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Abstract. Considered the process of burning of solid systems with heat-conducting
element (HTE). Formulated the mathematical problem of calculating the advancement of
the combustion surface along the HTE. The process of warming the solid system is modeled
under the integrated approach. Considered the analysis of the results of numerical studies.

In the process of designing various power machines, in which is used as Propellant solid systems (SS),
to achieve the desired characteristics is often necessary to solve the problem of the maximum possible
increase in its rate of combustion. One common solution to this problem is to place in SS of metallic
fibers of great length, oriented in the direction of movement of the surface of the SS in the burning
process. The metal fibers has a coefficient of thermal conductivity two orders of magnitude greater than
the thermal conductivity of the propellant composition. This leads to the fact that the heat from the
combustion zone near the surface for SS wire extends deep into solid systems with a higher rate than
the burning rate. This heat in turn heats the adjacent layers SS to the fibers until ignition condition shall
be achieved. This allowing to increase the rate of the burning front moving along the fiber and forming
a conical surface. This idea of the combustion mechanism of SS with heat-conducting element (HCE)
is used by all researchers to create models of combustion, allowing to determine the rate of the arrival
of the gas mass to combustion chamber. Often these models are focused on getting the final relations
for the stationary velocity of the conical surface of the solid systems in the combustion process [1–5].
The obtained relations not too suitable for use in the programs of the calculation of the current geometry
of the grain in the combustion process, which is necessary to determine the velocity of the selected
point, and not a conical surface. Calculation of non-stationary process is the formation of a conical or
other forms of propellant surface as a result of burning in such programs is conducted automatically
by a single cross-cutting algorithm. This paper presents a mathematical model that allows to build an
efficient algorithm for modeling non-stationary process of the evolution of the combustion surface of the
SS, with sufficient accuracy, especially taking into account the effect of advancing the burning surface
along the HCE.
In formulating the mathematical model of the combustion burning described above, the following
features were taken into account warming up the propellant in the heat-conducting element placement.
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Biot number for the bare part of the fiber diameter DM built for the heat transfer coefficient  is of
minor importance:
Bi =

DM
 0.1.
M

The relation between the coefficients of thermal conductivity of the propellant and metal T M , as noted
above, has approximately the same order of magnitude as the Biot number:
T
 0.1.
M
For these relations fiber can be regarded as thermally thin body, and in this regard heating wire along its
length x simulated one-dimensional heat equation, written for an arbitrary elementary volume:
V

*2 T
*T
F
= aS 2 − q.
*t
*x
c

In this equation, V , S, F - volume, cross sectional area and the area of the lateral surface of the
cylindrical fiber; a - thermal diffusivity of the metal fiber; q - heat flux through the lateral surface,
which is determined for the bare part of the wire in accordance with law of Newton and Richman:


q = a T − Tburning ,
but what about fiber inside the propellant - the law of the Fourier heat conduction, in accordance with
the temperature gradient in the propellant on the side surface of the fiber:

*T 
q = −T
*r r=rM
The above analysis, confirmed by results of two-dimensional calculations, shows that the warming up
propellant depth is several orders of (2 to 4) is less than the warming up fiber depth. This makes it
possible to simulate the heating of the propellant and to determine the heat flow at the side surface of
the wire within the integrated approach.
This approach is based on specifying the temperature profile as a known function and replaced the
Partial differential equation by ordinary differential equations.
After the analysis as a function defining a temperature profile in the propellant TT for the selected
area of the solution (Fig. 1), after the conducted numerical study was chosen cubic parabola for values
 = TT − T0 relatively  = r − rM where T0 initial temperature of the propellant:


 3
 = M 1 −
·

This temperature profile propellant meets the conditions of equality of temperature on the surface of the
metal wire and the smooth achievement of the values of the initial temperature at the depth of the warm
T0  = :
|r=rM = M = T − T0 ,
|=
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In accordance with the selected profile on the border wire temperature gradient is determined by the
relation:

* 
3M
.
(1)
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01025-p.2

Thermophysical Basis of Energy Technologies

Figure 1. Schematic field solutions.

Depth of heating propellant during the time t corresponds to the heat stored in the propellant:

 t
 t
* 
3M
Q=
dt.
−T
dt
=
T

*

0
0
=0

(2)

On the other hand, this heat is determined by the integrate with using the resulting temperature profile
in warm by propellant depth, assuming a constant value of the specific heat (cT ) and the density of the
propellant (T ):


 
 3
Q = cT T
2 ( + rM ) M 1 −
d.
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After this transformation the integral is written as follows:


rM 
2
+
·
Q = 2cT T M
4
20
The resulting quadratic equation with respect to the depth of heating is permitted and after analyzing
the roots value  is determined according to the following relationship:

Q
 = 2.5rM
1+
−1 ·
(3)
2
12.5cT T M rM
During calculation, at each time step, the current value of the temperature gradient at the boundary wirepropellant (1) uses for a numerical integration of (2) to determine the current value of the stored heat in
the propellant and after it to the altered depth value is calculated in accordance with the heating (3).
Using this approach, calculations were carried out several model variants, the respective calculations,
the results of which are given in [1–5]. Satisfactory agreement in the values of the stationary velocity of
the combustion surface along the wire was achieved. It should be noted that as the criterion time ignition
takes the moment when the temperature reaches the critical value of the propellant, which is selected
from the range from 500◦ S to 600◦ S. The length value of the bare portion of the wire is determined
by the process of promoting the burning surface of the SS and the melting point of the metal, followed
by blows his flow of combustion products. In papers [1–5] recommended the heat transfer coefficient
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from the combustion zone to determine from the consideration of the products of combustion of SS
flow in the conical surface grain around the stripped portion of the wire. This approach does not fully
comply with the burning of metallized propellants, in which at low flow velocities of the combustion
products at the surface of SS becomes the main mechanism of heat transfer radiative heat transfer. It
is proposed to use the heat transfer coefficient as an external parameter determined in the process of
finding the basic parameters of the combustion chamber. Varying heat transfer coefficients in the range
from 10 W/(m2 K) to 500 W/(m2 K) leads in the case of steel wire DM = 2 mm for the maximum change
value of the thickness  of from 50 microns to 10 microns, wherein the rate of advance of the stationary
surface of the combustion of propellant along the wire exceeds the burning rate, respectively, from 2 to
7 times. What is in satisfactory agreement with the data of natural experiments.
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