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X history o f  the F-1 Combustion S t a b i l i t y  
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presented, and problem encountered are 
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T h i s  documentation del ineates  h i e t o r i c a l l y  the  processes  t h a t  wdrc in- 

volved in t h e  development of a dynnmically s t a b l e  P-1 engine f o r  the 

National Aeronautics and Space Administration. 

vide a t echn ica l  i n s i g h t  i n to  the  l o g i c  and ac t ion  t h c t  r e s u l t e d  i n  

demonstrable solut.ions t o  t h e  combustion i n s t a b i l i t y  problem. 

The o b j e c t i v e  is t o  pro- 

Inf luences c o n t r i b u t i n g  t o  the formation of engineer ing ideas  and d e c i s i o n s  

are presented. 

program8 as well a s  t h e  F-1 program; the experience and conceptions o f  

the individual  Combustion S t a b i l i t y  Committee membere, of o t h e r  Rocket- 

dyue engineering and research personnel ,  of consul t a n t a  to t h e  program, 

and of  NASA representat ives;  and t h e  information provided by t h e o r e t i c a l  

studies,  ana lye i s ,  model experimentation, and h o t - f i r i n g  t e s t s .  

Theae include a p p l i c a b l e  Rocketdyne experience i n  o t h e r  

To implement t h i s  purpoae the  h i a t o r y  of Project First ( s a  t h e  program 

w a s  t i t l e d  a t  Rocketdyne) is presented in  manner most c o n s i s t e n t  with 

i \ 

clar i ty ,  r a t h e r  than chroni logical ly .  

spectrum approach which encompassed t h e  development of s o p h i s t i c a t e d  in- 

s t rumentat ion,  data reduction and analysis methods, and p a r a l l e l  des ign  

and t e s t  p r o j e c t s  conducted a t  f a c i l i t i e s  i n  Cazoga Park, Santa Susana, 

and Rocket Site/Eduards Air Force k a e .  

The contenta r e f l e c t  the broad 

For convenience o f  presentation, t h e  h i e t o r y  ie d i v i d e d  in to  voluxaes, each 

encompaseing (L 12-lonth period, and each volume is composed o f  four  books, 

each inclueive of a 3-month period. It is a n t i c i p a t e d  t h a t  in t h i s  way 

the completion of the hietory vi11 coincide with t h e  t e r m i n a t i o n  of the 

R 561 5-1 1 
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w 

program. 

and ensuing subject matter are used. Pertinent i l l u s t r a t i o n s  and photo- 

graphic material are included t o  ens& comprehensive documentation. 

To provide clarity and continuity,  subheadings denoting dates  

The material for  the program his tory  is derived from progress reports,  

internal ibcketdyne nemoranda, and the d a i l y  record kept o f  Combustion 

S t a b i l i t y  Committee aeetings from the inception date of the program. 

2 
c - \  

\ 
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I hTl WD UCT I 0 N 

In October o f  1962 t h e  Combustion S t a b i l i t y  Committee was es t ab l i shed  

ukhin the Liquid Propulaion D i v i s i o n  of Rocketti)ne. 

s i d e  over the  Committee's a c t i v i t i e s  were P. D. Cnstenholtz and D r .  D. 0. ' 

Klute. 

agcment of the F-1 Combustion S t a b i l i t y  Program. 

p r i n c i p l e  o b j e c t i v e s :  (1) the  achievement of a dynamically s t a b l e  F-1 

engine design w i t h i n  t h e  engine 's  development schedule and contractual  

spec i f i ca t ion ,  and (2) t h e  determination of  k b t  d e s i g n  and operat ional  

parameters are fundamental to the  development o f  dynamically s t a b l e  

l iquid-propellant r o c k e t  engines. 

Des ipn ted  t o  pre- 

The Committee was charged with t h e  technical  d i r e c t i o n  and mon- 

Its c h a r t e r  named two 

F-1 STATUS 

At the time t h e  Cornbumtion S t a b i l i t y  Committee was formed, two baaic  

i n j e c t o r  configurat ion8 had been evolved i n  the  F-1 program, one o f  vhich 

had performed s t a b l y  bu t  would not successfully damp a bomb-initiated 

disturbance. This i n j e c t o r  w a s  a 5U d e s i g n ,  then be ing  t e s t e d  in f l a t -  

f ace  and b a f f l e d  configurat ions.  

was a l e o  considered a promising configuration. 

rings, uniplonar 0. j71-inch impingement, and a 13-compartment by 3-inch- 

long baf f l e  system (wheu baf f l ed ) .  

been overcome, and work war be ing  conducted on b a f f l e  cooling. 

self- t r iggered i n a t a b i l i t i e r  had occurred within the q u a r t e r  ia engine 

tea t s  with f l a t f a c e  injectore, but the f i r s t  f u i i d u r a t i o n  engine t e s t  

(150 seconde) had been rccoopliehed a t  1,500,000 pounds of thruat.  

003 had a l so  experienced spontaneous i n s t a b i l i t y  w i t h  a 5U baff led 

,; double-row-cluster i n j e c t o r  design 

The 5LJ type had 34 copper 

Xnjector f ace  burning probleme had 

Three 

Ehgine 

I 

I 
I 
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,. 
injector. 

grain bombs. I t  vas evident from the t e s t  h i s tory  that  baffled injectors 

caused l e s s  hardware damage when instabi l i ty  waa encountered, but b o t h  

baffled and'unbaffled injectors a t  thie etage were subject t o  spontaneous 

ins tab i 1 i ty . 

Tejt i~ lg  on test stand 2A a t  nS/LWB was under way w i t h  50- 

* 

Jnjector L/.V 070, a b a f f l e d  5U injector, was ready f o r  f i r i n g  a t  t e s t  

stand ZA, E/W. 

Typical  W - p a t t e r n  injectors are shown in Fig. 1 through 4. A typical 

double-row cluster configuration is shown in Fig .  5 and 6 .  

i 

8 
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Figure 1- Flatface,  5U Injector 
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Figure 3.  Baffled, 5U Injector , 
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Figure 5. Double-Row, Cluster, Ilaff le6 i n j e c t o r  
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I n  the quarter ,  October through December of 1962, t h e  Combustion S t a b i l i t y  

Coamittee bas formed and the F-l Combustion S t a b i l i t y  Program i n i t i a t e d .  

An h i s t o r i c a l  eurvey of the F-1 program and o t h e r  Rocketdyne engine program8 

i n  which i n s t a b i l i t y  had been encountered wae completed. 

t heo ry  r e l a t ed  t o  the i n s t a b i l i t y  phenomenon was undertaken. 

of the  quarter ,  design c r i t e r i a  had been e s t ab l i shed ,  i n s t m e n t a t i o n ,  

d a t a  reduction and  nnalyaie requirernenta had been developed, and a com- 

prehensive program wa8 under way. 

two-dimensional transparent thrust chambers, F-1 opera t ion  was being 

modeled 

review f o r  modification8 t o  t h e  s tandard F-1 i n j e c t i o n  eyetem and advanced 

concept injectore .  

A deep study of 

By the end 

Erperimental work waa in progreas with 

and parametere eramined w i t h  the 8-1 engine,  and designa were in 

R-56154 11 



. 
The initial effart of 'the Committee was to undertake an intensive inves- 
tigation of F-1 development history. 
F-1 Program Team, which began on 5 October 1962, the F-1 program was 

reconstructed from the date of ita inception. 
approach the instability problem unhindered by preconceived notions or 
attitudes restrictive to open and accurate evaluation, every aspect of 
the development program waa reviewed. 
and it- aequencing, atart through cutoff, were carefully defined. A 
complete geneology of injectors developed in the course of the program 

was presented and studied. Development of the turbopump, lines and 

ducting, control ayatema, dome and manifolding, t h t  chamber and ex- 

hausterator m e  alao given detailed scrutiny. All documentation, f ilm13, 
photographe, and inatrumentation record8 accumulated during the program 
were acquired and subjected to study by the Committee. 
effort, eimilor information pertaining to earlier Rocketdpne experience 
with combustion instability in the conduct of the Redstone, Atlae, H-1, 
and G1 program ma gathered and studied. 

In a series of meetings with the 

Because of the deaire to 

The operative regime of the engine 

As an adjunctive 

A survey of the literature 

m u  in i t iated ,  and expert8 in the f i e l d  working under NASA auspices were 
contacted for consultation (Table 1 ). 

8 , 

11-561 5-1 13 
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TABLE 1 

/ 

COKSULTAWS 

TO 
a CO,NRUSTIOX STABILITY C@MITTEE 

11-9-62 Richard Priem Wi-Levis 

11-12-62 David T. Earrje Forrestal Research (Guggenheim) 
Princeton Univ., Princeton, N. J. 

11-16-62 Donald Bartz, Jack Rupe JPL, Pasadena 

12-11-62 Prof .  E. S. Starkman University of California 
at Berkeley 

I 
12-14-62 Herbert B. El l ie  Aero j e t ,  Azusa 1 
12-17-62 Jack Rupe 

Mar Clayton 
JPL, Pasadena 
JTL, EtIB 

12-20-62 Prof. Robert J. Oaborn Purdue University, 
Lafaye t t e ,  Indiana 

I 
I 



b r l y  in October, 1362, t h e  Co&iCtee began a compi l a t ion  of t h e o r i e e  

bearing upon combustion s t ab i l i t y .  

engine was exmined, as well  88 its operation. 

and candid approach was taken (within t h e  p reac r ibed  l i m i t s  of  a c i e n t i f i c  

method). 

compiled: 

The component s t r u c t u r e  of t h e  F-1 

A completely open-minded 

The fol lowing l i e t  of p o t e n t i a l  80urcee of i n s t a b i l i t y  was 

1. S t r u c t u r a l  i n t e g r i t y  of t h r v s t  chamber m o u t s  

2. T h t  chamber nozzle a t i f f n e e s  

3. Structural i n t e g r i t y  of  b a f f l e a  in t he  combustion chamber 

4. C h a r a c t e r i s t i c s  of t he  material of the t h a t  chanber 

5. Flov straightness i n  the p r o p e l l a n t  l i n e a  

6. Diameter o f  t h e  propellant l i n e a ;  length and s t i f f n e a s  

7. Presaure drop in the feed system 

8. Velocity change8 d u r i n g  opera t ion ;  croea v e l o c i t y  changes 

9. 
4 

Cavitat ion in t h e  i n j e c t o r  o r i f i c e s  

10. Cavitat ion in the  feed syetem 

11. Gas pockets  in  the feed a y r t e n  

12. Diameter o f  the combustion chamber 

15. 

14. 

15. 

Length of the combuation chamber 

Splaah plate and turbulence ring d i s t u r b a n c e r  

Chubet rhape (cone ~8 cylinder) 

\ 
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16. Spacing of i n j e c t i o n  o r i f i c e s  

17. Temperature of t h e  combustion chamber wall 

18. Xixture r a t i o  uniformity 
c- 

I n d i v i d u a l  members of t h e  Committee t h e n  presented t h e i r  o m  t h e o r e t i c a l  

v i ews  of the  i n s t a b i l i t y  phenomenoc. These vere aa follows: 

D r o p l e t  Brealcup 

The p r e v a i l i n g  theories  developed t o  comprehend d r o p l e t  burning were 

p r e s e n t e d  by a member of t h e  Condttee. In the f i n a l  r e e o l u t i o n  it wae 

n o t e d  that  c e r t a i n  c r i t i c a l  assumptions must be made i n  the  development 

of t h e o r i e s  explaining t h e  formation and ac t ion  o f  d r o p l e t s  i n  a combus- 

t i o n  chamber; these being i n i t i a l  d r o p l e t  v e l o c i t i e e  and eizee.  Con- 

commitant assumptions follow: 

1. The velocity o f  t h e  drop changes as it burns. 

2. A8 droplet8 approach gas v e l o c i t y ,  d r o p l e t s  g e t  e n a l l e r .  

3. The en t i re  process  is gradual.  

The t h e o r e t i c a l  evaluation suggested that a t ransveree mode would have 

the f o l l o v i n g  e f f ec t  i n  t h e  chamber: 

one zone t o  another in the chamber where droplets  e x i s t ,  cause s h a t t e r i n g  

and more r a p i d  atomization, create mix tu res  o f  MX-rich gas and fuel-r ich 

gar, and "blow out the flame." 

burning gas could be moved f r o m  

P r a c t i c a l  application of this concept suggested the use of ilm holder r  

i n  the  combustion chamber. 

. 
-. 



As t h e  d iscuss ion  proceeded it becnme a p p a r e n t  that d e f i n i t i o n s  that a l l  

members of t he  committee agreed upon vould be  necessary before the  a p  

p l i c a t i o n  of theory t o  t h e  F-1 prdblen could prove productive. The 

followin& d e f i n i t i o n  waa s e t  forth and agreed upon: 

I 
I I I I STHUCTURE OYNAM!CS t7 

AT IN JECTlCN 

Only "combustion dynamics" can be i n d i v i d u a l l y  and a c t i v e l y  unstable, 

The "pipea" are passive. 

Anything that happen8 t o  the f lowrate  is "combustion 

dynamics". 
Definition: Feed system dynamic8 include anything that producea a 

flowrote at the o r i f i ce  edge. 

It was t hen  postulated that if b = C (a conatant), considerat ion of 
e f f e c t 8  upetream of the orif ice6 could be el iminated and only combustion 

dynamic8 vould r equ i r e  consideration. 

. 

R-56 15-1 



B a f f l e  T h e o ~  - 

At  t h i s  t i n e  i n  the  F-1 program, t h e  unbaffled 5U type i n j e c t o r  appeared 

t h e  most promising, b u t  t h e r e  was conaiderable con t rove r sy  over t he  va lue  

of a baf f l e  system. The o s c i l l a t i o n  data then available indicated varia- 

t i o n s  i n  the operat2on of the engine And thrust chamber wi th  and w i t h o u t  

b a f f l e s .  

through the a d d i t i o n  of ba f f l e s  prompted ;L C l o s e  examination of the  

e f f e c t s  of b a f f l e s  on the combustion process. 

A h i s t o r y  of s tab le  opera t ion  achieved w i t h  t h e  Atlaa and H-1 

A theore t i ca l  explana t ion  of t h e  e f f e c t  of b a f f l i n g  aystems on engine 

operat ion was put f o r t h  by one o f  t h e  Committee members; t h i s  explanat ion 

YQS based on e t r e a k  photograph data. 

PARTCLE TRACE OF GAS MOLECULE 

BAFFLED 

Sl'R€AKS SHOW TRMJSVEFIS 
IN A BAFFLE CCMPMTMEMT. 

hi flea irolate trmavcrro orcilletioa t o  one compartment. 

t , 
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Assume: 

Q = energy obsorbed/cicle- ratio of t o t a l  energy stared in a 

cant i lever  bean divided by what is 
l o s t .  

0 = c-0 

E;\ - S when S < Sc 

S- l e n g t h  of  b a f f l e  

.*. Stable 

A conclusion drawn a t  this  point m a  t h a t ,  from pop t o  pop, the thrust  

chanber is ringing a t  the n a t u r a l  frequency o f  the baff led  compartment. 

This concep t  l ed  t o  the thought that the p r o p e l l a n t  might b e  used as a 

dmping medium, t h i r  t o  be nccornplieked by designing the baffles aa a 
aecondary i n j e c t i o n  station, thus reducing t h e  i n j e c t i o n  d e n s i t y  a t  t h e  

face of the in jec tor .  

of ataged i n j e c t i o n  d e e i p  which spread the combustion procerjs a x i a l l y ) .  

An a d d i t i o n a l  conclusion ma drawn a t  t h i s  time to the e f f e c t  that  b a f f l e s  

aerve t o  reduce the amplitude of gar motion in the chamber a n d  increaee 

the  frequency. 

(Thia concept led ,  eventua l ly ,  t o  c o n s i d e r a t i o n  
4 



\ 

An "igni t ion  limited theory" was presented for t h e  Committee's 

cons ideration: I 

2 SHOWE8HEAD JETS 
Gp= %*. 

Amount of gas heading toward face = gas pumped. 

t = thickness o f  external g a s  caused by  aspiration of  j e t  at  ve loc i ty  
V at point X 

The boundary layer grows faster i f  the jet is impinged, because of tur- 

bulence. 

gas is increased. 

By moving the  impingement p o i n t  up, the amount of turbulent 

The more gay that is moved, the more energy there i e  avai lable  for 

i g n i t i o n .  

tween j e t a .  

niterr and maintain8 cornburtion, The conclurion, then, ir that: 

The gas maae pumped get8 larger with increaaed distance be- 

Recirculated bot gaa a c t a  aa a p i l o t  (gas flame) that ig- 

* 

20 

1, Rundom oriented holes are bad 

2, The transverse mode i r  t h e  reeul t  of drop shattering 

L I :  



The ouergy relcnse rate vas def ined: .  

Acoustic Theory 

The acoustic theory of instability baa examined. 

instability phenomenon evident in the F-1, t h e  theory fa i l ed  to explain 
the evidence of the data. 

When related to the 

Two m e a m  of evaluatiqg acoustic e f f ec t8  wese propoaed: 

1. I;se power spectral deneity analyeie t o  read the reeulte o f  F-1 
bomb testa w i t h  baffled injector6 and detennine the influence of 
ac o u  ti ca . 

. 
21 



2. m i l d  and t e s t  (I model m o t o r  w i t h  il shroud t o  "colleci;il and 

damp t a n g e n t i a l  mode ac;oustics of t h e  kind i d e n t i f i e d  i n  t he  F-1. 

This  would provide a means t o  isolate  combustion s tabi l i ty  f r o m  

acoustic dieturbance and e i t h e r  e l imina te  the s t a b i l i t y  problem 

o r  a t  l e a a t  r a d i c a l l y  narrow the  f i e l d  of posa ib le  causes. 

F 

OPEN LOOP 

G GEOMETRY OF CHAMBER 
(NATURAL FREQ.) 

S o l i d  Acoust-c Problem a8 Analom t o  Liquid 

I n  s o l i d a ,  first and eecond harmonica of t h e  t a n g e n t i a l  modewere detected 

e x i s t i n g  independently. 

ia burning gra in  were noted. 

Frequency changes with increas ing  a i ze  of  core 

I 

, 
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hi cxpcrimnt with a solid propcllrrut motor w a s  coiducted. 

A longitudinal node was recorded,' sustained by the p r o p e l l a n t  a t  the 

ends of the motor, where there are pressure fluctuations. 

"Plastic" has apringdlass eystem - 
Solid drives at almorrt any frequency 
it want8 t o .  

The question ma posed as to why the system oscillates at its open-loop 

frequency and not a t  its closed-loop frequency? The answer was ar followr: 

I 
l 

\ 

R-56 15-1 

K = combustion .I gain function 
K a function of length 
There is a pure K in the dypamics of 
the feedback. 

, 



In baffled chamber, amplitude in baffle area smaller; getting larger 1 
down the chanber. I 

8 PROPOSED 

Ring lower end of thrust chamber and correlate results with  Icnuwn effects 

in bnff led section. 

Downstream of the combustion process there may be critical damping because 

of liquid. 

Proposed: Use power spectral density analysia to read results of F-1 
bomb testa vith baffled injectors and determine relative 
acoustic tangential frequencies at point  on the chamber. t 

Oucstion. 
chamber? Natural frequency or compartment? 

(1) Does combuatioa process merely amplify acoustic8 of 
(2) Is t h i s  ayetem but I1: 

as well as A vary vith length and not necessarily aimNy amplitude + I i  
I 

i 
' I  

1 

t 
1 
I 

i 

i 

ac o w  t ic e? 
* 

Answer. Get rid of A - 
\ 

Propored: reparate c d w t i o n  phenomena. 
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; 1-3 

Repented Pressare Surgirg 

c 

'In e x m i n i n g  the o s c i l l a t i o n  tracea of F-1 and 8-1 t e s t s ,  and i n s t a b i l i t y  

c h a r a c t e r i s t i c  waa noted that appeared unique t o  t h e s e  engines. I n  these 

t he  pedcs are of  approximately equal he igh t  and e q u i d i s t a n t  on the t r a c e s ,  

and e x h i b i t  a sharply inc l ined  pressure spike (b r i san t ) .  

was t e n t a t i v e l y  des igna ted  "repeated pressure 8urging.* 

The phenomenon 

X number of possible cause8 of repeated pressure surging were poetulated: 

1. Gel explosions on the w a l l  

a. Waves of l i q u i d  on the  w a l l  

b. Carbon flaking from the  w a l l  

2. Gas products downstrean of the baff les  

3. Wave growth through droplet r e s idue  

a. Sear i n j e c t o r  end 

b. Xenr nozzle 
i 4, Contamination in LDXring  grooves 

A t  this time other oeci l la torymodes  were evident  on the t r a c e s  and 

certain paasible cauaea for these were patulated: 

1. Longitudinal mode driven by: 

0.  Pressure-eenait ive mechanism 

b. Flow-eensitive mechanism 
c. Displacement 

2. Feed system resonance 

3. Explorions in the exhauat j e t  

25 



A summary conclusion regarding t h e  o r i g i n  and p e c u l i a r i t i e s  of repeated 

pressure surging w a g  subsequently expressed:  

"Repeated pressure s u r g i n g  is a funct ion of 
random explosions r e s u l t i n g  f r o n  'globs' of 
unburned propellant going o f f  i n  odd p l a c e s  
downstream of the i n j e c t o r ;  t h i s  c w d i t i o n  
is related t o  i nd iv idua l  i n j e c t o r s  more o r  
less  prone t o  cause this phenormnon." 

In examining t h e  o s c i l l a t i o n  t r a c e s  of F-1 and H-1 tes ts ,  repeated pres- 

s u r e  surg ing  w a s  i d e n t i f i e d  ( t e n t a t i v e l y  at this time) as a phenomenon 

unique t o  these engines.  

A review of studies conducted by the Conbustion Devices Subdivi6ion of 

Rocketdyne w a s  presented,  and the follouing theory was provided f o r  the 

Committee I s  cons ide ra t ion :  

These s tudies  had been conducted on previous  f u l l - s c a l e  F-1 i n j e c t o r  

designs which included 5 dynamically stable i n j e c t o r s  out of 12, based 

on 2-second t e s t s  et ILs/E\FB, 

The hypothesis  wiu 
i n j e c t o r  face, the more etable t h e  system. 

that the c l o s e r  propellaota a r e  burned t o  the  

. 

. .  

. 26 



A n  "old" theory,  delined for  f l a t f a c e  i n j e c t o r s ,  wiw presented. T h i s  

theory h e l d  t h a t  higher oxidizer a t o m i z a t i o n  and reduced f u e l  atomiza- 

t ioa  u i t h  the  fuel injected - i n t o  the o x i d i z e r  would p r o v i d e  t h e  d e s i r e d  

s t a b i l i t y .  This theory, however, d i d  n o t  apply  i n  s t u d i e s  of i n j e c t o r s  

with divergence. A "new" theory was defined,  which 's ta ted t h a t  c loser  

o r i f i c e  spacing and u n i p l a n a r  impingement at a r e l a t i v e l y  s t e e p  a n g l e  

would provide stability. I t  w a s  f u r t h e r  stated t h a t  a higher  mixture  

r a t i o  caused by tangent ia l  wiud  has a bad e f f e c t ;  p r i n c i p a l l y  the r e s u l t  

of misaligned holes. 

r- 

h equation i n  support of the  new t heo ry  w a s  also presented: 

Stab i 1 i ty Equat ion : 

I t  was  a n t i c i p a t e d  that i n j ec to r  U/N Ot6,  t h e n  i n  b u i l d ,  would prove 

stable. 

On 9 November 1362, a preaentation wim once more d e  by Rocketdyne's 

Coxbustion Dynamics Unit. A summary of  deaign parameters w a e  t endered  

the Committee: 

1. Very small drop s i z e  (mean), corresponding t o  a resonant 

irequeacy X O O O  kps 
I 
I 

8 
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2. 

3. 

4. 

5. 

6 .  

Possibly a v e r y  r i d e  d r o p l e t  size d i s t r i b i i t i o n  such that f e u  

droplets can resonate with &y one frequency 
r. 

Build i n j e c t o r  as acoustic r e f l e c t o r  t o  e l imina te  feedback t o  

feed system (umbrellas) 

Build t h r u s t  chamber with all resonant  f requencies  ii9 close 

together as possible;  b u i l d  i n j e c t o r  t o  pu t  all o f  t hese  f re-  

quencies in  s t a b l e  region 

Possibly a very l a r g e  mean drop s i z e ,  corresponding t o  r e s o n a n t  

frequency <lo0 cps 

Very high r e l a t i v e  ve loc i ty  (gas-droplets) during a tomiza t ion  

and i n i t i a l  burning 

On 2 November 1962, a presentation was made t o  t h e  Committee by a men- 

ber of Rocketdyne's Dynmic Sciences Group on d r o p l e t  combustion mecha- 

nisms. 

and combustion." 

let combustion mechanism. 

Droplet couhustion was def ined  as "the delay between atomizatioq'  

A schematic diagram vim drawn t o  i l lus t ra te  the drop- 

8 
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FEED - DROPLET GAS 
p4 E SYSTEM cova. + OYNAMlCs.  

\ 

pc 

Drop1 e t  C o n h i s t  ion  Mcchani sm 

A 

/ 

0 

I t  was s tated that there are pressure and v e l o c i t y  gradients i n  a com- 

p r e s s i b l e  medium, and several combimtiona of three mechanisms that 

cou ld  sustain i n s t a b i l i t y .  

o f  f l u i d  through the injector up to the point of combustion.” 

passages were considered t o  be the  blank factor  i n  the  knowledge of 

acoustics. Combustion time delay vas termed “transport“ and a diagram 

was drawn t o  i l l u s t r a t e  the concept. 

The feed ayetem was then defined as “ . . , m o t i o n  

Injector 

Model of  Droplet  Cornbustion 

L i m i t s  of  h i n a r  
Boundary h y e r  

Aeeume longer transport time thon burning time. 
pendent. larger drop size - larger Dp. 

Tranaport time i e  inde- 

29 R-5615-1 
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In t h e  discussion that cilsued one of the Committee mernbere provided 

F: 
the  following explana t ion  o f  D 

r 

Subsequent conclusions arr,ved a t  were: 

f i rs t  3 inches of t h e  thrust chamber i e  

Nuaselt numbera vary f r o m  
3 t o  15; avci-iige is 10. 

Therefore: thiclrnesa of 
boundary layer is  1/10 
thickness of t h e  ciroplet. 

) re lat ive veloci ty  i n  the  

an -OM, (2) r e c i r c u l a t i o n  

ie caused by a pressure d i f f e r e n t i a l  (pumping act ion:  

f luid pumpr gae away from the  i n j e c t o r  face), ( 3 )  the t o t a l  drag of 

d rop le t s  is f a r  g rea t e r  than that of j e t s ,  

t h e  drag of moving 

A preliminary design concept r e s u l t e d  from t h i s  diacuseion intended t o  

decuuple the feed system from combustion. 

GASES 

8 

30 

Stream-batf l e d  i n j e c t o r  
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Jupi te r  engine i n s t a b i l i t y  data were then presented i n  support  of  the 
ciroplct combustion theory, a d  was equated t o  F-1 c o n d i t i o n s .  

Correlat ion of J u p i t e r  Engine I n s t a b i l i t y  Data . 
2.8 1 200 

2.6 2.4 t 1 lo 
360 

c 

4 60 

/ To determine 
empir ical  
cons tan t  

I 1 1 I I 

250 300 400 500 600 703 

It Was s t a t e d  t ha t  the l i m i t i n g  pullmeter of combustion, as i l l u s t r a t e d  

by the J u p i t e r  engine i n s t a b i l i t y  graph, is t h e  vaporizat icn rate of 

the fuel .  In a aummrrry o f  t h e  d r o p l e t  co rbus t ion  mechanism concept,  

the fo l lowing  was stated:  

p a r t i c u l a r  mode i n  any given t h r u s t  chamber, (2) on a frequency change 

b a s i s ,  changing the  drop s i z e  t o  change t h e  frequency should do away 
u i t h  ins tabi l i ty ,  and (3) the o s c i l l a t i o n s  generated i n  t h e  f e e d  system 

e x i s t  i n  the  chamber. 

by coupl ing with the feed system and changing f u e l  hole v e l o c i t y  and/or 
fuel  hole  s ize .  

o r i f i c e  diameters t o  0.15 t o  0.17 inch, thus detuning t he  f o r c i n g  func- 
t i on .  

be o f  a d i f f e r e n t  s i z e  t o  providp droplets  oP d i f f e r e n i  s i z e s ,  d r o p l e t  

energy, and therefore ,  being "held t o  each droplet"  ( s i c ) .  

(1) there  is a drop s i ze  t h a t  is bad f o r  a 

Application o f  the c o w  apt could be achieved 

The major parameter change suggested was t o  reduce 

An implioit ospect of the theory auggemted that  every :lolo ahould 
1 

I 
, 
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I n  summarizing its thinliing a t  t h i s  time, t h e  committee concluded t h a t  

t h e  s t a b i l i t y  problem r e s u l t s  f r o m  mult iple  processes  that a r e  cyut o f  

pliase. " I t  is not  a simple proces's confined only t o  d r o p l e t  formation 

o r  shattering, o r  acoust ic  f requencies ,  o r  o t h e r s :  

1 

1. The wave e f f e c t  concept considers  combustion a t  t h e  i n j e c t o r  

face  pressure-sens i t ive  and frequency-insensit ive.  

2. The concept which p o s t u l a t e s  t h a t  t h e  combustion process  i s  

always e s s e n t i a l l y  u n s t a b l e  c o n s i d e r s  drop  s i ze  and chamber 

l e n g t h  c r i t i c a l  parameters. I' 

I A wave s t a r t i n g  l o n g i t u d i n a l l y  w i l l  r e t u r n  to i n j e c t o r  f a c e ,  

become a low-amplitude t ransverse  wave, and t r i g g e r  and re-  

t r igg  e r ins tab i 1 it yo 

A conception reached a t  t h i s  time held that t h e  combustion p r o c e s s  

competes w i t h  drople t  formation. 

The d i scuss ion  turned t o  s t a g e d  combustion; t h i s  based on t h e  con ten t ion  

t h a t  t he  p o t e n t i a l  energy i n  the chamber should ,  i dea l ly ,  be  sp read  

axially and radially.  
I 

An a i r c r a f t  r o c k e t  engine, designed and b u i l t  a t  Rocketdyne, was re- 

cal led aa a smooth-nmnning,stable system. 

t h i s  unit were considered by t h e  Comm;ttee: 

The design parameters of 

i 



The a i r c r a f t  rocket  engine w a s  the smoothest running engine cver 

b u i l t  et Rocketdyne. 

[ C A T Y T  PACK 

202 

.. 
A 20,000-pound-thrust engine, made at J e t  Propulsion Laboratory, was 

also r e c a l l e d  i n  reference t o  t h e  s t a g i n g  concept. 

r e p o r t e d l y ]  a "backward" (sic) in j ec t ion  scheme, and ran s t a b l y  with 

the  most c r i t i c a l  propel lant  combinations. 

" e s s e n t i a l l y  a two-stage" which maintains s t r o n g  i g n i t i o n  energy and 

reduces inject ion-loading dens i ty  i n  t h e  f i r s t  s tiage--in the "combustion 

a e ne i t ive" r e g  ion. 

T h i s  u n i t  was, 

The system was described as 

A n  engine des ign  proposed f o r  t h e  V a n g g d  rag also recal led:  
4 

c ' - \  
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The research chemists were called in f o r  consul ta t i2n.  Tkey represented 

t h e  foilowing conclusions: 

1. 

2. 

3. 

1. 

5. 

The time involved in t h e  chemical k i n e t i c s  is too  short t o  be 
a domina t ing  f ac to r  a t  frequencies i n  the neighborhood of 

1000 cps. 

Chemical r e a c t i o n  may be a f ac to r  in combustion i n s t a b i l i t y  

a t  f requencies  o f  500 cps and temperatures of 1500 F. 

A sustained chemical react icn a t  5000 F is impossible. 

Popping might be in i t i a t ed  by a chemical process  (may b e  

periodic r e s  tart i q )  

The "knocking1' phenomenon i n  automotive engines  may correbpond 

t o  rocket engine "popping." 

"Icnock" c o n d i t i o n s  in a rocke t  through t h e  u s e  of addi t ives ;  

&l ines  may prove to  be good addi t ives;  neat fuels worth  

uom ii~ve8tiqatian; try i a o  ootanu and normal hcptx.3,  

It m y  be possible t o  synthesize 

. 

Tlicre does not appear t o  be  an experimental method o f  inves t iga t ing  

t r i g g e r s .  

i s o l a t e d  and understood, an hypothesis could be developed t o  unr lers td  

t r i g g e r a .  

; 
It was postulated t h a t  i f  t he  sus ta in ing  mechanism could be 

, 

i 
r. 

-. . 

The chemist suggested t h a t  carbonaceous products could cause wild igni- 

t i o n ,  and aromatic fuels a r e  notorious f o r  carbon deposi t ion.  

m i g h t  prove u s e f u l  in eliminating carbon deposits. 

Additivee 

A member of the Committee noted that tho best wall coat ing  i o  reduce 
heat f l u  in a LOx/ns engine ie carbon. 

. 34 
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A probing technique U P S  recomnernled: 

I .  
1. Optical s p e c t r o s i t y  r 

2. . k s s  spectometry 

I '  

3. ?lass spectography 

An instrument cos t ing  $100,000 would be required and would take 6 t o  7 
months t o  s e t  up. . -  

. .  

It W E S  decided t o  h o l d  t h e  idea i n  abeyance. 

The latcat  thinking of the  reaearch e c i e n t i a t s  wiwl presented t o  the 

C o m i t t c e  f o r  c o n s i d e r a t i o n  i n  the development of  the two-dimensional 

pro gram: 

T!:c centention p resen ted  was tha t  in t h e  F-1 the  sur face  temperature 

of each droplet  does not get  t o  the  s a t u r a t i o n  point ;  t h i s  i s  because 

s u r f a c e  tension is reduced  at higher pressures ,  and because high v e l o c i t y  

t e n d s  t o  shear d r o p l e t s .  

This conclusion was based  on 1000-psi 

drawn from t h i s  concept  was that  burn- 
ing ratelarea i s  t h e  c r i t i c a l  fac tor  

in F-1 i n s t a b i l i t y .  

that in t he  P-1 t he  mas burning rate 
goes up, but  the surface burning rate 
remaina constant. 

It was stated 

shock  tube experiments. The conclusion 

11-5615-1 
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On the basis o f  a independent parameter: 
heated, and s'hrrttering occurs a t  differing distances from t h e  injector  

face, i t  was then theorized that a disturbance near the throat o f  the 

thrust cIiaDder will propagate upstream; it i s  damped, but occurs again. 

that droplets shatter when 

A solution was offered khich recommended t h i t  very fine dropleis should 

be shattered near the injector face so that  no fine droplets will manage 

to get downstream; t h i s  t o  be accomplished through the use of many very 

small injection orifices and mimy baff les .  

The concept was held in abeyance by the Committee, and a program plan 

f o r  the two-dimensional program was formulate& 

I 
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Richard Priern, Ph.D., of Levis Research, v i s i t e d  Rocketdyne f o r  con- 

s u l t a t i o n  w i t h  the committee on 9 Novenbrr 1962. I n  a d i a c u e s i o n  o f  feed 

system coupling e f f e c t s  on the combustion procese, Dr. Priem expressed the 

folloving conclusions' based on his observations.  
a 

1. There i s  an inherent spongiaesa (capacitance) i n  p r o p e l l a n t s  

which makes a "perfect" feed system impossible.  

2. The best  means of decoupling the feed system is the c a v i t a t i n g  

venturi, but it w i l l  not func t ion  with LOX.- 

3. A l l  rocket engines are e s s e n t i a l l y  unstable, and decoupling: 

t h e  feed system will solve nothing. 

A concept f o r  a mechanical capacitor that uould ensure constant feed 
system f l o v  vas d e s c r i b e d  and 

diagramed f o r  Dr. Priem. Con- 
stant f l o w  can b e  achieved with 

a capaci tor .  The c a p a c i t o r  i s  

equivalent t o  an enormous tank. 
4 
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'&re is a 600-to-1 r e l a t i v e  capacitance at the 1-inch rubber  b o o t .  

unit  dcpcnds on the  i n e r t i a  of Cluid at  tllc e x i t  t o  keep flow cons tan t .  

It w ; 1 ~  planned t o  l i n e  the  back +de o f  t h e  r i n g  v i th  laminated Mylar. 

The 

It was g c n c r a l l y  agreed t h a t  such IL dev ice  vould requi re  a d r a s t i c  hard- 

vare change because of . res is tance in t h e  c u r r e n t  system design.  

The s t aged  i n j e c t i o n  concept was presented f o r  Dr. h i e m ' s  cons idera t ion .  

H i s  judgment was: "Fine, but iuposs ib le  t o  do without  l o s i n g  e f f i c i e n c y  

and performance. h - s t a g e  in j ec t ion  w i l l  r e s u l t  i n  too much burn ing  by 

c l a s s i c a l  -theory. S t a b i l i t y  and performance are incompatible. Acoustic 

vaves a r i s e  with r i s i n g  performance.'' 

The Committee at  t h i s  time was tone-deaf t o  acoustic t h e o r y  as t h e  s o l e  

explanat ion of t he  phenomena of i n s t a b i l i t y ,  

the q u e s t i o n  of the  a p p l i c a b i l i t y  of a c o u s t i c s  t o  the F-1 problem remained 

unresolved. 

A short d e b a t e  ensued, bu t  

Dr. b i e m  subsequently offered t h e  fol lowing observations:  

* 
me Q ( q l i i i c a t j o n  f ac to r )  of  a 100-percent e f f i c i e n t  engine is so 

high that it  w i l l  d r i v e  the aystem uns tab le .  I f  t h e  syatern "drives" 

i n  phase (at t h e  nodal poin ts )  it w i l l  be atable, b u t  it cannot 

p o s s i b l y  damp o u t  between two poin ts .  

t h e  chmber ,  it can be determined whether a longi tudina l  o r  r a d i a l  

vave w i l l  r e su l t .  

according t o  t h e  shape the chmber favore.  

else. 
Q. In a 1,25:1 chamber, "combination waved' are poesible. The 
v e l o c i t y  grad ien t  at  t h e  throa t  vi11 have no e f f e c t .  

o f  t h e  i n j e c t o r  con t ro l s  whether i n s t a b i l i t y  Vi11 occur;  t h e  chamber 

geometry con t ro l s  t he  mode. 

By knouing t h e  dimensions of 

Waves will go t o  c e r t a i n  types of frequency 

h p l i t u d o  i o  something 

The chamber will go uns tab le  in whatever mode hne t h e  higheat 

The pattern 



I n j e c t o r  divergence vas mentioned, and D r .  Priem's opinion requested, 

IIe m s  of tile opinion that divergence vill n o t  a f f e c t  t h e  ' h v e s "  but 

vi11 a f f e c t  combustion. 1Ie sugges(ted t h a t  cold flov t e s t s  be usel t o  

determine reflectance. 

,h t h e  discussion continued, Dr. Priem stated that t h e r e  a r e  tm dixnping 

f ac to r s :  

1. Velocity g r a d i e n t s  of gases 

2. Viscous d rag  

IIe recoenended that t h e  Committee look i n t o  out-of-phase in jec t ion .  

a l s o  s a i d  that loca l  v e l o c i t y  gradients vill d i s p e r s e  but vi11 not get  

r i d  of energy; t h a t  a disturbance t h a t  vi11 grov has t o  be near the in- 
j e c t o r ;  t h a t  waves can be nul l i f ied by angles (divergence),  but t h i s  
will only provide a small percentage of the required d m p i l y ;  that a 

high-burning-rate, low-velocity grad ien t  vi11 give good damping; that 

t r a n s v e r s e  wwes can be eliminated with longer baffles. 

H e  

David T. IIarrje,  of P r i n c e t o n  University, v i s ted  Rocketdyne f o r  consulta- 

tion with t h e  Conslittee on 12 Novcmber 1362. 
work t h e n  in progress at Princeton with an Tay 7090, in applying acous t ic  

t h e o r y  t o  combustion i n s t a b i l i t y ,  would include F-1 combust ion  parameters. 

Xt was his opinion that baff les  would d e f i n i t e l y  e l i m i n a t e  the t a n g e n t i a l  

mode, but not the  l o r y i t u d i n a l  mode. 
countered, t h e  length o f  t he  t h r u s t  chamber should be altered. 
f u r t h e r  t h a t  Princeton could predict mode pmbleos  f o r  a givea  engine at 

v a r i o u s  pressure loads 4 f o r  a given geometry, and that cumes (pressure 
lcvel/geouetry) could be d e  up f o r  t h e  F-1 when the predominant 

f requencies  ore known. , 

Xr.  I Iarr je  s t a t e d  t h a t  

I f  t h e  longi tudina l  made is en- 

IIe s t a t e d  
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,It the  Comittee's request, Xr. h r r j e  summarized h i s  then- cur ren t  evalu- 

a t i o n  of the  F-1: 
4 -  

"On the F-1, t h e  bulk of the' conbust ion occurs at t h e  outer walls of 

t h e  ciwrber. 

s i tua t ion .  

Slave an advantage in the t a n g e n t i a l  mode, but I d o n ' t  think the  

From the  displacement e f f e c t ,  you're in a favorable 

I f  you could take t h e  5U and turn i f  90 degrees, you'd 

t angca t i a l  is the E'-1 problem, 

the sain bulk of the injection coming i n  very c l o s e  to  uniform den- 

i s i t y  froa the sides. The gV is not doing  that  f o r  you. I d i s t r a s t  

showerhead schemes because of t h e  l a r g e  d rop le t s ,  uhere  d r o p l e t s  
depend on turbulence mixing i n  t h e  chamber." 

A major t e s t  on t h e  F-1 would have 

Asked t o  elhorate on the vork being done at  Princeton, Xr. fIarrje pre- 

s e n t e d  the following: 

I 
The i n i t i a l  approach took after Crocco's s impl i f ied  approach: time 

I n t e r a c t i o n  Index E l  emcatal 

Volune Concept 

(Total time f o r  combustion) 
\ 



Litt le  coupling betveen co3bus- 
t ion processes  a d  pressure 
processes. In vaporized s tate  
interact  ion  develops. 

* 

( Insens i t ive  area) (Sens i t ive  time 
15') 

A l l  Trocesses were luoped under one broad general concept. 

were surveyed for  length vs mixture ratio,  and good agreement f o r  the 

concept was found. 

Rough t e s t e  

* '  

Length really a frequency factor 

Concept i n  the  d\Rs Journal: 

n-5615-1 
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. 
a 

The L i m e  scale i s  changed by tlic varying geometry of  I.hc clinrnbcr. 

you knov the rmgv of L i m e  lag va lucs ,  you cau dch.crmino c r i t i c a l  regimp. 

Oncr 

< 

3 

- 
, 'c 

It can be calculated where combustion instabi l i ty  is  going t o  occur. 

Because 7 and 9 vary w i t h  mixture r a t i o ,  one can get  s t a b i l i t y  l imits  

by varying mixture ratio.  

Nost  promisinw condition: 

. . . . t i m e  required for f i n a l  droplet  heated t o  vaporization point t o  

vaporize. If you characterize droplet a s  ahom, the g r u i e u t  of "sl..b" 
looks M a t  l ike  a theoretical picture.  

Final droplet  is extremely fine up t o  
temperature burning rate, and P f luctuations 
are interrelated. C 
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I 4 
!lr. hrrje ' s  concluding statement was that t he  rate o f  vapor iza t ion  is  

- the most important f a c t o r .  

stages  of  tlic process, and 7 as a r a t e  of vaporization f a c t o r .  

IIe definpd t) as a " s e n s i t i v i t y "  at d i f f e r e n t  

As t h e  d i s c u s s i o n  progressed, Mr. IIerrje s t a t e d  that a l l  like-on-like 

i n j e c t o r  p a t t e r n s  a r e  s t a b l e  in t he  long i tud ina l  mode. 

For t h e  TI 7' concept, it is assuned t h a t  t h e  e n t i r e  chamber is f i l l e d  

with gas. 7 does n o t  include feed aystea coupling. 

IIe said that cav i t a t ing  ven tu r i s  had been used a t  Princeton t o  i s o l a t e  

t h e  feed system, and no mass f low f l u c t u a t i o n s  had passed i a t o  the  

chamber through the c a v i t a t i n g  venturi. 

He related t h a t  au engine had been b u i l t  and t e s t e d  at Purdue with in- 

j e c t i o n  at t h e  nodal po in t ,  and tha t  Pr ince ton  had predic ted  t h e  engine'a 

acous t i c  operation, 

The h i g h e s t  amplitudes were found at 90 p e r c e n t  ( in  t h e  o u t e r  10 percent i 
of t h e  i n j e c t o r  diameter) o f  the  chamber ( o u t e r  1-inch) per iphery  i n  t h e  

Princeton engine. Once t h i a  engine goes into its mode, it stays there ;  

when baf f led ,  it was s t ab le .  

!4r. IIarrje expressed t h e  bel ief  that an engine w i l l  choose t h e  lowest 
mode a v a i l a b l e  t o  it; f u r t h e r ,  that  the  spinoing mode is a f f e c t e d  by gas 

flow v e l o c i t y .  
t o  reinove one of t h e  8pud8, thus creat ing a t i m e  delay as a t e a t  f o r  t h e  

acous t i c  theory which he hod presented. 

He t h e n  diasratumed the Pr ince ton  spud engine and agreed 

I 

i '  

I 

43 



ROCYETDVNE A D I V I S I O I I  O F  n O n T n  * Y C R I C A I U  A V I A T I O ~  I N C  

I 
I 
I 
I 
1 r 
I 

i 

I 

L 

I 

\ 

c 

& 
I 

i 
t 
! 

t 1 
i 
I 

i 1 

i f 
I 

b 

i 

Fach of 12 spuds  has CL f u e l  fan 
and a LOX fan--these interchangeable 

AT 
CN 
OR 

LOW DEPENDING 
W E A T k R  FUEL 

Y 
OUT 

MR 

There is always a small r a d i a l  
velocity with LOX outboard of  
f u e l ,  and l i t t l e  o r  no mixing. 

Mien asked h i s  opinion o f  t h e  value of a d d i t i v e s ,  k. Harr, I s a i d  he 
thought t h o  t chemists l ack  t h e  s t ab le  opera t ion  c h a r a c t e r i s t l c  parametera 

t o  judge a d d i t i v e  e f f e c t s  by. 
think "in  terms of having something going ou between a chemical and 

acoustic process-a fo rc ing  process-an ampl i f ica t ion  func t ion ,  It when 

t ry ing  t o  understand t h e  i n s t a b i l i  ty  phenomenon. 

ve suggested, then ,  t h a t  t h e  Cormnittee 

It was g e n e r a l l y  agreed, by t h e  end of t h e  meeting, t h a t  r a d i a l  winds 

are a major f a c t o r  a f f e c t i n g  F-1 i n s t a b i l i t y .  

, Don Dartz and Jack  Rupe of Jet Propulsion Laboratory consul ted w i t h  the  

Committee on 16 November 1962. F-1 h i s t o r y ,  data, and t h e  Committeefa 

thinking were ou t l ined  f o r  t h e  vietore. 
poetuloted t h a t  t h e  F-1 i n s t a b i l i t y  problem appeared t o  resu l t  from D 

In  the ensuing discuse ion ,  they 

. 
*.  
B 
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I -  

"detonation f r o n t , "  and t h a t  acoust ic  t h e o r y  would be excluded by t he  

fact  t h a t  t h e  F-1 is a "high-energy" system. 

phenomenon as a complex uave f ron t  d r i v e n  by energy release--a he l ix  with 

two motibns involved--and with an axial  o r i e n t a t i o n .  They also suggested 
that  a d e t o n a t i o n  f r o n t  is a steady phenomenon which does not  require 

coupling w i t h  t h e  feed system t o  be sustained.  

there is always coupling with t h e  feed system and t h i s  cannot be avoided; 

the i n j e c t i o n  scheme of t h e  system p r o h i b i t s  t h e  c o n t r o l  necesaary t o  

achieve r e p e a t a b l e  i n j e c t i o n  d e n s i t i e s .  

They imagined t h e  instabi l i ty  

1G.. Rupe s t a t e d  that 

Baffles 

I n  d i s c u s s i n g  t h e  e f f e c t s  of b a f f l e s ,  observat ions based on experience 

a t  JPL were offered t o  t h e  e f f ec t  t h a t  t h e  spray  p a t t e r n  w i l l  influence 

b a f f l e  placement and length requirements. Mr. Rupe i l l u s t r a t e d  this 

observation wi th  the  following: 

With 2-inch b a f f l e  magnitude 
of Pk d i s t u r b a n c e  dropped by 

Mded an i n c h ;  could d e t e c t  
no c h a r a c t e r i s t i c  frequency; 
peak-to-peak amplitude waa 
about 3 ps i .  

n igh- in tens i ty  combustion 
zone moved down t o  end of 
b o I f l s  when baf f le  lengthened 
t o  3 inches.  

i nrder of magnitude. 

1 ike-on-1 ike P 

Unstable w i t h  any one of t h e  
baf f l e a  removed. 
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h r t h e r  obsorvntions o n  b a f f l e s  were t h a t  a wave below t h e  b a f f l e  has 

l i t t l e  or no e f f ec t  on t h e  mix-reaction'area near  t he  i n j e c t o r  face; t h a t  

b a f f l e s  n e t  nuch l i k e  a sc reen  rrnd'prevent t h e  wave f r o m  g e t t i n g  D long 

Itrunning start." 

Spray Fans 

I n  t h e  discussion on s p r a y  fan parameters, JPL canclusions were elucidated 

as: 

1. 

2. 

,- c 

4. 

5. 

6 .  

' 7. 

a. 

9. 

. 
66 

Uow the p a r t i c u l a r  mass and mixture r a t i o  is achieved makes no 

difference t o  t h e  d i s t r i b u t i o n ;  b u t  r a d i c a l l y  modify the  mass 

d i s t r ibu t ion  and t h e  type of dis turbance  r e s u l t i n g  is  r a d i c a l l y  

changed. 

Droplet s i z e  is a secondary parameter. 

The nost s e n s i t i v e  zone is where t h e  p r o p e l l a n t s  a re  most 

completely mixed. 

Fans do not rea l ly  inpinge; they disperse .  

Liquid phase mixi:.g is just one way t o  g e t  macroscopic combina- 

t i o n  of  t h e  two f l u i d s  i n  t h e  chamber at  a proper mixture r a t i o .  

A uniform mixture ratio d i s t r i b u t i o n  e s t a b l i s h e s  the exothermic 

point at which combustion occura. 

The model plane (best mass d i s t r i b u t i o n  plane) would b e  e f f e c t i v e  

i n  the gat3 phase a r e a  of the  chamber, where combustion e f f e c t a  

take over. 

Mas8 d i s t r i b u t i o n  doe8 not a l t e r  axially, b u t  gcee right on out  

the  nozzle. 

A t  the present  a t a t e  of t h e  art,  we are no t  t a x i n g  t h e  ultimate 
combastion rates. 

I 

I 

- . 
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Xr. Rupe i l lustrated the results of  h i s  vork in spray fan f o m t i o n  ond 

evaluation w i t h  the following: 

Sear Uni f o rmi tx: 

1-on-1 pair of impinging strews - unlike 

I 

I I 
I 

Will form a spray w i t h  
identical features. 

Plme  of  symetry  bisect ing 
centerline and bounded by 
nass flux l i n e s .  

Particularly valid for  small 
itipingement angles . 
180' impingement angle is  
l i m i t .  

\ 



, i  

f 
I f  

& Yith n o n - i d e n t i c a l  s t  reams: 

. 

.I70 

With uidth stream goes feet before 
breakup. 

Disturbance here k i l l  propagate in to  
the sheet. 

For a l l  practical  purposes, you can 
ignore a l l  aerodynanic processes. 

Ektnneous forces (gas f i e l d s ,  recirculation) can a f f e c t  hov spray is  

f o n n d  at  o r  near injector  f a c e .  But because of high kinetic energy of 

spray, t h e ~ e  effectr m u s t  be anall. 

4 Spray is  formed as though it is not in  a combustion f i e l d .  

If geosetry could be fully  OM, 
chamber space could be completely 
f i l l ed .  

Injector should be designed f o r  
optlami mass d i s tr ibut ion  

10 ELUUCTS 

Ue have mixture rat io  problem; pot necessarily a mss di s tr ibut ion  
prob 1 em. 

J 
I 
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Plot a t  node1 plant  (d i s t ance  t o  gct l/n or c h d e r  area). 

A su~epary of th iak i ry  on stabil i ty at JPL included t h e  fol lowing 

asser t ions:  

1. 

2. 

3. 

4. 

5. 

I n s t a b i l i t y  is  n o t  necessar i ly  acoust ic ,  although a d i s c e r n i b l e  

mode nay be present during i n s t a b i l i t y .  The a c o u s t i c  condition 

is one i n  which no energy is being fed t o  the d i s tu rbance  after 

its i n i t i a t ion .  

b s a  and aixture ra t io  distribution deternine t h e  combustion 

parameters of a system. 

Cheaical kin 'etics a r e  dependent upon t -peratwe.  

l a n t  cccbinations a r e  hypergolic a t  given temperatures .  

I n j e c t o r  leaks are dangerous: 
reproducible and uniform stream c h a r a c t e r i s t i c s  o r  u n i f o m  

mixture n t i o ,  and are l i ab le  t o  produce i n s t a b i l i t y - t r i g g e r i n g  

conditions. 

Rot walls and i n j e c t i o n  surfaces  a r e  favorable,  and the re- 

c i r c u l a t i o n  of h o t  gases a t  t h e  i n j e c t o r  f a c e  is t o  be  desired; 

hot-gar r e c i r c u l a t i o n  suppresaea cold propellant from being 

suddenly t r iggered  i n t o  violence. 

, 
A l l  pro2el-  

l eaks  vi11 not permit  controlled 

09 
-* 
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6. Lov-dcnsity mixing appears b e n e f i c i a l .  IIigli-injection dens i ty  

EZIY provide s u p e r i o r  sta-ting end i n h i b i t  t h e  t r i g g e r i n g  of in- 

s t a b i l i t y ,  but bhen an i n s t a b i l i t y  does  occur, it i s  of the 

=os t damaging v a r i e t y .  

Combustion is b e s t  staged, o r  "spread out" a s i a l l v  i n  the chunber. 

In discussing c b r ; b e r  shapes: (a) a square chamber would p r o h i b i t  

t a n g e n t i a l  waves, (b) chamber l e n g t h  shculd be  optimized; energy 

r e l e a s e  PS l e n g t h  is coupletely dependent upon combustion time, 

and (c )  extremely shon mixing l e n g t h  and combustiorr extremely 

close to t he  face sbould provide s t a b i l i t y .  

. 
7. 

8.  -.- 

Professor E. S. S t a r b a n  of the Cniversi ty  of Californiz  consul ted v i t h  

the  Cotmaittee on 12 Dececcrber 1962. 

and background were d i r e c t e d  to the combustion process i n  rec iproca t ing  

engines. 

Professor Starhum's f i e l d  of i n t e r e s t  

In a c o n p r i s o n  drawn betveem the c h a r a c t e r i s t i c s  of combustion i n s t a b i l i t y  

experienced vith t h e  F-1 and '"aiock" or "ping" i n  rec iproca t ing  engines, 

Professor Star'hu suggested tht RE'-1 fuel, as used i n  the F-1, is a 
"cut" which is highly p a r a f f i n i c  i n  composition a d  prone t o  knock. 

was also es tab l i shed  t h a t  the energy d e n s i t i e s  o f  internal combustion 

engines are of  the same o r d e r  of W i t u d e  as rocket  engines. 

discussion of the  comparison led t o  the conc lus ion  t h a t  t h e  F-1 is  uost  

analogous t o  d i e s e l  engines. 

It 

Further 

I t  vas suggested by Rofeasor  S t a r b a  that if t h e  F-1 problem is fuel-  

re la ted,  the  frequency encountered might be the  r e su l t  of chamber a t r e s s  

(rater of pressure rise exceeding a t  t h e  chanber caa sustain) .  
clso stated that a a l igh t  difference i n  t h e  composition of the fue l  w u l d  
makc a noticeable difference i a  engine operation. 

!Te 

- 
c 
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.+ \\%en questioned about the p o s s i b l i l i t g  o f  using Eencf ic ial  addi t ives ,  

lie recoacnded trying ethyl nitrate and dioitmpropane.  
/ 

He a l s o  'related that when "instabi l i ty" characrer i s t i c s  were encountered 

i n  General Xotors' diesels, changes that induced g r e a t e r  turbulence and 

finer spray overcane the. problem. 

In relating t h e  latest design thinking i n  combastion c h d e r s ,  Professor 

Starknrrn described the ''strat i f  ied charge" srsfem, which completely 

eliminates "ho&" and is  capable of operation o n  any fuel. 

S t r a t i f i e d  Charge Combustion Chaaber 

f SPARK 

Tliere is  no s e n s i t i v e  region i n  th is  type of  combustion chanber. 
wind" briag8 the i g n i t i o n  source past the sensitive zone. 

" k d i a l  

Ikving noted that vibration traces  taken t o  evaluate "rwnble" i n  d i e s e l  

engines were identical  t o  F-1 sonic photos, a discussion of  the "rumble" 

phenomenon began. 
\ 

I 
I 
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v Professor Star!mm stated that nublc arrived wit!. the d e v c l a p c n t  ef  

high-cozprcssion ratios, occurring n a t u r a l l y  oniy Lhcn the engine bas 

"dirzy, '* arid sholicd t h e  cha rac t e r i5 t i c s  of "fireflies" i n  the  c o d ~ u s t i o n  

clixbcr. 

ball and being  rec i rcu la ted  into the hot  zone by radial  ~ - i n d s .  

gested that this mechanism might v e l 1  account  f o r  ins tGbi l i ty  t r i gge r ing  

in the F-1. 

i n  l i g h t  of t h i s  concept, and concluded that v i d e - b e  b a f f l e s ,  because 

of c o o l i r q  c'mracreriotics, may help  such  a phenoaenon t o  occur. 

m e  f i r e f l y  e f f ec t  i s  c rea t ed  by carbon flakis;: ol'f t h e  c h a d e r  

Iic sug- . 
The C o r n i t t e e  then considered the F-l i n j e c t o r  coilfiguration 

Professor S t a r h a  vent on t o  state that i f  t h e  nixtare r a t i o  gets r i c h ,  

the P2-1 vi11  be  cracked (as i u  diesel exhaust smoke); a Ine l - r i ch  aix-. 

ture, i n s t e a d  of oxidizing,  vi11 crack, and it  appears f e a s i b l e  that a 

dm2in.g of " f i r e f l i e s "  i n t o  the c h m b e r  will cause a fuel-rich condi t ion  

ard sudden cracking of the fuel .  

. 

I .  

This erplanatiod, it  -8 them thought,  might well suf f ice  to answer the 

r i d d l e  of t h e  "black frame." 
i l i t y  o n  t e s t  stand U a t  Rs/EIFB, i t  xis noted that t h e  engine e q e l l e d  

J dense black  s o o t ,  coffipletely obscuring t h e  n o m 1  e x b u s t  j e t  f l rwe,  

i.z,diately before the first evidence of i n s t ab i l i t y .  There u a s  spccu- 

lation as t o  t h e  cause,of the black fzame.) 

(In studying high-sgeed f i l a  of an inatab- 

The discussion then centered upon d m i c  system feedback during roqh 
operation. 

feed5rrck (coupling with the  feed system). 

running at low l oads  vill hare cylinders s ta rv ing  becaase of waves i n  
t h e  system; t h a t  i f  the system i s  tuned t o  it, a disturbance i n  the 

c-cr w i l l  c a r ry  back through the feed system. 

cornprison,  it then appeared that an i n s t a b i l i t y  caul6  be re inforced  by 
p pressure wave t r ave l ing  in t h e  feed system. 

Professor Starkman stated that during Tu3blc t h e r e  i s  no 

He said t h a t  a d i e s e l  engine 

On this basis of 

I 
He jdded that  " i g n i t i o n  

I 
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M accelerators'' arc used in diese ls  t o  e l i c i i r n t e  knock. 

opinion of the p o t e n t i a l  eff icacy o f  J control-phased anti-pulse,  fie 

said it looked f ine  i n  t h e o r y  butvould  be d i f f i c u l t  t o  t h e  p i n :  o f  

i m p o s s i b i l i t y  t o  incorpordte .  

When asked h i s  

The Comaittee r e f l e c t e d  upon die use o f  a t e c h a n b c r s  i n  d i e s e l s  vhcrcin 

a precombustion c € z m b e r  i s  used t o  f o r e s t a l l  unstable coP5ustion. 

was considerc+ that this conceptual approach could be analogcusly a p p l i  cd 

t o  the design o f  ;L; rocket eogine--had been, i n  fact, in a two-dizensional 
Research thrust c b m b e r  that had n o t  yet been f i r ed .  

It 

A t  the conclusion of t h e  meeting, hofeasor  Starkman suggested chat re- 

a c t i o n  rate theory indicates an increasing reaction rate with increasing 

chariber pressure, ard that mas8 transfer is not  t he  only c o n t r o l l i n g  
fac tor  in t he  F-1-rather, the questiou to be  ansvered is w&ether LOX 

and RP-1 can lrix Ln the  l iqu id  phase. 

I 

H e r b e r t  Ellis o f  Aerojct ,  Azusa, consulted w i t h  the Connittee on 

14 Deceuber 1962. 
presenxed h i s  approach t o  the  rocket engine conbustion process,  

Xfter a short b r i e f i n g  iibout the F-1 problem, h e  

It bas his belief that i n  t h e  l iquid-propellant rocket engine, ve are 

a c t c a l l y  dea l ing  vitb a chemical procese that  funct ions i n  a repe t i t ive  

cyc 1 ic m e r :  
infinitum, Be diagramed the  basic factors i n r o l v d  i n  combustion in- 

s t ab i l i t y  in general: 

m e w  chrge--combus t ion--scavenging--Rev chtrrge--ad 

. 
8 

\ 
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I n  p r e s e n t i y  hi3 observa t ions  an the  combustion process  and t h e  in- 

s t ab i l i t y  phenomna, Xr.  E l l i s  said t h e  following: 

1. Tine resonance of t h e  entire feed system e n t e r s  i n t o  t h e  in jec-  

t i o n  c h a r a c t e r i s t i c s  01 a system. 

2. A change of mixture =:io at t h e  i n j e c t o r  face w i l l  cause a 

ciunge of teqerature and pressure  at t h e  t h r o a t ,  and t h e  

s a l l e r  the area r a t i o ,  the greater the W n i t u d e  o f  f l uc tua -  

t i o n s  ( t h i s  is a 1ongi:udimai ef fect ) .  

3. The p a t t e r n  of an injector should be p r e d i c a t d  on t h e  d c s i r d  

6 .  Uien burning is Iocalized in a chuber ,  t h e  chances o f  c y c l i c  

mixture r a t i o  of t h e  propellants. 

i n s t a b i l i t y  are increaued. 

5.  Given a mixture a d  igait iao source, t h e  mixture vi11 burn; 
vith no i g n i t i o n  source, the mixture simply g e t s  h o t t e r  and 

h o t t e r  until auto-ignition occurs,  and t h i s  caa ha2pen anywhere 

dovnstrearn in t h e  chather. 

6. A l o n g i t u d i m l  pressure wve vi11 cause a detonat ion  Cront b&ich 

vi11 trigger a mixture. The wave vi11 bui ld  up i f  tbe mixture 

is below stoichiometr ic  t a p e r a t w e .  

r: 
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r l  i :  A, _i R O C S E T D V h i E  A D I V I S 4 O N  O F  N O R T H  A M E R I C A N  A V 1 4 l I O Y  1 r . r  

7 .  A flnae f ront  w i l l  move around t h e  chonbcr t o  whcrcvcr there 

is something t o  burn; auto- igni t ion may occur in d v n n c c  of  

the flame f r o n t  deperdjng on t h e  chamber’s time c o n s t a n t s ,  

klinn .‘uestioncd by meabers of t h e  Committee as t o  h i s  experience w i t h  

i n j e c t i o n  sy3terns, Wr. Ellis stated: 

1. Like-on-like i n j e c t i o n  patterns are extremely s u s c e p t i b l e  t o  

d i s t u r b a n c e  by bubbles i n  the propellants.  

2. The l ong i tud ina l  mode is t h e  m o s t  d i f f i c u l t  t o  cope with i n  

combustion instabi l i ty;  axially d i s t r i b u t e d  i n j e c t i o n  schemes 

should prove least scscep t ib l e  t o  t h e  long i tud ina l  node. 

h operat ing a bluff body i n j e c t o r  design t o  o b t a i n  staged 

cocbust ion,  H r .  E l l i s  obtained good r e s u l t s ,  but i n j e c t o r  

f r a g i l i t y  proved t o o  grea t  a problem. 

3. 

4. It is advisable t o  design t h e  i n j e c t i o n  system so t h a t  r e a c t i o n s  

occur in t he  straight sect ion of t h e  chamber, because heat re- 

lease in  the  converging s e c t i o n  w i l l  c o s t  performance. 

5. Keep t h e  colrbustion chaher and i n j e c t o r  f a c e  as hot as possible 
t o  prevent  heat be ing  removed from t h e  hypergolic r e a c t i o n  by 
cold surf aces. 

Uaf f les  

WAVES MOVED AT 
WFERENT SPEEDS 

When asked about his experience vith 
baff les ,  Hr. Ellia r ep l i ed  that in 
i n i t i a l  b a f f l e  i nves t iga t ions ,  tvo 

b a f f l e s  were tried; t h e  waves they g o t  

in the  chamber t h e n  moved at d i f f e r e n t  1 

speeds. I 
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They then tried four baffles anrl angled baf f l e s ,  the latter requiring 

a greater pulse to create a wave front.' A pyramid baff le  w a s  tested 

and found t o  be very e f f e c t i v e .  ' 

PYRAMID U F F L E  

ANGLED BAFFLE 

Triqzering Sources 

.be E l l i s  submitted h i s  conceptualization of  possible triggering sources: , 

1, Random noise in the thrust chamber 

2, Buildup of unburned mixture (cold chamber rial1 o cause) 

3. Bubbles in propellants 

4, Fluctuations in the feed system 

He re la ted  thax h i s  experience included the use o f  a f l e x i b l e  rubber 
hose upatre- of an injector ,  which provided very stable operation. 

Iris sulrmary recommendations were that fuel and oxidizer should be in- 

j ec ted  at different v e l o c i t i e s  and through di f ferent  hole  s i z e s  t o  

prevent the establishment in the chamber of a single c r i t i c a l  piane. 

Ke also suggested that iqject ion stream should be made larger with 

higher c h d e r  pres8urea. He elaborated further with thc sxgest ion 

that because of the high vaporization of LOX a t  high chauber prensures, 
t 

I 
I 



w l c s  of  inpingerrant lose their inportance; that o shoucrhcnd o r i f  ice  

would prove lest f o r  LOX, oxxl h ig=h.ve loc i t ies  and varied half angle3 

would help on the fuel side. 
r 

Xr. E l l i s '  f i n a l  statement was t o  the ef.fect that when the combustion 

t i m e  delay is  tuned t o  the inlierent frequency of  a system, instability 

results. I n s t a b i l i t y  c a n  be prevented by proper "detuning." 

On 20 Dcccrher 1962, Professor Robert J. Osborn of  Purduc University 

consulted with the Comnittee. 

w i t h  unmixed and premixed gaseous propellants. He had found that by' 

plotting combustion pressure as a function of mixture ratio,  he could 
map regions o f  s t a b i l i t y .  

H i s  work had been focused upon combustion 
' 

1 7 I [UNSTABCE /- 

pc 

A i r  aa oxidizer with n2, CRp, C2U4 

L 
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I I i s  experinental work indicated a chemistry e f f ec t  in the cowbustion 

process, 

engine w i t h :  

Tc deternine the chenistry e f f e c t ,  he had operated h i s  
r- 

1, Nixed g a e 3  

2, Unnixcd gases (shoverhead injector  and two-an-one izpinging 

i n  j e c t o r ) 

3. Liquid and g a ~  

4. Gas and liquid 

5. Liquid and l i q u i d  

1. Xixed Gases 

Studied e f f ec t s  of geowtry - tr ied  chamber lengths from 2 inches 

t o  60 inches. 

- t r i ed  chamber diameters irom 3 
inches t o  28 inches. 

.%intained throat diameter from 1/2 inri, :a . inch because o f  ; 
air limitation. Determined nozzle e f : . , '  * be important f o r  

longitudinal mode - nozzle impedance vel . c i t y  w n s  design factor, 

Studied injzction system - used all oncoo: tJ sys tem,  

a. Baffle8 

b. Uniforr 

c. Discrete  - different lokations 
along cider axia 

d. Di f ferent  propellanto - 
a l l  with air aa oxidizer. 



2, U m i s c d  Cnscs 

Stud i cd : < 

a, Inject ion system - 
shoverhead impinging 

triplets, 

b. Propellauts 

c. Geometry - 7-inch and 
14-inch chambers, 

I. 

Professor Osborn had also concluded rhat, for the longitudinal mode, 

combustion i n s t a b i l i t y  is an acoust ic  phenomenon. He considered the  

thrust  chwber a c losed system. IIe described an experiment which he 

had conducted t o  define the e f f e c t  on the longitudinal mode o f  injec-  

t i o n  along the  chamber axis: 
- 

Injected radially thrcugh six holes  I 

Professor Osborne deacribed the gaseou propellant system he had been 
working v i t h  and s ta ted  that: 

1. The aretern frequency ma8 from 3 Cycle8 t o  40. 

2. Combustion chamber b c o u t i c s  a m  not involved in thio Bystom. 
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- J. Tke system k i l l  flme w i t h  a scooth s l u t  and tk f l m e  u i l l  
hold dovnstreclm of  the injector;  P ro i  $1 start k i l l  cause 

burning back t o  the mixing t&&. 

4. A longitudiml whiatle results frcm running with air. 

Gaseous Propel laat Sys tea 

n oi 
I 

1 
7 f  1 

0 0 0 0 0 0 0  V N T  I U  
0 0 0 0 0 0 0  

& 

0 0 0 0 0 0 0  I I O Q O O O O Q  
e n a c t -  - 

, 
In a discussion of acoustic  e f f ec t s ,  Professor Osborne said that,  "the 

d e f i n i t i o n  of acoustic speed holds in the relatively unsensitive o r g a  

pipe reg ion  of a ckmier ,  but a t  a point or points c l o s e  to  the f l a e  

front,  acoustic phenomena cease t o  function," ne vent on t o  def ine ~ - _  

acoustic jk+e&ce: 

, 

60 
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Ire described the effect o f  a l ong i tud i lu l  wave u: 

wave entering the cocibustion zoiic cou:prcuscs the g a i e s  there, incre;Lseu 

pressure, rrnd increases the burning rate, 

combustion zone picks  up driving force," 

"A s o n i c  l c a n g i t t i i r a l  

< 

The vave going through the 

lle stated that with no changes in the combustion zone of a s y s t c s ,  if 

the cheder length is increased there w i l l  be a change in frequency 

d mpl i tude  of the waves. 

A P  U s i n g  flame tenperatcre af 
propel lants  , one could c a q u t e  
this e f f e c t .  

> 

b- 6" L 60- 
ux 

In confronting the F-1 combustion problem, Professor Osborne stated 

that "In a large system there is the  p o s s i b i l i t y  o f  a l l  sorts o f  

phenoncna." This c o n c l u i o n  was conditional in view of his o3semations 

&at "the cozbustion zone is f requeacy-aenaitive ," and It . . i f  tke 

'reactor' is srzall enough, a s t a b l e  systen w i l l  b e  attained." 
; 

b o t h e r  concept he presented w a s  that with a nonplanar iqjection sckerie, 

the lixainiu flaae-froat/pressue-front w i l l  cauae flame vrinkling; and 
a wrinkled f l a e - f r o n t  w i l l  burn faster. 

He stated that in bis g;urcoua propellunt system, changing the nozzle 

shape chvrgcd the vave shapes and mpli tudd,  and by this  change d o n e ,  

s t a b i l i t y  could be controlled. 

ne also described tho effect of injection h a l f w a y  down t h e  length of 

the chuber  as an ircourtic damper. The ayrtem, i n  t h i s  case, uar rcsrble-- 



c 

the clnrher pressure trace almost a srraighs lh. 

the nozzle end of t h e  c k h e r  cauved,the systan t o  20 uIwtahle. 
Injection then at 

a 

. 

Density I'rof i les 
A l l  f l a t face  
injectors 

The frcquency of (1) axl (3)  was the s-; the amplitude varied. 

In further elaboration of his work, ProfessGr Osbcme s t a t e d  that he  

had tried inject ion thraugh a 2-inch-diaeter ring i n  a 3-irch-diameter 

c b b e r ,  through a 6- inch-dimter  ring in a 7-incL-dimter chaniber 

( 6  inches in length), and though an injector h t  providr'd uniform 

injection, and through variat ions o f  this om, 

schemes drove the longitudinal mode. 

he observed f irst  radial ;md first tangential llloc~cs, 

d e s ,  ha noted, had the a ~ m c  periodicity as the Longitudinal, but the 

wave shape w a s  different ,  

A l l  of these inject ion 

h'hen he t r i ed  s ide inject ion,  

The transverse 

I 
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l'rofessor Osborne preseated the imtihility p lo t  he had developed with 

his g;u/gas systca ( w i t h  t k  reservation that the heat release rate 

controlling processes of a gas/gas system are d i f f e r e n t  from those  of  

;L liquid!liquid spten),  l?e contended t lmt  the conparative stability 
of .J;etIuae/zlir curd h$rogeq'air 13s dependent upon the rate of  burning 

of each pro2el lmt  c d i u t i o n ;  the l a t t e r  (hydrogedair) ,  vith 3 hi;=hcr 

heat release rate, is lilore sensit ive anrl therefore less stable, and 

w i l l  also "drive" ii greater v u i e t y  of aodes, IIydrogen sensitivity 

could be reduced by adding iodine or helium--these additives lowering 

the fhne speed aod spreading out t h e  flame front--with a resultant re- 

duction in the ability of hydrogen to sustain wave propagation. 

Based on a comparison df resul ts  

he had obtained w i t h  p-embed 

and unmixed gas i n j e i t i o n ,  

Professor Osborne o.oncluded 

that the mixi= c.-ocess does 

not e f fect  the ,~~enoclenon o f  

Purdce Instability Plot:  

A =ember of the C d t t t c  postulated that  in a liquid liquid system 

the frequency recorded is ipr)e;adent of iqjection d e . . ~ i t y ;  that there 

is a given velocity of prupagatitm independent of inj :tor geometry; that 

t h i s  propagation v a n  travels a t  acoustic speed. 

It WOB also postulated thst ".... erne a wave gets ntar ted,  i t a  YnpLifica- 

t i o n  depends upon d w q i r g  d driving forcea, and there i o  a tbe8hOld 
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where viscous d u p i n g  f o r c e s  a r e  greater than driving forces." 

sidcri i -g  this iderr, it Y;W agreed $Imt this ef fc : t  may w e l l  b e  exaggerated 

in a gns/gas system and would not necessar i ly  apply  t o  a l iqu id / l iqu id  

sys rem. 

I n  con- 

S u m  thought w a  then g iven  t o  the iJca of  spreading propel lan ts  i n  t h e  

chanber by in jec t ing  at the longitudinal modal point. 

French rocke t  engine, the Veronique, was considered, as was the i dea  o f  

b a f i l i n g  d i e  e n t i r e  thrust chamber, o r  at only an "antimode" point in t h e  

ciimb c?r . 

The design o f  a 

E-1 ProAram S t a b i l i t v  Esperience 

The E-1 Program, in vhick coasiderable work in high c W e r  pressures 

d high-t luust  engines  provided preliminary e f fo r t  f o r  the development 

of the F-1, uas rcvieued, 
through t h e  use of wall. gap u i t h  divergence, and c lose  attention t o  

pattern design that m u l d  provide "adequate" r e c i r c u l a t i o n  a t  t h e  face. 

d 50-percent divergence v u  recoDsreded a8 a good starting p o i n t  f o r  

adapta t ion  of the concept t o  h e  F-1. 
that the deaign parameters 'affecting perf onnmce are chamber length, 

injector diamter, and pattern. 

Combustion instability i n  the E-1 was overcome 

E-1 experience f u r t h e r  indicated 

Xuch of the E-1 Progrm work had beea conducted with 22- and 25-inch 

hurrlware, 
b i l i t y  phenoaena apparent i n  the P-1 were unique, it would be bonoficial 

(baued on E-1 experience) t o  conduct t e a t s  of c r i t i c a l  p a r m e t e r r  wi th  
1~0,000-gound-thrusf engine, and attempt t o  relate the reeul tv  t o  the F-1. 

It w a s  agreed within the Committee t h a t ,  .Itholiah the  insta- 

. 
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Atlas ?I\-:! 

A program coiulucted on the A t l a s  HA-2 boos te r  eng ine ,  t o  exmine  the 

offccti of bubbles in the iced syatem, was reviewed by the  Committee. 

Five cNneras were mounted near windows i n s t a l l e d  i n  the  ducting of t h e  

eng ine  feed system. 

x h i c h  helium, gaseous nitrogcn, ad gaseous oxygen were s e p a r a t e l y  

introduced i n t o  t h e  ducting. 

not discernable  a t  the high-pressure duct. 

t h e  exhaust flame a t  any time. 

were  also introduced in to  the system w i t h  similar r e s u l t s .  

c l u d e d  that t h e  pump e l in ina ted  bubbles from the  system. 

A noma1 engine s t a t i c  firing w a s  conductcd during 

Bubbles v i s i b l e  at t h e  i n l e t  duc t  were 

No change was evident  i n  

Carbon-dioxide and t r ich loroe the lene  

- 

It was con- 

The Committee was s a t i s f i e d  with the evidence produced by t h i s  program, 

but f e l t  t h a t  t h e  poss ib i l i ty  of a buble ,  o r  bubbles, produced i n  the  

i n j e c t i o n  stream downstream of the pump remained, and night s t i l l  be a 

s o u c e  of  t rouble .  

Two-Dimns ional Research Prozrrrm 

I 

In a review of studies conducted by Rocketdyne w i t h  two-dimensional 

t r a n s p a r e n t  thrust c h d e r s ,  t h e  f o l l o w i n g  conclusions regarding com- 

b u s t i o n  s t a b i l i t y  vere cited: 

i t  is n e c e s a a y  t o  knou mhot otable combustion looks like ( d r o p l e t  s i z e ,  

breakup, etc.) ,  (2) prcmixcd in jec t ion  holds great promise, (3 )  i f  pro- 
pollcmtr ore mixed vary rapidly, how they burn ir  r e l a t i v e l y  uninpor tan t ,  

(4) combustion g u e s  dirccted tovivd t he  chamber w d l e  speeds mixing 

and, t h u ,  i g n i t i o n  (CormidOred u1 important f a c t o r  in maintaining 

s t a b i l i t y ) ,  

olcmcnts  of stable in jec tor  design. 

(1) To descr ibe  colrhustion s t a b i l i t y ,  

Wall gap ood curved divorgence vore conaidered d e s i r a b l e  



-- 
The e f f e c t  of ledcs from the injector face came under consideration 
once more vith the presentation of resu'lts (fil-is and pressurc traces) 

from a t e s t  w i t h  the two-dimensional &.ransparent tirrust chamber in  

which n baffle h i d  been purposely tack-welded into p lace ,  permitting P 

lealc along the baff le .  

i n j e c t o r  usctl in the F-le 
The system vas bombed unstable i n  mainstage and did  z9t d m p .  

t i on  of the leak problem i n  l ight  of  the avai lable  data  from F-1 iilld 
f i r i n g s  l ed  to the conclusion at this meeting that cannular b a f f l e  ledcs 

surrounded by LOX can  cause a gross disturbance; that  the amount and ' 

distribution of LOX and f u e l  leaking; are important s t a b i l i t y  factors.  

f- 

The injector used simulated a , s l i c e  of the W 
The leaky b a f f l e  simulated D radial gV b a f f l e ,  

Exrunina- 

4 
4 
--o 

E HYPERGOL 

2D Injector 
\ 

I , 
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2D Inj ec to,- With Law-on-Like Pressure Trace 
Imp i ngemen t 

F O F O  I 

In tes ts  t o  determine the effect  on s t a b i l i t y  of lcrlcy baff les  with.the 

t w o  dimensional thrust chamber, one "pop't was recorded that appeared 

attributable t o  a baff le  leak. The sequence of events was: 

'1. The "piggybaclr" baffle l ighted with a bang and w a g  knocked 

l oose ,  

2, Six  milliseconds after the bang, a bright zone appeared on 

the w a l l  containing the bomb. 

3. The returning wave bent the l oose  baf f l e .  

4. The system then appeared s table .  

5, The bomb detonated. 

6 .  The pop wiaa recorded. 

7. The system stabilized. 

This t e s t  w a a  conducted a t  100 ps i .  

HYPERGOL 

6c118 

BAFFLE 
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. A D I V I L I O U  O F  NO11 4 m A M E R I C A N  A V I A T I O N  

c0scLus1I>ss 

I 

DATA XC~UISITION XKD IWII;1J 

T e s t  procedures , i n s t runen ta t ion  and data r e d u c t i o n  were c l o s e l y  s c r u t i -  

nized by the Committee, arid recommendations were tude which r e s u l t e d  in  

the  development o f  a highly soph i s t i ca t ed  d a t a  ga ther ing  sys tern, 

. 

Test Procedures 

Study of the h i s t o r y  of t e s t i n g  i n  the F-1 program disclosed t h a t  f lov -  

ratw, lnixturo ratioa, and roaulting thrust voluto varied t o o  widely 
from t e s t  t o  t es t  t o  permit t h e  establishment of a f i rm d a t a  base. A 

ca l ib ra t ion  p r i o r  t o  bomb t e s t s  was required. 

s t i pu la t ed  by t h e  'Committee on a "run, no-run" basis: 

T e s t i n g  requirements were 

Chamber Pressure, p s i  . . . . . . 1107 

Nixture R a t i o  . . .; . . . . . 2.35 t o  2.5 (2.40 nominal) 

LOX Flowrate,  gpm . . . . . 6005 

Fuel Flowrate ,  gpm . . . . . 1657 

Thrust, pounds . . . . . 1,500,000 
(23 percent) 

Review Procedures I 

In reviewing s i g n i f i c a n t  t es ta ,  a data alieet was devised and used by 

the Committee whiclr, when f i l l e d  out, provided the information necessary 

to  properly evaluate t e s t  results (Fig. 7 ). 
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SGISE so.. TST: 
ISJLCTflIL SO. ST,LSD : 
TIST SO. DATE: 
TLST DL'lU'L'IO:;: 

I. Were there any disturbances prior t o  roughness? Yes NO 

1. W c r ~  there any d r i f t  ,toward roughness condition? Describe: 

2, Is there any interzcdiate characteristic? Describe: 

3. What parameter changed f irst? 
a. Is the change significant? Yes Xo 

XI, What triggers night  have caused the roughness: 

1, 
2. 
3. 

4. 
5. 
6 .  

111. Miat  sustaining mechnisms are evident? 

1. 4. 
2. 5. 
3. 6. 

a. Is there a significant mode: 

at what cycle? 
how long sustained? 
does it atop? 
i s  there a relationship between mode-det iaing paremeters? 

IV. Sign i f  icmt correlations? 
1, Mixture ratio 
2, P 

C 
3. f 

V. Calculated flow data: 
LOX f low,  It/sec Fuel f l o w ,  lb/sec 

VI. Accelcrometcr data: 
Figure 7.  Data Sheet 1, f 

2. A 

70 
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Corresponding procedures were also devised f o r  trhcc? analyses wit1 visucrl 

evaluations of tests. In 011 crrJes of  i n s t a b i l i t y  LL careful exiuninaLion 

of t h e  hardwre was conductcd by'one or m o r e  members of t h e  C u m i t t e e .  

. 
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. - Ik,ux!1 T e j t  So. 053. An e q l o s i o n  had occurred i n  a test  a t  IIS/LWB on 

17 Decerher 1962 w i t h  engine So. 006. Conbustion instabi l i ty  was sus- 

pected as the cause of the explos ion,  but data were not yet available 

to properly-evaluate the incident. 
I 

. 

The possible causes were as followr: 

1. Injector burnout 

2. Hot spot in the maniiold 

3. Tube burnout 

I 
i - '., 

u 
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I 

Evidence t o  sl;pport tube burnout as P cause o f  eventual codJunti(1n 

i n s t a b i l i t y  viis as follows: 
r 

1. Stredis  i n  j e t  

2. CFlX pressure drop 

- 1. Excessive i n j e c t o r  damage 

4 . IIot s p o t  i n  t h e  f u e l  m a n i f o l d  prior t o  i n s t a b i l i t y  

5. 

6 ,  

In j ec to r  burned p r i o r  to  i n s t a b i l i t y  

Durn through manifold extremely f a s t  

Further inves t iga t ion  w i t h  the aid o f  high-speed films and pressure re- 

cords r e s u l t e d  i n  the conclusion that combustion flame had propagated 

upstream and behind the in jec tor  face  b e f o r e  the explosion. 

onc of  the principal  reasons for  t h e  subsequent development o f  the  so- 

c a l l e d  "Kitchen Sin)<" devices--flov d i v e r t e r s  designed t o  arrest  reverse  

f lou. 

This became 

IIi,nh-Speed Instrumentation a d  Data Reduction. 

measurercents (including ducting) w e r e  establ ished as s t a n d a r d ;  these t o  

be made w i t h  rhotocon transducers providing a frequency response o f  0 

t o  10 ki locycles ,  

90 and 180 degrees apart axially, t o  obtain phwe r e l a t i c n s h i p s  and axial  

gaa propagation v e l o c i t i e s .  

Twenty-&ne pressure 

Transducers are f lush-mounted i n  t h e  combustion zoue, 

Data are recorded on magnetic tape, then time-base expanded a t  a r a t i o  

of 200-to-1 vhile  seing transcribed onto  an eight-channel Brush recorder 

at a paper speed of 200 millimeters per  second, 

of 200 m i l l i o . e t x r  of paper per one mill isecond of r e a l  time, providing 

T h i s  gives an equivalent 

It-5615-1 73 - - \  

1 
I 



. /  I .  

-,.A X a O C S Z T n W N Z Z  A O l * ; o S I O N  O F  N O R l n  A Y E R I C A N  A V I A T I O N .  I N C  

* 4 
analysts with adequate spac ing t o  determine phase r e l a t i o m h i p H  between 

I 

p n r u r t c r s .  F i l t e r i n g  of  d a t a  is also r e l i e d  upon to establish phase 

r e l a t i o n s h i p s  a t  predominant frequencies; and power s p e c t r a l  denv i ty  

(ED) graphd’are obtained d i g i t a l l y  on an D,Cl 7090 and on amlog c m -  

putcrs t o  determine the  power of the  frequency spectrum. 

Piezo-Resistive ‘7rmsducers. 

Rocketdyne, w a 3  introduced t o  t h e  C o w i t t e e  which ordered i t  i n t o  lou- 

r a t e  product ion f o r  a d a p t a t i o n  t o  theF-1. 

t o  place $.wide the t h r u s t  chamber tubes and on the f a c e  o f  t he  in j ec to r ,  

a r e  capable of sus ta ined  operation i n  a LOX environment, and provide 

exce l len t  response r a t e s .  

A piezo- res i s t ive  t ransducer ,  designed a t  

These u n i t s  are small enough 

Ilizh-Speed PhotoEraphy. 

f i c a n t  t h r u s t  c h a r i e r  and engine tests, c o r r e l a t i n g  visual evidence o f  

i . as to t i l i ty  w i t h  o s c i l l a t i o n  t r a c e s  through t he  use of t h e  b ina ry  timing 

code s i g n a l  applied at I?S/EiFB. Studies of these films were augmented 

by study of f i l m  t&en of the  operation of the two-dimensional trans- 

parent thrust c h a h e r  in a concerted e f f o r t  t o  i n t e r p r e t  v i s u a l l y  the  

causat ive f a c t o r s  and s i g n a t u r e  of combustion i n s t a b i l i t y .  

The Committee s t u d i e d  high-speed f i l m s  of s igni-  

9 

A s ing le  special e f f e c t  w a s  d e t e c t e d  which gave r i s e  t o  cons iderable  

t h e o r e t i c a l  speculation: the expel la t ion  of an excess of b lack  exhaust, 

completely o b s c u r i n g  the flame, just pr io r  t o  t h e  onaet  of  i n s t a b i l i t y .  

This “ b l a c k  shroud” WOB regarded a. tho 108ul* of th ree  possible  
c ond i t i ona : 

1. The accumulation and rudden axpel la t ion  of carton on t h e  

charrib e r wall 



, 

2. A change i n  the mixture ra t io  t o  30 extremely fuel-r ich 

state 

3. The accumulation and Gxplosion o f  f u e l  g e l  

V i s u a l i z a t i o n  through high-speed photograpby appe.ved t o  of fe r  illi 

e x c e l l e n t  avenue of approach t o  t h e  i n s t a b i l i t y  problem and t h e  Committee 

o r d e r e d  improved f i l m  coverage. Nore Fastair and Fastax cameras were 

i n s t a l l e d  on the t e s t  stands. 

i n t o  ss l id-wal l  and tube-wall combustion chambers, f u e l  and LOX manifolds,- 

and duct ing t o  provide a view i n t o  the combustion process and feed system 

f o r  framing cameras (Fig. 8 through io).  

Windows were devised f o r  i n s t a l l a t i o n  

Radiographic instruments were also i n s t a l l e d  on t h e  test  at&d s i t e ,  

and s t r e a k  photographyuindows located a x i a l l y  i n  t h e  chasber w a l l s  f o r  

the c a l c u l a t i o n  of longitudinal and t ransverse gas v e l o c i t i e s .  

Hardware Inspection. 

cedures  f G r  pos t - in s t ab i l i t y  s i t u a t i o n s  which included t h e  use o f  fibre- 

o p t i c  instruments pe rn i t t i ng  visual examination o f  r i n g  grooves and in- 

j e c t o r  body areas, sectioning o f  i n j e c t o r s  i n  extreme cases o f  i n j e c t o r  

d a m g e ,  and improved cleaning and dye check methods. 

The Committee i n i t i a t e d  hardware i r u p e c t i o n  pro- 

G Research p r o j e c t  maa undertaken t o  find rn i n j e c t o r  c leaning agent 

s d e r  then the tr ichlorethylene t h e n  i n  use. 

that  every i n j e c t o r  be pulled, inspected and le&-checked after 300 

second8 o f  operation plua one te8t. 
method., such as ultruonic cleaning, were invest igated.  

The new procedure required 

Improved c leaning  and l e a k  check 

11-561 5-1 
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The F-1 Cohust ion  S t a b i l i t y  Croup was forned in mid-Deccuhcr as LL 

funct i o m l  o r g a n i z a t i o n  under the technical guidance of the Comhustion 

S t a b i l i t y  Cornittee, 

Design Unit, md includes staff personnel  reporting fr; the Senior 
P r i n c i p a l  Q i n c e r ,  whouc functions are trouble shoot ing ,  liaison, 

investigation, ard e n g i n c c r i r i  advisement. 

The Grcup is cosposed o f  an Analysis Unit and D 

The Analysis Unit w a s  charged with f o u r  broad areas  of e f f o r t :  

1. 

0 
=-e 

3- 

I .  

I d e n t i f i c a t i o n  o f  the mode or modes o f  i n s t a b i l i t y  encoantered 

i n  t e s t i n g  

l’armetric c o r r e l a t i o n  of t e s t  data t o  d e f i n e  s t a b l e  and 

unstable operating characteristics 

Analysis of t e s t  data on the basis of corre lat ion with t heo r i e s  

of ins  tab i 1 i ty 

Exanination and evaluation of erperiments conducted t o  i l l umina te  

aspects o f  the stability problem 

T h i s  unit is also r e q u i r e d  t o  maintain a f i l e  of all  data p e r t i n e n t  t o  

the P-1 Conbustion Stability Program, devise and employ more e f f e c t i v e  

mcavurcmcnt techniques,  data transmission and reduct ion ,  and make recom- 

mcndotiona f o r  hardware design, 

The f u n c t i m  of t h e  Design Unit is t o  r ece ive  design ob jec t ives  and con- 
cepts from the Combustion S t a b i l i t y  Committee, and translabe them i n t o  

I 
I 
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hardwnre. 

Gruup for  two-dincnsional motor liardmre, mddel element, nnri engine 

des ign .  A11 o f  its efforts are coordihted v i t h  rurd reviewed by the 

Committee. The Design U n i t  takes ideas from conception through pre- 

p lannirg ,  analysis, layout drawings, design aalysis ,  review, Pranufactur- 

ing and  quality control problems, fabrication and i n s t a l l a t i o n ,  to f inal  

t e s t  results. This effort requires  c o n s t a n t  job follow-up and r e p o r t i n g  

at all stages. 

This unit is  respowib le  f o r  arid coordinates w i t h  the llesearch 

. .  

Two-D imens ioml Transparent T h r u s t  Chamber Profiran 

The i n i t i a l  t e s t  program for the two dimensional transparent thrust 

chamber was formulated at t h i s  t i m e ;  the e f fort  to  be b;ised on the pre- 

c e p t  t h a t  this unit would be best suited to  determining principles,  and 

would not be considered a model of the F-1. 

The two-dimensional thrust chamber effort was directed toward:  

1. Locate perturbation axially t o  explore P and dropshatter ing  C 

theories. 

2. Baffle length Alld placement should be determined. Timing 
should be  correlated v i t h  preesures for movie study of 

baffle e f f e c t s ,  

3, Try angled baffles: baffles at different loca t iona ,  o f  

different f engths, etc. 

1. 

80 H-5615-1 
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T o  accomplish t h i s  effort ,  tlic f o l l o v i r g  was planncd: 

1. YLun divergence inject&- 

a. See recirculation 

b. Bomb . 

c. Get strealis 

2. Ilun divergence 

a. Check inject ion pattern 

3. \fater-slug run: water unifordy across in jec tor  - 
a. Water a f t e r  bo& a s  a t z i y o p e l l k t  

4 . Domb at downstream locat ions  

5. 1Iot-gas in jec t ion  to simulate rec irculat ion:  use gas generator 

and augmented spark igniter 

6 .  Try hot and cold baffles: 
on them 

fuel on them, LOX on then, LOdY/fuel 

a Try also: f i n e  inject ion:  instant nnd complete burning. 

7. Premix injector 

81 



Late i n  Sovca:bcr, a progrm of 11-1 t e s t i &  was es tab l i shed  w i t h  the oh- 

,jectivc o f  -oiodcling ccrtuiri F-1 opcrrrtioml condi t ions .  The rcilsons 

f o r  usin: tlie 11-1 were: 

established at 165,000 pounds of  thrust with the  11-1, which would pro- 

vide a p o i n t  of depar ture  f o r  evaluat ing the e f f e c t  of design modifi- 

c a t i o n s  a t  165,000 pounds of tlmxit and above, (2) t h e  11-1 had an ex- 

ce l len t  h i s t o r y  of t e s t  data f o r  reference,  (3) t h e  n-1 could be d r i v e n  

unstable by I pulse w, permit t ing t l ie  ncquivi t ion of t e s t  h a r d w k  

quickly and cheaply. Also' of importance uas the f a c t  that the  II-1, in  
mny parameters ,  c l o s e l y  approximated the F-1, and would tliu s e r v e  as  

an e x c e l l e n t  nodel. 

(1) s t a b l e  operat ion parameters had been 

The first * e s t  s e r i e s  with the Ii-1 included 13 tes t s ,  t o  be cocducted 

at  188,000 pounds of thrust w i t h  t h e  standard engine. The o b j e c t i v e s  

were t o  a c q u i r e  d a t a  on s i x  modified injector  configurations and one 

standard injector conf iy ra tAon ,  and t o  e s t a b l i s h  a ra t ing technique 

f o r  t h e  p u l s e r  ( then  being adapted t o  the F-1). 
t i on  w a s  r eques t cd  f o r  these tests. 

Special  instrumenta- 

X method of inducing i n v t a b i l i t y  t h a t  had worked wel l  with the  H-1 
engine was adapted t o  the  F-1. 
pulsing device. 
Five bas t s  were attempted using a modified solid-wall  t h rus t  chamber 

(U/Y 008) and U/N 067 baf f l ed  in j ec to r .  

minated one of the  t e s t s  without achieving ra ins tage .  

tives wero mat on the remaining four tests, b u t  instability was not 

This  method r e l i e d  upon a f u e l - s i d e  

The technique was f i r s t  used du r ing  thia quarter .  

, 
A t e s t  stand malfunction t e r -  

The test  objec- 

I 
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nctiic\-cti. 1x1s trumentatiori rtmrds i nd ica t ed  that t!.c pulser ussernh ly 

was funct ioning proper ly  0x1 each o f  the tests,  produpin2 a p u l s e  of' 

npproxivately 12,000 p s i  i n  the f u e l  i n j e c t i o n  pressure.  

Criiction of  thitj disturbance, approximatcly 50 p a i ,  WYM obliorvcd on 

any of the chamber p re s su re  traces. The Committee a t  t h i s  time vas 

consider ing the  adaptat ion o f  a hydraulic p u l s e r  capable o f  g e n e r a t i n g  

more power t o  make t h e  technique appl icable  t o  t h e  F-1. 

< 

Only a smll 

BOXB IUTISG 

A t  t h i s  time the re  was l i t t l e  clear-cut evidence i n d i c a t b g  t h e  superior- 

i ty  o f  a gU b a f f l e d  i n j e c t o r  over a gV f l a t - f a c e  in jec tor .  

were a l l  being conducted with 50-groin bombs. 

e f f e c t i v e n e s s  eva lua t ion  W;LJ recommended t o  the Cormittee with t h e  

o b j e c t i v e  of es tab l i sh-  a ra t ing  system. 

damping times were as y e t  t o o  long t o  j u s t i f y  t h e  developnent of a 

rating system. 

Bomb tests 

A graduated bomb- 

The Comi t t ee  f e l t  that 

The nppecrrllnce of a 300-cps o s c i l l a t i o n  in steady s t a t e ,  when t e s t i n g  

on t es t  stand !U at  l?S/EAFB, came under c l o s e  s c r u t i n y  by the  u ' o d t t e e .  

The design of t h e  LOX dome was examined. 

had been done at this time with the following: 

Considerable flow-bench work 

1. Flow d iv ide ra  i n  the dome cav i ty  

2. scoops 

3. Enlarged dome cavi ty  
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4. Sleeved axial f e e d  h o l e s  

5. Baff les  i n  the dome cavity 

6 .  Slxall ov-bcdy i n j e c t o r s  

7. Deep L9X grooves 

r 

8. Single- in le t  dome 

9. 

10. 

11. Lowered done c a v i t y  

12. 

13. 

TONS dams (two and four dams) 

D~AZAS on ths ups t ream s ide  of the i n j e c t o r  

Done cavity radially divided into 12 compartments 

Dished upstream s i d e  o f  in jector  

It vas observed in flow-bench checks t h a t  t h e  frequency recorded always 

changed as a function o f  f lowrate .  Three-hundred cycles was i n  011 cases  

enc ountcrr d . 
A recessed kransducer m o u i t i n i  was suspected as the origin of  t h e  300-cps 

o s c i l l a t i o n .  

a d  more in tens ive  progrpm, 

It w a s  decided t o  approach t h e  300-cps proulem w i t h  a new 

LWECTOR DESIGN 

On 21 Decernber 1962, d e c i s i o n s  were made by the Committee which r e f l e c t e d  

the conclusions arrived a t  as to t h e  cause of t h e  burnout of engine 006. 

The C o m i t t c e  was of the op in ion  that evidence o f  back-flash i n t o  the  

fuel s i d e  of the  in j cc to r  and lumirq behind the  in j ec to r  face a8 the 

trouble source warranted the  i n s t a l l a t i o n  of  f lame-arresting and flow- 
cont ro l  d e v i c e s  t o  obviate a s i m i l a r  occurrence in fu,ture t e s t ing .  

1 

I 
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A l i t e r a t u r e  search o f  f lamc-arrest ing techniques w i u  ordered,  arid t h e  

P r o j e c t  F i r s t  design t e a m  i n i t i a t e d  a design program to develop effcc-  

t i v e  flow-corltrol devices  f o r  i n s t a l l a t i o n  i n  t h e  5U i n j e c t o r s  (Fig. 11 

and 1 2 ) .  

w 

meeting w a s  held on. 18 December 1962, to  eva lua te  the f i rs t  concentric 

t u b e  i n j e c t o r  design. I t  was decided t o  b u i l d  model clements and water- 

flow them t o  determine t h e  degree o f  mixing t hey  would provide with vari- 

ous vortical-flow devices  i n s t a l l e d .  

t e s t  D concentric-tube i n j e c t o r  i n  t h e  two-dimensional t r a n s p a r e n t  

t h r u s t  c h n d e r  f o r  i n i t i a l  evaluat ion (Fig. 13). 

I t  was a l s o  decided t o  des ign  and 

On 20 Novecbe: 1362, a sumat ion  meeting was convened. 

i n s t a b i l i t y  data, drunaged hardxare, t e s t  records,  theories  had, sat  t h i s  

tiuie, evolved i n t o  e i x  fundamental requirement8 f o r  the design and 
f a b r i c a t i o n  of a s t a b l e  F-1 i n j e c t o r .  

not been test-proved, and were y e t  t o  b e  adequately supported by theory, 

t h e y  were termed " p l a t i t u d e s "  by the Cormittee. 

Evalua t ion  o f  

Because t h e s e  requirements had 

Stable Corhustion Platitudes 

A .  

9 
L. 

4. 

1 5 .  

1 6 .  I 

No leaks 

I ao la t e  t h e  f e e d  system from the combustion proceea 

Iaolate combustion r a d i a l l y  \ 

Control axial die  tribution 

Eliminate random i g n i t i o n  locat ions 

Control chemia t ry  

85 
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F U E L  PORT ISOLATION TABS v m  
LOX FLOW DIVERTER 

DCUE TORUS DAM INSERTS 

\ 

FLAME SUPPRESSER 

Figure 11. Injector Ilody Hydraulic !todificatictnrr 
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'1 design p r o g u  was i n i t i a t e d ,  uhich u u  based o n  the accocmodation of 

tlic p l a t i t u d e s ;  t h e s e ,  t r m l n t e d  into an approach to  hardware, r c a u l t c d  

i n  t l i  e i o l lov ing  design approach: 

Dcsi,nn Apnroach 

P l a t i t u d e s  

. 

Des i,nn Act ion 

1, So uncont ro l led  bubbles 

2. So c o l l a p s e  or geysering 2. Xo vortex i n l e t  3. So p u l s a t i o n s  
4. No f u e l ,  vater in (tank or d u c t )  d procedues ,  

1. TU& filling 

3. No w a l l  v i b r a t i o n  2. Review s t r u c t u r e  

1. Photos i n  pump 

4. Proper sequence >EX 
f o r  start 3. Review engine 

and breathing 5. Sample 

5. So t r aps  start 
6.  rL'o condensation 4. &e LOX 

pr ope 1 lants 

1, No bubbles (no 
ingestion) 

1, SO p u l s a t i o n s  

P rope l lmt  Condition 

1. Pure LGX 
2. Pure f u e l  
3. No f u e l  in LOX 
4. No water in M X  

- 

1. Proper tank  e x i t  
and l i n e  design photos 

2. Proper pressure  
gas d i f f u s i o n  

1. Fuel pump i n l e t  

1. Good f i l l  f i l t e r s  1. Analyze propel- .  
2. Good propel lan ta  lon t  sample 

2. Analyze propel- 
l an t  sample 

3. Analyze propel- 
l an t  sample 

4, Analyze propel- 
l a n t  sample 

5 Analyze f u e l  
and LOX 
s p e c i f i c a t i o n s  



1. Xiniclux pressure 1. Capacitors t o  ' 1. Design LOX a d  f u e l  

2. So ir.dcccd bubbles 2. S t a t  sequence 
3. Avoid blade 3. Alternate number osc i l l ac ions  

os  c i 1 lat i s  ns  f i l t e r  t- cilpac it ors 
2. Evaluate causes of 

3. Discharge duct photos  f requexy of sys tern of  blahs 
* 

and review s t a r t  
s c que nc e 

4. Evaluate r,ew frequency 

D, L I X S  DCIfXSTXd, ISCLUDIXG VALVES 

1. So V a l \ - e  traps 
2. So valve f l u t t e r  
3. Smooth flow 

E. >lA!!IFOLDS, LOX ( D O E )  

1. Review p o s s i b i l i t i e s  

2. Review valve f l u t t e r  - -  
3. Look at duct with 

o f  traps 

caneras ' 

1. Control flow 1. Avoid large 1. Design concepts 
di3 t r i bu t ion  cov i t  i e s  2. Design cocccpts 

2. A v o i d  se l f -  
i d u c  ed 
o z c i l  l a  t i o n s  

3. E l i m i n a t e  un- 
c ont r olled 
cross-flow 

3. Design corcepts . 

4. Desi,- corcepts : 
5. Design concepts- 
6. Design concepts 

4. Conpartnent flow 
5. I so l i i t c  sec tors  
6. Avoid c a v i t i e s  

in  seriee 

F. ITEL I?\zET XLSIFOL3: use tubes f o r  d i r e c t  i n j e c t i o n  

1, IlizLsize hydraul ic  

2, In i iv idud  (non-cross 
flow) f l w  paths;  

1. Eliminate series  manifolds 
2. Uniform tube f low d i s t r i b u t i o n  surging and feedback 

f i t e l  inlet t o  injector 

' i  

I !  

. 

1 

. .  

id 
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The f ollowin;: were suggested iu des ign  o b j c c t i v c s  t o ,  minimize c ie tomt ion  

s u p p o r t i n g  p r o p e r t i e s :  c 

1, So ?remixed d r o p s  o r  globules 

2. Thoroughly prcs ixed  d r o p l e t s  ( f i n e  and h o t  d r o p l e t s )  

3, Uniform i n j e c t i o n  at the  proper mixture  r a t i o  

4, Burn f a s t  

3. Build detonat ion  dams 

6, Iise "chemical" b a f f l e s  

To meet these ob jec t ives  a s e r i e s  of i n j e c t o r  designs were i n i t i a t e d .  

These included (1) t h e  vagon bheel p a t t e r n ,  a 24-compartment b a f f l e d  

i n j e c t o r ,  w i t h  full radial pa t t e rn  arrangeffient and f u l l  flow i e o l a t i o n  

(Fig. 1 4 ) ,  (2) a deep-bo,?y i n j e c t o r ,  with b a f f l e s  and long o x i d  f e e d  

passages t o  provide h i g h  flow inpedance, and (3) a flow i s o l a t e d  b a f f l e d  

i n j e c t o r  wi th  a s tandard  p a t t e r n  and h y d r a u l i c  i s o l a t i o n .  

b' 

R-5 6 15 - 1 c - \  91 



I - -- 
- i  

k’iyre 14. Ihgon Wheel Pattern 


