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The goal of this study is to increase the effective heat conductivity (EHC) of the
polymer composite materials. We have carried out numerical simulation of the polymer
composite EHC when making microsized high-thermal conductivity fillers of various
shape a component of the composite, and its volume fraction being varied as well. The
influence of particles’ thermal conductivity on the polymer composite materials’ EHC
was analyzed. Recommended practice for the polymer composite EHC increasing was
suggested. Shape changing, volume fraction optimization, the filler particles’, and the
matrix’ thermal conductivity increasing was proposed. The calculation results were in
good agreement with our experimental data and published in scientific literature. This
study gave an insight into the function of high-thermal conductivity fillers on the EHC
of the polymer composite materials.
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Ileapto  gaHHOrO  MCCIEIOBaHUSI  SIBJISIETCS  TOBbIIeHUWE  3(hGhEeKTUBHOM
TETIJIONPOBOTHOCTA TTOJMMEPHBIX KOMITO3UTHBIX MaTepuajioB. B CBAI3M ¢ 3TUM
MMPOBEACHO YMCJICHHOE MOICIMPOBAHNE TEILUIONPOBOAHOCTU IIPU BBEACHUM B
MMOJIMMEPHYIO MaTPUILy KOMITO3UTa BEICOKOTETIJIONIPOBOIHBIX MUKPOYACTHIL Pa3TUIHOMN
¢dopmbl. TIpu sTOM BapbupoBajach OOBbEMHAas KOHIIEHTpALMS STHUX MMKPOYACTHII.
[IpoaHanu3upoBaHO BAUSIHUE TEIUIOMPOBOAHOCTM  YAacCTUIl HAIlOJHUTENIS Ha
9(GOEKTUBHYIO  TEIUIONPOBOAHOCTb  MOJMMEPHBIX  KOMIIO3UTHBIX  MaTepUasoOB.
IMpemtoxXeHpl KOHKPETHBIE PEKOMEHIAIIMM IO  TIOBBIIICHUIO  3(P(EKTUBHOMN
TETIJIONIPOBOIHOCTHA ITYTEM M3MEHEHUS (hOPMBI, KOHIICHTPAIMU, TEIUIOTIPOBOIHOCTH
YaCTUI HAIIOJHUTENSI W TIOBBIINICHUWS TEIUIOTIPOBOAHOCTU ITOJIMMEPHON MAaTPHIIBL.
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Introduction

Polymer composite materials (PCM) are struc-
tures consisting of two or more components with
different physical properties and a clear interface
between them, currently finding diverse applica-
tions in different fields of science and technology.

Improving heat conductivity while maintain-
ing high dielectric characteristics are some of the
key issues in using PCM in electrical insulation
systems for high-voltage electrical equipment.
The polymer matrix typically has low thermally
conductive and high dielectric properties. Heat
transfer in PCM can be improved by introducing
micron-sized dielectric fillers with high thermo-
physical characteristics into the polymer matrix
[1-13].

This technique might reduce the electri-
cal insulating properties of PCM, whose nature
depends on the electrophysical properties of
particles and their concentrations in PCM |9,
13—15].

The efficiency of heat conductivity in PCM can
be increased by correctly selecting the properties,
sizes and concentrations of filler particles in the
polymer matrix. Since the PCM are two-compo-
nent systems, analytical models should be used
for solving thermophysical problems. The analyt-
ical models that have proved the most popular for
approximate calculations of effective heat con-
ductivity of composites are given in [1—4, 10].
However, analytical models cannot provide suf-
ficiently reliable results for running calculations
with the option of widely varying the concentra-
tions, shapes or sizes of filler particles [10].

Development of numerical model
Modern computing tools allow to perform

direct simulation of thermal conductivity of
media with complex structures. Standard pack-

ages such as ANSYS, FLUENT, etc., can be
used for these purposes.

To date, the ANSYS simulation environment,
used for solving a wide range of engineering prob-
lems, including those related to thermal physics,
has proven its efficiency, flexibility and versatil-
ity. These features of the package allow to further
improve the computational models, for example,
by adding a module for calculation of electrical
processes in APDL (ANSYS Parametric Design
Language).

Uniform distribution of particles was consid-
ered at the first stage of simulation. The volume
of the PCM matrix can be represented as a set
of unit cells, each containing one filler particle
with the given shape (Fig. 1). Calculations were
carried out for particles of different shapes and
orientations.

We made certain assumptions to simplify the
computational model.

1. Problems are regarded as steady-state, since
temperature equalization occurs much faster in
the heat-conducting volume than the change in
external conditions.

2. The materials making up the composite are
regarded as isotropic, with their thermal conduc-
tivity independent of temperature.

3. The orientation of cubic and cylindrical
filler particles coincides with the direction of the
coordinate axes.

4. The sizes of filler particles are assumed to
be the same (of the order of microns); the frac-
tional composition of particles is not taken into
account.

5. Thermal contact between the particles
and the polymer is assumed to be perfect (this
assumption entails an increase in thermal con-
ductivity of the composite due to zero thermal
resistance at the polymer/particle interface).

6. The presence of microdefects is not taken
into account.
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Fig. 1. Model representation of uniform
distribution of filler particles:
elementary volume of PCM matrix cell (/)
with spherical filler (2)

Parameterization of the numerical model
allows to vary the properties of the system, in this
case, the particle sizes, their properties, and the
properties of the PCM matrix.

According to developed model, the relation-
ship between the length L of the cube edge (it
determines the size of the computational domain
containing one particle) and the volume of the
particle V. is given by the formula

where N, is the volume concentration of particles.
The effectwe thermal conductivity Ay of the
PCM was calculated by the formula:

L
hegg = Gy s
where g is the mean heat flux through the cube

face with the particle, AT is the temperature dif-
ference at the cube faces;

AT=T,— T,

A three-dimensional steady-state thermal con-
ductivity problem is numerically solved in order
to determine the value of ¢ :

(1), 2( ), 2(1Z) o
ox\  Ox 6y oy ) 0z\ oz
The thermal conductivity in this equation

depends on the coordinates: L = A (x, y, 2).
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Boundary conditions of the first kind are
imposed on two faces of the cube, while thermal
insulation conditions are imposed on the other
four.

To simplify calculations and analysis of the
results, dimensionless variables are introduced,
taking the following form:

-7, -
, X =

x -
0= —
AT L’ Ve

- A - g
h=— S
A, » 4=

The quantity X, in the last two expressions is
the thermal conductivity of the matrix.

The problem takes the following form in terms
of variables (1):

5(x5—®j RN ﬁ(ia—@jzo,
ox\_ Ox 6y oy ) 0z\ 0Oz

and the boundary conditions and the thermal
conductivity take the form

x=0,0=1x=1,0=0; y=0, y=1,
DO o z=0 z=1, Loy
ay 0z

in this case A = 1 if the coordinates of the point
belong to the matrix, and » =2 /%, if the coor-
dinates of the point belong to a particle with
thermal conductivity A .

The relative effective thermal conductiv-
ity (relative to the thermal conductivity of the
matrix) is determined by integrating the dimen-
sionless heat flux over the dimensionless unit sur-
face of the cube face:

o

.= =(q-ds
eff 7\,M éq

Calculations of effective
thermal conductivity in PCM

The distribution of heat fluxes for the given
particles in the cross-section of the computa-
tional domain is shown in Fig. 2. The heat flux
fields shown correspond to a volume particle
concentration N, = 10% and exhibit considerable
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differences depending on the shape and position
(for a cylindrical particle) of the particles.

The calculated results of the relative effec-
tive thermal conductivity of PCM are shown in
Figs. 3 and 4. The volume concentration of par-
ticles is limited to N, = 30% for all calculation
variants to maintain the permissible electrical
properties of the PCM.

In addition, Figs. 3 and 4 show a compar-
ison of the results obtained in this study with
the experimental data from [4, 5, 8, 10]. The
experimental values of the effective thermal
conductivity were obtained for hexagonal par-
ticles whose thermal conductivity varied in the
range A, = 40—120 W/(m-K) introduced into the
matrix (with the thermal conductivity A, = 0.28
W/(m-K)) [10]. We took the thermal conduc-
tivity of the matrix to be equal to A, = 0.28
W/(m-K), and the thermal conductivity of the
particles to be equal to A, = 40 W/(m-K) in
numerical simulation.

The effective thermal conductivity practically
does not depend on the shape of the particle within
the given model (Fig. 3, curves /—3 ). A more
complex model taking into account polydisperse
particles, the structure of their surface, their ran-
dom distribution in the volume and the random
formation of thermal bridges (structures formed

a)

by a group of particles) can yield a different
result, i.e., a pronounced dependence of effective
thermal conductivity on particle shape.

The calculated results generally agree with the
experimental data. Using analytical models allows
to estimate the effective thermal conductivity for
low concentrations of the filler. Using Maxwell’s
model yields the best results (Fig. 3).

Calculations also showed that an increase in
the thermal conductivity of the matrix leads to
a directly proportional increase in the effective
thermal conductivity of PCM. This conclusion
is valid for low filler concentrations (up to 30%).

A strong dependence of the effective ther-
mal conductivity on both particle concentration
and orientation relative to the heat flux (along
or across it) is observed for elongated cylindrical
microparticles (see Fig. 4).

Thus, elongated microparticles should make
a greater contribution to increasing the effec-
tive thermal conductivity, compared to the other
types of particles. . The effect should be more
pronounced for particle orientation along the
heat flux.

Fig. 5 shows the results of the study consid-
ering how the length of cylindrical filler micro-
particles (with a constant volume) affected the
effective thermal conductivity of PCM.

b)

O
—
-

Fig. 2. Heat flux distribution in the cross-section of the computational domain for
microparticles of different shapes: spherical (a), cubic (b) and cylindrical (c, d);
the heat flux is directed along (¢)
and across (d) the particle; N,= 10%
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Fig. 3. Calculated (lines) and experimental [5] (symbols 7) data on relative
effective thermal conductivity of PCM with filler microparticles of different shapes:
spherical (1, 7), cubic (2) and cylindrical with D = k& (3). The calculated results
were obtained using Maxwell’s [4, 10] (4) and Timofeyeva’s [4] (5) models,
the geometric model [4, 10] (6) and the model in our study (/—3)
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Fig. 4. Calculated (lines /—3) and experimental [§8, 10] (symbols 4 and 5, respectively)
data for concentration dependences of relative effective thermal conductivity of
PCM with filler microparticles of different shapes: cylindrical
with D/h = 2/3 (1—3) and hexagonal (4, 5).

Mean values of the effective thermal conductivity (3) and its values for heat fluxes
directed along (/) and across (2) the microparticles were obtained
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Fig. 5. Calculated dependence of effective thermal conductivity of PCM
on relative length of the cylindrical filler microparticle;
N,, = 30%. The elementary cubic volume (1 x 1 x 1) of the PCM matrix cell
with a cylindrical filler microparticle is shown on the right.

Simulation confirmed that an increase in the
length of microparticles is accompanied by an
increase in thermal conductivity of the PCM.

Fig. 6 shows the dependences of effective
thermal conductivity of PCM on the thermal
conductivitv of particles of different shanes for

two volume concentrations: 10% and 30%.
Analyzing the given dependences, we estab-
lished that an increase in the thermal conduc-
tivity of PCM can be achieved by increasing the
thermal conductivity of the filler particles or by
lengthening the particles with an increase in their
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Fig. 6. Calculated dependence of effective thermal conductivity of PCM on thermal conductivity
of filler microparticles of different shapes: cylindrical with D/h = 2/3 (1, 3)
and cubic (2, 49; N, = 30% (1, 2) and 10% (3, 4)
The shaded background corresponds to the saturated state (SS)
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volume concentration in the polymer matrix.
However, in practice, increasing the thermal
conductivity of particles makes sense up to values
of 40—100 W/(m-K), depending on the particles’
shape and concentration.

A possible explanation for this is that the ther-
mal resistance of microparticles becomes much
less than the thermal resistance of the matrix and
has almost no effect on the mean heat flux.

The trend of the dependences given in Fig. 6 is
valid for particles of any shape.

Thus, the maximum effective thermal conduc-
tivity of the polymer composite material is deter-
mined by the thermal conductivities of both the
polymer matrix and filler microparticles, as well as
by the concentration of particles, their shape and
orientation in the matrix relative to the heat flux
direction.

Conclusion

Our study was carried out with the ANSYS
package and consisted in direct simulation of heat

conductivity of a polymer two-component medium
with a complex structure.

We have solved the following problems through
numerical simulation:

1. We have studied the effect of volume concen-
trations of cubic, spherical and cylindrical micro-
particles on the effective heat conductivity of PCM.

2. We have analyzed the effect of shape and
position of cylindrical filler particles on the effective
heat conductivity of PCM.

3. We have studied the effect of heat conductiv-
ity of the particles included in the polymer matrix
on the effective heat conductivity.

4. We have established the effect of heat con-
ductivity of the polymer matrix on the effective
thermal conductivity.

Analysis of the obtained results lead us to con-
clude that the maximum value of the effective heat
conductivity of PCM is determined by the thermal
conductivities of both the polymer matrix and the
filler, as well as by the concentration of particles,
their shape and orientation in the matrix relative to
the direction of the heat flux.
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