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Physical Chemistry

A. D. Margolin, P. F. Pokhil

Effect of Pressure on the Rate of Processes in the Reaction
Layer of the Condensed Phase of Burning Gunpowder

(Presented by Academician V. N. Kondral ev, February 21, 1963)

The combustion of gunpowders is accompanied, in total, by exothermic chemical
reactions in the reaction layer of the condensed phase. The heat release in the
reaction layer of this phase for some gunpowders amounts to 70% or more of
the total quantity of heat g required to heat the condensed phase during steady
combustion (1).

q=c(T —Tp), (1)

where T}, is the initial temperature of the gunpowder, T' is the surface temper-
ature of the condensed phase, and c is the heat capacity.

The combustion process of gunpowders is completed in the smoke-gas or gas
phase, where the maximum temperature for the given conditions is reached.
Since the temperature in the gas phase is higher than in the condensed phase
during combustion, a heat flux always passes from the gas phase into the con-
densed phase. However, the contribution of reactions occurring in the reaction
layer of the condensed phase to the heat balance entering into the heating of this
phase in a number of cases reaches 0.9¢ (?), so that the process in the condensed
phase may be the leading one or one of those determining the burning rate of
gunpowder. The influence of one process or another on the burning rate is de-
termined not only by the contribution of the given process to the heat balance,
but also by the chemical kinetics, as well as by such physical processes as heat
conduction, diffusion, evaporation, and dispersion.

In the general case, the burning rate depends not on any single stage, but
on a combination of several or even all stages of combustion (!,%); however,
to understand the combustion process it is necessary to analyze each stage

separately.

The influence of pressure on the burning rate of a gas mixture, or on the burning
rate of a gunpowder whose leading combustion stage is located in the gas phase,
has been analyzed in detail (4,°). In many works on the theory of combustion
of condensed systems it is assumed that the decomposition process of the con-
densed phase itself does not depend on pressure, and that its rate changes only
as a result of the action of the heat flux entering from the gas phase. Only in
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some works are there indications that pressure directly affects the rate of pro-
cesses in the reaction layer of the condensed phase (3,°). Let us consider this
question in greater detail.

The processes occurring during combustion in the reaction layer of the condensed
phase are very diverse: homogeneous and heterogeneous chemical reactions,
diffusion and heat transfer, dissolution, melting, transition from one crystalline
modification to another, evaporation, dispersion, sublimation, and gasification.
Pressure affects the rate and kinetics of chemical reactions involving gaseous
substances formed as a result of decomposition of the condensed phase and
present in the reaction layer in dissolved form, in bubbles, and in gaps between
the grains of the gunpowder components. The influence of pressure on the equili-

--surface temperature and the rate of phase transitions, since the kinetics of
chemical reactions changes during phase transitions; the effect of pressure on the
surface temperature of the condensed phase is very significant, this temperature
being determined by the conditions of evaporation, dispersion, and heat release
in the reaction layer of the condensed phase.

Let us consider the regularities of dispersion, which, as is known, plays a major
role in the combustion of powders (1).

Reactions in the condensed phase lead to the formation, in the reaction layer,
of gaseous decomposition and combustion products. The gaseous products dis-
solve in the condensed phase. When the concentration of dissolved gaseous
products reaches a limiting value, which for the given solution depends on pres-
sure, temperature, physical state, and mechanical properties of the condensed
substance, vigorous formation of gas bubbles occurs, causing dispersion of the
reaction layer of the condensed phase. As the pressure increases, the solubility
of gaseous products in the condensed phase increases and dispersion becomes
more difficult; therefore, for bubble formation and dispersion to occur, more
complete decomposition of the condensed phase in the reaction layer is neces-
sary, which leads to an increase in the temperature T, at the surface of the
condensed phase and to an increase in the burning rate.

To illustrate the mechanism by which pressure affects the burning rate (as a
consequence of changes in the dispersion conditions), let us consider the com-
bustion of a powder model when the leading stage of combustion is located in
the reaction layer of the condensed phase.

Let the surface layer of the condensed phase, where chemical reactions occur,
be liquid. We shall neglect diffusion of the reaction products in the condensed
phase; the concentration of gaseous combustion products beneath the liquid
surface is proportional to the depth of reaction or to the heat release of the
chemical reactions,

aNq:c(Tp_TO)? (2)
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where a is the maximum concentration reached at the surface and dependent
on temperature and pressure according to the law of dissolution

L
~ P —_— 3
a exp ( RTP> , (3)
where L is the heat of dissolution.

These two processes (chemical reaction and dissolution) determine the surface
temperature of the condensed phase:

ac (T, —Ty) = Pexp (RLTP) : (4)

« is the proportionality coefficient.

The burning rate is determined by the chemical kinetics and the surface tem-
perature. In the simplest case, when the reaction proceeds in the condensed
phase without participation of gaseous products and intermediate products and
its rate does not depend on pressure,

B
U ~ €xp <2RT) ) (5)
P

where F is the activation energy, and R is the gas constant.

From equations (4) and (5) one can establish the burning rate as a function of
the physicochemical characteristics of the powder. Let us find the dependence
of the burning rate on pressure and temperature

P du E T, -1,
=2

" wdP ~ 2RT? L : (6)
P 1 + TZE(TP — TO)
P war T : (7)
udl 2RT13 L+ RLTS (Tp —Tp)
v
B= ) (®)
Tp_TO
-2 1 hen formml N
@( » — Tp) > 1, then formulas (6), (7) are simplified:
E
YA (6a)
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E
=, 1y (7e)

In real systems, during combustion in the reaction layer of the condensed phase
many substances of different solubility are dissolved; therefore the dependence
of the burning rate on pressure may in individual cases become complex, non-
monotonic.

The laws governing the dispersion of crystalline substances in which chemical
reactions occur are more complex; they depend on the crystal lattice and its
defects, but when the local concentration of reacted molecules whose chemical
bonds have broken or weakened becomes sufficiently large, the crystal begins to
crack and disperse. Dispersion of a mixture of fuel with oxidizer proceeds owing
to chemical reactions at the boundary between oxidizer and fuel grains and to
the decomposition of the oxidizer and fuel separately.

Thus, the burning rate of powder may depend on pressure also in the case when
processes in the reaction layer of the condensed phase are the leading processes
determining the burning rate of the system.
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