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The ar t ic le  d i scusses  the combustion of smal l  drops of metal .  It is postulated that the fo rma-  
tion of an oxide in the liquid phase  s ta r t s  with the or igin  of a condensed phase and continues as 
the resul t  of a react ion between the vapors  of the drop and the oxidizer  at the surface  of the 
forming pa r t i c l e s  of the condensed phase. It is shown that the p r o c e s s  of the formation of p a r -  
t ic les  of condensed oxide in the gas,  for  ve ry  small  drops,  has an essent ial ly  uns teady-s ta te  
charac ter .  Under these c i rcumstances ,  a considerable  fract ion of the vaporizat ion products  of 
a drop does not succeed in condensing af ter  the complete gasification of the drop and remains  
in the gaseous state. 

The m o s t  significant special  cha rac te r i s t i c  of the combusion of meta l l ic  drops is the formation of con- 
densed combust ion products .  The question of the formation mechanism and the spec t rum of the oxide pa r t i c l e s  
fo rmed  can be determined only with an explicit  considerat ion of the s t ruc ture  of the zone of the react ion be -  
tween the vapors  of the drop and the oxidizer.  In a quas is teady-s ta te  approximation, for  metals  with diffi- 
culty volati l izing oxides (of the type of A1, Mg, Be, etc.), this question was d iscussed  in [1]. It was found that 
with s teady-s ta te  combustion of a drop, at g rea t  dis tances f rom its surface  the velocity of the s teady-s ta te  
flow reve r t s  to zero,  and, as a resul t  of this, in this region there  is an accumulat ion of par t ic les  of the oxide. 
It was  noted, however,  that for  small  drops a s teady-s ta te  distribution of the par t i c les  in the neighborhood of 
the point at which the Stefan flow r eve r t s  to zero  is establ ished after  a t ime which is considerably g rea te r  
than the t ime of the complete combustion of a drop of metal .  Therefore ,  it is of in teres t  to examine the man-  
ner  in which the par t i c les  of the oxide are  formed and move in space during the t ime of the unsteady-s ta te  
p r o c e s s  of the format ion of the s t ruc ture  of the react ion zone. 

Let there  be a drop of metal  with an initial radius R in an oxidizing medium with a t empera tu re  To, a 
p r e s s u r e  P0, and a re lat ive m a s s  concentrat ion of the oxidizer  a~ . Analogously to [1], we shall assume that 
the combustion of the drop is spher ical ly  symmet r i ca l  and that the p roce s s  of the formation of the oxide in 
the gas s ta r t s  with the format ion of nuclei of the condensed phase,  consist ing of molecules  of the metal  and 
the oxidizer ,  and continues as the resul t  of a heterogeneous react ion between vapors  of the drop and the oxi- 
dizer ,  even at the surface  of the oxide par t ic les .  Under these c i rcumstances ,  le t the  rate  of condensation~ and 
the ra te  of format ion of the nuclei, respect ively ,  have the form 

q~ == klp2a]aoxS; din = -  k~p~a/aox, 

where  a f a n d  aox are  the relat ive m a s s  concentrat ions,  respect ively ,  of the vapors  of the metal l ic  drop and 
the oxidizer ;  p is the density of the gas;  s is the specific (for  a unit of volume) surface of the oxide par t ic les  
formed;  n is the number  of oxide par t i c les  in unit volume; and k 1 and k z a re  the r eac t ion - ra t e  constants of 
condensation and nucleus-format ion,  which, by vir tue  of the smal l  value of the activation energy of these r e -  
actions and the high level of the t empera tu res  of the medium, a re  assumed  to be independent of the t empera -  
ture.  The rate  of consumption of vapors  of the drop of metal  and the oxidizer  going to the formation of nuclei 
of the condensed phase (by vir tue  of the i r  smallness)  is a ssumed  to be negligibly smal l  in compar ison with the 
ra te  of condensation. 
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The picture of the combustion of a drop of metal  descr ibed in [1] has the following appearance.  The 

products  of the vaporizat ion of the drop flow away f rom its surface and enter  into a heterogeneous react ion 
with the oxidizer  at large dis tances f rom the drop, fol~ning condensed par t i c les  of oxide. This react ion has 
only a weak effect  on the distr ibution of the vapors  of the drop and the oxidizer  at l a rge  dis tances and almost  
does not prevent  the penet ra t ion of the oxidizer  to the surface  of the drop. The heat evolved as a resul t  of 
the react ion between the oxidizer  and the meta l  at  the surface  of the drop goes for  fur ther  vaporizat ion of 
the meta l  and heating of the drop. 

The condensed oxide, which is a combustion product  of the metal l ic  drop, is formed both at the surface 
of the drop of metal  and in the gas surrounding the drop. The entrainment  of small  condensed par t i c les  of 
oxide, forming in the gas phase,  is effected by a Stefan flow, which is a ssumed  to be d i rec ted  away from the 
surface of the drop. By the velocity of the Stefan flow in diffusion p rob lems  there  is usually understood the 
mean  volumetr ic  velocity of the gas, while in hydrodynamics  by the velocity of the motion of the liquid there  
is understood the mean  m a s s  velocity [2-4]. The difference between the mean mass  and mean  volumetr ic  
veloci t ies  of the gas is connected with the varying density and can be very  considerable  if the molecu la r  
weights of  the counterdiffusing components differ greatly.  The t r anspor t  of condensed pa r t i c l e s  in the gas 
takes place at the veloci ty of the gas;  therefore ,  here  by the velocity of the Stefan flow there  is understood 
the mean  m a s s  velocity of the gas. 

We shall assume that the cha rac te r i s t i c  combustion t ime of a drop of metal  R2/~,  where  ~ is the coef-  
ficient of propor t ional i ty  in the Sreznevskii  law (r20 = R 2 -c~t),  is much g r ea t e r  than the charac te r i s t i c  t ime 
of the heterogeneous react ion at the surface  of the nuclei (k 1 ps0) - i ,  where  s o = [4~( p / p c ) 2 k 2  p/kl]  1/4 is the 
cha rac te r i s t i c  specific surface of the forming par t i c les  of oxide, and much g rea t e r  than the charac te r i s t i c  
diffusion t ime R2/D, which leads to the rat ios R 2 > ~ / k  1 ps 0 and a / D  << 1. Under this assumption,  the dis-  
tr ibutions of the concentra t ions  of the gaseous substances around the drop can be assumed to be s teady-  
state. 

We introduce the following dimensionless  var iables  and p a r a m e t e r s :  ~ = a t / R  2 is the t ime;  ~ = r / R  is 
the distance f rom the drop;/3 = u ro /D is the Stefan flow (at the surface  of the drop fi =/3 o = uoro/D);  5 z = 
k 1 pR2so/D is the ratio of the cha rac te r i s t i c  diffusion t ime to the charac te r i s t i e  t ime of the heterogeneous 
react ion at the surface of the nuclei; 7 = c~/D is the ratio of the charac te r i s t i c  diffusion t ime to the charac -  
t e r i s t i c  combustion t ime of the drop; and S = s / s  o is the dimensio~iess specific surface  of the pa r t i c l e s  of 
oxide in the gas phase. 

Assuming that the b inary  diffusion coefficients are  equal to each other,  the dimensionless  diffusion 
equations for  the products  of the vaporizat ion of the drop and for the Stefan flow can be wri t ten in the form 

: O(~ai V t - �9 - ~.2c)a!lc) ~)la ~ = - -  (v.,uyu~)6 2 ~-alaoxS; (1) 

~ o ~ /  0 ~ = - -5  2 ~ a s a ~ S .  (2) 

Here the partial derivatives are written, since it is assumed that the specific surface of the particles of the 

condensate S, the concentration af, and the Stefan flow fl depend not only on the coordinate, but also on the 

time. The quantity ~/i - T = r0/R = ~0 is the coordinate of the surface of the drop of metal. Analogous dif- 

fusion equations can be written for the concentration of the oxidizer aox, the decomposition products of the 

oxidizer  ap, and the iner t  gas ai. The p a r a m e t e r s  u and /z, with the corresponding subscr ipts ,  introduced 
into the equations, a re  the s to ichiometr ic  coefficients of the heterogeneous react ion at the surface of the 
nuclei and the molecu la r  weights of the components par t ic ipat ing in the reaction. 

The boundary conditions for Eqs. (1), (2) can be wri t ten in the form 

= ; o ,  ,~t = , ,7,  ao,, - o ,  f~ = ~o, ( , , o a t  - a a d < L : )  = o ,  

= - ( ~ o a ~ -  O a # o ; ) ,  = ~ ,  (vv~p/vo~,Uo~) ( Oa,~/ O ; ) o 

where  it is a s sumed  that at the surface  of the meta l l ic  drop a heterogeneous react ion takes place at a high 
rate  and that the equilibrium between the vaporizat ion products  of the drop and the condensed substance of the 
drop is establ ished very  rapidly. 

To determine the dependence of the specific surface of the oxide par t ic les  S on the coordinate and the 
t ime, let us consider  the equation of the rate  of format ion of nuclei of the condensed phase and the equation 
of the rate  of growth of the forming pa r t i c l e s  of condensate. The dimensionless  equation of the change in the 
d iameter  ~ of an individual par t ic le  of condensate in the gas phase is wri t ten in the form 
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TOT/O~ + (~1 ~o/~')(0(p10 ~) = 2(919c)(62!so)alaox, (3) 

and the dimensionless  equation of the format ion of nuclei of the condensed phase in the form 

yOn~Or + (~ol~")(O~nlO~) = (k.~p/kl)(52/so)ataox . (4) 

in distinction f rom the diffusion equations (1), in which by vir tue of the assumption ? << 52 the der iva-  
tive with respec t  to the t ime was  neglected, in Eqs. (3), (4) the derivat ives  with respec t  to the t ime are  r e -  
tained, since it is a s sumed  that ? ~ 5 3 (in [1] it was assumed  that ? << 5a). 

The boundary conditions for  Eqs. (3), (4) a re  as follows: at the surface of the drop of metal  

-~ ~o = V - t - T ,  n : 0; 

at  the point of formation of a nucleus of the par t ic le  of condensate under considerat ion 

~=~' ,  ~ = 0 .  

The initial conditions a re  as follows: 

t = O ,  n = O ,  qo=O. 

To simplify the equations presented,  we introduce the function 0 = 0( ~, r ) ,  which sat isf ies  the equation 

yOO/Or --" ([~ ~o/~-")(O0/O ~) = 5~ataox, (5) 

with the initial conditions r = O, 0 = O, ~ = ~0, and 0 = O. In its physical  meaning, the function 0 cor responds  
to the d iameter  of a par t ic le  of the condensate,  whose nucleus was formed near  the surface of the drop of 
metal .  

The solutions of Eqs. (3), (4) can be wri t ten in t e r m s  of the function 0: 

,~ = 2(,ol~<)(llso)(O - 0'); 
.e "1 O " O 

,~, , ' ,  , b" i 

where  the function 0' cor responds  to the coordinate and the moment  of t ime of the formation of the nucleus 
of the par t ic le  of condensate under consideration.  

Integrating with respec t  to 0' f rom zero  to 0 the product  of the surface  of a par t ic le  of condensate 
~q~2 by the function dn /d0 ' ,  we can obtain an express ion  for  the value of S: 

0 (O 
s = t" (o - o';- ~xp i" SdO ,,I dO'. 

~, ,! 

The solution of this equation is 

S = tg 0/2 '-~ - -  th 0/21,4. 

Thus, the problem of investigating the s t ruc ture  of the zone of the react ion around a drop of metal ,  i .e.,  
the problem of determining the value of the Stefan flow, the concentrat ion and the specific surface of the p a r -  
t ic les  of the condensate,  and the distr ibutions of the concentrat ions of the gaseous substances,  reduces to 
finding the dependence of the function 0 on the coordinate and the time. 

We use the postulation, introduced in [1], with respec t  to the smal lness  of the charac te r i s t i c  t ime of the 
heterogeneous react ion at the surface of the nuclei in compar i son  with the cha rac te r i s t i c  diffusion t ime 5 2 << 
1. Then at small  dis tances from the surface of the drop (~5 << 1) the solution of the diffusion equations (1), 
with an accuracy  up to quantities of the zero  o r d e r  with respec t  to 5, will be as if there  were  no condensation 
react ion at all in the gas around the drop. Such a situation cor responds  to a situation in which the react ion in 
the gas phase has no effect  on the combustion rate  of the drop during the p r o c e s s  of the combustion of a 
meta l l ic  drop. The combustion react ion of a drop of meta l  takes place at its surface  due to the diffusion of 
the oxidizer  into it. 

Solving the diffusion equation (1) with a zero  r ight-hand par t ,  and using the condition of the equality to 
unity of the sum of the concentrat ions of all the gaseous substances at the surface of the drop, we obtain the 
following express ions  for  the concentrat ion and the flow I} of the products  of the vaporizat ion of a drop at its 
surface: 

~ = 1 - [l  - (1 - ~ , . / . . o ~ , o ~ ) G ]  ~-~~ (6)  

I~ = ~0a~ -- e-'~~ 
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E l i m i n a t i n g  the  r i g h t - h a n d  p a r t  in Eqs .  (1), (2), and  i n t e g r a t i n g  the  equa t ion  ob t a ined  wi th  r e s p e c t  to the  
coo rd ina t e ,  t ak ing  accoun t  of  the  b o u n d a r y  condi t ions  a t  the  s u r f a c e  of the  drop  (6), w e  ob ta in  

0 (7) R,,<~1 - ~ (,~,~sla~) = '.s.us~o (~ - I ~ ) / ~ ,  

where 
,% = [ ( 1  - - 

c o r r e s p o n d s  to  the  va lue  of  the  Stefan flow at  inf in i ty  in the  s t e a d y - s t a t e  p r o b l e m  [1]. The  va lue  offl~o is  n e g a -  
t ive ,  independen t ly  of  the  m e d i u m  in which  the  c o m b u s t i o n  of the d rop  t a k e s  p l a c e :  in oxygen,  w a t e r  Vapor ,  o r  
c a r b o n  dioxide.  

At l a r g e  d i s t a n c e s  f r o m  the  drop  (~5 ~ 1 ) w e  in t roduce  the  new v a r i a b l e  ~ = ~5 and  the  p a r a m e t e r  
c~ = ")//5 3. Neg lec t i ng  t e r m s  of  the  o r d e r  6 in Eq. (7) and e x p r e s s i n g  the  c o n c e n t r a t i o n  of the  v a p o r i z a t i o n  
p r o d u c t s  of  the  drop  af  in t e r m s  of  the  funct ion  0, f r o m  (5), t ak ing  accoun t  of  the  fac t  tha t  a t  g r e a t  d i s t a n c e s  
aox  = a~ : + 0(5), we  ob ta in  the  equa t ion  

r lo~aOlO.~ 4 @ o l n  ~) (,)o/On)l/On = - (vs~,</n o) ao~ (ll2)U~o (15 - -  l~<,:). (8) 

An equa t ion  f o r  d e t e r m i n i n g  the  change  in the  Stefan flow a t  l a r g e  d i s t a n c e s  f r o m  the d rop  is  ob ta ined  
b y  subs t i tu t ing  the  c o n c e n t r a t i o n  of  the  v a p o r i z a t i o n  p r o d u c t s  of  the drop a f  f r o m  (5) into Eq. (2): 

af$1an = - -  sn~i ~o [coaota~ + (f~ ~olq~)(aolan) ]. (9) 

The  in i t ia l  and b o u n d a r y  condi t ions  f o r  Eqs .  (8), (9) can be  w r i t t e n  in the  f o r m  

"~ = O, O = O; n = O, O = O; q -> 0% r § (fi~oln2)(aOlan) --> o. 

The  l a t t e r  condi t ion m e a n s  the  equa l i ty  to z e r o  at  inf ini ty  of  the  c o n c e n t r a t i o n  of  the  v a p o r i z a t i o n  p r o d u c t s  of  
the  drop.  

We shal l  so lve  Eqs .  (8) and (9) wi th  the  assumpt ionw/f i0>> 1, which  c o r r e s p o n d s  to  the  condi t ion 

R < [aD'/2/~o(kipso)~l 2 l)/~. 

Together with the condition of the quasisteady-state distribution of the concentrations of the gaseous sub- 
stances around a drop of the metal R > (~k I pS0) I/2, evaluations using this condition give a range of diame- 
ters  of the metallic drops, in which the dependences given are valid, equal to from 3 to 40 ~~ 

At great distances from the surface of the drop, the solution of Eq. (8) is 0 ~[3o/co. From this, substi- 
tuting the solution into Eq. (9), we find that with an accuracy up to quantities on the.order of (rio~co) the 
Stefan flow can be regarded as constant at such large distances. At small distances 7 ~fio/CO we introduce 
the following new variables: z = 0co 2/3 and x --. 7co I/3, where the value of 0 is on the order of rio~co and, con- 
sequently, the Stefan flow can be assumed constant and equal to rio, by virtue of the connection with the solu- 
tion near the drop. Finally, after connecting the solutions at large distances from the drop and at distances 
on the order of rio/co, we obtain the solution of Eq. (8): 

n ~ '}*, 0 = ('.'s,"s/~D a~x (l12)u~ I(J~o --  ~<~).2i~o1 n'>', (10) 

n > n*, ~ = (vs,tts/,t,D ai~,>: (1 2)'f'. [([~o -- ~=)/215o1 In ~ -- (n ,~ -- n*'~)2"3]. 

where 

i s  a coo rd ina t e ,  c o r r e s p o n d i n g  to 
t a in ing  th i s  solut ion,  i t  w a s  t aken  
r e a c h i n g  the  c o o r d i n a t e  7/ a f t e r  a 
nega t ive .  

\~,'~ 

the  m a x i m u m  of  the  spec i f i c  s u r f a c e  of the  p a r t i e l e s  of  condensa te .  In o b -  
into c o n s i d e r a t i o n  tha t  the  c o o r d i n a t e  of  a p a r t i c l e  of  the  condensa te ,  
t i m e  • ( 7 '  = (713 - 7 "  3)I/3), i s  g r e a t e r  than  o r  equal  to z e r o  and  cannot  b e  

The  dependence  of t h e S t e f a n  flow on the  c o o r d i n a t e  and  the  t i m e  can  b e  d e t e r m i n e d  f r o m  Eq. (9). Sub- 
s t i tu t ing  the  so lu t ion  (I0) into th i s  equat ion,  we  f ind 

[ 1 vf.uf 0 (15o--lS~)]~pj ,811 qh 
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w h e r e  fll i s  the value of the Stefan flow with v = ~ *. It can be  seen  that  fo r  the smal l  drops  under  cons ide ra -  
-tion h e r e  ( &/-w << 1) t h e  s tefan flow is a lways  d i rec ted  away f rom the su r face  of the drop and does not r e -  
v e r t  to zero.  F o r  l a r g e r  drops,  the fo rma t ion  of the s t a t ionary  reac t ion  front  ih the gas  phase ,  desc r ibed  in 
[1], at  which the m ax i m um  of the spec i f ic  su r face  of the p a r t i c l e s  of condensate  (a m a x i m u m  of 0) coincides 
wi th  the point at which the veloci ty  of the Stefan flow r e v e r t s  to zero ,  t akes  p l ace  in the following manner .  At 
some  m o m e n t  of t ime ,  the veloci ty  of the Stefan flow r e v e r t s  to zero  at  infinity and, with the development  of 
the p r o c e s s  of the combust ion of the drop,  m o v e s  toward  i ts  sur face .  Such a si tuat ion is s i m i l a r  to the de-  
ve lopment  of a g a s - p h a s e  reac t ion  front  with the  combust ion  of a drop of a hydroca rbon  fuel [5]. On the o ther  
hand, the m a x i m u m  of the specif ic  su r face  of the p a r t i c l e s  of condensate  or ig ina tes  n e a r  the su r face  of the 
drop and, with the p a s s a g e  of t ime ,  m o v e s  away fron it, approaching the point w h e r e  the Stefan flow r e v e r t s  
to zero ,  which is in a g r e e m e n t  with visual  obse rva t ions  of the p r o c e s s  of the ignition of me ta l l i c  pa r t i c l e s .  
F o r  drops  of the me ta l  with a d i a m e t e r  of 100-200 ~, the fo rmat ion  of a s t a t ionary  reac t ion  front  in the gas 
t akes  p lace  in a t ime  which is cons iderab ly  l e s s  than the combust ion t ime  of a drop. With the combust ion of 
s m a l l e r  drops ,  such as  a r e  under  cons idera t ion  in the p r e s e n t c a s e ,  a s ta t ionary  reac t ion  front  is not able to 
form in the gas  during the t ime  of the comple te  gas i f ica t ion  of the drop. 

With the s t e a d y - s t a t e  combust ion  of a drop of me ta l ,  the Stefan flow at infinity is equal to fl~, and the 
flow of vapor iza t ion  p roduc t s  of the drop r e v e r t s  to zero.  In [6] it was  shown that  the f rac t ion  of the oxide 
fo rming  in the gas  phase  f rom the vapor iza t ion  p roduc t s  of a drop is 70-80% of the whole m a s s  of oxide f o r m -  
ing with combust ion,  whi le  the remain ing  p a r t  of the oxide is  f o r m e d  at  the su r face  of the burning meta l l i c  
drop. In the p r e s e n t  case  of the combust ion of smal l  drops  of meta l ,  the Stefan flow at infinity is g r e a t e r  than 
fi ~ ,  and the flow of vapor iza t ion  p roduc t s  of the drop does not r e v e r t  to zero.  This  is evidence that  only p a r t  
of the vapor iza t ion  p roduc t s  of the drop succeeds  in condensing in the t ime  of the comple te  gasi f icat ion of the 
drop in the gas.  The  remain ing  p a r t  r e m a i n s  in the gaseous  s ta te  in the fo rm of suboxides.  An express ion  
fo r  the f rac t ion  of oxide which succeeds  in condensing in the gas  phase  in the combust ion t ime  of the drop, 
out of  the whole m a s s  of oxide which should be  formed,  can be  wr i t t en  in the form 

= D 0 (3/ti) [i + (3/4)31 [([~0 -- ~=)11~013 [vs,u/3Fr a~x] ~ (2~0/~ 8/3" 

It can be  seen that  for  all  ca ses  of the combust ion of drops  of a luminum in the above range  of s izes ,  the 
f rac t ion  of oxide condensing in the gas  phase  amounts  to f rac t ions  of a percent .  However,  this  f ract ion r i s e s  
v e r y  sharp ly  with an i n c r e a s e  in the drop s ize  (as  Ra). 

Thus,  the p r o c e s s  of  the fo rmat ion  of condensed p a r t i c l e s  of  oxide in the gas  with the combust ion of 
d rops  of m e t a l  with a d i a m e t e r  l e s s  than 40 ~ t akes  p l ace  under  essen t ia l ly  uns t eady- s t a t e  conditions, under  
which a s t a t ionary  zone of the reac t ion  of the chemica l  condensation of the oxide does not succeed  in forming 
in the gas  p h a s e  in the t i m e  of the comple te  gasi f icat ion of the drop. The vapor iza t ion  p roduc t s  of a drop of 
m e t a l  in the gas  phase  a r e  not able  to condense in the combust ion t ime  of a drop,  and thus,  they r e m a i n  in the 
gaseous  s ta te  ( for  example ,  with the combust ion of a luminum [6]) in the fo rm of a luminum monoxide and 

polyoxide A10 and AlzO. 
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