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ABSTRACT 

Boundary flow chemical composition and heat flux data from a hydrazine- 
nitrogen tetroxide rocket motor are presented. The spatial distribution of 
these data is related to certain injector design characteristics and to the 
ablation response produced by the injector in a Refrasil-phenolic chamber. 
Theoretical confirmation of the composition, heat flux and ablation data are 
made. Sampling system, experimental technique, and sample chemical analysis 
technique developments are also presented. 
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FOREWORD 

This report, which is one of a four-part final report, summarizes 
the results of experimental and analytical research into the chemical com- 
position and heat transfer characteristics of a hydrazine-nitrogen tetroxide 
liquid rocket motor. The reports in the series are: 

Part I - Summary 

Part I1 - Data Analysis, Correlation and Theoretical Predictions 

Part I11 - Data Report 

Part IV - Development of Experimental Hardware and Technique 

This effort was conducted for the Jet Propulsion Laboratories of the 
National Aeronautics and Space Administration under Contract No. NAS7-463. 
Mr. Donald L. Bond and William H. Tyler were the technical monitors. 

The Jet Propulsion Laboratory furnished the rocket motor for the test 
program. Firings of the developed equipment were conducted under subcontract 
to the United Technology Laboratory in Sunnyvale. Chemical analyses of the 
collected samples were performed by the West Coast Technical Company in San 
Gabriel, California. 
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SECTION 1 

INTRODUCTION 

The design of rocket motor injectors is a complex science 
approaching that of an art especially when both the performance 
and survivability of materials forming the rocket motor are to be 
optimized. Many of the parameters which the injector designer 
must consider have little or no quantification and the designer 
must rely on experience and expensive experimentation, usually 
with full scale flight weight equipment. The study program re- 
ported here addresses itself to two of the many parameters that 
are of importance to the designer - chemical composition in the 
boundary flow and heat transfer to the chamber walls. Both of 
these parameters are important to the understanding of how injec- 
tors effect not only motor performance but the survival of the 
materials forming the motor. A l s o  important are the experimental 
technique and apparatus developed in the program with which such 
data can be rapidly and inexpensively obtained. 

The material presented here summarizes the work conducted 
by the Aerotherm Corporation for the Jet Propulsion Laboratory in 
the study of the boundary flow in a liquid rocket motor. This 
work entailed the development of the boundary flow gas sampling 
system and heat flux gages, the experimental technique, chemical 
analysis technique, and data reduction, analysis and prediction. 
Data analysis, correlation and prediction are reported in Part 11; 
testing and data reduction are reported in Part 111; and the de- 
velopment activity in Part IV. In this report attention is also 
given to the conclusions drawn from this work and to the recom- 
mendations for future efforts suggested by the difficulties and 
anomalies which were encountered. 
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SECTION 2 

BACKGROUND 

The s tudy of boundary flow composition i n  a rocke t  motor com- 
bus t ion  chamber appears  t o  be a s u b j e c t  n o t  t o o  ex tens ive ly  i n v e s t i -  
ga ted  al though exhaust  stream sampling i s  performed on a r e l a t i v e l y  
r o u t i n e  b a s i s .  A major problem i s  t h e  seve re  environment i n  which 
t h e  system f o r  ob ta in ing  t h e  boundary flow gas samples must ope ra t e .  
Because t h e r e  e x i s t e d  a lack  of s u i t a b l e  equipment wi th  which t h e  

problem could be i n v e s t i g a t e d ,  t h e  Jet Propuls ion Laboratory under- 
took t h e  development of such equipment wi th  the view of gene ra t ing  
va luable  d a t a  f o r  i n j e c t o r  des igne r s  confronted wi th  provid ing  high 
performance i n j e c t o r s  f o r  both a b l a t i v e  and nonabla t ive  rocke t  motor 
chambers. 

I n  t h e  m i d - 1 9 6 0 ' s  a sampling scheme w a s  conceived which em- 
ployed a unique-zero-leakage, minimal-dead-volume, va lve  which had 
been developed f o r  p r o p e l l a n t  f low c o n t r o l  on t h e  Mariner Program. 
Using t h i s  valve as a b a s i s  f o r  t h e  research equipment concept ,  t h e  
Jet  Propuls ion Laboratory proceeded t o  have cons t ruc t ed  a copper h e a t  
s ink  combustion chamber and s u i t a b l e  i n j e c t o r ,  t h e  l a t t e r  embodying 
certain des ign  f e a t u r e s  e s t a b l i s h e d  i n  t h e  ALPS program which provide 
excep t iona l ly  good s t a b i l i t y ,  r e p e a t a b i l i t y  and ruggedness - a l l  h igh ly  
u s e f u l  f e a t u r e s  f o r  a r e sea rch  program. 

The i n j e c t o r  i s  designed t o  combust hydrazine and n i t rogen-  
t e t r o x i d e  a t  a chamber p re s su re  of 150  p s i  and a t  a mixture  r a t i o  of 
about  1.3. The i n j e c t o r  i s  cons t ruc t ed  o u t  of s t a i n l e s s  steel  and 
has t e n  double ts  of convent ional  design pos i t i oned  i n  a symmetric 
p a t t e r n .  V i e w  of t h e  chamber and i n j e c t o r  a r e  presented  i n  F igures  
1 and 2 .  Two i d e n t i c a l  i n j e c t o r s  of t h i s  design w e r e  cons t ruc ted  
by J P L ,  t h e  f i rs t  of which demonstrated t h e  b e s t  c* and a b l a t i o n  per-  
formance of t h e  series of N204/N2H4 i n j e c t o r s  developed i n  t h e  ALPS 

program. The second i n j e c t o r ,  and t h e  one used i n  t h e  s u b j e c t  pro- 
gram, a l s o  demonstrated good performance bu t  i n  t h e  JPL-Edwards 
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Figure  2. I n j e c t o r  



-4- 

F a c i l i t y  tests of t h i s  i n j e c t o r ,  t h e  a b l a t i o n  of a R e f r a s i l - p h e n o l i c  
nozz le  w a s  s eve re .  

The r o c k e t  motor w a s  so  designed t h a t  hea t  f l u x  and gas  samples 
could be ob ta ined  a t  s i x  evenly spaced a x i a l  s t a t i o n s  between t h e  in -  
j e c t o r  f a c e  and t h e  nozz le  th roa t .  Because t h e  i n j e c t o r  i s  a t t a c h e d  
t o  t h e  chamber by a clamp r i n g ,  t h e  i n j e c t o r  i s  free t o  r o t a t e  t o  any 
p o s i t i o n  r e l a t i v e  t o  t h e  chamber so t h a t  it i s  p o s s i b l e  t o  o b t a i n  
d a t a  corresponding t o  any d e s i r e d  i n j e c t o r  azimuth. T h e  p o s i t i o n s  
chosen f o r  t h e  program a r e  shown i n  F igu re  2 ,  
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SECTION 3 

OBJECTIVES OF THE PROGRAM 

The p r i n c i p a l  o b j e c t i v e s  of t he  program a r e :  (1) t o  demonstrate  
t h a t  meaningful gas  composition data from a r o c k e t  chamber boundary 
f low can be obta ined ,  ( 2 )  t o  c o r r e l a t e  t h i s  d a t a  (along w i t h  h e a t  
f l u x  de te rmina t ions)  w i t h  i n j e c t o r  des ign  d e t a i l s .  Secondary objec- 
t i v e s  inc lude  t h e  demonstrat ion of chemical composition, heat f l u x  
and a b l a t i o n  s t a t e - o f - t h e - a r t  p r e d i c t i o n s .  These p r e d i c t i o n s  s e r v e  
n o t  only t o  v e r i f y  t h e  experimental  r e s u l t s  b u t  t o  p o i n t  o u t  d e f i -  
c i e n c i e s  i n  c u r r e n t  understanding of t h e  phys ics  involved and thereby 
g i v e  d i r e c t i o n  t o  f u t u r e  r e sea rch  e f f o r t s .  



-6- 

SECTION 4 

APPARATUS DEVELOPMENT 

I n  t h e  fo l lowing  paragraphs t h e  d e s c r i p t i o n  of t h e  r e s e a r c h  
appara tus  development i s  p resen ted .  This  i n c l u d e s  t h e  sampling sys-  
t e m ,  h e a t  f l u x  gages and t h e  s p e c i a l  sample equipment developed f o r  
use  w i t h  t he  mass spec t rometer .  

4 . 1  SAMPLING SYSTEM 

From t h e  exper imenta l  and a n a l y t i c a l  s t u d i e s  conducted 
e a r l y  i n  t he  program, a sampling system w a s  developed i n  which 

s t a i n l e s s  s teel  l e c t u r e  b o t t l e s  are i n d i v i d u a l l y  connected t o  each 

of t h e  s i x  sampling p o r t s  through a r a t h e r  complex manifold/valve 
arrangement. I n  t h i s  sampling system, termed t h e  b leed  sampling 
method, a s m a l l  flow r a t e  of i n e r t  gas  i s  passed through t h e  system 
i n t o  t h e  chamber p r i o r  t o  t h e  sampling even t  t o  prevent  non- 
r e p r e s e n t a t i v e  sample gases  from c o l l e c t i n g  i n  t h e  sampling c i r -  
c u i t  and impa i r ing  t h e  accuracy o f  t h e  de te rmina t ion .  To prevent  
a surge  of  such gases  from e n t e r i n g  t h e  sampling c i r c u i t d u r i n q  the  

i g n i t i o n  t r a n s i e n t  (which w a s  o f  concern because of t h e  s h o r t t i m e  
i n t e r v a l s  involved)  , a two-stage bleed i s  employed so t h a t  

dur ing  t h e  i g n i t i o n  t r a n s i e n t  d r e l a t i v e l y  h igh  b l eed  ra te  
e x i s t s  which i s  reduced p r i o r  t o  sampling t o  p reven t  t h e  boundary 
l a y e r  from be ing  o v e r l y  d i s t u r b e d .  This  bleed f l o w  and t h e  flow 
of t h e  sample gas  i t se l f  i s  c o n t r o l l e d  by a series of r e c e n t l y  
developed-commercially ava i lab le-smal l -pneumat ica l ly  opera ted-  
v a l v e s .  These va lves  have an envelope so  s m a l l  t h a t  twelve of 
these valves (and twelve manually opera ted  valves) are conta ined  
i n  t h e  p o r t a b l e  case enveloping n o t  only t h e  va lves ,  b u t  
t h e  motor ,  sampling system, and b o t t l e s  as w e l l .  T h i s  case 

c o n t a i n s  t h e  hot  gases  used t o  heat t h e  appara tus  t o  a nominal 
o p e r a t i n g  temperature  of about 3 0 0 ~ ~ .  An e l e v a t e d  
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temperature  i s  r e q u i r e d  t o  p reven t  condensat ion of water from 
o c c u r r i n g  i n  the  sampling system and on t h e  chamber w a l l s .  

F igu re  3 shows t h e  schematic of t h e  sampling system c i r -  
c u i t  and va lv ing  arrangement f o r  one of  t h e  s i x  b o t t l e s  and 
Figure 4 ,  t h e  schematic fo r  t h e  complete system. The pneumatic 
va lves  are c o n t r o l l e d  by a s e p a r a t e  i n e r t  gas  c i r c u i t  which i s ,  
i n  t u r n ,  c o n t r o l l e d  by e lec t r ic  so leno id  va lves  ope ra t ed  by au to-  
m a t i c  sequencing appara tus  i n  t h e  c o n t r o l  room. Figure 5 shows 
t h e  sampling system as i n s t a l l e d  on t h e  motor wi th in  t h e  case on 
t h e  t e s t  s t a n d  a t  UTC. 

The  sequence o f  ope ra t ions  followed i n  each tes t  us ing  
t h i s  sampling system i s  shown i n  Table 1 (page 1 3 ) .  The purpose 
of t h e  p r e - f i r i n g  sequence of o p e r a t i o n s  i s  t o  a s s u r e  t h a t  t h e  
sampling system does n o t  c o n t a i n  any contaminents.  I n  t h e  f i r i n g  
sequence, on ly  t h e  d e t a i l s  p e r t i n e n t  t o  t h e  sampling e v e n t s  are 
shown. 

4 . 2  HEAT FLUX DETERMINATION 

H e a t  f l u x  t o  t h e  chamber w a l l  i s  measured by t h e  use of 
n u l l  p o i n t  h e a t  f l u x  gages i n s e r t e d  i n t o  h o l e s  d r i l l e d  i n  t h e  
chamber w a l l .  T h e  gages w e r e  made by b raz ing  chrome1 alumel 
thermocouple w i r e  i n t o  b l i n d  holes d r i l l e d  i n t o  copper s l u g s  
which w e r e  contour  m i l l e d  t o  conform t o  t h e  chamber geometry 
( a f t e r  assembly) by t h e  use  of a molded chamber template .  One 
dimensional  f low of heat through t h e  calorimeter w a s  a s su red  by 
t h e  c r e a t i o n  of an a i r  gap between t h e  ca lo r ime te r  and the  chamber 
w a l l  material .  F igure  6 shows the c o n s t r u c t i o n  de t a i l s  of t h e  
gage. S ince  the  n u l l  p o i n t  gage, i n  theory, determines t he  su r -  
face tempera ture ,  t h e  heat  f l u x  a t  t h e  s u r f a c e  i s  computed from t h e  

s u r f a c e  temperature  h i s t o r y  us ing  a Laplace t ransform o f  t h e  Four i e r  
one-dimensional heat f l u x  equat ion .  

4 . 3  SAMPLE CHEMISTRY DETERMINATION 

A s p e c i a l  procedure w a s  developed f o r  t h e  de te rmina t ion  
of  t h e  collected sample. This  development w a s  n e c e s s i t a t e d  
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C O M B U S T I O N  C H A M B E R  
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P N E U M A T I C  P U R G E  P N E U M A T I C  S A M P L E  
C O N T R O L  V A L V E  i'r C O N T R O L  V A L V E  

P U R G E  
S U P P L Y  

M A N U A L  

V A L V E  
S H U T - 0  

S A M P L E  
F L A S K  

F F  

S A M P L E  
S O L E N O I D  
C O N T R O L  
V A L V E  

P U R G E  
S O L E N O I D  
C O N T R O L  

V A L V E  

A C T U A T I O N  G A S  

Figure  3 .  Purge System Schematic 
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M A N U A L  S H U T -  
OFF V A L V E S  ( 1 2 )  

PURGE V A L V E S  ( 6 )  
I 

Figure 4. Pneumatic Circuit Schematic 
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TABLE 1 

PRE-FIRING SEQUENCE 

Seq. 
SO. 

1 

2 

2.1 

2 - 2  

2.3 

2-4 

3 

4 

5 

6 

7 

Operation 
Rotate in jec tor  t o  proper pos i t ion  

C i r c u i t  and sequencer check 

Verify 150 and 350 ps i a  solenoid valve actuat ion 

Connect 150 and 350 ps i a  purge l i n e s  t o  case, ve r i fy  
80-psi-purge-actuation; c i r c u i t  solenoid valve actua- 
t i o n ;  connect l i n e  t o  case and with 150 ps i a  purge on, 
v e r i f y  flow i n  chamber 

Verify 80 psi-sampling-valve-circuit solenoid valve 
actuat ion 

Complete and check a l l  connections necessary fo r  t he  
foregoing procedure 

Open sampling cyl inder  toggle valves 

Secure case - begin heat ing t o  300°F 

I n s t a l l  nozzle plug, begin vacuum pump down, 
open sampling valves 

When chamber temperature (Tb) = 300°F, close pneumatic 
sampling valve, b r ing  chamber t o  atmospheric pressure,  
v e r i f y  no r i s e  i n  pressure i n  sampling cylinders 

Pump chamber down (vacuum) , re lease (2 )  n u t s  on pump 
down f ix ture ,  openheliumpurge valves with 150 p s i a  
supply c i r c u i t  open; maintain 150 ps i a  purge u n t i l  
f i r i n g  sequence 
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Seq, 
No.  

1 

2 

3 

4 

5 

6 

7 

8 ( 2 )  

F I R I N G  SEQUENCE 

Operation 

Ac tua te  350 psia heliumpurge-supply-circuit w i t h  
80 psi  purge-valve-actuation-curcuit open 

Begin f i r i n g  sequence 

Close 350 p s i  helium purge supply,  open 150 p s i  
helium purge supply 

Close 80 p s i  helium purge a c t u a t i o n  c i r c u i t  

Open pneumatic sampling va lves  

Close pneumatic sampling va lves  

Open 80 p s i  helium purge a c t u a t i o n  c i r c u i t  

Terminate f i r i n g  ----- ’ -  

Time 

-10 (1) 

0 

0.5 

1 . 4  

1 .5  

2.5 

2 . 6  

4 

Approximate t i m e  (seconds) 

( 2 )  150 p s i  helium purge s t i l l  o p e r a t i n g  

POST-FIRING SEQUENCE 

Close toggle valves, remove sampling c y l i n d e r s  

I n s t a l l  n o z z l e  t es t  p l u g  f i x t u r e  w i t h  f i t t i n g  open 

Open sampling v a l v e s  
n o z z l e  p l u g  f i x t u r e  (2) 

purge l i n e s  t o  c y l i n d e r s  by capping 

Remove c y l i n d e r  p r e s s u r e  t r a n s d u c e r s  

Cycle  350 p s i h e l i u m p u r g e  t o  purge a l l  l i n e s  

C l o s e h e l i u m p u r g e ,  c l o s e  sampling valve 

(2) 150 psi  he l iumpurge  s t i l l  o p e r a t i n g  

I 



Seq. 
N o  e 

7 

8 

9 

10 

POST-FIRING SEQUENCE (Concluded) 

Operation - 
I n s t a l l  (6) sampling cyl inders  w i t h  toggle valves closed 

Open 350 psihel iumpurge,  open sampling valve; v e r i f y  no 
leakage a t  cy l inder  i n l e t s  

Close 350 psihel iumpurge,  release pressure from chamber 

Close sampling valves 
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because of t h e  d i f f i c u l t i e s  a s s o c i a t e d  wi th  a c c u r a t e l y  measuring 
t h e  composition of samples con ta in ing  l a r g e  q u a n t i t i e s  of h igh ly  
p o l a r  molecular  s p e c i e s  such a s  w a t e r  and ammonia found i n  t h e  

N 2 0 4 / N 2 H 4  boundary flow. 
t r a n s f e r r i n g  t h e  c o l l e c t e d  samples from t h e  l e c t u r e  b o t t l e s  t o  
smal l  tubes,  c a l l e d  microtubes,  under equ i l ib r ium thermodynamic 
cond i t ions  (i. e e , l e c t u r e  b o t t l e  p re s su re  and e l e v a t e d  temper- 
a t u r e )  and analyzing t h e  e n t i r e  con ten t s  of t h e  microtube i n  a 
mass spec t rometer .  By avoiding t h e  s t anda rd  i n l e t  system on t h e  

mass spec t rometer ,  problems be l i eved  t o  be a s s o c i a t e d  w i t h  su r -  
f a c e  adsorp t ion  of p o l a r  s p e c i e s  on t h e  room temperature  i n l e t  
system w a l l s  w e r e  circumvented. Conventional va lves  w e r e  avoided 

t o  e l i m i n a t e  problems w i t h  t rapped  nonrep resen ta t ive  s p e c i e s  o r  
contaminents i n  t h e  seat  reg ion .  I n  t h e  p l a c e  of a va lve ,  t h e  
s t a i n l e s s  s teel  microtubes w e r e  opened and c losed  by a s p e c i a l l y  
developed crimping and decrimping process .  

The procedure e s s e n t i a l l y  c o n s i s t s  of 

Figure 7 shows s e v e r a l  views of  a t y p i c a l  microtube. 
These tubes  w e r e  f i l l e d  from t h e  l e c t u r e  b o t t l e s  i n  an oven 
a f t e r  temperature  and p res su re  s t a b i l i z a t i o n  w e r e  achieved. The 

tubes w e r e  then  crimped o f f  (two f o r  each sample b o t t l e )  by 
a s t anda rd  crimping t o o l .  W i t h  a c a r e f u l  cr imping technique,  
it w a s  found t h a t  such crimped seals would maintain helium l e a k  

t i g h t n e s s  up t o  s e v e r a l  atmospheres of p re s su re .  A s p e c i a l  
decrimping t o o l  was developed which could be coupled d i r e c t l y  
t o  t h e  l eak  chamber of t h e  m a s s  spectrometer .  Figure 8 shows 
t h e  cons t ruc t ion  d e t a i l s  of t h e  decrimper and Figure 9 ,  an 
o v e r a l l  view of t h e  completed decrimper.  The u n i t  was con- 
s t r u c t e d  e n t i r e l y  of s ta in less  steel  i n  which t h e  a c t u a t i n g  
mechanism from a bel lows valve w a s  used t o  avoid contaminat ion 
of t h e  smal l  sample mass by chemical a c t i v i t y  w i t h  O-ring m a t e r i a l .  
A stainless-steel-glass-bellows-adaptor was h e l i a r c  welded t o  t h e  

housing t o  provide a connect ion between t h e  decrimper and t h e  g l a s s  
leak chamber on t h e  mass spectrometer  and t o  a l low f o r  thermal  ex- 
pansion between t h e  two. 
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Figure 9. De-Crimper and Microtube Assembly 
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4.4 TIMING AND COST 

The appara tus  w a s  found t o  be q u i t e  r e l i a b l e  a l though some 
d i f f i c u l t y  w i t h  seat  contaminat ion of t h e  sampling c o n t r o l  
va lves  w a s  experienced.  I t  w a s  found p o s s i b l e  t o  o b t a i n  f i r i n g  
rates as h igh  as f i v e  or  s i x  p e r  day. One l i m i t a t i o n  w a s  t h e  
number of l e c t u r e  b o t t l e s  ava i l ab le ,  i n  t h a t  b o t t l e s  could n o t  
be tu rned  around r a p i d l y  enough due t o  t h e  c o n s t r u c t i o n  of micro- 
tubes .  With m o r e  t h a n  one oven and several t e c h n i c i a n s ,  t h e  
f i r i n g  r a t e  could have been inc reased .  With an a n a l y s i s  cost 
of about $20  p e r  microtube t h e  cost  p e r  sample w a s  found t o  be 

about $200  no t  i n c l u d i n g  d a t a  r educ t ion  or  a n a l y s i s .  For a 
l a r g e  number of  f i r i n g s , d i g i t a l  r eco rd ing  equipment f o r  both  
t h e  engine  data  and h e a t  f l u x  in s t rumen ta t ion  and d i g i t a l  o u t p u t  
from t h e  m a s s  spec t rometer  ( i f  a large number of s p e c i e s  are 
involved)  i s  h igh ly  d e s i r a b l e  t o  reduce d a t a  r educ t ion  t i m e  and 
c o s t  and t o  e l i m i n a t e  data r educ t ion  errors. 
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SECTION 5 

CORRELATION OF BOUNDARY FLOW CHEMISTRY AND 
HEAT FLUX WITH INJECTOR PARAMETERS 

The q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  l a r g e  number of  
i n j e c t o r  des ign  parameters  and even t s  which occur  i n  t h e  com- 
b u s t i o n  chamber a r e  t o  t h i s  day l a r g e l y  a mystery even though 
these e v e n t s  are v i t a l  t o  t h e  s a t i s f a c t o r y  performance of t h e  

rocket motor. T h i s  l a c k  of unders tanding  i s  a measure n o t  so 
much of a l a c k  o f  a n a l y t i c a l  e f f o r t  b u t  of t h e  complexity of 
t h e  s u b j e c t .  I t  w a s  hoped a t  t h e  o u t s e t  of t h i s  program t h a t  a 
d e t a i l e d  exper imenta l  s tudy  of  some of the  boundary f low para-  
meters i n  t h e  chamber would be h e l p f u l  t o  t h e  understanding 
o f  these r e l a t i o n s h i p s .  A s  w i l l  be seen  i n  t h e  fo l lowing  d a t a  
c o r r e l a t i o n ,  the  exper imenta l  data show very  s i g n i f i c a n t  t r e n d s  
(a l though unexpected) which should n o t  be character is t ic  
of a p rope r ly  func t ion ing  i n j e c t o r .  Relat ive t o  these dramat ic  
t r e n d s , t h e  c o r r e l a t i o n  of boundary f l o w  composition and heat f l u x  
i s  found t o  bear only  a$weak r e l a t i o n s h i p  t o  t h e  i n j e c t o r  sp ray  
p a t t e r n  e 

Pre l imina ry  p r e d i c t i o n s  of composition by Aerotherm, unre- 
p o r t e d  i n  t h e  l i t e r a t u r e ,  demonstrate  t h a t  t h e  i n t e r p l a y  between 
the  i n j e c t o r  e lements  i s  very  s i g n i f i c a n t  so t h a t  an a c c u r a t e  de- 
s c r i p t i o n  of t h e  dependence of t h e  boundary f l o w  parameters  probably 
r e q u i r e s  a more c l o s e l y  spaced d a t a  a c q u i s i t i o n  than  t h a t  used i n  
t h i s  program. 

5 . 1  DOUBLET SPRAY PATTERN 

The sp ray  p a t t e r n  f r o m  impinging doub le t s  has  been found 
exper imenta l ly  t o  be e l l i p t i c a l  i n  cross s e c t i o n  ( for  non- 
r e a c t i n g  f l u i d s  a t  l e a s t ) ,  Considerable  work has been done a t  
J P L  i n  s tudy ing  t h e  impingement of bo th  r e a c t i n g  and non- 
r e a c t i n g  jets.  For t h e  l a t t e r ,  a mass and mixture  r a t i o  
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v a r i a t i o n  has been measured us ing  s p e c i a l l y  c o n s t r u c t e d  spray  
booths .  The m a s s  d i s t r i b u t i o n  has been found t o  be e l l i p t i c a l  
w i t h  a hype rbo l i c  decay dependence on r a d i u s  w h i l e  the  c e n t e r l i n e  
mass f l u x  has  a square  power l a w  decay from t h e  p o i n t  of impinge- 
ment. The mixture  r a t i o  v a r i a t i o n  has a modified error func t ion  
type  of p r o f i l e  on t h e  minor a x i s  of t he  e l l i p s e  (which c o n t a i n s  
t he  or i f ices)  and i s  r e l a t i v e l y  c o n s t a n t  i n  p l a n e s  p a r a l l e l  t o  
t h e  major a x i s .  The O / F  v a r i e s  f r o m  about  4 : l  t o  about 1 : 2  and 
shows s i g n i f i c a n t  p e n e t r a t i o n .  That  i s , t h e  sp ray  i s  o x i d i z e r -  
r i c h  on t h e  f u e l  o r i f i c e  side o f  t h e  doub le t  and v ice-versa .  

Some i n t e r e s t i n g  r e c e n t  s t u d i e s  a t  J P L  show t h a t  t h e  

p e n e t r a t i o n  phenomena demonstrated by non-reac t ive  f l u i d s  may 
n o t  model t h e  reactive j e t  s i t u a t i o n  e s p e c i a l l y  f o r  hype rgo l i c  
p r o p e l l a n t s  such as N 2 0 4  and N2H4.  

termed r e a c t i v e  flow s e p a r a t i o n  (or  blow a p a r t )  and r e s u l t s  i n  
a reversal of t h e  mixture  c h a r a c t e r i s t i c e  desc r ibed  above. For 

t h e  p r e s e n t  i n j e c t o r  des ign ,  t h i s  means t h a t  t h e  boundary flow 
would be o x i d i z e r - r i c h  i n s t e a d  of f u e l  r i c h ,  w e r e  t h e  b l o w  a p a r t  
e f f e c t  t o  p r e v a i l .  

Such phenomena has been 

5.2 SPRAY BOOTH NON-REACTIVE DATA 

Because t h e  i n j e c t o r  used i n  t h i s  program has t e n  d o u b l e t s ,  
t h e  flow f i e l d  i n  t h e  chamber i s  n e c e s s a r i l y  a composite of t h e  

flow f i e l d  produced by all of t h e  doub le t s  each of  which have 

t h e  characterist ics desc r ibed  i n  the  preceeding s e c t i o n .  A 

r e p r e s e n t a t i o n  of t h i s  s u p e r p o s i t i o n  i s  shown i n  Figure 10a 
(reproduced f rom Reference l )*e  Even i n  t h i s  simple r ep re -  
s e n t a t i o n ,  it i s  e v i d e n t  t h a t  t h e  composite f low f i e l d  i s  a 
complex i n t e r a c t i o n  of t h e  t e n  element f l o w  f i e l d s .  

Cur ren t ly  t h e  m o s t  f r e q u e n t l y  used method fo r  o b t a i n i n g  a 
"feel"  f o r  t h e  composite flow f i e l d  i s  t o  g a t h e r  non-react ive 
d i s t r i b u t i o n  

* 
Figures  1 0 a  
s l i g h t l y  t o  
t h e  s u b j e c t  

data from a shower booth u s i n g  s imula ted  p r o p e l l a n t s .  

and b reproduced from Reference 1 have been modified 
account  f o r  t h e  d i f f e r e n t  angu la r  r e l a t i o n s h i p  of 
i n j e c t o r .  
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Shower booth data  taken  from t h e  twin of t h e  i n j e c t o r  used i n  t h i s  
s tudy  i s  shown i n  F igu re  lob .  Such d a t a  can only show t h e  m o s t  
g e n e r a l  f e a t u r e s  of t h e  flow f i e l d .  For example, t h e  d a t a  i n  Fig- 
u r e  1 0 b  shows t h e  i n j e c t o r  does n o t  produce t h e  symmetrical  f low 
f i e l d  one might expec t  from t h e  l a y o u t  of t h e  i n j e c t o r  e lements  
a l though a d i r e c t i o n a l  bias  due t o  t h e  o r i e n t a t i o n  of t h e  c e n t r a l  
e lements  i s  ev iden t .*  

5 . 3  CHEMISTRY CORRELATIONS 

The c o r r e l a t i o n  ot t h e  boundary flow chemical composition 

d a t a  wi th  t h e  i n j e c t o r  angle  o r i e n t a t i o n  i s  p resen ted  i n  F igure  11. 

This d a t a  w a s  ob ta ined  from t h e  m a s s  spec t rometer  de te rmina t ions  
of t h e  atomic composition i n  t h e  sample b o t t l e s  and has been cas t  
i n  a mass frame of r e f e r e n c e  by mul t ip ly ing  t h e  oxygen t o  hydrogen 
atomic r a t i o  by t h e  molecular  weight  r a t i o  of t h e  o x i d i z e r  and 
f u e l  r e s p e c t i v e l y :  

This technique i s  based on t h e  premise t h a t  each atom of  oxygen 
r e p r e s e n t s  one molecule of o x i d i z e r  and s i m i l a r l y  f o r  one a t o m  
of hydrogen. Mul t ip ly ing  by t h e  molecular  weight  provides  a 
convenient  way of  comparing non-reac t ive  and r e a c t i v e  data on 
a mass flow basis.  

The s p a t i a l  v a r i a t i o n  of t h e  boundary flow composition i s  
p resen ted  i n  Car t e s i an  coord ina te s  i n  a series of curves ( o n e  f o r  
each sampling s t a t i o n  ) i n  F igure  11; where number 1 i s  nea r  t h e  
i n j e c t o r  end of t h e  chamber. While t h e s e  f i g u r e s  do show t h e  
O / F  dependence, O/F a lone  does n o t  s p e c i f y  t h e  boundary flow 
composition because unequal d i f f u s i o n  (and perhaps o t h e r  even t s  
n o t  understood a t  p r e s e n t )  cause t h e  flow t o  demonstrate n i t rogen  
r i c h  c h a r a c t e r i s t i c s  -- which d i l u t i o n  modif ies  t h e  en tha lpy  

* 
Such i r r e g u l a r i t i e s  are t y p i c a l l y  a t t r i b u t e d  t o  manufacturing 
t o l e r a n c e s  which are very  c r i t i ca l  f o r  s m a l l  o r i f i c e s .  
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p o t e n t i a l  of t h e  boundary flow (and o t h e r  parameters  of s i g n i f i c a n c e ) .  
Such compl ica t ions  are n o t  t r e a t e d  i n  t h e  c o r r e l a t i o n s  p re sen ted  
here .  

The f i g u r e s  i n  t h i s  set  show t h a t  t h e  boundary f low i s  
predominantly f u e l  r i c h  as d e s i r e d  - becoming less f u e l  r i c h  
as t h e  f low proceeds down t h e  chamber t o  t h e  e x i t .  However, i n  
one r eg ion ,  s p e c i f i c a l l y  between 220  and 280 deg rees ,  t h e  boundary 
flow has  a ve ry  h igh  o x i d i z e r  t o  f u e l  r a t i o  c h a r a c t e r i s t i c ;  which, 
f o r  t h e  l a s t  s t a t i o n s , i s  as h igh  as t h e  h i g h e s t  determined i n  t h e  
tes ts  of t h e  i n d i v i d u a l  element non-reac t ive  tests ( i . e . ,  
O/F = 4 : l )  mentioned p rev ious ly .  N o t e  also i n  t h e  f u e l  r i c h  
r e g i o n s ,  t h e  O / F  va lues  are lower than  t h e  non-reac t ive  data 

(O/F < .5)  from t h e  i n d i v i d u a l  e lements .  

While t h e  data  does show h ighe r  O / F  r a t i o s  i n  t h e  270° 

quadrant  as expected from t h e  shower booth d a t a  (though n o t  t o  
t h e  e x t e n t  d i sp l ayed  i n  t h e  data h e r e ) ,  t h e  h igh  r a t i o s  expected 
a t  t h e  75O s e c t o r  do n o t  appear  a l though a s l i g h t  rise i s  found 
f o r  t h e  30° p o s i t i o n  f o r  m o s t  of t h e  s t a t i o n s  ( n o t  shown). 

5 . 4  SPRAY PATTERN CORRELATION 

Although more d i f f i c u l t  t o  assimilate,  t h e  m o s t  p r a c t i c a l  
way t o  correlate t h e  foregoing  v a r i a t i o n s  i n  boundary flow 
mixture  r a t i o  wi th  t h e  i n j e c t i o n  element  o r i e n t a t i o n  i s  to  compare 
it wi th  t h e  doub le t  l o c a t i o n s  i n  p o l a r  coord ina te s .  A t y p i c a l  
p l o t  i s  p resen ted  i n  F igure  1 2 .  The doub le t s  are numbered 
from one t o  t e n  as they  are encountered i n  r o t a t i n g  counter-  
clockwise ( the outermost  f i r s t ) .  I t  i s  necessary  t o  v i s u a l i z e  
t h e  i n t e r a c t i o n  of t h e  spray  p a t t e r n s  b e a r i n g  i n  mind t h e  e l l i p -  
t i c a l  p a t t e r n  (probably o x i d i z e r  r ich)  on t h e  f u e l  o r i f i c e  s ide 

(denoted by t h e  l e t te r  f )  and v ice-versa  f o r  t h e  o x i d i z e r  side 

(denoted by t h e  l e t te r  0) e A l s o  bear i n  mind t h e  mixture  r a t i o  
i s  probably r e l a t i v e l y  c o n s t a n t  i n  p l anes  p a r a l l e l  t o  t h e  e l l i p s e  
major a x i s  ( t h e  long  l i n e )  of t h e  spray  p a t t e r n .  

I n  F igure  1 2  it i s  q u i t e  apparent  t h a t  t h e  boundary flow 
i s  o x i d i z e r  r i c h  i n  t h e  neighborhood of t h e  number 4 and 5 
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180' 

Figure  1 2 .  C o r r e l a t i o n  of O/F w i t h  Doublet P a t t e r n  
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doub le t s .  Doublets 2 ,  6 ,  7 ,  and 8 appear  t o  be producing a f u e l  
r i c h  mixture  a t  t h e  w a l l .  Some p re l imina ry  i n s i g h t  i n t o  t h e  com-  
p l i c a t e d  i n t e r a c t i o n  of t h e  sp ray  can be i n f e r r e d  from t h e s e  d a t a .  
For example, n o t e  how t h e  f u e l  r i c h  sp ray  from 3 p e n e t r a t i n g  t h e  
o x i d i z e r  r i c h  sp ray  f r o m  4 produces l o w  O/F a t  180°. Conversely,  
t h e  o x i d i z e r  r i c h  side of u o u b l e t  2 could produce t h e  s l i g h t  hump 
i n  O / F  a t  30' as it p e n e t r a t e s  the  f u e l  r i c h  spray  from 1 a t  t h e  
w a l l .  S i m i l a r  i n t e r a c t i o n s  can be v i s u a l i z e d  f o r  2 and 3 ; land  6 ,  

e t c .  One i s  tempted t o  conclude t h a t  excep t  f o r  4 and 5 ,  t h e  var i -  
a t i o n s  noted  i n  O/F d i s t r i b u t i o n s  are due t o  these spary  i n t e r -  
a c t i o n s .  

S e v e r a l  t y p i c a l  examples of t h e  many atomic and s p e c i e  
s p a t i a l  p r o f i l e s  gene ra t ed  i n  t h i s  program are presented  i n  
F igures  13 and 1 4 .  For t h e  m o s t  p a r t ,  t h e  boundary flow i s  

c h a r a c t e r i z e d  by excess ive  amounts of ammonia nea r  t h e  i n j e c t o r  
which  decreases w i t h  a x i a l  d i s t a n c e  down t h e  chamber w a l l ( p r e -  
sumably as t h e  l i q u i d  ammonia vaporizes).  T h e r e  i s  a corre- 
sponding i n c r e a s e  i n  n i t r o g e n  and water.  For t h e  high O / F  

chamber p o s i t i o n s  ( t y p i f i e d  by Figure  13b),  l i t t l e  ammonia i s  
found and free oxygen and much m o r e  n i t r o g e n  are p r e s e n t  i n  i t s  
p lace .  T h e  atomic f r a c t i o n  p l o t s  show s imi l a r  t r a n s i t i o n s  -- 
from a hydrogen r i c h  s i t u a t i o n  n e a r  t h e  i n j e c t o r  t o  n i t r o g e n  
r i c h  n e a r  t h e  t h r o a t .  I n  the h igh  O / F  r e g i o n  (F igure  1 4 b )  

n i t r o g e n  i s  everywhere the predominant atom gram f r a c t i o n .  

Redundant t e s t  d a t a  showed t h a t  t h e  sampling rates used 
i n  these experiments  w e r e  l o w  enough t h a t  upstream sampling d i d  
n o t  e f fec t  downstream r e s u l t s .  D a t a  from tests i n  which sampling 
d u r a t i o n  and mixture  r a t i o  w e r e  v a r i e d ,  showed some e f f e c t  due 
t o  t h e s e  parameters  b u t  so f e w  tests w e r e  performed t h a t  p o s i t i v e  
conclus ions  could n o t  be drawn because of c e r t a i n  incon- 
s i s t a n c i e s  e v i d e n t  i n  t h e  d a t a .  
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5.5 HEAT FLUX DATA AND CORRELATION 

A certain amount of difficulties due to both instrumentation 
failures and calorimeter contamination prevented the attainment 
of either a complete set of heat flux data or data of unquestion- 
able quality. The best of the heat flux data obtained is presented 
in Figure 15 which both conveniently summarizes all the data and 
compares it with the spatial composition trends. It is seen for 
the positions near the injector that there is a fair degree of cor- 
relation between the change in heat flux magnitude and changes in 
oxidizer to fuel ratio, although the dramatic changes in the oxidizer 
rich region does not seem to have a heat flux counterpart. The re- 
lationship between the two becomes more tenuous for the other axial 
locations and near the throat there seems to be little if any rela- 
tionship. It can be noted that the phenomenon causing the signifi- 
cant changes in heat flux appears to be represented in all three gage 
responses. In particular, attention is drawn to the rise in heat 
flux to the 60° position and the sudden drop at about 80°. A general 
rising trend to the oxidizer rich region followed by a drop back down 
to the 0' position values can be seen. The data from Reference 1 
taken from an identical injector in a steel chamber at a slightly 
higher wall temperature displays a completely different spatial char- 
acteristic since the data are much more constant. The calorimeters 
of Reference 1 were constructed on a different principle and a dif- 
ferent analytical technique for calculating heat flux was employed. 
These differences may or may not account for the different charac- 
teristics between the two data sets. 
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SECTION 6 

ANALYSIS AND PREDICTION 

6 . 1  COMPOSITION AiUALYSXS AND P'HEuIC'SION 
~ - .  

Theoretical  a n a l y s i s  w e r e  made on some o f  t h e  exper imenta l  
composition r e s u l t s .  Equi l ibr ium s p e c i e s  p r e d i c t i o n s  w e r e  made 
based on the  c a l c u l a t e d  atom gram f r a c t i o n s  from t h e  m a s s  spec- 
t rome te r  de t e rmina t ions .  These p r e d i c t i o n s  w e r e  performed f o r  
i n d i v i d u a l  samples as a f u n c t i o n  of temperature .  The  p r e d i c t e d  
tempera ture  dependent s p e c i e s  composition were then  compared 
w i t h  the  spec t rometer  s p e c i e s  de te rmina t ion .  I n  m o s t  cases a 
theoret ical  tempera ture  e x i s t s  such t h a t  p r e c i s e  agreement w i t h  

a l l  p e r t i n e n t  s p e c i e s  can be found and t h i s  temperature  ag rees  
q u i t e  c l o s e l y  w i t h  t h e  measured w a l l  temperature .  An example 
of t h i s  agreement i s  p resen ted  i n  F igure  16 .  T h i s  f i g u r e  shows 
a r a p i d l y  changing composition as a f u n c t i o n  of temperature  ( t h e  
cause of t he  composition change being t h e  decomposition of 
ammonia a t  o r  about t h e  chamber w a l l  t empera tu re ) .  For t h e  
p a r t i c u l a r  example chosen, agreement w i t h i n  a few p e r c e n t  f o r  
a l l  s p e c i e s  i s  found a t  a temperature  of 472OK. The measured 
w a l l  t empera ture  (mean du r ing  the  sampling even t )  w a s  453OK. 

Other cases are found where a unique s o l u t i o n  i s  ob ta ined  
b u t  f o r  tempera tures  much h ighe r  than  w a l l  temperature  and a l so  
a few cases are found where no temperature  can be found such t h a t  
agreement i s  obta ined .  The f i r s t  s i t u a t i o n  can p o s s i b l y  be in- 
t e r p r e t e d  as a composition f rozen  near  t h e  chamber flame 
temperature  and t h e  second as a g e n e r a l  nonequi l ibr ium cond i t ion .  
More exper imenta t ion  and documentation of these k inds  of effects 

need t o  be performed t o  e s t a b l i s h  the p l a u s i b i l i t y  of these 

i n t e r p r e t a t i o n s .  

Several p r e d i c t i o n s  of b o t t l e  composition w e r e  a t tempted 
u t i l i z i n g  a m o r e  g e n e r a l  c o n s t r a i n t  t han  b o t t l e  atomic com-  
p o s i t i o n .  The chamber boundary l a y e r  flow w a s  modeled by 
employing a r e c e n t l y  developed Aerotherm t u r b u l e n t  boundary 
l a y e r  code i n  which e q u i l i b r i u m  chemical r e a c t i o n s  and unequal 
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s p e c i e s  and thermal  d i f f u s i o n  events can be t r e a t e d .  The edge 
composition w a s  s p e c i f i e d  t o  be t h e  mean chamber cond i t ion  
ana an a r b i t r a r y  composition p r o f i l e  was s p e c i f i e d  a t  t h e  i n j e c t o r  
s t a t i o n  which v a r i e d  from t h i s  edge composition t o  e i t h e r  a )  
pure hydrazene a t  t h e  w a l l ,  o r  b )  a p r o p e l l a n t  mixture  r a t i o  

of . 5  a t  t he  wa l l .  S t a r t i n g  with t h i s  i n i t i a l  condi t ion  the 

program genera ted  nons imi la r  composition p r o f i l e s  (and p r o f i l e s  
of o t h e r  p r o p e r t i e s  a s  w e l l ) .  This t h e o r e t i c a l  boundary flow 
was then t h e o r e t i c a l l y  sampled us ing  p o t e n t i a l  flow s t r eaml ines  
produced by a s ink  t o  r e p r e s e n t  t h e  three dimensional  flow s i t u -  
a t i o n .  Choosing f o r  comparison, one of t h e  f l a s k s  which had a 
smal l  amount of ammonia p r e s e n t ,  t h e  t h e o r e t i c a l l y  produced 
sample r e s u l t s  a r e  found t o  be amazingly c l o s e  t o  t h e  expe r i -  
mental ly  measured composition a s  shown i n  Table  2 (page 3 9 ) .  When 
ammonia i s  p r e s e n t  i n  l a r g e  q u a n t i t i e s ,  t h e  p r e d i c t i o n s  a r e  i n  con- 
s i d e r a b l e  e r r o r .  T h i s  e r r o r  i s  a consequence of t h e  fac t  t h a t  un- 
less a l i q u i d  l a y e r  of ammonia ( o r  hydrazine)  i s  presumed p r e s e n t  
on t h e  w a l l ,  t h e  temperature  g r a d i e n t s  i n  t h e  laminar  sublayer  a r e  
so g r e a t  t h a t  l i t t l e  mass of ammonia can t h e o r e t i c a l l y  be p r e s e n t .  

6 . 2  HEAT F L U X  DATA P R E D I C T I O N  

Theore t i ca l  p r e d i c t i o n s  w e r e  made of t h e  measured h e a t  
f l u x  a t  two azimuths;  one corresponding t o  t h e  high O/F region 

( @  2 7 0 )  and one r e p r e s e n t a t i v e  of t h e  f u e l  r i c h  region.  These 
ana lyses  provided an oppor tuni ty  f o r  a s ses s ing  any b e n e f i t s  t h a t  
may poss ib ly  accrue from a knowledge of t h e  boundary flow com- 
p o s i t i o n  i n  making p r e d i c t i o n s  of t h i s  kind. 

The p r e d i c t i o n s  w e r e  made with a t u r b u l e n t  boundary l a y e r  
code employing t h e  i n t e g r a l  energy th ickness  theory genera l ized  
t o  t r e a t  f l o w s  of a r b i t r a r y  chemical composition. 
temperature ,  boundary f l o w  composition, and t h e  t h e o r e t i c a l  

en tha lpy  a t  t h e  edge ( f o r  t h e  mean chamber cond i t ion )  w e r e  i n p u t  
t o  t h e  program. 
where e x c e l l e n t  agreement i s  apparent .  
t h e  r e s u l t s  from t h e  program have had t o  be f a c t o r e d  by about  .7 

t o  ob ta in  agreement w i t h  experimental  heat f l u x .  

Measured w a l l  

Typical  r e s u l t s  a r e  presented i n  Figure 1 7  

I n  most problems t o  d a t e ,  

The agreement 
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-___ 
H 

Data Run 11 0.50 

Theory O/F=O. at 0.607 
the wall 

Theory O/F=0.5 at 0.54 
the wall 

TABLE 2 

COMPARISON OF PREDICTED AND MEASURED 
SAMPLE COMPOSITION 

- 

N 

0.45 

0.34 

0.34 

- -.- 

Azimuth 

270 * 

TABLE 3 

Data Predicted 

0.4 0.44 

COMPARISON OF PREDICTED AND 
MEASURED ABLATION 

Firing Time = 64 seconds 

*Maximum ablation point 
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displayed in this figure was obtained without the application of 
any factor. This improvement in agreement is, at this time, attrib- 
uted to the benefit of having composition data. 

6.3 ABLATION RESPONSE PREDICTION 

Preliminary attempts were made to predict the ablative re- 
sponse of a Refrasil-phenolic throat material which had been tested 
with this injector previous to the program. Two circumferential 
positions were chosen which correspond to the maximum and minimum 
recession points. While the ablation predictions were satisfying, 
several presumptions with regard to the edge thermodynamic state 
had to be made which were not totally consistent with what had been 
used for the prediction of heat transfer. In short, by assuming the 
edge thermodynamic state to be given by the theoretical flame tem- 
perature, the maximum ablation or recession rate was predicted nearly 
exactly, as shown in Table 3 .  However, the minimum point, which 
showed nearly zero ablation, was significantly over-predicted since 
the theoretical results showed only a factor of two reduction from 
the maximum recession rate. Predicting the response of a material 
like Refrasil-phenolic is approximate at best since there are a 
number of ill-defined phenomena poorly modeled at present which re- 
quire further research even for situations in which the boundary con- 
ditions are well defined. Apparently there is a significant cut-off 
mechanism, such as fail temperature, which was not treated properly 
for the minimum recession point case. Theoretical explorations 
along these lines could not be performed in the current effort. 
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SECTION 3 

SUMMARY AND CONCLUSIONS 

Aerotherm Corpora t ion  i n  conjunct ion  w i t h  t h e  Jet  P ro -  

p u l s i o n  Laboratory has developed t h e  appara tus  and exper imenta l  
technique w i t h  which t h e  composition i n  t h e  boundary flow of a 
rocket motor can be determined w i t h  reasonable  accuracy. The 

s p e c i f i c  p r o p e l l a n t  system used for  t h i s  demonstrat ion w a s  
hydraz ine  and n i t r o g e n  t e t r o x i d e ,  b u t  t h e  techniques  should be 
a p p l i c a b l e  t o  any system producing gaseous o r  e a s i l y  vapor ized  
combustion products  provided they can be analyzed on a m a s s  
spec t rometer  w i t h  t h e  technique  developed h e r e i n .  The tes t  d a t a  
ob ta ined  w i t h  t h e  appara tus  showed t h a t  t h e  i n j e c t o r  used i n  
t h e  program al though i d e n t i c a l  t o  a prev ious  i n j e c t o r  which 

gave good performance i n  a b l a t i v e  motors, n e v e r t h e l e s s  appears  t o  

have produced s i g n i f i c a n t l y  d i f f e r e n t  boundary flow composition 
than  d i d  t h e  other  i n j e c t o r .  T h e  mechanical reason  f o r  t h i s  d i f -  

f e r e n t  performance w a s  n o t  determined i n  t h e  s tudy .  The h igh  
o x i d i z e r  t o  f u e l  r a t i o  and s i g n i f i c a n t  free oxygen found i n  one 
chamber r eg ion  (which produced severe a b l a t i o n  of  a Ref ra s i l -pheno l i c  
chamber) i s  p o s s i b l y  due t o  b l o w  a p a r t  phenomena a f f e c t i n g  j u s t  
one o r  two doub le t s  of t h e  t e n  i n  t h e  i n j e c t o r .  Everywhere 
e lse ,  t h e  boundary flow showed a r e l a t i v e l y  c o n s t a n t  f u e l  r i c h  

composition and c o r r e l a t i o n  w i t h  t h e  doub le t  p a t t e r n  was weak 
or nonex i s t en t .  The complex i n t e r a c t i o n  of t h e  spray  p a t t e r n s  
needs t o  be s t u d i e d  s o  t h a t  t h i s  impor tan t  e f f e c t  can be factored 

i n t o  such c o r r e l a t i o n s .  L i k e w i s e  t h e  heat  f l u x  measurements 
which accompanied t h e  composition determinat ion,  showed l i t t l e  
o r  no correspondance t o  e i t h e r  t h e  i n j e c t o r  doub le t  p a t t e r n  or 
t o  t h e  v a r i a t i o n  i n  boundary flow composition t h a t  does e x i s t .  

P r e d i c t i o n s  of t h e  composition d a t a  w e r e  f avorab le  con- 
s i d e r i n g  t h e i r  very  p re l imina ry  n a t u r e .  These p r e d i c t i o n s  
demonstrated conc lus ive ly  that ,  t h e o r e t i c a l l y  a t  least ,  there i s  
r e q u i r e d  t o  be a l i q u i d  l a y e r  of ei ther hydrazine or ammonia 
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p r e s e n t  on t h e  chamber s u r f a c e  t o  p r e d i c t  t h e  ammonia concen- 
t r a t i o n s  measured i n  t h e  c o l l e c t e d  samples.  Equi l ibr ium pre-  
d i c t i o n s  of t h e  composition us ing  t h e  atomic d a t a  from t h e  
sample showed good s p e c i e  agreement f o r  t h e  ma jo r i ty  of t h e  
cases  s t u d i e d  wi th  t h e o r e t i c a l  temperatures  s l i g h t l y  i n  excess  
of t h e  measured w a l l  temperature .  Evidence of what  i s  i n t e r p r e t e d  
t o  be high temperature  k i n e t i c s  were a l s o  found. P r e d i c t i o n s  of 
t h e  measured h e a t  t r a n s f e r  w e r e  q u i t e  s u c c e s s f u l  a l though a l s o  
q u i t e  l i m i t e d .  The t h e o r e t i c a l  a b l a t i o n  c a l c u l a t i o n s  p r e d i c t e d  
t h e  c o r r e c t  l e v e l  f o r  t h e  maximum a b l a t i o n  p o i n t  and the  c o r r e c t  
t r e n d ,  i f  n o t  t he  l e v e l ,  f o r  t h e  l o w  a b l a t i o n  region. The f a c t  
t h a t  mutual ly  i n c o n s i s t e n t  presumptions regard ing  t h e  boundary 
flow edge thermodynamic s t a t e  between t h e  h e a t  t r a n s f e r  and t h e  

a b l a t i o n  p r e d i c t i o n s  w e r e  r equ i r ed  sugges ts  t h a t  f u r t h e r  r e sea rch  
i s  r equ i r ed  i n  t h i s  area. 



-43-  

SECTION 8 

RECOMMENDATIONS 

The recommendations given below g e n e r a l l y  fo l low along t h e  
I 

l i n e s  of t h e  p r i n c i p a l  ques t ions  and anomalies t h a t  w e r e  r a i s e d  i n  
t h e  course of t h e  program. Many of t h e  recommendations are based 
on factors deemed t o  be i n a p p r o p r i a t e  f o r  d i scuss ion  i n  a summary 
document so t h a t  l i t t l e  i n  t h e  way of suppor t ing  d i scuss ion  i s  
presented  here and r e f e r e n c e  i s  made t o  t h e  p e r t i n e n t  main document. 
I n  t h i s  regard an a t t empt  is  made t o  r e fe rence  t h e  s p e c i f i c  a r e a s  
of t h e  f i n a l  r e p o r t  i n  which t h e  problem a r e a s  i s  t r e a t e d  i n  de ta i l .  

8 .1  EXPERIMENTAL RECOMMENDATIONS 

Seve ra l  types  of experimental  programs are seen t o  be needed 
which could employ t h e  equipment i n  i t s  c u r r e n t  s t a g e  of development. 
It  would,however, be advantageous t o  inco rpora t e  a t  least  some of 
t h e  improvements suggested i n  Sec t ion  8..2 which fol lows.  

With a complete se t  of h e a t  f l u x  ins t rumenta t ion ,  c e r t a i n  key 
i n j e c t o r  p o s i t i o n s  should be retested t o  v e r i f y  t h e  f ind ings  of 
t h i s  program. I n  a d d i t i o n  t h i s  redundant d a t a  could be used t o  v e r i f y  
t he  k i n e t i c a l l y  c o n t r o l l e d  composition hypothesis  ( P a r t  I1 - Sect ion  5 ) .  
These tests would n o t  only r e c t i f y  t he  lack of d e t a i l e d  heat f l u x  d a t a  
i n  t h e  t h r o a t  reg ion  bu t  could a l s o  be used t o  o b t a i n  p re - ign i t ion  
heat f l u x  gage response d a t a  (Part  I11 - Sec t ion  4 ) .  

Experiments w i t h  va r ious  sampling flow rates and d i f f e r e n t  w a l l  
temperatures  could be conducted t o  c o r r e l a t e  the t h e o r e t i c a l  boundary 
f low p r e d i c t i o n s  ( P a r t  I1 - Sect ion  4). Large sampling flow rates 
could be used t o  determine the  l o c a l  boundary l a y e r  edge composition 
( w i t h  moderate flow f i e l d  d i s t u r b a n c e ) .  

Severa l  tests should be conducted t o  make s u r e  t h a t  t h e  r e s u l t s  
c u r r e n t l y  a t t r i b u t e d  t o  unequal d i f f u s i o n  effects a r e  n o t  due t o  
g r a v i t a t i o n a l  body f o r c e s ,  e s p e c i a l l y  i n  t h e  case of t h e  condensible  
s p e c i e s  ( P a r t  11 - Sec t ion  4 . 3 ) .  
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Additional tests should be made in which mixture ratio and 
sampling duration are varied over a large range so that conclusive 
data on these parameters can be obtained (Part I11 - Section 5). 

It is recommended that a test program be conducted with a 
pyrolytic graphite or uncooled steel chamber to fully assess the 
effect of wall temperature on boundary flow composition and hence 
heat rate (Part I1 - Sections 4 and 5). 

Shower booth tests of the injector should be conducted to un- 
cover the cause of the composition distribution detected in this 
program. 

8 . 2  EQUIPMENT DEVELOPMENT 

Several modifications to the existing experimental apparatus 
are desirable to enhance its capabilities. These are: 

a. 

b. 

C. 

d. 

e. 

f. 

Installation of heat flux gages and sampling ports in 
the throat and next to the injector face 

Modification of the sampling system to provide thorough 
flow sampling with direct coupling of the microtubes 

Modification of microtube hardware, especially the de- 
crimper, to reduce the sample failure rate 

Upgraded instrumentation (particularly the mass spectrom- 
eter) to full digital output so that a fully computerized 
data reduction can be implemented (Part 111) 

Construction of more rugged heat flux gages (null point). 
These gages should be fully calibrated in an arc tunnel 
or other suitable high heat flux facility in which known 
boundary conditions can be duplicated and precisely 
controlled. 

If possible, install sampling ports and heat flux gages 
on the injector face 
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The following equipment developments require considerably 
greater investments than the foregoing and also provide far greater 
generality. 

a. 

b. 

C. 

d. 

e. 

f. 

Development of a sampling system for advanced propellants-- 
the system to combine flow through technique with micro- 
tubes, the JPL corrosion resistent valve,and a method for 
determining solid particles 

A more elaborate and possibly more accurate and foolproof 
alternative system to (a)  is the direct coupling of a 
laboratory grade magnetic mass spectrometer directly to 
the sampling port ( s )  

With either (a) or (b) the performance of such a system 
should be established with a suitable space storable pro- 
pellant 

Construction of sampling systems to be used for qualifica- 
tion testing of production injectors/motors 

The construction of cooled probes inserted through the 
chamber walls (either fixed or movable during a test) 
which would produce very valuable data on overall compo- 
sition in the chamber. These probes could be small enough 
such that little flow disturbance would be created 

Along the same lines as (e), special calorimeters inserted 
through the wall could be used to obtain invaluable data 
on the energy content of regions within the flow field and 
boundary layer which could greatly assist correlation and 
prediction processes established in this program (Part I1 - 
Sections 4 and 5) ., 

8 . 3  INJECTOR EXPERIMENTAL EQUIPMENT 

There appears to be a significant lack of phenomenological in- 
formation even for the simple doublet situation (which produces a 
complex spray pattern). A number of subtle physical processes which 
affect spray properties need to be thoroughly examined. It is recom- 
mended that a simple open combustion system be devised for this 
purpose along the lines of those used in the past at JPL in which 
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injector design variables can be readily varied. It is envisioned 
that the apparatus would be constructed so that numerous propellants 
and nonreactants could be tested. Some of the factorsvhich could be 
investigated include: 

a. Effects of manufacturing tolerances (controlled variation) 

b. Effect of entrained flow or external flow between unreacted 
jets 

c. Effect of scale 

d. Effect of multiple doublets 

e. Orifice properties and design features such as injection 
angle. 

The system could be contained in a large tank in which a high 
pressure inert atmosphere could be superimposed. Such an open sys- 
tem would permit flow visualization with either high speed movie or 
stop action photography or laser holography. 

8 . 4  ABLATION MATERIAL TESTS 

It has been found historically at Aerotherm that in the calcu- 
lation of ablation response, the predictions are more limited by the 
lack of information concerning physical properties of the material 
being studied than by any other single factor, This study was no 
exception. In particular, data is needed for: 

a. Fail temperatures 

b. Shear strength, and thermal conductivity of the char 

c. Off-gas composition 

8.5 RECOMMENDATIONS FOR ANALYTICAL STUDIES 

In conjunction with the testing of 8.1 the heat flux calcu- 
lation procedure for the null-point calorimeters is in need of de- 
tailed thermal analysis as applied to the rocket chamber situation. 
It is recommended that existing 2 or 3-dimensional finite element 
computer programs be used in such studies. The effect of pre- 
ignition cooldown should be investigated as completely as possible 
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with the hope that a more accurate re-reduction of the heat flux data 
of this program could be made (Part I11 - Section 4). 

The types of data analysis and predictions begun in this program 
should be carried further as prudently as possible in the support of 
the foregoing experiments and in the hope of increasing the knowledge 
of what is happening within the chamber. At the minimum, these analy- 
ses should complete the equilibrium sample specie predictions for each 
sample already obtained in this program. The heat flux predictions 
should be carried forward to the point that the significant heat flux 
variations found in the experiments reported here can be understood. 

Once the foregoing has been accomplished, analytical procedures 
would be in a position to be used for correlating the film transport 
coefficients which would be highly useful for the prediction of abla- 
tion and heat transfer in injector and motor design studies. Such 
correlation studies are already in progress for external heating 

(2 1 situations. 

The turbulent boundary layer procedure used in the studies re- 
ported here, could be improved by the addition of a capability to 
handle situations when condensation of species occurs. Such a situa- 
tion is thought to occur in combustion chambers operating with cool 
wall temperatures. Predictions with such a program using a liquid 
layer next to the wall would, it is felt, be highly useful in explain- 
ing and possibly correlating the type of data obtained here. 

There seems to be a need for a major analytical program for pre- 
dicting the boundary flow and three-dimensional chamber flow field 
characteristics. A mutual benefit would accrue if such studies were 
to be combined with the experiments recommended previously. Such a 
program would proceed along various stages of sophistication as follows: 

a- Nonreactive spray data and dispersion formulas modified to 
account for wall accumulation effects could be developed 
to use as a tool for correlating the composition data with 
injector characteristics 13 r 4 )  

b. Using (a) as a basis and considering existing spray and jet 
impingement data and theory, a complete 3-dimensional spray 
analysis computer program could be developed. The ultimate 
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program should have the capability for accounting for such 
subtle effects as differences in orifice tolerances, rough- 
ness, etc. Such a computer code would hopefully have the 
power to explain the phenomena found in the Mod IV injector. 

c. Final developments are envisioned along the lines of com- 
pletely coupling the foregoing with a three-dimensional 
viscous flow field capability complete with turbulent bound- 
ary layer. Such procedures would incorporate the foregoing 
with flow field and turbulent boundary layer codes already 
in existence. Consideration would have to be given to exist- 
ing spray dispersion models of a statistical nature such as the 
the Rosin-Ramueler model; the stability and dynamics of fuel 
droplets in reacting flow fields; and including the impinge- 
ment work with penetration and blow-off effects done at JPL. 
Viscous transport and recirculation modeling could be along 
the line of the Richardt and Korst theory, respec- 
tively . (5,6,7,8) 
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