
JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS 15 

IGNITION OF REACTING SUBSTANCES 

A .  M. Gr i sh in  

Zhurna l  P r i k l a d n o i  Mekhaniki  i Tekhn ichesko i  F i z i k i ,  Vol.  7, No. 5, pp.  2 5 - 3 0 ,  1966 

For the solution of problems in the ign i t ion  of reac t ing  substances great  
m a t h e m a t i c a l  d i f f icu l t ies  have  to be surmounted. An ana ly t i c  solution 

is known for only one problem of this type [1]. In the present work with 

the example  of a solution of two different  problems in igni t ion  theory, 

of independent  interest ,  it was shown that  a l l  the  m a t h e m a t i c a l  diff i -  
cuh i e s  can be ove rcome  by the method  of Shvets [2]. 

w We sha l l  c o n s i d e r  igni t ion of a s emi in f i n i t e  r e -  
ac t ing  r eg ion  by a hea ted  m e d i u m  with o the r  t h e r m a l  
cons tan t s  under  idea l  con tac t  condi t ions .  We a s s u m e  
he re  and be low tha t  a z e r o - o r d e r  r e a c t i o n  o c c u r s  and 
that  a l l  the t h e r m a l  coe f f i c i en t s  a r e  cons tan t .  F r o m  a 
so lu t ion  of th is  p r o b l e m ,  in the s p e c i a l  c a s e  when n 

~ ,  we obta in  a so lu t ion  fo r  the  p r o b l e m  examined  in 
[1, 3, 4]. M a t h e m a t i c a l l y  the  p r o b l e m  r e d u c e s  to the  
solut ion of the  fo l lowing s y s t e m  of equa t ions :  

0~01 ~0~ 
0~--~ ---- - ~ - - e e ' ,  x > 0  (1.1) 

020~ 00.~ 
o ~  --  ~ - '  ~ = ~• t ' / ' z< /0  (1 .2)  

with the fol lowing b o u n d a r y  and in i t i a l  condi t ions :  

01 l~=o = 01 I:~=o~ = -- 0o, 

f'X,2p2*2~ '/2 ~ ' (T - -  To) E 
n = t~,~p~c,i ' O =  BToZ , 

so~ I ao2 

05 I,=o = 03 I ~ = - ~  = 0 

/ koE E ~/~ 
x =  r ~ e x p - - R - ~ 0 ]  

qkoEt E 
= ~ exp BT0 (i. 3) 

He re  0 is  d i m e n s i o n l e s s  t e m p e r a t u r e ,  x is  a d i m e n -  
s i o n l e s s  c o o r d i n a t e ,  ~- is  d i m e n s i o n l e s s  t i m e ,  To is the 
in i t i a l  t e m p e r a t u r e  of the hea ted  n o n r e a c t i n g  m e d i u m ,  
T ~ is  the in i t i a l  t e m p e r a t u r e  of the r e a c t i n g  s u b s t a n c e ,  
R is  the u n i v e r s a l  gas  cons tan t ,  q is  the hea t  e f fec t  of 
the r e a c t i o n ,  r i s  a d i m e n s i o n l e s s  coo rd ina t e ,  k0 is  a 
p r e - e x p o n e n t i a l ,  E is  the ac t iva t ion  e n e r g y ,  X i s  the 
t h e r m a l  conduc t iv i ty  coe f f i c i en t ,  p i s  the dens i ty ,  c is  
the hea t  c apac i t y ,  t i s  the  t i m e ,  x is  the t h e r m a l  d i f -  
fus iv i ty  coef f i c ien t ,  and the  i n d i c e s  1 and 2 r e f e r  to 
the r e a c t i n g  subs t ance  and the hea ted  m e d i u m  r e s p e c -  
t i ve ly .  

In the d e r i v a t i o n  of Eq. (1.1) the F r a n k - K a m e n e t s k i i  
t r a n s f o r m a t i o n  [5] fo r  e x p ( - E / R T )  was used .  A c c o r d -  
ing  to [4], Eq. (1.1) s a t i s f a c t o r i l y  d e s c r i b e s  the i gn i -  
t ion of condensed  r e a g e n t s  fo r  a f i r s t - o r d e r  r e a c t i o n  if  

(To - -  T ~ c,p~ ~ 1. 
q 

To so lve  the  boundary  va lue  p r o b l e m  (1 .1)- (1 .3)  
we use  the method of Shvets  [2, 6], which as  wel l  
as  s i m p l i c i t y  p o s s e s s e s  good conve rgence .  Since  in 
p r a c t i c e  a change in t e m p e r a t u r e  o c c u r s  in the v i c in i t y  
of the m e d i u m  s e p a r a t i o n  b o u n d a r y ,  i t  is  a p p r o p r i a t e  to 
in t roduce  the t h i c k n e s s  of the t h e r m a l  bounda ry  l a y e r  

A l ( r  ) and A2(T ). The b o u n d a r y  l a y e r s  a r e  then at  • 
and the condi t ions  at  r = 0 t ake  the fo l lowing fo rm:  

01 (A1, *) = - -  0o, 

o~ ( - - A 3 ,  *) = 0, A~ (o) = A~ (o) = o. ( 1 . 4 )  

As f i r s t  a p p r o x i m a t i o n s  we sha l l  t ake  the fol lowing:  

0[  1) = a l x  + bl ,  0~ 1) = as~ + 55. ( 1 . 5 )  

We d e t e r m i n e  the va lue s  a l ,  a 2, b 1, b 2 f rom the 
b o u n d a r y  condi t ions  (1.3) and (1.4): 

n0o 
a x = - -  A ~ + n A ; '  

0oA~ 0o (1.6) 
b 1 = b3 = A 2 +  h A l '  a3 --" A 2 @ n A l  " 

By substituting Eq. (1.5) in the right hand side of 
Eqs. (I.i) and (1.2) and integrating twice, we obtain: 

0~ 3) = 116 al"x 3 -b 1/3 b 1" x ~ -  

- - e x p ( b  l +  alx) / al  2 +  Clx  + D I ,  (1.7) 

O~ 3) = 1t6a2"~3 + 1t~b3"~ + C2~ + D~. (1 .8)  

As b e f o r e ,  we obta in  the va lue s  of C1, C2, Dr, D 2 
f r o m  the in i t i a l  and boundary  condi t ions  (1.3) and 
(1.4): 

C3 = (Ae-t-nA1) -1 [ h  + ~ ( A 2 3 - -  A12) - -  

(a~'A~ 3 + afA?) __ 0o t + alal b ] 
s ~7 e '3' 

_ _  a~'Ap h i ' A t  
C1 ---- eb' @ nC2, D3 = C3A: @ 6 2 ' al 2 

ebl 
D I = D 3 +  .~--r, Y = e - %  (1.9) 

From the Shvets  conditions, 
a(2) 

07 ~ ~=A, - - - -  -~,00~ ~=-~',= 0 (1.10) 

we obtain two o r d i n a r y  non l inea r  d i f f e r e n t i a l  equat ions  

fo r  &i and A2: 

o1 15 + + + 

hA,~ nh~2~ nA2~a2" 
+ - 7 +  2 / - - - V - - - n O ~  

2~-(a'A#--n) e b , + 7 [ n - - a ~ ( A a + n A l ) ] = O , ,  al 2 (1.11) 

at'A1 a - -  alhl eb,= 0. (1.12) __ ~ - -  Oo@T--tal 2 

If the n o n r e a c t i n g  m e d i u m  p o s s e s s e s  a v e r y  high 
hea t  c a p a c i t y  the  t e m p e r a t u r e  at  the m e d i u m  b o u n d a r y  
r e m a i n s  cons t an t ,  and n ~ ~ .  In th i s  c a se  i n s t ead  of 
the s y s t e m s  (1.11) and (1.12) we have only one equa-  
t ion ,  which is  i n t e g r a t e d  in c lo sed  f o r m :  
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co_ [ox. - q }  '' 0:, 

+ (1.13) 

In  t h e  g e n e r a l  c a s e  s y s t e m  (1.11) and  (1.12) i s  
s o l v e d  b y  e x p a n s i o n  i n to  t h e  s e r i e s :  

h.2 = ~-.-,'{/' + ~ + ~'/' + . . . .  (1.14) 

By substituting Eq. (1.14) in Eqs. (i.ii) and (1.12) 

and equating terms with the same power in T to zero, 

for the determination of c~ 1 and ~2 we obtain a set of 

two nonlinear algebraic equations, and for the deter- 

mination of fll and f12, 61 and 6 z we obtain a set of lin- 

ear equations. Solution of these equations gives G1 = 

= ~2 = 4-6, fll= fig = 0 and, finally, 

61 = (I 2_ n) [(9 -~ 9n -~ 400) (v -- 7) -- 9a00T] 
] /~  ,*-~ ( 1 . 1 5 )  

&2 = (1 2- ~1 {9 (t -:- ~) (v --7) --  n% (6v 4- 57)1 
lf~ ,~'-'0o ~. (1.16) 

W h e n  n ~ co and  t h e  v a l u e s  found  f o r  a l ,  i l l ,  a n d  61 

a r e  t a k e n  i n to  a c c o u n t ,  t h e  v a l u e  o f  A1 c o i n c i d e s  a c c u -  

r a t e l y  w i t h  E q .  (1.13) up to  t e r m s  c o n t a i n i n g  ~i( i  > 
> 3 / 2 ) .  T h e  f i r s t  t e r m s  in Eq .  (1.14) c h a r a c t e r i z e  t h e  

g r o w t h  of  t h e  b o u n d a r y  l a y e r  f o r  t h e  n o n r e a c t i n g  m e -  

d i u m .  It  f o l l o w s  f r o m  E q s .  (1 .13) ,  (1 .15) ,  and  (1 .16) ,  

t h a t  t h e  h e a t  of r e a c t i o n  a t  O 0 >> 1 h a s  l i t t l e  e f f e c t  on  

t h e  t h i c k n e s s  of t h e  b o u n d a r y  l a y e r  f o r  a v e r a g e  v a l u e s  

of  r .  If  in  E q s .  (1 .7) ,  (1 .8) ,  and  (1.14) we pu t  t h e  t e r m s  

w h i c h  a r e  d e p e n d e n t  o n  h e a t  of  r e a c t i o n  e q u a l  to  z e r o  

and  e q u a t e  01(0, T) a n d  a o t / a x  a t  x = 0 to  t h e  k n o w n  a c -  

c u r a t e  v a l u e s  [7] ,  we o b t a i n  0 i (0 ,  r )  = - O 0 / ( 1  + n) f o r  
b o t h  t he  a c c u r a t e  and  t h e  a p p r o x i m a t e  s o l u t i o n s ,  and  
t he  t e m p e r a t u r e  g r a d i e n t  of t h e  a p p r o x i m a t e  s o l u t i o n  

a t  x = 0 in  a b s o l u t e  v a l u e  e x c e e d s  t h e  t r u e  v a l u e  b y  

1.08 [7].  T h e  w a r m i n g  up  t i m e  f o r  t h e  r e a c t i n g  s y s t e m  

i s  found  f r o m  the  Z e l ' d o v i c h  c o n d i t i o n  00~ / Ox ---- 0 a t  

x = 0 [8]. F o r  T = T, we  h a v e  t h e  f o l l o w i n g  e q u a t i o n ,  

h~-~ ( A , ' +  hA,') + n00a~ (AI"Ao.-- A1A,') = 

- , ,0  (e~. - -  ~ ) .  ( 1 . 1 7 )  

we h a v e  n .  ~ 1 / (00  - 2).  W i t h i n  t h e  00 - "  co, n ,  - -  0 
l i m i t s ,  T ~ - -  co T h e  n o n m o n o t o n i e i t y  of  T ,  a s  a f u n c t i o n  of  . 
n i s  e v i d e n t l y  e x p l a i n e d  b y  a s p e c i f i c  f e a t u r e  of  t h e  
A r r h e n i u s  f u n c t i o n ,  in  t h a t  t h e  h e a t  s e p a r a t e d  f r o m  t h e  
r e a c t i o n  i s  no t  c o n v e r t e d  to  z e r o  e v e n  a t  s u f f i c i e n t l y  

l ow  t e m p e r a t u r e s .  T h i s  d e f i c i e n c y  of t h e  A r r h e n i u s  

f u n c t i o n  w a s  n o t i c e d  in [9], and  t he  m e t h o d  of i n t e r s e c -  
t i o n  w a s  u s e d  f o r  i t s  e l i m i n a t i o n .  W e  e l i m i n a t e  i t  b y  
t h e  m e t h o d  of S p a l d i n g  [10] and  R o s e n  [11] ,  b y  a s s u m -  

i ng  t h a t  

E /T'T ~ ~ 
exp  - -  ~ ~ A \T0---~-~] (A = coast, k = coast). (i.19) 

In a s i m i l a r  way  we f i nd ,  f o r  t he  h e a t  l i b e r a t e d ,  in 

t he  f o r m  of Eq .  (1.19),  

�9 ( ,1-  (1.20) 
c~p1 (To -- T')"/ 

In t h i s  c a s e  a s  n i n c r e a s e s  t h e  w a r m i n g - u p  t i m e  

d e c r e a s e s  m o n o t o n i c a l l y  f r o m  co a t  n = 0 to  ~-~, = 
= ( 1 / 2 )  (k  + 1) at  n - - c o .  

For the limiting case n --~ co it is possible to find, within the frame- 
work of the Shvets method [2], an accurate value for the warming-up 
time: 

0o ~ 200 (t --  7) 
z*--  6 ( i - - 7 - - ~ 0 o )  l u ( 2 + 7 )  0 o _ _ 3 ( t ~ )  ~ 

0o~ , 30o 3 
4 -~ q-6- + -5f" (1.21) 

Comparison of Eq. (1.21) with the expression for r .  as n --~ ~, ob- 
tained from Eq. (1.17) by considering 51. showed that they are practi- 
cally identical. By comparing Eq. (1.21) with the expression for r , ,  
which was found [4] from Eq. (1.21) with an electronic computer, we 
see that its accuracy is completely satisfactory. Thus, for 00 = 5, 10, 
15, 20. 25, 30 from Eq. (1.21)we have r .  = 7,3, 27, 59, 104, 161, 
231. 

To evaluate the accuracy of Eq. (1.18) at average values of n we 
find r ,  for n = 1 from Eq, (1.17) by the method of trial and linear in- 
terpolation. In this way it was found that 

�9 , = 28.8, 0(1~)(0,~,) = --1.7, h~(x,) = 15.8, Ap(T,) = t t .9 (0 o = 5) 
T, = 957, 0~2)(0,%) = --2.6, h~(~,) = 75.8, A~(z,) = 68.9 (00= J0) 

�9 . = 24.7 e 1~ (00 = 20), 

while from Eq, (1.18) we have respectively r :  = 20.7, 934, 25 e 1~ 
The accuracy of formula (1.18) is therefore completely satisfactory 
within the framework of our approximations. Knowing the value of 
r .  we can easily find with Eq. (1.14) the thickness of the heated 
layer: 

S u b s t i t u t i o n  of t h e  AI(T ) and  AZ(~- ) v a l u e s  in  Eq .  

(1.17) a n d  s o l u t i o n  of t he  e q u a t i o n  o b t a i n e d  w i t h  r e s p e c t  
to  7 g i v e  t h e  w a r m i n g - u p  t i m e .  An  a p p r o x i m a t e  s o l u -  

t i o n  of Eq.  (1.17) i s  p r o v i d e d  b y  t he  f o l l o w i n g  e x p r e s -  
s i o n ,  

T ~ n~'0~ (1.18) 
* - -  4 (1 + ~)~ (v - -  7) 

w h i c h  i s  o b t a i n e d  f r o m  Eq.  (1 .17) ,  i f  61 and  5 2 a r e  n e -  

g l e c t e d  in  c o m p a r i s o n  w i t h  a 1 a n d  a 2. I t  i s  e a s i l y  s e e n  

f r o m  Eq.  (1.18)  t h a t  v.~ -+  1/40o* ' w h e n  n - -  ~o, a n d  T~ - -  

0 w h e n  n ~ 0,  i . e . ,  T~ i s  a n o n m o n o t o n i c  f u n c t i o n  of  
n w h i c h  r e a c h e s  a m a x i m u m  a t  n ,  w h e n  n = n . .  T h e  
g r e a t e r  t he  v a l u e  o f  00, t h e  s h a r p e r  and  h i g h e r  i s  t h e  

T~ m a x i m u m  and  t he  c l o s e r  i s  n .  to  z e r o .  W h e n  80 >> 1 

A , , = A I ( ~ , ) - -  2(I+n) kv--7)/ • 

I (9-{-9np-40o)(V--7)--9nyOo I (1.22) 
X t +  24 (i + n) (v --  7) O0 

and Az(r.< ) while we find eL(0, r,) = b 2 from Eq. (I.I0). When n -~ 0 
instead of Eq. (1.22) we must use a formula which can be obtained in 
a similar way by considering that the heat evolved from the reaction 
is determined by Eq. (1.19), and the warming-up time by Eq. (1.20), 
As seen from the calculations given the value e(~)(0, r) increases with 
increase in r, and the moment r = r .  corresponds to a temperature 
close to zero. 

w Ignition of reagents was first studied by 

Zel'dovieh [12], who took account of the phase trans- 

formations. In [12] he gives an outline of the ignition 
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process and an approximate calculation method. The 
ideas in [12] are consolidated and further developed in 
[13]. Here ignition of an explosive material by a heated 
plate is considered and account is taken of the heat 
evolved from the reaction. A solid explosive at initial 
temperature T ~ was first brought into contact with the 
heated plate, the temperature of which was T O > T. > 
> T ~ where T. is the phase transformation tempera- 
ture. Following [12] we suppose that the heat of reac- 
tion is liberated in the liquid phase, and that the de- 

composition reaction is endothermie. We also assume 
that the solid and liquid phases have the same densities. 
Mathematically the problem reduces to the solution of 
Eqs. (I.i) and (1.2) for x < x. and x > x. respectively 
with the following boundary and initial conditions: 

~- ~0~ ~0~ ' dz, 
- -  = P - h ~  ' 

0~ (x,.  ~) = 0~ (x,.  ~) = - -  0. 

0~ I~=~ =~ 0~ l~=o = -- 0o 

CZ • ~ : ~'~ L E  
: Z-TZ , ~ ' P = caRTon,  

O ,  (To - -  T . )  E (To - -  T ~) E 
= n r o  ~ . 0o = ~ r 7  " (2.1) 

H e r e  x ,  i s  a dimensionless c o o r d i n a t e  of  t h e  t r a n s -  

f o r m a t i o n  front, p is the dimensionless heat of the 
phase transformation, L is the heat of the phase trans- 
formation, and the indices 1 and 2 refer to the liquid 
and solid phases respectively. 

As before we introduce the thickness of the boundary 

layer, A(r). The last of the boundary conditions (2.1) 
and the initial conditions then take the form 

02(A, m)--  - - 0  o, A(0) = 0, x ,  (0) = 0. (2.2) 

For the initial approximations we take the following 

linear functions: 

0~) o,~ @) ( O o -  %) �9 a ( o o -  o,)  
:= - -  x-~-' z , - -  A Oo . ( 2 . 3 )  " 3 g , - -  /~ 

T h e s e  f u n c t i o n s  s a t i s f y  a l l  the  b o u n d a r y  c o n d i t i o n s  
a p a r t  f r o m  the  s e c o n d  of  the  c o n d i t i o n s  (2.1). S u b s t i -  

t u t i ng  0t ~ and 0 t0  in  t he  r i g h t  hand s i d e  of  E q s .  (1 . i )  
and (1.2) and i n t e g r a t i n g  the  r e s u l t s  wi th  r e s p e c t  to x ,  
we  ob ta in  the  s e c o n d  a p p r o x i m a t i o n s :  

0~.~) 0,z,'x~ x*~ e x p - -  0,x - -  6z,~ 0, ~ x-~ + g~x + h~, ( 2 . 4 )  

0~) ~ (0o - -  0,)  z~ 
-- 2(x. - -A)  ~ X 

(2.5) 

(0o - -  0,)  x.~ -x,  . . 

- - %  - - g 2 x ,  (T~ = e-~ �9 ( 2 . S )  

F o r  the  d e t e r m i n a t i o n  of A and x ,  we use  t he  b o u n d -  
a r y  c o n d i t i o n  (2.2) and the  S h v e t s  cond i t i on  002 / Ox - 0 

at  x = A. The  r e s u l t  f o r  A and x ,  i s  a s e t  of two o r d i -  
n a r y  f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s :  

a (x ,  - -  A) (z , '  -f- 2A') + 6 = 0 (2.9) 

=2- x ,  (% - -  0,) (A" -~ x, ' )  = 0, 45 

�9 0,~ (2.10) ~*~ (~ - -  7~ - -  ~ o , )  - -  x , x ,  ( p  § ~ j .  '~ 0,3 

We s o l v e  E q s .  (2.9) and (2.10) w i th  the  i n i t i a l  c o n d i -  
t i o n s  (2.2) by expansion into a series, assuming that 

A = vi~',: 45 v~.T 45 v3~v, 45 . . . .  

x ,  = ViT'/~ + ~2x 45 ~t3"s 45 . . . .  (2.11) 

Substituting Eq. (2.11) in Eqs. (2.9) and (2.10) we 

obtain for the determination of v I and #i a set of two 
second-order algebraic equations and for the determi- 

nation of ~2, g2, ~3, #3 .... a set of linear equations. 
As a result we find 

12 ]% 
~tl = a(2m_F t) ( m - - l ) j  ' 'vi = m~h. 'v2 = ~ = 0 .  (2.12) 

m = l { l  _~ 35(0o-- 0,)' 4530~ 95~ (%__ 0,) ~ ~_ o, ~ [9 ~ (00- o,)+ o,-~ 
48 ( 0,\]  %] + 

42 ( t  - -  "h - -  " h 0 . )  t ~  

7,~ = 0,~ [3~(0o- -0 , ) (3d- ' cm+4)+t5  (3p4-0,) j ~ 

~ = d~%, d = 4 - - m  (2.13) 
8 m -  5 

The  f i r s t  t e r m s  in Eq .  (2.11) g ive  a so lu t ion  of the  

S te fan  p r o b l e m  on the  m e l t i n g  of  n o n r e a e t i n g  med ia~  

We h a v e  a n o n r e a c t i n g  m e d i u m  when  E ~ ~ ,  00 ~ ~ ,  
0 ,  ~ ~o. N o r m a l l y  E >> 1, 00 >> 1, 0 ,  >> 1o S ince  ua and 
#3 ~ 0~, t h e y  a r e  s m a l l  in c o m p a r i s o n  wi th  ut and #~, 

and c o n s e q u e n t l y  the  h e a t  l i b e r a t e d  f r o m  the  r e a c t i o n  
d o e s  no t  p l a y  a s u b s t a n t i a l  r o l e  in the  v a l u e s  of A and 

x ,  w i th  m o d e r a t e  v a l u e s  f o r  7. An e x a c t  so lu t i on  of  the  
S t e f an  p r o b l e m  on m e l t i n g  f o r  a n o n r e a c t i n g  m e d i u m  is  
g i v e n  in [7]. F o r  a = 0.4848,  / 3 = 2 . 5 ,  p = 2 0 . 1 2 5 ,  00= 
= 12.25,  0 ,  = 9.22 we ob ta in  f r o m  [7] x ,  = 0.74 v~ ,  and 

a c c o r d i n g  to the  a p p r o x i m a t e  f o r m u l a s  (2.11), (2~ 
and (2.13) we have  x ,  ~ 0.72 C~-. In th i s  way ,  

c~O~ ~_- i3.03 00~ ~ __ 13.92 (2.14) 

We determine the values of gl, g2, hl, and h 2, from 
the boundary conditions (2.1) and (2.3): 

i 7x,  2 ~.o 0,  x . ' )  
;'1 - - / - -  - -  0 ,  ? hi - 0 ( 2 . 6 )  =' z ,  \ 0 ,  2 0,~ ' 

g~- = ~ ,  { ~3x,~ ( 0 o -  O,) ' x ,  �9 Ax, ']  
( x , -  A)~ [-~ (x, ~- A') - -  + 

( o , \  z ,  2 (t - -  ~'1 - -  7 ,o , ) \  ( 2 . 7 )  
+ x , x , "  p 45 ~ )  - -  0,"- ~ ' 

Consequently the accuracy of the approximate for- 
mulas is completely satisfactory. We notice that the 
thermal coefficients correspond to a hypothetical ex- 
plosive with the characteristics of nitroglycol [13], 

but the densities of both phases were taken to be the 

same. By fulfilling the Zel'dovich [8] condition with 
Eq. (2.4), we obtain an equation for the determination 
of the warming-up time, which is accurate up to terms 

containing 7i(i > 3/2): 
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. ~ ~.~2 ~ ~ti~t.T _4_ ~.3~v2. (2.15) (0, - l + ~,)  T (~tl § tL.~'/-~) ~ ~ 1 _ ~ _ ~ - - ,  4 ' 
O, a 

By neg lec t ing  t e r m s  c o n t a i n i n g / ~  and ~ ,  we obta in  
an a p p r o x i m a t e  so lu t ion  to Eq. (2.15), 

o ( t 2  + t~, ~) 0 .  3 ( 2 . 1 6 )  
~* ~ t 2 ( 0 , - - i + T 1 ) ~ 1  ~ ' 

which can be  r e f ined  i f  d e s i r e d  by r e s o r t i n g  to the 
method of the s m a l l  p a r a m e t e r  and tak ing  P3 as  s m a l l .  
When p ~ 0, ~ ~ ~ ,  fl ~ 0 we obta in  the p r i n c i p a l  
t e r m  of Eq. (1.21) f r o m  Eq. (2.16). H e r e  x .  p l a y s  the 
ro l e  of A, 0.  p l ays  the ro l e  of 00, and the second  of 
the  condi t ions  (2.1) i s  conve r t ed  into the  Shvets  cond i -  
t ion [2]. With a knowledge of the w a r m i n g - u p  t i m e  it  i s  
p o s s i b l e  to ca l cu l a t e  any o t h e r  igni t ion c h a r a c t e r i s t i c s .  
In p a r t i c u l a r ,  the amount  of hea t  t r a n s f e r r e d  f r o m  the 
hea ted  p la te  dur ing  the w a r m i n g - u p  t ime ,  a c c u r a t e  up 
to t e r m s  conta in ing/z3 ,  i s  

Q = (~'~ § o, ~ L[(1212 ~, ~- ~t~)~o,] '/~j . (2.17) 

Comparison of Eqs. (2,16) and (1.21) showed that the phase trans- 
formation considerably increases the warming-up time. For r.he hypo- 
thetical explosive introduced above, in particular, r ,  is equal to 
180.2according to Eq. (2,16) and r ,  = 21.2accordingto Eq. (1.21), if one 
supposes in Eq. (1,21) that e0= e, = 9.22 or r ,  = 37.5 ire0 = 12.25. 
The solution of the problem of explosive ignition by the method of 
Shvets [2] does not present any particular difficulty if the densities of 
the phases are very different, but in view of the fact that in this case 
there is mechanical motion of the liquid phase the calculations become 
more cumbersome, 
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