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SUMMARY 

Concepts  which  are  believed  applicable  to  the  basic  understanding  of  the 
pertinent  flaw  processes  involved  in  turbulent  flameholding  and  flamespreading 
have  been  reviewed  with an interest  in  their  application  to  design  of  scramjet 
combustors. As a  result,  some  new  concepts  have  been  generated  and  some  new 
approaches  to  modeling  of  these  extremely  complex  processes  have  been  suggested. 

For  flameholding,  these  new  concepts  include 

1 .  Blowoff  is  caused  by  the  flame  inside  the  recirculation  zone  failing 
to  reach  the  dividing  streamline  at  the  rear  stagnation  zone  rather  than  from 
heat-flow  divergence (K 2 1 )  in  the  shear  layer  outside  the  dividing  streamline. 
When  this  happens,  "cold"  mixture  enters  and  "snuffs  out"  the  flame  in  the 
recirculation  zone  and  the  external  "held"  flame  breaks  off. 

2. Increased  turbulent  exchange  across  the  dividing  streamline  helps  flame- 
holding  due  to  forward  movement  of  the  flame  anchor  point  inside  the  recircula- 
tion  zone  rather  than  from  increased  heat  flow  to  the  outer  shear  layer. The 
increased  mixing  thickness  in  the  outer  flow  helps  the  initial  flamespreading. 

3 .  Modeling of the  blowoff  phenomenon  is  based on the  concept  that  the 
time  required  for  a  flow  element of reactants  to  travel  along  the  dividing 
streamline  is  equal  to  the  time  required  for  a  flame  element  to  travel  across 
the  recirculation  zone. 

For  flamespreading,  it  is  believed  that  the  idea  that  laminar  flame  con- 
cepts  do  not  relate  to  high-shear  flames  is  true  only  for  the  case  of  fast 
chemistry,  where  the  turbulent  fluid  parcels  are  effectively  consumed  as  fast 
as generated  by  shear. For slow  chemistry  (low  p, T, @, or high  u)  the 
smaller  parcels  of  reactants  will  burn  faster  than  the  larger  ones,  but  overall 
combustion  may  be  retarded. 

The scale  required  to  achieve  flameholding  in  a  scramjet  combustor  has  been 
calculated  using  the  present  model. The results  show  a  strong  adverse  effect of 
low  p  and  low on flameholding  with  some  adverse  effect  of  increased M,, 
which  is  opposite  to  that  for  self-ignition.  There  was  little  effect  due  to 
change  of  recovery  factor FR, again,  different  from  self-ignition. 

Based on these  results,  recommendations  are  made  for  needed  research 
efforts  to  reduce  some  of  the  uncertainties  associated  with  the  model  concepts 
and  to  increase  confidence  in  the  ability  to  design  a  combustor  for  high-speed 
air-breathing  vehicles. It is  recommended  that  main  fuel  injection  not  be 
coincident  with  the  flameholder  and  that  the  flameholder  be  independently 
fueled,  either  by  premixing  an  upstream  flow  layer or by  adding  fuel  (and 
oxygen)  directly  into  the  recirculation  zone. It is  also  recommended  that 
ignition  be  accomplished with a separate  ignitor,  rather  than  depend on self- 



ignition.  A  hot-gas  pilot  is  recommended  as  a  superior  ignitor-flameholder. 
Combustor  design  should be based on flamespread  angle  and  not  simply on mixing- 
spread  angle. 

INTRODUCTION 

Combustion  in  air-breathing  propulsion  devices  for  hypersonic  vehicles  must 
occur  at  supersonic  velocities  in  order  to  avoid  the  high T, p,  and  heat  trans- 
fer  rates  that  result  when  the  flow  is  decelerated  to  subsonic  speeds  (ref. 1 ). 
At  supersonic  speeds,  the  injection,  mixing,  ignition,  and  combustion  times  must 
be  very  short  (total  time  must be less  than 1 ms)  to  avoid  excessively  long 
combustion  chambers  and  the  attendant  problems  of  increased  weight,  drag,  and 
heat  loss. 

For  optimum  propulsion  performance  over  a  flight  Mach  number  range,  the 
heat  release  must be distributed  along  the  combustor  (cross-sectional  area)  in 
a  prescribed  manner  at  each  Mach  number.  A  unique  and  convenient  way  to  accom- 
plish  this is proposed  in  reference 1 and  involves  the  use  of  a  mixed-mode  fuel- 
injection  concept.  With  this  concept  the  mixing  lengths  are  tailored  with  flight 
speed  by  variation  of  the  split  between  two  modes  of  fuel  injection.  These 
modes  are  transverse  injection  for  shorter  mixing  lengths  and  streamwise  injec- 
tion  for  longer  mixing  lengths. 

Success  of  this  concept,  or  any  concept  based  on  a  prescribed  heat-release 
distribution,  requires  that  the  ignition  and  flameholding  processes  occur  at 
prescribed  locations  in  the  combustor.  For  hydrogen  fuel  in  air,  the  self- 
ignition  process  is  very  temperature  dependent  (ref. 2) so that  significant 
variation of self-ignition  delay  (hence  flame  position)  might be expected  to 
occur  with  changes  in M,, altitude  (p) , and  fuel-air  ratio  (ref. 2 ) .  In  view 
of  the  need  for  positive  ignition  control  at  all  flight  speeds,  and  the  fact 
that  self-ignition is not  reliable  at  the  lower  speeds,  a  separate  ignition 
source  may  therefore  be  required  and  is  desirable  in  ground  tests  where  test 
conditions  are  frequently  changed. 

For  positive  control  of  the  flame  position,  a  flameholder  or  pilot  flame 
is required, or a  staged  fuel  injection  scheme  might  be  used  to  provide  a  flame- 
holding  separated-flow  region.  Which  method  is  more  suitable  depends  on  the 
particular  configuration,  type  of  fuel  used,  gas  flow  conditions,  and  control 
systems  available. 

With  the  ignition  and  flame  anchor  point  established,  the  release  of  heat 
occurs  through  transverse  propagation  of  the  flame  from  the  anchor  point  across 
the  combustor  flow.  For  premixed  fuel  and  air,  the  rate  at  which  the  flame  prop- 
agates  transversely  (flamespreading)  is  a  complex  combination  of  the  chemical 
chain-reaction  system  and  the  turbulence  generated  in  the  flow  and  at  the  flame 
front.  For  diffusion  flames,  the  flamespreading  rate  may  also  depend  on  the 
turbulent  mixing  rate,  if  reaction  chemistry  is  fast  relative  to  mixing. 

In this  paper  the  basic  concepts  relating  to  the  fluid  mechanical  and 
thermochemical  processes  involved  in  flamespreading  and  flameholding  will  be 
reviewed  for  application  to  scramjet  combustor  design. It is not  intended  to 

2 



be  a  general  survey or critique of work  relating  to  these  processes,  but  rather 
to  provide  a  brief  restatement  of  concepts  pertinent  to  the  understanding  of 
the  scramjet  problem. This  review  then  serves  as  a  background or starting 
point  for  development of new  approaches  to  the  understanding  and  modeling of 
some of these  processes  as  well  as  to  the  delineation  of  needed  areas  of 
research. 

A conceptual  model  of  flameholding  is  presented  which  can be used  to  pre- 
dict  the  parametric  dependency  and  approximate  magnitude  of  the  bluff-body 
scale  required  to  achieve  flameholding.  Since  the  model  is  developed  based 
primarily  on  subsonic  concepts,  it  is  recognized  that  compressibility  effects, 
including  shocks and expansions,  in  supersonic  flow  may  alter  somewhat  the 
assumed  structure of the  separated  flow  region. 
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SYMBOLS AND ABBRFVIATIONS 

flame  dimensions,  streamwise  and  normal  to  flow 

blowof f 

base  height 

specific  heat  at  constant  pressure 

mass  fraction 

dividing  streamline 

recirculation-zone  temperature  recovery  factor 

enthalpy 

step  height 

Karlovitz  number  (flame-stretch  parameter) , equation (2) 

thermal  conductivity 

length of dividing  streamline  along  recirculation-zone  boundary 

flow  length 

flight  Mach  number 

Damkohler  number 

pressure 

flame  speed,  turbulent  and  laminar 

temper  at  ur  e 
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f l a w   v e l o c i t y ,   t u r b u l e n t   v e l o c i t y   f l u c t u a t i o n  

d i s t a n c e   a l o n g   f l o w   d i r e c t i o n  

dis tance  normal  to flow d i r e c t i o n  

t r ansve r se   d i s t ance   f rom flame anchor   point  to d i v i d i n g   s t r e a m l i n e  

f l ame   t h i ckness  parameter 

d e n s i t y  

time 

f u e l   e q u i v a l e n c e  r a t io  

f lame tilt a n g l e   ( r e l a t i v e  t o  perpendicular  to  the  local flow) 

Suhscripts: 

ahead  ahead  of flame i n   s h e a r   l a y e r  

b bur  ne d 

com b combustion products 

e edge  of   shear   layer  

f f u e l  

max  maxim um 

m i  x premixed f u e l  and a i r  

R recovery 

U un bur ned 

Superscripts: 

0 a t  1 atm pressure (1 atm = 101.3 kPa) 

A at a n c h o r   p o i n t   i n   r e c i r c u l a t i o n  zone, par t ia l  pressure 

n exponent on pressure 

* a long   d iv id ing   s t r eaml ine  

- in tegra ted   average ,  mean 
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PREMIXED  VERSUS  DIFFUSION FLAMES 

Before  discussing  the  mechanics  of  flamespreading  and  flameholding,  it  is 
well  to  consider  similarities  and  differences  in  these  processes  for  the  cases 
of  premixed  reactants  versus  mixing  reactants  (diffusion  flames). On  a  local 
scale,  of  course,  the  reactants  are  premixed  in  both  cases  before  reaction  can 
take  place. For the  diffusion  flame  the  reaction  cannot  occur  faster  than  the 
mixing, so in  this  case  it is mixing  controlled.  However,  reaction  can  cer- 
tainly  occur  slower  than  the  mixing  (for  finite-rate  kinetics), so in  this  case 
the  combustion is reaction  rate  controlled.  Therefore,  at  conditions  where  the 
reaction  rates  are  of  the  same  order  as  the  mixing  rates  there  is  little  basic 
difference  between  the  mechanism  of  flame  propagation  in  premixed  and  diffusion 
flows. 

The  parameter  used  to  determine  if  finite-rate  kinetics  are  important is 
the  Damkohler  first  number,  defined  as  the  ratio 

Reaction  rate 
Mixing  rate or flow  rate 

ND = 

where 

Reaction  rate a Tpn 

U 1 

R Flow  time 
Flaw  rate - a 

Note  that  the  reaction  rate  system is not  strongly  dependent on f$ as  long  as 
$I is  not  greatly  different  from 1 . 0 .  Therefore,  within  this  constraint, 

RTpn 
ND - 

U 

For  ND >> 1, the  chemistry is considered  fast  and  equilibrium  can  be  assumed; 
for  ND << 1, the  chemistry  is  frozen  (no  reaction).  However,  when  ND = O ( 1 )  
finite-rate  kinetics  must  be  considered. For supersonic  combustion  problems, 
with  low T, p, and  high  u,  finite-rate  kinetics  must  be  considered  over  a 
significant  part of the  flight  regime. For the  purpose  of  this  review,  there- 
fore,  it  is  deemed  appropriate  in  the  following  discussion  to  apply  the  charac- 
teristics  of  flamespreading  and  flameholding  in  premixed  flows  to  the  modeling 
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of scramjet  combustor  flows. In  some  scramjets,  good  flameholding  and  flame- 
spreading  depend  on  obtaining  sufficient  heat  release  in  the  flameholding  region 
so the  p  and T of  the  main  flow  are  increased  enough for reaction  and  heat 
release  to  occur  in  relatively  short  distances. 

TURBULENT  FLAMESPREADING 

Flamespreading is the  propagation of the  flame  from  the  anchor  point  across 
the  combustor  flaw. In scramjet  combustors,  flamespreading  involves  high  flame- 
generated  shear  and  strong  shear-generated  turbulence  which  are  primarily  due 
to  the  high  combustor  velocity  and  large  flame  tilt  angle  (the  latter is also 
caused  by  the  high  combustor  velocity) . This  can be  seen  with  the  help of the 
following  sketches  of  an  idealized  flame  in  uniform  flow: 

U / 

Streamwise  velocity  increase 
through  flame 

11 

Increased  shear  due to flame  tilt 

The  velocity  gradient  normal to the  stream  direction  is  then 

du du 

dy dx 
- = -  tan Q 

du 
and  for  large  tilt  angles  the  shear-producing  velocity  gradient - may  be 

10 or more  times  the  streamwise  gradient.  This  flame-generated 

or P - in  the  region  of  the  flame  increases  as uu, 9 ,  and A H ( @ )  
du 

dY 
increases. 
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In   t he   r eg ion   o f   s t rong  interaction (s t rong  f lame-generated  turbulence)   those 
properties which  can grea t ly   in f luence   l aminar   f lame  propagat ion  (as well as 
lower-shear   turbulent   f lames)   have  been  found to have   no   s ign i f icant   in f lu-ence  
on the  high-shear  propagation, a t  l eas t  fo r   f a s t   chemis t ry .   These  proper-ties 
i n c l u d e   f u e l  type, 4,  Tu,  and i n i t i a l   t u r b u l e n c e ,  as shown i n   r e f e r -   e n c e s  
3 and 4 (for subsonic   f low).  It  might   be   expec ted   tha t  a t  @ I s  well removed 
from 1.0 (low temperature  rise, hence low Au) t h e r e  would  be some inf luence.  

The propagat ion is apparently  accomplished almost e n t i r e l y  by the   shea r  
gene ra t ion   o f   t u rbu lence ,   w i th   t he   f l ame   f ron t   be ing  a conglomeration of "par- 
cels" of e i t h e r  reactant mixture  surrounded by burned  gas, or v ice   versa  
( f i g .  1 ) .  A t  no i n s t a n t   i n  time or space d o e s   t h e   f r o n t  show a smooth s t eady  
t r a n s i t i o n  from unburned to burned   gas   wi th   assoc ia ted   smooth   changes   in  T,  
u ,  etc. The parcels are cont inuous ly   genera ted  by s h e a r   a n d   p r e f e r e n t i a l l y  
consumed  by r e a c t i o n  and/or a c c e l e r a t e d  by p res su re   f i e lds .   (See   r e f s .  5 
to 11 and T. Y. Toong's comment i n   r e f .  4 . )  

In   t he   p re sence   o f  a streamwise pressure gradien t ,   the   ho t -gas  parcels are 
d i f f e r e n t i a l l y   a c c e l e r a t e d ,   w i t h  respect to t h e  cold gas   f l ow,   i n  a d i r e c t i o n  
depending  on  the pressure g r a d i e n t  so t ha t   t he   t u rbu len t   combus t ion  phenomenon 
can be q u i t e   d i f f e r e n t   i n  a duc ted   f low  f rom  tha t   in  a f r ee - j e t   con f igu ra t ion .  
O f  course, fo r   f i n i t e - r a t e   chemis t ry ,   bo th   l amina r  and turbulent   combust ion  can 
be d i f f e r e n t   f o r   t h e  case of  ducted  versus  unducted flow due to  pressure e f f e c t s  
on k i n e t i c s .  

The reactant-mixture  parcels i g n i t e  and are burned   in  random sporadic  
fashion  (on a local scale) b u t   t h e   n e t   e f f e c t   o f   t h e  combined hea t  release is 
to  produce an average temperature rise, which in   the   l aminar   f lame  concept   l eads  
to heat-conduction  propagation. However, for   tu rbulen t   f lames   the   shear   gener -  
a t e d  by t h e  u increase  due to added  heat   leads to a propagat ion ra te  more 
dependent on shear-generated  turbulence  of   the  f lame  than on laminar  conduction. 
Therefore ,   unless   the  temperature  r ise  is q u i t e  l o w ,  p reven t ing   r ap id  parcel 
i g n i t i o n  (low 4, or h i g h   i n e r t   g a s   d i l u t i o n ) ,   t h e   f l a m e s p r e a d i n g  process is 
f a i r l y   i n s e n s i t i v e  to the  laminar  parameters 0, f u e l  type, and Tu, or to  i n i -  
t i a l  tu rbu lence   s ince   t he  parcels are i g n i t e d  and  burned  about as f a s t  as they  
are formed.  Furthermore, it is i n t e r e s t i n g   t h a t  when uu is inc reased   t he  
shear  is increased  (which  increases  the  formation  and  consumption  of  the par- 
cels) such   tha t   the   increased   propagat ion  rate is abou t   t he  same as t h e   v e l o c i t y  
i n c r e a s e  and 9 does  not  change much ( r e f s .  3 and 4 ) .  Apparent ly   the  only way 
to change I) is to change  the  shear   without   changing  the  approach  veloci ty .  
The impl ica t ion  is t h a t  none of the  above parameter changes  does  this .  

When c h e m i c a l   k i n e t i c s  becomes important  (due to l o w  @, l o w  p, or high 
uu)  then  the  f lame  propagat ion ra te  should become s e n s i t i v e  to  the  laminar   f lame 
parameters because the   reac tan t -mixture  parcels w i l l  not   be  consumed as f a s t  as 
formed. Note t h a t  almost a l l  of t h e   f l a m e s p r e a d   s t u d i e s   r e p o r t e d   i n   t h e  l i ter-  
ature have  been a t  subsonic   speeds  and  a tmospheric   pressure,  so t h a t   t h e   e f f e c t s  
of   h igh   ve loc i ty ,  low p r e s s u r e  pn, and compress ib i l i t y ,  which  would inc rease  
the  importance  of  kinetics,   have  not  been  observed. 
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Therefore ,   in   the   g ross   sense ,  scramjet f lamespreading is a shear- 
generated-turbulence process, a l t h o u g h   i n   t h e  microscopic sense t h e  parcels 
are burned by t h e  u s u a l  laminar  conduction process. 

FLAMEHOLDING 

A flameholder is a scheme (ei ther   aerodynamic or geometric or both) t o  pro- 
vide a region  of  low v e l o c i t y   i n  a high-veloci ty   canbust ible   mixture ,   where  the 
flame  can be s t ab i l i zed   ( anchored ) .  Flame velocities are c h a r a c t e r i s t i c a l l y  
very l o w  in   canpar i son   wi th  most aerodynamic  f lows  (except  the  very l o w  sub- 
sonic)   and  the  f lame w i l l  blow o f f   un le s s   t he  basic cr i ter ia  for flame s t ab i l i -  
za t ion  are met. The f i r s t  c r i t e r i o n  is t h a t ,  somewhere i n  t h e  flow, t h e  local 
flow v e l o c i t y  is equal  to t h e  local f lame  veloci ty .  Other cr i ter ia ,  such as 
boundary   ve loc i ty   g rad ien t  or f lame  s t re tch,   must  also be met to p reven t   t he  
anchored  f lame  from  breaking  off or being  quenched. The most common form  of 
flameholder is the  separated  f low  region  behind a s t e p  or b l u f f  body (e.g. 
r e f .  1 2 ) .  

Step and Bluff  Body 

The p r i n c i p a l   f e a t u r e s  of the  flameholding  region  behind a s t e p  or bluff  
body are shown s c h e m a t i c a l l y   i n   f i g u r e  2. The s h e a r   l a y e r  (i.e. detached 
boundary  layer of the   approaching   f low)   and   the   d iv id ing   s t reaml ine  s ta r t  a t  
the  point   of   boundary-layer   separat ion fran t h e  body  and c o n t i n u e   u n t i l  reat- 
tachment  of the l a y e r  a t  t h e  rear s t a g n a t i o n  zone. The d i v i d i n g   s t r e a m l i n e  
represents  the  boundary  between  gases  which are r e c i r c u l a t i n g  a t  low v e l o c i t y  
wi th in   t he   s epa ra t ed   r eg ion ,  and the   h igh   ve loc i ty   shear - layer   gases  which  have 
s u f f i c i e n t  manentum to n e g o t i a t e   t h e   p r e s s u r e  rise a t  t h e  reat tachment   point  
and  continue  on.  Although  there i s  no n e t  flaw across the   d iv id ing   s t r eaml ine ,  
t h e r e  is sane turbulen t   exchange  of gases  across it  s u c h   t h a t   t h e   f l a w  of recir- 
cu la t ing   gases  o u t  of t he   r ec i r cu la t ion   zone  is balanced by t h e  flow of shear- 
l a y e r   g a s e s   i n t o   t h e   r e c i r c u l a t i o n  zone.  The  mixing  layer  represents t h e  e x t e n t  
of t h i s  exchange; it s ta r t s  a t  t h e   s e p a r a t i o n   p i n t   w i t h   z e r o   t h i c k n e s s  and 
grows i n   t h i c k n e s s  on e i t h e r  side of t h e   d i v i d i n g   s t r e a m l i n e .  

In   t he   p reced ing  case of flamespreading,  the  high-shear  condition was flame 
generated.   This   shear  l e d  to s t rong   tu rbulence   which  was the   " f lame-dr iv ing  
mechanism"  which, i n   t u r n ,   r e s u l t e d   i n   t h e   g e n e r a t i o n  of shear,  and so on. For 
t h e  case of  flameholding  behind a b l u f f  body, the  aerodynamical ly   generated 
shear   l ayer  (due to f low  separat ion  behind  the  bluff   body)  is also high  shear.  
However, when a flame is p r e s e n t   i n   t h e   r e c i r c u l a t i o n   r e g i o n   n e x t  t o  t h e  aero- 
dynamic shear layer ,   the   shear  i s  reduced due to  the   h ighe r   r ec i r cu la t ion   ve loc -  
i t y   a t   t h e   h i g h e r  temperature of the   canbus t ion   products   ( re f .  1 3 ) .  Further-  
more, the  high shear is not main ta ined   a long   the  separated l a y e r  (as it is along 
the  high-shear  f lame) b u t  decreases wi th   d i s t ance   beh ind   t he   s epa ra t ion   po in t  
due t o  v iscous   spreading  of the   l aye r .  

The turbulent   exchange of mass, manentum, and  energy across t h e   d i v i d i n g  
s t r eaml ine   ( and   t he   r e su l t i ng   mix ing   l aye r )  i s  of utmost  importance t o  t h e  
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flameholding  process. This  is the  means  through  which  reactant-mixture  gas  is 
supplied  to  the  recirculation  zone  to  maintain  combustion  there,  and  through 
which  hot  combustion  products,  including  chain  carriers  from  the  recirculation 
zone,  are  supplied  to  the  shear-layer  flow  outside  the  dividing  streamline  to 
heat  this  layer  and  promote  the  initial  flamespreading. The greater  the  turbu- 
lent  exchange  across  the  dividing  streamline,  the  better  the  flameholding  and 
initial  flamespreading, as will  be  described. 

As  depicted  in  figure 2 ,  the  flame  originates  from  an  anchor  point  in  the 
inner, low velocity  part of the  recirculation  zone  where  local  u = local ST, 

du 

dY 
and  where  the  velocity  gradient - ahead of the  flame  is  not so large  that 

the  flame  is  "stretched"  beyond  a  critical  value.  The  concept  of  flame  stretch 
refers  to  the  fractional  area  increase  incurred  by  propagation  of  a  curved 
flame  front,  where  the  curvature  is  due  to  propagation  through  a  nonuniform  flow 
region  such  as  a  shear  layer. An indication  of  this  fractional  area  increase 
is  given  by  the  flame-stretch  parameter 

which  is  also  called  the  Karlovitz  number  (ref. 1 4 ) .  From  the  anchor  point, 
du 

dY 
the  flame  propagates  out  toward  the  dividing  streamline  with -, u,  and p 

increasing. The  variation  of ST is  nonmonotonic  (see  fig. 3)  and will be  dis- 
cussed  later. The combination  must  be  such  that  K 6 1 or the  flame  will  self- 
quench,  resulting  in  blowoff. This self-quenching  results  from  the  divergence 
of  the  conduction  heat  flow  from  the  burned  gases  behind  the  flame  to  the 

du 
unburned  gases  ahead  (ref. 1 2 ) .  For  a  plane  flame  front, - = 0, K = 0, and 

" - 

dY 
no  quenching  occurs. 

Figure 3 illustrates  the  nature  of  the  variation  of Tu, ST,  and cmix 
across  the  mixing  layer  ahead of the  flame.  Note  that  y = 0 is the  flame 
anchor  point  near  the  inner  edge  of  the  mixing  layer,  and  y = Ar is  the 

dividing  streamline. At the  outer  edge  of  the  layer  at  some > 1 .O) the 
Ar I 

conditions  are  no  longer affected  by  the  exchange  process. It is  seen  that 
ST is  higher  than over  the  outer  portion  of  the  mixing  layer  and  lower 

over  the  inner  portion. This nonmonotonic  behavior  results  from  two  opposing 
effects;  the  temperature  increases  toward  the  inner  portion  of  the  layer,  which 
tends  to  increase ST, but  the  decreasing  value of cmix  lowers ST due  to 
the  lower  partial  pressure of the  unburned  mixture. 
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It should be no ted   t ha t   t he   shape  of t h e  Cmix profile ( f ig .  3)  was 
a r r i v e d  a t  i n  a somehwat a r b i t r a r y  manner,  however, t he   gene ra l   f ea tu re s   i nc lud -  
i n g  c,,,ix values a t  the   end   po in t s  and a t  Ar are correct. 

Note t h a t  for the   p rev ious   f lamespreading  case, t h e  flame was propagat ing 
i n t o  a uniform stream so t h a t   t h e   c o n c e p t  of f l a m e   s t r e t c h  does not  need to be 
considered,  even if it were a laminar  concept.  However, laminar   concepts  do 
(a t  least p a r t i a l l y )   a p p l y  to t h e  flame wi th in   t he   r ec i r cu la t ion   r eg ion   and  for 
some d i s t a n c e   i n t o   t h e   s h e a r   l a y e r .  As t he   f l ame   p ropaga te s   ou t   i n to   t he   shea r  
l aye r   (u sua l ly  a f t  of   the   rec i rcu la t ion   zone)   where   u   and  $ are h ighe r ,   t he  
flame becomes more l i k e  the  high  f lame-generated  shear case for   f lamespreading  
(with  high  f lame-generated  turbulence) .   Therefore ,   the   f lame is more a heat-  
conduction flame ( laminar   concept)  when i n s i d e   t h e   r e c i r c u l a t i o n  zone  and 
becomes a high-shear-turbulence flame after it l e a v e s   t h e   r e c i r c u l a t i o n  zone 
and goes   in to   the   f lamespreading  mode. 

As i n d i c a t e d   i n   f i g u r e  2, a recycling  and  exchange of t h e  outer part of t h e  
gases i n   t h e   r e c i r c u l a t i o n   z o n e  occurs. The process proceeds as t h e   r e a c t a n t  
mixture,  which  has crossed the   d iv id ing   s t r eaml ine ,   mixes   w i th   r ec i r cu la t ing  
burned products in   the   inner   mix ing   layer   and  is burned i n   t h e   r e c i r c u l a t i o n -  
zone  f lame.   Those  gases   recirculat ing  inside  the flame anchor   point   region 
(i.e. region bounded by gases   f lowing   th rough  the  flame anchor   point ,  as shown 
i n   f i g .  2)  are not  exchanged much ( t h e r e  is some turbulent   exchange)  b u t  remain 
as e s s e n t i a l l y  trapped products. Reference 15  reports t h a t   n e a r - t h e o r e t i c a l  
flame  temperatures  have  been measured i n   t h e   r e c i r c u l a t i o n  zone. 

Better f lamehold ing   capabi l i ty  means t h a t   t h e  flame can be anchored a t  
higher   approach  veloci t ies ,   and  improved  f lameholding  resul ts  when the  exchange 
ra te  across t h e   d i v i d i n g   s t r e a m l i n e   i n c r e a s e s .  The r e s u l t i n g   i n c r e a s e   i n  
mix ing - l aye r   t h i ckness   (pene t r a t ing   f a r the r   i n to   t he   r ec i r cu la t ion   zone )  allows 
the  f lame to move f u r t h e r  forward, and  hence permits a higher  flow v e l o c i t y  
before   the  flame crosses the   d iv id ing   s t r eaml ine   nea r   t he  rear s t a g n a t i o n  zone. 

I t  is i n t e r e s t i n g  to n o t e   t h a t   a n   i n c r e a s e   i n   t h e  oncoming stream turbulence  
was observed to  increase  the  exchange across the   d iv id ing   s t r eaml ine  (for both 
flame  and no flame, ref. 1 3 ) .  T h i s  increase   in   exchange  could poss ib ly  be due 
to t r a n s i t i o n   o f   t h e  separated flow occurr ing   sooner ,  or due to t h e  s t r o n g  aero- 
dynamical ly   generated  shear   act ing to  amplify  any upstream turbulence .   Fur ther -  
more, it was found  tha t   increas ing   the  oncoming  boundary-layer  thickness also 

du 
increased  the  exchange  even  though - is thereby  decreased for a g iven  total  

1 d Y  
Au) s i n c e  there is more total  turbulence  due to the  increased  boundary-layer  
mass involved, and a l a r g e r  scale of turbulence .  Scramjet flameholding may no t  
n e c e s s a r i l y  be better wi th  a thicker   boundary  layer ,  because t h e   l a r g e r  T 
d e f e c t   i n   t h e  cold-wall boundary   l aye r s   t ha t  are u s u a l l y   p r e s e n t   i n  scramjets 
may have a de t r imen ta l  effect on ST. 

An i nc rease  of temperature i n  t h e  mixing  layer  also helps  f lameholding  and 
i n i t i a l   f l a m e s p r e a d i n g .  The accompanying i n c r e a s e   i n  ST due to  increased  
r e a c t i o n  rates and  production of cha in  carriers results i n  a lower va lue   o f  $ 
and a forward movement of the  anchor   point ,   both of which allow for higher 
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approach  velocity  before  blowoff.  The  turbulent  exchange  is  somewhat  reduced 
due  to  the  higher  mixing  layer T and  higher  u,  but  apparently  the  reduction 
is not  too  detrimental  to  flameholding  since  it  has  been  observed  in  refer- 
ence 15 that  flameholding  is  best  when @ = 1 inside  the  recirculation  zone. 

A large  additional  gain  in  flameholding  and  flamespreading  ability  can  be 
realized  by  bleeding  additional  fuel  (and  oxygen)  into  the  recirculation  zone 
since  the T will be  significantly  increased  over  that  for  air,  and  the  "effec- 
tive"  exchange  is  also  greatly  increased. 

Blowoff.- In the  stable  flameholding  condition,  all  the  fresh  mixture  enter- 
ing  the  recirculation  zone  across  the  dividing  streamline is burned  by  the  flame 
inside  the  recirculation  zone  (the  gas  temperature  in  the  recirculation  zone 
was  found  to  be  close  to  the  theoretical  flame  temperature  for  the  mixture 
(ref. 1 5 ) ) .  Figure 4 shows  a  schematic  of  a  flameholder  at  a  velocity  below 
that  of  blowoff.  The  processes  leading  up  to  the  blowoff  condition  are  as 
follows: 

As the  oncoming  stream  velocity  is  increased,  the  anchor  point  of  the  flame 
moves  closer  to  the  u = 0 line  to  maintain  local u = S, and  moves  farther 

du 
aft  where - 

dY 
is lower,  and  the  flame  propagates  at a more  inclined  trajectory 

($ increases). As the  blowoff  condition  is  approached,  the  point  where  the 
flame  crosses  the  dividing  streamline is very  near  the  rear  stagnation  zone  as 
shown  in  figure 2. When  the  velocity is further  increased,  the  flame  does  not 
cross  the  dividing  streamline  at  the  rear  of  the  recirculation  zone  but  remains 
inside;  the  connection  to  the  outer  "held"  flame  is  broken so that  it  blows  off, 
allowing  some  of  the  cooler  unburned  gas  mixture  to  enter  the  recirculation 
zone.  The  mixture  ahead  of  the  recirculation-zone  flame  then  becomes  cooler, 
ST decreases  further,  and  the  flame  falls  further  below  the  dividing  stream- 
line.  The  process  rapidly  quenches  the  flame  in  the  recirculation  zone;  of 
course,  the  flamespreading  had  already  ceased. 

It should be pointed  out  that  the  flame-stretch  parameter K is most 
likely  highest  inside  the  recirculation  zone  at  the  flame  anchor  point  where u 

k 
is very  low, ST is low,  and - is  very  high. As the  flame  propagates  out 

cPp 
toward  the  dividing  streamline  and  into  the  shear  layer,  the  stretch  factor 

decreases  substantially,  but  probably  not  monotonically.  The  high - right 

at  the  dividing  streamline  may  result  in  a  localized  increase  of K in  this 
region,  but  not  above  the  critical  value.  The  blowoff  condition,  therefore, 
results  from  a  failure  of  the  flame  to  reach  the  dividing  streamline  at  the  rear 
of  the  recirculation  zone,  thereby  resulting  in  quenching  due  to  the  entering 
cold  flow  (more  like  "snuff  out") . Note  that  this  concept is different  from 
the  commonly  used  concept (e.g.  refs. 12,  13, and 16)  that  at  blowoff  the  crit- 
ical  value  of  the  flame-stretch  parameter is reached  near  the  rear  of  the  recir- 
culation  zone,  at  the  dividing  streamline,  which  causes  the  held  flame  to  blow 
off  and  cold  mixture  to  then  enter  and  quench  the  recirculation-zone  flame. 

du 

dY 
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This  is no t   be l i eved  to be the  sequence, or a n   a c c u r a t e   d e s c r i p t i o n ,  of t h e  
actual   b lowoff  mechanism for   the   fo l lowing   reasons :  

( 1 )  I n   o rde r  for K to be g r e a t e r  a t  t h e  a f t  d iv id ing-s t reaml ine   po in t  
d u  

than  a t  the   anchor   po in t   o f   t he   r ec i r cu la t ion  flame, - has to  be g r e a t e r  

t h e r e  by a v e r y   l a r g e  factor, s i n c e   f a i r l y   l a r g e   c h a n g e s   i n   e a c h  of t h e   o t h e r  
parameters act in   combinat ion to g r e a t l y  lower K, e x c e p t   r i g h t  a t  t h e  rear 
s tagnat ion   po in t   where  u drops to zero.  (See eq. ( 2 )  .) 

dY 

( 2 )  Since   t he  flame does not  blow o f f  a t  approach   ve loc i t i e s  lower than 
the  blowoff   veloci ty ,   acceptance  of   the  previous  concept  means t h a t  K must 
be less a t  t h e  more forward c r o s s i n g   p o i n t  (a t  t h e  lower ve loc i ty )   t han  it is 
a t  t h e  rear c r o s s i n g   p o i n t  a t  blowoff  (where K is a l l e g e d l y   g r e a t e r   t h a n  1 . O )  . 
Such a r e l a t i o n s h i p  is not  a t  a l l  l i k e l y   b a s e d  on cons idera t ion   of   the   change  

i n  u a long   t he   d iv id ing   s t r eaml ine  and  of  changes i n  - and u which occur 
du  

/ dy k 
when approach  veloci ty  is lowered   no te   tha t   the   parameters  - 

CPP 
and ST w i l l  

not  change much a l o n g   t h e   d i v i d i n g   s t r e a m l i n e   s i n c e   t h i s  is a c o n s t a n t  
50-50 mixture  of  outgoing  hot  f lame products and  incoming  cold  fuel-air  mix- 
ture). For K to  be lower a t  the   fo rward   c ros s ing   po in t  (when approach 

v e l o c i t y  is reduced) means t h a t  - mus t  be lower by a l a r g e r   f a c t o r   t h a n   t h a t  

by which u is lower. The o p p o s i t e  is much more real is t ic  s i n c e   t h e   v e l o c i t y  
g r a d i e n t s  are r e l a t i v e l y  steeper fur ther   forward  where  the  turbulent   exchange 
is less and the   mix ing   layer  is th inner .   Therefore ,   even   though  the   overa l l  
s h e a r   i n t e n s i t y  is abou t   p ropor t iona l  to approach   ve loc i ty ,   t he re  is a decreas- 
i n g   s h e a r   i n t e n s i t y  toward t h e  rear so t h a t  a s h i f t  o f   t he   c ros s ing   po in t   fo r -  

du 
ward is to make - propor t iona te ly   i nc rease   ( t he re fo re   an   i nc rease   i n  K ) .  

Addi t iona l ly ,   the   va lue   o f  u a long   t he   d iv id ing   s t r eaml ine   i nc reases  toward 
the  rear (refs. 17 and 18) a t  a g iven   approach   ve loc i ty   (aga in ,   except   r igh t  
a t  t h e  rear s t agna t ion   po in t ) ,   wh ich  would act  to f u r t h e r   i n c r e a s e  K i n   t h e  
forward   pos i t ion .  

du 

dY 

dY 

Based  on the   p resent   concept ,   therefore ,   b lowoff  is re l .a ted  to the  f lame 
t r a j e c t o r y   i n s i d e   t h e   r e c i r c u l a t i o n  zone (i.e. u and  ST)  rather  than to  cr i t -  
i ca l  f l ame   s t r e t ch  K i n   t h e  outer region of the  mixing  layer .   Accordingly,  
i f   t he   f l ame   can  be ma in ta ined   i n   t he   r ec i r cu la t ion   zone   t hen   t he  outer held 
flame w i l l  be  maintained: l i k e w i s e ,  the   inner   f lame  should  not  be dependent upon 
the  products  of  the  held  f lame as sugges t ed   i n   r e f e rence  16 .  Furthermore, it 
is bel ieved  that   the   improved  f lameholding  observed when a fue l -a i r   mix ture  is 
i n j e c t e d   i n t o   t h e   r e c i r c u l a t i o n   z o n e   ( r e f .  16 )  is due to  an   i nc rease   i n   t he  
"exchange" ra te  r e s u l t i n g   i n  a forward movement of   the  f lame  anchor   point .  

E f f e c t   o f  slow chemLstry.- When t h e   r e a c t i o n  rate is no  longer much f a s t e r  
than  the  mixing rate or flow rate (ND = O ( 1 )  , or less) due to lower p, T, 
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Q, or higher  u,  the  flameholding  process  departs  from  an  equilibrium  chemistry 
case. If  laminar  flame  concepts  applied  throughout  the  flameholding  region, 
the  first  place  where  the  effects of slow  chemistry  would be seen  would  be  in 
the  flame  propagation  in  the  outer  shear  layer  where  u  is  higher  and T is 
lower.  Since  this  is  the  high-flame-generated-shear  flamespreading  condition 
where  laminar  flame  concepts  do  not  strongly  apply  (see  flamespreading  section), 
the  finite-rate  chemistry  effects  may  not  be so evident  except  when  p  is  low 
and/or  when I$ is  well  away from 1.0, in  which  case  the  reaction  rate  decrease 
might  lower  the  parcel  consumption  rate  in  the  shear  layer,  and ST in  the 
recirculation  zone. 

Hot-Gas  Pilot  as  an  Ignitor-Flameholder 

A  hot-gas  pilot  can  serve  as  an  alternate  to  the step or  bluff-body  flame- 
holder. The pilot  (see  fig. 5) acts  as  an  ignitor-flameholder  by  providing  a 
continuous  supply of high  temperature,  high  chain-carrier  gases  contiguous  with 
the  main-stream  mixture. The transfer  of  heat  and  chain  carriers  from  the  pilot 
gases  to  the  mixture  ignites  the  mixture  at  some  downstream  point  in  the  mixing 
layer  near  the  hot-gas  boundary  where  temperature  is  high,  but  not so near  the 
boundary  that  dilution  by  the  products  lowers  the  reactant  concentration  too 
much.  Although  the  pilot  may  act  as  a  flameholder  by  providing  continuous  igni- 
tion of the  mixture  (from  which  the  flame  may, or may  not,  spread),  it  is  not  a 
true  flameholder  in  the  classical  sense  (local  u = local ST, at  the  ignition 
point)  since  both  streams  may  be  at  quite  high  velocity  relative  to 'ST. There- 
fore, if  the  pilot  is  turned off the  flame  may go  out  unless  the  configuration 
is  such  that  a  proper  size  recirculation  region  occurs  for  flameholding  in  the 
area  from  which  the  pilot  stream  was  issuing.  Note  that  the  conditions  are  less 
favorable  for  such  a  flameholding  action  as  the  main  stream  departs  from 

i~ 1 . 0  (refs. 19 to 21) .  

Whether  or  not  ignition  will  occur  in  a  given  situation  depends  primarily 
upon  the  requirement  that  the  ignition  delay  length  be  less  than  the  available 
mixing  length  (refs. 20 and 2 1 ) .  The  ignition  delay  length  decreases as T 
and  p  increase,  and  the  mixing  length  increases as the  pilot  size  increases. 

Whether  the  flame  will  spread  from  the  ignition  point or break off,  depends 
on the  critical  flame-stretch  parameter K because  the  flame  is  not  yet  in  the 
high-flame-generated-shear  turbulent  condition,  since  the  boundary  layers  ini- 
tially  bounding  the  mixing  layer  provide  a  region of lower flow  velocities  and 

lower  values  of - . Since  laminar  flame  propagation  concepts  at  least  par- 

tially  apply  here,  there  is  a  beneficial  effect on the  flame-stretch  parameter 
and  ignition,  due  to  the  preheating  and  production  of  chain-carrier  species  in 
the  mixing  layer  gases  ahead  of  the  flame  (fig. 5). As was  the  case  with  the 
bluff-body  flameholder,  it  is  desirable  that  the  hot-gas  pilot  be  at  as  high  a 
temperature  as  possible  since  it  is  beneficial  to  both  the  ignition  process 
(exponential  dependence of ignition  kinetics)  and  to  the  initial  flamespreading 
process  (higher ST). It is  possible,  depending on the  above  conditions,  that 
one  could  have  ignition  without  flamespreading.  If  flamespreading  does  occur, 
the  flame  will  soon  leave  the  immediate  region of the  pilot  and  become  a  high- 

du 
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flame-generated-shear case where it is no  longer based on lamina r   f l ame  con- 
cepts. Depending  on  the relative v e l o c i t i e s  of stream and pi lot ,  t h e r e  may be 
la rge   aerodynamica l ly   genera ted   shear   and   tu rbulence  to promote exchange across 
the   d iv id ing   s t r eaml ine .   In   any  case, t h e  flame w i l l  be anchored a t  t h e  most 
upstream  point   (beyond  the  igni t ion delay d is tance)   where  K '$ 1 .O.  

It should also be pointed  out   that   one  can  have  anything  between a t r u e  
flameholder  and a t r u e  pi lot ,  depending  on  whether  there is no f u e l  and  oxidant  
added to t h e   r e c i r c u l a t i n g  f l o w ,  or such a l a r g e  amount added t h a t   t h e r e  is no 
s e p a r a t i o n  and r e c i r c u l a t i o n .   R e c i r c u l a t i o n  w i l l  cease a t  approximate ly   tha t  
cond i t ion   where   t he   p i lo t  to ta l  p is g r e a t e r   t h a n  1 2  pe rcen t  of the  mainstream 
total  p, assuming  the spli t ter  plate l i p  is t h i n  (ref. 2 0 ) .  The advantages 
of a p i l o t  are t h a t  it w o r k s  over a wide range of main  mixture +Is, has less 
d rag  and  blockage,  and  provides  dependable  ignition  and flame s t a b i l i t y .  The 
disadvantages are t h a t  separate f u e l ,   o x i d a n t   l i n e s ,  and c o n t r o l s  are r equ i r ed ,  
and it requires a higher  degree of cool ing.  

SIMPLE ANALYTICAL MODEL OF FLAMEHOLDING 

The flow processes in   the   f lamehold ing   reg ion   behind  b l u f f  bodies were con- 
c e p t u a l l y   d i s c u s s e d   i n  a previous   sec t ion .  Because of the  complexi ty  of t h i s  
f low  region, it would be e x t r e m e l y   d i f f i c u l t  to  compute t h e   q u a n t i t a t i v e  de t a i l s  
of t h e s e  processes. Therefore  a simple r e p r e s e n t a t i o n  of t h e  major a s p e c t s  is 
made. I n   r e f e r e n c e  15 it was observed   exper imenta l ly   tha t  for a bluff-body 
f l ameho lde r   i n   t u rbu len t  flow with a f ixed   po in t   o f   s epa ra t ion  and a t  a given 
premixed +, t he  flow time past t h e   r e c i r c u l a t i o n   r e g i o n  was cons t an t  a t  t h e  
blowoff condi t ion.   This  result  means t h a t   i r r e s p e c t i v e  of body scale and 
approach  veloci ty ,   the  time f o r  a free-s t ream flow element to  t r a v e r s e   t h e  
l eng th   o f   t he  separated zone was cons t an t  a t  the  blowoff  condition. The tra- 
ve r se  time, however, was found to  be a s t r o n g   f u n c t i o n  of the  mixture  parameters 
t h a t   a f f e c t   t h e  local flame speed, such as +, T I  f u e l ,  i n i t i a l   t u r b u l e n c e ,  
etc. The blowoff v e l o c i t y  was a maxhum when t h e  flame speed was a maximum. 
I n   r e f e r e n c e  1 2 ,  L e w i s  and Von Elbe  made a simple flame calculat ion  which  sug-  
g e s t e d   t h a t  for a f l a m e   i n   t h e   r e c i r c u l a t i o n   z o n e ,   t h e  time required to  propa- 
gate   t ransversely  f rom  the  anchor   point  to the  edge of the   shea r   l aye r  was about  
t h e  same (wi th in  a factor of t w o  f o r  a range of mixture parameters and  flow con- 
d i t i o n s )  as t h e   t r a v e r s e  time of the   f ree-s t ream flow a t  blowoff. 

The p resen t  model is based on a similar concept,  which assumes t h a t   t h e  
f lame  t rave l  time equals t h e  flow t r a v e l  time, where   t he   f l ame   t r ave r se   d i s t ance  
is from the  anchor   point  to the   d iv id ing   s t r eaml ine   r a the r   t han  to  the   shear  
layer   edge,   and  the flow time depends   on   the   ve loc i ty   a long   the   d iv id ing  stream- 
l i n e   r a t h e r   t h a n  on the  approach  veloci ty .   Figure 6 i l lus t ra tes  the  concept  
of t h e  p r e s e n t  model for a bluff-body  flameholder a t  t h e  blowoff condi t ion.  
Recall t h a t  a t  b lowoff ,   the   f lame  reaches   the   d iv id ing   s t reaml ine  a t  t h e  rear 
s t a g n a t i o n  zone. A t  the   b lowoff   condi t ion ,   the  flame t r a v e l s  a d i s t a n c e  A, 
t r a n s v e r s e l y  a t  v e l o c i t y  $ and t h e  flow e lemen t   t r ave l s  a d i s t a n c e  L a long 
t h e   d i v i d i n g   s t r e a m l i n e  a t  v e l o c i t y  u*. Equat ing   these  times g i v e s  
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L Ar 

where ST &is t h e  mean flame speed which  varies  nonmonotonically ( s ta r t s  a t  a 
value  of ST at  the   anchor   po in t )   ove r   t he   t r ansve r se   d i s t ance  to t h e   d i v i d i n g  
s t r eaml ine   ( f ig .  3 ) .  In   essence ,   the   concept  of t h i s  model is to s a y   t h a t  du r -  
i ng   t r ave r se   o f  a flame  element across t h e   r e c i r c u l a t i o n  zone, t h a t  amount 
(mass) of mixture is burned  which  entered  the  recirculat ion  zone  during  the 
t r a v e r s e  of a f law  e lement   a long   the   rec i rcu la t ion   boundary   ( tha t  same amount 
also l e a v e s   t h e   r e c i r c u l a t i o n   z o n e ) .  

- 

Follawing  reference 12, the   f lame-s t re tch  parameter K (see eq. (2) ) is 
rearranged  and  integrated as fol lows:  

where K is assumed to  be a m s t a n t .   I n t e g r a t i o n   g i v e s  

S u b s t i t u t i n g   e q u a t i o n   ( 3 )   i n t o  (5) , l e t t i n g  L = 3h ( this   has   been  observed 
expe r imen ta l ly ) ,  and s o l v i n g   f o r  h g ives  

1 1 U* U* 

3K ( '9 T) ST 
h = -  - I n  

F r a n   g r a p h i c a l   i n t e g r a t i o n  of pro f i l e s ,   such  as shown i n   f i g u r e  3, for a 
few typical cases wi th   mix ture  4's of 0.5 and 1.0, the  fol lowing  approximate 
r e l a t i o n s  are obta ined   and  assumed f o r   t h e  model: 
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where   the   subscr ip t  "mix" denotes   condi t ions  a t  the   ou ter   edge   of   the   mix ing  
l a y e r  where t h e r e  are no  combustion  products  present.   Putting  equations ( 7 ) ,  
(8)  , and ( 9 )   i n t o   e q u a t i o n  ( 6 )  and  assuming t h a t  K = 1 and u* = 0. 5ue (ue 
is the   f ree-s t ream  f low  ve loc i ty  a t  t he   edge   o f   t he   shea r   l aye r )   t he   equa t ions  
for   the   f lamehold ing  model are ob ta ined ;   fo r  @ = 1.0,  

and f o r  @ = 0.5, 

In   eva lua t ing   t hese  parameters i n  equa t ions  ( 7 )  to ( 9 ) ,  it has  been  assumed 
t h a t   t h e   v e l o c i t y  is low in   t he   mix ing   l aye r  so t h a t   t h e   r e c o v e r y  temperature of  
r e fe rence  2 based  on FR and Tf can  be  appl ied  throughout   the  mixing  layer .  
I n   o r d e r  to f i n d   t h e   g a s  properties across the  mixing  layer   ahead  of   the  f lame 
f o r   e v a l u a t i n g   e q u a t i o n s   ( 7 )  to  (9 ) ,   t he   fo l lowing   p rocedure  was used. 

I t  was f i r s t  assumed t h a t   t h e   r e c i r c u l a t i o n  zone cons i s t ed   o f  unburned mix- 
ture  a t  T R ~ ~ ~ ,  where is the  recovery  temperature   based on a given set  

of assumed flow cond i t ions ,  FR, T f ,  @, and M,. The burned  gas  conditions 
i n   t h e   r e c i r c u l a t i o n  zone ( a t  Tmmb) were then  found by using  hydrogen-air  

f lame  char t s   vs  @,TU, where T s i x  = Tu  and Tcomb = Tb). These 

combus t ion   p roduc t s   i n   t he   r ec i r cu la t ion  zone  then mix with  incoming  reactant  
mixture i n  various propor t ions  across the  mixing  layer  so t h a t   t h e   f l a m e  %mix I 
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I :  

in  the  recirculation  zone  encounters  different  initial  conditions  as  it  tra- 
verses  the  recirculation  zone  starting  from  the  anchor  point.  It  should  be 
noted  that  the  use  of  a  constant  value of Tcomb  for  this  calculation  is  rea- 

sonable  since  the - ratio  starts  (at  the  anchor  point)  at  low  values  and 

increases,  and Tu starts  at  high  values  and  decreases  such  that  their  product 
is  about  constant.  The  temperature  ahead of the  flame is found  from  the  follow- 
ing  simple  approximate  relation  which  assumes  that  Cp  for  the  mixture  and  prod- 
ucts  is  about  the  same  and  that  no  reaction  occurs: 

Tb 

TU 

Tahead  CmixTmix + CcombTcomb 

where  cmix + Cmmb = 1.0 and  both  vary  from 0 to 1.0 across  the  layer.  Values 
of  Cp, p ,  and k are  taken  from  reference  22  for  hydrogen  and  hydrogen-oxygen 
products,  and  from  reference  23  for  air,  as  functions  of  p  and T. Properties 
of  the  mixtures  of  hydrogen,  air,  and  combustion  products  are  determined  by 
using  the  usual  relationships  for  gas  mixtures. 

Propagation  of  Flame  Through  Mixing  Layer 

Having  established  approximate  conditions  for  the  gas  mixture  in  the  mixing 
layer,  the  flame  propagation  speed  can  now  be  found.  Consider  that  if  the  gas 
ahead  of  the  flame  in  the  recirculation  zone is all  products  (Ccomb = 1 )  then 
there  would be no  propagation  (no  flame).  If  the  gas  ahead  of  the  flame  is  all 
fresh  mixture  (Cmix = 1 )  at T R ~ ~ ~ ,  then  the  flame  would  propagate  according  to 

the TR,~~, $, and  p  of  that  gas.  Since  the  mixture  (Cmix + Ccomb)  is  com- 

posed  of  a  reactive  part  (cmix,  capable of propagation)  and  an  inert  part  (Ccomb, 
which is incapable  of  propagation)  one  can  treat  the  case  as  one  of  a  reactive 
gas  at  Tahead  and $, but  at  a  pressure  equal  to  the  partial  pressure  of  the 
reactant  mlxture, 6 = pcmix*  (note  that  cmix  should be mole  fraction,  but 
mass,  fraction is not  very  far  wrong  in  these  cases).  From  the  literature  values 
of ST vs  p  (there  is  not  a  great  deal  available)  (e.g.  ref.  24)  it  looks 
like  the  following  relation  is  reasonable  for  pressures  on  the  order of 1 atm 
(1 atm = 101 .3  kPa): 

* 
where  p is in  atm  and ST  is at  p = 1 atm. 

0 

*Note  that  this is equivalent  to  assuming  that  the  diluent  gas  has  no 
effect  on  propagation  when  based on the  reactive  gas  at p. In  essence,  this 
then  assumes  that  the  effect  of  energy  absorption  by  the  diluent  gas  (lowers 
Tb) is offset  by  the  effect  of  density  increase of the  mixture so as  to  main- 
tain  about  the  same  propagation. 
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Values of as a function of T R ~ ~ ~  and @, for use i n  evaluating 

equations (lo), were obtained from a plot of available  literature values  along 
w i t h  an approximate method  which  was  employed for  extrapolation of these  values 
over a wider range of conditions ( f ig .  7 ) .  The plot was obtained i n  the follow- 
ing  manner: Available laminar and turbulent flame speed data  for hydrogen-air 
a t  p = 1 atm (most l i t e ra ture  is a t  t h i s  p) (e.g. refs. 24 to 28) was plotted 
as a function of T and @. Note that the maximum flame speeds are   a t  @ PJ 1.8 
and a l l  increase wi th  T. Using equation (13) from reference 14, and equa- 
tion (14) from reference 12, the  following  expression  for  ST,^^ given by 
equation (1 5) was obtained: 

ST - = 1  + c  2u ' 
SL 

kmax 

SL 

Note that equation (15) is an approximate relation  for  the maximum effects 
of  flame generated  velocity  fluctuations umax and does not account for temper- 
ature  fluctuations or for any turbulence which may already be i n  the unburned 

'Tmax 
flow. The values of SL shown i n  figure 7 were increased by the rat io  - 
and are shown as on the plot. The available  turbulent flame data is 

t 

SL 

'Tmax 

seen to be higher than the maximum flame-generated turbulent  result, which is 
i n  agreement w i t h  subsonic results  for bluff-body flameholders which  show that 
flame generated  turbulence is subordinate to aerodynamically  generated  turbu- 
lence  (ref. 13). However , the  ST,^^ curves can a t   l ea s t  serve  as  useful 

guides to  extrapolation of the  turbulent  data. As a result, the two uppermost 
extrapolated curves on figure 7 were  used for ST for @ = 1.8 and 1 .O, respec- 
tively, and the laminar @ = 1 .8 curve was used for ST for @ = 0.5, since 
it bears about the same relation  to the  ST,^^ curve for @ = 0.5. 

Using these  values of ST from figure 7 read a t  i TR.~) , computed values 

and values of ue for  typical scramjet combustor 
mix 

entrance  conditions from reference 2 (as a function of M,), equations (10) were 
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evaluated  over  a range of M, from 4 to 7 for 4 = 0.5, 1.0, and 1.8; p = 0 . 3  
and 1.0 atm; and FR = 0.4 and 0.6. The results are p l o t t e d   i n   f i g u r e  8. 

Discussion of Model 

The s implifying  assumptions  of  K = Constant  i n  i n t e g r a t i n g   e q u a t i o n  ( 4 )  
and  the use  of K = 1 i n   o b t a i n i n g  equations (1 Oa) and (1 Ob) from  equation (6) 
are made r ecogn iz ing   t ha t  K is n o t   a c t u a l l y   c o n s t a n t   i n   t h e   m i x i n g   l a y e r ,   b u t  
cannot  be computed without  knowledge of t h e  u p r o f i l e   t h r o u g h   t h e  recircula- 
t i o n  zone.  The value of K w i l l  decrease  from 1 .O  or less a t  the   anchor   po in t  
to lower va lues  as the   f lame  t rave ls   toward   the   ou ter   edge   of   the   mix ing   layer  
(see previous   b lowoff   sec t ion) .  The use  of a cons t an t  u* = 0.5ue is also 
ques t ionab le   s ince  u*  may well be somewhat below tha t   va lue ,   a l t hough   t he  
h e a t i n g   o f   t h e   r e c i r c u l a t i n g   g a s e s  w i l l  i nc rease  it over the   co ld  flow case. 
However, t h e  errors caused by these  t w o  e f f e c t s  are p a r t i a l l y   c o m p e n s a t i g g   i n  
eva lua t ing   equa t ions  (1  Oa) and (1 Ob). C e r t a i n l y   t h e   e x t r a p o l a t i o n   o f  ST to 
va lues   o f  much h i g h e r   t h a n   t h e   d a t a   ( f i g .  7)  and to  much lower pressures 

than   t he   da t a  (eq. (1 2 ) )  is also a r b i t r a r y   b u t  is abou t   t he   bes t   t ha t   can   be  
done  simply,  lacking  pertinent  experimental   measurements  of ST. 

% m i  x 

Seve ra l   i n t e re s t ing   conc lus ions   can  be  drawn  from inspec t ion   o f   t he  resul ts  
shown i n   f i g u r e  8. F i r s t ,   t h e   r e q u i r e d   f l a m e h o l d e r   s i z e  is v e r y   s e n s i t i v e  to  
t h e   m i x t u r e   p r e s s u r e .   T h i s   s e n s i t i v i t y  is a resul t  of a f i r s t  power dependence 
of  p on pressure  and  the  dependence  of  ST on   p re s su re ,   i n   equa t ion  (1 2 ) ,  
which is approximately  squared  in   equat ions ( 1 0 ) .  I t  is seen  f rom  f igure 8 t h a t  
f l ameho lde r   s i ze   va r i e s   app rox ima te ly   w i th  p2. Second,  there is a f a i r l y  
strong  dependence  of  f lameholder scale on the   equiva lence  ra t io  when 4 goes 
% l o w  1.0.  This  dependence is pr imar i ly   due  to  the   s t rong   i n f luence   o f  4 on 
ST ( f i g .  7) which,  again, is approximately  squared.   Third,   the   inf luence  of  
Mach number is f a i r l y   s t r o n g  for the   h igh  4 cases, but  is i n  a d i r e c t i o n  
opposite to t h a t   f o r   s e l f - i g n i t i o n   ( r e f .   2 )  where Mach number increase  promoted 
s e l f - i g n i t i o n .  The M, i n f luence  on scale i n   e q u a t i o n s  ( 1 0 )  is pr imar i ly   due  
to t h e   e f f e c t  of temperature  on p,  s i n c e   t h e  effect of temperature on ST is 
near ly   ba lanced  by t h e   e f f e c t   o f   t h e  U e  change. 

I t  is also v e r y   i n t e r e s t i n g  to n o t e   t h a t   t h e   e f f e c t s   o f  FR on  flameholder 
scale are n e g l i g i b l e  a t  the   h igher  4 ' s  and weak a t  t h e  lower 4 ,  so tha t   recov-  
e r y  T and f u e l   c o o l i n g  are n o t   v e r y   i n f l u e n t i a l ,   a g a i n ,  q u i t e  d i f f e r e n t   t h a n  
f o r   s e l f - i g n i t i o n .  

F i n a l l y ,  it m u s t  b e   r e i t e r a t e d   t h a t   t h e  model presented   here in  is based 
on many crude assumptions and   s impl i f i ca t ions  of t h e  processes involved   in  a 
very  complex phenomenon. A l though   t he   quan t i t a t ive   p red ic t ions   o f   r equ i r ed  
f l ameho lde r   s i ze  may be ques t ionable ,  it is hoped t h a t   t h e  parametric depen- 
denc ies  shown are reasonably good iif: quality  and  magnitude.  Obviously,   experi-  
menta l   da ta  is needed   before   these   uncer ta in t ies   can  be r e d u c e d   a n d   t h e   u t i l i t y  
of t h e  model assessed .  Some conf idence   t ha t   t he  model h a s   a b o u t   t h e   r i g h t  
parametric form is gained by comparison of equat ion  (6) w i t h   t h e  form of t h e  
DamkGhler f i r s t  number 
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Reaction  rate  Tflow 
ND = 

Flow  rate Tf  lame 
= -  

where 

L 
Tflaw = - 

U* 

Tflame = - = 
ST 2 

k 

where 

k 

CpPST 
no = - = Flame  thickness 

Equating  Tflm  to  ‘rflme,  letting L = 3h,  and  solving  for  h  gives 

U* 
which  is  very  similar  to  equation (6) except  for  the  factor  In r .  Note  that 

ST 
ND = K = 1. Also,  some  confidence  in  the  quantitative  aspects  of  the  model is 
gained  by  noting  that  the  step  size  found  in  reference 29 to  produce  successful 
flameholding is about  that  predicted  from  the  model. 

CONCLUDING REMARKS 

Concepts  which  are  believed  applicable  to  the  basic  understanding  of  the 
pertinent  flaw  processes  involved  in  turbulent  flameholding  and  flamespreading 
have  been  reviewed  with  an  interest  in  their  application  to  design  of  scramjet 
combustors.  As  a  result,  some  new  concepts  have  been  generated  and  some  new 
approaches  to  modeling  of  these  extremely  complex  processes  have  been  suggested. 
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For flameholding,  these  new  concepts  include 

1. Blowoff  is  caused  by  the  flame  inside  the  recirculation  zone  failing 
to  reach  the  dividing  streamline  at  the  rear  stagnation  zone  rather  than  from 
heat-flow  divergence (K 1 1 )  in  the  shear  layer  outside  the  dividing  streamline. 
When  this  happens,  "cold"  mixture  enters  and  "snuffs  out"  the  flame  in  the 
recirculation  zone  and  the  external  "held"  flame  breaks  off. 

2. Increased  turbulent  exchange  across  the  dividing  streamline  helps  flame- 
holding  due  to  forward  movement  of  the  flame  anchor  point  inside  the  recircula- 
tion  zone  rather  than  from  increased  heat  flow  to'  the  outer  shear  layer.  The 
increased  mixing  thickness  in  the  outer  flow  helps  the  initial  flamespreading. 

3.  Modeling  of  the  blowoff  phenomenon is based on the  mass  conservation 
concept  which  says  that  during  the  traverse  of  a  flame  element  across  the  recir- 
culation  zone,  that  amount  of  reactants is burned  which  entered  the  recircula- 
tion  zone  during  the  traverse  of  a  flow  element  along  the  recirculation-zone 
boundary  (the  dividing  streamline). 

For  flamespreading,  it  is  believed  that  the  idea  that  laminar  flame  concepts 
do  not  relate  to  high-shear  flames  is  true  only  for  the  case  of  fast  chemistry, 
where  the  turbulent  fluid  parcels  are  effectively  consumed  as  fast  as  generated 
by  shear.  For  slow  chemistry  (low  p, T, 0, or high  u)  the  smaller  parcels 
of  reactants  will  burn  faster  than  the  larger  ones,  but  overall  combustion  may 
be  retarded. 

The  scale  required  to  achieve  flameholding  in  a  scramjet  combustor  has  been 
calculated  using  the  present  model.  The  results  show  a  strong  adverse  effect 
of  low  p  and  low 0 on  flameholding  with  some  adverse  effect  of  increased 
Ma,  which is opposite  to  that  for  self-ignition.  There  was  little  effect  due 
to  change  of  recovery  factor  FR,  again,  different  from  self-ignition. 

Based  on  these  results,  it is believed  there  are  certain  research  efforts 
needed  to  reduce  some  of  the  uncertainties  associated  with  the  model  concepts 
and  to  increase  confidence  in  the  ability  to  design  a  combustor  for  high-speed 
air-breathing  vehicles. It is recommended  that  main  fuel  injection  not be coin- 
cident  with  the  flameholder  and  that  the  flameholder  be  independently  fueled, 
either  by  premixing  an  upstream  flow  layer or by adding  fuel  (and  oxygen) 
directly  into  the  recirculation  zone. It is also  recommended  that  ignition be 
accomplished  with  a  separate  ignitor,  rather  than  depend  on  self-ignition. A 
hot-gas  pilot  is  recommended  as  a  superior  ignitor-flameholder.  Combustor 
design  should  be  based  on  flamespread  angle  and  not  simply  on  mixing-spread 
angle. 

In  order  to  determine  the  quantitative  and  parametric  behavior  of  flame- 
holding  and  flamespreading  under  specified  ranges  of  conditions,  experiments 
can be carried  out  in  direct-connect  facilities  with  simple  geometry. For 
flamespreading,  the  possible  influence  of  finite-rate  chemistry  should be 
explored  by  lowering  p, T, and 4 and  increasing u. It  is  important  that 
the  study be made  in  a  ducted  flow  wherein  the  streamwise  pressure  gradients 
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are similar to t h o s e   i n   t h e   e n g i n e ,   s i n c e   t h e   c o n t r o l l i n g  phenomenon is one of 
shear   and   tu rbulence   genera t ion   wi th   s t rong   dens i ty   var ia t ions .  

Since  f lameholding is subject to laminar flame concepts ,   even   for   equi l ib-  
rium chemis t ry ,   the   s tudy   should   inc lude  a l l  t h e  parametric v a r i a t i o n s ,  or 
d u p l i c a t i o n  of a l l  flow cond i t ions  of the  engine.  The flameholding w i l l  l i k e l y  
be inf luenced by f in i te - ra te   chemis t ry   (worsened  as p, T, 4, and scale are 
lowered and u i nc reased ) .   These   f ac to r s  a l l  s t rong ly   sugges t   t he  work  be 
done a t  as near engine   condi t ions  as poss ib l e .  Because of turbulence  and 
f i n i t e - r a t e   e f f e c t s ,  ducted tests are d e s i r a b l e   b u t  care should be t a k e n   i n  
any  unducted tests t h a t   t h e  pressure f i e l d s  a t  the  f lameholder  are similar to 
the   engine  case. However, it should be remembered tha t   the   f lamespreading  
behind  the  f lameholder w i l l  no t  be duplicated for t h i s  unducted case. 

Langley  Research  Center 
National  Aeronautics  and Space Adminis t ra t ion 
Hampton, VA 23665 
August 19, 1 980 
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Figure 2.- Schematic of flameholding  region  behind  step or bluff  body (Shawn a t  
blowoff  condition).  
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Figure 4.- Schematic of f lame  posi t ion  a t   veloci ty   belm blowoff (see  f ig .  2 
for   o ther   de ta i l s ) .  
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