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Study of ignition due to contact of an explosive with a hot iner t  object is of in teres t  p r imar i ly  in con-  
nection with the problem of the Sensitivity of explosives to mechanical  effects. The most  common concept 
in the theory  of sensit ivity is that of the thermal  nature of the initiation of an explosion. It is assumed [1] 
that var ious mechanical  agents cause (by virtue of the dissipation of their energy) local regions of heating, 
f rom which the explosion develops. Without going into the mechanism for the appearance of these regions,  
we can formal ly  divide them into two groups: reac t ing  and inert.  In the f i rs t  case there is a local heating 
of the explosive which leads to a local thermal  explosion [2]. In the case of inert  regions,  which ar ise ,  
e.g., due to the adiabatic compress ion  of gaseous inclusions accompanying frict ion between the explosive 
and solid par t ic les ,  etc. ,  the p rocess  develops near  the interface between the hot and inert  mater ia l  and 
the cold explosive, i.e., is an ignition p rocess .  

The problem of the ignition of explosives by a hot object is of in teres t  in connection with studies of 
ignition by a d isperse  flow [3], c a r r i ed  out to evaluate the role played by the penetration of the part icle  in- 
to the surface of the combustible mater ia l .  

Numerica l  methods were used in [4] to study one limiting case  - that of ignition by an inert  plate 
having a poor thermal  conductivity. Another l imiting case,  in which the igniting object has a good thermal  
conductivity, was studied in [5]. An approximate calculation of the basic charac te r i s t i c s  of the p rocess  
is repor ted  in [4, 6]. 

We have now used a computer  to solve the problem of the ignition of an explosive by a hot object of 
a symmet r i c  shape (a plate, cylinder,  or  sphere) over broad ranges  of the pa r ame te r s  involved. 

The problem is formulated in the s tandard manner  for ignition theory.  In an unbounded medium ca-  
pable of exothermic convers ion in a condensed phase, there  is a hot inert  object having a charac te r i s t i c  
dimension of 2r. The initial temperatm~e of the explosive is Te, and that of the hot object is T o . Deple-  
tion of the explosive is neglected; i .e. ,  degenerate  reg imes  [7] are  not considered.  The thermophysica l  
p roper t i es  (the thermal  conductivity, heat capacity,  and density) of the objects in contact  and the p rope r -  
t ies of the chemical  react ion (the activation energy,  the heat of combustion, and the preexponential  factor) 
in the medium are  assamed  constant over the course  of the process .  

The mathemat ical  problem reduces to one of solving the following system of differential  equations, 
writ ten in dimensionless  form: the equation descr ibing heat propagation in the react ing substance, 

ao 1 [ 0 2 0  , n ao l  0 ( i )  

the cor responding  equation in the igniting medium, 

ao~_ k~b[a~O~_ n ao~] 
0-'7 -- ~ [ ' - ~  ' -~- "-~-J' 0 < ~ < 1; (2) 

and the initial and boundary conditions, 

�9 = o ,  o1=o,  o = - o ~ ,  (3) 
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00 
g = 0 ,  ~ = 0 ,  g ~ ,  0 = - - % ,  (4) 

001 = l ,  0 , = 0 ,  k~--~=-~-. (5) 

F o r  the case  kX -~ co we r ep l ace  Eq. (2) and boundary conditions (5) by 

co (n + 1____) b a0 (6) ~=1, i ~ =  ~ ,  0~---0. 

Here  

RT ~ O= (T--To);  ~ = + ;  [ 5 = T ;  

Ok o E x = * - ~  ~-~ exp (--  E/RTo);  

- % = - 
r e ) ;  

x is the coordinate ;  t is  the t ime;  T i s  the t empe ra tu r e ;  Q is  the heat  of combustion;  E is  the activation en-  
ergy;  k, c, and p a r e  the t he rma l  conductivity,  heat capaci ty ,  and density,  respec t ive ly ;  n is the shape in-  
dex; and the subsc r ip t  " i  n co r r e sponds  to the igniting object.  

Solving the initial s y s t em  of equations numer i ca l ly  on a computer ,  we obtained the nons teady-s ta te  
t e m p e r a t u r e  f ields 0(~ ,  Y, 0 e, k 2, b, /3, 6, n), f rom which we de te rmined  the basic c h a r a c t e r i s t i c s  of the ig-  
nition. The p a r a m e t e r  ranges  taken into cons idera t ion  a re  0 e = 7.5-25; 6 = 6 cr -~;  0.01 </3 < 0 .9/%; kk = 
0.1-oo; b=0~ and n=0 ,  1, 2. 

F igu re  1 shows the t i m e  dependence of the t e m p e r a t u r e  0 s at the in te r face  between the ine r t  object  
and the r eac t i ng  m a t e r i a l  for  var ious  va lues  of the p a r a m e t e r  5. This t e m p e r a t u r e  ins tantaneously  a s -  
sumes  a certain valueOsl and, at sufficiently large values of 6, remains constant throttghout the ignition. 
As ~ decreases, the value of 0 s decreases as time elapses (the rate at which the temperature drops is 
governed by the heat reserve in the heating region and by the thermophysical and kinetic properties of the 
objects in contact); thereafter, it increases in an explosive manner. Finally, for dimensions 6 < 6er of the 
heating region,  ignition does not occur .  Since an adiabatic  r e g i m e  is  poss ib le  in our formulat ion of the 
p rob lem,  we unders tand by "ignit ion" the p r o c e s s  whose development  t ime  is  much sho r t e r  than the adia-  
batic induction per iod at  the initial  t e m p e r a t u r e  %. 

Since the t rans i t ion  f rom the ignition r eg ime  to that  of adiabatic  combust ion occu r s  continuously, 
the re  is some difficulty in choosing 5cr .  Analys is  of the Ti(6) dependences shows that  we can de te rmine  

6cr  by using the condition -S~>> 1 as  a c r i te r ion :  At values  near  6cr  (Fig. 2b), a sl ight change in the di-  

mens ion  of the heating region co r r e sponds  to a la rge  change in the ignition delay t ime.  

It  has been shown [7, 8] that  for the case  in which a sur face  i s  heated by conduction the ignition c h a r -  
a c t e r i s t i c s  can be descr ibed  v e r y  accu ra t e ly  by the equations obtained for the case  of ignition at a con-  
stant  su r face  t e m p e r a t u r e ;  the sur face  t e m p e r a t u r e  should be identified as the t e m p e r a t u r e  of the i n t e r -  
face ,  known f r o m  the theory  of hea t  conduction: 

k e 
Ts, =- (re  - -  Te, ) ~ q- T e , 

where  k s =  ( k l e l P l / k c  p) 1/2 is  tile r a t io  of t he rma l  act ivi t ies .  

F r o m  Fig.  2 we see that  this conclusion holds for our case ,  beginning at  some 6 / 6 c r .  As 6 /6c r  in-  
c r e a s e s ,  the t ime  ~'i tends toward [8] 

~ = o,2%, (% + 8), (v) 

where  

E (T~, % = 
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Fig. 1. Dependence of 0 s on T for  va r ious  values  of 
6, with On = - 1 0 ,  fi= 0.01, k~. = 20, b=0.06,  andn= 2. 
1) 6=1000; 2) 6=30;  3) 6=21;  4) 6=20;  5) 6=19;  6) 
6 = 21, co r re spond ing  to heat  exchange with the ine r t  
medium.  

Fig.  2. a) Dependence of I"i/1" { on 6 / 6 c r ;  b) depen-  
dence of r i  on ~ for  a cy l inder  with 0e = - 1 0 ,  f l=0.01,  
k k ~  % and b= 0.1. 1) Sphere; 2) plane. 

TABLE i 

7~ 0 e 

l0 
10 
10 
10 
10 
I0 
10 

,5 

25 
10 
10 
10 

c o  

1,0 
1,0 
1,0 

0,1 
I~ '0 

lOO 
0,I 

1~ '0 

0,1 
0,1 
0,1 
1,0 
1,0 
1,0 

comp. 

22 ,4 
258 

2900 
32, 7 

405 

5c r 

acc. Eqs. (8), (9))comp. [5] app. of [6]~pp. of [4] 

2,5 3~11 33,2 2,9 
25 29 

250 -- 320 290 
2500 3200 2900 

2,8 44,5 3,7 
36 38 

387 465 525 

co 
co  

15,8 16,9 
51,2 53,7 
134 133 
227 
128 
,o3 

19,2 
78,4 
256 
304 
183 
139 
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Fig. 3. Dependence of 6~r and 
6 c r / 6 ~ r  on b for  0 e = - 1 0  , f l =  
0.01, and n=0 .  1) k k ~  co; 2) 
kx=100;  3) kX=10; 4) k~= 1. 

3) kk--*0, b>0.  The heat  flux is  

We note that  we have T i / T ~  1 within ~ 5% for  6 / 6 c r  > 1.8, c o r r e -  
sponding to a t e m p e r a t u r e  of the heat ing region which is higher  than 
the c r i t i ca l  t e m p e r a t u r e  by about half  the t e m p e r a t u r e  in terva l  (~ 10~ 

We are  p r i m a r i l y  in te res ted  in finding the c r i t i ca l  conditions.  
F igu re  3 shows typical  dependences of 6 / 6 ~ r  on b for  va r ious  values  
of kk; here  5" c o r r e s p o n d s  to ignition of the explos ive  by a heating 
region of infinite t h e r m a l  conductivi ty (kk--* ~). Analys i s  of these 
dependences r evea l s  the exis tence  of th ree  l imi t ing  r eg imes :  

1) b ~  0, kk> 0 (infinite hea t  capaci ty  of the heat ing regLon). 
The ignition occu r s  for  any s ize  of the heat ing region ( 6 c r ~  0). 

2) b--* % k~.> 0 (vanishingiy smal l  heat  capac i ty  of the heat ing 
region).  Here  we have 6cr--* % and the combust ion  occu r s  in the 
adiabat ic  r eg ime .  

~176 / k~ --~ fZ-~ O, and the combust ion occurs  in the adiabatic  r eg ime .  

It should be noted that the case kk-* ~o corresponds to a quite large range k k > i00 over which the 
critical dimension of the heating region is essentially independent of k k and over which we have 6cr =6" r 
(Fig. 3). 
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by 
The dependences of 6or and 6~r on the pa ramete r s  0e, fl, kx, b, and n can be descr ibed approximately 

(s) 

(9) 

8cr = 0 . 4 V b  2 + 0.25n (n + 1)(b + 0:tb a) [0e+ 2,25 (n - -  1)12 [1 + 0.5~0], 

These equations hold within 10% over the following parameter  ranges:  Oe = 7.5-25;/3 =0.01-0.9/0e; n= O, 1, 
2; k k = 1-~o; b=0 .05-10 .  Fo r  k k =0.1-1  and b=10-100,  Eqs. (8) and (9) give 6cr  within ~20%. 

Some resu l t s  of the numerical  integration and some values of 6cr  calculated f rom Eqs. (8) and (9) 
are  compared  in Table 1 with results~ obtained by the approximate methods of [4, 6] and through a numer -  
ical calculation for k X -  co [5]. We see that the values of 6cr calculated by the approximate methods of 
[4, 6] agree  sa t i s fac tor i ly  with the resul ts  of the computer  calculations of the present  study and of [5]. We 
note that for the cases  of a cylinder (n = 1) and a sphere (n= 2) these approximate methods require  a nu- 
mer i ca l  integration. 

These r e su l t s  are  of definite in teres t  in connection with the problem of the sensit ivity of explosives 
to mechanical  effects.  

The mechanism for the detonation of ni t roglycer ine by solid par t ic les  was d iscussed in [1]. We can 
use Eqs. (8) and (9) to calculate the cr i t ical  tempera ture  of the heating region as a function of i ts  dimen- 
sion. The initial kinetic and thermophysical  proper t ies  for ni t roglycer ine are,  according to [1], E = 48,000 
ca l /mole ,  Qk 0 = 5.1022 c a l / s e c ,  cm 3 , c = 0.3 c a l / g ,  deg, p = 1.4 g / c m  3, and k = 4 .10  -4 c a l / c m  - sec - deg. 
Those for carborundum (the igniting object) are  c =0.18 c a l / g ,  deg, p = 2.3 g / cm 3 , and ~= 2 .10  -3 c a l / c m .  
sec - deg. Then we find the following cr i t ica l  t empera tu res  for the specified dimensions of the heating 
region: 

d, p I00 50 10 0.5 

Tcr, ~ 391 448 519 639 

The calculated resul ts  are  in good qualitative agreement  with the experimental  data of [1], where it 
was shown that large carborundum par t ic les  (~ 100 ~ in size) are  more  efficient in forming heating r e -  
gions (explosions occur  in 100% of the cases)  than small par t ic les  (0.5-10 iz); the t empera tu res  of the heat-  
ing regions  were measured  and found to be ~ 500~C. 

Analogous calculat ions were  ca r r i ed  out for the case in which there  is a gas bubble in ni t roglycerine.  
In this case the detonation of the explosive can be attributed to the adiabatic compress ion  and heating of 
the gas upon impact.  Experimental  t empera tu res  prevail ing during impact  compress ion  were given for 
cer tain gases  in [1]; for air ,  for example,  the value is Tcr=800~ However, the calculations showed that 
for the detonation of n i t roglycer ine  by an air bubble having an initial diameter- of 1 ram the cr i t ical  t em-  
pe ra tu res  a re  much higher:  Tc r  = 1200~ These resul ts  support  the hypothesis of [1] that detonation oc-  
curs  during adiabatic compress ion  of a bubble if the air inclusions contain explosives as a vapor or small  

drops. 
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t i t  is difficult to compare  our resul ts  with those of the numerical  calculation of [4], because the range of 
the pa rame te r  k k was not specified there.  
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