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FOREWORD 

This document was prepared by Rocketdyne, a D i v i s i o n  of Rockwell 
I n te rna t i ona l  Corporatior,, i n  accordance w i t h  A r t i c l e  I and Line 

I t e m  No. 8 o f  the Data Requirements L i s t  of Contract NAS9-14315 
w i t h  the National Aeronautics and Space AdmiListrat ion. The 

contract  per iod of performance was 6 August 1974 t o  6 Ju ly  1975. 

The NASA/JSC Technical Monitor was MI.. F. D. Freeburn. The 
Rocketdyne Program Manager was Fr .  R. H. Helsel for  the f i r s t  

tnree months; he was replaced by M r .  R. D. Paster f o r  the r e -  
mainder o f  the program. M r .  J. A. Nestlerode served as the 
P r inc ipa l  Engineer, ass is ted by D r .  D. R. Kabn. 

Several technical  people a t  Rocketdyne performed work o r  served 
as consultants regarding s p e c i f i c  areas of the various program 
tasks: Mssrs. J. I(. Hunting, R. L. Nelson, and L. E. Sack w i t h  
respect t o  the feed system hydrodynamics, M r .  F.  R. Linow w i t h  

respect t o  combustion dynamics, M r .  M. D. Schuman w i t h  respect 

t o  combustion dynamics, chamber dynamjcs, enqineering model 
formulation, and computer programing, and Hr. K. W. F e r t i a  w i t h  

respect t o  numerical analysis,  computer programning,and checkout 
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ABSTRACT 

This repo r t  sumnarizes the  technica l  e f f o r t  conducted dur ing an eleven- 
month program t o  develop and v e r i f y  a d i c j i t a l  computer model fo r  NASA/JSC 
which can be used t o  analyze and p r e d i c t  engine/feed system coupled i ns ta -  

b i l i t i e s  i n  pressure-fed s to rab le  p rope l l an t  propuls ion systems over a 

frequency range o f  10 t o  1000 Hz. 

The ana ly t i ca l  approach t c  modeling the feed system hydrodynamics, com- 
bust ion dynamics, chamber dynamics, and ove ra l l  .engineering model s t ruc tu re  
i s  described and the governing equations i n  each o f  the technica l  areas i s  

presented. This i s  fo l lowed by a descr ip t ion  o f  the  general ized computer 
model i n  which the speci f ics  o f  the  hydrodynamics, comblistion dynamics, and 
chamber dynamics are formulated i n t o  d i sc re te  subprograms and in tegra ted  
i n t o  an ove ra l l  engineering model s t ruc tu re .  

The operat ion and c a p a b i l i t i e s  o f  the engineering model are v e r i f i e d  by 

comparing the model 's t heo re t i ca l  p red ic t ions  w i th  experimental data from 

an OMS-type engine w i t h  known feed system/engine chugging h i s to ry .  The 
l a t t e r  data were obtained a t  White Sands Test F a c i l i t y  on Rocketdyne hard- 

ware during Task XI1 o f  the SS/OME Reusable Thrust  Chamber Program 
(NAS9-12802). 

The program i s  concluded w i t h  the successful operat ion o f  the engineering 

model on the NASA/JSC Univac 111O,EXEC-8 computer system and by extensive 
documentation o f  the  model i n  the  form of a computer user 's  guide and 
f i nal repor t .  
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SECTION I 

INTRODUCTION AND SiJMMARY 

H i s t o r i c a l l y ,  dur ing the development of pressure-fed propuls ion systems, 
feed system/engine coupled i n s t a b i l i t i e s  have b2en f requen t l y  encountered. 
Resolut ion of these problems usual ly  included increas ing i n j e c t o r  pressure 

drop t o  decouple the feed system from the combustor, the r e s u l t  bcing 

substant ia l  system weight penal t ies.  A dynamic computer model wo4ild be 

a useful t o o l  i n  obv ia t i ng  coupled s t a b i l i t y  problems dur ing the otv.Tnp- 

ment o f  the Space Shut t le  O r b i t  Maneuvering System (SS/OMS). A node1 CCfilild 
be used both as a system design t o o l  t o  opt imize campone;lc l o c a t i o n  and 

pressure p r o f i l e  (minimi22 system weight) and a system developmt!nt tao? t o  
def ine t e s t  programs fo r  assessing s t a b i l i t y  margins of the OMS. 

Models have been constructed t o  study s p e c i f i c  problems on spec i f i c  engine 

conf igurat ions.  Under a previous contract ,  NAS9-10319, a general ized 

propuls ion system model f o r  very low frequencies was constructed t o  provide 

a modular d i g i t a l  computer program f o r  s imulat ing t rans ien t  operat ion i n  

pressure-fed rocket engine systems (Ref. 1) .  The use of the program wat. 
demonstrated by modeling the Apol lo Ascent and Descent engines and the 

Rocketdyne SE5-5 Propulsion System. 

This document i s  the f i n a l  repo r t  o f  an eleven-month program conducted by 
Rocketdyne t o  develop and v e r i f y  an engineering d i g i t a l  computer model for  

the NASA/JSC which can be used t o  analyze feed systemlenqine coupled i n -  
s t a b i l i t i e s  i n  pressure-fed, s torable propel lant ,  pronuls ion systems over 
a frequency range of 10 t o  1000 Hz (frequencies lower than the chamber 

transverse fr2quencies). The model i s  s u f f i c i e n t l y  aerleri’ so t h a t  i t  may 
be r e a d i l y  appl icable t o  present and f u t u r e  engine and propuls ion programs. 
Fo r  sca l ing purposes the basel ine conf iyurat io : i  cho:.en i s  the OMS engine. 
The model has been w r i t t e n  f o r  use on the NASA/JSC Univac 1110, EXEC-8 

system, and provides NASA a t o o l  which can be used to :  

R-9807/ I - 1 
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1. Conduct pre l iminary design trndeoff  I-,,? f e a s i b i l i t y  

studiee p r i o r  t o  propuls ion coccept se lect ion,  

2. Guide the design o f  propulp ion systems t o  ensure s t a 3 i i i t y  
a t  a l l  operat ing ranqec, and w i t h  minimum penal t ies.  

3.  Guide t e s t i n g  pragrzlms by p r e d i c t i n g  the l e a s t  s tab le 
operat ing regimes thereby reducing ' e number o f  s t a b i l i t y  

t es ts  required. 

4.  Provide s t a b i l i t y  v e r i f i c a t i o n  i n  the event system changes 

are made and h o t - f i r e  v e r i f i c a t i o n  i s  impract ica l .  

5. Diagnose problems on e x i s t i n g  systems and evaluate p o t e n t i a l  
;elutions. 

The s p e c i f i c  end products o f  t h i s  e f f o r t  are as fo l l ows :  

1 .  A d i g i t a l  general ized computer aodel f o r  i n v e r t '  t i n g  

coupled ins tak i1 i t . v  i n  a Dressure-fed propulsi?. -ystem. 
The mow1 i s  su i tab le  f o r  use i n  evaluat ing the s t a b i l i t y  o f  
o f  the Space Shut t le  OM: (Orb i ta l  Maneuvering System) i n  
i t s  various f l i g h t  c m f i g u r a t i o n s  and over i t s  planned 
operat ing condi t iob- '  . The s t ruc tu re  o f  the m d e l  i r  modular, 
such t h a t  i t  can be adapted t o  various conf iqurat ions wi thout  
ma,.or modi f icat icns.  The output format o f  the model i s  such 

t h a t  the margin o f  s t a b i l i t y  i s  apparent ra the r  than a simp'? 

stable/unstable p red ic t i on .  
o s c i l l a t i o n s  are a lso obtainable fron! the model. 

Specif ic frequencies and modes o f  

2. Checkout of the model on the NASA/JSC ('ohnson Spacecraft Center) 
Univac 1110- EXEC-8 computer and v e r i f i c a t i o n  by conpsring o f  a 

WST'. u?IS enqine and t e s t  r i q  w i t h  known feed syscemlengine c h q -  
ging o r  buzzing h i s t o r y .  

3. Complete documentation o f  the model e f f o r t  inc lud ing:  
a .  A f i n a l  r e p c r t  descr ib ing the e f f o r t  i r l  glved i n  

b. A cc i t e r  manual cons ls t ina o f  

t o  apply the model t o  a qiven engine system. 

devel opinq the model. 

se r ' s  sect ion designed f o r  the engineer who desires 

R-98@7/1-2 



0 A programmer's sect ion f o r  e luc ida t i on  o f  t he  programing 

d e t a i l s ,  i .e., format, subrout in ing s t ructure,  program 

numerical 1 i m i  t s  , etc.  

0 An engineering sect ion expla in ing the physical  imp1 i c a t i o n s  
of t he  mathematics involved, the assumptions, range of 

v a l i d i t y  and r e a l i s t i c  l i v i t a t i o n s .  

4. Discussions and recomnendations f o r  addi t iona? areas o f  i n v e s t i -  

gat ion e i t h e r  f o r  the improvement i n  the  model o r  i n  app l i ca t i on  

of the model t o  b e n e f i t  e x i s t i n g  o r  f u t u r e  propuls ion programs. 
One such i tem i s  a t e s t  p lan  f o r  the empir ica l  de temina t fon  o f  

appropriate values of the var iab les descr ib ing the  i n j e c t i o n  and 
combustion process. Areas o f  app l i ca t i on  o f  the model inc lude 

analysis o f  the several OMS f l i g h t  conf igurat ions,  i nves t i ga t i ons  
o f  any coupled s t a b i l i t y  phenomena which mioht be incurred i n  

the OMS system t o  determine t h e i r  causes and t o  a r r i v e  a t  the 

most expedit ious so lut ions,  and t o  e luc idate the coupled s t a b i l i t y  
margin as a funct ion o f  operat ing condi t ions.  

The program was accomplished i n  three phases: 

I. Model E v a l u a t i m  ana Formulation 

I I .  Computer Model Devel opmen t 

111. Model V e r i f i c a t i o n  and Documentation 

A l o g i c  f low diagram o f  the completed e f f o r t  i s  shown i n  Fig .  1 . 

I n  the i n i t i a l  phase, a de ta i l ed  assessment o f  the a i la i lab le  techniques 
:'or modeling the propuls ion system's hydrodynamics, combustion r'vnamics 
arid chamber dynamics was conducted. Recornendations f o r  the character- 
izaLion technique t o  be used i n  each o f  the technical  area; were made and 

the dynamic equations were formulated. 
a t  a b r i e f i n g  held a t  NASA/JSC an 15-16 November 1974 and sumnarited i n  
d e t a i l  i n  a Phase I repor t ,  "Engineering Model Ch?-acter izat ion Evaluation 

In te r im  Report" (Ref. 2 ) .  

The r e s u l t s  o f  Phase I were presented 
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I n  the second phase, the s p e c i f i c s  o f  the hydrodynamics, combustion and 
chamber dynamics were p r o g r a d  as d i s c r e t e  subprograms and in teg ra ted  

i n t o  an o v e r a l l  engineering s t r u c t u r e  t o  provide a usable, cos t  e f f i c i e n t  
computer package. Each subprogram was debugged and checkout cases were 
run t o  veyi fy the conputer l o g i c  formulat ion.  The o v e r a l l  mode! was s a t i s -  

f a c t o r i l y  executed and reasonable values obtained f o r  the model output 
parameters. A program review meeting was h e l d  a t  NASA/JSC on 10 A p r i l  1975 

t o  support the r e s u l t s  of Phase 11. 

I n  the t h i r d  phase, the operat ion and c a p a b i l i t i e s  o f  the engineering model 
were v e r i f i e d  and the model's t heo re t i ca l  p red ic t i ons  were compared w i t h  
experimental data from an OMS-type engine w i t h  known feed s y s t w e n g i n e  chugg- 

i n g  h i s to ry .  
(WSTF) on Rocketdyne hardware dur ing Task X I 1  of the Space Shuttle/OME 

Reusable Thrust Chamber Program (NAS9-12802). The p a r t i c u l a r  sequence of 

data chosen involved a ser ies o f  in teqrated t h r u s t  chamber t e s t s  i n  which 
the l e v e l  o f  chamber pressure was progress ive ly  reduced u n t i l  chugging 
occurred and included the e f f e c t  o f  mix ture r a t i o  on the minimum pressure 
l eve l s .  A l l  pe r t i nen t  WSTF h o t - f i r e  t e s t  data t o  be used dur ina model 

v e r i f i c a t i o n  were surmnarized i n  an "Engineering Model V e r i f i c a t i o n  Plan," 
submitted t o  NASA/JSC on 7 Kay 1975. Included i n  the r e p o r t  were d e t a i l s  
o f  Rocketdyne's t h r u s t  chamber and i n j e c t o r  ( l i k e  doublet No. l ) ,  schemt i cs  
o f  the f u e l  and o x i d i z e r  conf igurat ion,  and complete steady-state operat ing 

data f o r  each o f  the seven v e r i f i c a t i o n  analyses which were conducted. 

The l a t t e r  data were obtained a t  White SandsTest F a c i l i t y  

A t o t a l  of seven model v e r i f i c a t i o n  analyses were completed using the Feed 

System Coupled Stabi 1 i t.y Model based upon the WSTF in teqrated c h z d e r  low 

pressure tests .  I n  each qi;?n t e s t  case, the freqL-ncy and s t a b i l i t y  pre- 

d ic ted by the engineering model were compared t o  the experimental data. 
The model was found t o  be i n  agreement w i t h  the experimental data i n  ore- 
d i c t i n g  engine s t a b i l i t y  o r  i n s t a b i l i t y  i n  s i x  o f  the seven analyses. 

I n  comparing the experimental and ca lcu lated frequencies f o r  the unstable 

tests ,  the ca lcu lated unstab?e frequencies were found t o  be approximately 

16% l ower  thav the experimental valucs. 
t r i b u t e d  i n  p a r t  t o  the assumptions used in m d e l i n g  the feed system and 

These discrepancies can be a t -  
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t o  the lack o f  experimental ly determined combustion character izat ion 

parameters which are requi red as i npu t  data t o  the  model. 

t i ons  completed thus fa r  have shown t h a t  t he  model i s  h igh l y  sens i t i ve  

t o  changes i n  the  hydrodynamics system as we l l  as t o  c e r t a i n  combustion 
parameters (such as the Klyst ron constant) .  

The ca lcu la -  

The program was concluded w i t h  the  conversion o f  t he  engineerino model 

f r o m  Rockctd.vne's IBM 370 compbter t o  the NkSAIJSC Univac lllO,EXEC-8 
computer system and successful operat ion of the engineering m d e l  usinq 
the WSTF v e r i f i c a t i o n  analyses. Model documentatioE i n  the form of the 
present f i n a l  repo r t  and a computer user 's  manual cons t i tu ted  the  end 
products o f  t he  contract .  

The work performed w i t h i n  a l l  of the  foregoing tasks i s  summarized i n  

t h i s  document. The presentat ion o f  the  subject  matter i s  organized as 

a task-by-task descr ip t ion  ra the r  than a de ta i l ed  discussion of the 
computer program. The l a t t e r  i s  extens ive ly  described i n  a separate 

companion document, e n t i t l e d  "OWFeed System Coupled Stabi 1 i ty Model , 
Computer User I s Manual I' (Ref. 3 ) .  
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SECTION I I 

MODEL EVALUATION AND FORMULATION 

FEED SYSTEM HYDRODYNAMICS 

In t roduc t i on  
L i q u i d  p rope l l an t  rocket  engines requ i re  a feed system t o  
ca r ry  propel 1 ants from storage vessels t a  the conbustion 
zone. Careful considerat ion o f  the feed system i s  required 
t o  produce a complete engine system capable of h igh perform- 
ance combined w i t h  s t a b i l i t y .  High performance systems are 

usual ly  achieved by minimizing feed system losses, thus maxi- 

mizing the ove ra l l  thrust /weight r a t i o .  Losses, however, such 
as o r i f i c e s  o r  hiqh pressure drop i n j e c t o r s  provide one of 

the most d i r e c t  methods o f  prov id ing dynamic s t a b i l i t y  i n  the 

lower frequency range. Often then, there must be a t radeoff  
between the s t a t i c  and dynamic performance o f  the system. 
Occasionally, a feed system may be tuned t o  force a s tab le  
couplC,.j as i n  the use o f  quarterwave tubes, Helmholtz resoc- 

a tors  o r  Quinke tubes. 
t o  provide a resonance out-of-phase w i t h  an otherwise unstable 
system resonance. Analy t ica l  methods are h e l p f u l  i n  (1)  pre- 

d i c t i n g  the dynamics of the coupled feed system, ( 2 )  p rov id ing  
a method fw understanding t e s t  data, and (3 )  prov id ing a 
"logi:31" t e s t  f a c i l i t y  where, a f t e r  c o r r e l a t i o n  w i t h  t e s t  

dz -, the effect o f  system changes may be evaluated. 

These are passive systems introduced 

The dynamics of a p rope l l an t  feed system are concerned w i t h  
e i t h e r  the determination of t he  feed system pressures and 

f l owra t r ,  as a func t i on  o f  t ime o r  o f  character iz ina the system 
f rewency response. Eva?uating the dynamics of a feed system 

mEXEDING PAGE BLANK NOT FILMED 
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requi res an extension o f  steady-state pressure drop-flow ca lcu la-  
t i o n s  t c  inc lude iner tance and capac i t i ve  cha rac te r i s t i cs  of the 

f low ing  system. 
dency of the f l u i d  t o  r e s i s t  chanqes i n  i t s  v e l c c i t y  due t o  pres- 
sure forces. S i rn i lar lv ,  the  capacitance o f  the f l u i d  i s  the 

tendency o f  t he  f l u i d  t o  r e s i s t  changes i n  i t s  pressure, despi te  
changes i n  f lowrate.  Both the  iner tance and capacitance e f fec ts  
a re  time dependent and together descr ibe the a b i l i t y  o f  a given 
f l u i d  system t o  e x h i b f t  p re fe r red  o r  c h a r a c t e r i s t i c  frequencies. 

The inertance term, as i s  impli.d, i s  the  ten- 

Anal y t i c a l  Approach 
The feed system analys is  was i n i t i a l l y  d i rec ted  toward determinlns 

which modeling techniqde could best  prov ide the data i n  a form 
consis tent  w i t h  the  i n p u t  requirements fo r  t he  combustion dynamics 

model. As described i n  a l a t e r  section, the  appropr iate output 
from the  feed system model should be gain and phase as a func t i on  

of the chamber pressure per turbat ion.  

Or ig ipa l  l y  three approaches were considered: modal descr ip t ions,  

1 umped parameter and continuous parameter representat ions.  It be- 

came apparent t h a t  the advantarJes of the modal descr ip t ions l i e  i n  
+ t l e i r  adaptat ion co analog computer s imulat ions.  The lumped paI.am- 

r t e r  approach i s  l i m i t e d  i n  obta in ing h igh frequency response f o r  
long l i n e  lengths (many lumps are requi red) .  However, i t  remains a 

p laus ib le  way f o r  handling d i sc re te  feed system elements and can be 
t i e d  i n t o  the continuous parameter representat ion which has been 

selected . 

Two methods of analyzing the continuous parameter representat ion 
were subseqbently studied. 

system gain and phase as  a funct ion of frequency. These were a 
Fourier transform rrethod and a l i n e a r  frequency response method 

(F ig.  2 ) .  

Both y i e l d  output i n  the form o f  feed 

Sy the f i r s t  method, a set  o f  nonl inear dynamic equati.ms 
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i s  used t o  generate a nonl inear  t rans ien t  so lu t ion.  

transform computer program produces Four ier  transforms of the 
t rans ien t  data and the i n p u t  s ignal .  The r a t i o  o f  these trans- 
forms, which i s  the systzm t ransfer  function, i s  then evaluated 

ov2r a frequency range and r e s u l t s  i n  the  system frequency 

response. Prel iminary analys is  demonstratpd t h a t  the Four ier  
transform program output was accurate provided t h a t  the i n p u t  

data was recorded w i t h  s u f f i c i e n t  accuracy and t h a t  a t  l e a s t  
f i v e  samples were taken per  cyc le  a t  the highest frequency of 
i n te res t .  That i s ,  i f  1000 Hz i s  the upper frequency l i m i t ,  the 

t ime t rans ien t  would have t o  be sampled every 0.0002 seconds. 

A Four ier  

Employing the second method, the feed system dynamic equations are 

l i n e a r i z e d  and subsequently arranged i n  ma t r i x  form. 
c i e n t  ma t r i x  and inpu t  m a t r i x  serve as i n p u t  data t o  a frequency 

response computer program, which then y i e l d s  the required system 
frequency response. 

The coeff i -  

To determine the a p p l i c a b i l i t y  o f  the two methods o f  dynamic charac- 
t e r i z a t i o n  depicted i n  Fig. 2, a wave equation desc r ip t i on  o f  a 

four-segment basel ine feed system was developed. De ta i l s  of the 
analysis o f  the Four ier  transform and l i n e a r  frequency response 
methods f o r  t h i s  basel ine feed system have been given i n  Ref. 2. 
The r e s u l t s  ind icated t h a t  e i t h e r  method was capable of adequately 
descr ib ing the feed system dynamics. However, the l i n e a r i z e d  f re-  
quency response method was p re fe r red  because i t  provided greater 

numerical s t a b i l i t y ,  was mcre f l e x i b l e  and r e w i r e d  less computer 
time. I t was therefore decided t h a t  the l a t t e r  approach would be 
used i n  the formulat ion o f  the general ized OME feed system model. 
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Development o f  the Wat _ -  trhamner Equations 
Consider the d i f f e r e n t i a l  con t ro l  volume o f  a f l u i d  element i n  a duct 
shown i n  F ig.  3 .  

Fig. 3 .  D i f f e r e n t i a l  Pressures Developed Across the 
Incremental Lpnsth o f  a F l u i d  Element 

F l u i d  compress ib i l i ty  and Newton's second law leads t o  the f o l l o w i n g  
p a i r  o f  d i f f e r e n t i a l  equations: 

where 
2 p = f l u i d  pressure, N / m 2  

v = f l u i d  v e l o c i t y ,  m/sec 

B = f l u i d  bulk modulus, N/m2 

p = f l u i d  densi ty,  kg!m3 

( l b / i n .  ) 

( in . /sec)  

( l b / i n . ' )  
( l b / i n . 3 )  

c = acoustic v e l o c i t y  = ( ? / p )  1 / 2  

There are several ways i n  which t o  sol./e these equations. 

method presented here fo l lows t h a t  o f  Ezekiel (Ref. 4 ) .  The genercl 
form o f  the so lu t i on  t h a t  s a t i s f i e s  e i t h e r  o f  equations ( 1) and ( 2 )  i s  

The s o l u t i o n  

p = F~ ( t  + 2) + F~ (t - tj ( 3)  

where F1 and Fp are a r b i t r a r y  funct ions.  
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Taking the p a r t i a l  d e r i v a t i v e  of p wi th  respect t o  x and t separately 

and s u b s t i t u t i n g  the  r e s u l t s  i n  equations ( 1) and ( 2) gives: 

The expression f o r  v i s  obtained from e i t h e r  equation ( 4 )  or ( 5) :  

zv = - F1 (t + i) + F2 (t - E)  X 

where 

z E (pfj)” . 

L e t t i n g  the sbbscr ip t  o denote x=O, t he  up 

L denote x=L, the downstream pos i t i on ,  and 

tream posi t ion,  and the subscrip 

d e f i n i n g  T = L/c as the s ignal  

propagation t ime between the two pos i t ions,  equations ( 3) and ( 6) become 

Po = F+t) + F+t)  ( 

= - F , ( t + r )  + F 2 ( t - r )  zvL 

Combining Eqs. ( 8) and ( l o ) ,  and Eqs. ( 9)  and ( 11) separately, y i e l d s  

four add i t i ona l  r e l a t i o n s :  

po t t v0  = 2 F 2 ( t )  

po - t v 0  = 2 F l ( t )  
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Eliminating the functions F1 and F2 qives the final result as: 

n 

r 1 

Rn 

prl+l 'n+l 

* w - - 

c -1 

Consider now Fig. 4, which depicts a generalized line seqwnt forming a 
portion of a feed system with many such segments. 

Figure 4 .  Generalized Line Segment 

The equations which describe the pressure and flows as functions of time 
and o f  each other for the generalized line segment are obtained from 
Eqs. ( 16) and ( i 7  ) :  
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The expression, t - T ~ ,  i nd ica tes  values a t  in seconds befwe, 

and . .  - 
p 'n+ l  - pnt1 + RnlWnlWn 

W = pn An vn . n 

Equations ( 18) and ( 19) are so lu t ions  o f  the  wave equation, and equation 
( 20) i s  the f low through a nonl inear  f l u i d  resistance. L e t t i n g  

these equations 

- 0  3 Pn n n 

can be cr;,;hined t o  give: 

P 1 

i n t o  quadrat ic form r e s u l t s  i n  

r . l  

which can be solved fo r  the appropr ia te so lu t i on  using the quadrat ic 
formula. The tank end parameters are obtained using a so lu t i on  o f  

Eq. ( 23 ) only.  

quadrat ic formula f o r  equation ( 25 ). 
The i n j e c t o r  end so lu t i on  i s  obtained using the 

The l i n e a r  model incorporated i n  the H.ydrodynamics subprogram u t i 1  i z e s  
the same basic equations, ( 23) and ( 2 4 ) ,  but  i n  the fo l l ow ing  l i nea r i zed  

form: 
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These equations are  then combined, r e s u l t i n g  i n  

A t  the  tank end, the term 6 p, i s  zero f o r  constant tank pressure. 

i n j e c t o r  end, 6 pn+l i s  the independent var iable .  

A t  the 
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I n j e c t o r  Dyvamics 
The i n f x t o r  dynamics are included by t r e a t i n g  the i r , ,  .it.-!* as a lumped 
compressible volume as shown i n  the f i gu re  below. 

F i g w e  5. Schematic o f  the I r i j ec to r  
as a Lumped Compressible 
Volume 

The pressure i n  the i n j e c t o r  manifold, pI, s r e l a t e d  t o  the en ter ing  
flow, wh, from the  upstream pipe segment and t h e  i n j e c t o r  flow, iI, 
as fo l lows:  

2 

(Wn - dpI  cI 
dt= y g  

where VI i s  the  i n j e c t o r  volume and c, i s  the f l u i d  sonic ve loc i t y .  

The i n j e c t o r  flow i s  con t ro l l ed  by the  d i f f e r e n t i a l  pressure across the  i n j e c t o r  as 
wel l  as by the  res is tance and i n e r t i a  of the i n j e c t o r  or i f ices.  Thus, 

where pc i s  the t h r u s t  chamber pressure, R I  i s  the i n j e c t o r  hyd r - . , l i c  
res is tance and a/Ag i s  the eqtl ivalent iner tance of a l l  the injec.:;or 
o r i f i c e s  combined, i .e., 
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In the preceding equation, ai and Ai  are the length ar?d area, respectively, 
of an individual injector orifice.  

An additional factor which can have a significant effect  on the response 
o f  the feed system to  chamber pressure oscil lations is  injector face 
f lexibi l i ty .  ThSs effe.-t can be expressed as a change i n  injector volunvl 
proportional t o  a change i n  injector pressure drop: 

d V.  = K (d '1 

'c) 
dt dt-dt 

A1 so, 

which can be rewritten as 

Combining Eqs. ( 3 5 )  and ( 37 gives 

which can be rewritten as 

(35) 

This expression reduces t o  Eq. ( 3 2  ) i f  no injector f lex ib i l i ty  exis ts  
( K  = 0). 
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Two-Phase Flow Acoustic V e l o c i t y  

I n  the waterhamner equations the  acoirstic ve loc i ty ,  c, of the  f l u i d  
appears i n  two places; (1) d i r e c t l y  i n  the constant r e l a t i n g  f low t o  
pressure, and (2) i n d i r e c t l y  i n  the  time delay value, r ,  which equals 

e/c seconds, where i s  the p ipe  segment length. The acoust ic velo- 

c i t y  c,f a f l u i d  i s  a property of t h a t  f l u i d .  
value can be reduced by the e l a s t i c  wa l ls  o f  the f low passage o r  by 

the  entrainment o f  gas and vapor i n  the  l i q u i d  (two phase f low) .  

Gas i n  the l i q u i d  can appear f r o m  two sources. 
entrainment from mix ing o f  gas and l i q u i d  i n  the prope l lan t  tank, 
wh i l e  the other  can r e s u l t  f r o m  the  evo lu t ion  of d issolved gas as 
the pressure drops along tCle feed system. 

However, i t s  e f f e c t i v e  

One source i s  d i r e c t  

Given the steady-state pressure a t  each p o i n t  i n  the feed system and 
data on the s o l u b i l i t y  o f  t he  pressurant gas in the prope l lan t  as a 

func t ion  o f  pressure and temperature, the amount of gas i n  the  f l u i d  

can be detemined f o r  each feed system segment. 
amount o f  gas i n  the  l i q u i d .  t h e  e f f e c t i v e  acoust ic v e l o c i t y  of the  

mixture may be calculated. 

Then, knowing the 

Assuming i sen t rop i c  compression o f  t he  gas, the chanqe i n  volume o f  the  

gas i s  

V 
dV = - 9 dp, 

9 KP 

and f o r  the l i q u i d  

dP dV, - 7 - v, 

Def in ing a cmstant ,  a s $  

the fo l l ow ing  r e l a t i o n  i s  obtained: 

dVt - 
Vt 

- -  
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The bracketed term i s  the compress ib i l i t y  o f  the mixture. 
the mixture can be shown t o  be 

The densi ty  of 

The acoust ic v e l o c i t y  o f  a l i q u i d  i n  an e l a s t i c  p ipe i s  

c =  r s 9 (a+3) 
(44)  

Using the  above expressions f o r  densi ty  and compress ib i l i ty ,  the acoust ic 

ve loc i ty ,  can be w r i t t e n  as 
4 

1 
(45) 

This expression can be used t o  def ine the acoust ic v e l o c i t y  o f  a feed 

system segment w i t h  two phase flow. For an a l l  l i q u i d  system, a = 0 
and the same equation can be used. 

I n  the Hydrodynamics subprogram the ef fect  o f  the w a l l  compress ib i l i t y  
+em, 2, on the  f l u i d  acoust ic v e l o c i t y  i s  handled automat ica l ly  

However, the program does no t  compute the ef fects  of two-ohase flow. 
such flow occurs i n  the  feed system being modeled, an e f f e c t i v e  f l u i d  

acoustic v e l o c i t y  must be pre-ca lcu lated f o r  each a f fec ted  segment. 
Equation ( 4 5  1 above, w i t h  the E term se t  equal t o  zero can be used 
f2r t h i s  ca lcu la t ion .  

(assuming i n p u t  values of C f are provided f o r  each feed system segment). 

If 

C f 

Simulation of Branch Lines 
I n  the Hydrodynamics subprogram, branched 1 ines are handled by assuming t h a t  
each branch has zero i p t e r n a l  volume and t h a t  i t s  f lows are incompressibi?. 

Thus, the pressures a t  the end o f  a l i  segments which meet a t  a branch are 

set  equal. The con t inu i t y  of f l c w  i s  then used t o  provide the  add i t iona l  
equations i n  combination w i t h  the waterhamner equations t c  solve f o r  the 

ove ra l l  feed system dynamic response. 
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COPBUST I O N  DYNAMICS 

The ob jec t i ve  o f  t h i s  evaluat ion was t o  se lec t  an a n a l y t i c a l  technioue 
t o  describe the low and intermediate frequency dynamics of the physico- 
chemical processes leading t o  the combustion o f  s torable propel l aq ts .  
The selected technique must n o t  on ly  be an accurate des-r ip t ion of the 

combustion dynamics, bu t  must be i n  a form t h a t  ra themat ica l ly  couples 

w i t h  tne a n a l y t i c a l  descr ip t ions of t he  feed syster? hydrodynamics and 

the t h r u s t  chamber acoustics. The selected techrlique mJst a lso inc lude 
the effects of ' n jec t i on  geometry, p rope l l an t  proper t ies and engine 
operat ing condi t ions.  No s i n g l e  technique t h a t  accomplished these re-  

quirements was r e a d i l y  avai lab le.  

combustion response mde ls ,  steady-state combustion models, and e m i r i c a l  

co r re la t i ons  were in tegrated i n t o  a mathematical combustion dynamic des- 

c r i p t i o n  which s a t i s f i e d  the technical  requirements o f  t he  engineerinn 
model. 

t i on ,  a general discussion o f  p rope l l an t  combustion i s  oresented. 

Instead, a combination o f  e x i s t i n q  

Before e luc ida t i ng  the d e t a i l s  of the combustion dynamics formula- 

Q u a l i t a t i v e  Understanding of Combustion Processes 
Propel lant  combustion i s  usua l l y  recoanized as being vapor izat ion-rate 
1 i m i  ted ?nrl so i s  d i s t r i b u t e d  s p a t i a l l y  throughout the combustion chamber. 
For c l a r i t y  and convenience, the combustor may be d iv ided i n t o  a ser ies o f  

d i sc re te  zones as shown i n  Fig. 6 f o r  a t y p i c a l  confiour,tion. Certair l ly ,  
t r a n s i t i o n  from one zone t o  the next cannot be sharply defined, bu t  i s  

gradual. 
by design var iable,  prope1';nt combination and operat ing condit ions. 

The pos i t ions and abruptness o f  these t r a n s i t i o n s  are inf luenced 

I tmediate ly  adjacent t o  the p rope l l an t  i n j e c t o r ,  the in ject ion/atomizat ion 

zone i s  l e a s t  amenable t o  ana ly t i ca l  descr ip t ion.  P i t h  l i q u i d  i n j e c t i o n  

concentrated a t  d i sc re te  s i t es ,  l a rge  gradients 

respect t o  p rope l l an t  mass f luxes and concen t ra t im ,  de3ree of atomization 
and spray dispersion, and proper t ies o f  the gaseous medium. 
here are i.Islrally cn'rd so the vapor izat ion and burnina rates are low. 

i n  t h i s  zone ar,: y i m a s i l y  e i t h e r  gaseous-injectant5 o r  rec i r cu la ted  com- 

bust ion gases from the next ione downstream. 

Exi;t i n  a l l  dimensions w i t h  

Swav droplets 
Gases 
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Figure 6. Subdivision of Combustion Chamber Into Zones f o r  
Analysis - Steady-State Operation 
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The primary atomization process i s  aradual t o  some extent and requi res a 
f i n i t e  zone length fo r  completion, which i s  t y p i c a l l y  on che order o f  1/2 
t o  2 inches. Spray formation and i t s  dispersion fmm the (approximately 

point-source) i n j e c t i o n  s i t e s  proceeds simul taneotrsly. 
l i n e  ray dispersion may be a good approximation, although i n t e r a c t i o n s  between 

sprays from neighboring i n j e c t i o n  s i t e s  my t u r n  the sprays. 

Frequently s t r a i g h t  

Completicn o f  primary atomizat ion and convective heat ing of spray droplets  
enhance vapor izat ion rates leading t o  comparatively h igh chemical r e a c t i c n  

ra tes  i n  the r a p i d  combustion zone. 
p rope l l an t  element i s  increased 100-fold o r  more. 

transverse f lows from high-burning-rate s i t e s  t o  low-burning r a t e  s i t e s  as 

w e l l  as producing an a x i a l  accelerat ion.  This provides some mixinq b u t  the 

sprays fo l low the gases on ly  s luggishly,  so spray mass f l u x  gradients are 
p r i m a r i l y  def ined by injector- imposed geometric d ispers ion and in terspray 

mixing. Latera l  gas f lows w i l l  be generated as lonq as appreciable spray 
f l u x  gradients p e r s i s t ,  but  eventual ly  they becotne s m l l  compared w i t h  
a x i a l  f low v e l o c i t i e s  and the  combustion f i e l d  takes on a stream tube flow 
appearance. 

Upon burning, the volume o f  a l i q u i d  
This expansion forces 

I n  the stream tube combustion zone, the  flow lacks the forced transverse 

convective components t h a t  are dominant i n  the e a r l i e r  zones. Continued 
mixing depends upon tu rbu len t  exchange between neighboring, para1 l e l -  

f lowing s i t ua t i ons ,  bu t  f low v e l o c i t i e s  here are high, residence times are 
short,  and tu rbu len t  mixing i s  n o t  very e f f e c t i v e .  

mixing can be e n t i r e l y  neglected and the two-phase flow t rea ted  formally as 
stream tubes. As sprays are accelerated and depleted, combustion r a t E  Der 
u n i t  chamber length decays w i t h  i l lcreasing distance. Chemical react ion rates, 
on the other  hand, remain high w e l l  i n t o  the exhaust nozzle. 

combustion products expand throuqh the nozzle, d iminishing pressures and 

temperatures lower the gas-phase c h e i i c a l  react icr .  ra tes.  Two-dimensional 
f low e f f e c t s  are a lso important i n  the t ransonic and supersonic f low zones. 

For most high-combustion-efficiency rockets, spray combustion ef fects  are 

n e g l i g i b l e  compared w i t h  aas dynamic e f f e c t s  i n  these downstream zones. 

To a good approximation, 

Then as the 
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Combustion Analysis 

I n  the past, the combustion response has been modeled w i t h  a simple time 
delay(s) (Ref. 5 through 11). 

f o r  the propel lants  t o  t rave l  a t  t h e i r  i n j e c t e d  v e l o c i t y  from the p o i n t  
where they are i n j e c t e d  t o  another p o i n t  where they burn, and i rcpl ies the 
burning i s  concentrated a t  a f i x e d  plane some a r b i t r a r y  distance from the 

i n j e c t o r  face. 
ca t i cn  o f  the burning process which i s  d i s t r i b u t e d  i n  some fashion through- 

out the combustion chamber. 

This time delay represents the t ime required 

The procedure o u t l i n e d  above i s  obviously an o v e r s i m p l i f i -  

Steady-state combustion models (Ref. 12 and 13 f o r  example) provide i n s i g h t  
t o  determine the d rop le t  burning d i s t r i b u t i o n  as w e l l  as add i t i ona l  informa- 

t i o n  required t o  r e l a t e  the d i s t r i b u t i o n  t o  a combustion re:>onse as a func- 
t i o n  o f  freauency. 
down the combustion chamber from a s e t  o f  spec i f ied i n i t i a l  condi t ions.  I n  

so doing, the model ca lcu lates the r a t e  a t  which the orcpel lants  are consumed 
as a funct ion o f  the a x i a l  p o s i t i o n  i n  the combustior? chariber (burning r a t e  

p r o f i l e ) .  

Combustion m d e l s  are designed t o  march incremental ly 

The a n a l y t i c a l  technique selected t o  describe the comSustion dynamics i s  

based on employing the mathematical expressions used i n  the steady-state 
ccnibustion m a e l s  ( i n  p a r t i c u l b r  tbe JAYNAF DER program, Ref. 13). 
mathematical exp -essions are clxp,nded i n t c  t ime average and o s c i l l a t o r y  

components and are described i n  the fo l l ow ing  sections. 
the reader i s  r e f e r r e d  t o  Appendix e .  

These 

For more d e t a i l ,  

Atomization Process. 

i z a t i o n  i s  the assignment u f  p rope l l an t  spray d rop le t  s izes and f lowrates.  
Analy t ica l  descr ip i ions o f  the atomization process a r ?  not ava i l ab le  bu t  

empir ical  co r re la t i ons  t h a t  r e l a t e  d rop le t  diameter t o  i n j e c t o r  geometry 

A very essent ia l  p a r t  o f  the combusticnfi  . Id  i n i t i a l -  

and 

one 
f l o w  condi t ions are ava i l ab le  (Refs. 14, 15, and 16). 

empir ical  r e l a t i o n s h i p  i s  (Ref. 14). 

For l ike-doublets,  

4 -0.75 - G , 5 2  0.57 
(Pc/Pj 1 dj 

Dd = 4.85 x 10 v j  



where VJ is  the l i q u i d  j e t  velocity and d .  is the l i q u i d  j e t  diameter 
a t  the atomization plane. 
the injection velocity and the diameter i s  the or i f ice  diameter.) 

J 
(For steady-state analysis, the velocity i s  

For purposes of the current analysis, the atomization process i s  des- 
cribed by- 

Od = K(dj)a ( V j  1 b 
imp 

x= x imp 
x= x 

where xina i s  the location of the atomization plane or the impingement 
point. 
the oscillatory droplet dimeter  

Expanding Eq. 47 into tiTte-averaged and oscil latory parts,  yields 

(47)  

In order t o  evaluate the oscil latory droplet diameter, the oscil latory 
l i q u i d  j e t  diameter and velocity (and therefore the j e t  flowrate) are 
required a t  the atomizatfon plane. Therefore, the dynamics of the f l u i d  
from the injector to the atomization plane, the Fenwick and Bugler Klystron 
effect  (Ref. 17) is required. 
process to any lccation i n  the chamber are described by the continuity 
and momentum equations (for constant density): 

The dynamics of the propellant transport 

iT a ( A j  v j )  + & ( A .  v .  2 ) = 0 
J J  

Expanciing the preceding equations i n t o  time average and oscillatory parts 
and integrating between the injector face and any location i n  the chamber 
y i  el ds 
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*Iv 
where w i s  the complex frequency and the o s c i l l a t o r y  i n j e c t i o n  rate,  (m ) 
i s  determined by the feed system dynamics. Equation 53 i s  the o s c i l l a t o r y  

f lowrate a t  x and i s  usual ly  r e f e r r e d  t o  as the Klyst ron e f f e c t  (Ref. 17). 

The Klyst ron t ime delay, T ~ ,  i s  therefore given by 

j i n j  

t -  -3 - 
Kj v j  

(54)  

Considerable a m p l i f i c a t i o n  o f  the i n j e c t o r  face flow o s c i l l a t i o n s  are 
possible when the Klyst ron e f f e c t  i s  present and could expla in  the pe r iod i c  

bu rs t  o f  acoustic resonances c a l l e d  resurqing and the steep-fronted waves 

seen i n  l o w  and intermediate frequency i n s t a b i l i t i e s .  

- DroQlet Vaporization. Theories o f  d rop le t  combustion (Refs. 12, 18, 19) 
are ava i l ab le  which may be used t o  evaluate the extent  o f  coupl ing between 
droplet  burning r a t e  and loca l  pressure and v e l o c i t y  . ' luctuations. I n  

general, d rop le t  burning i s  enhanced by increased turbulence leve ls  o r  by 
per iod ic  d i r e c t i o n a l  va r ia t i ons  i n  ve loc i t y ,  because droplets  are r e l a t i v e l y  

heavy and r e s i  s t  f o l  1 w i n g  gas s treaml i nes . 

Calcu lat ion o f  the spray heat ing and *rapor izat ion i s  usual ly  accomplished 

through s p e c i f i c a t f o n  o f  the corresponding i n d i v i d u a l  d rop le t  processes 
and sumnation over a l l  the droplets  t h a t  c o n s t i t u t e  the spray(s) being 

analyzed. 
on a spher i ca l l y  symnetric model o f  simultaneous heat t r a n s f e r  and mass 

The c a l c u i a t i o n  o f  s i n g l e  d rop le t  evaporation i s  usual ly  based 
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t ransfer across the gas s ide  boundary, or f i l m ,  separating the l i q u i d  

d rop le t  from the  surrounding h o t  combustion gas. 

resul  tant nonspherical t ransfer  processes are accounted fo r  throbgh 
empir ical  Nusselt number co r re la t i ons  for  both heat and mass t rans fe r .  

Forced convection and 

Based on the der ivat ions presented i n  Ref. 12, the d rop le t  vapor izat ion 

r s t e  f o r  the k- d rop le t  group s i z e  may be expressed as t h  

(6 )  Z k Ku mk 
lil - fk Hk 

The f u e l  o r  o x i d i z e r  d rop le t  spray c o n t i n u i t y  

c 
k 

where pk 

mass of a 
s the spray dens 
s i n g l e  dr Jp le t .  

eaaation i s  

ty, Vk i s  the drop e t  v e l o c i t y  and mk i s  the 

(55) 

(57)  

For steady-state combustion models, the preceding equations are numerical ly 
in tegrated a l lowing the d rop le t  diameter, Dd , t o  vary alonp the length o f  
the combustor. 

the d rop le t  diameter was he ld  constant and the d rop le t  number f l owra te  was 

assumed t o  vary ( f o r  mcre d e t a i l  see Appendix B ). (Ref. 20) has shown 
t h a t  changing from a va r iab le  d rop le t  diameter t o  a va r iab le  d rop le t  number 
f lowrate y i e l d s  approximately the same r e s u l t s  for  steady-state vapor izat ion.  

Therefore, s u b s t i t u t i n g  Eq. 55 i n t o  Eq. 57 and l e t t i n q  

I n  order t o  s i m p l i f y  the i n t k g r a t i o n  f o r  s t a b i l i t y  analysis, 

Combs 
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y i  e l  ds 

In teg ra t i ng  Eq. 62 between the  s t a r t  o f  vapor iza t ion  ( x  ) and any general 

l o c a t i o n  (x)  and s u b s t i t u t i n g  the  r e s u l t i n g  expression i n t o  Eq. 62 y i e l d s  
the spray vapor izat ion r a t e  

0 

Expanding Eq. 63 i n t o  t ime average and o s c i l l a t o r y  par ts  y i e l d s  

($1 
- Kc 

x=x - 
- --. m 

VaP, A Ts vs 

1 

I 
d 
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where 

Y 

’ ‘s 

and the oscil latory spray droplet diameter (0,) i s  qiven by Ea. 48 and 
the oscillatory flowrate i s  given by Eq. 

results in a l inear oscillatory vaporization model similar t:, Crocco’s 
n - T  model (Ref. 6) .  The formulation includes the effects of :  ( 1 )  dis- 
tributed energy release, ( 2 )  oscil lations in the ir jection ra te ,  (3) oscil- 
lations i n  droplet diameter, ( 4 )  oscil lations i n  droplet temperature, 
(5) gas pressure and velocity osci l la t ions,  and (6 )  oscil lations i n  the 
local mixture ra t io .  

53. The above formulation 

-- Nusselt !Wnber. 
the expressions for the average and oscil latory time delay i s  the Nusselt 
number. The Nusselt number, t o r  longitudinal modes, i s  (Ref. 21 ) .  

I t  may be observed that one of the dominant  terms i n  b o t h  

In order t o  evaluate the oscil latory Nusselt number, the oscillatory droplet 
spray velocity i s  rewired. The droplet soray velocity can be obtained from 

the d rag  equation. 

dvS = 
P D 2 ] v - v , I ( v - v , )  CD mS at S , 
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Let  

where 

The o s c i l l a t o r v  d rop le t  spray v e l o c i t y  can be w r i t t e n  as 

r 1 

and the o s c i l l a t o r y  Ncsselt numbx can be w r i t t e n  as ( f o r  more d e t a i l ,  

see Appendix B )  

where 

u 

R =  
FP 

F” 

N 

R =  

1 
2- 

1 
 AM 
- (74) 

Calculat ions have been made which i nd i ca te  that ,  f o r  l a r g e  d rop le t  diameters, 

the average and osc i  1 l a t o r y  Nussel t numbers are  q u i t e  sensl t i v e  t o  pressure 

and v e l o c i t y  o s c i l l a t i o n s .  Therefore, the Nusselt number can have a s i g n i -  

f i c a n t  e f f e c t  on engine s t a b i l i t y .  
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Droplet  Heat Transfer Blochage - Term. 
delay given by Eq. 67 requires the evaluat ion of the he.r.t t r ans fe r  

blockage term (Z,) which i s  r e l a t e d  t o  the ccinbustion gas and l i q u i d  
vapor y o p e r t i e s  by Eq. 56. 
d r c p l e t  surface i s  r e l a t e d  t o  the d rop le t  temperatut:, t nz  bvockaqe term 
a lso depends on t. ? o s c i l l a t o r y  d rop le t  surface temperature i n s i d e  the 
d rop le t  which i s  given by: 

The o s c i l  l a t o r y  combl;stion ti- 

Because the vapor pres jure (Pv ) a t  the 

Therefore, the o s c i l l a t o r y  heat t r a n s f e r  r a t e  t o  the d rop le t  can be 

r e l a t e d  t o  the osc i  1 l a t o r y  drop1 e t  surface temperatwe by 

where RT i s  given i n  Appendix B .  
w r i t t e n  8s (Ref. 12) 

T'he d rop le t  heating r a t e  can alco  be 

Ass umi ng t h a t  

(2) = o  
(d rop le t  a t  "wet bulb" temperature) 

and 



etc. for the other variables, the response factor for the heat transfer 
blockage term can be related to  droplet and gas properties and flow 
conditions (see Appendix B ). 

Examination of the response factor for  the heat transfer blockage term 
indicates t h a t  this term can have a dominant effect  on s tab i l i ty  i f  the 
frequency is high and the effective thermal conductivity is low. 

Generalized Vaporization Rate Expression 
In order to  maintatn generality i n  representing the combustor dynamics, 
the spray vaporization rates (fuel and oxidizer) can be written as: 

From the preceding sections, and Appendix B , the combustion coefficients 
:cl t h r o u g h  c16) can be defined i n  terms of injector geometry, flow condi- 
tions, etc. 
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CHAMBER DYNAMICS 
During c e r t a i n  periods o f  a rocke t  engine's operation, condi t ions w i t h i n  

the combustion chamber are t ime var iant ,  i.e., t he  operat ion i s  nu t  steady 

w i t h  respect t o  t ime.  
on abnormal t rans ien t  o p e r a t i m  dur ing  unstable cornbustion, i .e., pressure 
o s c i l l a t i o n s  i n  a combustion device which are sustained by the conbustion 

process. S t a r t  and stop t rans ien ts  are not considered. 

I n  the  fo l l ow ing  sections, prime i n t e r e s t  i s  focused 

C lass i f i ca t ions  of I n s t a b i l i t y  
The dev iz t ions from 

burning depend upon the  k ind  of i n s t a b i l i t y  experienced. 
i n s t a b i l i t i e s  are c l a s s i f i e d  according t o  t h e i r  dominant t ime-varyina 
processes. They may be d iv ided i n i t i a l l y  i n t o  two categories, depending 

upon whether the  i n s t a b i l i t y  o s c i l l a t i o n  wave length  i s  long  o r  sho r t  

compared w i t h  the chamber dimensions. 

steady-state combustion which occur dur ing unstable 
L iqu id  rocket  

I f  the  i n s t a b i l i t y  wave length i s  considerably lonaer than the chamber 
length and diameter, pressure disturbances propagate r a p i d l y  through the 
combus+ion space compared w i t h  ra tes  o f  change due t o  the  i n s t a b i l i t y .  
As a r e s u l t ,  wave motion i n  the  chamber may be neqlected and chamber pres- 

sure can be considered t o  vary on ly  w i t h  t i m e  bu t  no t  t o  varv s p a t i a l l y  

( i .e.,  Pc i s  a lumped parameter). These i n s t a b i l i t i e s  depend upon a f l u i d  
mechanical c3upl i n g  between the  prope l lan t  feed system(s) dynamics ( f l uc tua t -  

i n g  i n j e c t i o n  rates), the prope l lan t  combustior! ra tes  (delay times), and the 

combustion gas exhaust ra tes  (pressure re laxa t ion) .  
can be f u r t h e r  subdivided i n t o  various categor ies depending on the extent  

o f  wave motion i n  the feed system. 

Such i n s t a b i l i t i e s  

The breakpoint a t  which chamber wme motion becomes important i s  no t  abrupt. 

Ir! r e a l i t y ,  chamber wave motion i s  always present and, i n  e f fec t ,  l w e d  
chamber i n s t a b i  1 i t i e s  are r e a l l y  "zero order mode" 1 i m i  t s  o f  more general 

wave motion i n s t a b i l i t i e s .  
can be considered t o  act, as a lump u n t i l  the frequency of o s c i l ' a t i o n  exceeds 

I n  p rac t ice ,  i t  i s  found t h a t  the chamber gases 
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roughly one-fourth o f  the frequency o f  the lowest chanber acoustic 

resonance mode. A t  and above such frequencies wave motion becomes 

important and cannot be neglected i n  analysis. Chamber wave m t i o n  

i n s t a b i l i t i e s  are characterized by wave-length o f  the o s c i l l a t o r y  
motion being comparable t o  the chamber dimensions. 

chamber i n s t a b i l i t i e s ,  the d r i v i n g  ene?gy comes f r o m  o s c i l l a t o r y  spray 
combustion. Y i t h  wave motion i n s t a b i l i t i e s ,  however, i n  add i t ion  t o  
the effects of i n j e c t i o n  r a t e  f luctuations, there i s  the combustion 

response o f  burning propel lant  sprays as they are disturbed by passage 

of a pressurs wave through them. Uave motion may increase l o c a l  burning 

rates by any of several mechanisms: (1) a pressure e f fec t  on the drop 
vapor gas phase burninq rates; (2 )  enhanced mixing between gases and 

between sprays and gases; and ( 3 )  increased spray gas i f i ca t ion  rates. 
Increased spray g a s i f t c a t i o n  may be due t o  t rans ien t  increases i n  con- 
vect ive f low ve loc i t ies,  t o  increased tenperair;;-: 5r concentrat ion 

gradients, and/or spray droplet  shatter inq.  The i n s t a b i l i t y  amplitude 
depends upon the magnitude of the resoonse, and v ice versa; typ ica l l y ,  the 
i n t e r a c t i n g  processes are dr iven t o  a l i m i t  represented by abrupt, es- 

s e n t i a l l y  complete consumption o f  the  propel lant  sprays. 
response can be so great t h a t  i n j e c t i o n  r a t e  f luc tua t ions  may be o f  

secondary importance. As d r e s u l t  t h i s  c lass of  i n s t a b i l i t y  can a lso 

be fur ther  subaivided as t o  the importance o f  feed system coupling. 
the absence of feed syster., x u p l i n g ,  the i n s t a b i l i t y  i s  referred t o  as 
'k1 assical acoustic i ns  tab' 1 i t y  . 'I Only feed system coup1 ed ins tab i  1 i t i e s  
are considered i n  t h i s  program. 

As w i t h  lumped 

This d i r e c t  

I n  

Analyt ical  Approach 

Two methods o f  approach were considered fo r  so lv ing the chamber dynamics. 
"he f : r s t  method used a l i n e a r  lump chamber coef f ic ient .  This method i s  

v a l i d  only a t  low frequencies ( less than 500 Hz) and resu l ts  i n  a set  o f  
nonlinear algebraic equations t o  be solved. 

The second method employed a f i r s t - o r d e r  per turbat ion model t o  def ine the 
charber frequency and growth coef f i c ien t  along w i t h  the c s c i l l a t n r y  pressure 



d i s t r i b u t i o n  i n  the chamber. 

o f  i n t e r e s t  i n  the present program (10 t o  1000 Hzj. 
variables, so lu t ions o f  the form i = 0 '  e-iwt, where w i s  the complex 

frequency, were assumed. These forms y ie lded  a s e t  o f  nonl inear d i f -  
f e r e n t i a l  equations which were n u m r i c a l  l y  i n teg ra ted  between the i n j e c t o r  

face and the  nozzle i n l e t  plane. 
r e q u i s i t e  boundary condi t ions a t  the i n j e c t o r  and nozzle i n l e t  plane, 

the chamber frequency and growth c o e f f i c j e n t  were obtained. 

This method i s  v a l i d  f o r  a l l  frequencies 
For the o s c i l l a t o r y  

Using i t e r a t i o n  techniques and the 

Consideration o f  the degree o f  complexity i n  so l v inq  the qoverning eoua- 
t i o n s  by each of the above methDds,as w e l l  as the range o f  v a l i d i t y  o f  
each approach, resul  t ed  i n  choosing the f i r s t - o r d e r  per turbat ion models as 
the best method fo r  descr ib ing the  chamber dynamics. I n  the fo l l ow ing  
paragraphs, the co lu t i ons  t o  the  f i r s t - o r d e r  per turbat ion model stab11 i t y  
equations are p* -d wi thout  showing t h e i r  der ivat iocs.  Ti?e re?-2er 

i s  r e f e r r e d  t o  x C for  a complete d e r i v a t i c n  o f  the ch.?mf;er model 
equaticns. 

- F i r s  t-Order Per turbat ion Model 

The per turbat ion technique i s  a useful mathematical t o o l  t o  s i m p l i f y  non- 
l i n e a r  p a r t i a l  d i f f e r e n t i a l  equations. Assuming a var iab le Q can be ex- 
pressed as: 

IC. 

where 0 and Q represent the time-averaged and o s c i l l a t o r y  components, 
respectively,and l e t t i n g  86 << G ,  r e s u l t s  i n  a se t  o f  equations o f  
reduced complexity. 

The assumptions used i n  the der ivat ions o f  tbe chamber model eauations are: 
(1) ideal  gas f l o w  i s  a v a l i d  s t a t e  equation, ( 3 )  d i l u t e  sprays occupy a n e q l i -  

g i b l e  f r a c t i o n  of the chamber volume; ( 3 )  the spray czn be represented 
by a f i n i t e  number of dropsize groups; each dropsize aroup contains a 
l a rge  nmber of l o c a l l y  i d e n t i c a l  drops; and, each s i ze  group cons t i t u tes  

a separate l i q u i d  phase and exchange terms between l i q u i d  phases are no t  
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included; 
equation; (5) secondary "shear" breakup of drops is not included; 
(6) no body forces; (7) onc-dimencional axial flcw; (8) diffusion, 
thermal and viscous gradients are negligible; and (9) droplet drag 
forces and heat transfer to the droplets are negligible. 

(4 )  drag contributes only kinetic energy to the spray m r g y  

Based upon these assumptions and following the perturbation technique 
described above, the equations for longitudinal instabilities can be 
written as (see Appendix C) . 

(a) Gas Continuity 

(b) Gas Momentum 

- -  
VI(-) -iw + -  v '  - + -  dv v - -  dv' P I  dp + LLz 2 +A. $$= 0 (84) 

P C  c dx c , d x  p c  
c0 e, b car b 

(c)  Equation o f  State 

(d) Gas Energy 
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(e) Gas Mixture Rat io 

d m  
+ VI] dx 

- 
FIR' (5) + ($ v dx d MR' + [(E) 

c0 B c0 

The preceding s e t  o f  ord inary d i f f e r e n t i a l  eauations are numerical ly 

in tegrated once the complex frequency i s  specif ied, between the i n j e c -  

t o r  face and the nozzle i n l e t  plane. 
complex frequency for the pe r tu rba t i on  model, based on nozzle admit- 

tances ca lcu lated from upstream and downstream var iables,  i s  discussed 
i n  the Computer Model Cevelopment Sect ion under the Enaineerinq Nodel. 

The method of c a l c u l a t i n q  the 





SECTION 111 
MODEL DEVELOPMENT AND SOLUTION 

FEED SYSTEM HYDRODYNAMICS 

- I n  troduc t i on 
P r i o r  t o  the development o f  the genera: ized hydrodynamics model, a t r i p  

toMcDonnel1 Douglas/St. Louis was made t o  ob ta in  design and operat ing 
mode d3ta fo r  the OMS, PBK and RCS feed systems. The data included 
layouts and dimensions f o r  a l l  the l i n e s  i n  the propel lant  f low paths, 

as wel l  1s i n f o r m t i o n  re!ated t d  p rope l l an t  proper t ies and system operat- 
i n g  pressures, for  the various system operat ing modes. 

The data were found t o  be s a t i s f a c t o r y  f o r  d e f i n i t i o n  o f  the general ized 

feed system model such t h a t  s u i t a b l e  representat ion of the OMS feed system 

could be employed. 

General i zed Feed Sys tem Model 
Based upon the design and operat ing mode data for  the OMS, PBK and RCS 

systems, a general ized feed system model was developed fnr use i n  the 
Hydrodynamics subprogram and i s  shown i n  Fig. 

o f  30 i nd i v idua l  l i n e  segments, each denoted i n  Fig. 
between the black dots.  As described i n  Section 11, a continuous parameter 
representat ion of each l i n e  segment i s  obtained through the use of separate 
sets o f  waterhamner equations. Each l i n e  segment can have a d i f f e r e n t  l i n e  

length, area, wal l  compliance, f l u i d  acoustic v e l o c i t y  and resistance, and 

hence can model a wide v a r i e t y  of feed system components by merely choosing 
the appropr iate values from these parameters. 

model are lur?ped parameter descr ip t ions of two i n j e c t o r s  (designated 0 and F 
on Fig. 
f l u i d  acoustic v e l o c i t y  and face f l e x i b i l i t y .  A l i s t  o f  feed system compo- 
nents which may be included i n  the general ized OME feed system analysis are 

glven i n  Table 1 .  

7 .  The system i s  comprised 

7, as the l i n e s  

Also included i n  the general ized 

7). Parameters f o r  the i n j e c t o r s  are volume, rcs ' j tance, inertance, 
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TABLE 1. FEED SYSTEM FEATURES MODELEC BY THE 
GENERALIZED OME HYDRODYNAMICS MODEL 

0 Prcpel lant  Tanks 

0 Propel 1 a n t  Feed1 ines 

0 Gas/Propel l a n t  Heat Exchanqer 

8 Or i f i ces  

Screen F i  1 t e r s  

Flow Control Valve (var iab le  area c a v i t a t i n g  v e n t u r i )  

Propel lant  Shutoff Valve 

0 F l e x i b l e  Bellows 

0 Propel lant  I n j e c t o r  

m Rocket Engine Thrust  Chamber 

0 Abla t ive  Cooled 

Regeneratively/F: 1 m Cooled 

0 Rocket Engine Nozzle 

Propel 1 ant Accumulators 

0 Propel lant  Acqu is i t ion  System 

o Propel lant  Proper t ies 

a Variable Density and Temperature 

e Pressure 

0 Q u a l i t y  

Pressur iz ing Gas Saturat ion 

OSt ruc tu ra l  Inouts 
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The system of 57 equations descr ib ing the general ized feed system de- 
p i c ted  i n  Fig.  7 i s  provided i n  Appendix A. I t  should be noted t h a t  

the Hydrodynamics subprogram solves the  complete system o f  equations 

each time i t  i s  ca l led.  Thus the frequency response o f  the e n t i r e  
systen, i s  ca lcu lated each time. 
feed systems, represent ing only  a p o r t i o n  o f  the Fic;. 7 schematic, can 
be modeled by merely assigning values t o  the parameters o f  the unneeded 

l i n e  segments which w i l l  exclude them from having any e f f e c t  on the system 

frequency recpotse (Ref. 2 ) .  This i s  accomplished automat ica l ly  by the 
Hyd:.odynamics subprogram v i a  the assignment of very l a rge  resistances and 
v~b'y shor t  lengths t o  a l l  l i n e  segments f o r  which no data i s  entered. 

It has been shown, however, t h a t  simpler 

Solut ion Method 
The system of equations doscr ib ing the general ized feed system i s  solved 
using standzrd ma t r i x  techniques. 

subprogram (HYDRDY) solves for  the var iab les Xi i n  the fo l l ow ing  re la t i onsh ip :  

A subroutine (FRESP) i n  the Hydrodynamics 

CC] {XI = a. LYI 

where { X I  represents the  co; Jmn m d t r i x  of independent var iab les (pressures 

and f lowrates),  and Y i s  a s i n g l e  i n p u t  va r iab le  t h a t  represents a u n i t  
value o f  the i n j e c t o r  end combustion chamber pressures. The ma t r i x  [a1 

then re la tes  the speci f ic  pressure i n b u t  t o  each appl icable equation t h a t  
contains combustion chamber pressure ( [ d ]  may contain both s t a t i c  and 
dynamic terms.) The matr ix  k ]  i s  simply the c o e f f i c i e n t s  o f  the l i n e a r  

d i f f e r e n t i a l  equations t h a t  represent the physical  system. The values o f  
the c o e f f i c i e n t s  f o r  the [a] and [CJ v a t r i c e s  are computed by the sub- 

r o u t  i ne HY DRDY . 

The FkESP matrice: can be expressed as: 

(88) 
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w i t h  the d i f f e r e n t i a l  operator defined as S = Jw, where J = f l  and 

w i s  the frequency. The inatr lces may be broken down t o  provide r e a l  
matr ices and imaginary matrices. 

u4 - .... ] + 3 [Cij2 w -  cijs u + ... II \ [ c i . j l  - c i j 3  u + c i j 5  
2 

e [ X j )  [I ail - ai3 u2 + ....I + J [ ai2u- a i 4  u3 + ...] ] * Y  (89) 

Since the time delay coef f ic ients  used i n  the d i f f e r e n t i a l  equations are 

o f  the form e-"-X, which i s  equivalent t o  e O X ,  and s ince e- jy  = 
cos(y) + j s i n ( y ) ,  these terms may be added t o  the prev ious ly  formed 
r e a l  and inaginary matrices t o  give:  

- T j w  

ail - ai3 J + .... + cos ( T ~  i[ 
@3 + J ai2 W - ai4 u3 + .... + s i n  (Ti [ 

and solved f o r  [Xi] : 

' Y  

t 



The matrices are m u l t i p l i e d  and then solved f o r  [Xi] using a ctandard 
Gaussian e l im ina t i on  procedure f o r  so lv ing  1 inear  equations. 
s o l u t i o n  i s  s t i l l  separated i n t o  r e a l  and imaginary comonents, and are 
simply combined t o  form a vector f o r  each var iab le.  

repeated fo r  each frequency being considered. 

The [Xi] 

The procedure i s  

__c St ruc ture  of the Hydrodynamics Subprogram 
8 func t iona l  block diagram o f  the Hydrodynamics subprogram (HYDRDY) i s  

shown i n  Fig. 
the frequency respvnse cha rac te r i s t i cs  o f  the feed system. 
inc lude (1 )  reading o f  i npu t  data descr ib ing the physical a t t r i b u t e s  of 
the feed system components, ( 2 )  generation 0. a ma t r i x  o f  l i n e a r  d i f -  

f e r e n t i a l  equations represent ing the complete feed system, ( 3 )  s o l u t i o n  

of the feed system equations t o  y i e l d  the amplitude and phase response 
o f  a l l  feed system pressures and flowrates as a func t ion  o f  chamber pres- 

sure o s c i l l a t i o n  amplitude and frequency, and ( 4 )  oer,eratior? o f  tabulated 

output of i n j e c t o r  f lowrate frequency response fo r  use by the main proqram. 

8. HYDRI'" i s  c a l l 2 d  by the main program t o  ca l cu la te  
I t s  functior,s 

A basic assumption of subroutine HYDRDY i s  t h a t  the feed system beinp 
modeled can be represented by the q e n e r ~ l i z e d  schematic of F i q .  7 ( o r  

by some p o r t i o n  o f  t h i s  This assumption i s  necessary be- 
cause HYDRDY sets  up and solves the complete se t  of simultaneous eouations 
representing the  F ig.  7 schematic. By 3ssigning very n iqh resistance 
and very shor t  leng th  values t o  a t v  o f  the 30 numbered l i n e  segments of  
the generalized schematic, those segments can e f f e c t i v e l y  be excluded from 

having any effect on the  frequency response cha rac te r i s t i cs  of the r e s t  

o f  the  system. 
modeled w i t h  no changes t o  the program o ther  than the  i npu t  data. 

-hematic). 

With t h i s  approach 2 wide v a r i e t y  o f  feed systems can be 

Input  con t ro l  Yar iable I R  d i r e c t s  the reading c f  subroutine HYERDY i npu t  

data. If I R  i s  zero o r  less, the program assumes t h a t  a l l  required data 
has prev ious ly  been read and the  data read func t ion  i s  bypassed. 

equals one o r  greater, p rov$s ion  i s  made t o  read i n  the appropr iate data 

f o r  the l i n e  segments and i n j e c t o r ( s )  t o  be included i n  the analys is .  

I f  I R  
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Control variable INPHYD determines the procedure by which the oscillatory 
injection flowrates arc Palcuiatpd. If INPHYD i s  less t h a n  or equal t o  
ow,  the hydrodynamic calculations are perfwmed for one i teration step 3r 
frequency. If INPHYD i s  greater tharn ace, the hydrodynamic calculations 
are performed for  a range of frequencies and the results stored on taDe. 

Simultaneous solution of the 57 linear waterhamer and  i .ijector equations 
describing the complete F i g .  7 generalized feed system, a t  each specified 
i n p u t  frequun.y, yields the oscil latory amplitude and phase response 3f 

a l l  pressures ana flowrates i n  the feed system to i n p u t s  v i a  chamber pres- 
sure oscil lations a t  that  frequency. 
p u t  from a single call t o  HVDRCY contains values for both "oxidizer"  and 
"fuel" osri l latory injection flowrates ( a t  one or  more frequencies), the 
o u t p u t  values actually refer t o  the "0" and "F "  injectors of the Fig. 7 
schemqtic. T h u s ,  unless -- both oxidizer and fuel feed systems can simul- 
taneously be modeled n l t h  the F i g .  7 layoat, i t  i s  necessary L: call  
H Y D R D Y  twice - once f?r the oxidizer feed system apd  once cor the fuel 
feed system. 

I t  should be noted t h a t  although out- 

A complete description of the Hydrodynamics subprograr, as ..!el 1 as 
detailed information related t o  a l l  i n p u t  variables, i s  qiven i n  the 
CME/Feed Sy:.tem Coupled Stabi l i ty  Model, Computer User's Manual (Ret. 3 ) .  
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COMBUSTICN DYNAMICS 

Str - -ture of the Combustion Dynamics Subprogram - 

A block diagram of auxiliary programs required to evaluate particular 
combustion parameters i s  presented in Fi:. 9. Equilibrium properties 
of the combustion gases are evaluated using the NASA ODE computer 
proy m, or an equivalent program. 
Re1 ease comustion model (JANKAF computer program DER) which USES 
the canbustion gas properties, chamber and nozzle geometry, injector 
geometry, and engine operating conditions is used to calculate 
distri buted combusti on parameters. The di stri buted vapori zation 
rates calculated by the DER compdter prcgram are used to evaluate 
the average droplet vaporization "tiw delays", Nussel ts numbers, 
and other irnport.ant steady-state parameters required by the combustion 
dynamics subprogram. 
injection flowrates, engine opwating conditiocs, propellant properties, 
chamber geometry, and the Klystron ccnstants are input data for the 
combustion dynamics subprogram. 

An existing Distributed Energy 

Output from the 2ER prograr, oscillatory 

A functional block diagram of the Combustion Dynasics SJbprogran 
(CBMBDY) is shown in Fig. 10. 
to calculate the combustion coefficients required by tt-e chamber 
dynamics routine. 
describing the physical attributes of the combustion process, (2) 
solution of the combustion equation to yield combusti:n coefficients 
and ( 3 )  generation of tabulated output of combustion coefficients as 
a function o f  frequency for use by the chamber dynamics routine. 

CBMBDY i's called by the main program 

Its functions include ( I )  reading of input data 
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Input  con t ro l  va r iab le  I R  d i r e c t s  the reading o f  subroutine CflWSOY i n p u t  

data. I f I 2  i s  less than o r  equal t o  zero, t he  program assumes t h a t  

a l l  required data has previously been read and the data read 
funct ions are bypassed. 

prov is ion i s  made t o  read i n  the appropr iate data fo r  evz luat ing 

the combustion e f f c L t s  t o  be included i n  the analysis.  

If 12 i s  greater than o r  equal t o  one, 

Control varzable INPCfBl determines the procedure by which the combustion 

c o e f f i c i e n t s  are calculated. If INPCfkl i s  l ess  than or equal t o  
one, the combustior, c o e f f i c i e n t  ca l cu la t i ons  are performed f o r  

on ly  one frequency. If INPCBM i s  greater than one, the combustion 
coef f ic ients  ca I cu la t i ons  are performed f o r  a range of frequencies 
and the r e s u l t s  stored on tape. 

A complete desc r ip t i on  of the combustion dynamics subprogram, as 
wel l  as d e t a i l e d  information r e l a t e d  t o  a l l  i n p u t  var iables,  i s  
given i n  the OME/Feed System Coupled Stabi 1 i ty Model, Computer Manual 

(Ref. 3) .  

Combus ti on C o e f f i c i e n t  Eva1 u a t i  on 

The main purpose of the combustion dynamics subprogram i s  the 

evaluat ion of the combustion c o e f f i c i e n t s  which appear i n  the general ized 

vapor izat ion r a t e  expression(p.11-28). Basica l ly ,  the coef f ic ients  are 
evaluated by s u b s t i t u t i n g  the o s c i l l a t o r y  equation fo r  the combustion 

processes into the o s c i l l a t o r y  vapora i ta t ion r a t e  expression and then 

coinparing the r e s u l t i n g  equations w i t h  the general ized vapor izat ion 
r a t e  expression. 

For example, the o s c i l l a t o r y  spray v e l o c i t y  i s  

i w x k  / i s  - - (-+) inj, 

vS = e  S 
V 

S 
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Since 

- - (;)inj (f) 
i n j  

S 

?.he o s c i l l a t o r y  spray v e l o c i t y  can be w r i t t e n  as 

To e l im ina te  the t ime dependency from the preceeding expression, r e c a l l  

= I e - i W T  

therefore 

i UT 

(:)inj e 

The bracketed term i n  the preceeding expression i s  j u s t  the i n j e c t o r  end 

pressure evaluated a t  e a r l i e r  t ime (Xks / iS ) ;  therefore, the o s c i l l a t o r y  
spray ve loc i t y  can be w r i t t e n  as 

(33) 

inc ludes a l l  t ime phases which i s  cons is tent  w i t h  the method 

which i s  used i n  the  chamber dynamics equations. 



Using similar methods to evaluate the other oscillatory combfistia processes, 
the generalized combustion coefficients are 

RFu, 

= 2 R D  -(Gc2) 7 + R U  RD S 

S 
L c9s 5 

cl* = - c4 
S S 

c = - c 8  
6S S 

- - - Cll = C13 - C15 = 0 c2 - c3 = c5 = c7 = Cl0 - 



where the subscr ip tsdenotes the f u e l  o r  o x i d i z e r  and 

It should be noted t h a t  the o s c i l l a t o r y  heat bloc'1de term has been 

neglected based on work presented i n  Refs. 22 and 23 which ind icates 

t h a t  t h i s  term i s  n o t  important a t  low frequencies. 

Combustion Character izat ion Test P1 an 

One o f  the inherent a n a l y t i c a l  l i m i t a t i o n s  of the Feed System-Coupled 
S t a b i l i t y  Model i s  t o  be found i n  the determination of the complete se t  

o f  combustion parameters required as i npu t  data t o  the combustion dynamics 

sgbprogram. 
var iables obtained from r e a l  combustion systems t o  be re la ted  t o  the mathe- 

mat ical  model. 

the o s c i l l a t o r y  f l u i d  dynamic proper t ies from the i n j e c t o r  t o  the atomiza- 
t i o n  plane (Ref. 17), i s  one ekample of a parameter t h a t  must be experimen- 
t a l l y  determined f o r  the p a r t i c u l a r  combustion syctem being invest igated. 

The combustion dynamics model has been formulated t o  permit  

The Klyst ron constant, wnich r e s u l t s  f rom thz analysis o f  

Or ig ina l l y ,  the experimentation needed t o  obta in  the combustion parameters 
was t o  be conducted by NASA concurrent ly w i th  the p r e s m t  program's e f f o r t .  
To a i d  i n  these determinations, and as p a r t i a l  f u l f i l l m e n t  o f  the requi re-  
ments o f  Contract NAS9-14315, a "Combustion Character izat ion Test Plan" 

(Ref. 24) was w r i t t e n  which def ined i n  d e t a i l  the t e s t  object ives,  t e s t  
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hardware, t e s t  procedures, and data requirements necessary t o  ob ta in  em- 
p i r i c a l  charac ter iza t ion  o f  s t a b i l i t y - r e l a t e d  prope l lan t  i n j e c t i o n  param- 
e te rs  and sens i t i ve  operat ing condi t ions for  OME-type combustcr hardwdre. 

The prope l lan t  i n j e c t i o n  parameters t o  be included were nozzle admittance, 
i n j e c t i o n  admittance, K lys t ron  resporlse, and t o t a l  combustion time lag. A 

t e s t  ser ies was proposed tha t  invo lved four subscale i n j e c t o r  conf igurat ions 

( th ree  l i ke-doub le t  u n i t s  and a ; r i p le t  i n j e c t o r )  i n  conjunct ion with, a heat 
s ink  conibustor using the N204/MMH prope l lan t  combination. 

ser ies o f  36 tes ts  were ou t l i ned  fo r  the determination of s t a b i l i t y  l i m i t s  

for  the four i n j e c t o r  conf igurat ions.  
mended t o  determine the combustion response of two o f  the i n j e c t o r s  ober a 
range of chamber pressure, mixture r a t i o ,  and frequency. 

De ta i l s  of the 

A ser ies  of 48 tes ts  was a lso  recqm- 

The above p lan was subsequently changed due t o  delays i n  conducting the ex- 
perimental program. As a r e s u l t ,  the combustion parameters req!:ired by the 
present computer mo4e1 f o r  use i n  model v e r i f i c a t i o n  were estimated using 
the best ava i l ab le  experiiiiental data. 
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CHAMBER DYNAMICS 

St ructure o f  the Chamber Dynamics Subprogram 

A block diagram o f  a u x i l i a r y  programs requi red t o  evaluate the gas f l ow  

var iab les and the chamber dynamics i s  presented i n  Fig. 11. An e x i s t i n g  

D i s t r i b u t e d  Energy Release combustion model i s  used t o  ca l cu la te  
d i s t r i b u t e d  combustion parameters which are employed i n  d e f i n i n g  the 
steady-state flow var iables.  The combustion dynamics subprogram suppl ies 

combustion coef f ic ients  for  evaluat ing the o s c i l l a t o r y  d i s t r i b u t e d  energy 
release along wi th other important combustion parameters, such as the 

vapor izat ion t ime delays, K lyst ron constants, etc.  Addi t ional  i n p u t  

required by the chamber dynamics subprogram are the chamber geometry and 

the nozzle admittance based on downstream condi t ions.  

Output from the chamber dynamics :d,,,r>gram are o s c i l l a t o r y  chamber gas 

var iab les as a funct ion o f  d i s t -  :i trom the i n j e c t o r  face and a comparison 

between tne nozzle admittance ca lcu lated based upon both upstream and 
downstream condi t ions.  A complete desc r ip t i on  o f  the combustion dynamics 

subprogram, and other  support ing rout ines,  i s  given i n  the OME/Feed System 
Coupled S t a b i l i t y  Model, Computer Manual (Ref. 3 ) .  

Tk.1 : . ~ c i i x ? j ’  d i f f e r e n t i a l  equations descr ib ing the o s c i l l a t o r y  s o l u t i o n  

a:: S O ~ C : ! ~  using a second order imp1ic:t f i n i t e  di f ference method. 

method bas the advantage of being simple t o  implement and modify, as 

wel l  as being uncondi t ional ly  s tab le f o r  systems of equations which do no t  

have exponent ia l ly  growing solut ions.  The method as appl ied t o  the f i r s t  

order system 

This 

V ’ = A y + g  

where Y and g are n x l  vectors and A i s  an nxn matr ix  i s  as fo l lows:  
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Here, the subscr ip t  i refers  t o  the i ' t h  mesh p o i n t  i n  the f i n i t e  d i f ference 

scheme, e.g., x i  = xo + iAx. The y i  approximate the Y vector a t  x i .  That 

i s  yi - Yi = Y(xi). The subscr ip t  1+1/2 re fo rs  t o  evaluat icn a t  xi + AX/?; 

e.g., = A(xi + -). AX 2 

That the above method leads t o  a second order approximation ( e r r o r  i s  
pr-oportional t o  AX 3 ) can be shown as fol lows: 

Solving f o r  yitl y i e l d s  

the fo l lowing are obtained 

(1 16) 

Let  yo = Yo; i t  i s  necessary t o  show y1 = Y1 + o(Ax 3 ) i n  order t o  demonstrate 

second-order accuracy. 

From the d i f f e r e n t i a l  equation (110), one obtains 

I 

91/2 = y1/2 - A1/2 y1/2 
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Subst i tu t ing (117) i n t o  (112) and not ing yo = Yo y i e l d s  

Using (115) and (116) gives the r e s u l t  (119) 

= Y1 t (I - 7 AX A1,z)-l o(Ax 3 ) y1 

3 = Y1 + O(AX ) 

Consider now the s t a b i l i t y  o f  the f i n i t e  d i f f e rence  formula ( ’ I l l )  for  systems 

which do n o t  have exponent ia l ly  increasing solut ions;  t h a t  i s ,  the r e a l  

p a r t  of each o f  the eigenvalues of A i s  negative. To prove t h a t  they are 

s tab le f o r  t h i s  s i t ua t i on ,  de f i ne  the e r r o r  ci = Yi - yi and consider the 

two equations given by (1 11 ) and 

A The method i s  s tab le  i f  and only  i f  the ma t r i x  (I-B)- ’  Let = T 1+1/2’ 
(i+B) has a spectral  radius l ess  than one, f o r  t h i s  would produce (Ref. 25) 

n* L J 
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Since the eigenvalues o f  ( I -B)- ’  ( I+B) are j u s t  equal t o  (1+6)/(1-8), 

where B i s  an eigenvalue o f  6, the spectral  rad ius o f  (I-B)-’ (I+B) 
i s  j u s t  

For t h i s  t o  be l e s s  than one, 

for a l l  8. This impl ies 

o r  

, where a i s  an eigenvalue o f  A, the method w i l l  be s tab le  if Since B = 
all the eigenvalues of A have r e a l  pa r t s  l e s s  than zero, t h a t  i s ,  the 
so lut ions t o  (110) are no t  exponent ia l ly  increasing. 

Ax 
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ENGINEER I NG MODEL 
St ructure o f  the Proiram - -  
The general s t ruc tu re  o f  the tngineer ing Model i s  depiyted i n  F ig .  12 . The 

dec is ion t o  adopt t h i s  s t ruc tu re  was based on a t rade-o f f  oz setup time, 
storage c a p a b i l i t i e s ,  and s o l u t i o n  t i n e .  
program s i m i i a r  t o  NASA ODE computer program (Ref. 26), and the DER combustion 

model (Ref. 13) must be executed external  t o  the s t a b i l i t y  program i n  order 
t o  obta in  importar,t i npu t  information. General i npu t  data t o  the program 
inc lud ing  geometric factors, engine operat ing condi t ions,  p rope l lan t  

proper t ies,  s t a r t i n g  l o c a t i o n  fo r  vapor izat ion,  estimated complex frequency, 
awl con t ro l  var iables are  “ r s t  i n p u t  t o  the program. The con t ro l  program 
w i l l  then execute the  nozzle admittance and hydrodynamics subprcgrams each 

time through the program o r  ca l c i i l a te  the admittance and/or o s c i l l a t o r y  
i n j e c t o r  f lowrates as a func t i on  of f.-quency and s to re  the r e s u l t s  on tape. 
Input  data required by the nozzle admittance and hydrodynamic subprograms 

are read i n  the  f i r s t  t ime these programs are executed. 
dynamics and steady-state subprograms are ca l led .  
subprogram inputs  combustion data the  f i r s t  t ime i t  i s  executea and the 

steady-state subprogram i s  on l y  executed the f i r s t  t ime through the  program. 
The chamber dynamics subprogram then numerical ly in tegra tes  the chamber 
dynamic equations from the i n j e c t o r  plane t o  the nozzle i n l e t  plane and 

calculates the nozzle admittance based on upstream condi t ions.  
admittance i s  then compared w i t h  the  nozzle admittance based on downstream 
condit ions. Numerical methods are then used t o  ca l cu la te  a rlew es t i na te  

f o r  the complex frequency and the above procedure repeated u n t i l  the two 
admittances agree w i t h i n  a prescribed l i m i t .  

An equ i l i b r i um gas property 

Next, the combustion 
The combustion dynamics 

This 

Output of t he  node1 includes a p red ic t i on  o f  the o s c i l l a t o r y  frequency and 
in format ion re la ted  t o  the s t a b i l i t y  o r  damping c o e f f i c i e n t  (decrement) of 
t ha t  frequency fo r  the p a r t i c u l a r  propulsion-fed iystem. 

each s o l u t i o n  po in t ,  the ainplitude and phase angle f o r  the o s c i l l a t o r y  pressure 
r a t i o ,  v e l o c i t y  r a t i c ,  temperature r a t i o ,  and mixture r a t i o  are given as a 
func t ion  of d istance from the i n j e c t o r  face. 

I n  add i t ion ,  a t  
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Determination of L'omqlex Frequency: Numerical So lu t i cn  Method 
The comlex  frequency, W ,  i s  determined such t h a t  the boundarv condi t ion i n  
the nozzle i s  s a t i s f i e d .  S o e c i f i c a l l y ,  the admittance i s  reauired t o  be 

continuous across the i n t e r f a c e  between the ccmbustion zone and the zone 
immediately downstream o f  the combustion zonc. 

the nozzle admittance, A , i s  computed from a cozzle admittance program- I n  

the upstream conbustion &e, the nozzle admittance, AN i s  computed from the 
osci  1 l a t o r y  f 1 cw Dwameters determined by the chamber djrnanics 
plex frequency must be such t h a t  

In t he  d-wstream zone, 

N 
u 

The corn- 

AND = ANU 

= u + i v .  The numerica, problem i s  t o  f i n d  - *No Let w = x + i y  and F = A 
x and y such t h a t  NU 

Several methods were considered for  so lv ing t h i s  system of equations. 
Because F i s  not  an a n a l y t i c  f unc t i on  of W, the complex form o f  the Newton- 
Raphson method may not  always work. On the other hand, one could use the 

two-dimensional form o f  Newton-EaDhson (Ref. 27), but  since the derivcit ives 
of u and v w i t h  resoect t o  x and y must t ?  computed numerical ly,  the two- 
dimensimal Newton-Raphson k t h o d  w i  11 req'yI're three funct ional  evaluations 

o f  F a t  each W ,  i.e., (x,y), ( x  +  AX,^), and (x,.y + Ay). A l te rna t i ve l y ,  a 
f a r  more e f f i c i e n t  method i s  t o  lise the two-dimensional form o f  the secant 
method (Ref. 27) since t h i s  does no t  requ i re  the evaluat ion o f  any der iva- 

t i v e s .  
l i n e a r  functions uL dnd vL (planes) based on three previous guesses f o r  W, 

[(xl,y,), (x2,y2), (x3,y3)]. The next cjuess f o r  (I), (x4,yq), i s  determined 
from the equatio s uL(x4,y4) = vL(x4,y4) = 0. Tne new value of w then re-  
places one o f  the previous three values, normallv the one w i t h  the l a rges t  

e r r o r  as measured by the absolute va;ue of F ( x . , y . ) ,  and the i t e r a t i o n  

SDeci f ical ly,  t h i s  method approximates the u and v surfaces w i t h  

J J  
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i s  continued u n t i l  convergence i s  reached. The actual  equations for  the 

above process take the fo l lowing form. Le t  W. = x .  + iyj ,  uj =u(x.,y.), 
and v = v(x.,y.) for  j = 1,2,3. 

J J  J J  

j J J  

1. Determine n j = 1,2,3, such t h a t  
j '  

+ ' "  + r r  = 1  2 3 

v + n v  + n v . = O  '"1 3 2 2  3 1  

2. Compute w4 - + T I W  - 'lU3 ' T12w2 3 1'  

3. Compute u4 and v4, based on x4 and y4- 

4. Test f o r  convergence, i.e., requ i re  t h a t  m i n  IW - w41/Iw41 < cl 

I f  the process has no t  converqed, continue w i t h  steps 5, 6, and 7. 

j and 1F41 < E ~ .  j 

2 2  
J J  

5. Determine the j between 1 and 3 such t h a t  u. + v. i s  maximum. 
6.  Replace LI u and v. by w4, u4, and v4, respect ively.  

7. Go t o  1. 
j' j' J 

Ooerationa?ly, steps 4 and 5 may be a l te red  t o  replace the w ' s  c y c l i c a l l y ,  

i - 1 '  v i  + v -  1-1 - i .e.,  wi -c ~ ~ - ~ , u ~  + I' 

w r i t t e n  a l ternates be2deen these two procedures every three i t e r a t i o n s  i n  

order t o  avoid any possible cyc l i ng  t h a t  may occur. 

I n  fact ,  the computer program as 

The above a lgor i thm has been found t o  be very e f f i c i e n t  when the f i r s t  three 
The d i f f i c u l t  problem was t o  guesses are r e l a t i v e l y  near an actual  so lu t ion.  

develop a searching a lgor i thm which determines the regions i n  the w plane 

where . l u t i ons  e x i s t .  

2 One possible procedure lrould be t o  u t i l i z e  the f a c t  t h a t  the surface u2 + v 
has an absolute rrinimum a t  each so lu t i on .  

as a f i r s t  guess, one might be tempted t o  employ a gradient,  o r  modif ied 

Uzing any reasonable value o f  w 
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gradient, method t o  march along the  surface u n t i l  one came near a r e l a t i v e  

minimum. unfortunately, t h i s  procedure f a i l s  because the surface u2 + v 

has many r e l a t i v e  minima which are n o t  actual  so lu t ions.  The reason f o r  
the l a rge  number o f  r e l a t i v e  minima (and maxima) fo r  t h i s  surface i s  undoubt- 
ed ly  due t o  the  coupl ing between the  combustion processcs 3nd the feed system 

o s c i l l a t i o n  i n  conjunct ion w i th  the very r a p i d  change o f  the feed system 

response as a funct ion of frequency. The searching a lgor i thm must be able t o  
d iscr iminate between those r e l a t i v e  minima t h a t  a re  n o t  so lut ions and those 

t h a t  are. Such a procedure was developed for t h i s  program. I t takes 
advantage o f  the f a c t  t h a t  a l a r g e  p o r t i o n  o f  the computations requi red are 
only a func t i on  o f  the r e a l  p a r t  o f  W ,  i.e., they use x as an independent 

va r iab le  and do no t  depend upon y. Thus y may be changed without having t o  
redo many o f  the ca l cu la t i ons  w i t h i n  the program. 

2 

I n t u i t  vely, the idea i s  t o  increment x throuqh a range o f  values, wh i l e  de- 
termin ng y a t  each x accordinq t o  the c r i t e r i o n  mentioned below, u n t i l  i t  i s  
determ ned t h a t  a s o l u t i o n  has been crossed. This determination employs the 
use of a t e s t  funct ion which changes s iqn when a r o o t  i s  crossed i n  the  same 
manner t h a t  a s i n g l e  equation i n  one unknown changes s i g n  as i t  goes through 

a zero. 
f o r  x would be easy ic, f c r  examole, v wwe a strong func t i on  of y and u were 
a strong funct ion o f  x. 

v(x,y) = 0 and, as x i s  incremented, a scl:!:tion would be croc 
changes sign. 

The task of develoDinq a definir?? c r i t e r i o n  fo r  y and a t e s t  funct ion 

Then, f o r  ezr-!I .y, y could be chosen such t h a t  

' when u[x,y(x)] 
Unfortunately, c e i t h e r  u nor v behaves t h i s  way 

To develop funct ions t h a t  do behave t h i s  way, the fo l lowing procedure was 
developed. 
minimized. 

always guarantees f i n d i n g  a value if one ex i s t s .  
value o f  F squared and i t s  gradients are computed. 
i n  the d i r e c t i o n  ind icated by the gradient u n t i l  e i t h e r  the gradient  changes 

s ign o r  i s  so close t o  zero t h a t  convergence has been reached. 
gradient changes sign, Mu l l e r ' s  method (Ref.28) i s  used t o  con:lerge on the 
roo t .  This i s  e s s e n t i a l l y  a b i sec t i on  method followed by inverse parabol ic 

i n te rpo la t i on .  For t h i s  searching process, i t  i s  no t  necessary t o  make the 
convergence c r i t e r i a  very t i g h t ,  s ince only  rough estimates are eventual ly  
needed i n  order t o  s t a r t  the two-dimensional secant method described e a r l i e r .  

F i r s t ,  f o r  each x choose y such t h a t  the absolute value o f  F i s  
This can be done i n  severa? ways. The program uses a method t h a t  

Essent ia l ly ,  the absolute 
The value of y i s  a1 tered 

Once the 
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Now t h a t  a c r i t e r i o n  fo r  y has been establ ished, i t  i s  on ly  necessary t o  f i n d  
a t e s t  f unc t i on  t h a t  w i l l  chanqe sign when a so lu t i on  i s  crossed wh i l e  i nc re -  

mentinq x. Such a func t i on  i s  given by 

uux + vv 
X 

This funct ion acts as a very good t e s t  funct ion because i t  represents the co- 
ord inate d i r e c t i o n  i n  the u,v plane along which the vector  (u,v) changes most 

w i t h  x. When t h i s  coordinate changes s ign  as one goes from, say, x1 t o  x2 

w i t h  y1 and y2 chosen so t h a t  t he  length of the vector (u,v) i s  minimized, 

then i t  i s  very l i k e l y  t h a t  a s o l u t i o n  has been crossed. Exceptions t o  t h i s  
r u l e  occur when one i s  near r e l a t i v e  minima of the suri'ace u2 + v t h a t  Ere 

not zero. To see t h i s ,  consider the actual  equations t h a t  a re  being solved. 
I n  order t h a t  the vector (u,v) i s  minimum f o r  each y, i t  i s  necessary t h a t  
a(u2 t v ) lay = 0. That i s ,  uu t vv = 0. Combining t h i s  w i t h  the above 

y Y 
equation, we see we a re  f i n d i n q  an x and y such t h a t  the ma t r i x  equation 

2 

2 

i s  sati;f ied. 
respect 1:o x and y. 

The ma t r i x  i s  j u s t  the transpose o f  Jacobian o f  u and v w i t h  

This equation can be s a t i s f i e d  i f  e i t h e r  u and v a r e  zero, o r  the Jscobian 
i s  s ingular.  The Jacobian i s  necessar i ly  s ingular  a t  a l l  r e l a t i v e  minima of 
the surface u' + v2 except those a t  u = v = 0. 

between tnose so lut ions to(137)that are due t o  s i n g u l a r i t i e s  o f  the Jacobian 

ar, those t h a t  are due t o  u and v vanishing, we employ two d i f f e r e n t  t e s t s .  
F i r s t  of a l l ,  when a s i n g u l a r i t y  pGint i s  crossed, tire determinapt of t h L  

Jacobian should char-ge sign. I f  t h i s  occut's, then the orogram r e j e c t s  t h i s  

.-l 

I n  order t o  d i f f e r e n t i a t e  
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p o i n t  as a possible so lbt ion.  
change s ign  because e i t h e r  the convergence c r i t e r i o n  used i n  the searching 
a lgor i thm i s  too loose o r  because the  s i n g u l a r i t v  has a double roo t .  

e i t h e r  case, the procedure i s  t o  t e s t  t he  cond i t i on  number* of the transpose 
o f  the Jacobian m a t r i x  i n  the reg ion near the suspected so lut ion.  
condi t ion number does not exceed a given inpu t  l f r n i t  (e.g. , around 8@), 

then the p o i n t  i n  quest ion is usua l l y  a so1ut;on. 

Sometimes, however, t he  determinant does n o t  

I n  

If the 

Once i t  i s  determined t h a t  a p o t e n t i a l  s o l u t i o n  has been crossed betdC?en X1 and :<7* - 
f o r  example, the procedure i s  t o  (a) determine xq based on the  metnod of 
f a l s e  p o s i t i o n  using the  t e s t  f u n c t i o n  given in(136),(b) determine y 3  t o  
minimize IF1, and (c )  use (xl,yl), (x2,Y2), and (X3 ,Y3)  as the  requi red f i r s t  

th:-ee guesses f o r  the two-dimensional- secant method: Operat ional ly Steps (a) 
and (b) are repeated ( a t  l e a s t  twice) u n t i l  the t o t a l  e r ro r ,  IF1 ,  i s  less 
than a given f r a c t i o n  of A . This has been found t o  be necessary s ince 

occasional ly one has t o  be q u i t e  c lose t o  a s i n g u l a r i t y  before i t  can be 
discovered. Repeating steps (a) and (b) w i l l  r e s u l t  i n  a convergence t o  t h a t  

s i n g u l a r i t y  which w i l l  then be discovered by e i t h e r  the determinant changing 

s ign o r  the condi t ion number g e t t i n g  large. However, once the t o t a l  2 r r o r  
i s  reasonably small ,  the determinant remains of one sigc,  and the condi t ion 

number i s  no t  large, i t  is almost c e r t a i n  t h a t  an actual  so lu t i on  e x i s t s  
and therefore the program proceeds t o  step ( c ) .  

I NDI 

The above procedure has been found t o  be most satisfac-.ory fo r  the condi t ions 
tested i n  t h i s  program. The search a lgor i thm described above has several 
s a l i e n t  features.  

vantage of the f a c t  t h a t  -any of the computations i n  the program a re  no t  a 
funct ion o f  the i r r ig inary p a r t  o f  a,  namely y .  

F i r s t ,  as mentioned e a r l i e r ,  the search method takes ad- 

Spec i f i ca l l y ,  the hydro- 

* The condi t ion number of a matr ix,  A, i s  a measure o t  how sens i t i ve  a 
so lu t i on  t o  the system Ab=c i s  t o  perturbat ions i n  c. 

square r o o t  of the r a t i o  o f  the absolute value o f  the l a r g e s t  eigenvalue o f  A ' A  
t o  the smallest eigenvalue of A ' A .  
number i s  i n f i n i t e .  

number w i l l  be q u i t e  l a r g e .  

It i s  equal t o  the 

For s ingular matrices, the cond i t i on  
For  matr ices t h a t  are near ly  s ingular ,  the cond i t i on  
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dynamics of the feed system, the combustion dynamic coupling coef f ic ients ,  
and the r a j o r  terms needed t o  compute the downstream nozzle admittance are 

a l l  only a funct ion o f  the rea l  par t  of the frequency. This al lows the 
minimization o f  / F I  wi th  respect t o  y t o  proceed w i th  high e f f i c iency .  
Secondly, and more importantly, the procedure has been automated t o  the 

extent t ha t  the user only has t o  specify a frequency range and a maximum 
number o f  roots  P.e desires in t ha t  range. 
lower end o f  the frequency range and w i  I 1  increment through i t  u n t i l  e i t he r  

the maximum number of roots are found o r  the upper end of the frequency 
range i s  reached. This i s  a very powerful property since i t  does not requi re  
the user t o  have a c lear  knowledge o f  the loca t ion  of any of the roots i n  

the w plane. 

The algor i thm w i l l  s t a r t  a t  the 
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SECTION I V  
MODEL VERIFICATION 

INTRODUCTION 

The primary ob jec t i ve  of Phase I 1 1  o f  t he  OME/Feed System Coupled 
F t a b i l i t y  I nves t i ga t i on  was t o  v e r i f y  the operat ion and c a p a b i l i t i e s  

of the Engineering Model, and t o  compare the model's p red ic t ions  

w i th  experimental data from an OMS-type engine w i t h  known feed system! 

engine chugging o r  buzzirlg h i s to ry .  

experimental h o t - f i r e  t e s t  data which was used f o r  comparinq the  m d e l  I s  

operat ion and performance are described. 
the combustim garmeters  and K lys t ron  constani  ap9earinq i n  the  com- 

bust ion dynamics model are presented. F i n a l l y ,  e! summary o f  the Feed 
System Coupled 

v e r i f i c a t i o n  tes ts  i s  given. The computed outpL;t i s  compared t o  ;he 
experimental p red ic t ions  and analyzed i n  terms of the  a p p l i c a b i l i t y  o f  

the ava i l ab le  experimental data t o  t h e  OYE system beinq modeled. 

I n  the  fo l low inq  sections, the  

Next, t he  methods of evaluat ing 

' a b i l i t y  Model r e s u l t s  from each o f  the seven mcdel 

DESCRIPTION OF EXPERIMENTAL HOT-FIRE TEST DATA 
Background 

Rocketdyne has recen t l y  completed an extensive and cop 2rehensi ve program 
for  NASA/Johnson Spacecraft Center (NAS9-72802) t o  determine the  feas i -  

b i l i t y  of and evaluate po ten t i a l  reusable t h r u s t  chamber concepts For the 
Space Shu t t l e  O r b i t  Maneuvering Engine (OME). The program determined the  

a p p l i c a b i l i t y  of various t h r u s t  chamber concepts t o  the Space Shut t le  OME 
app l i ca t ion .  

demonstrated fo r  the  m o s t  promising reusable t h r u s t  chamber concept. 
information w i l l  support NASA/JSC and s h u t t l e  veh ic le  cont rac tor  O r b i t  
Maneuvering System (OMS) studies, and provide technica l  foundation f o r  t he  
f i n a l  d e f i n i t i o n  o f  the OMS. The technica l  e f f o r t  s ta r ted  i n  June 1972 and 

was completed i n  February 1975. 

F e a s i b i l i t y  was a n a l y t i c a l l y  p red ic ted  and experimental ly 
This 

Under Task XI1 of the SS/OME Reusable Thrust Chamber proqram a ser ies o f  
experimental teq ts  was conducted a t  White Sands Test F a c i l i t y  t o  inves t iga te :  

WECEDING PAGE BLANX NOT 
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(1) the s t a r t ,  shutdown, and r e s t a r t  cha rac te r i s t i cs  of the in tegrated 
t h r u s t  chamber; and ( 2 )  OME t h r u s t  chamber oDerating cha rac te r i s t i cs  

a t  very low chamber pressures t y p i c a l  of p rope l l an t  tank blowdown opera- 
t i o n  and wi thout  supplementary boundary l a y e r  coolant. Test Sequence 7 
of t h i s  task involved a ser ies of t e s t s  i n  which the l e v e l  of chamber 
pressure bas progress ive ly  reduced u n t i  1 chugging occurred and included 

the ef fect  of mix ture r a t i o  on the minimuin pressure l e v e l .  

5-second t e s t s  were conducted (as opposed t o  continuous blowdown t e s t s )  
t o  minimize f a c i l i t y  hyperflow t ime .  Cold f u e l  (45 F) was used t o  enhance 

the regenerat've co;iiant safety factor  a t  low chamber p res rwes .  Tests 

7-7 through 7-14 of t h i s  sei  i e s  were conducted w i t h  unsaturated p rope l l an t  
using the f a c i l i t y  feed-system conf iqurat ion which simulates the OMS. 

D iscrete 

Tests a t  80 and 75 ps ia nominal chamber pressure resu l ted  i n  chugginq a t  
s t a r t  which damped out  dur inq the tests .  

sure, the chuq pe rs i s ted  throuqhour the t e s t .  
occur a t  frequenciec between 115 and 350 Hz. 

A t  65 psia nominal chamber pres- 

Chugqinq was observed t o  

Af ter  extensive review of Rocketdyne's h o t - f i r e  t e s t  data cbtained a t  
White Sands Test F a c i l i t y  for  the SS/OME Reusable Thrust Chamber ProqraF 

and fo l lowing discussions w i t h  the NASA/JSC contract  monitor, i t  was con- 
cluded t h a t  the data reported i n  Task XI1 (OM€ In tegrated Thrust Chamber 
Tests) would be s u f f i c i e n t  and appropr iate fo r  use i n  Pbase 111 model v e r i -  
f i c a t i o n  o f  the current  program. An "Engineering Model V e r i f i c a t i o n  Plan" 

(Ref. 29 j  was Lubsequently w r i t t e n  which summarized a l l  p e r t i n e n t  White 

Sands Test F a c i l i t y  h o t - f i r e  t e s t  data t o  be used dur ing model v e r i f i c a t i o n .  
The r e p o r t  included (1) d e t a i l s  of Racketdyne's t h r u s t  chamber and i n j e c t o r  
( l ike-doublet  No. l), ( 2 )  schematics of the fuel and ox id i ze r  feed l i ne  con- 

f igurat ions,  and ( 3 )  steady-state operat inq data for  the seven planned v e r i -  
f i c a t i o n  analyses, A s u m r y  of the pe r t i nen t  t e s t  hardware, t e s t  f a c i : i t v  
descr ip t ion,  and h o t - f i r e  t e s t  data contained i n  t h i s  repo r t  i s  presented 
below. The reader i s  r e f e r r e d  t o  Ref. 30 for  a complete desc r ip t i on  of a l l  
t e s t  hardware, instrumentation, and experfmental r e s u l t s  pe r ta in inq  t o  
NAS9- 1 2802, Task X I  I . 
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Test Hardware 

The hardware used f o r  the White Sands t e s t  program (Task X I I )  corlsisted 

of a regeneratively-cooled t h r u s t  chamber, f u l l  s i z e  and truncated rad ia -  

t ion-cooled nozzles, and a l i ke -doub le t  i n j e c t o r .  The i n j e c t o r  and 

chamter were designed t o  c lose ly  s imulate the thermal and dynamic charac- 
t e r i s t i c s  o f  OME f l i gh t - t , ype  hardware. A l l  compcnents were bo1 ted  together 

and sealed w i t h  e i t h e r  metal 1 i c  o r  elastomeric O-rings, as appropriate. 

Table 2 provides a sumary of. the regenerat ively cooled chamber design 
charac ter is t i cs .  The combustion chamber had a 

and a cont rac t ion  r a t i o  o f  2 : l  w i t h  a th roa t  d 

The expansion area r a t i o  o f  the regenerat ively 
t ion-cooled Columbian nozzle w i t h  an expansion 

tes ts  a t  low chamber pressure (Test Sequence 7 

length o f  0.3534 m ( 1 4 . 7  i n . )  

ameter o f  0.1478 m (5.820 i n . ) .  
cooled nozzle was 7 : l .  A rad ia -  

r a t i o  o f  9 : l  was used f o r  the 

t o  e l im ina te  the chance of 
chamber damage due t o  h igh  s ide loads. The inner  wa l l  and the lands o f  the 
chamber were 321 CRES, and the  channels were closed out  w i t h  electroformed 
n i cke l .  The t h r u s t  chamber vJas desiqned fo r  the heat f l u x  p r o f i l e  shown i n  

Fig. 13. Channel sizes were such t h a t  the minimum safety fac to r  was approxi- 
mately 1.5 a t  a f u e l  i n l e t  temperature of 38.7' C (100" F),chamber pressure 

o f  82.73 I( l o 4  N/m2 (12C ps ia ) ,  and p rope l l an t  mixture r a t i o  o f  1.95. The 

coolant j acke t  i t s e l f  was f l i g h t w e i g h t  w i t h  n i cke l  closeout thickpesses a s  

t h i n  as 0.064 m (0.025 i n . )  a t  the th roa t .  

heavyweight con f igura t ion  t o  reduce cost, bu t  simulated f l i g h t  manifoid 
volume. 

sented a t y p i c a l  f l i g h t  design. 

The f u e l  i r , l e t  manifold was a 

The coolant o u t l e t  manifold was more c r i t i c a l  t k n n a l l j  j n d  repre-  

The completed regenerat ively-cogled t h r u s t  chamber i s  shown i n  F i q .  14. 

Comp!ete d e t a i l s  a f  a l l  instrumentat ion used dur inq Task XI1 i s  c iven i n  

Ref. 30. 
not  confiqured t o  provide high response t rans ien t  data. 
coup1 ed hiqh-pressure, h i  gh-respcnse transducers were used t o  recrlrd the 
t rans ien ts  i n  fuel and o x i d i z e r  i n j e c t i o n  Pressures and fue l  coolant 

jacke t  i n l e t  pressure. Other p r i n c i p a l  instrumentat ion involved measurement 

o f  p rope l lan t  f lows, 
c a v i t i e s .  

It should be noted t h a t  chamber pressbre instrumentat ion was 
However, c lose 

th rus t ,  chamber s k i n  temperatb,'es, and Pc i n  acoustic 



TABLE 2 . DEMONSTRATOR THRUST CHAMBER DESIGN CHARACTERISTICS 

COMBUSTOR 
Contract  i o n  Rat io  

Length, m ( in . )  
Contour 

NOZZLE 
Regen Sect ion Expansion Rat io  

Nozzle Extension Expansion Rat io  

Contour 

COOLANT 
C i r c u i t  
Number of Regen Coolant Channels 
Coolant Pressure Orcp, N/m2 (ps id )  
Coolant 8ulk Temperature, Rise, "C ( O F )  

A u x i l i a r y  F i lm  Coolant 
Channel Dimersions a t  t h r o a t  

Width, m ( i n . )  0.0329 (0.114) 

Height,m ( ~ I I . )  0.0017 (0.068) 

Width, rn ( i n . )  0.0029 (0.114) 

Length, m ( i n . )  0.0011 (0.042) 

Channel Dimensions near i n j e c t c r  

MATERIALS 

H o t  Wall (0.0008 m/0.030 i n . )  and Lands 
Cold Wall (0.0008 m/0.030 i n . )  
Nozzle Extension 

2 : l  
0.3734 (14.7) 

Tapered from 0.1778 m 
( 7  i n . )  upstream of  
t h roa t  

t o  7 : l  
7 : l  t o  72: l  
F l i g h t  parabol ic  

Counterflow 
120 
10.34 x 104 (15; 

8:.4 (178) 
2.7% Total  Propel lant  

CRES 321 

Electroformed Nickel 

CRES 
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The i n j e c t o r  used was a l ike-doublet  (L/D No. l), which had 186 elements 

arranged i n  nine rows. Oxidizer o r i f i c e  diameters ranged f r r l m  0.0008 t o  

0.001 m (0.032 t o  0.038 in.) ,  whi le  f u e l  o r i f i c e  diameters ranged from 
0.0007 t o  0.0008 m (0.028 t o  0.033 in.). The ‘ tn jector included 68 o r i f i c e s  

(0.0005-m, 0.020-in. diameter) t o  provide bomdary l aye r  coolant amounting 
t o  2.7 percent o f  the t o t a l  propel lant  f low a t  nominal mix ture r a t i o .  Ir- 
j e c t o r  cha rac te r i s t i cs  are sumnarized i n  Table 3. 

The i n j e c t i o n  p a i r s  o f  l!ke-double No. 1 were designed w i t h  a fan  impinge- 

me:it angle o f  60°, an oxid’zer- to- fuel  fan i n c l i n a t i o n  angle o f  22.5”, and 
an element spacing of 0.0073 m (0.289 in . ) .  
i n  Fig. 15. The nominal impingement he ight  of the l ike-doublet  p a i r s  was 

0.0048 m (0.188 in.) .  

Table 4. 

These parameters are shown 

Detai led i n j e c t o r  o r i f i c e  data are wesented i n  

Test Faci 1 i ty, 
The t h r u s t  chamber assembly was tested a t  the White Sands r e s t  F a c l i i t y  a t  

Las Cruces, New Mexico. A s imp l i f i ed  feed system schemaiic o f  the i n -  
s t a l l a t i o n  i s  shown i n  Fig. 16. Fuel (MMH) and ox id i ze r  (NTO) were stored 

3 and condit ioned i n  ? . 5 7  m (2000 gal lon)  p rope l l an t  tanks e x t t r n a l  t o  the 
vacuum c e l l .  The gropel lant  was pumped from the external  tanks t o  the two 

0.227 m (bo gal lon)  tanks i ns ide  the vacuum c e l l  s imulat ing the Oils tank- 
age ex i t s .  L ine sizes and lengths from the propel lar l t  tanks t o  the OME 
i n te r face  were configured so as t o  simulate OMS ducting. Dimensions t r i  

the actual  f u e l  and ox id i ze r  feed1 ine  con f igu ra t i on  used dur ing in tegrated 

hardware t e s t i n g  are given i n  Fig.  17 and 18. 

each propel lant  feedl ine between the tanks and the engine interface. 

curmnon pressure source was used t o  pressur ize both the i n t e r n a l  atla extern; I 

propel lant  tanks. 

3 .  

A flowmeter was located i n  
A 

The f u e l  sides o f  t he  two LM descent eng’nc valves were used as the engine 

pi-opellant con t ro l  valves. 
sides because these valves contained the actuators and the p o s i t i o n  i nd i cs -  
tors .  Each valve was ser ies and p a r a l l e l  redundant i nc lud ing  upstream i so -  

l a t i o n  valves and downstream shu to f f  valves. 

o f  the i s o l a t i o n  valves and one o f  the shutrgf  valves f o r  each p rope l l an t .  

The valves were located so as t o  provide a s l i g h t  po;itive d r a i n  i n t o  the 

Fue? valves were used f o r  both fuel  snd oh id i ze r  

, i t ions were measured on one 

R-9807/1‘!-7 



TABLE 3 .  INJECIQR JD No. 1 CIlARACT1;RiSTlCS 

Diameter, m (in.) 0.2083 18.200) 

Number of Elements 166 

sumber of Raws 9 

TyFe of Elements Like Doublet 

Oxidizer €1- ..wter, m ( in . )  
(m i n i mur.l/max i mum) 

Fuel Element Diameter, m (it,.) 0.0007/ ( 0.028,) 
(mi n i r..m/max imum) 0.0008 0.033 

Pressure Oror e Nominal Flaws 
Oxidizer, N , d  (ps i )  

Fucl , N/m2 \psi ) 

38.61 x 104 (56) 

42.75 x lo4 (62) 
Number of Acoustic Cavitfes* 8/4 

Mode Suppression 

* Cavities formed by chamber and injector 

1%; 6 3rd 
Tanyential, 
1st Radial 
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FUEL TAWK 

0.227 Id 
(60 GAL.) 

A L L  LINES 

0.038 m (1.50") O.D. X 
0 . 0 2 5  m (0.099") W.T. 

TRANSDUCER 

3.127 m 0.189 m 

0.590 m 
(23.25" ) 

I 

VALVE INLET $jgm 0.178 m 

t FUEL VALVE 

TANK 
BOTTOM 

3- 

i 
1 3 0 3  m 

(71") 

- 
FUEL 
VALVE 

F i g w e  17.  Rocketdyne Integrated Hardware Tests, Fuel Feed1 i n e  Configuration 
Simulated APS POD Lines a t  White Sands Test F a c i i i t y  (3-74) 
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engine i n l e t s  i n  an attempt t o  simulate the depletion which would occur 
af ter  shutdown under zero 'g '  conditions. The ducting between the valves 
and the engines was configured t o  simulate typ ica l  l i n e  volumes and sizes 
fo r  the f l i g h t  OM€ as shown i n  Fig. 19 . 

Detai ls of the t e s t  f a c i l i t y  instrumentation and t e s t  stand operation are 
yiven i n  Ref. 30. 

Hot-Fire Test Data 
As stated ea r l i e r ,  one purpose of Test Sequence 7 was t o  investigate ObrlE 
operation a t  very low chamber pressures typ ica l  of propellant tank blowdown 
operation. To prevent excessive side loads which might be associated w i th  
very low pressure operation, a 9 : l  nozzle was used. I n  addition, the fuel 
temp ;ature was reduced t o  approximately 7.5.C t o  provide a hiqher safety 
factor.  

Tes'-s 7-2 and 7-4 were moderately low-pressure tests conducted wi th  the 
external f a c i  1 i t y  propel l a n t  tanks. Tests 7-7 through 7-14 were conducted 
wi th  unsaturated propellant using the f a c i l i t y  feed-system configuration 
which simulates the OMS. Based on the st i f fness factor, &P/w (where AP 
i s  the dif ference between propellant tank and chatmber pressures, and w i s  
the propellant f lowrate) the feed system using external oxidizer tanks i s  
3% s t i f f e r  than the OMS simulated system and the feed system using external 
fuel tanks i s  8% s t i f f e r  than the corresponding 0 6  system. 

.- 

The range of chamber pressures, propellant flowrates, and mixture r a t i o s  
employed i n  Tests 7-7 through 7-14 i s  shown i n  Tab;; E; . Measured and 
predicted i n jec to r  pressure drops are tabulated. The measured oressure 
drops are the values recorded when no s ign i f icant  osc i l l a t i ons  were - c .  
curr ing dur?ng the test .  Predicted values a r e  a l l  referred t o  the measured 
values d f  Test 7-7 and rat ioed according t o  the sauare of the flowrates. 

,: d i f fwence between the measured and predicted pressure drops part icu- 

61' : lower pressures may be the resu l t  o f  subtracting two high pres- 
:4.' . +:mnts ( i n jec t i on  and chamber pressures) t o  obtain a AP althoush 
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TABLE 5. SS/OME REUSABLE THRUST CHAMBER PROGRAM (NAS9-12802) 

TASK XI1 - DATA DUMP 
INTEGRATED CHANBER LOW-PRESSURE TESTS 

I l l l T U R L  WATIU. U/ I  

LOIIL 'TL.  t;l; /)tC ( L U / S L L )  

U t l C  

FULL 

CLLL 

1 LJiL 

7 -  I- - 
j6 .37  
[ I2G) 
I .bS 

;.b? 
i l 2 . 4 1  

3.35 
( 7 . 3 9 )  

33.61 
156) 
39.317 
157) 

3 L . ~ l  
[ 56.. ! 
33.30 
(57" 1 
1 .44  

1 .45  

>TABLE 

- _  

- -  
- 

7 -!$ 

57.9: 
( 2 5 )  

1 . 1  

3.76 
(,;. 2')) 

2 . 1 4  
( 5 . 7 2 )  

13.10 
( 1 9 )  
4 L . 4 1  

,18) 

16.55 

15.86 

3.2" 
0.13 
STPCLI 

( 2 4 )  

( 2 3 )  

4 .82 -  
1 1 . 7 2  
(7 -17)  

4 .62  
( 7 )  

7-9  

5;'. 5n 
( 7 6 )  
1 .:? 

3 . 3 4  
( 7 . 4 1 )  

1 .36 
( 4 . 1 0 )  

7.58 
1 1 1 )  
6.29 
(1C) 

13.70 
(1111 

11.72 

0.26 

0.27 

STAELL 

( 1 7 )  

6.39 

(10) 

4 .82  
( 7 )  

i -  i n  
- 
7-inA 

50.33  
( 7 3 )  
1 . i  

3 .08  
( 6 . 7 9 ,  

2.05 
i 4 . 5 3  

_ _  

- -  

1 1 . 7 2  
( 1 7 )  
14.41; 
(71  j 

Q . 2 3  

Q.?? 
350 

6 .21-  
1 € . 5 4  
, a-24 

6.89 
(10) 

~- 
7 - 1  I 



the discrepancy i s  greater  than would be expected f r o m  instrumentat ion 
inaccuracies. Values of i n j e c t o r  AP d iv ided by P, are  a lso tabulated 
based on the predic ted pressure drops. Tests were conducted w i t h  values 
as low as approximately G.2 on each s ide  of the i n j e c t o r .  

Chugging was not  evident as the chamber pressure was reduced from t e s t  
t o  t e s t  u n t i l  Test 7-8 where a chamber pressure o f  57.92 x l o 4  N/m2 

(84 ps ia)  was obtained f o r  steady-state. On t h i s  tes t ,  chugging occurred 
fo r  approximately 0.6 seconds a f t e r  i g n i t i o n  a t  a frequency o f  about 300 
Hz. 

durat ion of the chugging increased u n t i l  a t  a chamber pressure of 46.88 x 
lg4 N/m2 (68 ps ia )  chugging continued throughout the tes t .  
ber pressure was increased on the next t e s t  t o  50.33 x l o 4  N/m2 (73 ps ia )  
and the mixture r a t i o  was decreased t o  1.5, font inuous chugginq occurred 
f o r  1.6 seconds but continued sporadica l ly  throughout the remaining dura- 
t i o n  of the tes t .  Var ia t ion  o f  the mixture r a t i o  t o  1.6 and 1.9 a t  
46.19 x l o 3  N/m2 ( 67 ps ia )  chamber pressure on the next two tes ts  resul ted 

i n  small changes i n  the chug amplitude. 
were noted. 
ea r l y  port ions o f  some o f  the tests ;  however, the lower frequency pers is ted 
f o r  less than 1 second a f t e r  s t a r t .  

4s the chamber pressure was reduced on the successive tests,  the 

When the cham- 

Chug frequencies of 200-300 tlz 
0sci l :at ions a t  two frequencies were ind ica ted  dur ing the 

Complete sumnaries of a1 1 steady-state performance data (average wasured 
values and ca lcu lated values) compiled f c r  Test Sequence 7, Runs 8-14 are 
presented i n  Ref. 29. 

Appl icat ion of Experimental Data t o  Model V e r i f i c a t i o n  

The White Sands t e s t  data presented i n  the previous sect ion s re  s u f f i c i e n t  
t o  provide i n i t i a :  v e r i f i c a t i o n  o f  the  enaineering model i n  a manner which 
i s  consistent w i t h  the modt l 'c  an t ic ipa ted  normal usaqe. A t o t a l  o f  sewn  
v e r i f i c a t i o n  3nalyses were evaluated base6 upon the in tegra ted  chamber low 
pressure tests  sl,;unarired prev ious lv  i n  Table 5 . Tests 7-2, 7-9, and 
7-14 were used t o  represent examples o f  s tad le  system benavior wh i le  tes ts  
7-10, 7-11, and 7-12 provided examples o f  unstable enqirle operat ing condl- 
t ions.  The low amplitude chugqing behavior gncountered i n  t e s t  7-1GA was 
planned t o  serve as an i l l u s t r a t i o n  o f  marq ina l ly  s tab le  operat ing behavior. 
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MODEL INPUT DATA 
Each o f  the seven verif ication analyses reoulred the same basic input 
data to  the computer program, namely: 

1. Feed system configuration (Figs. 17 and 18 ). 
2. Injector  characteristics (Fiq . 15, Tables 3 an4 4). 
3. Chamber geometry (Fig. 1 4 ,  Table 2 ) . 
4. Steady-state engine operatina conditions (Ref. 29 Appendix) 
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I n  order t o  determine the steady-state d is t r ibuted enerqy release functtons 
required by the s t a b i l i t y  model, an ex i s t i ng  Distr ibuted Energy Release 
combustion model (JANNAF computer program DER) was executed for each ver i -  
f i c a t i o n  case. 
the measured engine performance. This difference between the calculated and 
experimental performance should not affect the s t a b i l i t y  calculat ions since 
per farmwe i s  dependent upon the largest droplet diameter groups while 
s t a b i l i t y  i s  mainly dependent upon the smaller droplet groups. 

I n  a l l  cases, the DER calculated performance was less than 

Output from the DER computer calculat ions was curve-f i t ted wi th  the steady- 

s ta te equations employed by the s t a b i l i t y  model i n  order t o  obtain important 
combustion-related parameters. One of these parameters i s  the vaporization 
"time delay". Integrating the stead.v-state vaporization expressions qiven by 
Eq. 64 
zation plane ( X )  y ie lds:  

from the s t a r t  plane for vaporization (X,) t o  any qiven vapori- 

I n  (% unburned propel lant)  

A p l o t  of t h i s  equation along with DER calculated values f o r  the fue l  and 
oyidizer f o r  t e s t  IHT 1-7-14 i s  shown i n  Fig. 20. 
through eacL curvt f o r  X < 0.0635 m (2.5 in. ) ,  since the vaporization rates 
corresponding t o  these distances a r e  much greater than those f o r  X > 0.0635 m 
(2 .5  in.), Obtaining r r  f rom the slope o f  each curve and using the fact t ha t  
V equals the average in jec t i on  veloci ty enables the vapor t a t i o n  "time delays" 
t o  be calculated. 
s t a b i l i t y  model from the DER program output are outl ined n Ref. 3. 

A s t ra ight  l i n e  was drawn 

- 
Methods f o r  obtaining other input data required by the 

I n i t i a l  model ve r i f i ca t i on  calculat ions indicated that  the following terms 

must be neglected i n  order t o  obtain agreement between calculated m d  ex- 
perimerital resul ts:  
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Figure 20. Determination o f  Vaporization Time Delays f o r  Fuel 
and Oxidizer Based Upon WSTF Test IHT 1-7-14 
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1. Changes i n  the vaporization time delay due t o  changes i n  
mixture r a t i o  must be neglected, i.e., m- = 0. 

2. Changes i n  the  nozzle admitt ince due t o  mixture r a t i o  chanqes 

a? 

must be neglected, i .e., ac* f 0. 

must be wglected,  i .e., ?DRAG = 0. 
3. The o s c i l l a t o r y  r e l a t i v e  ve loc i t y  between the gas and the  droplets  

Since the vaporization " t i m e  delay" i s  ac tua l l y  temperature dependent instead 
o f  mixture r a t i o  dependent, even though the  temperature IS a funct ion o f  
the mixture r a t i o ,  the s t a b i l i t y  model should be modified t o  r e f l e c t  t h i s  
dependence. Model ca lcu lat ions a t  the end of the program ind icated t h a t  if 
t h i s  change from mixture r a t i o  t c  temperature dependence is made i n  the model, 
agreemen: between ca lcu lated and experimental resul tr; can be maintained wh i le  
ir,, l u 4 n g  (k) and (s) ef fects .  Problems encountered when the o s c i l l a t o r y  

r z l a t i v e  ve loc i t y  e f fec ts  are i nc lL jed  i n  the  model ca lcu lat ions have no t  been 
iso la ted  but  continuing e f fo r t  w i l l  be d i rected towards inc lud ing t h i s  i m -  
por tant  coup1 in9  term. 

aT 

DETERMINATION OF KLYSTRON DISTANCE 
One o f  the important i npu t  parameters required by the s t a b i l i t y  m d e l  i s  
the Klystron distance. Since experimentally determin-3 ialues f o r  the 
Klystron distance for  the OME system configuration are not  presently ava i l -  
able, and i n  l i e u  o f  actual combustion character izat ion t e s t  data, t kc !  Klystron 
distances were determined based on IHT  1-7-10 and 1-7-12 t e s t  data. The 
fuel and ox id izer  K lyst ron distances were assumed t o  be equal and independent 
o f  engine operating condit ions. These assumptions are probably i n v a l i d  but 
were made f o r  lack of actual combustion character izat ion t e s t  data. 

Shown i n  Fig. 21 i s  the decrement f o r  t es ts  10 and 12 as a function o f  the 
Klystron distance. 
of the complex frequency d iv ided b.y the r a l  p a r t  of the complex frequency 
and i s  a measure o f  how f a s t  the wave w i l l  grow or  decay. 
f o r  the decrement indicates a damping o r  s tab le behavior, whereas a neqative 

The decrement ( A )  i s  defined as minus the imaginary p a r i  

A oos i t f ve  value 

R-9807/ IV-21 



0.08 

0.06 

0.04 

0.02 

I- 
2 
W 

W 
(z 

W 
0 

I 0.0 

r> 

-0.02 

-0.04 

-0.06 

-0. oa 

-0. i o  

TEST IHT 
1-7-10 

TEST I HT 
1-7-12 

I 1 1 1 1 1 1 

0 . O l  .02 03 .04 .Q5  .06 .07 

KLYSTRON DISTANCE, METERS 

Figure 21. Geterminetion o f  Klystron Distance Rased upon WSTF Tests 
IHT 1-7-12 AND IH'l 1-7-10 

c . 2 -  



value indicates an inci-easing amplitude o r  unstable behavior. Marginal 
s t a b i l i t y  o r  I n s t a b i l i t y  yorresponds t o  a decrement value near zero. 

Since tests 10 and 12 were experimentally unstable, Fig. 21 y ie lds the 
resu l t  that  the Klystron distance must be qreater than 0.0495 m (1.95 in.).  
For model ver i f icat ion,  a Klystron distance o f  0.0508 m (2 in.)  was selected 
based on the information presented i n  Fig. 21. 

COMPARISON BETWEEN CALCULATED AND 
EXPERIMENTAL RESULTS 
Exex t ion  o f  the complete engineering model resul ts  i n  the predict ion of 
the osc i l l a to ry  frequency and information re la ted t o  the s t a b i l i t y  o r  damp- 
ing coe f f i c i en t  (decrement) of t ha t  frequency for the presswe-fed propul- 
sion system. For each given t e s t  case, the frequency and s t a b i l i t y  predicted 
by the engineering model can be compared w i th  the experimental data. Shawn 
i n  Table 6 are the tabulated experimental data and calculated results. 
Comparison between calculated and experimental resu! t s  indicate tha t  the 
model i s  i n  agreement w i th  the experimental data i n  predfct ing stable o r  
unstable operation f o r  a l l  tests except IHT 1-7-11. Also, the value f o r  

the decrement for t e s t  Ir 1-7-10A should be closer t o  the neutral s t a b i l i t y  
value of zero. Comparison o f  the experimental and calculated frequencies 
f o r  the unstable tests y ie lds the r e s u l t  t ha t  the calculated i n s t a b i l i t y  
frequencies are much lower than the experinental values. This discre- 
pancy i n  frequency could be due t o  assumptions i n  modeling the feed system 
or t o  omit t ing cer ta in  combustion ef fects.  

Figure 22 presents the experimental and calculated resul ts  as functions 
of the fue l  and oxidizer i n jec to r  pressure drops. The experimental data 
can be separated i n t o  stable and unstable regions, i .e., i f  the fue l  and/or 
oxidizer del ta pressure i s  below a cer ta in  value, the engine was experi- 
menta;ly unstable. Based on t h i s  f a c t  and the calculated resul ts presented 
i n  Taole 6 , Fig. 22 indicates that  the model calculat ions are not sensi t ive 
enoush t o  the oxidizer i n jec to r  pressure loss. Based on tests 9 and 10 
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TEST NO. 

8 

9 

10 

1 OA 

11 

12 

14 

TABLE 6 COMPARISON OF CALCULATED 
AND EXPERIMENTAL RESULTS 

EXPERIMENTAL 
FREQUENCY (Hz ) 

Stab1 e 

Stable 

245 

Marginal ly  
Stable (350) 

280 

255 

Stable 

CALCUL 
FREQl! ENCY 

216.4 

209.6 

207.1 
281 .O 

152.1 
175.8 
211.3 
247.3 

198.6 
219.8 
261.4 
293.2 

174.3 
212.8 
280.4 

264.8 
314.8 

'ED 
DECRf3EM 

0.1370 

0.0417 

-0.0078 
0.1024 

0.1431 
0.2794 
0.1353 
0.1535 

0.1748 
0.1598 
0.1159 
0.0695 

0.1901 
-0.0533 
0.09566 

0.2613 
0.2020 
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(or 12), the model predicts the correct trend with respect t o  fuel delta 
pressure but examination of tests 10A and 11 shows that the model does not 
predict the correct trend with respect t o  oxidizer delta pressure. This 
insensi t iv i ty  t o  oxidizer delta pressure could be due t o  the part icular 
hydrodynamic modeling of the oxidizer system o r  due t o  using the same 
Klystron distance for  the oxidizer and fuel. 
K lys t rm distance was determined based on tests 10 and 12 which are con- 
trol leci by the fuel system. Also, the omission o f  certain combustion effects 
could, and probably are, affecting the model predictions. Final determination 
of the models i n a b i l i t y  t o  predict correct ly the experimental resrrlts o f  tests 
11 and 10A cannot be made u n t i l  a f te r  combustion characterization studies 
have been completed. A l imi ted number of calculations have shown that  the 
model i s  qui te sensitive t o  changes i n  the hydrodynamic system and certain 
combustion parameters. 

It should be noted that the 





SECTION V 

CONCLUSIOKS AND RECOWENDATIONS 

The Feed System Coupled S t a b i l i t y  Model (FSCSM) has been formulated, 

checked out and successfully executed. It has been shown t o  be 
capable o f  analyzing feed system/engine coupled i n s t a b i l i t i e s  i n  
pressure-fed, storable propellant, propulsion systems over a 

frequency range of 10 t o  1000 Hz. The model has been constructed i n  
a generalized manner i n  order tha t  i t  may be read i l y  applicable t o  
present and future engine and propulsion systems. 

iJased upon the l im i ted  number of model ve r i f i ca t i on  analyses 
conducted thus f a r  using the OME system as a working basis, the 

model appears t o  predic t  correct ly  the s t a b i l i t y  o r  i n s t a b i l i t y  of 
a given engine system. As expected by the theoret ical  analysis, 
the Klystron constant was determined t o  have a s ign i f i can t  e f f e c t  

on the s t a b i l i t y  prediction. With respect t o  the predicted unstable 
tests, the frequencies calculated by the model were fount to be much 
lower than the experimentally determined frequencies (?13 Hz vs. 255 Hz 

and 237 Hz vs. 245 H t ) .  ik.ese resul ts are due i n  pa r t  tu the assumptions 
used i n  modeling the feed system as well  as t o  the omission of 
cer ta in  combustion effects. The calculated frequencies were found 

t o  be highly sensi t ive t o  the feed system input data, pa r t i cu la r l y  
t o  the lengths of the va-ious l i n e  segments and t o  the i n jec to r  
manifold volume. 

related t o  the magnitude o f  the i n jec to r  bP. Comparison of the 
avai lable experimental and calculated resu l t s  indicated tha t  the 
model was not sensit ive enough t o  the oxidizer i n jec to r  pressure loss. 

I n  addition, the value o f  the decrement was d i r e c t l y  

A number o f  areas ex i s t  where modifications or possible improvements 
t o  FSCSM can be made. These are l i s t e d  below: 
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1. Input data required by the model should- be simpli f ied. This 
could be accomplished i n  two steps. F i r s t ,  modify the output 

of the ste.ady-state DER program t o  calculate and p r i n t  out i n  
a log ica l  sequence the pert inent data t o  be used as input t o  

the conbus t i  on and chamber dynamics subprograms. Next, change 
the hydrodynamics subprogram t o  accept l i n e  segment AP's as 
input data and calculate values of resistances and acoustic 
ve loc i t ies in ternal ly .  

2. More accurate feed system formulations should be investigated 
t o  include the effects o f  various nonlinearit ies. This would 

icvolve the use of  the complete cont inu i ty  and momentum equations 
instead of the s impl i f ied "waterhamner" description. 

3. Improvements i n  the combustion and chamber dynamics model 
formulations should be studied. 
terms should be reviewed. These were neglected during model 

v e r i f i c a t i o n  due t o  t h e i r  extreme s e n s i t i v i t y  i n  affect ing the 
model resul ts.  
the e f f e c t  o f  mixture r a t i o  on nozzle admittance should be 

determined. 
time delays as functions o f  pressure, temperature, mixture 
ra t i o ,  etc., should also be investigated. 

F i r s t ,  the ve loc i ty  coupling 

I n  addition, more r e a l i s t i c  methods o f  evaluating 

Improved methods o f  calculat ing the vaporization 

Inclusion of the f u l l  set o f  spray equations (continuity, 
momentum, etc.) would enable the Klystron constant t o  be 

determined more read i l y  as a function of the propeliant properties 
and/or i n jec to r  geometry. This would also y i e l d  more r e a l i s t i c  
expressions from oich the vaporization rates and droplet 

ve loc i t ies could be calculated, Although t h i s  would tend t o  
increase the complexity o f  the chamber dynamics equations, the 
solut ion method f o r  determining the complex frequency and 

decrement ( s t a b i l i t y  ra t ing)  would not be affected. 



Final ly,  t o  incorporate cer ta in  types o f  non- l inear i t ids i n t o  
the combustion dynamics formulation, the combustion coeff ic ients 
should be made functions of the local  peak-to-peak pressure 
amplitude. Then, invest igat ion of s t a b i l i t y  o r  i n s t a b i l i t y  for  
a f i n i t e  disturbance could be made and the actual peak-to-peak 
amp1 i tudes determined f o r  unstable disturbances. 

4. Actual OME subscale t e s t  data should be obtained y ie ld ing  
combustion characterization t e s t  parameters and detai led feed 
system information t o  provide a more rigorous v e r i f i c a t i o n  o f  
the FSCSM. The experimental t e s t  program should be structured 
i n t o  two phases. The f i r s t  phase would be used t o  check out 
the hydrodynamics model formulation. 
the pressure i n  the t e s t  chamber under non-combustion condl t ions 
and measuring I oca1 osci 11 atory pressures and f 1 owrates a t  
selected points along +.he length o f  the teed system. The 
second phase would c t-. ver l fy  the combustion and chamber 
dynamics models. . :J <..-r,ist o f  pulsing the feed system 
a t  a known freque r... d3d measuring the combustor response. 

It would involve perturbing 

5. Additional areas ex i s t  where improvements i n  the model could 
a id  i n  bet ter  understanding o f  typ ica l  feed sy-tem coupled 
i nstabi 1 i t ies.  These include: 

a. Multi-dimensional chamber and manifold descriptions 
b. Coupli:.g o f  pressure response with i n jec to r  passage 

resonance 

A multi-dlmensional model would be very useful i n  analyzing I n s t a b i l i t i e s  
where response i n  the chamber i s  not Ltnlform across the i n jec to r  face. 
This would include analyzing the e f f e c t  o f  feed system coupling on 
chamber rad ia l  and tangent(a1 modes of I n s t a b i l i t y  as well  as 
including the proper feed system effect  i n  the design and analysis of 
acoustic cavit ies. Previously, feed system contr lbutions t o  chamber 
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resonant modes of i n s t a b i l i t y  have usually been ignored. However, 
some flow osc i l l a t i ons  can occur across the i n j e c t o r  face f o r  even 
very high frequency osci l lat ions.  I n  some cases, feed systen 
modifications may be the method used t o  s t a b i l i z e  th is  type o f  
i n s t a b i l i t y .  
effect could make design of damping devices more re l i ab le .  

I n  other cases accurately including the feed system 

Another type of i n s t a b i l i t y  t ha t  occasionally occurs i s  a feed system 
resonance involv ing only the i n jec to r  flow path coupling w i th  some 
pressure response feedback. These i n s t a b l l  i t i e s  are generally high 
frequency (observed i n s t a b i l i t i e s  have been from 4400 t o  14,000 
Ht ) .  The in jec to r  resonant response character is t ic  can be accurately 
modeled, but the feedback loop involving chamber combustion o r  some 
other generation of pressure osc i l l a t i ons  has not been simulated. 
This makes evaluation o f  various modifications somewhat qual i ta t ive.  
If the pressure feedback loop could be accurately simulated, the 
determination of required system modifications would be more re l i ab le .  
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APPENDIX A 

FEED SYSTEM HYDRODVNAMICS MGDEL EQUATIONS 

I n  t h i s  appendix, the system of 57 equ. t ions describing the generalized feed 
system shown i n  Fig. 7 I S  presented. The equations are  given i n  the l 'year-  
ired, La Place transformed format required by the frequency response sub- 
routine. The der ivat ion o f  the y u a t i o n s  i s  based upon the mathemtical for- 
mu'ation out l ined i n  Section J I .  
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(A-1 1 ) 

(A-1 2) 

(A-13) 
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-TgS 
p6 + (f$ + ag) Wl2 - Ip5 + ag Wl1] e = o (A-14) 

P I  ( R l o  + 613 - CP, + al0 Wl2I e -T1Os = () 

P7 - Z0s W14 - Ro W14 Po 

(A-16) 

(A-17) 

(A-18) 

(A-26) 'T16S = 
'11 '16 w22 - ['12 + (R16 - a16) (w24 + w2s)3 e 





(A-40) 

(A-41) 

(A-42) 

(A-43) 

( A - W  

(A-45) 

(A-46) 

(A-47) 

(A-48) 

(A-49) 

(A-50) 

(A-51 ) 

(A-52) 



x = Pl0 

Y = P,6 

(A-53) 

(A-54) 

(A-55) 

(A-56) 

(A-57) 

R-9807/A-6 



APPENDIX 

COMBUSTION MODEL EQUATIOWS 

KLYSTRON EFFECT 
The dynamics of the l i q u i d  propellant j e t  from the in jec to r  face t o  any 
location i n  the chamber are described by the cont inui ty and momentum 
q u a t  i ons : 

Assuming 
pj = constant 

* =  0 
ax 

@ t i + $  (4 any variable), 

where 
T =  f (x )  (time average value) 

(8-4) 

(osc i l la tory  value) 0 - 7 )  
- i w t  $ = @'e  

a s ' =  g(x), (8-8) 

the time average cont inui ty and momentum equations become: 

"( dx 'j'j ) = o  

Or - 
vj = constant 

iTj = constant 

(6-9) 

(6-10) 

(Boll) 

(E-12) 
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The f irst-order o s d  l l a to ry  continuity and momentum equations can be wri t ten 
as 

Combining Eqs. &7 and 8-#yields 
dv! 

J X  
vi(- iw) + v. = 0 

which can be integrated t o  y i e l d  

S i  nee 

the osci l latory j e t  velocity can be wr i t ten as 

(B-13) 

(8-14) 

(B- 15) 

(B-16) 

(B-17) 

(6-18) 

Substituting Eqs. 8-7 and 8-16 i n to  Eq. B13 yields 

(B-19) 
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Integrating Eq. 6-19 pnd employing Eq. 8-17 yields the j e t  area 
rcI 

lk mass flowrate o f  the j e t  i s  

. 
= A p v  

"j j j j  

Therefore, the osci l latory flowrate i s  

Combining Eqs. 6-18 , 8-20, and 8-22 gives 

(8-20) 

(8-21 ) 

(8-22) 

(8-23) 

DROPLET VAPORIZATION 
For the fuel o r  oxidizer spray, the droplet continuity equation can be 
wri t ten as 

( A P v )  = - A N  h k k  vaPk 

and the vaporization rate i s  (Ref. 12) 

nok kfk NUHk 'k 
m *t 

pvk 
vaPk 

(8-24) 

(8-25) 

where Pk i s  the spray density (mass of spray pel un i t  chamber volume), Nk i s  
the number o f  droplets per un i t  chamber volume, and 
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c Nu pW Dv 

fk Hk k 

"k mk 'k k 

k Nu R Tf Z k  r' 

Not i ng that  

the droplet number flowrate can be w r i t t e n  as 

Therefore, Eq. 8-24 can be wri t ten as 

Nk m d - ( m N ) = - -  
Ox k k Vk vaPk 

(B-26) 

(B-27) 

(6-28) 

For steady-state combustion models, the preceding equation [along with tq. 
i s  numerically integrated allowing the droplet diameter, Dk, t o  v v y  along 
the length o f  the combustor and maintaining constant droplet number flowrate 
( ik ) '  combs' (Ref. 20) has shown that  changing from a variable droplet 
diameter t o  a variable droplet nunher flowrate y ie lds approkimately the same 
results for steady-state vaporization. Therefore, i n  order t o  s i m l  rfy the 
integration for s t a b i l i t y  analysis, the droplet diameter was held constant 
and the droplet nunber flowrats was assumed t o  vary. 

6-25 ) 

Sumning Eq. 8-24 over a l l  fuel or oxidizer droplet size groups yields 

which can be writ ten as 

9 
A% (AP v ) -0-1 -A m d x s s  TS VaP, (8-31 ) 
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where 

.c, " k k 

Letting t k '  kfk, cpvk be independent o f  k and assuming 

f = f(t) 
S 

yields : 
C 2 

- PRs 'vs Os - 
?S -@)Z s kfs *ti, ' 

where 

From Eq. 8-31 

Integrating Eq. 8-38 between yo and x 

(8-32) 

(9-33) 

(8-34) 

(8-35) 

(6-36) 

(8-37) 

(8-38) 

(8-39) 
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Subst i tut ing Eq. 8-39 i n t c  E9.B-31 
zat ion rate: 

y ie lds the fuel o r  oxtdizer spray vapori- 

(8-40) 

Using per tur ta t ion techniques, the time average vaporization r a t e  can be 

wr i t t en  aLs - 

and the osc i l l a to ry  vaporization r a t e  can be wr i t t en  as 
u 

Assuming 

vs (v s 1 x=xg 

y ie lds 

(8-41) 

(8-42) 

(B-43) 

(8-44) 

Let t ing p 

fore be expressed as 

, cp 
, and kf be constant, the osc i l l a to ry  time delay can there- 

&s vs S 

(B-45) 
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DROPLET VELOCITY 
The droplet drag equation can be wr i t ten  as 

Le t t  i ng 
v 

cDk = * 4 ( s - l s p T i q ) a k  

the droplet drag equation becomes 

the osct l la tory  droplet drag equation i s  

d t  'dragk 

Thn fol lowing expressions are assumed: 

N - i w t  v - v'e 

e - i w t  = R v'e 'k 'k 

(8-46) 

(8-47) 

(8-48) 

(B-49) 

(8-50) 

(8-51) 

(8-52) 

(8-53) 
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Hence, 

(1-R ) V '  R V ' ( - i w )  = 
Vk 'dragk 'k 

or 

(8-54) 

NUSSELT NUMBER 

It may be observed that one o f  the dominant term i n  the oscill~ 
lay  i s  the Nusselt number. For longitudinal nodes, the Nusselt number i s  
(Ref. 21) 

time de- 

r Lett ing 

where 

A M Z L C  J"-'k L 1 
steady state 

(8 -56)  

(8-57) 

(6-58) 

the Nusselt number can be wri t ten as 

Expanding the preceding equation i n to  t ime avera?e and - ' c i l l a tn ry  parts 
y i  el ds 

(B-60) K H  P v  

(8-61) 
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From the def in i t ion of Fv and the droplet velocity equations: 
1/4 

F" * {[T - T k  +; - R 'k 'I2 &2) (v-vk) 

112 

FV . 

Lett ing 

h - , and - = R F  F V  - 
v v c  V 

(B-62) 

(B-63) 

(8-64) 

(B-65) 

the following equation can be determined: 

For smal l  perturbations i n  the pressure, the l inear response factors a. 3 the t ime 
average values are 

r p - 1  , v = 1  (B-67) 

(8-68) 



OSCILLATORY DROPLET TEMPERATURE 
The osci l latory combustion tim delay requires the evaluation o f  the heat 
transfer blockage term which i s  related t o  the combustion gas and l i q u i d  vapor 
proaerties. Since the vapor pressure a t  the droplet surface i s  related t o  
the droplet tstrgerature, the blockage term also depends on the osci l latory 
droplet surface tenperature. For a single droplet, the temperature inside 
the droplet can be described by the energy equation 

- a (pcpT) = 1 2 a ar Cr*keff $1. a t  
r a+ (8-69 j 

where keff i s  the effective l i q u i d  thermal conductivity. For zero recirculat ion 
inside the droplet, keff i s  the standard l i q u i d  thermal conductivity. For 
i n f i n i t e  recirculation. keff i s  also in f in i te .  

Since 

P C ~ T  = PcVT + p 

and assuming 

P =  constant, cy = constant, keff = constant, 

the energy equation can be wri t ten as 

The osci l latory part of the preceding equation i s  
r 7 

(B-70) 

(B-71) 

(B-72) 

(B-73) 

(8-74) 
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where 

- i w t  T = T  + 7 = + T ' e  

and the solution i s  

T' = (T'Ircrs 

s inh Rr 
sinh 

(8-75) 

(8-76) 

Dif ferent iat ing the preceding equation and evaluating a t  the droplet surface 
y i  e l  ds 

Since the heat transfer rate t o  the droplet surface i s  

(8-78) 

the response factor can be evaluated as: 

H U T  TRANSFER BLOCKAGE TERM 
From the analysis o f  the gas f i l m  surrounding a vaporizing droplet, the droplet 
heating rate can be expressed as (Ref. 12): 

I- 1 

Qs = Zkf 

where the heat 

(e -1) 

transfer blockage term i s  
c Nu, PW, a, 

kfNutiR Tf 

f f  

In (6) z =  pvf 

(8-80) 

(B-81) 
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Assuming that  the tim average droplet temperature i s  a t  ''wet bulb" condi- 
t ions [(3Ts/at = 01 and the following variables are constant 

C pMuVf-Vf 7 -  Num 
PVf7 N"H 

the osc i l la tory  heat transfer blockage term can be wri t ten as 

Lett ing 
- 

AH- - TS 

Ts 
%H 

v a p s  

*%ap 

(B-82) 

(8-83) 

(8-84) 

(B-85) 

7 

(8-86) 

the osci l latory droplet heating rate can be wri t ten as 

The osci 1 latory heat transfer blockage term then becomes 

'f 
S 
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Combining the prece\ding equations with the heat transfer ra te given i n  the 
preceding section and l e t t i n g  

T' ='it (+)$ (B 84b 

the heat transfer blockage term becomes: 

(B-90) 

Combining the preceding L * -  'essions, and expressions presented i n  the model 
formulation section, with the general vaporization rate expression (p. 11-25] 
yields the combustion coefficients: 

(B-9i) 

(8-92) 



c8 S = R r,, (“;.I *) 

- 
- 0  

c1 2, c4s 

‘14, = ‘6, 

= - c  
5 8S 

‘1 6 

- - = c  - - 
‘2,- ‘3, 5; ‘7, ‘loS= 'lis= ‘13,= ‘15,= * 

where the subscript s denotes the fuel o r  oxidizer and 

R =  %njS 

R,, S = [ bs - as % E j s  

I t  should be noted that the osc i l la to ry  heat blockaoe term has been 
neglected based on work presented I n  Refs. 
that  t h i s  term i s  not important a t  low frequencies. 

22 and 23 which indicates 

(B-94) 

(B-95) 

(B-96) 

(8-97) 

(B-96) 

(B-99) 

(B-100) 

jB-101) 

(B-102) 
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APPENDIX C 

CHAMBER MODEL EQUATIONS 

I n  th is  appendix, chamber model equations are derived from basic f l o w  
equations. Complete derivation of the basic equations i s  presented i n  
Ref. 31. Assumptions used i n  the derivation o f  the basic equations 
are: (1) ideal gas flow i s  va l i d  state equation; (2) d i l u te  sprays 
occupy a negl ig ib le f ract ion o f  chamber volume; (3) the spray can be 
represented by a f i n i t e  number of dropsite groups; each dropsize group 
contains a large number o f  loca l l y  ident ical  drops; and, each s i t e  group 
constitutes a sepamte l i q u i d  phase and exchange terms between l i q u i d  
phases are not included; (4) drag contributes only k inet ic  energy 
t o  the spray energy equation; (5) secondary "shear" breakup of drops i s  
not included; (6) negl igible coupling between diffusion and t h e m 1  
gradients; and (7) no body forces. 

The following equations can be formulated f o r  the gas phase: 

6as Continuity 

+ V.(Pii) 

Gas Momentum 

Equation of State 

P = PRT 

Shear Stress 



Gas Energy 

- Q: - uj FJ 
*" 

Gas Mixture Ratio 

[V' MR - 210 MRi2 ] m - %ff 

Heat Transfer Rate 
4 

0 = -keffVT - z (P B,ff) h i  J Y f  

i 

Drag Force 



an n an - -. 
Fj - 0, (Ij - 0, uJ = U, 

The preceding equations can be s impl i f ied f o r  longitudinal modes to: 

Gas Continuity 

(C-10) 1 A t a (APv)  = A [%ap m 
ax ox vaPfu 

Gas Momentum 

Gas Energy 

2 
= AS + A  [i (hbx + E )  vapox 

+ m  
vaPf u 

Equation o f  State 
p = PRT 

Gas Mixture Ratio 

(C-12) 

(C-13) 

a a (P MR) + (AP v MR) = A(2 MR t 1) (4 ) - A(MR12 (% ) (C-14) * n  apex apf u 
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(C-1s) 

(C-16) 

and substi tut ing these relat ions i n to  the preceding longitudinal equations, 
y ie lds the following modified longitudinal equations: 

Gas Continuity 

A .@ + (Ap V )  = A (h ) a t  ax vap,, + SaPf "  

Gas Momentum 

Equation o f  State 

Gas Energy 

A 3 + AV a 
+ ym, p ax (Av) - 

Gas Mixture R a t l o  

(C-18) 

(C-19) 

(C-20) 

(C-21) 

(C-22) 
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Because of the complexity i n  solving nonlinear p a r t i a l  d i f ferent ia l  
equations perturbation techniques were used t o  s impl i fy  the 
governing dynamic equations. Assuming 

4 = b +  ( +  any variable), 

where 

(C-23) 

(C-24) 

(C-25) 

each perturbation quanti ty was taken t o  be of order (e), where (E)  i s  a 
small ordering parameter tha t  i s  a measure o f  the wave amplitude. The 

perturbation expressions for each of the independent variables were 
substituted back i n t o  the nonlinear p a r t i a l  d i f f e ren t i a l  equations, where 
a l l  terms of &,.der ( E  ) o r  higher are neglected. The resu l t i ng  time-averaged 
equations can be solved f o r  the time-averaged variables and the osc i l l a to ry  
equations can be solved by assuming solut ions o f  the form 

2 

.. - i w t  O =  O l e  (C-26) 

whore 4 '  = f ( x )  and u i s  the complex frequency. The resu l t i ng  equations 
form a system of ordinary d i f f e ren t i a l  equations i n  terms of the variables 
4 '  s and can be numerically integrated by employing boundary conditions 
and i t e r a t i o n  techniques. 

Fcllowivg t h i s  approach the perturbation equations were expressed as: 

V I V + C ~ V ' ~  - - i o t  

(C-27) 

(C-28) 

(C-29) 



(C-30) 
M R = M ~ + M R ' ~  - i w t  

The time-averaged equations were determined to  be: 

Gas Mixture Ratio 

(C-31) 

(C-32) 

(C-33) 

(C-34) 

(C-35) 

(C-36) 

(C-37) 

(C -38) 



The osci l latory equations are given by: 

Gas Continuity 

- 
(AFT) = dF + (V) d9'+ pl 

+ rir' ) (mvao,x yaptu 

cld dx A; cg 
. I  

Gas Momentum 

Equation of State 
-- 

p' = PI t To t pT ($)# m' 
P 

Gas Energy 

(C-39) 

(C-40) 

(C-41) 

(C-42) 
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Gas J i x t u r e  Rat io  

The boundary condi t ions fo r  the steady-state d i f f e r e n t i a l  equations are 

P = P, 
xO 

(C-43) 

(C-44) 

2 Assuming small Mach numbers, i.e., M << 1, the steady-state d i f f e r e n t i a l  
equations can be in tegra ted  between the  s t a r t  plane for vaoor izat ion (xo) 
and any l oca t i on  (XI t o  y i e l d  
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- 
p = constant = - 

C 
(C-45) 

where 

(C-46) 

(C-47) 

(C-48) 

( C - 4 i )  

(C-53) 

If the gaseous i n j e c t i o n  ve loc i ty  i s  equal t o  zero (YxrO = 0). the steady- 
s ta te  mixture r a t i o  and density a t  x = xo  a r e  determlned by 



These equations were dedeloped by taking the l i m i t  as x -+ x0 froin 
a downstream distznce. 

?he boundary conditions f o r  the osc i l l a to ry  d i f f e r e n t i a l  equations are 

Q x = o  
p '  = Ap 

v '  = W x = o  

(C-51) 

(C-52) 

(C-53) 

Fr, in these boundary conditions and the osc i l l a to ry  d i f f e r e n t i a l  equations 

the osc i l la tary  conditions a t  the s t a r t  plane for vaporization (b) can be 
determined and are: 

;;here 

(C -54) 

(C-55) 
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1 I 

pxo - p x  0 - - - ($]d mi 0 
R,O 

- 
TxD 

(C-56)  

(C-57) 

(C-58) 

(C-59) 

I f  the gaseous in jec t i on  ve loc i ty  i s  equal t o  zero (Vx-o - = 0), the osc i l -  
l a to ry  mixture r a t i o  a t  xo i s  determined by 

1 

i 
vaPfu 

(C-60) 

This equation was developed by taking the l i m i t  o f  the mixture r a t i o  
equation as x + xo from a downstream distance. 

The nozzle admittance based 3n Lqstream conditions i s  

(C-61) 



and the nozzle acbnittance based on downstream conditions f S  calculated 
based on the fol lowing analysis. 

The gas flowrate of the nozzle i n l e t  plane i s  

where the characterist ic velocity i s  

For short nozzles, the osc i l la tory  mass flowrate can be wri t ten as 

Assuming 

the nozzle admittance far a short nozzle can be wri t ten as 

(C-62) 

(C-63) 

(C-65) 

(C-66) 
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Assuming 

*N = *N 5 ($) 
Plf4 = constant 

the nozzle admittance becomes 

can be calculated using the admi ttance Program 
where *NF~R = constant 
developed by Bell (Ref. 32). 



APPENDIX 2 

REPORTS RESULTING FROM CONTRACT WS9-14315 

As a r e s u l t  o f  work performed under Contract NAS9-14315, "Orb i ta l  Maneuvering 

Engine, Feed System-Coupled Stsbi li ty Investigation," the fol lowing repor ts  have 
been produced. They are l i s t e d  i n  chronological order. The subject matter o f  
each repor t  i s  sumnarized. 

1. 

2. 

3. 

Linow, F. R.: "Combustion Characterization Test Plan," ASR 74-333, Rocketdyne 
Division, Rockwell In ternat ional ,  Canoga Park, CA, October 1974. Describes 

i n  d e t a i l  the t e s t  objectives, t e s t  hardware, t e s t  procedures, and data re-  

quirements necessary t o  obta in  empir ical character izat ion o f  s t a b i l i t y -  
re la ted  propel lant  i n j e c t i o n  parameters and sensi t ive operating condit ions 

f o r  OME-type combustor hardware. 

Kahn, D. R. : "Engineering Ftodel Characterization Evaluation In te r im Report," 

ASR 74-372, Rocketdyne Div is ion,  Rockwell International, Canoga Park, CA, 
Scxnber 1974. A sumnary of the e f f o r t  conducted during Phase I of Contract 

NAS9-14315. 

modeling the propulsion system's hydrodynamics, combustion dynamics, and 
chamber dynamics, and presents recommendations fo r  the character izat ion 

technique t o  be used i n  each o f  these areas. 
recomnended techniques i n t o  an overa l l  engineering model i s  a lso described. 

Kahn, D. R. : "Engineering Model V e r i f i c a t i o n  Plan,'' ASR 75-108, Rocketdyne 

Division, Rockwell In te rna t iona l ,  Canoga Park, CA, A p r i l  1975. S m a r i z e s  
the White Sands Test F a c i l i t y  h o t - f i r e  t e s t  operating data t o  be employed i n  
the v e r i f i c a t i o n  o f  the OME Feed Systern-Coupled S t a b i l i t y  Model. The repo r t  
contains d e t a i l s  o f  Rocketdyne's th rus t  chamber and in jec to r ,  as wel l  as 

schematics o f  the fue l  and ox id izer  feedl ine configuration used dur ing these 

tests. Anpl icat ion o f  the experimental data t o  model v e r i f i c a t i o n  i s  de- 
scribed and the f i n a l  v e r i f i c a t i o n  plan i s  presented. 

Includes a de ta i led  assessment of the ava i lab le  techniques f o r  

A plan for  incorporating the 



4. Kahn, 3. R., Schuman, M. D., Hunting, J. K., and K. W. Fert ig: 

Maneuvering Engine, Feed System-Coupled S t a b i l i t y  Investigation, Final Report," 

R - S O / ,  Rocketdyne Division, Rockwell International, Canoga Park, CA, Sep- 
tember 1975. This report sumnarizer. a l l  technical e f f o r t  conducted during 

each phase of the program, and i s  contained w i th in  the present volume. 

"Orbital 

5. Schuman, M. D., Fertig, K. W., Hunting, J .  K., and D. R. Kahn: "Orbital 

Maneuvering Engine, Feed System-Coupled Stabi 1 i ty Investigation, Computer 

User's Manual ,I1 R-9808, Rocketdyne Division, Rockwell Internationa:, Canoga 

Park, CA, September 1975. Presents complete docmentaticn o f  the Feed 
System-Coupled S t a b i l i t y  Model. The report  presents the m a t h a  t i c a l  formu- 

l a t i o n  of the model and a detai led descript ion of the computer program. The 
l a t t e r  inc1r;des the structure o f  the main program and a l l  subroutines, 
instruct ions f o r  data input, in terpretat ion o f  program output data, and de- 

t a i l e d  analyses of program operation. Appendixes present Grogram flow 

charts, computer code l i s t i ngs ,  and sample case input/output data. 

R-98071 D- 2 


