOM DEVIATIONS 

. .  Oxidizer 

Firing .Number n $(No )e'  percent S(w o )r' percent 

I1-03 

I2-02 

13-02 

I4-02 

I13-23 
-24 
-25 
-26 
-27 
-28 
-29 

III1-01 
-02 

III2-Ol 
-02 

III3-01 
-02 

37 

38 

38 

38 

65 
65 
65 
65 
65 
65 
65 

44 
364 

44 
364 

44 
364 

O. 0173  

O. 1177 

O. 3634  

O. 1422 

O. 1440 
O. 1472 
O. 1642 
O. 1477 
O. 1417 
O. 1498 
O. 1504 

O. 1122 
O. 1202 

O. 1286 
O. 1314 

O. I 1 1 7  
O. 1222 

O. O596 

O. 0 5 4 9  

O. 0433  

O. 0521  

O. 0785  
0 . 0 5 1 0  
0 . 0 6 5 7  
O. 0644  
O. 0701 
O. 0708  
O. 0575  

O. 0204  
0 . 0 1 6 5  

0 . 0 1 3 0  
O. 0176  

O. 0218  
O. 0182  

S(&o)~ " 0.141 percent  

S(&o)  r ffi 0.040 percent  
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TABLE III (Concluded) 

b .  Fuel 

Firing Number 

I I I - 0 2  

-04  
- 05  
- 0 6  
- 0 7  
-08  
- I 0  

I I 3 - 2 2  
-23  
-24  
-25  
-26  
- 2 7  
- 28  
- 2 9  

I I I 1 - 0 1  

- 02  
I I I 2 - O l  

-02  

III3 - 01 

- 02  

n S( v~f)r, percent 

65 
65 
65 
65 
65 
65 
65 

65 
65 
65 
65 
65 
65 
65 
65 

44 
364 

44 
364 

44 
364 

S(~f) s ,  percent 

O. 1390 
O. 1349 
O. 0792  
O. 1249 
O. 1268 
O. 1128 
0 , 0 9 1 1  

O. 0631 
O. 0222  
O. 0432  
O. 0481  
O. 0426 0 
O° 0200  O. 
O. 0320  O. 
O. 0404  

0 . 0 5 1 6  
O. 0535  

O. 0531 
O. 0571  

0 . 0 5 9 7  
O. 0 6 6 9  

O. 1157 
O. 0961 
O. 0863 
O. 1110 
O. 1101 
O. 1347 
O. 0836  

O. 1364 
O. 1098 
O. 1068 
O. 1061 

. 1181 
1062 
1202 

O. 1297 

O. 0755  
O. 0288  

O. 02 75 
O. 02 73 

O. 0240  
O. 0264  

S(¢vf) s = 0.073 percent 

S(~f) r ffi 0.079 percent 

34 



AEDC-TR-65-51 

TABLE IV 
CELL PRESSURE MEASUREMENT SYSTEMATIC AND RANDOM DEVIATIONS 

Firing Number S(Pa),, percent S(Pa),, percent 

II2 - 13 

-14 
-15 
-16 
-17 
-18 
-19 
-20 
-21 

III1-01 

III2-Ol 
- 0 2 *  

I I I 3  - 01 

-02* 

65 
65 
65 
65 
65 
65 
65 
65 
65 

44 
44 

364 

44 
364 

O. 6035 
O. 6741 
O. 6211 
O. 7147 
I. 1300 
I. 0820 
I. 2474 
1. 3442 
1. 3461 

0.4318 
O. 3933 
O. 0592 

O. 1990 
O. 1965 

O. 2420 
O. 0838 
O. 1077 
O. 2440 
O. 2357 
O. 2203 
O. 2429 
O. 2439 
O. 2525 

O. 3560 
O. 3574 
O. 4236 

O. 3453 
O. 3816 

S(Pa)  s ffi 0.673 percen t  

S(Pa)  r -- 0.339 pe rcen t  

* Long Durat ion F i r i n g s  

S(Pa)8 ffi 0.147 percen t  

S(Pa)  r = 0.403 pe rcen t  
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TABLE V 

CALCULATED PRE- AND POST-FIRE DIAMETER MEASUREMENT DEVIATIONS 

0. Pre-Fire Nozzle Throat 

I 
Firing Series Beading No. 1 Reading No. 2 A ~ ~, x i0 -e 

i 
I1 

I2 

I3 

I4 

4. 930 
4. 929 
4. 930 
4. 930 

4. 947 
4. 946 

4. 930 0 
4. 930 O. 001 
4. 930 0 
4. 930 0 

4. 947 0 
4. 947 O. 001 

0 
O. 005 

0 
0 

0 
O. 0005  

4. 947 
4. 948 

4 . 9 4 " /  
4. 944 
4. 943 
4. 944 

4 , 9 3 5  
4. 936 
4. 936 
4. 933 

4. 948 
4. 948 

4. 950 
4. 951 
4. 943 
4. 943 

4. 935 
4. 936 
4. 934 
4. 934 

0. 001 
0 

0. 003 
0. 007 

0 
0. 001 

0 
0 

0. 002 
0. 001 

O. 0005  
0 

O. 0015  
O. 0035  

0 
O. 0005  

0 
0 

O. 0010  
O. 0005  

0 
0 . 2 5  

0 
0 

0 
0 . 2 5  
0 . 2 5  

0 

2 . 2 5  
1 2 . 3 5  

0 
0 . 2 5  

0 
0 

1 .0  
, 0 . 2 5  
[ 

• ~, 82 = 16.85 x 10 -e 

n = 16 

Diam = 4.940 

S(X) = 0.00215 percent 
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TAB LE 
I 

V (Continued) 

b. Pre-Fire Nozzle Exit 

Firing Series Reading Reading No. 2 A ~ ff x 10 -~ 

I1 

I2 

13 

14 

IIIi 

III2 

31. 
31. 
31. 
31. 
31. 
31. 
31. 
31. 

31. 
31. 
31. 
31. 

31. 
31. 
31. 
31. 

30. 
30. 
30. 
30 .838  

30 .892 
30 .880  
30 .872 
30 .868  

No. 1 

321 31. 
334 31. 
306 31. 
321 31. 

230 31. 
211 31. 
215 31. 
282 31. 

319 31. 
272 31. 
207 31. 
284 31. 

267 31. 
221 31. 
220 31. 
258 31. 

847 30. 
839 30. 
844 30. 

320 
324 
318 
320 

231 
210 
215 
282 

319 
272 
207 
284 

272 
213 
217 
259 

862 
841 
847 

O. 001 
0 .010  
0 .012  
O. 001 

O. 001 
O. 001 

0 
0 

0 
0 
0 
0 

O. 005 
O. 008 
O. 003 
O. 001 
0 .015  
O. 002 
O. 003 

0 .0005  
0 .0050 
0 .0060  
0 .0005  
0 .0005  
0 .0005  

0 
0 

0 
0 
0 
0 

0 .0025  
0 ,0040  
0 .0015  
0 .0005  

0 .0075  
0 .0010  
0 ,0015  

30 .861 

30 .893 
30 .879  
30 .873 
30 .871 

O. 023 

O. 001 
O. 001 
O. 001 
O. 003 

0 .0165  

0 .0005  
0 .0005  
0 .0005  
0 .0015  

0 .25  
25. O0 
36.00 

0 .25  

0 .25  
0 .25  

0 
0 

0 
0 
0 
0 

6 .25  
16. O0 

2 .25  
0 .25  

56 .25  
1. O0 
2 .25  

]272.25 

I 0 .25  
0 .25  
0 .25  

] 

i 2 .25  

S(X) = 0.00416 percent 
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TABLE V (Continued) 

c. Post-Fire Ablative Throat 
I 

Series I Reading No. 1 Firing 

I 
11 

I2 

13 

I4 

III1 

t 

4. 
4. 
4. 

4. 
4. 
4. 
4. 

4. 
4. 
4. 
4. 
4. 

4. 
4. 
4. 
4. 

4. 
4. 

Reading No. 2 

117 5. 
873 4. 
907 4. 
911 4. 

998 4. 
975 4. 
965 4. 
965 5. 

884" 4. 
888 4. 
869 4. 
885 4. 
928 4. 

839 4. 
881 4. 
887 4. 
852 4. 

574 4. 
546 4. 

A 

120 
865 
900 
920 

998 
971 
998 

O. 003 
O. 008 
O. 007 
O. 009 

0 
O. 004 
O. 033 

6 

O. 0015 
O. 0040 
O. 0035 
O. 0045 

0 
O. 0020 
0.0165 

011 

882 
886 
868 
887 
930 

841 
882 
892 
847 

572 
540 

O. 046 

O. 002 
O. 002 
O. 001 
O. 002 
O. 002 

0 002 
0 001 
0 005 
0 0O5 

0 002 
0 006 

0.0230 

O. 0010 
O. 0010 
O. 0005 
O. 0010 
O. 0010 

O. 0010 
O. 0005 
O. 0025 
O. 0025 

O. 0010 
O. 0030 

# 

272 
529 

x lO 

2 . 2 5  
16. O0 
12 .25  
2 0 . 2 5  

0 
4. O0 

. 2 5  

. O0 

1. O0 
1. O0 
O. 25 
1. O0 
1. O0 

1. O0 
0 . 2 5  
6 . 2 5  
6 . 2 5  

1. O0 
9. O0 

III2 

III3 

4. 544 
4. 555 

4. 556 
4 . 6 1 2  
4. 586 
4. 543 

4 . 4 9 5  
4. 555 
4. 595 
4. 512 

4. 546 
4. 548 

4. 558 
4. 613 
4. 590 
4. 545 

4. 518 
4. 565 
4. 596 
4. 539 

0 002 
O. 008 

O. 002 
O. 001 
O. 004 
O. 002 

, O. 023 
O. 010 
O. 001 
0 . 0 2 7  

O. 0010 1. O0 
O. 0040 16. O0 

O. 0010 
O. 0005 
O. 0020 
O. 0010 

0.0115 
O. 0050 
O. 0005 
O. 0140 

1. O0 
0.25 
4.00 
1.00 

132.25 
25. O0 

0.25 
196.  O0 

S(X) = 0.1306 percent 

38 



AEDC-TR-65-51 

TABLE V (Concluded) 

d. Post-Fire Ablative Nozzle Exit 

Firing Series 

II 

I2 

I3 

I4 

III1 

III2 

I I I3 

Reading No. 1 

31 .256  
31 .321  
31 .304  
31 .306  

31 .202  
31 .200  
31 .155  
31 .125  

30 .957  
30 .900  
31 .011  
31 .015  
31 .015  

30 .520  
31 .422  
31 .130  
30 .760  

30 .616  
30 .952  
30 .905  
30 .498  

30 .858  
30 .825  
30 .652  
30 .613  

30 .753  
i 

30 .744  
30 .595  
30 .875  

Reading No.  2 

31 .256  
31 .317  
31 .309  
31 .312  

31 .205  
31 .206  
31 .162  
31 .162  

30 .951  
30 .907  
31 .012  
31 .021  
31 .021  

30 .521  
31 .420  
31 .122  
30 .685  

-30.610 
30 .956  
30 .911 
30 .496  

30 .859  
30 .826  
30 .654  
30. 613 

30. 745 
30. 727 
30 .592  
30 .876  

.,.% 

0 
O. 004 
O. 005 
O. 006 

O. 003 
O. 006 
O. 007 
O. 037 

O. 006 
O. 007 
O. 001 
O. 006 
O. 006 

O. 001 
O. 002 
O. 008 
0 .015  

O. 006 
O. 002 
O. 006 
O. 002 

O. 001 
O. 001 
O. 002 

0 

O. 008 
0 .017  
O. 003 
O. 001 

S(X) = 0.015 percent 

0 
0 .0020  
0 .0025  
0 .0030  

0 .0015  
0 .0030  
0 .0035  12. 
0 .0185  342. 

0 .0030  9. 

3' x 10 -6 

0 
4. O0 
6 .25  
9. O0 

2 .25  
9. O0 

25 
25 

O0 
0 .0035  
0 .0005  
0 .0030  
0 .0030  

0 .0005  
0 .0010  
0 .0040  
0 .0075  

0 .0030  
0 .0010  
0 .0030  
0 .0010  

0 .0005  
0 .0005  
0 .0010  

0 

0 .0040  
0 .0085  
0 .0015  
0 .0005  

12.25 
O. 25 
9. O0 
9. O0 

0.25 
i. O0 

16. O0 
56.25 

9. O0 
1.00 
9. O0 
1.00 

0.25 
0.25 
i. O0 
0 

16. O0 
72.25 
2.25 
0.25 

39 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA-R&D 
~ ° c u ~ t y  ©|aasllicatJan ol  f ir|e, ~ ol oh°tract end tndexin~ ~ n o t a f l ~  muet be ~ t e ~ d  ~ a n  ~e overall r e ~ r f  ia c |oasa l le~ 

I ORIGINATING ACTIVITY (Corporate author) 12a REPORT SECURITY C I.ASSIFICATION 

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  [ UNCLASSIFIED 
ARO, I n c .  O p e r a t i n g  C o n t r a c t o r  IZb GRouP 
A r n o l d  AF S t a t i o n ,  T e n n e s s e e  I N/A 

REPORT T I T L E  

AN ANALYSIS OF THE ACCURACY OF LIQUID-PROPELLANT ROCKET ENGINE 
PERFORMANCE MEASUREMENTS IN THE PROPULSION ENGINE TEST CELL ( J - 2 A )  

4 DESCRIPTIVE NOTES (Type o! report and Jncluaive datee) 

N/A 
5. AUTHOR(S) (t.aat name. l i ro t  name, in i t ia l )  

H a r p e r ,  C. W.,  ARO, I n c .  

6. REPORT DATE 

A p r i l  1965 
Sa C O N T R A C T  OR G R A N T  NO. 

AF 40 ( 6 0 0 ) - 1 0 0 0  
b. P R O J E C T  NO, 

9071 
@' P r o g r a m  A r e a  921E 

d. 

7a T O T A l .  NO, OF" PAGES 

46 
7b.  NO OF" REP'S 

3 
SO. O R I G I N A T O R ' S  R E P O R T  N U M B E R S )  

AEDC-TR-65-51 

,b. g .  o,3,ORT ( ,n ,  * . ,  me, 

N / A  

10. A V A IL AB IL ITY /L IMITATION NOTICES 

DDC r e l e a s e  t o  CFSTI a n d  f o r e i g n  a n n o u n c e m e n t  a n d  d i s t r i b u t i o n  o f  
t h i s  r e p o r t  a r e  n o t  a u t h o r i z e d .  Q u a l i f i e d  r e q u e s t e r s  may o b t a i n  

X ~ K T ~ K ~ ; ( ~  ,z. SPONEOR,NQ M,L,TARV ACT,V,TY 
c o p i e s  o f  t h i s  r e p o r t  f r o m  A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  
DDC. C e n t e r ,  A i r  F o r c e  S y s t e m s  Command, 

A r n o l d  AF S t a t i o n ,  T e n n e s s e e  
13 ABSTRACT 

M e a s u r e m e n t s  o b t a i n e d  d u r i n g  r e c e n t  t e s t i n g  i n  t h e  P r o p u l s i o n  E n g i n e  
T e s t  C e l l  ( J - 2 A )  a r e  a n a l y z e d  t o  d e t e r m i n e  t h e  a c c u r a c y  o f  m e a s u r i n g  
l i q u i d - p r o p e l l a n t  r o c k e t  e n g i n e  p e r f o r m a n c e .  The e q u i p m e n t  a n d  
c a l i b r a t i o n  t e c h n i q u e s  u s e d  t o  o b t a i n  t h e  d a t a  a n d  t h e  s t a t i s t i c a l  
m e t h o d s  e m p l o y e d  f o r  e r r o r  a n a l y s i s  a r e  d i s c u s s e d .  The r e s u l t s  
d e m o n s t r a t e d  t h a t  t h e  one  s t a n d a r d  d e v i a t i o n  e r r o r s  i n  t h r u s t ,  
c h a m b e r  p r e s s u r e ,  c e l l  p r e s s u r e ,  o x i d i z e r  f l o w  r a t e ,  a n d  f u e l  f l o w  
r a t e  m e a s u r e m e n t s  a r e  l e s s  t h a n  _+0.110, + 0 . 1 9 8 ,  +_0.769, _+0.181, 
a n d  + 0 . 1 5 0  p e r c e n t ,  r e s p e c t i v e l y .  The a c c u r a c y  o f  t h e  p r i m a r y  c a l -  
c u l a t e d  p e r f o r m a n c e  p a r a m e t e r s ,  t h r u s t  c o e f f i c i e n t ,  s p e c i f i c  
i m p u l s e ,  and  c h a r a c t e r i s t i c  v e l o c i t y ,  a r e  _+0.226, +_0.166, a n d  
_+0.234 p e r c e n t  ( o n e  s t a n d a r d  d e v i a t i o n ) ,  r e s p e c t i v e l y .  

i 

D D  ,oR. 1 4 7 3  1 JAN 64 UNCLASSIFIED 
Secudty Classification 



UNCLASSIFIED 

is  

S e c u r i t y  C l a s s i f i c a t i o n  

KEY WORDS 

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

LINK A LINK B 
RO~.E WT ROLl[ WT 

L I N K  C 

R O L E  [ WT 

I. ORIGINATING ACTIVITY:  
of t he  con t r ac to r ,  s u b c o n t r a c t o r ,  g r a n t e e ,  Depa r t men t  o f  De- 
f e n s e  a c t : v i t y  or o the r  o r g a n i z a U o n  (corporate author) i s s u i n g  
t he  report .  

2a. R E P O R T  S E C U I ~ T Y  C L A S S I F I C A T I O N :  E n t e r  t h e  over -  
al l  s e c u r i t y  c l a s s i f i c a t i o n  of  the  report ,  I n d i c a t e  w h e t h e r  
"Res t r sc ted  D a t a "  i s  include(' .  Mark ing is  to be  in accord- 
ance wi th  appropr ia te secur i t y  regu la t ions .  

2b. GROUP: Automat ic  downgrad ing is  spec i f i ed  in  DoD Di- 
r ec t i ve  5200. 10 and  Armed F o r c e s  I n d u s t r i a l  Manual .  E n t e r  
the group number. A lso,  when spp l i cab le ,  show that opt iona l  
markzngs have been used for Group 3 and Group 4 as author- 
tzed.  

3. R E P O R T  T I T L E :  Ente r  the  c o m p l e t e  report  t i t l e  in all  
cap i ta l  le t ters .  T i t l e s  in a l l  cases should be unc lass i f i ed .  
I f  a meaningfu l  t i t l e  cannot  be se lected wi thout  c l aqs i f i ca -  
tLon, show tzt le c l ass ; f l oa t , on  in a l l  cap i t a l s  in paren thes is  
'-'mn.edzately f o l l ow ing  the t i t le .  

4. D E S C R I P T I V E  NOTES: If appropr i a t e ,  e n t e r  the  t ype  o f  
report ,  v .g . .  zn t enm,  p r o g r e s s ,  summary ,  a n n u a l  or  f i n a l  
G,~e  the  r e c l u s i v e  d a t e s  w h e n  a s p e c i f i c  r e p o r t i n g  pe r iod  i s  
cuvered, 

5. AUTHOR(S):  En t e r  the  name(s )  of  au t ho r ( s )  a s  s h o w n  on  
or m l h e  report.  Entre l as t  name, f i rs t  name, middle i n i t i a l  
i f  :ml, tary,  show rank and branch o f  serv ice.  The name o f  
t h e  p n n c i p a J  . ' , t h o r  i~ an  a b s o l u t e  min imum requ i r emen t .  

6, R E P O R T  DAT~_~ En te r  the  d a t e  of t he  repor t  a s  day ,  
n~onth, year; or month, year. I f  more than one date appears 
on the report, use date of  p'Jbl icatton, 

7a. T O T A L  NUMBER O F  PAGES:  T h e  to ta l  p a g e  c o u n t  
s h o u l d  fo l low normal  p a g i n a t i o n  p r o c e d u r e s ,  i . e . ,  e n t e r  t h e  
number  of  p a g e s  c o n t a i n i n g  informat ion .  

7b. NUMI-JER O F  R E F E R E N C E S :  En te r  t he  to ta l  number  o f  
r e f e r e n c e s  c i t e d  in t h e  repor t .  

8a .  C O N T R A C T  OR G R A N T  NUMBER: i f  appropr ia te ,  en t e r  
t he  a p p l i c a b l e  number  o f  t he  c e n t r a l  t or g ran t  under  w h i c h  
t h e  rupot l  w a s  wri t ten .  

8b, 8c, & 8d. P R O J E C T  NUMBER: Emea  Ihe  app rop r i a t e  
m i l , t a ry  d e p a r t m e n t  i d e n t i f i c a t i o n ,  s u c h  a s  p r o j e c t  number ,  
s u b p r o j e c t  number ,  s y s t e m  n u m b e r s ,  : a s k  number ,  e tc .  

9a .  O R I G I N A T O R ' S  R E P O R T  NUMBER(S).  En te r  t he  off i -  
c ia l  repor t  number  by  w h i c h  the  d o c u m e n t  w111 be  i d e n t i f i e d  
and  c o n t r o l l e d  by t h e  o r l g i n a t , n g  ac t l v t t y .  T h z s  number  m u s t  
be unique to th,s report. J 

| 

9b.  O T H E R  R E P O R T  NUMbER(S):  If t he  report  h,Js been  J 
ass 'gned any othPr report numbers (e t tber  b~ II~e orJgtnator I 
or b)" the sponsor), also enter th is  number(s). I 

I 

I0. A V A [ L A B I L I T Y / L I M I T A T I O N  NOTICES:  E n t e r  any  tim- 
, t a t l o n s  on fur ther  d ~ s s e m m a t i o n  o f  the  report ,  o the r  t han  t h o s e [  

I N S T R U C T I O N S  

En te r  the  n a m e  and  a d d r e s s  i m p o s e d  by  s e c u r i t y  c l a s s i f i c a t i o n ,  u s i n g  8tendm,  d s t a t e m e n t s  
such as: 

(1) " Q u a l i f i e d  r e q u e s t e r s  may  ob t a in  c o p i e s  of  t h i s  
repor t  from D D C . "  

(2) " F o r e i q n  s n n o u n c e m e n t  and  d i s s e m i n a t i o n  of  t h i s  
repor t  by  DDC is  not a u t h o r i z e d . "  

(3) " U .  S. G o v e r n m e n t  a g e n c i e s  may o b t a i n  c o p i e s  o f  
t h i s  repor t  d i r e c t l y  from DI)C. O t h e r  q u a l i f i e d  DDC 
u s e r s  s h a l l  r e q u e s t  t h rough  

g ' '  

(4) " U ,  S. m i l i ta ry  agenc ies  may obta in  cop ies  o f  th is  
repor t  d i r e c t l y  from D D C  Othe r  qua l i f i ed  u s e r s  
s h e l l  r e q u e s t  t h rough  

e ' |  

(S) " A l l  d i s t r i b u t i o n  of t h i s  repor t  i s  con t ro l l ed .  Quid-  
i f i ed  DDC u s e r s  sha l l  r e q u e s t  t h rough  

b J 9  

If t h e  repor t  h a s  b e e n  f u r n i s h e d  to t he  O f f i c e  o f  T e c h n i c s l  
S e r v i c e s ,  Depa r tmen t  of  Commerce ,  for s a l e  to t he  pub l i c ,  indi-  
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p ro jec t  code  name ,  geographlc loca t ion ,  may be u s e d  s s  key  
words  but  w, ll be  fo l lowed by an i n d i c a t i o n  o f  t e c h n i c a l  con -  
text .  The  a s s i g n m e n t  of  l i nks ,  r u l e s ,  and  w e i g h t s  m op t i ona l .  
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