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As a result of the combustion of condensed substances the pressure at their surface may exceed the pressure in the
surrounding space, if heat release occurs in the gaseous phase, and also if the flow-off velocity of the gaseous reaction
products approximates the velocity of sound.

The corresponding pressure drop is calculated for the case of one-dimensional combustion. Numerical estimates
have been made for real condensed substances. The combustion velocity u of condensed systems usually depends on

the pressure
u = u(p) )

where p is the pressure in the leading reaction zone, which may be higher than the pressure in the surrounding space p, -
This, in particular, may be linked with burning of the reaction products in the gaseous phase and also with the fact that
the flow-off velocity of the gaseous reaction products does not exceed the velocity of sound.

We shall consider the case when burning of the charge occurs in a sufficiently long casing, and we shall assume
that the gas flow and the combustion front are one-dimensional.

The pressure drop associated with burning of the reaction products can be found from the conditions for conservation
of mass and momentum flows. Suppose that in the leading reaction zone the temperature is T and the molecular weight
of the gas is p. Suppose that condensed particles are contained in the flow whose velocity is equal to the gas velocity
v, and that their weight fraction is m. In addition to T, p, and m, we are given the flow parameters beyond the com-
bustion zone: Ty, py, and my, and also the pressure py, which is either equal to or greater than p,,.

We denote by p’ and p, the particle density and the density of the original condensed system; $ is the fraction of
the cross-sectional area of the flow occupied by the particles. The initial equations will be:

conservation of mass flow of particles

py oS = pum, P v1Sy = pums , {2)
conservation of mass flow of gas
pv {1 — 8)=p,u (1 —m), p1o1 (1 — 1) = pyu (L —my), (3)
conservation of momentum flow '
P - Pell == p1-}- peuvy . (4)

The normal density of the gas is p and p; is much less than the density of the particles. Taking this into account,
we obtain from (2)-(4)

Aph=p—pn=
1 1—m {1’“ 1t —my 2 , (1—m) RT\": )
=7 [(P*u)z o —}h] +17 | (P T-Hh} —(px1)? ——H__} .
If (Ap); = p— p; is much less than py, we obtain in place of (5)
1— T —(l—m)T
(Aph = (paupr S T/ — (L —m) T/ p (6)

Pi— (1 —m1) (pau)*/ p1
It follows from (5) and (6) that at a very small combustion velocity (u—= 0) or for a very slight change in the product
(1 —m)T/u the pressure drop (Ap); tends to zero, *

We note that in connection with combustion stability the pressure at thesurface of the charge pq is also of consider-
able interest, To calculate p it is necessary to sum the pressure drops in all the reaction zones located in the gaseous
phase. Thus, for example, for double-flame combustion we get

po=pi-+ (Aph + Ap, ("
where (Ap)g and p are calculated from (8), and Ap is calculated from the analogous formula

(1 —m) T/u—(1 — mo) To [ po
p—(1—m)(psu)?/p

Ap=(ppu)* R
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In (8) rhe quantities with the subscript 0 refer to the gaseous intermediate products in the gap between the sur-
face of the charge and the leading reaction zoue.

We now consider the limitations associated with the fact that the flow-off velocity of the combustion products does
not exceed the velocity of sound

vle=(YRT /). , )
We substitute v from (2) and (3)
1-——m m 1-——m RT
U == pau <— T ) T 10

It follows from (9) and (10) that the pressure p in the leading reaction zone cannot be lower than a certain mini-
mum value pnin

1
P pin = —m) peu (=) (an

While the pressure p is sufficiently large, the gas velocity is usually negligibly small in comparison with the vel-
ocity of sound, and the pressure in the leading reaction zone in the absence of burning is equal to the pressure in the
space (P = P)- ‘

However, if on reducing p_ the combustion velocity u diminishes more slowly than linearly, the gas velocity v
will increase and for p, = p.,;, it will attain the velocity of sound. Beginning from this instant the pressure pin the lead~
ing reaction zone will be constant and equal to pyjp, independent of any further reducrion in p, . Correspondingly,
the combustion velocity must also remain constant and equal to umip = U(Pyin) -

In the presence of burning v, ¢, T, p, etc., should be replaced in formulas (9)-(11) by vy, ¢y, Ty, Py, etc. In
other words, in this case the pressure p; behind the burning zone cannot be less than (Pyn,ip
o\
12 (P = (L —nu) puu <,__1_ &,) . (12)
T
In this case the pressure in the leading reaction zone will be equal to (py)y;p * (4p)s Where (4p)y is calculated
from (5) and (6).

We shall now make certain numerical estimates. For pressures which are not too low, the pressure drop, because
of the presence of burning, can play a significant role only in fast -burning systems. Thus, according to the data of [1,
2], the combustion of mercury fulminate (p= = 3.8 ¢/cm®) proceeds in two stages. In the first stage only 10-20% of the
original substance is decomposed and 80-907% is dispersed and burns at a considerable distance from the surface of the
charge. '

The combustion velocity is determined by the first low -temperature (~ 500°C) stage. For the second stage, a
provisional thermodynamical calculation (without taking into account dissociation) starting from the reaction equation

Hg(ONC), = Hg + 2C0 + N,

gives a value Ty/uy; = 52. For pw = 1 atm the experimental value u ~ 1.5 cm/sec. The corresponding pressure drop,
associated with burning, amounts [according to formula (5)] to ahout 170 mm tig, For p, < 40-50 mm tig the second
flame dies out. The valueof pp iy at which the velocity of the products from this single-stage combustion should ap-
proximate the velocity of sound, according to formula (9), is 4-8 mm Hg (withour taking into account the effect of solid
particles on the velocity of sound). In other words, as a result of the combustion of mercury fulminate in a casing in
vacuo, the pressure at its surface cannot fall below 4-8 mm.

A significantly higher pressure pp,ip should occur for lead styphnate. According to data from [3], the combustion
velocity of lead styphnate (p, = 3.8 g/cm®) is very weakly dependent on P, » increasing from 25-26 cm/sec at p, =
=15 mm Hg to 33-35 em/sec at p,, = 400 atm. The value of Prin® calculated from formula (11), is about 4 atm for
lead styphnate, * The lack of dependence of u on pe, for lead styphnate at high values of peo must be connected with the

*In the computations we used the data of the approximate thermodynamic calculation (without taking into account
dissociation) for the reaction )
C6”3N309Pb"’].5 ”20 +5.5C0O + 0,5 (i()z + 1.6 Nz + PbO
Forp=p_ . (Prip 1 found by the method of successive approximations) we obtained T ~ 1530°K, u ~ 31,8, m &
~ 0,87 (part of the PbO is found in the combustion products in the form of particles). The effect of the particles on the
velocity of sound was not taken into account.
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combustion mechanism, but at values of ps, below a few atmospheres it may be connected with the constancy of the
pressure at the combustion surface. It should be noted that if even insignificant burning of the reaction products occurs
for lead styphnate, then this may increase significantly (by several atmospheres) the pressure at its surface.

For secondary explosives and powders the combustion velocity is considerably lower (according to the data of [4],
at 1 abs atm it lies withinthe limits 0. 01 to 0.3 cm/sec), Consequently, the pressure drop associated with burning may
play a significant role only as a result of combustion in vacuo. The value of py,j, is also small (for the flameless com-
bustion of pyroxylin powder studied in [5], the calculations give pyjp = 1 mm Hg)h

Above we considered one -dimensional combustion. If the charge burns without a casing, the combustion front
ceases to be one-dimensional, but the flow, obviously, must include a rarefaction wave in order to satisfy the boundary
conditions at the combustion front. The shape of the front as a result of such combustion has not been specially investi-
gated therefore the calculations are alsc indeterminate.

It is obvious only that the increase in pressure in the example of a charge without casing is lower than in the ex-
ample of a cased charge, and it diminishes with increase in the distance between the combustion zone and the surface
of the charge. Conversely, if the combustion zone is situated sufficiently close to the surface of the charge, combustion
differs little from the one-dimensional case. This is confirmed by experimental observations, according to which the
surface of burning charges (without casing) may remain plane, providing the combustion takes place in an inert atmos-
phere and the combustion products do not flow around the lateral surface of the charge.

As an example we may consider the configuration when the leading zone and the surface of the charge are plane,
but the combustion zone forms a conical front with an angle « at the vertex. In this case the pressure drop associated
with burning of the gaseous reaction products (m = my = 0) can be found from (5) and (6), where (ps u sin o/2) must be
substituted in place of (p= u)?. Correspondingly, for o = 90° the pressure drop is half that for a one-dimensional front;
for o = 60° it is four times less, etc.

In conclusion we may make the following comments.

The increase of pressure at the surface of a burning charge is calculated in [4] from the condition

)2
Ft=p.uv =~ (_P}_)_)__ (F=Ap- 1cm2). (13)

Although this method enables the order of magnitude of Ap to.be estimated, it is not correct. Actually, F in (13)
has the significance of a reactive force acting on the surface of the charge. The existence of F does not at all require
the presence of a pressure increase at the surface of the charge (and does not permit Ap to be calculated). This is par-
ticularly obvious in the case when no gaseous products at all are formed during combustion, but part of the solid products
are dispersed because of the occurrence of thermal stresses. Then F fully preserves its significance and can be calculat-
ed from an expression similar to (13), while Ap (and if combustion takes place in vacuo, p also)identically vanish (in
the same way Apwill be equal tozero, ifthereactiontakesplace entirely inthe condensed phase withthe formation of gas-
eous end products, without burning in the gaseous phase, and on condition that the gas velocity is less than the velocity
of sound).

Accordingly, it is not possible to acknowledge the correctness of the experimental method for determining Ap, in

which the force F acting from the direction of the charge is measured by means of spring-loaded weights, etc. and it is
assumed that Ap = F/S, where 8 is the cross-sectional area of the charge.

The authors thank A. F. Belyaev for posing the problem and for interest in the project, and also S. S. Novikov for
discussion of the results.

REF ERENCES

1. A.F. Belyaev and A. E. Belyaeva, "Concerning the combustion of mercury fulminate at pressures less than at-

mospheric,” DAN SSSR, vol. 33, no, 1, p. 41, 1941,
2. A. F. Belyaev and A. E. Belyaeva, "Investigation of the combustion of mercury fulminate, " Zh. fiz. khimii,

vol. 20, no. 11, p. 1381, 1946.
3. B. S, Svetlov and A, E. Vogelsang, "Concerning the combustion of lead styphnate,” DAN SSSR, vol. 137,

no. 3, p. 654, 1961.
4. K. K. Andreev, Thermal Decomposition and Combustion of Explosives [in Russian], Gosenergoizdat, Moscow -

Leningrad, 1957.
5. P. F. Pokhil, "Concerning the mechanism of combustion of smokeless powders," Explosion Physics [in Russian],

Collected Papers No, 2, p. 181, Izd-vo An SSSR, 1953,

5 March 1964 Moscow

99



