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a b s t r a c t
Heat conduction in single-walled carbon nanotube (SWNT) aerogels is investigated by an off-lattice
Monte Carlo method. Thermal boundary resistances (TBRs) between the SWNT and four permeated gases
of argon, nitrogen, neon and hydrogen are reported from ﬁtting simulation results with experimental data.
It is found that the TBRs between the SWNT and the permeated gases decrease with larger gas molecular
masses. Effects of volume fractions and complex morphologies of SWNTs on thermal conductivities of
SWNT aerogels are also quantiﬁed. The effective thermal conductivities of SWNT aerogels increase with
the larger volume fraction, the greater length and the smaller diameter of the SWNTs.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Aerogels are ultralight and highly porous materials fabricated by subjecting a wet-gel precursor to critical-point drying
or freeze-drying to remove liquid without collapsing the network. The aerogels are composed of tenuous networks of
clustered nanoparticles, and have unique properties including very
high strength-to-weight and surface-area-to-volume ratios. Small
diameter carbon nanotubes (CNTs) such as single-walled CNTs
(SWNTs) are exciting candidates for electrically conducting aerogels due to their excellent thermal, electrical and mechanical
properties [1–4]. Ensembles of such CNTs can form electrically percolating networks at very low volume fractions [5] and elastic gels
in concentrated suspensions through van der Waals interaction
mediated crosslinking [5–7]. The CNT aerogels can be applied in
energy storage systems [8–10], hydrogen storage media [11] and
weight-conscious devices such as satellites [5].
The CNT aerogels had the relative high electrical conductivity
of 1.0 S/cm [12] and excellent elastic modulus of 60 MPa cm3 g−1
[13]. However, the thermal conductivities of the CNT aerogels were
0.01–0.1 W/mK [5,14], ﬁve orders of magnitude lower than that
of the intrinsic CNTs (2000–5000 W/m K) [15]. Schiffres et al. [5]
studied the thermal conductivity of gas-permeated SWNT aerogels
through experiments and modeling using mesoscale and atomistic
simulations. The thermal conductivity of their evacuated aerogel
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was 0.025 W/m K at a temperature of 300 K. The ultralow thermal
conductivity of the CNT aerogels may be caused by the high porosity
of the CNT aerogels, the thermal boundary resistance (TBR) at airCNT contact, inter-CNT contact and induced defects of the CNTs
during aerogel fabrication processes [16–19].
Environment-dependent studies of thermal transport have been
performed on isolated CNT bundles to identify gas-CNT heat
transfer coefﬁcients [20,21], yet not in CNT networks. Effects of
the CNT accommodation coefﬁcient on gas diffusion through the
nanoporous CNT network remain unresolved. Schiffres et al. [5]
also reported the nature of gas diffusion in the SWNT aerogel,
and the efﬁciency of energy exchange between gas molecules
and the SWNTs using pressure-dependent thermal conductivity
measurements and multiscale simulations. Thermal conductivity
measurements and analysis of the gas-permeated aerogel (argon
Ar, nitrogen N2 , neon Ne, and hydrogen H2 ) showed that gas
molecules transport energy over length scales hundreds of times
larger than the diameters of the pores in the aerogel. This difference
was through the low gas SWCNT thermal accommodation coefﬁcient and the open-cell network structure of the SWNT aerogel
[5].
Understanding heat transport mechanisms and the TBRs of the
CNT aerogels can guide material scientists and application engineers who want to harness the unique thermal and gas-diffusion
properties of SWNT aerogels and related nanoporous materials in
diverse applications [10,22,23,11]. Due to several limitations of
experiment techniques such as measuring the TBR at the interface
of the CNTs and surrounding materials, some computational works
have been developed to investigate mainly the heat exchange at
the interface of the CNT–CNT and the CNT–air [24–26]. But the
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applied through the computational domain by releasing 40,000
thermal walkers every time step from one side of the model, at x = 0.
In the meantime, 40,000 cold walkers carrying negative energy
are released from the opposite side, representing a cooled surface
[28,31].
Due to the thermal boundary resistance present at SWNT–gas
interface, phonons from the gas phase may either be reﬂected to the
gas or be transmitted into a SWNT. The average phonon transmission probability from the gas to a SWNT (fg−SWNT ) is used to govern
the motion of thermal walkers at SWNT–gas interface. Once a thermal walker in the gas phase crosses the interface between the gas
and the SWNT, it may either jump into the SWNT with a probability
fg−SWNT , or remain in the gas phase with a probability (1 − fg−SWNT ).
According to the acoustic mismatch model (AMM), the probability fg−SWNT is applied to quantify the thermal boundary resistance
(TBR) between the gas and the SWNTs, Rg−SWNT , as follow [32]:
fg−SWNT =
Figure 1. Schematic plot of the computational model: 1049 SWNTs having 2 nm in
diameter, 400 nm in length are randomly oriented and distributed in the gas cube
with a side length of 600 nm. The plane with red dots represents the heated surface
and the plane with green dots is the cooled surface.

mechanisms and limitations of the heat transport of the three
dimensional (3D) CNT aerogels have not been studied well through
experiments and modeling. Therefore, in this work, we develop a
mesoscopic 3D model to investigate the TBR and the heat transport
of the SWNT aerogels by using an Off-lattice Monte Carlo method.
For the ﬁrst time, the TBRs between the SWNTs and the permeated gases of Ar, N2 , Ne, and H2 are estimated by matching the
effective thermal conductivity (Keff ) of the SWNT aerogels obtained
from the simulation results with the experimental data of Schiffres
et al. [5]. The effects of concentrations and complex morphologies of
the SWNTs on Keff of the SWNT aerogels are quantitatively investigated. The developed model can provide a comprehensive study of
the heat transport mechanism of the SWNT aerogels, and also help
experimentalists to optimize the thermal properties of the SWNT
aerogels through aerogel structure control.
2. Simulation methodology
A 3D model is built based on the SWNT aerogels fabricated
by Schiffres et al. [5]. The aerogels have a density of 8 kg/m3 and
0.61 vol% volume fraction of the SWNTs. Based on the composition
of SWNT aerogels, 1049 SWNTs (0.61 vol%) with 2 nm in diameter
and 400 nm in length are randomly distributed and oriented in a
gas cube with side length of 600 nm, as shown in Figure 1. The gas
phase is treated as bulk material without modeling the motion of
gas molecules. The gas properties (e.g., thermal conductivity, speciﬁc heat and density) can be varied to model the heat conduction of
the SWNT aerogels in the different gas environments. In the present
work, nitrogen (N2 ) is chosen as the study case as N2 has exactly
similar thermophysical properties with air.
In the developed model, heat is quantiﬁed by a large quantity of
discrete thermal walkers with the same energy. The thermal walkers have a Brownian motion in the gas phase and a random motion
in the SWNTs [27,28]. The Brownian motion of thermal walkers in
the gas phase is described by random jumps in each space direction [29]. The jump distances take values from a normal distribution
with a zero mean and a standard deviation, , that is expressed as
[30]:
=



2Dg t

(1)

where Dg is the thermal diffusivity of the gas and t is the duration of a time step in the simulation. The constant heat ﬂux is

4
CP vRg−SWNT

(2)

where , CP and v are the density of the gas, the speciﬁc heat of
the gas and the speed of sound in the gas, respectively. When the
thermal walker jumps into the SWNT, it is assumed to travel at an
inﬁnite speed in the SWNT relative to random jump in gas phase due
to the ballistic phonon transport property [14] and the ultrahigh
thermal conductivity of SWNTs [33]. It means that thermal walkers
distribute uniformly in a SWNT once they jump into the SWNT.
When the walker in the SWNT travels to the interface between the
SWNT and the surrounding gas, it can exit from the SWNT to the
gas with a probability fSWNT−g .
In the present model, the TBRs are assumed to be identical at
the same interface for thermal walkers entering or exiting from a
component (the gas or the SWNTs). According to the second thermodynamic theorem [34], in the thermal equilibrium state, the
heat ﬂux entering a SWNT should be equal to that exiting from
the SWNT to maintain a constant temperature of the SWNT. All the
walkers inside the SWNT can travel to the surrounding gas in one
time step due to the inﬁnite speed, while only those walkers around
the SWNT surface in the gas may jump into the SWNT because of
the random Brownian motion [28]. Therefore, to maintain the same
heat ﬂux entering and exiting from the SWNT, the two probabilities,
fSWNT−g and fg−SWNT , should satisfy:
VSWNT fSWNT−g = Cf ASWNT fg−SWNT

(3)

where VSWNT and ASWNT are the volume and surface area of the
SWNT, respectively. Cf is the thermal equilibrium factor, which is
dependent on the geometry of the SWNTs and the interfacial area
between the SWNT and the gas [28].
A model of the pure gas without any SWNT is also built as a
reference model to compare and estimate the effective thermal
conductivity, Keff , of the SWNT aerogel. Under the same heat ﬂux,
q , and boundary conditions, the temperature distributions along
the heat ﬂux (x-direction) in the SWNT aerogel model, Ta , and in
the pure gas model, Tg , satisfy:
q = −Keff

dTg
dTa
= −Kg
dx
dx

(4)

wherein Kg is the thermal conductivity of the pure gas. The model
is divided into a 300 × 300 × 300 grid mesh. The temperature at the
speciﬁc position of the computational box is obtained by counting
the number of hot walkers with subtracting the number of cold
walkers in each grid cell [35]. Then the effective thermal conductivity of the SWNT aerogels can be calculated as:



Keff = Kg

dTg /dx
dTa /dx



(5)
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Figure 2. The match between simulated and measured effective thermal conductivity of the SWNT aerogels, and the thermal boundary resistances (TBRs) between the
SWNTs and H2 , Ne, N2 and Ar gases under the atmospheric pressure and the room
temperature. The error bars are the standard deviations of 3 simulation results using
different spatial distribution of SWNTs. The experimental results are taken from Ref.
[5].

The assumptions made in the developed model are: (i) collisions between thermal walkers are ignored; (ii) the properties of
the gas and the SWNTs (e.g., density, thermal conductivity, speciﬁc heat capacity) do not change with the temperature over the
modeled range; (iii) the TBRs at SWNT contacts are not considered due to the pi-pi interactions between SWNTs [36]; (iv) the
model is a representative volume element of the practical aerogel,
so the convection effect is not considered [37]; (v) periodic boundary conditions are applied in y- and z-directions, while walkers are
bounced back when jumping outside the computational box in the
x-direction; (vi) the model has the same initial temperature; and
(vii) effects of a binder connecting the SWNTs are ignored.
3. Results and discussions
3.1. Estimated thermal boundary resistances (TBRs) between the
SWNTs and the different gases in the 3D SWNT aerogels
By matching the effective thermal conductivity of the SWNT
aerogels obtained from the simulations with those from experimental measurement in the different gas environments (Ar, N2 , Ne
and H2 ) under the atmospheric pressure and the room temperature [5], the TBRs between the SWNTs and the above gases are
estimated, as presented in Figure 2. The TBRs between the SWNTs
and Ar, N2 , Ne and H2 are 1.32 × 10−3 , 1.57 × 10−3 , 20.1 × 10−3 and
26.5 × 10−3 m2 K/W, respectively. The TBRs between the SWNTs
and the gases decrease with increasing the gas molecular mass
under the atmospheric pressure and the room temperature. This
ﬁnding is consistent with the reported ﬁndings in molecular
dynamics (MD) approaches [24,38]. Since the heavier gas atoms
have lower velocities, they may have longer interaction time with
the SWNTs. This may induce a higher energy accommodation coefﬁcient and thus a lower TBR between the gas and the SWNT [24].
It is noted that Schiffres et al. [5] also estimated the energy
accommodation coefﬁcient of various gases by MD simulations. The
TBR between gas and SWNTs (Rg−SWNT ) can be calculated from the
energy accommodation coefﬁcient by [24]:
Rg−SWNT =

2−˛
4kB N˛

(6)

Figure 3. Effects of the SWNT volume fractions on the Keff of the SWNT aerogels. The
2 nm-diameter and 400-nm length of the SWNT are kept constant. Nitrogen (N2 ) is
chosen as a study case here.

where ˛, kB and N are the energy accommodation coefﬁcient, the
Boltzmann constant and the gas collision rate on the SWNT surface per unit area, respectively. In Schiffres et al. work [5], only
two concentric SWNTs with 40 nm length were used. This length
is much shorter than those of SWNTs in the experimental samples (∼300–1000 nm) [5]. Thus, the effect of quantity and length of
SWNTs on the heat exchange between gas and SWNTs may be misinterpreted and underestimated. To break the above limitation in
Schiffres et al. MD approach, in this work, the developed model is
built with thousands of SWNTs to replicate the real SWNT aerogel
samples. The length and diameter of the SWNTs are also consistent
with those in the experimental sample. Moreover, the off-lattice
Monte Carlo algorithm applied in this work is much faster than MD
simulations [27,30].
Since the experimental data of the TBRs between the pure gases
and the SWNTs are still very limited, the measured TBR between
the SWNT and air is used to compare our estimated TBR between
the SWNT and N2 . Hsu et al. [20] reported the TBR between air
and the SWNT to be ∼0.7 × 10−3 m2 K/W measured by a two-laser
technique. The TBR between N2 and the SWNT is estimated to
be ∼1.5 × 10−3 m2 K/W in the present work. The slight discrepancy between our simulated TBR and the measured TBR may be
caused by the molecular mass difference of N2 and air. Under the
atmospheric pressure and the room temperature, the air consisting of 78 vol% N2 and 21 vol% O2 is heavier than the pure N2 . It has
longer interaction time with the SWNT, leading to a slight lower TBR
between air and the SWNT. It is noted that the TBRs between the
SWNT and gases are higher than those at the SWNT–liquid and the
SWNT–solid interfaces (∼10−5 –10−9 m2 K/W) [39–42]. The higher
TBRs at SWNT–gas interfaces may be ascribed to the greater acoustic mismatch between the SWNTs and gases, as well as the stronger
phonon scattering at SWNT–gas interfaces.
3.2. Effects of the SWNT volume fractions on the effective thermal
conductivity (Keff ) of the SWNT aerogels
The volume fractions of the SWNTs in the SWNT aerogels are
quantiﬁed by varying the number of the SWNTs randomly distributed in the model. The volume fraction of the SWNTs varies
from 0.06 vol% to 0.87 vol% (100–1500 SWNTs). The effects of the
SWNT volume fractions on the Keff of the SWNT aerogels are presented in Figure 3. The Keff of the SWNT aerogels increases with the
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with various aspect ratios. The Keff of the SWNT aerogels increases
when the SWNT aspect ratio rises. With the same diameter, the
SWNTs with a higher aspect ratio have a longer length. Due to
the ballistic phonon transport in the SWNTs and the diffusive
thermal transport in gases, SWNTs are much more effective heat
transfer channels than gases in SWNT aerogels [14,33]. Longer
SWNTs more effectively transport heat through the aerogels than
the short SWNTs [44]. This thereby leads to the higher thermal
conductivity of the SWNT aerogels. This quantitative ﬁnding is in
consistency with the experimental ﬁndings in CNT based nanoﬂuid
and polymer composite [44,45]. On the other hand, during the
practical fabrication of the SWNT aerogels, the longer SWNTs
may have a lower percolation threshold than the short ones. The
lower percolation threshold means that the longer SWNTs with a
lower volume fraction can provide the aerogels with the enhanced
electrical and thermal conductivity comparable to those achieved
by the short SWNTs with a much higher volume fraction [46].
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3.3.2. Effects of the SWNT diameter
The SWNT diameter varies from 1.6 to 4 nm while the SWNT
length is kept constant to be 400 nm. As shown in Figure 4(b),
the Keff of the SWNT aerogels decreases as the diameter of SWNTs
increases. This may be explained physically that (i) with the same
volume fraction and the same length, the SWNTs with the smaller
diameters have larger total surface area than those with the larger
diameters. The larger surface area of the SWNTs can signiﬁcantly
enhance the heat exchange between SWNTs and the gases, resulting in a higher Keff of the SWNT aerogels [47,48]. (ii) The larger
diameters of SWNTs make heat more transport in the radial direction, reducing the heat conduction in the SWNT axial direction
and the heat ﬂux direction, and hence leading to a lower Keff of
the SWNT aerogels. This ﬁnding is also consistent with our previous works [31,49,50]. Due to the ballistic thermal transport in
SWNTs and the diffusive heat transport in gases, SWNTs dominate
the transfer of heat in SWNT aerogels. We speculate that effects
of SWNT morphologies (e.g., length and diameter) on the thermal
transport properties of SWNT aerogels in different gases will be
qualitatively similar.

Aspect ratio of SWNTs (L/D)

(b)
2.6
2.4
2.2

Keff/Kg

119

2.0
1.8
1.6
1.4
1.2
1.0
1.5

2.0

2.5

3.0

3.5

4.0

Diameter of SWNTs (nm)
Figure 4. Effects of (a) aspect ratios of 25–300 (length = 50–600 nm, diameter = 2 nm) and (b) diameter of 1.6–4 nm (length = 400 nm) of the SWNTs on the
Keff of the SWNT aerogels. The volume fraction of the SWNTs is keep constant to be
0.61 vol%. Nitrogen gas (N2 ) is used in the simulations of this ﬁgure.

increase of the SWNT volume fraction. More SWNTs not only reduce
the porosity of the aerogel, but also provide more phonon transport
paths. Owing to the ultrahigh thermal conductivity of the SWNTs,
they can act as the effective thermal transport channels, which
allow the thermal walker to travel faster in the SWNT aerogels.
Hence the higher thermal conductivity of the SWNT aerogels can
be achieved and this trend is also consistent with the experiment
ﬁndings [37].
3.3. Effects of the SWNT morphologies on the effective thermal
conductivity (Keff ) of the SWNT aerogels
3.3.1. Effects of the SWNT aspect ratios
Though the SWNTs can exhibit a high aspect ratio
(length/diameter) of up to 1000 [43], the effects of the common aspect ratios of 25–300 of the SWNTs on the Keff of the
SWNT aerogels are chosen to be investigated in this work. The
SWNT length varies from 50 to 600 nm while the diameter of the
SWNTs is kept constant to be 2 nm (aspect ratio from 25 to 300).
Figure 4(a) presents the Keff of the SWNT aerogels using the SWNTs

4. Conclusions
A 3D mesoscopic model is successfully developed to investigate the TBRs and the heat transport in the SWNT aerogels. The
TBRs between the SWNTs and four surrounding gases are estimated
and they decreases with the larger gas molecular mass. Effects of
the volume fractions and the morphologies of the SWNTs on the
thermal properties of the SWNT aerogels are also quantitatively
investigated. The simulation results show that the higher SWNT
volume fraction, the longer length and the smaller diameter of
the SWNTs could result in a higher Keff of the SWNT aerogels. The
developed model can be also applied to study the heat transport
phenomena and limitations in other diverse aerogels and highly
porous materials such as graphene aerogels, carbon aerogels and
silicon aerogels.
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