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Study of ignition due to contact of an explosive with a hot inert object is of interest primarily in con-
nection with the problem of the Sensitivity of explosives to mechanical effects. The most common concept
in the theory of sensitivity is that of the thermal nature of the initiation of an explosion. It is assumed [1]
that various mechanical agents cause (by virtue of the dissipation of their energy) local regions of heating,
from which the explosion develops. Without going into the mechanism for the appearance of these regions,
we can formally divide them into two groups: reacting and inert. In the first case there is a local heating
of the explosive which leads to a local thermal explosion [2]. In the case of inert regions, which arise,
e.g., due to the adiabatic compression of gaseous inclusions accompanying friction between the explosive
and solid particles, etc., the process develops near the interface between the hot and inert material and
the cold explosive, i.e., is an ignition process.

The problem of the ignition of explosives by a hot object is of interest in connection with studies of
ignition by a disperse flow [3], carried out to evaluate the role played by the penetration of the particle in-
to the surface of the combustible material.

Numerical methods were used in [4] to study one limiting case — that of ignition by an inert plate
having a poor thermal conductivity. Another limiting case, in which the igniting object has a good thermal
conductivity, was studied in {5]. An approximate calculation of the basic characteristics of the process
is reported 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 symmetric shape (a plate, cylinder, or sphere) over broad ranges of the parameters involved.

The problem is formulated in the standard manner for ignition theory. In an unbounded medium ca~
pable of exothermic conversion in a condensed phase, there is a hot inert object having a characteristic
dimension of 2r. The initial temperature of the explosive is Te, and that of the hot object is T,. Deple-
tion of the explosive is neglected; i.e., degenerate regimes [7] are not considered. The thermophysical
properties (the thermal conductivity, heat capacity, and density) of the objects in contact and the proper-
ties of the chemical reaction (the activation energy, the heat of combustion, and the preexponential factor)
in the medium are assumed constant over the course of the process.

The mathematical problem reduces to one of solving the following system of differential equations,
written in dimensionless form: the equation describing heat propagation in the reacting substance,
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the corresponding equation in the igniting medium,
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and the initial and boundary conditions,
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For the case kj — « we replace Eq. (2) and boundary conditions (5) by
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x is the coordinate; t is the time; T is the temperature; Q is the heat of combustion; E is the activation en-
ergy; A, ¢, and p are the thermal conductivity, heat capacity, and density, respectively; n is the shape in-
dex; and the subscript "1" corresponds to the igniting object.

Solving the initial system of equations numerically on a computer, we obtained the nonsteady-state
temperature fields §(¢, 7, g, ky, b, B, 8, n), from which we determined the basic characteristics of the ig-
nition. The parameter ranges taken into consideration are 6g=17.5-25; 6 =6 ¢y 0.01<B<0.9/8¢; k) =
0.1-; b=0.05-100; and n=0, 1, 2.

Figure 1 shows the time dependence of the temperature 64 at the interface between the inert object
and the reacting material for various values of the parameter 6. This temperature instantaneously as-
sumes a certain value6g and,at sufficiently large values of 8, remains constant throughout the ignition.
As & decreases, the value of 6 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 & <8¢y of the
heating region, ignition does not occur. Since an adiabatic regime is possible in our formulation of the
problem, we understand by Mgnition® the process whose development time is much shorter than the adia-
batic induction period at the initial temperature 6.

Since the transition from the ignition regime to that of adiabatic combustion occurs continuously,
there is some difficulty in choosing 6¢p. Analysis of the 7i(8) dependences shows that we can determine

A .
0oy by using the condition —Af61—>> 1 as a criterion: At values near 6., (Fig. 2b), a slight change in the di-
mension of the heating region corresponds to a large change in the ignition delay time.

It has been shown [7, 8] that for the case in which a surface is heated by conduction the ignition char-
acteristics can be described very accurately by the equations obtained for the case of ignition at a con-
stant surface temperature; the surface temperature should be identified as the temperature of the inter-
face, known from the theory of heat conduction:

. ,
Ts, :(T0~Te.)1—_fz+7;,

where kg=c1p1/acp) /2 is the ratio of thermal activities.

From Fig. 2 we see that this conclusion holds for our case, beginning at some 6/6cy. As 6/8¢y in-
creases, the fime 73 tends foward [8]

1§ =0.28,, (8,, + 8), o

where

T,).

-
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Fig. 1. Dependence of g on T for various values of
6, with 8 =—10, 8=0.01, kp =20, b=0.06, andn=2.
1) §=1000; 2) 6=30; 3) 6=21; 4) 6=20; 5) 6=19; 6)
6=21, corresponding to heat exchange with the inert

medium.

Fig. 2. a) Dependence of Ti/T{ on 6/8.p; b) depen~
dence of 7§ on & for a cylinder with fg=~10, 3=0.01,
k)= =, and b=0.1. 1) Sphere; 2) plane.

TABLE 1
Ber
n ee k;b b - T o
comp. Jacc, Egs. (8),(9jcomp. [5}}app. of [6]]app. of [4]
10 ) 0,1 2,4 2,5 3,1 3,2 2,9
10 0 1,0 25 25 31 32 29
10 ] 10 258 250 — 320 290
0 10 0 100 2900 2500 - 3200 2900
10 1,0 0,1 2,7 2,8 — 4,5 3,7
10 1,0 i,0 33 36 —_ 46. 38
10 {,0 10 405 387 - 465 525
7,5 ) 0,1 15,8 15,8 16,9 19,2 —
15 oo 0,1 54,2 51,2 53,7 78,4 —
25 ) 0,1 141 134 133 256 —
2 10 1,0 1,0 212 227 — 304 —
10 10 1,0 127 128 — 183 —
10 Y 1,0 100 103 108 139 -
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Flg 3. Dependence of 6% . and
Sop /0%y on b for o= -—10 B—

0.01, and n=0. 1) ky — e; 2)

kAZIOO; 3) kAZlO; 4) k?\: 1.

We note that we have Ti/'r%--> 1 within ~5% for 6/8¢r > 1.8, corre-
sponding to a temperature of the heating region which is higher than
the critical temperature by about half the temperature interval (~ 10°).

We are primarily interested in finding the critical conditions.
Figure 3 shows typical dependences of §/8%,. on b for various values
of kp; here 6* corresponds to ignition of the explosive by a heating
region of infinite thermal conductivity (ky — «). Analysis of these
dependences reveals the existence of three limiting regimes:

1) b—0, kj >0 (infinite heat capacity of the heating region).
The ignition occurs for any size of the heating region (8, 0).

2) b— o, ky >0 (vanishingly small heat capacity of the heating
region}). Here we have 8o~ «, and the combustion occurs in the
adiabatic regime.

3) ky— 0, b>0. The heat flux is &, %g 3_310, and the combustion occurs in the adiabatic regime.

It should be noted that the case kj — = corresponds to a quite large range k, > 100 over which the
critical dimension of the heating region is essentially independent of ky and over which we have 6., =6%,

(Fig. 3).
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The dependences of 65 and 6§, on the parameters g, 8, k,, b, and n can be described approximately
by

8% = 0.4V BT+ 0.25n(n + 1) (6 + 0.15% [0e+ 2,25 (n — DI[1 <+ 0.588], (8)

(8e —3)2p(n +1 ]

AT Iane (9)
30}%’:3 (I + 3!}2»3)

Ber = 8¢ [1 +
These equations hold within 10% over the following parameter ranges: 6g="7.5-25; 3=0.01-0.9/6; n=0, 1,
2; ky = 1-»; b=0.05-10. For ky =0.1-1 and b=10-100, Egs. (8) and (9) give 8¢, within ~20%.

Some results of the numerical integration and some values of 8¢, calculated from Egs. (8) and (9)
are compared in Table 1 with resultst obtained by the approximate methods of {4, 6] and through a numer-
ical calculation for k) — « [5]. We see that the values of §q calculated by the approximate methods of
[4, 6] agree satisfactorily with the results 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-~
merical integration.

These results are of definite interest in connection with the problem of the sensitivity of explosives
to mechanical effects.

The mechanism for the detonation of nitroglycerine by solid particles was discussed in [1]. We can
use Eqgs. (8) and (9) to calculate the critical temperature of the heating region as a function of its dimen-
sion. The initial kinetic and thermophysical properties for nitroglycerine are, according to [1], E =48,000
cal /mole, Qky =5+ 10?2 cal/sec - cm?, c=0.3 cal/g-deg, p =1.4 g/cm®, and A=4-107* cal/cm - sec - deg.
Those for carborundum (the igniting object) are ¢ =0.18 cal/g-deg, p =2.3 g/cm?, and A=2-1073 cal/em .
sec -deg. Then we find the following critical temperatures for the specified dimensious of the heating
region:

d,p 100 50 10 0.5
Terr °C 391 448 519 639

The calculated results are in good qualitative agreement with the experimental data of {1], where it
was shown that large carborundum particles (~ 100 4 in size) are more efficient in forming heating re-
gions (explosions occur in 100% of the cases) than small particles (0.5-10 i); the temperatures of the heat-
ing regions were measured and found to be ~500°C.

Analogous calculations were carried out for the case in which there is a gas bubble in nitroglycerine.
In this case the detonation of the explosive can be attributed to the adiabatic compression and heating of
the gas upon impact. Experimental temperatures prevailing during impact compression were given for
certain gases in [1]; for air, for example, the value is Tcr=800°C. However, the calculations showed that
for the detonation of nitroglycerine by an air bubble having an initial diameter of 1 mm the critical tem~
peratures are much higher: Tgp=1200°C. These results support the hypothesis of [1] that detonation oc-
curs during adiabatic compression of a bubble if the air inclusions contain explosives as a vapor or small
drops.
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