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ABSTRACT 

The c u r r e n t  technology f o r  l a rge - sca l e  l i q u i d  oxygenl l iqu id  hydrogen 
t h r u s t  chamber des igns  is summarized. This  in format ion  was  ob ta ined  p r imar i ly  
from development t e s t i n g  of t h e  M-1 t h r u s t  chamber assembly f o r  t h e  M-1 Engine 
Program, which w a s  conducted a t  t h e  Aerojet-General Corporat ion,  Sacramento, 
C a l i f o r n i a .  

A t h r u s t  chamber us ing  a coax ia l  element Rlgimesh f a c e  i n j e c t o r  and 

These b a f f l e s  
an  ab la t ive - l ined  uncooled chamber w a s  s u c c e s s f u l l y  designed and t e s t e d .  
i n j e c t o r  i nco rpora t e s  copper b a f f l e s  t o  prec lude  i n s t a b i l i t y .  
are cooled by a combination of convect ive and f i l m  cool ing .  The c o n i c a l  
chamber has an i n s i d e  diameter  of 40-in. a t  t h e  i n j e c t o r ,  a t h r o a t  diameter  of 
30-in., and measures 30-in. from t h e  i n j e c t o r  t o  t h e  t h r o a t .  This  t h r u s t  
chamber w a s  designed f o r  t h e  fol lowing ope ra t ing  condi t ions :  

The 

Thrust  1,500,000 l b  wi th  a 40: l  nozz le  
(or  1,200,000 1b wi th  a 2 : l  
uncooled chamber) 

Pc (plenum) 1000 p s i a  

M.R. 5.49 

2872 l b / s e c  

524 l b l s e c  

60 

Contrac t ion  r a t i o  1.74 

C h a r a c t e r i s t i c  Length 42 inches  

S p e c i f i c  Impulse 432 sec 

The test  r e s u l t s  show t h a t  s a t i s f a c t o r y  start and shutdown t r a n s i e n t s  
as w e l l  as ope ra t ion  and performance were achieved wi th  t h e  f i r s t  u n i t  t e s t e d .  
The sea - l eve l  s p e c i f i c  impulse achieved a t  a 2 r l  expansion r a t i o  w a s  306 sec 
and when ex t r apo la t ed  t o  a 40: l  a l t i t u d e  chamber r e s u l t s  i n  a value of 430 sec. 
The M-1 coax ia l  element i n j e c t o r  demonstrated a cons ide rab le  margin of s t a b i l -  
i t y ,  both h y d r a u l i c a l l y  and a c o u s t i c a l l y ,  a t  nominal des ign  cond i t ions .  

R Regis tered Trademark of A i r c r a f t  Porous Media Corporat ion 
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I. SUMMARY 

The M-1 Thrust Chamber Assembly development program was undertaken to 
provide a unit for the 1,500,000 lb thrust liquid oxygen/liquid hydrogen M-1 
Engine. 

The following are the design criteria for the cooled thrust chamber 
assembly : 

Thrust 1,500,000 lb 

Pc (plenum) 1,000 psia 

M.R. 
0 

wO 
0 

wf 

5.49 

2872 lb/sec. 

524 lb/sec. 

Contraction Ratio 1.74 

Characteristic Length 42-in. 

Throat Area 803-in. 2 

Nozzle Area Ratio 40: 1 

Length, Injector 
Face to Throat 

30-in e 

Fuel Injector Temp. 143"R 

Specific Impulse 430 sec. 

The thrust chamber assembly delineated in this report is one with an 
uncooled chamber. 
operation, performance, and stability parameters of the injector before any 
commitment was made for the much more expensive regeneratively-cooled chamber. 

It was designed to obtain data regarding the starting, 

An injector with 3248 coaxial elements was selected. Each of these 
elements has a thrust of approximately 450 lb and they were designed to pro- 
vide an injection velocity ratio (hydrogen velocity to oxygen velocity) 
of 18:l. The face of the injector is transpiration-cooled and the injector 
itself incorporates both convective-cooled and film-cooled copper baffles as 
well as a bolt-on oxidizer manifold. Other injector designs were considered, 
including multiorifice impinging jet injectors and 1184 coaxial element injec- 
tors featuring lower injection velocity ratios, Although some injectors were 
fabricated to these alternative designs, they were not subjected to test 
evaluation. 
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The selected 3248 coaxial element injector design appeared to be the 
most likely one for providing stability along with acceptable performance. 
This conclusion was based upon the results obtained from NASA for the 5-2 
engine development effort as well as the NASA in-house stability program 
(TND 3373). 

An ablative-lined chamber was selected to establish injector perfor- 
mance and stability characteristics because this chamber provided the neces- 
sary operating duration without any compromise in the evaluation of either 
performance or stability. Other types of chambers were considered, including 
a film-cooled metal chamber, a heat-sink copper chamber, and a refractory- 
coated metal chamber. 

A film-cooled metal chamber with a short duration capability also was 
Its use permitted an inves- fabricated for use in the stability evaluation. 

tigation of whether the ablative-lined chamber dampened any of the pressure 
perturbations, which would affect the results of the stability evaluation. 

The liquid hydrogen was pre-heated before entering the thrust chamber 
by adding gaseous hydrogen to simulate the temperatures expected at the out- 
let of the regeneratively-cooled chamber. 

Thirty-five tests were conducted with the selected injector design 
using both ablative and stainless film-cooled chambers. 
tests combined performance and stability evaluation. 
for these tests were as follows: 

Thirteen of these 
The operating conditions 

pc (plenum) 870 to 1040 psia 

M.R. 4.2 to 6.2 

I (extrapolated to 426 to 434 seconds 
sp 40:l nozzle) 

Hydrogen Injection 
Temperature 

98 to 167'R 

The injector performance was slightly higher than the nominal PFRT 
requirements of 429 sec specific impulse (extrapolated to 40:l altitude 
operation) and the characteristic exhaust velocity efficiency was approxi- 
mately 96.5%. 

Thrust chamber stability with respect to both low and high frequency 
instability appeared to be very satisfactory. Classic low frequency insta- 
bility (chugging) occurred after the step in the start transient when ignition 
occurred; however, it immediately disappeared when the main oxidizer thrust 
chamber valve opened which increased both the chamber pressure and manifold 
pressure drop. 
operation. Fuel temperature ranged from 98'R to 167'R during steady-state. 

No high frequency instabilities were noted during steady-state 
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Therefore, the margin between 98'R and the design point temperature of 143'R 
indicated that the injector possessed an adequate stability margin. When 
fuel temperature was decreased, instability was noted at approximately 75'R 
to 80'R over a range of injector mixture ratios from 4.5 to 6.0. The temper- 
ature decrease rate was varied from 4-degreeslsec to 40-degreeslsec without 
affecting the accuracy of determining self-triggering temperature. Two tests 
were conducted. 
then, the fuel temperature was increased until stable operation had been 
regained. 

The fuel temperature was decreased until instability occurred; 

Stable operation occurred when the fuel temperature reached approxi- 
mately 100'R. 
sufficiently low so as not to cause any hardware damage. No high frequency 
instabilities were noted with start transient fuel temperatures higher than 
65'R. 

The amplitudes of oscillation in the instabilities noted were 

The start transient is slightly over 4.0 sec duration from Fire-Switch- 
one. 
thrusts, which resulted in very low torus inlet dynamic loads. The shutdown 
transient lasted approximately 1.0 sec. The peak axial accelerations, approx- 
imately two-thirds of the values predicted for the design load conditions 
along with inlet line dampers, yielded torus inlet dynamics loads that were 
approximately 20% of engine design values. 

It yielded shallow pressure rise rates and low magnitudes of applied 

11. INTRODUCTION 

The work accomplished in the thrust chamber development for the M-1 
Engine prior to phaseout of the program is described in this report. 
presents both the design considerations and the test results. 

It 

The program to develop a thrust chamber assembly for the M-1 Engine 
was initially planned to be a trial-and-error approach as used in previous 
programs. The plan provided for testing several different injector configu- 
rations as well as several modifications of each configuration using uncooled 
and cooled chambers. The approach of selecting the single most likely design 
to provide the required reliability and performance was not adopted until 
during the design and hardware fabrication program phases. 
data from the 5-2 Program as well as from smaller scale tests at the NASA/Lewis 
Research Center made this new approach appear practical. 

Acquisition of 

Subsequent funding limitations resulting from the phaseout of the M-1 
Engine Program necessitated that testing be limited to only a few tests with 
one injector and an uncooled chamber. 
to provide performance and stability data. A heat exchanger mixing gaseous 
hydrogen with liquid hydrogen was utilized to control the temperature of the 
injected hydrogen to simulate the injector temperatures created by a regen- 
eratively-cooled chamber. 

An ablative-lined unit was selected 
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This  r e p o r t  inc ludes  t h e  des ign  and f a b r i c a t i o n  information as w e l l  as 
t h e  d i f f i c u l t i e s  encountered wi th  t h e  i n j e c t o r ,  o x i d i z e r  manifolding, b a f f l e s ,  
and uncooled chambers. Discussions of t h e  un te s t ed  des igns  as w e l l  as r e s u l t s  
of those  t e s t e d  a l s o  are included. 

111. HARDWARE DESIGN AND FABRICATION CONSIDERATIONS 

A. I N J E C T I O N  CONCEPTS 

1. Coaxial  Element Design 

a. Designs Considered 

I n  genera l ,  t h e  elements considered cons i s t ed  of two 

This  design provided a 
p a r t s  threaded toge ther ;  an  ox id ize r  tube  o r  "post" and a f u e l  sleeve. 
ox id ize r  tube  w a s  recessed w i t h i n  t h e  f u e l  sleeve. 
f u e l  i n j e c t i o n  annulus between t h e  o u t s i d e  of t h e  ox id ize r  tube and t h e  i n s i d e  
of t h e  f u e l  sleeve. 
having an e f f e c t i v e  area of a t  least f o u r  t i m e s  t h e  annulus area whi le  t h e  
ox id ize r  tube  w a s  f e d  a x i a l l y  through t h e  tube  i n l e t  end. A swirler i n  t h e  
ox id ize r  tube  a l s o  w a s  considered t o  w h i r l  t h e  ox id ize r  flow and provide 
con ica l  spray i n j e c t i o n .  

The 

The annulus w a s  f e d  through f o u r  f u e l  sleeve feed  ho le s  

The i n l e t  ends of t h e  o x i d i z e r  tubes  w e r e  designed f o r  
welding, braz ing ,  o r  a combination of th reading  and braz ing  i n t o  i n j e c t o r  
p l a t e s .  Fuel  sleeves were designed t o  be shouldered a g a i n s t  t h e  back of t h e  
i n j e c t o r  f a c e  p l a t e s  and welded o r  swaged i n t o  t h e  f r o n t  of t h e  f a c e  p l a t e s .  

The b a s i c  swirler type  element i s  shown on Figure  No. 1, 
where t h e  ox id ize r  tube  incorpora ted  a 30-degree open cone swirler and t h e  
ox id ize r  t i p  w a s  recessed  0,050-in. 

The conf ig rua t ions  shown on Figures  No. 2 through No. 7 
are modi f ica t ions  of t h e  b a s i c  element design.  The o x i d i z e r  t i p  of F igure  
No. 2 w a s  chamfered a t  a 15-degree included angle  and recessed  0.300-in. I n  
F igure  No. 3,  t h e  element d i f f e r e d  from t h a t  shown on Figure  No. 1 i n  t h a t  
t h e  ox id ize r  t i p  w a s  recessed  0.300-in. whi le  t h e  element shown on Figure  
No. 4 d i f f e r e d  i n  t h a t  t h e  swirler w a s  changed t o  a 60-degree open cone spray  
and t h e  ox id ize r  t i p  recessed  0.100-in. 
i d e n t i c a l  t o  t h a t  of F igure  No. 1 except  t h a t  t h e  ox id ize r  t i p  w a s  recessed  
0.150-in. The only phys ica l  change between t h e  element shown on Figure  No. 6 
and t h a t  of F igure  No. 3 w a s  t h e  method of f a s t e n i n g  a t  t h e  i n j e c t o r  face .  
The counterbore i n  t h e  ox id ize r  t i p  w a s  t h e  major modi f ica t ion  app l i ed  t o  t h e  
element shown on Figure  No. 7 i n  a d d i t i o n  t o  a recess change t o  0.202-in. 
The element shown on Figure  No. 8 which w a s  used i n  t h e  1184 element i n j e c t o r ,  
w a s  t h e  same as t h a t  shown on Figure  No. 7 except  t h a t  t h e  ox id ize r  t i p  w a s  
chamfered i n s t e a d  of counterbored. I n  a d d i t i o n ,  an o r i f i c e  w a s  added t o  t h e  
ox id ize r  tube  inlet  t o  inc rease  p re s su re  drop. 

The element of F igure  No. 5 w a s  
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s/N 013 

VARIES (30-DECREE OPEN 
2.05 

3.55 

,220 DIAMETER 

1184 PER INJECTOR 

A .281 DIAMETER, 4 PLACES EQUALLY LPACEJ) 

I--=-~-z--> OXIDIZER 

F i g u r e  1. Basic S w i r l e r  Type Element, S/N 013 

P a g e  5 



S/N 013B 1 \ M-""" DIAMETER ' 

SWIRLER 
(30rDEGREE OPE 

CONE) 
TO 

1_5-DEGREE 
CHAMFER~D 

,345 DIAMETER 

,375 DIAMETER 
e 4 5 0  DIAMETER 

/I\ 
r = &  MIXTIIRE 

i - >  OXIDIZER 

.281 .DIAMETER, 4 PLACES EQUALLY SPACED 
- 

FUEL 

Figure 2. B a s i c  S w i r l e r  Type Element, S/N 013B 
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t '  __ 

VARIW 
10.80 
TO .\. , i\, 

' SWIRLIER 
(3O-D;EGREE OPE; 

CONE) 

3.30 fisf- 

1 r .300 UA I E 

I 1184 PER INJECTOR 

A .281 DIAMETER, 4 PLACES EQUALLY SPACED 

4- MIXmJRE 

d OXIDIZER 
FUEL 

Figure 3. Basic Swirler Type Element, S/N 013C 
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S/N 016 
: \ T ; t ' 4 5 6  DIAMET'ER 

60-DEGREE OPEN 2.00 
T O  
3.50 

.220 DIAMETER 

1184 PER INJECTOR 

A 
4 
-> 

Figure  4 .  

.281 DIAMETER, 4 PLACES EQUALLY SPACED 

MIXTURE 
FUEL 
OXIDIZER 

Basic Swi r l e r  Type E l e m e n t ,  S / N  016 
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.456 DIAMETER q l t -  

1184 PER INJECTOR 1 

A P o  = 172 psi 

A ,---& MIXTURE 

.281 DIAMETER, 4 PLACES EQUALLY SPACED 

XIEL 
OXIDIZER 

Figure 5. Basic Swirler Type Element, S/N 018 
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r- S/N 0 1 8 C  

SWIRLEZ 
(3OmDEGREE OPEN 

CONE) 

3.30 ni I I 

I 

1 1184 PER INJECTOR 

Vf/Vo 6.15 

p0 = 199 p s i  I 
LP, = 438 p s i  1 

A 
L-+ MIXTURE 

I-> OXIDIZER 

.281 DIAMETER, 4 PLACES EQUALLY SPACED 

FUEL 

Figure  6 .  Basic S w i r l e r  Type Element, S/N 018C 
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S/N 0185 j 
1 \ ~ - -  ,456 DIAMETER 

30sDFxfREE OPEN 

TO 
3.38 

e297 DIAMETER 

,375 DIAMETER _'I 
~4 1 L:'%50 DIAMETER 

1184 PFB INJECTOR 

P, = 145 psi 
. _ _  

P, = 236 p s i  

.281 DIAMETER, 4 PLACES EQUALLY SPACED 

MIXTURE 

FlTEL 
OXIDIZER 

Figure 7. Basic S w i r l e r  Type Element, S/N 0185 
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S/N 018L E 
e198 DIAMET .456 DIAMETER 

30-DEGREE OPEN 

a296 DIAMETER 

450 DIAMETER 

e375 DIAMETER 

~ 1184 PER INJECTOR 

Vf/vo = l l Y 0 0  

A P o  s 378 psi  

n P f  = 267 p s i  

/i\ 4 MIXTURE 

,-> OXIDIZER 

,281 DIAMETER, 4 PLACES EQUALLY SPACED 

FUEL 

Figure 8. Basic Swirler Type Element, S/N 018L 
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Figure  No. 9 d e p i c t s  a-one-piece,  pre-mix type  of design.  

These ho le s  are pos i t i oned  t o  s w i r l  t h e  
The ox id ize r  tube  i s  f e d  a t  t h e  upstream end through f o u r  ho le s ,  which are 
t a n g e n t i a l  t o  t h e  i n s i d e  diameter .  
ox id i ze r  so  as t o  a s s u r e  a hollow cone spray  i n j e c t i o n .  
recessed  approximately 0.3-in. 
impinge t h e  f u e l  feed  upon t h e  ox id ize r  a t  a 45-degree angle .  
i n l e t  end of t h i s  element w a s  intended f o r  braz ing  i n t o  t h e  i n j e c t o r  p l a t e  
whi le  t h e  o u t l e t  o r  pre-mix chamber end w a s  designed f o r  shoulder ing  and 
swaging. 

Eight  o r i f i c e s ,  
from t h e  i n j e c t o r  f ace ,  were designed t o  

The o x i d i z e r  

b. Design Se lec ted  

The element s e l e c t e d  f o r  t h e  l i m i t e d  phaseout program 
as w e l l  as use  i n  t h e  3248 element i n j e c t o r s  (S/N 012 and S/N 020) i s  shown 
on Figure  No. 10. This  element has  no swirler, t h e  ox id ize r  p re s su re  drop 
is con t ro l l ed  through a s m a l l  diameter o r i f i c e  a t  t h e  en t r ance  t o  t h e  tube,  
and t h e  i n j e c t i o n  v e l o c i t y  r a t i o  ( f u e l  t o  ox id i ze r )  i nc reases  t o  approximately 
20. The ox id ize r  tube  recess is  0.231-in. 

The se r ia l  number shown a t  t h e  top  of F igures  No. 1 

(1) 
through No. 10 i s  t h e  i d e n t i f i c a t i o n  number assigned t o  each element during 
development, 
P e r t i n e n t  d a t a  i s  t abu la t ed  on each f i g u r e .  

This  development w a s  conducted as t h e  M-1 Uni-Element Program. 

2. Fue l  Manifold Descr ip t ion  

The i n j e c t o r  f u e l  manifold i s  formed i n  t h e  l a r g e  d iameter ,  
r e l a t i v e l y  shal low c a v i t y  between t h e  a f t  s i d e  of t h e  i n j e c t o r  p l a t e  and t h e  
porous f a c e  p l a t e  s e c t i o n s  ( see  F igure  No. 11). Concentr ic  b a f f l e  support  
r i n g s  and r a d i a l  b a f f l e  support  r i b s  d i v i d e  t h e  manifold i n t o  s e p a r a t e  sec- 
t i o n s  wi th  t h e  smallest support  r i n g  enc los ing  a s i n g l e  c i r c u l a r  s e c t i o n  a t  
t h e  i n j e c t o r  cen te r .  Six,  equally-spaced, r a d i a l  support  r i b s  extend from 
t h e  inne r  r i n g  t o  t h e  o u t e r  r i n g .  T w e l v e ,  equally-spaced, r a d i a l  support  
r i b s  extend from t h e  o u t e r  r i n g  t o  t h e  f u e l  r i n g  a t  t h e  i n j e c t o r  per iphery .  
The f u e l  r i n g  i s  he ld  away from t h e  i n j e c t o r  p l a t e  by t h e  f u e l  r i n g  support  
r i b s  and forms an  annular  opening between i t s e l f  and t h e  i n j e c t o r  c a v i t y  w a l l .  

C i rcumferent ia l  rows of c o a x i a l  i n j e c t o r  element ox id i ze r  
p o s t s  pass  through t h e  f u e l  manifold from t h e  i n j e c t o r  p l a t e  t o  t h e  i n j e c t o r  
f ace .  
ox id i ze r  p o s t s  and a i d  i n  support ing t h e  porous f a c e  p l a t e  s e c t i o n s .  Appro- 
p r i a t e l y  shaped, pouous f a c e  p l a t e  s e c t i o n s  are nes t ed  f l u s h  wi th  t h e  f u e l  
r i n g  and b a f f l e  suppor ts  t o  serve as t h e  a f t  s i d e s  of t h e  manifold s e c t i o n s .  

I n j e c t o r  element f u e l  sleeves are assembled t o  t h e  e x i t  end of t h e  

(1) M-1 Uni-Element Program, Aerojet-General Report No, 8800-57, 
15 February 1966 

Page 1 3  



S/N 017 

e090 DIAMETER 

EQUALLY SPACED 

TO 

VARIES 
2m9 1 

SPHER R 34 ,v .200 DIAMETER 
-340 DIAMETER 

3248 PER INJECTOR 

Vf/Vo = 10.80 

AP, = 120 psi (DESIGN) 

DIAMETER, 8 PLACES EQUALLY SPACED A a054 

[-& MIXTIJIB'  

t-> OXIDIZER 
FUEL 

Figure 9. Basic Pre-Mix Type Element, S / N  017 
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S/N 0 2 1 G  

e097 DIAMETER 

VARIES . 
1.92 

50 DIAMETER 

r 3 3 4  DIAMETER 

e290 DIAMETEK 

3248 PER INJECTOR 

Vf /vo  = 17.8 

A p0 1: 336 p s i  

-\P, = 175 psi 

a 1 4 1  DIAMETER, 4 PLACES EQUALLY SPACED 4 MIXTURE 
FUEL 
OXIDIZER 4 

Figure 10. High-Velocity Ratio Type Element, S/N 021G 
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FUEL CAVITY 

W€L A'NNULUS 

BAFFLE3 

COMBUST ION 
CUAMBER 

FUEL 

FUEL DISTRIBUTlON 
RING 

FUEL CUANNEL 

BASES 

BOTTOM VIEW WlTU COMBUSTION CLIAMBER, 
TOQUS ASSY C COPPER BAFFLES REMOV€O 

Figure 11. Injector Fuel Manifold 
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Fuel  e n t e r s  t h e  annular  area a t  t h e  i n j e c t o r  per iphery ,  
passes  through t h e  f u e l  r i n g ,  and makes a r igh t - ang le  t u r n  t o  f low i n t o  t h e  
twelve o u t e r  s e c t i o n s  of t h e  manifold. A s  t h e  f u e l  f lows toward t h e  i n j e c t o r  
c e n t e r  through t h e  bank of i n j e c t o r  element o x i d i z e r  p o s t s ,  a p o r t i o n  of t h e  
f u e l  i s  i n j e c t e d  i n t o  t h e  combustion chamber through each f u e l  sleeve. Large 
area, r a d i a l l y - d r i l l e d  ho le s  i n  t h e  b a f f l e  support  r i n g s  a l low t h e  f u e l  t o  
flow through t h e  r i n g s  t o  t h e  inboard s e c t i o n s .  The c a l c u l a t e d  p res su re  drop 
p r o f i l e  i n  t h e  i n j e c t o r  f u e l  c i r c u i t  is  shown on Figure  No. 12 .  T e s t  r e s u l t s  
are subsequent ly  descr ibed  i n  Sec t ion  I V ,  A, 5 of t h i s  r e p o r t ,  
d i s t r i b u t i o n  of t h e  r e s u l t a n t  ox id i ze r - fue l  mix ture  r a t i o  is shown on Figure  
No. 13. 

The r a d i a l  

3. Oxidizer  Manifold Desc r ip t ion  

The i n j e c t o r  o x i d i z e r  manifold i s  formed on t h e  forward s i d e  

This  manifold i s  d iv ided  i n t o  twelve s e c t i o n s  by equal ly-  
of t h e  i n j e c t o r  p l a t e  between t h e  i n j e c t o r  p l a t e  and t h e  o x i d i z e r  dome (see  
F igure  No. 14) .  
spaced, r a d i a l  r i b s  forged i n t e g r a l l y  wi th  t h e  dome. S m a l l  d iameter ,  t ubu la r  
b a f f l e s  c l o s e  t h e  gap between t h e  dome r i b s  and t h e  i n j e c t o r  p l a t e  t o  minimize 
c i r c u m f e r e n t i a l  flow between t h e  s e c t i o n s .  C i r c u l a r  r i b s  on both  t h e  i n j e c t o r  
and t h e  dome i n t e r f a c e  form a small c i r c u l a r  c e n t e r  s e c t i o n .  
i n j e c t o r  r i b  provide passages f o r  t h e  r a d i a l  flow of o x i d i z e r  i n t o  t h i s  c e n t e r  
s e c t i o n .  
s tandpipes  which support  t h e  e x t e r n a l  o x i d i z e r  dome t o r u s .  
rows of c o a x i a l  element o x i d i z e r  p o s t s ,  which pass  through t h e  f u e l  manifold 
t o  t h e  i n j e c t o r  f a c e ,  are assembled i n t o  t h e  i n j e c t o r  p l a t e  w i th  t h e  i n l e t  
ends exposed i n  t h e  o x i d i z e r  manifold. 

Openings i n  t h e  

The i n d i v i d u a l  manifold s e c t i o n s  are f ed  through twelve r a d i a l  
Ci rcumferent ia l  

Oxidizer  from t h e  e x t e r n a l  o x i d i z e r  i n l e t  t o r u s  e n t e r s  t h e  
manifold s e c t i o n s  through t h e  r a d i a l  s tandpipes .  A s  t h e  o x i d i z e r  flows 
through t h e  manifold s e c t i o n s  toward t h e  c e n t e r  of t h e  i n j e c t o r ,  a p o r t i o n  
of each flow i s  i n j e c t e d  i n t o  t h e  combustion chamber through each o x i d i z e r  
pos t .  
c i r c u i t  i s  as shown on Figure  N o .  15. The r a d i a l  d i s t r i b u t i o n  of t h e  r e s u l -  
t a n t  ox id i ze r  f u e l  mixture  r a t i o  appeared on Figure  No. 13. 

The c a l c u l a t e d  and a c t u a l  p re s su re  drop p r o f i l e  i n  t h e  i n j e c t o r  o x i d i z e r  

4 .  Multi-Orif ice I n j e c t o r  

a. Manifolding 

The m u l t i - o r i f i c e  i n j e c t o r  c o n s i s t s  of a one-piece, 347 
s t a i n l e s s  steel forg ing  having 23 concen t r i c  channels  (11  o x i d i z e r  and 1 2  
f u e l )  wi th  p r o p e l l a n t  f eed  s l o t s  and 18, equally-spaced, r a d i a l  r i b s  machined 
i n t o  t h e  b a s i c  forg ing .  Manifold covers  are welded t o  t h e  machined r i b s  t o  
form pie-shaped f u e l  and o x i d i z e r  manifolds  thereby enc los ing  t h e  back s i d e  
of t h e  i n j e c t o r .  
l ands  t o  form p r o p e l l a n t  channels.  Then, t h e  o r i f i c e  p a t t e r n  i s  d r i l l e d  i n t o  
t h e  f a c e  p l a t e s  t o  complete t h e  i n j e c t o r  ( s e e  F igure  No. 16). 

Concentr ic  r i n g  f a c e  plates  are welded t o  t h e  machined 
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I 

\N JECTOR DOME 

INLET 

INJECTOR PLATE CENTEQ CAV\TY 

CENTER CAVlTY FEED SLOTS 

BOTTOM VIEW W\TH 
1NJECTOR R A T E  REMOVED 

Figure 14. Injector  Oxidizer Manifold 
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The nine, pie-shaped, oxidizer manifolds are fed radially 
from an external torus mounted to the outer circumference of the injector. 
The initial constant velocity oxidizer torus is fabricated as a half-circle, 
which is explosively formed from 347 stainless steel plate. This design was 
changed for future units to a full-round torus with nine spouts to feed the 
manifolds, and reduces the torus weight by 350 lb (see Figure No. 17). 

The fuel manifolds are fed radially from the chamber/ 
injector interface, which contains an annular channel for fuel distribution 
from the combustion chamber to the injector. 

The initial design investigation for the optimum number 
of channels ranged from 17 to 34 channels, 
from the successful Titan first-stage injectors. The investigation showed 
that the channel land heights were proportional to channel number while main- 
taining design velocities and pressure drops. For example, using 31 channels 
and maintaining design velocities and pressure drops, the maximum land height 
is 3-1/4-in. 
have caused the land to crack during face plate installation. If the land 
thickness was increased considerably, the cracking could be eliminated. 
However, to maintain the design parameters, the channel land thickness for 
this concept could not be increased to eliminate possible cracking. In an 
effort to keep land thicknesses to a minimum, a maximum channel height limi- 
tation of approximately 1.5-in. was imposed. The higher the number of chan- 
nels, the more feed slots were required and this reduced the strength of the 
basic plate. Twenty-three channels were calculated to be optimum from the 
standpoints of velocity, propellant distribution, pressure drop, and main- 
taining of the channel land heights limitation. 

These channel numbers were derived 

From Titan experience, the channel land heights in this region 

The 17-channel design was not satisfactory because chan- 
nel land thickness would be excessive. 
face erosion. 

This could possibly cause injector 

The number of wedge-shaped manifolds to be used were 
varied from 12 to 24 similar to the successful Titan I injectors; however, 
when too few manifolds are used, the unfed distance increases to a point that 
channel depths become excessive in order to retain design velocities. 
the unfed distance was reduced as the number of manifolds became greater, 
the increased number of ribs obstructed the required feed slot areas to the 
channels. Eighteen equally-spaced wedge manifolds (nine fuel and nine oxi- 
dizer) permitted the injector design to remain within the design parameters. 

While 

The ribs, which are machined in the basic forging, 
serve as structural members and become the walls of the manifolds. This 
avoids inter-channel welding in the feeding manifolds. A foot is incorporated 
at the base to give the rib a 'IT" cross-section which increases its bending 
strength e 
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Figure  17. Thrust Chamber I n j e c t o r  
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The injector has a dished face which was selected upon 
the basis of successful Aerojet-General experience. 

Propellant distribution and AP were the main design 
parameters. The AP limits were: APo = 395 psi and APf = 202 psi, In 
designing to these limits, calculations were based upon constant propellant 
velocities in manifolds and the manifold velocities were not to exceed one- 
half the propellant velocities in the orifices. 
(lb/sec/in. 

The surface area method 
of injector face) was applied for propellant distribution. 

Constant mixture ratio was obtained except at the 
periphery and baffle locations where mixture ratio was reduced to protect the 
chamber tubes and baffles. 

The following velocities were used: 

Oxidizer Manifolds = 30 FPS 

Fuel Manifolds = 230 FPS 

Fuel Channels = 165 FPS 

Oxidizer Channels = 30 FPS 

The actual AP's from hydrotesting, inlet to Pc, 

AP Oxid, = 232 psi 

AP Fuel = 213 psi 

b Injector Patterns 

Jer 

No single injector pattern has evolved that will serve 
as a universal pattern for all liquid engines. 
its own development program; however, several general concepts were developed 
that can be used in initial pattern design, 

Each new injector requires 

The items to be considered are the types of orifice 
impingement (if any), impingement distance from the face, angle of impinge- 
ment, orifice diameter, length-to-diameter ratio of the orifice, and random 
versus systematic arrangement of the orifices. 
ations of a multi-orifice injector is selecting the type of orifice impinge- 
ment. 

One of the first consider- 

Using these considerations as well as Aerojet-General 
experience, the initial injector pattern selected was a like-on-like fuel 
and like-on-like oxidizer with each oxidizer pair radially aligned with every 
fuel pair. Both the fuel and oxidizer pairs were arranged in a double row 
per channel (see Figure No, 18). 
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The second design selected was like-on-like fuel imping- 
ing pairs and showerhead oxidizer orifices (see Figure No. 19). 

The third pattern selected was an all-showerhead one 
which was to be used for an injector incorporating pre-drilled face plates 
(see Figure No. 2 0 ) .  

c. Baffles 

It was decided to use baffles in the initial M-1 injec- 
tors in an attempt to minimize combustion stability problems. 
system selected consisted of radially-oriented, bolt-on stainless steel blades 
that are film-cooled with fuel. Baffle simplicity without impairing injector 
serviceability also was emphasized. 

The baffle 

An investigation showed that baffles could be externally 
cooled, which eliminated the time and effort required to design and fabricate 
an intricate convectively-cooled or regeneratively-cooled baffle with an 
untested configuration, Flexibility was desirable because the configuration 
could be established only by test firing, 
achieved if the baffles were removable. However, the use of removable baffles 
implied a weight penalty of as much as 25%. 
nullified by using permanent baffles after the configuration needed for com- 
bustion stability was established by test firing. 

This flexibility could best be 

This weight penalty could be 

The baffles for the initial injector firings were 
designed to withstand the maximum shock loading that could occur as a result 
of detonation in a baffle compartment providing that the compartment contained 
the optimum gas mixture and the ignition source was from an adjacent compart- 
ment. 

Many baffle configurations were proposed and examined. 
It was found that most baffle configurations were combinations of radial vanes 
and circumferential rings, 
orifice injectors was as recommended in Appendix A and shown in Figure No. 21. 
While baffle length cannot be determined analytically, experience indicated 
for the chosen configuration that a six-inch long baffle system would be 
adequate to suppress the spinning tangential mode of instability. 

The final baffle configuration for all M-1 multi- 

The baffle system, which is shown on Figure No. 2 1 ,  
consists of 347 stainless steel bolted-on baffles. 
was selected because of cost considerations. Only the more expensive high 
nickel content materials have better oxidation resistance at elevated temper- 
atures. Twelve radially-aligned outer blades are bolted to 12 equally-spaced 
bases, that have been welded to the face of the injector. After the blades 
are bolted in place, the inner assembly is bolted to the twelve outer radial 
blades. The inner assembly is composed of six equal radially-aligned blades 
welded in place between two concentric rings of 5-in. and 20-in. diameters. 
The entire baffle system is cooled by a film of fuel flowing through orifices 
spaced at close intervals along both sides and adjacent to all of the baffles. 

Type 347 stainless steel 
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Figure 21. Multi-Orifice Injector Assembly with Baffles 
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B. PERFORMANCE 

The i n j e c t o r  and chamber conf igu ra t ions  are both s i g n i f i c a n t  i n  
achieving h igh  percentages of s p e c i f i c  impulse, 
t o  provide f o r  uniform p r o p e l l a n t  d i s t r i b u t i o n  near  t h e  design mixture  r a t i o  
and r ap id  mixing of t h e  p rope l l an t s .  
t o  a s s u r e  t h a t  t he  gases  pass ing  through the  t h r o a t  are completely combusted 
and mixed wi th  t h e  excess  f u e l .  Also, i t  should be of s u f f i c i e n t  con t r ac t ion  
r a t i o  t o  l i m i t  those  l o s s e s  caused by combustion a t  h igh  v e l o c i t i e s  t o  reason- 
a b l e  values .  

The i n j e c t o r  must be designed 

The chamber must be  of s u f f i c i e n t  l eng th  

The ensuing d i scuss ion  conta ins  t h e  design information used i n  
determining t h e  i n j e c t o r  conf igu ra t ion  s e l e c t e d  t o  provide high performance. 
An eva lua t ion  of t h e  performance d a t a  obta ined  a l s o  is  presented.  The chamber 
parameters considered i n  a s su r ing  t h a t  t h e  performance d a t a  obtained wi th  t h e  
uncooled chamber would be  app l i cab le  t o  a regenerat ively-cooled u n i t  also are 
de l inea ted .  

1. I n j e c t o r  Considerat ions 

Only t h e  coax ia l  i n j e c t o r  concept is d iscussed  because t h e  
m u l t i - o r i f i c e  concepts w e r e  d i scont inued  p r i o r  t o  any performance t e s t i n g .  

a. Elements 

Primary c o n t r o l  over  p r o p e l l a n t  d i s t r i b u t i o n  and mixing 
is achieved through the  i n j e c t o r  o r i f i c e  o r  element. 
o r  element i s  of prime cons ide ra t ion  as regards  performance. 

The design of t h e  o r i f i c e  

A t  t he  t i m e  t h a t  t he  design of t h e  f i r s t  M-1 c o a x i a l  
i n j e c t o r s  w a s  i n i t i a t e d ,  l i t t l e  information w a s  a v a i l a b l e  regarding t h e  e f f e c t  
of i n j e c t o r  parameters  upon performance. 
d i scuss ions  wi th  t h e  P r a t t  SI Whitney personnel  r e spons ib l e  f o r  t h e  development 
of t h e  RL-10 Engine ind ica t ed  t h a t  performance had been improved by i n s t a l l i n g  
swirlers wi th in  t h e  ox id ize r  elements.  These swirlers caused t h e  o x i d i z e r  t o  
be i n j e c t e d  as a c o n i c a l  spray.  This information w a s  incorpora ted  i n t o  t h e  
i n i t i a l  M-1 element designs (Figures  No. 1 through No. 8) and f a b r i c a t i o n  of 
t h e  i n j e c t o r s  w a s  i n i t i a t e d .  This  f a b r i c a t i o n  w a s  of designs wi th  1184 and 
3248 elements r e s p e c t i v e l y ,  because no d a t a  w a s  a v a i l a b l e  regard ing  t h e  e f f e c t  
of element number o r  thrust-per-element. Figure No. 22 shows t h e  element 
i n j e c t o r  p a t t e r n .  Designs w i t h  as many as 5000 elements were considered;  
however, space w i t h i n  t h e  s e l e c t e d  i n j e c t o r  diameter w a s  n o t  adequate  f o r  t h e  
p r a c t i c a l  a p p l i c a t i o n  of t h i s  number of elements.  

Q u a l i t a t i v e  d a t a  obta ined  through 

While t h e s e  i n i t i a l l y  s e l e c t e d  designs were being 
f a b r i c a t e d ,  d a t a  became a v a i l a b l e  regarding Rocketdyne experience wi th  t h e  
5-2 Engine. It d i f f e r e d  from t h e  RL-10 r e s u l t s  i n  t h a t  t h e  5-2 conclusions 
were t h a t  h igher  performance could be obta ined  i f  t h e  p rope l l an t  i n j e c t i o n  
w a s  recessed  wi th in  t h e  i n j e c t o r  f a c e  and t h e  swirlers e l imina ted .  
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Figure  22. 3248 I n j e c t o r  Element P a t t e r n  
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These f a c t o r s ,  a long wi th  s t a b i l i t y  cri teria d iscussed ,  
r e s u l t e d  i n  t h e  f i n a l  element design shown on Figure  No. 10. 

b. Manifolding 

The i n j e c t o r  manifolding is secondary i n  e s t a b l i s h i n g  
By us ing  r e l a t i v e l y  performance by t h e  c o n t r o l  of p r o p e l l a n t  d i s t r i b u t i o n .  

l a r g e  volumes and low p r o p e l l a n t  v e l o c i t i e s  i n  t h e  manifolds ( see  F igure  No. 
23  and No. 2 4 ) ,  i t  is p o s s i b l e  t o  provide uniform p r o p e l l a n t  d i s t r i b u t i o n  
whi le  maintaining a l l  o r i f i c e s  o r  i n j e c t i o n  elements t h e  same s i z e .  Also, by 
varying element s i z i n g  o r  p re s su re  drop on an  i n d i v i d u a l  b a s i s ,  a design wi th  
a minimum manifold volume can be  der ived,  I n  most i n j e c t o r  des igns ,  as i n  t h e  
case wi th  t h e  M - 1  Engine i n j e c t o r ,  a compromise between same s i z e d  o r  varying 
s i z e d  elements is  reached because of f a c t o r s  o t h e r  than performance which must 
be considered i n  t h e  designs.  Large manifolds tend t o  extend both s ta r t  and 
shutdown t r a n s i e n t s  because they r e q u i r e  r e l a t i v e l y  long times t o  f i l l  and 
dra in .  During t h e s e  per iods ,  l o c a l  adverse mixture  r a t i o  and p res su re  drop 
can e x i s t  and r e s u l t  i n  l o c a l  e ros ion  o r  combustion o s c i l l a t i o n s .  

S m a l l e r  manifolds r e s u l t  i n  l a r g e r  manifold p re s su re  
drops,  which n e c e s s i t a t e s  an i n c r e a s e  i n  pump d ischarge  p res su res  o r  a reduc- 
t i o n  i n  i n j e c t i o n  element p re s su re  drops t o  compensate f o r  t h i s  i n  an engine 
system, Inc reas ing  pump d ischarge  p res su res  tend t o  reduce system performance. 
Reducing i n j e c t i o n  p res su re  drops tends t o  make a u n i t  more s u s c e p t i b l e  t o  
combustion o s c i l l a t i o n  as w e l l  as making i t  more d i f f i c u l t  t o  a s s u r e  adequate  
d i spe r s ion  and mixing of t h e  p rope l l an t s .  

c. Heat Transfer  

(1) I n j e c t o r  Face 

Based upon r e s u l t s  from the  5-2 and RL-10 engine 
programs, a porous f a c e  w a s  s e l e c t e d  f o r  t h e  M-1 coax ia l  i n j e c t o r s .  Rigimesh 
material w i th  a po ros i ty  of 300 CFM of a i r  a t  20 p s i  p re s su re  d i f f e r e n t i a l  
demonstrated adequate cool ing  i n  uni-element and NASA L e w i s  Research Center 
multi-element model tests. Therefore ,  t h i s  material w a s  used i n  cons t ruc t ion  
of t he  i n j e c t o r .  

(2)  Ba f f l e s  

The o r i g i n a l  p l an  w a s  t o  e s t a b l i s h  i n j e c t o r  and 
Af te r  t h e  b a f f l e  conf igura t ions  which would be compatible wi th  s t a b i l i t y .  

number, l o c a t i o n ,  and r equ i r ed  l eng th  of t h e  b a f f l e s  w a s  determined, t h e  
cool ing requirements would be  a sce r t a ined  and incorporated.  A s  a r e s u l t ,  t h e  
i n i t i a l  b a f f l e s  were made of s o l i d  s t a i n l e s s  s teel  cooled by f i l m  coolant  
(13% of t h e  f u e l  f low i n j e c t e d  from t h e  f a c e  of t h e  i n j e c t o r ) .  This configura- 
t i o n  w a s  r e a d i l y  adaptab le  t o  changes i n  b a f f l e  l eng th  which could be estab-  
l i s h e d  only through experimentat ion.  
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A s  discussed  i n  Sec t ion  I I I , C , l  of t h i s  r e p o r t ,  a 
b a f f l e  l eng th  of 3-1/2-in. t o  4-in. w a s  s e l e c t e d  and an eva lua t ion  of cool ing  
methods w a s  i n i t i a t e d .  T ransp i r a t ion  cool ing  using Rigimesh, porous metal 
b a f f l e s ,  and a combination of convective-cooling and fi lm-cooling us ing  copper 
b a f f l e s  wi th  i n t e r n a l  cool ing  passages were a n a l y t i c a l l y  evaluated.  These . 
analyses  showed t h a t  e i t h e r  type  of cool ing  method could be success fu l ;  how- 
ever, t h e  copper b a f f l e  would r e q u i r e  more coolant  flow. 

The Rigimesh b a f f l e  s u r f a c e  temperatures w e r e  cal- 
cu la t ed  using t h e  Rannie(2) c o r r e l a t i o n  and assuming t h a t  t he  w a l l  s u r f a c e  
temperature i s  t h e  same as t h e  coolan t  d i scharge  temperature:  

1.18 (Re)'" - 1.0 Tg - Twg G c  0 .1  

Equation (1) 

= 37E (-) R e  
Twg - TC Gg 

where : 

cpc = 

CPg = 

E =  

Gc = 

P r  = 

R e  = 

Tg = 

T c  = 

Twg = 

Gg = 

s p e c i f i c  h e a t  of coolan t  

s p e c i f i c  h e a t  of combustion gas 

e f f e c t i v e n e s s  (experimental  cons tan t  0.85) 

coolan t  mass v e l o c i t y  p a r a l l e l  t o  w a l l  l b / s e c  - u n i t  area 

P r a n d t l  number 

Reynolds number 

combustion o r  recovery temperature 

coolan t  i n l e t  temperature 

temperature,  heated s u r f a c e  

combustion gas m a s s  v e l o c i t y  p a r a l l e l  t o  w a l l  l b / s e c  - u n i t  area 

Using t h e  c o r r e l a t i o n  of Equation ( l ) ,  t he  r e s u l t s  shown on Table I were 
obtained 

(2) Rannie, W. D . ,  A Simpl i f ied  Theory of Porous Cooling, Jet Propuls ion 
Laboratory,  Report No .  4-50 
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TABLE I 

RIGIMESH BAFFLE SURFACE TEMPERATURES 
FOR VARIOUS COOLANT FLOW RATES 

AND ENVIRONMENT AT THE BAFFLE SURFACE 

% Fuel  Used 
as Coolant Surface Temperature OF 

2 

4 

Wall Environment Based on Local 
Mass Veloc i ty  (Gg) M u l t i p l i e r s  of 1.0 1.5 2.0 

1350 1950 2450 

640 1030 1420 

6 325 700 1020 

Table I i n d i c a t e s  t h a t  t h e  w a l l  temperatures using s t a i n l e s s  steel  Rigimesh 
would be ade u a t e l y  low us ing  less than  4% of t h e  f u e l  as coolant .  The follow- 
ing  equationq3) was used t o  e s t a b l i s h  a temperature  p r o f i l e  w i t h i n  t h e  Rigimesh 
f o r  p re s su re  drop ca l cu la t ions :  

X -Ew6(l - 7) 
f o r  0 < x < 8 Equation (2)  = (t2 - to l F  1 e ]+ to - -  

L tX 

where: 

G = m a s s  f low rate of coolan t  pe r  unit  area 

Cp = s p e c i f i c  h e a t  of coolan t  

Kw = thermal conduct iv i ty  of w a l l  

P = vo id  f r a c t i o n  of material 

6 = p l a t e  th ickness  

x = d i s t a n c e  from co ld  s u r f a c e  

t = temperature 

It w a s  determined t h a t  t h e  temperature  of t h e  material t o  w i t h i n  0.02-in. t o  
0.03-in. of t h e  h o t  gas w a l l  remained a t  t h e  temperature  of t h e  e n t e r i n g  
coolant .  

(3) Schneider,  P. J., Conduction Heat Trans fe r ,  Addison-Wesley, 1957 

'. 
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Recognizing t h a t  t he  environment a t  t h e  hot-gas 
s i d e  w a l l  s u r f a c e  had an apprec iab le  e f f e c t  on t h e  d i s t r i b u t i o n  and was n o t  
w e l l  e s t ab l i shed ,  i t  w a s  decided t o  test a model b a f f l e  i n  a scale i n j e c t o r  
a t  t h e  NASA L e w i s  Research Center. These tests showed t h a t  p re s su re  drops 
through the  Rigimesh became excess ive  as t h e  coolan t  f low approached design 
va lues  which made the  use of t he  a v a i l a b l e  Rigimesh b a f f l e s  imprac t ica l .  As 
a r e s u l t ,  i t  w a s  decided t o  revert t o  t h e  cooled copper b a f f l e .  Ca lcu la t ions  
had shown t h a t  a design such as t h a t  i l l u s t r a t e d  on Figure  No. 25 would be 
s a t i s f a c t o r y .  
of t h e  gas-side h e a t  t r a n s f e r  c o e f f i c i e n t .  

This  a n a l y s i s  used a modified Bartz  equat ion f o r  c a l c u l a t i o n  

Equation (3)  

where: 

De 
h = gas-s ide h e a t  t r a n s f e r  c o e f f i c i e n t  

g 
H = an empir ica l  co r rec t ion  f a c t o r  

C = Bartz  cons tan t  = 0.026 

1-1 = Viscos i ty  

'r 
W 

A 

= equiva len t  o r  hydrau l i c  diameter  of a b a f f l e  compartment 

g 

= Prand t l  number 

= weight flow i n t o  b a f f l e  compartment 

= b a f f l e  compartment c ross -sec t iona l  area 

= gas-side f i l m  temperature T f s  
T = a r i t h m e t i c  mean temperature bulk  f l u i d  t o  b a f f l e  s u r f a c e  am 

The l i qu id - s ide  hea t  t r a n s f e r  c o e f f i c i e n t  w a s  ca l cu la t ed  using both t h e  
c o r r e l a t i o n  of McCarthy and Wolf as w e l l  as one suppl ied  by t h e  NASA L e w i s  
Research Center. 

The McCarthy and Wolf co r re l a t ions :  

0.025% 

e 
( R e b )  o * 8  [ P r b ]  O o 4  (?)- 0.55 D hL = Equation ( 4 )  
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The c o r r e l a t i o n  suppl ied  by t h e  NASA L e w i s  Research Center  is: 

0.023 Kf 

De 

'I 0.8 /Prf 10 .4  1 po )-0.4 where Re = 
f 1-I - 

i p w l  
- 

hL - 
Equation (5) 

where: 

hL = l i qu id - s ide  f i l m  c o e f f i c i e n t  

D e 

\ 
Kf 
R e  

P r  

Twl = Temperature of w a l l  a t  coolan t  s u r f a c e  

Tb = bulk coolan t  temperature 

pb = dens i ty  of coolan t  a t  bulk  condi t ions  

p w l  = dens i ty  of coolan t  a t  coolan t  s u r f a c e  

1 - 1 ~  
V = v e l o c i t y  coolan t  . 

= equ iva len t  o r  hydrau l i c  diameter  of coolan t  passage 

= thermal conduct iv i ty  of coolan t  a t  bulk  condi t ions  

= thermal conduct iv i ty  of coolan t  a t  f i l m  condi t ions  

= Reynolds number a t  coolan t  bu lk  condi t ions  

& Prb = P r a n d t l  number a t  f i l m  and coolant  bu lk  condi t ions  
b 

f 

= v i s c o s i t y  a t  f i l m  temperature 

Fi lm cool ing e f f e c t i v e n e s s  w a s  c a l c u l a t e d  us ing  a modified Hatch and Pape l l  
c o r r e l a t i o n :  

where: 
h ITD 

C 
A =- 

P 

Equation (6) 

0.125 1 v c  
= 1.628 ($1 ($1 (-1 B 

C ITDe 
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x 

V = v e l o c i t y  of combustion gases  

Ve = v e l o c i t y  of f i l m  coolant  

Tr = recovery temperature 

and o t h e r  terms as def ined  previous ly .  

= d i s t a n c e  from f i l m  coolant  i n j e c t i o n  p o i n t  

€4 

I n  t hese  ana lyses  t h e  c o r r e c t i o n  f a c t o r  (H) i n  t h e  
gas-s ide c o e f f i c i e n t  equat ion  w a s  assumed t o  be  1.0, a l though previous tests 
wi th  i n j e c t o r s  us ing  s t o r a b l e  p r o p e l l a n t s  have shown va lues  as high as 2.0. 

Because t h e  hardware used wi th  t h e  Rigimesh b a f f l e  
w a s  a v a i l a b l e ,  model tests were conducted. It w a s  found t h a t  a design such as 
t h a t  shown on Figure  No. 25 w a s  r equ i r ed  t o  prevent  e ros ion  of t h e  model 
b a f f l e .  This  design w a s  s e l e c t e d  f o r  t e s t i n g  wi th  t h e  f u l l - s c a l e  i n j e c t o r .  

2. Chamber Considerat ions 

a. Cooling 

I n i t i a l  M-1 program planning w a s  based upon determining 
performances during tests of  20 sec dura t ion  wi th  regenerat ively-cooled 
chambers. However, i n  o rde r  t o  phase out  t h e  program w i t h i n  a v a i l a b l e  funds 
and i n  a minimum t i m e ,  i t  w a s  necessary  t o  d e l e t e  t he  regenerat ively-cooled 
chambers from t h e  program. I n  add i t ion ,  i t  appeared t h a t  performance could 
n o t  be  adequately e s t a b l i s h e d  us ing  t h e  film-cooled chambers planned f o r  use 
i n  t h e  s t a b i l i t y  eva lua t ion ;  t h e  f i l m  cool ing  requirement w a s  several t i m e s  
t h a t  of t he  cooled chamber. Avai lab le  information d i d  no t  permit s u f f i c i e n t l y  
accu ra t e  performance co r rec t ions  t o  account f o r  l o s s e s  caused by t h i s  addi- 
t i o n a l  f i l m  coolant .  
of f i l m  cool ing  as a regenerat ively-cooled one w a s  s e l e c t e d  f o r  performance 
t e s t i n g .  This  a b l a t i v e  l i n e r  n e c e s s i t a t e d  a change i n  t h e  l o c a t i o n  of t h e  
f i l m  coolant  ho le s  from t h e  gaske t  ho lde r  t o  t h e  i n j e c t o r  f ace ,  b u t  it d i d  
n o t  appear t h a t  t h i s  change would s i g n i f i c a n t l y  a f f e c t  performance determi- 
na t ions .  F igure  No.  26 shows t h e  mixture  r a t i o  i n  r e l a t i o n s h i p  t o  p red ic t ed  
measured vacuum s p e c i f i c  impulse f o r  bo th  r egene ra t ive  and a b l a t i v e  chambers. 

Therefore ,  an ab la t ive - l ined  chamber wi th  t h e  same amount 

A h e a t  t r a n s f e r  a n a l y s i s  w a s  performed t o  estimate t h e  

Each f i r i n g  
thermal response of t h e  M-1 a b l a t i v e  l i n e r  a t  t h r e e  chamber l o c a t i o n s  f o r  
each of t h e  f o u r  planned 5 sec dura t ion  f i r i n g s  (TS-1 t o  FS-2). 
pe r iod  included a 1.1 sec f u e l  l ead ,  during which no combustion occurs ,  as 
w e l l  as s t a r t -up  and shutdown ( a f t e r  FS-2) t r a n s i e n t s  of approximately 
1.5 sec and 0.8 sec dura t ion  r e spec t ive ly .  The chamber p re s su re  b u i l d s  up 
and decays during t h e  lat ter t i m e s .  
approximately 2.5 sec of s t eady- s t a t e  opera t ion .  

A f i r i n g  pe r iod  of 5 sec dura t ion  g ives  
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The i n i t i a l  l i n e r  design w a s  composed of compression- 
molded b i l l e t s  cons t ruc ted  from high  s i l i ca  f a b r i c  impregnated wi th  a modified 
phenol ic  high char  resin system. 
WBC-6301was used as an a b l a t i v e  build-up material behind t h e  l i n e r  of t h e  
f u e l  f l ange  and t o r u s  assembly. The WBC-6301 is  a rubber modified,  silica- 
r e in fo rced  phenol ic  similar t o  t h e  l i n e r  materials used f o r  t h e  Apollo and 
Transtage a b l a t i v e  chambers. The build-up and l i n e r  material are bonded t o  
provide good thermal contac t .  The r e i n f o r c i n g  f i b e r  o r i e n t a t i o n  f o r  t h e  
l i n e r  material is  35-degrees t o  the  normal d i r e c t i o n .  This  a b l a t i v e  chamber 
assembly i s  shown on Figure  No. 27 wh i l e  t h e  dimensions of t h e  a b l a t i v e  com- 
ponents as w e l l  as t h e  s teel  p res su re  v e s s e l  used i n  t h i s  a n a l y s i s  are given 
on Table 11. Also i t  w a s  assumed i n  t h i s  a n a l y s i s  t h a t  no supplemental  f i l m  
cool ing i s  used. 

It w a s  manufactured "in-house." A r i n g  of 

TABLE I1 

ABLATIVE LINER AND SHELL THICKNESS 

S t e e l  S h e l l  
Lo cat ion  Liner  Material Liner  Thickness,  i n .  Thickness,  i n .  

I n j e c t o r  WBC-2230 SI -6301 0.86 0.22 

Axial  Distance WBC-2230 
13.31-in. 

1.26 1.00 

Throat WBC-22 30 1.75 0.90 

The computations w e r e  performed by means of  computer 
This  program accounts f o r  convect ive h e a t  t r a n s f e r  from t h e  program 8059. (4) .  

p r o p e l l a n t  gases  t o  the  l i n e r  s u r f a c e  as w e l l  as r a d i a t i o n  h e a t  t r a n s f e r  from 
t h e  gas-side and ambient-side of t he  chamber w a l l  t o  t he  environment. The 
temperature response of t h e  l i n e r  and s t e e l  s h e l l  i s  ca l cu la t ed  as w e l l  as 
char r ing  and dimensional a b l a t i o n  during t h e  f i r e  and soak per iods.  
blockage e f f e c t ,  which accounts f o r  t h e  d i f f u s i o n  of t h e  a b l a t i v e  l i n e r  o f f -  
gases  i n t o  t h e  boundary l a  er, was accounted f o r  by means of t h e  equat ion  
suggested by MacFarland. ( 5 7  Thermal p r o p e r t i e s  used f o r  t h e  a n a l y s i s  are t h e  
b e s t  estimates from the  a v a i l a b l e  d a t a  and are l i s t e d  on Table 111. These 
d a t a  were obta ined  from t h e  manufacturer,  Western Backing Corporat ion,  as w e l l  

A h e a t  

(4) Ana ly t i ca l  Study t o  Extend t h e  C a p a b i l i t i e s  of t he  Aerojet-General 
Ablat ion D i p i t a l  Computer Program, Aerojet-General Report  No. 
9140-64-1R, Contract  NAS 9-2832, November 1964 

(5) MacFarland, B . ,  Joerg ,  P., and T a f t ,  M. ,  Criteria f o r  P l a s t i c  
Ablat ion Materials as Functions of Environmental Parameters: 
P a r t  1 - Resu l t s  of Ana ly t i ca l  S tud ie s ,  ASD-TR-61-439, P a r t  1, 
Contract  No. AF 33(616)-7401, May 1962 
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Figure 27. Ablative Chamber Assembly 
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as thermal a n a l y s i s  personnel  a t  Aerojet-General, Azusa P lan t .  
h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  c a l c u l a t e d  using t h e  s i m p l i f i e d  Bartz  cor- 
r e l a t i o n .  (6) 
ob ta ined  from computer program No. 109, runs 8850-004 and 8840-00B, 
r e spec t ive ly .  

The gas-side 

The s t a r t -up  and shutdown t r a n s i e n t  chamber condi t ions  were 

TABLE I11 

M-1 ABLATIVE LINER THERMAL PROPERTIES 

Liner  Material 

Type of material 

Laminate P r o p e r t i e s  

WBC-2230 WBC- 6 30 1 

Si l i ca - r e in fo rced  Rubber-modif i e d  , 
phenol ic  s i l i c a - r e i n f o r c e d  

phenol ic  

Conduct ivi ty ,  Btu/in.-sec-OR 6 . 5 ~ 1 0 - ~  
S p e c i f i c  Heat, Btu/lb-OR 0.25 

Char Temperature, O R  1460 
Heat of Char, Btu / lb  374 

Char P rope r t i e s  

Conduct ivi ty ,  Btu/in.-sec-OR 1. ~ x I O - ~  
S p e c i f i c  Heat, Btu/lb-OR 0.25 
Heat of Ablat ion,  Btu / lb  2600 
Ablat ion Temperature 4660 

4 .  ox10-6 
0.3 
374 
1460 

1. lX1oe5 
0.3 
2600 
4660 

Estimated temperature  p r o f i l e s  and s u r f a c e  r eces s ion  
f o r  t h e  a b l a t i v e  l i n e r  a t  t h e  i n j e c t o r  (13.31-in. downstream from t h e  i n j e c t o r  
f ace )  and a t  t h e  t h r o a t  are shown on Figures  No. 28, No. 29, and No. 30. The 
temperature p r o f i l e s  shown are a t  FS-2 and a t  t h e  end of a 30 sec soak per iod.  
The l i n e r  char  depth f o r  t he  t o t a l  f i r i n g  t i m e  is given on Table I V .  

TABLE I V  

PREDICTED M-1 ABLATIVE LINER CHAR DEPTHS 

Chamber Location F i r i n g  Duration, sec Char Depth, i n .  

I n j e c t o r  20* .387 

Axial Distance 13.31-in. 20 .447 

Throat 20 ,475 

*Four 5 sec dura t ion  f i r i n g s  inc luding  t r a n s i e n t s  

(6) Bartz ,  D ,  R. ,  "A Simple Equation f o r  Rapid Est imat ion of Rocket Nozzle 
Heat Trans fe r  Coef f i c i en t s , "  Jet Propuls ion,  (1):49:51, 1957 
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The temperature  p r o f i l e s  shown on Figures  No. 28, No. 29, 
and No. 30 along w i t h  t h e  char  depth p r e d i c t i o n s  of Table  I V  i n d i c a t e  t h a t  t h e  
a b l a t i v e  l i n e r  w i l l  p r o t e c t  t h e  s teel  chamber w a l l s  from excess ive  temperature 
f o r  four ,  5 sec f i r i n g s  provided t h a t  t h e  combustion is  s t a b l e  and t h e r e  i s  no 
severe ox id ize r  s t r e a k i n g  from t h e  i n j e c t o r .  

Although t h i s  method of a n a l y s i s  w a s  used wi th  good 
success  i n  p r e d i c t i n g  t h e  thermal response of t h e  lower p re s su re ,  lower t e m -  
p e r a t u r e  Transtage and Apollo a b l a t i v e  liners, wherein l i t t l e  o r  no dimen- 
s i o n a l  a b l a t i o n  occurred,  i t  r equ i r ed  experimental  v e r i f i c a t i o n  f o r  condi t ions  
where s u b s t a n t i a l  dimensional a b l a t i o n  w a s  a n t i c i p a t e d  ( see  Sec t ion  IV9C93 f o r  
test r e s u l t s ) .  

b.  Contour 

Because t h e  M-1 film-cooled chamber w a s  designed as a 
workhorse t o  be used f o r  i n j e c t o r  and b a f f l e  development, i t  was  unnecessary 
t o  extend t h e  chamber beyond a 2 : l  expansion r a t i o .  This  chamber has an 
i n t e r n a l  contour  i d e n t i c a l  t o  t h e  1 4 : l  regenerat ively-cooled chamber 
(converging h a l f  angle ,  10'56'). 

(1) Abla t ive  Chamber 

The ab la t ive - l ined  combustion chamber w a s  f a b r i -  
ca ted  by modifying a 32.00-in. diameter  t h r o a t ,  f i lm-cooled, s teel  chamber t o  
a 30.00-in. diameter  t h r o a t  w i th  an a b l a t i v e  l i n e r  th ickness  a t  t h e  t h r o a t  of  
1.500-in. minimum. This  1.500-in. l i n e r  th ickness  a t  t h e  t h r o a t  guarantees  
t h a t  a minimum of fou r ,  5 sec f i r i n g s  would be p o s s i b l e  using one chamber 
only. The p r o p e l l a n t  f low rates w e r e  ad jus t ed  t o  r e f l e c t  t h e  change i n  t h r o a t  
diameter whi le  maintaining t h e  design chamber plenum pres su re  a t  1000 ps i a .  

Two sets of f o u r  p re s su re  pick-ups were added a t  
t h e  a f t  end of t h e  nozz le  t o  a s c e r t a i n  what po r t ion  of  t h e  measured t h r u s t  
could be a t t r i b u t e d  t o  t h e  p re s su re  a c t i n g  upon t h e  a b l a t i v e  l i n e r  a f t  suppor t  
r i ng .  One set of p re s su re  pick-ups w a s  l oca t ed  i n  l i n e  wi th  an i n j e c t o r  
b a f f l e  whi le  t h e  second set  of p re s su re  pick-ups w a s  l oca t ed  between t h e  
i n j e c t o r  b a f f l e s .  
p o i n t s  would i n d i c a t e  t h e  b a f f l e  i n f luence  ( see  Table  V I I ,  I t e m  36). 

The d i f f e r e n c e  i n  p re s su re  readings  a t  similar pick-up 

(2) Film-Cooled Chamber 

A h e a t  t r a n s f e r  s tudy  w a s  performed u t i l i z i n g  t h e  
design requirements of t h e  gas-side w a l l  temperature  (2260'R) and t h e  mean 
w a l l  temperature  (1460°R, o r  l e s s )  f o r  a du ra t ion  of 5 sec. This  s tudy 
ind ica t ed  t h a t  f i l m  cool ing  would be r equ i r ed  i n  two loca t ions ;  i n  t h e  t o r u s  
and f l ange  assembly as w e l l  as i n  the  lower chamber. 
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The to rus  and f l ange  assembly is  fi lm-cooled by 
means of o r i f i c e s  d r i l l e d  ad jacen t  t o  t h e  injector /chamber  i n t e r f a c e .  
Approximately 6% of t h e  t o t a l  f u e l  flow is  requi red .  

The lower chamber i s  cooled by means of 360 small 
coolan t  tubes s taggered  i n  two rows of 180 each. An a l t e r n a t i v e  method con- 
sists of a series of o r i f i c e s  i n  a coolan t  r i n g  which is  welded t o  t h e  chamber 
contour approximately 15-in. upstream of t h e  th roa t .  Approximately 5% of t h e  
t o t a l  f u e l  flow i s  requi red .  
from t h e  main f u e l  t o r u s  provides  t h e  coolan t  f o r  e i t h e r  method. 

A s m a l l  manifold welded t o  the  chamber and f e d  

C.  COMBUSTION STABILITY 

Combustion i n s t a b i l i t y  has  been a s e r i o u s  problem i n  t h e  develop- 
ment of a l l  h igh- thrus t ,  l a r g e  diameter t h r u s t  chambers. The combination of 
a n a l y t i c a l  and empi r i ca l  design methods a v a i l a b l e  a t  t h e  t i m e  t h a t  t h e  M-1 
t h r u s t  chamber design w a s  i n i t i a t e d  were n o t  adequate f o r  assurance t h a t  t he  
u n i t  would ope ra t e  s t a b l y .  This s e c t i o n  summarizes t h e  ana lyses  conducted as 
w e l l  as t h e  experimental  evidence drawn upon t o  arrive a t  in te rmedia te  and 
f i n a l  designs f o r  t h e  b a f f l e s ,  t h e  i n j e c t i o n  elements ,  and t h e  p r o p e l l a n t  
manifolding. A d e s c r i p t i o n  of t h e  ins t rumenta t ion  used t o  e s t a b l i s h  t h e  
s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  t e s t e d  designs a l s o  i s  included.  

1. Baf f l e s  

The high frequency combustion s t a b i l i t y  c h a r a c t e r i s t i c s  of 
t he  M-1 t h r u s t  chamber were analyzed using the  S e n s i t i v e  T i m e  Lag Theory. 
The r e s u l t s  of t h i s  a n a l y s i s  are presented  on Figures  No. 31 and No. 32. 
The d e t a i l s  of t h e  a n a l y s i s  are presented  i n  Appendix A. 

This  a n a l y s i s  (see Figure  No. 31) showed t h a t  t he  t h r u s t  
chamber would be s e n s i t i v e  t o  those  t a n g e n t i a l  modes l y i n g  between t h e  t h i r d  
and s i x t h  as w e l l  as being s e n s i t i v e  t o  t h e  f i r s t  and second r a d i a l  modes. 
To preclude these  modes from occurr ing ,  t h e  b a f f l e  p a t t e r n  shown on Figure  
No. 33 w a s  s e l e c t e d ,  The r e s u l t a n t  s t a b i l i t y  and ope ra t ing  zones are shown 
on Figure  N o .  32. 

Although n o t  completely q u a n t i t a t i v e ,  t h e  method of a n a l y s i s  
used served t o  i n d i c a t e  t h e  number as w e l l  as the  l o c a t i o n s  of t h e  necessary  
b a f f l e  spokes and hubs. However, t h i s  a n a l y s i s  d id  n o t  provide any i n d i c a t i o n  
of t h e  appropr i a t e  l eng ths  f o r  t h e s e  b a f f l e  components ( see  Appendix A). 
Avai lab le  d a t a  from Aerojet-General 's  T i t an ,  Gemini, and Apollo programs as 
w e l l  as Rocketdyne's A t l a s  and F-1 programs were s tud ied .  This information 
ind ica t ed  t h a t  t h e  b a f f l e  l eng ths  should be  approximately 4-in. 

However, t h e  ind ica t ed  a v a i l a b l e  d a t a  were n o t  f o r  a t h r u s t  
chamber of M-1 s i z e  nor  f o r  i ts  p r o p e l l a n t  combination; t h e r e f o r e ,  a con- 
s e r v a t i v e  6-in. l eng th  w a s  s e l e c t e d  f o r  t h e  i n i t i a l  design.  These f i r s t  

Page 50 



2 

c 1  

0 

6T 4T 3T 1R 2T 

1T 

(coaxial) 

( conven ti onhl  ) 

l- I .  I 4 I r 
0 .1 .2 03 .4 05 .6 

T-  millisec 
KEY: 1T = first tangential mode 

2T = second tangential mode 
3T = third tangential mode 
4T .= fourth tangential mode 
6T = sixth tangential mode 
1R a first radial mode 
2R = second radial mode 

Figure 31. M - 1  Thrust Chamber I n s t a b i l i t y  Zones Without Baffles 
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Figure  3 2 .  Baffled Chamber I n s t a b i l i t y  Zone 
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Figure 33. M - 1  TCA Coaxial  Injector  
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b a f f l e s  w e r e  s o l i d  p i eces  of s t a i n l e s s  steel  a l l o y  because t h i s  design f a c i l -  
i t a t e d  f a b r i c a t i o n ,  which permi t ted  e a r l y  t e s t i n g  of t h e  t h r u s t  chamber. The 
b a f f l e s  were film-cooled by hydrogen which w a s  i n j e c t e d  as a b a r r i e r  between 
t h e  combustion gases  and t h e  m e t a l .  

While t h e  i n j e c t o r  w a s  being f a b r i c a t e d ,  a d d i t i o n a l  d a t a  
became a v a i l a b l e  concerning cool ing  problems and a c o u s t i c a l  damping (7) a t  
var ious  b a f f l e  lengths .  This  information showed t h a t  cool ing requirements 
grew s i g n i f i c a n t l y  severe as b a f f l e  lengths  increased  over 4-in. I n  add i t ion ,  
a b a f f l e  l eng th  of 6-in. d id  g r e a t l y  increase a c o u s t i c a l  damping when compared 
t o  a 4-in. b a f f l e .  A s  a r e s u l t ,  i t  w a s  decided t o  l i m i t  t h e  l eng th  of t he  
cooled b a f f l e  design t o  be t e s t e d  t o  3-1/2-in. t o  4-in. 

2. Element 

Data a v a i l a b l e  a t  t h e  i n i t i a t i o n  of t h e  M-1 program i n d i c a t e d  
t h a t  l a r g e r  thrust-per-element u n i t s  tended t o  have g r e a t e r  resistance t o  high 
frequency combustion i n s t a b i l i t y .  Although t h e  3248 element design would tend 
t o  provide higher  performance, i t  appeared t h a t  t he  1184 element design could 
g ive  adequate performance wi th  a g r e a t e r  s t a b i l i t y  margin. 

While t h e  i n i t i a l  u n i t s  w e r e  being f a b r i c a t e d ,  an  eva lua t ion  
of d a t a  obtained a t  t he  NASA L e w i s  Research Center as w e l l  as 5-2 engine d a t a  
showed t h a t  s t a b i l i t y  margins were increased  with coax ia l  i n j e c t o r s  by inc reas -  
i ng  t h e  r a t i o  of t h e  hydrogen t o  oxygen v e l o c i t y  r a t i o .  The NASA d a t a  ind i -  
ca ted  t h a t  a minimum v e l o c i t y  r a t i o  of 7.0 w a s  requi red  f o r  s t a b i l i t y  wi th  
4 2 1  element,  11-in. diameter ,  20,000 l b  t h r u s t  i n j e c t o r s .  However, i t  w a s  
be l ieved  t h a t  t h i s  va lue  should be increased  as the  flow-per-element became 
g r e a t e r .  The v e l o c i t y  r a t i o  w a s  increased  t o  a p r a c t i c a l  maximum of 18.0 f o r  
t h e  f i n a l  M - 1  design. 

3. Manifold 

Data obta ined  by the  NASA L e w i s  Research Center i nd ica t ed  
t h a t  d i v i s i o n  of t he  i n j e c t o r  manifolds i n t o  compartments by r a d i a l  s e p a r a t o r s  
improved r e s i s t a n c e  t o  i n s t a b i l i t y .  Therefore ,  t h e  M - 1  i n j e c t o r  incorpora ted  
t h i s  concept. The r a d i a l  b a f f l e  bases  formed the  compartments i n  t h e  f u e l  
manifold as can be  seen on Figure  No. 11. The o x i d i z e r  manifold w a s  d iv ided  
i n t o  twelve compartments by s e p a r a t o r s  as shown on Figure  No. 14 .  

4. Ins t rumenta t ion  

a. I n j e c t o r  

Nine ins t rumenta t ion  p o r t s  w e r e  provided i n  t h e  f u e l  
manifold. Three temperature  sens ing  probes,  two low-frequency response 

(7)  M-1 Ambient Acoust ic  Tests, Aerojet-General Report No. TCER-019, 
18 May 1968 
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pres su re  t ransducers  measuring magnitude of p re s su re ,  and two high-frequency 
response p re s su re  t ransducers  l oca t ed  70-degrees a p a r t  w e r e  u t i l i z e d .  
t h e  f u e l  manifold high-frequency response p re s su re  t ransducers  w a s  i n  l i n e  
wi th  an o x i d i z e r  manifold and a chamber p re s su re  high-frequency response 
p re s su re  t ransducer .  

One of 

Twelve, equally-spaced ins t rumenta t ion  p o r t s  were pro- 
vided i n  t h e  ox id ize r  manifold; one p o r t  p e r  compartment. Three temperature  
sensing probes,  t h r e e  low-frequency response p re s su re  t ransducers  (one 
measuring t o r u s  p re s su re ) ,  and two high-freq.uency response p re s su re  t r ans -  
ducers  l oca t ed  30-degrees a p a r t  were u t i l i z e d .  

b. Chamber 

The chamber w a s  instrumented along i t s  circumference a t  
d i f f e r e n t  a x i a l  l o c a t i o n s  by using high-frequency response p re s su re  t ransducers .  
Kistler helium bleed  t ransducers  w e r e  used i n  t h e  ab la t ive - l ined  chamber and 
water-cooled Photocon t ransducers  w e r e  used with t h e  film-cooled s t a i n l e s s  
chambers. The a b l a t i v e  and s t a i n l e s s  chamber ins t rumenta t ion  l o c a t i o n s  as 
w e l l  as t h e  i n s t a l l a t i o n  dimensions are shown on Figures  No. 34 and No. 35. 

D. STRUCTURAL DESIGN AND FABRICATION 

1. S t r u c t u r a l  

a. Element P l a t e  and Radia l  Dome Bol t s  

(1) Method of Analysis  

A composite s t r u c t u r a l  a n a l y s i s  of t h e  2 : l  uncooled 
i n j e c t o r  and t h r u s t  chamber assembly w a s  performed t o  determine t h e  s t r u c t u r a l  
e f f e c t s  of i n d i v i d u a l  s t r u c t u r a l  components upon t h e  e n t i r e  s t r u c t u r e .  

Various assumptions p e r t a i n i n g  t o  loading condi t ions  
and geometr ical  conf igu ra t ions  were analyzed t o  f i n d  t h e  most severe loading 
condi t ions .  These ana lyses  included cons ide ra t ions  of a temperature change 
on t h e  r a d i a l  dome b o l t s  as w e l l  as t h e  absence of a temperature  change. 
Also, t h e  ex i s t ence  of r a d i a l  shea r  r e a c t i o n s  between i n j e c t o r  and t h e  f u e l  
t o r u s  f l anges  w a s  considered as w e l l  as t h e  absence of such shea r .  

A mathematical  model w a s  prepared u t i l i z i n g  the  
1040 t h i n  s h e l l s  of r evo lu t ion  computer program and t h e  r i n g  equat ions.  The 
r e s u l t i n g  system of d i s c o n t i n u i t y  equat ions ,  which desc r ibe  t h e  loading  and 
geometry w a s  then so lved  f o r  loads  and d e f l e c t i o n s  by us ing  t h e  AS71U u t i l i t y  
package f o r  s o l u t i o n  of l a r g e  simultaneous equat ions.  
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(2) Severes t  Loading Condition 

The ope ra t ing  p res su res  and t h r u s t  f o r  t h i s  con- 
d i t i o n  are as follows: 

P = 1040 p s i a  Chamber 

P = 1428 p s i a  Oxygen 

P = 1240 p s i a  Fuel  

T = 1,057,000 l b  Thrust  
(Temperatures f o r  5 sec )  

(3) Analysis  Summary 

Assuming t h a t  t h e  r a d i a l  dome b o l t s  are cold and 
a r a d i a l  shea r  r e a c t i o n  e x i s t s  between t h e  i n j e c t o r  and f u e l  t o r u s  f l anges ,  
t h e  maximum values  of e l a s t i c  bending and tens ion  stress on t h e  i n j e c t o r  
element p l a t e  are 72,000 p s i  and 33,000 p s i ,  r e s p e c t i v e l y ,  a t  t h e  junc t ion  
of t h e  i n j e c t o r  p l a t e  wi th  t h e  i n j e c t o r  f lange .  Because t h e  maximum stress 
is  caused by bending, i t  occurs  on an o u t s i d e  s u r f a c e  t h a t  has  been subjec ted  
t o  cons iderable  cool ing.  Therefore ,  a margin of s a f e t y  w a s  ca l cu la t ed  based 
upon the  u l t ima te  s t r e n g t h  of s t a i n l e s s  s teel  Type 347 a t  160"R (Ftu = 160,000 
p s i ) .  
margin of s a f e t y  w a s  ca l cu la t ed  t o  be 0.15. This ca l cu la t ed  margin of s a f e t y  
i s  conserva t ive  because 90% of the  i n j e c t o r  element p l a t e  stress i s  caused by 
thermal g rad ien t s  and 347 s t a i n l e s s  s teel  is  an extremely d u c t i l e  material 
( e  = 50% @ room temperature) .  
s t r a i n .  A p l a s t i c  a n a l y s i s ,  p re fe rab ly  i n  a computerized form, i s  necessary  
t o  determine t h e  s t a t e  of stress t h a t  e x i s t s .  The cu r ren t  elastic a n a l y s i s  
i n d i c a t e s  t h a t  t he  element p l a t e  is s u b j e c t  t o  l o c a l i z e d  stresses which are 
above the  y i e l d  p o i n t  b u t  below t h e  u l t i m a t e  s t r e n g t h  of t h e  material. 

Using a bending modulus of 1 . 3  and a f a c t o r  of s a f e t y  of 1 .5 ,  t h e  

It  can wi ths tand  a g r e a t  amount of thermal 

The c r i t i ca l  set of r a d i a l  dome b o l t s  are those  
loca ted  a t  a r ad ius  of 16.95-in. The stresses are a maximum when the  b o l t s  
are assumed t o  be  cold and wi th  a r a d i a l  shea r  load  between the  i n j e c t o r  and 
f u e l  t o rus  f langes .  Maximum stress under these  condi t ions  is 153,000 p s i  p lus  
11,000 p s i  as a r e s u l t  of pre-torque. This stress l e v e l  is  f o r  t h e  most cur- 
r e n t  conf igura t ion  as w e l l  as a torque on the  injector-to-dome s t u d s  of 
670 f t - l b .  

This  a n a l y s i s  i s  conserva t ive  because of t h e  
assumptions made. I f  i t  is  assumed t h a t  t h e  b o l t s  are a t  room temperature 
i n s t e a d  of 175"R, t h e  stress i s  decreased from 153,000 p s i  t o  115,000 p s i .  
I n  r e a l i t y ,  only a p a r t i a l  r a d i a l  s h e a r  load e x i s t s  between the  i n j e c t o r  and 
f u e l  t o rus  f langes .  The re la t ive displacement of t h e  two f langes  i s  such t h a t  
t h e  b o l t s  have t o  bear  a g a i n s t  t h e  s i d e  of t h e  b o l t  ho le s  before  a r a d i a l  
shea r  r e a c t i o n  can be developed. Without a r a d i a l  shea r  r e a c t i o n ,  t he  b o l t  
stress can be reduced from 153,000 p s i  t o  147,000 p s i .  
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b. E l e m e n t s  

The c r i t i ca l  load ,  as p e r t a i n s  t o  t h e  elements,  occurs  
i n  those elements t h a t  are ad jacen t  t o  the  b a f f l e  bases.  It is  caused by 
r e s t r a i n e d  thermal con t r ac t ion  r e s u l t i n g  from a temperature  change of 60°R, 
assuming t h a t  t he  element i s  ful ly-cooled be fo re  the  heav ie r  bases  are cooled 
s u f f i c i e n t l y  t o  con t r ac t .  Tensile tests i n d i c a t e  t h a t  t h e  maximum load  which 
can be sus t a ined  by t h e  f l a r e d  end f i t t i n g  i s  900 l b  a t  room temperature.  
This  va lue  has  been s c a l e d  upward i n  propor t ion  t o  t h e  r a t i o  of y i e l d  stresses 
a t  140'R and room temperature t o  a design va lue  of 1300 lb .  A 1300 l b  load  
produces a minimum margin of s a f e t y  t o  y i e l d  i n  t h e  minimum area, except ing  
t h e  f l a r e ,  of 0.77. The stresses i n  t h e  f l a r e d  segment w i l l  exceed t h e  y i e l d  
stress, b u t  t h i s  i s  an i s o l a t e d  condi t ion  and does n o t  l i m i t  t h e  f a t i g u e  l i f e  
of t h e  p a r t  from a p r a c t i c a l  aspec t .  

The brazed connection a t  t h e  i n j e c t o r  p l a t e  end of t h e  
element i s  s u b j e c t  t o  high t e n s i l e  stresses because of t h e  r e s t r a i n e d  r a d i a l  
shr inkage  of t h e  p l a t e  i n  r e l a t i o n s h i p  t o  t h e  element. Based upon elastic 
theory,  t hese  stresses are i n  excess  of t he  material s t r eng th ;  however, they 
are a c t u a l l y  of a lesser va lue  because of p o s t - e l a s t i c  behavior.  Tests have 
demonstrated t h a t  t h e  j o i n t  i s  s a t i s f a c t o r y .  

c. Rigimesh Support 

The combination of a complicated geometry and i n d e f i n i t e  
overly-redundant support  condi t ions  prevent  an exac t  a n a l y s i s  of t h e  stresses 
i n  t h e  Rigimesh f a c e  p l a t e .  The p r i n c i p a l  load  is  a r e s t r a i n e d  thermal con- 
t r a c t i o n  t h a t  produces high t e n s i l e  stresses i n  the  p l a t e  i n  a l l  d i r e c t i o n s .  
The worst  r e s u l t  from t h i s  i s  t h e  p o s s i b i l i t y  t h a t  t h e  f a c e  p l a t e  would 
become disconnected from t h e  b a f f l e  bases .  This extreme condi t ion  w a s  
i n v e s t i g a t e d  and i t  w a s  found t h a t  t h e  f l a r e d  ends of  t h e  i n j e c t o r  elements 
provide s u f f i c i e n t  support  a g a i n s t  t he  d i f f e r e n t i a l  p re s su re  f o r c e  ac ross  
t h e  p l a t e .  

d. Torus and Dome 

The design loads  f o r  t h e  o x i d i z e r  t o r u s  are an i n t e r n a l  
p re s su re  of 2130 p s i ,  p roof ,  a uniform temperature change of 60°R, and t h e  
dynamic load  r e a c t i o n s  a t  t h e  i n l e t  f lange .  Design proof p re s su re  is 1 . 2  
t i m e s  t h e  design l i m i t  p r e s su re ;  design u l t i m a t e  is 1 .6  t i m e s  t h e  l i m i t .  The 
frequency of t h e  dynamic loads  is taken as 20 cps and t h e  l eng th  of a f u l l -  
du ra t ion  f i r i n g  as 400 sec. The o rde r  of magnitude of t h e  cr i t ical  dynamic 
loads l ies  between 100,000 in . - lb  and 200,000 in.-lb f o r  moment and 10,000 l b  
f o r  d i r e c t  loads.  These are l i m i t  va lues ;  u l t ima te  loads  are 1.5 t i m e s  t h e  
l i m i t .  
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The p res su re  stresses a t  t h e  base  f t h e  tandpip are 
ca l cu la t ed  using s tandard  models f o r  a fixed-end tube.  The stresses a t  t h e  
upper end of t h e  s tandpipes  and around t h e  i n l e t  f l ange  are found by applying 
stress i n t e n s i f i c a t i o n  f a c t o r s  based upon e x i s t i n g  l i t e r a t u r e  r epor t ing  t h e  
r e s u l t s  of f u l l - s c a l e  tests of p i p e  i n t e r s e c t i o n s .  

The temperature (shr inkage of t o r u s )  stresses i n  t h e  
s tandpipes  are c a l c u l a t e d  as f o r  a r i g i d  r i n g  on an elastic foundat ion of 
numerous s m a l l  beam elements. The r i g i d  r i n g  concept is modified a t  l o c a l  
i n t e r s e c t i o n s  through t h e  use  of a d i g i t a l  computer s o l u t i o n  f o r  s h e l l s  of 
r evo lu t ion  r ep lac ing  t h e  s tandpipes  wi th  a p a i r  of l a r g e  con ica l  segments t o  
estimate t h e  a f f e c t s  of c ross -sec t ion  deformations.  The r e s u l t s  of t h i s  
a n a l y s i s  w e r e  au then t i ca t ed  by a favorable  comparison between p red ic t ed  
d e f l e c t i o n s  and t h e  r e s u l t s  of c h i l l  tests of a torus-dome assembly. 

The r e a c t i o n s  i n  t h e  s tandpipes  r e s u l t i n g  from loads  
app l i ed  a t  t h e  i n l e t  f l ange  are c a l c u l a t e d  on the  s a m e  assumptions as t h e  
temperature stresses, 
t h e  i n l e t  f lange .  This  d a t a  inc ludes  stress i n t e n s i f i c a t i o n  f a c t o r s  based 
upon an ex tens ive  series of tests made wi th  p ip ing  ties. 

Ex i s t ing  da ta (8)  is  used t o  c a l c u l a t e  t h e  stresses a t  

A l l  of t h e  above ana lyses  r e s u l t  i n  stresses c a l c u l a t e d  
upon the  b a s i s  of e las t ic  theory and which, when t o t a l e d ,  f a r  exceed t h e  y i e l d  
stress of t h e  material i n  l o c a l  areas. However, t hese  ca l cu la t ed  elastic 
stresses can be  used t o  p r e d i c t  t h e  low cyc le  f a t i g u e  l i f e  of t h e  o x i d i z e r  
t o rus  assembly us ing  t h e  method presented  i n  t h e  A.S.M.E. Nuclear P res su re  
Vessel Code ( A r t i c l e  4 )  i n  conjunct ion wi th  Narkl ' s  da t a (9 ) .  
r e s u l t  i n  a p red ic t ed  minimum f a t i g u e  l i f e  of one fu l l -du ra t ion  f i r i n g .  
c r i t i ca l  area is  t h e  i n t e r s e c t i o n  of t h e  i n l e t  f l ange  and t h e  o x i d i z e r  t o rus .  

These ana lyses  
The 

e. Chamber 

Stress ana lyses  were made f o r  both t h e  ab la t ive - l ined  
chamber design and t h e  film-cooled m e t a l  chamber. 
found t o  be s t r u c t u r a l l y  adequate  f o r  t h e  s t a t i c  test f i r i n g  planned t o  be  
accomplished i n  Aerojet-General 's  T e s t  Stand H-8. 
chamber are those  r e s u l t i n g  from t h e  i n t e r n a l  chamber p re s su re  and those  
caused by t h e  external suppor t  s t r u t s .  
reach a maximum of 2 50,000 l b  p e r  s t r u t  during t h e  start t r a n s i e n t  phase 
of t h e  f i r i n g .  They w i l l  be  cons iderably  less than t h i s  during t h e  s teady-  
state por t ion  of t h e  test. A summary of minimum margins of s a f e t y  f o r  t h e  
chamber as w e l l  as t h e  o t h e r  r e l a t e d  components i nves t iga t ed ,  is  shown on 
Table V. 

Both chamber designs w e r e  

The major loads  on t h e  

The s t r u t  loads  are expected t o  

(8) Narkl,  A.R.C., "Fatigue Tests f o r  P ip ing  Components," Trans. ASME, 1952 
(9) Ib id .  
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TABLE V 

SUMMARY 

MINIMUM MARGINS OF SAFETY 

Design 
Condition 

S t r u t  Load = 50,000; 
S t a t i c  Wall Pressure  

Type 
M.S. - S t r e s s  

Membrane & -0.05 (y)* 
Bending 

Drawing 

1120379 

Descr ip t ion  

Abla t ive  Chamber 
w/Reinforcing 
Rings 

Forward Abla t ive  
Liner  

1120825-19 S ta t i c  Wall P res su re  Compression 0.04 (u)** 

Film Cooled 
Chamber 

293837 S t r u t  Load = + 50,000 
S t a t i c  Wall P-Fessure 

Membrane & 0.75 (y) 
Bending 

Tension 0.16 (Y) Support Clevis 286293 

112049 7 

S t r u t  Load = + 50,000 - 
Temp. Gradient  and 

p = 415 p s i  
Compression -0.46 (u) 
& Bending 

Gasket Holder 
Tip 

Gasket Holder 
Stem 

112049 7 Temp. Gradient  and 
p = 415 p s i  

Compression -0.17 (y) 
& Bending 

Fuel  Torus 
I n l e t  

284890 Dynamic Loads; 
Operat ing Pressure  

Membrane & 0.28 (u) 
Bending 

Tension 1.02 (y) Bol ts ,  Fue l  
Valve t o  Torus 

284841 Dynamic Loads; 
Operating Pressure  

* (y) Margin of Sa fe ty  based on y i e l d  s t r e n g t h  
** (u) Margin of Sa fe ty  based on u l t i m a t e  s t r e n g t h  
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The ab la t ive - l ined  chamber design uses  two r e i n f o r c i n g  
r i n g s  i n  t h e  t h r o a t  area t o  h e l p  react t h e  ind ica t ed  s t r u t  loads.  
are requi red  t o  h e l p  absorb t h e  imposed loads  because of t h e  reduct ion  i n  
chamber w a l l  th ickness  by machining t o  permit  t h e  assembly of t h e  a b l a t i v e  
l i n e r .  
exh ib i t ed  f o r  a l l  loading  cases except  t h e  s i t u a t i o n  where t h e  s t r u t  loads  
act  i n  r a d i a l l y  oppos i t e  d i r e c t i o n s .  However, t h e  a n a l y t i c a l  methods used 
were conservat ive.  A more ex tens ive  a n a l y s i s  would show these  margins t o  be  
p o s i t i v e  a l so .  For example, each of t h e  fol lowing f a c t o r s  would r e s u l t  i n  
lower ca l cu la t ed  stresses i f  they were considered i n  t h e  ana lys i s :  t h e  maxi- 
mum s t r u t  loads  superimposed upon t h e  p re s su re  d i s t r i b u t i o n  which e x i s t s  i n  
the  start  t r a n s i e n t  phase of f i r i n g  ( d i s t r i b u t i o n  n o t  known) i n s t e a d  of t h e  
s t eady- s t a t e  condi t ion ;  and t h e  loads  as a c t i n g  f o r  a s h o r t  du ra t ion  of t i m e  
r a t h e r  than as being s ta t ic .  

These r i n g s  

P o s i t i v e  margins of s a f e t y ,  based upon material y i e l d  s t r e n g t h ,  w e r e  

I n  a d d i t i o n  t o  t h e  a n a l y s i s  made f o r  t h e  b a s i c  chamber, 
t h e  o the r  po r t ions  of t h e  a b l a t i v e  chamber assembly i n v e s t i g a t e d  inc lude  t h e  
l i n e r s ,  bosses ,  clevises, and a f t  r e t a i n i n g  r ing .  A l l  of t hese  i t e m s  w e r e  
found t o  be  s a t i s f a c t o r y .  

The b a s i c  s t r u c t u r a l  d i f f e r e n c e  between t h e  film-cooled 
m e t a l  chamber and t h e  a b l a t i v e  design i s  t h a t  t h e  film-cooled ve r s ion  does no t  
have r e in fo rc ing  r i n g s .  In s t ead ,  r e i n f o r c i n g  pads are u t i l i z e d  t o  d i s t r i b u t e  
t h e  s t r u t  loads  over  a s u f f i c i e n t l y  l a r g e  s h e l l  area so  t h a t  no f u r t h e r  cham- 
b e r  re inforcement  i s  requi red .  
f o r  t h i s  design. 

A l l  p o s i t i v e  margins of s a f e t y  are i n d i c a t e d  

Analysis  i n d i c a t e s  t h a t  y i e l d i n g  w i l l  occur i n  t h e  o u t e r  
f i b e r s  of t h e  gaske t  ho lder  s t e m  because of t h e  combined e f f e c t  of d i f f e r e n t i a l  
p re s su re  and a thermal grad ien t .  
mar i ly  upon t h e  amount of r a d i a l  c learance  between t h e  gaske t  ho lde r  t i p  and 
t h e  i n j e c t o r  r i m  ( r a d i a l  t o l e rance  ranges from 0-in. t o  0.030-in.), 
t i p  has d e f l e c t e d  s u f f i c i e n t l y  t o  con tac t  t h e  i n j e c t o r  r i m ,  i t  w i l l  receive 
support  from t h i s  s u r f a c e ,  thereby reducing f u r t h e r  y i e ld ing .  Any y i e l d i n g  
which does occur ,  even wi th  maximum to l e rances ,  is  n o t  expected t o  impair  t h e  
proper  func t ioning  of t h e  gaske t  ho lder .  

The e x t e n t  of t h i s  y i e l d i n g  depends p r i -  

Once t h e  

f .  Seals 

The M-1 program design goa l  of component and system 
seals acceptance is  "no leakage allowed." 
leakage being determined by v i s u a l  observa t ion  of t h e  bubbles escaping when 
t h e  p a r t  is  submerged under water o r  wi th  soap s o l u t i o n  around t h e  j o i n t s  and 
p res su r i zed  t o  t h e  l e a k  test p res su re  f o r  two minutes. A leakage rate of one 
bubble i n  two minutes is approximately equ iva len t  t o  1 x 10-3 cc/sec. 

Tes t ing  is  performed w i t h  gas and 
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(1) Double Conoseals* and Vent P o r t s  

Metallic Conoseals w e r e  s e l e c t e d  f o r  t h e  engine 
design phase t o  meet t h e  leakage requirement as w e l l  as o t h e r  design objec- 
tives f o r  t h e  seals ( i . e . ,  v i b r a t i o n  load ,  thermal cyc l ing ,  and environment 
requirements) .  

A double Conoseal i s  used t o  inc rease  t h e  relia- 
b i l i t y  as w e l l  as t o  monitor t h e  leakage. This double Conoseal c o n s i s t s  of 
two seals of d i f f e r e n t  diameters .  The seal grooves are concen t r i c  t o  each 
o the r ;  t h e r e f o r e  t h e  c a v i t y  between t h e  seals i s  r e a d i l y  a c c e s s i b l e  t o  the  
l e a k  monitoring p o r t .  I n  t h i s  way, t h e  leakage through t h e  smaller primary 
seal can be monitored. Two monitoring p o r t s  are provided so t h a t  t h e  improper 
s e a t i n g  of t h e  seals during i n s t a l l a t i o n  can be de t ec t ed  by p r e s s u r i z i n g  t h e  
cav i ty  between t h e  seal. 
an improperly sea t ed  seal can b lock  t h e  monitoring p o r t ,  thereby g iv ing  an 
i n d i c a t i o n  during a leakage tes t .  This  problem is minimized wi th  the  two 
p o r t s  which are loca ted  180-degrees apa r t .  

Both p o r t s  are necessary f o r  t h i s  purpose because 

(2)  Radia l  Bol t  Seals 

Bol t s  are passed through the  ox id ize r  dome and 
threaded i n t o  t h e  p l a t e  t o  add a d d i t i o n a l  s t r u c t u r a l  r i g i d i t y  t o  the  p l a t e  
t o  which t h e  elements are a t tached .  I n i t i a l  designs requi red  an aluminum 
crush washer beneath t h e  b o l t  head t o  prevent  t he  leakage of o x i d i z e r  t o  t h e  
atmosphere. However, t hese  seals proved t o  be unsa t i s f ac to ry .  The dome w a s  
then  modified t o  accept  a c o n i c a l  copper gaske t  beneath t h e  b o l t  head, bu t  
t h i s  too ,  w a s  inadequate.  The f i n a l  design ( see  F igure  No. 36) cons i s t ed  of 
enc los ing  the  b o l t  head i n s i d e  a boss which w a s  then s e a l e d  wi th  a s t anda rd  
Voishan** seal thereby pe rmi t t i ng  loading of t he  seal  independently of t h e  
b o l t  l i m i t a t i o n s .  

2. Fab r i ca t ion  

a. Oxidizer  Pos t  Attachment 

The f a b r i c a t i o n  of i n t e g r a l  i n j e c t o r  bod ie s /ox id ize r  
pos t s  u t i l i z i n g  e lec t rochemica l  (ECM) o r  e lectr ical  d ischarge  machining (EDM) 
w a s  no t  attempted because i t  w a s  n o t  p o s s i b l e  t o  o b t a i n  fo rg ings  and c a s t i n g s  
of t h e  s i z e  requi red  t h a t  d i d  no t  have blowholes o r  inc lus ions .  I f  an inclu-  
s i o n  e x i s t e d  i n  a machined ox id ize r  p o s t ,  i t  could mean t h a t  t h e  e n t i r e  
i n j e c t o r  would have t o  be scrapped o r  as a minimum, i t  would n e c e s s i t a t e  t h a t  
t he  bad p o s t  be  rep laced  using convent ional  welding o r  brazing.  A s  a r e s u l t  
of t h i s  cons idera t ion  as w e l l  as the  ques t ionable  c o s t  advantage t o  be gained 
from i n t e g r a l  f a b r i c a t i o n ,  i t  w a s  decided t o  f a b r i c a t e  and i n s t a l l  t h e  oxi- 
d i z e r  pos t s  s epa ra t e ly .  

*Registered Trademark of t he  Aeroquip Corp. 
**Registered Trademark of Voi-Shan Manufacturing Co. 
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(1) J o i n t  Se lec t ion  

For  t h e  i n i t i a l  i n j e c t o r s ,  t h e  o x i d i z e r  i n j e c t i o n  
elements w e r e  welded t o  t h e  element p l a t e  on the  o x i d i z e r  dome s i d e .  
and f a i l u r e  of similar welds w a s  experienced during a gas genera tor  test; 
the re fo re ,  a b raze  j o i n t  w a s  added on t h e  f u e l  manifold s ide .  
f i e d  i n  t h e  f i n a l  design wherein t h e  element w a s  threaded i n t o  t h e  p l a t e  and 
s e a l e d  by a copper braze.  Braze gaps va r i ed  from .OOl-in. t o  .003-in. 
Leakage checks a f t e r  c h i l l i n g  t h e  brazed assembly i n  a l i q u i d  n i t r o g e n  ba th  
ind ica t ed  t h a t  t h e  j o i n t s  were s a t i s f a c t o r y .  

Cracking 

This  w a s  modi- 

(2) Brazing D i f f i c u l t i e s  

Both i n j e c t o r s  f a b r i c a t e d  wi th  t h e  f i n a l  element 
j o i n t  design r equ i r ed  two braze  cyc le s  because subsequent t o  t h e s e  furnace  
cyc les ,  i t  w a s  discovered t h a t  t he  s u r f a c e s  t o  a depth of approximately 
0.030-in. had been carbur ized .  A review of f a b r i c a t i o n  procedures showed 
t h a t  t h e  p l a t e  had been mounted on space r s  r e l a t i v e l y  c l o s e  t o  a g r a p h i t e  
suppor t ing  p l a t e .  It a l s o  w a s  found t h a t  t he  hydrogen f o r  t h e  braz ing  
atmosphere could very e a s i l y  become s tagnated .  The g r a p h i t e  p l a t e  w a s  
encased i n  s t a i n l e s s  a l l o y  and the  hydrogen manifolding modified.  Treatment 
of t h e  p a r t  f o r  20 hours a t  1900'F i n  dry hydrogen removed t h e  e m b r i t t l i n g  
e f f e c t s  of t h e  ca rbur i za t ion .  The process  appeared t o  be a combination of 
carbon removal and d i f f u s i o n  i n  t h e  i n t e r i o r  of t h e  p a r t .  

b. Rigimesh Face Attachment and Flow T e s t s  

The s e l e c t e d  b a f f l e  arrangement e f f e c t i v e l y  d iv ided  t h e  
i n j e c t o r  i n t o  19 i n d i v i d u a l  compartments, each bounded by b a f f l e  bases  o r  t h e  
i n j e c t o r  per iphery.  It w a s  decided t o  machine 19 p i eces  of Rigimesh t o  f i t  
i n d i v i d u a l  compartments. 
per iphery  o r  t h e  b a f f l e  bases  completely around its perimeter .  Stress 
a n a l y s i s  of t h e  r e s u l t a n t  s t r u c t u r e  showed t h a t  t h e  ca l cu la t ed  d e f l e c t i o n  
of t he  Rigimesh a t  t h e  c e n t e r  of each compartment could be  undesirable .  

Thus Rigimesh would then  be welded t o  t h e  i n j e c t o r  

Fur the r  suppor t  of t h e  Rigimesh w a s  needed. Two methods 
were considered: t he  a d d i t i o n  of suppor ts  between t h e  i n j e c t i o n  elements 
s i m i l a r l y  t o  t h a t  found i n  t h e  RL-10 i n j e c t o r  o r  t h e  Rigimesh could be sup- 
por ted  by m e a n s  of t h e  i n j e c t i o n  elements.  It w a s  decided t o  provide Rigimesh 
suppor t  through t h e  elements because t h e  number of p a r t s  would be  reduced and 
the  flow area a v a i l a b l e  between elements w a s  a l r eady  l imi t ed .  

This  suppor t  could be  accomplished by welding t h e  
t r a i l i n g  end of t h e  f u e l  sleeve t o  t h e  Rigimesh o r  e i t h e r  u p s e t t i n g  o r  
swedging t h i s  end over  t h e  Rigimesh. The swedging method w a s  s e l e c t e d  as 
be ing  t h e  most economical. I n  add i t ion ,  Rocketdyne had r epor t ed  s u c c e s s f u l  
use of t h i s  method f o r  5-2 hardware. Swedging t o o l i n g  and c o n t r o l  procedures  
w e r e  developed t o  provide  a c o n s i s t e n t  product.  While t h i s  t o o l i n g  w a s  being 
pe r fec t ed ,  one i n j e c t o r  w a s  f a b r i c a t e d  wi th  a welded j o i n t  a t  t h i s  l oca t ion .  
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During f a b r i c a t i o n  of t h e  i n j e c t o r s  s e l e c t e d  f o r  t e s t i n g ,  
i t  w a s  noted t h a t  ho le s  through t h e  Rigimesh w e r e  being e longated  during t h e  
p e r i p h e r a l  welding. 
tact between t h e  swedged element and t h e  Rigimesh w a s  n o t  c o n s i s t e n t  from 
element t o  element o r  around t h e  circumference of t h e  element. However, t h e  
test r e s u l t s  i n d i c a t e d  t h a t  t h e s e  d i f f e r e n c e s  had no s i g n i f i c a n t  a f f e c t  upon 
t h e  i n j e c t o r  func t ion .  

V i sua l  observa t ion  of t h e  i n j e c t o r s  showed t h a t  t h e  con- 

Some d i s c o l o r a t i o n  of t h e  Rigimesh w a s  noted i n  t h e  
i n i t i a l  i n j e c t o r s  f ab r i ca t ed .  Although t h i s  tendency w a s  s u b s t a n t i a l l y  
reduced by p a s s i v a t i n g  t h e  Rigimesh upon i ts  r e c e i p t ,  a method f o r  checking 
the  Rigimesh flow a f t e r  t h e  i n j e c t o r  w a s  completed seemed des i r ab le .  To 
accomplish t h i s ,  t h e  c a v i t y  between t h e  Rigimesh and t h e  i n j e c t o r  p l a t e  w a s  
p re s su r i zed  wi th  e i t h e r  a i r  o r  n i t rogen .  Then, a s m a l l  diameter tube,  which 
w a s  connected t o  a c a l i b r a t e d  flowmeter ( a  Rotameter w a s  used),was pressed  
a g a i n s t  t h e  exposed Rigimesh face .  
flow rates w e r e  e s t ab l i shed .  

I n  t h i s  way, both l o c a l  and t o t a l  Rigimesh 

c. Copper Baf f l e s  

Each bolt-on copper b a f f l e  w a s  cons i s t ed  of t h r e e  p i eces  
as shown on Figure  No. 25. 
i n j e c t o r  f a c e ,  an in te rmedia te  base  conta in ing  0.080-in. diameter convection 
coolan t  ho le s ,  and a t i p  conta in ing  a combination of convection coolan t  and 
f i l m  cool ing  holes .  

These are a t h i n  base p l a t e  which i s  mated t o  t h e  

The i n i t i a l  f a b r i c a t i o n  sequence cons i s t ed  of welding 
t h e  base  and base  p l a t e  t oge the r ,  i n s t a l l i n g  t h e  contained b o l t s ,  and welding 
on t h e  t i p .  The coolan t  and b o l t  ho le s  as w e l l  as t h e  feed  passages w e r e  pre- 
machined. 
A check of completed u n i t s  by means of a tempera ture-sens i t ive  coa t ing  sub- 
j e c t e d  t o  hea t ing  and cool ing  of t h e  b a f f l e s  by a l t e r n a t e l y  flowing ho t  and 
co ld  water showed some plugging of t h e  0.080-in. ho les .  Removal of t h e  base 
p l a t e  permi t ted  t h e  determinat ion t h a t  weldment had f a l l e n  through t o  restrict  
t h e  passages.  The r e s t r i c t i n g  m e t a l  w a s  removed mechanically.  The f ab r i ca -  
t i o n  process  w a s  r ev i sed  t o  r e q u i r e  i n s t a l l a t i o n  of t h e  t i p  and reaming of t h e  
passages p r i o r  t o  i n s t a l l a t i o n  of t h e  base  p l a t e .  

P r i o r  t o  welding, t h e  passages w e r e  packed wi th  F u l l e r ' s  e a r t h .  

Although minor rework of weld d e f e c t s  w a s  occas iona l ly  
requi red ,  t hese  sequences permi t ted  s u c c e s s f u l  f a b r i c a t i o n  of b a f f l e s  wi th  
uniform passages.  

d. Abla t ive  Liner  

Two f a b r i c a t i o n  methods w e r e  used i n  t h e  cons t ruc t ion  
of t h e  a b l a t i v e  l i n e r s .  Ab la t ive  l i n e r  No. 1 w a s  f a b r i c a t e d  using compression 
molded b i l l e t s  manufactured "in-house." These b i l l e t s  were of c o n t r o l l e d  
f i b e r  o r i e n t a t i o n  and i n d i v i d u a l  r i n g s  w e r e  c u t  from them. Later, t h e s e  
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r i n g s  w e r e  bonded t o  form a rough combustion chamber l i n e r .  The rough l i n e r  
assembly w a s  then contour-machined on t h e  i n s i d e  diameter  and match-machined 
on t h e  o u t s i d e  diameter  t o  provide a l ine - to - l ine  f i t  w i th  t h e  s teel  com- 
bus t ion  chamber s h e l l  (see Figures  No.  37, No. 38, and No, 39). This  i s  a 
similar cons t ruc t ion  method t o  t h a t  used f o r  t he  success fu l ly - f i r ed  T i t a n  I I A  
subsca le  chambers. 

The cons t ruc t ion  method used f o r  l i n e r s  No. 2 and No. 3 
cons i s t ed  of tape-wrapping the  n e t  t o  the  s u r f a c e  of a mandrel having the  same 
contour as t h e  chamber. Then, t he  l i n e r  underwent hydroclave curing.  These 
l i n e r s  w e r e  manufactured by Haveg I n d u s t r i e s ,  Inc.  of Santa  Fe Springs,  
Ca l i fo rn ia .  A f t e r  cur ing ,  t h e  l i n e r s  were contour-machined a t  the  t h r o a t  and 
match-machined on t h e  o u t s i d e  diameter.  I n  t h i s  way, a l ine- to- l ine  f i t  wi th  
t h e  steel chamber l i n e r  w a s  provided (see Figures  No .  38, No. 39 and No. 40).  
This  f a b r i c a t i o n  method is  used f o r  many ab la t ive - l ined  l i q u i d  and s o l i d  
rocke t  engine chambers. 

A comparison between t h e  two f a b r i c a t i o n  techniques 
used shows t h a t  t h e  n e t  tape-wrapping o f f e r s  g r e a t e r  advantages.  There is  
minimum material w a s t e ,  a s i n g l e  cur ing  cyc le  completes the  p a r t ,  more r ap id  
f a b r i c a t i o n  is  p o s s i b l e ,  and t h e r e  are s u b s t a n t i a l l y  reduced t o o l i n g  cos ts .  
This method is recommended f o r  f u t u r e  a b l a t i v e  l i n e r  f a b r i c a t i o n .  

The tape-wrapped chamber l i n e r  design and t h e  compres- 
s i o n  molded chamber l i n e r  design use  a d i f f e r e n t  l i n e r  i n t e r f a c e  angle  a t  t h e  
torus-chamber j o i n t ,  t he  forward chamber l i n e r ,  and t h e  a f t  chamber l i n e r  
which is immediately a f t  of t h e  t h r o a t .  These angle  d i f f e r e n c e s  r e s u l t  from 
t h e  f i b e r  o r i e n t a t i o n  angles  being d i f f e r e n t  a t  these  loca t ions .  An at tempt  
w a s  made t o  make these  angles  similar and t h e  l i n e r s  in te rchangeable ;  however, 
t h e  tape-wrap angles  requi red  adjustment t o  prevent  s h i f t i n g  of t h e  f i b e r s  
when the  tape-wrapped nozz le  l i n e r  assembly w a s  cured. 

e. Chamber 

The chamber is  comprised of two major components; t h e  
upper po r t ion  conta ins  t h e  to rus  and f l ange  assembly whi le  t he  lower po r t ion  
is  t h e  lower chamber. I n i t i a l l y ,  t h e  purpose of t hese  two s e p a r a t e  components 
w a s  t o  a l low f a b r i c a t i o n  of t he  t o r u s  and f l ange  assembly from s t a i n l e s s  steel  
whi le  t h e  lower chamber would be  made from mild steel  t o  reduce cos t s .  How- 
ever, the  design s e l e c t e d  cons i s t ed  of both components being made from 347 
s t a i n l e s s  steel. 

The upper p o r t i o n  has  a 62-in. diameter t o r u s  of con- 
s t a n t  c ross -sec t ion  made from 8-in. diameter  schedule  80, CRES 347 s t a i n l e s s  
steel  p ipe  which i s  r o l l e d ,  b u t  on a b i a s ,  and welded t o  t h e  f lange.  The 
f l ange  has  a 5-in. deep annular  c a v i t y  wi th  a width of 1.20-in. on an average 
diameter of 43.8-in. This  c a v i t y  i s  connected t o  t h e  t o r u s  by 36, 2-in. 
diameter f u e l  passages,  which have a 1.50-in. diameter  o r i f i c e  t o  s imula t e  
t h e  regenerat ively-cooled combustion chamber p re s su re  drop. 
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Figure 37.  Combustion Chamber Abla t ive  Liner  
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The lower po r t ion  i s  f a b r i c a t e d  from t h r e e  p i eces  of  
r o l l e d  and welded 347 s t a i n l e s s  steel p l a t e  and one f l ange  forging.  
cones as w e l l  as t h e  f l a n g e  are welded and contoured on t h e  i n t e r n a l  s u r f a c e  
f a c e  only. 

The t h r e e  

The ab la t ive - l ined  combustion chambers (P/N 1120379-19 
and -29) c o n s i s t  of an a b l a t i v e  l i n e r ,  a steel  o u t e r  s h e l l ,  and an a b l a t i v e  
l i n e r  a f t  suppor t  r ing .  
w i th  an a b l a t i v e  s i l i c o n e  rubber  RTV-60, and has  a j o i n t  angled 55-degrees 
wi th  r e spec t  t o  t h e  chamber c e n t e r l i n e .  This  j o i n t  a l s o  is s e a l e d  wi th  
RTV-60. 
vergent  p o r t i o n  of t h e  s h e l l  between t h e  a b l a t i v e  1 i n e r . a n d  the  steel s h e l l  
t o  c l o s e  o f f  any p o s s i b l e  h o t  gas flow passage i n  t h e  event  a c rack  i n  t h e  
a b l a t i v e  l i n e r  should occur. 

The a b l a t i v e  l i n e r  i s  s e a l e d  t o  t h e  steel o u t e r  s h e l l  

An O-ring w a s  p laced  a t  t h e  t h r o a t  and a t  t h e  c e n t e r  of t h e  con- 

The steel  o u t e r  s h e l l  f o r  t h e  a b l a t i v e  l i n e r  (P/N 
1120379-9) w a s  made from a film-cooled combustion chamber. This chamber was 
modified by plugging e x i s t i n g  ins t rumenta t ion  p o r t s ,  machining t h e  i n s i d e  
diameter t o  accept  an a b l a t i v e  l i n e r ,  and adding gimbaling r e a c t i o n  blocks 
as w e l l  as t h r o a t  r e i n f o r c i n g  r i n g s  t o  provide g r e a t e r  s t r u c t u r a l  r i g i d i t y  
t o  t h e  chamber. I n  add i t ion ,  bosses  w e r e  added s o  t h a t  t h e  requi red  K i s t l e r  
ins t rumenta t ion  could be i n s t a l l e d .  

Some d i f f i c u l t y  w a s  encountered when t h e  chamber w a s  
machined i n t e r n a l l y .  The l a c k  of c o n c e n t r i c i t y  of t h e  convergent p o r t i o n  of 
t h e  chamber wi th  t h e  chamber f l ange  r e s u l t e d  i n  a non-uniform w a l l  th ickness  
c i r cumfe ren t i a l ly .  

A s t r u c t u r a l  a n a l y s i s  of t h e  modified combustion chamber 
w a s  made. The non-uniformit ies  were considered and t h e  r e s u l t s  showed t h a t  
t h e  modified chamber would wi ths tand  t h e  1500 p s i  proof load. 
w e r e  later v e r i f i e d  when t h e  modified chamber s u c c e s s f u l l y  passed proof ,  
leakage,  and flow tests us ing  water. 

These r e s u l t s  

The a b l a t i v e  l i n e r  a f t  suppor t  r i n g ,  which i s  b o l t e d  t o  
t h e  nozzle  end of t he  chamber, a s su res  t h a t  t he  seal and bond between t h e  
nozz le  po r t ion  of t h e  a b l a t i v e  l i n e r  and t h e  steel  s h e l l  i s  maintained during 
handling. 
because i t  p r o j e c t s  0.050-in. beyond t h e  a b l a t i v e  l i n e r  i n  t h e  axial  d i r e c t i o n .  

The a b l a t i v e  l i n e r  i s  a l s o  p ro tec t ed  from damage by t h e  r i n g  
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I V  . TEST RESULTS 

A. PERFORMANCE 

1. I n j e c t o r  Comparison 

a. B a f f l e  Film Cooling 

I n j e c t o r  S/N 020 w a s  used i n  t h r u s t  chamber assembly tests 
No. 1.2-05-EHM-006 through -010 as w e l l  as 1.2-07-Em-001 through -004. 
S/N 012 w a s  used f o r  t h e  remaining tests, No. 1.2-07-EHM-005 through -025. I n  
tests No.  1.2-07-Em-017 through -025, t h e  film-cooled combustion chamber w a s  
used i n  p l ace  of t h e  a b l a t i v e  chamber. 

I n j e c t o r  

It became evident  dur ing  t h e  i n i t i a l  t e s t i n g  wi th  S/N 020 
i n j e c t o r  t h a t  t h e  o u t e r  b a f f l e  l e g s  were experiencing a g r e a t e r  amount of ero- 
s i o n  (see Sec t ion  I V , C )  than  w e r e  t h e  i n n e r  b a f f l e  legs .  This  w a s  p a r t i c u l a r l y  
t r u e  of  o u t e r  b a f f l e s  No. 8 and No. 11. A f t e r  test No.  1.2-05-EHM-008, t h e s e  
b a f f l e s  were rep laced  by new ones which had t h e  same coolant  f low ra te  pe r  u n i t  
area as d i d  t h e  ind iv idua l  i nne r  b a f f l e  l egs .  This  r e s u l t e d  i n  a 7% f i l m  
coolant  flow rate i n c r e a s e  f o r  t h e  o u t e r  b a f f l e  l e g .  

The flow rate of a l l  twelve of t h e  S/N 012 i n j e c t o r  o u t e r  
b a f f l e s  w a s  increased  7% and t h e  ou te r  2 in .  of each b a f f l e  had a flow rate 
inc rease  of 15%. 

b. Element Flow C h a r a c t e r i s t i c s  

Each o x i d i z e r  p o s t  (ox id i ze r  p o r t i o n  of t h e  element) f o r  
S/N 020 i n j e c t o r  w a s  water-flow t e s t e d  p r i o r  t o  i n s t a l l a t i o n  because of manu- 
f a c t u r i n g  i r r e g u l a r i t i e s ,  which r e s u l t e d  i n  dev ia t ions  from t h e  s p e c i f i c a t i o n s .  
This  t e s t i n g  w a s  f o r  t h e  purpose of v e r i f y i n g  t h a t  each pos t  provided an  
acceptab le  spray  p a t t e r n  and a p res su re  drop of 150 + 10  p s i .  
i nd iv idua l  f low t e s t i n g  w a s  n o t  done f o r  t h e  S/N 0 1 2 i n j e c t o r  elements because 
t h e r e  were no dev ia t ions  from t h e  manufacturing s p e c i f i c a t i o n s .  

However, t h i s  

c. Chamber Wall S t reaking  

Tests w i t h  t h e  ab la t ive - l ined  chamber ind ica t ed  t h a t  
S / N  020 i n j e c t o r  possessed s t r e a k i n g  c h a r a c t e r i s t i c s  (see Sec t ion  IV,C) whi le  
S/N 012 provided a n  even p r o p e l l a n t  d i s t r i b u t i o n .  This  l a t te r  c h a r a c t e r i s t i c  
r e s u l t e d  i n  uniform e ros ion  of t h e  l i n e r .  

2. Ins t rumenta t ion  Error  E s t i m a t e  

The primary c a l c u l a t e d  performance c h a r a c t e r i s t i c s  ( s p e c i f i c  
impulse, c h a r a c t e r i s t i c  exhaust  v e l o c i t y ,  and mixture  r a t i o )  involve  d i r e c t  
measurement of t h r u s t ,  p r o p e l l a n t  weight f lows,  chamber f a c e  p re s su re ,  and 
chamber t h r o a t  area. The expected e r r o r  f o r  t hese  c a l c u l a t e d  performance 
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parameters are l i s t e d  on Table  V I  a long  wi th  t h e  es t imated  e r r o r s  f o r  t h e  
d i r e c t l y  measured parameters.  
by combining expected c a l i b r a t i o n  and dynamic e r r o r s  by r o o t  square  summation. 

The estimate of measurement accuracy is obta ined  

3. Steady-State Performance 

The primary o b j e c t i v e  of tests No. 1.2-05-EHM-006 through -010, 
1.2-07-EHM-001 through -011, and 1.2-07-EHM-014 through -016 w a s  t o  determine 
performance, bo th  wi th  and wi thout  b a f f l e s ,  a t  vary ing  mixture  r a t i o s .  I n  
add i t ion ,  tests No. 1.2-07-EHM-006 through -010 as w e l l  as tests No. 1.2-07- 
EHM-015 and -016 were combined performance and s t a b i l i t y  tests, which a l s o  
permi t ted  t h e  s t a b i l i t y  l i m i t s  t o  be  a sce r t a ined .  Table V I 1  is  a l i s t i n g  of 
a l l  s i g n i f i c a n t  parameters f o r  a l l  f u l l  chamber p re s su re  performance tests. 
Sample c a l c u l a t i o n s  (us ing  d a t a  from test  No. 1.2-05-EHM-006) of c h a r a c t e r i s t i c  
exhaust v e l o c i t y  (nc*) and vacuum s p e c i f i c  impulse e f f i c i e n c y  (nI ) are pre- 
sen ted  as Appendix B. 

SP 

4 .  Performance During Temperature Decrease 

The o b j e c t i v e  of test  No. 1.2-07-EHM-006 w a s  t o  determine 
i n j e c t o r  performance and then  t o  check s t a b i l i t y  by decreas ing  t h e  f u e l  t e m -  
p e r a t u r e  t o  i t s  abso lu te  minimum. Maximum test d u r a t i o n  w a s  approximately 
11.0 sec (based upon previous test d a t a )  because of t h e  gaseous hydrogen 
p res su ran t  l i m i t a t i o n s .  Therefore ,  a f u e l  i n j e c t o r  temperature  decrease  rate 
of 4O0/sec w a s  s e l ec t ed .  

Table V I 1 1  p re sen t s  t h e  p r e s e n t s  t h e  '11, a t  10-degree 
i n t e r v a l s  f o r  t h i s  test as w e l l  as tests No. 1.2-07-EHM-087 through -009, -015, 
and -016. I n s t a b i l i t y ,  which is  def ined  as o s c i l l a t i o n s  i n  chamber p re s su re  
monitored a t  t h e  Pc3A and/or  Pc4C l o c a t i o n s  t h a t  are i n  excess of 100 p s i  peak- 
to-peak ampli tude a t  600 cps (minimum) f o r  a du ra t ion  of 0.030 sec (minimum), 
occurred during a l l  of t h e s e  tests a t  approximately 75'R t o  82'R f u e l  i n j e c t i o n  
temperature.  Hardware in spec t ion  fol lowing most of t hese  tests revealed t h a t  
b a f f l e s  had been loosened apparent ly  as t h e  r e s u l t  of t h e  i n s t a b i l i t i e s .  There 
had been no apparent  loosening of b a f f l e s  dur ing  s t a b l e  tests. 

I n  test No.  1.2-07-EHM-007, t h e  o b j e c t i v e  w a s  t o  a s c e r t a i n  
whether mixture  r a t i o  had any a f f e c t  upon t h e  f u e l  i n j e c t i o n  temperature  a t  
which spontaneous a c o u s t i c  i n s t a b i l i t y  occurred. 
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INSTRUMENT ERROR ESTIMATES 

TABLE V I  

MEASUREMENTS: 

Temp era t u r  e : 

Thermocouple 

CC (-425°F t o  +lOO°F) 
CA (-425°F t o  +lOO°F) 

RTT 

-200°F t o  -300°F 
-300°F t o  -435°F 
+75"F t o  -435°F 
-400°F t o  -435°F 
-200°F t o  -435°F 

Pressure:  

2-Channel Average 
S ing le  Channel 

PERFORMANCE : 

Derived Parameters: 

I 
SP 

C* 

Mixture Rat io  

Thrust  

T o t a l  Weight Flow 

Measured Parameters: 

Thrust ,  Sea Level 

Thrust ,  Chamber P res su re  

Oxidizer Flow Rate 

Fuel 

Fuel 

Fuel 

Liquid Flow R a t e  

Gaseous Flow Rate 

T o t a l  Flow Rate 

Er ro r  

- +0.44"F 
- +O. 50°F 
- +l. 77°F 
- +O. 24°F 
- +O. 85°F 

- +O. 30% 
- +O. 42% 

+O. 96% 
-0.97% 

+O. 92% 
-0.91% 

+l. 39% 
-1.72% 

- +O. 5% 

+O. 83% 
-0.82% 

+O. 5% 

- +0.42% 

+O. 95% 

- 

- 
+l. 63% 
-1.02% 

- +3.0% 
+l. 43% 
-1 * 01% 

NOTES: A p l u s  (+) s i g n  means t h a t  t h e  measured va lue  is h ighe r  than t h e  
a c t u a l  v a l u e  by t h e  amount of e r r o r  i nd ica t ed .  
A minus (-) s i g n  means t h a t  t h e  measured v a l u e  is lower than t h e  
a c t u a l  va lue  by t h e  amount of e r r o r  i nd ica t ed .  
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The primary o b j e c t i v e  of test  No. 1.2-07-EHM-008 w a s  t o  de t e r -  
mine whether t h e  f u e l  i n j e c t i o n  temperature  decrease  rate a f f e c t e d  t h e  tempera- 
t u r e  a t  which i n s t a b i l i t y  occurs .  
l i m i t a t i o n s  d a t a  ind ica t ed  t h a t  t h i s  test du ra t ion  could b e  increased  t o  13 sec; 
the re fo re ,  a f u e l  i n j e c t i o n  temperature  decrease  rate of 20"/sec was designated.  
A s  a secondary o b j e c t i v e ,  t h i s  test would serve t o  determine t h e  e f f e c t  of 
mixture  r a t i o  upon t h e  temperature  a t  which i n s t a b i l i t y  occurs.  

A review of gaseous hydrogen p res su ran t  

I n  tes t  No. 1.2-07-EHM-009, t h e  primary o b j e c t i v e  w a s  t o  
decrease  t h e  f u e l  i n j e c t i o n  temperature u n t i l  i n s t a b i l i t y  occurred and then  t o  
inc rease  t h e  temperature  a t  t h e  rate of 55"/sec u n t i l  s t a b i l i t y  was recovered. 
This  f a s t  rate would minimize t h e  du ra t ion  of t h e  i n s t a b i l i t y .  Recovery from 
i n s t a b i l i t y  (combustion s imi l a r  t o  s t eady- s t a t e  cond i t ions )  appeared t o  occur  
a t  1OO"R and 4.35 MR wi th  a temperature  inc rease  rate of 54"/sec.  

Fuel  i n j e c t i o n  temperature w a s  decreased a t  t h e  ra te  of 5"/sec 
u n t i l  i n s t a b i l i t y  occurred i n  tes t  No. 1.2-07-EHM-010. Then, t h e  temperature 
was increased  a t  t h e  ra te  of 55"/sec u n t i l  recovery,  which occurred a t  101.5"R 
and 4.63 MR wi th  an  a c t u a l  temperature i n c r e a s e  rate of 55.3"/sec. 

The e f f e c t  of t h e  s h o r t e r  (0.5-in. b a f f l e s  upon combustion 
smoothness and performance w a s  i nves t iga t ed  during test No. 1.2-07-EHM-011. 

The o b j e c t i v e  of tes t  No. 1.2-07-EHM-014 w a s  t o  a s c e r t a i n  
whether a h ighe r  f u e l  i n j e c t i o n  temperature had any a f f e c t  upon performance. 

Tests No. 1.2-07-EHM-015 and -016 served t o  p e r m i t  determina- 
t i o n  of s t a b i l i t y  l i m i t s  wi thout  b a f f l e s .  It w a s  found t h a t  t h e  i n s t a b i l i t i e s  
w e r e  approximately f i v e  t i m e s  g r e a t e r  i n  magnitude without  t he  b a f f l e s  than 
wi th  them. 

I n j e c t o r  S/N 012 and t h e  film-cooled chamber w e r e  used i n  
tests No. 1.2-07-EHM-019 through -025. These tests were f o r  t h e  purpose of 
eva lua t ing  t h e  e f f e c t s  upon s t a b i l i t y  of w a l l  materials as w e l l  as t h e  rela- 
t i ve  l o c a t i o n  of t h e  chamber w a l l  wi th  r e s p e c t  t o  t h e  i n j e c t o r  per iphery .  The 
f i r s t  two tests, -019 and -020, were conducted us ing  i n s e r t s ,  which w e r e  metal 
p i eces  bo l t ed  t o  t h e  f u e l  t o r u s  beneath t h e  gasket  ho lder .  These i n s e r t s  
s imulated t h e  r e l a t i v e  l o c a t i o n  of t h e  chamber w a l l  wi th  r e spec t  t o  t h e  
i n j e c t o r  per iphery  i n  t h e  same way as w a s  found dur ing  t h e  s t a b i l i t y  t e s t i n g  
wi th  t h e  a b l a t i v e  chamber. 

Warm oxygen (210"R t o  240"R as compared wi th  175°F) and t h e  
chamber i n s e r t s  w e r e  used f o r  tests N o .  -021 and -022 of t h i s  series. The 
chamber i n s e r t s  were omit ted and a normal oxygen temperature  w a s  used i n  tests 
No. -023 and -025. 

General ly ,  t h e  s t a b i l i t y  of s e v e r a l  hardware conf igu ra t ions  
wi th  varying p r o p e l l a n t  feed condi t ions  w a s  evaluated.  This  eva lua t ion  con- 
s i s t e d  of e s t a b l i s h i n g  t h e  hydrogen i n j e c t i o n  temperature  a t  which i n s t a b i l i t y  
w a s  s e l f - t r i g g e r e d  and, i n  some i n s t a n c e s ,  t he  hydrogen i n j e c t i o n  temperature 
a t  which i n s t a b i l i t y  w a s  self-damping. 
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The hardware v a r i a t i o n s  t e s t e d  w e r e  l i m i t e d  t o  chamber and 
b a f f l e  changes us ing  a s i n g l e  i n j e c t o r  design.  These v a r i a t i o n s  cons i s t ed  o f :  

- an  a b l a t i v e  chamber wi th  approximately 3.7% of t h e  
f u e l  i n j e c t e d  as f i l m  coolant  from t h e  i n j e c t o r  
per iphery  ( t h i s  u n i t  w a s  t e s t e d  wi th  both s h o r t  
1/2-in. and long 3-1/2-in. b a f f l e s ) .  

- a steel  chamber wi th  i n s e r t s  a t  t h e  per iphery  
extending from t h e  i n j e c t o r  f a c e  downstream approxi- 
mately 6 i n .  ( I n  a d d i t i o n  t o  f i l m  coolant  from t h e  
i n j e c t o r  f ace ,  a n  approximately 8.0% secondary f i l m  
coolant  w a s  i n j e c t e d  approximately 13.6 i n .  above 
t h e  t h r o a t . )  

- t h e  above s teel  chamber wi th  t h e  i n s e r t s  removed 
and wi th  a n  a d d i t i o n a l  5.0% of t h e  f u e l  i n j e c t e d  
a t  t h e  i n j e c t o r  end of t h e  chamber between t h e  
i n j e c t o r  f i l m  cool ing and t h e  chamber w a l l  as f i l m  
cool ing.  

D i f f e ren t  d e n s i t i e s  of t h e  ox id ize r  were used as t h e  propel- 
l a n t  v a r i a t i o n s .  These d i f f e r e n c e s  w e r e  ob ta ined  by pe rmi t t i ng  t h e  p r o p e l l a n t  
t o  w a r m  i n  t h e  tank p r i o r  t o  t e s t i n g .  The ox id ize r  i n j e c t i o n  d e n s i t i e s  va r i ed  
from approximately 56 l b / c u  f t  t o  7 1  l b / c u  f t .  
achieved by i n j e c t i n g  gaseous hydrogen i n t o  t h e  l i q u i d  stream during t h e  test .  

Fuel  dens i ty  v a r i a t i o n s  w e r e  

The e f f e c t  of hydrogen i n l e t  temperature  upon n I s p  and nc* 
is  i l l u s t r a t e d  on Figures  No. 41 and N o .  42. They show t h a t  performance 
decreases  approximately 1% as t h e  hydrogen i n j e c t i o n  temperature  decreases  
from 167'R t o  90'R. A s  t h e  temperature a t  which i n s t a b i l i t y  is  s e l f - t r i g g e r e d  
(75'R t o  85'R) is  approached, t h e  rate of performance change i n  r e l a t i o n s h i p  
t o  temperature inc reases .  From 90"R t o  80°R, a change of approximately 5% 
occurs  during t h e  10 degrees  d i f f e rence .  It  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  
"knee" of each curve on Figure  No. 41 occurs  a t  a v e l o c i t y  r a t i o  of approxi- 
mately 10. 

F igure  No. 43 is  a p l o t  of t h e  hydrogen i n j e c t o r  temperature  

The approximate hydrogen i n j e c t i o n  temperature a t  which recovery from 
a t  which i n s t a b i l i t y  is s e l f - t r i g g e r e d  i n  r e l a t i o n s h i p  t o  i n j e c t o r  mixture  
r a t i o .  
i n s t a b i l i t y  occurred a l s o  is  shown. Carefu l  s tudy of t hese  d a t a  i n d i c a t e s  
t h a t  none of t h e  changes i n  hardware o r  test  condi t ions  had any apprec iab le  
a f f e c t  upon t h e  condi t ions  a t  which i n s t a b i l i t y  w a s  s e l f - t r i gge red .  

Figure No.  44 is a p l o t  of t he  element i n j e c t i o n  v e l o c i t y  
r a t i o  ( i n j e c t i o n  v e l o c i t y  of t h e  hydrogen d iv ided  by t h e  i n j e c t i o n  v e l o c i t y  
of t h e  ox id ize r )  versus  t h e  hydrogen i n j e c t i o n  temperature  a t  i n s t a b i l i t y .  
Again, recovery from i n s t a b i l i t y  d a t a  is included. It can be seen  t h a t  t h e  
i n j e c t o r  is  s t a b l e  above 85'R wi th  v e l o c i t y  r a t i o s  above 10 a t  nominal mixture  
r a t i o  f o r  any of t h e  v a r i a t i o n s  t e s t e d .  
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By applying t h e  d a t a  from Figures  No. 4 1  and No. 44, i t  i s  

These d a t a  i n d i c a t e  t h a t  t h e  i n s t a b i l i t y  starts a t  h igh  combustion 
p o s s i b l e  t o  o b t a i n  performance a t  t h e  p o i n t  of i n s t a b i l i t y  f o r  t h e  va r ious  
condi t ions .  
e f f i c i e n c i e s  wi th  t h e  lower mixture  r a t i o s .  

Sample c a l c u l a t i o n s  (using d a t a  from test No. 1.2-07-EKM-006) 
are presented  i n  Appendix C ,  wherein t h e  items l i s t e d  correspond wi th  f o r  n I s  

those  oT! Table V I I I .  These i t e m s  are those  no t  def ined  i n  Appendix B. 

5. Hydraul ic  Analysis  of t h e  Fuel I n j e c t o r  

Two d i f f e r e n t  methods f o r  c a l c u l a t i n g  t h e  f u e l  i n j e c t o r  
manifold p re s su re  p r o f i l e  were inves t iga t ed .  
row method based upon t h e  fol lowing assumptions: 

The f i r s t  method w a s  a row-by- 

ROW RESISTANCE SCHEMATIC 

Rt 
RFC = r e s i s t a n c e  chamber w a l l  f i l m  cool ing  (row 33 only)  

Re = r e s i s t a n c e  elements 

Rr = r e s i s t a n c e  of Rigimesh 

% 

= r e s i s t a n c e  p a s t  t h e  tubes 

= r e s i s t a n c e  o f  b a f f l e  cool ing  [Rows 31, 27 ,  23, 19,  
o u t e r  r i n g  (between 16  and 15), 14, 11, 8, 5 ,  and 
i n n e r  r i n g  (between 3 and 2 ) ]  

n .L 
W 

P 
AP = - Equation (7) 
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Where: 
% and RFC were obtained from t h e  equation: 

K = 1.41  + 1.57e 

Re w a s  obtained from s i n g l e  element t e s t i n g  

-0.38L/D + - 
D' empir ica l ly  determined Equation (8) 

w a s  ca l cu la t ed  us ing  t h e  fol lowing equation: 

6 = 0.0361 (SCFM) ,IT - x S.G. (k) 
"air 

Equation (9) 

R w a s  obtained by analyzing f o r  flow through s taggered tubes by using t t h e  following equation: (10) 

. 2  
W AP = 4F - where 

%PA2 

f = [0.23 + o*llo 1.081 Equation (10) 
(Xt-l> 

It w a s  conserva t ive ly  assumed t h a t  a l l  ad jacent  tube  rows were staggered.  
Table I X  shows a n a l y s i s  r e s u l t s  based upon 524 l b / s e c  f u e l  weight flow and 
1040 p s i a  i n j e c t o r  f a c e  pressure .  From t h i s  t a b l e ,  i t  i s  found t h a t  t h e  flow 
d i s t r i b u t i o n  i s  as follows: 

Rows 1-2 
No. of Elements 26 
% Tota l  Flow R a t e  0.532 
T o t a l  Flow R a t e  ( l b / sec )  2.79 
Flow Rate/Element ( lb / sec )  0.1072 

To ta l  Rigimesh Flow, % 

Tota l  B a f f l e  Flow, % 

Primary Chamber Film 
Cooling, % 

Secondary Chamber Film 
Cooling, % 

Tota l  Element Flow, % 

Abla t ive  Chamber 
3.5- i n .  0.5-in. 
Baffles Baf f l e s  

2.56 2.56 

3.93 2.00 

3.72 3.72 

9.79 91.72 

3-15 16-24 25-33 
750 996 1476 

17.108 27 .221  44.921 
89.65 142.64 235.39 

0.1195 0.1432 0.1595 

Steel  Chamber (3.5-in. Ba f f l e s )  
With I n s e r t s  Without I n s e r t s  

2.56 

3.93 

3.72 

2.56 

3.93 

8.72 

8.00 8.00 

81.79 76.79 

(10) McAdams, W. H . ,  Heat Transmission, M c G r a w - H i l l ,  1954 
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Row No. 

1 
2 

Inner  Ring 
3 
4 
5 
6 
7 
8 
9 

10  
11 
1 2  
13 
14 
15  

Outer Ring 
16 
1 7  
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

T o t a l  

TABLE I X  

M-1 INJECTOR S/N 020 WITH FILN COOLING 
FLOW RATE PER ROW 

0’ 

% 

0.27 
0.43 

0.66 
0.83 
0.99 
1.16 
1.32 
1.32 
1.32 
1.82 
1.98 
2.14 
2.31 
2.48 
2.31 

2.56 
2.92 
2.92 
3.30 
3.30 
3.66 
3.66 
4.03 
4.02 
4.71 
4.71 
5.10 
5.10 
5.50 
5.50 
5.89 
5.89 
5.89 

100.00 

c 
- 

-- 

-- 

(‘f) E 9 

% 

0.211 
0.321 

0.519 
0.642 
0.783 
0.936 
1.071 
1.047 
1.075 
1.479 
1.637 
1.807 
1.971 
2.135 
2.016 

2.181 
2.520 
2.560 
2.906 
2.955 
3.225 
3.331 
3.745 
3.798 
4.173 
4.230 
4.632 
4.680 
5.093 
5.170 
5.573 
5.650 
5.720 

89.792 

-- 

-- 

*Chamber w a l l  f u e l  f i l m  cool ing.  

% 

0.009 
0.015 

0.021 
0.018 
0.020 
0.024 
0.026 
0.034 
0.045 
0.036 
0.040 
0.043 
0.048 
0.050 
0.087 

0.083 
0.060 
0.080 
0.069 
0.075 
0.075 
0.089 
0.088 
0.102 
0.097 
0.110 
0.107 
0.120 
0.117 
0.130 
0.132 
0.150 
0.356 
2.556 

-- 

-- 

f’ 
% 

0.220 
0.336 
0.313 
0.540 
0.660 
0.946 
0.960 
1.097 
1.222 
1.120 
1.515 
1.841 
1.850 
2.018 
2.360 
2.103 
0.845 
2.264 
2.580 
2.640 
3.420 
3.030 
3.300 
3.420 
4.340 
3.900 
4.270 
4.340 
5.300 
4.800 
5.210 
5.300 
6.340 
5.800 
9.800 

c 
- 

100.00 

- %** 
7.03 
7.35 

6.98 
7.09 
6.94 
6.80 
6.76 
6.92 
6.74 
6.75 
6.64 
6.50 
6.43 
6.38 
6.29 

6.44 
6.36 
6.26 
6.23 
6.13 
6.23 
6.03 
5.91 
5.81 
6.20 
6.11 
6.04 
5.98 
5.93 
5.84 
5.80 
5.72 
5.65 

-- 

-- 

-- 

**Local element mixture  r a t i o  f o r  over -a l l  MR = 5.49. 
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From Table I X ,  i t  is  seen  t h a t  t h e  tube  bank and element 
p re s su re  drop is 213 p s i .  The f u e l  manifold i n l e t  l o s s  is  18 p s i ;  t h e r e f o r e ,  
t h e  l o s s  from P f J  t ransducer  l o c a t i o n  t o  f a c e  p re s su re  is  231 p s i .  The tube  
bank and manifold i n l e t  l o s s  from P f J  t o  row 1 is 145 p s i a .  

The second method f o r  c a l c u l a t i n g  t h e  p re s su re  p r o f i l e  w a s  

The 
t o  determine t h e  manifold l o s s  ( tube  bank) using average areas between tubes 
and averaging t h e  p re s su re  drops f o r  both in - l ine  and s taggered  tubes.  
fol lowing equat ions  were u t i l i z e d :  (11) 

P = 4fN - pv2 where: 
2g 

Equation (11) 

in - l ine  tubes f = 
0.08% 

(Xt - l  1 ] (?)-'*l5 

1.13 
M = 0.43 + - 

x2 

1.08 s taggered  tubes f = 0.23 + i 
From Table X, t h e  tube  bank and i n l e t  l o s s  is 87 p s i  wi th  

t h e  t o t a l  i n j e c t o r  l o s s  173 p s i  (assuming t h e  element drop a t  row 1 equal  t o  
86 p s i ) .  

A t  524 l b / s e c ,  t h e  average PAP f o r  S / N  020 i n j e c t o r  is  
340 lbm-lbf/in. 2 3  f t  (see Appendix B ) .  Therefore ,  normalizing t h i s  t o  design 
condi t ions  r e s u l t s  i n  a f u e l  i n j e c t o r  p re s su re  drop of 202 p s i  as compared t o  
ca l cu la t ed  l o s s e s ,  us ing  t h e  row-by-row and averaging methods of 231 p s i  and 
173 p s i ,  r e spec t ive ly .  

6. V e r i f i c a t i o n  of Fuel  Flowmeter Accuracy 

The f u e l  flowmeter w a s  no t  c a l i b r a t e d  f o r  cryogenics;  
therefore ,  t h e  water c a l i b r a t i o n  e r r o r  estimates w e r e  based upon b e s t  engi- 
neer ing  judgement (see Sec t ion  IV,A,2). Two methods f o r  determining t h e  
f u e l  flowmeter accuracy (element flow va lues  from single-element t e s t i n g  and 
a mixer energy balance)  follow. These d a t a  are from test No. 1.2-07-EHM-002. 

(11) Kre i th ,  F., P r i n c i p l e s  of Heat Transfer ,  I n t e r n a t i o n a l  Text Book C o . ,  
19 58 
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TABLE X 

INJECTOR PRESSURE PROFILE COMPARISON OF 
ROW-BY-ROW AND AVERAGING METHODS 

Manifold I n l e t  

Element Row 
33 
32 
3 1  
30 
29 
28 
27 
26 
25 
24 
23 
22 
2 1  
20 
19 
1 8  
17 
.16 

B a f f l e  Base 
1 5  
1 4  
1 3  
1 2  
11 
10 

9 
8 
7 
6 
5 
4 
3 

B a f f l e  Base 
2 
1 

Tot a1 

Row 1 Element 

Row-by-Row Method - Pressu re  Averaging Method - Pressu re  
Loss, p s i  Loss, p s i  

1 8  1 5  

4.5 

5.6 
4.1 
4.3 
3.8 
4.4 
3.4 
4.0 
3.8 
3.9 
3.0 
3.9 
2.9 
4 .0  
2.7 
4.9 
3.2 

17 .3  
1 .6  
2.9 
2.6 
2.5 
2.5 
2.5 
0.8 
1 .2  
2.0 
2.0 * 

2.0 
1.0 
1 . 3  

10 .9  
1 .3  
1 .5  

145 

86 

4.7 

T o t a l  I n j e c t o r  Drop 231 

Page 96 

44 

5 

23 

87 

86 
173 



a. Single-Element T e s t  

From single-element t e s t i n g :  

, see Sec t ion  I V , E  l b  2- i n .  % (1 element) = 0.0701 

Kw f o r  d e f i n i t i o n  of 

Therefore ,  t h e  average element p re s su re  drop equals :  

466 x 0.898 

0.0701 = 132 p s i  0.0256 
( 3248 AP = 

From Table I X ,  i t  is  assumed t h a t  t h e  average element 
weight flow occurs  i n  row 18. 
bank p res su re  l o s s  from row 18 t o  t h e  manifold i n l e t  is 62 p s i  a t  466 l b / s e c .  
Therefore,  t h e  c a l c u l a t e d  f u e l  i n j e c t o r  p re s su re  l o s s ,  u t i l i z i n g  an element 
flow cons tan t ,  equa ls  194 p s i .  

From t h e  row-by-row c a l c u l a t i o n s ,  t h e  tube  

The average manifold l o s s  us ing  "averaging" c a l c u l a t i o n s  
equals  : 

72 466 
2 524 AP = - + 1 5  (-) = 40 p s i  

= 172 p s i  TOTAL Therefore  AP 

The measured P f J  - Pc5D p res su re  drop f o r  test 
No. 1.2-07 EHM-002 w a s  1 7 3  p s i .  
weight flow w a s  considered less accura t e  because of t h e  inaccurac ies  of cal- 
cu la t ed  p res su re  lo s ses .  

This  method of confirming t h e  l i q u i d  hydrogen 

b. Hydrogen Mixer Energy Balance 

An energy 

where: 6 h = $  
GH2 f mix 

= 49.6"R T ~ ~ 2  Given : 

T = 523.5"R 
GH, 

L 

balance check of t h e  mixer follows: 

hL h + GLH 
2 g 

h ~ ~ 2  

GH2 
h 

= -30 B/lb 

= 1770 B/lb 

Equation (12) 

= 1615 p s i a  'MIXER 
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Therefore:  466.2 hMIx = 81.6 

hMIx = 285 B/lb 

= 142.5'R a t  T~~~ Thus, 

(1770) + 384.6 (-30) 

1615 p s i a  

The s t eady- s t a t e  measured average f u e l  i n j e c t o r  tempera- 
t u r e  w a s  143.2OR. 

B. COMBUSTION STABILITY 

The s t a b i l i t y  of t h e  M-1 t h r u s t  chamber wi th  r e spec t  t o  both low- 
frequency and high-frequency o s c i l l a t i o n s  appears  t o  be  very good. During 
t h e  two s t e p s  i n  t h e  s t a r t i n g  t r a n s i e n t ,  some low-frequency o s c i l l a t i o n  
(chugging) e x i s t e d ,  bu t  i t  disappeared as chamber p re s su re  increased .  These 
i n s t a b i l i t i e s  occurred a t  a chamber p re s su re  of 250 p s i a  and a frequency of 
220 cps as w e l l  as a chamber p re s su re  of 450 p s i a  and a frequency of 250 cps.  

The high-frequency s t a b i l i t y  a spec t  a l s o  w a s  very  encouraging i n  
t h a t  a wide depa r tu re  from t h e  nominal ope ra t ing  cond i t ions  w a s  requi red  f o r  
p re s su re  o s c i l l a t i o n s  t o  b e  sus t a ined .  

1. Low-Frequency S t a b i l i t y  

The p o s s i b i l i t y  of sus t a ined  low-frequency s t a b i l i t y  w a s  
i nves t iga t ed  a n a l y t i c a l l y  by means of a s i m p l i f i e d  approach. (12) 
a n a l y s i s  w a s  based upon t h e  fol lowing major assumptions: 

This  

a. The frequency of o s c i l l a t i o n  i s  s u f f i c i e n t l y  low so  
t h a t  t h e  wave e f f e c t s  i n  t h e  combustion chamber can be  neglected.  

b. The combustion process  can b e  represented  by a s i n g l e ,  
cons tan t  t i m e  l a g  between t h e  i n j e c t i o n  and combustion of each p r o p e l l a n t  
and t h e  i n j e c t i o n  element. 

c .  The resonance p r o p e r t i e s  of t h e  feed l i n e s  make no s ig -  
n i f i c a n t  c o n t r i b u t i o n  t o  t h e  dynamic behavior  of t h e  system. 
t h e  maximum gain  caused by resonance is  assumed f o r  a l l  f requencies .  

A s  a r e s u l t ,  

It should be  noted t h a t ,  wh i l e  t h e  above conserva t ive  
assumptions i n d i c a t e  t h e  t h e o r e t i c a l  p o s s i b i l i t y  of low frequency i n s t a b i l i t y ,  
t h i s  i n s t a b i l i t y  may n o t  b e  p o s s i b l e  experimental ly .  

The f i r s t  assumption is v a l i d  f o r  f requencies  below 100 cps,  
bu t  i t  can b e  used up t o  400 cps wi th  reasonable  accuracy. 

(12) An experimental  I n v e s t i g a t i o n  of Combustion S t a b i l i t y  C h a r a c t e r i s t i c s  
a t  High Chamber Pressure ,  F i n a l  Report ,  Phase 11, Aerojet-General 
Report No. 11741/SA6-F, Vol. 1, 25 August 1966 
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The second assumption w a s  expected t o  g ive  t h e  b e s t  r e s u l t s  
i n  t h i s  a p p l i c a t i o n  wi th  t h e  t i m e  l a g  based upon t h e  o x i d i z e r  because i t  con- 
s t i t u t e s  t h e  g r e a t e r  p o r t i o n  of t h e  weight flow. 

The t h i r d  assumption i s  h ighly  conserva t ive  because i t  does 
no t  a l low f o r  phase s t a b i l i z a t i o n .  
a y e  known t o  have a s i g n i f i c a n t  a f f e c t  upon t h e  dynamic behavior of t h e  system, 
e s p e c i a l l y  those  feed system elements t h a t  are nea res t  t o  t h e  i n j e c t o r .  
Hpwever, i t  w a s  beyond t h e  scope of t h e  i n v e s t i g a t i o n  undertaken t o  cons ider  
t h e s e  e f f e c t s .  

The resonant  p r o p e r t i e s  of t h e  feed system 

This  a n a l y s i s ,  t oge the r  wi th  t h e  occas iona l  o s c i l l a t i o n s  
appearing on t h e  test records ,  i n d i c a t e s  t h a t  t h e  M-1 t h r u s t  chamber can 
o i e r a t e  i n  t h e  phase-s tab i l ized  reg ion  (one, wherein t h e  resonant  modes of 
t h e  feed system do no t  couple  wi th  t h e  combustion process  because t h e  combus- 
t i o n  process  t o t a l  t i m e  l a g  f a l l s  between resonances) a t  s t eady- s t a t e  condi- 
t i o n s .  S ta r t  t r a n s i e n t  d a t a  i n d i c a t e  t h a t  t h e  M-1 engine passes  through a 
1 9 w  frequency s t a b i l i t y  boundary a t  a chamber p re s su re  of 450 p s i a  t o  500 p s i a .  
This  is  p r imar i ly  the  r e s u l t  of l o w  o x i d i z e r  weight flow and low ox id ize r  
i n j e c t i o n  p res su re  drop. 
boundary r e s u l t s  from phase s t a b i l i z a t i o n  caused by a changing t o t a l  t i m e  l a g  
o r  from ga in  s t a b i l i z a t i o n  caused by t h e  inc reas ing  i n j e c t i o n  p res su re  drop. 

However, i t  i s  n o t  known whether t h e  apparent  

The ca l cu la t ed  s t a b i l i t y  l i m i t  f o r  s t eady- s t a t e  ope ra t ion  a t  
nominal cond i t ions  i s  shown on Figure  No. 45. The s t a b i l i t y  l i m i t  curve 
de f ines  t h e  n e u t r a l  s t a b i l i t y  condi t ion ;  above and t o  t h e  r i g h t  of i t  i s  t h e  
s t a b l e  reg ion  (gain s t a b i l i z e d  r eg ion ) ,  wh i l e  below and t o  t h e  l e f t  of i t  i s  
t h e  reg ion  wherein i n s t a b i l i t y  i s  p o s s i b l e  (phase s t a b i l i z e d  reg ion) .  This 
p a r t i c u l a r  s t a b i l i t y  l i m i t  curve i s  no t  a l t e r e d  s i g n i f i c a n t l y  by t h e  nominal 
range of mixture  r a t i o  v a r i a t i o n  o r  by t h e  expected range of t o t a l  t i m e  l a g  
(1 mill isec t o  25 m i l l i s e c ) .  The nominal ope ra t ing  zone i s  based upon an L>k 
of 40 in .  t o  42 i n . ,  a chamber p re s su re  of 1000 p s i a  t o  1100 p s i a ,  an  ox id ize r  
i n j e c t o r  p re s su re  drop of 250 p s i a  t o  325 p s i a ,  and a f u e l  i n j e c t o r  p re s su re  
drop of 160 p s i a  t o  170 p s i a .  

The a n a l y t i c a l  r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  s u f f i c i e n t  ga in  
f o r  t h e  system t o  be uns t ab le  ( see  F igure  No. 45) .  However, when t h e  system 
w a s  t e s t e d ,  i t  w a s  s t a b l e  as regards  low frequency o s c i l l a t i o n s  dur ing  
s t eady- s t a t e ,  which i n d i c a t e s  t h a t  i t  w a s  phase-s tab i l ized .  

2. High-Frequency S t a b i l i t y  

a. General C h a r a c t e r i s t i c s  

The high-frequency i n s t a b i l i t y  occurred i n  a s p e c i f i c  
regime when t h e  hydrogen temperature  w a s  lowered. A s  t h e  temperature w a s  
ramped downward, i n s t a b i l i t y  occurred a t  a hydrogen temperature  of approximately 
80'R. However, t h e  i n s t a b i l i t y  disappeared as t h e  temperature  w a s  increased  
t o  approximately 100"R. Thus, t h e  normal ope ra t ing  hydrogen temperature  of 
140'R provides  a good margin of s a f e t y  f o r  high-frequency s t a b i l i t y .  
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Experimentally,  t h e  appearance of high-frequency 
i n s t a b i l i t y  could be  d i r e c t l y  r e l a t e d  t o  hydrogen temperature;  however, t h e  
f a c t o r  o f t e n  used i n  s t a b i l i t y  c o r r e l a t i o n s  is t h e  i n j e c t i o n  v e l o c i t y  r a t i o  
( f u e l / o x i d i z e r ) .  
i t  i s  hard t o  o b t a i n  a v a l i d  va lue  of  t h e  v e l o c i t y  r a t i o  because of t h e  d i f f i -  
c u l t y  i n  ob ta in ing  a c t u a l  p re s su res  and temperatures  a t  t h e  i n j e c t o r  face.  
However, d e s p i t e  t h i s  unce r t a in ty ,  comparing t h e  v e l o c i t y  r a t i o  a t  t h e  t i m e  
of i n s t a b i l i t y  from one test t o  another  y i e l d s  re la t ive va lues .  S p e c i a l  care 
i s  needed i n  ob ta in ing  t h e  d a t a ,  p a r t i c u l a r l y  as regards  t h e  hydrogen tempera- 
t u r e  ramping rate. S t a b i l i t y  l i m i t  v e l o c i t y  r a t i o s  w e r e  c a l c u l a t e d  f o r  tests 
No. 1.2-07-EHM-006, -008, and -010, which had temperature  ramping rates of 
30°/sec,  17'/sec, and 5O/sec, r e spec t ive ly .  The v e l o c i t y  r a t i o s  were 7.5,  
7.8, and 7.9, which shows good consis tency.  

I n  t h e  case of t h e  M-1 i n j e c t o r ,  wi th  i t s  c o a x i a l  elements,  

It w a s  observed t h a t  t h e  amplitude of t h e  random combus- 
t i o n  n o i s e  increased  as hydrogen temperature  decreased.  This is  i l l u s t r a t e d  
by Figure No. 4 6 .  
increased  aga in  during t h e  s a m e  test (No. 1.2-07-EHM-009), t h e  n o i s e  level 
f i r s t  increased  and then  decreased (Figure N o .  47) .  However, t h e  amplitude 
w a s  not  unique f o r  a given temperature ,  which ind ica t ed  a dependence upon 
some o t h e r  f a c t o r ,  such as mixture  r a t i o  o r  i n j e c t i o n  ve loc i ty .  

When t h e  hydrogen temperature w a s  decreased and then 

A s  t h e  no i se  level increased ,  a h igh  o rde r  combustion 
d i s tu rbance  w a s  o f t e n  observed. 
sharp  rise i n  chamber p re s su re  (as much as 30% wi th in  0 .1  m i l l i s e c ) .  
appeared t o  be of a random n a t u r e  i n  t h a t  i t  d id  n o t  occur a t  any p a r t i c u l a r  
hydrogen temperature o r  combustion no i se  level .  During one test, no d i s t u r -  
bance w a s  observed al though t h e  hydrogen temperature  w a s  lowered t o  60°R. 
The s t a b i l i t y  of t h e  t h r u s t  chamber i n  response t o  t h e s e  d is turbances  w a s  a 
func t ion  of t h e  b a f f l e  system used as subsequent ly  discussed.  

This  d i s tu rbance  w a s  cha rac t e r i zed  by a 
It 

b. Ear ly  Long B a f f l e  Tes t ing  

The dynamic p res su re  d a t a  from t h e  e a r l y  3-112-in. long 
b a f f l e  tests (No. 1.2-07-EHM-006 through -010) showed t h a t  no c l e a r l y  pe r iod ic  
o s c i l l a t i o n s  dominated and t h a t  t h e  phase w a s  con t inua l ly  changing, which 
ind ica t ed  a p o s s i b i l i t y  of numerous c l o s e  f requencies .  For t h i s  reason,  t h e  
o s c i l l a t i o n s  were analyzed f o r  t h e i r  s p e c t r a l  conten t .  A s  a r e s u l t ,  many 
peaks were observed between 6000 cps and 8000 c p s .  This  is  t h e  resonant  
frequency range of t h e  e a r l y  helium bleed t ransducers ;  t h e r e f o r e ,  a d e t a i l e d  
a n a l y s i s  w a s  accomplished t o  determine t h e  resonant  f requencies  as w e l l  as 
ga in  f a c t o r s  f o r  t h e  t ransducers  a c t u a l l y  used. 
as Appendix D. It w a s  found t h a t  t h e  t ransducers  had a gain f a c t o r  of approxi- 
mately 5 f o r  f requencies  of approximately 7000 cps. 
cor rec ted  us ing  t h i s  r e s u l t  as shown on Figure  No. 48.  However, t h i s  correc-  
t i o n  d i d  n o t  q u a l i t a t i v e l y  al ter t h e  s p e c t r a l  conten t  and i t  w a s  concluded 
t h a t  one o f  t h e  two major resonances i n  t h i s  high-frequency range r e p r e s e n t s  
a t r u e  combustion response. 

This  a n a l y s i s  i s  presented  

The amplitudes w e r e  
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c. Shor t  B a f f l e  Tes t ing  

T e s t s  No .  1.2-07-EHM-011 through -016 were performed 
wi th  1/2-in.  b a f f l e s .  
tests, a well-ordered, high-amplitude, high-frequency (2700 cps) i n s t a b i l i t y  
w a s  observed, as i l l u s t r a t e d  by Figure  No. 4 9 .  This  resonant  frequency of 
2700 cps compared favorably wi th  t h a t  p red ic t ed  from t h e  s t a b i l i t y  a n a l y s i s  
(see Appendix A ) .  
c r imina te  between t h e  f o u r t h  t a n g e n t i a l  mode (2690 c p s )  and t h e  combined f i r s t  
r a d i a l - f i r s t  t a n g e n t i a l  mode (2700 cps) a l though t h e  combined mode i s  more 
l i k e l y  i n  view of i t s  b e t t e r  s p a t i a l  coupl ing wi th  t h e  i n j e c t o r  design.  A 
l i s t  of f requencies  f o r  va r ious  chamber modes is  included on Table  X I .  

When t h e  hydrogen temperature  w a s  reduced dur ing  these  

However, t h e r e  w a s  n o t  s u f f i c i e n t  ins t rumenta t ion  t o  d i s -  

i d. Recent Long B a f f l e  Tes t ing  

Tests No. 1.2-07-EHM-017 through -025 were f i r e d  wi th  a 
steel chamber, which included Photocon ins t rumenta t ion ,  and wi th  3-1/2-in. 
long b a f f l e s .  
approximately 22,000 cps ,  w i th  a f l a t  response t o  approximately 10,000 cps.  
The dynamic p res su re  d a t a  obta ined  were s i m i l a r  t o  t h a t  from t h e  e a r l y  long 
b a f f l e  tests except  t h a t  t h e  s p e c t r a l  p l o t s  showed a wider  range of coupl ing 
(see Figure  No, 50). 
t o  show t h e  following: 

The Photocon p res su re  t ransducers  had a resonant  frequency of 

The sample t i m e s  f o r  t h e  s p e c t r a l  a n a l y s i s  were s e l e c t e d  

- t h e  combustion n o i s e  level. 

- t h e  nonl inear  p e r t u r b a t i o n  and t h e  p r e f e r r e d  decay 
frequency of  t h e  chamber. 

- t h e  increased  n o i s e  l e v e l  fol lowing t h e  pe r tu rba t ion .  

- t h e  inc rease  i n  n o i s e  level wi th  t h e  subsequent 
hydrogen temperature  reduct ion .  

From Figure  No .  50, i t  appears  t h a t  t h e  b a f f l e s  blocked 
t h e  2700 cps i n s t a b i l i t y  t h a t  w a s  experienced dur ing  t h e  s h o r t  b a f f l e  tests. 
The high n o i s e  level accompanying t h e  low hydrogen temperature,  which w a s  
o r i g i n a l l y  thought t o  be  a n  i n s t a b i l i t y ,  may be t h e  r e s u l t  of poor mixing 
a s soc ia t ed  wi th  t h e  low hydrogen temperature,  low hydrogen v e l o c i t y ,  o r  both.  
Fur ther  a n a l y s i s  i s  r equ i r ed  t o  d e f i n e  t h i s  mechanism more completely. 

3 .  Conclusions 

The M-1 t h r u s t  chamber is q u i t e  s t a b l e  i n  t h e  des ign  tempera- 
t u r e ,  p ressure ,  and mixture  r a t i o  regime. Also, i t  is s t i l l  ve ry  durable  i n  
low hydrogen temperature  opera t ion .  
approximately 2700 cps and is w e l l  handled by t h e  3-1/2-in. long b a f f l e .  
Dynamic s t a b i l i t y  has  been implied by t h e  success fu l  damping of a previous ly  
e x i s t i n g  i n s t a b i l i t y  by r a i s i n g  t h e  hydrogen temperature  above 100'R; however, 
i t  has n o t  been demonstrated us ing  t h e  more convent ional  pu l s ing  techniques.  

The combustion resonant  frequency is 
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TABLE X I  

FREQUENCIES FOR VARIOUS CHAMBER MODES 

ACOUSTIC MODES : 

Mode 

1 T  
2T 
3T 
4T 
5T 
6T 
7T 
8T 
9T 

10T 
1 1 T  
12T 

- 

POCKET MODES: 

Frequency, 
cp s 

930 
1540 
2130 
2690 
3250 
3800 
4340 
4880 
5420 
5950 
6490 
7040 

Mode 

1 R  
1T+1R 
2T+lR 
3T+lR 
4T+lR 
5T+lR 
6T+lR 
7T+lR 
8T+lR 

2R 
1T+2R 
2T+2R 

- 
Frequency, 

cp s 

1940 
2700 
3395 
4055 
4700 
5325 
5940 
6545 
7145 
3550 
4315 
5045 

Mode - 
Tangent ia l  i n  1 o u t e r  pocket 
Tangent ia l  i n  1 inne r  pocket 
1 R  i n  o u t e r  pockets 
1 R  i n  inner pockets 

Mode 

3T+2R 
4T+2R 
5T+2R 
6T+2R 

3 R  
1T+3R 
2T+3R 
3T+3R 
4T+3R 

4R 
1T+4R 
2T+4R 

- 
Frequency, 

cp s 

5740 
6420 
7080 
7725 
5150 
5925 
6665 
7380 
8080 
6750 
7520 
8275 

Frequency, cps 

3800 
4250 
3200 
3980 

NOTE: Calcu la t ions  are based upon a speed of sound of 5300 f t / s e c  and a 
chamber diameter of 40 i n .  
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C. HEAT TRANSFER 

1. I n j e c t o r  Face 

The tests of i n j e c t o r  S/N 020 showed t h a t  coolan t  f low through 
t h e  Rigimesh f a c e  w a s  adequate  at s t eady- s t a t e  as w e l l  as p e r i p h e r a l  and nominal 
ope ra t ing  condi t ions .  F igures  No. 51 through No. 54 show r e p r e s e n t a t i v e  s e c t i o n s  
of t h e  f a c e  of t h i s  i n j e c t o r  a f t e r  t h e  tests and ind ica t ed  s t eady- s t a t e  exposure 
t i m e s * .  
t h a t  no e ros ion  o r  s i g n i f i c a n t  h e a t  marking of t h e  f a c e  occurred. 

Operating condi t ions  can be  obta ined  from Table V I I .  It is apparent  

The test r e s u l t s  w i th  i n j e c t o r  S/N 012 are no t  as conclus ive  
al though adequacy i s  ind ica ted .  
occurred on po r t ions  of t h i s  i n j e c t o r  dur ing  i t s  second test (No. 1.2-07-EHM-006). 
There were no h e a t  marking o r  e ros ion  dur ing  t h e  i n i t i a l  test. No s i g n i f i c a n t  
i nc rease  i n  h e a t  marking o r  e ros ion  w a s  displayed i n  t h e  tests fol lowing -006. 
This  i n d i c a t e s  t h a t  t h e  e ros ion  could have r e s u l t e d  from abnormal condi t ions  
encountered during t h a t  one test. The abnormal cond i t ion  i n  test No. -006 w a s  
t h e  lowering of t h e  hydrogen i n l e t  temperature  t o  approximately 54OR a f t e r  
i n s t a b i l i t y  appeared a t  approximately 80'R. 
dens i ty  and adverse ly  a f f e c t  f u e l  flow d i s t r i b u t i o n ,  causing overheat ing.  No 
i n s t a b i l i t y  occurred i n  t h e  f i r s t  t es t .  I n  subsequent tests, temperatures 
were not  permi t ted  t o  decrease  below 65'R. Figures  No. 55 through No. 59 show 
por t ions  of t h e  i n j e c t o r  a f t e r  test N o .  1.2-07-EHM-010. The darker  areas on 
Figures  No. 55, No. 56, and No. 57 i n d i c a t e  t h e  eroded and h e a t  marked zones. 
Note t h a t ,  i n  F igure  No. 58, e ros ion  o r  h e a t  marking are not  apparent  i n  t h e  
c e n t e r  po r t ions  of t h e  i n j e c t o r .  
photographs used t o  i l l u s t r a t e  b a f f l e  e ros ion .  Figure No. 59 i s  an  enlarged 
view showing t y p i c a l  worst-case e ros ion  i n  these  darkened areas. 

Severe h e a t  marking and s i g n i f i c a n t  e ros ion  

This  would i n c r e a s e  t h e  f u e l  

S imi l a r  zones can be  seen on subsequent 

This  i n j e c t o r  experienced a t o t a l  of 1 3  i n s t a b i l i t i e s .  
Figure No. 60 shows t h e  i n j e c t o r  f a c e  a f t e r  t h e  f i n a l  test No. 1.2-07-EHM-025. 
Minor inc rease  i n  f a c e  damage over  t h a t  of test N o .  1.2-07-EHM-010 (Figures  
No. 49 and No. 53) is  ev ident  i n  t h e  i n n e r  b a f f l e  compartments. 

With a v a i l a b l e  a n a l y s i s  methods, a cause f o r  t h e  e ros ion  
sus t a ined  i n  test No. 1.2-05-EHM-006 could no t  b e  e s t ab l i shed .  However, 
a n a l y s i s  of t h e  flow and cool ing  c h a r a c t e r i s t i c s  of t h e  Rigimesh d id  i n d i c a t e  
t h a t  an  i n c r e a s e  i n  t h e  gas-s ide h e a t  t r a n s f e r  c o e f f i c i e n t  o r  a decrease  i n  
coolan t  f low r e s u l t i n g  from chamber p re s su re  o s c i l l a t i o n s  is  requi red  t o  i n i -  
t i a te  t h e  e ros ion .  
h igh  v e l o c i t i e s  r e s u l t i n g  from uns tab le  combustion o r  e i t h e r  s teady  o r  i n t e r -  
m i t t e n t  combustion w i t h i n  t h e  element recess. The p o t e n t i a l  a f f e c t s  of 
uns t ab le  ope ra t ion  were d iscussed  i n  Sec t ion  I V , B  of t h i s  r e p o r t .  

This  i n c r e a s e  i n  c o e f f i c i e n t  could r e s u l t  from l o c a l l y  

*Steady-state exposure t i m e  i s  def ined  as test du ra t ion  above 90% of chamber 
pressure .  
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Figure  51. S/N 020 TCA I n j e c t o r  a f t e r  2.7 see of Tes t ing  
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Figure  52. S/N 020 TCA I n j e c t o r  a f t e r  6 .4  sec of Tes t ing  
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Figure  53. S/N 020 TCA I n j e c t o r  a f t e r  10.0 sec of Tes t ing  
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Figure  55. S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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Figure  56. S / N  012 TCA I n j e c t o r  af ter  Tes t ing  
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Figure 57. S/N 012 TCA I n j e c t o r  a f t e r  Test ing 
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Figure 58. S/N 012 TCA I n j e c t o r  a f t e r  Test ing 
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Figure  59. S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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Figure  60. S/N 012 TCA I n j e c t o r  a f t e r  F i n a l  T e s t  
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2. Ba f f l e s  

The test r e s u l t s  i n d i c a t e  t h a t  t h e  cool ing  f o r  t h e  o u t e r  
b a f f l e  l e g s  w a s  marginal.  S u b s t a n t i a l  e ros ion  occurred dur ing  t h e  tests wi th  
i n j e c t o r  S/N 020 and minor e ros ion  occurred on t h e  i n j e c t o r  S/N 012 b a f f l e s .  
Figures  No. 61  through No.  70 show t y p i c a l  b a f f l e  appearances a f t e r  t h e  tests 
and ind ica t ed  accumulated du ra t ions  a t  s teady-s ta te .  
can be  found i n  Table V I I .  

Operating condi t ions  

F igures  No. 61  and No. 62 show i n j e c t o r  S/N 020 b a f f l e s  
a f t e r  t he  i n i t i a l  test a t  r a t e d  t h r u s t .  No e ros ion  occurred dur ing  t h e  
i n i t i a l  p a r t i a l  t h r u s t  s tart  t r a n s i e n t  eva lua t ion  tests. A s  can b e  seen  from 
t h e  f i g u r e s ,  e ros ion  w a s  q u i t e  severe on some por t ions  of t h e  b a f f l e s  whi le  
completely absent  on o t h e r  po r t ions .  On Figure  No. 61, t h e  most s eve re ly  
eroded is  b a f f l e  8 wi th  b a f f l e  7 showing no e ros ion ,  whi le  b a f f l e  6 shows 
severe e ros ion  on t h e  o u t e r  2 i n .  wi th  l i t t l e  o r  no e ros ion  inboard.  Erosion 
of t h e  ou te r  r i n g  b a f f l e  can be  seen ad jacen t  t o  b a f f l e  11 and between 
b a f f l e s  8 and 9 as w e l l  as 9 and 10. It a l s o  can b e  seen  t h a t  no e ros ion  of 
t h e  r i n g  occurred between b a f f l e s  3 and 8. 
can be observed on Figure  No. 62 wi th  b a f f l e  11 being seve re ly  eroded, 10  
being seve re ly  eroded a t  t h e  per iphery ,  and 1 2  showing very  l i t t l e  e ros ion .  
It can be  noted on both f i g u r e s  t h a t  t h e  i n n e r  r i n g  and inne r  b a f f l e  l e g s  show 
no erosion.  

The same type of s c a t t e r e d  e ros ion  

Figure  N o .  6 3  shows t h e s e  same b a f f l e s  a f t e r  t h e  next  steady- 
s ta te  test (No. 1.2-05-EHM-008). T e s t  No. 1.2-05-EHM-007 w a s  s h u t  down 
manually be fo re  s t eady- s t a t e  w a s  reached as a r e s u l t  of t h e  ind ica t ed  f u e l  
f low drop being mis in t e rp re t ed .  It can be noted i n  t h i s  f i g u r e  t h a t  only 
minor inc reases  i n  t h e  e ros ion  appear t o  have occurred. No e ros ion  i s  y e t  
ev ident  on t h e  inne r  r i n g  and l e g  b a f f l e s  o r  on o u t e r  b a f f l e  7. 
next  t es t ,  o u t e r  l e g  b a f f l e s  8 and 11 w e r e  removed and rep laced  by l e g s  wi th  
t h e  f i l m  cool ing  and t i p  i n j e c t i o n  ho le s  i n  t h e  o u t e r  2 i n .  opened t o  inc rease  
t h i s  area by approximately 15%. 

P r i o r  t o  t h e  

Figure No. 64 shows t h e  same area of t h e  i n j e c t o r  a f t e r  t h e  
next  tes t .  
s i g n i f i c a n t  new areas of e ros ion  can b e  seen. 
of t h e  new b a f f l e s  8 and 11 a l s o  can be  seen. 

There w a s  no major change i n  t h e  prev ious ly  eroded areas and no 
The r e l a t i v e l y  minor e ros ion  

Figure No. 65 shows t h e  same areas of t h e  i n j e c t o r  and b a f f l e s  
after f i v e  a d d i t i o n a l  tests ( t e s t s  No.  1.2-05-EHM-010 and 1.2-07-EHM-001 
through -004). 
t h e  s tand  and t h e  a b l a t i v e  combustion chamber had been removed. D e f i n i t e  ind i -  
c a t i o n s  of mel t ing  of t h e  copper and r e s o l i d i f y i n g  downstream are shown on 
b a f f l e  8 and on t h e  r i n g  between b a f f l e s  8 and 9. 

This  photograph w a s  taken a f t e r  t h e  hardware w a s  removed from 

There is  an absence of 
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Figure  61. S/N 020 I n j e c t o r  Baf f l e s  a f t e r  I n i t i a l  T e s t  a t  
Rated Thrust  
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Figure  62. S/N 020 I n j e c t o r  B a f f l e s  a f t e r  I n i t i a l  T e s t  a t  
Rated Thrust  
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Figure  63. S/N 020 I n j e c t o r  Baf f l e s  a f t e r  T e s t  No. 1.2-05-Em-008 
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Figure  64.  S/N 020 TCA I n j e c t o r  a f t e r  Tes t ing  

Page 124 



Figure  65. S/N 020 TCA I n j e c t o r  a f t e r  F ive  Addi t iona l  T e s t s  
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Figure  66. S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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Figure 67.  S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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Figure 68. S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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Figure  69. ‘S/N 012 TCA Injector a f t e r  Tes t ing  
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Figure 70. S/N 012 TCA I n j e c t o r  a f t e r  Tes t ing  
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e ros ion  on t h e  inne r  l e g s  and r i n g  wh i l e  t h e r e  is  e ros ion  on b a f f l e  8, even i n  
those  areas wi th  increased  cool ing.  In subsequent tests, S/N 012 i n j e c t o r  w a s  
used. This  i n j e c t o r  had b a f f l e  f i l m  cool ing  ho le  diameters  t h a t  were approxi- 
mately 7% l a r g e r  than  those  on S/N 020. 
l e g s  a l s o  w e r e  7% g r e a t e r  i n  diameter  except  f o r  t h e  l as t  2 in .  where they  
were approximately 15% l a r g e r  i n  diameter .  Figures  No. 66 through No. 70 show 
t h e  cond i t ion  of some of t h e s e  b a f f l e s  a f t e r  test No. 1.2-07-EHM-010, which 
w a s  t h e  s i x t h  test us ing  t h i s  hardware. The worst  e ros ion  experienced i s  
shown a t  t h e  per iphery  of b a f f l e  8 (see Figure  No. 67). The only  o t h e r  s ig-  
n i f i c a n t  area of e ros ion  is  shown on b a f f l e  1 (see Figure  No. 65). Again, t h e  
absence of e ros ion  on t h e  i n n e r  r i n g  and l e g s  can be noted. Also, t h e  l a c k  of  
e ros ion  on any b a f f l e s  upstream of t h e  f i l m  coolant  i n j e c t i o n  ledge. 

The f i l m  cool ing  ho le s  on t h e  o u t e r  

It is  obvious,  p a r t i c u l a r l y  on i n j e c t o r  S/N 020, t h a t  e i t h e r  
coolan t  f lows o r  combustion-side h e a t  t r a n s f e r  c o e f f i c i e n t s  are n o t  uniform. 
The poss ib l e  causes  of non-uniformity of t h e  b a f f l e  coolan t  f lows are: 

- Local c logging of coolan t  passages by p a r t i c l e s  a l r eady  
w i t h i n  t h e  i n j e c t o r  chamber o r  b a f f l e s ,  o r  dis lodged 
from t h e  tank  o r  l i n e s .  

- Non-uniformity of t h e  p r o p e l l a n t  flow passages wi th in  
t h e  b a f f l e s  . 

Poss ib l e  causes  of non-uniformity of t h e  gas-s ide h e a t  
t r a n s f e r  c o e f f i c i e n t  are: 

- Local c logging of e i t h e r  t h e  f u e l  o r  o x i d i z e r  passages 
of t h e  i n j e c t i o n  elements by p a r t i c l e s .  

- Non-uniformity i n  alignment of i n j e c t i o n  elements during 
i n s t a l l a t i o n .  

- Non-uniformity of t h e  i n j e c t i o n  element flow passages.  

Reasons f o r  accept ing  o r  r e j e c t i n g  t h e s e  p o s s i b l e  causes  are 
presented  i n  t h e  ensuing d i scuss ion .  
f o r  t o t a l  acceptance o r  r e j e c t i o n  of any cause.  

However, t h e  evidence i s  n o t  adequate  

Local and poss ib ly  i n t e r m i t t e n t  c logging of b a f f l e  coolan t  
passages by p a r t i c l e s  i s  p o s s i b l e  even though q u i t e  ex tens ive  c leaning  and 
f lu sh ing  procedures  are used on t h e  hardware i n  t h e  test f a c i l i t i e s .  The 
c leaning  of t h e  o x i d i z e r  c i r c u i t  w a s  as ex tens ive  as t h a t  accomplished f o r  t h e  
f u e l  c i r c u i t .  A f t e r  test No. 1.2-07-EHM-004, t h e  o x i d i z e r  dome w a s  removed 
from t h e  i n j e c t o r  p l a t e  and f o r e i g n  p a r t i c l e s  were found. 
i n  t h e  f u e l  c i r c u i t  would have been s u f f i c i e n t  t o  c log  t h e  b a f f l e s .  
absence of c logging w i t h  t h e  i n n e r  b a f f l e s  is poss ib ly  t h e  r e s u l t  of t h e  to r -  
tuous flow pa th  through t h e  ox id ize r  "posts" t h a t  a p a r t i c l e  would have t o  
fo l low t o  reach  these  p o r t i o n s  of t h e  i n j e c t o r .  

S i m i l a r  p a r t i c l e s  
The 

The re la t ive l a c k  of b a f f l e  
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e ros ion  i n  S/N 012 i n j e c t o r  can  probably be accounted f o r  by t h e  a d d i t i o n  of 
cool ing  o r  by assuming t h a t  most of t h e  p a r t i c u l a t e  matter i n  t h e  f u e l  c i r c u i t  
w a s  removed dur ing  t h e  tests wi th  S / N  020 i n j e c t o r .  Other arguments such as 
t h e  recur rence  of e ros ion  on b a f f l e s  8 and 11 and minor increases i n  e ros ion  
from test t o  test a l s o  tend t o  reject t h i s  mechanism as t h e  only cause. 

Non-uniformity of t h e  coolan t  passages w i t h i n  t h e  b a f f l e s  
Extensive flow tests appears  t o  b e  t h e  least l i k e l y  cause of t h e  e ros ion .  

and cons iderable  rework of t h e  i n d i v i d u a l  b a f f l e  system components w e r e  accom- 
p l i s h e d  t o  a s s u r e  t h a t  r e l a t i v e l y  uniform flow and h e a t  t r a n s f e r  were a t t a i n e d .  
F i n a l  acceptance w a s  based upon q u a l i t a t i v e  tests wherein t h e  gas-side s u r f a c e  
was coated wi th  a thermal ly-sens i t ive  medium, a f t e r  which, water a t  a tempera- 
t u r e  d i f f e r e n t  from t h a t  of t h e  b a f f l e  w a s  flowed through t h e  passages.  By 
observing t h e  re la t ive rate of change i n  c o l o r  of t h e  thermal ly-sens i t ive  medium, 
i t  w a s  p o s s i b l e  t o  d e t e c t  areas wherein t h e  h e a t  t r a n s f e r  from t h e  f l u i d  t o  
t h e  gas-side w a s  being inh ib i t ed .  
tests showed r e l a t i v e l y  uniform response of t h e  medium over  t h e  e n t i r e  su r face .  
I n  a d d i t i o n  t o  t h e s e  c o n t r o l s  dur ing  f a b r i c a t i o n ,  t h e  test r e s u l t s  tend t o  
nega te  t h e  non-uniformity of coolan t  passages as a cause. 
t h e  i n n e r  b a f f l e s  and those  i n  S/N 012 i n j e c t o r  would c o n s i s t e n t l y  be  more 
uniform than t h e  o u t e r  b a f f l e s  of S/N 020 i n j e c t o r .  
replacement b a f f l e s  8 and 11 would have t h e  same relative r e s i s t a n c e  t o  coolan t  
f low as t h e  o r i g i n a l  l e g s  a l s o  i s  remote. 

The passages were reworked u n t i l  t h e s e  

It i s  u n l i k e l y  t h a t  

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

The e ros ion  experienced could have r e s u l t e d  from l o c a l  plugging 
of t h e  ox id ize r  and/or  f u e l  i n j e c t i o n  passages,  which c rea t ed  zones of excess  
flame temperatures o r  gas v e l o c i t i e s  w i th in  t h e  b a f f l e  compartments. 
cau t ions  taken t o  avoid extraneous p a r t i c l e s  and evidence t h a t  t h e s e  were s t i l l  
p resen t  were previous ly  discussed.  
f u r t h e r  credence by two subsequent observa t ions .  Upon disassembly of S/N 020 
i n j e c t o r  p l a t e  and dome, i t  w a s  found t h a t  po r t ions  of t h e  ox id ize r  dome 
b a f f l e s  had broken loose  and w e r e  blocking t h e  en t rances  t o  some of t h e  
o x i d i z e r  i n j e c t i o n  elements. These same b a f f l e s  i n  S/N 012 i n j e c t o r ,  which 
exh ib i t ed  i n s i g n i f i c a n t  b a f f l e  e ros ion ,  w e r e  he ld  i n  p l ace  by a d d i t i o n a l  b o l t s .  
The second observa t ion  w a s  t h a t ,  a f t e r  t h e  i n i t i a l  tests of t h e  second i n j e c t o r ,  
t h e  ox id ize r  t h r u s t  chamber valve w a s  disassembled and t h e  non-metall ic seat 
w a s  missing. It is p o s s i b l e  t h a t  p o r t i o n s  of t h i s  seat passed through i n j e c t o r  
S/N 020 dur ing  i t s  tests o r  t h a t  t h e s e  p i eces  w i l l  be  found i n  S/N 012 i n j e c t o r  
when i t  i s  disassembled. Nei ther  t h e  amount of material found nor  i t s  l o c a t i o n  
a f t e r  removal of  t h e  i n j e c t o r  dome could account f o r  e i t h e r  t h e  ex ten t  o r  loca- 
t i o n  of t h e  b a f f l e  e ros ion .  

The pre- 

Clogging i n  t h e  o x i d i z e r  system is given 

Although non-uniform alignment of t h e  i n j e c t i o n  elements a t  
i n s t a l l a t i o n  is poss ib l e ,  it appears  un l ike ly .  
and i n j e c t o r  body a t  t h e  b raze  j o i n t  as w e l l  as t h e  n e c e s s i t y  f o r  t h e  element 
t o  pas s  through p re -d r i l l ed  Rigimesh prec ludes  s i g n i f i c a n t  misalignments.  
l a c k  of  e ros ion  nea re r  t h e  c e n t e r  of t h e  i n j e c t o r  S/N 020 as w e l l  as on S/N 012 
a l s o  i n d i c a t e s  t h e  improbabi l i ty  of non-uniform alignment.  

The c l o s e  f i t s  between element 

The 
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A d e s i g n / f a b r i c a t i o n  to l e rance  e f f e c t  could have r e s u l t e d  i n  
t h e  d i f f e r e n c e s  i n  e ros ion  c h a r a c t e r i s t i c s  of  t h e  two i n j e c t o r s .  In spec t ion  
and flow tests of t h e  i n i t i a l  elements ob ta ined  showed cons iderable  d i f f e r e n c e s  
i n  t h e  p r o p e l l a n t  flow passages w i t h i n  t h e  o x i d i z e r  element. 
ex t ens ive  work wi th  t h e  vendor t o  a s s u r e  elements of b e t t e r  q u a l i t y .  
t h e  worst  elements were e l imina ted  by in spec t ion  and flow tests, cons iderable  
d i f f e r e n c e s  s t i l l  e x i s t e d  i n  t h e  elements i n s t a l l e d  i n  t h e  S/N 020 i n j e c t o r  
whereas t h e  elements used i n  t h e  second i n j e c t o r ,  S/N 012, were of a much more 
uniform q u a l i t y .  

This  r e s u l t e d  i n  
Although 

The major problem wi th  t h e  i n i t i a l  set of elements w a s  a l a c k  
of c o n c e n t r i c i t y  between t h e  s m a l l  diameter p re s su re  drop c o n t r o l l i n g  ho le  and 
t h e  l a r g e r  diameter  counterbore downstream of  t h i s  hole .  I n v e s t i g a t i o n  of 
vendor processing revea led  t h a t  t h i s  w a s  more l i k e l y  t o  occur on t h e  o u t e r  
elements w i t h  t h e  longer  counterbores .  The f a b r i c a t i o n  process  w a s  co r rec t ed  
t o  a s su re  b e t t e r  alignment of t hese  bores .  I n  add i t ion ,  o t h e r  d i screpancies ,  
such as s u r f a c e  roughness and a c t u a l  ho le  diameter v a r i a t i o n s ,  w e r e  co r rec t ed  
p r i o r  t o  f a b r i c a t i o n  of t h e  second set of elements.  
problems, each element f o r  S/N 020 i n j e c t o r  w a s  flowed wi th  water t o  a s s u r e  
adequate  flow a t  a n t i c i p a t e d  a v a i l a b l e  p re s su re  drops.  
abnormal r e s i s t a n c e s  were e i t h e r  d i scarded  o r  co r rec t ed  by minor rework of t h e  
en t rance  su r faces .  Although t h i s  assured  reasonably cons tan t  flow rates, i t  
d i d  no t  guarantee  proper  stream d i r e c t i o n s .  Af t e r  i n j e c t o r  S/N 020 w a s  removed 
from the  test s t and ,  elements i n  t h e  e ros ion- f ree  areas w e r e  flowed i n d i v i d u a l l y  
wi th  water. Visual  observa t ion  of t h e  flow p a t t e r n s  f a i l e d  t o  show s u b s t a n t i a l  
d i f f e rences  i n  stream d i r e c t i o n s  i n  t h e  eroded and eros ion- f ree  areas. 

A s  a r e s u l t  of t h e s e  

Elements showing 

None of t h e  p o t e n t i a l  causes  f o r  t h e  e ros ion  of S/N 020 b a f f l e s  
i s  conclusive.  
r e s u l t e d  from t h e  inc rease  i n  t h e  f i l m  coolant  o r i f i c e s  openings. 

Poss ib ly ,  t h e  relative l a c k  of e ros ion  on S/N 012 b a f f l e s  

3. Chambers 

a. Abla t ive  Chamber 

The a b l a t i v e  chamber experienced a s t r e a k i n g  e ros ion  
which was similar t o  t h a t  found on t h e  b a f f l e s  of i n j e c t o r s  S/N 020 and 
S / N  012. Abla t ive  l i n e r  No. 1 (S/N 002) w a s  t e s t e d  wi th  S/N 020 i n j e c t o r  and 
t h i s  s t r e a k i n g  e ros ion  can be seen on Figures  No. 71, No. 72, and No. 73 a f t e r  
2.7,  6.8, and 26.8 sec of s t eady- s t a t e  opera t ion .  

A f t e r  t h e  f i r s t  test ,  i t  w a s  found t h a t  a gouge i n  t h e  
chamber downstream of b a f f l e  3 had s t a r t e d  (see Figure  No .  71). A s  t e s t i n g  
continued, t h i s  gouge became l a r g e r  and a d d i t i o n a l  gouges appeared near  
b a f f l e s  2 and 12  (see Figures  No. 72 and No. 73).  A c ros s - sec t ion  of l i n e r  
No. 1 (SIN 002) a t  approximately 4-in. upstream of t h e  t h r o a t  a f t e r  test 
No. 1.2-07-EHM-006 (41.6 sec of s t eady- s t a t e  exposure) is shown on Figure  No. 74. 
Again, t h e  gouging is apparent .  Upon inspec t ion ,  t h i s  t h r o a t  area, which 
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Figure 71 .  TCA I n j e c t o r  and S/N 002 Abla t ive  Liner  a f t e r  T e s t  
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Figure  72. TCA I n j e c t o r  and S/N 002 Ab la t ive  Liner  a f t e r  T e s t  

Page 135 



Figure 73. TCA I n j e c t o r  and S/N 002 Abla t ive  Liner  a f t e r  T e s t  
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Figure  7 4 .  Cross-Section of S/N,002 Abla t ive  Liner  a f t e r  T e s t  
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showed maximum e ros ion ,  revea led  a combined e ros ion  and char  depth of 0 . 9 3  i n .  
This  w a s  a decrease  i n  t h e  o r i g i n a l  l i n e r  th ickness  from approximately 1.48 in .  
t o  approximately 0.55 in .  

Abla t ive  l i n e r  No. 2 (S/N 001) i s  shown on Figure  No. 75 
a f t e r  30.8 sec of s t eady- s t a t e  exposure wi th  i n j e c t o r  S/N 012. 
absence of s t r e a k i n g  he re  i s  apparent .  

The relative 

Avai lab le  evidence i n d i c a t e s  t h a t  t h e  p o t e n t i a l  causes  
of s t r eak ing  are s i m i l a r  t o  those  f o r  t h e  b a f f l e s  because t h e  chamber f i l m  
coolant  ho le s  can be  considered similar t o  t h e  b a f f l e  coolan t  passages.  

Table XI1 provides  a degrada t ion  eva lua t ion  f o r  t h e  
l i n e r s  t e s t e d  whi le  F igure  No.  76 provides  a comparison between t h e  t h r o a t  
area inc rease  i n  r e l a t i o n s h i p  t o  test du ra t ion  f o r  t h e s e  same l i n e r s .  

Ab la t ive  l i n e r  No. 1 w a s  f a b r i c a t e d  using compression- 
molded b i l l e t s  whi le  l i n e r s  No. 2 and No. 3 w e r e  tape-wrapped. It w a s  found 
t h a t  t h e  rate of degrada t ion  a t  t h e  t h r o a t  w a s  s i g n i f i c a n t l y  h igher  f o r  l i n e r  
No. 1 even when t h e  e ros ion  a t t r i b u t a b l e  t o  i n j e c t o r  s t r e a k i n g  w a s  discounted.  
This  e ros ion  w a s  genera l ly  loca t ed  between b a f f l e s  and r a n  t h e  f u l l  l eng th  of 
t h e  chamber. 

L iner  No. 2 experienced a p i t t i n g  t h a t  w a s  no t  p re sen t  
on l i n e r  No. 1. Also, l i n e r  2 showed uniform e ros ion  from the  chamber/fuel 
t o r u s  i n t e r f a c e  t o  approximately 4 in .  upstream of t h e  t h r o a t .  
i t s e l f  w a s  almost erosion-free.  

The t h r o a t  

Liner  No. 3 (S/N 002A) w a s  subjec ted  t o  only one test. 
It w a s  found t h a t  t h e r e  w a s  a build-up of ab la t ed  material over most of t h e  
convergent s ec t ion .  
one test and wi th  l i n e r  No .  1 a f t e r  s i x  tests. 

This  i s  s i m i l a r  t o  what w a s  found wi th  l i n e r  No. 2 a f t e r  

The r e s u l t s  from the  a b l a t i v e  chamber t e s t i n g  i n d i c a t e  
t h a t  t h e  easier, f a s t e r  f a b r i c a t e d  tape-wrapped l i n e r  o f f e r s  g r e a t e r  per for -  
mance c a p a b i l i t i e s  than  t h e  l i n e r  made us ing  compression-molded b i l l e t s .  

A s  a r e s u l t  of t h e  l i m i t e d  t e s t i n g  wi th  l i n e r  No. 3 ,  
no performance comparison can  be  made between i t  and l i n e r  No. 2. 
Table X I 1 1  i s  a l i s t i n g  of t h e  d i f f e r e n c e s  between t h e  two l i n e r s  wi th  r e s p e c t  
t o  wrapping techniques as w e l l  as phys ica l  and mechanical p r o p e r t i e s .  The 
cu re  cyc le s  used t o  f a b r i c a t e  t h e  b i l l e t s  f o r  l i n e r  No .  1 are d isp layed  on 
Figure  No. 77. 

However, 

It has  been found from a b l a t i v e  s tudy  programs t h a t  a 
r e l a t i o n s h i p  can be  e s t a b l i s h e d  between phys ica l  and mechanical p r o p e r t i e s  
wi th  r e spec t  t o  a b l a t i v e  performance. 
materials and f a b r i c a t i o n  processes  app l i ed  t o  l i n e r  No. 2 w i l l  have g r e a t e r  

A l amina te  produced us ing  t h e  r a w  
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Figure 75. TCA I n j e c t o r  and S / N  001 Ablative Liner  a f t e r  T e s t  
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TABLE X I 1 1  

FABRICATION COMPARISON OF TAPE-WRAPPED LINERS 

WRAPPING PROCESS 

Tape Wrapping Temperature, OF 

Tape Wrapping Pressure ,  p s i g  

Tape Wrapping Speed, rpm 

Tape Wrapping Span Time, hours 

Proper ty  

Liner  No. 3 L i n e r  No. 2 

165 t o  184 230 t o  240 

270 t o  283 230 t o  240 

1.0 t o  1 . 5  0.5 

1 2  36 

UNCURED MATERIAL PROPERTIES 

Actual  T e s t  
Requirement Liner  No. 3 Liner  No. 2 

Resin So l ids ,  % 24 t o  28 25.5 27.5 

Resin Flow, % 

V o l a t i l e s ,  % 

Property 

6 t o  10 

CURED LAMINATE PROPERTIES 

9.3 6.8 

3.6 3.8 

Requirement 
Actual  T e s t  

L iner  No. 3 Liner  No. 2 

I n t e r l a m i n a r  Shear 1000 p s i  Minimum 1302 2539 

Acetone E x t r a c t i o n  1% Maximum 0.15 0.21 

S p e c i f i c  Gravi ty  1.72 1.77 1.73 

V o l a t i l e  Content 3% Maximum 1.9 2.3 

T e n s i l e  S t rength  p s i  11,844 12,808 
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s u s c e p t i b i l i t y  t o  s u r f a c e  r eg res s ion  than one produced s i m i l a r l y  t o  l i n e r  No. 3. 
A more advanced t ape ,  w i t h  a h igher  r e s i n  and v o l a t i l e  conten t ,  w a s  used f o r  
l i n e r  No. 2. This  t ape  w a s  appl ied  a t  a h ighe r  wrapping t ape  temperature  w i t h  
less a p p l i c a t i o n  pressure .  
s u s c e p t i b l e  t o  mechanical removal as a r e s u l t  of shea r  because t h e  ox ida t ion  
r e s i s t a n c e  of t h e  r e s i n  r e s idue  is  less than  t h a t  of t h e  reinforcement.  
However, it has been e s t a b l i s h e d  t h a t  a lower r e s i n  conten t  material would 
provide a lower and more uniform s u r f a c e  r eg res s ion .  

The r e s u l t a n t  lamina te  wi th  t h i s  "B'' t ape  is  more 

b. S t a i n l e s s  S t e e l  Chamber 

The e f f e c t i v e n e s s  of gaseous hydrogen f i l m  coolant  a t  a n  
apprec i ab le  d i s t ance ,  15 in . ,  downstream from i ts  i n j e c t i o n  p o i n t  w a s  analyzed 
using t h e  d a t a  from t e s t  N o .  1.2-07-EHM-021. This  test provided nea r ly  cons t an t  
w a l l  temperature measurements i n  t h e  t h r o a t  reg ion  f o r  a du ra t ion  of 2.1 sec a t  
a s t eady- s t a t e  chamber p re s su re  of 946 ps i a .  
approximate t h e  a d i a b a t i c  w a l l  temperature,  are shown on Figure No. 78. 

These temperature d a t a ,  which 

Data from t h e  ind ica t ed  tes t  w e r e  compared us ing  t h r e e  
empir ica l  c o r r e l a t i n g  r e l a t i o n s h i p s ;  Hatch and Papel l (13) ,  which w a s  used i n  
t h e  o r i g i n a l  chamber design,  S t o l l e r y  and El-Ehwany ' s  (14) boundary-layer mixing 
model, and a new approach suggested by Haering(l5) .  

Experimental w a l l  temperatures were b e s t  p red ic t ed  us ing  
t h e  boundary-layer mixing model. The va lues  p red ic t ed  us ing  t h e  Hatch and Pape l l  
c o r r e l a t i o n  d i f f e r e d  s i g n i f i c a n t l y  from t h e  observed va lues .  P a r t i c u l a r l y ,  t h e  
ca l cu la t ed  mixing o r  s tart  l eng th  (xo) w a s  n o t  borne ou t  by t h e  da t a .  
method o f fe red  no advantage f o r  d a t a  c o r r e l a t i o n .  

Haering 's  

Film coolant  i n j e c t e d  midway down t h e  combustion chamber 
s i g n i f i c a n t l y  reduced t h e  w a l l  temperature  a t  t h e  t h r o a t  and demonstrated t h a t  
gaseous hydrogen i s  u s e f u l  as a f i l m  coolant .  The i n j e c t i o n  of 7.8% of t h e  
f u e l  as f i l m  cool ing  a t  t h e  second i n j e c t i o n  po in t  r e s u l t e d  i n  a s t eady- s t a t e ,  
a d i a b a t i c  w a l l  temperature  of 1600'R a t  t h e  t h r o a t ,  which i s  15.3-in. down- 
stream. This  sugges ts  t h a t  a n  a l l  film-cooled, un l imi ted  du ra t ion ,  low c o s t  
combustion chamber i s  f e a s i b l e ,  bu t  a t  a s a c r i f i c e  i n  performance, which w a s  
n o t  de t r imen ta l  during t h i s  t e s t i n g .  

(13) Hatch, J. E. and P a p e l l ,  S. S., Use of a Theore t i ca l  Flow Model t o  
C o r r e l a t e  D a t a  f o r  Film Cooling o r  Heating an  Adiaba t ic  Wall by Tangent ia l  
I n j e c t i o n  of Gases of D i f f e r e n t  F lu id  P r o p e r t i e s ,  NASA TN D-130, November 
1959 

(14) S t o l l e r y ,  J. L. and El-Ehwany, A. A. M.,  "A Note on t h e  U s e  of a Boundary- 
Layer Model f o r  Cor re l a t ing  Film Cooling Data," I n t e r n a t i o n a l  Jou rna l  of 
Heat Mass Transfer ,  Vol. 8 ,  1965, pp. 55-65 
Haering, G. W . ,  A Proposed Cor re l a t ion  Scheme f o r  Gas-Film Cooling Data, (15) 
AFRPL-TR-66-56, August 1966 
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Twelve  thermocouple plugs were i n s t a l l e d  i n t o  t h e  
chamber w a l l  t o  monitor w a l l  temperatures  and provide thermal da t a .  
d a t a  were used t o  eva lua te  e x i s t i n g  f i l m  cool ing  models f o r  p r e d i c t i n g  f i l m  
cool ing  e f f ec t iveness .  A 0.040-in. t o  0.050-in. zirconium oxide coa t ing  w a s  
sprayed onto t h e  inne r  chamber w a l l  f o r  a d d i t i o n a l  thermal p r o t e c t i o n  of t h e  
steel chamber. The 12 thermocouples, a l s o  coated,  were i n s t a l l e d  a t  t h e  i n t e r -  
f a c e  between t h e  steel  w a l l  and t h e  coa t ing  i n  s i x  a x i a l  l o c a t i o n s  (designated 
T c  1, 2, etc.) and s i x  p e r i p h e r a l  l o c a t i o n s  (designated A, B y  etc.) as shown 
schemat ica l ly  on Figure No .  79. 

These 

The d a t a  from seven test f i r i n g s  showed t h a t  t h e  coa t ing  
f a i l e d  l o c a l l y  a t  t h e  thermocouples loca t ed  i n  t h e  high h e a t  f l u x  chamber and 
t h r o a t  areas dur ing  t h e  e a r l y  tests. 
occurred i n  t h e  reg ion  extending 8-in. t o  10-in. upstream and 2-in. t o  3-in. 
downstream. The exposed ba re  metal i n  t h i s  reg ion  provided an improved condi- 
t i o n  f o r  thermal d a t a  ana lys i s .  No overheat ing occurred during the  tests t h a t  
followed. This  i n d i c a t e s  t h a t  t h e  f i l m  cool ing  a lone  w a s  s u f f i c i e n t  t o  main- 
t a i n  reasonable  w a l l  temperatures  i n  t h i s  p o r t i o n  of t h e  chamber. The t h r e e  
t h r o a t  reg ion  thermocouples read gas-side w a l l  temperature  during t h e  remaining 
tests ins t ead  of t h e  coa t ing  i n t e r f a c e  temperature.. These thermocouples 
(2E, 3E, and 4E) reached s t eady- s t a t e  ( see  Figure No. 78) during t h e  longer  
du ra t ion  f i r i n g s  and provided s i g n i f i c a n t  da t a .  The s i x  thermocouples which 
su f fe red  l o c a l  coa t ing  f a i l u r e s  were loca ted  i n  two rows immediately downstream 
of t h e  i n j e c t o r .  Af t e r  t h i s ,  they were recessed 0.040 i n .  t o  0.050 i n .  ( t h e  
coa t ing  th i ckness ) .  
because of p o s s i b l e  boundary-layer tu rbulence  and mixing which r e s u l t e d  from 
t h i s  coa t ing  f a i l u r e .  
readings t h a t  were a t y p i c a l  of smooth w a l l  values .  The coa t ing  on the  t h r e e  
thermocouples loca t ed  i n  t h e  expansion reg ion  remained i n t a c t  during t h e  t e s t i n g  
as d i d  the  e n t i r e  coa t ing  i n  t h e  d ivergent  nozzle.  These thermocouple readings  
w e r e  t r a n s i e n t  throughout t h e  tests as a r e s u l t  of t h e  a d d i t i o n a l  r e s i s t a n c e  
and capac i tance  t h a t  t h e  coa t ing  in te rposed  between t h e  film-cooled boundary- 
l a y e r  and t h e  thermocouple junc t ion .  
e s t a b l i s h  t h e  presence of  f i l m  cool ing  e f f e c t  downstream of t h e  t h r o a t  from 
these  thermocouple readings.  The long chamber s tar t  t r a n s i e n t s  and t h e  inade- 
qua te  d a t a  regard ing  t h e  coa t ing  th ickness  introduced u n c e r t a i n t i e s  t h a t  could 
no t  be  reso lved  during t h e  a n a l y s i s .  

Subsequently,  f a i l u r e  of t h e  coa t ing  

Subsequent readings  from these  thermocouples w e r e  suspec t  

They behaved e r r a t i c a l l y  and provided i n o r d i n a t e l y  high 

An unsuccessfu l  a t tempt  w a s  made t o  

The equi l ibr ium readings  a t t a i n e d  by t h e  t h r o a t  reg ion  
thermocouples w e r e  reproducib le  f o r  t h e  longer  du ra t ion  tests. 
t r u e  f o r  t h e  temperature response curves of t he  coated thermocouples i n  t h e  
expansion region.  Although t h e  thermocouples i n  t h e  chamber reg ion  were 
erratic, they followed t h e  same genera l  t r ends  from tes t  t o  test .  The d a t a  
from test No .  1.2-07-EHM-021 were s e l e c t e d  as being t y p i c a l  f o r  t h e  test  series 
and w e r e  reduced f o r  comparison wi th  t h e  f i l m  cool ing  models. There are two 
c o r r e l a t i o n s  genera l ly  used f o r  thermodynamic a n a l y s i s  a t  Aerojet-General; a 
modified Hatch and Pape l l  (16) and S t o l l e r y  and El-Ehwany ' s boundary-layer 

This  a l s o  w a s  

model (17) . 
(16) Hatch, J. E. and Pape l l ,  S .  S . ,  op. c i t .  
(17) S t o l l e r y ,  S. L. and El-Ehwany, A. A. M. ,  op. c i t .  
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The modified Hatch and Papell correlation is Aerojet- 

Table XIV defines the nomenclature used in the following analyses. 
General Computer Program 8070, wherein the equation is solved in differential 
form. 

where, 

Equation (13) 

7 0.125 
B = 1.628 [[?I (g) (+)I 

Also of interest in this investigation is the lower limit of integration, xo, 
or start length, which is given by: 

Equation (14) 

The second correlation is the boundary-layer model of 
Stollery and El-Ehwany. This boundary-layer model has three correlation forms 
depending upon whether the film and main gas streams are the same fluids, 
Equation (15); different fluids, Equation (16); or the boundary-layer thickness 
is non-zero at the point of injection, Equation (17) 

Equation (15) 

where, 

C q 0  = 
(Z + 4.1>Oe8 

Equation (16) 

Equation (17) 
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TABLE XIV 

CORRELATION NOMENCLATURE 

Hatch and Papell correlation parameter 

Hatch and Papell correlation parameter 

Boundary-layer model correlation constant 

Specific heat 

Thrust chamber diameter 

Enthalpy 

Gas-side convection coefficient 

Thermal conductivity 

cvc’ gvg Mass velocity, 

Reynolds number 

Slot height 

Velocity 

Flow rate 

Distance 

Boundary-layer model parameter 

Film cooling effectiveness 

Density 

Viscosity 

Film coolant 

Mainstream gas 

Initial 

Recovery 
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The va lue  of  t h e  c o r r e l a t i o n  cons t an t  C has  been determined t h e o r e t i c a l l y  as 
3.09; however, experimental ly ,  i t  w a s  found by o t h e r s  t o  be  as h igh  as 5.44. 
The d a t a  of  Wieghardt and Seban a l s o  i n d i c a t e  t h a t  t h e  cons tan t  varies wi th  
mass v e l o c i t y  r a t i o  f o r  va lues  g r e a t e r  than  1.0 as shown on Figure  No. 80. 

(18) A t h i r d  c o r r e l a t i o n ,  which is recommended by Haering , 
Haering’s c o r r e l a t i o n  is  given by: a l s o  w a s  compared wi th  t h e  da ta .  . 

where, 1 
h 

S t  = - 
pg vg cPg 

The t h r o a t  reg ion  temperature  d a t a  (thermocouples 2E, 
3E, and 4E) were found t o  c l o s e l y  approximate t h e  a d i a b a t i c  w a l l  temperature.  
These d a t a  are compared wi th  t h e  boundary-layer model p r e d i c t i o n s  (Equations 15, 
16, and 17)  on F igure  No .  81, us ing  t h e  t h e o r e t i c a l  va lue  of C = 3.09, and 
a l s o  an  empir ica l  va lue  i n  Equation (16) which b e s t  f i t s  t h e  da t a .  The experi-  
mental  va lue  of C f o r  t h r o a t  reg ion  d a t a  is 1.22. This  p o i n t ,  p l o t t e d  as t h e  
shaded square  on F igure  No.  80, is i n  good agreement wi th  e x i s t i n g  experimental  
da t a .  
(thermocouples 5 and 6) where t h e  r e s i d u a l  coa t ing  s i g n i f i c a n t l y  inf luenced  
t h e  r e s u l t s .  
shown on Figures  No.  80 and No. 81. 

A similar  empir ica l  va lue  f o r  C w a s  ob ta ined  i n  t h e  chamber reg ion  

Here, t h e  empi r i ca l  v a l u e  of C ranges between 1.3 and 3.0 as 

Computer Program 8070 p r e d i c t i o n s  ( t h e  p r e d i c t i o n  of t h e  
boundary-layer model us ing  a C va lue  of 1.22) and t h e  d a t a  from test No.  1.2-07- 
EHM-021 are shown on Figure  No. 82 as TF ve r sus  a x i a l  d i s t a n c e  from t h e  i n j e c t o r .  
The boundary-layer model i s  i n  e x c e l l e n t  agreement wi th  t h e  t h r e e  t h r o a t  
measurements. However, t h i s  is  no t  t r u e  f o r  t h e  Computer Program 8070 ve r s ion  
of t h e  Hatch and Pape l l  c o r r e l a t i o n .  The p red ic t ed  s ta r t  l eng th  (Equation 14) 
of t h e  Hatch and Pape l l  c o r r e l a t i o n ,  which i s  t h e  h o r i z o n t a l  p o r t i o n  of t h e  
curve (see Figure  No. 82 ) ,  is  notab ly  g r e a t e r  than t h e  d a t a  i n d i c a t e .  

The t h r o a t  reg ion  d a t a  a l s o  are compared t o  Haering’s 
c o r r e l a t i o n  on Figure  No .  83. This  c o r r e l a t i o n  g ives  conserva t ive ly  low 
p r e d i c t i o n s  f o r  t h e  e f f e c t i v e n e s s ,  except  c l o s e  t o  t h e  i n j e c t i o n  loca t ion .  

(18) Haering, G.. W . ,  op. c i t .  
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D. STRUCTURE 

1. Oxidizer  Torus C a l i b r a t i o n  T e s t i n g  

The o r i g i n a l  o x i d i z e r  t o rus ,  S/N 001, w a s  designed wi thout  
doublers .  
F igure  No. 84).  However, a re -eva lua t ion  of t h e  l i n e  loading  w a s  conducted 
subsequent t o  t h e  f i r s t  Test Stand C-9 test f i r i n g .  
found t o  be  inadequate  f o r  t h e  increased  loading.  The above o x i d i z e r  t o r u s  
S/N 001 w a s  proof p re s su re  t e s t e d  t o  2100 p s i  on 11 December 1964, S t r a i n s  
were monitored by means of 85 s t r a i n  gages as w e l l  as s t r e s s c o a t  instrumenta- 
t i o n  a t  several l o c a t i o n s  on t h e  to rus .  
of t h e  t o r u s  i n  t h e  i n l e t  area w a s  s eve re ly  s t r a i n e d  t o  a maximum of 3740 
microinches-per-inch a t  2100 p s i  proof pressure .  The corresponding maximum 
stress level of 38,000 p s i  w a s  judged t o  be  only marginal  because of t h e  number 
of p re s su re  loading  cyc le s  r equ i r ed  i n  t h e  M-1 Program. 
t h e  to rus  would be  inadequate  f o r  t h e  des ign  p res su re  p l u s  l i n e  loads  condi t ion .  
Therefore ,  t h e  i n l e t  s e c t i o n s  of bo th  t h e  proof- tes ted  t o r u s  (S/N 001) and a n  
un te s t ed  one (S/N 002) were r e in fo rced  i n  t h e  i n l e t  area wi th  welded p l a t e  
doublers  as shown on Figure  No. 85. 

It w a s  developed i n  a n t i c i p a t i o n  of a n e g l i g i b l e  l i n e  load  (see 

The o r i g i n a l  des ign  w a s  

It w a s  found t h a t  a 30-degree s e c t i o n  

It w a s  concluded t h a t  

The two s t rengthened  t o r u s  assemblies  were proof p re s su re  
t e s t e d  (2100 p s i )  and then  c a l i b r a t i o n  load  t e s t e d  t o  determine t h e i r  def lec-  
t i o n  response t o  l i n e  loads.  
provide more accu ra t e  t o r u s  s p r i n g  rates, upon which a more a c c u r a t e  estimate 
of t h e  des ign  l i n e  loads  could b e  based. I n  t h e  t h i r d  and f i n a l  phase of t h e  
test, t h e  design maximum e f f e c t i v e  ope ra t ing  p res su re  (1770 p s i )  w a s  app l i ed  
i n  combination wi th  t h e  c u r r e n t l y  es t imated  design l i n e  loads.  Cracks i n  t h e  
o r i g i n a l  weld j o i n t  of t h e  S/N 002 t o r u s  were found a f t e r  t h e  test, 
r e p a i r  welding would most l i k e l y  have been de t r imen ta l ;  t h e r e f o r e ,  t h e  e n t i r e  
30-degree c r i t i ca l  s e c t i o n  a t  t h e  i n l e t  area w a s  removed and rep laced  wi th  a 
0.687-in. t h i c k  r e in fo rced  p l a t e  welded i n  p lace .  
s u c c e s s f u l l y  proof t e s t e d  S/N 001 t o r u s  and it w a s  approved f o r  engine service. 

The c a l i b r a t i o n  t e s t i n g  w a s  accomplished t o  

Addi t iona l  

No cracks  were found i n  t h e  

The f i n a l  proof test of t h e  S/N 002 t o r u s  w a s  s u c c e s s f u l l y  
P o s t t e s t  i n spec t ion  confirmed i ts  s t r u c t u r a l  conducted on 18 December 1965, 

soundness. 

The l i n e  load  d e f l e c t i o n  c a l i b r a t i o n  t e s t i n g  w a s  repea ted  t o  
The S/N 002 t o r u s  measure t h e  increased  s t i f f n e s s  of t h e  s t rengthened  to rus .  

w a s  found t o  be approximately twice as s t i f f  i n  t h e  i n l e t  area as it  was p r i o r  
t o  t h e  a d d i t i o n  of t h e  reinforcement  p l a t e .  The t o r u s  w a s  s t r a i n  gage cali- 
b ra t ed  dur ing  p res su re  and l i n e  loading  so  t h a t  t h e  o x i d i z e r  i n l e t  l i n e  
loading  dur ing  t h e  TCA f i r i n g  could be  monitored. 
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Figure  8 4 .  Oxidizer  Torus and Dome Assembly (without Doublers) 
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2. Oxidizer  Torus Dynamic Load Analysis  

The maximum l i n e  loads  a t  t h e  t o r u s  i n l e t  are shown on 
Table XV. These are based upon a d i r e c t  comparison of t h e  ox id ize r  t o r u s  
s t r a i n  gage readings obta ined  dur ing  t h e  f i r i n g s  conducted wi th  S/N 002 t o r u s  
and S/N 020 i n j e c t o r .  
and n o t  dur ing  t h e  start t r a n s i e n t  as w a s  assumed f o r  t h e  des ign  stress 
ana lys i s .  
t h e  o r i g i n a l l y  a n t i c i p a t e d  start t r a n s i e n t  condi t ion .  The a c t u a l  s tart  
t r a n s i e n t  w a s  slowed considerably.  The dynamic bending moment des ign  va lue  
w a s  200,000 in . - lb .  

Note t h a t  t h e s e  maximum l i n e  loads  occurred a f t e r  FS2 

It i s  t h e  shutdown t r a n s i e n t  cond i t ion  t h a t  more c l o s e l y  s imula tes  

The extremely low magnitude of a l l  s t r a i n s  measured when 
combined wi th  t h e  complex load - s t r a in  r e l a t i o n s h i p  made i t  d i f f i c u l t  t o  ascer- 
t a i n  t h e  accuracy of t h e  loads  l i s t e d  i n  Table XV. 
reduct ion  w a s  accomplished t o  a s s u r e  t h a t  t h e  a c t u a l  va lues  would n o t  exceed 
t h e  maximums shown. 

A conserva t ive  d a t a  

Af t e r  test  No. 1.2-07-EHM-006, an  i n v e s t i g a t i o n  revea led  t h a t  
ho t  exhaust gas had gained access between t h e  a b l a t i v e  l i n e r  and t h e  chamber 
a f t  of t h e  t h r o a t .  This  caused e j e c t i o n  of t h e  l i n e r  and t h e  r e s u l t i n g  h igh  
l i n e  loads  were ind ica t ed  i n  t h e  s t r a i n  gage readings.  These are t abu la t ed  on 
Table XV. The loads  shown f o r  t h e  malfunct ion cond i t ion  are i n  excess  of t h e  
des ign  loads ;  however, only 32 gages were used f o r  S/N 001 t o r u s  wi th  i n j e c t o r  
S/N 012. None of t hese  gages w e r e  s e n s i t i v e  t o  t h e  r e s u l t a n t  l i n e  moment and 
only one gage w a s  s e n s i t i v e  t o  t h e  l i n e  t o r s i o n .  Therefore ,  i t  i s  recommended 
t h a t  r e s u l t s  be  eva lua ted  q u a l i t a t i v e l y  r a t h e r  than  q u a n t i t a t i v e l y .  

3 .  System Response Analysis  

The H-8 t e s t  s tand  n a t u r a l  frequency i s  20 cps,  wi th  an 
equiva len t  v i scous  damping r a t i o  of 0.02 t o  0.03. 

The maximum s t eady- s t a t e  test s t and  response observed w a s  
approximately 0.3 g RMS, which impl ies  t h a t  t h e  dynamic loads  i n  t h e  o x i d i z e r  
t o r u s  in le t  are less than  10% of t h e  des ign  value.  

The onse t  of combustion i n s t a b i l i t y  r e s u l t e d  i n  impulses 
es t imated t o  range from 205 lb-sec t o  720 lb-sec.  

A load  summary f o r  some of t h e  tests is presented  on Table X V I .  
The va lues  shown are zero-to-peak ampli tudes of t h e  20 c p s  test s t and  frequency 
observed i n  t h e  load  ce l l  output .  The des ign  moment f o r  t h e  t o r u s  i n l e t  is 
200,000 in . - lb ,  which roughly corresponds t o  a load  c e l l  o s c i l l a t i o n  ampli tude 
of 375,000 l b ,  assuming no load  reduct ion  caused by t h e  l i n e  dampers. Thus, 
a n  observed t h r u s t  o s c i l l a t i o n  of 40,000 l b  0-p would b e  i n t e r p r e t e d  as a 
t o r u s  i n l e t  load  of (40,000 f 375,000) 100 = 10.7% maximum. This  r e f l e c t s  t h e  
e f f ec t iveness  of l i n e  dampers i n  reducing imposed loads  ( t h e  equivalency between 
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TABLE XVI 

AMPLITUDES OF LOAD CELL 20 cps OSCILLATIONS 

(lb zero-to-peak) 

Firing No. Ignition 

1.2-05-EHM-006 43 000 

1.2-07-EHM-006 39,500 

1.2-07-EHM-007 39,000 

1.2-07-EHM-008 40,000 

1. 2-07-EHM-009 45,000 

1.2-07-EHM-010 38,500 

Steady 
State 

31,000 

26,500 

20,500 

40,000 

29,500 

30,000 

Liner 
Failure 

N/A 

113,000 

N/A 

N/A 

N/A 

N/A 

Onset of 
Instability 

N/A 

41,000 

55,500 

47,000 

SMALL 

67,500 

Shutdown 

208 500 

170,000 

114,000 

62 , 000 

56,000 

55,500 
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t h r u s t  o s c i l l a t i o n  and t o r u s  i n l e t  moment is 835,000 l b  = = 200,000 in . - lb ,  
r e spec t ive ly ,  wi th  t h e  dampers assumed t o  b e  e f f e c t i v e ) .  
r e l a t i o n s h i p  between s t and  a x i a l  a c c e l e r a t i o n  and t o r u s  i n l e t  moment ampli tude 
(assuming zero damper e f f e c t i v e n e s s )  i s  5 g = = 200,000 in.-lb.  

An approximate 

Typical  responses  dur ing  i g n i t i o n ,  s t eady- s t a t e ,  onse t  of 

Also shown is  t h e  e f f e c t  o f  t h e  l iner f a i l u r e  dur ing  t h e  test. 
i n s t a b i l i t y ,  and shutdown are presented  on Figure  No. 86 f o r  f i r i n g  
1.2-07-EHM-006. 

4 .  S e a l  Leakage 

A s i g n i f i c a n t  problem dur ing  t h e  tests w a s  leakage of t h e  
l a r g e  diameter  f langes .  
i n s t a l l e d  wh i l e  a t h i r d  u t i l i z e d  a F l e x a t a l l i c a  
have been caused by a combination of p re s su re  loading  and a thermal cyc le  which 
compressed t h e  seal causing y i e l d i n g  followed by r e l i e f  of t h e  compression 
loading.  F a i l u r e  of a l a r g e  diameter  RACO @ hydrogen seal a l s o  occurred 
because t h e  Teflon coa t ing  sha t t e red .  This  appears  t o  be  a b a s i c  problem wi th  
t h e  non-metall ics when s u b j e c t  t o  cons iderable  f l e x i n g  a t  l i q u i d  hydrogen 
temperatures.  These leakages d id  no t  cause an  excess ive ly  hazardous cond i t ion  
nor  d i d  they prevent  t h e  ob ta in ing  of requi red  da ta ;  t he re fo re ,  only expedient  
c o r r e c t i v e  a c t i o n  ( i .e. ,  purging between t h e  two Conoseals and re torquing  of 
t h e  b o l t s )  w a s  undertaken t o  s t o p  t h e  leakage.  
f o r  l a r g e  cryogenic  j o i n t s  appears  t o  b e  t h e  u s e  of a seal weld. 

Two of t h e  l a r g e  diameter  j o i n t s  had double Conoseals 
gaske t .  The leakage could 

The b e s t  long-term s o l u t i o n  

E. OPERATIONAL EXPERIENCE 

1. T e s t  Set-Up and P rope l l an t  Feed System 

A l l  tests, except  t h e  i n i t i a l  unsuccessful  a t tempt ,  were 
conducted wi th  t h e  t h r u s t  chamber assembly i n  a h o r i z o n t a l  p o s i t i o n  on T e s t  
Stand H-8. F igure  No. 8 7 ,  whereon s i g n i f i c a n t  hardware i t e m s  are l abe led ,  
shows t h e  t h r u s t  chamber assembly i n s t a l l e d  i n  t h e  test s tand .  F igure  No. 88 
is  a schematic diagram of t h e  test system showing p r o p e l l a n t  l i n e s ,  va lves  
and flowmeters, purge connect ions,  and t h e  f l u o r i n e  supply system f o r  i g n i t i o n .  
A s  can be  seen  from t h i s  schematic,  l i q u i d  hydrogen from t h e  f u e l  tank  (FT) is  
pressur ized  by gaseous hydrogen and f lows through t h e  f u e l  s a f e t y  va lve  (FSV), 
t h e  volumetr ic  flowmeter (FMF), t h e  mixer, t h e  t h r u s t  chamber f u e l  valve (TCFV), 
and i n t o  t h e  t h r u s t  chamber assembly. A t  t h e  mixer, gaseous hydrogen is added 
t o  t h e  l i q u i d  hydrogen t o  c o n t r o l  t h e  hydrogen temperature  a t  t h e  i n j e c t o r  
i n l e t .  
n i t rogen  and flows through t h e  o x i d i z e r  s a f e t y  valve (OSV), t h e  o x i d i z e r  
volumetr ic  flowmeter (FMO), t h e  main t h r u s t  chamber o x i d i z e r  valve (TCOV), 
and/or  by-pass (TCOV-BP) o x i d i z e r  t h r u s t  chamber valves i n t o  t h e  t h r u s t  chamber 
assembly . 

Liquid oxygen from t h e  o x i d i z e r  tank  (OT) i s  p res su r i zed  wi th  gaseous 

0 F l e x i t a l l i c  Gasket Co. 
@ RACO S e a l  Engineering Div is ion  of R. E. Kre i th  Co. 
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Ignition 

62,000 lb p-p r 

c 226,000 lb p-p 

.10 aec . 1 

Figure 86. Typical  Responses during M-1 TCA F i r i n g ,  T e s t  No. 
1. 2-07-EHM-006 
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The system w a s  instrumented t o  measure t h r u s t ,  p r o p e l l a n t  
f lows, p re s su res ,  temperatures ,  l i n e  motions, t h r u s t  chamber and l i n e  accelera- 
t i o n s  as w e l l  as l o c a l  s t r a i n s  a t  key loca t ions .  
ins t rumenta t ion  l i s t .  
l o c a t i o n s  r e l a t i v e  t o  t h e  t h r u s t  chamber a l s o  i s  included i n  t h i s  appendix. 

Appendix E is a t y p i c a l  
A motion p i c t u r e  coverage p l o t  p lan ,  which shows camera 

2. S t a r t  Sequence, I g n i t i o n  System, and S t a r t  Trans ien t  

a. S t a r t  Sequence 

The p r o p e l l a n t  tanks and t h e  gaseous f l u o r i n e  run  tank  

The l i n e s  upstream of t h e  t h r u s t  chamber va lves  are bled-in 
are f i l l e d  whi le  low volume purges are provided t o  t h e  t h r u s t  chamber propel- 
l a n t  manifolds.  
through t h e  f u e l  bleed v a l v e  (FBV) and t h e  o x i d i z e r  b leed  va lve  (OBV) u n t i l  
f i l l e d  wi th  l i q u i d  ( see  F igure  No. 88). Then, t h e  purge t o  t h e  o x i d i z e r  mani- 
f o l d  is  increased  t o  provide  a p r e s s u r e  of 10  p s i g  t o  20 p s i g  i n  t h e  manifold.  
The p r o p e l l a n t  tanks  are p res su r i zed  t o  predetermined i n i t i a l  s e t t i n g s  and 
p res su re  c o n t r o l  is  e s t ab l i shed .  I f  t h e  temperature  downstream of t h e  propel- 
l a n t  va lves  i n d i c a t e  i n s i g n i f i c a n t  o r  no through leakage,  f i r e  swi tch  is 
i n i t i a t e d .  

The f i r e  switch a c t i v a t e s  t h e  f u e l  t h r u s t  chamber va lve  
p i l o t  va lve  t o  t h e  open p o s i t i o n  and starts t h e  shutdown timers. 
fol lowing have n o t  occurred p r i o r  t o  pre-se lec ted  t i m e s ,  shutdown is  s i g n a l l e d :  

I f  t h e  

(1) Oxidizer  by-pass va lve  f u l l  opening. 
(2) Attainment of a chamber p r e s s u r e  of 200 

(3) I n i t i a t i o n  of  shutdown. 
o r  g r e a t e r .  

ps i a  

When t h e  f u e l  va lve  reaches a 10% open p o s i t  on, i t  
a c t i v a t e s  t h e  c i r c u i t s  t o  open t h e  f l u o r i n e  i g n i t i o n  va lve  as w e l l  as t h e  
va lve  c o n t r o l l i n g  t h e  flow of gaseous hydrogen t o  t h e  mixer. 
f l u o r i n e  i g n i t i o n  l i n e  o r  an excess temperature  a t  t h e  hydrogen i n j e c t o r  i n l e t  
a t  any t i m e  w i l l  cause a shutdown. 
which i s  set a t  50% open, creates a s i g n a l  t o  open t h e  by-pass o x i d i z e r  t h r u s t  
chamber va lve .  I f  t h i s  sequence is completed, t h e  f l u o r i n e  i g n i t i o n  va lve  
remains open and t h e  o x i d i z e r  by-pass va lve  is  opened p r i o r  t o  a pre-se lec ted  
t i m e .  The f u e l  v a l v e  cont inues  t o  open and t h e  t h r u s t  chamber i n l e t  l i n e s  
and manifolds begin  t o  f i l l .  
by t h e  f l u o r i n e .  
Oxidizer  reaches t h e  combustion zone and i g n i t i o n  occurs .  
t i o n ,  t h e  o x i d i z e r  manifold f i l l s  and chamber p r e s s u r e  rises r a p i d l y  t o  above 
200 p s i a .  
events  have been completed be fo re  a predetermined t i m e  and t h e  o x i d i z e r  by-pass 
va lve  has remained open, t h e  sequence cont inues.  Also dur ing  t h i s  per iod ,  t h e  
va lve  admi t t ing  gaseous hydrogen t o  t h e  mixer opens a t  a pre-se t  rate. 

Burnout of t h e  

A p o s i t i o n  switch on t h e  f l u o r i n e  va lve ,  

Fue l  reaches t h e  chamber f i r s t ,  followed r a p i d l y  

Shor t ly  a f t e r  i gn i -  
The en t r ance  of f l u o r i n e  provides  an  i g n i t i o n  source.  

This  p r e s s u r e  is c o n t r o l l e d  by t h e  o x i d i z e r  flow rate. I f  t h e s e  
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A chamber p re s su re  swi tch  set a t  200 p s i a  is used t o  
s i g n a l  ramping of t h e  f u e l  tank from i t s  i n i t i a l  s e t t i n g  t o  an in te rmedia te  
va lue  and s i g n a l s  c l o s u r e  of t h e  ox id ize r  manifold purge valve.  Attainment 
of  a p res su re  i n  t h e  f u e l  tank of approximately 10% above t h e  i n i t i a l  s e t t i n g ,  
f u l l  opening of t h e  f u e l  va lve ,  f u l l  open p o s i t i o n  of t h e  ox id ize r  by-pass 
valve, and 50% open p o s i t i o n  of  t h e  f l u o r i n e  valve permit  t h e  main ox id ize r  
t h r u s t  chamber valve t o  be  s i g n a l l e d  open and t h e  con t inua t ion  of t h e  a d d i t i o n  
of gaseous hydrogen t o  t h e  mixer. A p o s i t i o n  swi tch  on t h e  main o x i d i z e r  t h r u s t  
chamber valve is set  a t  approximately 50% open. It creates t h e  s i g n a l  t o  per- 
m i t  ramping of t h e  hydrogen and oxygen tank  p res su re  t o  t h e  pre-se lec ted  s teady-  
s ta te  va lues ,  c losu re  of t h e  f l u o r i n e  i g n i t i o n  va lve ,  and opening of a f l u o r i n e  
syptem purge valve. 

The system proceeds t o  and remains a t  s t eady- s t a t e  u n t i l  
shutdown i s  s i g n a l l e d  by a pre-se t  t i m e r  c i r c u i t  un le s s  a s a f e t y  shutdown 
occurs  f i r s t .  This  sequence i s  i l l u s t r a t e d  g raph ica l ly  on F igure  No. 89. 

The fol lowing are t h e  s a f e t y  shutdown c r i t e r i a :  

- PaTCFV i s  g r e a t e r  than  1200 p s i a  by FS1 + 1.350 s e c  
and is  maintained u n t i l  FS2. 

- Fuel s a f e t y  open (from i n i t i a l  va lve  opening t o  FS2). 

- Loss of gaseous hydrogen p r e s s u r i z a t i o n  t o  t h e  mixer. 

- Combustion S t a b i l i t y  Monitor. 

- Gaseous f l u o r i n e  manifold burn-through. 

- Fuel  temperature  a t  i n j e c t o r  i n l e t  too high. 

- Loss of TCV a c t u a t i o n  tank f l u i d  l e v e l .  

- Oxidizer  tank ove rp res su r i za t ion .  

- Fuel  tank  ove rp res su r i za t ion .  

The sequence and shutdown devices  w e r e  e s t a b l i s h e d  as a 
r e s u l t  of t h e  malfunct ion a n a l y s i s  presented  on Table X V I I .  P r o t e c t i o n  
a g a i n s t  delayed i g n i t i o n  explos ions ,  severe burning caused by high mixture  
ratios, and damage r e s u l t i n g  from i n s t a b i l i t y w e r e  deemed e s s e n t i a l .  

This  sequence w a s  used i n  a l l  of t h e  success fu l  tests. 
Typical  a c t u a l  p re s su re ,  flow, and temperature h i s t o r i e s  are shown on Figures  
No. 90 through No. 95. 
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I n  t h e  i n i t i a l  test at tempt  a t  Test Stand H-8, a closed- 
loop system w a s  used f o r  c o n t r o l  of t h e  gaseous hydrogen t o  t h e  mixer. A 
s i g n a l  from t h e  l i q u i d  f u e l  flowmeter w a s  used t o  f i x  t h e  p o s i t i o n  of t h e  
gaseous hydrogen c o n t r o l  valve. This s e t t i n g  w a s  t o  b e  such t h a t  t h e  hydrogen 
temperature a t  t h e  t h r u s t  chamber assembly i n l e t  would b e  constant  throughout 
t h e  s tar t  t r a n s i e n t  and s teady-state .  I n  t h e  attempted test with t h i s  system, 
t h e  l i q u i d  flow ceased and only gaseous hydrogen w a s  admitted t o  t h e  i n j e c t o r .  
In a d d i t i o n ,  gaseous hydrogen flowed from t h e  mixer back t o  t h e  f u e l  tank, 
r eve r s ing  t h e  flowmeter d i r e c t i o n  of r o t a t i o n .  
i n i t i a l  gaseous hydrogen demand w a s  so  g r e a t  t h a t  t h e  mixture could n o t  be  
forced through t h e  downstream system without  a p res su re  build-up a t  t h e  mixer, 
A s  t h e  p re s su re  a t  t h e  mixer b u i l t  up, i t  reduced t h e  l i q u i d  hydrogen flow and, 
consequently, t h e  gaseous hydrogen demand. Before t h e  c o n t r o l  system could 
react t o  t h i s  decreased demand, t h e  p re s su re  i n  t h e  mixer exceeded t h a t  i n  t h e  
f u e l  tank and gaseous hydrogen began t o  flow i n t o  t h e  tank. 
hydrogen flowing through t h e  volumetric flowmeter, t h e  ra te  of r o t a t i o n  
increased r a p i d l y ,  which r e s u l t e d  i n  a demand f o r  even g r e a t e r  flow of gaseous 
hydrogen. Thus, t h e  l i q u i d  flow ceased and only gaseous hydrogen flowed i n t o  
the  i n j e c t o r  u n t i l  shutdown. 

Analysis showed t h a t  t h e  

With gaseous 

These effects r e s u l t e d  i n  several changes t o  t h e  system. 

Also, t h e  mixer w a s  modified t o  allow a major p o r t i o n  of 
A s a f e t y  shutdown w a s  added f o r  excessive temperature a t  t h e  t h r u s t  chamber 
assembly f u e l  i n l e t .  
t h e  gaseous hydrogen t o  b e  d i r e c t e d  a x i a l l y  downstream, which decreases  t h e  
mixer p res su re  drop by a f a c t o r  of 10. 
t o  p o s i t i o n  t h e  gaseous hydrogen c o n t r o l  valve u n t i l  t h e  gaseous hydrogen flow 
reached approximately 50% of i t s  f i n a l  value.  
t o r  w a s  mechanically blocked t o  open t o  only 25% of i t s  f u l l  s t r o k e ,  which 
inc reases  the  l i q u i d  system r e s i s t a n c e .  F ina l ly ,  pre-set  hydrogen tank p res su re  
w a s  r a i s e d  approximately 50%. These changes r e s u l t e d  i n  success fu l  t r a n s i e n t s  
a f t e r  an i n i t i a l  balance at tempt  wherein t h e  rate of opening of t h e  gaseous 
hydrogen valve w a s  excessive.  

An open-loop c o n t r o l  system w a s  used 

The hydrogen s a f e t y  valve actua- 

The decrease t o  flow r e s i s t a n c e  i n  t h e  mixer along with 
t h e  inc rease  of r e s i s t a n c e  i n  t h e  f u e l  s a f e t y  valve and g r e a t e r  p re s su re  i n  
t h e  f u e l  tank permit ted t h e  p re s su re  i n  t h e  mixer t o  become l a r g e r  when 
gaseous hydrogen w a s  added t o  t h e  flowing l i q u i d  hydrogen without exceeding 
tank pressure.  
t i o n  u n t i l  t h e  gas flow w a s  r e l a t i v e l y  high el iminated inaccurac i e s  i n  t h e  
flow measuring system t o  react t o  t h e  r a p i d l y  changing flow rates occurr ing 
e a r l y  i n  t h e  t r a n s i e n t .  

U s e  of open-loop c o n t r o l  of t h e  gaseous hydrogen valve posi-  

With t h e  use  of a n  open-loop c o n t r o l  system it w a s  
necessary t o  a s s u r e  t h a t  t h e  gaseous hydrogen valve d i d  n o t  open p r i o r  t o  t h e  
main t h r u s t  chamber f u e l  valve as w e l l  as t o  pre-program t h e  opening rate o r  
p o s i t i o n  (LMix-PRV) i n  r e l a t i o n s h i p  t o  t i m e .  The former w a s  accomplished by 
ob ta in ing  t h e  s i g n a l  t o  i n i t i a t e  opening of t h e  gaseous hydrogen valve from a 
10% open switch on t h e  main f u e l  t h r u s t  chamber valve. 
t h e  gaseous hydrogen valve w a s  then set t o  provide r e l a t i v e l y  warm hydrogen t o  

The opening rate of 
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t h e  i n j e c t o r  dur ing  t h e  t r a n s i e n t  while  a s su r ing  t h a t  t h e  p re s su re  a t  t h e  
gas / l i qu id  mixer d i d  no t  exceed t h a t  of t h e  l i q u i d  hydrogen tank. 
c a l c u l a t i o n  f o r  gaseous hydrogen va lve  p o s i t i o n  versus  time is shown i n  
Appendix F. 

A sample 

b. I g n i t i o n  System 

I n  t h e  f i r s t  test at tempt  conducted a t  T e s t  Stand C-9, 
i g n i t i o n  w a s  accomplished by e i g h t  e l e c t r i c a l l y - i n i t i a t e d  pyrotechnic  i g n i t e r  
c a r t r i d g e s  mounted a t  t h e  c e n t e r  of t h e  i n j e c t o r .  
7000°F exhaust products  a x i a l l y  toward t h e  i n j e c t o r  per iphery.  
tanks were p res su r i zed  t o  s t eady- s t a t e  va lues  a t  t h e  t i m e  t h a t  t h e  main propel- 
l a n t  va lves  w e r e  opened and no ox id ize r  by-pass va lve  w a s  used. 
i g n i t i o n ,  t h e  chamber p re s su re  increased  r ap id ly  from approximately 100 p s i a  
t o  approximately 1200 p s i a  i n  less than 50 mill isec.  
chamber p re s su re  and t h r u s t  r e s u l t e d  i n  r e l a t i v e l y  high shock loading on the  
t h r u s t  t ake  out  system and p rope l l an t  l i n e s .  

These c a r t r i d g e s  emit ted 
The p rope l l an t  

Shor t ly  a f t e r  

This rap id  rise i n  

A slower chamber p re s su re  rise w a s  requi red  t o  avoid t h e  
shock loading.  
pressure ,  improving t h e  d i f f u s e r  f o r  t h e  ox id ize r  p re s su ran t  gas ,  and i n s t a l l i n g  
the  smaller o x i d i z e r  by-pass t h r u s t  chamber valve.  
taneous ox id ize r  flow rate a t  i g n i t i o n  reduced t h e  chamber p re s su re  achieved 
s h o r t l y  af terwards.  This  decrease i n  o x i d i z e r  flow rate r e s u l t e d  i n  a longer  
requi red  t i m e  t o  f i l l  t he  p rope l l an t  system downstream of the  t h r u s t  chamber 
valves .  The inc rease  i n  t i m e  r equ i r e s  t h a t  t h e  pyrotechnic  i g n i t e r s  (2.0 sec 
burning dura t ion)  be i n i t i a t e d  a f t e r  t h e  i n i t i a l  opening of t h e  p rope l l an t  
va lves  i n s t e a d  of a t  f i r e  switch.  To avoid p o t e n t i a l  delayed i g n i t i o n  explo- 
s i o n s  i n  the  event t h a t  t hese  i g n i t e r s  f a i l e d ,  a gaseous f l u o r i n e  i g n i t i o n  
system w a s  incorpora ted  i n t o  t h e  hardware and test f a c i l i t y .  

This  w a s  accomplished by reducing pre-set  ox id i ze r  tank 

The decrease i n  t h e  ins tan-  

Approximately 1 .5  l b / s e c  of gaseous f l u o r i n e  w a s  i n j e c t e d  
d i r e c t l y  i n t o  t h e  chamber through four  copper f i t t i n g s  i n s t a l l e d  i n  t h e  
chamber f l ange  ( see  Figure No. 96) .  The sequence of i n j e c t i o n  w a s  previously 
discussed.  To supply t h i s  gaseous f l u o r i n e ,  a f ixed  volume run tank (see  
Figure No. 88) w a s  p ressur ized  from 700 p s i a  t o  800 p s i a  p r i o r  t o  f i re-switch.  
Gaseous f l u o r i n e  i s  commercially-available i n  b o t t l e s  of approximately 4 l b  
capac i ty  a t  400 p s i a .  
encased wi th  l i q u i d  n i t rogen  t o  provide f l u o r i n e  f o r  one test. 
l i q u i d  f l u o r i n e  w a s  allowed t o  vapor ize  i n t o  t h e  run tank u n t i l  t h e  des i r ed  
pre-run p res su re  w a s  reached. 

Approximately 10 b o t t l e s  were condensed i n  a conta iner  
Then, t h e  

Two gaseous n i t rogen  purges e n t e r  t h e  gaseous f l u o r i n e  
system immediately downstream from t h e  f l u o r i n e  i g n i t i o n  valve.  A low volume 
purge w a s  provided p r i o r  t o  t h e  f i re -swi tch  t o  prevent  hydrogen from en te r ing  
i n t o  t h e  f l u o r i n e  manifold p r i o r  t o  f l u o r i n e  flow. A t  50% opening of t h e  main 
ox id ize r  t h r u s t  chamber va lve ,  t h e  f l u o r i n e  i g n i t i o n  va lve  is  s i g n a l l e d  closed 
and a high volume purge i n i t i a t e d  as previous ly  discussed.  This purge is a t  a 
p res su re  which is  h igher  than t h e  chamber p re s su re  t o  prevent  ho t  gas from 
en te r ing  t h e  f l u o r i n e  manifold. 
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c. Shutdown Trans i en t  

It w a s  deemed d e s i r a b l e  t o  s h u t  down t h e  systems as 
r a p i d l y  as p o s s i b l e  whi le  remaining c o n s i s t e n t  w i th  a l lowable  water-hammer i n  
t h e  o x i d i z e r  system to  avoid h igh  mixture  r a t i o  excurs ions .  The ope ra t ion  of 
valves dur ing  t h e  shutdown sequence is  as follows: 

(1) S igna l s  t o  Valves a t  FS2 

Mot i o n  Valve 

LoTCV-BP 

LTCOV 

Closed 

Closed 

LTCfV Closed 

Mixer GH2 PRV Closed 

Ign Cont. Valve Closed 

LO2 Tank Safety* Closed 

LH2 Tank Sa fe ty  Closed 

GF2 Safe ty  Valve Closed 

LH2 (Lo & Hi) Bleed Open 

LO2 (Lo & Hi) Bleed Open 

LO2 TCA Dump Open 

Delay T i m e  Durat ion of Motion 

0.085 0.375 - + 0.025 

0.175 0.650 - + 0.050 

0.975 - + 0.050 

** 0.600 + 0.050 
(Regardless-of % open) 
(and b iased  c losed  a t  

0.425 - + 0.050 

TCFVS-1) 

0.090 0.20 - + 0.020 

0.250 0.450 

0.70 - + 0.050 1.100 - + 0.050 

No t i m e  requirements  

0.100 0.525 - + 0.025 

. 0.100 0.425 - + 0.025 

0.100 0.475 - + 0.025 

*LO2 tank  s a f e t y  minimum c l o s u r e  a t  FS2 + 0.400 sec. 
**Signal c losed  a t  TCFV c l o s i n g  s i g n a l .  

(2) High volume (50 l b / s e c  GN2) o x i d i z e r  p o s t f i r e  
i n j e c t o r  manifold purge on FS2. 
i n j e c t o r  manifold purge s i g n a l l e d  on a t  TCFV c l o s i n g  s i g n a l .  
s i g n a l l e d  c losed  a f t e r  3 sec (minimum) flow. 

High volume (20 l b / s e c  GHe) f u e l  p o s t f i r e  
Purge va lves  

(3) GF2 system high p r e s s u r e  purge valve s i g n a l l e d  
c losed  a t  FS2 + 3 sec minimum. 

(4) GF2 system t r i c k l e  purge starts flowing when high 
p r e s s u r e  purge flow ceases. T r i c k l e  purge va lve  s i g n a l l e d  t o  c l o s e  a t  sequence 
reset. I1 
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The h igh  volume o x i d i z e r  p o s t f i r e  purge en tered  near  t h e  
i n j e c t o r  and w a s  intended t o  cut-off t h e  o x i d i z e r  stream a t  t h e  purge loca t ion .  
Oxidizer  downstream of t h e  purge p o i n t  w a s  forced through t h e  i n j e c t o r ,  whi le  
t h a t  upstream w a s  forced o u t  through t h e  ox id ize r  dump valve, ODV (see 
Figure  No. 88). 

R e v i e w  of  t h e  motion p i c t u r e s  and hardware a f t e r  t e s t i n g  
ind ica t ed  t h a t  t h e  mixture  r a t i o  d i d  n o t  become excess ive  dur ing  shutdown. 
Because b leed  and dump valves downstream of t h e  flowmeters were open dur ing  
t h e  t r a n s i e n t ,  f low rates through t h e  t h r u s t  chamber dur ing  t h i s  per iod  cannot 
be  r e a d i l y  e s t ab l i shed .  
shutdown s i g n a l  are included i n  Figures  No. 90 through No. 95. 

Typical  p l o t s  of t h r u s t  chamber parameters a f t e r  t h e  

3. Sound Level Evaluat ion 

The p r e d i c t i o n  of sound p res su re  levels w a s  g iven  cons iderable  
a t t e n t i o n .  This  i n t e r e s t  w a s  based upon t h e  concern over  p o s s i b l e  o p e r a t i o n a l  
l i m i t a t i o n s  which might b e  imposed on schedul ing of test ac t iv i t ies  i f  sound 
p res su re  levels reached propor t ions  which are ob jec t ionab le  t o  t h e  surrounding 
community. 
suppression systems might a l s o  be  requi red ,  i f  sound levels were excessive.  

I n  a d d i t i o n  t o  schedul ing l i m i t a t i o n s ,  i t  w a s  considered t h a t  sound 

Appendix G extends t h e  p a s t  p r e d i c t i o n s  t o  comparisons wi th  
a c t u a l  sound measurement d a t a  taken dur ing  test f i r i n g s  of t h e  M-1 uncooled 
t h r u s t  chamber assembly on T e s t  Stand H-8 during t h e  i n i t i a l  o p e r a t i o n a l  phase, 
J u l y  and August 1966. 

F. MULTI-ORIFICE INJECTOR TEST RESULTS 

A test w a s  a t tempted i n  June  1964 wi th  t h e  S/N 004 i n j e c t o r  and a 
film-cooled s t a i n l e s s  steel chamber. It w a s  scheduled f o r  a du ra t ion  of 3 sec, 
bu t  w a s  terminated p r i o r  t o  t h i s  by a malfunct ion f a i l u r e  i n  t h e  l i q u i d  
oxygen c i r c u i t .  

P o s t t e s t  i n spec t ion  revea led  cons iderable  damage t o  t h e  o x i d i z e r  
feed system between t h e  tank  and t h e  i n j e c t o r  i n l e t .  The o x i d i z e r  t h r u s t  
chamber valve, t h e  flowmeter, and several l a r g e  f l anges  were seve re ly  burned. 
Sec t ions  of t h e  o x i d i z e r  l i n e  were bent  and d i sp laced  from t h e i r  o r i g i n a l  
pos i t i on .  

A M-1 Thrust  Chamber Assembly Accident Spec ia l  I n v e s t i g a t i o n  Team 
w a s  ass igned by NASA/LeRC t o  review a l l  d a t a  and planning p e r t a i n i n  
test. The f ind ings  of  t h i s  team were publ ished i n  a s p e c i a l  r e p o r t f l 9 ) .  They 
narrowed t h e  cause of t h e  malfunct ion down t o  t h e  fol lowing two p o s s i b i l i t i e s :  

t o  t h i s  

(19) M-1 Thrus t  Chamber Assembly Accident (Test No. l.l-02-EHM-O03), M-1 
Accident Spec ia l  I n v e s t i g a t i o n  Team, L t .  Col. J o e  E. Heather ly ,  Chairman, 
28 August 1964 
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- Abnormal vibration and g-loading on the oxidizer thrust 
chamber valve resulting from the ignition in the thrust 
chamber assembly and which led to internal mechanical 
failure in the valve and the burning. 

- Pressure surges in the liquid oxygen system which caused 
the contaminants in the system to be ignited. 

Based upon the recommendations of this team, considerable changes 

A successful test program was then conducted with a coaxial injector. 
were made in the system structure as well as the cleaning and operating proce- 
dures. 
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V. CONCLUSIONS 

The fol lowing e i g h t  conclusions are t h e  major ones r e s u l t i n g  from t h e  
M-1 t h r u s t  chamber program. 

A. 
which can be  used t o  determine performance, s t a b i l i t y ,  and if i n j e c t o r s  are 
s t r eak ing  be fo re  they are used wi th  regenerat ively-cooled hardware. 

The a b l a t i v e  l i n e r  appears  t o  b e  a va luab le  i n j e c t o r  test device  

B. Chugging w a s  experienced during t h e  low chamber p re s su re  phases of 
t h e  s t a r t  t r a n s i e n t  when i n j e c t o r  p re s su re  drops were low, bu t  i t  disappeared 
completely as chamber p re s su re  increased  t o  s teady-s ta te .  

C. Performance w a s  achieved t h a t  is equal  t o  t h e  c o n t r a c t  spec i f i ca -  
t i o n  f o r  PFRT (429.5 sec a t  a mixture  r a t i o  of 5.49) when it  w a s  ex t r apo la t ed  
t o  vacuum cond i t ions  wi th  a 40: l  expansion r a t i o  nozzle.  

D. The condi t ions  t h a t  t r i gge red  i n s t a b i l i t y  were not  s i g n i f i c a n t l y  
a f f e c t e d  by b a f f l e  l eng th ,  type  of chamber w a l l  ( a b l a t i v e  o r  steel), d i s t a n c e  
of t h e  chamber w a l l  from t h e  o u t e r  row of elements,  o r  oxygen i n l e t  temperature.  

E. Increas ing  b a f f l e  l eng th  from 5/8 in. t o  3-1/2 in .  decreased 
amplitude and r e s u l t a n t  hardware damage caused by i n s t a b i l i t y .  

F. The i n j e c t o r  has  an  adequate  s t a b i l i t y  margin a t  des ign  ope ra t ing  
condi t ions  t o  permit  s a t i s f a c t o r y  ope ra t ion  without  b a f f l e s .  

G. The reduct ion  of b a f f l e  coolan t  from 4% wi th  t h e  long b a f f l e s  t o  
2% wi th  t h e  s h o r t  b a f f l e s  had less than  1/2% a f f e c t  upon performance. 

H. Although ope ra t ing  condi t ions  (i.e.,  hydrogen temperature,  combus- 
t i o n  e f f i c i e n c y ,  and i n j e c t i o n  v e l o c i t y )  w e r e  shown t o  have an a f f e c t  upon t h e  
i n i t i a t i o n  of i n s t a b i l i t y ,  no a n a l y t i c a l  method f o r  c o r r e l a t i n g  o r  e x t r a p o l a t i n g  
these  e f f e c t s  w a s  der ived.  
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VI WCOMMENDATIONS 

The following two recommendations are made because their accomplishment 
would provide additional technology, which would make the M-1 thrust chamber 
data even more meaningful. 

A. Additional testing within the current test program to ascertain 
whether the film cooling now being utilized is adequate for a regeneratively- 
cooled combustion chamber. 

B. In view of the satisfactory performance of the ablative liner, an 
additional test program would permit definition of its duration capability. 
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APPENDIX A 

M-1 THRUST CHAMBER TRANSVERSE MODE 

COMBUSTION STABILITY ANALYSIS* 

* The information presented i n  t h i s  appendix w a s  o r i g i n a l l y  provided i n  
response t o  LeRC Action I t e m  No .  4 on 29 A p r i l  1963 as Aerojet-General 
Report No. TCR 9621-012. 
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Appendix A 

I. INTRODUCTION 

Combustion i n s t a b i l i t y  is one of t h e  most cr i t ical  problems i n  nea r ly  
every engine development program, which has  been hindered by occurrences of 
o s c i l l a t o r y  combustion. Usually,  s t a b i l i t y  problems w e r e  solved by t r ia l -and-  
e r r o r  modi f ica t ions  of t h e  i n j e c t o r  p a t t e r n  o r  s t a r t i n g  procedure.  However, 
more r e c e n t l y ,  b a f f l e s  have been used t o  o b t a i n  s t a b l e  opera t ion .  

The empi r i ca l  development of a n  adequate  b a f f l e  r e q u i r e s  ex tens ive  hard- 
ware f a b r i c a t i o n  and t e s t i n g .  The purpose of t h i s  a n a l y s i s  w a s  t o  p r e d i c t ,  
us ing  a v a i l a b l e  t h e o r e t i c a l  and experimental  information,  t h e  s t a b i l i t y  behavior  
of t h e  M-1 t h r u s t  chamber and t h e  b a f f l e  conf igu ra t ion  requi red  t o  ensure  s t a b l e  
opera t ion .  

The combustion process  i n  any l i q u i d  p r o p e l l a n t  rocke t  t h r u s t  chamber 
is never e n t i r e l y  smooth. During t h e  nominally s t eady- s t a t e  per iod  between 
s t a r t i n g  and c u t o f f ,  f l u c t u a t i o n s  occur i n  a l l  p r o p e r t i e s  (pressure ,  tempera- 
t u r e ,  v e l o c i t y ,  e t c . )  around t h e  d e s i r e d  opera t ing  va lues .  The ampli tude of 
t h e s e  f l u c t u a t i o n s  can  va ry  over a wide range from chamber t o  chamber and i n  
one chamber, they can  vary  f o r  d i f f e r e n t  opera t ing  condi t ions .  When t h e  f luc -  
t u a t i o n s  are completely random, t h e  ope ra t ion  i s  c l a s s i f i e d  as "rough" combus- 
t i o n ,  A q u a l i t a t i v e  d i s t i n c t i o n  can be  made between "rough" and "smooth" com- 
b u s t i o n  upon t h e  b a s i s  of t h e  root-mean-square ampli tude of t h e  f l u c t u a t i o n s .  

Combustion i n s t a b i l i t y  d i f f e r s  i n  t h a t  is  c o n s i s t s  of organized o s c i l l a -  
t i o n s  t h a t  are maintained and ampl i f ied  by t h e  combustion process  i t se l f .  It 
is gene ra l ly  agreed t h a t  t h e r e  are t h r e e  k inds  of i n s t a b i l i t y ,  which are d i f -  
f e r e n t i a t e d  by t h e  frequency of t h e  r e s u l t i n g  o s c i l l a t i o n s .  
as low, in te rmedia te ,  and high-frequency i n s t a b i l i t y .  

These are known 

Low-frequency combustion i n s t a b i l i t y  has  rece ived  much t h e o r e t i c a l  and 
experimental  s tudy.  It involves  t h e  i n t e r a c t i o n  of t h e  p r o p e l l a n t  feed  system 
wi th  t h e  combustion process .  A t h e o r e t i c a l  a n a l y s i s  f o r  t h e  intermediate-  
frequency case exists al though t h e  phenomenon i s  r a r e l y  observed. This  analy- 
sis i s  concerned w i t h  t h e  high-frequency type  of combustion i n s t a b i l i t y ,  which 
is  by f a r  t h e  most d e s t r u c t i v e  type  as w e l l  as t h e  most d i f f i c u l t  t o  c o n t r o l .  

High-frequency i n s t a b i l i t y  is  a forced  o s c i l l a t i o n  of t h e  combustion 
chamber gases ,  which is  d r iven  by t h e  combustion process  i n t e r a c t i n g  wi th  t h e  
resonance e f f e c t s  of t h e  chamber geometry. The r e s u l t i n g  o s c i l l a t i o n  p a t t e r n s  
and f requencies  are very similar t o  those  of t h e  a c o u s t i c  modes of t h e  chamber. 

Most r e sea rch  has been concerned wi th  c i r c u l a r  c y l i n d r i c a l  chambers, 
wherein l o n g i t u d i n a l  and t r a n s v e r s e  modes can be  d i s t ingu i shed .  
t u d i n a l  mode, t h e  proper ty  v a r i a t i o n s  occur  i n  t h e  a x i a l  d i r e c t i o n  whi le  con- 
d i t i o n s  are uniform on a s e c t i o n  n o m 1  t o  t h e  ax i s .  
modes, un i formi ty  of t h e  p r o p e r t i e s  a long t h e  a x i s  w i t h  v a r i a t i o n s  i n  t h e  
r a d i a l  and c i r cumfe ren t i a l  d i r e c t i o n s  i s  involved. These t r a n s v e r s e  modes can 
be e i t h e r  r a d i a l  o r  t a n g e n t i a l .  

I n  a longi-  

I n  pure ly  t r a n s v e r s e  

I n  r a d i a l  modes, t h e  p re s su re  nodal  s u r f a c e s  
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( i . e . ,  su r f aces  upon which t h e  p re s su re  o s c i l l a t i o n  amplitude vanishes)  are 
c y l i n d e r s  having a n  a x i s  which co inc ides  with t h e  a x i s  of t h e  combustion 
chamber. 
p lanes  passing through t h e  chamber a x i s ) .  
a s i n g l e  nodal  s u r f a c e ,  t h e  second mode has two nodal  s u r f a c e s ,  and so on. 

The p res su re  nodes i n  t a n g e n t i a l  modes are d iame t ra l  s u r f a c e s  ( i . e . ,  
I n  e i t h e r  case, t h e  lowest  mode has  

Also, i t  is p o s s i b l e  t o  have combined r a d i a l - t a n g e n t i a l  and long i tud ina l -  
t r ansve r se  modes. 
can e x i s t  i n  two forms; t h e  s tanding  form, wherein t h e  nodal  s u r f a c e s  are 
s t a t i o n a r y ;  o r  t h e  sp inning  form, wherein t h e  nodal s u r f a c e s  r o t a t e  a t  t h e  
angular  frequency of t h e  o s c i l l a t i o n .  

Each t a n g e n t i a l  o r  combined mode wi th  a t a n g e n t i a l  component 

The ampli tudes of t r a n s v e r s e  modes are usua l ly  very  l a r g e .  Peak-to- 
peak amplitudes of 300% of s t eady- s t a t e  chamber p re s su re  are not  uncommon. 
One of t h e  most de t r imen ta l  consequences of such o s c i l l a t i o n s  i s  t h e  burnout 
of combustion chamber hardware because of t h e  abnormally high hea t  t r a n s f e r  
rates as soc ia t ed  wi th  i n s t a b i l i t y .  Measured hea t  f l u x  i n c r e a s e s  of 400% t o  
5002 have accompanied t h e  onse t  of t r a n s v e r s e  mode o s c i l l a t i o n s .  

11. SUMMARY 

Three of t h e  most advanced methods f o r  analyzing combustion s t a b i l i t y  
w e r e  eva lua ted  i n  connect ion wi th  developing a method f o r  e l imina t ing  combus- 
t i o n  i n s t a b l l i t y  i n  t h e  M-1 combustion chamber. 
a b l e  f e a t u r e s .  

Each method showed some d e s i r -  

The mechanis t ic  approach developed a t  NASA L e w i s  Research Center and 
t h e  Polytechnic  I n s t i t u t e  of Brooklyn w a s  t h e  most r i go rous  and q u a n t i t a t i v e ;  
however, i t  w a s  developed f o r  a narrow range of chamber des igns  and ope ra t ing  
condi t ions .  

The avai lable-energy concept developed a t  Aerojet-General w a s  based 
upon a l a r g e  q u a n t i t y  of empi r i ca l  d a t a ,  bu t  i t  had not  been developed i n t o  a 
q u a n t i t a t i v e  theory.  

The t h i r d  approach proved t o  be  t h e  most l o g i c a l  s e l e c t i o n  f o r  app l i ca -  
It i s  t h e  S e n s i t i v e  T i m e  Lag Theory developed 

This well-developed theory  had been v e r i f i e d  experi-  
t i o n  i n  t h e  M-1 chamber design. 
a t  Pr ince ton  Univers i ty .  
mental ly  and appeared v a l i d  f o r  a p p l i c a t i o n  t o  a f a i r l y  wide range of chamber 
geometries. 

I n  t h e  S e n s i t i v e  T ime  Lag Theory, two parameters are used t o  d e s c r i b e  
t h e  dynamic combustion process .  The i n t e r a c t i o n  index, I-I, which is  a measure 
of t h e  s e n s i t i v e  t i m e  l a g ,  T .  The lat ter i s  a t i m e  c h a r a c t e r i s t i c  of t h e  
combustion process  and i s  c o n t r o l l e d  by i n j e c t i o n  p a t t e r n ,  p r o p e l l a n t  combus- 
t i o n ,  and ope ra t ing  condi t ions .  

Probable  va lues  f o r  t h e  i n t e r a c t i o n  index and t h e  s e n s i t i v e  t i m e  l a g  
can be determined upon t h e  b a s i s  of hardware design and s p e c i f i e d  ope ra t ing  
condi t ions .  These va lues  are then compared with d a t a  from similar chambers 
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and are used t o  p r e d i c t  t h e  modes a t  which t h e  chamber w i l l  most l i k e l y  experi-  
ence combustion i n s t a b i l i t y .  Applying t h i s  in format ion  permits  t h e  design of 
combustion zone b a f f l e s  which w i l l  p rec lude  o s c i l l a t o r y  combustion i n  t h e  f r e -  
quencies  p e c u l i a r  t o  those  modes. 

Analysis  of t h e  M-1 combustion chamber d i s c l o s e d  t h a t  t h e  most l i k e l y  
modes of combustion i n s t a b i l i t y  w e r e  t h e  t h i r d  and f o u r t h  t a n g e n t i a l  wi th  f r e -  
quencies  i n  t h e  2000 cps t o  3000 cps range. Accordingly, t h e  b a f f l e  configura-  
t i o n  recommended f o r  i n c l u s i o n  w a s  designed t o  prec lude  sp inning  modes and. 
s tanding  t a n g e n t i a l  modes lower than  t h e  s i x t h  t a n g e n t i a l .  

I11 a CONCLUSIONS AND RECOMMENDATIONS 

A b a f f l e  conf igu ra t ion  having a 21-in. diameter  c i r c u l a r  hub wi th  12 
r a d i a l  b lades  o u t s i d e  t h e  s i x  b lades  w i t h i n  t h e  hub w a s  recommended f o r  t h e  
M-1 t h r u s t  chamber. 
des igns  should be s t a b l e  wi th  such a b a f f l e ,  a l though t h e  c o a x i a l  i n j e c t o r  w a s  
expected t o  show a somewhat g r e a t e r  r e s i s t a n c e  t o  i n s t a b i l i t y  than  t h e  conven- 
t i o n a l  design. 

Both t h e  convent iona l  and l a r g e  t h r u s t  c o a x i a l  i n j e c t o r  

The t h e o r e t i c a l  ana lyses  upon which t h i s  s tudy  w a s  based included t h e  
assumption t h a t  the  mean a x i a l  v e l o c i t y  i n  t h e  combustion chamber w a s  s m a l l  
enough s o  t h a t  t h e  square of t h e  Machnumber could be neglec ted  when compared 
t o  un i ty .  However, wi th  a c o n t r a c t i o n  r a t i o  of less than  2.0, such an assump- 
t i o n  cannot produce a c c u r a t e  d e f i n i t i o n  of t h e  u n s t a b l e  ope ra t ing  zones. The 
u n c e r t a i n t i e s  introduced by t h i s  assumption are probably not  of g r e a t e r  magni- 
tude than t h e  u n c e r t a i n t i e s  i n  t h e  es t imated  va lues  of t h e  s t a b i l i t y  parameters .  
Therefore,  t h e  r e s u l t s  of t h e  s tudy  should be adequate  t o  provide guidance f o r  
t h e  development of an e f f e c t i v e  b a f f l e  conf igu ra t ion .  

More p r e c i s e  information can be obta ined  from a n a l y t i c a l  s t u d i e s  only  
when nonl inear  t h e o r i e s  a p p l i c a b l e  t o  h igh-ve loc i ty  combustion chamber flow 
cond i t ions  are developed. 
t i o n ,  an understanding of t h e  phys ica l  n a t u r e  of t h e  s t a b i l i t y  parameters can 
be gained. 
complete and q u a n t i t a t i v e  understanding of t h e  combustion dynamic behavior  of 
l i q u i d  p rope l l an t  rocke t  engines  be achieved. 

With t h e  accumulation of more experimental  informa- 

Only through p a r a l l e l  a n a l y t i c a l  and experimental  e f f o r t  can  a 

IV . BACKGROUND 

A. THEORETICAL APPROACHES 

Examination of t h e  publ ished t h e o r e t i c a l  s t u d i e s  of high-frequency 
combustion i n s t a b i l i t y  showed t h e  fo l lowing  t h r e e  main avenues of approach: 
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- The S e n s i t i v e  T i m e  Lag Theory of Crocco and h i s  co-workers 
a t  Pr ince ton  Univers i ty  (1) (2)  (3) (4) (5) 

- The Mechanistic Theories  developed by Morre l l ,  Priem, and 
Guenter t  a t  NASA L e w i s  Research Center(6)  (7) and by Tor a 
and Burs t e in  a t  t h e  Poly technic  I n s t i t u t e  of Brooklyn (8f 

- The Avai lab le  Energy Concept of E l l i s  Pickford and Peoples 
a t  t h e  Aerojet-General Corporation(9) ? lo>  (11) (15) 

The Pr ince ton  t h e o r e t i c a l  approach is t h a t  of t h e  classical, 
l i n e a r ,  s m a l l  p e r t u r b a t i o n  s t a b i l i t y  theory,  whereby, each of t h e  q u a n t i t i e s  
descr ib ing  t h e  flow i n  t h e  combustion chamber is assumed t o  o s c i l l a t e  about  
i t s  s teady-s ta te  value.  For c e r t a i n  uns t ab le  ope ra t ing  cond i t ions ,  t h e  
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o s c i l l a t i o n  amplitudes w i l l  increase w i t h  t i m e ,  even f o r  a r b i t r a r i l y  s m a l l  
i n i t i a l  amplitudes.  Theore t i ca l  cond i t ions  can be  e s t a b l i s h e d  f o r  t h e  exis- 
tence  of n e u t r a l  o s c i l l a t i o n s ,  t h e  ampli tudes of which n e i t h e r  increase o r  
decrease  wi th  t i m e .  The assemblage of ope ra t ing  p o i n t s  of t h e  t h r u s t  chamber 
which s a t i s f y  t h e  condi t ions  f o r  n e u t r a l  s t a b i l i t y  forms t h e  " s t a b i l i t y  l i m i t s "  
t h a t  d i v i d e  t h e  uns t ab le  from t h e  s t a b l e  r eg ions  of opera t ion .  
p l e t e  s t a b i l i t y  behavior  of t h e  rocke t  engine is  descr ibed  by spec i fy ing  t h e  
s t a b i l i t y  l i m i t s  and i n d i c a t i n g  t h e  uns t ab le  reg ions .  

Thus, t h e  com- 

The unique f e a t u r e  of t h e  Pr ince ton  theory is t h e  u s e  of t h e  sen- 
s i t i ve  t i m e  l a g  concept.  The i d e a  of a combustion t i m e  l a g  as a coord ina t ing  
in f luence  t o  excite organized o s c i l l a t i o n s  i n  a l i q u i d  p rope l l an t  rocke t  com- 
bus t ion  chamber o r i g i n a t e d  wi th  Von Karman a t  t h e  Jet Propuls ion Laboratory i n  
1941. Several ana lyses  were made of low-frequency modes of i n s t a b i l i t y ,  
Crocco introduced t h e  time-varying, o r  s e n s i t i v e ,  combustion t i m e  l a g .  

I n  t h e  t i m e  l a g  concept,  t h e  gradual  evo lu t ion  of combustion pro- 
duc t s  from each p o r t i o n  of p rope l l an t  mix ture  t r a v e l i n g  through t h e  combustion 
chamber a f t e r  i n j e c t i o n  i s  approximated by a d iscont inuous  conversion from 
r e a c t a n t s  t o  products  a f t e r  a c e r t a i n  t i m e  ( t h e  t o t a l  t i m e  l a g )  has  e lapsed.  
I f  t he  combustion chamber condi t ions  f l u c t u a t e ,  t h e  t i m e  l a g  a l s o  must vary.  
To s impl i fy  t h e  d e s c r i p t i o n  of t h e  e f f e c t  of t h e  chamber cond i t ions  upon t h e  
t i m e  l ag ,  t h e  t o t a l  t i m e  l a g  i s  taken as t h e  sum of a "sens i t ive"  p a r t  (T) and 
an  " insens i t i ve"  p a r t .  
t h e  combustion process  rates only dur ing  t h e  s e n s i t i v e  p o r t i o n  of t h e  t o t a l  
t i m e  l ag .  The magnitude of t h e  response of t h e  combustion process  rate t o  
changes i n  thermodynamic state i s  expressed by a "pressure  i n t e r a c t i o n  index" 
(11). 
index ( R )  which i s  v e c t o r i a l .  

The va r ious  phys ica l  cond i t ions  are assumed t o  a f f e c t  

S imi la r ly ,  t h e  e f f e c t s  of t r a n s p o r t  phenomena are measured by a v e l o c i t y  

The s y n t h e t i c  r e p r e s e n t a t i o n  of t h e  combustion process  by means of 
t h e  t i m e  l a g  concept e l imina te s  t h e  need f o r  information regard ing  any of t h e  
s p e c i f i c  processes  occurr ing  i n  t h e  chamber (i.e.,  a tomiza t ion ,  vapor i za t ion ,  
mixing, and chemical k i n e t i c s ) .  This  f a c t  c o n s t i t u t e s  t h e  primary advantage 
of t h e  t i m e  l a g  a n a l y s i s  because very  l i t t l e  q u a n t i t a t i v e  information is  avail- 
a b l e  concerning t h e  d e t a i l s  of t h e  va r ious  unsteady combustion processes .  

For a n a l y t i c a l  s i m p l i c i t y ,  t h e  Pr ince ton  theory assumes t h a t  t h e  
s teady-s ta te  flow i s  one-dimensional wi th  p a r t i c l e  v e l o c i t i e s  being s m a l l  i n  
comparison wi th  t h e  son ic  v e l o c i t y  and t h a t  t h e  flow i s  i n v i s c i d  w i t h i n  a 
r i g i d ,  a d i a b a t i c  t h r u s t  chamber. So lu t ions  of t h e  conserva t ion  equat ions  have 
been obtained i n  c losed  form as f i r s t - o r d e r  c o r r e c t i o n s  t o  t h e  a c o u s t i c  wave 
pa t t e rns .  

The a p p l i c a t i o n  of t h e  S e n s i t i v e  Time Lag Theory t o  t h e  long i tud ina l  
modes w a s  f i rs t  made by Crocco i n  1951. 
of l o n g i t u d i n a l  mode combustion i n s t a b i l i t y  w a s  publ ished i n  1956 by Crocco 
and Cheng, b u t  without  experimental  v e r i f i c a t i o n .  Subsequently,  t h e  v a l i d i t y  
of t h e  theory w a s  shown i n  a series of experiments r epor t ed  by Crocco, Gray, 

The expanded and genera l ized  theory 
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and Harrje. I n  t h e  lat ter paper,  a s imple means f o r  measuring t h e  combustion 
parameters rl and T through s t a b i l i t y  l i m i t  tests w a s  presented.  
a p p l i c a t i o n  of t h e  s e n s i t i v e  t i m e  l a g  concept t o  t r a n s v e r s e  modes was made by 
Sca la ,  who considered only  thermodynamic e f f e c t s .  The importance of v e l o c i t y  
(or  hydrodynamic) e f f e c t s  i n  t r a n s v e r s e  modes w a s  shown by Reardon, who w a s  
a b l e  t o  p re sen t  some experimental  v e r i f i c a t i o n  a l s o .  Subsequently,  t h e  c r u c i a l  
connect ion between l o n g i t u d i n a l  and t r a n s v e r s e  modes w a s  e s t a b l i s h e d  experi-  
mental ly  a t  Pr inceton.  

The f i r s t  

The NASA L e w i s  Research Laboratory approached t h e  problem of com- 
bus t ion  i n s t a b i l i t y  from a more mechanis t ic  viewpoint i n  t h a t  t h e i r  t h e o r e t i c a l  
formulat ions inc lude  rate express ions  f o r  assumed ra t e -con t ro l l i ng  processes .  
They a l s o  have included nonl inear  effects a s s o c i a t e d  with both t h e  combustion 
processes  and wi th  t h e  f l u i d  mechanical f low processes .  
and experimental  s t u d i e s  of vapor i za t ion  and mixing under s teady  and unsteady 
condi t ions  a l s o  are accomplished a t  NASA/LeRC. 

Associated t h e o r e t i c a l  

A s i m i l i t u d e  s tudy  of t h e  gene ra l  conserva t ion  equat ions  by P r i m  
and Morrel l  d i sc losed  two major s i m i l a r i t y  parameters.  
of v i scous  d i s s i p a t i o n ,  i s  a Reynolds number based upon t h e  average a c o u s t i c  
v e l o c i t y  i n  t h e  combustor. The second parameter is  a measure of t h e  h e a t  
release rate. Values f o r  t h e s e  parameters w e r e  c a l c u l a t e d  f o r  a series of 
hydrocarbon-liquid oxygen rocke t  engines  us ing  two assumptions as t o  t h e  rate 
c o n t r o l l i n g  process ;  s t eady- s t a t e  spray vapor i za t ion  and drop o r  j e t  s h a t t e r i n g  
by a shock wave. 
obtained wi th  bo th  rate express ions  f o r  t h e  cases considered.  This  i nd ica t ed  
t h e  s u i t a b i l i t y  of t h e  parameters f o r  f i r s t - o r d e r  p r e d i c t i o n  of combustion 
s t a b i l i t y  

One parameter,  a measure 

Group s e p a r a t i o n  of s t a b l e  and uns t ab le  combustors was  

A much more ambitious e f f o r t  w a s  s t a r t e d  by Priem and Guenter t  for 
a n a l y s i s  of uns t ab le  combustion. The model used i s  t h a t  of a n  annular  s e c t i o n  
of a combustor having very  small t h i ckness  and length .  
and h e a t  release rate s i m i l a r i t y  parameters d i scussed  above are u t i l i z e d  i n  
t h e  ana lys i s .  The nonl inear  equat ions  of conserva t ion  of mass, momentum, and 
energy are solved numerical ly  f o r  an assumed i n i t i a l  d i s turbance .  
ent r a t e -con t ro l l i ng  processes  are considered;  vapor i za t ion  and chemical 
r eac t ion .  

The v iscous  d i s s i p a t i o n  

Two d i f f e r -  

Calcu la t ions  w e r e  performed only f o r  t h e  case of a n  i n i t i a l  d i s -  
turbance having a f i r s t  t a n g e n t i a l  mode amplitude d i s t r i b u t i o n .  The resu l t s .  
obtained i n  t h i s  case showed t h a t  t h e  vapor i za t ion  model produces a r ap id  wave- 
s teepening effect (such as has been observed exper imenta l ly)  which i s  not  
shown by t h e  chemical r e a c t i o n  model. Even with t h e  lat ter model, e f f e c t s  of 
t h e  r e a c t i o n  o r d e r  and a c t i v a t i o n  energy upon s t a b i l i t y  are small. 
annular  combustor considered i n  t h i s  a n a l y s i s ,  t h e  v i scous  d i s s i p a t i o n  param- 
eter w a s  found t o  have a n e g l i g i b l e  in f luence  because t h e  model excluded a 
boundary l a y e r  o r  o t h e r  w a l l  e f f e c t s .  One of t h e  most i n t e r e s t i n g  r e s u l t s  of 
t h e  s tudy is t h a t  t h e  c o n t r o l l i n g  mechanism f o r  s m a l l  l abo ra to ry  combustors 
may be  chemical i n  na tu re ,  wh i l e  t h e  corresponding mechanisms f o r  l a r g e r  

For t h e  

Page 199 



Appendix A 

product ion engines  may be  r e l a t e d  t o  vapor iza t ion .  Thus, i t  i s  p o s s i b l e  t h a t  
research  s t u d i e s  wi th  small combustion chambers d i d  no t  proper ly  s imula t e  t h e  
s t a b i l i t y  behavior  of l a r g e  engine systems. 

The a v a i l a b l e  energy concept developed a t  Aerojet-General is based,  
mostly induc t ive ly ,  upon t h e  i n i t i a l  wave motion d e s c r i p t i o n s  of E l l i s  and 
Pickford.  The a p p l i c a t i o n  of t h i s  approach t o  t h e  t a n g e n t i a l  modes of high- 
frequency i n s t a b i l i t y  w a s  d i scussed  by Pickford  and Peoples.  B r i e f l y ,  t h e  
conceptual  b a s i s  of approach is  t h a t  dur ing  s teady-s ta te ,  t h e  i n j e c t i o n  of a 
g iven  mass of p r o p e l l a n t s  i s  followed by t h e  processes  of a tomizat ion,  vapori-  
za t ion ,  and mixing, which r e q u i r e  a certain t i m e  f o r  completion. Thus, pre- 
pared, t h e  r e a c t a n t s  are then  "ava i lab le"  f o r  t h e  f i n a l  p rocess  of chemical 
r e a c t i o n  which r e s u l t s  i n  t h e  release of energy. The r e a c t i o n  proceeds over  a 
t i m e  i n t e r v a l ,  T, during which t h e  r e a c t a n t s  are s e n s i t i v e  t o  a d i s tu rbance  i n  
pressure.  
is  found t o  b e  p ropor t iona l  t o  t h e  t i m e ,  T ,  and t o  t h e  l o c a l  i n t e n s i t y  of com- 

The amount of p re s su re  s e n s i t i v e  a v a i l a b l e  energy per  u n i t  volume 

dV bus t ion ,  measured by t h e  gas  v e l o c i t y  g r a d i e n t ,  - d.c 

The e f f e c t  of t h e  pe r tu rba t ion ,  which i n  t h e  Aerojet-General 
approach i s  assumed t o  b e  of v e r y  s h o r t  du ra t ion ,  i s  t o  inc rease  t h e  rate of 
r eac t ion ,  thereby r e l e a s i n g  excess  energy and dep le t ing  t h e  l o c a l  a v a i l a b l e  
energy. The consequent expansion of t h e  combustion products  causes  enhance- 
ment of t h e  rates of t h e  p repa ra t ion  processes  so  t h a t  t h e  concent ra t ion  of 
a v a i l a b l e  energy may overshoot t h e  s t eady- s t a t e  va lue  a f t e r  a t i m e ,  T a ,  has  
e lapsed.  
t o  i t s  s teady-s ta te  va lue  a t  a t i m e ,  Tb, a f t e r  t h e  d i s tu rbance  has  passed. 

I f  no f u r t h e r  d i s tu rbance  occurs ,  t h e  a v a i l a b l e  energy w i l l  r e t u r n  

I n  t h e  case of pe r iod ic  d is t rubance ,  a m p l i f i c a t i o n  can  r e s u l t  i f  
t h e  cyc le  per iod ,  T ~ ,  is  i n  t h e  range T ~ < T ~ < T ~ .  
e f f e c t s ,  t h e r e  i s  probably a threshold  p e r t u r b a t i o n  va lue ,  below which t h e  
energy release by t h e  p e r t u r b a t i o n  is  not  s u f f i c i e n t  t o  cause t h e  a v a i l a b l e  
energy concent ra t ion  t o  overshoot  i t s  s t eady- s t a t e  va lue .  This  conclus ion  is 
based upon experimental  observa t ions  of s t a b i l i t y  t e s t i n g  us ing  t h e  Aerojet-  
General  pu l se  motor. I n  t h i s  device ,  a series of c a l i b r a t e d  powder charges  is 
f i r e d  t a n g e n t i a l l y  i n t o  t h e  combustion chamber t o  d i s t u r b  t h e  combustion and 
flow p a t t e r n s .  Each charge is  s t r o n g e r  than  t h e  preceding one. The rocke t  
motor is  s h u t  down automaticaly fol lowing t h e  onse t  of i n s t a b i l i t y .  Thus, t h e  
number of charges  f i r e d  i n  a measure of t h e  r e l a t i v e  s t a b i l i t y  of t h e  t h r u s t  
chamber a t  t h e  p a r t i c u l a r  ope ra t ing  cond i t ions  of t h e  test. 

Because of energy d i s s i p a t i o n  

Of t h e  t h r e e  t h e o r e t i c a l  approaches considered i n  t h i s  survey,  
only t h e  Pr ince ton  w a s  ex t ens ive ly  developed. 
had been appl ied  t o  both l o n g i t u d i n a l  and t r a n s v e r s e  modes. 
t r a n s p o r t ,  e f f e c t s  as w e l l  as thermodynamic e f f e c t s  were included a n a l y t i c a l l y .  
Experimentally,  t h e  v a l i d i t y  of t h e  theory  w a s  demonstrated f o r  several combi- 
na t ions  of i n j e c t o r  types and p r o p e l l a n t s ,  as w e l l  as f o r  both l o n g i t u d i n a l  
and t a n g e n t i a l  modes. 

The S e n s i t i v e  T i m e  Lag concept 
Veloc i ty ,  o r  
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F 

However, t h e  very  n a t u r e  of t h e  S e n s i t i v e  T i m e  Lag Approach makes 

I n  a d d i t i o n ,  as then  developed, t h e  s o l u t i o n s  were no t  v a l i d  f o r  
The r equ i r ed  exten- 

i t  impossible. t o  c a l c u l a t e  t h e  va lues  of t h e  s t a b i l i t y  parameters from b a s i c  
p r i n c i p l e s .  
engines  wi th  nozz le  c o n t r a c t i o n  r a t i o s  of less than  2.0. 
s i o n ,  whi le  complex, is s t r a igh t fo rward .  
of l i n e a r i t y .  The e f f e c t  of l a r g e  amplitude,  shock-type pu l ses  can b e  con- 
s ide red  q u a l i t a t i v e l y  only.  I n  s p i t e  of t h e s e  l i m i t a t i o n s ,  t h e  s e n s i t i v e  t i m e  
l a g  approach had i n  i t s  favor  t h e  f a c t s  t h a t  t h e  theory  w a s  w e l l  developed, 
w a s  v e r i f i e d  experimental ly ,  and could be  used t o  c o r r e l a t e  test d a t a  i n  a 
gene ra l  and sys temat ic  fash ion ,  pe rmi t t i ng  p r e d i c t i o n  of s t a b i l i t y  behavior  of 
r e l a t e d  b u t  geometr ica l ly  d i s s i m i l a r  t h r u s t  chambers. 

A more s e r i o u s  r e s t r i c t i o n  is t h a t  

The u l t i m a t e  g o a l  of t h e  o t h e r  two approaches i s  t h e  a n a l y t i c a l  
p r e d i c t i o n  of s t a b i l i t y  behavior .  Of t h e  two, t h e  mechanis t ic  approach i s  more 
r igo rous  and q u a n t i t a t i v e .  However, i t  w a s  on ly  p o s s i b l e  t o  o b t a i n  s o l u t i o n s  
f o r  a s i n g l e  t r a n s v e r s e  mode f o r  an  annular  s e c t i o n  of a combustor. The exren- 
s i o n  t o  t h e  f u l l  three-dimensional case w a s  undertaken b u t  i t  presented  extreme 
d i f f i c u l t i e s .  Therefore ,  no a s s i s t a n c e  w a s  a v a i l a b l e  f o r  eva lua t ing  t h e  
s t a b i l i t y  of t h e  e n t i r e  combustion chamber. 

The a v a i l a b l e  energy approach had no t  been developed i n t o  a quant i -  
The concepts involved were formulated upon t h e  b a s i s  of a l a r g e  ta t ive theory.  

number of experimental  observa t ions .  Therefore ,  when proper ly  expanded, i t  
should b e  q u i t e  u s e f u l  t o  l i q u i d  rocke t  r e sea rche r s  and des igners .  Although 
t h e  a v a i l a b l e  energy concen t r a t ion  can  be  der ived  experimental ly ,  t h i s  process  
involves  two success ive  d i f f e r e n t i a t i o n s .  Thus, extremely accu ra t e  and p r e c i s e  
measurements are requi red ,  which may not  b e  p o s s i b l e  i n  a l l  cases. 
i t  w a s  no t  clear how t h e  concept i s  t o  be extended beyond l o c a l  cons ide ra t i cns  
t o  inc lude  t h e  combustion and flow i n  t h e  t h r u s t  chamber as a whole. 

I n  a d d i t i o n ,  

B. USE OF THE SENSITIVE TIME LAG THEORY 

According t o  t h e  S e n s i t i v e  T ime  Lag Theory, t h e  s t a b i l i t y  of a n  
in j ec to r -p rope l l an t  combination can be  descr ibed  by two parameters:  t h e  i n t e r -  
a c t i o n  index, n ,  which measures t h e  s e n s i t i v i t y  of t h e  combustion process  t o  
f l u c t u a t i n g  chamber cond i t ions ,  and t h e  s e n s i t i v e  combustion t i m e  l a g ,  T, which 
is a c h a r a c t e r i s t i c  t i m e  of t h e  combustion process .  A g iven  mode of high- 
frequency i n s t a b i l i t y  can occur only i f  t h e  s e n s i t i v e  t i m e  l a g  i s  i n  proper 
r e l a t i o n s h i p  t o  t h e  per iod  of t h e  corresponding a c o u s t i c  o s c i l l a t i o n  and i f  
t h e  i n t e r a c t i o n  index i s  s u f f i c i e n t l y  l a r g e ,  so t h a t  t h e  e x c i t i n g  f o r c e s  can 
overcome t h e  damping fo rces .  The s t a b i l i t y  parameters rl and T are func t ions  
of t h e  combustion process  and hence, of t h e  i n j e c t i o n  p a t t e r n ,  p rope l l an t  com- 
bus t ion ,  and opera t ing  condi t ions .  
q and T d i r e c t l y  from phys ica l  and chemical proper ty  d a t a ,  va lues  could be  
i n f e r r e d  from appropr i a t e  experiments.  

Although i t  w a s  no t  p o s s i b l e  t o  c a l c u l a t e  

The i n v e s t i g a t i o n  of t h e  high-frequency combustion s t a b i l i t y  of a 
given t h r u s t  chamber assembly depends upon several cons ide ra t ions ,  
i n s t a b i l i t y  can be  drawn f o r  each mode on t h e  0, T p lane  from information 

Zones of 
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regard ing  t h e  s i z e  and shape of t h e  combustion chamber and t h e  gene ra l  charac- 
ter of t h e  combustion process  and products .  

Typica l  I n s t a b i l i t y  
Zone f o r  One Mode of 
High-Frequency I n s t a b i l i t y  

FIGURE A-1 

B 
@ 

STABLE 

Then, i f  t h e  rl,  point corresponding t o  t h e  p a r t i c u l a r  combustion process  
under cons ide ra t ion  l ies  w i t h i n  t h e  i n s t a b i l i t y  zone (po in t  "A" on Figure  
No .  A-1) spontaneously uns t ab le  combustion is  t o  be  expected. That is, s m a l l  
d i s turbances ,  always p re sen t  i n  t h e  combustion "noise," w i l l  amplify t o  levels 
t h a t  are l i k e l y  t o  r e s u l t  i n  damaged hardware. For ope ra t ing  TI, T p o i n t s  out- 
s i d e ,  b u t  s u f f i c i e n t l y  near  a zone of i n s t a b i l i t y  (poin t  "B"), a l a r g e r  d i s -  
tu rbances  such as t h a t  produced by t h e  Aerojet-General p u l s e  gene ra to r ,  w i l l  
r e s u l t  i n  i n s t a b i l i t y .  Although t h e r e  w a s  no e x i s t i n g  q u a n t i t a t i v e  nonl inear  
theory ,  i t  could b e  reasoned i n t u i t i v e l y  t h a t  t h e  nea re r  t h e  q, T p o i n t  lies 
t o  an uns t ab le  zone, t h e  smaller is  t h e  d i s tu rbance  r equ i r ed  t o  e x c i t e  o s c i l -  
l a t o r y  combustion. 

The in f luence  of combustion chamber diameter  upon t h e  s t a b i l i t y  of 
t r ansve r se  modes is  shown by Figure  No.  A-2. For s i m p l i c i t y ,  only t h e  in s t a -  
b i l i t y  zones f o r  a s i n g l e  mode of o s c i l l a t i o n  have been shown. The zone of 
i n s t a b i l i t y  f o r  each mode moves toward l a r g e r  va lues  f o r  t h e  s e n s i t i v e  t i m e  
l a g  (T) as t h e  chamber diameter  ( t h e  c h a r a c t e r i s t i c  l eng th  f o r  t r a n s v e r s e  
modes) is  increased .  

, 
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D3 

E f f e c t  of Chamber 
D i a m e t e r  on t h e  
I n s t a b i l i t y  Zone 
of One Mode 

FIGURE A-2 

For a combustion process  ( i . ee3  i n j e c t o r  p a t t e r n  and p rope l l an t  
combination a t  given opera t ing  condi t ions)  wi th  its n ,  T po in t  a ".P," t h e  
fol lowing s t a b i l i t y  p i c t u r e  i s  obtained.  
s i d e r a t i o n  i s  uns t ab le  f o r  diameter D2' b u t  s t a b l e  f o r  D1 and D3. 
i n s t a b i l i t y  i n  o the r  modes is s t i l l  p o s s i b l e  i n  t h e  l a t te r  cases. 
i n s t a b i l i t y  zones of Figure No. A-2 are drawn f o r  t h e  lowest  t r a n s v e r s e  mode 
( f i r s t  t a n g e n t i a l ) ,  then  diameter D1 w i l l  be  s t a b l e  whereas D3 may be  uns t ab le  
i n  one o r  more of t h e  h igher  harmonics. 
both diameters  D1 and D 2  w i l l  be  s t a b l e .  
t i m e  l a g ,  T $  permits  a n  i n c r e a s e  i n  chamber diameter  wi th  no adverse  e f f e c t  
upon combustion s t a b i l i t y .  

The mode of o s c i l l a t i o n  under con- 
However, 
If t h e  

For a system ope ra t ing  a t  p o i n t  "Q," 
Thus, a n  i n c r e a s e  i n  t h e  s e n s i t i v e  

C . STABILITY PARAMETERS 

Although methods w e r e  developed f o r  t h e  experimental  de te rmina t ion  
of t h e  s t a b i l i t y  parameters,  n and T of t h e  S e n s i t i v e  T i m e  Lag T h e ~ r y ( l ~ ) ( ' ~ ) ,  
t h e  d a t a  a v a i l a b l e  were no t  ex tens ive .  However, some work a t  both  Pr ince ton  
Univers i ty  and Aerojet-General y i e lded  prel iminary information regarding t h e  
e f f e c t s  of chamber p re s su re  and i n j e c t o r  element s i z e .  These r e s u l t s ,  shown 
on Figures  No. A-3 and No, A-4, were o r i g i n a l l y  presented  i n  o t h e r  publ ished 
l i t e r a t u r e .  (15) (16) (17) 

(13) Crocco, L. Gray, J., and Harrje, D. T . ,  op. c i t .  
(14) Crocco, L . ,  Harrje, D.  T.,  and Reardon, F. H. ,  op. c i t .  
(15) Addoms, J. F. ,  e t  a l ,  Unique I n j e c t o r  Concepts Development (UNICODE), 

Aerojet-General Report No. 0518-00-5 (Quar te r ly) ,  September 1962 
(16) Reardon, F. H . ,  Combustion S t a b i l i t y  Behavior of t h e  Nitrogen Tetroxide/  

AeroZINE-50 P rope l l an t  Combination w i t h  t h e  2 SIN I n j e c t o r  P a t t e r n ,  
Aerojet-General Report No. TM 9616/003, 13 March 1962 

(17) Reardon, F. H. Combustion S t a b i l i t y  Behavior of t h e  Liquid/Oxygen/Liquid 
Hydrogen P rope l l an t  Combination, Aerojet-General Report No. TM 9416/002 
March 1962 
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In genera l ,  t h e  i n t e r a c t i o n  index decreases  wi th  inc reas ing  element 
s i z e  (Figure No. A-3). This  i s  a g ross  dependence; i t s  phys ica l  b a s i s  had no t  
y e t  been determined. The dependence of TI upon chamber p re s su re  as i n f e r r e d  
from t h e s e  d a t a  is TI % Pc1/2. 
t h e  p rope l l an t  combination l i q u i d  oxygen/ethanol and a very-low-thrust-per- 
element i n j e c t i o n  p a t t e r n ,  i nd ica t ed  a similar p res su re  dependence of t h e  
i n t e r a c t i o n  index. 

Tests conducted a t  Pr ince ton  Univers i ty ,  us ing  

The r e s u l t s  from t h e  h igh  chamber p re s su re  program d i d  no t  show a 
clear t r end  as p e r t a i n s  t o  element s i z e  of t h e  s e n s i t i v e  t i m e  l a g .  However, 
low p res su re  t e s t i n g  ind ica t ed  t h a t  t h e  t i m e  l a g  became g r e a t e r  wi th  increas-  
ing thrust-per-element as shown on Figure  No. A-4. 
mu1 t i p  le- element i n  , t h e  dependence of T upon chamber p re s su re  i s  
approximately,  r ' i . P > P h ~ o ~ ~ d  w a s  i n  agreement w i t h  r e s u l t s  obtained a t  Pr ince ton .  

For t h e  low t h r u s t ,  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  n a t u r e  of t h e  p r o p e l l a n t  combi- 
n a t i o n  appears t o  have very  l i t t l e  in f luence  upon t h e  s t a b i l i t y  parameters.  
Of course,  t h e s e  conclusions are based upon ve ry  l i t t l e  da ta .  Fur ther  work i s  
needed t o  determine t h e  processes  t h a t  govern t h e  s t a b i l i t y  parameter 
v a r i a t i o n s .  

I). BAFFLES 

I n  many r e sea rch  and development programs, s t a b i l i z a t i o n  of r - 
The experimental  r e s u l t s  i nd ica t ed  t h a t  t o  prevent  a spinning t a n g e n t i a l  mode, 
which is  gene ra l ly  t h e  most damaging, a s i n g l e ,  d iamet ra l  b a f f l e  (i.e.,  two 
r a d i a l  b lades)  of s u f f i c i e n t  l eng th  can b e  used. The necessary l eng th  is  known 
t o  depend upon t h e  p r o p e l l a n t  combination and i n j e c t o r  p a t t e r n .  I n  gene ra l ,  
t h e  a v a i l a b l e  d a t a  ind ica t ed  t h a t  t h e  b a f f l e  need no t  extend a x i a l l y  through 
t h e  e n t i r e  r eg ion  of most i n t e n s e  combustion. It w a s  i nd ica t ed  t h a t  b a f f l e s  
c o n t r o l  t h e  mixing processes  i n  t h e  e a r l y  combustion region.  However, t h e  
d a t a  were too  s p a r s e  t o  permit  a p r i o r i  e s t ima t ion  of minimum b a f f l e  length .  
The requi red  b a f f l e  l eng th  a l s o  depends upon t h e  spacing between b lades .  The 
wider t h e  spacing (fewer b l ades )  t h e  g r e a t e r  must be  t h e  a x i a l  b a f f l e  length .  

verse modes has  been e f f e c t e d  by means of combustion chamber b a f f l e s  (18) !lay 

There i s  the  p o s s i b i l i t y  of a s tanding  mode i n  t h e  pockets between 
b lades  even i f  t h e  b a f f l e  is  s u f f i c i e n t l y  long. The a v a i l a b l e  d a t a  pointed t o  
a c r i t i c a l  spacing. I f  t h e  b l ade  spacing is g r e a t e r  than  c r i t i ca l ,  a s tanding  
mode can  occur;  i f  t h e  spacing is smaller, no s tanding  mode is  poss ib l e .  The 
e f f e c t  of b a f f l e  conf igu ra t ion  f o r  a combustion chamber of f i x e d  s i z e  is shown 
on Figure  No. A-5. 
Although i t  i s  p o s s i b l e  t h a t  a d i s tu rbance  w i l l  produce f i r s t  t a n g e n t i a l  mode 
o s c i l l a t i o n s  i n  t h e  case of p o i n t  "X," a l s o .  

Po in t s  "X" and ICY" are uns t ab le ,  b u t  i n  d i f f e r e n t  modes. 

The use  of a four-blade b a f f l e  

(18) Reardon, F. H. ,  P r ince ton  Univers i ty  Aeronaut ica l  Engineering Report 

(19) Reardon, F. H. ,  Aerojet-General Report No .  TM 9616/003, op. c i t .  
No. 550, op. c i t .  
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Figure A-3. Effect of Element Size Upon Interaction Index 
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Figure  A-4 .  E f f e c t  of E l e m e n t  S i z e  Upon S e n s i t i v e  T i m e  Lag 
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of s u f f i c i e n t  l eng th  s t a b i l i z e s  i n j e c t o r  "Y" bu t  s t i l l  a l lows  a second tan- 
g e n t i a l  mode t o  occur f o r  "X," 
s t a b l e ,  a l though a l a r g e r  p u l s e  may r e s u l t  i n  t h e  t h i r d  t a n g e n t i a l  mode insta- 
b i l i t y  w i th  "X." 
b a f f l e  blades.  

With a s ix-b lade  b a f f l e ,  bo th  "X" and "Y" are 

Thus, an  i n c r e a s e  i n  T a l lows  a dec rease  i n  t h e  number of 

When t h e  b a f f l e  b l ades  do not  extend t o  t h e  son ic  t h r o a t ,  t h e  baf- 
f l e  pockets  communicate i n  a r eg ion  of subsonic  flow. 
chamber c ross -sec t ion ,  any s t and ing  (or  sp inning)  wave p a t t e r n  must fo l low two 
cond i t ions ;  t h e  f l u i d  p r o p e r t i e s  must b e  cont inuous and they must be p e r i o d i c  
wi th  per iod   IT (360-degrees). 
mum cannot e x i s t  a t  t h e  same p o i n t  o r  immediately ad jacen t  po in t s .  
t h e s e  cond i t ions ,  a s t eady ,  non- in tegra l  t a n g e n t i a l  mode cannot e x i s t .  

Then, f o r  a c i r c u l a r  

That is, a p r e s s u r e  maximum and a p r e s s u r e  mini- 
Because of 

For a b a f f l e  w i th  N r a d i a l  b l ades ,  t h e  lowest  t a n g e n t i a l  mode 
which can e x i s t  i s  t h e  N / 2 - g  t a n g e n t i a l  i f  N is  even, o r  t h e  Nth t a n g e n t i a l  
i f  N i s  odd. 
be r  of b l ades  i s  equ iva len t  t o  a b a f f l e  w i th  twice as many b lades .  

Thus, w i th  r e s p e c t  t o  s t and ing  modes, a b a f f l e  w i x  an  odd num- 

V. STABILITY ANALYSIS 

A. THRUST CHAMBER CONFIGURATION 

The i n t e r n a l  conf igu ra t ion  of t h e  M-1 t h r u s t  chamber i s  shown on 
Figure  No, A-6. The combustion chamber is  con ica l ,  t a p e r i n g  from a diameter  
of 42-in. a t  t h e  i n j e c t o r  t o  a 32-in. t h r o a t  diameter  over  a l eng th  of 20-in. 
The i n j e c t o r  shown on Figure  No. A-6 is  f l a t - f a c e d ,  which corresponds t o  t h e  
c o a x i a l  element p a t t e r n .  
f a c e ,  with p a t t e r n s  composed of showerhead and l ike-impinging elements. The 
p o s s i b l e  e f f e c t s  of i n j e c t o r  f a c e  shape upon combustion i n s t a b i l i t y  could be  
handled a n a l y t i c a l l y .  Therefore ,  no d i s t i n c t i o n  w a s  made i n  t h i s  a n a l y s i s  
between f l a t - f a c e d  and dish-faced i n j e c t o r s .  

An a l t e r n a t i v e  i n j e c t o r  des ign  involves  a d ished  

No t h e o r e t i c a l  a n a l y s i s  e x i s t e d  f o r  high-frequency i n s t a b i l i t y  i n  
c o n i c a l  combustion chambers. For t h e  purposes of t h i s  s t a b i l i t y  a n a l y s i s ,  t h e  
t h r u s t  chamber w a s  d iv ided  i n t o  two p a r t s  as shown on Figure  NO. A-6. 
"combustion chamber" w a s  assumed t o  b e  a c i r c u l a r  c y l i n d e r ,  approximately 
6-in. long, wherein a l l  of t h e  combustion t akes  p l a c e  a t  a r e l a t i v e l y  low f low 
v e l o c i t y .  
It reaches son ic  v e l o c i t y  a t  t h e  t h r o a t .  Only t r a n s v e r s e  modes of high- 
frequency i n s t a b i l i t y  were considered.  For t h e s e  modes, t h e  exac t  l eng th  of 
t h e  combustion chamber and a n  a c c u r a t e  knowledge of t h e  a x i a l  combustion d i s -  
t r i b u t i o n  w e r e  no t  necessary.  

The 

I n  t h e  "exhaust nozzle ,"  t h e  flow is  a c c e l e r a t e d  wi thout  combustion. 

B,  CHAMBER WITHOUT BAFFLES 

Theore t i ca l  i n s t a b i l i t y  zones w e r e  c a l c u l a t e d  f o r  s e v e r a l  r a d i a l  
and t a n g e n t i a l  modes. These are shown on t h e  n, T p lane  of F igure  No. A-7. 
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Figure A-6. M-1 Thrust  Chamber Configurat ion 
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KEY: 1T = first tangent ia l  mode 

2T = second tangent ia l  mode 

3T = t h i r d  tangent ia l  mode 

4T = fourth tangent ia l  mode 

6T = sixth tangent ia lmode 

lR = first r a d i a l  mode 

2R = second r a d i a l  mode 

Figure  A-7. M-1 Thrust  Chamber I n s t a b i l i t y  Zones Without Baf f l e s  

Page 210 



Appendix A 

(20) (21). Based The c a l c u l a t i o n s  w e r e  based upon previous ly  der ived  equat ions  
upon a mean sound v e l o c i t y  of 5300 f t / s e c ,  t h e  fo l lowing  are t h e  f r equenc ie s  
of t h e  modes considered: 

F i r s t  t a n g e n t i a l ,  
Second t a n g e n t i a l ,  
F i r s t  r a d i a l ,  
Third t a n g e n t i a l ,  
Fourth t a n g e n t i a l ,  
Second r a d i a l ,  
S ix th  t a n g e n t i a l ,  

870 cps  
1500 cps 
1850 cps 

2600 cps 
3400 cps 
3600 cps 

2000 cps 

To p r e d i c t  s t a b i l i t y  behavior ,  knowledge is requi red  of t h e  va lues  
of t h e  s t a b i l i t y  parameters n and T which correspond t o  t h e  p rope l l an t  combina- 
t i o n  and i n j e c t o r  p a t t e r n  used. A s  p rev ious ly  d iscussed ,  n ,  T d a t a  are l i m i t e d  
and t h e  e f f e c t s  of i n j e c t o r  p a t t e r n  v a r i a b l e s  and p r o p e l l a n t  p r o p e r t i e s  w e r e  
l a r g e l y  unknown. However, ranges of va lues  could b e  obtained f o r  classes of 
i n j e c t o r  p a t t e r n s  by i n t e r p o l a t i o n  ( see  F igures  No. A-3 and No. A - 4 ) .  For t h e  
coaxial-spray-element i n j e c t o r s ,  which d e l i v e r  1000 l b  thrust-per-element,  t h e  
fol lowing ranges of n ,  T va lues  w e r e  obtained.  

0.7 < n < 0.9 

0.18 < T < 0.25 mil l isec 

Then, f o r  a convent ional  showerhead o r  l ike-impinging p a t t e r n  wi th  350 l b  
thrust-per-element,  

0.15 < T < 0,22 mi l l i sec  

Both sets of va lues  assume a chamber p re s su re  of 1000 ps i a .  

From Figure  No. A-7, i t  can be  seen  t h a t  t h e  most l i k e l y  modes of 
high-frequency i n s t a b i l i t y  are t h e  t h i r d  and fou r  t a n g e n t i a l ,  wi th  f requencies  
i n  t h e  range of 2000 cps t o  3000 cps.  Both i n j e c t o r  types  were expected t o  be  
l i n e a r l y  s t a b l e ;  t h a t  is, s t a b l e  wi th  r e s p e c t  t o  t h e  low-level d i s turbances  
a s soc ia t ed  w i t h  combustion noise .  However, t h e  e f f e c t s  of d i s tu rbances  of 
r e l a t i v e l y  l a r g e  amplitude could be es t imated  from a v a i l a b l e  t h e o r i e s .  I n  
add i t ion ,  i f  mixture  r a t i o  g r a d i e n t s  are s i g n i f i c a n t  i n  t h e  t a n g e n t i a l  d i rec-  
t i o n ,  t h e r e  can be  s t r o n  v e l o c i t y  (mixing) e f f e c t s  lead ing  t o  spinning tan- 

e f f e c t s  and nonl inear  d i s tu rbances ,  t h e s e  f a c t o r s  were n o t  considered quant i -  
t a t i v e l y  i n  t h e  a n a l y s i s .  

(20) Reardon, F. H e ,  Pr ince ton  Univers i ty  Aeronaut ica l  Engineering Report 

(21) Crocco, L., Harrje, D. T. ,  and Reardon, F. H,, op. c i t e  
(22) Reardon, l o c .  c i t .  

g e n t i a l  mode i n s t a b i l i t y  $22) . Because of t h e  l a c k  of d a t a  regard ing  v e l o c i t y  

No .  550, ope c i t e  
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C. BAFFLE CONFIGURATION 

It is  clear from t h e  preceding d i scuss ion  t h a t  p r o t e c t i o n  had t o  
b e  provided a g a i n s t  sp inning  t a n g e n t i a l  modes and a g a i n s t  s tanding  modes lower 
than  t h e  s i x t h  t a n g e n t i a l .  The s e l e c t i o n  of a b a f f l e  conf igu ra t ion  involved a 
compromise between performance and s t a b i l i t y ,  w i th  va r ious  p r a c t i c a l  hardware 
l i m i t a t i o n s  o f f e r i n g  a d d i t i o n a l  c o n s t r a i n t s .  
minimized t o  prevent  s tanding  t r a n s v e r s e  modes. 
i nc reas ing  t h e  number of b lades  and hubs. 
area a v a i l a b l e  is reduced and t h e  b a f f l e  cool ing  requirements are increased .  
Fabr i ca t ion  problems a l s o  are l i k e l y  t o  grow wi th  inc reas ing  b a f f l e  complexity. 
Conversely, a t h r u s t  chamber w i t h  an inadequate  b a f f l e  may never s a t i s f y  pro- 
gram requirements because of r e c u r r e n t  combustion i n s t a b i l i t y .  

I n t e r b a f f l e  spacing had t o  be 

However, by so doing, t h e  i n j e c t o r  
This  o b j e c t i v e  is  r e a l i z e d  by 

The b a f f l e  conf igu ra t ion  shown on Figure  No. A-8 is  n o t  presented  
However, i t  is be l i eved  t h a t  t h i s  conf igu ra t ion  repre-  as an optimum design.  

s e n t s  a reasonable  compromise, based upon a v a i l a b l e  information,  among t h e  
va r ious  cons t r a in ing  f a c t o r s .  

The u s e  of 12  r a d i a l  b lades  of s u f f i c i e n t  l eng th  p r o t e c t s  a g a i n s t  
s tanding  and spinning t a n g e n t i a l  modes lower than  t h e  s i x t h .  With a pure ly  
r a d i a l  b lade  b a f f l e ,  t h e  f i r s t  r a d i a l  mode could s t i l l  e x i s t .  Therefore ,  a 
c y l i n d r i c a l  hub wi th  a diameter  approximately one-half t h a t  of t h e  chamber 
should be  used. Within t h e  hub, on ly  s i x  r a d i a l  b lades  are requi red  t o  provide 
s t a b i l i t y  which is  equiva len t  t o  t h a t  of t h e  1 2  o u t s i d e  of t h e  hub. The zone 
of i n s t a b i l i t y  shown on Figure  No. A-9 is  a composite of zones f o r  t h e  lowest  
r a d i a l  and t a n g e n t i a l  modes t h a t  can occur  w i t h i n  t h e  i n t e r b a f f l e  spaces .  

It is no t  p o s s i b l e  t o  a n a l y t i c a l l y  p r e d i c t  t h e  b a f f l e  l eng th  
requi red  t o  e f f e c t  s t a b i l i z a t i o n  of sp inning  t a n g e n t i a l  modes. The necessary 
b a f f l e  length  is  a func t ion  of t h e  p r o p e l l a n t  p repa ra t ion  accomplished by t h e  
i n j e c t i o n  p a t t e r n  and of t h e  p r o p e l l a n t  c h a r a c t e r i s t i c  r e f l e c t e d  i n  t h e  a x i a l  
combustion d i s t r i b u t i o n .  Measurements of t h e  combustion d i s t r i b u t i o n  f o r  each 
i n j e c t o r  p a t t e r n  i n  s u i t a b l e  model chambers would be  h e l p f u l  i n  e s t ima t ing  t h e  
necessary b a f f l e  axial  length .  
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DEFINITION OF SYMBOLS 

2 chamber t h r o a t  area ( i n .  ) At 

'f J 

'OJ 

Pc5D 

Pc4D 

Tf J 

' ToJ 

Apf 

p f  

ApO 

'plenum 

,LH2 

GH2 

W 

W 

f W 

W 
0 

M. R. 

C* 

N2 

h 

F 

I 
SP 

cF 

p res su re  f u e l  i n j e c t o r  ( p s i a )  

p re s su re  ox id ize r  i n j e c t o r  (ps ia )  

chamber pressure  1.43 i n .  from i n j e c t o r  f a c e  (ps i a )  

chamber p re s su re  10.67 i n .  from i n j e c t o r  f a c e  (ps i a )  

temperature f u e l  i n j e c t o r  (OR) 

temperature ox id i ze r  i n j e c t o r  (OR) 

pres su re  drop across  f u e l  i n j e c t o r  ( p s i )  

d e n s i t y  f u e l  i n j e c t o r  ( lbm/f t  ) 
3 

pres su re  drop across  ox id i ze r  i n j e c t o r  ( p s i )  

dens i ty  ox id i ze r  i n j e c t o r  ( lbm/f t  ) 

nozzle  s t agna t ion  pressure  (ps i a )  

l i q u i d  hydrogen weight flow (lbm/sec) 

gaseous hydrogen weight flow (lbm/sec) 

summation of l i q u i d  and gaseous hydrogen weight flows (lbm/sec) 

oxygen weight flow (lbm/sec) 

mixture  r a t i o  (oxygen t o  hydrogen) 

3 

c h a r a c t e r i s t i c  exhuas t v e l o c i t y  ( f t / sec)  

n i t rogen  

enthalpy (B/lb) 

e f f i c i e n c y  (X) 

t h r u s t  ( l b  f )  
l b  -sec 

s p e c i f i c  impulse ( lbm 1 

nozzle  t h r u s t  c o e f f i c i e n t  
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The items l i s t e d  i n  t h i s  appendix correspond wi th  those  shown on Table V I 1  i n  
t h e  main t e x t .  

1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 

9. 

10 

11. 

12 

Serial No. of i n j e c t o r  t e s t e d  - 020 

Test S e r i e s  - 1.2-05-EHM 

Test Number - 1.2-05-EHM-006 

T e s t  Date - 20 J u l y  1966 

Test Durat ion - from F i r e  Switch One (FS1) t o  F i r e  Switch Two (FS2): 

FS t o  FS2 = 6.56 sec 1 

Data Summary Period - The pe r iod  of t i m e  from FS1 dur ing  which a l l  d a t a  
is  averaged: 

(from FS + 6.0 s e c  t o  FS1 + 6.6 sec )  
1 

At (Pre-Test) - The average combustion chamber t h r o a t  area based upon 
12  t h r o a t  diameter  measurements taken p r i o r  t o  t h e  test (704.04-in. 2, 

At (Post-Test) - The average combustion chamber t h r o a t  area based upon 
12 t h r o a t  diameter  measurements taken a f t e r  t he  test (705.99-in. ) 2 

At (Data Summary Period)  - The t h r o a t  area during t h e  middle of t h e  d a t a  
summary per iod  assuming t h a t  t h e  p re - t e s t  At is  r e p r e s e n t a t i v e  of t h e  
t h r o a t  area a t  FS1 + 4.0 sec and t h e  pos t - t e s t  At i s  r e p r e s e n t a t i v e  of 
t h e  t h r o a t  area a t  FS2*. 

At (Data Summary Period)  = 
7 

2 704.04 + (705.99 - 704.04) [ "1.: -4.01 = 705.75-in. 

PfJ - Average p res su re  of two measurements i n  t h e  i n l e t  t o  t h e  f u e l  
i n j e c t o r  manifold (PfJ = 1274 p s i a )  

P,J - Average p res su re  of two measurements i n  t h e  per iphery  of t h e  
o x i d i z e r  i n j e c t o r  manifold (PoJ = 1432 p s i a )  

Pc5D - I n j e c t o r  face p res su re  loca t ed  1.43-in. from t h e  i n j e c t o r  f a c e  
(Pc5D = 1106 p s i a )  

* Assuming t h a t  t h e  e ros ion  rate i s  l i n e a r  
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13. Pc4D - Chamber p re s su re  l o c a t e d  10.67-in. from t h e  i n j e c t o r  face .  

NOTE: This  p re s su re  measurement w a s  no t  recorded u n t i l  T e s t  No. 
1.2-07-EHM-007 when Pc5D w a s  s u b s t i t u t e d  wi th  a h igh  frequency 
p res su re  t ransducer .  

14.  T f J  - Average of two temperature  measurements i n  t h e  f u e l  i n j e c t o r  
manifold (TfJ = 154.3'R) 

15. T,J - Average of two temperature  measurements i n  t h e  o x i d i z e r  i n j e c t o r  
manifold (ToJ = 175.1'R) 

APf ( I n j e c t o r )  - D i f f e r e n t i a l  p re s su re  from PfJ  t o  Pc5D (APf = 168 p s i )  16. 

1 7 .  p f  ( I n j e c t o r )  - g e n s i t y  of t h e  f u e l  a t  PfJ  and T f J  cond i t ions  
= 1.56 l b / f t  ) 

(p f 

18. pFAPf - The product of I t e m  16 and I t e m  1 7  

3 (QFAP~ = 262.1 lbm l b f / i n . 2  f t  ). 

Figure no. B-1 shows a p l o t  of pfAPf versus  w 
S/N 020 and 012. 

comparing i n j e c t o r s  f 

Note t h a t  S/N 012 c a l c u l a t e d  f a c e  p re s su re  p fApf  d a t a  p o i n t s  are lower 
than S/N 020 and S/N 012 measured f a c e  p re s su re  pfApf  d a t a  p o i n t s .  
PcSD, o r  bo th  could be h igh ly  inaccura t e .  
measurements t h a t  were checked f o r  accuracy and found t o  b e  v a l i d .  A 
simultaneous s h i f t  i n  t h e  c a l i b r a t i o n  of both t ransducers  o r  a s h i f t  
i n  t h e  i n j e c t o r  flow cons tan t  could have occurred. 
f ace  p re s su res  could be  h igh ly  inaccura t e  ( a  high r ead ing) ,  thereby 
lowering p Ap 

APo ( I n j e c t o r )  - D i f f e r e n t i a l  p re s su re  from PoJ t o  Pc5D (APo = 326 p s i )  

po ( I n j e c t o r )  - Densi ty  of t h e  o x i d i z e r  at PoJ and ToJ cond i t ions  
(po = 70.32 lbm/ft3) 

PfJs 
PfJ  is an average of two 

Also, t h e  c a l c u l a t e d  

and r a i s i n g  TI c*. f f  

19. 

20. 

21. poAPo - The product of I t e m  19 and I t e m  20 

(poAPo = 22,924 lbm l b f / i n . 2  f t  3 ). 

Figure  No. B-2 shows a p l o t  of poAPo ve r sus  w 
S/N 020 and 012. 

comparing i n j e c t o r s  
0 

22. Cont rac t ion  Ra t io  (C.R.) - The r a t i o  of t h e  chamber area at  t h e  t r a i l i n g  
edge of t h e  b a f f l e s  t o  t h e  t h r o a t  area (Item 9 ) .  
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A?, vs W F’ Comparing I n j e c t o r s  S/N 020 and PF Figure  B-1. 

S/N 012 
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IT 2 2  - 39.24 - in .  

705.74-in. 
4 - - 1209m4 = 1.714 

2 705.74 C.R. = 

23. Pc5D/Pp - Rat io  of i n j e c t o r  f a c e  p re s su re  t o  chamber plenum pres su re  
obtained as fol lows : 

P 'S - 'inj 

Theo. 
s +  - -  - -  

QC* C.R. c* 
Pc5D 
P P 

P P 

where : 

- pS 

C 
P 

= 11 - 2 Y,-l Ms2) - -1 
S 

1 -  M.S.s Vs2 

i n  j V 

144 Gf 
P fAf 

144 wo 
and Vo = 

PoAo 

Equation (1) 

The s u b s c r i p t  s r e f e r s  t o  i s e n t r o p i c  combustion condi t ions  a t  t h e  
i n j e c t o r  f a c e  where t h e  Vs, T,, M.W.,, and Tc can be  determined from 
chemical composition. c * ~ ~ ~ ~  i s  co r rec t ed  f o r  en tha lpy  and n i t rogen  
d i l u e n t  . 
P 5D 

P 
i s  i t e r a t e d  u n t i l  P is  equal  i n  Equation (1) and C 

P P 

Equation (2) 

t W 
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and 
C* 

eo rrect ed C* 
rlc* = 

P 5D 

P 
P 

C 
* - = 1.0662 . .  

Equation (3) 

However, i n  tests N o .  1.2-07-EHM-007 through -025, i n j e c t o r  f a c e  pressure  
(Pc5) was no t  measured. 
po in t  approximately 11.7-in. downstream from the  i n j e c t o r  face.  
ob ta in  P from Pc4, t h e  following equat ions w e r e  used: 

In s t ead ,  s t a t i c  pressure  (Pc4) w a s  measured a t  
To 

P 
P P 5 D  

P = x x Pc4D P Pc5D P C 4D 

and 

P 5D P 5D 

P 4D 
C 

C 

Equation (4) 

Equation (5) 

where 
Ip is  a v a i l a b l e  from t h e  combustion t a b l e s  f o r  t h e  appropr ia te  

C 4D cond i t ions . ( l )  

Because : 
2 1023-in. = 1.45 
2 C.R. = 

705.74-in. 

Then : 
P 

(@)= 1.128 

Therefore: 

P 5D 
(1.128) Pc5D C - = -  

P 4D P 
C P 

I t e m  1 2  - - 1106 = 1037 psia 
I t e m  23 1.0662 - Chamber Plenum Pressure  = Pplenum 24. 

(1) Gordon, S. and McBride, B. J . ,  Theore t i ca l  Performance of Liquid Hydrogen 
wi th  Liquid Oxygen as a Rocket P rope l l an t ,  NASA TM 5-21-593 
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25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

W 

wGH2 

Gf - Fuel  weight flow from mixer [ I tem 25 + Item 26 = 452.5 lb /oec l  

w 

M.R. - Rat io  of o x i d i z e r  weight flow (Item 28) t o  f u e l  weight flow 

- Liquid hydrogen weight flow t o  mixer (361.5 l b / s e c )  

- Gaseous hydrogen weight f low t o  mixer (91.9 l b l s e c )  
*LH2 

- Oxidizer  weight flow (2767 l b / s e c )  
0 

2767 
452.5 (Item 27): M.R. = - = 6.12 

c* (measured) - Measured c h a r a c t e r i s t i c  exhaust  v e l o c i t y  c a l c u l a t e d  
as follows: 

'pAtg - (Item 24) (Item 9) g (1037) (705 74) (32 2) 7315 ftlsec 2767 + 452.5 
- 

I t e m  28 + I t e m  27 c* = 
(Go + Wf 

N 2  d i l u e n t  - That p o r t i o n ,  by weight ,  of n i t r o g e n  i n  t h e  o x i d i z e r .  

The percentage of n i t r o g e n  = 1.43% 

a. An entha lpy  c o r r e c t i o n  app l i ed  t o  t h e  t h e o r e t i c a l  performance 
d a t a  t o  account f o r  t h e  d i f f e r e n c e  between t h e  f u e l  i n l e t  tes t  
temperature and t h e  temperature  (36.5"R) of t h e  t h e o r e t i c a l  
d a t a  pe r  t h e  fol lowing 

SP 
hI 

I O  

Figure No. B-3 is  a p l o t  of t h e  en tha lpy  c o r r e c t i o n  f a c t o r  i n  
r e l a t i o n s h i p  t o  f u e l  temperature .  From t h i s  f i g u r e ,  i t  can 
be  seen t h a t  at  154.3'R and 6.12 M.R., t h e  en tha lpy  c o r r e c t i o n  
f a c t o r  f o r  s p e c i f i c  impulse = 1.0037 

b. Because c* CF = Is , t h e  fol lowing i s  a good method f o r  
d iv id ing  t h e  enthaypy c o r r e c t i o n  between Isp and h I  as w e l l  
as between c* and CF: 

I a h  
where hc* hCF SP 

(2) T h e o r e t i c a l  Performance of Hydrogen-Oxygen Rocket Thrus t  Chambers, 
NASA TR- R-111, 1961 
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L e t  t h e  nozzle/chamber i n t e r a c t i o n  f a c t o r  be "b" 

(Energy @ = 2, which is a funct ion of O/F = 
(Energy Release Loss @ E.R. = 1) 

. .  b = 1.43 - 0.052 (M.R. -4) 

L e t :  hc* = ( 1  + kc,), h 

. * .  ( 1  + kc*) (1 + k 

= ( 1  + kC ) ,  and hI = ( 1  = kI) 
cF F SP 

= (1 + kI 
cF SP 

= l + k I  
SP 

I f  kc* and kC << 1, kc* kCF " 0  
F 

. kcJt + kC " kI 
SP F 

L e t  kC = b kCk 
F 

1 b 

l + b  kI SP 
kc* = -  + kI and kC = - 

SP F 

The only aspec t  of i n t e r e s t  t o  b e  p l o t t e d  is t h e  e f f e c t  of h I 
upon c*, which i s  kc* 

. . hc* = 1 + kc* 

hcn = 1 + - 
l : b k I  SP 

hC* = 1 + is) 
b i= 1.43 - 0.052 (6.12 - 4) 1 .22  
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33. c* ( t h e o r e t i c a l  - h ,  N2) - Theore t ica  
f o r  1.43% (Item 31) N2 d i l u t i o n  m u l t i p l i e d  by t h e  en tha lpy  c o r r e c t i o n  
f a c t o r  f o r  c* (Item 32b). A t  6.12 M.R.: 

c* from Figure  No. B-4 co r rec t ed  

7532 f t / s e c  x 1.0017 = 7544 f t / s e c  

nc* (from Pc) - c* e f f i c i e n c y  based upon P is  def ined  as 
C 

34. 

T)c* = - 7386 x 100 = 97.9% 
7544 

35. c* (from nozz le  l o s s e s )  - c* e f f i c i e n c y  based upon C F  ( t h r u s t  c o e f f i c i e n t )  
is def ined  as follows: 

nc* (from nozz le  l o s s e s )  = 100 + ( n 1  - ncF) 
SP 

where : I A T  \ 

1 s p  T o t a l  - I t e m  69 
- ( l o o  - I t e m  42 

UJ. 

"The0 

) 
I t e m  63 
Item 42 

= 88.1% (Item 43) nlsp 

nCF = 100 - - 28*3 = 91.9% 347.6 

. * .  nc* (from nozz le  l o s s e s )  = 100 + 88.1  - 91.9 = 96.2% 

Figure No. B-5 p resen t s  a comparison of c* c a l c u l a t e d  by t h e  nozz le  
l o s s e s  and Pp methods. 
long b a f f l e s  t o  2% wi th  t h e  s h o r t  b a f f l e s  had less than  an one-half 
percent  a f f e c t  upon t h e  c h a r a c t e r i s t i c  v e l o c i t y .  
t h a t  t h e  hydrogen i n j e c t e d  from t h e  b a f f l e  t i p s  w a s  well-mixed wi th  t h e  
main stream gases upstream of t h e  t h r o a t .  
r a t i o  of 5.5 is 96.5% 

Reducing t h e  b a f f l e  coolan t  from 4% wi th  t h e  

These d a t a  i n d i c a t e  

The c* a t  a nominal mixture  

The method of c a l c u l a t i n g  TIC* from n I s  
p r e c i s e  r e s u l t s  p r imar i ly  because of tRe g r e a t e r  p r e c i s i o n  of t h e  I 
measurement as compared wi th  t h e  c* measurement. 

and nozz le  l o s s e s  g ives  more 

SP 
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36. 

37 

38 

39. 

40. 

41. 

42. 

43. 

3's.~. (corrected)  - Sea-level measured t h r u s t  c o r r e c t e d  f o r  700 l b  
nega t ive  f o r c e  e f f e c t  upon t h e  nozz le  e x i t  f lange .  No s i g n i f i c a n t  
pressure  d i f f e r e n c e  is  noted when comparing i n - l i n e  wi th  b a f f l e  nozz le  
e x i t  p ressure  measurements and between b a f f l e  nozz le  ex i t  p r e s s u r e  
measurements. 

(cor rec ted)  = FSeL (measured) + 700 l b  - 963486 + 700 = 964186 l b  

- Measured sea-level t h r u s t  c a l c u l a t e d  a t  a l t i t u d e  FVAC 

- (cor rec ted)  + P A = 964189 + (1471 x 14.7) = 985814 lb FVAC - FS.L. e e  

I (measured - S.L.) - Measured s p e c i f i c  impulse a t  sea-level = 
SP 

= 299.5 sec 964186 
452.5 + 2767 

(Item 36) I 

( I t e m  27 + I t e m  28) 

I (measured - Vac) - Measured s p e c i f i c  impulse cor rec ted  t o  a l t i t u d e  = 
SP 

3 306.2 sec (Item 37) - 985814 
(Item 27 + Item 28) - 452.5 + 2767 

2 Expansion Rat io  (E.R.) - Rat io  of nozzle  ex i t  area (1471-in. ) t o  

t h r o a t  area = 1471 = 2.085 705.74 

(Theore t ica l  - E.R., h )  - T h e o r e t i c a l  vacuum s p e c i f i c  impulse 

c o r r e c t i o n  f a c t o r .  Is from Figure  No. B-6 a t  an E.R. of 
2.085 and a M.R. of 6.!2 m u l t i p l i e d  by I t e m  32a = 348.4 sec. 

1spvAc2:1 c o r r e c t e d  f o r  expansion r a t i o  m u l t i p l i e d  by t h e  enthalpy 

(Theore t ica l  - E.E., h ,  N2) - T h e o r e t i c a l  vacuum s p e c i f i c  
1spvAc2:1 impulse from Item 41  cor rec ted  f o r  N2 d i l u t i o n .  A t  1.43% 

and a 6.12 M.R. ( s ee  Figure No. B-71, t h e  n e t  e f f e c t  equals  
0.8 sec. Therefore ,  t h e  I = 347.6 sec. 

SP 
Isp e f f i c i e n c y  wi th  2 : l  area r a t i o  nozz le  is determined by n I  - 

"2:l d i v i d i n g  I t e m  39 by Item 42, Therefore:  

=- 306*2 x 100 = 88.1% 
347.6 n I  

sp2 : 1 

Figure No. B-8 shows a p l o t  of n I  versus  M.R. 
sp2 : 1 
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44. rlc (from Pc) - Thrus t  c o e f f i c i e n t  e f f i c i e n c y  a t  a 2 : l  E.R. based 
F2:l  upon P i s  determined as follows: 

C 

rlCF (from P ) = 100 + rlI 
I t e m  34 

rlCF (from P ) = 100 + 88.1 - 96.9 = 91.2% 

- rlc* (from Pc) = 100 + Item 43 
C SP 

C 

45. rlC (from nozz le  l o s s e s )  - Thrus t  c o e f f i c i e n t  e f f i c i e n c y  a t  2 : l  
expansion r a t i o  based upon nozz le  l o s s e s  is  determined as 
fo l lows  : 

F2:l  

= (. - "sp Nozzle) = ( loo - I t e m  I t e m  42 60) 

QCF 'sp The0 

28-3 - 91.9% q G F - l - - -  - 
347.6 

46. qC (from Pc - w/o Geom) - Thrus t  c o e f f i c i e n t  e f f i c i e n c y  based 
upon P F2: l  and wi thout  nozz le  geometry l o s s  is  determined as 
f 0110wg : 

qCF = 100 + q 1  (w/o Geom) - TIC* (from Pc) 
SP 

nCF = 100 + I t e m  54 - I t e m  34 

= 100 + 95.4 - 96.9 98.5% rlCF 

47. rlCF (from nozz le  l o s s e s  - w/o Geom) - Thrus t  c o e f f i c i e n t  e f f i c i e n c y  
based upon nozz le  l o s s e s  and wi thout  nozz le  geometry i s  d e t e r -  
mined as follows: 

2 : l  

rlCF = 100 + q I  (w/o Geom) - nc* (from nozz le  l o s s e s )  
SP 

q C F  = 100 + I t e m  54 - I t e m  35 

nCF = 100 + 95.4 - 96.2 99.2% 

48. (Predic ted  40:l) - Vacuum s p e c i f i c  impulse a t  E.R. = 40 is 
p r e d i c t e d  by e x t r a p o l a t i n g  the energy release l o s s  a t  E.R. = 
2 : l  t o  t h e  t h r o a t  and then  s c a l i n g  t h i s  l o s s  up t o  E.R. = 40: l .  
The c a l c u l a t e d  geometry, f r i c t i o n ,  and mixture r a t i o  d i s t r i b u -  
t i o n  l o s s e s  are added t o  t h e  scaled-up energy release l o s s .  
This t o t a l  l o s s  i s  then  sub t r ac t ed  from t h e  t h e o r e t i c a l ,  
g iv ing  : 

ISpVac 

I = 422.9 sec 
spvAc40 : 1 

Page 235 



Appendix B 

49. 

50. 

51. 

52. 

53. 

54. 

55 Y 

IspVAC 

IspVAC 

111 
sp40 : 1 

rlC 
F40 : 1 

-a. 

(Theore t i ca l ,  40:1, h)  - T h e o r e t i c a l  vacuum s p e c i f i c  impulse 
a t  E.R. = 40 and 6.12 M.R. From Figure  No. B-7 and c o r r e c t e d  ., 
f o r  enthalpy : 

I = 451.5 x 1.0037 = 453.2 sec 
SP 

(Theore t i ca l ,  40:1, h ,  N2) - I t e m  49 c o r r e c t e d  f o r  percentage 
of N2 d i l u t i o n .  
t he re f  o r e  : 

.. 
From Figure  No, B-7, t h e  n e t  e f f e c t  i s  2.0 see; 

~ 

I = 453.2 - 2.0 = 451.2 sec r 

SP 
- S p e c i f i c  impulse e f f i c i e n c y  a t  40: l  E.R. def ined  as: 

x -  422*9 x 100 = 93.7% I t e m  48 
I t e m  50 451.2 

Figure No. B-9 is  a p l o t  of n I  
r a t i o .  sp40 : 1 

i n  r e l a t i o n s h i p  t o  mixture  

- Thrust  c o e f f i c i e n t  e f f i c i e n c y  a t  40:l E.R. determined as 
follows : 

qCF = 100 + ll1 - qc* (from nozz le  l o s s e s )  = 
sp40 : 1 

100 + I t e m  51 - I t e m  35 

qCF = 100 + 93.7 - 96.2 = 97.5% 

(w/o Geom) - Item 39 p lus  t h e  nozz le  geometry l o s s  ( I tem 60) I 
sPvAc2:i a t  E.R. = 2:1 

I = 306.2 + 25.5 = 331.7 sec 
SP 

(w/o Geom) - Isp e f f i c i e n c y  a t  2 : l  E.R. wi thout  nozz le  geometry 

I t e m  53 a- 331.7 100 = 95.4% I t e m  42 347.6 

F igure  No. B-8 shows a p l o t  of rlI (w/o  Geom) i n  r e l a t i o n -  
s h i p  t o  mixture  r a t i o .  sp2 : 1 

59, and 64 Nozzle and Chamber F r i c t i o n :  This  l o s s  r e s u l t s  from t h e  
v iscous  e f f e c t s  between t h e  gaseous boundary l a y e r  and t h e  
nozz le  or  chamber w a l l .  
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56,  61,  and 66. Mixture Ra t io  D i s t r i b u t i o n :  This  l o s s  comprises both  t h e  
performance l o s s  r e s u l t i n g  from i r r e g u l a r  mixture  r a t i o  
d i s t r i b u t i o n  ac ross  t h e  i n j e c t o r  f ace  and t h e  performance 
l o s s  a r i s i n g  from h e a t  t r a n s f e r  between t h e  f i l m  coolant  
and t h e  main stream p r o p e l l a n t s .  

57,  62, and 67. Energy Release: 
e f f i c i e n c y  is not  a t t a i n e d  wi th in  f i x e d  engine des ign  
l i m i t a t i o n s .  

Th i s  l o s s  r e s u l t s  because 100% combustion 

60 and 65. Nozzle Geometry: 
i n  t h r u s t  caused by t h e  d i scha rge  c o e f f i c i e n t  of t h e  t h r o a t  
and t h e  loss i n  t h r u s t  r e s u l t i n g  from non-axial  ex i t  
moment um . 

This  l o s s  can b e  a t t r i b u t e d  t o  t h e  l o s s  

58. 

63. 

68. 

69. 

70. 

Sub to ta l  chamber l o s s e s  

S u b t o t a l .  nozz le  l o s s e s  (E.R. = 2 t o  1)  

Sub to ta l  nozz le  l o s s e s  (E.R. = 40 t o  1 )  

T o t a l  l o s s e s  (E.R. 2) - Sum of chamber and nozz le  l o s s e s  
at  2 : l  E.R. 

T o t a l  l o s s e s  (E.R. = 40) - Sum of chamber and nozz le  losses 
at  40:l  E.R. 
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6. 

7. 

8. 

10. 

12. 

22. 

28. 

29. 

30. 

Appendix C 

TfJ  Decrease R a t e  - Average s l o p e  of f u e l  i n j e c t o r  temperature  decrease  
between two d a t a  t i m e s .  

TfJ  - A p l o t  of TfJ  ve r sus  M.R. a t  i n s t a b i l i t y  is shown on Figure  
No. 43. Also shown i s  t h e  TfJ  a t  which s t a b l e  ope ra t ion  reoccurs .  

Wf S torage  Fac tor  - During a temperature  decrease  cond i t ion ,  t h e  i n j e c -  
t o r  weight flow is  less than t h e  cons tan t  weight f low ou t  of t h e  mixer 
because of a decreas ing  volumetr ic  f low rate from t h e  mixer. Thus, a 
percentage of t h e  f u e l  ( t h i s  percentage  i s  dependent upon t h e  temper- 
a t u r e  ramp rate) i s  s t o r e d  i n  t h e  system dur ing  t h i s  temperature  
decrease  condi t ion .  
temperature  of 50°R and a cons t an t  t o t a l  f u e l  flow rate of 490 l b / s e c  
from t h e  mixer. 
ve r sus  f u e l  i n j e c t i o n  temperature  a t  varying temperature  decrease  
rates. From Figure  No .  41, a t  120°R and 38.2"R/sec, t h e  i n j e c t o r  
weight flow i s  ,906 of t h e  t o t a l  measured weight flow. 

Wf I n j e c t o r  - Fuel  i n j e c t o r  weight flow is equal  t o  I t e m  8 m u l t i p l i e d  
by I t e m  9 which = .906 (544) = 495 l b / s e c .  

0 

Figure  No. C-1  w a s  der ived  assuming a l i q u i d  f u e l  

This  f i g u r e  is  a p l o t  of % t o t a l  f u e l  weight f low 

0 

M.R. - 

A p l o t  

A p l o t  
N o .  42. 

Mixture Ra t io  

Mixture Ra t io  = I t e m  11 = 2744 = 5.55 
Item 10 495 

of 01 ver sus  TfJ  i s  shown on Figure  No. 41. 

OCo (from Pc) vs .  f u e l  i n j e c t i o n  temperature  i s  shown on Figure  

SP 

0 

% w (element) - P o r t i o n  of f u e l  weight f low flowing through f u e l  
c i r g u i t  of i n j e c t i o n  element ( t o t a l  f u e l  weight f low minus b a f f l e ,  
f a c e  and f i l m  coolant  weight f lows) .  

V /Vo (element) - I n j e c t i o n  element v e l o c i t y  r a t i o ,  f u e l  t o  o x i d i z e r ,  
determined as follows: f 

0 

Vf x Wf Po A. = 1 x .04910 i n .  Po = 2.31 '0 
M.R. p f  

- - -  - 
Pf Af .02125 in .  p f  

M.R. 

Where: M.R. = I t e m  1 2  
I t e m  29 

A p l o t  of element V /Vo ver sus  f u e l  i n j e c t i o n  temperature  a t  i n s t a -  
b i l i t y  i s  shown on 6 i g u r e  No. 44. Table C-I  shows Vf /Vo  vs .  TfJ  a t  
i n s t a b i l i t y  f o r  a l l  s t a b i l i t y  tests. 
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Calibration tests were made to reconstruct the true dynamic pressure 
These tests consisted of a shock 

A spectral analysis was then made of 
seen by the 1.25-in. coupled transducers. 
tube perturbation of each transducer. 
the frequency response of each transducer giving frequency and gain up to the 
resonant frequency. 
of the true chamber pressure signal. A gain curve for S/N 012 (used on Pc3A- 
M-(HK) in Test No. 008) is shown on Figure No. D-1. This gain curve could 
have changed slightly during the actual hot test firings. How much the trans- 
ducer resonance frequency can change during a test is a function of the amount 
that the helium bleed tube is burned off (shortened), the area change of the 
tube opening, and the thermal shift of the transducer itself. The tube length 
change for the entire test series is given on Table D-I but it is never greater 
than a 20% reduction in length. 
its effect would drive the resonant frequency down in all cases. The resonance 
frequency, as calculated by the Helmholtz formula, is given below. 

From this, it was possible to approximate the amplitude 

The open end tube area was not measured, but 

where : 

fr = resonant frequency (cps) 
C = speed sound (in./sec) 

2 A = area of opening (in. ) 

V = volume of resonator (in. ) 

e = effective length (in.) 

3 

This indicates that the frequency of the transducer resonance can 
either increase a maximum of 20% (from tube length reduction) or decrease 
significantly (from open end area reduction), possibly to zero, if the tube 
closes entirely. Another source of variation is the conversion of nitrogen 
shock tube test data to hot helium of the actual transducer environment. 
The number used is 2.65 (the ratio of molecular weights), which assumes the 
gases to be at the same temperature. However, in actual hot tests, the 
helium will be at some elevated temperature which increases the fr slightly. 
The possible limits of the fr are considered because it adds credibility to 
estimating what frequency (sometimes, a drifting one) is the true resonance 
of the transducer system. Another factor in determining which resonant peak 
belongs to the transducer system is the consistency and continuity of the 
frequency throughout the run; that is, before the instabilities as well as 
during them. If one frequency occurs during the entire run, it is more llkely 
the transducer resonance than a frequency that appears only with the increased 
combustion activity. 
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OSCILLOGRAPH 

FUNCTION RANGE 
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! 
RTT, Code  1, Immer 1 
t o  1,5 

! 

! Code l lWtf  f o r  co ld  f l o w  

, 

I 

i 

I 
i * i -200 to 
-300 OF I f 

TOTCV- 1 

H20 deluge press 

Dump Valve upstream 
press 

X 

PIA2 -BD- 1 0-3000 

i 
I 
I 

! 

1 
'BD = B u r s t  D i s c  

- -  
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FUNCTION 

FLOWS 

FMO-1 

- 

FMO-2 (MI * 

PILI2- P i to t  

LIQUID LEVEL 

LO2 Cap Probe 

LO2 SYSTEM MOV 

LNSS-Y 

LL02LTS-X 

SOIL mATERS 

ThFLPB 

ThFALPB 

ThOFV 

ThFFV 

ThFHPB 

RANGE 

1-4000 lb/  

H2° 

1-4000 lb, 

H2° 

t 50 ps id  

con t inuoi 

MENT 

Posit ion ' 

- 

Posit ion ' 

+ 10 Mv 

+ 10 Mv 

+ 10 MV 

+ 10 MV 

ir 10 Mv 

1 

ik 
la 
IC: 
I 

K 

X 

X 

X 

X 

I 
i .  - 

OSCILI 

Y L 

: GNz purge on b a l l  j o i n t s  
i Pots required 
i 
! 
, GN2 purge on b a l l  j o i n t s  
! Pots required 

i )  
i 

Temp of heater c o i l s  
)on various valves 

1 

) 

- 
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I RANGE 

FUNCTION 

Pf T-1A * lo-2000 psi 

PfT-1B (MI* 

PffM-2 (M)* 

PfMIX-0 (MI* 

PfTCV-1 (M)* 

PZTCV-2 (M)* 

PfT 850 psia 

APA iswit ch 
iTrac e 
i 

PaTCFV !Switch 
race 

Pc200 psia 

I 

P-2000 psi PZTS-1 

i 

-A I 
I 

I 

i 

I 

I 

Li 

i 

i 

I 

I 
X 

I 

ndix E 

, 
! 

! 

i 

I 
t 
! 

i 
! 
i 

! 

1 

i 

i 

I 

1 
I 
i 
! 

i_ 

I __ -.- 

REMARKS 

Controls (tank top) 

Instr. (tank top) 

Mixer inlet 

1 I Computer Function 
i 
I 

: Computer Function 
l (POT > PfT) 
i 

; Computer Function 

f Computer Function 
I 

i 
Upstream of  safety valve 

i 

f 

f 

t 
I ’ Main GH2 Filter ! I 

i 
! 
Con t ro 1 s 
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FUNCTION 

THERMOCOUPLES 

TGH2PRVi 

Tf  T-2 

Tf  TCV-2 

T-LH2-T 

RTT s 

TffM-1 

Tf TCV-1 

TSDFTCV-1 

FACILITY VALVE! 

L-LEIB Safety (I 

LICV 

FLPBVS-.l 

FLPBVS-2 

FLOWS - 
FMF-1 (MI * 

FMF-2 (M) * 

I 

RANGE 

& lOMV 

+ 200.F t c  
- 435.F 

+ lOMV 

Direct 
R e a d i n g  

-300 t o  
-435 

+75 t o  -4: 

ST #31 

* V a l v e  Tri 

Valve Trac 

Switch Tr ;  

Switch Tri  

10,000 *lb, 
sec H20 

10,000 lb, 

e 

e 

e 

ppendix E 

OSCILLOGRAPH 
E -  
4 7  rn cr: 

I 

1 ~ 

i I !  

Page 252 

I , 

REMARKS 

' 5  
I "  

TCC 

TCC (1/4" h e r )  ( 8  p t  
Brown 

TCC 

TCC sk in  temp. 

RTT Code N 

RTT Code L PC12 F u n c t i o n  
(Range  as necessary f o r  
cold flow) 

f 
!Pc 12 temp. kills 

! 
1 

I 

I 
: 
1 

i 

i 
i 
i 
i 
I 

I 
I I 

I 



Appendix  E 

FUNCTION 

LIQUID LEVEL 

LE2 C a p  Probe * 

3 .0  MIXER SYSTE 
FREQUENCY PRESS 

PgE2MixPRV-i * 

PgHZMix-i (MI * 

HIGH FREQUENCY 

DIFFERENTIAL P% 

PgRZMix F 

PgHZMix (MI" 
( P i t o t  1 

THERMOCOUPLES 

TgH2MixPRV-i 

, 

RANGE 

Zont inuous 

LOW 
EE- - 
1-5000 ps i  

1-3000 psi  

iEssuREs 

SSURES 

3-4000 psi 

1-50 p s i d  

.t 10 mv 

) *  k 10 m\ 

L 

L 
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I__- / / / I  

!Mixer f i l t e r  
i 
1 

i TCA 

I 



-A 
t 

i Appendix E 

OSCILLOGRAPH 

FUNCTION 
r 
I 

P - 
1 

U - 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

t 
I 

MIXER SYSTEM MOI&MENT 

PaTCFV-C (MI* 0-4000 ps 

PaTCOWB-0 (MI* 0-4000 ps 

PaTCOVBP-C (M) * 0-4000 

5.0 TCV SYSTEM 

LTCOV (M)* valve T r a c  

TCOVS-2 

E-ALTCV-0 

E-ALTCV-F 

LTCFV 

TCFVS-1 

I 

I 
1 r 

i 

I 

i 
i 

i 
I 
I x !  

x i  

x .  
i 

6 c 

! 

L 

I 
L 

X 

X I  

t 

1 
I 

C o n t r o l s  s w i t c h  trace IEfPRVS 

I 

I 

I - 

I 
I 

1 
! 

i 
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Appendix E 

FUNCTION 1 RANGE REMARKS 
(0 

& !  
j 

1 
i i 

6.0 PURGES OXID ZER -4 t 
I purge 

1 

Moisture Preventive 

t 

[ Downstream of purge 
‘ regulator 
! 

POTCAP-LP 

POTCAPHP-1 

i 
(M) * [Switch Tra 

* 0-50 psig I 
(M) * /Switch Tra 

I 

TCOPV-1 

TCOPV-2 

FUEL 

PgHeB 

- 

Pf TCAP-LP 

, 

L 

i oisture preventive 
, purge 
, 

TCFPV I 

7.0 PRV FUNCTIO~S 
I 

GN2 

LoPRV 

ERO 

- i 
i 
I 

1:: laeg I:: 
I 
10-4000 psi 

10-4000 psi 
i 

I 

Valve Trac 

* 

* ‘vo It age 
;Command 

I 

Tank Ramp 

PgNBACC * 

PhD * 

GH2 - 
* - LfPRV 

Voltage TP 

1 

! I. 

i 
i i :  

I 

I 
-_11 
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i 
.------ Lx E 

OSCILLOGRAPH 

REMARKS 
(0 

I4 
FUNCTION 

I 

I 
i M  t 

:e t 
i E 
! 
I :e! 

GE2 Mix 

L Mix PRV 

EPM 

Valve Trac 

Voltage Tr 
i 
/E r ro r  s i g n a l ,  GH2 mix 
[PRV v o l t a g e ,  Mix PRV 
:Ramp 1 I x  

i 
i x  

K 

i 
K 

i 

X i 
X I 

i 
I 

1 

Voltage Tr EMC 

EMFB 

RING - 
0-2,000,001 

0-2,oOo ,ooc 

l b s  

2 1-in.  

0-2,000 ,oo( 

0-2, Ooopoc 

l b s  

8.0 THRUST MEAi 

FA (MI M 

M 

L 

L 

S 

M 

M 

L 

- 

L 

L 

L 

L 

i 
I 

: F i l t e r  r e q u i r e d  5 cps 
L FB 

LTMTO 

FRFA 

!UENCY PRE,! 

0-2000 psj 

0-2000 ps: 

0-2000 ps: 

0-2000 PS: 

0-2000 ps. 

9.0 TCA L O W  FRI 

POTCVS-1 

PoJ-1A (MI* X 

PO J-2A 

Po J-4Ai 

PCVP-1 

PCVP-2 

PCVP-3 

PCV-4 

0-2000 ps: 

0-2000 ps 

0-2000 ps 

i 
i 
I 

i t .  
I 

Page 256 



Appendix E 

FUNCTION 

-~ 

* 0-2000 p s i  I Pf TCVS-1 

PfJ-1B (M)* 0-2000 psi 

pf J - 3 A  (M)* 0-2000 psi 

PfCO-1B 0-2000 psi 

Pc-2A-M(HK) (M), t PK to PK 
1 

- 

B 

TSoT-90' 

xf : 

' i  I 

IL I 

L 

I 

I 
1 

OSCILLOGRAPH 

i 
i 

I 

I 

VI 

I 
I 

i 

LF CSM 

Use TfOA boss 

Kistler 

Kist ler 

Kistler (CSM HF) * *  

Kistler * *  

Kistler * *  

Kistler * *  

Kistler 
I 

i 
I 

t 
I 

rlElb CHAMBER 
I 

i Kistler 
I 

i 

) Skin temps on oxid 
) torus both C. A. 
skin temps. 

I 
I 
I 
I 

i 
f 
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FUNCTION 

TFI-1 (MI * 

TFI-2 

TFI-3 (MI * 
TFI-4 
TFI-5 
TFI-5 (MI * 
TFI-6 
TFI-7 (MI * 
TFI-8 
TFI-9 (M) * 

12.0 TCA RIT'S 
ToTCVS-1 * 

To J-1B (MI * 

TO J-2A * 

Tf TCVS-1 * 

TfJ-1A (MI* 

Tf J-1B * 

RANGE 

f 10 mv 

* 10 mv 
10 mv 

* 10 mv 
* 10 mv 

rt 10 mv 
* 10 mv 
k 10 mv 
rt 10 mv 

-200 to 
- 300°F 

- 200 to 
- 300'F 

- 200 to 
- 300'F 

- 200'F tr 
- 435OF 
- 200.F ti 
- 435'F 
- 200'F ti 
- 435'F 

Sw Tr 
Sw Tr 
Sw Tr 
Sw Tr 

ESS *I Sw Tr 
FOPS f Sw Tr 

1 
_1-1 

Appendix E 

OSCILLOGRAPII 

Page 258 

TCA ) 

TCA ) 

TCA 
TCA ) Shielded 

I temperature 

TCA rake 
TCA ) 

TCA 
TCA ) 

TCA 

RFF, Code 1 Immer 1-in 
to 1.5-in cold flow 
only code "W" for cold 
flow. 
RFF, Code 1 Immer 1-in. 
,to 1.5-in. cold flow 
f only code trW'r for cold 

! RFF, Code 1 Immer 1-in. 
to 1.5-in. cold flow 

i only code "W" for cold 

1 RTT, Code W, Immer 1-in. 
t o  1.5-in. 

i RTT, Code W, h e r  1-in. 
i to 1-5-h. 
i I RTT, Code W, Immer l-ine 
I to 1.5-in. 

I flow. 

1 flew. 

I 

- 

I 
! 

x ,  With 17 bit time code 



FUNCTION 1 RANGE 

OOPS 

GOTCVS-X 

GoTCVS-Z ) * I  k 10 g ' s  

* -? 10 g ' s  GfTCVS-X i 
GfGTCV-Y ) 2 ( M ) 1  * 10 g ' s  

GfTCVS-Z 

GTCA-X (WlF) (M)  l k  200 g ' s  

GTCA-P (HF)(M) i f  200 g ' s  

-2 (HF)(M) I , f  200 g ' s  

* ,  I f 10 g ' s  
i 

*Refers t o  comb 

(M) I n d i c a t e s  p 
i n d i v i d u a l l v  consider6 

API 

I 

ndix E 
I------.-- 

OSCILLOGRAPH I 

1 

X 

X 

X 

X 

1 ! S t r a i n  gage type  (0-100 
I icps)  

tl 

I 

i s t r a i n  gage type  (0-100 
1 cps  1 
S t r a i n  gage type  (0-100 i 

/ S t r a i n  gage type  (0-100 
! c p s  1 
! S t r a i n  gage type (0-100 
j cps  1 
' S t r a i n  gage type  (0-100 
cps  1 
S t r a i n  gage type  (0-100 
c p s  1 
S t r a i n  gage type  (0-100 
cps  1 
Piezo E l e c t r i c  type  

Piezo e l e c t r i c  type  

Piezo e l e c t r i c  type  

jcps) 

, 

I 
1 

!r !parameters  may be 

S t r a i n  gage a x i a l ,  n o r t h  
TCA suppor t  

S t r u t  ( l o c a t e d  a t  

S t r u t  l o n g i t u d i n a l  c e n t e r  
& goo c i r c u n r f e r e n t i a l l y  
a p a r t  1 
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FUNCTION 

STS-PA 120 o h  
s i n g l e  l e g  
G. F. 2 * 10 

STS-2B 120 o h  
s i n g l e  l e g  
G.F.2.10 

STS-2B 120 ohm 
s i n g l e  l e g  
G .F. 2.10 

STS-26 120 ohm 
s i n g l e  l e g  
G.F. 2 10 

STS-2D 120 ohm 
s i n g l e  l e g  
G. F. 2.10 

STM-1A 120 ohn 
s i n g l e  l e g  
G.F.2.13 

STM-1B 120 o b  
s i n g l e  l e g  
G.F.2.13 

STM-1D 120 o h  
s i n g l e  l e g  
G.F. 2.13 

SOI-1H 

SOI-1M 

SOI-3 

SOI-5 

SOI-6 

SOI-7 

SOI-8 

SOI-9 

SOI-10 

SOI-11 

RANGE 

t 2000 
, i n  

t 2000 p 
in 

t 2000 p 
in  

t 2000 p 
in  

k 2000 p 
i n  

3-1000 
p i n  

3-1000 
p i n  

0-1000 
p i n  

0-2000 
p i n  

0-2000 
p i n  

0-2000 
p i n  

0-2000 
p i n  

0-2000 
p i n  

0-2000 . 
p i n  

0-2000 

0-2000 

0-2000 
p i n  

0-2000 
l in 

p i n  

p i n  

f 

E 

t 
I 

i 
I 
! 

f 
! 

1 

! 

j 

1 

i 

1 
i 

I 

i 
e__ 

APl ndix E 

OSCILLOGRAPH 'i; 
! 1. ; 

: i 
I 

i 
i 

REMARKS 

S t r a i n  gage axial ,  

South . . . e 

South . e 

South e . 1 

South . . . 
S t r a i n  gage a x i a l , ( T h r u s t  

Mount a d a p t e r ,  e q u a l l y  
i 
; Spaced n e a r  t e s t  s t a n d  

a t t a c h  p o i n t )  
i 

Spaced n e a r  t e s t  s t a n d  
: a t t a c h  p o i n t )  
! 

: S t r a i n  gage,  o x i d i z e r  
i n l e t ,  t e n s i o n  f o r c e  

i 
a S t r a i n  gage ,  o x i d i z e r  
i i n l e t ,  t e n s i o n  f o r c e  

j S t r a i n  gage, o x i d i z e r  
' i n l e t ,  t e n s i o n  f o r c e  

! 

i 

S t r a i n  
i n l e t  'I 

S t r a i n  
i n l e t  , 
S t r a i n  
i n l e t ,  

S t r a i n  
i n l e t ,  

S t r a i n  
i n l e t  , 

gage, o x i d i z e r  
t e n s i o n  f o r c e  

gage,  o x i d i z e r  - 

gage, o x i d i z e r  

gage,  o x i d i z e r  

t e n s i o n  f o r c e  

t e n s i o n  f o r c e  

t e n s i o n  f o r c e  

gage,  o x i d i z e r  
t e n s i o n  f o r c e  

S t r a i n  gage,  o x i d i z e r  
' i n l e t ,  t e n s i o n  f o r c e  

S t r a i n  gage, o x i d i z e r  
i n l e t ,  t e n s i o n  f o r c e  

i 
.- _ _  
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Appendix E 

2301-MT 

so I -AXIAL 

SOI-18 

SOI-19 

SOI-20 

SOI-21 

sox.-22 

FUNCTION 

SOI-23 

SOI-24 

601-25 

SOI-26 

2301-27 

SOI-28 

SOI-29 

SO1 -MR 
SOI-Mz 

SOI-43 

. SOI-44 

SOI-46 

01-47 

01-48A 

SOI-49A 

SOI-50 

SOI-51 

0-2000 p i n /  
I 

e t h e  R-5 a 

! 
I 

I ! 
i - 

a1 

Page 

---___--- 
OSCILLOGRAPH r 

261 

~ j ! x  t 

I 
[ 
! X  

' X  

t 

I X  

i 

i 

--- 

E 

E 

/Gages 12 ,  1 4 ,  15, 17  
i n  b r i d g e  

Gages 13 & 16 i n  b r i d g e  

Gages 13 & 16 i n  b r i d g e  

j i n l e t  'I t e n s i o n  f o r c e  

i S t r a i n  gage, o x i d i z e r  
1 j i n l e t ,  t e n s i o n  f o r c e  

R ; S t r a i n  gage,  o x i d i z e r  
1 / i n l e t ,  t e n s i o n  f o r c e  

R ' S t r a i n  gage,  o x i d i z e r  
l i n l e t ,  t e n s i o n  f o r c e  

E S t r a i n  gage,  o x i d i z e r  1 j i n l e t ,  t e n s i o n  f o r c e  

! i s t r a i n  gage,  o x i d i z e r  
i / i n l e t ,  t e n s i o n  f o r c e  
I '  : S t r a i n  gage, o x i d i z e r  

gage, o x i d i z e r  

i 
A '  

' I  

i 
i ! 

i x i  
x i  

I 

I 

i n l e t ,  

S t r a i n  
i n l e t  , 
S t r a i n  
i n l e t ,  

S t r a i n  
i n l e t ,  

S t r a i n  

- -  
t e n s i o n  f o r c e  

gage,  o x i d i z e r  
t e n s i o n  f o r c e  

gage,  o x i d i z e r  
t e n s i o n  f o r c e  

gage,  o x i d i z e r  
t e n s i o n  f o r c e  

gage ,  o x i d i z e r  
I 

!Gages #31, 34 ,  37 ,  40 

/Gages #32, 35, 38, 41 

,Gages #32, 35, 38, 41 
I 

:Gages #32, 35, 38, 41 

'Gages #32, 35, 38, 41 

/Gages #32, 35, 38, 41 

IGages #32, 35, 38, 41 

Gages #32 , 35, 38, 41 

Gages #32, 35, 38, 41 

!Gages #32, 35, 38, 41 
i 

i 

! 
I 
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Appendix E i 
FUNCTION RANGE 

16.0 CHAMBER EX 
Pe 1A 0-100 psig 

Pe 1B 0-100 psig 

17.0 FLUORINE SOSTEM 
I 

PgHeM 

PLN2ST 
PgF2M 

FGF2CT 

FGF2L 

PgF2i 

PgHe V/TP 

TGFz Burner 

TGF2L 
TGFZi 
TKN2CTl 

TGF2M 

LLN2CT2 
ICVPV 
ICVS-2 

IMPVS-2 

EBR-WIRE 
TSF2-MAN 
GSL-X 

GSL-Y 

100 psig 

1500 

1500 

1500 lj_o 
I1"O0 

* 10 mv 
i f 10 mv 
i 5 10 mv 

I 

!u12 detect 
Switch tr. 
[Switch tr. i 
Iswitch tr. 

* 50 g J s  

I 

L 

L 

I 
i 
i 
i 
! 

L 

vl 

LI 

LI 

4 
E 
D m 

- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

I 
I 
i 

I 

L i  I 

I 
I 

i 

;I I i i 

: 
X I 

f 

I 
I i 

i 

X 

X 

0 

(M) For rated Pc and W 
tests 

PeB's not req'd for 
tests below 90% pc. 

" 

I i i  
I 

!Pressure gas helium . 
'panif old 
I 
[Pressure LN2 supply tank 
!Pressure gas fluorine ' anifold 
Lressure gas fluorine 
Icondenser tank 
;Pressure gas fluorine 
I1 ine 

;Pressure gas fluorine 
'ignition 
!Pressure gas helium 
/vent/tank purge 
I 
i 
! 

I 

1 

i 

1. 

4 

1 
! 

2 ;) Temperature LN 
Condenser Tank Jacket 

' LF Switch Traces i 2  
LF2 Switch Traces 
LF Switch Traces 
LF2 Switch Traces 
Skin Temp TCC 
GN2 Support Strut 
GN2 Support Strut 

2 
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APPENDIX F 

SAMPLE CALCULATION 

OF 

GASEOUS HYDROGEN VALVE POSITION VERSUS TIME 
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Appendix F 

I n  t h i s  sample c a l c u l a t i o n ,  i t  w a s  assumed: 

- 
- 

The hydrogen tank  p r e s s u r e  would b e  pre-se t  a t  600 p s i a .  

The motion of t h e  hydrogen t h r u s t  chamber va lve  would be l inear 
from i n i t i a l  t r a v e l  t o  100% i n  2.0 sec. 

- The gaseous hydrogen valve would be  s i g n a l l e d  from a 10% travel 
switch loca ted  on t h e  f u e l  t h r u s t  chamber va lve .  

- The l i n e s  and i n j e c t o r  manifolds  would be  f i l l e d  and t h e  t h r u s t  
chamber va lve  approximately 20% open be fo re  t h e  gaseous hydrogen 
flow i s  i n i t i a t e d  (based upon t h e  i n i t i a l  test a t t empt ) .  This  
cond i t ion  would b e  reached a t  0.52 sec a f t e r  f i r e - swi t ch  one 
(FS1) (based upon va lve  r e a c t i o n  t i m e s  and opening r a t e s ) .  

A gaseous hydrogen va lve  p o s i t i o n  ve r sus  t i m e  w a s  s e l e c t e d  as shown on 
Figure  No. F-1. Flow w i l l  no t  be  a f f e c t e d  by downstream p r e s s u r e  because of 
t h e  high p res su re  (2 3400 p s i a )  a t  t h e  i n l e t  of t h i s  va lve  as shown on Figure  
No. F-1. A t i m e  i n t e r v a l  of 0.100 sec w a s  s e l e c t e d  f o r  c a l c u l a t i o n s  because 
i t  appeared t h a t  flows could be  averaged over  t h i s  i n t e r v a l .  
i n t e r v a l  would d e f i n e  t h e  t r a n s i e n t  b e t t e r ,  i t  would r e q u i r e  increased  ca l cu la -  
t i o n  t i m e .  

Although a s h o r t e r  

While t h e  average flow rate through t h e  i n j e c t o r  is  assumed, t h e  gaseous 
and l i q u i d  flows i n t o  t h e  mixer are c a l c u l a t e d ,  In a d d i t i o n ,  t h e  flow through 
t h e  i n j e c t o r  is  c a l c u l a t e d ,  t ak ing  i n t o  account t h e  p r o p e l l a n t  s t o r e d  i n  t h e  
cons t an t  volume system between t h e  mixer and t h e  i n j e c t o r  o u t l e t .  
t i o n  i s  r e i t e r a t e d  u n t i l  t h e  c a l c u l a t e d  and assumed i n j e c f o r  flows are equal.  
Then, t h e  process  is repea ted  f o r  t h e  next  t i m e  i n t e r v a l .  

The ca l cu la -  

An i n j e c t o r  flow of 350 l b / s e c  is assumed f o r  t h e  f i r s t  t i m e  i n t e r v a l  
between F S 1 +  0.52 sec and F S 1 +  0.62 sec .  The average gaseous hydrogen flow, 
which w a s  ob ta ined  from Figure  No. F-1 by i n t e g r a t i n g  t h e  flow under t h e  curve 
and d iv id ing  by t h e  t i m e  i n t e r v a l ,  is approximately 6.6 l b / s e c .  To o b t a i n  t h e  
l i q u i d  flow i n t o  t h e  mixer, i t  is  necessary  t o  c a l c u l a t e  t h e  p r e s s u r e  a t  t h e  
mixer. 

The p res su re  a t  t h e  mixer i s  obta ined  from t h e  equat ion:  P mix = P 1  
i n j .  + AP mixer t o  i n j .  (P1 i n j .  = p r e s s u r e  a t  i n j e c t o r  i n l e t ) .  

It w a s  apparent  from t h e  i n i t i a l  test a t tempt  t h a t  t h e  system w a s  such 
t h a t  son ic  flow w a s  be ing  experienced a c r o s s  t h e  f u e l  i n j e c t i o n  annulus. 
c a l c u l a t e  t h e  p re s su re  a t  t h e  i n j e c t o r  i n l e t  w i th  s o n i c  flow through t h e  o r i -  
f i c e s ,  i t  is necessary t o  assume a v a l u e  f o r  t h e  p r e s s u r e  a t  t h e  i n l e t  and t h e  
c r i t i c a l  p r e s s u r e  r a t i o .  Then, t h e  r e s u l t a n t  flow i s  computed. When t h e  
proper  p r e s s u r e  is  s e l e c t e d ,  t h e  flow w i l l  be  equal  t o  t h e  350 l b / s e c  assumed 
i n i t i a l l y .  Because of t h e  h e a t  i npu t  by t h e  s u r f a c e  downstream of t h e  t h r u s t  
chamber va lve ,  i t  is  assumed t h a t  t h e  temperature  a t  t h e  i n j e c t i o n  o r i f i c e  is 
l l O O R .  

To 
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The p r e s s u r e  a t  t h e  i n j e c t o r  o r i f i c e  i n l e t ,  Po i n j . ,  is  assumed t o  b e  
350 p s i  and t h e  p r e s s u r e  r a t i o  PT i n j / P o  i n j ,  where PT i n j  is  t h e  p r e s s u r e  a t  
t h e  o r i f i c e  t h r o a t ,  is  assumed t o  be 0.5. Thus, PT i n j  = 175 ps ig ,  and a t  
l l O o R  t h e  s p e c i f i c  h e a t  r a t i o ,  k, = 1.78. The p r e s s u r e  r a t i o  is confirmed by 
P i n j  

P i n j  
T 

0 
% (A) k-l = 0.471 = 0.5.  

The flow through t h e  i n j e c t o r  wi th  s o n i c  flow can b e  c a l c u l a t e d  from 
t h e  equation: 

where : 

= s ta t ic  d e n s i t y  a t  t h r o a t  

V a  = a c o u s t i c  v e l o c i t y  a t  t h r o a t  

pS 

A = i n j e c t o r  o r i f i c e  t h r o a t  a r e a  

C = flow c o e f f i c i e n t  = 0.8 

- .656 1 Ps = - - -  
PO i n  j ( k : l )  k - 1  

and 

3 i n j  @ 350 p s i a  and l l O o R  = 0.66 l b / f t  
PO 

3 t h e r e f o r e  ps  = 0.433 l b / f t  

V a  a t  l l O o R  and 175 p s i a  = 2100 fps .  

A = 77/144 f e e t  2 

thus  % 

fi i n j  = (.433) (2100) (.535) (0.8) = 388 l b  = 350 l b / s e c  

Some p o r t i o n  of t h e  p r e s s u r e  drop through t h e  i n j e c t o r  is  not  i n  t h e  
o r i f i c e ;  t h e r e f o r e ,  i t  is  reasonable  t o  assume a p r e s s u r e  a t  t h e  i n j e c t o r  i n l e t  
of 350 ps ia .  

The p r e s s u r e  drop from the  mixer t o  t h e  i n j e c t o r  i s  c a l c u l a t e d  next.  

Thus, t h e  p r e s s u r e  

Water flow tests of t h e  system had g iven  va lues  of Kw versus  percent  va lve  

opening i n  t h e  r e l a t i o n s h i p  W = K YAP water flow. water w 
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drop from t h e  mixer t o  t h e  t h r u s t  chamber valve can be  obta ined  from t h e  
equat ion  : 

P water 
A' mixer = t o  i n j .  (' yid) P f l u i d  

i f  t h e  d e n s i t y  of t h e  f l u i d  is  obtained. 
4.12 l b / f t 3 ,  a p res su re  of 400 p s i a  and temperature  of 50°R, i s  assumed. 

To o b t a i n  t h e  d e n s i t y  of t h e  f l u i d ,  

The p r e s s u r e  drop then  becomes: 

"mixer t o  i n j e c t o r  = (*)2 132.7 (z) = 105 p s i a  

I 

'mix' '1 i n j  + "mixer t o  i n j e c t o r  The p res su re  a t  t h e  mixer, 

= 350 + 105 

wi th  Fmixer 

The weight flow of 

= 455 p s i a .  

455 -I- 350 = 402 = 400 assumed. 
% - - 

t o  i n j e c t o r  2 

l i q u i d  from t h e  tank  s i m i l a r l y  becomes: 

f l u i d  

w a t e r  
- 

'tank W1 = K tank  t o  mixer 
W 

= 110.4 -/(600 - 455) (s) 
= 347 l b / s e c  

The next  s t e p  13 t o  c a l c u l a t e  t h e  change i n  weight of t h e  f l u i d  i n  t h e  
cons tan t  volume (44 f t  ) l i n e  between t h e  mixer and t h e  t h r u s t  chamber va lve  
caused by changes i n  dens i ty .  The weight of f l u i d ( W )  = volume of l i n e ( V )  X 
dens i ty (P )  of t h e  f l u i d  and t h e  d e n s i t y  is a f u n c t i o n  of p r e s s u r e  and tempera- 
t u r e ;  t h e r e f o r e ,  a n  average p r e s s u r e  of t h e  f l u i d  between t h e  mixer and t h e  
va lve  must be obtained. 
of t h e  f l u i d  i n  t h e  i n j e c t o r  w i l l  no t  change s i g n i f i c a n t l y  during t h e  i n t e r v a l ,  

The i n j e c t o r  is  no t  included because t h e  p r o p e r t i e s  
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The weight of l i q u i d  flow, 

Y 

i1 @ 0.520 sec = KW tank t o  Pc J (PT - Pc) (; water f l u i d )  

= 74.4 1/(600-15) 62.4 4.09 

= 460 l b / s e c  

- - 6oo + l5 t 307 psis 
tank t o  Pc 2 where p f l u i d  i s  obtained a t  

The p res su re  a t  t h e  mixer can be ca l cu la t ed :  

= PT - (7 % 
mix P 

W t ank  t o  mixer 

Assume average p res su re  between t h e  tank and mixer is 170 p s i a  and t h e  
temperature i s  50"R, then  p f l u i d  = 4.18 l b / f t 3 ,  and 

P mix = 600 - (-) (E) = 342 p s i a  

% 
' P  

' 'tank + mix - 600 + 342 = 471 = 470 - - - - 
'tank t o  mixer 2 2 

The weight of f l u i d  contained between t h e  mixer and t h e  va lve  then  equals :  

W = Volume X p 470 p s i a  and 50"R = 44 x 4.05 = 178.2 

The average p res su re  between t h e  mixer and t h e  valve is  approximately equal  t o  
t h e  p re s su re  a t  t h e  mixer because t h e  l i n e  has  very l i t t l e  p res su re  drop. 

A t  FS1 + 0.62 sec, t h e  f l u i d  s t o r e d  i n  t h e  l i n e  between t h e  mixer and 
t h e  va lve  is  not  homogeneous. 
w a r m e r  and thus ,  less dense than  t h a t  a t  t h e  valve because of t h e  a d d i t i o n  of 
t h e  gaseous hydrogen. 
is  assumed, t h e  temperature of t h i s  f l u i d  can be  obta ined  from a n  enthalphy 
c h a r t  i f  an enthalphy ba lance  is  made. 

That f l u i d  j u s t  downstream of t h e  mixer is 

I f  complete mixing of t h e  gas and l i q u i d  i n  t h e  mixer 

h = fi h + fi hg where en tha lph ie s  are obta ined  a t  Pmix, 'mix m i x  1 1 g 

Tg = 530°R, and T1 = 50"R. 

thus  353.6 hmix = (347)(-59) + 6.6 (1812) 

and hmix = 24.1 
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With t h e  enthalphy and p res su re  of t h e  mixture  known, t h e  temperature ,  TmsX, 
is obtained as 58'R. 
The volume occupied by t h i s  mixture  which is  formed i n  0 .1  sec is Vmix = 

The d e n s i t y  of t h i s  mixture  is then ,  pmix = 3.73 lb ) f t3 .  

Thus, t h e  volume of t h e  o r i g i n a l  p r o p e l l a n t  remaining i n  t h e  l i n e  is equal  
(44 - 9.48) o r  34.52 cu f t .  A s  p rev ious ly  shown, t h e  average p res su re  i s  
400 p s i a ,  t h e  temperature  is approximately 50'R, t h e  d e n s i t y  is  4.12 l b / f  t3, 
and t h e  t o t a l  weight of t h i s  f l u i d  is 142 l b .  Thus, t h e  change i n  weight 
s t o r e d  is 178.2 - (142 + 0.1 (347 + 6.6))  o r  0.84 l b  o r  8.4 l b / s e c  equ iva len t  
f low rate. Because t h e  weight s t o r e d  a t  t h e  end of t h e  i n t e r v a l  is  less than  
t h a t  s t o r e d  a t  t h e  beginning, t h i s  weight has  t o  pass  through t h e  i n j e c t o r .  
Thus, t h e  weight flow rate through t h e  i n j e c t o r  becomes: 

= 347 + 6 . 6  + 8.4 

= 362 l b l s e c  

A s  can be seen,  t h i s  va lue  is  h igher  t han  t h e  i n i t i a l l y  assumed weight flow of 
350 lb / sec .  I t e r a t i o n  is requ i r ed  u n t i l  t h e  assumed and c a l c u l a t e d  weight 
flows are equal .  

These c a l c u l a t i o n s  are continued a t  0.100 sec i n t e r v a l s  u n t i l  i g n i t i o n  
occurs  and chamber p re s su re  begins  t o  inc rease .  
t h e  change i n  weight of hydrogen s t o r e d  between t h e  t h r u s t  chamber valve and 
i n j e c t o r  caused by changes i n  p re s su re  and temperature  must be  included.  Af t e r  
i g n i t i o n  occurs ,  t h e  flow of f u e l  and o x i d i z e r  must a l s o  b e  balanced t o  s a t i s f y  
t h e  r e l a t i o n s h i p :  

I n  t h e  subsequent c a l c u l a t i o n s ,  

Figure No. F-1 and No. 
system f o r  t h e  sample problem 

F-2 show flow rates and p res su re  i n  t h e  hydrogen 
case wi th  a tank p res su re  of 600 p s i a .  It can 

be noted on Figure  No. F-2 t h a t  a t  approximately 1.9 sec, p re s su re  i n  t h e  mixer 
must equal  tank  p res su re  t o  achieve  a system balance.  
t o  cont inue t o  open, flow reversal upstream of t h e  mixer would r e s u l t .  

I f  t h e  mixer valve w e r e  

For t h e  success fu l  tests, a f u e l  tank  p res su re  of 800 p s i a  and a s lower 
opening rate of t h e  mixer valve w e r e  s e l e c t e d .  F igures  No. F-3 through No. F-5 
show p red ic t ed  ve r sus  a c t u a l  va lues  of hydrogen l i n e  parameters ve r sus  t i m e .  
A s  can  be  seen,  agreement is r e l a t i v e l y  good a f t e r  FS1 + 1.5 sec. Disagree- 
ments p r i o r  t o  t h i s  t i m e  are caused by a combination of d i f f e r e n c e s  i n  valve 
t imings and i n i t i a l  condi t ions  of t h e  f l u i d  i n  t h e  l i n e  be ing  o t h e r  than  
assumed. 
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APPENDIX G 

MEASUREMENT AND EVALUATION 

OF 

SOUND LEVELS FROM M-1 THRUST CHAMBER TESTS* 

* The information presented  i n  t h i s  appendix was o r i g i n a l l y  i s sued  as 
Aerojet-General Report No. 0830-99, 27 June 1967 
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I. SUMMARY 

This appendix desc r ibes  t h e  sound p res su re  level (SPL) measurements 
taken during the M-1 t h r u s t  chamber test f i r i n g s  1.2-05-EHM-004 through 010, 
t h e  la t ter  p a r t  of t h e  M-1 t h r u s t  chamber assembly phaseout program, and tests 
1.2-07-EHM-001 through 004. 
L02/LH i n j e c t o r  test program. 
tests ? l o  sec maximum) of t h e  M-1 t h r u s t  chamber assembly mounted i n  a ho r i -  
zon ta l  p o s i t i o n  on Test Stand H-8, which is  loca ted  i n  T e s t  Zone H of t h e  
Aerojet-General Corporation Sacramento P l a n t  T e s t  Operat ions f a c i l i t i e s .  The 
t h r u s t  chamber nozz le  w a s  a 2 : l  uncooled a b l a t i v e  l i n e r  conf igura t ion .  Thrust  
levels were approximately 1.0 m i l l i o n  pounds, sea-level cond i t ions ,  wi th  
chamber p re s su re  i n  t h e  1050-1100 p s i  range. A t o t a l  of 25 measurements were 
made a t  seven d i f f e r e n t  l o c a t i o n s .  
va t ions  via  sound level meters were obtained.  The o v e r a l l  sound level energy 
peaked between 63 and 80 Hertz  (measured a t  150 f e e t  from t h e  nozz le) .  
s t eady- s t a t e  sound source f o r  t h e  M-1 t h r u s t  chamber assembly was c a l c u l a t e d  

T e s t  S e r i e s  1.2-07 was a p o r t i o n  of t h e  l a r g e  
The measurements were taken from s h o r t  d u r a t i o n  

Magnetic t ape  record ings  and v i s u a l  obser- 

The 

t o  be  204.5 db; i t  was measured a t  202 db. The p red ic t ed  
w a s  0.5%; t h e  a c t u a l  e f f i c i e n c y  w a s  0.4%. F a i r  agreement 
measured and p red ic t ed  sound levels. P r e c i s e  atmospheric 
t o  permit estimates of sound reinforcement .  

a c o u s t i c  e f f i c i e n c y  
e x i s t s  between 
d a t a  were not  a v a i l a b l e  

11 INTRODUCTION 

The p r e d i c t i o n  of sound p res su re  levels t o  b e  expected during s t a t i c  
test f i r i n g s  of  t h e  1 .5  m i l l i o n  l b  t h r u s t  L02/LH2 NASA M-1 Engine and Thrust  
Chamber Assembly (TCA) at  t h e  Aerojet-General Corporat ion Sacramento test  
f a c i l i t i e s  was given cons iderable  a t t e n t i o n .  This  i n t e r e s t  was  based upon 
concern over p o s s i b l e  ope ra t iona l  l i m i t a t i o n s  which might b e  imposed upon 
schedul ing of test ac t iv i t ies  i f  sound p res su re  levels reach propor t ions  t h a t  
are ob jec t ionab le  t o  t h e  surrounding community. 
l i m i t a t i o n s ,  i t  has  been considered t h a t  sound suppression systems a l s o  might 
be  r equ i r ed  i f  sound levels were excessive.  
t o  have cons iderable  in f luence  upon f a c i l i t y  cons t ruc t ion  c o s t s .  

In a d d i t i o n  t o  schedul ing 

The la t te r  f a c t o r  i s  es t imated  

These concerns were supported by test experience developed i n  t h e  Saturn 
T e s t  Program a t  Marshal l  Space F l i g h t  Center ,  Hun t sv i l l e ,  Alabama, where both 
schedul ing l i m i t a t i o n s  and sound suppress ion  systems w e r e  requi red .  

This appendix extends t h e  p a s t  p r e d i c t i o n s  t o  comparisons wi th  a c t u a l  
sound measurement d a t a  taken dur ing  test f i r i n g s  of t h e  M-1 uncooled t h r u s t  
chamber assembly a t  T e s t  Stand H-8 dur ing  t h e  i n i t i a l  o p e r a t i o n a l  phase,  Ju ly  
and August 1966. 

The measurements r epor t ed  were l a r g e l y  taken i n  t h e  near  f i e l d ;  however, 
a few far  f i e l d  d a t a  p o i n t s  a l s o  are included.  The primary purposes f o r  t h e  
measurements were t h e  de te rmina t ion  o f :  
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- The a t t e n u a t i o n  c h a r a c t e r i s t i c s  of t h e  sound p res su re  waves 
f o r  t h e  Aerojet-General area and surrounding proper ty .  

- The amplitude and major frequency of t h e  sound source.  

- The of€-plant  sound level where surrounding community r e a c t i o n  t o  
t h e  f i r i n g s  could become s i g n i f i c a n t  relative t o  test schedul ing.  

Microphones were placed a t  s t r a t e g i c  l o c a t i o n s  dur ing  t h e  f i r i n g s  t o  
accomplish these  ob jec t ives .  
l o c a t i o n s  of a l l  measurements and p red ic t ed  d e c i b e l  contours .  
contours  are no t  s p h e r i c a l ,  b u t  l o b u l a r .  This  l o b u l a r  p a t t e r n  w a s  based upon 
sound d a t a  obta ined  at Marshal l  Space F l i g h t  Center ,  Hun t sv i l l e ,  
between contours  takes i n t o  account t h e  normal 1 / R  a t t e n u a t i o n  p l u s  excess  
a t t e n u a t i o n  of 8 db p e r  m i l e .  Recording ranges were s e l e c t e d  based upon 
p red ic t ed  sound levels. Data were recorded on magnetic t ape  and then analyzed 
i n  t h e  Aerojet-General P l an t  Test Operations Data Process ing  Center.  
Figure No. 6-2 is  a b lock  diagram of t h e  a c q u i s i t i o n  and a n a l y s i s  system used. 
I n  a d d i t i o n  t o  t a p e  record ings ,  hand-held sound level meters were used f o r  
t h r e e  measurements. 

Figure No. G1 is a, p l o t  p l an  showing t h e  
Note t h a t  t h e s e  

The d i s t a n c e  

Of s i g n i f i c a n t  importance is t h e  l a c k  of a b i l i t y  t o  c o r r e l a t e  far f i e l d  
measurements w i th  d a t a  regard ing  atmospheric condi t ions  because of funding 
l i m i t a t i o n s  imposed by t h e  r educ t ion  i n  program scope. 
d i scussed ,  t h i s  f a c t o r  i s  of cons iderable  importance where w i n t e r  weather  and/or  
long du ra t ion  t e s t i n g  i s  t o  b e  performed. 

A s  subsequent ly  

111. MEASUREMENT LOCATIONS AND EQUIPMENT 

The phys ica l  l o c a t i o n  of each of t h e  measurement p o i n t s  is  shown on 
Figure No. G-1. Because of t h e  scale used,  t h e  of f -p lan t  measurement nea r  
Nimbus Dam (SPL-4) is  shown out  of scale i n  r e l a t i o n s h i p  t o  a l l  of t h e  o t h e r  
po in t s .  The information i s  summarized on Table  GI along wi th  t h e  equipment 
used. The l o c a t i o n  des igna to r  inc ludes  t h e  measurement number (SPL-1, e tc . ) ,  
t h e  s t r a i g h t  l i n e  d i s t a n c e  from t h e  source ,  and t h e  ang le  between t h a t  l i n e  
and t h e  l ine  of f i r i n g  from T e s t  Stand H-8. 

The Photocon microphone i s  a L-C tuned c i r c u i t .  Diaphragm movements, 
which are caused by p res su re  f l u c t u a t i o n s ,  r e s u l t  i n  a change i n  capaci tance.  
This  change is t r a n s l a t e d  by t h e  "Dynagage" s i g n a l  cond i t ione r  t o  an analog 
vo l t age  p ropor t iona l  t o  t h e  p re s su re  v a r i a t i o n s .  The Shure Bros. microphone 
i s  a piezo-ceramic device ,  wherein movement of  t h e  diaphragm creates a charge 
ac ross  a ceramic c r y s t a l .  
analog of t h e  p re s su re  a g a i n s t  t h e  microphone. 

Th i s  charge is equ iva len t  t o  a vo l t age  which is t h e  
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A. 

B. 

C. 

D .  

E. 

F. 

G. 

TABLE GI 

SOUND LEVEL MEASUREMENT LOCATIONS AND EQUIPMENT 

DE SIGNATOR 

SPL-1, 150 f e e t ,  -20" 

SPL-2, 300 f e e t ,  -20" 

SPL-3, 5050 f e e t ,  +20° 

SPL-4, 16,600 f e e t ,  
+20° 

SPL-5, 2000 f e e t ,  +160" 

SPL-6, 5400 f e e t ,  +150" 

SPL-7, 3850 f e e t ,  +80° 

LOCATION 

H-8 

H-8 

T e s t  Zone P 

Bluff over 
Nimbus Dam 

Test Zone G 

Outside 
Building 33008 

Outside 
Building 46008 

EQUIPMENT 

Photocon Microphone, 
Dynagage Signal  Conditioner 

Same as above 

Shure 98A108A Microphone, 
E lec t r a -Sc ien t i f i c  Amplifier 

G.R. Sound Level Meter, 
Model 1551* 

Photocon Microphone, 
Dynagage S i g n a l  Conditioner 

G.R. Sound Level Meter, 
Model 1551 

G.R. Sound Level Meter, 
Model 1551 

* Plans included a CP-100 recorder ;  ope ra t iona l  problems i n  the  f i e l d  
prevented successfu l  recording.  
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I V .  RESULTS 

The fol lowing d i scuss ion  desc r ibes  t h e  r e s u l t s  by geographical  l o c a t i o n  
of t h e  measurement p o i n t s  as shown on Figure No. G-1. 
i d e n t i f i e d  by a 
t h e  d i r e c t i o n  away from t h e  nozzle .  
measured va lues .  

These p o i n t s  are 
SPL number, which de f ines  the d i s t a n c e  from t h e  source  and 

Table  G - I 1  summarizes p red ic t ed  and 

A. SPL-1, 150 FEET, -20 DEGREES 

This  measurement was recorded during t e n  tests. The average SPL 
was 158 db; 2 db h ighe r  than  p red ic t ed .  A frequency a n a l y s i s  showed peak 
s p e c t r a  a t  63 t o  80 H,, and secondary energy a t  205 H,. The i n i t i a l  peak 
over-scaled i n  a l l  tests, which ind ica t ed  t h a t  t h e  level w a s  above 166 db at 
t h a t  l oca t ion .  This  i n i t a l  peak i s  a r e s u l t  of t h e  i g n i t i o n  of t h e  hydrogen 
"lead" gas ,  which is p a r t  of t h e  normal start sequence f o r  t hese  tests. 

B .  SPL-2, 300 FEET, -20 DEGREES 

The average SPL f o r  a l l  tests w a s  153 db as compared wi th  a pre- 
d i c t e d  va lue  of 150 db. 
d i s t ance .  
FS-1 + 2.6 t o  FS-1 + 3 .1  sec. 
several p re s su re  measurements during t h i s  t i m e ,  which is t h e  pe r iod  of ramp-up 
of t h e  f u e l  tank  pressure .  

The i n i t i a l  peak w a s  measured a t  164 db a t  t h i s  
The microphone revealed a 200 H, o s c i l l a t i o n  during T e s t  -009 from 

This  same 200 H, component reveals i t s e l f  i n  

6. SPL-3, 5050 FEET, +20 DEGREES (P-AREA CONTROL ROOM ROOF) 

I n  t h i s  l o c a t i o n ,  t h e  SPL-3 measurement w a s  made f o r  two f i r i n g s .  
It showed an average SPL of 113 db. The i n i t a l  peak w a s  measured a t  127 db. 
This  c o r r e l a t e s  w i th  t h e  164 db t r a n s i e n t  measured a t  SPL-2. 
t h e s e  measurements along wi th  SPL-6 i g n i t i o n  d a t a  t o  t h e  nozzle  y i e l d s  an  
i g n i t i o n  t r a n s i e n t  of 211 db. 

Ex t r apo la t ing  

D. SPL-4, 16,600 FEET, +20 DEGREES (BLUFF OVERLOOKING NIMBUS DAM) 

This w a s  t h e  only of f -p lan t  measurement. The sound level meter 
d a t a  ind ica t ed  a s t eady- s t a t e  level of 88.5 db (Test  No. 1.2-05-EHM-007) as 
compared wi th  a p red ic t ed  90 db. It i s  emphasized t h a t  no d e t a i l e d  in fo r -  
mation e x i s t s  relative t o  upper a i r  cond i t ions  which could c o n t r i b u t e  t o  
re inforcement  of sound a t  t h e s e  d i s t a n c e s .  
a conclusion t h a t  t h e  assumptions behind t h e  90 db p r e d i c t i o n  are va l ida t ed  
by t h e s e  l i m i t e d  d a t a .  The 90 db va lue  assumes no reinforcement and 8 db 
excess a t t e n u a t i o n  pe r  m i l e .  

B Therefore ,  i t  i s  no t  n e c e s s a r i l y  

v 
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STATION 

SPL-1 

SPL-2 

SPL-3 

SPL-4 

SPL-5 

SPL-6 

SPL-7 

TABLE G-I1 

SUMMARY OF PREDICTED AND MEASURED VALUES 

MEASURED DB DISTANCE PREDICTED DB 

150 156 158 

300 150 153 

5050 117 113 

16,600 90 88.5 (1) 

2000 124 116 (2) 

5400 

3850 

110 

120 

(1) Measured with sound level meter 

(2) 

(3) Questionable d a t a  

Steady state 116 db, 200 HZ d a t a  122  db 
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E. SPL-5, 2000 FEET, 160 DEGREES (ROOF OF G-1 CONTROL ROOM) 

” 

This  measurement was extremely i n t e r e s t i n g  i n  t h a t  i t  c l e a r l y  showed 
t h e  d i s t i n c t  200 H, o s c i l l a t i o n  i n  tests -006, -007, and -008 dur ing  t h e  start  
sequence. When t h e  main o x i d i z e r  va lve  opened and tank  p res su re  w a s  a t  s teady-  
state, t h e  o s c i l l a t i o n s  stopped. These o s c i l l a t i o n s  were revea led  i n  most of 
t h e  p re s su re  func t ions  as w e l l  as i n  t h e  high-speed movies of t h e  j e t  stream. 
The sound level of t h e  i g n i t i o n  t r a n s i e n t  over-scaled dur ing  a l l  t h r e e  tests, 
which showed t h a t  i t  was i n  excess  of  128 db.  
116 db as compared wi th  a p red ic t ed  va lue  of 124 db. 
e x i s t s  f o r  t h i s  discrepancy and more d a t a  would be  needed t o  r e so lve  i t .  The 
200 HZ d a t a  measured 122 db. 

The s t eady- s t a t e  level w a s  
No clear exp lana t ion  

F. SPL-6 AND SPL-7 

I n  add i t ion  t o  t h e  f i v e  s tandard  measurement l o c a t i o n s ,  two addi- 
t i o n a l  measurements were made during Run 1.2-05-EHM-006. 
were monitored a t  t h e  Building 33008 parking l o t  (SPL-6) and o u t s i d e  
Building 46008 (SPL-7). The sound levels were 107 db and 108 db,  r e s p e c t i v e l y  
as compared wi th  p red ic t ed  va lues  of 110 db and 119 db, r e spec t ive ly .  The 
108 db measurement is probably i n v a l i d ,  b u t  f u r t h e r  tests would b e  requi red  t o  
r e so lve  t h e  d i f f e rence .  

Sound level meters 

V. CONCLUSIONS 

The fol lowing conclusions are made based upon t h e  r e s u l t s  of t h i s  s tudy:  

A. Near-f ie ld  and l i m i t e d  f a r - f i e l d  d a t a  confirm t h a t  t h e  s t eady- s t a t e  
source  sound p res su re  level i s  2.5 db lower than  c a l c u l a t e d .  

B. The measured e f f i c i e n c y  ( acous t i c  coupling f a c t o r ,  N) w a s  0.4% as 
compared wi th  t h e  assumed 0.5%. 
r epor t ed ( l1 .  

An a c o u s t i c  e f f i c i e n c y  of 0.6% w a s  p rev ious ly  

C. A t  150 f t  from t h e  nozz le ,  peak sound level energy w a s  between 
63 and 80 H,. By comparison, a t  t h e  same d i s t a n c e ,  t h e  T i t a n  I f i r s t - s t a g e  
engine (300,000 l b  t h r u s t ,  LO2, RP-1) peaked a t  123 H,, and a 100-in. So l id  
P rope l l an t  Motor (500,000 l b  t h r u s t )  peaks around 70 H,. 

D. Near-field sound level d a t a  c l e a r l y  r e f l e c t s  p re s su re  o s c i l l a t i o n  
f requencies  a s soc ia t ed  w i t h  combustion processes ,  p a r t i c u l a r l y  dur ing  t h e  s ta r t  
t r a n s i e n t .  

E. There is  i n s u f f i c i e n t  d a t a  t o  confirm o r  reject t h e  assumption of 
8 db excess  a t t e n u a t i o n  p e r  m i l e  f o r  t h i s  area, 

(1) Sound Pressure  Level Measurements f o r  Large So l id  Rocket Motors, Aerojet-  
General Technical  Memorandum 202SR, 20 rJovember 1962 
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F. I f  90 db (or  88.5 db) is  t h e  c o r r e c t  non-reinforced sound level a t  
t h e  t h r e e - m i z  d i s t a n c e ,  SPL-4, then  p o t e n t i a l  sound l e v e l  problems i n  t h e  
communities of Orangevale and Folsom e x i s t .  This  is  based upon Marshall Space 
F l i g h t  Center r e p o r t s  which p r e d i c t  re inforcement  as h igh  as 40 db and adverse  
community r e a c t i o n s  a t  approximately 115 db sound levels f o r  sus t a ined  pe r iods  
a t  very low f requencies  (20 H, and below). 
be  circumvented through t h e  use  of d e t a i l e d  atmospheric d a t a  and s e l e c t i v e  test 
times . 

Such reinforcement  cond i t ions  can 

G. The sound l e v e l  a s soc ia t ed  wi th  t h e  start  sequence is approximately 
10 db h ighe r  than t h e  s t eady- s t a t e  level and would probably c o n t r i b u t e  t o  a 
ma jo r i ty  of t h e  community r e a c t i o n s  t o  t e s t i n g .  

H. Any f u t u r e  ex tens ive  program involv ing  engines  of t h e  M-1 s i z e  o r  
l a r g e r  should inco rpora t e  a thorough sound l e v e l  and meteoro logica l  s tudy  as 
w e l l  as a measurement program, which w a s  o r i g i n a l l y  planned t o  suppor t  t h e  M-1 
s o  as t o  avoid specu la t ion  regard ing  reinforcement ,  excess  a t t e n u a t i o n ,  and 
sound l e v e l  contour  conf igu ra t ions .  

V I .  GAL CULAT I O N S  

A. CALCULATION OF SOURCE LEVEL 

The fol lowing c a l c u l a t i o n s  were used i n  performing t h e  sound l e v e l  
p r e d i c t i o n s .  The paramet r ic  va lues  i n  t h e  equat ions  were from engineer ing  d a t a .  

The t o t a l  a c o u s t i c a l  ou tput  of t h e  sou rce ,  i n  w a t t s ,  is: 

2 w = 1 / 2  he 
where : 

W 
fi = t o t a l  mass flow 
V e  = expanded j e t  v e l o c i t y  
n = a c o u s t i c  e f f i c i e n c y ,  es t imated  a t  0.5% 

= a c o u s t i c  power i n  watts 

The j e t  v e l o c i t y ,  Ve, is equal  t o  %.g 
W 

2 2  2 
Therefore ,  W = 1 / 2  . . 0 = 112 Fgl? 

g i  ii 
S u b s t i t u t i n g  t h e  proper  va lues  f o r  F and W ,  y i e l d s  

c 
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The sound power level (PWL) is def ined as 

where W - watts ref P a d b  = 10 l o g  - 
'ref 

20 2 e 8  - 10 l o g  2 . 8  x 10 
-13 Therefore,  PWL = 10 l o g  

i n  

PWL = 204.5 db 

B ,  SOUND PRESSURE LEVEL CALCULATIONS AT THE MICROPHONES 

The Sound Pressure Level (SPL), assuming hemispherical  r a d i a t i o n ,  
i s  given as 

SPL = 

where : 
SPL = 
PWL = 
R =  
D . I .  = 

EA = 

Simplifying, 
SPL = 

PWL-10 log  2 -20 log R + D . I .  - E.A. - 

Sound Pressure Level (db) 
Sound Power Level (db) Source 
Distance from microphone t o  source ( f e e t )  
D i r e c t i v i t y  Index ( p e r  MSFC T e s t ,  19 March 1963) 

20' = +2.5 db 

70' = +1.5 db 
160° = -4 db 

135' = -4 db 

Excess Attenuat ion 
(pe r  TM 202, SRP) 

204.5-8-20 l o g  R t  

= -  x 8 when R = 1000 f t  
5280 

SPL-1 (150 f t  - 20-degrees) 

D . I . - E . A ,  = 196.5 - 20 l o g  R - + D.I . -E.A.  

SPL = 196.5 - 20 log  (150) i- 
= 196.5 - 43.5 + 2.5 
= 156 db 

SPL-2 (300 f t  -20 degrees) 

SPL 196.5 - 20 log (300) + 
= 196,5 - 49,5 + 2.5 
= 150 db 

2.5 

2.5 

SPL-3 (5050 f t  - 20-degrees) 

5050 
5280 SPL 196.5 - 20 l o g  (5050) -+ 2.5 - - 

= 196.5 - 74 + 2.5 - 7-65 
= 117 db 

Page 285 



Appendix G 

SPL-4 (16,600 f t  +20-degrees) 

16600 SPL = 196.5 - 20 l o g  (16,600) + 2.5 -5280~ 8 
= 196.5 - 84.4 + 2.5 - 25 
= 90 db 

SPL-5 (2000 f t  , 160-degrees) 

2000 SPL = 196.5 - 20 l o g  (2000) - 4 - - 
5280 = 196.5 - 66 - 4-3 

= 124 db 

SPL-6 (5400 f t  , 135-degrees) 

5400 - 4 - - 
5280 SPL = 196.5 - 20 l o g  (5400) 

= 196.5 - 74.6 - 4 - 8.2 
= 110 db 

SPL-7 (3850 f t  , 70-degrees) 

3850 SPL = 196.5 - 20 l o g  (3850) + 1.5 - 5280 x 8 
= 196.5 - 71.7 + 1.5 - 5.8 
= 120 db 

C. CALCULATION OF PWL FROM MEASURED SPL DATA 

SPL-1; PWL = 204.5 + 2 = 206.5 db 
SPL-2; PWL = 204.5 + 3 = 207.5 db 
SPL-3; PWL = 204.5 - 4 = 200.5 db 
SPL-4; PWL = 204.5 - 1.5 = 203.0 db 

SPL-6; PWL 204.5 - 3 201.5 db 
SPL-7; PWL = 204.5 - 12 = 192.5 db 

SPL-5; No Steady Measurement 

Average PWL = 202 db 

Calculated T-I = 2.5 db down from 0.5% - 0.39% 

D. CALCULATION OF I G N I T I O N  TRANSIENT FROM SPL DATA 

The i g n i t i o n  sp ike  a t  SPL-2 measured 164 db, which is  14 db above 
t h e  p red ic t ed  level. 
a t  t h e  source was 216 db. 

Assuming a source level of 202 db, t h e  i g n i t i o n  t r a n s i e n t  

The i g n i t i o n  t r a n s i e n t  from SPL-3 d a t a  w a s  127 db, which e x t r a p o l a t e s  
t o  212 db a t  t h e  source.  

SPL-6 d a t a  showed t h e  i g n i t i o n  s p i k e  a t  112 db, o r  2 db over t h e  
PWL. This y i e l d s  a source s p i k e  of 204. 

The average of t h e  t h r e e  measurements y i e l d s  a n  i g n i t i o n  t r a n s i e n t  
of 211 db a t  t h e  source.  
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