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A b s t r a c t  

A new numerical  method has  been dev i sed  and employed t o  s o l v e  a v a r i e t y  of problems 
r e l a t e d  t o  l i q u i d  d r o p l e t  combustion.  The b a s i c  t r a n s p o r t  e q u a t i o n s  o f  mass, aomenturr and 
energy have been formula ted  i n  t e rms  of g e n e r a l i z e d  nonor thogonal  c o o r d i n a t e s ,  which a l l o w s  
f o r  a d a p t i v e  g r i d i n g  and a r b i t r a r y  p a r t i c l e  shape.  I n  t h i s  paper  example problems a r e  
so lved  f o r  i n t e r n a l  d r o p l e t  h e a t i n g ,  d r o p l e t  i g n i t i o n  and h igh  Reynolds number f low o v e r  a 
d r o p l e t .  

I n t r o d u c t i o n  

T h i s  paper p r e s e n t s  i n i t i a l  r e s u l t s  of a r e s e a r c h  e f f o r t  whose end g o a l s  a r e  t h e  
c a l c u l a t i o n  of s i n g l e  and m u l t i p l e  l i q u i d  d r o p l e t  combustion f lows.  The comple te  problem 
o f  even s i n g l e  d r o p l e t  combustion p r e s e n t s  a s e v e r e  c h a l l e n g e  f o r  p r e s e n t  day numer ica l  
methods because of t h e  m u l t i p l e  s p a c e  and time s c a l e s  which can be i n t roduced  i n t o  t h e  
problem. These s c a l e s  a r e  t h e  r e s u l t  of h igh  Reynolds and P e c l e t  numbers a s  w e l l  a s  flame 
format ion  around t h e  d r o p l e t .  Tn o r d e r  to r e s o l v e  a l l  t h e  p h y s i c a l  phenomena t h a t  a r e  
c o n t a i n e d  i n  t h e  problem, it is n e c e s s a r y  t o  use t h e  g r i d  w i n t s  i n  a numer ica l  s o l u t i o n  
method very e f f i c i e n t l y .  A major new advance in  t h e  e f f i c i e n t  l o c a t  of g r i d  p o i n t s  is 
t h e  use of g e n e r a l i z e d  mnoc thogona l  c o o r d i n a t e s  and a d a p t i v e  g r i d s .  8 '  I t  w i l l  be 
shown, and has  been s h w n ,  t h a t  t h c s e  methods g r e a t l y  enhance t h e  a b i l i t y  t o  c a l c u l a t e  
complex flows.  

?n t h e  p r e s e n t  paper major s i m p l i f i c a t i o n s  have been made i n  t h e  flow e q u a t i o n s  to 
i s o l a t e  p h y s i c a l  phenomena and test t h e  e f f i c i e n c y  of t h e  numer ica l  methods employed. The 
most l i m i t i n g  s i m p l i f i c a t i o n  w i l l  be that: of c o n s t a n t  o v e r a l l  d e n s i t y ,  however a s  w i l l  be 
shown, the  n u a e r i c a ?  s i g n i f i c a n c e  of t h e  r e s u l t s  a r e  n o t  damaged by t h e  a s sumpt ions  made. 

B a s i c  t r a n s p o r t  e q u a t i o n s  

The e q u a t i o n s  f o r  momentum, ene rgy ,  and mass t r a n s p o r t  w i l l  now be w r i t t e n  i n  terms of  I 

g e n e r a l i z e d  c o o r d i n a t e s ,  and t h e  numer ica l  methods employed d i s c u s s e d .  The s t a r t i n g  p o i n t  ! 
is t h e  e q u a t i o n s  in  terms of ax ia l ly - symmet r i c  c y l i n d r i c a l  c o o r d i n a t e s ,  and t h e  e q u a t i o n s  
f o r  s t ream f u n c t i o n  ( $ ) ,  v o r t i c i t y  (u), t empera tu re  (T) and r e a c t a n t  s p e c i e s  d e n s i t y  
( p a ) ,  which a r e  t h e  fo l lowing :  

1 a *  1 a* where .I = - - - and v = - - 
r a r  r a z  

a a a a aT a a T - ( P Z C  TI + - (pTC vT) + - (prC uT) = - ( r k  -) + - ( r k  -) t r p  bh K e -Ea/RT a t  P a r P a P a r ar az  a z a a a  ( 4 )  

- - 
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where t h e  fo l lowing  n o t a t  i on  ha8 been used f o r  p h y s i c a l  c o n s t a n t s :  Ka-pre-exponential  
r e a c t i o n  c o n s t a n t ;  b - a c t i v a t i o n  ene rgy ;  R g a r  c o n s t a n t ;  k - t h e r u l  c o n d u c t i v i t y ,  o-over- 
a l l  d e n s i t y 8  and Ah -chemical  h e a t  m l e a a e .  Also,  t h e  independeht  v a r i a b l e 8  t, r and n 
a r e  t h e  time, r a d i a f  c o o r d i n a t e  and a x i a l  p o s i t i o n ,  n 8 p e c t i v e l y .  ( A  more d e t a i l e d  e r p l a -  
n a t i o n  of t h e  chemical  r e a c t i o n  terms w i l l  be g iven  l a t e r  i n  t h e  pape r . )  

A major d i f f i c u l t y  wi th  t h e  above fo rmula t ion  is t h a t  t h e  s u r f a c e  of t h e  d r o p l e t  does 
not  lie n a t u r a l l y  on a c o n s t a n t  v a l u e  o f  t h e  independent  v a r i a b l e s  r and I. However, t h i s  
d i f f i c u l t y  can  be r e w v e d  immediately by t r ana fo tming  t o  g e n e r a l  i r e d  nonor thog t~ne l  c o o r d i -  
n a t e s  C ,  n ,  and t h e r e b y  making t h e  d r o p l e t  s u r f a c e  co r re spond  to n-0. In o r d e r  to s i m p l i f y  
n o t a t i o n  it w i l l  f i r s t  be u s e f u l  to rewrite e q u a t i o n 8  (1) through (5)  i n  a vector form 

where 

Transforrninq t o  t h e  v a r i a b l e s  r , E and (7 e q u a t i o n  ( 6 )  becomes 

J F  a~ a~ as - S + t - + - . - . - . + - + H  
a t  ;c an a c  an 

where t h e  fo l lowing  new v e c t o r s  have h e n  d e f i ~ e d  

b Q .- 
J 

i - ( &  + t r  + h,) 
J 

i = (ti", + m r  + a,, 
J 

- R - 1 t k r  + h,) 

S -. 1 (hr  + bz) 
J 

k H - -  
J 

and t h e  t ransforma?, ion  mttrics, o r  a r e a 8  and volumea, a r e  g iven  by 



C - Jr,, 

It can easily be seen that the resulting equations are more complex, however the digital 
computer is extremely well equipped to handle this type of algebraic complexity, and with 
some additional programing a much more valuable research tool is obtained. The equations 
as thev are written in (7) will easily handle arbitrary-shaped Qartlcles as well as parti- 
cles whose shape is changing as a function of time. However, the major advantage of the 
above formulation is that it allows the use of adaptive grid procedures to be employed, and 
this feature will be shown to he one of tho single most important advarrces in the efficient 
use of numerical methods to solve complex pliysicol problems. 

An interesting feature of these equations is that they allow for the use of variable 
transport properties u ,  k and Da, although the overall density must be constant. To the 
authors' knowledge this is the first time that a variable transport property formulation of 
the stream function-vort icity equations has been gives. This formulation will be a com- 
plete description of the mass and enerqy transport pracesses inside the droplet, where 
constant overall density is assumed. 

Numerical methods 

The original plan for the numerical solution method was to imploy a fully implicit 
iterative scheme to so\vc the set of transport equations given previously. In order to 
solve these equations an altcrnat inq-direction-implicitk (ADI) scheme was employed together 
with a Newton procedure to linearize the equat ions where necessary The resulting equa- 
tions are block tridingonn!, and the efficient solver of ~indmarsh' was used to obtain the 
solution. This prc-cedure proved to be unstable because of the large sensitivity that the 
stream function h.=s to all errors. The couplinq of the vorticity and stream function equa- 
tions, plus generalized coordinates, and block solutions along a line, causes the trun- 
cation error to give very inaccurate values of stream function near the boundary. A major 
part of the problem is due to the fact that the stream function can change by four or five 
orders of magnitude lrom the body surface to the free stream. The values of the stream 
function near the surface are very small and truncation error in the outer part of the flow 
overwhclms the small stream function values near the surface. The solution to the problem 
is point relaxation of the stream function equation on a previously calculated vorticity 
distribution, followed by iteration between the stream function and vorticity equations. 
This point relaxation method docs not couple all the truncation errors together, and very 
good results were obtained. 

The numerical method that was finally employed had the following features: 

I. Stream-f_un_c_tion-varticity equations 
a. ~i r s t - o r a e m i a r d ,  imp1 lcit time differences for time derivatives. 
b. Second-order central differences in space. 
c .  AD1 solution of the vorticity equation. 
d. Point relaxation of the stream function cquation. 
e. Global iteration on hoth equations. 

I I. E n e x  and species e uations 
a. The same space -P--i- and t me differencinq as the vorticity equation. 
b. Newton linearization of the nonlinear terms. 
c. Block tridisgonal solution with an AD1 marching techniql~e. 

The above numerical method is somewhat ad hoc in that it uses two difference methods within 
itself to determine a solution, however the individual methods reflect the numerical nature 
of the equations being solved. The block tridiagonal solution of the energy and species 
equation is excellent for chemical reactions, while the point iteration method allows the 
stream function to converge accurately and smoothly on the vorticity distribution. 

Criterion for grid placement 

The basic criterion for qrid placement that was employed in the present paper will now 
be presented. The computational space, : and n, has been normalized so that their numeri- 
cal values go between tcro and one, and the grid points are fixed in time. In the physical 



s p a c e  t h e  g r i d  p o i n t s  w i l l  be p l a c e d  and moved in  time to a c h i e v e  t h e  r a s o l u t i o n  o f  h igh  
y r a d i e n t  r e g i o n s .  Along a g i v e n  a r c  i n  the  p h y s i c a l  s p a c e  t h e  g r i d  p o i n t s  w i l l  be d i s -  
t r i b u t e d  i n  p r o p o r t i o n  to t h e  g r a d i e n t  of t h e  dependent  v a r i a b l e .  I f  t h e  a l s t a n c e  a long  a 
g i v e n  a r c  i n  p h y s i c a l  space  is deno ted  by S, a mathemat ica l  s t a t e m e n t  o f  t h r  r e l a t i o n s h i p  
between t h e  computa t iona l  and p h y s i c a l  space  is 

where S is t h e  d i s t a n c e  measured on t h e  r, = c o n s t a n t  a r c ,  and T t h e  dependent  v a r i a b l e  o f  
t h e  t r a n s p o r t  e q u a t i o n  k i n g  s o l v e d ,  i n  t h i s  paper  t h e  dependent  v a r i a b l e  is t empera tu re .  
f n o r d e r  to normal i a e ,  a l low f o r  'opt  i m i r a t  ion,' and remove s i n g u l a r  it ice, t h e  above equa- 
t i o n  is c a s t  i n t o  t h e  fo l lowing  form 

where b is an a d j u s t a b l e  c o n s t a n t  w e d  f o r  ' op t imi ra t ion '  of t h e  g r i d  d i s t r i b u t i o n .  

The above e q u a t i o n  has  some i n t e r e s t i n g  f e a t u r e s  which w i l l  now be d i s c u s s e d  b r i e f l y .  
For the  c a s e  b - 0 a uniform d i s t r i b u t i o n  of p o i n t s  on t h e  nonor thogonal  a r c  is o b t a i n e d ,  
w h i l e  f o r  l a r g e  b, c o n s t a n t  v a l u e s  of t h e  v a r i a b l e  T, or i so the rms ,  a r e  s e l e c t e d .  The 
c o o r d i n a t e  l o c a t i o n  e q u a t i o n  is s o l v e d  i n  an e x p l h c i t  s e n s e  a t  t h e  o l d  time s t e p ,  and t h e  
d e t a i l s  can be found i n  t h e  paper  by h y e r  e t  a l .  Also ,  it shou ld  be mentioned t h a t  t h e  
accu racy  i n  s o l v i n g  t h e  e q u a t i o n  does  no t  i n f l u e n c e  d i r e c t l y  t h e  accu racy  of t h e  f i n i t e  
d i f f e r e n c e  s o l u t i o n .  With t h e  use  of t h e s e  g e n e r a l i a e d  c o o r d i n a t e s  and an a d a p t i v e  g r i d  
t echn ique  a powerful  new method is a v a i l a b l e  f o r  numer ica l  s o l u t i o n .  

I n  t h e  p r e s e n t  paper t h e  a d a p t i v e  g r i d i n g  p rocedure  h a s  o n l y  been employed i n  t h e  
c a l c u l a t i o n  of t h e  t empera tu re  and s p e c i e s  c o n c e n t r a t i o n s ,  and has  no t  becil used f o r  t h e  
s t r eam f u n c t i o n - v o r t i c i t y  p a r t  of  t h e  method. The s t r eam f u n c t i o n  and v o r t i c i t y  have k e n  
c a l c u l a t e d  from a predetermined g r i d ,  however the  use  of a d a p t i v e  g r i d i n g  f o r  t h e  f l u i d  
dynamics is being implemented a t  t h e  p r e s e n t  time. 

R e s u l t s  

The r e s u l t s  which w i l l  be p r e s e n t e d  i l l u s t r a t e  mainly t h e  c a p a b i l i t y  of t h e  c a l c u l a t i o n  
method, and do not  g i v e  a comple te  d e s c r i p t i o n  of d r o p l e t  combustion.  The problems which 
have  been s o l v e d  a r e  t h e  fo l lowing :  

1. I g n i t i o n  and flame p r o p a g a t i o n  about  h o t  p a r t i c l e s .  
2. S e p a r a t e d  flow around l i q u i d  d r o p l e t s .  

A d e s c r i p t i o n  of each of t h e s e  r e s u l t s  w i l l  now be g iven .  

The f i r s t  problem so lved  was t o  c a l c u l a t e  t h e  i g n i t i o n  and flame p ropaga t ion  abou t  a 
s p h e r i c a l  p a r t i c l e .  The r e a c t i o n  mechanism is very  s imple  and c o n s i s t e d  of a premixed f u e l  
A r e a c t i n g  and going ove r  t o  s p e c i e s  B. The nond iaens iona l  form o f  t h e  energy and s p e c i e s  
e q u a t i o n s  a r e  

U-d 
where Pe = - P e c l e t  Number, based on maximum v e l o c i t y  UI i n a i d e  t h e  d r o p l e t  

a 

NDA - D i r n e ~ s i o n l e a s  Pre-Exponent ia l  React ton  C o e f f i c i e n t .  

B a  = A c t i v a t i o n  I l m p e r a t u r e ,  Ea/R. 

and it has  been assumed t h a t  a l l  t r a n u p o r t  c o e f f i c i e n t s  a r e  c o n s t a n t ,  and t h a t  t h e  the rma l  
d i f f u s i v i t y  and s p e c i e s  d i f f u s i v i t y  a r e  e q u a l .  



For t h i s  i g n i t i o n  model problem t.he v e l o c i t y  f i e l d  was assumed t o  be t h a t  g i v e n  by 
S t o k e s  f low, and t h e  o v e r a l l  d e n s i t y  was assumed c o n s t a n t .  The v a l u e  f o r  t h e  P e c l e t  number 
was choeen t o  be 200 and B a l l  f o r  an  i n i t i a l  t empera tu re  of premixed r e a c t a n t  of  ' b . 2 .  
The s p h e r i c a l  p a r t i c l e  s u r f a c e  w i l l  be r a i s e d  impu l s ive ly  to ' b l . 0  and t h e  a d i a b a t i c  
f l ame  t e m p e r a t u r e  i n  terms of  d i m e n s i o n l e s s  t empera tu re  is = 1.2. 

The v a l u e s  f o r  t h e  p r e - e x p o n e n t i a l  c o e f f i c i e n t  were chosen t o  be c h a r a c t e r i s t i c  o f  
hytlrocarbon f u e l s ,  t h u s  t h e  b a s i c  time s c a l e s  of t h e  p r o c e s s e s  a r e  s i m i l a r  t o  a modera te  
Reynolds number p a r t i c l e  i n  a premixed hydrocarbon g a s  (however,  t h e  s i m u l a t i o n  is h i g h l y  
s i m p l i f i e d  a s  can  be e a s i l y  s e e n ) .  The f i r s t  res I ts  f o r  t h e  numer ica l  s i m u l a t i o n  a r e  
s h c r n  i n  l i g u r e s  (1) through (0 f o r  NDA = 2.2- l o Y ,  which c o r r e s p o n d s  t o  a r a t h e r  t h i n  
f larce compared t o  p a r t i c l e  d i a m e t e r .  P i g u r e s  (1) and ( 2 )  show t h e  c o o r d i n a t e  sys tem ( t o p )  
and i so the rm d i s t r i b u t i o n  f o r  a uni form g r i d  s i m u l a t i o n .  A c a r e f u l  s t u d y  of t h e  i so the rm 
d i s t r i b u t i o n  shows o s c i l l a i i o n s  i n  t h e  f lame, and t h i s  is due t o  t h e  h igh cell P e c l e t  
numbers. 

The o s s i l l t t i o n s  a r e  more s e v e r e  a s  t h e   lame moves away from t h e  body, because  of t h e  
n a t u r a l  i n c r e a s e  i n  g r i d  c e l l  s i z e  o c c u r r i n g  i n  s p h e r i c a l  c o o r d i n a t e s .  A s  t h e  f lame 
approaches  the  computa t iona l  boundary t h e r e  is on ly  one p o i n t  t o  d e s c r i b e  t h e  i ~ i r m e  s t r u c -  
t u r e .  Tbr s  lack  of r e s o l u t i o n  r e s u l t s  i n  t empera tu re  and s p e c i e s  o s c i l l a t i o n s  i n  t h e  c a l -  
cula- ior . ,  i n c o r r e c t  f lame speed and e v e n t u a l l y  t e r m i n a t i o n  of t ~ r t  c a l c u l a t i o n  due  t o  nega- 
t i ~ e  v a l u e s  of t empera tu re  and s p e c i e s .  

A ~ e c o n d  more a c c u r a t e  c a l c u l a t i o n  wi th  t h e  same number of g r i d  p o i n t s ,  but  w i th  t h e  
a d a p t i v e  g r i d  s t r a t e g y  employed is shown i n  P i g u r e s  ( 3 )  and ( 4 ) .  The most d r a m a t i c  f e a t u r e  
o f  t h e  c a l c u l a t i o n  is t h e  bunching of t h e  g r i d  p o i n t s  i n s i d e  t h e  f lame s t r u c t u r e .  T h i s  
removes a l l  t h e  numer ica l  p g c i l l a t i o n s ,  and t h e  o v e r a l l  f lame speed a g r e e s  well wi th  t h e  
r e s u l t s  of Otey and Dwyer. The r e s u l t s  of  t h i s  c a l c u l a t i o n  t h u s  show d r a m a t i c a l l y  t h e  
u s e f u l n e s s  and c a p a b i l i t i e s  of  t h e  a d a p t i v e  g r i d  p rocedure  f o r  combustion problems.  

A second c a l c u l a t i o n  wi th  a reduced r e a c t i o n  r a t e  ( N D A  = 2 . 2 0 1 0 ~ )  is shown i n  F i g u r e s  
( 5 )  through ( 8 ) .  In  t h i s  c a s e  t h e  f lame is much t h i c k e r  and t h e  c o o r d i n a t e  a d a p t i o n  is 
o n l y  very  s l i g h t .  However, t h e  i g n i t i o n  and flame p r o p a g a t i o n  p r o c e s s e s  a r e  much more 
i n t e r e s t i n g .  F i g u r e  ( 5 )  e x h i b i t s  t h e  i so the rm d i s t r i b u t i o n  a t  an e d r l y  time wi th  a maximum 
tempera tu re  of 9 = 1.0 o c c u r i n g  a t  t h e  p a r t i c l e  s u r f a c e .  A s  time i n c r e a s e s  an i g n i t i o n  
p r o c e s s  o c c u r s  a t  t h e  r e a r  s t a g n a t i o n  p o i n t  ( F i g u r e  ( 6 ) )  and then a s t e a d y  s t a t e  r e a c t i o n  
zoee  is s e t  up on t h e  leeward s i d e  of t h e  p a r t i c l e  ( F i g u r e s  ( 7 ) - ( 8 ) ) .  I t  is e a s i l y  seen  
from t h e  i so the rm d i s t r i b u t i o n  t h a t  t h e  s u r f a c e  l o c a t i o n  where t h e  gas  t empera tu re  rises 
above t h e  w a l l  t empera tu re  q u i c k l y  s t a b i l i z e s  on t h e  leeward s i d e  of t h e  p a r t i c l e  s u r f a c e .  
These r e s u l t s  show t h a t  t h e  p r e s e n t  c a l c u l a t i o n  methods w i l l  r e s o l v e  i g n i t i o n  phenomena i n  
p a r t i c l e  dynamics. 

The f i n a l  r e s u l t s  t o  be p r e s e n t e d  a r e  a demons t r a t ion  of t h e  a b i l i t y  of t h e  numer ica l  
methods t o  c a l c u l a t e  t he  f l u i d  f low around and i n s i d e  d r o p l e t s .  Shown in  F i g u r e s  ( 9 )  
through (11) a r e  t h e  d i s t r i b u t i o n  of s t r eam f u n c t i o n  and v o r t i c i t y  f o r  a s o l i d  p a r t i c l e  i n  
a flow wi th  a Reynolds number o f  100,  based on p a r t i c l e  d i a m e t e r .  F igu re  ( 9 )  e x h i b i t s  t t ia  
d i s t r i b u t i o n  of s t r eam f u n c t i o n  o u t s i d e  t h e  p a r t i c l e ,  wh i l e  F igu re  ( 1 0 )  shows t h e  s t r eam 
f u n c t i o n  i n s i d e  t h e  s e p a r a t i o n  bubble  ( t h e  t o p  f i g u r e  is t h e  c o o r d i n a t e  d i s t r i b u t i o n s ) .  A 
more d r a m a t i c  r e p r e s e n t a t i o n  of h igh  Reynolds number i n f l u e n c e s  can  be seen  in  F i g u r e  (11) 
where t h e  normal ized  v o r t i c i t y  c o n t o u r s  a r e  g i v e n .  The bunching of t h e  c o n t o u r s  on t h e  
windward s i d e  of t h e  p a r t i c l e  is c l e a r  ev idence  o t  t h e  s t a r t  of  boundary l a y e r  fo rma t ion  
and s e p a r s t  i on .  

A l l  of t h e  above r e s u l t s  a g r e e  w e l l  w i th  t h e  c a l c u l a t i o n s  of Le  lair.? Figure  ( 1 2 )  
e x h i b i t s  t h e  s t r e a m l i n e  p a t t e r n  i r s i d e  of a l i q u i d  d r o p l e t  a t  an e x t e r n a l  flow Reynolds 
number of 200. l o r  t h i s  c a l c u l a t i o n  t h e  r a t i o s  of l i q u i d  d r o p l e t  t o  g a s  v i s c o s i t y  and 
d e n s i t y  a r e  r e s p e c t i v e l y  

which a r e  t y p i c a l  v a l u e s  of i - t e r e s t  t o  combustion problems.  T h e r e f o r e ,  it seems t h a t  t h e  
met3ods ue a r e  employing a r e  . l t e  encourag ing ,  and g i v e  s t r o n g  promise of g i v i n g  new 
r e s u i t s  f c r  t h e  comple te  problem o f  d r o p l e t  combustion.  

Conc lus ions  

A r.aw c o l l e c t i o n  of numer ica l  t e c h n i q u e s  has  k e n  assembled to s o l v e  problems o f  h e a t ,  
mass and momentum t r a n s p o r t  i n  d r o p l e t  combustion sys tems.  The major new f e a t u r e s  of t h i s  
c o l l e c t i o n  of methods a r c  t h e  f o l l o w i n g :  



1. G e n e r a l i z e d  Nonorthogonal Coord ina te s  
2. Adapt ive  Gr id ing  on Tempera ture  G r a d i e n t s  
3. Block T r i d i a g o n a l  S o l u t i o n  of Energy and S p e c i e s  Equa t ions  
4. P o i n t  I t e r a t i o n  of t h e  St ream Func t ion  on t h e  V o r t i c i t y  D i s t r i b u t i o n  

A 1 1  o f  t h e  above methods have shown themse lves  s t a b l e  and c a p a b l e  of g i v i n g  improved 
r e s u l t s  f o r  t h e  f l u i d  flow, h e a t  t r a n s f e r ,  and mass t r a n s f e r  problems ao lved .  

,-. 
The p h y s i c a l  problerae s o l v e d  i n  t h e  paper  were modera te  Reynolds number f low o v e r  b o t h  

s o l i d  and l i q u i d  d r o p l e t s ,  a s  well a s  a s t u d y  of i g n i t i o n  around a h o t  s o l i d  p a r t i c l e  i n  a 
S t o k e s  f low. The f l u i d  flow s t u d i e s  reproduced t h e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s ,  and 
t h u s  v e r i f i e d  t h e  accuracy of t h e  methods employed. The s t u d y ,  o f  i g n i t i o n  abou t  a h o t  par- 
t ic le  showed c l e a r l y  t h a t  i g n i t i o n  can be delayed u n t i l  t h e  leeward s i d e  o f  t h e  p a r t i c l e ,  
and a flame can be s t a b i l i z e d  i n  t h e  wake of t h e  particle. These  results seem t o  be new, 
and t h e  f u t u r e  i n c l u s i o n  of v a r i a b l e  d e n s i t y  w i l l  a l l ow f o r  a comple te  d e s c r i p t i o n  o f  

,. p a r t i c l e  i g n i t i o n .  Also,  it shou ld  be mentioned aga in  t h a t  t h e  h i g h - r e a c t i o n - r a t e  i g n i t i o n  
s t u d i e s  would n o t  be p o s s i b l e  wi thou t  a d a p t i v e  g r i d i n g ,  because  of its e f f i c i e n t  u se  o f  
g r i d  p o i n t s .  
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InSlabl l l ty Due to  targm C a l l  

F f g .  I .  Flame propagatqlon with a uniform grld. 
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Instabl l l tq  Due to  large C e l l  

FEg. 2. Flame ropsgatlon with a u n f f o m  gr id,  
Nn,q a 2.2.109. 

Ftg. 3.  Flme propagatjon w i t h  an adaptive 
g r i d ,  Hgh = 2.2.105. 

Ftg. 4. F lare propagation w i t h  an adapt ive  
grld, IDA = 2.2-105. 

I Ftg. 5.  Prelgnl t l o n  1sothenn dlistrl  buf Ion.  Flg. 6. Ign i t ion  isothenn distr ibutfon.  



Fig. 7.  P o s t f g n l t i o n  isothenn distribution. Ffg.  8. Pos t ign l t ion  isotherm d is t r jbu t lon .  

F l g .  9, External stream7 ines; sol l d  p a r t i c l e ,  
Re - 50. 

F f g .  11. Vor t tc l ty  d i  i t r f b u t l ~ n :  
solid par t tc le ,  Re = 30. 

Ftg. 10. S e p a r a t l o ~  bubble stream1 jnes; 
so l id  p a r t i c l e ,  Re = 50. 

Fig. 12. S t r e m l l n e  dtstr jbut fon;  
l i q u i d  d r o p l e t ,  Re = 100. 
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