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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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Целью данного исследования является повышение эффективной 
теплопроводности полимерных композитных материалов. В связи с этим 
проведено численное моделирование теплопроводности при введении в 
полимерную матрицу композита высокотеплопроводных микрочастиц различной 
формы. При этом варьировалась объемная концентрация этих микрочастиц.  
Проанализировано влияние теплопроводности частиц наполнителя на 
эффективную теплопроводность полимерных композитных материалов. 
Предложены конкретные рекомендации по повышению эффективной 
теплопроводности путем изменения формы, концентрации, теплопроводности 
частиц наполнителя и повышения теплопроводности полимерной матрицы. 
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Результаты расчетов хорошо согласуются с экспериментальными и 
опубликованными данными. Проведенное исследование позволило глубже 
понять действие высокотеплопроводных наполнителей на эффективную 
теплопроводность полимерных композитов.
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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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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 Vp is given by the formula
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where NV is the volume concentration of particles.
The effective thermal conductivity λeff of the 

PCM was calculated by the formula:
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where qm is the mean heat flux through the cube 
face with the particle, ΔT is the temperature dif-
ference at the cube faces; 

ΔT = T0 – TL.

A three-dimensional steady-state thermal con-
ductivity problem is numerically solved in order 
to determine the value of qm:
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The thermal conductivity in this equation 
depends on the coordinates: λ = λ (x, y, z).

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:
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The quantity λM in the last two expressions is 
the thermal conductivity of the matrix.

The problem takes the following form in terms 
of variables (1):
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and the boundary conditions and the thermal 
conductivity take the form
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in this case λ = 1 if the coordinates of the point 
belong to the matrix, and λ = λp/ λM  if the coor-
dinates of the point belong to a particle with 
thermal conductivity λp.

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: 

�
�

�eff
eff

M S
q d s� � � � .

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 NV = 10% and exhibit considerable 

Fig. 1. Model representation of uniform 
distribution of filler particles: 

elementary volume of PCM matrix cell (1)
with spherical filler (2)
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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 NV = 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 λp = 40–120 W/(m·K) introduced into the 
matrix (with the thermal conductivity λM = 0.28 
W/(m·K)) [10]. We took the thermal conduc-
tivity of the matrix to be equal to λM = 0.28 
W/(m∙K), and the thermal conductivity of the 
particles to be equal to λp = 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 1–3 ). 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 

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.

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 (c) 
and across (d) the particle; NV = 10%

a) b) 

c) d) 
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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 = h (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 (1–3)

Fig. 4. Calculated (lines 1–3) 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 (1) and across (2) the microparticles were obtained
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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 
conductivity of particles of different shapes 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 

Fig. 5. Calculated dependence of effective thermal conductivity of PCM  
on relative length of the cylindrical filler microparticle;

NV = 30%. The elementary cubic volume (1 × 1 × 1) of the PCM matrix cell  
with a cylindrical filler microparticle is shown on the right.

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, 4); NV = 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.

REFERENCES

[1]	 D. Mishra, A. Satapathy, A study on 
thermal and dielectric characteristics of solid glass 
microsphere filled epoxy composites, Polymer 
Science Book Series, No. 1: Research Advances, 
Practical Applications and Educational Aspects, 
A. Méndez-Vilas, A. Solano (Eds.), Formatex 
Research Center, Badajoz, Spain (2016) 13–28.

[2]	 Hong He, Renli Fu, Yanchun Han, et al., 
Thermal conductivity of ceramic particle filled 
polymer composites and theoretical predictions, J. 
Mater. Sci. 42 (16) (2007) 6749–6754.

[3]	 B. Reine, J. Di-Tomaso, G. Dusserre, P.A. 
Olivier, Study of thermal behavior of thermoset 
polymer matrix filled with micro and nanoparticles, 
Proc. of the 15th European Conference on Composite 
Materials. Venice, Italy, 24–28 June (2012) 1–9.

[4]	 R. Kochetov, Modeling of the thermal 
conductivity in polymer nanocomposites and the 
impact of the interface between filler and matrix, 
Journal of Physics D: Applied Physics. 44 (39) 
(2011) 1-12.

[5]	 Z. Han, J.W. Wood, H. Herman, et 
al., Thermal properties of composites filled with 
different fillers, Conference Record of the IEEE 
International Symposium on Electrical Insulation, 
Vancouver, BC, Canada, 9–12 June (2008) 499–
501.

[6]	 V.A. Mikheyev, V.Sh. Sulaberidze, 

Raschetno-eksperimentalnyye issledovaniya 
effektivnoy teploprovodnosti kompozitsionnykh 
materialov na osnove polimerov [Experiment-
calculated studies in efficient heat conduction of the 
polymer-based composite materials], The World of 
Measurement. (3) (2017) 26–28.

[7]	 M. Choudhury, S. Mohanty, K. Nayak, 
et al., Preparation and characterization of 
electrically and thermally conductive polymeric 
nanocomposites, Journal of Minerals and Materials, 
Characterization and Engineering. 11(7) (2012) 
744–756.

[8]	 Z. Wang, T. Iizuka, Development of epoxy/
BN composites with high thermal conductivity 
and sufficient dielectric breakdown strength, Part 
I: Sample preparations and thermal conductivity, 
IEEE Transactions on Dielectrics and Electrical 
Insulation. 18 (6) (2011) 1963–1972.

[9]	 Zhe Li, The role of nano and micro 
particles on partial discharge and breakdown 
strength in epoxy composites, IEEE Transactions 
on Dielectrics and Electrical Insulation. 18(3) 
(2011) 675–681.

[10]	 A.M. Andreev, A.Sh. Azizov, A.A. 
Bezborodov, Influence of nano-modifiers on 
electrical properties of epoxy resins and impregnated 
insulating composites, Proc. 22 Nordis Insulation 
Symp. 13 –15 June 2011, Tampere. (2011) 133–135.



Physical materials science

87

[11]	 A.A. Bezborodov, E.S. Tsobkallo, T.A. 
Ozhegova, Vliyaniye stepeni napolneniya i 
strukturnykh osobennostey na teploprovodnost 
kompozitsionnogo materiala polipropilen – 
tekhnicheskiy uglerod [The influence of degree 
of admission and structural features on the heat 
conductivity of polypropylene – technical carbon 
composite], Proceedings of the 12th International 
Conference on Dielectric Physics (“Dielectrics 
2011”) May 23–26 2011, Vol. 2, Herzen State 
Pedagogical University of Russia, St. Petersburg. 
(2011) 135–138.

[12]	 I.L. Ngo, C. Byon, Thermal conductivity 
of particle-filled polymers, Polymer Science 
Book Series, No. 1: Research Advances, Practical 
Applications and Educational Aspects, A. Mendez-
Vilas, A. Solano (Eds.), Formatex Research Center, 
Badajoz, Spain, (2016) 554–565.

[13]	 A.Sh. Azizov, A.M. Andreyev, A.M. Kostelov, 

Yu.I. Polikarpov, Teploprovodnost sistemy izolyatsii 
statornoy obmotki moshchnykh turbogeneratorov 
s vozdushnym okhlazhdeniyem [The insulating 
system’s heat conductivity of the stator winding 
of air-cooled powerful turbogenerators], Electrical 
Engineering. (3) (2009) 26–28.

[14]	 Jae-Jun Park, Seong-Sik Shin, Chan-
Young Yoon, Electrical and mechanical properties 
of epoxy microsized alumina composite and the 
effect of nanosized alumina on those properties, 
Transactions on Electrical and Electronic Materials. 
16 (5) (2015) 260–262.

[15]	 M. Tari, K. Yoshida, S. Sekito, et al., A 
high-voltage insulating system with increased thermal 
conductivity for turbo generators, Proceedings of 
the Electrical Insulation Conference and Electrical 
Manufacturing and Coil Winding Technology 
Conference,  IEEE, Indianapolis, Indiana, USA, 
23–25 Sept. 2003. (2003) 2.

Received 05.06.2018, accepted 17.09.2018.

THE AUTHORS

STEPANOV Vyacheslav V.
Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
vstepanov@phmf.spbstu.ru

PETRENYA Yuriy K.
PJSC “Power Machines”
3A Vatutina St., St. Petersburg, 195009, Russian Federation
Petrenya_YK@power-m.ru

ANDREEV Alexander M.
PJSC “Power Machines”
3A Vatutina St., St. Petersburg, 195009, Russian Federation
Andreev_am@power-m.ru

KOSTELOV Andrey M.
PJSC “Power Machines”
3A Vatutina St., St. Petersburg, 195009, Russian Federation
Kostelov_AM@power-m.ru

MANNANOV Emil R.
PJSC “Power Machines”
3A Vatutina St., St. Petersburg, 195009, Russian Federation
Mannanov_ER@power-m.ru

СПИСОК ЛИТЕРАТУРЫ

1.	 Mishra D., Satapathy A. A study on 
thermal and dielectric characteristics of solid glass 

microsphere filled epoxy composites // Polymer 
Science Book Series. No. 1: Research Advances, 



St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 11(4) 2018

88

Practical Applications and Educational Aspects. A. 
Mendez-Vilas, A. Solano (Eds.). Badajoz, Spain: 
Formatex Research Center, 2016. Pp. 13–28.

2.	 Hong He, Renli Fu, Yanchun Han, Yuan 
Shen, Xiufeng Song. Thermal conductivity of 
ceramic particle filled polymer composites and 
theoretical predictions // J. Mater. Sci. 2007. Vol. 
42. No. 16. Pp. 6749–6754. 

3.	 Reine B., Di-Tomaso J., Dusserre G., 
Olivier P.A. Study of thermal behavior of thermoset 
polymer matrix filled with micro and nanoparticles 
// Proc. of the 15th European Conference on 
Composite Materials. Venice, Italy, 24–28 June, 
2012. Pp. 1–9.

4.	 Kochetov R. Modeling of the thermal 
conductivity in polymer nanocomposites and the 
impact of the interface between filler and matrix // 
Journal of Physics D: Applied Physics. 2011. Vol. 
44. No. 39 Pp. 1–12.

5.	 Han Z., Wood J.W., Herman H., Zhang 
C., Stevens G.C. Thermal properties of composites 
filled with different fillers // Conference Record of 
the IEEE International Symposium on Electrical 
Insulation. Vancouver, BC, Canada. 9–12 June, 
2008. Pp. 499–501.

6.	 Михеев В.А., Сулаберидзе В.Ш. Расчетно-
экспериментальные исследования эффективной 
теплопроводности композиционных материалов 
на основе полимеров // Мир измерений. 2017. 
№ 3. С. 26–28.

7.	 Choudhury M., Mohanty S., Nayak K., 
Aphale R. Preparation and characterization of 
electrically and thermally conductive polymeric 
nanocomposites // Journal of Minerals and 
Materials. Characterization and Engineering. 2012. 
Vol. 11. No. 7. Pp. 744–756.

8.	 Wang Z., Iizuka T. Development of epoxy/
bn composites with high thermal conductivity and 
sufficient dielectric breakdown strength Part I. 
Sample preparations and thermal conductivity // 
IEEE Transactions on Dielectrics and Electrical 
Insulation. 2011. Vol.18. No. 6. Pp. 1963–1972.

9.	 Zhe Li. The role of nano and micro particles 

on partial discharge and breakdown strength 
in epoxy composites // IEEE Transactions on 
Dielectrics and Electrical Insulation. 2011. Vol. 
18. No. 3. Pp. 675–681.

10.	 Andreev A.M., Azizov A.Sh., Bezborodov 
A.A. Influence of nano-modifiers on electrical 
properties of epoxy resins and impregnated 
insulating composites. Proc. 22 Nordis Insulation 
Symp. 13–15 June 2011. Tampere. Pp. 133–135.

11.	 Безбородов А.А. Цобкалло Е.С., 
Ожегова Т.А. Влияние степени наполнения и 
структурных особенностей на теплопроводность 
композиционного материала полипропилен 
– технический углерод // Матер. ХII 
Междунар. конф. «Физика диэлектриков» 
(Диэлектрики-2011), 23–26 мая 2011 г. Т. 2. 
СПб: Изд-во РГПУ им. А.И. Герцена, 2011. С 
135–138.

12.	 Ngo I.L., Byon C. Thermal conductivity 
of particle-filled polymers// Polymer Science 
Book Series. No. 1: Research Advances, Practical 
Applications and Educational Aspects. A. Méndez-
Vilas, A. Solano (Eds.). Badajoz, Spain: Formatex 
Research Center, 2016. Pp. 554–565.

13.	 Азизов А.Ш., Андреев А.М., Костельов 
А.М., Поликарпов Ю.И. Теплопроводность 
системы изоляции статорной обмотки мощных 
турбогенераторов с воздушным охлаждением 
// Электротехника. 2009. № 3. С. 26–28.

14.	 Jae-Jun Park, Seong-Sik Shin, Chan-
Young Yoon. Electrical and mechanical properties 
of epoxy microsized alumina composite and the 
effect of nano-sized alumina on those properties 
// Transactions on Electrical and Electronic 
Materials. 2015. Vol. 16. No. 5. Pp. 260–262.

15.	 Tari M., Yoshida K., Sekito S., Allison 
J., Brutsch R., Lutz A. A high voltage insulating 
system with increased thermal conductivity 
for turbo generators // Proceedings of the 
Electrical Insulation Conference and Electrical 
Manufacturing and Coil Winding Technology 
Conference.  Indianapolis, Indiana, USA, IEEE. 
23–25 Sept. 2003. P. 2.

Статья поступила в редакцию 05.06.2018, принята к публикации 17.09.2018.

СВЕДЕНИЯ ОБ АВТОРАХ

СТЕПАНОВ Вячеслав Васильевич – кандидат технических наук, доцент Санкт-Петербургского 
политехнического университета Петра Великого.

195251, Российская Федерация, г. Санкт-Петербург, Политехническая ул., 29
vstepanov@phmf.spbstu.ru



Physical materials science

© St. Petersburg Polytechnic University, 2018

ПЕТРЕНЯ Юрий Кириллович – доктор физико-математических наук, заместитель генерального 
директора – технический директор, ПАО «Силовые машины».

195009, Российская Федерация, г. Санкт-Петербург, ул. Ватутина, 3А.
Petrenya_YK@power-m.ru

АНДРЕЕВ Александр Михайлович – доктор технических наук, начальник отдела, ПАО 
«Силовые машины».

195009, Российская Федерация, г. Санкт-Петербург, ул. Ватутина, 3А.
Andreev_am@power-m.ru

КОСТЕЛЬОВ Андрей Михайлович – начальник отдела, ПАО «Силовые машины».
195009, Российская Федерация, г. Санкт-Петербург, ул. Ватутина, 3А.
Kostelov_AM@power-m.ru

МАННАНОВ Эмиль Рамилевич – специалист, ПАО «Силовые машины».
195009, Российская Федерация, г. Санкт-Петербург, ул. Ватутина, 3А.
Mannanov_ER@power-m.ru


