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Heat Conduction Analysis in Bodies Containing Thin-Walled

Structures by Means of Hybrid BNM with an Application to

CNT-Based Composites™

Jianming ZHANG™, Masataka TANAKA***, Toshiro MATSUMOTO**** and Artur GUZIK"

This paper discusses an implementation of Hybrid Boundary Node Method (Hybrid
BNM) to the heat conduction analysis within bodies containing thin-walled structures. As
an application, the thermal analysis in carbon nanotubes (CNT) based composites is pre-
sented. CNTs are predicted to possess superior heat conductivity and may, even with a small
amount embedded, substantially improve heat conducting behavior of polymers. In this pa-
per the equivalent heat conductivities of CNT-based nanocomposites are evaluated using a
3-D nanoscale representative volume element (RVE) model and the hybrid boundary node
method (Hybrid BNM). The temperature distribution and heat flux concentration are studied.
The equivalent heat conductivity of the RVE as a function of the nanotube length is calcu-
lated and discussed, and, moreover, an approximate formula for its evaluation for an RVE
containing single nanotube is proposed. Computations indicate that addition of about 7.2%
to 17% (volume fraction) of CNT to the polymer matrix may result in the increase of heat

conductivity of the composite varying from 49% to 334% both for short and long CNT.

Key Words: Carbon Nanotube, Nanocomposites, Heat Conductivity, Hybrid Boundary
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1. Introduction

Over the last decade carbon nanotubes (CNT) have
been attracting considerable attention from both scien-
tists and engineers. Due to their near-perfect nanostruc-
ture, which can be thought of as a hexagonal sheet of car-
bon atoms rolled into a seamless cylinder with two semi-
sphere caps at each end, the carbon nanotubes are pre-
dicted to possess exceptional physical properties such as
superior heat and electrical conductivities, as well as high
stiffness, strength and resilience.

Intensive research has been carried out on these quasi-
one-dimensional structures concerning their production,
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physical properties and possible applications()>®. A few
recent experiments have been reported on mats of com-
pressed ropes of CNTs®»®_ By assuming that both ther-
mal and electrical conductivities follow the same rules for
transport, values of thermal conductivity of CNTs, ranging
from 1750 to 5850 W/m- K, have been extrapolated from
experimental measurement on mats of nanotube ropes.
The direct measurements of individual nanotube were also
performed using MEMS measurement technology®. Fol-
lowing those experiments, several preliminary molecular
dynamics simulations®~® of the thermal conductivity
gave even higher values, namely, 6 600 W/m-K at 300 K©.
Although the estimated values of thermal conductivity
were different from each other, it is generally accepted
that the CNTs possess excellent heat conductivity, com-
parable or even higher than diamond, considered so far as
the best heat conductor. Unlike the electrical conductiv-
ity, no significant dependence on the nanotube chirality is
seen, while its strong dependence on radius”. Moreover,
the heat conductivity of a CNT is less sensitive to the de-
fects and voids than that of diamond®.

These remarkable properties may make CNTs ideal
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for a wide range of technological applications. One of
the most intriguing applications is the use of CNTs, as a
small volume fraction filler, in nanotube-reinforced poly-
mers. CNT-based composites offer significant improve-
ments to structural properties over their base polymers. It
has been demonstrated that with only 1% (weight fraction)
of CNTs added to a matrix material, the stiffness of a re-
sulting composite can increase as high as 36 — 42% and
the tensile strength up to 25%”. Most of numerical sim-
ulations so far have been focused on characterizing the ef-
fective mechanical properties of the nanocomposites, such
as Young’s modulus!?- D while relatively fewer studied
the thermal conductivities. The thermal properties of the
CNT-based composites are as important as their mechani-
cal properties in engineering applications.

The main aim of this study is to gain insight into the
thermal properties of CNT-based composites through nu-
merical simulation based on continuum approach. The
equivalent heat conductivity of carbon nanotube-based
composites is evaluated using a representative volume el-
ement (RVE) based on 3-D potential theory and solved
by means of the hybrid boundary node method combined
with a multi-domain solver. The temperature distribution
and flux concentration in an RVE containing single nano-
tube are investigated.

2. Computational Techniques and Models

Numerical simulations can play an important role
in the development of the CNT-based composites and
help to understand the physical phenomena and, further-
more, analysis and design of such nanocomposites. At
the nanoscale level, tests are both extremely difficult and
expensive to perform. Modeling and simulations, on the
other hand, can be readily achieved and are cost effective.
Characterizing the physical properties of CNT-based com-
posites is just one of the many important and urgent tasks
that simulations can accomplish.

Simulations of individual CNTs using atomistic or
molecular dynamics (MD) models have provided abun-
dant results helping in understanding their thermal, me-
chanical and electrical behaviors. However, these simu-
lations are so far limited to very small length and time
scales and cannot deal with the larger models, mainly due
to the limitations in current computing power. Continuum
mechanics has also been successfully applied for individ-
ual CNTs or CNT bundles to investigate their mechanical
properties. Although the validity of the continuum ap-
proach to modeling of CNTs is still not fully confirmed
and will continue to be questioned, it seems at present to
be the only feasible approach for carrying some prelimi-
nary simulations of CNT-based composites.

One of the methods of developing manageable 3-D
continuum models for the study of CNT-based compos-
ites is to extend the concept of representative volume ele-
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ment used for conventional fiber-reinforced composites at
the microscale!!?). In the RVE approach, a single/multiple
nanotube(s) with surrounding matrix material are mod-
eled, with properly applied boundary and interface con-
ditions to account for the effects of the surrounding ma-
terials. Liu et al.!9 applied the FEM to analyze the me-
chanical responses of these RVEs with single nanotube in-
cluded under different loading conditions, and estimated
the material constants of the nanocomposites. Fisher et
al.0D analyzed the effects of the nanotube waviness on
the modulus of the nanocomposites using a RVE with a
curved nanotube.

CNTs are different in size and form when they are
dispersed in a matrix to make a nanocomposites. They can
be single- or multi-walled with lengths varying from a few
nanometers to micrometers, and might be straight, twisted
and curled or in the form of ropes. Their distribution and
orientation in the matrix can be uniform, unidirectional or
random. All of these factors make the numerical simula-
tions of CNT-based composites extremely difficult.

The most critical part of any numerical analysis is the
discretization of domain of interest. If the domain contains
thin-walled structures of complex geometry (e.g. twisted,
curved, randomly distributed), the task of its proper/high
quality meshing is always challenging. An implementa-
tion of Finite Element Method (FEM) to the modeling of
such types of structures results in extremely large number
of elements, due to obvious restriction of element connec-
tivity and requirements of appropriate values of their as-
pect ratios. The Boundary Element Method (BEM) based
models partially alleviate the problem, as the discretiza-
tion of boundary surfaces (instead of volumes) is required,
only. However, still in many cases the high quality bound-
ary elements may be difficult and cumbersome to obtain.
To overcome meshing problems, we developed the Hybrid
Boundary Node Method (Hybrid BNM)!3-(7 By com-
bining a modified functional with the moving least squares
(MLS) approximation, the Hybrid BNM is a truly mesh-
less, boundary-only method. The Hybrid BNM requires
only the discrete nodes located on the surface of the do-
main (for details, refer to Ref.(17)) and, hence, consider-
ably simplifies the discretization task. Moreover, it uses
the parametric representation of domain surfaces, only.
Such representation is used in any CAD software and can
be accessed in commercial packages via Open Architec-
ture features (usually the in-process COM servers/objects
can be exploited). This may considerably simplify the data
pre-processing and discretization tasks and lead to sub-
stantial resources savings.

In the next section, the Hybrid BNM is incorporated
into a multi-domain solver to compute the RVE with single
nanotube inserted. To our best knowledge, it is the first
attempt to evaluate thermal properties of nanocomposites
using the RVE approach.
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3. Hybrid BNM for Multi-Domain Models

For the sake of simplicity, only, two domains, i.e. the
nanotube and the polymer are considered here. It is as-
sumed that both the CNT and matrix in the RVE are con-
tinua of linear, isotropic and homogenous materials with
given heat conductivities. A steady state heat conduc-
tion problem governed by Laplace’s equation with proper
boundary conditions is considered for each domain.

The hybrid boundary node method is based on a mod-
ified variational principle, in which there are three inde-
pendent variables, namely:

— temperature within the domain, ¢;
— boundary temperature, ¢;
— boundary normal heat flux, §.

Suppose that N nodes are randomly distributed on the
bounding surface of a single domain. The domain tem-
perature is approximated using fundamental solutions as
follows:

N
¢= . b1x1, (1)
=1

and hence at a boundary point, the normal heat flux is
given by:

- X (2)

where ¢ is the fundamental solution with the source at a
node sy, « is the heat conductivity and x; are unknown pa-
rameters. For 3-D steady state heat conduction problems,

the fundamental solution can be written as
;1 1
9= 4nr(Q,s;)’ )
where Q is a field point; r(Q,s;) is the distance between
the point Q and the node s;.
The boundary temperature and normal heat flux are
interpolated by moving least square (MLS) approxima-

tion:
N
B(s)=) Di(s)dr, 4
I=1
and
N
q(s)= Zl D(s)q;- 5
I=

In the foregoing equations, @,(s) is the shape function of
MLS approximation; ¢; and §; are nodal values of tem-
perature and normal flux, respectively.

For the polymer domain, the following set of equa-
tions, expressed in matrix form, is given:

% vl(g)-{e) "
uf, Ul W) L Ee
{Vgo Vgl]{xg}z{ngg} )
Vio Vi Ilx Higy |

where superscripts/subscript p, 0 and 1 stand for polymer,
quantities exclusively associated with a domain, and quan-
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tities associated with the interface, respectively. The sub-
matrices [U], [V] and [H] are defined as:

Uu=f ¢ (Q)dr, (8)

ri

Vu=f qv,(Q)dr, 9
ri

HIJ:f D(s)v;(Q)dr, (10)
ri

where I'/ is a regularly shaped local region around a given
node s, v, is a weight function and s is a boundary point.
Similarly, for the nanotube domain we have:

[t Ui g1 )
Ujy U Ux Hi¢}
and
[V 2 |} (a) .
Vio Vi IU¥ Hqy

where the superscript n stands for the nanotube.

As the continuity and equilibrium conditions at the
interface between the nanotube and the polymer must be
satisfied, i.e.:

{¢7}=1{o]} (13)
and
{q7}=—{q}}, (14)

Egs. (6), (7), (11) and (12) can be assembled into the fol-
lowing expression:

A A 0 0 X Hydg
U UL =Ul =UL ) _ (15)
Vie Vi Vi Vi || % ’

0 0 Ao Ag, x| Hydy

where [Ag;] and {d]} (+ represents p or n; i indicates 0 or
1) are formed by merging [U;,] and [V{], {(iﬁ(’;} and {g;} ac-
cording the known boundary conditions, respectively. For
degrees of freedom with prescribed temperature, the re-
lated elements in {(238} are selected for {d}, and the corre-
sponding rows of in [U;] are selected for [Af};]; otherwise,
elements in {g;} are selected for {d}, and the correspond-
ing rows in [V{;] are selected for [Af,].

The set of Eq. (15) is solved for unknown parameters
x, and then, by back-substitution into Egs. (6), (7), (11)
and (12), the boundary unknowns are obtained either on
the interface or the external boundary.

As demonstrated, the Hybrid BNM is a boundary-
only meshless approach. No boundary elements are used
for neither interpolation nor integration purposes. There-
fore, it can circumvent the discretisation difficulty to a
large extent.
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4. Numerical Results

In this section we present two application examples
of the heat conduction analysis of CNT-based composites.
The first example deals with a unit model of RVE contain-
ing single CNT, while the second demonstrates simulation
involving curved CNT and study the effect of its waviness
on thermal properties of composites.

4.1 Heat conduction in a square RVE containing
single straight CNT

A unit model of a representative volume element with
single nanotube is presented in Fig. 1 (a) with dimensions
given in Fig. 1 (b). Figure 1 (c) shows the computational
model discretised with boundary nodes. Homogeneous
boundary conditions are considered here, namely, uniform
temperatures of 300 K and of 200 K imposed at the two
end faces of the RVE, respectively, and heat flux free at
all other faces of the RVE and the inner face of the CNT
cavity. This boundary condition set allows us to esti-
mate equivalent heat conductivity of CNT-based compos-

(@)

(d)

Fig. 1 Nanoscale representative volume element containing a
straight nanotube. (a) The unit model and coordinates
system; (b) Dimensions of the unit model; (c) Discreti-
sation with boundary nodes; (d) Boundary conditions

and results output locations
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ite in the axial direction. Assuming homogeneous material
properties and using Fourier’s law, the formula for equiv-
alent heat conductivity can be written as:
qL
_A_q)’
where « represents the heat conductivity; ¢ is the heat flux
density, L the length of the RVE in the axial direction and
A¢ the temperature difference between the two end faces.
In the following section, several RVE models for
single-walled carbon nanotube of various lengths in a ma-
trix material are studied using the Hybrid BNM, in order
to evaluate the equivalent material constant of the CNT-
based nanocomposites. The temperature distribution and
heat fluxes are computed, and then the equivalent mate-
rial constants are calculated for the RVEs with CNTs of
different lengths.

4.1.1 Temperature distribution and fluxes in a
square RVE First, an RVE for a CNT of a specific
length is studied. The dimensions of the RVE are: for the
matrix, length L=100nm, H =20 nm; for the CNT, length
L. =70nm, outer radius R = 5 nm, thickness D = 0.4 nm
(which is close to the theoretical value of 0.34nm for
Single-walled CNT (SWCNT) thickness). The heat con-
ductivities used for the CNT and matrix (polycarbonate)
are:

CNT:
Matrix:

(16)

© =6000W/m-K;
"=0.19W/m-K;

These values are within the wide range of dimensions and
material constants for CNTs reported in literature” -1,

It should be noted here that: (i) the thickness of the
CNT is very small; and (ii) the difference of heat conduc-
tivity between the CNT and the matrix is extremely large.
In this simulation, 2 208 nodes are used for the CNT and
2 192 nodes for the matrix as illustrated in Fig. 1 (c). All
calculation results were compared with that obtained using
the traditional BEM analysis, and found to be in a good
agreement.

The temperature distribution and heat flux in the axial
direction (along the dotted lines in Fig. 1 (d)) are presented
in Fig. 2 (a) and Fig. 2 (b), respectively. In Fig. 2 (a) it can
be seen that the temperature at the CNT cap (fullerence) is
uniform and equals to 250 K, from which the temperature
decreases to the prescribed value, 200 K, at the end square
face of the RVE. Around the CNT cap the heat flux con-
centration occurs (Fig. 2 (b)). It is noted that the direction
of the heat flux density g, shown in Fig.2 (b) is in the y-
axis direction which is different from the outer normal of
the CNT cap. When z=0, g, equals to the normal flux at
the tip point of the cap; while at the edge point of the cap
where z = -5, g, is nearly zero, although the normal flux
at this point is much higher due to the heat flux concentra-
tion.
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Fig. 2 Temperature and heat flux distribution near the tip cap
of the CNT

Figure 3 presents the temperature and heat flux dis-
tribution in the axial direction along the lines through the
matrix. An obvious feature of the temperature distribu-
tion is observed in Fig. 3 (a) that the temperature in the
matrix first decreases from prescribed temperature value
at the square end face, then remains almost constant at
the segments near the CNT, and finally continues to de-
crease to the lowest temperature at the other square end
face. This observation is consistent with the physical in-
terpretation. Due to that the heat conductivity of the CNT
is higher several orders of magnitude over that of the ma-
trix, almost entire flux flows through the CNT. Therefore,
nearly no flux flows in the matrix in the segments near the
CNT, and the temperature at these locations is almost uni-
form. The corresponding heat flux concentrations are also
observed near the tips of the CNT. The heat fluxes in the
matrix along the lines near the CNT are almost zero (see
Fig. 3 (b)). The volume fraction of the CNT for this model
is 15%, which is calculated using the following equation:

= 482 ’

Vrt Ve ve
where v" is volume fraction of the nanotube; V", V¢ and V?
are volumes of the nanotube, the cavity inside the nano-

A7)
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Fig. 3 Temperature and heat flux distribution along the lines
through the matrix

tube and the polymer, respectively. The equivalent heat
conductivity of this RVE is 0.678 7 W/m-K, which is 3.57
times that of the matrix.

4.1.2 Equivalent constants of composites with var-
ious CNT lengths To study the influence of CNT
length on the equivalent material constant, several models
with various CNT lengths have been considered. In the
computations, the dimensions and parameters are that of
section 4.1.1, except for the length L., which varies from
30nm to 80nm. The equivalent heat conductivity of the
RVE as a function of L. is shown in Fig. 4. Results indicate
that equivalent heat conductivity is determined mainly by
the length of the CNT and the value of the matrix heat con-
ductivity, and relatively less affected by the value of the
heat conductivity of the CNT. This may be explained by
the fact that the heat conductivity of the CNT is so high,
that it can be considered as a super heat conducting ma-
terial (even if its value is reduced by factor of 10), and
the temperature within the CNT can be taken as uniform.
Based on this observation, we propose an approximate for-
mula for estimation of equivalent constant in the axial di-
rection as follows:
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Fig.4 Equivalent heat conductivity of the RVE for different
CNT length

. L

= L o0aR 1%

In this formula, the CNT serves as a super heat con-
ductor which reduces the distance of the heat conduct-
ing path. The equivalent heat conductivities estimated by
means of Eq. (18) for various lengths of the CNT are also
presented in Fig. 4. It can be seen that the equivalent heat
conductivities for CNTs calculated by using Eq. (18) are
in a very good agreement with that of numerical simula-
tions. For the cases L. =30 nm and L. = 80 nm, the volume
fractions of the CNTs are 7.2% and 17%, and the equiva-
lent heat conductivities are 1.49 and 4.34 times that of the
matrix, respectively.

4.2 Heat conduction in RVE containing curved
CNT

In order to study the effect of CNT waviness and
its influence on thermal properties of nano-composites,
the unit RVE model with the curved CNT embedded is
used. The geometry and boundary conditions are pre-
sented in Fig.5 (a)—(c) while Fig.5 (d) shows the com-
putational model discretised with boundary nodes.

Nanotube waviness is considered by prescribing a si-
nusoidal NT shape as:

. [2my
z_Asm( 2 ), (19)

c

where L, stands for the wave length of the sinusoid func-
tion, and y is the fiber axial direction.

Again, homogeneous boundary conditions are ap-
plied, namely uniform temperatures of 300 K and of 200 K
imposed at the two end faces of the RVE, respectively, and
heat flux free at all other faces of the RVE and the inner

face of the CNT cavity.
4.2.1 Temperature and fluxes distributions in an
RVE with a curved CNT An RVE for a curved CNT

of a specific length and waviness is first studied. The
dimensions of the RVE are: for the matrix, length L =
100nm, B =20nm and H = 60nm; for the CNT, length
L. =70nm, A = 20nm outer radius R = 5 nm, thickness

Series A, Vol. 47, No.2, 2004

I |

(b)

#=200K

(@

Fig. 5 Nanoscale representative volume element with a curved

nanotube embedded. (a) The unit model and coordinates
system; (b) Top view: dimensions; (c) Side view: di-
mensions, boundary conditions and results output loca-
tions; (d) Discretisation with boundary nodes

D =0.4nm. The heat conductivities used for the CNT and
matrix are those of previous section.

Temperature distribution and heat flux in the axial di-
rection are presented in Fig. 6. Again, it is seen (Fig. 6 (a))
that temperatures at the locations close to CNT (the start
points for each dotted line except the one that passes all
through the matrix) are almost uniform. The correspond-
ing heat flux concentrations are also observed near the tip
of the CNT (z =20) in Fig. 6 (b). The heat fluxes in the
matrix at the locations near the middle part of the CNT

JSME International Journal
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Fig. 6 Temperature and heat flux distribution in the matrix

are very small and approaching zero.

4.2.2 Equivalent constants of composites with var-
ious CNT waviness The influence of CNT waviness
on the equivalent material constant, employing several
models with various CNT waviness ratios, is also inves-
tigated. Dimensions and parameters of section 4.2.1 are
kept, except for the waviness ratio (w =A/L.) and the ra-
tio of the phase constant (C, = k“NT /x™211X) The waviness
ratio is changed by varying the amplitude A of the sinusoid
curve while keeping the half waviness L. constant. Com-
putations were performed for the following phase constant
ratios: C,=30000, C, =300 and C, =30. For each value
of C, the conductivity of the matrix is held constant at
0.19 W/m-K. The equivalent heat conductivity of the RVE
as a function of w is presented in Fig. 7. Results demon-
strate that equivalent heat conductivity is only slightly de-
pendent on the CNT waviness for both high and low ratios
of the phase conductivity. These results are in a sharp con-
trast to that of the elasticity problem! ", where the equiv-
alent Young’s modulus quickly decreases with increasing
nanotube curvature.
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Fig. 7 Equivalent heat conductivity for various waviness

5. Conclusions and Discussion

The paper presents an implementation of Hybrid
BNM to the heat conduction analysis in bodies contain-
ing thin-walled structures. The Hybrid BNM is a mesh-
less, boundary-only method requiring discrete nodes lo-
cated on bounding surfaces of the domain of interest, only.
Moreover, it uses the parametric representation of those
surfaces, and as such representation is employed in any
CAD software, commercial packages may be exploited.
That greatly simplifies the pre-processing and discretiza-
tion tasks and makes approach extremely useful, and more
cost- and resources-effective than based on conventional
FEM/BEM models.

Mathematical models presented in the paper rely on
continuum mechanic principles and do not account for
quantum effects. However, the continuum-based models
seem to be so far the only feasible one for performing
preliminary simulations of nano-composites behavior and
properties at practical/engineering level. Hence, models
and solution procedures outlined in this study may be used
for any inclusion problem.

The multi-domain Hybrid BNM formulation pre-
sented here may be easily extended and enhanced for
problems involving randomly distributed CNTs of vari-
ous lengths, shapes and orientations, employing the Fast
Multipole expansion approach!® (9 This is a subject of
ongoing research and will be reported shortly.

At current stage, numerical results demonstrate that
temperatures within the CNT and at the interface are al-
most uniform, and heat flux concentration occurs at the
two tips of the CNT. With the addition of CNTs of about
7.2% and 17% (by volume fraction) to the composite, the
heat conductivity in the CNT axial direction can increase
as many as 49% and 334%. The presented results show
that the equivalent heat conductivity is determined mainly
by the length of the CNT, and less affected by the value
of the CNT heat conductivity. An approximate formula
for estimating the equivalent material constant has been
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given, which is found to be of reasonable accuracy in es-
timating the equivalent heat conductivity in the CNT axial
direction. The effects of the CNT waviness on the equiv-
alent conductivity were also investigated. In contrast to
the elastostatic case!", the presented results show that the
equivalent heat conductivity is less affected by the wavi-
ness of the CNT.
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