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Apr i l  8 t o  December 31, 1965 

INTRODUCTION 

With t h e  advent of space propuls ion,  combustion phys ics  has  under- 
gone d r a s t i c  innovat ions ,  concerned p r imar i ly  with t r a n s i e n t  combustion 
phenomena and more s p e c i f i c a l l y  with problems of rocke t  engine combustion 
i n s t a b i l i t y .  
i g n i t i o n  i n s t a b i l i t y ,  more r ecen t  s t u d i e s  have been d i r e c t e d  toward t h e  pre-  
i g n i t i o n  s t a g e s ,  p r imar i ly  because of t he  c a t a s t r o p h i c  p re s su re  sp ik ing  (hard 
s ta r t )  experienced during vacuum s tar ts  f o r  low t h r u s t ,  hypergol ic  b i p r o p e l l a n t  
rocke t  engines.  I g n i t i o n  p res su re  sp ikes  as l a r g e  as 4000 p s i a  have been ob- 
served i n  pro to type  100-lb t h r u s t  Apollo RCS engines fue led  with Aerozine-50/ 
n i t rogen  t e t r o x i d e  ("TO) and s t a r t e d  a t  a p re s su re  corresponding t o  a n  a l t i -  
tude of 300,000 f e e t .  Pressure  sp ik ing  of t h i s  magnitude gene ra l ly  reduces 
engine performance and/or engine l i f e .  
circumvent such problems by means of a hardware f i x ,  t h i s  i s  u s u a l l y  a tem-  
pe ra ry  s o l u t i o n ,  s p e c i f i c  t o  a given engine. 
t o  t h e  engine developer t o  understand the  b a s i c  mechanism re spons ib l e  f o r  t h e  
sp ike  so as t o  e f f e c t i v e l y  eva lua te  the  p o t e n t i a l  of the  proposed system and 
achieve  a more real is t ic  design. With t h i s  i n  view, t h e  Bureau of Mines 
supported by t h e  Manned Spacecraf t  Center,  Houston, Texas, has  en te red  i n t o  
an  i n v e s t i g a t i o n  of t he  mechanism of such h a r d - s t a r t  phenomena. It i s  n o t  
t he  purpose of this i n v e s t i g a t i o n  to  generate  rocke t  engine des ign  cri teria 
b u t  t o  d e l i n e a t e  those  processes  i n  the  engine complex which c o n t r i b u t e  t o  
t h e  i g n i t i o n  sp ike .  
survey of t h e  l i t e r a t u r e  and indus t ry  t o  acqu i r e  a l l  information c u r r e n t l y  
a v a i l a b l e  on t h e  problem, and a proposed 18-month experimental  and t h e o r e t i c a l  
i n v e s t i g a t i o n  designed t o  provide t h e  a d d i t i o n a l  information necessary  t o  
r e s o l v e  t h e  problem. 

Although the  bulk of t h i s  research  has  been devoted t o  pos t -  

Although i t  i s  o f t e n  p o s s i b l e  t o  

Consequently, i t  i s  of m o r e  va lue  

The program i s  divided i n t o  two phases: a six-month 

The p resen t  r e p o r t  summarizes t h e  r e s u l t s  of t h e  f i r s t  phase - t h e  
six-month search of t h e  l i t e r a t u r e  and indus t ry .  Sect ion I d e f i n e s  t h e  prob- 
l e m  and d i scusses  t h e  va r ious  phys ica l  and chemical processes  occurr ing  i n  
t h e  engine complex t h a t  could con t r ibu te  to  a hard  start. 
t h e  mechanics and scope of t h e  indus t ry  survey and l i t e r a t u r e  search.  Sec- 
t i o n s  111, I V  and V dea l  with physics  of spray  formation, chemistry of com- 
b u s t i o n ,  physicochemistry,  and gas dynamics and t r a n s p o r t .  
in format ion  c u r r e n t l y  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on these  s u b j e c t s  and d i s -  
cuss  t h e  information gaps i n  each problem a rea .  

Sec t ion  11 desc r ibes  

They summarize t h e  

I. The Problem of Hard S t a r t  

It i s  the  purpose of t h i s  study t o  d e l i n e a t e  t h e  physicochemical 
p rocesses  i n  hypergol ic  engines t h a t  could be r e spons ib l e  f o r  hard  s tar t .  
S p e c i f i c a l l y ,  i t  i s  concerned with those processes  which occur from t h e  time 
of engine  ene rg iza t ion  up t o  and inc luding  the  sp ike  phenomena. Although i t  



i s  n o t  t h e  i n t e n t i o n  of Lhis r e p o r t  t o  d i s c u s s  the  engineer ing a s p e c t s  of 
hype rgo l i c  l i q u i d  p r o p e l l a n t  engines ,  i t  i s  e s s e n t i a l  f o r  r e p o r t  c o n t i n u i t y  
t o  recognize the  b a s i c  hardware t h a t  c o n t r i b u t e s  t o  t h e  s t a t e  of t h e  system 
p r i o r  t o  i g n i t i o n .  
engine  employing a s i n g l e  double t  i n j e c t o r ;  a l though t h e  m a j o r i t y  of such 
engines  normally u s e  a number of  t hese  double t  i n j e c t o r s ,  t h i s  should no t  
a f f e c t  t h e  s a l i e n t  f e a t u r e s  of t h e  d i scuss ion .  
t h e  sequence of processes  i s  t h e  fol lowing:  l i q u i d  f u e l  and oxidant  flow 
through previous ly  evacuated l i nes  and ex i t  i n t o  the  combustion chamber from 
t h e  i n j e c t o r  head; t h e  two f l u i d  streams impinge a t  a p r e f e r r e d  ang le  a s h o r t  
d i s t a n c e  from t h e  i n j e c t o r ;  t h e  i n t e g r i t y  of t h e  l i q u i d  streams i s  destroyed 
on o r  be fo re  impingement, depending on t h e  s t a t e  o f  t he  f l u i d  i n  the chamber, 
r e s u l t i n g  i n  the  formation of  p rope l l an t  sprays  which then commence t o  vapor- 
i z e  and m i x ;  t h e  gaseous f u e l  and oxidant  reac t  chemical ly  and t h e  he t e ro -  
geneous r e a c t i n g  mass moves through the  combustion chamber and ex i t s  from t h e  
exhaust  nozzle .  The events  i n  the  combustion chamber fol lowing f l u i d  in j ec -  
t i o n  and p r i o r  t o  i g n i t i o n  a r e  complicated by such f a c t o r s  as t h e  d i s t r i b u t i o n  
of  d r o p l e t  s i z e s  and v e l o c i t i e s  i n  t h e  spray;  t h e  e f f e c t  of  p r e s s u r e ,  t e m -  
p e r a t u r e ,  s i z e ,  and gas  concent ra t ion  on t h e  r a t e  of d r o p l e t  vapor i za t ion ;  the 
e f f e c t  of p re s su re ,  temperature and concen t r a t ion  on t h e  chemical and physi-  
ca l  r e a c t i o n s ;  and the  s p a t i a l  and temporal dependence of t h e  f l u i d  dynamics. 
It  i s  apparent  t h a t  one cannot hope t o  f a c t u a l l y  d e l i n e a t e  such a complex 
aggrega te  of processes ,  bu t  must be con ten t  with an o v e r a l l  unders tanding  o f  
t h e  under ly ing  mechanism. 

F igure  1 shows a ske tch  of a n  i d e a l i z e d  hypergol ic  rocke t  

Following engine e n e r g i z a t i o n ,  

11. L i t e ra tu re  and Indus t ry  Survey Program 

The problem of  hard  s t a r t  having been def ined ,  a l i s t  of a l l  r e l a t e d  
processes  was compiled and supplemented subsequent ly  by  a more ex tens ive  l i s t -  
i n g  of key words f o r  t he  l i t e r a t u r e  search .  

The survey i t s e l f  was begun i n  A p r i l  1965. The f i r s t  two months of 
t h i s  survey were spekt  l a r g e l y  i n  searching  the  v a r i o u s  l i b r a r y  f a c i l i t i e s  
i n  t h e  P i t t sbu rgh  a r e a  and making arrangements with informat ion  r e t r i eva l  
agencies  such as  t h e  Chemical Propuls ion  Informat ion  Agency, t h e  NASA Scien-  
t i f i c  and Technical  Information F a c i l i t y ,  t h e  L ib ra ry  of Congress,  t h e  Science 
Information Exchange of t he  Smithsonian I n s t i t u t i o n ,  and t h e  Defense Documen- 
t a t i o n  Center ,  t o  conduct searches  of t h e i r  " l i b r a r i e s "  based on t h e  key word 
l i s t .  The next few months were spent  c o n t a c t i n g  v a r i o u s  p r i v a t e  and govern- 
mental  agencies  t o  acqu i r e  the  p e r t i n e n t  r e p o r t s  which were recorded and 
catalogued upon r e c e i p t .  The i n f l u x  of documents appeared t o  reach  i t s  peak 
around t h e  end of  J u l y ,  a t  which t i m e  t h e  p r e s e n t  r e p o r t  w a s  begun. Unfortu-  
n a t e l y ,  most of the  documents r e l a t i n g  d i r e c t l y  t o  p r e s s u r e  s p i k i n g  were no t  
received u n t i l  l a t e  i n  December, thus  de l ay ing  i t s  completion. 

Concurrent ly ,  a number of  i n d u s t r i a l  agenc ie s  engaged i n  r o c k e t  
engine development were v i s i t e d .  These inc luded :  Mar t in-Mar ie t ta  Corpora- 
t i o n ,  Marquardt Corpora t ion ,  Roclretdyne Corpora t ion ,  and t h e  React ion Motors 
Div is ion  of Thioltol Chemical Corporat ion.  Although f u r t h e r  v i s i t s  t o  o t h e r  
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agencies  w e r e  planned,  t h e  urgency of the Phase I f i n a l  r e p o r t  made i t  neces- 
s a r y  t o  d e f e r  t h e s e  t o  a later date .  

It i s  d i f f i c u l t  t o  e s t i m a t e  t h e  e x t e n t  of the  coverage a t t a i n e d  i n  
surveys such as t h i s .  However, thanks t o  t h e  searching  f a c i l i t i e s  of t h e  
above informat ion  retrieval agenc ie s ,  it seems u n l i k e l y  t h a t  many p e r t i n e n t  
documents were overlooked. 

111. Physics  of Spray Formation 

This s e c t i o n  i s  p r imar i ly  concerned wi th  even t s  i n  t h e  engine com- 
p l e x  immediately fo l lowing  engine e n e r g i z a t i o n ,  up t o  and inc lud ing  sp ray  
formation i n  t h e  combustion chamber. I n  a l i q u i d  rocke t  engine,  a v e r y  l a r g e  
number of p rocesses  occur s imultaneously.  Each of t h e s e  processes  h a s  i t s  
own s e r i e s  of an teceden t s  and ,  i n  t u r n ,  e f f e c t s  a series of fol lowing processes .  
Since t h e s e  p rocesses  are not  uniformly d i spe r sed  i n  e i t h e r  t i m e  o r  space ,  a 
complete mathematical  d e s c r i p t i o n  o r  model of t h e  engine i s  not  p o s s i b l e  i n  
the  p r e s e n t  s ta te  of information.  However, a q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  
main e f f e c t s  c o n t r i b u t i n g  t o  engine ope ra t ion  make i t  p o s s i b l e  t o  e v a l u a t e  t h e  
p a r t  played by each of t h e s e  e f f e c t s  and t o  s tudy  t h e  r o l e  of any p a r t i c u l a r  
engine or system parameter i n  t h e  i g n i t i o n  process .  The p resen t  d i s c u s s i o n  
fo l lows  a p a r t i c u l a r  element of f l u i d  i n  a Stokes ian  manner through t h e  vari- 
ous changes of  state from engine ene rg iza t ion  up t o  and inc lud ing  d r o p l e t  
formation.  It w i l l  show, among o t h e r  t h i n g s ,  t h a t  a l though each of t h e s e  
p rocesses  h a s  been t h e  s u b j e c t  of  numerous i n v e s t i g a t i o n s ,  t h e  p re sen t  quan- 
t i t a t i ve  g loba l  d e s c r i p t i o n  i s  st i l l  inadequate. Much experimental  and 
t h e o r e t i c a l  work i s  s t i l l  needed t o  achieve an adequate  d e s c r i p t i o n  of t h e  
p r e i g n i t i o n  engine h i s t o r y .  

There are two p u b l i c a t i o n s  t h a t  t reat  t h e  problem of sp ray  formation 
i n  i t s  e n t i r e t y .  "Spray Formation and Breakup and Spray Combustion" by A. E. 
Fuhs 
I n  a d d i t i o n ,  i n  1953 t h e  Pennsylvania State Un ive r s i ty  publ ished a n  e x t e n s i v e  
b ib l iog raphy  on s p r a y s 1  which inc ludes  a b s t r a c t s  of a r t i c l e s  p e r t i n e n t  to 
spray  format ion  publ i shed  p r i o r  t o  1953. An e x c e l l e n t  survey of sp ray  forma- 
t i o n  and breakup,  i nc lud ing  spreading  and mixing, i s  given by Bixson and 
Deboi'.k/ F i n a l l y ,  "Basic Considerat ions i n  he Combustion of Hydrocarbon 
F'cels i n  Air" cditsd by Bhriiett a d  iiiii'oaru-- appears  t o  be t h e  b i b i e  of spray  
phys ic s .  The m a j o r i t y  of t h e  m a t e r i a l  examined d e a l s  with some s p e c i a l  a s p e c t  
of t h e  product ion  of an  atomized f u e l  (spray)  which normally involves  t h e  
f o l  lowing sequence : 

and "Hydraul ic  Gas-Liquid Systems" by Kutateladze and Styr ikovich.Z/  

.55 

(a) F l u i d  flow through t h e  i n j e c t o r  feed l i n e s ,  

(b)  k i n e t i c  energy imparted t o  t h e  f l u i d  stream on e x i t  from 
t h e  o r i f i c e ,  

( c )  d i s i n t e g r a t i o n  of t h e  f l u i d  stream i n t o  f i l amen t s  o r  d r o p l e t s  
by i n s t a b i l i t y  phenomena, stream i n t e r a c t i o n  with t h e  ambient 
f l u i d  or stream-stream i n t e r a c t i o n ,  
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( d )  d r o p l e t  ( f i l a m e n t )  d i s i n t e g r a t i o n  due t o  i n t e r a c t i o n  with 
t h e  arnhient f l u i d ,  

( e )  d r o p l e t  ( f i lament )  d i s i n t e g r a t i o n  due t o  d r o p l e t - d r o p l e t  
i n t e r a c t i o n  or i n t e r n a l  energy d r o p l e t  conversion,  and 

( f )  i n t e r a c t i o n  o f  t h e  combustion process  with t h e  spray.  

I I I ( 1 ) .  Hydrodynamics of F l u i d  Streams and Je t s  i n  I n i t i a l l y  Low Pressure  
Environments 

Although t h e  dynamics of nonviscous incompressible  f l u i d s  h a s  
reached t h e  l e v e l  of mathematical matur i ty&/ t h e  same cannot be s a i d  f o r  v i s -  
cous ,  compressible systems. The problem i s  f u r t h e r  complicated by t h e  h e t e r o -  
g e n e i t y  o f  t h e  system which in t roduces  many a d d i t i o n a l  coupl ing  phenomena, 
making a mathematical s o l u t i o n  ever  more d i f f i c u l t ,  Although t h e r e  are  numer- 
ous a r t i c l e s  p e r t a i n i n g  t o  heterogeneous flow, t h e s e  a r e  p r i m a r i l y  of a semi- 
empir ica l  na ture  and have l i m i t e d  u s e  i n  temporal problems such a s  encountered 
h e r e .  

I I I ( l ) ( a ) .  V o l a t i l e  Liquid Flow i n  I n i t i a l l y  Low Pressure  Piping 

The dynamic response of a l i q u i d  t h a t  f i l l s  a n  i n e l a s t i c  p i p e  and 
i s  suddenly re leased  a t  one end i n t o  a low p r e s s u r e  environment can adequate ly  
be descr ibed  by wave diagram techniques.  
beyond t h e  scope of t h i s  monograph, t h e  s o l u t i o n  i s  n o t  ve ry  d i f f i c u l t  i f  
v i scous  e f f e c t s  are ignored. Problems such as t h i s  have long a t t r a c t e d  t h e  
a t t e n t i o n  o r e s e a r c h e r s  and numerous i n v e s t i g a t i o n s  have been conducted i n  

Although such a c a l c u l a t i o n  i s  

t h i s  area.-  7 7  

For t h e  problem of l i q u i d  escaping f r o m  a n  i n e l a s t i c  p i p e ,  t h e  
process  s t a r t s  with a r a r e f a c t i o n  wave a t  t h e  exposed l i q u i d  i n t e r f a c e  which 
propagates  i n t o  t h e  l i q u i d  column a t  t h e  speed of sound i n  t h e  l i q u i d  (about  
4000 f t / s e c ) .  
l i q u i d  t o  flow toward t h e  i n j e c t o r  a t  a l i n e a r  v e l o c i t y  equal  t o  t h e  product  
of t h e  sound v e l o c i t y  and t h e  l i q u i d ' s  expansion c o e f f i c i e n t ;  about 4 f t / s e c  
f o r  A-50 corresponding t o  a mass flow r a t e  of 0.07 l b / s e c  i n  a q u a r t e r  inch  
I D  l i n e  I f  t h e  l i n e ' s  u l l a g e ,  f o r  t h i s  example, i s  i n i t i a l l y  less than 
2.5x10-', l i q u i d  emits from t h e  o r i f i c e  b e f o r e  t h e  r a r e f a c t i o n  reaches  t h e  
r e s e r v o i r .  Furthermore, a s  t h e  expanding l i q u i d  column moves through t h e  
l i n e ,  t h e  flow i s  r e s i s t e d  by t h e  v i s c o u s  d r a g  on t h e  w a l l s  r e s u l t i n g  i n  a 
p r e s s u r e  grad ien t  opposing t h e  l i q u i d ' s  motion. T h i s  p r e s s u r e  g r a d i e n t  causes  
a decrease  i n  t h e  p r e s s u r e  drop a c r o s s  t h e  r e c e d i n g  r a r e f a c t i o n .  
p r e s s u r e  i s  l a rge  and t h e  t r a n s f e r  l i n e  r e l a t i v e l y  s h o r t ,  t h e  r a r e f a c t i o n  
reaches t h e  h e 1  r e s e r v o i r  b e f o r e  i t s  p r e s s u r e  d i f f e r e n t i a l  becomes n e g l i g i b l y  
small .  A t  the r e s e r v o i r ,  t h e  r a r e f a c t i o n  r e v e r t s  t o  a compression wave t h a t  
t r a v e l s  back down t h e  l i q u i d - f i l l e d  l i n e  toward t h e  o r i f i c e .  O n  c r o s s i n g  
t h i s  compression wave, t he  l i q u i d  flow v e l o c i t y  a g a i n  i n c r e a s e s  by an amount 
determined b y  t h e  l i q u i d ' s  change i n  d e n s i t y .  A t  t h e  o r i f i c e  t h e  compression 
r e v e r t s  t o  a r a r e f a c t i o n  which moves back up t h e  l i n e  as  b e f o r e  and t h e  pro- 
c e s s  begins  a new c y c l e .  

The expansion o f  t h e  l i q u i d  a c r o s s  t h i s  i n t e r f a c e  causes  t h e  

I f  t h e  head 
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With each c y c l e ,  t h e  l i q u i d ' s  v e l o c i t y  i n c r e a s e s  by a d i s c r e t e  b u t  
smaller amount u n t i l  e v e n t u a l l y  a s teady s t a t e  flow i s  e s t a b l i s h e d  by v i r t u e  
of t he  d i s s i p a t i v e  fo rces .  A s  a rough estimate,  t h e  t i m e  r equ i r ed  t o  reach 
s teady  s t a t e  i s  normally assumed t o  be the  t i m e  necessary  f o r  a sonic  wave 
t o  t r a v e r s e  twice t h e  length  of the  feed l i n e  (about 5 mi l l i s econds  f o r  every 
10 f e e t  of l i n e ) .  Such f a c t o r s  as c r o s s - s e c t i o n a l  area reduc t ion ,  t r a n s f e r  
l i n e  i r r e g u l a r i t i e s  and geometry, and f l u i d  v i s c o s i t y ,  p r o h i b i t  any real is t ic  
c a l c u l a t i o n s  f o r  t h i s  process  except  i n  t h e  most t r i v i a l  of s i t u a t i o n s .  

Although t h i s  d e s c r i p t i o n  i s  admi t t ed ly  ove r s impl i f i ed ,  i t  does 
i l l u s t r a t e  some important  temporal f e a t u r e s  of t he  f l u i d  f low dur ing  t h e  
f i r s t  10 o r  20 mi l l i s econds  fol lowing va lve  opening. I n  p a r t i c u l a r ,  it shows 
t h a t  t h e  t r a n s i e n t  f low c h a r a c t e r i s t i c s  depend not  on ly  on t h e  i n j e c t o r  head 
b u t  i n  a d d i t i o n  on the  f l u i d  c o n t r o l  and t r a n s f e r  devices  r ano te  t o  t h e  engine.  
These can have an adverse  in f luence  on the  i n i t i a l  o x i d i z e r  t o  f u e l  r a t i o ,  t h e  
mixing e f f i c i e n c y  of  impinging jets and/or t he  mechanical response of t h e  
system complex. 

I I I ( l ) ( b ) .  Heterogeneous Pipe Flow 

The previous  s e c t i o n  was concerned with t h e  temporal f low cha rac t e r -  
i s t i c s  of noncav i t a t ing  l i q u i d  i n  t r a n s f e r  l i n e s .  The p resen t  s e c t i o n  con- 
s i d e r s  c a v i t a t i n g  flow i n  such l i n e s ,  e s p e c i a l l y  i t s  g e n e t i c s  and t r a n s p o r t  
phenomena. 

Although two-phase sys t ems  had been s tud ied  s p o r a d i c a l l y  f o r  over  
s i x t y  y e a r s ,  i t  w a s  no t  u n t i l  about  1935 t h a t  r e s e a r c h e r s  w e r e  a t t r a c t e d  t o  
t h i s  s u b j e c t  i n  any numbers. I n i t i a l l y ,  Naval a r c h i t e c t s  and engineers  w e r e  
concerned wi th  t h e  adverse  e f f e c t s  o f  c a v i t a t i o n  phenomena on hydrosurfaces .  
A t  p r e s e n t ,  c a v i t a t i o n  s t u d i e s  are d iv ided  i n t o  two d i s t i n c t  a reas .  The f i r s t  
concerns the  g e n e t i c  o r  n u c l e a t i o n  and growth processes  of i n d i v i d u a l  cavi- 
t ies  (bubbles) .  A cons ide rab le  amount of t h e  t h e o r e t i c a l  and experimental  
work conducted i n  t h i s  
publ i shed  by R. D a v i e s  i n  1964. The second area concerns t h e  t r anspor t .  
p r o p e r t i e s  a s s o c i a t e d  with heterogeneous (vapor- l iqu id)  systems i n  p ipes .  
Because of t h e  complexi ty  of t h i s  problem, no d i r e c t  mathematical  a t t a c k  has  
been poss ib l e .  However, s i m i l i t u d e  arguments have been used t o  develop a 
number of u s e f u l  r e l a t i o n s h i p s  capable  of gene ra t ing  des ign  c r i t e r i a .  Refer- 
ence ( 2 )  g ives  a n  e x c e l l e n t  account of t h e  dimensional r e l a t i o n s  and numerous 
exper imenta l  f i n d i n g s  a s s o c i a t e d  with two-phase p i p e  flow. 

rea i s  repor ted  i n  an e x c e l l e n t  c o l l e c t i o n  of art icles 
87 

The presence  of c a v i t i e s  i n  l i q u i d  systems h a s  been of cons ide rab le  
i n t e r e s t  t o  rocke t  engine developers  for  some t i m e ,  p r i m a r i l y  because v a r i o u s  
types  of rocke t  combustion i n s t a b i l i t y  have been a t t r i b u t e d  t o  t h e  compress- 
i b l e  n a t u r e  of t h e s e  c a v i t i e s . 9 1  This  p a r t i c u l a r  a s p e c t  i s  no t  of immediate 
i n t e r e s t  h e r e  as i t  i s  p r i m a r i l y  a p o s t i g n i t i o n  process ;  however, t h e r e  are 
o t h e r  a s p e c t s  of c a v i t a t i o n  t h a t  r e l a t e  t o  t h e  h a r d - s t a r t  problem. I n  par-  
t i c u l a r ,  c a v i t i e s  i n  t h e  feed  l i n e  c a n  s i g n i f i c a n t l y  a f f e c t  t he  flow cha rac t e r -  
i s t i c s  of t h e  l i q u i d  p r o p e l l a n t s .  It i s  gene ra l1  agreed t h a t  t h e r e  exis t  
fou r  types  of two-phase (vapor - l iqu id )  p ipe  flow,!/ (1) bubbly flow, i n  which 
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t l i s c r e t e  bubbles a r e  d ispersed  i n  the  l i q u i d  stream, ( 2 )  s l u g  flow, with 
a l t e r n a t i n g  regions of gas  o r  l i q u i d  pass ing  a given p o i n t  i n  t h e  p i p e ,  ( 3 )  
annular  o r  core flow i n  which a t h i n  l a y e r  of l i q u i d  i s  e s t a b l i s h e d  along t h e  
w a l l  wi th  a core of flow conta in ing  a d i s p e r s i o n  of l i q u i d  and g a s ,  and ( 4 )  
m i s t  f low, i n  which l i q u i d  drops a re  d ispersed  i n  a main gas  stream. Although 
a l l  fou r  flow types  can e x i s t  a t  one t i m e  o r  another  i n  our engine complex, 
bubbly and s lug  flow a r e  probably t h e  most preva len t  and w i l l  be d iscussed  a t  
some l eng th .  

It  is  now g e n e r a l l y  agreed t h a t  c a v i t a t i o n  i s  due t o  t h e  growth of 
undissolved vapor o r  gas  n u c l e i  suspended i n  t h e  l i q u i d  or  t rapped on micro- 
scopic  fore ign  p a r t i c l e s .  I t  i s  w e l l  known t h a t  t h e  r u p t u r e  f o r c e s  of v e r y  
c lean  denucleated l i q u i d s  a r e  of t h e  order  of those  p r e d i c t e d  by k i n e t i c  
theory ( s e v e r a l  hundred atmospheres) .z/ Thus, t h e  presence of n u c l e i  i s  
e s s e n t i a l  f o r  c a v i a t i o n  a t  p r e s s u r e s  of t h e  o r d e r  of t h e  l i q u i d ' s  vapor p r e s -  
su re .  I n  t h e  absence of a p r e s s u r e  g r a d i e n t ,  a bubble once nuc lea ted  grows 
by t h e  sepa ra t e  o r  combined a c t i o n  of two mechanisms: v a p o r i z a t i o n  of l i q u i d  
from t h e  bubble s u r f a c e  i n t o  t h e  c a v i t y ,  and/or ou tgass ing  of d i sso lved  gases  
from t h e  bubble s u r f a c e  i n t o  t h e  c a v i t y .  Since bubble growth by vapor i za t ion  
does n o t  r e q u i r e  mass t r a n s p o r t  through t h e  l i q u i d  phase t o  t h e  bubble s u r f a c e ,  
t h i s  mechanism i s  r e l a t i v e l y  r a p i d ;  t y p i c a l l y ,  a bubble r a d i u s  i n c r e a s e s  a t  
a r a t e  of 3 f t / s e c . . g /  
s e c t i o n  of t he  0.02-inch diameter i n j e c t o r  c a p i l l a r y  of our  i d e a l  engine i n  
approximately 0.5 m i l l i s e c .  On t h e  o t h e r  hand, t h e  growth rate o f  a gas  bubble 
i n  a quiescent  l i q u i d  i s  c o n t r o l l e d  by t h e  r e l a t i v e l y  slow d i f f u s i o n  of t h e  
d i s s o l v e d  gases through t h e  bulk  l i q u i d  t o  t h e  bubble  s u r f a c e .  The r a d i u s  of 
t h e  growing bubble i s  p r o p o r t i o n a l  t o  t h e  square r o o t  of t h e  product  of t h e  
d i f f u s i o n  c o e f f i c i e n t  and t h e  t i m a /  fol lowing t h e  i n c e p t i o n .  For example, 
carbon dioxide bubbles growing i n  a s u p e r s a t u r a t e d  water s o l u t i o n  of 15 p s i a  
( s u p e r s a t u r a t e d  a t  a C 0 2  p r e s s u r e  of 55.9 p s i a )  reach a diameter  of 0.02 
inches  i n  about 5 s e c o n d s , g /  which i s  10,000 t i m e s  slower than t h e  vapor bubble  
growth r a t e .  
bubble growth dur ing  e l e c t r o l y s i s .  When t h e  bubble  and l i q u i d  phase a r e  i n  
r e l a t i v e  motion, t h e  t r a n s p o r t  express ion  must c o n t a i n  a convect ion term,.a 
problem which does no t  appear t o  have been considered so f a r .  

A t  t h i s  r a t e ,  a bubble w i l l  completely f i l l  t h e  c r o s s -  

S imi la r  r e s u l t s  have been r e p o r t e d  by Westwaterg/ f o r  hydrogen 

There e x i s t s  y e t  another  bubble growth mechanism of s i g n i f i c a n c e  to  
our  system t h a t  h a s  n o t  been given much c o n s i d e r a t i o n  i n  t h e  l i t e r a t u r e .  
concerns t h e  expansion of a bubble  a s  i t  moves through a decreas ing  p r e s s u r e  
g r a d i e n t .  A s  t h e  expanding bubble must d i s p l a c e  t h e  l i q u i d ,  t h e  r a t e  of bubble  
growth by t h i s  mechanism depends on t h e  v i s c o s i t y  and i n e r t i a  of t h e  l i q u i d .  

This 

W i t h  t he  except ion of t h e  l a t t e r  mechanism, bubble  growth i n  q u i e s -  
c e n t  l i q u i d s  appears  t o  be reasonably wel l  unders tood ,  as theory  and exper i -  
ment appear to be i n  accord.  Before d i s c u s s i n g  t h e  a p p l i c a t i o n  of t h e s e  
concepts  t o  our p a r t i c u l a r  engine ,  l e t  u s  cont inue  t h i s  d i s c u s s i o n  o f  t h e  
g e n e r a l i t i e s  o f  two-phase f l o w  by cons ider ing  t h e  t r a n s p o r t  p r o p e r t i e s .  

The motion o f  bubbles  i n  q u i e s c e n t  l i q u i d s  h a s  r e c e i v e d  cons iderable  
a t t e n t i o n  s ince t h e  p ioneer ing  work of S tokes ,  who showed t h a t  bubble dynamics 
i n  quiescent  l i q u i d s  i s  c o n t r o l l e d  by t h e  ba l ance  of t h e  buoyant and v i s c o u s  
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f o r c e s  as long as the  bubble  diameter remains below a c r i t i c a l  s i z e  (about  
0.08 inches  f o r  an a i r  bubble i n  water).  
shape and t h e i r  dynamics are n o t  w e l l  understood. 
der ived  an  express ion  f o r  t h e  rate of bubble  rise i n  qu ie scen t  l i q u i d s  which 
is a p p l i c a b l e  f o r  a Reynolds number of less than  2. 
numbers the  m o b i l i t y  of  t h e  i n t e r f a c e  produces a flow which is d i f f e r e n t  from 
t h e  flow p a s t  a s o l i d  su r face ;  the  sepa ra t ion  p o i n t  f o r  a mobile  boundary i s  
d i sp laced  n e a r e r  t o  t h e  wake of the flow. 
t h e  bubble becomes d i s t o r t e d  and t h e  r e s u l t i n g  dynamics have no t  y e t  been 
descr ibed  mathematical ly .  

Larger bubbles  lose t h e i r  s p h e r i c a l  
Rybchinsky-Hadaman&/ 

For h ighe r  Reynolds 

With i n c r e a s i n g  Reynolds number, 

Another c a v i t a t i o n  r e a c t i o n  t h a t  h a s  r ece ived  same a t t e n t i o n  re- 
c e n t l y  is bubble c o l l a p s e .  
g a t o r s ,  i nc lud ing  Lord Rayleigh,  and h a s  been shown to produce extremely 
l a r g e  shock p r e s s u r e s  capable  of cons iderable  mechanical damage .z /  
t h i s  phenomenon is of i n t e r e s t  t o  rocke t  engine developers ,  it has  no appar- 
e n t  imnediate  bea r ing  on the p r e s e n t  problem and w i l l  n o t  be considered 
f u r t h e r .  

It has  a t t r a c t e d  t h e  a t t e n t i o n  of many iwesti- 

Although 

Two-phase flow i n  h o r i z o n t a l  c i r c u l a r  t ubes  h a s  rece ived  consider-  
a b l e  a t t e n t i o n  by both Russian and American i n v e s t i g a t o r s .  
g ives  an e x c e l l e n t  review of t h i s  s u b j e c t .  
mathematical  sinilarfty with s ingle-phase  flow, no a t tempt  w i l l  be  made h e r e  
t o  review t h e  s u b j e c t .  
o f  t h e  bubbles ,  such systems cannot be t r e a t e d  as incompress ib le  f l u i d s .  
Moreover, as w i l l  be  shown la ter ,  t h e  c a v i t a t i o n  p rocess  i s  s t r o n g l y  depend- 
e n t  on t h e  combustion chamber p re s su re  and t h u s  t h e  flow c h a r a c t e r i s t i c s  
change cont inuous ly  du r ing  t h e  p r e i g n i t i o n  chamber p r e s s u r i z a t i o n  s t age .  A s  
t h e  e x t e n t  and type of c a v i t a t i o n  a f f e c t s  t h e  r e l a t i v e  amounts of f u e l  and 
ox idan t  as w e l l  as t h e  sp ray  formation o r  mixing p rocess ,  i t  is apparent  t h a t  
c a v i t a t i o n  could be in s t rumen ta l  i n  the i g n i t i o n  de lay  process .  

Reference (2) 
Because of i t s  e x t e n t  and i t s  

It should simply be noted t h a t  due t o  t h e  presence 

I n  Sec t ion  I I I ( l ) ( a )  i t  w a s  shown t h a t  as t h e  r a r e f a c t i o n  wave 
moving upstream ove r t akes  a volume of l i q u i d ,  t h e  h y d r o s t a t i c  p r e s s u r e  of t h e  
l i q u i d  drops  sharp ly .  Fur- 
thermore if, as p rev ious ly  mentioned, vapor c a v i t i e s  form i n  t h e  feed  lin'e 
a t  t h e  p o i n t  where t h e  h y d r o s t a t i c  p re s su re  equals  t h e  l i q u i d ' s  vapor p re s -  
s u r e ,  bubbles  w i l l  normally begin  t o  form a t  a p o i n t  i n  t h e  i n j e c t o r  c a p i l l a r y  
l i n e  v e r y  near  t h e  o r i f i c e .  
and a c a p i l l a r y  l i n e  and o r i f i c e  diameter of 0.024 inches ,  t h e  l i q u i d  would 
have a l i n e a r  flow v e l o c i t y  of 1120 f t / s e c .  I n  a d d i t i o n  i f ,  a8 we have shown, 
t h e  vapor  bubble r e q u i r e s  0.5 msec t o  grow t o  the  i n j e c t o r  c a p i l l a r y  diame- 
t e r ,  t h e n  i t  would r e q u i r e  approximately 3.4 inches  of l i n e a r  t r a v e l  (assuming 
t h e r e  is no r e l a t i v e  motion between the l i q u i d  and bubble) i n  t h e  c a p i l l a r y  
l i n e  b e f o r e  t h e  bubble  would completely fill t h e  l i n e  c ros s - sec t ion .  S ince  
such c a p i l l a r y  l i n e s  are normally about 0.1 inch i n  l eng th ,  i t  seems reason- 
a b l e  t o  conclude t h a t  s l u g  flow would not r e s u l t  from t h i s  mechanism alone.  
I n  t h e  case of gas bubble growth, the problem is t o  determine the maximum 
s i z e  t h e  bubble  w i l l  a t t a i n  i n  t h e  4 msec per iod  p r i o r  t o  i g n i t i o n .  F u r t h e r ,  
s i n c e  we have growth rate d a t a  f o r  carbon d ioxide  a t  55.6 ps i&/  i t  w i l l  b e  

This is probably when gas bubbles  begin t o  form. 

Asst imlng an Ef! ~ S S S  flos rate uf 0 . 2 2  ibjsec 
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assumed t h a t  C02 is  the  p r e s s u r i z i n g  gas. Using t h i s  d a t a  and assuming t h a t  
bubble nuc lea t ion  immediately fol lows the  passage of t he  r a r e f a c t i o n ,  i t  can 
be shown t h a t  a carbon dioxide gas bubble w i l l  grow t o  a diameter 0,004 
inches  i n  4 msec. This i s  not  s u f f i c i e n t  t o  f i l l  t he  c ros s - sec t ion  of t he  
o r i f i c e ,  however, a high  nuc lea t ion  rate makes the  number d e n s i t y  of these  
bubbles  s u f f i c i e n t l y  l a r g e  t h a t  they could s t i l l  c o n t r i b u t e  t o  the  o v e r a l l  
prob l e m .  

A more r e a l i s t i c  i n t e r p r e t a t i o n  of bubble growth involves  t h e  com- 
b i n e s  e f f e c t s  of ou tgass ing  and vapor iza t ion .  The a c t u a l  con t r ibu t ion  of 
each process  t o  t h e  f i n a l  c a v i t y  s i z e  depends on the  s ta te  of t he  system and 
on the  length of t i m e  dur ing which each process  i s  ope ra t ive .  
d i f f e r e n c e  i s  tha t  t h e  vapor i za t ion  process  i s  a s e n s i t i v e  func t ion  of t h e  
combustion chamber pressure whereas bubble growth by the  outgass ing  mechanism 
i s  l i t t l e  inf luenced by t h i s  small  i nc rease  i n  pressure .  
noted t h a t  during the  4 mi l l i s econds  be fo re  i g n i t i o n ,  on ly  a s m a l l  f r a c t i o n  
of t he  c a v i t a t i n g  l i q u i d  contained i n  t h e  l a r g e r  t r i b u t a r y  l i n e  a c t u a l l y  
reaches  the  combustion chamber. 

The major 

It should a l s o  be  

Although the  pure ly  phys ica l  process  of bubble growth by expansion 
does not  involve mass t r a n s p o r t  i n t o  the  c a v i t y ,  i t  i s  l imi t ed  by the  i n e r t i a l  
and v iscous  fo rces  of t he  surrounding l i q u i d .  
s t a t i c  p re s su re  i s  150 p s i g  a t  the  en t rance  t o  t h e  c a p i l l a r y  i n j e c t o r  l i n e  
and 0.1 p s i a  a t  t h e  o r i f i c e ,  then on t r a v e r s i n g  t h i s  p re s su re  g rad ien t  t h e  
bubb le ' s  diameter would a d i a b a t i c a l l y  i n c r e a s e  by a f a c t o r  of 5.5. Conse- 
quen t ly ,  a 0.004-inch diameter bubble e n t e r i n g  t h e  0.024-inch diameter 
c a p i l l a r y  l i n e  w i l l  completely f i l l  t h i s  l i n e  when i t  arrives a t  t he  o r i f i c e .  

For example, i f  t h e  hydro- 

To sum up, i t  seems reasonable  t o  conclude t h a t  t he  bubble s tar ts  
by the  combined a c t i o n  of ou tgass ing  and vapor i za t ion  a f t e r  passage of t h e  
r a r e f a c t i o n  wave reaches a diameter of say 0.005 inch a t  t h e  en t rance  t o  the  
0.024-inch i n  j e c t o r  c a p i l l a r y  l i n e  and expands a d i a b a t i c a l l y  as i t  t r a v e r s e s  
t h i s  l i n e  t o  a f i n a l  va lue  a t  t h e  o r i f i c e  which i s  determined by the  i n j e c t o r  
p re s su re  drop and the  phys ica l  p r o p e r t i e s  of t h e  surrounding l i q u i d s .  

I n  add i t ion  t o  bubble nuc lea t ion  by microscopic  p a r t i c l e s  and cav i -  
t i es ,  t h e r e  i s  another  mechanism which f o r c e s  nuc lea t ion  and which invo lves  
flow separa t ion .  Flow s e p a r a t i o n  occurs  a t  p o i n t s  i n  a l i q u i d  s t ream where, 
due t o  sharp changes i n  the  bounding s u r f a c e ,  t h e  i n e r t i a  of t h e  l i q u i d  pre-  
v e n t s  i t  from fol lowing the  con tour ,d l  as f o r  example when t h e  c r o s s - s e c t i o n  
of t he  feed l i n e  changes ab rup t ly .  Normally, f o r  pure l i q u i d s ,  t h e  hydro- 
dynamics of the stream w i l l  determine the  geometry of such a cav i ty .  
f o r  r e a l  l i q u i d s  both outgass ing  and v a p o r i z a t i o n  i n t o  t h e  c a v i t y  causes  a 
bubble t o  grow beyond i t s  normal s i ze ,  a f t e r  which t h e  stream drags  i t  away 
from the  w a l l  and c a r r i e s  i t  downstream; then another  bubble  grows i n  i t s  
p lace  and the  process  r e p e a t s  i t s e l f .  
by such a mechanism i s  appa ren t ly  a func t ion  of t h e  boundary su r face  condi- 
t i o n  and geometry and of t he  k i n e t i c s  of t h e  gas  and vapor bubble growth 
mechanism previous ly  d iscussed .  
a c t e r i s t i c s  of heterogeneous l i q u i d  systems i n  d e t a i l .  

However, 

The number d e n s i t y  of bubbles  genera ted  

Reference (2)  d i s c u s s e s  the  f l u i d  f low char -  
The flow c h a r a c t e r i s t i c s  
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of c a v i t a t e d  systems depends on whether the  bubble i n  t h e  d i s p e r s i o n  is a gas  
o r  vapor bubble. 
t h a t  i n  a d d i t i o n  t o  t h e  c o m p r e s s i b i l i t y  of t h e  bubbles ,  both i n e r t i a  and 
thermal t r a s n p o r t  must be taken i n t o  account. A s  i t  is not  p o s s i b l e  t o  do 
j u s t i c e  t o  t h i s  t o p i c  i n  t h e  l imi t ed  space of t h i s  r e p o r t  and s i n c e  r e f e r e n c e  
(2) e s s e n t i a l l y  c o n t a i n s  a l l  t h e  p e r t i n e n t  in format ion  c u r r e n t l y  a v a i l a b l e  
on t h e  s u b j e c t ,  i t  w i l l  no t  be  d iscussed  f u r t h e r  he re .  

The complexity of such systems i s  a t t r i b u t a b l e  t o  t h e  f a c t  

III(l)(c). Hydrodynamic I n s t a b i l i t y  Criteria of Liquid Jets 

A l i q u i d  jet  moving i n t o  a quiescent  environment normally r e t a i n s  
i t s  i n t e g r i t y  f o r  a f i n i t e  d i s t a n c e  and then  breaks  up i n t o  d r o p l e t s  forming 
a spray. This s e c t i o n  is concerned with t h e  d i s i n t e g r a t i o n  of t h e  j e t  as a 
f u n c t i o n  of i t s  i n i t i a l  s ta te  and environment. The phys ica l  c h a r a c t e r i s t i c s  
of t h e  s p r a y  r e s u l t i n g  from jet  d i s i n t e g r a t i o n  are d iscussed  i n  Sec t ion  I I I ( 2 ) .  
Due t o  t h e  complexity of t h e  mathematics d e s c r i b i n g  je t  i n s t a b i l i t y ,  t h e r e  are 
a t  p r e s e n t  no s a t i s f a c t o r y  t h e o r e t i c a l  r e p r e s e n t a t i o n s  of je t  d i s i n t e g r a t i o n  
i n  l i q u i d  rocke t  engines.  
s t a b i l i t y  h a s  been experimental  i n  na ture .  

e x i s t s  i n  t h e  f l u i d  streams p r i o r  t o  d i s c h a r g e . d  It w a s  a l s o  shown t h a t  gas  
bubble  format ion  by ou tgass ing  of d i s so lved  gases  i n  t h e  p r o p e l l a n t  is rela- 
t i v e l y  u n a f f e c t e d  by p r e i g n i t i o n  combustion chamber p r e s s u r i z a t i o n .  However, 
i t  w a s  no ted  t h a t  c a v i t a t i o n  due t o  l i q u i d  v a p o r i z a t i o n  is s t r o n g l y  p re s su re -  
dependent. Consequently,  t h e  c a v i t a t i o n  p rocess  should change a b r u p t l y  as 
t h e  chamber p r e s s u r e  approaches t h e  vapor p r e s s u r e  of t h e  i n j e c t e d  l i q u i d .  
A s  c a v i t a t i n g  and noncav i t a t ing  flows e x h i b i t  d i f f e r e n t  i n i t i a l  je t  conf igura-  
t i o n s ,  t hey  r e s u l t  i n  d i f f e r e n t  sp ray  conf igu ra t ions .  A s  a r e s u l t ,  t h e  phy- 
s i c a l  and chemical s t a t e  of t h i s  heterogeneous system changes cont inuous ly  
as t h e  chamber p r e s s u r e  i n c r e a s e s .  

Because of  t h i s ,  most of t h e  r e sea rch  on jet  i n -  

It w a s  shown i n  Sec t ion  I I I ( l ) ( b ) ,  t h a  c a v i t a t i n g  flow normally 

The t h r e e  conf igu ra t ions  of l i q u i d  s t reams most o f t e n  used i n  rocke t  
engine s p r a y  formation devices  a r e  t h e  j e t ,  t h e  cone and t h e  shee t .  Although 
t h i s  r e p o r t  is p r i m a r i l y  concerned with l i q u i d  jets,  t h e  o t h e r  two geometr ies  
must a l s o  be considered.  
volume i n t o  small drops r e p r e s e n t s  only a v e r y  small f r a c t i o n  of t h e  ener  y 
a v a i l a b l e  i n  t h e  p r e s s u r e  drop a c r o s s  an injecior (about 2.25 - , c rcen t ) ; -d  
most of t h e  energy is accountable  i n  t h e  k i n e t i c  energy of t h e  drops. 
H a e n l e i n , z /  i n  experiments with jets emi t ted  i n t o  a i r  from nozz les  wi th  a 
l eng th - to -bore  r a t i o  of lO:l, observed fou r  s t a g e s  i n  je t  d i s i n t e g r a t i o n :  
(1) A t  low stream v e l o c i t i e s ,  v a r i c o s e  o r  r a d i a l l y  symmetric d i s tu rbances  
occur red  as a r e s u l t  of t h e  j e t  su r f ace  e n e r g i e s ;  (2)  a t  inc reased  stream 
v e l o c i t i e s ,  t h e  v a r i c o s e  i n s t a b i l i t y  was accentua ted  by aerodynamic i n t e r a c -  
t i o n  of t h e  surrounding a i r  wi th  t h e  je t  s u r f a c e ;  (3) a t  s t i l l  h ighe r  stream 
v e l o c i t i e s  ( i n t e r m e d i a t e  v e l o c i t i e s ) ,  i nc reased  aerodynamic i n t e r a c t i o n  pro- 
duced a s inuous o r  snake - l ike  j e t  i n s t a b i l i t y ;  and (4) a t  h igh  stream v e l o c i -  
t ies t h e  j e t  s t a r t e d  d i s i n t e g r a t i n g  r a t h e r  c h a o t i c a l l y  near  t h e  nozz le  (jet 

The energy necessary  t o  break  up a l a r g e  l i q u i d  

~ 

I a t o m i z a t i o n ) .  I 
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Rayle ighg '  conducted t h e  f i r s t  t h e o r e t i c a l  i n v e s t i g a t i o n  of j e t  
d i s i n t e g r a t i o n  i n  1878. 
length  of  t h e  v a r i c o s e  d is turbance  i s  4.51 t i m e s  t h e  diameter  of  t he  o r i f i c e  
and i s  independent of  t h e  j e t  d e n s i t y  and v e l o c i t y .  
c r e a t e d  a t  the  o r i f i c e  grows exponen t i a l ly  as i t  t r a v e l s  down t h e  j e t  and 
f i n a l l y  d i s r u p t s  i t .  I n  1933 T y l e r x '  conducted experiments wi th  je ts  of 
water, mercury and a n i l i n e ,  a t  j e t  v e l o c i t i e s  from 3 t o  6 f t l s e c .  I n  each 
case he found s a t i s f a c t o r y  agreement between Rayleigh 's  t h e o r e t i c a l  v a l u e s  
and h i s  experimental  d a t a  f o r  t h e  r e s u l t i n g  drop diameter .  

H e  showed t h a t  f o r  low v e l o c i t y  j e t s  t h e  wave 

Such a d i s tu rbance  

I n  pract ice ,  Rayleigh break-up of a p l a i n  j e t  only  occurs  i f  t h e  
r e l a t i v e  v e l o c i t y  between t h e  j e t  and the  surrounding atmosphere i s  low and 
i f  t h e  su r face  t ens ion  f o r c e s  are  adequate .  A s  t he  j e t  v e l o c i t y  f o r  a given 
nozz le  conf igu ra t ion  i n c r e a s e s ,  two p rocesses  tend t o  predominate: ( 1 )  The 
Reynolds number of t h e  l i q u i d  j e t  i n c r e a s e s ,  even tua l ly  caus ing  t h e  stream 
t o  acqu i r e  a tu rbu len t  boundary l a y e r  which grows wi th  i n c r e a s i n g  o r i f i c e  
l eng th ;  and ( 2 )  t he  aerodynamic f o r c e s  s ta r t  i n t e r a c t i n g  wi th  t h e  j e t  s u r f a c e .  
Rayleigh extended his i n v e s t i g a t i o n  t o  inc lude  the  e f f e c t  o f  t h i s  l a t t e r  
f a c t o r  on j e t  i n s t a b i l i t y .  Neglect ing s u r f a c e  f o r c e s ,  he  found t h a t  a s inuous 
o r  snake- l ike  u n s t a b l e  mode r e s u l t s .  I n  a later paper publ i shed  i n  1892, 
Rayleigh extended h i s  prev ious  s t u d i e s  t o  inc lude  t h e  v i s c o s i t y  of t h e  j e t .  
H e  found t h a t  w i th in  the  l i m i t s  of h i s  c a l c u l a t i o n s ,  t h e  stream v i s c o s i t y  
had l i t t l e  e f f e c t  on the  r e s u l t a n t  d r o p l e t  s i ze , l ' l /  a l though t h e  ra te  of 
growth of t he  uns t ab le  d i s tu rbance  inc reased .  

Weber, i n  1931 ,E' extended Ray le igh ' s  t rea tment  of t h e  problem 
t o  inc lude  t h e  combined e f f e c t s  of both s u r f a c e  t e n s i o n  and v i s c o s i t y  as  w e l l  
as  j e t  v e l o c i t y  and aerodynamic drag.  The most r e c e n t  t h e o r e t i c a l  i n v e s t i -  
g a t i o n  w a s  conducted i n  1935 by T o m o t i k a l  who w a s  p r i m a r i l y  i n t e r e s t e d  i n  
low v e l o c i t y  l i q u i d  je ts  i n j e c t e d  i n t o  a l i q u i d  environment. Consequently,  
he  neglec ted  the  s u r f a c e  energy and s tud ied  on ly  v i s c o s i t y  e f f e c t s .  
r e s u l t  of these  i n v e s t i g a t i o n s ,  fou r  dimensionless  groups have been de f ined  
t h a t  appear t o  c h a r a c t e r i z e  the  v a r i o u  s t a g e s  of j e t  i n s t a b i l i t y  phenomena 
i n  t h e  in te rmedia te  v e l o c i t y  region.%$ The r e l a t i o n  of t h e s e  d imens ionless  
groups t o  j e t  i n s t a b i l i t y  h a s  been d iscussed  by Miesse'&/(1955) who com- 
pared these  e a r l i e r  t h e o r e t i c a l  r e s u l t s  wi th  h i s  own experiments  u s i n g  water 
and l i q u i d  n i t rogen .  
e n t i r e l y  i n a p p l i c a b l e  t o  t h e  d i s i n t e g r a t i o n  of  t h e  in t e rmed ia t e  speed je ts  
which he  examined. Fur ther  he observes  t h a t  Weber's a n a l y s i s  f o r  a s inuous 
j e t  g ives  the  b e s t  c o r r e l a t i o n  of h i s  exper imenta l  d a t a .  T h i s  i s  due t o  
t h e  f a c t  t h a t  the je ts  considered by Miesse were r a p i d  enough so t h a t  ae ro -  
dynamic f o r c e s  and s u r f a c e  ene rg ie s  both  c o n t r i b u t e d  t o  j e t  breakup. AS 
r ega rds  Tomotika's t heo ry ,  Miesse f i n d s  t h a t  t h e  d r o p l e t  s i z e  p r e d i c t e d  by 
t h i s  theory  from t h e  wave length  of t h e  u n s t a b l e  d i s tu rbance  i s  i n  a lmost  
q u a n t i t a t i v e  agreement wi th  t h e  experimental  v a l u e s .  

Merrington and R i c h a r d s o n , l /  i n  1946, s t u d i e d  t h e  e f f e c t  of 

As a 

Miesse concludes t h a t  Rayle igh ' s  o r i g i n a l  theory  i s  

l i q u i d  v i s c o s i t y  on j e t  breakup length and r e s u l t i n g  d r o p l e t  d i ame te r ,  u s i n g  
such mater ia ls  as  molasses ,  g l y c e r i n ,  water, z i n e  c h l o r i d e  s o l u t i o n s ,  rubber  
d isso lved  i n  gaso l ine  and mercury. Fol lowing t h e  work of Smith and Moss i n  
1917, Merrington showed t h a t  j e t  l e n g t h / j e t  d iameter  r a t i o  varies l i n e a r l y  
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w i t h  the  Weber number (W), f o r  small  va lues  of W, reaches  a maximum v a l u e  
a t  some c r i t i c a l  va lue  of W and then decreases  h y p e r b o l i c a l l y  f o r  h ighe r  
v a l u e s  of W. 

I n  1962, Rup- 22 f published an i n t e r e s t i n g  account  of work done t o  

measure t h e  v e l o c i t y  p r o f i l e s  of  l i q u i d  je ts  i n j e c t e d  i n t o  a i r .  H e  con- 
ducted a series of experiments bea r ing  t h e  same b a s i c  geometry b u t  i nco r -  
p o r a t i n g  a turbulence-inducing s e c t i o n  wi th  va ry ing  degrees  of roughness 
and p rov i s ions  f o r  va ry ing  t h e  t o t a l  l ength /d iameter  ratio. As expected,  

tends to becme 
uniform as t h e  d i s t a n c e  from t h e  o r i f i c e  i n c r e a s e s  and t h e  energy t h a t  
becomes a v a i l a b l e  as  t h i s  occurs  can be an  important  f a c t o r  i n  jet breakup. 
Reference (22) c o n t a i n s  numerous photographs of j e t  d i s i n t e g r a t i o n  from 
f u l l y  developed laminar f low t o  f u l l y  developed t u r b u l e n t  flow, i n c l u d i n g  
Reynolds numbers from 1000 t o  80,000. 

RGpets show tF,&Z t'ile ve:ocity pror'i're of a jet 

Rupe a l s o  showed t h a t  t h e  dynamic c h a r a c t e r i s t i c s  of l i q u i d  jets 
a r e  l a r g e l y  determined by t h e  phys ica l  p r o p e r t i e s  of t h e  o r i f i c e  as w e l l  
as by t h e  dynamics of t h e  upstream sys . The e f f e c t  of t h i s  la t ter  f a c t o r  
w a s  f u r t h e r  i n v e s t i g a t e d  b McCormack,B and McCormack, Crane and Birch% 

They concluded t h a t  f o r  low v e l o c i t y  jets, h igh  induced v i b r a t i o n  p a r t i c l e  
a c c e l e r a t i o n  upstream of t h e  o r i f i c e  produced pronounced "bunching" of t h e  
l i q u i d  i n  t h e  jet. 
c a p i l l a r y  i n s t a b i l i t y  and dec reases  cons iderably  t h e  l eng th  of t h e  j e t  be fo re  
breakup ( je t  breakup length) .  

and Di tyakin  and Yagodkin ,  23' u s i n g  forced v i b r a t i o n s  on c y l i n d r i c a l  jets. 

This  e f f e c t  predominates over  t h e  normal Rayleigh-Weber 

S c h w e i t z e r z '  and Lyshevski&' s tud ied  t h e  i n f l u e n c e  of t h e  am- 
b i e n t  atmosphere on jet  i n s t a b i l i t y ,  i n  con junc t ion  wi th  d i e s e l  i n j e c t o r s .  
They found t h a t  i n j e c t i n g  n o n v o l a t i l e  l i q u i d s  i n t o  a vacuum environment 
r e s u l t e d  i n  j e t  breakup t h a t  c l o s e l y  resembled aerodynamic d i s i n t e g r a t i o n .  
They concluded t h a t  t h e  i n t e r n a l  tu rbulence  of t h e  jet  genera ted  t h e  in -  
s t a b i l i t y  because breakup became most pronounced as t h e  Reynold d e r  of 
t h e  je t  approached i t s  cr i t ical  v a l u e  (2000). Corbe t t ,  Dawson, Seamana 
and Vanpee ,281 s t u d i e d  je ts  of l i q u i d  carbon t e t r a c h l o r i d e  , unsymmetrical 
dimethylhydrazine and n i t r o g e n  t e t r o x i d e  i n j e c t e d  i n t o  v a r i o u s  i n e r t  low 
p r e s s u r e  environments. 

t o  e s s e n t i a l l y  complete stream breakup is on ly  s l i g h t l y  a f f e c t e d  by t h e  
i n j e c t i o n  v e l o c i t y ;  o r d i n a r i l y  stream breakup w a s  complete w i t h i n  a m i l l i -  
second a f t e r  l eav ing  t h e  o r i f i c e .  

They found t h a t  h i g h e r  environmental  p r e s s u r e s  and 
L ,,rgli f l v w  Laces :ear: to gLeater S~reEuIl Sreakiip. FurtheTir'Gre, the t i s ta f i re  

Simi la r  experiments  w e r e  conducted by Lee and Spencer a t  environ- 
They showed t h a t  i n c r e a s i n g  mental  p r e s s u r e s  as h igh  a s  14.5 atmospheres. 

environmental  p r e s s u r e  markedly reduced t h e  j e t  breakup length .  
t i o n ,  t h e y  concluded t h a t  of a l l  t h e  l i q u i d  p r o p e r t i e s  v i s c o s i t y  h a s  a 
most s i g n i f i c a n t  e f f e c t  on jet i n s t a b i l i t y .  S c h m i d t a f  s t u d i e d  volati le 
l i q u i d  jets i n j e c t e d  i n t o  low p r e s s u r e  environments whose t o t a l  p r e s s u r e  
w a s  c l o s e  t o  t h e  vapor  p r e s s u r e  of the  emi t t ed  l i q u i d .  
t h a t  j e t  i n s t a b i l i t y  changes markedly a s  t h e  environmental  p r e s s u r e  ap- 
proaches  t h e  l i q u i d  vapor p re s su re .  

I n  addi -  

His r e s u l t s  i n d i c a t e  

This s u b j e c t  w i l l  be d iscussed  f u r t h e r  
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i n  t h e  fol lowing s e c t i o n  on c a v i t a t i n g  flows. For h igh  v e l o c i t y  je ts  
(Reynold's number > 50,000) the  breakup mechanism commences a t  t h e  o r i f i c e  
and appears  t o  be due t o  v i o l e n t  i n t e r a c t i o n  of t he  j e t  su r face  wi th  t h e  
gas  environment. I n  t h e  case  of water, t h i s  i n t e r a c t i o n  produces a ve ry  
rough, opaque je t  b u t  t h e  e f f e c t i v e  j e t  diameter does no t  change appre- 
c i a b l y  over  a l eng th  equal  t o  100 diameters .  

Breakup of l i q u i d  sheets i n t o  d r o p l e t s  has  been s tud ied  by numer- 
ous i n v e s t i g a t o r s .  
cesses. 
and T e s /  conclude t h a t  i n s t a b i l i t y  and wave formation a t  t he  i n t e r f a c e  
between t h e  sprayed and ambient f l u i d s  are t h e  major f a c t o r s  i n  shee t  d i s -  
i n t e g r a t i o n .  
environment d e n s i t y  on drop formation from f l a t  shee t  i n j e c t o r s .  They 
found t h a t  a f l a t  laminar shee t  i n j e c t e d  i n t o  a vacuum i s  q u i t e  s t a b l e  and 
t h a t  drop formation occurs  only  a t  t h e  edges.  A t  h ighe r  environment p re s -  
s u r e s ,  d i s r u p t i o n  i s  caused by the  aerodynamic fo rces .  I n  a d d i t i o n ,  they  
developed t h e o r e t i c a l  express ions  f o r  t h e  s i z e  of drops produced from such 
fan  spray  shee t s .  They found t h a t  under c e r t a i n  ope ra t ing  cond i t ions ,  t h e  
drop s i z e  i n c r e a s e s  with d e n s i t y  of t h e  surrounding environment. Atomiza- 
t i o n  from impingin j e t s  appears  t o  be in t e rmed ia t e  between t h a t  of p l a i n  
j e t s  and s h e e t s . 2 7  A t  low i n j e c t i o n  v e l o c i t i e s  and l a r g e  impinging a n g l e s ,  
a w e l l  def ined shee t  i s  formed. However, t h e  shee t  becomes p rogres s ive ly  
less pronounced as the  j e t  v e l o c i t y  i n c r e a s e s  o r  t h e  impinging ang le  de- 
creases. 
p re s su res  appears t o  occur i n  two s tages&/  

l igaments ,  and (2 )  subsequent breakup of t h e  l igaments  by Rayleigh- 
Weber i n s t a b i l i t y  i n t o  drops.  
l igament formation; i n s t e a d  pe r fo ra  ons  appear  i n  t h e  shee t  which grow t o  
coalescence and shee t  destruct ion.&? Th i s  same phenomenon i s  e x h i b i t e d  
by je t s  con ta in ing  i n s o l u b l e  o r  unwettable  i m p u r i t i e s .  

Lewi&/ i n  1961 publ i shed  photographs of such pro- 
On the  b a s i s  of t h e o r e t i c a l  and experimental  s t u d i e s ,  York, Stubbs,  

Dombrowski and H o o p e r z  (1961) ,  s tud ied  t h e  e f f e c t  of t h e  

Atomization of shee t s  i n j e c t e d  i n t o  environments having apprec iab le  
(1) Breakup of t h e  shee t  i n t o  

Shee t s  i n j e c t e d  i n t o  a vacuum do n o t  e x h i b i t  

One f u r t h e r  mechanism of j e t  d i s i n t e g r a t i o n  t h a t  has  r ece ived  
cons ide rab le  a t t e n t i o n  i n  t h e  l as t  few y e a r s  i nvo lves  shock wave d i s rup -  
t i o n .  
r e l a t i o n s h i p s  f o r  determining t h e  j e t  breakup t i m e  as a func t ion  of l i q u i d  
parameters  and shock s t r e n g t h .  However, t h i s  p rocess  i s  probably n o t  
o p e r a t i v e  during t h e  p r e i g n i t i o n  s t a g e  of r o c k e t  f u n c t i o n ,  a l though it  may 
p l a y  a p a r t  i n  heterogeneous combustion.- 36 / 

M ~ r r e l l ~ ~ * ~ ~ /  i n v e s t i g a t e d  t h i s  mechanism and developed s c a l i n g  

Cav i t a t ing  l i q u i d  j e t s  e x h i b i t  j e t  d i s r u p t i o n  phenomena t h a t  are 
As prev ious ly  shown, cavi- d i f f e r e n t  from those  of  noncav i t a t ing  systems. 

t a t i o n  i s  normally t h e  r e s u l t  o f  t h r e e  p rocesses :  (1) Outgassing of d i s -  
so lved  gases ,  (2 )  b o i l i n g  of t h e  j e t  l i q u i d  and (3) flow sepa ra t ion .  For 
v o l a t i l e  l i q u i d s  t h e  j e t  s t a b i l i t y  ( o r  i n s t a b i l i t y )  c h a r a c t e r i s t i c s  change 
d r a s t i c a l l y  a s  t h e  environmental  p r e s s u r e  i s  g r a d u a l l y  lowered t o  t he  vapor  

i n v e s t i g a t i o n  on l i q u i d s  debouched i n t o  a vacuum. They showed t h a t  vola- 
t i l e  l i q u i d  j e t s ,  such as of cryogenic  l i q u i d s ,  appear  t o  d i s i n t e g r a t e  i n  
t h e  immediate v i c i n i t y  of t h e  o r i f i c e ;  i n  Some cases c a v i t a t i o n  may even 

p res su re  o f  the  l i q ~ i d . ~ ~ s ~ l /  I n  1965, Simmons and G i f t c  37 / conducted an 
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occur within the orifice proper. For some materials the solid angle sub- 
tended by the resulting spray configuration approaches 18OO; in this case, 
the process is primarily due to boiling within the liquid jet. Unfortu- 
nately, the boiling process due to vapor nucleation and growth is not 
sufficiently understood for a realistic estimate of the rates of bubble 
formation for such a process. Apparently it is markedly influenced by 
minute quantities of impurities. Simmons and Gift attempted to derive 
order-of-magnitude results for liquid jets of nitrogen, oxygen, nitrogen 
tetroxide, Aerozine-50 and water. 
i..:.-.-cn~ inta a -.-- _.___ &I-- :-+ -,-*I- e ---e-- I-- ------ -I---& f /  n 1 

or even nonexistent. 
injectors, as the efficiency of such a device is markedly impaired if the 
two streams lose their integrity and consequently fail to impinge. It 
would appear that if the rates of cavity nucleation and growth be controlled, 
it might be possible to select the spray angle and/or resulting spray drop- 
let distribution for a given propellant combination. 

They found that for the cryogenic liquids 
a.&&,b.CLCU v c . L . u u u i  L i i c  j F L  ? = r * 6 L i i  appca ia  Lu u s  v s i y  a i i u i L  \ \  u . A  ~ i ~ ~ i ~ /  

This presents a problem for impinging stream type 

Knox and Sun&' studied cavitation phenomena occurring in rocket 
engine propellant feed lines. In these experiments, flow separation and 
outgassing were primarily responsible for cavitation. However, these 
authors were concerned with cavitation during post ignition processes when 
the combustion chamber had reached its operating pressure. An excellent 
discussion of cavitating processes in liquids is given in reference ( 8 ) .  
A short discussion dealing primarily with flow separation can be found in 
reference ( 6 ) .  Although there are many articles on the fluid dynamics of 
two-phase systems, no reference was found to studies involving the dynamics 
of jet disintegration of cavitated streams. 

In spite of the numerous studies on jet disintegration processes, 
present knowledge of these phenomena is far from complete. It will be 
difficult to determine the necessary direction of further research efforts 
until a more detailed study has been made of this earlier work. 

III( 2). Single Particle Physics 

To determine those factors that contribute to the pressure spike, 
it is important to have some definition of the temporal state of the pro- 

chemical reaction at the drop surface contribute to pressurization of the 
combustion chamber. Hypergolic drop agglomerates probably contribute to 
the intensity of the combustion. Consequently, it is anticipated that drop 
physics will prove to be a significant factor in the preignition process 
and conceivably a controlling one. Much has been published on the physical 
kinetics of drops. Prior to the liquid rocket programs, these studies were 
primarily concerned with improving the efficiency of diesel engine injec- 
tors or of fire-fighting equipment. A bibliography covering investigations 
up to 1953 has been published by Pennsylvania State University.?/ To avoid 
duplication of effort, these articles will not be referenced here. In 
addition to the Pennsylvania State University report, in 1960 the Faraday 
Society published an excellent monograph,(No. 30, 1960) containing some 
two dozen articles on the physical chemistry of aerosols which are not 
included in this report. 

n o 1 1  I n t  rlrnnc iz t he   usti=^ ti=^ &z+ey. n P + t i  ~ v . 1  PI, y s p ~ r i j s t i ~ n  2nd r- r-6 ------A r"*-"L I.." 
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Drops moving in an unbounded gaseous environment are subject to 
three main physical phenomena; (1) Cooperative phenomena involving dynamics 
of phase transitions (liquid, solid, or gas); (2 )  drop kinematics concerned 
with the internal and external fluid motion of the drops; and ( 3 )  energy 
and mass transport phenomena in the gaseous and condensed phases. 

III(2)(a). Cooperative Phenomena 

The term "cooperative phenomena" refers to those processes occurr- 
ing during phase transitions, such as fusion (liquid e solid) sublimation 
(solid gas) and vaporization (liquid *gas). Cooperative phenomena 
are concerned primarily with drop nucleation and growth. 

Nucleation is the formation of the least stable cluster of mole- 
cules of the new phase. In almost all cases, nuclei contain less than 100 
atoms (molecules, ions, etc.) and in some cases they may contain less than 
10 atoms. The actual stability of a particular drop also depends on its 
size relative to other drops in its environment. Although this subject has 
received considerable attention over the past twenty years, particularly 
since the advent of jet vapor trails and nuclear cloud and bubble chambers, 
it remains sufficiently obscure to prohibit an a priori estimation of nucle- 
ation rates. 
order-of-magnitude difference between the experimentally determined and the 
theoretically predicted behavior of homogeneous nucleation in cloud chambers. 
Courtneyx/ (1961) reviewed the state of the art and compiled an extensive 
bibliography pertaining to nucleation and growth phenomena. The problem is 
well stated by Courtney who writes: "Experimentally one observes that con- 
densation from ordinary impure vapor often occurs readily, but condensation 
from the pure vapor usually takes place only after an appreciable and 
moderately critical supersaturation. Once condensation begins, a few large 
particles will be formed if nucleation is slow compared to growth or agglom- 
eration, and many small particles are formed if nucleation is fast compared 
to growth and agglomeration. Nucleation can be either homogeneous or hetero- 
geneous. Heterogeneous nucleation occurs when the new phase initially de- 
posits onto foreign impurities (e.g., dust, salt particles, ions) and thus 
bypasses the more difficult homogeneous nucleation step. There is con- 
siderable uncertainty whether or not a truly homogeneous nucleation ever 
does occur, because the total absence of subtrace amounts of catalytic 
impurities is unlikely in nature and is difficult to prove even in the 
laboratory." It is estimated that approximately 100 heterogeneous nuclea- 
tion sites per cubic centimeter occur in nature. 
tion work has been conducted on water and various organic vapors in expansion- 
type cloud chambers.21 As stable nuclei may contain up to 100 atoms, the 
mathematical description of this process involves at least 100 independent 
differential equations. To circumvent this gigantic m thematical problem, 
a number of simpler theories have been developed.- 40-487 

According to a recent article by RussellE/ there is a 1:7 

Most experimental nuclea- 

Liquid condensation from vapor and fusion from liquid, although 
qualitatively similar, are quantitatively distinct. Fusion is of particular 
importance to hypergolic ignition during engine start in low pressure en- 
vironments where solid formation in the propellant sprays has often been 
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I .  

observed. Most materials e x h i b i t  supercool ing,  which i s  c h a r a c t e r i z e d  by 
a marked lowering of t h e  f r e e z i n g  temperature of t h e  l i q u i d  below i t s  nor- 
m a l  o r  bu lk  f r e e z i n g  p o i n t ,  b u t  t h i s  phenomena does n o t  appear  t o  be  s ig-  
n i f i c a n t  i n  contaminated systems. 
s i o n  i s  appa ren t ly  determined by the rate of temperature  lowering and t h e  
s i z e  of t h e  drop. 
10 microns can be supercooled as much as 129"C, i f  except iona l  care i s  taken 
t o  exclude a l l  fo re ign  matter from the  l i q u i d .  No supercool ing  s t u d i e s  
appear  t o  have been conducted wi th  Aerozine-50 or NTO. 

The e x t e n t  of t h e  f r e e z i n g  p o i n t  depres- 

According t o  r e fe rence  (49) hydrazine drops smaller than 

Drop growth rate theory  on t h e  o t h e r  hand, i s  comparat ively w e l l  
understood,  p a r t i c u l a r l y  f l a r g e r  drops. The drop growth rate is i n f l u -  
enced by seven mechanisms:- ''/ (1) Transport  of vapor t o  t h e  drop s u r f a c e ,  
(2) adso rp t ion ,  (3) s u r f a c e  d i f f u s i o n ,  (4) chemical r e a c t i o n  i f  any, (5) 
inco rpora t ion  of t h e  molecule (or atom) i n t o  t h e  s t r u c t u r a l  la t t ice  of t h e  
drop, (6) deso rp t ion  of any vapor products ,  and (7) d i s s i p a t i o n  of thermal 
ene rg ie s .  Thus, drop growth involves  both  coopera t ive  and t r a n s p o r t  phenom- 
ena. Mechanisms ( 2 ) ,  ( 3 ) ,  (5), and (6) above are considered t o  be coopera- 
t i v e ,  whereas (1) and (7) are t r a n s p o r t  phenmena and w i l l  be  d iscussed  i n  
a later sec t ion .  

The p r i n c i p l e  c u r r e n t  problem i n  growth k i n e t i c s  concerns t h e  
accommodation c o e f f i c i e n t .  T h e o r e t i c a l l y ,  t h e  simple condensat ion of a 
material onto  an  i n f i n i t e  l i q u i d  su r face  h a s  been i n t e r ~ r e t e d ~ ~  s50/ in 
terms of t h e  " f r ee  angle  of r o t a t i o n "  i n  t h e  l i q u i d  phase. Th i s  means t h a t  
t h e  vapor  molecule must p re se rve  i t s  r o t a t i o n a l  energy dur ing  condensat ion 
and an  adsorbed molecule t ends  to re -evapora te  i f  it must l o s e  some of t h i s  
r o t a t i o n a l  energy i n  o rde r  t o  f i t  i n t o  a l i q u i d  l a t t i ce  wi th  r e s t r i c t e d  
r o t a t i o n .  This  can b e s t  be  i l l u s t r a t e d  with w a t e r  and carbon t e t r a c h l o r i d e  
where t h e  accommodation c o e f f i c i e n t  of w a t e r ,  an unsymmetrical molecule,  
i s  0.04 whereas t h a t  of carbon t e t r a c h l o r i d e ,  a symmetrical molecule ,  i s  1. 
P a u s /  h a s  compiled accommodation c o e f f i c i e n t s  f o r  a wide v a r i e t y  of 
materials. 

The o t h e r  coopera t ive  mechanisms of d r o p l e t  growth k i n e t i c s  are 
n o t  y e t  s u f f i c i e n t l y  understood and l i t t l e  h a s  been publ i shed  on them. 

I I I ( 2 ) ( b >  Drop Kinematics 

Drop kinematics  s t u d i e s  the i n t e r n a l  and external dynamics of 
l i q u i d  drops i m e r s e d  i n  a f l u i d  environment. 
hand, i s  concerned with t h e  motion of r i g i d  bodies  moving through such en- 
vironments. 
l i t t l e  a t t e n t i o n  h a s  been given t o  drop kinematics .  
i n d i v i d u a l  drops en t r a ined  by a gas  stream depends on t h e  drop s t r e n g t h  as 
w e l l  as on t h e  drop-environment i n t e r a c t i o n .  

Drop b a l l i s t i c s ,  on t h e  o t h e r  

Although t h e r e  have been numerous drop b a l l i s t i c s  s t u d i e s ,  
The dynamic behavior  of 

The drop-environment i n t e r a c t i o n  i s  descr ibed  by a complex set of  
p a r t i a l  d i f f e r e n t i a l  equat ions  developed by numerous i n v e s t i g a t o r s ,  start- 
i n g  wi th  Stokes.  I n i t i a l l y ,  i n v e s t i g a t i o n s  were confined t o  t h e  motion of 
r i g i d  s p h e r i c a l  bodies  f a l l i n g  through gaseous media under t h e  a c t i o n  of a 

15 



g r a v i t a t i o n a l  f i e l d .  
i n  1911, these  s t u d i e s  w e r e  extended t o  inc lude  s p h e r i c a l  l i q u i d  bodies  
wi th  l i m i t e d  i n t e r n a l  motion. 
a c t i o n  h a s  been publ ished by Levich.- 5 2 j  

Later, p r i m a r i l y  due t o  Rybezynski and H a d a m a r L  1 2 1  

A d e t a i  ed s tudy  of drop-environment i n t e r -  

Drop b a l l i s t i c s  concerns t h e  ba lance  between t h e  i n e r t i a  of t h e  
drop and r e s t o r i n g  o r  drag  f o r c e s  exer ted  on t h e  drop by the  environment. 
This  problem i s  r e l a t i v e l y  s t r a igh t - fo rward  and has  been i n v e s t i g a t e d  by 
many au thors .  Drag c o e f f i c i e n t s  f o r  v a r i o u s  r egu la r  shaped s o l i d  bodies  
can be found i n  any phys ics  o r  f l u i d  mechanics t e x t  book such as  t h e  Hand- 
book of F lu id  Dynamics 
Fledderman and H e n s e s '  s tud ied  t h e  e f f e c t  of turbulence on t h e  v e l o c i t y  
and vapor i za t ion  of drops and concluded t h a t  t h e  drag  c o e f f i c i e n t  varies 
i n v e r s e l y  a s  t h e  3/2 power of t h e  Reynold's number. A subsequent expe r i -  
mental  study by I n g e b a l  showed t h a t  t he  drag  c o e f f i c i e n t  varies i n v e r s e l y  
as t h e  r e l a t i v e  v e l o c i t y ,  b u t  i t s  dependence upon t h e  Reynold's number w a s  
no t  c l e a r l y  def ined .  e o r e t i c a l  drop b a l l i s t i c s  s t u d i e s  were made by 

land,%/ who s t r e s s e d  t h e  importance of a n  a c c e l e r a t i o n  drag;  Ingebo,- 
who solved the  evaporat ion and m o  entum equat ions  s imultaneously by numeri- 
cal i n t e g r a t i o n ;  and by Miesse,x7 who assumed a cons t an t  evapora t ion  ra te  
and Stokesian flow. 
v e l o c i t y  and evapora t ion .  
f o r  t h e  motion of a drop i n  an o s c i l l a t i n g  environment. H i s  p r i n c i p l e  ob- 
j e c t i v e  was  t o  r e l a t e  combustion s t a b i l i t y  t o  i n j e c t o r  des ign  v a r i a b l e s  by 
cons ider ing  t h e  dynamics and combustion of r i g i d  drops.  

r t h e  American I n s t i t u t e  of Physics Handbook. 

54/ 
Langmuir and B l o d g e t t c  5 3  who neglec ted  evapora t ion ;  by Hughes and G i l l i -  

M i e s s z /  i n  a l a t e r  s tudy  inc luded  t h e  e f f e c t  of 
Wolf so&!/ developed mathematical  express ions  

The c l a s s i c a l  t rea tment  of drag  i s  s a t i s f a c t o r y  as long a s  t h e  
body r e t a i n s  i t s  shape. 
t o  t h i s  problem, only  a few can be mentioned he re .  Reference (60) g ives  
g raph ica l  r e s u l t s  f o r  drag  c o e f f i c i e n t  as  a func t ion  of Reynold's number. 
Ingeb&/ i n  1956 publ ished the  drag  c o e f f i c i e n t s  of drops and s o l i d  spheres  
i n  a c c e l e r a t i n g  a i r  streams - a work which i s  o f t e n  c i t e d .  

.Because of t h e  l a r g e  number of a r t i c l e s  p e r t a i n i n g  

When t h e  drop shape i s  not  i n v a r i e n t ,  i t s  dynamic response is 
cons iderably  more complicated.  
aerodynamic f o r c e s ,  the  i n t e r n a l  motion of t h e  l i q u i d  becomes i n t i m a t e l y  
coupled t o  t h e  motion of t h e  surrounding atmosphere. 
i s  s u f f i c i e n t l y  s t r o n g ,  t h e  drop may break  up i n t o  fragments.  
f i r s t  work on drop break-up i n  a i r  b l a s t s  w a s  done by L a n a /  i n  1950. 
Rubin, Schallenmuler and Lawhead ,601 Hanson and Domick ,631 and Rubin and 
Lawhead ,64/ i n v e s t i g a t e d  t h e  displacement  and s h a t t e r i n g  of p r o p e l l a n t  
drops behind shock waves. Two types of d r o p l e t  break-up were observed i n  
these  s t u d i e s  - shear- type and bag-type. I n  t h e  former,  t h e  drop i s  f i r s t  
f l a t t e n e d  t o  a d i s k ,  and then  t h e  c e n t e r  of t he  d i s k  i s  bowed out  t o  form 
a t h i n ,  bag- l ike  membrane a t t a c h e d  t o  a heavy r i m .  The bag- l ike  membrane 
f i n a l l y  b u r s t s  forming v e r y  s m a l l  d rops ,  wh i l e  t h e  r i m  breaks  up i n t o  
l a r g e r  drops. 
but  i n s t ead  of forming a d i s k  i t  assumes a s a u c e r - l i k e  shape wi th  t h e  convex 
s u r f a c e  toward t h e  a i r - f low.  P rogres s ive ly ,  t h e  edges of t h e  d i s k  a r e  drawn 

Once deformation occurs  as  a r e s u l t  of t h e  

I f  t h i s  i n t e r a c t i o n  
Some of t h e  

I n  shear - type  break-up,  t h e  drop i s  f l a t t e n e d  t o  some e x t e n t  



o u t  i n t o  a t h i n  shee t  which breaks  up i n t o  f i n e  drops.  The e f f e c t  of wind 
v e l o c i t y ,  wind d u r a t i o n ,  su r f ace  tens ion ,  and environmental  p re s su re  on 
break-up c h a r a c t e r i s t i c s  were inves t iga t ed  f o r  both burning and nonburning 
drops.  It w a s  found t h a t  i t  i s  t h e  g a s  f low behind t h e  shock f r o n t  which 
causes  break-up, ra ther  than any i m p u l s i v e  a c t i o n  of the  f r o n t  i t s e l f .  It 
was f u r t h e r  found t h a t  the  product  of t h e  Weber number and the  square r o o t  
of t h e  Reynold's number ave s a t i s f a c t o r y  c o r r e l a t i o n  of break-up. Other 

2~20,60,61,86 y65/ have ob ta ine  s l i g h t l y  d i f f e r e n t  dimension- 
667 

i n v e s t i g a t o r s  
less express ions .  I n  p a r t i c u l a r ,  Morrell- i n  1961 s tudied  t h e  two types  
of drop break-up and compared the  r e s u l t s  of dimensional ~ r g ~ m c n t s  w l t l ~  
experiment. The lack  of  agreement he found h a s  been a t t r i b u t e d  t o  t h e  drop- 
environment i n t e r a c t i o n s .  

Except f o r  casua l  observa t ions  , drop r o t a t i o n  and i n t e r n a l  v i b r a -  
t i o n  have not  been s tudied .  Sirmnons and G r i f d /  and Rabin, e t  a1.64/ have 
considered i n t e r n a l  drop motion. I n  t h e  former s tudy ,  photographs of v a r i -  
ous l i q u i d  sprays  (unsymmetrical dimethylhydrazine,  Aerozine-50, and n i t r o g e n  
t e t r o x i d e )  debouching i n t o  a vacuum show a f l i c k e s i n g  of t h e  i i g h t  r e f l e c t e d  
from t h e  drops which w a s  a t t r i b u t e d  to  t h e  r o t a t i o n  of t h e  drops.  From 
such r eco rds  t h e  au tho r s  c a l c u l a t e d  drop r o t a t i o n a l  v e l o c i t i e s  as l a r g e  as 
50,000 revo lu t ions  per  second. This  i s  an exceedingly high speed and i t  i s  
i n t e r e s t i n g  t o  specu la t e  on the s t a b i l i t y  of such a drop t o  r e t a i n  i t s  
i n t e g r i t y .  Harrje and Reardorr- 67/  publi  shed high-speed photographs of shock 
wave-drop i n t e r a c t i o n s  which show a 400-micron diameter  drop undergoing 
l a r g e  i n t e r n a l  v i b r a t i o n s  which apparent ly  te rmina te  i n  i t s  d e s t r u c t i o n .  

I I I (2) (c ) .  Transport  Phenomena 

A s  i n  t h e  case of drop k inemat ics ,  t r a n s p o r t  p rocesses  are both 
i n t e r n a l  and e x t e r n a l  t o  t h e  drop. I n t e r n a l  t r a n s p o r t  i s  p r i m a r i l y  con- 
cerned wi th  t h e  movement of molecular  s p e c i e s  between t h e  i n t e r i o r  of t h e  
drop and i t s  s u r f a c e ,  and t h e  conduction of thermal energy from t h e  drop 
s u r f a c e  t n  i t s  i n t e r i c r .  E l t t i e r  or b o i h  or' rrhese processes  could be  rate- 
c o n t r o l l i n g .  With the  except ion of one r e p o r t  (37), no r e fe rence  w a s  found 
t o  any s t u d i e s  d i r e c t l y  concerned with i n t e r n a l  drop t r a n s p o r t  mechanics. 
I n  t h i s  r e p o r t  t h e  i n v e s t i g a t i o n  w a s  p r imar i ly  concerned wi th  determining 
t h e  s p a t i a l  temperature  d i s t r i b u t i o n  wi th in  an evapora t ing  drop ,  and wi th  
c a l c u l a t i n g  t h e  t i m e  necessary t o  f r eeze  drops of varinl_rg m a t e r k l s  ir. a 
vacuum environment a s  a func t ion  of t h e i r  i n i t i a l  diameter.  Experimental  
r e s u l t s  of s t u d i e s  us ing  sprays of water, l i q u i d  n i t rogen ,  n i t r o g e n  t e t r o x -  
i d e  and Aerozine-50 were i n  s a t i s f a c t o r y  agreement with the  c a l c u l a t e d  
va lues .  Except f o r  t h i s  work, l i t t l e  or nothing h a s  been done i n  t h i s  area. 

Mass t r a n s p o r t  near  slow drops h a s  been t r e a t e d  i n  some d e t a i l  by 
Levich .- 52 /  A s  the  drop v e l o c i t y  inc reases ,  the  aerodynamics become i n -  
c r e a s i n g l y  complicated.  So f a r  t h e  problem of f l u i d  flow around moving 
r i g i d  sphe res  has  de f i ed  mathematical  d e s c r i p t i o n ,  thus  i t  i s  not  s u r p r i s i n g  
t h a t  a s i m i l a r  d e s c r i p t i o n  f o r  deformable bodies  i s  completely lack ing .  
Transpor t  mechanics i n  the  v i c i n i t y  of t h e  drop i s  u s u a l l y  incorpora ted  i n  
mathematical  models by the  use  of dimensionless  express ions .  The use  of 
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such expressions is not objectionable if the transport time is relatively 
long and if the various processes occurring are not strongly coupled. 
Gaseous transport mechanics in the absence of drops, or far removed from 
drops, is mathematically quite sound, if the medium can be assumed to be 
incompressible. Otherwise one must again resort to dimensionless argu- 
ments. The vaporization of d ops in motion relative to their environment 
has been considered by Fuhs.L7 Although the problem has not been satis- 
factorily solved for either small or large Reynolds numbers, there are a 
number of approximations that can be used. 

In summary then, it can be said that sufficient information does 
not exist to permit reliable prediction of the detailed transport mechanics 
of high-speed deformable , volatile bodies moving relative to a gaseous 
environment. 

III(3). Physics of Sprays 

A spray is characterized by a distribution of the characteristics 
of its individual drops. Consequently, spray characteristics are not de- 
scribed by a single number, as are drop characteristics, but rather by a 
statistical distribution function. Drop-size, drop-velocity, and drop- 
number density are the most frequently measured spray characteristics and 
are the most significant of the characteristics necessary for postignition 
rocket engine analyses. It is anticipated that for each spray character- 
istic there exists a unique value or set of values necessary for optimum 
rocket engine performance. However, it is not immediately apparent that 
these unique values (or sets of values) are collectively coexistent. Fur- 
thermore, it is not obvious that the optimization of postignition engl.ne 
performance also optimizes preignition performance. 
the literature is strewn with reports of investigations concerned with 
the effects of spray characteristics on postignition engine performance, 
little information is currently available concerning preignition studies. 

Consequently, although 

Spray drop-size distributions have been more extensively studied 
than any other characteristic and four distribution functions have received 
general acceptance: 
mic-Normal and Upper-Limit. 
viewed in considerable detail, 
to reports published subsequently. 

The Nukiyama-Tanasawa, the Rosin-Rammler, the Logarith- 
A s  these distributions have already been re- 

,62,68/ the present discussion is limited 

In a study of impinging n-heptane jets, Ingebs’ obtained drop- 
size distribution data as a function of orifice diameters, liquid-jet 
velocities, and jet velocities relative to the airstream. 
impinging jets produced a relatively coarse spray for the smallest orifice 
(0.029 inch) and the highest velocity (235 ft/sec). 
found that of the four types of distributions examined, the Nukuyama- 
Tanasawa ave the best fit with his data. In 1960 and 1961, Foster and 
Heidmann 78y71/ reported results of a similar study on spray formation from 
impinging jets. 
corresponding to the angle of jet impingement. 
drop-size data fit a binominal distribution. 

He showed that 

In addition, Ingebo 

They also used heptane but included an additional factor 
Their results showed that 

Reexamination of Ingebo’s 
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d a t a  showed t h a t  a s i m i l a r  d i s t r i b u t i o n  could b e  f i t t e d  t o  h i s  r e s u l t s .  
E i s e n k l a a l  s tud ied  l i q u i d  atomizat ion i n  rocke t  engines  us ing  a wide 
v a r i e t y  of i n j e c t o r s .  I n  a d d i t i o n  to drop-s ize  and s p a t i a l  d i s t r i b u t i o n  
s t u d i e s ,  he a l s o  i n v e s t i g a t e d  the  inf luence  of l i q u i d  and environment v i s -  
c o s i t y  on t h e  r e s u l t i n g  spray.  Unfortunately,  Eisenklam made no a t t empt  
t o  f i t  h i s  experimental  resu l t s  t o  any of t h e  four  common d i s t r i b u t i o n s .  

I n  1956 Rupe=/ (apparent ly  overlooked i n  r e fe rence  (5))  s t u d i e d  
t h e  uni formi ty  of t h e  mix tu re - r a t io  r e s u l t i n g  from a p a i r  of impinging jets. 
H e  found t h a t  t h e  s p a t i a l  d i s t r i b u t i o n  of t he  t w o  co~pnzects ~f a t i - l i q u i d  
spray irom a p a i r  of impinging streams a t t a i n s  i t s  m o s t  uniform conf igura-  
t i o n  ( i . e . ,  one component r e l a t i v e  to t h e  o t h e r )  when t h e  r a t i o s '  product 
of t h e  v e l o c i t y  heads and stream diameters  i s  equal  t o  u n i t y .  H e  observed 
t h a t  t h i s  c o r r e l a t i o n  a peared t o  be independent of t he  ang le  of impinge- 
ment. Cohen and Webb$/ u s i n g  a s w i r l  a tomizer ,  concluded t h a t  t h e  ambient 
gas  d e n s i t y  and t h e  i n j e c t o r  p re s su re  drop a r e  important  f a c t o r s  i n  d e f i n i n g  
spray  d i s t r i b u t i o n s  al though t h e  gas v i s c o s i t y  has  no apparent  e f f e c t  below 
a c r i t i c a l  value.  B i t t k e r , Z /  in I ? %  c o d u c t s d  a t h e o r e t i c a l  s tudy  of t h e  
mixing of gaseous p r o p e l l a n t s  e m i t t e d  from a r e g u l a r  l a t t i c e  of i n j e c t o r s .  
H e  showed t h a t  t h e  c o n t r i b u t i o n  of molecular d i f f u s i o n  t o  the  o v e r a l l  mixing 
i s  n e g l i g i b l e  compared wi th  turbulence-cont ro l led  mixing. 

Although a d d i t i o n a l  work needs t o  be done i n  t h i s  area,  most i n -  
v e s t i g a t o r s  appear  t o  f e e l  t h a t  t h e  e x i s t i n g  informat ion  s a t i s f i e s  t h e i r  
p re sen t  needs and as a r e s u l t  c u r r e n t  rocke t  engine model s t u d i e s  are n o t  
concerned wi th  many of  t h e  more s a l i e n t  spray  f e a t u r e s .  This  i s  probably 
no t  t he  case fo,r t h e  p r e i g n i t i o n  process  where o t h e r  spray  c h a r a c t e r i s t i c s  
may be s i g n i f i c a n t .  

Two a d d i t i o n a l  spray  c h a r a c t e r i s t i c s ,  drop c o l l i s i o n  and coagula- 
t i o n  have rece ived  comparat ively l imi t ed  a t t e n t i o n .  Smoluchowski f i r s t  
i n v e s t i g a t e d  t h e  a s s o c i a t i o n  (coagula t ion)  of homogeneous a e r o s o l s  i n  1917 .=/ 
H i s  t h e o r e t i c a l  rate expressic~s wexe extended by Pa t t e r son  and C a w o o s l  i n  
1932 t o  inc lude  a drop-radius  dependent term. Approximately 40 a r t i c l e s  
have appeared s i n c e  Smoluchowski's and t h e  ma jo r i ty  of t hese  cons ider  on ly  
q u i e s c e n t  environments where t h e  a s s o c i a t i o n  ra te  i s  determined by t h e  
random c o l l i s i o n  of drops.  
prime importance i n  t h e  high v e l o c i t y  sprays  found i n  rnrket  er?gicz c~liZitS- 
cI.vL1 chamiiers. 

Such a c o l l i s i o n  mechanism i s  probably not  of 

+ 4  -- 
77/ I n  1965 Gun- publ ished a r e p o r t  on t h e  c o l l i s i o n  c h a r a c t e r i s -  

t i c s  of r a i n  drops.  H e  p o i n t s  ou t  t h a t  drop a s s o c i a t i o n  i s  governed by 
t h r e e  f a c t o r s :  (1) I n t e r s e c t i o n  a s  a r e s u l t  of c o l l i s i o n  course ,  (2)  B e r -  
n o u l l i  p r e s s u r e  f o r c e s  between moving bodies ,  and (3 )  e l e c t r o s t a t i c  a t t r a c -  
t i o n .  
s i z e ,  drop sepa ra t ion  and r e l a t i v e  v e l o c i t y  between drops and gaseous 
environment.  
t i o n  of such f a c t o r s  as t h e  drop surface ene rg ie s ,  t h e  r e l a t i v e  v e l o c i t y  of 
drops  p r i o r  t o  a s s o c i a t i o n ,  m i s c i b i l i t y  and chemical r e a c t i v i t y  of t h e  
d r o p l e t  p a i r .  According t o  Gunn, drop a s s o c i a t i o n  can be followed by: 

The magnitude of t h e  Bernou l l i  p re s su re  fo rces  depends on t h e  drop 

Drop a s s o c i a t i o n  does not imply coalescence which i s  a func- 
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( 1 ) R r c o i  1 , (2) coil 1 esceiic'(>, aiid/or ( 3 )  drop d i s r u p t  ion.  Which of these  
even t s  occur  depends upori the  p r e c o l l i s i o n  s ta tes  of t he  two drops 
v i d u a l l y  and c o l  I c c t i v e l y .  I n  1965, N icho l l s ,  Dabora and Regland,- 
mouodispersed s t reams o f  d r o p l e t s ,  found t h a t  n e a r e s t  neighbor drop p a i r s  
o f t e n  coalesced as  a r e s u l t  of  aerodynamic f o r c e s .  
cuss ing  t h e  a s s o c i a t i o n  of s l i g h t l y  charged a e r o s o l s  i n  a qu ie scen t  environ-  
ment,  found s a t i s f a c t o r y  agreement between theory  and experiments.  N icho l l s ,  
Dabora and Ragland%/ a l s o  i n v e s t i g a t e d  t h e  dynamics of charged drops.  They 
found t h a t  by charging the  drops i n  a monodispersed spray ,  t h e  e l e c t r o -  
s t a t i c  r epu l s ive  f o r c e s  between t h e  drops caused then  t o  d i s p e r s e  r a p i d l y .  

sing 
I n  1963, Devi r l81  d i s -  

I t  i s  apparent  t h a t  drop c o l l i s i o n  has  been on ly  s p a r s e l y  i n v e s t i -  
ga ted  and tha t  cons iderably  more work needs t o  be done be fo re  one can evalu-  
a t e  t h e  s ign i f i cance  of t h i s  process  i n  rocke t  engine dynamics, p a r t i c u l a r l y  
p r e i g n i t i o n  dynamics. Although numerous experiments have been d i r e c t e d  
toward t h e  s p e c i f i c a t i o n  of s i z e  d i s t r i b u t i o n  o f  l i q u i d  drops from v a r i o u s  
i n j e c t o r s ,  i t  i s  not  poss ib l e  t o  completely p r e d i c t  a r e a l i s t i c  d i s t r i b u -  
t i o n  and t o  determine i t s  s t a t i s t i c a l  parameters  based on given p r o p e l l a n t  
p r o p e r t i e s  a n d  i n j e c t o r  desii;n. 

TV. Chemistry of Combustion 

Combustion involves  t h r e e  a r e a s  of  development: (1) The prepara-  
t i o n  of combustible systems,  ( 2 )  the  physico-chemistry of t h e  combustion 
process  ( i g n i t i o n  and flame propagat ion)  and ( 3 )  t h e  i n t e r a c t i o n  of t h e  
r e l eased  eiiergies w i t h  t he  environment. The f i r s t  of t h e s e  has  been d i s -  
cussed i n  the prev ious  s e c t i o n s ,  t h e  second i s  d iscussed  i n  t h e  p r e s e n t  
s e c t i o n  and the t h i r d  w i l l  be  covered i n  Sec t ion  V ( 2 ) .  

The physicochemistry of combustion inc ludes  t h e  t h r e e  d i s t i n c t  
b u t  r e l a t e d  processes :  i g n i t i o n ,  flame propagat ion  and flame ext inguishment  
o r  terminat ion.  A1  though t h e s e  t h r e e  phenomena have been a c t i v e l y  s t u d i e d  
f o r  t h e  p a s t  for ty-odd y e a r s ,  the  cu r ren t  s t a t e  of t h e  a r t  i s  such t h a t ,  
except  f o r  those involv ing  on ly  therniodynaniic c a l c u l a t i o n s  , few combustion 
c h a r a c t e r i s t i c s  can be determined a p r i o r i .  Th i s  i s  p r i m a r i l y  a t t r i b u t a b l e  
t o  thc  f a c t  t h a t  t h e  s tudy  of combustion i s  based on t h e  two non l inea r  
Iprocesscs of f l u i d  dynamics and chemical k i n e t i c s .  A s  combustion i s  v e r y  
inLiinately a s soc ia t ed  w i t h  p re s su re  s p i k i n g ,  inore a t t e n t i o n  w i l l  be  given 
t o  d e t a i l s  i n  t h i s  s e c t i o n  than i n  the  p rev ious  s e c t i o n s .  Because of t h e  
l a rge  volurnta of r e l a t e d  l i t e r a t u r e ,  t h e  d i s c u s s i o n  w i l l  be  confined t o  those  
a r c a s  tliat ;ire o f  inimediate i n t e r e s t  t o  hype rgo l i c  systems. 

O f  t hc  numcrous genera l  texts  on combustion, t h e  most a p p r o p r i a t e  

' I l l ~ .  A M R D  ser ie&/  and t h e  Progress  i n  As t ronau t i c s  and Rocketry 
appear t o  
hard .-- " I /  
St>ric.&/ contain c x c e l l c n t  c o l l e c t i o n s  of a r t i c l e s  by v a r i o u s  au tho r s  on 
ncar I y c'vcry asptact o f  rocke t  propuls ion .  A number o f  t r a n s l a t e d  Russian 
t e x L s  I)y I<hi t rii&/ and S o k o l i k ~ /  c o n t a i n  reftkrences t o  less  f a m i l i a r  
R r i s s i , r i i  w o r k .  'I'lie t en  vo1urrits of t h c  Coinbustion Symposia papers  probably 
ol f c , r  t i i v  iws t  c.xCc>nsivc.  c o l l e c t i o i i  o f  t h e  b e s t  i n  combustion. More re-  
cciic l y ,  U ~ r r c i - c ~ ,  Jouiriottcb, Dt Vcnbehe and Vnndenkercka /  have covered some 

those o f  L e w i s  and von E l b e , a /  J o s t , m /  and Gaydon and Wolf- 
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of t he  more p r a c t i c a l  a s p e c t s  of combustion as app l i ed  t o  space engines .  
W i l l i a m s  ,87/ and Friestrom and Westenberg%!/ have publ ished more b a s i c  
flame s t u d i e s ,  and Markstei&/ has  covered the  f i e l d  of flame s t a b i l i t y .  
These p u b l i c a t i o n s  conta in  a good deal of t h e  material t h a t  w i l l  be  d i s -  
cussed i n  t h e  fol lowing sec t ions .  

The fol lowing paragraphs include t h e  r e s u l t s  of i n v e s t i g a t i o n s  
concerned p r imar i ly  wi th  the  combustion c h a r a c t e r i s t i c s  of hypergol ic  sys-  
tems, more s p e c i f i c a l l y  n i t rogen  t e t r o x i d e  hydrazine- type systems. 

te rmina t ion  w i l l  be discussed h e r e ,  d e f e r r i n g  t o  a later s e c t i o n  inves t iga -  
t i o n s  concerned s p e c i f i c a l l y  w i t h  the combustion c h a r a c t e r i s t i c s  r e l a t e d  
t o  engines.  

For 
~ ~ ~ V e n i e n ~ e ,  the 3 a ~ i ~  C C C C ~ ~ ~ S  ~f i g ~ i t i ~ ~ ,  f?~iiie p ~ ~ p ~ g ~ t i ~ f i ,  ~ i i d  flame 

IV(a). I g n i t i o n  

I g n i t i o n  i s  probably the  l e a s t  w e l l  understood of t he  t h r e e  com- 
bus t ion  processes ,  although i t  has  received as much a t t e n t i o n  a s  propagat ion 
and more than terminat ion.  
ments i n  spontaneous i g n i t i o n  i s  given by S o k o l i k . u /  
t he  i n i t i a l  s ta te  of flame propagation and as such i t  i s  a major f a c t o r  of 
t he  o v e r a l l  combustion process .  Like m o s t  o t h e r  o r i g i n a t i n g  processes ,  
i g n i t i o n  e x h i b i t s  t w o  forms, spontaneous and induced. C l a s s i c a l l y ,  a gas 
mixture  of combustible and oxidant  i g n i t e  spontaneously when t h e  h e a t  
generated by chemical r e a c t i o n  exceeds t h e  h e a t  l o s s .  Induced i g n i t i o n ,  on 
t h e  o t h e r  hand, i s  obta ined  by t h e  a p p l i c a t i o n  of an  e x t e r n a l  energy source ,  
such a s  h o t  s u r f a c e ,  e l e c t r i c  d i scharge ,  o r  shock wave. I n  s p i t e  of numer- 
ous a t t empt s  t o  develop a theory  of spontaneous i g n i t i o n ,  no adequate method 
has  been developed f o r  p r e d i c t i n g  i g n i t i o n  q u a n t i t a t i v e l y .  I f  f o r  a given 
s t a t e  of t he  gas  i t  i s  assumed t h a t  t he re  exists a c e r t a i n  p r o b a b i l i t y  
t h a t  a u n i t  volume of combustible w i l l  i g n i t e  pe r  u n i t  of t i m e ,  then f o r  a 
given v e s s e l  and i n i t i a l  gas state the re  must e x i s t  a s p e c i f i c  i g n i t i o n  
d e n s i t y  rate. 
of flame propagat ion ,  t he  gas mixture  w i l l  appear t o  burn uniformly and 
homogeneously. Otherwise,  i f  t he  m i x t u r e  has  a s i n g l e  i g n i t i o n  s i te ,  a 
f l a m e  propagates  from t h i s  s i t e  throughout t he  combustible mixture.  Obvious- 
l y ,  t h e  temporal n a t u r e  of t h e s e  two s i t u a t i o n s  i s  v e r y  d i f f e r e n t .  A uniform 
cornhiistian p r ~ ~ e c g  cc?~c11mps the p z t i r o  cnmbuct ib le  -,ixtnre 5 3  t h e  ti--,= n=ccz- 
s a r y  f o r  an incremental  volume of m a t e r i a l  t o  t r a v e r s e  the  flame zone th ick-  
n e s s ,  independent of t he  volume of the combustible mixture.  I n  t h e  con- 
v e r s e  s i t u a t i o n ,  t he  burn t i m e  i s  equiva len t  t o  the  t i m e  necessary f o r  t h e  
flame zone t o  t r a v e r s e  the  mix tu re ' s  ( v e s s e l )  maximum dimension. For 
example, i n  t he  case  of a combustible gas  mixture  having a flame zone 
th i ckness  of 0.04 and a burning v e l o c i t y  of 40 inches  per  second, t h e  t i m e  
t o  reach  maximum combustion p res su re  by the  homogeneous i g n i t i o n  mechanism 
is  approximately one mi l l i s econd ,  whereas t h e  flame propagat ion mechanism 
r e q u i r e s  25 mil l i s econds  f o r  each inch of flame t r a v e l  or  75 mi l l i s econds  
f o r  a three- inch  long combustion chamber. Although the  r a t e s  of p re s su re  
r i s e  f o r  t hese  two s i t u a t i o n s  a r e  considerably d i f f e r e n t ,  t he  r e s u l t a n t  
maximum combustion p res su res  w i l l  be  very  n e a r l y  t h e  same, provided t h e  
gas d e n s i t y  remains i n v a r i e n t .  

A r a t h e r  good d i scuss ion  of t h e  r ecen t  develop- 
I g n i t i o n  c o n s t i t u t e s  

I f  t h i s  d e n s i t y  of i g n i t i o n r a t e  g r e a t l y  exceeds t h e  rate 
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Spontaneous i g n i t i o n  o r  a u t o i g n i t i o n ,  as i t  i s  sometimes c a l l e d ,  
i s  cha rac t e r i zed  by two observable  system parameters - t h e  s t a t e  of t h e  
system conducive t o  i g n i t i o n  and t h e  t i m e  de l ay  between s u b j e c t i o n  of t h e  
s y s t e m  t o  t h i s  s t a t e  and subsequent i g n i t i o n .  Unfor tuna te ly ,  t h e  theory  of 
spontaneous i g n i t i o n  has  n o t  matured s u f f i c i e n t l y  t o  p r e d i c t  e i t h e r  of 
t h e s e  parameters a p r i o r i .  C l a s s i c a l l y ,  t h e  t i m e  de l ay  i s  a r e s u l t  of t h e  
opposing thermal processes  p rev ious ly  mentioned, although normally such 
de lays  inc lude  the  phys ica l  p rocesses  of v a p o r i z a t i o n ,  mixing and hea t ing .  
Consequently, u n l e s s  t h e  chemical i nduc t ion  de lays  are cons iderably  longer 
than  those  phys ica l  p rocesses  , t he  chemical i nduc t ion  t i m e s  a re  masked by 
the  phys ica l  ones. These p rocesses  have a t t r a c t e d  cons ide rab le  a t t e n t i o n ,  
both i n  regard  t o  rocke t  engine performance and i n d u s t r i a l  chemical 
engineer ing  processes .  

The  e a r l i e s t  combustion s t u d i e s  invo lv ing  t h e s e  p r o p e l l a n t s  con- 
cerned t h e  measurement of t h e  spontaneous decomposition and i g n i t i o n  t e m -  
p e r a t u r e s  of hydraz ine- type  f u e l s  i n  v a r i o u s  nonhypergolic atmospheres. 
Herickes , Damon, and Z a b e t a k i z l  determined t h e  spontaneous i g n i t i o n  and 
decomposition temperatures of unsymmetrical dimethylhydrazine i n  a i r  a t  0 
and 200 p s i  . S c o t t ,  Burns, and L e w i s /  i n  1949, and Burgess,  Grumer and 
Z a b e t a k i a  7 i n  1960, conducted s i m i l a r  s t u d i e s  on hydraz ine .  

Later i n v e s t i g a t i o n s  involved t h e  hydraz ine- type /n i t rogen  t e t r o x -  
i d e  p r o p e l l a n t  combinations. 
measuring the spontaneous i g n i t i o n  c h a r a c t e r i s t i c s  of vapor ized  hydraz ine ,  
unsymmetrical dimethylhydrazine and Aerozine-50 (A-50) i n  combination wi th  
gaseous n i t rogen  t e t r o x i d e  ( N T O ) . W /  They showed t h a t  although a spon- 
taneous r e a c t i o n  always r e s u l t s  when any of t h e s e  hydraz ine- type  f u e l s  
c o n t a c t s  " T O ,  t h e  r e a c t i o n  does not  always cu lmina te  i n  an  i g n i t i o n .  Fur- 
thermore,  i t  w a s  shown98-89/ t h a t  t h e  p roduc t s  of t h e  p r e i g n i t i o n  and i g n i -  
t i o n  r e a c t i o n s  d i f f e r .  
t h e  hypergol ic  i g n i t i o n  c h a r a c t e r i s t i c s  of vapor ized  hydraz ine ,  unsymmetri- 
c a l  dimethylhydrazine,  and Aerozine-50 (A-50) i n  atmospheres c o n s i s t i n g  of 
v a r i o u s  n i t rogen  t e t r o x i d e - a i r  mix tures .  They a l s o  determined t h e  p roduc t s  
of t h e  low p res su re  ( 2  Tor r )  non ign i t ion  r e a c t i o n  of hydraz ine  and n i t r o g e n  
t e t r o x i d e .  Ni t rous  o x i d e ,  water  vapor and n i t r o g e n ,  were t h e  major gas 
products  with t r a c e s  of ammonia. They showed t h a t  t h e  s o l i d  r e a c t i o n  
product was n o t  ammonium n i t r a t e  a s  p rev ious ly  supposed, b u t  i t  w a s  n o t  
u n t i l  1965 t h a t  Weiss' report=/  i d e n t i f i e d  t h i s  s o l i d  product  as  hydra- 
zinium n i t r a t e ,  a r e l a t i v e l y  s e n s i t i v e  exp los ive  wi th  a de tona t ion  v e l o c i t y  

9 9 /  I n  a s i m i l a r  s t udy  on t h e  un- of 19,000 f p s  and p res su re  of 10 psi .-  
symmetrical d imethylhydraz ine-n i t rogen  t e t r o x i d e  r e a c t i o n ,  P e r l e e ,  e t  a1.- 
found s i m i l a r  gaseous r e a c t i o n  products  and a s o l i d  product t e n t a t i v e l y  
i d e n t i f i e d  a s  t he  methylated d e r i v a t i v e  of  hydrazinium n i t r a t e .  

These s t u d i e s  were p r i m a r i l y  concerned wi th  

P e r l e e ,  Imhof and Z a b e t a k i a l  i n  1961 determined 

99 I 
6 

I n  1962, Skinner ,  Hedley, and Snyder,- ' O 0 /  s tudy ing  t h e  r e a c t i o n  
between argon-d i lu ted  mixtures  of hydraz ine  and n i t r o g e n  t e t r o x i d e ,  found 
t h a t  t h e  r eac t ion  products  were a f u n c t i o n  of t h e  c o n c e n t r a t i o n  of t h e  
r e a c t a n t s .  
t a i n i n g  less  than 2 mole percent  r e a c t a n t  , Skinner and coworkers found 

I n  p a r t i c u l a r ,  f o r  r e a c t a n t  m i x t u r e s  prehea ted  t o  85OC and con- 
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ammonium n i t r a t e  and n i t r o u s  oxide to  be the  major p r e i g n i t i o n  r e a c t i o n  
products .  
above 2 mole pe rcen t ,  t he  p r e i g n i t i o n  r e a c t i o n  product  a n a l y s i s  i nd ica t ed  
a r egu la r  i nc rease  i n  n i t rogen  and n i t r i c  oxide a t  t h e  expense of n i t r o u s  
oxide.  
n i t r i c  ox ide ,  with minor q u a n t i t i e s  of n i t r o u s  oxide and ammonia. 
mole pe rcen t ,  i g n i t i o n  occurred.  Based on these  s t u d i e s ,  Skinner ,  Hedley 
and Snyder developed a r e a c t i o n  mechanism f o r  t h e  hydrazine-NT0 flame 
r e a c t i o n  A s i m i l a r  s tudy was conducted by Chuan, Everton, Merr i jan ,  and 
Wilber,%/ us ing  0.1,  10 ,  and 1600-liter spheiical v e s s e i s .  
ments were conducted by cont inuously and s imultaneously vapor iz ing  l i q u i d  
NTO and A - 5 0  i n t o  t h e  evacuated v e s s e l s  and observing the  p re s su re  a t  
which i g n i t i o n  occurred. 
of the  i g n i t i o n  phenomena. They a l s o  found t h a t  i n  going from a 0 . 1 - l i t e r  
v e s s e l  to a 1600- l i t e r  v e s s e l ,  the  i g n i t i o n  p res su re  decreased by two c r d e r s  
of magnitude. 

A s  t h e  r e a c t a n t  concent ra t ion  i n  the  argon atmosphere increased  

A t  3 mole percent  r e a c t a n t ,  t h e  major products  were n i t rogen  and 
A t  5 

These exper i -  

Thei r  r e s u l t s  showed a s t rong  p res su re  dependence 

Burning c h a r a c t e r i s t i c s  of impinging j e t s  of hypergol ic  l i q u i d s  
have been s tudied  p r imar i ly  by rocket  engine developers.  A s  we  have seen 
i n  a previous  r e a c t i o n ,  t he  impact of two l i q u i d  streams produces a complex 
heterogeneous system. It has  never been determined whether i n  such systems 
i g n i t i o n  o r i g i n a t e s  i n  the  gas or  condensed phase. Most i n v e s t i g a t i o n s  t o  
d a t e  have no t  s tud ied  the  i n t i m a t e  d e t a i l s  of t h e  i g n i t i o n  process .  They 
have been p r imar i ly  concerned with global  phenomena such as t h e  explosive 
p o t e n t i a l  of gross  hydrazine/NTO s p i l l s .  
Alfons&/ i n  1961 , conducted the  f i r s t  s p i l l  experiment a t  Haystack B u t t e  
i n  u s ing  t o t a l  p rope l l an t  weights of 5 t o  1800 pounds. I n  these  experiments 
t h e  p r o p e l l a n t s  were s imultaneously dumped i n t o  a diked a r e a  and t h e  re- 
s u l t a n t  b l a s t  p re s su res  recorded.  With small  weights of p r o p e l l a n t ,  they 
obta ined  TNT equ iva len t s  of less than 1 percent .  For l a r g e  s p i l l s  having 
t o t a l  dump t i m e s  of l e s s  than two seconds, TNT equ iva len t s  of l e s s  than 1 
percent  w e r e  aga in  observed. 
t he  h i g h e s t  TYT eguiva?ents recorded were 0.5 percent .  Markels, Friedman, 
Haggerty,  and D e z u b a y , z /  i n  1962, using 1 t o  300-gram q u a n t i t i e s  of pro-  
p e l l a n t s  and a rup tu re  device t o  p i e rce  a common wal l  s epa ra t ing  the  pro- 
p e l l a n t s ,  recorded TNT equ iva len t s  of about 3 percent  f o r  t he  l a r g e r  quan t i -  
t ies .  I n  a d d i t i o n ,  they  observed t h a t  occas iona l ly  a l i t t l e  water added t o  
t h e  hy&-q:ine appeared t o  make the  explosion mere ic tense.  Iii .a i a c e r  
siuCiy,-V-.I t h e  same au tho r s  i n j e c t e d  l i q u i d  NTO i n t o  l i q u i d  hydrazine,  
u s ing  je t  v e l o c i t i e s  of 38 f t / s e c  t o  obta in  high-speed photographs (2600 
frames/sec)  t h a t  c l e a r l y  show the  l i q u i d  NTO stream pene t r a t ing  t h e  l i q u i d  
hydraz ine  be fo re  i g n i t i o n .  
explos ion  and un fo r tuna te ly  they w e r e  no t  instrumented t o  record  pressure  
h i s t o r i e s ,  so TNT equiva len ts  were not obtained.  
Friedman, e t  a l .  proposed the  ex is tence  of an adduct t h a t  forms on pro- 
p e l l e n t  con tac t  and would be respons ib le  f o r  t he  explos ive  r e a c t i o n .  This  
is t h e  f i r s t  mention i n  the  l i t e r a t u r e  of such an in te rmedia te ,  al though 
o t h e r  i n v e s t i g a t o r s  have s ince  a r r i v e d  a t  a similar conclusion.  

Hatz,  Chambers, and Suarez- 

I n  s i m i l a r  experiments conducted with A-50/NT05 

Not a l l  of t hese  experiments r e s u l t e d  i n  an 

A s  a r e s u l t  of t h i s  s tudy ,  
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W a s k e l  i n  1963, s tud ied  t h e  i g n i t i o n  c h a r a c t e r i s t i c s  of t h e  
NTOIhydrazine system i n  an i n i t i a l l y  low p r e s s u r e  ( 4  x 10-4 Torr )  environ- 
ment. I n  these  experiments,  two g l a s s  v i a l s  con ta in ing  v a r i o u s  q u a n t i t i e s  
of l i q u i d  NTO and hydraz ine  were broken s imul taneous ly  by means of a mechani- 
c a l  c l eave r .  
T o r r ,  i g n i t i o n  occurred ;  when an i g n i t i o n  d i d  n o t  occur then  t h e  f i n a l  
chamber p re s su re  c o r r e s  onded t o  t h e  unreac ted  r e a c t a n t s .  Th i s  i s  c o n t r a r y  
t o  what Pe r l ee ,  e t  a l . d l  found a t  2 Torr ;  s i n c e  i f  P e r l e e ,  e t  a l .  r e s u l t s  
a r e  c o r r e c t ,  hydraz ine  and NTO r e a c t  accord ing  t o  t h e  s to i ch iomet ry  2 N2O4 + 
3 N2Hq+H20 + N20 + N2 + 2 N2H5N03 and a gas p r e s s u r e  r educ t ion  of 7 / 3  
should have been observed ( a t  t h e s e  p r e s s u r e s  N2O4+2 N02). 
t i m e ,  Chuan, Ever ton ,  Merrigan and Wilber%/ r epor t ed  t h e  r e s u l t s  of a 
s imi l a r  s e r i e s  of experiments u s ing  a 35 f t 3  b e l l  j a r  and a 56 f t 3  s p h e r i c a l  
vessel. This i n v e s t i g a t i o n  d i f f e r e d  from t h e  previous  ones i n  t h a t  t h e  
n i t r o g e n  t e t r o x i d e  and t h e  hydraz ine  , unsymmetrical dimethylhydrazine o r  
Aerozine-50 were a l l  admi t ted  t o  t h e  evacuated v e s s e l  as prehea ted  vapors .  
This s tudy  showed t h a t  t h e  i g n i t i o n  process  i s  a f u n c t i o n  of t h e  v e s s e l ' s  
s u r f a c e  t o  volume r a t i o .  Unfor tuna te ly ,  t h e  p r e s s u r e  r eco rd ing  ins t rumenta-  
t i o n  had a ve ry  poor frequency response and w a s  n o t  capable  of d e t e c t i n g  
any p res su re  sp ik ing .  
Torr with i g n i t i o n  d e l a y s  of about 5 seconds. Such f a c t o r s  as mixture  r a t i o ,  
t empera ture ,  rate of p r e s s u r e  r i s e  and s m a l l  amounts of i n e r t  gases  had no 
s i g n i f i c a n t  e f f e c t  on t h e  i g n i t i o n  p r e s s u r e .  Nei ther  d i d  i n f r a r e d  r a d i a t i o n  
nor a h igh  v o l t a g e  glow d i scha rge ,  a l though a hea ted  w i r e  appeared t o  induce 
r epea ted  i g n i t i o n s ,  as  evidenced by r epea ted  sha rp  r ises i n  t h e  p r e s s u r e  
record .  I n  1963, t h e  A i r  Force Rocket Propuls ion  Laboratory r e p o r t e d  
experiments t o  determine t h e  e x p l o s i v i t y  of L02/LH2, L02/RP-1 and NTO/A-50 
combinati ns. These experiments w e r e  s i m i l a r  t o  t hose  conducted by  Friedman, 
e t  a1.- 1037 except t h a t  much l a r g e r  q u a n t i t i e s  of h y p e r g o l i c s  (200 l b s )  w e r e  
used. I n  these experiments t h e  two hype rgo l i c s  w e r e  conta ined  i n  t anks  
sepa ra t ed  by a common w a l l  which w a s  rup tu red  by a n  exp los ive  charge o r  a 
m e t a l  harpoon. The TNT e q u i v a l e n t s  were of t h e  same o r d e r  of magnitude as  
those  p rev ious ly  r epor t ed  by Friedman, e t  a l .  A s  i s  t o  be  expec ted ,  t h e  
harpoon rup tu r ing  device  gave s i g n i f i c a n t l y  lower TNT e q u i v a l e n t s  than  t h e  
exp los ive  charges. A l l  t hose  i n v e s t i g a t i o n s  s u f f e r e d  from a c m o n  f l aw 
i n  t h a t  t he  r a t i o  of con tac t  s u r f a c e  between t h e  two p r o p e l l a n t s  t o  t h e  

f06 / l i q u i d  volume was r e l a t i v e l y  s m a l l  and t h e  r e a c t i o n  r a t e  appeared t o  b 
c o n t r o l l e d  mainly by t h e  mixing process .  
who measured TNT e q u i v a l e n t s  f o r  t h i s  p r o p e l l a n t  combination as h igh  as 49 
p e r c e n t ,  a f a c t o r  of 50 g r e a t e r  than t h o s e  p r e v i o u s l y  ob ta ined .  
experiments,  o x i d i z e r - f i l l e d  g l a s s  dewars w e r e  p l aced  i n  a f u e l - f i l l e d  t r a y  
and t h e  e n t i r e  appa ra tus  dropped on a s teel  p l a t e .  The impact s h a t t e r e d  
the  g l a s s  dewars exposing t h e  NTO t o  t h e  sur rounding  A-50. 
demonstrated q u i t e  conc lus ive ly  t h a t  t h e  bu rn ing  p rocess  i n  t h e  p rev ious  
i n v e s t i g a t i o n s  w a s  mix ing -con t ro l l ed ,  a l though  t h e  optimum r a t i o  o f  c o n t a c t  
su r f ace  t o  bulk  volume w a s  n o t  ob ta ined .  I n  1964, Mar t inkovic  pub l i shed  
a two-volume r e p o r t  on space v e h i c  e compartment f i r e  haza rds  a s s o c i a t e d  
wi th  h p e r g o l i c  p r o p e l l a n t s  107,108' s i m i l a r  t o  t h e  p rev ious  e f f o r t s  of 
Wasko- 1841 and Corbe t t ,  e t  a1.- 32/ Mar t inkovic  s t u d i e d  t h e  e f f e c t  on t h e  
combustion p rocess  of t h e  confinement o f f e r e d  by a P l e x i g l a s  c o n t a i n e r  and 

When t h e  t o t a l  p re s su re  of t h e  r e s u l t i n g  vapors  exceeded 4 

A t  about t h i s  

I 

I n  t h e  56 f t 3  sphe re ,  i g n i t i o n s  w e r e  observed a t  1.6 

T h i s  w a s  v e r i f i e d  by Pesant- 

I n  P e s a n t e ' s  

These r e s u l t s  
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of the ambient pressure. When hydrazine and NTO were emitted into a closed 
container only fires were observed for pressures corresponding to altitudes 
below 200,000 feet, whereas the majority of the experiments conducted with 
A-50/N204 under the same conditions resulted in violent explosions. Explo- 
sions occurred for the hydrazine/NTO combination only when the liquid 
streams impinged on a radiating source. 
NTO combination failed to ignite under any of the conditions examined. For 
A-SO/NTO, the severity of the explosions appeared to increase with altitude 
becoming most severe at 200,000 feet. The use of a partially open container 
eliminated the fire and explnsion hizard fcr both FioFCllSiit coiubinations 
below 200,000 feet. Unfortunately, these experiments were instrumented 
with relatively low frequency pressure transducers and consequently the 
quantitative value of the ressure records are somewhat limited. In the 
later study, Martinkovi&/ extended the A-50/NTO experiments to altitudes 
up to 325,000 feet. Not only did he observe continued occurrence of explo- 
sions but also a continued increase in the intensity with altitude. 

Above 200,000 feet the hydrazine/ 

In 1964, Corbett , Seamans, Dawson, and C h e e t h s ’  investigated 
the ignition characteristics of unconfined impinging liquid streams of 
hydrazine-type fuels and nitrogen tetroxide in a 1,000 ft3 low-pressure 
chamber. 
length, impingement angle, manifold geometry, propellant temperature, injec- 
tion velocity and ambient pressure on the ignition delay. 
periments, no ignition was observed at environmental pressures below 60 Torr 
within the normal 250 millisec duration of each experiment. However, in 
similar experiments conducted with premixed gases, ignition and stable flames 
were obtained for environmental pressures as low as 3 Torr. 
cluded that of all the factors included in the study only the environmental 
pressure significantly affected the ignition characteristics. 
parameters had little effect on ignition delay although second-order effects 
were obscured to some degree by the scatter of ignition delays at the lower 
pressure. The injector designs and modifications examined included several 
splss i l  piate configurations, concentric tubes, porous plugs, and various 
spray nozzle injectors; none of these materially improved ignition at low 
pressures. 

They were primarily interested in the effect of impingement 

In over 400 ex- 

They con- 

All other 

Irwin and Waddell,=’ in 1965, studied the shock sensitivity of 
A-SO/NTO systems by explnnixreiy shatte,rir?g g l z s s  conCal r ;~ rs  of 8-50 placed 
in a glass container of nitrogen tetroxide. 
consisting of approximately 45 lbs TNT was juxtaposed to the propellant 
assembly and initiated at various intervals following debouchment. 
equivalent of the A-50/NTO combination depended on the time delay between 
debouchment and the initiation of the booster. 
gave the largest TNT equivalent of 45 percent, whereas only a 15 percent 
value was obtained for an infinite delay (no booster). 
to note that the maximum percent TNT equivalent obtained with a booster 
(45  percent) is 
Pesante, et a l . b /  without a booster (49 percent). 
Mansfield, Cordale and Wilto&/ published a summary of all the work done 

An additional booster charge - 

The TNT. 

A delay of 0.6 millisecond 

It is interesting 

within experimental error, the same as that obtained by 
In 1965, Willoughby, 
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i n  t he  f i e l d  of p r o p e l l a n t  explos ive  eva lua t ion .  
experiments appear t o  be mixing-control led as none of t h e  i n v e s t i g a t o r s  
recorded TNT equiva len t  near  t h e i r  t h e o r e t i c a l  va lue  of 125 percent .  

They concluded t h a t  t h e  

The e f f e c t  of va r ious  a d d i t i v e s  on the  i g n i t i o n  process  w a s  a l s o  
Pe r l ee ,  Imhof and Z a b e t a k i u l  s tud ied  t h e  e f f e c t  of water inves t iga t ed .  

vapor on t h e  hypergol ic  i g n i t i o n  c h a r a c t e r i s t i c s  of Aerozine-50, hydraz ine ,  
and unsymmetrical dimethylhydrazine i an atmosphere of n i t rogen  t e t r o x i d e .  
Chuan, Everton, Merrigan and W i l b e r s 3  found t h a t  small amounts of n i t rogen  
gas  had ve ry  l i t t l e  e f f e c t  on the  i g n i t i o n  c h a r a c t e r i s t i c s  of A-50lnitrogen 
t e t r o x i d e  systems i n  t h e  56 f t 3  sphere.  
Dawson and Chee tham,m/  a d d i t i v e s  such as hydrazine n i t r a t e ,  ammonium per-  
c h l o r a t e ,  hydrazine d ipe rch lo ra t e  and n i t r i c  oxide f a i l e d  t o  improve t h e  
i g n i t i o n  delay of t h e  hydraz ine ln i t rogen  t e t r o x i d e  and unsymmetrical dimethyl- 
hydraz ine /n i t rogen  t e t r o x i d e  systems i n  unconfined experiments a t  low p res -  
sure .  One of t h e  most ex tens ive  s t u d i e s  involv ing  t h e  e f f e c t s  of a d d i t i v e s  

Liquid streams of hydrazine,  with one t o  f i v e  pe rcen t  a d d i t i v e ,  and n i t r o g e n  
t e t r o x i d e  were i n j e c t e d  through a swi r l - type  mixer i n t o  a r e a c t i o n  chamber 
i n i t i a l l y  a t  atmospkeric pressure .  Of t h e  th i r ty - two  a d d i t i v e s  examined, 
twenty-one decreased t h e  i g n i t i o n  de lay ;  t r i e t h y l b o r a n e  and n-phenyl-2- 
naphthylamine gave t h e  s h o r t e s t  i g n i t i o n  de lay  (about  one mi l l i s econd) .  

According t o  Corbe t t ,  Seamans, 

on i g n i t i o n  delay w a s  conducted by Weiss, Johnson, F i she r  and Gers te in .  1131 

It i s  only very  r e c e n t l y  t h a t  i g n i t i o n  c h a r a c t e r i s t i c s  of f rozen  
mixtures  of hydrazine-type f u e l s  and n i  ogen t e t r o x i d e  have been i n v e s t i -  
gated.  I n  1963, Rayleigh and M i c k o l d 7  s tud ied  a t h i n  l a y e r  (0.1 inch)  
of s o l i d  hydrazine depos i ted  on a t h i n  l a y e r  (0.1 inch)  of p rev ious ly  de- 
pos i t ed  frozen n i t rogen  t e t r o x i d e .  Although cons iderable  r e a c t i o n  w a s  
observed as  the  combination warmed from l i q u i d  n i t rogen  temperature  (-190°C) 
t o  room temperature,  t h e r e  w a s  no apparent  i g n i t i o n .  

In  1964, DDC r e l eased  a n  817-page document con ta in ing  t r a n s l a t i o n s  
of 43 r ecen t  Russian p u b l i c a t i o n s  p e r t a i n i n g  to  t h e  theory  of explosives;- 
Chapters 31 and 34 t rea t  the  explos ive  c h a r a c t e r i s t i c s  of hypergol ic  m i x -  
t u r e s .  For t h e  hypergol ic  combination, t e t r an i t rome thane  and a n i l i n e ,  which 
has  an  i g n i t i o n  de lay  of t e n s  of seconds,  evidence i s  given t o  show t h a t  
i g n i t i o n  f i r s t  occurs  i n  the  gas  phase above t h e  mixed l i q u i d s  and then  

1965 repor ted  experiments i n  which UDMH and hydraz ine  were f rozen  s e p a r a t e l y  
i n  and combined under l i q u i d  n i t rogen .  I g n i t i o n  with 32 l b s  of TNT gave a 
TNT equiva len t  of 8.8 pe rcen t .  S p i l l a g e  of t h e  mixture  o u t s i d e  t h e  tank 
where they  warmed up and i g n i t e d  h y p e r g o l i c a l l y  gave a TNT equ iva len t  of 
13.7 percent .  
and n i t rogen  t e t r o x i d e  with a d i f f e r e n t i a l  thermal ana lyze r  and an i n f r a r e d  
(1R)spectrometer.  I n  these  experiments ,  t h e  two p r o p e l l a n t s  were f rozen  i n  
l a y e r s  on the g l a s s  w a l l s  of a d i f f e r e n t i a l  thermal ana lyze r  a t  l i q u i d  
n i t rogen  temperature and allowed t o  warm slowly. 
p e r a t u r e s ,  the  I R  spectrum of t h i s  combination c o n s i s t e d  of e s s e n t i a l l y  t h e  
superpos i t ion  of the  I R  s p e c t r a  f o r  t he  i n d i v i d u a l  p r o p e l l a n t s .  

1151 

t r a n s i t s  t o  t h e  l i q u i d .  Willoughby, Mansfield,  Goodale and W i l t o b  111/ i n  

In 1965, Weiss%/ s tud ied  f rozen  combinations of hydraz ine  

A t  l i q u i d  n i t r o g e n  t e m -  

AS t h e  
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temperature increased above -130°C, the IR spectrum for the individuals 
started to weaken and another spectrum began to take form. Weiss does not 
indicate the nature of the material related to this product spectrum. 
Perlee, Imhof and Zabetakis' studel of the low-pressure (2  Torr) reaction 
between hydrazine and NTO, showed that nitrogen, water and nitrous oxide 
were the gas products in addition to hydrazine nitrate and trace amounts 
of ammonia. 

IV(b). Flame Propagation 

Following ignition in a flammable environment, a flame zone moves 
into the unburned gas mixture. According to prevalent combustion theory, 
this flame can exist in one of two stable configurations - deflagration or 
detonation. Which configuration the flame assumes depends on the initial 
state of the combustible mixture and the ignition process. It is believed 
that a gaseous detonation normally starts as a deflagration and transits to 
a detonation after traveling a finite distance (induction, or run-up dis- 
tance). The length of this path can be modified by changing the state of 
the combustible gas mixture (for example, raising its temperature) or the 
energy density of the ignition source. 
instability=/ which, coupled with the gas and structural dynamics of the 
confining vessel, exaggerates the instability phenomena resulting in gross 
gas motion. Under these conditions, flames either extinguish themselves or 
transit to a detonation, neither of which is usually desirable in rocket 
engines . 

Flames normally exhibit an intrinsic 

It is processes such as these that, directly or indirectly, cur- 
rently occupy the majority of researchers in the combustion field. 
in view of the enormous effort oE the past forty years one cannot hope to 
adequately survey this field in a monograph such as this. Consequently, it 
becomes necessary to confine attention to reports of immediate interest. 
Moreover, as the references mentioned at the beginning of this section con- 
tain excellent discussions of all aspects of combustion research prior to 
1958, no attempt has been made to include these studies here. Of the pub- 
lications since 1958 concerned with the more general aspects of combustion 
phenomena, only a few are mentioned specifically; more detailed listing is 
given in the accompanying bibliography. 

However, 

Although it is gcinerally believed that Hirschfelder and Curtiss - 116/ 
mathematical model of the steady state deflagration accurately describes 
real flames, this theory has not yet been adequately confirmed experimen- 
tally. Furthermore, as this model does not include temporal elements it can- 
not describe transit phenomena. 
differential equations of flame dynamics it becomes necessary to resort to 
quasi-steady descriptions. 
Hirschfelder-Curtiss flame model in a fluid dynamic description of the en- 
vironment. This is probably applicable as long as the wave length of the 
acoustic perturbation is considerably greater than the thickness of the 
combustion zone; obviously not the case for shock-flame interactions. If 
it becomes necessary to include time-dependent expressions in the mathe- 
matical model to account f o r  the interactions of the acoustic and transport 
phenomena, the mathematics become so complicated that a reasonably detailed 

Instead of solving the exact time-dependent 

Essentially this amounts to imbedding the 
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q u a n t i t a t i v e  s tudy  of such models becomes imprac t i ca l  .e/ Various ramiforms 
of such models w i l l  be  d iscussed  f u r t h e r  i n  Sect ion V. Because of t he  com- 
p l e x i t y  of  the exac t  mathematical  d e s c r i p t i o n s  of time-dependent flame 
mechanisms, most i n v e s t i g a t i o n s  of i n t e r e s t  t o  t h i s  program have been ex- 
per imenta l .  

Like d e f l a g r a t i o n s ,  de tona t ions  have occupied the  s c i e n t i f i c  
community for  n e a r l y  a century.  
were presented  a t  t h e  Eighth,  Ninth and Tenth Symposiums on Combustion. 
There s e e m s  t o  be genera l  agreement among re sea rche r s  t h a t  d e f l a g r a t i o n  
t r a n s i t s  t o  de tona t ion  i n  gases  through t h e  i n t e r a c t i o n  of a c o u s t i c  phe- 
nomena and physicochemical f l a m e  processes .  The exac t  na tu re  of t h i s  t r a n -  
s i t i o n  i s  not y e t  e n t i r e l y  c l e a r  although t h e r e  a r e  two genera l  t h e o r i e s .  
According t o  t h e  f i r s t  t heo ry ,  p re s su re  waves a r e  generated by t h e  change 
i n  t h e  r a t e  of h e a t  r e l e a s e  by the  flame f r o n t  determined by changes i n  t h e  
s u r f a c e  a r e a  of t h i s  f r o n t .  These p re s su re  waves culminate  i n  a shock wave 
which even tua l ly  merges with the  flame f r o n t  t o  form a de tona t ion .  The 
second theory main ta ins  t h a t  the  shock wave so generated h e a t s  t h e  unburned 
gas mixture  behind i t  t o  the  po in t  of spontaneous i g n i t i o n  and t h a t  t h e  
r e s u l t i n g  flame f r o n t  coa lesces  with the  shock t o  form t h e  de tona t ion .  
Opp enhe i 
"s t imula tes"  t h e  development of t h e  de tona t ion ,  i t  i s  not  s u f f i c i e n t  f o r  
t h e  establ ishment  of a de tona t ion .  An e x c e l l e n t  summary of gaseous detona- 
t i o n  research  up t o  1960 i s  given i n  r e fe rence  (118). 
has  been 
t e m s .  119-P22/ 

A number of more r ecen t  de tona t ion  s t u d i e s  

contends t h a t  a l though t h e  p r e i g n i t i o n  cond i t ion  d e f i n i t e l y  

Wave diagram a n a l y s i s  
a r t i c u l a r l y  u s e f u l  i n  c h a r a c t e r i z i n g  t h e  processes  i n  such sys-  

A number of i n v e s t i g a t o r s  have been concerned wi th  flame a c c e l e r -  
One of t he  f i r s t  s t u d i e s  a t i o n  i n  heterogeneous systems, p r i m a r i l y  sprays .  

on heterogeneous de tona t ion  w a s  made by Loison i n  1952.=/ 
t h a t  a de tona t ion  can propagate  i n  an a i r - f i l l e d  p ipe  whose w a l l s  w e r e  
p rev ious ly  wetted with an o i l  f i l m .  
b u s t i o n  c h a r a c t e r i s t i c s  of sprays  concluded t h a t  two-phase de tona t ions  are 
impossible  because of the  extended r e a c t i o n  zone formed by l e i s u r e l y  drop- 
l e t  evaporat ion.  
F i r s t ,  t h a t  drops below 10 microns could produce gas  phase de tona t ion ,  and 
second, t h a t  drop s h a t t e r i n g  might circumvent t h e  slow evapora t ion  p rocess  
and thus  support  de tona t ion .  
l i k e  flame zones i n  a shock-driven combustion tube.  I n  1961, t h e  American 
Rocket Socie ty  publ ished a volume128/ con ta in ing  16 a r t i c l e s  d e a l i n g  with 
t h i s  sub jec t .  
s t u d i e s  on de tona t ion  of sprays  i n  p i p e s ,  b u t  seemed unaware of prev ious  
work i n  t h e  United S t a t e s .  
shock i n i t i a t i o n  of d ie thyl -cyc lohexane  (DECH) sprays  i n  an  oxygen atmos- 
phere ,  found p res su re  r a t i o s  as h igh  as 30 : l  a c r o s s  t h e  combustion zone. 
They a l s o  found t h a t  t h e  de tona t ion  r e a c t i o n  w a s  r e l a t i v e l y  i n s e n s i - t i v e  t o  
the  q u a n t i t y  of f u e l  used. Like Loison, t hey  observed t h a t  when t h e  tube 
wa l l  w a s  coated with l i q u i d  DECH a d e t o n a t i o n - l i k e  combustion zone could 
s t i l l  be obtained with shock i n i t i a t i o n  i n  t h e  absence of any spray.  

He demonstrated 

W i l l i a m s  124-125/ i n  s t u d i e s  on t h e  com- 

However, he  tempered h i s  conclus ions  wi th  two obse rva t ions :  

Webberl26/ and C r a m e r u l  observed de tona t ion-  

In  1965, Komov and T r o s k i m l  r epor t ed  t h e  r e s u l t s  of t h e i r  

I n  1965 N i c h o l l s ,  Dabora and Ragland,%/ u s i n g  
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The f i r s t  work with t h e  hydrazine- type f u e l s  w a s  done t o  measure 
t h e i r  e x p l o s i v i t y ,  l i m i t s  of f lammabil i ty ,  and spontaneous i g n i t i o n  tempera- 
t u r e s  i n  a i r .  I n  1949, S c o t t ,  Burns and L e w i s /  confirmed t h a t  t h e  upper 
l i m i t  of f l a m n a b i l i t y  of hydrazine corresponds t o  100 percent  and measured 
t h e  lower l i m i t  of hydrazine vapors  i n  va r ious  gases  a t  approximately 1 0 0 ° C  
and atmospheric pressure .  
propagate a flame below 12 Torr  pressure.  They a l s o  determined the  minimum 
spontaneous i g n i t i o n  temperature of hydrazine i n  a i r ,  oxygen and n i t rogen  
i n  con tac t  wi th  materials such as g l a s s ,  platinum, f e r r i c  oxide ( r u s t ) ,  

determined t h e  f lammabil i ty  c h a r a c t e r i s t i c s  of unsymmetrical dimethyl- 
hydrazine (UDMH), temperature l i m i t s  of f lammabil i ty  of UDMH i n  a i r  a t  one 
abnosphere p re s su re ;  l i m i t s  of f l amnab i l i t y  of t h e  UDMH-air mixture  a t  
s e l e c t e d  e l eva ted  temperatures and p res su res ;  spontaneous i g n i t i o n  tempera- 
t u r e s  of UDMH i n  a i r  a t  0 and 200 ps ig  p re s su re ;  and shock s e n s i t i v i t y  of 
UDMH and hydrazine conta in ing  va r ious  amounts of metal  c a t a l y s t s  a t  25" and 
50°C. 
when they  determined t h e  minimum concent ra t ions  of benzene, to luene ,  m-xylene, 
cumene and n-heptane requi red  to  i n h i b i t  flame propagation through vapor 
mixtures  of hydrazine and hydrocarbon a t  125OC and atmospheric pressure .  
They found a c o r r e l a t i o n  between t h e  e f f e c t i v e  i n h i b i t o r  concent ra t ion  and 
t h e  h e a t  of formation o r  h e a t  capac i ty  of t h e  hydrocarbon. 

They showed t h a t  pure hydrazine vapors  do not  

iron stailileos T- q n c n  T V - - ~ - L - -  
111 A 7 u u ,  neiLcnra, =&ion and a3=taki ,90'  L . l -  

This  s tudy w a s  extended i n  1964 by Furno, M a r t i n d i l l  and Z a b e t a k i a i  

Numerous i n v e s t i g a t o r s  have i n v e s t i g a t e d  t h e  decomposition flame 
of hydrazine.=/ McHale, &ox and P a l m e r m /  and Michel and Wagner 
s tud ied  t h e  ch 
and Glassma&? used an a d i a b a t i c  flow r e a c t o r  t o  s tudy t h e  k i n e t i c s  of 
decomposition of hydrazine,  UDMH and MMH. 
support  t h e  p o s t u l a t e  t h a t  t he  r a t e  of propagat ion of t he  burning process  
i s  p r imar i ly  c o n t r o l l e d  by a second-order r eac t ion .  

i c a l  k i n e t i c s  of t h e  decomposition of hydrazine.  Ebe r s t e in  

Most of t hese  i n v e s t i g a t i o n s  

144 / I n  1965, H e i n r i c h  s tudied  the  d e t o n a b i l i t y  of hydrazine vapors  
a t  va r ious  p re s su res .  
t h a t  t h e  hydrazine vapors  could not  r e a d i l y  be detonated by a hot -wire  i g n i -  
t i o n  source i n  t h i s  s h o r t  tube bu t  t h a t  a de tona t ing  mixture  of ace ty l ene  
and oxygen r e g u l a r l y  i n i t i a t e d  detonat ion.  Heinrich measured de tona t ion  
v e l o c i t i e s  ranging from 6000 f t / s e c  a t  i n i t i a l  hydrazine p re s su res  of 16 
m--- L -  ~ n o n  L C I , - ,  -e i ~ n  T~-- 

Using a 2 cm diameter,  one meter long tube ,  h e  found 

L U L L  LU I V U V  A L I a C L  CZL I V V  A U L A .  

I n  1957 and 1958, t h e r e  appeared a number of a r t i c l e s  e r t a i n i n g  
t o  t h e  combustion c h a r a c t e r i s t i c s  of monopropellant sprays.  145-117 I Since 
t h a t  t ime o n l y  a l imi t ed  number of r e l a t e d  s t u d i e s  have been publ ished.  
T a r i f a  and Notar io  are among those  t h a t  have pursued t h i s  problem i n  some 
depth.  148-151/ 
express ions  f o r  monopropellant combustion, inc luding  t h e  chemical k i n e t i c s .  
Thei r  t h e o r e t i c a l  and experimental  r e s u l t s  i n d i c a t e  t h a t  f o r  a g iven  environ- 
ment s t a t e  t h e r e  should e x i s t  a minimum drop diameter below which t h e  drop 
w i l l  n o t  support  combustion. 
r e p o r t e d  a s i m i l a r  s tudy using hydrazine and UDMH drops. 

I n  t h e i r  latest  report=/ they develop the  mathematical  

A t  about t h i s  same t i m e ,  Dykema and Green&/ 
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Only two ar t ic les  w e r e  found p e r t a i n i n g  t o  t h e  combustion of 
hydrazine i n  n i t rogen  t e t r o x i d e .  I n  one,  Breen and Beltra&/ showed t h a t  
a drop of hydrazine o r  monomethyl hydrazine burning i n  a n i t r o g e n  t e t r o x i d e  
atmosphere suppor ts  a double flame conf igu ra t ion ,  t h e  inne r  flame correspond- 
i n g  t o  decomposition of t h e  hydraz ine  o r  monomethyl vapor and t h e  o u t e r  flame 
t o  t h e  ox ida t ion  r e a c t i o n .  
pended i n  an  atmosphere conta in ing  hydraz ine  vapor suppor ts  a double flame 
zone, t h e  inner  one corresponding t o  t h e  endothermic n i t rogen  t e t r o x i d e  
d i s s o c i a t i o n  flame r e a c t i o n  and t h e  o u t e r  t o  t h e  subsequent r educ t ion  reac- 
t i o n .  I n  the  o t h e r ,  Sawyer and G l a s s m a @ /  r e p o r t  t h e  r e s u l t s  of a chemi- 
ca l  k i n e t i c  s tudy of t h e  r e a c t i o n  between hydraz ine  and n i t r o g e n  t e t r o x i d e .  
By d i l u t i n g  the  c o n s t i t u e n t s  wi th  an i n e r t  gas ,  they slowed down t h e  reac- 
t i o n  ra te  s u f f i c i e n t l y  t o  fo l low t h e  process  i n  t h e  a d i a b a t i c  flow r e a c t o r ,  
p rev ious ly  developed and used on s i m i l a r  systems. 

S i m i l a r l y ,  a drop of n i t r o g e n  t e t r o x i d e  sus- 

V. G a s  Dynamics and Transpor t  

Hypergolic rocke t  engines  e x h i b i t  t h r e e  success ive  s t a g e s  i n  t h e i r  
opera t ion :  (1) The p r e i g n i t i o n  o r  p r e s s u r i z a t i o n  pe r iod  dur ing  which t h e  
p r o p e l l a n t s  i n j e c t e d  i n t o  t h e  combustion chamber are  d i s p e r s e d ,  vapor ized  
and a c c e l e r a t e d  through t h e  chamber; (2)  t h e  u n i l a t e r a l  combustion s t a g e  
dur ing  which a flame f r o n t  s t a r t i n g  a t  t h e  i g n i t i o n  s i t e  i n i t i a l l y  traverses 
the  combustible mixture ;  and (3)  t h e  s t e a d y - s t a t e  combustion process .  Only 
t h e  f i r s t  two s t a g e s  a re  of concern t o  t h e  sp ik ing  problem, al though most 
of  t h e  work repor ted  i n  t h e  l i t e r a t u r e  concerns t h e  t h i r d  s t age .  References 
t o  t h i s  l a s t  s t a g e  are given i n  t h e  b ib l iog raphy ,  b u t  are n o t  d i scussed  i n  
t h i s  r e p o r t .  

Due t o  the  l a r g e  number of s imultaneous p rocesses  occur r ing  i n  
rocke t  engine combustion chambers, a complete mathematical  d e s c r i p t i o n  of 
such a chamber has  not  y e t  been formulated.  However, a number of l i q u i d  
b i p r o p e l l a n t  rocke t  combustor models have been developed t h a t  have proven 
t o  be  of cons iderable  v a l u e  i n  unders tanding  t h e  q u a n t i t a t i v e  f e a t u r e s  of  
t h e  eng ine ' s  v a r i o u s  processes .  
con jec tu re ,  they do no t  account  f o r  p rocesses  which t h e  au tho r  i s  un fami l i a r .  
Furthermore,  i n t e r a c t i o n  of t h e  inc luded  processes  u s u a l l y  c o n s i s t s  on ly  of 
f i r s t - o r d e r  e f f e c t s  and,  i n  a d d i t i o n ,  g e n e r a l l y  r e p r e s e n t  an  extreme over-  
s i m p l i f i c a t i o n  of  t h e  r e a l i s t i c  s i t u a t i o n .  Consequently,  u n t i l  a more 
a c c u r a t e  d e s c r i p t i o n  of such systems becomes a v a i l a b l e ,  one can  never  b e  
s u r e  t h a t  an  observed anomaly i s  no t  t h e  r e s u l t  of t h e  loose  mathematical  
d e s c r i p t i o n .  

A s  t h e s e  models are based on p l a u s i b l e  

One of  t he  f i r s t  t h e o r e t i c a l  s t u d i e s  of t h e  p r e i g n i t i o n  and i g n i -  
t i o n  pe r iods  o f  rocke t  engine t h r u s t  w a s  publ i shed  by Agosta and Krause.- 155 / 
They developed a model f o r  t he  b i p r o p e l l a n t  hype rgo l i c  engine u s i n g , t h e  
A-50/NTO prope l l an t  combination. Th i s  model t a k e s  i n t o  account  drop evapora- 
t i o n ,  drop f r eez ing ,  vapor condensat ion on t h e  w a l l s ,  vapor  f low through 
t h e  nozzle  and vapor-drop thermal exchange. 
a chemical k i n e t i c  d e s c r i p t i o n  of t h e  p r e i g n i t i o n  combustion p r o c e s s ,  they  

Although t h e  a u t h o r s  cons idered  
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I 

d i d  not  couple t h i s  t o  t h e  p r e s s u r i z a t i o n  process .  
v a p o r i z a t i o n  p r e s s u r e  h i s t o r y  and the p r e s s u r e  dependent i g n i t i o n  d e l a y  
curves  and de f ined  t h e i r  i n t e r s e c t i o n  as t h e  p o i n t  of engine i g n i t i o n .  
Corbe t t ,  Dawson, Seamans, and Vanpe& app l i ed  a modif ied Agosta and Kraus 
model t o  t h e i r  engine,  u s ing  carbon t e t r a c h l o r i d e  as t h e  candida te  f l u i d  
because i t s  physicochemical c h a r a c t e r i s t i c s  are w e l l  known. 
t h a t  a 50 pe rcen t  change i n  t h e  accormnocation c o e f f i c i e n t  (from 1.0 t o  0.5) 

thermal  exchange between t h e  chamber w a l l s  and t h e  vapor i z ing  drops,  t hey  
ob ta ined  t h e o r e t i c a l  chamber p re s su re  h i s t o r i e s  t h a t  agreed with correspond- 
itig exprrimeutai results. 

They superimposed t h e  

i 
They found 

I 

lowered t h e  p r e s s u r e  h i s t o r y  curve by on ly  10 pe rcen t .  When they inc luded  1 

I 
Although t h e  number of t h e o r e t i c a l  s t u d i e s  concerned with hyper- 

g o l i c  rocke t  p r e i g n i t i o n  phenomena i s  r a t h e r  meager, experimental  i n v e s t i -  
g a t i o n s  are cons iderably  more numerous. Unfor tuna te ly ,  t h e r e  i s  l i t t l e  
mention of any anomalous i g n i t i o n  behavior ,  probably because low frequency 
response p r e s s u r e  t r ansduce r s  w e r e  used i n  the  combustion chambers. 

156: Rol lbuhler  and Tomazi- i n  1959, r epor t ed  a s tudy of t h e  sea 
level performance of 300-lb t h r u s t  hydraz ine /n i t rogen  t e t r o x i d e  engines  
u s i n g  v a r i o u s  types  of i n j e c t o r s ,  p r o p e l l a n t  flow r a t e s  and i n i t i a l  pro- 
p e l l a n t  temperatures .  Elverum and S taudhammerx l  made a s i m i l a r  s tudy ,  
employing a concen t r i c  tube  i n j e c t o r  i n  an  e f f o r t  t o  improve engine e f f i -  
ciency. 
t r a t i n g  on performance a t  reduced chamber p r e s s u r e  (10 p s i a ) .  They found 
t h a t  combustion i n s t a b i l i t y  increased as they  lowered t h e  p r o p e l l a n t  flow 
rates, f o r  both four -  and six-element t r i p l e t  i n j e c t o r s .  Wasserbauer and 
Tabat&/ i n  1961, and Chi lenski  and Lee=/ i n  1962, a l s o  s tud ied  t h e  
e f f e c t  of v a r i o u s  i n j e c t o r  and p rope l l an t  parameters  on t h e  performance of 
t h e s e  rocke t  engines.  None of t hese  i n v e s t i g a t o r s  repor ted  any p r e s s u r e  
s p i k i n g  dur ing  t h e  s ta r t  sequence. The f i r s t  i n d i c a t i o n  of such sp ik ing  
appa ren t ly  came i n  1963 from resea rche r s  a t  t h e  Marquardt Corporat ion,  
deve lopers  of t h e  Appolo 100-lb t h r u s t  RCS engine. It w a s  during engine 
q u a l i f y i n g  tests under s imulated high a l t i t u d e  cond i t ions  t h a t  t h e  f i r s t  
engine sp ike  w a s  experienced.  Following t h i s ,  a number of rocke t  engine. 
deve lopers  conducted s i m i l a r  sp ike  r e sea rch  programs. However the -ma jo r  

t h e  Manned Spacec ra f t  Center.  Minton and Z w i c m l  presented  Marquardt ' s 
can S o c i e t y  of Mechanical Engineers i n  March 1965. It was t h e s e  i n v e s t i g a -  
t o r s  t h a t  f i r s t  showed t h a t  t h e  p re s su re  sp ike  so o f t e n  observed i n  t h e i r  
100-lb t h r u s t  RCS engines  under vacuum s tar ts  was  i n  f a c t  a s e r i e s  of pres -  
s u r e  s p i k e s ,  each about  50 microseconds wide. T h i s ,  i n  conjunct ion wi th  t h e  
p r e s s u r e  s p i k e  magnitudes ( a s  l a r g e  a s  4000 p s i )  f i r s t  suggested t h e  poss i -  
b i l i t y  of a d e t o n a t i o n - l i k e  phenomena. 
t hey  found t h a t  t h e  i g n i t i o n  de lay  t i m e  w a s  e s s e n t i a l l y  independent of t h e  
fue l -ox idan t  l ead  r e l a t i o n s h i p .  
(17-20 m i l l i s e c o n d s )  iead  arrangements, t h e  i g n i t i o n  de lay  w a s  r a t h e r  con- 
s i s t e n t l y  about  f o u r  mi l l i s econds .  
on occas ion ,  photographed a slow flame f r o n t  t r a n s i t i n g  t o  a de tona t ion - l ike  
f r o n t  . 

Wanhainen, D e W i t t  , and R o s a /  a l s o  s tud ied  t h e s e  engines ,  concen- 

work i n  t h i s  area h a s  been conducted a t  Marquardt Corporat ion 160.161/ and 

C J - - L .  -___- L. -c .-L--.- -.---a:-- 
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Afte r  hundreds of vacuum starts,  

With t h e  except ion  of runs having long 

Minton and Zwick r e p o r t  t h a t  t hey  have,  
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Kapp l  and K n o w '  developed a simple gas flow p r e s s u r i z a t i o n  
model f o r  t h e i r  engine,  which inc luded  t h e  he t e rogene i ty  and chemical r eac -  
t i v i t y  of t h e  system, and had an  i g n i t i o n  c r i t e r i o n  based on t h e  Semenov 
thermal i g n i t i o n  mechanism. They f i n d  t h a t  two f a c t o r s  a f f e c t  t he  p re s su r -  
i z a t i o n  ra te  of t h e  t h r u s t  chamber, namely, t h e  i n i t i a l  p r o p e l l a n t  tempera- 
t u r e  and t h e  chamber w a l l  temperature.  This  i s  i n  agreement wi th  t h e  model 
developed by Corbe t t ,  Dawson, Seamans and Vanpee.- 28 I 

ud/ The e f f e c t s  of v a r i o u s  a d d i t i v e s  on the  i g n i t i o n  c h a r a c t e r i s t i c s  
of t h e s e  engines has  a l s o  been s t u d i e d  a t  Marquardt Corpora t ion  by Lawver, 
C a l l e r y  Chemical Company s e l e c t e d  n ine teen  cand ida te  i n h i b i t o r s  which they  
combined w i t h  Aerozine-50 t o  make 1 pe rcen t  i n h i b i t o r  s o l u t i o n s .  Lawver 
conducted vacuum s t a r t  experiments wi th  these  m i x t u r e s  i n  RCS engines  and 
found "no d e t e c t a b l e  d i f f e r e n c e s  i n  t h e  l e v e l  of t h e  i g n i t i o n  p res su re  f o r  
any of t he  fuels".  

I n  a d d i t i o n  t o  t h e  work done a t  t h e  Marquardt Corpora t ion ,  t h e  
Manned Spacecraf t  Center i n  Houston, Texas h a s  probably conducted t h e  next  
l a r g e s t  experimental  study s p e c i f i c a l l y  concerned wi th  t h e  vacuum s tar ts  
of t h e s e  engines.  
t h e  i n j e c t o r s  c u r r e n t l y  a v a i l a b l e ,  bu t  i n  a d d i t i o n  a few of t h e i r  own inno- 
v a t i o n s .  Although t h i s  e v a l u a t i o n  program i s  con t inu ing ,  they  have n o t  y e t  
found an  i n j e c t o r  t h a t  does no t  e x h i b i t  sp ik ing .  
of sp ik ing  appeared t o  v a r y  between i n j e c t o r s ,  i n  no c a s e  w a s  i t  s u f f i c i e n t l y  
d i f f e r e n t  to cons ider  any one i n j e c t o r  supe r io r  t o  t h e  o t h e r s .  MSC i s  ex- 
pending cons iderable  e f f o r t  both i n  house and on c o n t r a c t  t o  determine t h e  
cause and a cure f o r  vacuuni s tar t  p r e s s u r e  sp ik ing .  

They have no t  on ly  examined and e x t e n s i v e l y  t e s t e d  a l l  

Although t h e  frequency 
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