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The equations of a react ing multiphase continuous medium [1] are  used to investigate the 
problem of s teady-s ta te  flame front propagation in a gas mixture  with evaporating drops.  A 
simple model for ignition of the liquid drops is proposed which is based on the application of 
the method of equally accessible  surfaces  [2] to the heat and m a s s  exchange p roces se s  be- 
tween the mic ro f l ames  surrounding the separate drops ,  the drops,  and the car ry ing  gas medi -  
urn. The pa ramete r  distr ibutions in the macroscop ic  flame front as well as the dependences 
of the flame propagation velocity in the gas suspension on a number of pa rame te r s  governing 
the process  under investigation are  represented.  

The flame front propagation velocity in a t e t r a l i n - a i r  gas suspension has been determined exper i -  
mentally in [3], and it has been detected that the drops  evaporate completely p r io r  to ignition for small 
d iameters  (do < 10p) and the flame propagation velocity in the mixture is ~30 cmfsec, i.e., is close to the 
flame propagation velocit3' in a well-mixed mixture.  The flame propagation in a gas suspension with coars -  
er  drops (d o > 20/~) is accompanied by the formation of thin spherical mie ro f l ames  around the separate  
drops.  The flame rate  hence inc reases  to values ~60 era/see. 

An attempt at a qualitative explanation of such an increase  in the flame front propagation velocity as 
the drop d iameter  inc reases  is given by L. A. Klyachko in [41 on the basis  of representa t ions  of the re lay-  
race  mechanism of the combustion of a ~uspension. It is considered that the flame is propagated because 
of the drop-by-drop ignition because of their  being heated by heat waves from those ignited ear l ie r  but still 
not burned up (because of the coa r seness  of the drops).  

If the time for one drop to burnup,  r, and the flame propagation velocity in a gas suspension, v0, are 
such that l ~% z>> l~, where l I is the spacing between drops,  then a macroscop ic  flame front of thickness l 
is formed which includes a sufficiently large quantity of burning drops.  In this case,the representa t ions  of 
the mechanics  of continuous media  are used to descr ibe  the s t ructure  of the flame front. 

Williams [5, 6] proposed a theory of flame propagation in a gas suspension of evaporating fuel which 
is based on the equations of a two-phase continuous medium. All the heat of the chemical react ion is hence 
r e fe r r ed  to the whole gas phase ~which corresponds  to a quasi-wel l -mixed mode according to the c lass i f ica-  
tion in [1]). Moreover ,  it is assumed that all the evaporating fuel is consumed in the chemical react ion,  
which is valid only for sufficiently coarse  drops.  Let us note that the Williams model yields a monotonely 
dropping dependence of the flame propagation velocity on the drop diameter .  This model does not descr ibe  
the passage of the drop combustion into the vapor phase mode with the formation of mic ro f l ames  and an in- 
crease  in the combustion velocity for d o ~20 p .  

A theory of flame propagation taking account of the possible change in the mode from the quasi -wel l -  
mixed, i.e., with distributed heat l iberation, to the vapor-phase  diffusion mode with the formation of m i c r o -  
flames around the separate  drops is proposed herein.  
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1 .  F u n d a m e n t a l  E q u a t i o n s  

The  h y d r o m e c h a n i c s  e q u a t i o n s  of  a t w o - v e l o c i t y ,  t h r e e - t e m p e r a t u r e  con t inuous  m e d i u m  in the p r e s -  
ence  of c h e m i c a l  r e a c t i o n s  have  been  o b t a i n e d  in [1] a s  a pp l i e d  to a g a s  m i x t u r e  wi th  d r o p s .  F o r  p lane  o n e -  
d i m e n s i o n a l  s t a t i o n a r y  m o t i o n  in the  a b s e n c e  of e x t e r n a l  m a s s  f o r c e s  and e x t e r n a l  hea t  supply  and n e g l e c t -  
ing long i tud ina l  d i f fus ion  of the  c o m p o n e n t s  and the r a d i a t i o n  hea t  f lux,  they  a r e  

d'nk 
- -d~r  - " - -  vkor  ( k =  t t ,  t 3 ,  1.4), drn~s~ ~ O, --~dm2 _-: __ v2 r: dnv2ci~c 0 

dr1 dp dvz dp 
ml ~ = - ~i ~ - -  l + v2! (v~. - -  vl), m2v2--d~- ~ = - -  =2 ~ + ] 

t; 

j Q O _ ~ _ v 2  f p--P~ + VllJ (Cpl - -  Cpn)(T!. - -  To) -r" v 2 l [ c ~ ( T 2 - - T o ) - -  (1.1) 

c,3(T1 To) I 

o'u~ 
m 2 ~ : - -  v~]- (it~ - -  iz) [- qf2, " v J / x !  ~ - -  q n  - -  q1~ 

The  p a r a m e t e r s  r e f e r r i n g  to the g a s  ( f i r s t  pha se ) ,  the d r o p s  ( second  p h a s e ) ,  and the m i c r o f l a m e s  
a round  the d r o p s  (f = p h a s e  [~]) a r e  e v e r y w h e r e  p r o v i d e d  with the s u b s c r i p t s  1, 2, and f ,  r e s p e c t i v e l y .  The  
g a s  p h a s e  c o m p o n e n t s  ( o x i d i z e r ,  fuel  v a p o r s ,  r e a c t i o n  p r o d u c t s ,  and i n e r t  gas)  a r e  d i s t i n g u i s h e d  by us ing  
the s e c o n d a r y  s u b s c r i p t s  1, 2, 3, 4, and 5, r e s p e c t i v e l y .  The  s u b s c r i p t  0 c o r r e s p o n d s  to the u n p e r t u r b e d  
s t a t e  of the  s y s t e m  b e f o r e  the  f l a m e  f ron t .  It i s  a s s u m e d  tha t  a l l  the e v a p o r a t i n g  fuel  i s  c o n s u m e d  in the  
c h e m i c a l  r e a c t i o n ,  i . e . ,  t h e r e  a r e  no f r e e  v a p o r s .  

A c h e m i c a l  r e a c t i o n  of  the  fo rm • ~eB+  ~'~1~E =~t13C-~ ~t~4D+ v~sE i s  c o n s i d e r e d ,  w h e r e  A, B, C, D, 
and E a r e  s y m b o l s  fo r  the o x i d i z e r  (A), fuel  (B), two k i n d s  of r e a c t i o n  p r o d u c t s  (C and D), and i n e r t  g a s  (E),  
r e s p e c t i v e l y ,  and ~ k  a r e  s t o i c h i o m e t r i c  c o e f f i c i e n t s .  M o r e o v e r , v k =  g k ~ k  , w h e r e  gk a r c  the  m o l e c u l a r  
we igh t s  of the  c h e m i c a l  e l e m e n t s  m k = PkV~. m2 = P2v2 a r e  the  m a s s  f low r a t e s  of  the c o m p o n e n t s ,  Pk, Pk ~ a r e  
the  m e a n  and t r u e  d e n s i t i e s  of the  c o m p o n e n t s ,  r e s p e c t i v e l y ,  n i s  the n u m b e r  of d r o p s  p e r  uni t  v o l u m e ,  oq, 
~z a r e  the v o l u m e  p h a s e  c o n c e n t r a t i o n s ,  v~, �89 a r e  the p h a s e  v e l o c i t i e s ,  p i s  the m i x t u r e  p r e s s u r e ,  u k and 
i k =  Uk~ p/~<~ a r e  the  i n t e r n a l  e n e r g y  and e n t h a l p y ,  TI ,T2,and q~. a r e  the  g a s ,  d r o p ,  and s p h e r i c a l  m i c r o f l a m e  
t e m p e r a t u r e s  (f i s  the p h a s e ) ,  J i s  the c h e m i c a l  r e a c t i o n  r a t e  p e r  unit  v o l u m e ,  J f  i s  the r e a c t i o n  r a t e  in 
the  m i c r o f l a m e  f r o n t s ,  f i s  the  i n t e n s i t y  of i n t e r a c t i o n  be hve e n  the p h a s e s  b e c a u s e  of  f r i c t i o n ,  qf~ and q f2 
i s  the hea t  e x c h a n g e  b e t w e e n  p h a s e s ,  x f  i s  the hea t  f lux f rom t h e f  p h a s e  to the s u b s t a n c e  u n d e r g o i n g  c h e m -  
ica l  c o n v e r s i o n ,  and [1] 

vzx/ -- v,~i~ 3 (p ,  T , )  + ~ '~ i ,4  (p ,  T / )  - -  v ~ i ~  (p~ (T2) , T2) - -  (1.2) 
- -  v ~ d .  (p ,  Tt) 

Le t  us  a s s u m e  tha t  the f i r s t  and s econd  p h a s e  c o m p o n e n t s  s a t i s f y  the  e q u a t i o n s  of s t a t e  

i~: - :  crh. ( T  1 - -  To) .'.- h~ ~ p~ - -  p~~ (k = 11, t3, t4, 15) 
p - -  p .  

i~--  c2 ( r2 - -To)+h~ .  ~ i ~o , p~~ p =  ~]p~ 
k 

�9 p.o ('r..) - -  po ~- h,zO _ l.z ( T . ) ,  p.~ - pxz~Rv~T.  

H e r e  12 (T~) i s  the hea t  of  v a p o r  f o r m a t i o n ,  Ps  i s  the  s a t u r a t e d  v a p o r  p r e s s u r e ,  and h k i s  the  e n t h a l p y  
of  the c o m p o n e n t s  fo r  T =  T o , p= P0. 

2. I n t e r a c t i o n  b e t w e e n  P h a s e s  

If a m i c r o f l a m e  f ron t  i s  i n t r o d u c e d  for  a q u a s i - w e l l - m i x e d  c o m b u s t i o n  m o d e  when t h e r e  a r e  no r e a l  
m i c r o f l a m e s  a r o u n d  the  d r o p s ,  a s  s o m e  m a t h e m a t i c a l  s u r f a c e  on which the c o m b u s t i o n  o c c u r s  with a f in i t e  
c h e m i c a l  r e a c t i o n  r a t e  [7], then  d r o p  ign i t i on  can  be c o n s i d e r e d  a s  the  p a s s a g e  of  c o m b u s t i o n  on t h i s  s u r f a c e  
f r o m  the k i n e t i c  in to  the  d i f fu s ion  d o m a i n .  

Le t  each  d r o p  of d i a m e t e r  d be s u r r o u n d e d  by a f l a m e  f ron t  s u r f a c e  of  d i a m e t e r  d f  and a r e d u c e d  
f i lm s u r f a c e  [2] of  d i a m e t e r  d I. Hea t  and m a s s  e x c h a n g e  p r o c e s s e s  g o v e r n e d  by hea t  conduc t ion  and d i f fu -  
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sion occur  between these surfaces .  Let the partial vapor p r e s s u r e s  on the drop surface and on the front 
surfaces  be Ps(T2) and p2f.  Then the intensity of the m a s s  exchange between the second and the f phase 
(j2f), between the f phase and the f i rs t  phase ( J fq ,  and between the f irst  and t h e j  phase (J~f), can be r e p r e -  
sented as 

. . . . .  ~ ~---~ In  ; -  p, - t )~,  ) t  lh l  ~ ~ d;::~, ,%i .... m',j 
( Dt~ 2d, ) 

j r ,  = ~nd2~/~9~/o 3I~ -- d/ da - - d  I 

jly = a n d y ~ t ( p n O _ p u f )  (~tt: D~t 2d, o p,,g,,~ 
' : d! d ~ - - d  I ' pn = ' ~ 1 )  

(2.1) 

Here f~ f ,  f l fp  f i l f  are the appropriate  m a s s  evolution coefficients,  DI2 and D~ are the diffusion coeffi- 
cients of the vapor and oxidizer ,  respect ively.  The react ion rate on the front in the f p h a s e  is given as a 
function of the concentration of reagents  on its surface.  For  a f i r s t - o r d e r  react ion this ra te  can be given 
by the formula 

,,':11 - :  nVd~ (,,)H?) n, (,%,~ 

(p,.'~ P'"'" ) = 1~7/'-"'~ ' nl -}- n2 =: t 

k = zexp (-- E / R T I )  
(2.2) 

Here V 5 is the charac te r i s t i c  volume of the chemical react ion,  k is the chemical react ion rate  constant, 
E is the activation energy,  z is the pre-exponential  factor ,  and n i (i= 1, 2) is the o rde r  of the react ion in the 
oxidizer and the fuel, respect ively .  Let us write the four governing relat ionships 

- -  J]'/ Jr j2!  (2 .3)  j2 ,  j l l  : Jr, - p n o  p~o v~I -- 
vii 'V2 ' "~11 V$ ' 

The f i rs t  of these relat ionships  expresses  the fact that the react ion rate (Jr) equals the difference 
between two fuel vapor s t r eams ,  where the f i rs t  is delivered to the mic rof lame  surface f romthe  drop (j2f) 
and the second is extracted from the microf lumes .  The second relationship expresses  the s toichiometry 
condition of the fluxes, the third [7] es tabl ishes  the relat ionship between the oxidizer m a s s  and the fuel va- 
por on the flume front, and the fourth is a consequence of the assumption that all the evaporating fuel is 
consumed in the chemical react ion.  This assumption cannot be satisfied for sufficiently fine drops.  

The intensity of the heat exchange between the f phase and the f i rs t  and second phases,  r e fe r r ed  to 
unit mixture  volume, is represented  as 

gt, = a n d f Z h / x  ( T t l  - -  Tx), q/z = n rid2 (T,, - -  T,) h ~  

kl 2d, L/ 2d~ 
hi1 = d! dl - -  d/ ' hfe -" d d I - -  d ' X~ = ~,1 (TI)) 

( 2 . 4 )  

Here hfl and hf2 are the appropriate  m a s s  evolution coefficients. Substituting (2.4) into the last  equa- 
tion in (1.1), we obtain an equation to determine the stat ionary flume front t empera ture  

J /r i  -I- T/o ( T  Io .=  dt2h/x Tt  + d2hi27"2 
7'1 ~ nndt2h/x + and2hl2 dt'~htt -i- d"k/2 ) (2.5) 

Using (2.1), and the f i rs t  and third relat ionships  in (2.3). we obtain 

g2f -= 
and~ (nnd f"-3tl " nVs (V~l / v-.)mk) pr In p I (p --  Ps) 

11"1'2 (and2.32! -!- ~nd/2~/l -~- nV s (vn / v2) ink) 

J !  
.~nd'~2tnV ~ (vu / w.)mk (pgz / RT,~) 1 "l p / (p - -  Ps) 

v2 (gnd~32i -~- .'~nd/2~t t ~ nV~ (vn / v2)n'k) 

In the case of the kinetic and diffusion modes,  we obtain from (2.6), respect ively ,  

(2.6) 
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j2,f and2~,~l PC" In P Jf ) = ~ P - -  Ps ' y2l ' ~  I (;'hx,, __ Dr,.Td,__d2d, 

d,2f "~n ,7=~ P%" In P Yf 1 
. . . . .  ,o2i ~ p -- p~ ' y2---7 == (2.7) 

Us ing  (2.6). we obtain  a q u a d r a t i c  equa t ion  fo r  the m a s s  evolut ion coef f ic ien t  f rom the second equa-  
t ion in (2.3) 

a32/~ -- b3,.i t -  c = 0 
Dp."end~] "2~ o D n  pe2 In P nV~(vl'/v~)"'k ~' ~ ]  ' ' Dx.. 

' - - -  ~ n a  qJglOlt - -  

a vzl?,l'~ P - -  Pa 

/vn ' .... , ~tnd2~zl/)hi . ,tnd23vnV~/vu ' . . . . .  l)n b .... ~P~"- in P _P P~ and'2],~l, 2nV~ : - - : \  v~ / k .- ' l)r,.] -i-- ,.-~,,.), tc911 

o 1)11'~ 

t2.8) 

An ana ly t ica l  inves t iga t ion  of  the igni t ion condi t ion  [the a p p r o x i m a t e  solut ion of the t r a n s c e n d e n t a l  
equat ion (2.5) t, 'ddng into account  (2.6) and (2.8)1 can be c a r r i e d  out ana logous ly  to [2], whe re  h e t e r o g e n e o u s  
igni t ion of  a sol id su r f a c e  has  been inves t iga ted .  In p a r t i c u l a r ,  it can be shown that  fo r  high va lues  of the 
ac t iva t ion  e n e r g y  and the heat  of  chemica l  r e a c t i o n ,  the lower  t e m p e r a t u r e  mode  is  p u r e l y  k ine t ic  (Jr << j 2 f )  
and the upper  is  pu re ly  d i f fus ion  (Jf  = J~f). 

F o r  the pu re ly  k inet ic  mode ,  the c h a r a c t e r i s t i c  vo lume of  the r e a c t i o n  zone is the whole vo lume a r -  
r i v ing  at the gas  phase;  hence .  

nV~ = al (2.9) 

For the p u r e l y  d i f fus ion  m o d e  the chemica l  r e a c t i o n  i n t r i n s i c a l l y  p r o c e e d s  so rap id ly  that  the m a c r o -  
scop ic  e v a p o r a t i o n  r a t e  is  g e n e r a l l y  independent  of  the chemica l  k ine t i c s  and the v a r i a t i o n s  V 5 e x e r t  p r a c -  
t i ca l ly  no inf luence on the p r o c e s s .  

If, o the r  condi t ions  being equal ,  the init ial  d r o p  d i a m e t e r  do d i m i n i s h e s ,  then the igni t ion condit ion 
can be r e a c h e d  for  h igher  t e m p e r a t u r e s  of the su r round ing  m e d i u m .  Since the t e m p e r a t u r e  of  the ambien t  
med ium cannot  be g r e a t e r  than the equ i l ib r ium t e m p e r a t u r e  behind the m a c r o s c o p i c  f l ame  f ront ,  T e. then 
the igni t ion condi t ion cannot  be ach ieved  fo r  s o m e  d = d . ,  and, t h e r e f o r e ,  d rop  de f l ag ra t i on  will  not  o c c u r  
du r ing  the f lmne p ropaga t ion .  

The f r i c t ion  between the p h a s e s  is  taken equal  to 

] = n:~-C,~"vF" ~,~'~r"q (v~ -.v~)'-2 ( C d  -- :"re24 ) (2.10) 

The d i a m e t e r  of  the r e d u c e d  film d~ is d e t e r m i n e d  by the r e l a t i o n s  

2</1 N . ~ u  -- 2 -- 0.6A'R~A v~ (2.11) 
"u - - a j _ d ,  

Equat ions  (1.1), (1.2), and (1.3) in conjunct ion with (2.4). (2.6), (2.8), (2..10) which d e s c r i b e  the i n t e r -  
phasa l  i n t e rac t ion ,  a r e  used for  the numer i ca l  solut ion of the s t e a d y - s t a t e  f l ame  f ront  p ropaga t ion  p r o b l e m .  
Ass ign ing  the boundary  condi t ions ,  d e t e r m i n i n g  the equ i l ib r ium p a r a m e t e r s  behind the f l ame f ron t  [in the 
s ta te  (e)], and inves t iga t ing  the s ingu la r i t y  c o r r e s p o n d i n g  to the s ta te  of  the m e d i u m  in f ron t  of  the f l ame  
f ron t  [the s ta te  (0)] a r e  ana logous  to the case  of  t h e r m a l  f lame p ropaga t ion  in pu re ly  h e t e r o g e n e o u s  p a r t i c l e  
combus t ion  [8]. Exac t ly  as  in I8], it can be shown that  in the case  of e x c e s s  ox id ize r  the m i c r o f l a m e  t e m -  
p e r a t u r e  Tf tends  to s o m e  t e m p e r a t u r e  "I)-e, where  Tfe > Tie, du r ing  total bumu-up of  the d rops .  In the case  
of a s t o i c h i o m e t r i c  m i x t u r e ,  the m i c r o f l a m e  and the gas  t e m p e r a t u r e s  dur ing  total  burn-up succeed  in being 
equal ized .  

The p rob l em  r e d u c e s  to seek ing  the e igem,  alue which is the f l ame  p ropaga t i on  ve loc i ty  ~ in th i s  case .  

A d i m e n s i o n l e s s  f o r m  of (1.1)-(1.3) and the r e l a t i o n s  (2.4), (2.6),(2.8),  and (2.10) a r e  used  for  the com-  
puta t ions .  Obtaining the d i m e n s i o n l e s s  equa t ions  is ana logous  to [1]. 
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3 .  R e s u l t s  o f  t h e  C o m p u t a t i o n s  

The  c o m b u s t i o n  of t e t r a l i n  d r o p s  in a i r  i s  e x a m i n e d .  I t  i s  a s s u m e d  tha t  the  c h e m i c a l  r e a c t i o n [ 9 ]  

C,oH12 ~- 13 O~ ---- I0 C02 ~- 6 H~O 

p r o c e e d s  wi th  the  fo l lowing  t h e r m o d y n a m i c  da t a  [10, 11h p0 = 1 a tm .  gage ,  T0= 298~ y10 = 1.4, pl0 ~ 0.118 
-10 -2 g / cm 3, P~~ 0.969 gLm~ 3, Cp~= 0.915 J/g . d e g ,  c2= 1.64 J/g . d e g ,  Cp3 = 0.84 J/g . d e g ,  Cp4 = 1.86 J/g-  deg ,  

Cp5 = 1.1 J / g  �9 deg,  }'120 = 5.8 9-  10 -s c a l / c m  �9 s e c  �9 deg ,  }`230 = 3.28 �9 10 -5 c a l / c m  �9 s e c "  deg ,  }'240 = 1.15 �9 10 -s c a l / c m  �9 
s e c .  deg ,  }  ̀150 =6.6 �9 10 -5 c a l / c m  �9 s e c .  deg ,  D220 = 0.186 c m 2 / s e c ,  D220 = 0.054 c m 2 / s e c ,  #210 =202 �9 1 0 - 6 g / c m  �9 
sec,/~130 = 146 �9 1 0 - 6 g / c m  � 9  Pl40 = 1 8 2 . 1 0  -6 g / c m .  s e c ,  h 3 = - 9 4 . 0 5 2  o 10 -3 c a l / m o l e ,  hi4 = 57.798 ~ 103 
c a l / m o l e .  - . . . . . . .  

The  d e p e n d e n c e  of  the t h e r m o d y n a m i c  c o e f f i c i e n t s  [Cp, },, D, ~ on  the  g a s  t e m p e r a t u r e  and 12(T2) and 
Ps  (T)] was  t aken  in c o n f o r m i t y  wi th  [10, 11]. The  c o r r e s p o n d i n g  k i n e t i c  c o n s t a n t s  w e r e  t aken  equa l  to E = 
= 2.5 �9 104 ca l~no le ,  z = 3.2 - 107 sec  - t ,  which i s  in the  r a n g e  of  the  d a t a  r e c o m m e n d e d  in [7, 9J. M o r e o v e r ,  
i t  w a s  a s s u m e d  tha t  the  r e a c t i o n  h a s  a z e r o  o r d e r  in the oxygen  ~nl== 0), which i s  va l id  fo r  o x i d i z e r  e x c e s s e s  
F i g u r e s  1 and 2 p r e s e n t  r e s u l t s  of a n u m e r i c a l  i n t e g r a t i o n  m a p p i n g  the f l a m e  f ron t  s t r u c t u r e  (v0= 53.1 cm/  
sec )  in  a g a s  s u s p e n s i o n  with  the i n i t i a l  c o m p o s i t i o n  M20= 0.052 ~oxid izer  e x c e s s ,  s t o i c h i o m e t r i c  c o m p o s i -  

t ion fo r  M20 = 0.065), and the i n i t i a l  d r o p  d i a m e t e r  d o = 38 #. 

I t  fo l lows  f rom the g r a p h s  p r e s e n t e d  tha t  i n i t i a l  he a t i ng  of the  d r o p s  (F ig .  1) f i r s t  o c c u r s  in s o m e  
d o m a i n  b e c a u s e  of  hea t  exchange  with the  ga s ,  which  i s  hea t ed  in t u rn  b e c a u s e  of hea t  evo lu t i on  f rom a 
h i g h e r  t e m p e r a t u r e  zone.  A g r a d u a l  i n c r e a s e  in the  t e m p e r a t u r e  Tf o c c u r s  which at  t h i s  t i m e  i s  be tween  
the  t e m p e r a t u r e  of  the  g a s  and the d r o p s .  In t h i s  d o m a i n  the r e a c t i o n  r a t e  i s  s m a l l ,  w h e r e u p o n  a q u a s i -  
w e l l - m i x e d  m o d e  i s  r e a l i z e d  b e c a u s e  a l l  the  c o m b u s t i o n  o c c u r s  in the  g a s  p h a s e .  Igni t ion of  the d r o p s  o c -  
c u r s  l a t e r .  The m i c r o f l a m e  t e m p e r a t u r e  ~-  hence  i n c r e a s e s  by a jump,  r e a c h i n g  the m a x i m m n  v a l u e .  
F u r t h e r  d r o p  c o m b u s t i o n  o c c u r s  in the  d i f fu s ion  d o m a i n ,  w h e r e  ~ / J  = 1 (pure  d i f fus ion  m o d e ) .  The  d r o p  
t e m p e r a t u r e  hence  r e a c h e s  the  bo i l ing  po in t  and d o e s  not change  h e n c e f o r t h .  As  the  d r o p s  and o x i d i z e r  
bu rn  ( cu rve  M 2 in F i g .  2) the  r e a c t i o n  r a t e  and the c o m b u s t i o n  r a t e  tend to  z e r o  in the  m i c r o f l a m e  f r o n t s  
J f .  The  g a s  t e m p e r a t u r e  hence  t e n d s  to the e q u i l i b r i u m  va lue  T e and the t e m p e r a t u r e  Tf d o e s  not  s u c c e e d  
in be ing  e q u a l i z e d  to the  g a s  t e m p e r a t u r e  unti l  the  t i m e  of  c o m p l e t e  bu rn  up of  the d r o p s .  

An i n c r e a s e i n  the g a s  v e l o c i t y  v t (F ig .  2) o c c u r s  b e c a u s e  of t h e r m a l  e x p a n s i o n ,  w h e r e  the  v e l o c i t y  
of the  b u r n e d - u p  m i x t u r e  m o t i o n  Vie i s  a l m o s t  an o r d e r  of m a g n i t u d e  g r e a t e r  than the v e l o c i t y  of f ron t  m o -  
t ion r e l a t i v e  to the  cold m i x t u r e  v 0 in th i s  c a s e .  The  p a r t i c l e  v e l o c i t y  ~ v a r i e s  only  unde r  the e f f ec t  of  
f r i c t i o n .  The  p a r t i c l e s  a r e  e n t r a i n e d  in the g a s  m o t i o n  a f t e r  the  r e l a t i v e  m o t i o n  h a s  b e c o m e  su f f i c i en t ly  

high,  w h e r e  th i s  p r o c e s s  i s  m a g n i f i e d  a s  the  d r o p s  burn .  

The  r e l a t i v e  v e l o c i t y  of  the d r o p  and g a s  m o t i o n  d u r i n g  f l a m e  p r o p a g a t i o n  r e s u l t s  in m o r e  i n t e n s i v e  
hea t  and m a s s  e x c h a n g e ,  which  a f f e c t s  the va lue  of the v e l o c i t y  v 0 s u b s t a n t i a l l y .  Thus ,  not t ak ing  account  
of  two-ve loc i t -y  e f f e c t s  in a c o m p u t a t i o n  by the o n e - v e l o c i t y  a p p r o x i m a t i o n  (v I = v 2) and with the f r i c t i o n  law 
C d = 2~ZNRe fo r  the m i x t u r e  M20 = 0.052, d o = 34 ~ wi l l  r e s u l t  in a r e d u c t i o n  in the  f l a m e  v e l o c i t y  to v 0 = 40 

c m / s e c ,  a s  c o m p a r e d  to v0= 58 cm/sec .  
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If it is artifically assumed that Jf= 0 for a mixture in which drop ignition occurs, then the velocity 
values ~b obtained will be significantly lower than the values given by theories taking ignition into account. 
Thus, for the mixture ~20 = 0.0507, do= 29 gunder the condition Jf---0 we have v0= 45 cm/sec, while we have 
v~ = 65era/see,taking account of ignition and combustion in the mlcroflames. 

Let us note that the Williams theory [5], which does not take account of the possibility of diffusion mi- 
croflame formation and corresponds to the case Jf :--- 0 mentioned, yields ~b :: 50 crm/sec for a mixture with 
the same parameters. The slight discrepancy between the velocities obtained for Jf - 0 (~b = 45 cm/sec) 
and that given by the Williams theory (v0:: 50 cm/sec) is explained by the additional simplifications in the 
latter. Namely, it is assumed in [5] that all the heat transmitted to the drops over the whole extent of the 
flame front goes into their evaporation, and the evaporation rate is not zero. It is hence not taken into ac- 
count automatically that a large part of the heat goes into heating the drop in some domain (see Fig. 1) and 
the evaporation rate is almost zero. Moreover, the temperature dependence of the thermodynamic coeffi- 
cients, including the coefficient of heat conduction, is not taken into account in the computations in [51. 

The increase in the flame propagation velocity x 5 as the mixture combustion mode changes is ex- 
plained by the jump diminution in the burning time of a fixed fuel mass in the presence of diffusion micro- 
flames, sincethe quantity of heat transmitted to the drops and going into evaporating them is hence increased 

The dependence of the flame propagation velocity v 0 on the initial particle diameter d o is represented 
in Fig. 3 for a fixed fresh mixture composition (M~0= 0�9 with different kinetic constants. Curve l cor- 
responds to the dependence v0(d 0) for Jf -- 0(a quasi-well-mixed mode for J2f= p2J, PI2 = 0). Its position is 
independent of the kinetic constants z and E, and it yields a monotone drop in the flame velocity as the part- 
icle diameter increases. A change in the mixture combustion mode from quasi-well-mixed to diffusion 
occurs for d0~20p.  The velocity v 0 hence increases in a jump tthe dashed line 2). As d o increases further, 
the flame propagation velocity drops tcurve 3), which is explained by the increase in the burning time of a 
fLxed fuel mass. 

The pre-exponential factor z and the activation energy E which govern the chemical kinetics substan- 
tially influence just the value of the critical diameter at which mixture combustion occurs with drop ignition 
and have practically no influence on the dependence v0(d 0) in the vapor phase mode. The curve 1 - 2 - 3  in 
Fig. 3 corresponds to the above-mentioned values of z and E (z = 3.2 �9 107 sec- i, E --- 2.5 �9 104 ca]Anole), the 
curve I - 4 - 3  corresponds to the same value of E but with an elevated value of z (z= 4.5" I07 sec -I, E = 2.5 
�9 105 cal~lole), and curve I - 5 - 6  corresponds to a diminished value of E (z-: 3.2. 107 sec -I, E= 2 �9 I0 '~ ca]/ 
mole). The influence of the activation energy E is naturally more essential than the influence of z. A 
change in the activation energ5 ~ strongly affects the change in the reaction rate constant; hence, its diminu- 
tion results in a noticeable diminution in the lag in drop ignition, which increases the value of the velocity 
v 0 somewhat in the vapor phase mode�9 

As has already been remarked, for sufficiently ,small drop diameters (for t e t r a l i n - a i r  mixtures d o < 
< 10 p.), the flame propagation in the gas suspension occurs exactly as in a well-mixed gas mixture because 
the drops succeed, in practice, in being evaporated prior to the beginning of the combustion reaction. Hence, 
the Zel'dovich-Frank-Kamenetskii formula [9] can be used for v 0 for small d o 

2)b,: T~ {'1{/' 2,2 
vo~ = ~,~,.~, (1~ - -  T,,) ~ ,"-~ , ~ - "  ) exp  ( - -  E/BT~)  (3 .1 )  
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On the basis of the experimental  r esu l t s  [3] for a t e t r a l i n - a i r  mixture and the computational resu l t s  
herein and (3.1), we determined z and E (the inverse  problem of combustion theory) in such a way that the 
theoret ical  resu l t s  best corresponded to experiment.  The constants were selected so that for small  d iame-  
t e r s  (d o < 10 p) the values given by (3.1) agreed with experiment and a change in the combustion mode oc-  
curred for d o ~-20 p in the computations using the present  theory.  The values obtained for the kinetic con- 
stants were then determined uniquely. The following values z = 3.2 �9 107 s e c - 1  E = 2.5 �9 104 cal/mole were ob- 
tained as a resul t  of such processing.  

The resul t s  of comparing the theoret ical  values obtained for the flame propagation velocity v 0 with 
the experimental  data in [3] are  represented  in Fig. 4. The c i rc les  denote the experimental  points obtained 
as a resul t  of process ing  the data in [3}, which reduced to determining the dependence v0(d 0) for a fixed M20 
from the available set of experimental  values of v 0 (d 0, M20), by numerical ly  determining the der ivat ives  
0v0/aM20, ~v0/3d 0 at separate points and subsequent linear interpolation. The horizontal dashed line (in Fig. 
4) corresponds  to the velocity given by (3.1) in the domain of small d iameters .  A quasi-wel l -mixed mode 
is apparently real ized for the drop d iamete r s  10 # < d o < 20 #, when both evaporation and diffusion and chemi- 
cal kinetics influence the combustion velocity which occu r s  without the formation of mic ro f l ames .  

In o rder  to descr ibe flame propagation in a mixture in this domain as contrasted to the Jf  -- 0 mode 
considered herein, the presence  of free fuel vapors  in the gas phase (p12>0 and J2f> ~.~J) mus t  be taken into 
account. The dependence v 0 (d 0) in the domain 10 ~ <d o < 20 # is sho~n provisional ly in Fig.  4 by the fine 
dashed curve. For  high activation energies  and high heats of chemical react ion this t ransi t ion region ap- 
parently includes a small range of drop d iamete r s  so that the change in flame propagation mode from the 
well-mixed to the diffusion occurs  sufficiently ra re ly .  The velocity jumps for the mode change given by the 
experimental  points in Fig. 4, which are not quite definite enough, are explained by a certain smoothing during 
process ing  of the experiment,  t lowever,  the fact of the increase in velocity as the mode changes is estab-  
lished experimentally and is descr ibed qualitatively by the theory.  Agreement  between the experimental  
and theoretical  resul ts  in the large d iameter  domain is sat isfactory.  
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