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Modeling of the explosion of pyroxylin or combustion
of the pyrotechnic composition

Abstract: Considering the blow force as the given parameter during the combustion of pyrotechnic
compositions, it is possible to calculate the mass of a necessary charge of pyrotechnic formulation. By
this cause, a special interest is the model of an explosion or burning of the pyrotechnic composition, in
which is possible at high degree of accuracy to calculate the mass of the pyrotechnic charge. This will
lower the percentage of accidents when dealing with pyrotechnics. The aim of the work is formulation of
the physical and mathematical model of explosion or combustion of pyrotechnic composition on the basis
of laws of conservation of momentum and energy. The calculation formulas were checked on a concrete
example — pyroxylin and compared with data from reference books and the Internet. The analysis of a
calculated formula for a pyroxylin showed that in the course of explosion the main contribution to
destruction of the chosen objects is made by a potential energy of gases (about 88%), and only 12% by a
kinetic energy of incandescent gases, but when calculating force of explosion it needs to be considered.
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of explosion or combustion of pyrotechnic composition.

Introduction

Combustion explosive gas (or fluid) mixtures or
individual explosives is a homogeneous combustion.
Pyrotechnic compositions are the mechanical mixtu-
res of the solid, finely crushed components — on deg-
ree of homogeneity are in the middle between the
condensed fuel and individual substances (or
homogeneous mixtures). Combustion of pyrotechnic
compositions is carried out by a heat transfer from a
reaction zone, to layers in which there is a prepa-
ration for combustion process. Inflaming of pyrocom-
positions also is based on the same principle. For
emergence of combustion it is necessary to create
local temperature increase in composition; it is
reached by usually immediate impact on composition
of hot gunpowder gases or use of special flammable
formulations. When the pyrocomposition is put in
action by a fire impulse and its combustion takes
place in open space, its burning rate is small (usually
a few mm/s). If the combustion occurs in an enclosed
space, or if used in as an initiator a detonator cap, it
may be an explosion (which speed is measured in
hundreds, and sometimes thousands of m/s) [1-8].
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There are many ways of calculation and choice
of necessary explosive, for carrying out blasting,
production of pyrotechnic devices, etc. These are
chemical ways where calculations are carried out
through an explosive decomposition reaction; phy-
sical ways where many researchers solve this
problem as a problem only of thermal explosion.
Explosion modeling assumes the solution of this
problem, through the laws of conservation of energy
and momentum, that allows to see visually the role
introduced by each component in the reaction
equations of conservation of energy and momentum
[9-13].

In the solution of the equation the blow force
necessary for destruction of this material is espe-
cially highlighted, using it as the given parameter, it
is possible to specify enough the mass of a neces-
sary charge of pyrotechnic formulation [14-18].

Therefore, a special interest is the model of an
explosion or burning of the pyrotechnic compo-
sition, in which is possible at high degree of accu-
racy to calculate the mass of the pyrotechnic charge.
This will lower the percentage of accidents when
dealing with pyrotechnics, when dealing with
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pyrotechnics that may arise on fault of the
manufacturer, as well as to reduce the percentage of
systematic deviation from the intended accuracy of
blasting and other work associated with the
pyrotechnic compositions.

The aim of the work is formulation of the
physical and mathematical model of explosion or
combustion of pyrotechnic composition on the basis
of laws of conservation of momentum and energy.

Experimental

Physical and mathematical modeling of
chemical and physical reactions is a way to describe
a physical and chemical phenomenons, using the
equations of mathematical physics, usually under
the terms of an approximation to the real
phenomenon. Physical and mathematical model is
necessary for the study of chemical and physical
phenomena in the laboratory, i.e. on the equipment,
which is created with the specified parameters, and
which reproduces the studied physical phenomenon
[19-21]. If there are difficulties with reproduction
and the description of the physical phenomenon,
because of complexity of a physical task, then
usually use similarity of the phenomena in which
the solution of a task considerably becomes simpler,
and the resulting mathematical decision for the
description of the studied physical phenomenon is
used.

For burning modeling, or explosion of
pyrotechnic formulation, it is necessary to use the
conservation equations:

é%kgl(mi*vi)=o (1),

where n=1,2,3,4,5,...
The equation (1) is the law of conservation of
momentum, m;, v L the weight and speed of the

i-, component of system, before and after the
explosion.
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where E' — the total energy of the system, and the
equation (2) is the law of conservation of energy.

Let’s transform, the equation of conservation of
momentum, for this purpose use differentiation in
private derivatives, on variable coordinates T , t —
radius of the vector, and of time
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The two parts of the equation (3) can be
equalized and rewritten as:

4
dt;

If to add variables as multipliers, under a sign of
private derivatives, then we will obtain the equation
(4) in a semi-logarithmic form:
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Let’s group in the equation (5) parts identical on
derivatives and we will highlight a derivative in the

right part of equation (5) % :

So multiply private derivatives on equal in
brackets:

As private derivatives with different variables
are partitioned on the different sides of the equation
(7) and in each part differentiation on one variable is
made, it is possible on properties of private
derivatives, to pass from private derivatives to
differentials:
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Law of conservation of momentum in an
Let's make reduction in both members of integrated form is obtained:
equation and will integrate the equation (8):
n —
S (Vi*mi)=0 (15)

©)

For convenience of transformation, the constants
obtained at integration have presented in the
logarithmic form:

n(Vi *mi)+ LnC1 =

I M=
—

i=1

(10)

i Ln (Vi *mi)+ LnC2

I M=

1

Let's raise the right and left member of equation
in degree on the basis of a constant of Napyer:

n
exp {'Zl Ln (C1
1:

C
= exp[.g Ln[a—z

%
= V. *m.
=1 i i

*V. *m. }_

)

As we have no determining factors for the
constants obtained in case of integration, will
continue transformations of the equation, and we
will determine constants according to the energy
conservation law in an integrated type:

(11

(12)

Let’s take out constants to the right side of the
equation:

@)

) 2

i:1<vi*mi) = & (13)

M=

We will reduce the degree of the left side of the
equation (13):

n ~ _ 2
(V. *m. )= |=% (14),
i=1 ( 1 1 ) Cl
where C1 # 0, on the problem statement C )= 0
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i=1

Since, in the course of the explosion involved
three components of the system (an explosive, gases
produced at the chain reaction, and solid residues),
that for our case n=3
(16),

*m, —V,*m

| MTVy My TV Tmy

where [v|=[v, | =75
. a7,

where m; is weight of explosive charge, m, is
resulting gases mass, m; is the cooling solid product
of the explosion. In order to find the sought variable
— volume of gases produced during the flow of the
chain reaction it is necessary to present the mass
through density and the occupied substance volume
AEVT 0y ¥Vt 03 E Vg (18)
Let’s transfer a required variable to the left side
of the equation (18):
pz*vzzpl*vl—p3*v3 (19)
After simple mathematical transformations, we
obtain an equation that determines the desired value:

v oAV Ta*Yy my Ty

(20),
2 ) )

where p; is stoichiometric density of the explosive
charge, p, is density the produced gases at an actual
temperature, p; is the density of the combustion
residue.

Vi, V,, V; are the corresponding volumes.

Since V, is the volume of gases, and is searched
at N.C. (normal conditions), then at solution of the
problem it is necessary volume of gases result to the
real conditions, i.e. to a temperature equal to about
2500 K, for pyroxylin, and to the selected volume V
(pressing of a pyroxylin by volume V is possible),
p1, p2 — the atmospheric pressure and v,= v;.
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For the analysis of the obtained specified value
the volume of gases needs to be given to N.C., then
it is necessary to use the state equations for gases:

P, * V') =y, *R*T' 21)
* — * R %
P2 V2 V2 R T2
V= A*V " Vs *T_2_ml_m3*T2 (22),

2 0 Lo T

where T’, is a temperature of normal conditions
(293,16 K), T, is a temperature of incandescent gas
(2,500 K for pyroxylin).

For the projectile having the volume of V we
can lead the equation (20) to a form, it will help to
estimate the value of pressure of gases upon
projectile walls, as characterizes explosion:

P"‘V=v2"‘R"‘T2 (23)
% - *R Ok
Py *V, =v, *R*T,
PV P, AV * Vs
)
m, -m m
P*V:P2*1—3=P2*—2 (24),
) )

in this equation is considered the pressure P and
temperature T in real conditions, the formation of
gas in the projectile, in a chain reaction.

Transform the energy balance equation:

(B +T5)

the total energy is the sum of kinetic and potential
energy.

To obtain the necessary equations substitute the
equation (25) into equation (2):

> B, - (25),

1 i
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Since potential energy change with time and
kinetic energy on radius to a vector is equal to zero,
the equation (26) is given to a form:
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Multiply the left and right side of the equation
(27) on the partial derivative, by time

n (o Of , 0 & ~
2 (25, +Ze 2t Yoo

Reduce by a multiplier present an expression to
the total differentials

n

iél( dE +dl ,)=0 (29)
Integrate the equation (29)
n Eki n I i,
iél (% dEki+i§1 (j) di .=0 (0

We obtain the equation of the energy balance in
the integral form:

n n .
S>E,.+>Y1.=0 31
is1 ko=

As in the model system are involved three
bodies — an explosive gas, solid residue, then n = 3.

%E +§T =0
=S R S B =S

(32)

Let’s consider work which is made by potential
force at expansion of the formed gases

o]}

0A = F*xdr = P*xdV (33),
where P is defined from a formula (24).

On the other hand

Frgr=-d

<

*di = -dg

2
=

Then potential can be presented in the form

0 e
p=-P* [ dV=P*V ,A=F*71 (34),
\Y

where S is the surface area of the projectile.
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Then the equation of balance taking into account
the potential energy, the equation (34)

_M,3

* Oxp * *y K _T 35
q*m, ' R*T+P*V+c*m, (T2 T,) (39,

where q is the specific heat of combustion.
Substitute the formula (24) in the (35) and
obtain:

qrmy-c*my* (T, -T' )=

m, 3 m (36),
= * 2% R *T_. +P. *
Hy 2 22 0
m; via m; it is possible to express via a ratio:
m3=k*m1 (37)

Then the equation (36) can be transformed to a
form:

2 P
)
4tk (T, T )

So, a formula of the choice of mass of a charge,
with respect to these conditions, have obtained, here
the most important parameter is the mass of gases
which can be determined by the power of the
explosion needed, for example, blasting operations,
according to the formula (34), into which is
necessary to substitute the formula (24)

3*R*T P }

=m2* (38)

A=F*f=P2*—7- (39),
)
here E is an impact force in Newtons, necessary
for material destruction, T is the radius vector
which is carried out from the beginning of
coordinates to a point of application of force.

Now we will transform the equation (39)

mo = A* 2 (40)

Then we can transform a formula (38)
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{ 3 ¥R *T. + 2]
m :A*DZ* 2*HZ ) (41)
R

Results and Discussions

Let’s carry out the analysis of the obtained
decision on the basis of pyroxylin. It is well known
that pyroxylin is a product of the complete
esterification of cellulose with nitric acid
(trinitrocellulose). Pyroxylin is an explosive used in
the manufacture of smokeless powder [22]. For this
mathematical analysis it is necessary to know which
gases and the solid residue, their quantity are
formed as explosion derivatives, or burning, usually
for different pyrotechnic formulations they are
different and also have different volume in relation
to unit of mass [14-16].

For smokeless gunpowder the composition of
gases has the following contents in relation to the
total amount of gases: H,O — 16%, H, — 20%, N, —
11%, CO — 37%, C,Hy — 1%, CO, — 15%, with a
density of 1.214 kg/m’ (under normal conditions)
and with a molar weight of 23.6 kg/mol. The solid
residue usually for pyroxylin is equal to from 0.1 to
0.5% by weight of the charge [17-19]. The specific
heat of combustion of pyroxylin q = 2,5 MJ/kg, the
combustion temperature is T = 2500 K, temperature
of NC (normal conditions, the environment)
T°=293,16, and P, = 101 kPa, R = 8.314 J/(kmol-K)
— the universal gas constant [5, 9, 20-27].

To check the estimated formula (20) it is
necessary to set the charge weight m =0,001é3,

knowing other parameters it is possible to calculate
V is the volume of gases, when burning gunpowder,
for this purpose in a formula (20), density of gases
is led to real conditions

v, = ETi ™
2ok Ty T (42)

_0,999%0,001,,293,16 _ o ccx1 053

1.214 3500 0310 M

To compare the obtained results with literary
data, it is necessary the volume of gases under real
conditions of T = 2500 K, to lead to water freezing
temperature T=273.16 K
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T q %1074 %2200

v * =
VoV 273,16

2 2

=0,883*%103 M3

that within 2.0% of an error of measurement is in
the range of literary data [19].

The objective of this work is the calculation of
the charge of pyrotechnic substances (pyroxylin),
depending on the required force of the explosion, as
well as the volume of the projectile. The formula
(41) obtained in the research allows to calculate the
required weight of the charge m;, depending on the
work A of the thermodynamic system, or force from
the explosion F , at the chosen value of radius
vector T , i.e. of the selected parameters of impact
by explosion (the main direction of the explosion
force, the distance).

The analysis of a formula (41) can be carried out
on a concrete example, by means of a function

graph, fig.1, and m | = f (l:“ , T ) , fig.2.

In fig.1 dependence of mass of a charge of a
pyroxylin on the work made by gases at expansion
is obtained. The function graph is presented by
direct proportionality, it allows to count rather
precisely the mass of pyrotechnic formulation,
excepting various kinds of accidents.

m*10~, kg
2,8700

2,8200

2,6700 +
10,000

10,200 10,400 10,600 10,800

AJ

Figure 1 — The dependence of the charge weight
from the explosion force

In the fig.2 the same dependence, but in three-
dimensional form is set, here serve as parameters
force making work (explosion) and radius the vector
having the direction to a point of application where
a surface area is the work made by force of
expansion of incandescent gases. Analysis of the
formula (41) showed that during the explosion a
major contribution to the destruction of objects
makes the potential energy of gas, about 88%, and
only 12% makes the kinetic energy of incandescent
gases. Of course, when calculating force of
explosion it needs to be considered. The energy
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introduced by solid residue, on cooling, is very
small — about 0.05% and so it, in the calculations,
may be neglected [28-32]. Unfortunately, in some
references calculated formulas are obtained either
for kinetic, or for a potential component of a
calculated formula of explosion, that is the
contribution made by both components of a
calculated formula is underestimated.

Figure 2-The dependence of weight of a charge from a
force and radius vector

Conclusions

The physical and mathematical model of
explosion or combustion of pyrotechnic
composition on the basis of laws of conservation of
momentum and energy is obtained. Calculation
formulas were checked on a concrete example —
pyroxylin and compared with data from reference
books and the Internet. This model, or calculated
formula of a method, is intended for use, at
manufacture of pyrotechnic substances, and also
when carrying out blasting on mineral deposits, etc.
It was showed that in the course of explosion the
main contribution to destruction of the chosen
objects is made by a potential energy of gases
(about 88%), and only 12% by a kinetic energy of
incandescent gases, but when calculating force of
explosion it needs to be considered.
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