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SUMMARY 

A c o r r e l a t i o n  of a v a i l a b l e  s e l f - i g n i t i o n  d a t a  f o r  supersonic  hydrogen- 
a i r  mixtures i n  conf igu ra t ions  r e p r e s e n t a t i v e  of scramjet combustors has been 
made i n  terms of a pressure-scale product as a func t ion  of combustor en t r ance  
s t agna t ion  temperature. The correlation was examined i n  l i g h t  of s i m p l i f i e d  
i g n i t i o n - l i m i t  models developed by assuming i g n i t i o n  t i m e  equa l  to  mixture 
r e s idence  t i m e ,  and by using a g l o b a l  r e a c t i o n  rate to approximate t h e  f i n i t e -  
rate chemistry. The data and i g n i t i o n - l i m i t  models included cases of injec-  
t i o n  from t r a n s v e r s e  f u e l  je ts  on w a l l s ,  t r ansve r se  f u e l  jets behind swept and 
unswept steps, and t r a n s v e r s e  i n j e c t i o n  ahead of swept and unswept steps and 
s t r u t  bases. 

Although t h e  c o r r e l a t i o n  is based on g r e a t l y  s i m p l i f i e d  approximations of 
a very  complex phenomenon, it provides u s e f u l  i n s i g h t  and guidance f o r  i nd ica t -  
ing t h e  p r o b a b i l i t y  of s e l f - i g n i t i o n  i n  a v a r i e t y  of p o s s i b l e  app l i ca t ions .  

Same of t h e  more important i n d i c a t i o n s  der ived  from t h e  c o r r e l a t i o n  are 
summarized as follows: 

(1 )  For the  typical case of f u e l  s t agna t ion  temperature much less than a i r  
s t a g n a t i o n  temperature,  t h e  i g n i t i o n  very l i k e l y  occurs i n  those  reg ions  where 
t h e  mixture equivalence ra t io  is approximately 0.2. 

(2 )  S e l f - i g n i t i o n  is extremely s e n s i t i v e  to t h e  mixture temperature a t  t h e  
p e r t i n e n t  i g n i t i o n  loca t ions .  A s  a r e s u l t ,  w a l l  temperature and r e c i r c u l a t i o n -  
zone temperature recovery f a c t o r  have dominant in f luence  on the  phenomenon, and 
it is d e s i r a b l e  f o r  both to be as h igh  as poss ib le .  

( 3 )  For t h e  t y p i c a l  case of h ighly  cooled wal ls ,  t h e  r a t i o  of boundary- 
l a y e r  t h i ckness  to  j e t  pene t r a t ion  he igh t ,  s tep he ight ,  or base ha l f -he ight  has 
s t r o n g  in f luence  on i g n i t i o n  s i n c e  it d i r e c t l y  in f luences  rec i rcu la t ion-zone  
recovery temperature. 

( 4 )  The l i k e l y  r eg ions  f o r  s e l f - i g n i t i o n  i n  t h e  canbustor seem to have an 
order  of merit  as follows: (a) s t r u t  bases and steps where t h e  f u e l  is i n j e c t e d  
w e l l  upstream, (b) t h e  upstream r e c i r c u l a t i o n  reg ions  of s t r o n g  t r a n s v e r s e  jets 
on p lane  su r faces ,  (c) behind steps wi th  t r a n s v e r s e  f u e l  i n j e c t i o n ,  and (d)  bow- 
shock reg ions  of t r a n s v e r s e  f u e l  jets. 

INTRODUCTION 

The o b j e c t i v e  of t h i s  paper is to d e f i n e  the  cond i t ions  necessary  to  accom- 
p l i s h  s e l f - i g n i t i o n  (also c a l l e d  a u t o i g n i t i o n  or spontaneous i g n i t i o n )  i n  com- 
b u s t i b l e  mixtures flowing a t  supersonic  v e l o c i t i e s  i n  conf i g u r a t i o n s  representa-  
t i v e  of a i t -b rea th ing  propuls ion  systems f o r  hypersonic f l i g h t .  An important 
requirement of combustors f o r  t h i s  a p p l i c a t i o n  is t h a t  t h e  mixing, i g n i t i o n ,  and 



r e a c t i o n  be very  r ap id ,  so t h a t  excess ive  l eng th  (hence, weight, cool ing ,  drag, 
etc.) is no t  requi red .  

There is a g r e a t  abundance of l i t e r a t u r e  dea l ing  wi th  t h e  problem of igni- 
t i o n  and r e a c t i o n  of var ious  f u e l - a i r  or fuel-oxygen mixtures a t  l o w  subsonic 
v e l o c i t i e s  and f o r  r e a c t a n t  temperatures a t ,  or a l i t t l e  above, room tempera- 
t u r e .  There is a much lesser, but s i g n i f i c a n t ,  amount d e a l i n g  with these  
problems a t  supersonic  v e l o c i t i e s  and t h e  associated h igher  r e a c t a n t  tempera- 
tures. (See ref. 1 , e.g.) The supersonic  s t u d i e s  show t h a t  hydrogen f u e l  is 
much more d e s i r a b l e  than hydrocarbon f u e l s  from t h e  s t andpo in t  of f a s t  r e a c t i o n  
rates and high hea t  release per u n i t  mass, although it is less d e s i r a b l e  than 
some of t h e  o t h e r s  from t h e  s t andpo in t  of handling and s torage .  Although t h e  
r e a c t i o n  rates f o r  hydrogen canbustion are very f a s t ,  a r a t h e r  high temperature 
is requi red  f o r  i g n i t i o n ,  and f o r  typical supersonic  combustor en t r ance  flow 
cond i t ions  t h e  s ta t ic  temperatures are too l o w  to  achieve s e l f - i g n i t i o n  i n  a 
s h o r t  flow l e n g t h  (even though t h e  t o t a l  temperature of t h e  flow may be high  
enough). 

I n  order to circumvent t h i s  problem, one or more of t h e  fo l lowing  possible 
a l t e r n a t i v e s  must be incorporated: 

( 7 )  For t e s t i n g  i n  ground f a c i l i t i e s ,  i t  is sometimes possible to  temporar- 
i l y  inc rease  t h e  f a c i l i t y  gas temperature, or f u e l  temperature, u n t i l  i g n i t i o n  
is obta ined ,  and then reduce i t  b a c k  and main ta in  t h e  combustion.’ A flame- 
holder is requi red  to maintain t h e  canbustion a t  t h e  reduced temperature,  and 
knowledge of those  f a c t o r s  which in f luence  s e l f -  i g n i  t i o n  is u s e f u l  i n  under- 
s tanding  flameholders s i n c e  t h e  f a c t o r s  p e r t i n e n t  to each of t h e s e  processes are 
similar. 

( 2 )  A separate i g n i t i o n  system, such as a high-pressure hydrogen-oxygen 
flame i g n i t e d  wi th  a s p a r k ,  or a small amount of subs tance  having a l o w  i g n i t i o n  
temperature, may be added. 

( 3 )  The combustor may be configured to  provide reg ions  of higher tempera- 
t u r e ,  higher p re s su re ,  or lower ve loc i ty ,  which s e r v e  as s e l f - i g n i t i o n  p o i n t s  
as w e l l  as flameholders. This approach is very  desirable f o r  subsca le  engine 
tests, s i n c e  t h e  engine des ign  and test procedures are g r e a t l y  s i m p l i f i e d  i f  
separate i g n i t o r s  and temperature surges  can  be avoided. 

I t  is t h e  purpose of t h i s  paper to  d e f i n e  those  canbina t ions  of gas  condi- 
t i o n s  and conf igu ra t ion  parameters which allow f o r  s e l f - i g n i t i o n  (i.e. , a l t e rna -  
t i v e s  1 and 3 of t h e  preceding paragraph) of supe r son ic  hydrogen-air mixtures 
i n  combustors of t h e  type  contemplated f o r  hypersonic propuls ion  systems. To 
accanpl i sh  t h i s  o b j e c t i v e ,  c o r r e l a t i o n s  are made between t h e  geometry and s e l f -  
i g n i t i o n  cond i t ions  from a v a r i e t y  of published experimental  s t u d i e s  as w e l l  a s  
some new d a t a ,  inc luding  both swept and unswept conf igu ra t ions .  

- _  - - - - - - - - . . - __ - - - - - - - 

lOnce i g n i t i o n  has occurred, t h e  c h a i n - c a r r i e r s  which are genera ted  become 
a source  of i g n i t i o n  f o r  t h e  oncoming flow. This ,  along with some local  t e m -  
perature inc rease  due to  t h e  r eac t ion ,  allows combustion to  be maintained a f t e r  
t h e  f a c i l i t y  temperature is lowered. 
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SYMBOLS 

cP 

cP 

d 

FR 

f 

H 

h 

kl  r k 2  

m 

U 

X 

species concent ra t ions  (see eq. (3) ) 

s t r u t  base half-height ,  m 

species concent ra t ion  ( subsc r ip t  denotes spec ie s )  
$2: 

P 
pressure c o e f f i c i e n t  Cp,n = -(n = s, j, or B) 

V 
I - M2 
2 

s p e c i f i c  hea t  a t  cons tan t  pressure  

f u e l  o r i f i c e  diameter,  m 

r e c i r c u l a t i o n  zone temperature recovery f a c t o r  (see eq. ( 1 0 ) )  

reaction r a t e  c o e f f i c i e n t  

t r ansve r se  j e t  pene t r a t ion  he ight  (see f i g .  10 )  , m 

step he ight ,  m 

cons t an t s  i n  res idence  t i m e  r e l a t i o n s  (see f i g .  10 ,  eqs. ( l l a )  
and ( l l b ) )  

i g n i t i o n ,  r eac t ion  length ,  m 

canbustor Mach number 

mass 

canbustor pressure ,  atm (1 atm = 101.3 kPa) 

dynamic p res su re ,  atm 

d i s t a n c e  f r a n  step to o r i f i c e  center l i n e  i n  flow d i r e c t i o n ,  m 

combus tor t e m p  r a t u r  e, K 

t i m e ,  sec 

combus tor flow ve loc i ty ,  m/sec 

any nonreact ing col l is ion partner; d i s t ance  along flow 
d i r e c t  i on  , m 
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Y ratio of specific hea t s  

6 boundary-layer thickness ,  m 

n sweep angle,  deg 

T i , T r , T r e S  i g n i t i o n ,  r eac t ion ,  res idence times, sec 

4 

Subscripts: 

a 

B 

b 

d 

f 

h 

j 

mix 

R 

S 

t 

W 

fue l - a i r  equivalence r a t i o ,  4 = 34.3 - ( fo r  hydrogen-air ) 
ma 

a i r  

behind s t e p  or base 

ahead of base 

ahead of je t  f l o w  f i e l d  

f u e l  

ahead of s t e p  

i n  r e c i r c u l a t i n g  zone ahead of j e t  

mixture 

recovery i n  r e c i r c u l a t i o n  zone 

behind normal shock 

t o t a l  or s t agna t ion  

w a l l  

CONDITIONS REQUIRED FOR S E L F - I a I T I O N  

I n  order to accanpl ish s e l f - i g n i t i o n  (and canbust ion)  i n  a flowing com- 
b u s t i b l e  mixture it is necessary t h a t  four condi t ions  be proper ly  m e t ;  t he se  
condi t ions  are t h e  s ta t ic  temperature, static pressure, f u e l - a i r  mixture, and 
t h e  residence t i m e  (a t  these  cond i t ions ) .  The degree t o  which any one condi- 
t i o n  must  be m e t  is, of course, dependent upon the  degree to which t h e  o t h e r s  
are m e t .  I n  genera l ,  t he  l i ke l ihood  of i g n i t i o n  and combustion increases  as 
temperature increases ,  as residence t i m e  increases ,  as t h e  mixture f uel-air 
equivalence ra t io  approaches the  s to i ch iomet r i c  value,  and as p res su re  increases  
(within s p e c i f i e d  l i m i t s ) .  These t rends  are d iscussed  for hydrogen-air i n  t he  

4 



following sections where, for s impl i c i ty ,  t he  chemical-kinet ics  system f o r  igni-  
t i o n  is t r e a t e d  i n  g loba l  fash ion ,  as w a s  done i n  reference 2 (i.e., an e ight -  
r e a c t i o n  system, given i n  t a b l e  I of present  paper, w a s  represented  by a s i n g l e  
hypothe t ica l  r e a c t i o n  whose rate v a r i a t i o n  with temperature and pressure  was 
roughly t h e  same as t h a t  of t he  complete system). 

The use  of such a g loba l  approach (within s p e c i f i e d  l i m i t s )  is v a l i d  f o r  
t h i s  s tudy when one examines t h e  curves i n  f i g u r e s  1 and 2. N o t e  t h a t  t he  
g loba l  model w a s  o r i g i n a l l y  developed on the  b a s i s  of an e ight - reac t ion ,  s ix-  
species chemistry system ( t a b l e  I ,  r e f .  2). The expanded chemistry model is 
based on many more reactions and species than t h i s ,  and inc ludes  the  p r e s e n t l y  
accepted rate values; it should thus  represent  a good s tandard  f o r  comparison. 
Figure 1 shows the  e f f e c t  of pressure on i g n i t i o n  t i m e .  The dashed curves 
r ep resen t  t he  g loba l  approximation ( r e f .  2), and t h e  s o l i d  curves represent an 
expanded chemistry model (similar to hydrogen-oxygen model i n  r e f .  3) which 
inc ludes  H02 and H202 species and t h e  r eac t ions  a s soc ia t ed  wi th  them. 
temperatures above 1000 K, a v a l i d  pressure range of 0.2 to 2 atm is indica ted .  
A t  temperatures less than 1000 K ,  t he  s o l i d  curves i n  f i g u r e  1 i n d i c a t e  the  
i g n i t i o n  times inc rease  f o r  a pressure range 1 to 2 atm (1000 K) and f o r  0.4 
to 1 atm (910 K ) .  The author  of re ference  2 quoted a l o w  temperature l i m i t  
of 1000 K, which is reasonable  f o r  an e ight - reac t ion  chemistry model. However, 
t h e  upper pressure l imi t .  a t  t h a t  temperature should be 1 atm ins t ead  of t he  
5 atm given. An upper l i m i t  of 5 atm would not apply unless  t h e  temperature 
w a s  1500 K or g rea t e r .  Figure 2 shows t h e  e f f e c t  of equivalence r a t i o  on 
i g n i t i o n  t i m e .  The g loba l  approximation assumes a cons tan t  i g n i t i o n  t i m e  over 
a range of 0 from 0.4 t o  2 ,  which is reasonable  (20-percent error) when com- 
pared with the  expanded,chemistry model curve and t h e o r e t i c a l  results from 
references  4, 5, and 6, along wi th  experimental  resu l t s  from re fe rence  7 as 
repor ted  i n  re ference  4. 

For 

Mixture Tempera ture  

I f  t h e  pressure  and f u e l - a i r  mixture a r e  held cons tan t ,  t h e  e f f e c t  of t e m -  
pe ra tu re  on i g n i t i o n  (and r e a c t i o n )  t i m e  can be r e a d i l y  shown €or t h e  g loba l  
approximation of re ference  2 i n  a p l o t  such a s  f i g u r e  3. I g n i t i o n  is considered 
accomplished when the  temperature r ise reaches 5 percent  of t he  complete reac- 
t i o n  temperature rise. I n  terms of the  chemical system, t h i s  means t h a t  s u f f i -  
c i e n t  f r e e  r a d i c a l s ,  or cha in -ca r r i e r s  (i.e., OH, H ,  and 0 spec ie s  which are 
used over and over to maintain the  i g n i t i o n  p rocess ) ,  are formed to i n i t i a t e  t h e  
r e a c t i o n  system but no apprec i ab le  hea t  is re l eased  (formation of t he  chain- 
carriers does not  involve a s i g n i f i c a n t  exothermic i ty) .  The reaction t i m e  -rr  
is def ined as t h a t  requi red  from i g n i t i o n  u n t i l  95 percent  of t he  h e a t  is 
re l eased  (due to formation of t he  product,  H20). Note t h a t  t he  i g n i t i o n  t i m e  
has a s t rong  exponent ia l  dependence on temperature, but t he  r e a c t i o n  t i m e  is  
dependent on temperature to a much lesser ex ten t .  Over t h e  range f r a n  1000 H 
to 2000 K ,  T i  v a r i e s  by about  a f a c t o r  of 100, while  -rr varies by only  about 
a factor of 3 a t  cons t an t  pressure. The fol lowing equat ions  f o r  t h e  v a r i a t i o n  
of T i  and T r ,  r e spec t ive ly ,  wi th  temperature and pressure are taken from 
reference  2 :  

5 



The b a s i c  reason t h a t  T i  f o r  hydrogen-air has such a s t rong  nonl inear  var ia -  
t i o n  with temperature, p a r t i c u l a r l y  i n  t h e  lower p a r t  of t h e  range, is t h a t  t h e  
c o l l i d i n g  r e a c t a n t s  must  possess an energy s u f f i c i e n t  to  overcome t h e  a c t i v a t i o n  
energy requi red  f o r  s t a r t i n g  the  chain reac t ions .  When t h e  energy l e v e l  of t h e  
r e a c t a n t s  is near  t h i s  minimum value,  t h e  p r o b a b i l i t y  for i g n i t i o n  is very l o w ;  
hence, ~i approaches very high values. A t  temperatures near 800 K (or a lit- 
t l e  higher ,  depending on p and $ )  t h e  i g n i t i o n  t i m e  approaches i n f i n i t y  and 
s e l f - i g n i t i o n  cannot occur. (See r e f s .  8 and 9.)  Once i g n i t e d ,  l a r g e  ac t iva-  
t i o n  energ ies  do n o t  e x i s t  because h ighly  r e a c t i v e  cha in -ca r r i e r s  have a l r eady  
formed; hence, ‘rr has  a much smaller v a r i a t i o n  with temperature. 

Mixture Pressure 

The f i rs t -power pressure dependency of T i  i n  equat ion (1) is because t h e  

f 
r e a c t i o n s  involved i n  t h e  i g n i t i o n  chemistry involve on ly  t w o  r eac t an t s .  For 

example, fo r  t h e  two-body r eac t ion  A + B + C + D, t h e  f r a c t i o n a l  change of 
t he  concent ra t ion  of r e a c t a n t  A during a given time increment is p ropor t iona l  
to  t h e  concent ra t ion  of r e a c t a n t  B; t h a t  is, 

Since  t h e  concent ra t ion  of any c o n s t i t u e n t  a t  a given temperature is propor- 
t i o n a l  t o  pressure, t h e  r eac t ion  rate ( inve r se  of T) is p ropor t iona l  t o  pres- 
sure .  Thus, t h e  product PTi forms a s i n g l e  curve i n  f i g u r e  3 f o r  a l l  t h e  
pressures ,  and allows t h e  u s e  of t h e  b inary  s c a l i n g  l a w  f o r  t he  i g n i t i o n  
condi t ions  of hydrogen-air mixtures.  That is, f o r  a given flow v e l o c i t y  and 
temperature 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 hydrogen-air are the  same f o r  d i f -  
f e r e n t  sca led  geometries,  providing the product of pressure and scale is he ld  
cons tan t  ( s ince  scale is p ropor t iona l  to TI. 

Binary s c a l i n g  does no t  apply,  however, f o r  t h e  r e a c t i o n  t i m e  T r  because 
the  r eac t ion  system involves  many three-body reac t ions .  Since three-body reac- 
t i o n  rates vary as t h e  square of pressure ( the re  would be two species concen- 
t r a t i o n s  i n  t h e  r i g h t  side of eq. ( 3 ) ) ,  it would be expected t h a t  t he  pressure  
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dependency would be somewhere between p and p2 ( i n  t h i s  case, p l o 7 ) .  
Because of t h i s ,  t h e  PTr curves  i n  f i g u r e  3 show some pres su re  dependency. 

Mixture Fuel-Air Equivalence R a t i o  

I t  w a s  s t a t e d  p rev ious ly  t h a t  t h e  i g n i t i o n  and r e a c t i o n  times taken  from 
re fe rence  2 were not ve ry  dependent on 4 wi th in  t h e  s p e c i f i e d  range of valid- 
i t y .  Th i s  is, of course,  assuming t h a t  t h e  mixture temperature is no t  depen- 
den t  on 4 and would apply  to cases of premixed hydrogen-air or unmixed cases 
where t h e  temperature of t h e  i n j e c t e d  hydrogen is t h e  same as t h a t  of t h e  air .  
For t h e  more practical  case ( f o r  scramjet combustors), where r e l a t i v e l y  c o l d  
hydrogen is i n j e c t e d  i n t o  hot  a i r ,  t h e r e  w i l l  be a s i g n i f i c a n t  v a r i a t i o n  of 
temperature wi th  4 through t h e  mixing l aye r .  S ince  t h e  temperature of t h e  
mixture is higher on t h e  l o w  equiva lence- ra t io  s i d e  of t h e  mixing l a y e r ,  and 
s i n c e  i g n i t i o n  t i m e  is a s t rong  func t ion  of the mixture temperature, it would 
be expected t h a t  t h e  s e l f - i g n i t i o n  po in t  would be a t  t h e  l e a n  s i d e  of t h e  mix- 
ing  l a y e r  ( low @).  For example, cons ider  t h e  v a r i a t i o n  of i g n i t i o n  t i m e  wi th  
4 shown i n  f i g u r e  4 f o r  a premixed hydrogen-air flow a t  a uniform temperature 
of 1220 K ,  a pressure of 1 a t m ,  and a v e l o c i t y  of 1372 m / s  ( r e f .  6 ) .  The theo- 
re t ica l  T = 1220 K s o l i d  curve has been ex t r apo la t ed  to  + lower than  t h a t  
given i n  r e fe rence  6 by assuming t h a t  t h e  lower l i m i t  of i g n i t i o n  f o r  t h i s  
mixture temperature would be a t  - 0.05, and a t  t h e  l i m i t ,  T i  + a. This  
va lue  of 4 f o r  t h e  lower i g n i t i o n  l i m i t  was estimated by e x t r a p o l a t i n g  t h e  
l e a n  l i m i t  of canbustion as a f u n c t i o n  of temperature given i n  r e fe rence  8 
(-2 pe rcen t  hydrogen, by volume, a t  1220 K) . 

I n  o rde r  to  approximate t h e  v a r i a t i o n  of temperature wi th  4 through a 
mixing l a y e r  of coflowing c o l d  hydrogen and h o t  a i r ,  t h e  following s i m p l i f i e d  
r e l a t i o n  w a s  used: 

0.3276 

and w a s  ob ta ined  from t h e  energy balance between t h e  co ld  f u e l  and h o t  a i r  given 
by equat ion  (5) ( n e g l e c t s  hea t  t r a n s f e r  and d i s s i p a t i o n  e f f e c t s ) ;  t h a t  is, 

where 

mf - = 0.02924 
m a  



and 

cPf f - - 11.2 (7) 

The ra t io  of f u e l  mass (hydrogen) t o  a i r  mass is g iven  as a f u n c t i o n  of 4 
i n  equat ion  (61, and t h e  ra t io  of f u e l  and a i r  specific h e a t s  is assumed con- 
s t a n t  i n  equat ion  (7) a t  a va lue  approximating a typical cold-hydrogen and hot- 
air case. I n  order t o  modify t h e  curve f o r  T = 1220 K (uniform) to t h e  case 
of T = Tmix(@), t h e  following s i m p l i f i e d  approach was used: it was f i r s t  
assumed t h a t  t h e  modified curve would have a temperature of 1220 K a t  4 = 0.5, 
and t h a t  t h e  i n j e c t e d  f u e l  temperature Tf w a s  250 K (s ta t ic  T for M = 1 
and T t  = 300 K ) ;  T a  w a s  then  found f r a n  equat ion  ( 4 )  to be 1380 K; using 
t h e s e  va lues  of Ta and Tf i n  equat ion  (4 )  , values  of Tmix were found a t  
o ther  va lues  of 4 
i n g  va lues  of T i  were read from t h e  pri curve i n  f i g u r e  3 (p = 1 atm); 
t h e  uniform temperature curve w a s  then modified for 
r e l a t i o n  

(fran 0.1 to 1.2) i 2  f o r  each va lue  of Tmix(4) , correspond- 

T = Tmix(4) us ing  t h e  

The information i n  t h e  bracketed term is from f i g u r e  3, and t h e  modified curve 
is shown i n  f i g u r e  4 with va lues  of 
a long  t h e  curve. 

Tmi, shown a t  r e p r e s e n t a t i v e  p o i n t s  

Although t h e  method used to show t h i s  e f f e c t  of temperature v a r i a t i o n  on 
i g n i t i o n  t i m e  through t h e  mixing l a y e r  is somewhat crude, q u a n t i t a t i v e l y ,  t h e  
resu l t  is nonethe less  i n t e r e s t i n g  and quite meaningful, q u a l i t a t i v e l y .  For 
example, using a f i n i t e - r a t e  r e a c t i o n  system t h a t  is g e n e r a l l y  s imilar ,  but dif-  
f e r s  i n  some de ta i l s  (number of r e a c t i o n s  and va lues  for ra te  c o n s t a n t s )  from 
t h a t  used i n  r e fe rence  6, c a l c u l a t i o n s  of ~i were made for t h e  Tmix depen- 
dency on 4 as shown i n  f i g u r e  4 and were plotted for canparison. Except f o r  
a small displacement i n  ~i 
i s t r y  models, t h e  curves  are quite similar. The plot  i n d i c a t e s  very po in ted ly  
t h a t  s e l f - i g n i t i o n  w i l l  l i k e l y  o r i g i n a t e  a t  a p o i n t  i n  t h e  mixing l a y e r  where 
4 is on t h e  order of 0.2 for the  case of cold hydrogen i n j e c t i o n  i n  scramjet 
combustors. For cases where t h e  f u e l  is heated, but s t i l l  has a temperature 
s i g n i f i c a n t l y  lower than  t h e  a i r  temperature,  t h e  i g n i t i o n  p o i n t  is s t i l l  

which can be a t t r i b u t e d  to t h e  d i f f e r e n c e  i n  chem- 

2Computation of Tmix from t h e  s t a t i c  temperatures i n  t h i s  manner neg lec t s  
hea t  t r a n s f e r  and d i s s i p a t i o n  e f f e c t s  due to  t h e  d i f f e r e n c e s  i n  v e l o c i t y  and 
d e n s i t y  of t h e  f u e l  and a i r ;  similar r e s u l t s  would be obta ined  i f  t h e  mixing was 
assumed to occur a t  t h e  s t a g n a t i o n  temperature of t h e  f u e l  and air  and i f  t h e  
mixture was expanded t o  t h e  flcw ve loc i ty .  
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s h i f t e d  toward t h e  low Cp s i d e  of t h e  mixing l a y e r  (but  to a lesser degree 
than f o r  co ld  f u e l ;  no te  t ha t  t h e  f u e l  s t agna t ion  temperature is n o t  going to 
be very  close to t h e  a i r  s t a g n a t i o n  temperature f o r  supersonic combustion, so 
t h a t  t h i s  l o w  Cp i g n i t i o n  r e s u l t  w i l l  gene ra l ly  apply).  

Some of t h e  imp l i ca t ions  of t h e  low Cp s e l f - i g n i t i o n  p o i n t  i n  combustors 
can be seen from t h e  conceptual ske tch  o f  a supersonic hydrogen-air mixing 
l a y e r  i n  f i g u r e  5. This r e p r e s e n t s  t h e  mixing l a y e r  between paral le l  streams 
of co ld  hydrogen and h o t  a i r  a t  t h e  same stat ic  p res su re  (shear l a y e r )  and 
assumes t h a t  t h e  l i p  of t h e  hydrogen i n j e c t o r  is t h i n  enough t h a t  s e l f - i g n i t i o n  
does no t  occur i n  t h e  base r e c i r c u l a t i o n  region. While a parallel mixing l a y e r  
is chosen for i l l u s t r a t i o n ,  t h e  p o i n t s  to be made apply  a lso to  o t h e r  mixing 
l a y e r s  such as those  around a perpendicular  f u e l  i n j e c t i o n  jet. 
1 i  dawnstream of t h e  beginning of t h e  mixing a t  t h e  l i p ,  s e l f - i g n i t i o n  w i l l  
o r i g i n a t e  i n  t h e  l o w  Cp, high  T reg ion  where T i  is a minimum, as seen i n  
f i g u r e  4. This m i n i m u m  ' r i  reg ion  w a s  a r b i t r a r i l y  s e l e c t e d  to be a hydrogen 
mixture of f r a n  3 percent to  17 percent by volume. 
g a t e  l a t e r a l l y  through t h e  mixture a t  a rate which v a r i e s  wi th  
t empera t~re .~  
mixing l a y e r ,  i t  m u s t  thus  t r a v e l  f a r t h e r  to  consume t h e  mixture ( t h e  combusti- 
b l e  mixture is from about 2 percent  to 95 percent  hydrogen by volume) than i f  it 
o r i g i n a t e d  nea re r  t h e  midpoint of t h e  mixture. This implies a longer  combustor 
i n  o rde r  to a c c m p l i s h  t h e  r equ i r ed  h e a t  release when s e l f - i g n i t i o n  is depended 
upon as i n  f i g u r e  5. An obvious s o l u t i o n  to t h i s  problem is to  provide  a 
separate i g n i t o r  a t  t h e  beginning of t h e  mixing region, or to conf igure  t h e  
combustor fo r  a low-velocity, high-temperature and/or p re s su re  s e l f - i g n i t i o n  
and flameholding region a t  t h e  beginning of t he  mixing region. 

A t  a d i s t a n c e  

The flame w i l l  then  propa- 
Cp and mixture 

Because t h e  flame o r i g i n a t e s  w e l l  away from t h e  midpoint of t h e  

I t  is i n t e r e s t i n g  to no te  from f i g u r e  5 t h a t ,  even though t h i s  is conven- 
t i o n a l l y  termed a "d i f fus ion"  type  flame (where t h e  combustion rate is l i m i t e d  
by t h e  ra te  of t u r b u l e n t  d i f f u s i v e  mixing),  t h e  f r o n t  a c t u a l l y  propagates i n t o  
a premixed (un ign i t ed )  flow and thereby  is b a s i c a l l y  a h e a t  conduction flame. 
That is, t h e  propagation ra te  is determined by t h e  ra te  of hea t  conduction from 
t h e  burned to  t h e  unburned gases ,  which b r ings  t h e  r e a c t a n t s  up to a temperature 
f o r  f a s t  i g n i t i o n  and r eac t ion .  (See r e f .  1 0  f o r  a good d i scuss ion  of h e a t  con- 
duc t ion  flames.) Of course ,  i f  t h e  chemical k i n e t i c s  rates are fas t  ( r a p i d  h e a t  
release, hence temperature r i se ) ,  t h e  h e a t  conduction may propagate t h e  flame 
f a s t  enough so t h a t  t h e  canbus t ion  process is mixing c o n t r o l l e d ,  and t h e  prev i -  
ous ly  mentioned i g n i t i o n  d e l a y  problem would be n e g l i g i b l e ,  but f o r  slower 
k i n e t i c s ,  t h e  flame may proceed slower than t h e  mixing i n  the  manner descr ibed .  

Mixture Residence Time 

The p rev ious ly  d i scussed  cond i t ions  of temperature, p re s su re ,  and f u e l - a i r  
mixture were p resen ted  i n  terms of t h e i r  e f f e c t s  on i g n i t i o n  and r e a c t i o n  t i m e .  

3Flame speed g e n e r a l l y  i n c r e a s e s  as mixture temperature i n c r e a s e s  and 
as Cp approaches 1.5 to  2.0 (see r e f .  8 ) ;  however, d a t a  are n o t  a v a i l a b l e  a t  
t hese  high-temperature condi t ions .  N o t e  t h a t  mixture temperature dec reases  as 
Cp increases .  (See f i g .  4.)  
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For t h e  i g n i t i o n  and r e a c t i o n  to  be accomplished w i t h i n  t h e  combustor (so t h a t  
t h e  hea t  release can lead to  t h r u s t  i n  t h e  subsequent expansion of t h e  pro- 
d u c t s )  t h e  combustor must be s i z e d  to provide  for an amount of r e s idence  t i m e  
which allows f o r  t h e  mixing, i g n i t i o n ,  and r e a c t i o n  t i m e s .  For t h e ' h i g h  f l o w  
velocities p e r t i n e n t  to  supersonic  combustion, t h i s  can mean excess ive ly  long 
canbus tors  if i g n i t i o n  and c m b u s t i o n  are to  occur a t  t h e  static temperature 
and p res su re  cond i t ions  of t h e  flaw. To circumvent t h i s  problem, combustors are 
u s u a l l y  configured t o  provide  local r eg ions  i n  t h e  flow where temperature and/or 
p re s su re  are s i g n i f i c a n t l y  higher than s ta t ic  so as to reduce t h e  r equ i r ed  'ri. 
They are also conf igured  to provide reg ions  of low-velocity, r e c i r c u l a t i n g  flow 
which g ive  part of t h e  f l a w  long res idence  t i m e  and s e r v e  as i g n i t i o n  sources  
and flameholders f o r  t h e  main flow. 

SELF-IGNITION POINTS I N  SCRAKSET CT)NFIGURATIONS 

The p o i n t s  i n  t y p i c a l  scramjet canbustor conf igu ra t ions  a t  which s e l f -  
i g n i t i o n  is l i k e l y  to occur are i l l u s t r a t e d  i n  t h e  conceptua l  ske t ch  shown i n  
f i g u r e  6. Some of t h e s e  p o i n t s  are i n  t h e  reg ion  around t r a n s v e r s e  f u e l  jets 
where high temperatures and p res su res  are obta ined  behind t h e  j e t  bow shocks, 
or where r e c i r c u l a t i n g  zones ahead of and behind t h e  bases of t h e  je ts  provide 
zones of long r e s idence  t i m e  and h igh  temperature. Another p o i n t  i s  i n  t h e  
reg ion  of r e c i r c u l a t i o n  behind rearward f a c i n g  steps (located on f ue l - in j ec t ion  
s t r u t s  or on t h e  w a l l s  of t h e  combustor) where long r e s idence  t i m e  and h igh  
temperature may be obtained. Others  are i n  t h e  r eg ions  a t  t h e  bases of fue l -  
i n j e c t i o n  s t r u t s  where r e c i r c u l a t i o n  zones e x i s t  or where f u e l  may be i n j e c t e d  
i n  t h e  stream d i r e c t i o n  (parallel  i n j e c t i o n ) .  These p o i n t s  are discussed 
sepa ra t e ly .  

Transverse Fue 1-1 n j e c t i o n  Jets 

Figure  7 p r e s e n t s  a more detailed picture of t h e  flow reg ion  i n  t h e  v ic in-  
i t y  of a t r a n s v e r s e  f u e l - i n j e c t i o n  j e t  i n  supe r son ic  f l o w .  The temperature and 
p res su re  r ises which occur a t  t h e  bow shock of the  j e t  and i n  t h e  r e c i r c u l a t i o n  
reg ions  inc rease  as t h e  a i r f l o w  Mach number inc reases ,  and t h e  r e s idence  t i m e  
( e x t e n t )  i n  t h e  r e c i r c u l a t i n g  reg ions  inc reases  as t h e  e x t e n t  of j e t  pene t r a t ion  
inc reases .  (See ref. 11.) The res idence  t i m e  of t h e  f u e l - a i r  mixture i n  t h e  
bow-shock reg ion  w i l l  be very s h o r t  s i n c e  t h e  mixture expands around t h e  j e t  
flow f i e l d  immediately after canpression i n  t h e  b o w  shock. O f  course, larger 
diameter je ts  w i l l  i nc rease  t h e  res idence  time i n  p ropor t ion  t o  t h e  j e t  diame- 
ter. I t  is q u i t e  possible t h a t ,  f o r  t he  h igher  Mach number flows, i g n i t i o n  can 
be i n i t i a t e d  i n  t h i s  r eg ion  b u t  immediately quenched, or p a r t i a l l y  quenched, i n  
t h e  expansion around t h e  jet. 

A more l i k e l y  place for i g n i t i o n  t o  occur is  i n  t h e  r e c i r c u l a t i n g  zone on 
t h e  upstream side of t h e  f u e l  j e t  base flow, although mixtures he re  may not  be 
as l e a n  as t h e  desired = 0.2. (See r e f .  9.) This l i k e l i h o o d  was observed 
f o r  a slot injector i n  r e fe rence  12. Here t h e  r e s idence  t i m e  would be much 
longer than a t  t h e  bow shock, and t h e  temperature and p res su re  would be h igh  
due to  t h e  near -s tagnat ion  of t h e  flow. The r e c i r c u l a t i n g  zone downstream of 
t h e  j e t  base is too fue l - r i ch  for good i g n i t i o n .  This  is shown by t h e  composi- 
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t i o n  measurements of reference 9 for two-dimensional s lot  i n j e c t i o n  and by t h e  
observa t ions  i n  re ference  13 t h a t  a i r  i n j e c t i o n  i n t o  t h i s  region g r e a t l y  
enhanced t h e  i g n i t i o n  e f f e c t i v e n e s s  of a circular hydrogen f u e l  jet. 

Downstream Facing S teps  With Transverse I n j e c t i o n  (Unswept) 

As shown by t h e  ske tch  i n  f i g u r e  8, t h e  s i t u a t i o n  f o r  i g n i t i o n  a t  t rans-  
verse  jets behind steps may be q u i t e  d i f f e r e n t  than f o r  jets alone (on plane 
surfaces). This  d i f f e r e n c e  is p r imar i ly  because t h e  r e c i r c u l a t i n g  zone ahead 
of t h e  j e t  is now too r i c h  f o r  good i g n i t i o n  due to t h e  f a c t  t h a t  l i t t l e  or no 
mainstream air  is mixed i n  due to t h e  sh i e ld ing  a c t i o n  of t h e  step. The e x t e n t  
of t h e  s h i e l d i n g  a c t i o n  depends upon t h e  l o c a t i o n  of t h e  j e t  downstream of t h e  
step. If it is much more than  a f e w  step he igh t s  ( say  5 or 6) downstream, then  
f u e l  f rm t h e  j e t  may n o t  e n t e r  t h e  step region and it may act more l i k e  a je t  
on a p l a t e  ( t h e  s tep-separated f l o w  may be r ea t t ached  w e l l  ahead of t he  j e t ) .  
I n  re ference  1 4  t h i s  w a s  found to be t h e  case when t r ansve r se  je ts  were too f a r  
a f t  of t he  s t eps .  Even though t h e  mixture is too r i c h  i n  t h e  p lane  of t he  jet ,  
t h i s  type of conf igu ra t ion  can be a good i g n i t i o n  source a t  p o i n t s  i n  t h e  sepa- 
r a t e d  flow on e i t h e r  s i d e  of t he  j e t  (top view i n  f i g .  8 )  where t h e  mixture is 
l eane r  (assuming t h e  je ts  are no t  too c l o s e l y  spaced) .  I n  a d d i t i o n  to  having 
t h e  proper mixture a t  t hese  po in t s ,  t h e  separated flow behind t h e  s t e p  has a 
long res idence  t i m e  and high temperature. Figure 9 ,  which is taken from t h e  
w o r k  of re ference  1 4 ,  shows a t o p  view of t h e  i g n i t i o n  and combustion p a t t e r n s  
on an unswept f u e l - i n j e c t i o n  s t r u t .  There are four  t r ansve r se  hydrogen fue l -  
i n j e c t i o n  je ts  loca ted  behind t h e  s t e p  and ahead of t h e  base ( t h e  b r i g h t  l i n e  
is t h e  s t r u t  l ead ing  edge, t h e  f a i n t  l i n e  is t h e  t r a i l i n g  edge, and t h e  dark 
band i s  the  area a f t  of t h e  s t e p ) .  The combustor Mach number ahead of t he  
s t r u t  is 2.7 and t h e  total  en tha lpy  of t h e  flow corresponds to a f l i g h t  Mach 
number of abou t  7. Although it  is a l i t t l e  d i f f i c u l t  to  see c l e a r l y  on t h e  
photograph, it appears  t h a t  t h e r e  are t w o  po in t s  where i g n i t i o n  may o r i g i n a t e :  
( 1 )  a t  t he  bow shocks of t h e  exposed j e t  flows (or i n  t h e  upstream separa ted  
reg ions)  or ( 2 )  behind t h e  s tep between t h e  jets (as d iscussed  p rev ious ly ) .  
The l a t t e r  i g n i t i o n  p o i n t  becomes more v i s i b l e  a t  t h e  base of t h e  s t r u t  where 
a d d i t i o n a l  res idence  t i m e  i n  t h e  base r e c i r c u l a t i o n  zone allows f o r  improved 
i g n i t i o n  and combustion (flameholding a c t i o n ) .  

S t r u t  Base Flow Region (Unswept) 

A s  w a s  po in ted  ou t  i n  t h e  previous sec t ion ,  t h e  s t r u t  base flow reg ion  can 
be a very l i k e l y  p o i n t  of i g n i t i o n  when f u e l  is i n j e c t e d  from upstream trans- 
ve r se  i n j e c t o r s  and does n o t  i g n i t e ,  or is on ly  p a r t i a l l y  i g n i t e d  a t  the  jets. 
Th i s  is because t h e  f u e l  and air  are a t  least  p a r t i a l l y  premixed upon a r r i v a l  
a t  t h e  base, and t h e r e  may a l r eady  be some cha in -ca r r i e r s  present .  When t h i s  
"ac t ive"  mixture is then  r a i s e d  i n  temperature and given long res idence  t i m e  i n  
t h e  base region,  i g n i t i o n  and combustion may r e a d i l y  occur. For t h e  case of no 
t r ansve r se  i n j e c t i o n  jets upstream of t h e  base, but  i n j e c t i o n  of f u e l  i n  t h e  
streamwise d i r e c t i o n  from jets i n  t h e  s t r u t  base, t h e r e  are t w o  possible igni- 
t i o n  poin ts .  The s e l f - i g n i t i o n  may occur downstream of t h e  base i n  the  mixing 
reg ion  between t h e  coflowing j e t  and main airstream as d iscussed  p rev ious ly  
i n  connection with f i g u r e  5. The s e l f - i g n i t i o n  may also occur i n  t h e  separa ted  
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base f l o w  on e i t h e r  side of t he  j e t  where t h e  f u e l - a i r  mixture  may be s u i t a b l e  
(providing t h e  je ts  are no t  too c l o s e l y  spaced.) O f  course,  when t h e r e  is both 
t r a n s v e r s e  i n j e c t i o n  upstream of the  base and parallel i n j e c t i o n  i n  t h e  base, 
t h e  i g n i t i o n  source f o r  t he  parallel  j e t  is l i k e l y  to  be f r a n  t h e  upstream conk 
bus t ion  or from premixed gases  i g n i t i n g  i n  t h e  base reg ion  as d iscussed  previ- 
ously.  Whether or n o t  t h i s  would be an advantage would depend on t h e  relative 
spanwise l o c a t i o n s  of t he  t r a n s v e r s e  and parallel i n j e c t o r s ,  t h e  upstream loca- 
t i o n  of t h e  t r a n s v e r s e  jets, and t h e  f u e l  f l o w  rates. F ina l ly ,  it should be 
noted t h a t  t h e  case of t r ansve r se  f u e l  i n j e c t i o n  ahead of a step on t h e  com- 
bustor  w a l l ,  such as i n  re ference  15,  should be similar ( fo r  gaseous f u e l  in jec-  
t i o n )  t o  t h a t  of i n j e c t i o n  ahead of the  s t r u t  base, wi th  t h e  s t r u t  plane of sym- 
metry being the  downstream w a l l .  

CORRELATION OF HYDROGEN-AIR I m I T I O N  DATA FOR UNSWEPT GEOMETRY 

The preceding d i scuss ions  have n e c e s s a r i l y  been based on l a r g e l y  qua l i t a -  
t i v e  arguments de r ived  from s impl i f i ed  concepts  because t h e  types of flow prob- 
lems p e r t i n e n t  to  t h e  i g n i t i o n  and canbust ion phenomena i n  scramjet canbustors 
are extremely complex. Ana ly t i ca l  methods are a v a i l a b l e  to  model the  g ross  
aspects of t he  canbustor flows, bu t  it is n o t  p r e s e n t l y  possible to  model t h e  
detailed aspects of such three-dimensional flow reg ions  as those around t rans-  
ve r se  i n j e c t i o n  jets ( f i g .  7) and those behind steps and bases with discrete 
i n j e c t i o n  po in t s ,  i n  which turbulence modeling and f i n i t e - r a t e  chemistry m u s t  
also be included. However, simple conceptual  models can be use fu l  i n  p r e d i c t i n g  
t h e  t rends  of s e l f - i g n i t i o n  data wi th  t h e  dependent parameters and can thereby  
se rve  as guides  t o  i n t e r p r e t a t i o n  of the  data. Such models w i l l  t h e r e f o r e  be 
made and compared w i t h  experimental  i g n i t i o n  data. 

Simple I g n i t i o n  Models 

Simple models f o r  four s e l f - i g n i t i o n  reg ions  are made (see f i g .  10)  based 
on t h e  assumption t h a t  r i g h t  a t  t h e  i g n i t i o n  l i m i t ,  t h e  i g n i t i o n  t i m e  based on 
condi t ions  i n  t h e  p a r t i c u l a r  reg ion  w i l l  j u s t  equal  t h e  res idence  t i m e  of the  
flow i n  t h a t  region. Using equat ion ( 1 )  f o r  t h e  i g n i t i o n  t i m e ,  a l l  t h e  models 
are of the  form 

where i t  is necessary to  s p e c i f y  the  res idence  t i m e ,  p ressure ,  and temperature  
for each region. For t h e  t h r e e  r e c i r c u l a t i o n  reg ions ,  the  condi t ions  of tem- 
pe ra tu re  and p res su re  are reasonably uniform i n  t h e s e  l w - v e l o c i t y  stirred-flaw 
regions,  but  t h e  flow behind the  bow shock s tar ts  o u t  a t  t h e  normal shock condi- 
t i o n s  and immediately s tar ts  expansion around t h e  je t .  I g n i t i o n  m u s t  t h e r e f o r e  
occur e a r l y  i n  t h e  mixing region before  t h e  gas has expanded much and thereby  
quenched t h e  cha in-car r ie r  formation. 
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For t h e  upstream r e c i r c u l a t i o n  and bow-shock models shown i n  f i g u r e s  lO(a) 
and lO(b ) ,  t h e  r e s idence  t i m e  is expressed as a cons t an t  k times a charac te r -  
i s t i c  l e n g t h  d iv ided  by a c h a r a c t e r i s t i c  ve loc i ty .  S ince  t h e  res idence  t i m e  i n  
t h e s e  r eg ions  is n o t  known, t h e  use of a cons t an t  ( to be eva lua ted  l a t e r )  allows 
f o r  exj?ression of t h e  r e s idence  t i m e  i n  terms of a known l e n g t h  and ve loc i ty .  
For t h e  s tep  and base f l o w  models shown i n  f i g u r e  l O ( c ) ,  t h e  r e s idence  t i m e  is 
known from t h e  w o r k  of r e fe rence  16, by assuming t h a t  t h e  s tep he igh t  or base 
ha l f -he ight  f o r  t h e  p r e s e n t  two-dimensional case is equ iva len t  t o  t h e  r a d i u s  of 
t h e  axisymmetric base of re ference  16. 

The 'temperature used i n  t h e  t h r e e  models involv ing  r e c i r c u l a t i o n  r eg ions  
is t h e  recovery temperature i n s i d e  t h e s e  reg ions  and involves  a f a c t o r  
which is des igna ted  a rec i rcu la t ion-zone  temperature recovery factor, or 

FR 

This recovery f a c t o r  is no t  known and w i l l  be determined, t o  f i r s t  o rde r ,  frcan 
t h e  d a t a  comparisons. N o t e  t h a t  t h e  recovery f a c t o r  is normalized t o  the  w a l l  
temperature r a t h e r  than t h e  flow s ta t ic  temperature because, for h igh ly  cooled 
combustor su r faces ,  t he  w a l l  temperature i s  gene ra l ly  b e l o w  t h a t  of t h e  stream 
static.  The temperature used i n  t h e  bow-shock model TS,mix is t h e  tempera- 
tu re  behind t h e  normal shock ( a t  t h e  combustor Mach number ahead of t he  j e t  
f l o w  f i e l d )  reduced due t o  t h e  cool ing  of t h e  f u e l ,  as was d iscussed  previous ly ,  
using equat ion  (4 )  f o r  @ = 0.2 and a f u e l  t o t a l  temperature of 300 K. This  
on ly  amounts to  a b o u t  a 3-percent r educ t ion  i n  normal shock temperature. 

The p res su re  i n  t h e  r e c i r c u l a t i o n  reg ion  ahead of t he  t r a n s v e r s e  j e t  i s  
assumed to vary wi th  t h e  Mach number ahead of t h e  j e t  as shown by t h e  
curve i n  f i g u r e  1 1  for a 15O cone. The basis f o r  t h i s  assumption is  t h e  gene ra l  
con ica l  shape of t h e  s e p a r a t i o n  zone upstream of a circular t r a n s v e r s e  j e t  and 
t h e  obse rva t ion  from re fe rence  17 t h a t  t h e  pressure i s  g e n e r a l l y  lower i n  t h i s  
zone f o r  a circular j e t  than f o r  t h e  two-dimensional s lo t  i n j e c t i o n  case. (See 
r e f .  9.)  The p res su re  used i n  t h e  bow-shock model is t h e  normal shock pres- 
s u r e ,  and is p l o t t e d  ( C P , J  as a f u n c t i o n  of Mach number ahead of t h e  j e t  i n  
f i g u r e  1 1 .  The pressure i n  t h e  r e c i r c u l a t i o n  zone behind steps and bases was 
taken  f r a n  r e fe rence  1 8  and is shown p l o t t e d  as 
of t he  s tep or base i n  f i g u r e  11 .  

C p , j  

C p , ~  ve r sus  Mach number ahead 

C o r r e l a t i o n  Par meters 

I t  has p rev ious ly  been shown t h a t  t h e  dependent parameters f o r  t h e  i g n i t i o n  
process inc lude  temperature i n  t h e  p e r t i n e n t  region, t h e  pressure-sca le  product 
f o r  t h e  region, and t h e  equiva lence  ratio. For s i m p l i c i t y ,  w e  can e l i m i n a t e  
equivalence ra t io  on t h e  r a t i o n a l e  t h a t  w e  are dea l ing  wi th  d i f f u s i o n  flames 
involv ing  c o l d  f u e l  and h o t  a i r ,  so t h a t  t h e  p o i n t  of s e l f - i g n i t i o n  i s  going t o  
usua l ly  be a t  local va lues  of ($ near 0.2, as d iscussed  earlier. The remain- 
i ng  dependent parameters are a pressure-sca le  product versus  a temperature. The 
f i n a l  ques t ions ,  t h e r e f o r e ,  concern what temperature and scale are appropriate. 
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The proper temperature t o  u s e  is, of course ,  t h e  temperature of t h e  mix- 
t u r e  a t  t h e  p o i n t  of i g n i t i o n ,  which is e i t h e r  i n  a r e c i r c u l a t i o n  zone, where a 
recovery temperature applies, or behind a normal shock. The added compl ica t ion  
of dea l ing  with mixture temperature can be e l imina ted  on t h e  same grounds as for 
@, t h a t  i g n i t i o n  w i l l  u sua l ly  occur a t  @ = 0.2. S ince  t h e  recovery temperature 
f o r  t hese  canplex flows with hea t  and mass t r a n s f e r  is n o t  known, it is deemed 
expedient  and j u s t i f i a b l e  to use e i t h e r  t h e  to ta l  or static temperature of t h e  
free-stream canbustor flow as t h e  c o r r e l a t i o n  parameter. For convenience t h e  
total  temperature is used, but it is recognized t h a t  t h e  use  of any s i n g l e  tem- 
pe ra tu re  has its l i m i t a t i o n s ,  s i n c e  t h e  i g n i t i o n  process r e p r e s e n t s  a h i s t o r y  
o f  changing f low cond i t ions  from t h e  p o i n t  of i n j e c t i o n  to t h e  p o i n t  of igni-  
t i on .  Chain carrier genera t ion  can occur to  varying degrees throughout t h i s  
flow h i s t o r y ,  but w i l l  occur much more rapidly when near  t h e  recovery cond i t ions  
a t  higher temperatures. 

The l e n g t h  scales to  u s e  i n  t h e  c o r r e l a t i o n  are t h e  i n j e c t o r  o r i f i c e  diam- 
eters, t h e  step he igh t s ,  and t h e  s t r u t  base ha l f -he ights ,  as shown i n  f i g u r e  10. 
When t h e  appropriate parameters f o r  res idence  time, p re s su re ,  and temperature, 
as d iscussed  p rev ious ly  and l i s t ed  i n  f i g u r e  10 ,  are used i n  equat ion  ( 9 )  i n  t h e  
form for c o r r e l a t i o n ,  t h e  four i g n i t i o n - l i m i t  models become as follows: 

Je t  r e c i r c u l a t i o n  reg ion  

9 6 0 O/TR 
8 x Ud 

Bow shock 

Step r e c i r c u l a t i o n  region 

3 6 0 O/TR 
8 x uh 
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Base r e c i r c u l a t i o n  reg ion  

9600/T~ 
8 x lom9, Ub 

8 0  - 
pb 

For use  i n  eva lua t ion  of equat ions  (1 1 ) , typical combustor en t r ance  v e l o c i t i e s  
and Mach numbers are p l o t t e d  i n  f i g u r e  12 as a func t ion  of t h e  free-stream com- 
bus tor  to ta l  temperature. These curves  r ep resen t  nominal va lues  f o r  t h e  gene ra l  
class of scramjets. 

I g n i t i o n  D a t a  

The d a t a  used i n  t h e  c o r r e l a t i o n s  are taken  from r e fe rences  6, 13, 1 4 ,  and 
19  to  25 (some of t h e  d a t a  used are unpublished).  The explana t ion  of d a t a  sym- 
bols and t h e  experimental  d a t a  are l i s t e d  i n  t a b l e s  I1 and 111, respec t ive ly .  
These are t h e  u n c l a s s i f i e d  d a t a  t h a t  are a v a i l a b l e  f o r  hydrogen i n j e c t e d  i n t o  a 
supersonic  airstream ( d i f f u s i o n  flames) and inc lude  t r a n s v e r s e  i n j e c t o r s  on 
plates, t r a n s v e r s e  i n j e c t o r s  behind rearward f ac ing  steps, and i g n i t i o n  a t  s t r u t  
bases (or steps) where t r a n s v e r s e  i n j e c t i o n  occurred upstream of t h e  step or 
base. The unpublished d a t a  r ep resen t  in-house measurements a t  Langley Research 
Center f o r  a t r a n s v e r s e  j e t  on a w a l l  (G. Y. Anderson) and t r a n s v e r s e  j e t s  and 
steps on wal ls  (J. M. Eggers).  

There are t w o  gene ra l  classes of i g n i t i o n  d a t a  given i n  t h e  t a b l e s  and 
p l o t t e d  i n  t h e  d a t a  c o r r e l a t i o n  f igu res .  The d a t a  l i s t e d  by r e fe rence  number 
i n  t h e  t a b l e s  are from i n d i r e c t  observa t ions ;  t h a t  is, i g n i t i o n  is sensed 
by p res su re ,  temperature,  or h e a t  t r a n s f e r  measuring ins t ruments  a t  d i s c r e t e  
l o c a t i o n s  downstream of t h e  i g n i t i o n  point. The p resen t  d a t a  (and t h e  d a t a  
l i s t e d  as unpublished) are obta ined  by d i r e c t  observa t ion  (through windows) and 
are t h e r e f o r e  much more canprehensive as to  t h e  l o c a t i o n  and na tu re  of t h e  ign i -  
t i o n  phenomenon. For t h e  i n d i r e c t  observa t ions ,  it w a s  no t  always p o s s i b l e  t o  
know a t  what p o i n t  t h e  i g n i t i o n  a c t u a l l y  occurred. For example, i n  t h e  case of 
t r a n s v e r s e  j e t s  on plates, t h e  i g n i t i o n  might have been a t  t h e  j e t  base recircu- 
l a t i o n  reg ion ,  t h e  bowshock region, or, i n  some cases, a t  some downstream p o i n t  
( i g n i t i o n  de lay ) .  For t h e  case of steps wi th  i n j e c t i o n ,  it w a s  n o t  always cer- 
t a i n  i f  t h e  i g n i t i o n  w a s  i n  t h e  s tep r e c i r c u l a t i o n  zone, a t  t h e  exposed t r ans -  
ve r se  je t ,  or a t  some downstream poin t .  

A gene ra l  d e s c r i p t i o n  of t h e  phenomenon, based on t h e  v i s u a l 4  obse rva t ions ,  
is b r i e f l y  summarized as follows: As t unne l  temperature is increased  from a 

4A pure hydrogen-air flame does n o t  e m i t  l i g h t  i n  t h e  v i s i b l e  r eg ion  of 
t h e  spectrum, bu t  impurities such as d u s t  provide enough emission for v i s u a l  
observation. 
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l e v e l  where no r e a c t i o n  is observed, v i s i b l e  emission f i r s t  appears i n  t h e  
reg ion  immediately downstream of t h e  bow-shock wave. A t  higher f a c i l i t y  t e m -  
perature, t h e  v i s i b l e  emission grows i n  i n t e n s i t y  and extends downstream i n  a 
narrow half-annular mixing layer. However, t h e  l i g h t  i n t e n s i t y  diminishes wi th  
downstream d i s t a n c e ,  which i n d i c a t e s  t h a t  a l though i g n i t i o n  is  achieved, it is 
n o t  y e t  s e l f - sus t a in ing .  As f a c i l i t y  temperature is increased  f u r t h e r ,  a very  
i n t e n s e  emission r eg ion  appears suddenly a long  t h e  model sur face .  This reg ion  
s tar ts  ahead of t h e  j e t  i n  t h e  upstream r e c i r c u l a t i o n  reg ion  and cont inues  
downstream wi th  inc reas ing  i n t e n s i t y .  Because t h i s  is t h e  lowest temperature 
a t  which t h e  observed i g n i t i o n  is se l f - sus t a in ing ,  it is used to d e f i n e  t h e  
s e l f - i g n i t i o n  l i m i t .  Th is  i g n i t i o n  zone is c l e a r l y  separate, and appa ren t ly  
independent, f r a n  t h a t  of t h e  b o w  shock. 
g e n e r a l l y  applies also to t h e  case of a t r a n s v e r s e  j e t  behind a step. There- 
f o r e ,  t h e  bowshock, or of f -sur face ,  emission is n o t  h e r e i n  considered as 
evidence of t r u e  i g n i t i o n  a t  a t r a n s v e r s e  j e t .  

The preceding sequence of even t s  

I n  t h e  f i g u r e  key (table 1 1 1 ,  t h e  open symbols i n d i c a t e  t h a t  t h e r e  was no 
evidence of i g n i t i o n  or combus t i o n  wi th in  t h e  combus tor. The half-f  i l l e d  sym- 
bols i n d i c a t e  t h a t  t h e r e  was evidence of an i g n i t i o n  de lay ,  and t h e  f i l l e d  
symbols i n d i c a t e  t h a t  i g n i t i o n  was observed ( b u t  i n  t h e  case of t h e  i n d i r e c t  
observa t ions ,  n o t  c e r t a i n  a t  what specific p o i n t  i n  t h e  cmbustor). The f l a g s  
on a f i l l e d  symbol i n d i c a t e  t h a t  t h e  test  w a s  a t  a l i m i t i n g  condi t ion ,  t h a t  is, 
t h e  lowest temperature a t  which i g n i t i o n  could be observed. When t h e  emission 
was a t  t h e  bow-shock reg ion  only,  and no t  a t  t h e  s u r f a c e  (due to  upstream 
rec i rcu la t ion-zone  i g n i t i o n ) ,  t h e  symbols are crossed r a t h e r  than f i l l e d .  For 
cons is tency ,  t h e  same key is used for a l l  t h e  data f i g u r e s  and is shown i n  
table  11. 

Discussion of t h e  Cor re l a t ion  

Before detai led canparison of data and t h e  models can be made, it is neces- 
s a r y  to  select appropriate va lues  of t h e  independent parameters FR and Tw, 
which are needed to  cmpute TR (see eq. ( l o ) ) ,  and t h e  cons t an t s  k l  and k 2 ,  
a l l  of which are needed to  eva lua te  equat ions  ( 1 1 ) .  S ince  t h e  w a l l  temperatures 
are n o t  given f o r  t h e  data presented  i n  t h i s  c o r r e l a t i o n ,  it is assumed t h a t  Tw 
is always i n  t h e  range 400 K to  800 K. Both temperatures are used s i n c e  it is 
believed t h a t  t hey  reasonably bracket t h e  a c t u a l  experimental  values.  By using 
these t w o  va lues  of Tw, t h e  gene ra l  range of t h e  s tep and base i g n i t i o n - l i m i t  
data is compared wi th  t h e  appropr i a t e  models (eqs. ( l l c )  and ( l l d ) )  i n  f i g u r e  1 3  
wi th  a wide range of assumed FR's. I t  is seen  from t h e  f i g u r e  t h a t  va lues  of 
t h i s  rec i rcu la t ion-zone  temperature-recovery factor of around 0.4 are needed f o r  
gene ra l  agreement between t h e  data and models. Lower va lues  of FR are no t  
shown, as they  would be o f f  t h e  plot. 

Seve ra l  gene ra l  conclus ions  are immediately suggested from t h e  cursory  com- 
par i son  of data and models i n  f i g u r e  13. Firs t ,  t h e  temperature recovery i n  t h e  
r e c i r c u l a t i n g  reg ions  behind t h e  steps and bases is appa ren t ly  q u i t e  l o w .  Sec- 
ond, t h e  s e l f - i g n i t i o n  phenomenon is extremely s e n s i t i v e  to  recovery tempera- 
tu re ,  w a l l  temperature,  and flow to t a l  temperature. 
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The law va lue  of FR is c o n s i s t e n t  wi th  measurements of temperature i n  t h e  
near-wake sepa ra t ed  flow reg ions  behind hypersonic cones, wedges, and b lunt -  
nosed bodies g iven  i n  r e fe rence  26. 
correspond to  t h e  gene ra l  range of d a t a  here in ,  va lues  of FR f r m  about 0.3 
to 0.7 are given f o r  wall-temperature ratios Tw/Tt from about 0.1 t o  0.6. 
Therefore,  a va lue  of FR = 0.4 for Tw/Tt = 0.3, which corresponds to t h e  
mean of t h e  wall-temperature va lues  for t h e  present da t a ,  seems quite reason- 
ab le .  Based on t h e  shape of t h e  temperature p r o f i l e s  r epor t ed  i n  re ference  26, 
as w e l l  as o the r  near-wake temperature measurements i n  t h e  l i t e r a tu re ,  a prob- 
a b l e  temperature p r o f i l e  for t h e  sepa ra t ed  r e c i r c u l a t i n g  reg ion  behind a step 
or base is shown i n  f i g u r e  14. The temperature is q u i t e  uniform throughout a 
good por t ion  of t h e  reg ion  due to  t h e  " s t i r r i n g "  na tu re  of t h e  flow, wi th  t h e  
temperature value being roughly midway between s t a g n a t i o n  and w a l l  temperature. 
The s h a r p  drop a t  t h e  d i v i d i n g  s t r eaml ine  is due to  t h e  cool ing  e f f e c t  of t h e  
upstream w a l l ,  and, for t h e  s tep case, the  o the r  sha rp  drop  i s  due to  downstream 
w a l l  cooling. For t h e  case of base flow, shown by t h e  dashed curve,  t h i s  w a l l  
is absent  so t h a t  t h e  l a t t e r  drop is not  p re sen t  and t h e  uniform temperature 
r eg ion  TR is a t  a somewhat higher temperature. I f  t h e  upstream boundary 
l a y e r  w a s  t h i cke r  (or if t h e  w a l l  w a s  cooler) than  shown, then  t h e  recovery 
temperature would be lower, f o r  both t h e  s tep and base cases. 

For R e y n o l d s  numbers of around l o 6 ,  which 

For t h e  model of t he  t r a n s v e r s e  j e t  upstream r e c i r c u l a t i o n  reg ion ,  it is 
assumed t h a t  t h e  FR va lues  are gene ra l ly  similar t o  those  deduced f o r  t h e  s t e p  
and base cases. With t h i s  assumption, it is then p o s s i b l e  to  deduce t h e  va lue  
of t he  cons tan t  k l  f rm comparison of t h e  d a t a  and model. For t h e  bow-shock 
model, t h e  va lue  f o r  k2  w i l l  l i k e w i s e  be deduced from comparison of d a t a  and 
model. I t  is impl i c i t  i n  t h i s  model t h a t  t h e  bow shock occurs i n  t h e  free- 
stream exposed f l o w ;  t h a t  is, t h e  pene t r a t ion  is w e l l  beyond t h e  boundary l a y e r  
(H >> 8)  so t h a t  w a l l  temperature and recovery factor are n o t  involved and t h e  
normal shock temperature is used. 

I t  is recognized t h a t  t h e  assumption of a similar FR i n  t h r e e  of t h e  pre- 
v ious ly  mentioned rec i rcu la t ion-zone  models is a r a t h e r  crude one. However, 
without ac tua l  Tw measurements (which would e l imina te  t h e  n e c e s s i t y  to  assume 
a broad range of Tw) i t  is no t  p o s s i b l e  to  r e so lve  t h e  a c t u a l  in f luence  of such 
t h i n g s  as boundary-layer t h i ckness  on t h e  recovery f a c t o r .  The e f f e c t  of some 
of these  t h i n g s  w i l l  be i n f e r r e d ,  however, from t h e  more d e t a i l e d  comparisons of 
t h e  ind iv idua l  models wi th  t h e i r  r e spec t ive  da ta .  

I n  f i g u r e  15, t h e  upstream r e c i r c u l a t i o n  and bow-shock models f o r  a t r ans -  
verse  j e t  are compared wi th  s e l f - i g n i t i o n  da ta .  The va lues  of t h e  c o n s t a n t s  
k1 and k2 shown are those  which g ive  t h e  best gene ra l  agreement wi th  t h e  
da ta .  S ince  t h e  models are i g n i t i o n - l i m i t  models, it is to be expected t h a t  
no i g n i t i o n  would occur below and t o  t h e  l e f t  of a curve, and i g n i t i o n  would 
be expected to occur above and to t h e  r i g h t  (higher va lues  of pressure-sca le  
and/or tempera ture) .  The product of p re s su re  ahead of t h e  j e t  and o r i f i c e  
diameter is plotted as a f u n c t i o n  of to ta l  temperature. The circles are f o r  
or i f ices  on p lane  surfaces, and t h e  squares are f o r  o r i f i c e s  behind steps. 
The l a t t e r  are included i n  t h i s  c o r r e l a t i o n  because i g n i t i o n  i n  some cases 
(small steps or l a r g e  orifices) may r e su l t  because of t h e  o r i f i c e  r a t h e r  than 
t h e  step. 
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Examination of t h e  d a t a  leads to t h e  conclus ion  t h a t  je ts  on p l ane  sur- 
f a c e s  produce b e t t e r  surface i g n i t i o n  than  je ts  behind steps. The f i l l e d  cir- 
cles are found a t  s i g n i f i c a n t l y  lower va lues  of pdd and T t  (i.e., toward 
lower l e f t  of f i g .  15)  than are t h e  f i l l e d  squares .  Th i s  is an i n d i c a t i o n  o f  
b e t t e r  i g n i t i o n ,  which is very  l i k e l y  a r e s u l t  of t h e  s h i e l d i n g  a c t i o n  of t h e  
s tep a g a i n s t  upstream a i r f l o w  e n t e r i n g  t h e  j e t  r e c i r c u l a t i o n  reg ion ,  which 
l e a d s  to very r i c h ,  cool mixtures. A l s o ,  t h e  pressure may be lower than i n  
t h e  unshielded case. When canparison of t h e  i g n i t i o n - l i m i t  models wi th  t h e  
i g n i t i o n - l i m i t  data ( f i l l e d ,  f lagged  circles) i s  made, s e v e r a l  i n t e r e s t i n g  
r e s u l t s  are found. F i r s t  of a l l ,  t h e  lowest i g n i t i o n - l i m i t  d a t a  (i.e., t w o  
p o i n t s  near 
f o r  Tw = 400 K and FR = 0.50 and t h e  bow-shock model f o r  k2 = 0.10. Of 
course ,  f o r  t h e  upstream r e c i r c u l a t i o n  model, o t h e r  combinations of Tw and 
FR would do almost as w e l l  ( fo r  example, Tw = 600 K and FR = 0.45). 
Although t h e  best combination of kl and FR cannot be reso lved  u n t i l  w a l l -  
temperature measurements are a v a i l a b l e ,  t h e  models do allow f o r  q u a l i t a t i v e  
comparisons and f o r  good i n d i c a t i o n s  of t r ends  wi th  t h e  p e r t i n e n t  parameters. 
For example, it w a s  p rev ious ly  poin ted  o u t  t h a t  t h e  boundary-layer t h i ckness  
w i l l  i n f luence  FR and t h a t  t h i s ,  along wi th  Tw, w i l l  have a s t r o n g  in f luence  
on TR, and hence on s e l f - i g n i t i o n .  Th i s  i n f luence  sugges t s  t h a t  ( 1 )  a t r ans -  
ve r se  je t ,  step, or base located on a s t r u t  mounted i n  t h e  flow, because of t h e  
th inne r  boundary l a y e r  (smaller r a t io  of 6 to  H I  h, or b ) ,  would  provide  
better s e l f - i g n i t i o n  than when loca ted  on a w a l l  of t h e  combustor, and (2) an  
inc rease  i n  t h e  pene t r a t ion  he ight  of a t r a n s v e r s e  j e t  (H i n  f i g .  1 0 )  would 
improve i g n i t i o n  because, according to  t h e  resu l t s  of r e fe rence  11  , it inc reases  
t h e  s i z e  of t h e  upstream r e c i r c u l a t i o n  zone. Th i s  l a r g e r  r e c i r c u l a t i o n  zone 
would provide a lower va lue  of 6/H,  which would i n c r e a s e  FR, and an increased  
res idence  t i m e .  The pene t r a t ion  of an unconfined j e t  can be increased  by 
inc reas ing  oriEice diameter or i n j e c t i o n  pressure as shown by t h e  fo l lowing  
equat ion  f r m  re fe rence  11  : 

T t  = 1800 K) correlate wi th  both t h e  upstream r e c i r c u l a t i o n  model 

Some of t hese  in f luences  on i g n i t i o n  can be seen  froan t h e  data. For example, 
t h e  i g n i t i o n - l i m i t  p o i n t  a t  T t  = 1993 K and pdd = 2.75 ( f i g .  15) i s  f o r  a 
heavy, cooled plate  mounted f l u s h  with t h e  tunne l  nozzle. The w a l l  temperature 
i s  probably lower for t h i s  p o i n t  than for t h e  o t h e r  t w o  i g n i t i o n - l i m i t  po in ts .  
A l s o ,  t h e  t h r e e  circles a t  pdd = 1.2 and T t  = 21 30 to 241 5 K are f o r  ori- 
f i c e s  wi th  smaller diameters than t h e  o t h e r s  on t h e  plot ,  and they  were l o c a t e d  
on a plate  mounted f l u s h  with t h e  tunne l  nozzle. S ince  both of t h e s e  f a c t o r s  
l e a d  to a l a r g e r  6/H and lower FR, t h e  r e s u l t  is t h a t  no s u r f a c e  i g n i t i o n  
( f r a n  t h e  upstream r e c i r c u l a t i o n  zone) is observed. Only bow-shock i g n i t i o n  
was observed, and t h i s  was a t  lower va lues  of FR than t h e  da ta .  Similar com- 
ments can be made f o r  t h e  t h r e e  small circles a t  pdd = 2.6, f o r  which n o t  even 
bow-shock i g n i t i o n  was observed. These are f o r  a l o w  qf/qa r a t io  and are on 
a plate  mounted f l u s h  wi th  t h e  tunnel  nozzle,  and both f a c t o r s  should l e a d  t o  
higher 6/H values  than t h e  o the r  da ta .  The f a c t  t h a t  t h e  t r a n s v e r s e  j e t  data 
seem to  e x h i b i t  a s e n s i t i v i t y  to wall  e f f e c t s ,  along wi th  t h e  f a c t  t h a t  j e t s  
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close behind steps are less e f f e c t i v e  than  jets alone,  sugges ts  t h a t  t h e  source 
of i g n i t i o n  is more l i k e l y  to be t he  upstream r e c i r c u l a t i o n  reg ion  than  the  
b o w  shock ( t h e  bow-shock m o d e l  does not  involve w a l l  effects). A l s o ,  it should 
be noted i n  f i g u r e  1 5  t h a t  t h e  l o w  
s tep (small, f i l l e d ,  f lagged  squares  a t  T t  = 2224 and 2261 K )  gave better igni-  
t i o n  than t h e  l o w  
s i o n  Lor high qf/qa jets ( the  bulk of the d a t a ) .  A p robable  explana t ion  is 
t h a t ,  even though t h e  steps degrade the  upstream region  f o r  t he  high 
jets (which have a r e l a t i v e l y  l a r g e ,  ho t  r e c i r c u l a t i o n  zone),  t he  i n t e r a c t i o n  
of t h e  smaller upstream r e c i r c u l a t i o n  zone (which a lone  is not very e f f e c t i v e ) ,  
wi th  t h e  n e a r l y  r ea t t ached  flow behind t h e  s t e p ,  acts to inc rease  t h e  o v e r a l l  
r e c i r c u l a t i o n  e x t e n t  favorably.  This  concept is shown i n  ske tch  (a) .  Of 

qf/qa p o i n t s  f o r  jets 3h and 5h behind a 

qf/qa je ts  alone,  which is con t ra ry  to  t h e  earlier conclu- 

qf/qa 

I n t e r a c t i o n  of j e t  
flow w i t h  s t e p  flow 

Sketch (a) 

course, f o r  o ther  ra t ios  of 6/H, t h e  na tu re  of these  e f f e c t s  may be d i f f e r e n t .  
I t  is also i n t e r e s t i n g  t o  recall  t h a t ,  even though the  downstream j e t  recir- 
c u l a t i o n  reg ion  is normally too r i c h  to  be a good i g n i t i o n  source (ref.  9 ) ,  
it was shown i n  r e fe rence  13 t h a t  i n t roduc t ion  of an a i r  bleed i n t o  t h e  reg ion  
could r e su l t  i n  very good i g n i t i o n  c h a r a c t e r i s t i c s .  With proper modi f ica t ion  of 
t h e  conf igu ra t ion  to provide a i r  bleed,  t h i s  region may then  be considered as a 
l i k e l y  i g n i t i o n  source. 

The product of p re s su re  ahead of a s t e p  and s t e p  he igh t  i s  p l o t t e d  i n  f i g -  
ure 16, and aga in  t h e  squares  denote  steps with t r ansve r se  i n j e c t i o n  behind t h e  
s t eps .  These d a t a  also show q u a l i t a t i v e l y  t h e  s t r o n g  s e n s i t i v i t y  of i g n i t i o n  to 
w a l l  temperature  and recovery factor ind ica t ed  by t h e  model. For example, t h e  
seven d a t a  p o i n t s  shown f o r  f i h  < 1 are f o r  uncooled wa l l s  which have consid- 
e r a b l y  higher temperatures  than  those of t h e  o the r  da t a ,  e s p e c i a l l y  the  p o i n t s  
p l o t t e d  a t  Tt < 2200 K. The p o i n t  a t  T t  = 2078 (phh = 1.78) is also for a 
higher temperature w a l l ,  but does n o t  r ep resen t  an i g n i t i o n  l i m i t .  The o t h e r  
d a t a  involve cooled w a l l s  and s t r u t s  ( t he  s t r u t  d a t a  are shown wi th  t a i l s ) .  I t  
is i n t e r e s t i n g  to note ,  f o r  example, t h a t  t h e  i g n i t i o n - l i m i t  d a t a  ( f lagged sym- 
bols) a t  t h e  higher  va lues  of &h and T t ,  which i n d i c a t e  poorer i g n i t i o n  
c h a r a c t e r i s t i c s ;  are f o r  cooled w a l l s .  I t  should also be noted t h a t  t h e  two 
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s t r u t  p i n t s  show somewhat b e t t e r  i g n i t i o n  c h a r a c t e r i s t i c s  than t h e  w a l l  po in t s ,  
even though they  do not  r ep resen t  i g n i t i o n - l i m i t  condi t ions.  This  improvement 
may be due to  the  th inne r  boundary l a y e r  on t h e  s t r u t s  (lower 6/h, higher  FR) 
than f o r  t h e  w a l l  data. F ina l ly ,  it is noteworthy t h a t  t h e  data f o r  steps on 
walls with jets located 5h behind the  s t e p s  produced su r face  i g n i t i o n  a t  t h e  
steps (observed v i s u a l l y ) .  I n  re ference  14, however, je ts  loca ted  5h behind a 
step on a s t r u t  d id  not  produce step i g n i t i o n ,  even though t h e  o r i f i c e s  were 
l a r g e r  than f o r  t h e  w a l l  cases. This  d i f f e r e n c e  may be due to t h e  l a r g e r  va lue  
of 6/h f o r  t h e  w a l l  case, which may lead to  g r e a t e r  i n t e r a c t i o n  between t h e  
step recirculation zone and the  je t  upstream zone. 
l a y e r ,  it may be t h a t  reattachment takes  place behind t h e  s t e p  and ahead of t he  
j e t  upstream r e c i r c u l a t i o n  zone. (See ske tch  (a) on preceding page.) 

That is, f o r  a t h i n  boundary 

The product of p re s su re  ahead of a s t r u t  base and base half-height  is 
p l o t t e d  i n  f i g u r e  17. The t r i a n g l e s  denote s t r u t  bases with t r ansve r se  injec- 
t i o n  upstream of t h e  base ( t r i a n g l e s  can also rep resen t  a step on a combustor 
wal l  with upstream i n j e c t i o n ) .  The i g n i t i o n - l i m i t  model f o r  t h e  base recircula- 
t i o n  zone is also p l o t t e d  i n  f i g u r e  17. There a r e  on ly  t h r e e  i g n i t i o n - l i m i t  
d a t a  po in t s  ( f lagged t r i a n g l e s )  shown. The two a t  t h e  higher va lues  of pbb 
are f o r  cooled w a l l s ,  and t h e  p o i n t  a t  t he  lower value of a b  is f o r  an 
uncooled s t ru t - type  conf igura t ion .  (The o ther  l o w  pbb po in t  is also an 
uncooled case.) The reason for t h e  l a r g e  unce r t a in ty  i n  p l o t t i n g  t h e  l a t t e r  
po in t  is t h a t  t h e r e  w a s  a broad range of tunnel  temperatures covered, b u t  t h e  
re ference  d id  not  i d e n t i f y  the  condi t ions  a t  which t h e  i g n i t i o n  was a c t u a l l y  
observed. The same is t r u e  of t h e  po in t  a t  a lower value of pdd shown i n  f i g -  
u re  15. I t  should be pointed o u t  t h a t  t h e  t h r e e  f i l l e d  p o i n t s  near Tt = 2100 K 
and pbb = 1.5, a s  w e l l  as t h e  t w o  f i l l e d  p o i n t s  a t  T t  = 1670 K, are f o r  con- 
f i g u r a t i o n s  where t h e r e  w a s  an upstream s t e p  with condi t ions  much more s u i t a b l e  
f o r  i g n i t i o n  (much higher  pressure-scale  product) than a t  t he  base. Therefore ,  
t hese  may not  be actual s e l f - i g n i t i o n  data. 

I t  can be seen from t h e  canparison of t he  base data i n  f i g u r e  17  with t h e  
t r ansve r se  i n j e c t i o n  and step da ta  i n  figures 15 and 16 t h a t  i g n i t i o n  is shown 
a t  lower va lues  of pressure-scale  product and t o t a l  temperature (more to  t h e  
lower l e f t )  f o r  t he  base case. Although these  d a t a  a r e  too l i m i t e d  to draw any 
f i rm conclusions,  t h e  apparent  improvement i n  i g n i t i o n  f o r  t he  base case may be 
due t o  ( 1 )  a higher  recovery temperature caused by t h e  absence of t he  downstream 
w a l l ,  (2 )  a leaner  (and hence, h o t t e r )  mixture, and ( 3 )  t h e  presence of chain- 
carriers from the  upstream s t e p  in j ec t ion .  

CORRELATION FOR SWEPT GEOMETRY 

I t  w a s  shown i n  re ference  27 t h a t  a scramjet with swept geometry can be 
very advantageous, r e l a t i v e  to  unswept geometry, i n  improving engine opera- 
t i o n a l  c h a r a c t e r i s t i c s  over a range of f l i g h t  Mach numbers. However, r e s u l t s  
of tests of a swept-strut f u e l  i n j e c t o r  (with a step) i n  re ference  28, along 
with tests of a swept s t e p  on a w a l l  and tests of t w o  complete engine configura- 
t i o n s  ( r e f .  29), have suggested t h a t  t he  i g n i t i o n  c h a r a c t e r i s t i c s  f o r  swept con- 
f i g u r a t i o n s  may be d i f f e r e n t  than those f o r  t h e  unswept case. These probable 
d i f f e r e n c e s  are examined herein.  
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I g n i t i o n  D a t a  

I g n i t i o n  d a t a  for t h e  p rev ious ly  mentioned swept-geometry cases, along with 
d a t a  from re fe rence  30 (which is t h e  earliest  swept-geometry d a t a ) ,  are given 
i n  t a b l e  IV. I n  order  to i l l u s t r a t e  t h e  na tu re  of t h e  ques t ions  which arose i n  
t h e  tests of t h e  swept conf igu ra t ions ,  t h e  tests of the instream-mounted fue l -  
i n j e c t i o n  s t r u t  of r e fe rence  28 (Cu s t r u t )  w i l l  be b r i e f l y  reviewed. 

The Cu s t r u t  t es t s  were a follow-on (a t  M = 2.2) to those  earlier tests 
( r e f .  30) of an  Fe s t r u t  a t  M = 1.3 and 1.7. With t h e  l o w  Mach number Fe s t r u t  
it w a s  found t h a t  t h e  minimum s t a g n a t i o n  temperature for s e l f - i g n i t i o n  w a s  about 
1170 K. Although no tests were conducted a t  higher temperatures, it w a s  found 
t h a t  combustion was maintained when t h e  temperature was lowered ( a f t e r  i g n i t i o n )  
by a t  least  200 K. It w a s  found i n  t h e  M = 2.2 Cu s t r u t  tests t h a t ,  aga in ,  
i g n i t i o n  occurred a t  about  1170 K. N o  tests were conducted a t  lower tempera- 
t u r e s  than t h i s ,  but it w a s  found t h a t ,  when t h e  temperature w a s  increased  above 
t h e  minimum for i g n i t i o n ,  or when t h e  f u e l  flow w a s  changed, t h e  streamwise 
p res su re  d i s t r i b u t i o n  e x h i b i t e d  an anomalous behavior. It  no longer e x h i b i t e d  
a p res su re  r ise  immediately a f t e r  (or r i g h t  a t )  t h e  s tep as is expected when 
h e a t  release occurs, but i n s t ead  showed an expansion followed by a s t r o n g  
p res su re  r i se  somewhere along t h e  s t r u t ,  depending on t h e  tunne l  temperature 
inc rease  and j e t  f u e l  flow. A t  t h e  h ighes t  tunnel  temperature,  t h e  pressure 
r i se  occurred  a t ,  or a f t  o f ,  t h e  s t r u t  base. (See ske tch  ( b ) ,  which shows t h e  
p re s su re  d i s t r i b u t i o n  a long  t h e  Cu s t r u t  fo r  M = 2.2.) 

P 

ing 

Sketch (b) 
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The fol lowing explana t ion  f o r  t h e  anomalous behavior is proposed: I g n i t i o n  
did no t  occur a t  t h e  step or t r ansve r se  je t ,  b u t  cha in -ca r r i e r s  began to b u i l d  
i n  concent ra t ion  a t  t h i s  p o i n t  and cont inued to inc rease  as t h e  f l o w  approached 
t h e  s t r u t  base region (as t h e  mixing cont inued) .  When t h i s  premixed, "ac t iva t ed"  
gas w a s  brought to recovery temperature and s t agna ted  i n  t h e  l a r g e  base rec i rcu-  
l a t i o n  zone, a very sudden i g n i t i o n  occurred  along wi th  r a p i d  r e a c t i o n  and h e a t  
release. A s t rong  pressure rise t h e r e f o r e  occurred a t  t h i s  l o c a t i o n  (due to t h e  
sudden h e a t  release) and t h e  s t r e n g t h  of t h e  rise w a s  p ropor t iona l  to t h e  ratio 
of en tha lpy  inc rease  due to combustion to t h e  oncoming tunnel  flow enthalpy. 
That is, t h e  p re s su re  rise increased  wi th  $I and wi th  a decrease of Tt_. The 
s h a r p  pressure rise then caused t h e  boundary l a y e r  on t h e  rearward 6O diverg ing  
su r face  of t h e  s t r u t  to separate forward of its normal s e p a r a t i o n  p o i n t  a t  t h e  
s t r u t  base ( t h e  new p o i n t  of sepa ra t ion  was dependent upon t h e  p re s su re  r ise).  
Therefore ,  even though t h e  i g n i t i o n  and h e a t  release occurred a t  t h e  s t r u t  base, 
and no t  forward of t h i s  po in t ,  t h e  e f f e c t s  on pressure d i s t r i b u t i o n  were mani- 
f e s t e d  w e l l  forward on t h e  s t r u t  through t h e  subsonic  flow of t h e  sepa ra t ed  
reg ion  of t h e  boundary l aye r .  O f  course,  t h e  preceding sequence of events  hap- 
pened very f a s t ,  so t h a t  i n  a test made a t  l o w  va lues  of T, or high va lues  
of 
(as would be expected i f  i g n i t i o n  occurred t h e r e ) .  

4 ,  it appeared as though t h e  p re s su re  rise o r i g i n a t e d  i n  t h e  s t e p  reg ion  

There are a number of factors which make it u n l i k e l y  t h a t  t h e  i g n i t i o n  
a c t u a l l y  occurred i n  t h e  step region,  or behind t h e  s t r o n g  p res su re  f r o n t  
located on t h e  s t r u t  (both of these  reg ions  are, however, very l i k e l y  p o i n t s  
f o r  t h e  beginning of s i g n i f i c a n t  cha in-car r ie r  concen t r a t ion  inc reases ) .  F i r s t ,  
and most important,  is t h e  fact  t h a t  i f  i g n i t i o n  was indeed occurr ing  i n  t h e  
step reg ion  a t  t h e  lower tunnel  temperature, then it would be very  d i f f i c u l t  
t o  expla in  why a temperature increase ,  accompanied by a p res su re  inc rease  

" ( a  c h a r a c t e r i s t i c  of . the tunne l  o p e r a t i o n a l  m o d e ) ,  would n o t  cause t h e  ign i -  
t i o n  and r e a c t i o n  to  %e maintained even better than  before a t  t h e  step.5 The 
inc rease  i n  temperature and pressure  should have a much s t ronge r  p o s i t i v e  in f lu -  
ence on i g n i t i o n  than  t h e  lesser negat ive  in f luence  of v e l o c i t y  increase .  This 
was v e r i f i e d  by in-house i g n i t i o n  tests of an unswept step on a w a l l ,  where t h e  
phenomenon could  be observed through a window. When i g n i t i o n  was e s t a b l i s h e d  
a t  t h e  s t e p ,  t h e  tunnel  temperature (and v e l o c i t y )  was increased,  and i g n i t i o n  
and r e a c t i o n  were more in t ense  and stable.  Furthermore, i f  i g n i t i o n  and some 
reac t ion  were occurr ing  a t  the  step, t h e r e  would be a temperature  inc rease  i n  
t he  r e c i r c u l a t i n g  flow, as w e l l  as an inc rease  i n  w a l l  temperature. Both of 
t hese  f a c t o r s  l e a d  to an increased  i g n i t i o n  and flameholding a b i l i t y  and are t h e  
reasons why tes t -gas  temperature can g e n e r a l l y  be reduced ( a f t e r  i g n i t i o n )  and 
s t i l l  maintain t h e  i g n i t i o n  and flameholding a c t i o n  of t h e  step. I t  is, there-  
f o r e ,  q u i t e  probable t h a t  s e l f - i g n i t i o n  and h e a t  release occurred a t  t h e  s t r u t  
base r a t h e r  than  a t  t h e  step or along t h e  s t r u t .  

I n  view of t h e  s imilar i t ies  of t h i s  s t r u t  and t h a t  of r e fe rence  30 and 
t h e i r  r e spec t ive  test  r e s u l t s  a t  1170 K, it is be l ieved  t h a t  t h e  same comment 

5The inc rease  i n  T and p r e s u l t e d  i n  a somewhat decreased dens i ty ,  
so t h a t  t h e  r e s u l t i n g  change i n  Reynolds number is no t  i n  a d i r e c t i o n  which 
causes a downstream movement of separa t ion .  
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may apply  to t h e  l a w  Mach number Fe s t r u t  case. I t  would have been i n t e r e s t -  
ing  to canpare resul ts  if t h e  Fe s t r u t  had been run  a t  higher temperatures. I t  
is poss ib l e ,  of course,  t h a t  t h e  su r face  of t h e  Fe s t r u t  may have heated up 
more t han  t h a t  of t h e  Cu s t r u t  enough t o  make s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
r e l a t i v e  i g n i t i o n  behavior. I n  any event, a one-to-one comparison is n o t  pos- 
s i b l e  because of o the r  d i f f e r e n c e s  between t h e  t w o  s t r u t s  ( d i f f e r e n t  Mach num- 
ber and la teral  equivalence ra t io) .  Because of t h e  s imilar i t ies  of a l l  t h e  
swept-gecinetry tes t  conf igu ra t ions  l i s t e d  i n  t a b l e  IV with  regard  to t h e  loca- 
t i o n  of t h e  t r a n s v e r s e  j e t  relative t o  t h e  step, it is assumed t h a t  i g n i t i o n  
occurred  on ly  a t  t h e  s t r u t  base i n  each case (for t h e  p re sen t  da t a ,  which was 
n o t  a s t r u t  case, no i g n i t i o n  occurred a t  t h e  step).  Using t h i s  assumption, 
o n l y  a base flaw c o r r e l a t i o n  plot is requ i r ed  ( s i n c e  t h e r e  is no i g n i t i o n  d a t a  
for t h e  s tep and j e t )  and t h i s  is shown i n  f i g u r e  18, where t h e  product of base 
p re s su re  and base ha l f -he ight  is used. The i g n i t i o n - l i m i t  model is t h e  same as 
was used for t h e  unswept base flaw. Some cons ide ra t ion  w a s  given to  the  use of 
a s w e p t  model, wherein recovery  temperature is based on t h e  normal canponent 
of v e l o c i t y  ahead of t h e  base, r a t h e r  than on t h e  streamwise component (which 
would then be equivalent  to  an unswept flow wi th  much lower temperature i n  t h e  
r e c i r c u l a t i o n  zone). Th i s  w a s  no t  done for s e v e r a l  reasons. Among t h e s e  are: 
(1)  When t h e  normal canponent of v e l o c i t y  is used, t h e  low-temperature d a t a  f o r  
t h e  Fe and C u  s t r u t s  (1010 and 1140 K )  would then  r ep resen t  i g n i t i o n  tempera- 
t u r e s  of 828 and 887 K, r e spec t ive ly ,  even f o r  FR = 1.0 and no cooling by t h e  
f u e l .  This  is too l a w  for phys ica l  r e a l i t y ,  because a t  t h e s e  temperatures t h e  
i g n i t i o n  de lay  t i m e  approaches i n f i n i t y .  (2) To say  t h a t  on ly  t h e  normal cow 
ponent of t h e  stream is recovered behind t h e  base is to s a y  t h a t  the c r o s s  flaw 
behind the  base is equa l  to t h e  parallel  canponent of t h e  flow ahead of t h e  
base. This  is also u n r e a l i s t i c  s i n c e  t h i s  component is supersonic  and t h e  v is -  
cous na tu re  of t h e  r e c i r c u l a t i o n  zone would c e r t a i n l y  reduce t h i s  down to  l o w  
subsonic  cross flaw. 

Discuss ion  of t h e  Correlation 

Before comparing t h e  base d a t a  wi th  t h e  i g n i t i o n - l i m i t  model as presented  
i n  f i g u r e  18, it would be w e l l  t o  consider some of t h e  poss ib l e  reasons  f o r  t h e  
swept step wi th  t r a n s v e r s e  i n j e c t i o n  not producing s e l f -  i g n i  t i o n  (providing t h e  
proposed suppos i t i on  is correct) a t  flow condi t ions  and i n j e c t o r - s t e p  configu- 
r a t i o n s  similar to  t h e  unswept cases. The primary reason  i s  believed t o  be t h a t  
t h e  f l o w  behind t h e  swept s tep  w a s  too f u e l - r i c h  f o r  i g n i t i o n .  Th i s  is b e s t  
i l l u s t r a t e d  by f i r s t  r e f e r r i n g  to  f i g u r e  1 9 ( a )  f o r  t h e  top view of a t r a n s v e r s e  
injector behind an unswept step. N o t e  t h a t  t h e  f u e l - r i c h  contours extend o u t  
l a t e r a l l y  a long  t h e  s t ep  on e i t h e r  s i d e  of t h e  j e t ,  but t h e r e  i s  an i g n i t a b l e  
r eg ion  f a r t h e r  o u t ,  providing, of course, t h a t  ad jacen t  ho les  are no t  too close. 
Hawever, i f  t h e  f u e l  f law is increased ,  or i f  t h e  holes  are moved closer to t h e  
step, t h i s  o v e r l y  f u e l - r i c h  r eg ion  may extend o u t  enough so as t o  be halfway t o  
t h e  ad jacen t  ho les ,  thus  d i sa l l awing  s tep i g n i t i o n .  
earlier d i scuss ion  t h a t  r a t h e r  l e a n  mixtures are r equ i r ed  f o r  good i g n i t i o n  
because of the  cool ing  e f f e c t  of t h e  f u e l .  That is, even though t h e  mixture may 
n o t  be too r i c h  f o r  canbustion ( l i m i t s  are wide for hydrogen), t h e  temperature 
may be too l aw  for s e l f - i g n i t i o n  unless  t h e  mixture is lean. 
t h e  swept step, the re fo re ,  if t h e  holes  are l o c a t e d  t h e  same d i s t a n c e  behind t h e  
s tep i n  t h e  flaw d i r e c t i o n  (as w a s  indeed t h e  case f o r  t h e  r epor t ed  da ta ) ,  then  

I t  w a s  po in ted  o u t  i n  t h e  

For t h e  case of 
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t h e  holes  are i n  f a c t  located closer to t h e  step i n  a p lane  normal to  t h e  
step, and t h e  la teral  e x t e n t  of t h e  f u e l - r i c h  reg ion  a long  t h e  s t e p  is 
increased.  (See f i g .  19(b) . )  This argument is made wi th  t h e  assumption t h a t  
t h e  rec i rcu la t ion-zone  geometry is not  smaller (reat tachment  po in t  closer to  
t h e  step) i n  t h e  p lane  perpendicular  to t h e  step than  for t h e  unswept step. 
S ince  t h e  rec i rcu la t ion-zone  geometry is probably l a r g e r  ( inc reases  as M 
decreases), t he  preceding argument is  s t rengthened (i.e., pu t s  t h e  i n j e c t o r  
f a r t h e r  forward i n  t h e  recirculation zone). Th i s  i g n i t i o n  problem would cer- 
t a i n l y  be helped by moving the  holes  f a r t h e r  back  from t h e  s t e p  i n  t h e  stream 
d i r e c t i o n  so as to be a t  least  a t  t h e  same normal d i s t a n c e  as for t h e  unswept 
s t e p .  Of course,  t h i s  same type problem should e x i s t  f o r  t he  unswept step 
i f  t h e  holes  are located too close to  t h e  step. 

Another p o s s i b l e  reason f o r  t h e  l a c k  of s t e p i g n i t i o n  could be t h e  inab i l -  
i t y  to  produce as rapid an inc rease  i n  cha in-car r ie r  concent ra t ion  due to t h e  
cross f l a w  i n  the  r e c i r c u l a t i n g  region behind t h e  swept step. It was found i n  
r e fe rence  28, however, t h a t  p l ac ing  bounding surfaces ("fences") near t h e  in jec-  
tors  i n  an at tempt  to reduce t h e  cross flow appa ren t ly  does not  h e l p  t h e  swept- 
step i g n i t i o n  problem. It should be noted, however, t h a t  even though i g n i t i o n  
may no t  occur a t  t h e  s t e p  r e c i r c u l a t i o n  zone, t h i s  zone along wi th  t h e  exposed 
part of t h e  j e t  (bow-shock r eg ion ) ,  can s t i l l  be an e f f e c t i v e  source of chain- 
carrier genera t ion  which can promote more rap id  i g n i t i o n  a t  downstream loca- 
t i o n s  such as t h e  s t r u t  base. This  was suggested as t h e  resul t  of data cmpar- 
i sons  i n  the  unswept base case, and f i g u r e  18 shows t h a t  t he  ign i t i on - l imi t  data  
is a t  s i g n i f i c a n t l y  lower va lues  of the  pressure-scale  product and T t  than any 
of the  unswept data, which aga in  sugges ts  t h a t  t h e  base flow reg ion  is a more 
favorab le  s e l f - i g n i t i o n  reg ion  than the  o thers .  The l a c k  of a downstream w a l l  
should allow for better temperature recovery than  would be t h e  case f o r  a step 
( fo r  t h e  same boundary-layer t h i ckness ) ,  and t h e  fuel-air mixture may n o t  be as 
r i c h  and cold as i n  t h e  upstream s t e p  region s i n c e  t h e r e  is t i m e  f o r  a d d i t i o n a l  
ho t  a i r  to be en t r a ined  before reaching t h e  base region. O f  course,  t h e  possi- 
b i l i t y  f o r  enhanced i g n i t i o n  due to  cha in -ca r r i e r s  from t h e  upstream i n j e c t i o n  
may on ly  e x i s t  when t h e r e  is no i g n i t i o n ,  or on ly  partial i g n i t i o n ,  a t  t h e  
upstream poin t .  I f  combustion is i n i t i a t e d  upstream, t h e  presence of t h e  pro- 
duc t s  of combustion may be more de t r imen ta l  than he lpfu l :  however, base igni -  
t i o n  is not  then needed. 

Another, and perhaps more probable, explana t ion  for t h e  i g n i t i o n  d a t a  i n  
f i g u r e  18 being better than  those  on t h e  previous f i g u r e s  is t h a t  t h i s  is  a l l  
s t r u t  data. None of t h e  s t r u t  data on the  o the r  f i g u r e s  were i g n i t i o n - l i m i t  
data, so it may be t h a t  t h i s  is a v i v i d  i l l u s t r a t i o n  of t h e  s t rong  e f f e c t s  of 
a higher  FR due to a th inne r  boundary l a y e r ,  as discussed previously.  For 
example, t h i s  i g n i t i o n - l i m i t  data could be correlated wi th  FR = 0.75 and 
Tw = 400 K, or with FR = 0.55 and Tw = 800. K. 

I t  should also be pointed o u t  t h a t  t he  lower of t h e  t w o  data p o i n t s  for 
t h e  M = 4 and M = 7 engines  on f i g u r e  1 8 ( f i l l e d  po in t s  a t  T t  = 1400 K 
and h a l f - f i l l e d  p o i n t s  a t  T t  = 2165 K )  should probably be no-ignition p o i n t s  
s i n c e  they  r ep resen t  a t h i n  cen te r  s t r u t ,  as opposed to the  t w o  t h i c k  ou te r  
s t r u t s  ( represented  by t h e  higher  of the  t w o  data p o i n t s )  where i g n i t i o n  more 
l i k e l y  occurred. (See r e f .  29 f o r  t h e  s t r u t  geometry of t h e  two engines.)  
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It is i n t e r e s t i n g  to compare the r e l a t i v e  merits of t r a n s v e r s e  jets on 
p lane  s u r f  aces, steps with t r a n s v e r s e  i n j e c t i o n ,  and bases f o r  s e l f - i g n i t i o n  
on t h e  basis of t h e  c o n s t a n t s  (see eqs. (1 1 )  1 which best c o r r e l a t e d  t h e  da ta .  
These equa t ions  can be p u t  i n  a form where t h e  right-hand s i d e s  of t h e  equa t ions  
w i l l  a l l  be e s s e n t i a l l y  t h e  same and t h e  le f t -hand  s i d e s  of t h e  equat ions  w i l l  
be, r e spec t ive ly ,  

u P j  u Ps  U P g  U P g  
kl - - d, k2 - - d, 80 - - h, 80 - - b 

Ud p u s  P Uh p Ub p 

which involve mul t ip ly ing  factors times t h e  j e t  diameter,  step, or base ha l f -  
he ight .  By using t h e  ind ica t ed  va lues  of kl  and k2 from t h e  correlations, 
along wi th  nominal va lues  of t h e  o t h e r  parameters i n  t h e  preceding r e l a t i o n s ,  
t h e  mul t ip ly ing  factors become approximately 35d, 2.6d, 24h, and 24b. 

S ince  t h e  higher t h e  va lues  of these  factors, t h e  b e t t e r  t h e  i g n i t i o n  
source, t h i s  would i n d i c a t e  t h a t  t h e  upstream r e c i r c u l a t i o n  zone of t h e  j e t  is 
bes t ,  and t h e  bow shock is a poor las t ,  as s e l f - i g n i t i o n  sources.  Th i s  o rde r  
of merit is i n  agreement wi th  t h a t  suggested ear l ier  by t h e  d a t a  comparisons, 
except  t h a t  t h e  d a t a  i n d i c a t e d  t h a t  t h e  base reg ion  is b e t t e r  t han  t h e  upstream 
r e c i r c u l a t i o n  reg ion  of t h e  t r a n s v e r s e  je t .  There are s e v e r a l  p o s s i b l e  reasons 
t h e  base reg ion  may a c t u a l l y  be t h e  b e t t e r  of t h e  t w o .  F i r s t ,  t h e  upstream 
r e c i r c u l a t i o n  reg ion  of t h e  j e t  may not  have a mixture as l e a n  as @ = 0.2, 
which would degrade it because of lower temperatures a s soc ia t ed  wi th  t h e  r i c h e r  
mixtures of co ld  f u e l .  I n  r e fe rence  9,  t h e  upstream r e c i r c u l a t i o n  reg ion  ahead 
of a t r a n s v e r s e  two-dimensional j e t  ( s lo t  i n j e c t i o n )  w a s  r epor t ed  t o  have mix- 
t u r e s  of t h e  o rde r  of @ = 1 .O or g r e a t e r .  While t h e  mixtures ahead of t h e  
circular j e t  may be l e a n e r  than ahead of t h e  s lot ,  it is n o t  l i k e l y  t h a t  t hey  
would be t h a t  much more so. Second, as p rev ious ly  mentioned, t h e  base reg ion  
may b e n e f i t  from t h e  formation of cha in -ca r r i e r s  (from t h e  upstream i n j e c t i o n )  
p r i o r  to a r r i v i n g  a t  t h e  base,  thereby  g iv ing  i t  “ e x t r a ”  r e s idence  t i m e .  I t  
should a lso be poin ted  o u t  t h a t  t h e  scale of t h e  upstream r e c i r c u l a t i o n  zone i s  
dependent upon t h e  j e t  dynamic-pressure r a t i o  i n  a d d i t i o n  to  dependence 
on o r i f i c e  diameter (see eq. ( 1 2 ) ) .  For s i m p l i c i t y ,  t h e  qf/qa parameter w a s  
n o t  included i n  equat ion  ( l l a )  s i n c e  m o s t  of t h e  d a t a  i n  f i g u r e  1 5  are for V a l -  
u e s  of qf/qa = 3. I f  (qf/qa)’i2 were included along with d ,  then  t h e  con- 
s t a n t  kl  would be 2 0 / n  = 12. 

qf/qa 

The poor last-place ranking of t h e  bow-shock reg ion  shown i n  t h e  preceding 

TSfmiX, as opposed 
paragraph is n o t  q u i t e  as bad as it appears, s i n c e  one must take i n t o  account 
t h e  f a c t  t h a t  t h e  appropriate temperature f o r  t h i s  model i s  
to TR f o r  t h e  o t h e r  t h ree .  TS,mix f o r  t h e  normal shock is h igher  than  TR 
f o r  t h e  r e c i r c u l a t i n g  regions.  

F i n a l l y ,  it should be poin ted  ou t  t h a t  whi le  t h e  e f f e c t s  of c o l d  f u e l  are 
manifested i n  several very  important ways f o r  t h e  s e l f - i g n i t i o n  problem (i.e., 
p u t  c o n s t r a i n t s  on t h e  orifice conf igu ra t ion  behind steps, c o n s t r a i n t s  on equiv- 
a l ence  r a t io  f o r  good i g n i t i o n ,  etc.) t h e  obvious s o l u t i o n  of hea t ing  t h e  f u e l  
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may n o t  r e a l l y  be so e f ' f ec t ive  i n  many cases. For example, a t  a f l i g h t  Mach 
number of 7, s t a g n a t i o n  temperatures are about 2100 K ,  b u t  the h ighes t  f u e l  tem- 
peratures expected i n  f l i g h t  (or from a h e a t e r  i n  a ground f a c i l i t y )  are about 
900 K. This would s t i l l  l i m i t  s e l f - i g n i t i o n  mixtures to l e a n  values.  I t  can 
be shown, using equat ion  ( 4 )  along with t h e  method of f i n d i n g  (I f o r  minimum 
i g n i t i o n  t i m e  ( f ig .  41,  t h a t  an inc rease  of f u e l  temperature of 555 K reduces 
t h e  r equ i r ed  a i r  temperature for i g n i t i o n  by o n l y  a b u t  83 K. For l o w  f l i g h t  
Mach numbers (M - 4)  where t h e  f u e l  h e a t i n g  could be more e f f e c t i v e ,  t h e  a i r  
temperatures are too l o w  for  s e l f - i g n i t i o n  and separate i g n i t o r s  (or f a c i l i t y  
temperatures su rges )  are required.  

CONCLUDING RENARKS 

A c o r r e l a t i o n  of a v a i l a b l e  s e l f - i g n i t i o n  data f o r  supersonic  hydrogen- 
a i r  mixtures i n  conf igu ra t ions  r e p r e s e n t a t i v e  of scramjet combustors has  been 
made i n  terms of a pressure-scale product as a f u n c t i o n  of combustor en t r ance  
s t a g n a t i o n  temperature.  The c o r r e l a t i o n  w a s  examined i n  l i g h t  of s i m p l i f i e d  
i g n i t i o n - l i m i t  models developed by assuming i g n i t i o n  t i m e  equal to mixture resi- 
dence t i m e ,  and by us ing  a g l o b a l  r e a c t i o n  rate to  approximate t h e  f i n i t e - r a t e  
chemistry. The d a t a  and i g n i t i o n - l i m i t  models included cases of i n j e c t i o n  from 
t r a n s v e r s e  f u e l  j e t s  on walls, t r a n s v e r s e  f u e l  j e t s  behind swept and unswept 
steps, and t r ansve r se  i n j e c t i o n  ahead of swept and unswept steps and s t r u t  
bases. 

Although the c o r r e l a t i o n  is based on g r e a t l y  s i m p l i f i e d  approximations 
of a very  complex phenomenon, and t h e r e f o r e  has o n l y  q u a l i t a t i v e  va lue ,  it 
provides  u s e f u l  i n s i g h t  and guidance fo r  i n d i c a t i n g  t h e  r e l a t i v e  p r o b a b i l i t y  
of s e l f - i g n i t i o n  i n  a v a r i e t y  of possible app l i ca t ions .  
for s e l f - i g n i t i o n  are those  reg ions  where t h e  temperature is h igher  than flow 
s ta t ic  temperature, where p re s su re  is h ighe r  t han  f l o w  s t a t i c  pressure, where 
v e l o c i t y  is lower than free-stream canbustor ve loc i ty ,  and where mixtures 
are w i t h i n  combustible l i m i t s .  These inc lude  bow-shock r eg ions  of t r a n s v e r s e  
j e t s ,  upstream r e c i r c u l a t i o n  regions of t r ansve r se  je ts ,  r e c i r c u l a t i o n  regions 
behind steps wi th  t r a n s v e r s e  f u e l  i n j e c t i o n ,  and r e c i r c u l a t i o n  r eg ions  behind 
s t r u t  bases and steps wi th  i n j e c t i o n  ahead of t h e  step or base; 

The l i k e l y  reg ions  

Some of t h e  more important i n d i c a t i o n s  der ived  from t h e  c o r r e l a t i o n  can 
be b r i e f l y  summarized as follows: 

( 1 )  Pressure-scale product as a func t ion  of s t a g n a t i o n  temperature is a 
use fu l  c o r r e l a t i o n  format. 

(2)  For t h e  typical case of f u e l  s t a g n a t i o n  temperature much less  than  t h e  
a i r  s t agna t ion  temperature, t h e  i g n i t i o n  probably occurs i n  those  reg ions  of 
t h e  mixture where equiva lence  r a t io  is approximately 0.2 or a l i t t l e  higher.  

( 3 )  A s  expected, s e l f - i g n i t i o n  is extremely s e n s i t i v e  to  the  mixture tem- 
perature a t  t h e  p e r t i n e n t  i g n i t i o n  loca t ions .  A s  a r e s u l t ,  w a l l  temperature and 
rec i rcu la t ion-zone  temperature recovery f a c t o r  have dominant i n f luence  on t h e  
phenomenon, and it is desirable for both to be as h i g h  as possible. 
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(4 )  For t h e  t y p i c a l  case of h ighly  cooled w a l l s ,  t h e  r a t i o  of boundary- 
l aye r  th ickness  to j e t  penetration he ight ,  step he ight ,  or base ha l f -he ight  has  
s t rong  inf luence  on i g n i t i o n  s i n c e  it d i r e c t l y  inf luences  rec i rcu la t ion-zone  
recovery temperature. I g n i t i o n  is the re fo re  more l i k e l y  on s t r u t s ,  where bound- 
a r y  l a y e r s  are th inner .  

Based on these  conclusions,  t he  l i k e l y  l o c a t i o n s  f o r  s e l f - i g n i t i o n  seem 
to have an  order  of merit, f o r  a given wa l l  temperature, a s  follows: 

(1) M o s t  r e a d i l y  f o r  bases and steps where t h e  f u e l  is i n j e c t e d  w e l l  
upstream, so t h a t  s i g n i f i c a n t  mixing and cha in-car r ie r  formation begins ahead 
of t he  i g n i t i o n  poin t ,  and where l e a n  mixtures are more probable.  Bases a r e  
b e t t e r  than steps because of no downstream w a l l  to  cool t he  mixture. Because 
of t he  th inner  boundary l a y e r ,  l o c a t i o n  on a s t r u t  is better than  on a cmbus-  
tor w a l l .  

t 

(2 )  Upstream r e c i r c u l a t i o n  region of transverse i n j e c t i o n  j e t s  on p lane  
sur faces ,  where f u e l  pene t r a t ion  is very l a r g e  compared to  the  boundary l a y e r  
thickness .  Large diameter o r i f i c e s  and high i n j e c t i o n  pressure favor  t h i s  
condi t ion.  

(3) Transverse i n j e c t i o n  je ts  loca ted  behind s teps .  Although je t s  on 
plane su r faces  a r e  b e t t e r  than je ts  behind s t e p s  f o r  t h e  case of l a r g e  penetra- 
t i o n ,  t he  oppos i te  may be t r u e  f o r  l o w  j e t  pene t ra t ion  r e l a t i v e  to boundary- 
l aye r  th ickness  or s t e p  height .  

( 4 )  Bow-shock region of t r ansve r se  i n j e c t i o n  j e t s .  

Langley Research Center 
Nat iona l  Aeronautics and Space Administration 
Hampton, VA 23665 
May 24, 1979 

I- 
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TABLE I.- HYDR3GEN-AIR CHEMISTRY WDEL 

[From re f .  23 

H 2 + X P H + H + X  

0 2  + x 2 0 + 0 + x 

H20 + X 2 OH + H + X 

OH + X P 0 + H + X 

0 + H20 p OH + OH 

H + H20 2 OH + H 2  

H + 02 OH + 0 

0 + H 2  2 H + OH 

TABLE 11.- EXPLANATION OF DATA SYMBOLS FOR FIGURES 1 5  To 18  

LOW qf/qa High qf/qa 

0 0 O r i f i c e s  on plane sur faces  

CI O r i f i c e s  behind s t e p s  

n A Bases or steps with upstream i n j e c t i o n  

F i l l e d  symbol 
Ha l f - f i l l ed  symbol - delayed i g n i t i o n  (occurs downstream) 
Open symbol - no i g n i t i o n  anywhere 
Flagged symbol - i g n i t i o n  l i m i t  
Ta i led  symbol - s t r u t  conf igura t ion  
Crossed symbol - bow shock emission on ly  (of f - sur face)  
One ruddera - 3h behind s t e p  
Two ruddersa - 5h behind step 
No ruddersa - 1 to  2h behind step 

- i g n i t i o n  a t  su r face  

amplies to squares  only. 
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TABLE 111.- IGNITION DATA FOR UNSWEPT CONFIGURATIONS 

S i n g l e  s t r u t  

Three s t r u t  

14 2055 2.4 4.45 1.80 3.18 1.4 1.0 1.0 1.0 4.45 1.80 3.18 
3.5 

.~ .- . - - ~  . - -It - - l 9  2055 2.7 3.05 3.05 2‘.34 2.1 1.0 1.0 0.553, 3.05 3.05 1.29 ~ ’ ’ Cooled 

IStepped i n j e c t o r  I 20 2110 2.7 5.16 3.81 2.03 2.3 1.1 1.1 0.70 5.68 4.19 1.42 A Heavy wa l l ,  uncooled 

I , 20 2110 2.7 5.16 3.81 2.03 2.3 1.1 1.1 0.87 ’ 5.68 4.19 1.77 1 w A Heavy wall, uncooled 
.70 1.42 Heavy wa l l ,  uncooled 

21 2110 2.7 2.95 3.81 ---- 1.0 0.83 0.83 ---- 2.45 3.16 ---- w w --- Heavy wa l l ,  uncooled 

22 2110 2.7 5.16 3.81 1’.6 1.3 1.1 1.1 0.87 5.68 4.19 1.39 w A Heavy wa l l ,  uncooled 
Heavy wa l l ,  uncooled 2.31 2.3 .70 1.62 

- 2 2  2110 2.7 2.79 3.81 1’.6 1.3 1.1 1.1 0.87 3.07 4.19 1.39 A Heavy wall ,  uncooled 
2.31 2.3 .70 1.62 Heavy wall, uncooled 

, 22 1670 2.7 5.16 3.81 1.6 2.3 1.1 1.1 1.00 5.68 4.19 1.6 w A Heavy wall, uncooled ~ 

2.31 .90 2.08 Heavy wall, uncooled 

’ 22 1670 2.7 2.79 3.81 1.6 1.3 1.1 1.1 1.00 3.07 4.19 1.6 w A Heavy wa l l ,  uncooled 
2.31 .90 2.08 Heavy wa l l ,  uncooled 

Uncooled 
I f85 Uncooled 

--- --- Uncooled 

0 0 --- Prehea ted ,  uncooled wal l  

S i n g l e  o r i f i c e  on p l a t e  13 1820 2 . .  0 1 52 ---- ---- --- 1.0 ---- ---- 1.52 ---- ---- --- --- 

u. 2110 2.7 3.18 ---- ---- --- 1 * o  ---- ---- 3.18 ---- ---- 

O r i f i c e  behind s t e p  U 1720 2.0 0.89 0.84 ---- 2.0 1.0 1.0 ---- 0.89 I 0.84 ---- 
~ 

U 2035 2.0 0.89 0.84 ---- 2.0 1.0 1.0 ---- 0.89 0.84 ---- 0 0 --- Prehea ted ,  uncooled wa l l  

=See foo tno te  a t  end of t a b l e ,  page 34. 



TABLE 111.- Continued 

( O r i f i c e  behind s t e p  U 2169 2.0 0.89 0.84 ---- 2.0 1.0 1.0 ---- 0.89 0.84 ---- 1 1 --- Preheated,  uncooled wall 

U 2078 2.0 1.78 1.78 ---- 2.0 1 . 0  1.0 ---- 1.78 1.78 ---- 1 --- Preheated,  uncooled wall 

Uncooled s t r u t  9 --- A Uncooled s t r u t  
O r i f i c e  row ahead of 24 2330 4.2 2.18 --- 4.75 -3.3'0.158--- 0.15 0.33 ---- 0.71 

s t e p  2275 t.06 f.06 t . 1 3  T.29 

S ing le  o r i f i c e  ahead U 2050 2.0 1.04 --- 0.84 -13 1.0 --- 1 .O 1.04 ---- 0.84 0 --- A Preheated,  uncooled 
of s t e p  

~ ~~~ 

--- Uncooled 

a ___ --- Uncooled 

0 --- 1 . 0  --- ---- 2 - 0 8  ---- ---- O r i f i c e  row on wall 25 2200 2.7 2.08 --- ---- ----- 
25 2200 2.7 5.94 --- ----- 1 . O  --- ---- 5 -94 ---- ---- 

--- Highly cooled d --- O r i f i c e  row on annular 6 1780 2.8 3.02 --- ---- ----- 0.71 ___  ____ 2 - 1 5  ____  _ _ _ _  
wall 

O r i f i c e s  ahead of s t e p  P 2080 2.7 2.64 --- 3.81 -1.7 1.09 --- 1.09 2.87 ---- 4.15 0 --- A Heavy wal l ,  cooled 

P 1993 2.7 2.64 --- 3.81 -1.7 1.04 --- 1.04 2.75 ---- 3.97 6 --- A Heavy wal l ,  cooled 

P 1939 2.7 2.64 --- 3.81 -1.7 1.01 --- 1.01 2.66 ---- 3.84 @ --- A Heavy wal l ,  cooled 

I P 1166712.7/2.64/--- 13.811 -1.7i0.89/---10.89 12.35 I ---- i 3.40 1 I --- 1 A IHeavy wal l ,  cooled I 
aSee footnote  a t  end of t a b l e ,  page 34. 
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TABLE 111.- Concluded 

Conf igu ra t ion  m 
-L-- , 

._ , . ~- 

A :Heavy w a l l ,  uncooled, 
low q f /qa  

1 P 12261 2.7'2.64'----'3.81 3.73 0 --- A ,Heavy w a l l ,  uncooled, 
I low q f /qa  

O r i f i c e s  behind s t e p  P 2378'2.7 1.17 0.84 ---- 1 . l l  0.80 ---- --I------ Uncooled 

P 2293 2.7 1.17 0.84 ---- 3.0 0.99 0.9gl---- 1.16 0.83 ---- Uncooled 

Uncooled P 2324 2.7 1.17 0.84 ---- 3.0 0.76 0.76(---- 0.89 0.64 ---- 

~- I :  

0 0 --- 
~ 

P 2426 2.7 1.17 0.84 ---- 3.0 0.73 0.73 ---- 0.85 0.61 ---- w .' --- Uncooled 

, P 2339 2.7 2.64 3.81 ---- 1.0 0.7510.75 ---- 1.98 2.86 ---- c3 e --- Heavy w a l l ,  cooled 

Heavy wal l ,  cooled ' P 2220 2.7 2.64 3.81 '---- 1 .O 0.77'0.77 ---- 2.03 2.93 ---- 
c 

0 0 --- 
Heavy wal l ,  cooled 0 0 --- P 2413 2.7 2.64 3.81 ---- 1.0 1.01'1.01 ---- I 2.67 3.85 ---- 

P 2022 2.7 2.64 3.81 ---- 3.0 1.021 1.02 ---- ' 2.69 3.89 ---- r I' --- Heavy wal l ,  cooled 

a I --- Heavy wal l ,  cooled 
I P 2461 2.7 2.64 3.81 ---- 3.0 0.61 0.61 ---- 1.62 2.33 ---- 

I 
Heavy wal l ,  cooled ,  

low qf/qa 
sr --- P 2261 2.7 2.64 3.81 I---- 3.0 0.99!0.991---- 2.61 3.77 ---- 

P 2174 2.7 2.64 3.81 ---- 5.0 0.92 0.92 ---- 2.43 3.51 ---- IC IC --- Heavy wal l ,  cooled 

P 12224 2.7 2.64 3.81 ---- 5.0 1.02 1.02 ---- 2.69 3.89 ---- fl --- Heavy wal l ,  cooled,  ' 

I b w  9f/% 

aReference number given f o r  pub l i shed  data:  U for unpublished da ta :  P f o r  p r e s e n t  d a t a .  



TABE 1V.-IGNITION DATA FUR SWEPT CONFIGWIATIONS 

Uncooled s t r u t s  

Fe S t r u t  30 1 1 8 0 ~ 1 . 7 ~ 2 . 0 1 1 2 . 6 9 1 6 . 3 5 ~ 2 . 9 ~ 1 . 2  1.2 0.551 2.41 3.23 3.51 45 A Uncooled, heavy wall 

30 1150 1.3 2.01 2.69 6.35 2.9 3.4 3.4 1.41 6.83 9.14 8.97 45 A Uncooled, heavy wall 

30 1010 1.3 2.01 2.69 6.35 2.9 3.4 3.4 1.41 6.83 9.14 8.97 45 Uncooled, heavy wall 

Cu s t r u t  28 1140 2.2 3.18 2.74 6.35 1.6 1.2 1.2 0.64 3.81 3.30 4.06 45 A Uncooled, heavy wal l  

28 1885 2.2 3.18 2.74 6.35 1.6 1.5 1.5 0.80 4.78 4.11 5.08 45 Uncooled, heavy wal l  

28 2 2 8 0 2 . 2 3 . 1 8 2 . 7 4 6 . 3 5 1 . 6 1 . 8  1.8 0.96 5.72 4.93 6.10 45 A Uncooled, heavy wal l  
- . -  _ _ ~  __ -~ __ 

~- - - - -  ~- 
S t e p  on wall P 2270 2.7 1.17 0.84 ---- 3.0 0.8810.88'---- 1.03 0.74 ---- 40 --- Uncooled 

P 2452 2.7 1.17 0.84 ---- 3.0 0.87 0.87 ---- 1.02 0.73 ---- 40 --- Uncooled 
~ ~- 

P 2239 2.7 1.17 0.84 ---- 3.0 0.99 0.99 ---- 1.15 0.83 ---- 40 --- Uncooled 

P 2350 2.7 1 .17 0.84 ---- 3.0 1 .02 1.02 ---- 1.19 0.86 ---- 40 --- Uncooled 

w 
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Figure 2.- Effect of equivalence ratio on ignition time (hydrogen-air: p = 1 atm) . 
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Figure 5.- Se l f - ign i t i on  i n  a supersonic  paral le l  hydrogen-air mixing l aye r .  
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,- Mixing boundary 

M 

1 / /-Jet shocks 

/- Reattachment 

I Fuel 
F i g u r e  7 .- T r a n s v e r s e  f u e l - i n j e c t i o n  f l o w f i e l d .  



Exposed 
f low 

Flammable 

A i r  - 
/1 

/ 

r 
\ 

\ 
\ 

/- - 
_/--- 

A i r  

c o n t o u r s  i n  
s e p a r a t e d  f low 

Fue l  m i x t u r e  

S i d e  view 

F i g u r e  8 .- T r a n s v e r s e  i n j e c t i o n  b e h i n d  unswept steps. 

I 

b Reattachment  

l o p  view 



L-79-'186 
F i g u r e  9.- Top view of t r a n s v e r s e  i n j e c t i o n  b e h i n d  u n s w p t  step on  s t r u t .  



"1 

7 = -  

d res u 

P = P .  
J 
R T = T  

H 

(a)  Upstream r e c i r c u l a t i o n  model. 

k2d T = -  
res u 

P = P, 
T = T  s , m i x  

(b) Bow-shock model ( t o p  view).  

(c) S tep  and base models. 

Figure 10.- S e l f - i g n i t i o n  models f o r  t ransverse  j e t ,  s t e p  and base.  

45 



2.0 

1 . 5  

1.0 

C 
P 

.5 

0 

- .5 

1.0 

f o r  o b l i q u e  shock w i t h  14’ t u r n i n g  \ /- ‘ P 7 j  

two-dimensional s l o t  (from r e f .  9 )  

\ 
C , 15O cone 

p 7 j  

s t e p s  and b a s e s  
p 7 B ’  (from r e f .  18) 

-L. 
3 . 0  

J 
4.0 
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