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The effect of a heat-conducting element on the ignition and combustion of a cylin-
drical layer of a gasless mixture with a nonadiabatic lateral surface is studied. It is
shown that the introduction of an element with high heat conductivity allows one to
extend the region of ignition of the gasless composition by a heated surface and to
increase burning rate under conditions of external heat release.
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INTRODUCTION

An effective method of increasing the burning
rate of a condensed system involves the use of heat-
conducting elements (HCEs) made of metals with high
heat-conducting properties. By introducing a HCE in
the form of a metal wire into a mixed composition or
a pyrotechnic composition, it is possible to increase the
burning rate by a factor of 2 to 3 [1]. The increase
in the burning rate is due to an increase in the burn-
ing surface area of the propellant, for example, as a
result of mechanical destruction of the sample [2], or
it is due to an increase in the effective heat conductiv-
ity of the system [3]. The heat for heating the HCE
comes from the gas-phase combustion products of the
condensed system. Another application of HCEs is the
combustion synthesis of functionally gradient materi-
als (FGMs) using primarily gasless compositions. Be-
cause of a nonuniform distribution of the components of
the reactive mixture, a material with specified physic-
ochemical properties is produced, whose constructional
internal element is a HCE. In practice, FGMs are pro-
duced using compositions with a continuous nonuniform
distribution of components without macroscopic bound-
aries between the layers. Unlike in the combustion of
pyrotechnic compositions, in the combustion of layered
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SHS compositions, the heat for heating the HCE or lay-
ers of low calorific value comes from the condensed re-
action products.

Numerical studies [4-6] of solid-flame combus-
tion of a homogeneous cylindrical sample in a three-
dimensional formulation show that there are a variety
of unsteady combustion regimes under both adiabatic
and nonadiabatic conditions. The structure of the com-
bustion wave of a cylindrical sample of a metal-thermite
composition enclosed in a cylindrical shell of a material
with thermal insulation properties was studied in a two-
dimensional formulation in [7, 8]. The one-dimensional
propagation of the combustion front in a nonuniform
medium containing an inert low-melting component was
studied theoretically in [9] as applied to the problem of
the combustion synthesis of FGMs.

In the present paper, we consider the gasless com-
bustion of a compound sample consisting of a cylin-
drical layer of a reactive material with a nonadiabatic
outer boundary and an inner core made of an inert ma-
terial with high heat-conducting properties. In view
of the high heat conductivity of the core, the influ-
ence of the circumferential heat-transfer component on
combustion-wave propagation is ignored in comparison
with the longitudinal and radial components.
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Fig. 1. Experimental layout: 1) HCE; 2) starting reac-
tive material; 3) condensed reaction products; 4) heated
surface.

FORMULATION OF THE PROBLEM

The combustion of a cylindrical layer of a gasless
composition with an internal heat-conducting element
in the form of a coaxial cylinder is considered. The inner
radius of the reaction layer and the radius of the core
coincide. Ignition is carried out by a heated surface at
the end face of the cylinder in two versions: 1) contact of
the heated surface with the reactive material and ther-
mal insulation at the end of the core; 2) simultaneous
heating of the reactive material and the core. Initiation
of combustion by means of contact of the heated surface
only with the core occurs with a large induction period;
therefore this ignition method is not considered. The
opposite end face is assumed to be heat insulated. Con-
ditions of heat transfer to the ambient medium are im-
posed on the lateral surface of the cylinder. The synthe-
sis of FGMs is characterized by a continuous variation
of the mixture components, resulting in a continuous or
a piecewise-continuous distribution of the thermophys-
ical constants in the sample. The experimental layout
is given in Fig. 1.

The mathematical model in a two-dimensional ax-
isymmetric formulation includes the following equations
in dimensionless form:
the heat-conduction equation
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Here the subscripts ¢ = 1 and 2 refer to the inert ma-
terial of the HCE and reactive material, respectively.
The following variables and parameters traditional for
combustion problems are used:
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Here p is the density, c is the heat capacity, A\ is the
thermal conductivity, Ry and ry are the dimensional
radii of the sample and the heat-conducting element,
respectively, [ is the dimensional length of the sample,
o is the ratio of the radius of the heat-conducting el-
ement to the radius of the sample, R, is the universal
gas constant, Q, F, and kg are the heat effect of the
reaction, the activation energy, and the preexponent,
« and oy are the dimensional and dimensionless heat-
transfer coefficients tign, and Tign are the dimensional
and dimensionless times of action of the heater, § and
0o are the local and initial dimensionless temperatures,
1 is the degree of conversion, ¢, and z. are the time
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and coordinate scales, 7, &, and z are the dimensionless
time and the radial and longitudinal coordinates, 4 and
~ are dimensionless parameters, 2 and A are the ratios
of the thermophysical constants, and e( — &) is a unit
function. The scale temperature is equal to
_ Q L RT?

L=T+ =575
For the cylindrical sample, the following dimensionless
parameters are used: L is the length of the cylinder
generatrix, R is the outer radius of the cylinder, and
&o is the radius of the HCE and the inner radius of the
cylindrical layer of the reactive material.

The system of equations was solved numerically us-
ing the coordinate splitting method with an implicit
scheme. The boundary between the inert and reactive
media was located between the nodes of the compu-
tational grid. The thermal flows were approximated
using central differences. The calculations were per-
formed on a uniform grid with a time step of 0.05 and a
space step of 0.2. The approximation convergence was
checked by refining the computational grid. The error
in calculating the burning time of the layer did not ex-
ceed 1%. The thermophysical parameters A = 38 and
Q0 = 1.8 corresponded to the following materials: Cu
for the heat-conducting element, and Nb—2B for the re-
active material. It should be noted that the adiabatic
combustion temperature of the Nb—2B system reaches
2300 K [10]. At this temperature, the inert material of
the core is in a molten state. The formation and spread
of the melt over the starting mixture was ignored in
the present homogeneous model. The time of contact
of the sample with the heated surface was set equal to
Tign = 200.

CALCULATION RESULTS
Steady-State Combustion Regime

The main purpose of the calculations was to deter-
mine the time of complete combustion of the reaction
layer 7. The calculated values of 73, were compared with
the time 7 of complete combustion of a homogeneous
cylindrical sample (&, = 0). The position of the combus-
tion front was determined by computation points with
a degree of conversion equal to 0.9. The combustion
front was curved with the largest curvature observed
near the core. Two versions of the development of the
combustion wave are possible, depending on the exter-
nal heat-transfer level and the ratio of the dimensions
of the core and the reaction layer: complete combustion
of the reaction layer and combustion quenching at a dis-
tance from the heated wall. In the range of parameter
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Fig. 2. Steady-state combustion regime. Ignition upon
complete contact of the heated surface and the sample.
Positions of combustion front at various times (A7 = 30):
0p = —6, 5 =01, a; = 0.02, R = 80, {& = 35, and
L = 300.

values corresponding to a one-dimensional steady-state
combustion wave [11], steady-state (except during the
ignition and afterburning of the sample) combustion oc-
curs (Fig. 2). In the ignition stage until the switching-
off of the heated walls (complete contact of the end face
with the wall), the burning surface has a weakly ex-
pressed conical shape, which is a consequence of the
higher heat conductivity of the core. After the external
heating is switched off, the burning surface is leveled.
The propagation of the combustion front along the core
surface is decelerated. Beginning at the ignition time, a
steady-state combustion regime is established, in which
the burning rate and temperature at all points of the
front vary only slightly in time. This combustion regime
can exist only until the attainment of certain values of
the ratio of the dimensions of the reaction layer and the
core 0 = &/ R and the heat-transfer coefficient «;. An
increase in the radius &y above a critical value with the
values of R and «a; remaining unchanged leads to com-
bustion quenching. The propagation of the combustion
wave in the longitudinal direction is accompanied by an
increase in the volume of unreacted material near the
core. Before combustion quenching, the frontal surface
has a conical shape with the top on the HCE and an
increasing radius of the base (Fig. 3). The minimum
burning rate before quenching differs from the burning
rate of the homogeneous sample under adiabatic con-
ditions by a factor of approximately 1.4, which agrees
with the analytical conclusions of [12] for gas flames.
The dependence of the burning time of the reaction
layer on the radius of the core is nonmonotonic (curve 1
in Fig. 4). At a ratio of the radii o ~ 0.3, the burn-
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Fig. 3. Combustion quenching. Ignition upon complete
contact of the heated surface with the sample. Positions
of the combustion front at various times (A7 = 30): 6y =
—6, 3 =0.1, oy =0.02, R =75, £ = 40, and L = 300.
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Fig. 4. Burning time of the sample versus the radius of
the HCE: R =80, 8 = 0.1, ax = 0.02, L = 300; curve 1
refers to 6p = —6, curve 2 refers to §p = —7 (ignition
upon complete contact of the heated surface with the
sample), and curve 3 refers to §p = —6 (contact of the
heated surface only with the reactive material).

ing time of the layer is 10% smaller than the burning
time of the homogeneous cylindrical sample. The ef-
fectiveness of the core increases with a relative increase
in the heat-conducting properties of the core material.
The ignition version with the thermal insulation of the
HCE and the heated surface is less effective (curve 3 in
Fig. 4) than ignition upon complete contact of the end
face of the sample with the wall. During heating, the

heat transfer from the wall to the HCE is higher (due
to the higher heat conductivity) than the heat transfer
to the same volume of the reaction layer, and this facil-
itates combustion-wave propagation in the initial stage.
However, as the combustion wave propagates over the
sample, the core changes from a heat source to a heat
sink. The value ¢ = 0.6 is critical, and for larger values,
complete combustion of the reaction layer for the given
set of parameters becomes impossible. A decrease in
the heat-transfer coefficient «; extends the combustion
limits in o.

Unsteady Combustion Regime

As the initial temperature 6y decreases, the com-
bustion regime becomes unsteady. The typical variation
in the temperature field in the axial section for the pul-
sating combustion regime is presented in Fig. 5. In the
cross section through the reaction zone, the tempera-
ture of the core is three characteristic intervals below
the maximum temperature in the center. At the same
time, in the heating zone, the temperature of the inert
material is on the average 1.5 interval higher than the
temperature of the reactive material, which is responsi-
ble for the large curvature of the burning surface near
the core. The combustion source moves from the outer
surface of the sample, expanding toward the core, but
it does not reach the core surface. An unburned mate-
rial layer (Fig. 6) is formed near the core. The stage of
predominantly radial motion of the combustion source
is followed by a depression stage with the formation of
a heated layer. The next run of the combustion source
in the radial direction occurs after burnout of an outer
surface region of the reactive material. The unburned
layer formed on the core surface also reacts in a pulsat-
ing regime and completely burns up in the final phase
of the sample combustion. The oscillation amplitude
of the longitudinal component of the burning rate near
the core is twice that on the lateral surface of the sam-
ple. The oscillation period remains unchanged over the
width of the reaction layer. A similar variation in the
oscillation amplitude with distance from the inert shell
with doubled period is reported in [7].

It is characteristic that for the homogeneous sam-
ple containing no inert HCE, initiation of combustion
with the displacement of the one-dimensional front to
the instability region and with the preservation of heat
loss level is not possible even when the time of contact
with the heated wall is increased many times. Further-
more, the use of a core of a rather small radius &, does
not make it possible to implement steady-state propa-
gation of the combustion wave for a fixed time of con-
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Fig. 5. Temperature distribution in the axial section of the sample. Ignition upon complete contact of the surface
with the sample (6p = —7.5, 8 = 0.1, ax = 0.02, R = 80, & = 25, and L = 300) for 7 = 200 (a), 540 (b),

1481.3 (c), and 1613.3 (d).

tact with the wall, which, in fact, is a problem on the
critical ignition conditions. Combustion of the entire
reactive material at Tign = 200 and 6y = —7.5 can be
initiated with cores of radius & > 22. Increasing &
leads to an increase in the initial burning rate due to
the heat accumulated by the core; in this case, how-
ever, the thickness of the unburned layer on the surface
of the inert element increases. The further propagation
of the combustion wave is accompanied by a decrease in
the longitudinal component of the burning rate due to
the external and internal heat transfer before combus-
tion quenching. Combustion quenching occurs, as in the
one-dimensional case, in the depression stage. Complete
transformation of the reaction layer can be achieved by
using a core of radius 22 < &y < 27. The lower bound-
ary of the indicated range of £, depends on Tz, and L.
The region of steady ignition is extended by increasing
the time of contact with the wall. In contrast, increas-
ing L for a fixed time of contact with the wall leads to
a decrease in the average temperature of the inert rod,
and the thickness of the unburned material layer on the

core surface increases. The effectiveness of using the
HCE [3] in gasless combustion increases as the initial
temperature 6y is decreased (see Fig. 4). Combustion
of the cylindrical layer of the reactive material with the
complete preservation of the heat-transfer coefficient ay
becomes impossible with a further decrease in 6.

CONCLUSIONS

1. The introduction of the heat-conducting element
to the gasless composition in the examined range of pa-
rameters does not lead to a considerable increase in the
burning rate, as is observed for model pyrotechnic com-
positions.

2.  In the presence of heat losses, the heat-
conducting element facilitates the activation of synthe-
sis in the cylindrical layer of the reactive material.

3. An increase in the radius of the heat-conducting
element can lead to the formation of an unburned ma-
terial layer on its surface.
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Fig. 6. Pulsating combustion regime. Ignition upon
complete contact of the heated surface with the sample.
Positions of the combustion front at various times (A7 =
30): 6p = —7.5, 8 =0.1, ar = 0.02, R = 80, & = 25, and
L = 300; segments of curves showing the unburned layer
are marked by 1.

4. There is an optimum value of the diameter of the
heat-conducting element for which the average burning
rate of the gasless composition sample is maximal.
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