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PREFACE 

Technica l  r ev i ew  o f  t h i s  p r o j e c t  was c a r r i e d  o u t  by C.  W i l l i a m  

Robinson, combustion Appl i c i t i o n s  D i v i s i o n ,  Sandia Labo ra to r i es  , 
Livermore, Cal i f o r n i a .  

The work r e p o r t e d  i n  t h i s  document was c a r r i e d  o u t  by George C a r r i e r  

( c o n s u l t a n t )  , Franc i s  Fendel 1  ( p r i n c i p a l  i n v e s t i g a t o r ) ,  and P h i l  1  i p  

Feldman. The p a r t i c i p a n t s  w i sh  t o  thank Warren Ferguson f o r  h i s  adv ice  

and c o n t r i b u t i o n  w i t h  r espec t  t o  t h e  numer ica l  a n a l y s i s .  



1 . INTRODUCTION 

This  p r o j e c t  i s  concerned w i t h  s imp le  model ing and l a b o r a t o r y  

exper iments t o  e l u c i d a t e  (1  ) t h e  mechanisms whereby t r a c e  amounts o f  

unburned hydrocarbons may p e r s i s t  a f t e r  t h e  combustion even t  i n  O t to -  

c y c l  e- type i n t e r n a l  -combustion-engine c y l i n d e r s ,  and ( 2 )  t h e  f a t e  o f  

these r e s i d u a l  hydrocarbons d u r i n g  t h e  power-s t roke and exhaust-event 

p o r t i o n s  o f  t h e  cycle-.  The m o t i v a t i o n  f o r  t h e  research  i s  t h a t  a  

h i g h l y  f u e l  - l ean  f as t -bu rn  des ign f o r  t h e  spa rk - i gn i  t i o n  homogeneous- 

charge, f o u r - s t r o k e  engine may p e r m i t  e x c e p t i o n a l l y  f u e l - e f f i c i e n t  

o p e r a t i o n  o f  t h i s  h i g h l y  d r i veab le ,  r e l a t i v e l y  we1 1  -understood au to -  

mo t i ve  engine. Wi thout  such ope ra t i on ,  t h e  long- te rm prospects  f o r  

con t inued  u t i l i z a t i o n  o f  t h e ' o t t o - c y c l e  engine a r e  u n c e r t a i n .  However, 

augmented unburned-hydrocarbon con ten t  o f  t h e  c y l i n d e r  exhaust gas may 

occur  under fuel-1ean.stoichiometry; such emissions a r e  env i r onmen ta l l y  

o b j e c t i o n a b l e  because some hydrocarbons a r e  suspect as carcinogens 

and/or as p a r t i c i p a n t s  i n  smog fo rma t i on .  Thus . i n s i g h t  t o  gu ide  des ign  

a1 t e r n a t i v e s  t o  remove, t h e  unburned-hydrocarbon 1  i a b i 1  i ty  i s  o f  c u r r e n t  

concern t o  au tomot ive  engineers.  

As rev iewed i n  t h e  f i n a l  t e c h n i c a l  r e p o r t  t o  Phase 4 o f  t h i s  program 

(TRW 1980), t h e r e  a r e  t h r e e  l i k e l y  mechanisms t h a t  l eave  r e s i d u a l  

unburned hydrocarbon vapor:  quenching o f  f lame propagat ion  .near engine 

c y l i n d e r  w a l l s  ma in ta ined  r e l a t i v e l y  c o l d  f o r  m a t e r i a l  i n t e g r i t y  (one- . . 

w a l l  quenching);  f a i l u r e  o f  f lame t o  propage i n t o  narrow c r e v i c e s  near  
. . 

t h e  p i s t o n  r i n g s  and spark p lugs  ( two-wal l  quenching) ; and c y c l i c  absorp- 

t i o n / d e s o r p t i o n  o f  hydrocarbons i n t o l f r o m  t h e  t h i n .  o i l  f i l m  c o a t i n g  t h e  

l a t e r a l  su r f ace  and p i s t o n  crown owing t o  r e c i p r o c a t i n g - p i s t o n  mot ion .  

Because a l l  t h r e e  j u s t - l i s t e d  mechanisms a r e  be ing pursued i n  t h i s  

p r o j e c t  under severe f und ing  r e s t r a i n t s ,  o t h e r  mechanisms ( f a i  1  u r e  o f  a  

spark ke rne l  t o  form owing t o  m i x t u r e  inhomogeneity,  f a i l u r e  o f  bu l  k-gas 

burn-up owing t o  reduced f lame-propagat ion speed i n  o f f - s t o i c h i o m e t r i c  
. . 

m i x t u r e s )  a r e  n o t  cons idered  w i t h i n  t h e  domain o f  i n v e s t i g a t i o n .  



2 .  RECENTLY REPORTED RESULTS 

I n  Appendix A  o f  t h i s  r e p o r t  i s  a  d i scuss ion  o f  non i soba r i c  unsteady 

f lame propagat ion  th rough a  homogeneous p rem ix tu re  con f i ned  between p lane  

p a r a l l e l  imperv ious w a l l s .  The enc losure  encompasses cons tan t  t o t a l  mass, 

bu t  i s  o f  v a r i a b l e  volume, because one w a l l  i s  p e r m i t t e d  t o  .move t o  .s imu- 

l a t e  p i s t o n  mot ion.  The work i s  o f  i n t e r e s t  i n  i t s e l f  because i t  encom- 

passes a  suggest ion w i t h  r espec t  t o  model ing o f  t u r b u l e n t  f lame propagat ion,  
. . 

a  suggest ion based on r e c e n t . o b s e r v a t i o n s  i n  bombs o f  p e r s i s t e n t  coheren t  

s t r u c t u r e  i n  a  f lame zone ( o f  f i n i t e  t h i c k n e s s )  t h a t  separates v i r t u a l l y  

f u l l y  unburned from v i r t u a l l y  f u l l y  burned gas. ' S p e c i f i c a l l y ,  t h e  

enhanced r a t e  o f  f lame propagat ion  o f  t h e  t u r b u l e n t  case r e l a t i v e  t o  t h e  

l am ina r  ca,se i s  owing t o  enhanced a r e a l  exposure o f  unburned. gas t o  

burned gas; The consumption r a t e  i s  t h e  same pe r  u n i t  l e n g t h  o f  t h e  

flame (which may be, and p robab ly  i s ,  m u l t i p l y c o n n e c t e d )  as i n  t h e  

l am ina r  case; i .e., t h e  l am ina r  f lame speed based on t h e  l o c a l  p r o p e r t i e s  

o f  t h e  p a r t i c l e  be ing  engu l fed  i s  l o c a l l y  p e r t i n e n t  ( b o t h  s p a t i a l l y  and 

t e m p o r a l l y ) .  The enhancement i n  convers ion  o f  r e a c t a n t  t o  p roduc t  i s  

owi.ng t o  t h e  eve r - i nc reas ing  convo lu t i ons  exper ienced by t h e  fl'ame unde r -  

go ing  s t . r a i n i  ng i n  a  h i g h l y  nonuni.form f l ow f . i e1  d. (The enhancement never 

tiecomes unboundedly large,. and one suspects a  " f l  ame-shortening" mechanism 

would e v e n t u a l l y  counterbalance t h e  " f l ame-s t re t ch ing "  mechanism:, as more 

and more f l a m e l e t s  compete f o r  l e s s  and l e s s  f u e l  . ) 
The m o t i v a t i o n  f o r  unde r tak ing  t h e  work r e p o r t e d  i n  Appendix A  i s  

r e a l l y  as a  f i r s t  s a l l y  i n t o  what i s  t o  become a  dominant s u b j e c t  o f  

invest-igatiyon i n  f u t u r e -  research :  t h e  e f f e c t i v e n e s s  o f  burn-up o f  

re -s i  dual  f u e l  vapor d u r i n g  t h e  power s t r o k e ,  d u r i n g  which expansional  

c o o l i n g  occurs.  The t empora l l y  v a r i a n t  pressure a l t e r s  t h e  en t ropy  o f  

t h e  system d i r e c t l y ,  b u t  a1 so th rough t h e  ' p ressu re  dependence o f  t h e  

d i f f u s i o n  c o e f f i c i e n t s  and t h e  r e a c t i o n  r a t e .  Thus, w h i l e  t h e r e  i s  

excess oxygen- r i ch  h o t  b u l k  gas a v a i l a b l e  t o  consume any r e s i d u a l  near-. 

w a l l  hydrocarbon vapor, t h e  completeness o f  t h e  burn-up war ran ts  s c r u t i n y .  

I n  Appendix B y  t h e  c y c l i c  n a t u r e  o f  abso rp t i on  and deso rp t i on  o f  

unburned hydrocarbon gas i n  t h e  t h i n  near -wa l l  o i l  l a y e r  l e f t  on t h e  



l a t e r a l  su r f ace  o f  t h e  c y l i n d e r  owing t o  r e c i p r o c a t i n g - p i s t o n  mo t i on  

(and splashed on to  t h e  p i s t o n  crown) i s  examined f o r  f u e l - l e a n  s t o i c h i o -  

A me t r y  ( o n l y ) .  For o i l  l a y e r s  as t h i c k  as 10 microns (and measurements 
i n d i c a t e  such t.hicknesses a r e  a t t a i n e d ) ,  d i f f u s i o n a l  r e s i s t a n c e  o f  t h e  

o i l  f i l m  t o  abso rp t i on  o f  t h e  vapor  i s  r a t e - c o n t r o l l i n g .  The s i g n i f i c a n t  

decrease ( b y  a  f a c t o r  o f  f o u r )  o f  unburned HC con ten t  ( f rom,  say, 2000 ppm 

concen t ra t i on  t o  500) as t h e  rpm i s  inc reased  f rom 1500 t o  3000 i s  e x p l i c a b l e  
' i n  terms o f  o i l - l a y e r . e f f e c t s ,  whereas t h e  decrease o f  exhaust con ten t  

w i t h  i n c r e a s i n g  engine speed i s  i n e x p l i c a b l e  i n  terms o f  one-wal l  and/or  

two-wal l  quenching 'mechanisms. However, i f  t h e  o i l  f i l m  . i s  b u t  a  m ic ron  

t h i c k ,  t h e  f i l m  sa tu ra tes  w i t h  hydrocarbon-vapor con ten t  a t  a lmost  any 

engine speed o f  p r a c t i c a l  i n t e r e s t ;  d i f f u s i o n a l  r e s i s t a n c e  o f  t h e  o i l  

f i l m  i s  n o t  r a t e - c o n t r o l l i n g  and t he  e x p l a n a t i o n  f o r  t h e  decrease o f  

unburned HC con ten t  i n  c y l i n d e r  exhaust gas appears n o t  t o  be f u r n i s h e d  

by o i l - f i l m  e f f e c t s .  

It may perhaps be wo r th  n o t i n g  t h a t  decrease o f  unburned hydrocarbon 

con ten t  (say, b y ' a  f a c t o r  o f  2 )  o f  t h e  exhaust gas w i t h  a  modest i nc rease  

i n  coo lan t  temperature (say, f rom 320 K t o  380 K)  cannot be exp la i ned  i n  

terms o f  one-wal l  o r  two-wal l  quenching. (Wh i le  t h e  c o o l i n g  temperature 

need n o t  be i d e n t i c a l  t o  t h e  w a l l  temperature,  t h e r e  i s  a  r a p i d  ad justment  

such t h a t  t h e  temperature o f  one may w e l l  be i n d i c a t i v e  o f  t h e  temperature 

o f  t h e  o t h e r . )  However, t h e  increment  i n  Henry 's  cons tan t  w i t h  i n c r e a s i n g  

temperature i s  so grea't t h a t  perhaps reduced o i l - f i l m  a b s o r p t i v i t y  i s  a  

p o s s i b l e  exp lana t i on .  (For  the,rmodynamic e q u i l i b r i u m ,  ~ e n r ~ ' s  cons tan t  i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  mol e  . f r a c t i o n  o f  v a p o r  i n .  t h e  1  i q u i d ,  f o r  

v e r y  d i l u t e  s o l u t i o n ,  t h e  vapor p ressure  o f  t h e  , s o l u t e  i n  t h e  gas phase 

be ing  he1 d cons tan t .  ) 



3 .  MODELLING OF ONE-WALL AND TWO-WALL QUENCHING 

Both t h e  unsteady, one-dimensional , parabol  i c  problem o f  a  premixed 

f lame approaching a  p a r a l l e l  p l a n a r  imperv ious n o n c a t a l y t i c  i so the rma l  

w a l l  , and a1 so t h e  steady, two-dimensional  , e l  1  i p t i  c  p r o b l  em o f  a  burner-  

s t a b i l i z e d  premixed f lame s i t u a t e d  pe rpend i cu la r  t o  a  p l a n a r  imperv ious 

nonca ta l y t i ' c  i so the rma l  w a l l ,  have been examined i n  d e t a i l  i n  t h i s  p r o j e c t .  

The former arrangement i s  a1 1  uded t o  as "head-on quenching" f o r  an "end- 

w a l l  geometry"; t h e r e  i s  v i r t u a l l y  no e x i s t i n g  exper imenta l  da ta  concern ing 

f l o w f i e l d  d e t a i l s .  The l a t t e r  arrangement i s  alTuded t o  as t h e  " s i de -wa l l  

geometry", and t h e  f i r s t  exper imenta l  f l o w f i e l d  d e t a i l s  v i a  n o n i n t r u s i v e  

modern d i a g n o s t i c  o p t i c a l  techniques (spec i  f i c a l  l y ,  by l a s e r  Raman spec t ro -  

scopy) were a1 so ob ta i ned  i n  t h i s  p r o j e c t .  

Here a t t e n t i o n  i s  con f i ned  t o  r e p o r t i n g  model ing r e s u l t s  f o r  t h e  

s i de -wa l l  geometry, ob ta i ned  by numer ica l  i n t e g r a t i o n  o f  a  Shvab-Zeldovich 

f o r m u l a t i o n  v i a  AD1 techniques.  A  s o - c a l l e d  Shvab-Zeldovich f o r m u l a t i o n  

i nco rpo ra tes  t h e  e s s e n t i a l  phys ics  i n  t r a c t a b l e  equat ions p r e s e r v i n g  

eng inee r i ng  accuracy. I n  p a r t i c u l a r ,  a  d i r e c t  one-step , b imo lecu la r  

r e a c t i o n  o f  Ar rhen ius  type,  w i t h  u n i v e r s a l  d i f f u s i o n  c o e f f i c i e n t  ( o f  

si:mpl i s t i  c thermodynamic dependence) and Lewi s-Semenov. number u n i t y  and 

comparable mo lecu la r  we igh t  f o r  a l l  spec ies p resen t ,  i s  adopted; t h e  

f l o w f i e l d  f o r  t h e  convec t i ve  t r a n s p o r t  o f  heat  and mass i s  p r e s p e c i f i e d ,  

and mechanical d i s s i p a t i o n ,  r a d i a t i v e  t r a n s f e r ,  and t h e r m o d i f f u s i o n  and 

barod i  f f u s i o n  a r e  ignored .  Th i s  f o r m u l a t i o n  s t i  11 1  eaves two coup1 ed, 

t ranscendenta l  l y  nonl  i n e a r  e l l i p t i c  p a r t i a l  d i f f e r e n t i a l  equat ions w i t h  

i n te r i o r -bounda ry -1  ayer - type  behav io r .  

I n  t h i s  r e p o r t i n g  per iod ,  a  s t renuous e f f o r t  was expended, t o  no 

ava i l , ,  t o  a p p l y  m u l t i g r i d  methods t o  t h e  boundary-value problem. These 

techniques use p o i n t - t y p e  methods, w i t h  Gauss-Seidel - t ype  i t e r a t i o n ,  on 

a  s e r i e s  o f  g r i d s  o f  v a r y i n g  reso lu t ion . ,  t o  r e l a x  as r e q u i r e d  t h e  low- 

f requency and h igh- f requency components o f  t h e  r e s i d u a l  generated by 

s u b s t i t u t i o n  o f  a  guessed s o l u t i o n .  M u l t i g r i d  methods have been e f f e c t i v e  

on 1  i n e a r  e l  1  i p t i c  - p rob l  ems w i t h  Di r i c h l  e t  boundary c o n d i t i o n s  , and even 

on m i  1  d l y  (a1 geb ra i ca l  1 y )  .nonl i n e a r  equa t ions  .. However, Neumann boundary 



c o n d i t i o n s  appear t o  r e t a r d  t h e  r e l a x a t i o n  t o  a  s o l u t i o n ,  bu t ,  more 

s i g n i f i c a n t l y ,  a t  i t s  p resen t  s tage o f  development, t h e  method i n  a  

f i n i  t e - d i f f e r e n c e  form appears unable t o  cope w i t h  1  arge g r a d i e n t s  

c h a r a c t e r i z i n g  t h e  presence o f  a  v igorous,  exothermic f lame ( o f  narrow 

b u t  f i n i t e  s t r u c t u r e )  i n  a  l a r g e r  c o n v e c t i v e - d i f f u s i v e  f l o w f i e l d .  Whi le  

f u t u r e  e v o l u t i o n  o f  mu1 t i g r i d  concepts i n  a  f i n i t e - e l e m e n t  methodology 

may prove e f f e c t i v e ,  c u r r e n t l y  o n l y  t h e  l i n e - t y p e  methods (combined w i t h  

q u a s i l i n e a r i z a t i o n  and b lock  i n v e r s i o n )  seem r e a d i l y  a b l e  t o  cope w i t h  

t h e  side-wa1 1  quench 1  ayer .  

I n  t h i s  r e p o r t i n g  p e r i o d  emphasis was p laced  on o b t a i n i n g  r e s u l t s  

f o r  a B las ius - t ype  f l o w f i e l d  ( e n f o r c i n g  no -s l  i p  boundary c o n d i t i o n s  on 

t h e  quench p l a t e ) ,  as opposed t o  t h e  p r e v i o u s l y  employed Oseen-type f l o w -  

f i e l d  ( p e r m i t t i n g  p e r f e c t  s l i p  a t  t h e  quench p l a t e ) .  For t h e  e igenva lue  

problem assoc ia ted  w i t h  f lame propagat ion  between p l  anar, para1 l e l  , 
imperv ious,  i so the rma l  ( c o l  d )  , n o n c a t a l y t i c  w a l l  s  , f o r  t h e  B l  a s i  us- type 

f l o w f i e l d  convergence o f  t h e  i t e r a t i o n s  proved t o o  s low and c o s t l y  t o  

be. pursued. Thus t h e  r e d u c t i o n  o f  f lame speed w i t h  approach o f  t h e  

p l a t e s ,  p r e v i o u s l y  ob ta i ned  under an Oseen f l o w f i e l d ,  s t i l l  remains t h e  

o n l y  r e s u l t s  computed t o  da te  w i t h  a  Lewis-Semenov number o f  a  va lue  

p e r t i n e n t  t o  hydrocarbon /a i r  'p remixtures.  However, f o r  t h e  one-wall.  

problem ( i  .e., f o r  s e p a r a t i o n  d i s t a n c e  so l a r g e  t h a t  t h e  presence o f  

a  second. p l a t e ,  i f  any, i s  academic, and (nomina l l y )  a p r e s p e c i f i e d  one- 

dimens.iona1 f lame s t r u c t u r e  -- as opposed t o  a  cen te rp lane  symmetry 

c o n d i t i o n  -- becomes t h e  bobndary c o n d i t i o n  a p p l i e d  away f rom t h e  s i d e  

wa l l ' ) ,  r e s u l t s  c o u l d  be o b t a i n e d  f o r  a  B las ius - t ype  f l o w .  Even i n  t h e  

one-wal l  case, imposition o f  t h e  B las ius -boundary - layer  s o l u t i o n  i n  t h e  

convec t i ve  t r a n s p o r t  r e q u i r e d  compromise, as now repo r ted .  

The e f f e c t  o f  t h e  n o - s l i p - t y p e  f l o w  so inc reased  t h e  t h i ckness  o f  

t h e  wal l -quench l a y e r  t h a t  even r o u g h l y  comparable g r i d s  i n  t h e  streamwise 

and t r ansve rse  d i r e c t i o n s  became imposs ib le .  S ince one wishes t o  adopt  

comparable g r i d s  f o r  numer ica l  accuracy, t h e  procedure adopted was t o  

en fo r ce  no more than  a  Neumann-type (as opposed t o  a  D i r i c h l e t - t y p e )  

boundary c o n d i t i o n  on t h e  fue l  mass f r a c t i o n  and on t h e  temperature away 

from t h e  s i d e  w a l l .  More e x p l i c i t l y ,  i n s t e a d  o f  en fo r c i ng  a  p r e c a l c u l a t e d  

one-dimensional  f lame s t r u c t u r e  as t h e  o u t e r  boundary c o n d i t i o n  f o r  t h e  



quench l a y e r  s o l u t i o n ,  t he  s o l u t i o n  was f r e e  t o  develop i t s  own o u t e r  

s t r u c t u r e ,  w i t h i n  t h e  c o n s t r a i n t  o f  van i sh ing  normal d e r i v a t i v e .  It 

t u r n s  o u t  t h a t  t h e  o u t e r  f lame s t r u c t u r e  generated under a  Neumann con- 

s t r a i n t  i s  v i r t u a l l y  what would have been imposed under a  D i r i c h l e t  

c o n s t r a i n t ,  except  t h a t  t h e  f lame i s  d i sp laced  about one-quar te r  d i  f f u -  

s i v e  s c a l e  (about  0.003 cm) downwind. 

A l though e v a l u a t i o n  o f  t he  r e c e n t l y  ach ieved computat ional  r e s u l t s  

i s  s t i l l  h i g h l y  incomplete,  some p r e s e n t a t i o n  f o r  t h e  s i n g l e - s i d e - w a l l  

s teady two-dimensi ona i  1  aminar quench 1  aye r  under a  B l  a s i  us- type f low- 

f i e l d  i s  undertaken. The f o l l o w i n g  t e rm ino logy  i s  in t roduced.  The 

streamwise coo rd ina te  x  i s  measured f rom t h e  l e a d i n g  edge o f  t h e  quench 

p l a t e  (p l aced  a g a i n s t  t h e  porous-s in tered-bronze d i s c  o f  t h e  f lameho lder  

f ace ) ;  t h e  t r ansve rse  coo rd ina te  z  i s  measured f rom t h e  quench p l a t e .  

Both x  and z  a r e  nondimensional ized a g a i n s t  t h e  d i f f u s i v e  s c a l e  ment ioned 

i n  t h e  l a s t  paragraph; t h e  d i f f u s i v e  sca le  c h a r a c t e r i z e s  t h e  t h i ckness  

o f  t h e  p reheat  zone i n  p remixed- f l  ame s t r u c t u r e  ( f o r .  1  arge-Arrheni  us- 

a c t i v a t i o n - t e m p e r a t u r e  hyd roca rbon la i r  p rem ix tu res ) ,  and i s  t h e  r a t i o  

o f  t h e  mass. t r a n s f e r  . c o e f f i c i e n t  i n  F i c k ' s  l aw  (eva lua ted  i n  t h e  c o l d  

gas) t o  t h e  a d i a b a t i c  l am ina r  f lame speed. The s t o i c h i o m e t r i c a l  l y  

a d j u s t e d  mass f r a c t i o n  f o r  f u e l ,  norma l i zed  t o  t h e  va lue  u n i t y  i n  t h e  

unburned gas i s s u i n g  f rom t h e  burner ,  i s  denoted Y. The s e l f s i m i l a r  

f a c t o r  i n  t h e  s t r eamfunc t i on  f o r  l am ina r  i s o b a r i c  f l o w  pas t  a  l o n g  f l a t  

p l a t e ,  t h e  s o - c a l l e d  B l a s i u s  f u n c t i o n ,  i s  denoted f '  , and fk s i g n i f i e s  

f '  eva lua ted  a t  z  = 0, i . e . ,  a t  t h e  quench' p l a t e  sur face .  The v a l u e  

f; = 1  denotes - no r e t a r d a t i o n  a t  t h e  w a l l  r e l a t i v e  t o  t h e  s t reaming away 

from t h e  way ( p e r f e c t  s l i p ) ,  whereas the. v a l u e  f '  = 0  denotes no mo t i on  a t  
W - 

t h e  w a l l  r e l a t i v e  t o  t h e  wal' l  ( ze ro  s l i p ) .  The t r a n s v e r s e l y  i n t e g r a t e d  

mass f r a c t i o n  ' ~ ( x )  i s  d e f i n e d  as f o l l o w s  : 

the  mass f l u x  f r a c t i o n  J ( x )  i s  d e f i n e d  as f o l l o w s :  



For p e r f e c t  s l i p  (f; = I ) ,  p (x ,z )u (x ,z )  z 1  f o r  a l l  x,z, such t h a t  I ( x )  = ~ ( x ) ;  

f o r  no-s l  i p  c o n d i t i o n s  ( f i  = 0 ) ,  I ( x )  f J ( x ) .  The case (f; = 1  ) i s  a1 1  uded 

t o  below as t h e  nominal case. 

F igure  1  revea l s ,  by comparison o f  cons tan t -mass- f rac t ion  l i n e s ,  

t h a t  t h e  quench- layer t h i ckness  i s  a p p r e c i a b l y  g r e a t e r  f o r  t h e  B l a s i u s -  

t ype  f l o w f i e l d  (no s l i p )  than  f o r  t h e  Oseen-type f l o w f i e l d  ( p e r f e c t  s l i p ) .  

Other parameter va lues a r e  n o t  e x p l i  c i  t l y  c a l l e d  o u t  because. t h e y  remain 

i n v a r i a n t  under t h e  paramet r i c  comparisons e x p l i c i t l y  noted.   ow ever, 
f o r  completeness, t h e  f u e l  - l ean  bu rn ing  o f  a  s imp le  hydrocarbon i n  a i r  

under 1  ow-speed i s o b a r i c  c o n d i t i o n s  i s  be ing  cons idered.  

F i gu re  2 r evea l s  t h a t ,  w h i l e  t h e  f r a ~ t i o n a l  amount o f  o r i g i n a l  f u e l  

t h a t  p e r s i s t s  unburned i n  t h e  quench . l aye r  i s  somewhat g r e a t e r  i n  t h e  

no-s l  i p  case, by about  e i g h t  d i f f u s i v e  sca les  downwind t h e  d i f f e r e n c e s  

a r e  o f  negl  i g i  b l  e  consequence fo . r  'most purposes. 

F i gu re  3 p resen ts  t h e  o u t e r  m a s s - f r a c t i o n - p r o f i l e  as a  f u n c t i o n  o f  

st'reamwi se d i s tance  (ob ta i ned  from a one-d lmens ion i l  s o l u t i o n  o f  t h e  

f lame s t r u c t u r e )  t h a t  i s  impressed as an o u t e r  boundary - c o n d i t i o n  i n  

Oseen-type ( p e r f e c t - s l i  p )  c a l c u l a t i o n s .  A lso  presented i s  t h e  o u t e r  

mass f r a c t i o n  p r o f i l e  as a  f u n c t i o n  o f  streamwise ' d i s t a n c e  ( 'evolved) 

as p a r t  o f  a  two-dimensional  s o l u t i o n  o f  t h e  quench l a y e r )  t h a t  i s  

o b t a i n e d  f rom t h e  z.ero-normal - g rad i  e n t  o u t e r  boundary c o n d i t i o n  used 

i n  B l  as i us - t ype  ( z e r o - s l  i p )  c a l c u l a t i o n s .  The d isc repancy  c o n s i s t s ,  

more o r  1  ess , o f  a  modest streamwi se displacement.  
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Figure  1.  Constant -mass- f ract ion sur faces  f o r  a  c o l d  imperv ious '  
n o n c a t a l y t i c  s i d e  w a l l  a re  compared f o r  t h e  nominal case 
( s l i p p e r y  w a l l  f,!, = 1  .O, D i r i c h l e t  o u t e r  c o n d i t i o n )  and 
t h e  n o - w a l l - s l i p  case (I" = 0.0, Neumann o u t e r  c o n d i t i o n ) .  

W 
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Figure  2. The r a t i o  o f  t h e  t r a n s v e r s l y  i n t e g r a t e d  normal ized f u e l .  mass f r a c t i o n s  I ( x ) ,  J ( x )  t o  t h e i r  va lues 
a t  t h e  1eadi.ng edge I i O ) ,  J(O), g i v e n  as a  f u n c t i o n  o f  streamwise d i s tance  x  f o r  t h e  nominal s l i p p e r y -  
w a l l  case ( f '  = 1  ) and f o r  t h e  case o f  no w a l l  ' s l i p  ( f h  = 0) .  For t h e  nominal case, I ( x )  = J ( x ) .  

w  . 
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Figure  3. A comparison i s  presented o f  mass - f r ac t i on  p r o f i l e s  
a t  t h e  o u t e r  z boundary f o r  t h e  case f; = 0.0, Zmax = 
32.0 w i t h  a D i  r i c h l e t  boundary, and f o r  t h e  case w i t h  a 
p r e s c r i  bed Neumann boundary. 
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should be $, not  x ,  

page 338, eq. (2.16) the denominator o f  the l a s t  f ac to r  
on the  r ight-hand side' should be p, 
not  P 
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