
EXTINCTION OF A POWDER WITH A CHANGE IN PRESSURE 
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Exis t ing  t h e o r i e s  with r e s p e c t  to uns t eady - s t a t e  condit ions for  the combust ion of powders  [1-6] use 
dependences  of the m a s s  combust ion ra te  m on the p r e s s u r e  p and the ini t ia l  t e m p e r a t u r e o f t h e c h a r g e T r  

m = m (p, r~) (0.1) 

of the su r face  t e m p e r a t u r e  of cha rge  TI, more  accu ra t e ly  the t e m p e r a t u r e  at the in te rna l  boundary of the 
r eac t i on  zone in the condensed phase  Tip , on the combust ion ra te  and the p r e s s u r e  or  the in i t ia l  t e m p e r a t u r e :  

rl = T 1 (m, p) = T 1 (m, r~r (0.2) 

or ,  s o m e t i m e s ,  of the t e m p e r a t u r e  of the de te rmin ing  f lame s ta te  T 2 on the combust ion ra te  and the p r e s -  
sure-  

Te = T2 (m, p) (0.3) 

obtained under  s t e a d y - s t a t e  condi t ions .  However, in u n s t e a d y - s t a t e  p r o c e s s e s  the p a r a m e t e r  of a powder  
may take on values  fal l ing outside the i n t e rva l s  within which the dependences (0.1)-(0.3) were  de t e rmined  
expe r imen t a l l y .  The re fo re ,  to d e s c r i b e  ext inct ion and ignit ion p r o c e s s e s ,  these  dependences  must  be sup-  
p lemented  by c r i t e r i a  which de te rmine  the i r  l im i t s  of app l icab i l i ty .  An except ion is the case  of a constant  
su r face  t e m p e r a t u r e  of the powder,  d i s cus sed  by Ya. B. Ze l 'dovich  [1, 2]. In this  case ,  ext inct ion mani fes t s  
i t se l f  as the imposs ib i l i t y  of ag reemen t  between the t e m p e r a t u r e  d i s t r ibu t ions  in the gas and condensed 
phases .  The p r e s e n t  work e s t a b l i s h e s  a c r i t e r i o n  for  the case  when the su r face  t e m p e r a t u r e  of the powder  
depends only on the combust ion  ra te :  

T 1 = r I (m) (0.4) 

Such a dependence was noted by B. V. Novozhilov [7] and was obtained d i r ec t ly  in expe r imen t s  with powder  
H by A. A. Zenin.~ A dependence of this  type is  c h a r a c t e r i s t i c  for  a Q-mode l  [8], in which it is  a s sumed  
that  the breakdown of the su r face  of the powder  is  de t e rmined  by the depth of the convers ion  in some r e a c -  
t ion taking p lace  in the condensed phase .  F o r  a reac t ion  of the gene ra l  f o rm  (0.2), the de te rmin ing  s tage 
is obviously the f u m e - g a s  zone. It is  shown that  the c r i t e r i a  for  the ext inct ion of a f lame with a s t e p w i s e  
d e c r e a s e  in the p r e s s u r e  and the ignit ion of a powder  a re  de t e rmined  by laws analogous to those obtained 
e a r l i e r  by Ya. B. Ze l 'dov ich  for  the case  of a constant  sur face  t e m p e r a t u r e  of the powder .  

1. F o r  a c l e a r  p i c tu re  of t r ans i t i ona l  condit ions with the combust ion of a powder,  following [1] it  is  
convenient  to use a g raph ica l  r e p r e s e n t a t i o n  of the s t e a d y - s t a t e  dependences (0.1)-(0.3) in the fo rm of de-  
pendences  on the m a s s  combust ion r a t e  (Fig. 1). In addi t ion to the dependences of Too, T1, and T 2 (curves 
1-3, r e spec t ive ly ) ,  t he re  is  shown a l so  the change in the max ima l  poss ib le  t e m p e r a t u r e  T 3 = (clToo +ql +q2)/ 
c 2 (line 4). Here  q~, cl,  q2, and c 2 a r e  the t he r m a l  effects  and the heat  capac i t i e s  in the condensed and gas  
phases ,  r e s p e c t i v e l y .  Curves  1-4 a r e  plot ted for  the case  of a constant  t e m p e r a t u r e  of the charge .  

F o r  two values  of the p r e s s u r e ,  p and p*,  plots  a r e  a l so  given of the dependences  of the t e m p e r a t u r e  
of the f lame T2=T2(m , T~o) with a va r i ab le  t e m p e r a t u r e  of the charge  (curves 5 and 6, r e spec t ive ly ) ;  these 
can be r e g a r d e d  as  the laws governing combust ion in the gas  phase  at the su r face  of the powder .  On these  
curves  there  must  ex i s t  l imi t ing  points co r r e spond ing  to the l im i t s  of s tab le  combust ion of the powder;  these  
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are not considered here.  With an instantaneous decrease  in the p res su re  f rom p to p*,  following Ya. B. Zel T- 
dovich we shall assume that the p rocesses  tak{ng place in the gas phase are  iner t ia less .  This means that 
the point represent ing the combustion p rocess  in the gas phase must lie on curve 6. On the other hand, by 
virtue of the thermal  inert ia of the condensed phase, the rate of gassif icat ion at the surface of the powder, 
determined by relationship (0.4), remains  unchanged. Thus, point II, obtained f rom the intersect ion of curve 
6 and a line m=cons t ,  passing through the initial point I, determines the conditions at the surface of the 
powder immediately af ter  the decrease  in the p res su re .  The maximal possible t empera tu re  of the flame 
at a surface with the temperature  T 1 is equal to T 3= (clT 1 +q2)/c 2. Therefore ,  if point II l ies above curve 4, 
there is extinction of the flame at the surface of the powder. Under these c i rcumstances ,  the rate of gass i f i -  
cation exceeds the maximal combustion rate,  and the flame cannot maintain itself at the surface and is 
ca r r i ed  downstream. Another c lear  picture of this p rocess  can be obtained in the coordinates g01 = ~ T1/3 x, 
m (Fig. 2). A process  taking place with an instantaneous decrease  in the p re s su re  under the condition TI= 
const  [2] is represented in these coordinates by the line ga 1 =const ,  passing through the initial point I. Ex- 
tinction corresponds  to a decrease  in the p res su re  down to a level where there is no intersect ion of the 
curve corresponding to s teady-sta te  combustion at the p res su re  p*.  Here and in what follows an as te r i sk  
denotes cr i t ical  values. 

In the case under consideration, the process  is represented by the line m=cons t ,  i.e., the straight  
line 3, and there  is extinction even in the case when there is no intersect ion of this line and curve 2. We 
note that, near  the point ~01 = 0, s teady-s ta te  combustion is unstable [1] and extinction may set in with a 
smal le r  change in the p res su re  than follows f rom the condition % * = 0. 

2. For  the cr i t ical  value of the p r e s s u r e  p*,  at which the flame is extinguished, the followingequality 
is satisfied: 

m (T~, P*) = m (T~ ~ p) (2.1) 

Here the degree sign denotes the s teady-s ta te  value. Using relationships (0.1) and (0.2) in the form 

m = A2p  ~ exp ~-7-E~ / RT~)  (2.2) 

ra = A 1 e x p  ( - - E ~  / RT~)  (2.3) 

and also 

T~ ~ = (ClT1-4- q~) / c2 - -  puzcp~ / m 
Ta = (c lTl  + q2) / c~ 

T1 ~ = T ~  + ql / cl +p•  / m 

(here p is the density of the substance; n is the coefficient of thermal  diffusivity), we obtain 

(p* / p)~ = exp (--E~ (i ] T~ ~ -- t / T~) / R) ~ exp ( - - E  2 / R  (T~~ 2) 

Using the definition 

we obtain 

{ O ln u ~ E 2 0 T 1  / ~ .T O,~ 

(p* / p)~ = exp (--c~ (T1 ~  T~ -- ql / cl) / cl) 

a relationship which coincides with the resul t  of Ya. B. Zel 'dovich [1]. 

(2.4) 
(2.5) 
(2,6) 

(2.7) 
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If there  is no extinction of the flame, the change in the combustion rate can be calculated in acco r -  
dance with the theory of B. V. Novozhilov [9]; to this end, it is necessa ry  only to pass  over f rom the quan- 
tities T t and ~v 1 to the quantities T O and qhp. If the thermal  effect of the react ion in the condensed phase 
is known, this can be done using dependences (2.4)-(2.6) and analogous relationships containing ~Ptp- 

With a finite rate of change in the p res su re ,  conditions (2.1) may not be satisfied at the ini t ia lmoment  
of t ime, but la ter .  It must be noted that conditions (2.1) are  the conditions for extinction of the flame at the 
surface of the powder; therefore ,  the possibil i ty of repeated ignition cannot be excluded. 

The condition for  the stability of combustion in the model of Ya. B. Zel~dovich, 8q~ s /8  m < 0, can be 
in terpreted as the existence of a negative feedback, stabilizing small deviations in the value of (p s f rom the 
equil ibrium value. Actually, with a random r ise  in the value of ~vl, there is a d rop in the  flame temperature ,  
determined by the relationship 

T2 = T~ ~ § (pxl~ l  / m) ~ - -  (p~1~1 / m) 

This leads to a decrease  of the combustion rate in the gas phase, to a movement  of the flame away 
f rom the surface,  and to a decrease  in the value of gas. For  a combustion model in which relationship (0.4) 
is satisfied, the analogous c r i te r ion  will be 

am, ~ > { Orn~ ~ (2.8) 

Relationship (2.8) means that, with a random increase  in the tempera ture  of the surface,  there is also 
a change in the combustion conditions; under these c i rcumstances ,  the flame moves away f rom the surface.  
This takes place as a resul t  of the fact that the rate of gassif icat ion m s increases  more  strongly than the 
rate of propagation of the flame m 2. Movement of the f lame away f rom the surface leads to a decrease  in 
in the value of gv 1 and, by the same token, to a decrease  in the surface  t empera tu re .  Using relat ionships 
(2.3), (2.4), (2.6) and the definition of the quantities fl and r=(aT1/OToo)p, c r i te r ion  (2.8) can be converted 
to the form 

E~ / [tT2 ~ > r Bc~ / ci 

3. Let us examine the possible mechanisms for the combustion of a powder, which will permit  an 
explanation of the different t ransi t ional  p rocesses ,  under the conditions g01= const and m =  const.  It is known 
[i, 2] that models with a constant surface tempera ture  cor respond  to the combustion of volatile composi -  
tions, for  which the combustion rate is determined by vaporizat ion or  some other type of phase transi t ion.  
The main special  charac te r i s t i c  of such a model is the dependence of the amount of substance vaporizing 
f r o m  the surface on the value of the heat flux ar r iv ing  at the surface.  If l is the heat of the phase t r ans i -  
tion and k is the coefficient of thermal  conductivity, then 

m : (~2q)2  - -  ~,1(~1) / l (3.1) 

Here subscr ip ts  1 and 2 r e fe r  to values at the surface,  f rom the side of the condensed phase and of 
the gas, respect ively .  By virtue of thermal  inertia,  the value of ~v 1 var ies  continuously, even with a step- 
wise change in the combustion rate .  Prec ise ly  in view of this, a p rocess  with ~v 1 =const  is a transit ional  
p rocess .  

Under s teady-s ta te  conditions and taking account of the fact that 

qh = m (T~ -- T~) /p~ ,  (3.2) 

relationship (3.1) can be rewri t ten  in the fo rm 

m -- ~ / (l q- c 1 (T~ -- To~)) (3.3) 

Under the condition T l = const, relationship (3.3) means that the value of the combustion rate depends 
only on the value of the heat flux. 

A dependence of the combustion rate only on the surface tempera ture  can be observed if the rate of 
gasif icat ion of the condensed phase ~? is determined by the degree of completion of some chemical  r eac -  
tion taking place in the condensed phase. This postulation is known as a Q-model  [8, 10]. Let the rate of 
the chemical  react ion be W(T, ~ ). Then, the value of ~ =~? ~ at the surface,  under s teady-s ta te  combustion 
conditions, is determined by the relationship 

~1~ = i W (T (t'), ~1 (t')) dr' (3.4) 
- -er  

695 



Here T(t ' )  a ~ ?  (t') a re  the t e m p e r a t u r e  and depth of convers ion  at the point of the charge  which, at 
the moment  of t ime  t~, fal ls  on the sur face  of the condensed phase.  Here,  diffusion in the condensed phase  
is neglected.  

Going over  to a s y s t e m  of coordinates  connected with the sur face ,  we obtain a re la t ionship  for  the 
l inear  ra te  of motion of the sur face  of the condensed phase:  

0 
(3.5) 

u = f W (r (x), n (x)) dx/,1 ~ 

We make the assumpt ion  that the ra te  of the chemical  reac t ion  is desc r ibed  by an Arrhenius  depen- 
dence with a l a rge  act ivat ion energy.  This is equivalent to the assumpt ion  of the ine r t i a l e s s  nature  of the 
reac t ion  in the condensed phase,  since the whole reac t ion  zone will be located in a na r row zone at the su r -  
face of the powder,  where  maximal  t e m p e r a t u r e s  a re  observed.  As a resu l t  of the s t rong t e m p e r a t u r e  de-  
pendence of the reac t ion  ra te ,  the dependence of the l a t t e r  on the depth of convers ion  ~ may be neglected.  
Using an expansion of F r a n k - K a m e n e t s k i i ' s  exponent and determining the value of ~0 1 f r o m  rela t ionship 
(2.6), we obtain 

U2 ~ AI~t, RTI 2 exp (-- E, / RT0 (3.6) 
,l~ (TI -- Too -- ql / c9 

In this respect, the determining factor is the dependence of the combustion rate on the temperature 
of the surface; the dependence on the initial temperature and the thermal effect is only slightly noted. 

Under unsteady-state conditions, let the depth of the reaction remain constant (we note the analogy 
with Ya. B. Zel'dovich's postulation with respect to the constancy of the surface temperature); then, the 
combustion rate is determined as the rate of motion of the surface 

0q ~I (x, t) = i] ~ Joe., u _ ~ / on = 

Here the derivatives must be calculated in a laboratory system of coordinates. Consequently, 

On / Ot = W ( T, ~) 

and the value of 0 ~ / a  x is  de te rmined  f r o m  the solution of the equation of conserva t ion  of m a s s .  With a 
given distr ibution of 77 (x, 0) and under  the boundary condition ~? (0, t) =~? ~ by vir tue of i t s  ine r t i a less  nature ,  
the quantity ~? va r i e s  continuously. This  impl ies  continuity of the combust ion ra te .  

F r o m  the posit ion of curves  1 and 3 (Fig. 2) it follows that in the general  case  (dependence (0.2) for  
the sur face  t empera tu re )  the t rans i t ional  p r o c e s s  develops along a line occupying an in te rmedia te  posit ion.  
In this case ,  cessa t ion  of the combust ion is not ve ry  probable .  This  case  obviously co r re sponds  to Combus- 
tion under  conditions when the zone which de te rmines  the p roce s s  is the fume-gas  zone. In this case ,  the 
mos t  impor tant  specia l  cha rac t e r i s t i c  is the continuity of the dis tr ibut ion of the p a r a m e t e r s  over  the com-  
bust ion zone. This  is complete ly  analogous to the case  of the l amina r  combust ion of gases  when, to a t ta in 
extinction, the heat l o s ses  f r o m  the f lame front  must  be taken into considerat ion.  Using s t eady-s t a t e  de- 
pendences,  there  a re  no such los ses ,  and consequently there  is  no extinction. 

4. It is a lso possible  to use re la t ionship (3.4) to descr ibe  the p roce s s  of the ignition of a powder,  
with given laws governing the external  heat flux to the sur face  of the condensed phase .  In this case ,  gas -  
i f icat ion at the sur face  s t a r t s  only when the requi red  depth of convers ion  has been at tained at  the sur face  
of the powder.  With rapid heating, the t e m p e r a t u r e  of the sur face  at the moment  of the s t a r t  of gasif icat ion 
will be higher than with slow heating. If, a f te r  the s t a r t  of gasif ication,  the heat flux does not dec rea se  as 
the resu l t  of flow of the gases  away f r o m  the surface ,  such a high ra te  of gasi f icat ion may  be obtained that 
a f lame does not appea r  at the sur face  of the powder.  As before ,  the c r i t i ca l  condition will be condition 
(2.1), which is conveniently r ep re sen ted  in the f o r m  

m (T~, p) = ra* 

Thus, the combust ion model  under  considerat ion,  in spite of the cons iderable  difference between de-  
pendence (0.4) and that p roposed  by Ya. B. Zel 'dovich,  has p r o p e r t i e s  which a r e  c lose  to the p rope r t i e s  of 
a model  with a constant sur face  t e m p e r a t u r e  [11]. 

In conclusion, the author thanks A. G. I s t ra tov ,  V. B. Librovich,  G. M. Makhviladze,  B. V. Novozhilov, 
and V. L. Yumashev for  the i r  evaluat ion of the a r t i c le .  
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