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Thermal transpiration through carbon nanotubes (CNTs) and graphene channels is studied using
molecular dynamics (MD) simulations. The system consists of two reservoirs connected by a CNT.
It is observed that a flow is developed inside the CNT from the low temperature reservoir to the
high temperature reservoir when the two reservoirs are maintained at different temperatures. The
influence of channel size and temperature gradient on the mean velocity is analysed by varying the
CNT diameter and the temperature of one of the reservoirs. Larger flow rate is observed in the smaller
diameter CNTs showing an increase in the mean velocity with increase in the temperature gradient.
For the flow developed inside the CNTs, slip boundaries occur and the slip length is calculated using
the velocity profile. We examine the effect of fluid-wall interaction strength (εf w ), diffusivity (D),
and viscosity of the fluid (μ) on the temperature induced fluid transport through the CNTs. Similar
investigations are also carried out by replacing the CNT with a graphene channel. Results show that
the mean velocity of the fluid atoms in the graphene channel is lower than that through the CNTs. This
can be attributed to the higher degree of confinement observed in the CNTs. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4828705]
I. INTRODUCTION

Fluid transport through nanoscale channels is set to play
an important role in many nanotechnology applications.1, 2
The major hurdle in the development of nanofluidic devices is
the large power required to drive the fluid through nanochannels. Various methods have been proposed in the recent literature to drive fluid through nanochannels.3, 4 Thermal transpiration is one such method. This method is highly energy
efficient since it can drive the fluid based on the temperature
gradient developed as a result of the heat generated at the various parts of the device itself.
Thermal transpiration occurs when fluid molecules start
moving from the cold end towards the hot end of a channel under the influence of longitudinal temperature gradient
alone. This phenomenon was first observed in 1873 by an
eminent Victorian experimenter Sir William Crookes. Later in
1879, Osborne Reynolds observed that a difference of temperature on the two sides of the porous plate might cause gas to
pass through the plate, without any initial difference of pressure, or any difference in chemical constitution. His experiments showed that, with hydrogen gas on both sides of the
porous plate, a difference of 160◦ F on the two sides of the
plate produced a permanent pressure difference of an inch of
mercury, the higher pressure being on the hotter side. He proposed to call the motion of gas caused by a difference of temperature as Thermal Transpiration.5 Maxwell6 did a detailed
mathematical analysis of the same and proposed the following
relationship:
Uth = a ▽ T ,
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(1)

where Uth is the maximum velocity in the channel, ▽T is the
rate of variation of the fluid temperature along the axis of the
channel, and a is constant.
The above concept can be further explained by considering two reservoirs filled with the same gas having the same
pressure (P1 = P2 ) but at different temperatures (T1 < T2 ).7
These two reservoirs are connected by a rigid channel, whose
hydraulic diameter (h) is comparable to the mean free path
(λ) of the fluid. If m is the mass of the gas molecules, n is the
number density and c̄ the average molecular speed, then the
mass flux at the cold and hot ends of the channel are given by
m1 n1 c¯1 and m2 n2 c¯2 , respectively. We assume that the density
of the fluid is proportional to the number density (ρ ∝ n) and
the temperature of the fluid is proportional to the square of the
average molecular speed (T ∝ c̄2 ). Under such free molecular
flow conditions,

m1 n1 c¯1
ρ1 T1
≈
.
(2)
m2 n2 c¯2
ρ2 T2
If we use the equation of state (P = ρRT) and assume
the condition that both the reservoirs are at same pressure
(P1 = P2 ), the above equation reduces to

m1 n1 c¯1
T2
=
.
(3)
m2 n2 c¯2
T1
Since T1 < T2 , this ratio is greater than one. The above
analysis indicates a flow creeping from the cold to the hot
end of the channel. Inside the channel, the interaction of fluid
molecules with the wall atoms is crucial and it has considerable influence on the observed phenomenon. In large channels, thermal transpiration can be explained as an equilibrium
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FIG. 1. A schematic diagram to explain thermal transpiration in large channels.

state attained by two opposing flow fields, thermal creep flow
that occurs from the cold to the hot end close to the channel
walls and viscous flow (back flow) in the reverse direction at
the central region of the channel due to the pressure difference. Figure 1 shows a schematic diagram of the flow field
illustrating thermal transpiration in large channels.
In 1910, Knudsen first proposed the feasibility of a gas
pump based on the phenomenon of thermal transpiration.8
Such a pump would have the inherent advantage that they
have no moving parts and are attractive for applications ranging from gas analysers to electronic cooling systems. For such
a pump to operate near atmospheric pressure, these channels
must have hydraulic diameter on the order of 100 nm or less.
With recent advances in micromachining technology, it has
been possible to fabricate flow channels with characteristic
dimensions on the order of 100 nm. Atmospheric pressure
operation of Knudsen pump was first demonstrated by Vargo
and Muntz9 and their device could generate a maximum pressure difference of 11.5 Torr (1.5 kPa) using helium. This was
followed by the first fully micromachined Knudsen pump by
McNamara and Gianchandani.10
Due to the important role of molecular level mechanisms, an atomistic simulation method like Molecular Dynamics (MD) is more suitable to study the temperature
induced fluid transport through nanochannels. Han11 has carried out MD simulations to study the thermophoresis in liquids, which is defined as the migration of a colloidal particle
or large molecule in a solution in response to a macroscopic
temperature gradient. MD computations have also been performed to study the thermophoretic motion of a water cluster
inside a single walled carbon nanotube (CNT).12, 13 Recent literature reports various attempts made by researchers to study
thermal transpiration using MD simulations. Atomistic simulations have been performed earlier to study the feasibility of a
device that drives fluid in nanoscale channels using a temperature gradient.14 They have observed that as the size of the system reduces various factors like structuring of the fluid atoms,
increased viscosity, thermal contact resistance, etc. begin to
influence the fluid flow. MD studies on the mechanism of
fluid transport driven by a temperature gradient in nanochannels have shown that the fluid−wall interaction plays a critical
role in determining the flow direction.15 They have reported
that for channels of very low surface energy fluid moves from
high to low temperature, while for channels with high surface energy the fluid is pumped from low to high temperature. Computational studies have shown that a fluid can be
continuously circulated by a symmetric temperature gradient
in nanochannels of heterogeneous surface energies.16, 17 In all
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FIG. 2. A snapshot of the simulation box used in the present study. (a) Two
reservoirs are connected using CNT. (b) Perspective view of the CNT.

these cases, a temperature gradient is imposed on the channel
walls and its effect on the fluid transport is analysed.
Atomistically smooth, well characterised open ended carbon nanotubes have been shown to offer unique possibilities
as fluid conduits in many biological applications like drug
storage and delivery.18 Another allotrope of carbon, graphene,
has also attracted the interest of researchers due to its unique
properties like high specific surface area and good chemical
stability which makes it an exciting material with immense
application in nanoelectronics.19 In the present work, MD
simulations are carried out to investigate the occurrence of
thermal transpiration of liquid argon through single walled
CNT and graphene nanochannels. In order to develop a temperature gradient, two liquid reservoirs are created at the ends
of the channel and are maintained at different temperatures.
II. SIMULATION DETAILS

Two different systems are considered where liquid argon is allowed to flow between the two reservoirs maintained
at different temperatures. In the first system, the two reservoirs are connected by a CNT while in the second system
the two reservoirs are connected by a graphene channel. Two
graphene sheets are arranged parallel to each other for obtaining a graphene channel. Nonequilibrium molecular dynamics (NEMD) simulations were carried out using LAMMPS
package20 and the visualisations were rendered using VMD.21
A snapshot of the simulation box of the first system is
shown in Fig. 2(a). The system consists of two reservoirs connected by a CNT. Both the reservoirs are of the same size
(60 Å × 60 Å × 45 Å) and the length of the CNT is 47.95 Å.
The reservoirs are bounded by graphene walls as shown in
Fig. 2(a). The details of the CNTs used in the present study
are given in Table I.
A snapshot of the simulation box of the second system is shown in Figure 3(a). The two reservoirs in this
case are connected by a graphene channel. The dimensions
of both the reservoirs are the same as that in the previous
TABLE I. Details of different CNTs used in the simulation.
Designation
(10,10)
(12,12)
(14,14)
(16,16)

Diameter in Å
13.56
16.27
18.98
21.69
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sion coefficient, D is calculated using the Einstein relation29

D=

|r(t) − r(0)|2
1
lim
,
2d t→∞
t

(5)

where r is the atom positions and d is the degree of dimensions. The flow of liquids through single walled CNT is considered as a 1D case. Taking d = 1 in the expression for diffusivity, the Eq. (5) reduces to
FIG. 3. A snapshot of the simulation box used in the present study. (a) Two
reservoirs are connected using a graphene channel. (b) Perspective view of
the graphene channel.

case. Length of the graphene channel is approximately 48 Å,
which is also same as that of the CNTs. The width of the
graphene nanochannel is taken as 24 Å. Four different channel
heights are considered (13.56 Å, 16.27 Å, 18.98 Å, 21.69 Å).
The interatomic interactions are modeled using the pairwise
Lennard Jones (LJ) potential:

 
σ 12  σ 6
,
(4)
−
ULJ = 4ε
r
r

where r is the distance between a pair of interacting molecules
and ε and σ are parameters describing the binding energy and
bonding distance, respectively. The interaction parameters,
εAr−Ar = 0.0098 eV and σ Ar = 3.47 Å were used for liquid
argon.15 For C-C interaction in the CNT, εC−C = 0.0037 eV
and σ C = 3.4 Å were used as LJ parameters.22 εC−C
= 0.024 eV and σ C = 3.34 Å were used as LJ parameters
for C-C interactions in graphene.23–25 The Lorentz-Berthlot
mixing rule was employed to calculate the LJ parameters for
the interaction between the atoms of different types.26
The periodic boundary conditions were applied in all directions. The equations of motion were integrated using the
velocity Verlet algorithm and a time step of 1 fs was used.27
3
) of the fluid atoms in the reservoir
The number density ( Nσ

was maintained around 0.8 and the channel walls were made
rigid. Initially, the fluid atoms are prevented from entering
into the channel by keeping a rigid graphene wall at both the
ends of the channel. NVT ensemble was applied to the argon
atoms kept in the two reservoirs. Langevin thermostat was applied to the argon atoms to maintain the temperature at 300 K.
Simulations were performed for 50 ps. Then, the graphene
walls at the ends of the CNT were removed and fluid atoms
were allowed to enter and fill the CNT. During this process,
NVT ensemble were applied to fluid atoms and the system
was allowed to equilibrate by running the simulations for another 2 ns.
The properties of fluid atoms in nanoconfinements and its
variation with channel size and temperature play a critical role
in transport process. Two such properties, namely, diffusivity
and viscosity are considered in the present study. The diffusion of gas molecules in nanochannels and its dependence on
the channel size have been investigated earlier.28 Since it is
more appropriate to calculate the diffusivity at equilibrium
conditions, separate simulations were carried out for calculating the same. After allowing the system to equilibrate, the
fluid temperature is varied from 300 K to 450 K. The diffu-

D=

|r(t) − r(0)|2
1
lim
.
2 t→∞
t

(6)

Earlier studies have reported that confinements of fluids
inside the CNTs reduce the viscosity of the fluid and it is
found to vary nonlinearly with respect to the CNT diameter.30
In the present study, we have used Eyring theory for calculating the viscosity of the confined fluid. Eyring theory employs
the statistical mechanical theory of absolute reaction rates to
analyse the transport mechanisms in fluids.31 According to
this theory, viscous flow is considered as a chemical reaction
in which the elementary process is the activated jumping of
a single molecule from one equilibrium position (minimum
energy) to another. Hence for the flow to occur the molecules
should possess the necessary energy to overcome this potential barrier. Activation energy, Ea is defined as the potential
required by an individual molecule to overcome the potential
barrier created by its neighbors and squeeze past them into the
next equilibrium position. Following the method described in
a previous study on viscosity of confined fluids, the following
relations for the coefficient of viscosity can be obtained:30


Ea
Nh
,
(7)
exp
μ=
V
RT
where μ is the shear viscosity of the fluid, N is the Avogadros
number, V is the molar volume, h is the Planck’s constant, Ea
is the activation energy, R is the Universal gas constant, and T
is the temperature.
In the second step, in order to study the thermal transpiration phenomenon through the CNTs, temperature of one of
the reservoirs is kept maintained at 300 K and the temperature of the other reservoir is varied from 370 K to 450 K. The
simulations are performed for 2 ns to attain a steady flow rate
and again run for a period of 1 ns to calculate the average
fluid flow rate through the channel. Similar procedure is also
followed for studying the thermal transpiration phenomenon
through the graphene nanochannels.
III. RESULTS AND DISCUSSION

Simulations are carried out in two different steps. In the
first step, the temperature of the fluid is varied from 300 K
to 450 K. After allowing the system to reach equilibrium, the
density distribution and the different viscoelastic properties
inside the CNTs are evaluated. The variation of these properties with the CNT diameter and the fluid temperature are also
analysed.
Figure 4 shows the density distribution inside a (10,10)
CNT for temperatures 300 K and 450 K. From the figure, it
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FIG. 4. Radial density distribution of confined fluid inside a (10,10) CNT at two different temperatures 300 K and 450 K.

is evident that in the case of smaller diameter nanotubes like
(10,10) CNT, the confined fluid atoms are distributed in welldefined layers. The reason for the formation of such structures
inside the CNTs is well attributed to the space confinement inside the nanotube and the fluid-wall interaction. From Fig. 4,
it can be seen that as the temperature increases the density
distribution gets broadened and the intensity of the peak reduces. This indicates that the layer formation is more prominent at lower temperatures. We have also analysed the variation in the density distribution with the diameter of the CNTs.
Figure 5 shows the density distribution inside the (10,10) and
(16,16) CNTs when the fluid temperature is 450 K. From
Fig. 5, it can be seen that as the diameter of the CNT increases,
the layered structure of the confined fluid molecules starts disappearing giving way to disordered bulk fluid arrangement.
The variation of viscoelastic properties of fluid atoms
with respect to channel size and temperature plays a critical
role in determining the density variation and fluid transport
through narrow confinements. According to kinetic theory of
liquids, properties like diffusivity and viscosity are found to
influence the mobility of fluid atoms inside nanochannels.32
In the present study, these two properties are evaluated to gain

more insight into the molecular level mechanism of thermal
transpiration.
Figure 6 shows the variation of self-diffusivity of argon
atoms inside the CNTs with nanotube diameter for various
temperatures. From the figure, it is clear that there is an increase in the diffusivity with the increase in the diameter and
temperature. Figure 7 shows the variation of viscosity inside
the CNTs with the nanotube diameter for various temperatures calculated using Eyring theory. The results indicate that
there is an increase in the viscosity with the CNT diameter.
Further with the increase in temperature, the viscosity was
found to decrease. We have also used Green-Kubo formulation for calculating viscosity for a few cases. The values for
viscosity obtained using Green-kubo formulation were not
exactly same as that obtained using Eyring method. Nevertheless, they are of the same order of magnitude and showed
similar variations.
In the second stage, we discuss the results of temperature
driven fluid flow through nanoscale channels. In order to develop a temperature gradient inside the nanotube, temperature
of one of the reservoirs is maintained at 300 K while the other
is varied from 370 K to 450 K. Each data point corresponds
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FIG. 5. Radial density distribution of confined fluid in (10,10) and (16,16) CNTs at 450 K.
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FIG. 6. The variation of self diffusivity of argon inside the CNTs with diameter.

FIG. 8. The variation of mean velocity of the confined fluid inside the CNTs
with temperature difference.

to an average value taken from five independent simulations
with different initial conditions. In the present study, a positive value for mean velocity indicates that the flow occurs
from the cold end to the hot end.
Figure 8 shows the variation of the mean velocity of the
fluid atoms inside the nanotubes with temperature difference,
T for four different CNTs. It is observed that the mean velocity of the confined fluid increases with the increase in the
temperature of the hot reservoir and decreases with an increase in the CNT diameter.
To examine the existence of temperature gradient inside
the nanotube, the nanotube is divided into four bins along
the length of the CNT and the variation in temperature is obtained. Figure 9 shows the variation of the fluid temperature
along the flow direction inside the CNTs with the temperatures maintained at 300 K and 450 K for cold and hot reservoirs, respectively. The figure indicates a linear variation of
temperature from the cold reservoir (300 K) to the hot reservoir (450 K), which asserts that there is a temperature gradient
established among the fluid molecules inside the nanotube. It
can also be seen that there is no significant variation in the
temperature distribution among the different CNTs.

To further examine the temperature distribution inside
the nanotube, the velocity distributions in the different bins
are plotted. Figure 10 shows the velocity distribution inside a
(10,10) CNT with the temperature of the two reservoirs maintained at 300 K and 450 K. The velocity distribution shows
that there is a shift in the peak towards the larger velocity and
the curve gets broadened as we move from the cold end to the
hot end. This points towards the existence of a well defined
temperature gradient inside the CNT which acts as a driving
force for the fluid.
On the application of a temperature gradient, a variation
of fluid density is observed in both the reservoirs and inside
the CNT. The variation of normalised number density along
the length of the CNT shows a gradual decrease in the flow
direction (Fig. 11). The calculated number density has been
normalised with the total number of fluid atoms present inside the corresponding nanotubes. At higher temperatures, the
fluid molecules possess strong thermal vibrations. Due to the
increased thermal motion, each fluid molecule tends to occupy a larger space. In physical terms, this manifests as a decrease in the number density at elevated temperatures. Further, due to the fluid-wall interaction, the fluid atoms form
500
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FIG. 7. The variation of viscosity of the confined fluid inside the CNTs with
diameter.
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FIG. 9. The variation of the temperature of the confined fluid along the
length of the CNTs.
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layers inside the CNTs and the graphene channels. From the
variation of density distribution with temperature (Fig. 4), it is
observed that the layering phenomenon is more prominent at
low temperatures. Hence, on the application of a temperature
gradient, a density variation is developed with in each fluid
layer. Due to the above reasons, a density variation is established inside the nanochannels. The movement of molecules
from the low temperature end to the high temperature end can
be attributed to the combined effect of layer formation and
density variation inside the CNTs. Thus, the density variation
resulting from the temperature gradient is seen to be the major
reason for the thermal transpiration in nanochannels.
Further, Fig. 12 shows the variation of normalised potential energy of argon atoms inside the CNT. The average potential energy is calculated and normalised using the maximum
potential energy value in each case. The result indicates that,
due to the temperature gradient, a potential energy gradient
is developed along the length of the CNT. The density variation and the potential energy gradient developed inside the
nanochannel produce a force on the fluid molecules, pushing
them towards the high temperature reservoir.

Normalised number density
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FIG. 10. Velocity distribution showing the mean number of molecules per
unit volume having the speed v and v+dv inside a (10,10) CNT for a temperature difference of 150 K.
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FIG. 11. The variation of normalised number density of the confined fluid
along the length of the CNTs for a temperature difference of 150 K.

FIG. 12. The variation of normalised potential energy of the confined fluid
along the length of the CNTs for a temperature difference of 150 K.

Results obtained from the equilibrium studies that we had
presented earlier are further analysed to gain more insight into
the underlying molecular level mechanism of thermal transpiration. From Fig. 5, it is clear that inside a (10,10) CNT, fluid
molecules are arranged in distinct layers. As the diameter of
the CNT increases, the molecular layers formed are present
only near the walls of the tube and a viscous flow region develops at the center. This is evident from the density distribution inside a (16,16) CNT (Fig. 5). Since the layering of
fluid atoms inside nanotubes is favorable for thermal creep,
the thermal transpiration dominates in small diameter CNTs.
Figure 6 shows that there is an increase in the diffusivity with
an increase in the diameter. The increase in the diffusivity will
enhance the mobility (average velocity acquired by them with
respect to the surrounding particles) of the fluid atoms allowing them to move in a disordered manner.32 This reduces the
layering phenomenon and thus hinders the unidirectional motion of the fluid atoms. Together with the influence of the wall,
it is this increase in the diffusivity that prevents the layering
phenomenon in larger diameter channels. This in turn promotes counter flow thus reducing the mean velocity in larger
diameter CNTs. The variation of viscosity with the diameter
and the temperature also influences the fluid transport through
nanotubes. As is observed from Fig. 7, the viscosity decreases
with the increase in the temperature. The fluidity (capability
of yielding to shearing stress) of the liquid, which is inversely
proportional to the coefficient of viscosity, increases with the
temperature.32 It is obvious that, with the increase in the temperature gradient, the mean temperature of fluid atoms inside
the CNT increases. Thus resistance to the flow of fluid atoms
inside the CNTs is less at higher temperatures and hence an
increase in the flow rate is observed at higher temperature
gradients. Again the viscosity is found to increase with the
increase in the CNT diameter. Thus in the case of the CNTs,
smaller diameters and higher temperature gradients are more
favorable for the occurrence of thermal transpiration.
In order to understand the flow pattern inside the nanotube, we analyse the velocity distribution along the cross
section of the (10,10) and (16,16) CNTs for a temperature
difference of 150 K. The velocity profile is shown in Fig. 13.
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FIG. 13. Velocity profile of the confined fluid along the cross section of
(10, 10) and (16, 16) CNTs for a temperature difference of 150 K.

Inside a (10,10) CNT, the fluid atoms are arranged in a concentric ring and a single file at the center. In such nanotubes,
viscous flow region is absent and thermal creep dominates.
Therefore, we obtain a flat velocity profile indicative of plug
type flow inside such nanotubes. As the diameter of the CNT
increases, a prominent viscous flow region is developed in the
central region. This viscous region promotes the counter flow
at the center. Hence, the fluid atoms inside a (16,16) CNT possess a larger velocity near the wall and a lower velocity at the
center.
It is a well established fact that the liquid adjacent to a
solid need not be stationary and may be subjected to slip. For
nanoscale channels, slip velocity becomes significant. The velocity profile inside the CNTs showed considerable molecular
slip at the boundaries. The velocity profile of the fluid in the
channel is extrapolated at the interfaces and the slip length(ls )
is determined using the Navier boundary conditions33
ls =

uwall
,
∂u
( ∂z )wall

(8)

where uwall is the linear velocity of the fluid near the wall
)
is the velocity gradient at the wall obtained from
and ( ∂u
∂z wall
the velocity profile. Calculated values of slip lengths are normalised using the maximum slip length and are shown in
Table II. It can be seen that the slip length decreases with the
increase in the CNT diameter. Lower slip length indicates a
reduction in the fluid slip near the wall. However, for (16,16)
CNT, the thermal creep flow was found to occur only near
the wall and the viscous flow dominated in the central region.
This result in a larger velocity near the wall and hence the slip
length could not be calculated from the velocity profile.
TABLE II. Normalised slip length for confined argon in CNTs.
CNTs

Slip length (normalised)

(10,10)
(12,12)
(14,14)

1
0.86
0.76

1

2

3

4

5

εfw/εC-Ar

FIG. 14. The variation of mean velocity of confined fluid in (10, 10) CNT
with fluid-wall binding energy.

Although the surface effects are not dominant in the
present system (due to the weak fluid-wall interaction), it does
have a considerable influence on the fluid molecules confined
in smaller channels. We have tried to investigate the effect
of the surface energy on the fluid molecules by varying the
fluid-wall interaction strength, εf w . Figure 14 shows the dependence of the mean velocity of the fluid on the fluid-wall
interaction strength, εf w for the (10, 10) CNT, with the high
temperature reservoir maintained at 450 K. Initially, as εf w
increases, the wall effect becomes important leading to density fluctuations in the fluid which creates a larger pressure
drop. Thus, an increase in the mean velocity is observed with
the increase in εf w . As εf w is further increased, the adsorption of the fluid molecules takes place. This will reduce the
effective channel size resulting in a decrease in the fluid velocity. Similar observations have been already reported in the
literature.15
The variation of mean velocity of fluid inside the (10,
10) CNT with fluid-fluid interaction strength, εff , is shown in
Fig. 15. The temperatures of the cold and hot reservoirs are
maintained at 300 K and 450 K, respectively. A significant
reduction in the mean velocity is observed as the fluid-fluid
binding energy is increased. As εff increases, the stronger
fluid-fluid attraction imposes greater resistance to the fluid
atoms entering into the nanotube, resulting in a decrease in
the mean velocity.
In order to study the dependence of velocity on the geometry of the flow passage, we have replaced the CNT with
two parallel graphene sheets. Simulations are repeated under
the same conditions as that for the CNTs. We have chosen
graphene for the channel wall as it is having lower interaction
strength with Ar molecules and the ε values are close to those
of CNT. Four different channel heights are considered whose
values correspond to the diameters of the CNTs considered in
the earlier simulations.
Figure 16 shows the variation of mean velocity of the
fluid confined between the graphene sheets under the effect
of a temperature gradient. Although the mean velocity of the
fluid increases with the increase in the temperature gradient, the dependence of the mean velocity on the width of the
graphene channel shows a different trend when compared to
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FIG. 15. The variation of mean velocity of fluid inside the (10, 10) CNT with fluid-fluid binding energy.

1.6

(10,10)
(12,12)
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Mean Velocity,v (m/s)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
60

80

100
120
140
Temperature difference,ΔT (K)

160

FIG. 16. The variation of mean velocity of the confined fluid with temperature difference inside the graphene nanochannels.

4500

the CNTs. From Fig. 16, it is clear that, the physical condition
of 16.27 Å wide channel is found to be more favorable for
the thermal transpiration phenomenon. The reason behind the
observed higher fluid velocity for the 16.27 Å wide graphene
channel can be attributed to the layered arrangement of confined fluid atoms in the channel. The density profile shown in
Fig. 17 indicates that larger number of liquid layers (four layers) are formed inside the 16.27 Å wide channel when compared to 13.56 Å wide channel (three layers). It is this increase in the number of fluid layers that leads to an increase
in the mean velocity of fluid for the 16.27 Å wide channel. As
the width of the channel is further increased (>16.27 Å), layered structure starts disappearing and the viscous flow starts
dominating at the central region resulting in a decrease in the
mean velocity. It is also observed that the mean velocity of the
fluid inside the graphene channels is lower than that through
the CNTs with similar dimensions. The decrease in the mean

1.627 nm
1.356 nm

4000

3

Density (kg/m )
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2000
1500
1000
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0
0.1

0.3

0.5
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Distance along the width direction (nm)
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1.5

FIG. 17. The density distribution of confined fluid inside the graphene nanochannels at 450 K.
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velocity could be attributed to the higher degree of fluid confinement that is observed inside the CNTs.
IV. CONCLUSION

In the present work, we have used MD simulations to
study the fluid transport through the CNTs and the graphene
nanochannels when subjected to a temperature gradient. In
the case of the CNTs, thermal transpiration was observed and
a consistent flow was developed from the cold end to the hot
end of the channel. The mean velocity of the fluid atoms inside the CNT was found to increase with the increase in the
temperature gradient and decrease with the increase in the
nanotube diameter. Fluid-wall interaction strength (εf w ), selfdiffusion coefficient (D), and viscosity of the confined fluid
(μ) were found to influence the flow rate inside the CNTs.
Simulations carried out using graphene channels with similar
conditions also showed the occurrence of thermal transpiration. However, the mean fluid velocity that developed inside
the graphene channels was found to be lower than that observed in the CNTs with similar dimensions.
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