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PHYSICAL CHEMISTRY
E. I. Maksimov, A. G. Merzhanov

On One Model of the Combustion of Nonvolatile
Explosives

(Presented by Academician N. N. Semenov, 29 January 196/)

In papers (173) it was shown that the regularities of combustion of nonvolatile
explosives (e.s.) in a number of cases are associated with dispersion of the
initial condensed substance. However, the question of the mechanism of this
phenomenon has not yet been clarified. In the present work, developing the
ideas of Parr and Crawford (%) on the formation of foam in the condensed
reaction zone, one of the possible mechanisms of dispersion in liquid and melting
nonvolatile systems during combustion is considered, and an attempt is made
at a quantitative description of the phenomenon.

The consideration is based on the following physical assumptions.

1. A one-stage combustion model is investigated, taking into account the
reaction in the liquid phase under conditions of a strong increase in volume
caused by the formation in the reaction zone of foam, which upon its
destruction turns into an aerosol. The influence of the reaction in the gas
phase is not taken into account; the conditions of applicability of this will
be given below.

2. Conditions are considered under which the pressure in the foam bubbles
is close to the external pressure, and the ideal-gas equation of state is
applied to the foam and aerosol,

£ - 1 RT ’ (1)

)
where p/p, is the change in density; p, is the initial density; n is the depth
of decomposition; z is the fraction of gaseous product upon decomposition; 7'
is temperature; p is pressure; p is the mean molecular weight of the gaseous
reaction products; R is the gas constant. This equation is invalid both at very
high pressures, because of the deviation of the gas properties from ideality,
and at very low (vacuum) pressures, because the Laplace pressure cannot be
neglected.

3. Dissolution of the gaseous reaction products in the liquid phase and the
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4.

associated possibility of an autocatalytic reaction proceeding are, for sim-
plicity, not taken into account.

The heat capacity is assumed constant, and the thermal conductivity in
the foam and aerosol is described by the formula, obtained from additivity
considerations,

A
1+nz (A—ipol;‘—f — 1)

o)

A - )\g‘/g + Aka - Ak (2)

where A, and A, are the coefficients of thermal conductivity of the gas and
condensed substance, respectively; V, and V, are their volume fractions, respec-
tively. As follows from the theory of heat transfer in disperse media (°), such
a representation corresponds to reality with satisfactory accuracy (it gives an
overestimate by 10-15%).

5.

d

" dx

The influence of melting on the regularities of combustion is taken into ac-
count by introducing an effective initial temperature (T4 = Ty — Q et /€)s

which is apparently valid if melting occurs in the preheating zone.

Heat losses from the reaction zone are not taken into account. Thus, in
accordance with what was said above, the original system of equations
describing combustion under conditions of a strong increase in volume has
the form

X\ RT
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1+772(Po%* ) dx dz

“dr T T 0z (poRT Jpu— 1) ’

dn kopo(1—n) o E/RT _ . (3)

boundary conditions: at z = oo, T' =T, and n = 0; at © = —o0, dT/dz = 0,
n = 1, where z is the coordinate; u is the mass burning rate; c is the heat
capacity; @) is the heat effect of the reaction; k, is the preexponential factor; £

is the
Table

activation energy; Tj is the initial temperature.

1
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Q, nu-

merical Q by
calcula-  formula Discrepancy,

A X o102 T tion (4) %

0.13 7.72 0.70 - 0.45 - 0.41- 11
107° 107° 107°

1 0.337 7.72  0.7-107° 0.12- 0.11- 12
1075 107°

1 2.02 1.285  7-107° 0.63 - 0.53 - 19
1079 107°

1 0.337 3.85 17-107° 0.885 - 0.825 - 7
107¢ 10°¢

1 0.937 3.85 7-1074 0.275 - 0.260 - 6.5
1075 107°

16 0.337 3.85 7-1074 0.31- 0.28 - 10
107° 10°°

For z — 0, this system describes the ordinary combustion regime without al-
lowance for a change in volume. We note that in the present problem the
mechanism of volume dispersion is considered. The notion of dispersion as a
surface process () is valid for nonmelting substances. Consideration of volume
dispersion makes it possible, from a unified point of view, to describe processes
occurring in the condensed and smoke-gas zones (in the presence of foaming,
there is no sharp boundary between these zones). Therefore, in this work the
usual concepts of a burning surface and its temperature are not used.

We also note that the volume dispersion of the liquid phase considered in this
work is the limiting regime of maximum dispersion, in which the motion of the
initial substance and of the expanding gaseous products occurs with the same
velocity.

An approximate analytical solution of system (3) is found using the assumption
of Ya. B. Zel’ dovich and D. A. Frank-Kamenetskii, which consists in neglecting
convective heat transfer in the reaction zone (°):

2
v A“ZOPO o b—ay . e BIRTn (4)
—a a a a
where
RT ) ( A RT ) Q
a= —n z, b= —p,—= — z, T,=T,+—.
(Po Dl )\HPO DU 0T,
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Fig. 1

Figure 1: Fig. 1

In order to check the validity of this approximation under conditions of a strong
change in volume, and also to analyze the structure of the combustion zone,
system (3) was solved numerically on an electronic computer. The following
dimensionless variables and parameters were used:

9 — T—TO7 fzﬂx, 02 — ulc 7 U:RQ/C’
Tm, - TO )\K, /\fchkO E
CTIO pp /\f@
X= 7" ™= 0 A=
Q poE A

The calculation was carried out while varying the parameters in the following
intervals:

o= (1.285+7.72)-1072; % = 0.13 - 2.02; 7 = 10°® - 1072; A = 1 + 80. The
results of the numerical solution, some of which are given in Table 1, showed
that the approximate formula (4) describes combustion with good accuracy. In
connection with this, the analysis of combustion regularities can be carried out
by formula (4).

We consider the region in which the equation of state of an ideal gas is valid,
and therefore

pOTﬂm > 1. For the case /\k//\g =1, z=1, from (4) we obtain

ul = )‘kOPﬂTmefE/RTm

m QT ) (5)

i.e., the mass burning rate does not depend on the density* and is proportional
du
to the square root of the pressure (i.e., v = Bd— = 0.5). For \,/\, > 1 and
uap
z < 1, two pressure regions must be considered (Fig. 1). At smaller values of p
the regularities are the same; at larger p, u,, increases with increasing density
Po» while the exponent v increases with increasing A;/A; and decreases with
decreasing z.

Fig. 1. Dependence of the burning rate on pressure.
1-A=1,2=004; 2-A=1, z2=1;
3-A=30,2=1; 4-A=80, z=1

A strong change in volume, as expected, had a noticeable influence on the
structure of the combustion zone (Fig. 2). The most characteristic features are:

1. The presence of a broad heat-release zone, comprising approximately half
of the entire temperature-change zone.
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Fig. 2

Figure 2: Fig. 2

2. A mismatch between the positions of the maxima of the heat-release and
reaction rates (the heat-release maximum corresponds to n, = 0.4 and
T, ~ T, — 4RT? /E, the magnitude of which for z = 1 depends only

weakly on the parameters).

3. A very low value of the substance density corresponding to the maximum
heat-release rate (indeed, from (1), for z = 1 we obtain p, ~ 2.5p,, where
py = pit/RT,, is the gas density at the temperature maximum). It should
be emphasized that the presence of a density-change zone is a specific fea-
ture of the problem under consideration. The calculation showed that this
zone constitutes approximately one third of the width of the temperature-
change zone.

Fig. 2. Structure of the combustion-front profile for the following parameter
values:
»n=0.337, 0 =385-1072, m; = 0.7-1073%; my, = 0.7-107%; 1’ and ¢ are the

dimensionless reaction rate and heat release per unit volume

If the gaseous reaction products in the condensed phase are capable of further
exothermic transformation, then, in accordance with the results of works (7,%),
one can indicate a criterion according to which the reaction in the gas phase
proceeds in the self-ignition regime and does not affect the burning rate

* As we see, the independence of the mass rate from density cannot serve as an
unambiguous criterion that the limiting stage of combustion is located in the
gas phase.

affects. For this it is necessary that

2(n+1) B 1

" RT, 1+Q,/c,ym
(6)

where u,, is the mass burning rate calculated from (4) for the condensed zone,

T, is the temperature at the hot end of the condensed zone (T}, = Tyt Q/c), n

is the order of the reaction in the gas, and the remaining thermokinetic constants
refer to gaseous intermediate products.

n+1
> )"rkOrpr 2n! (CT'RTmQ/QTET) (1 + QT/CT'Tm)
¢ 1+ (0.34n + 0.16) (Q, /c,7m)*?

exp X

m

Thus, the model considered makes it possible to analyze regularities and to
calculate absolute values of the burning rates of liquid or melting nonvolatile
substances.
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The regularities obtained correspond to some extent to the experimental ma-
terial available in the literature (values for pyroxylin (©?19) and for mercury
fulminate (1), the structure of the burning zone in pyroxylin (*2), the depen-
dence of the burning rate of pyroxylin on density (°), etc.); however, in order to
establish a more rigorous correspondence, special detailed experimental investi-
gations are necessary.

Taking this opportunity, the authors express their gratitude to Z. B. Maiofis
and S. I. Khudyaev for carrying out the numerical calculations.
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