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Abstract

The feasibility of a device is studied that drives a fluid in nanoscale channel using a phenomenon called thermal
transpiration, where the fluid is set in motion by a temperature gradient in the fluid-solid interface. Four different types
of systems are considered using the Molecular Dynamics Simulation. They differ mainly in channel configuration and
the way the gradient is applied. The simulation results show that the design of the device has major technical obstacles.
One is a difficulty in imposing a sufficiently-large temperature gradient in the small scale. In this case, the feature like
thermal-contact-resistance at the interface needs to be included in design considerations. The second is a limited flow-
development under an increased viscous drag in the narrow channel. One of the considered systems proves to be effec-
tive in a pumping operation. The system is based on a unit that repeats itself periodically in the system. The unit is
composed of two regions: one that drives a fluid by thermophoretic force and the other that guides the fluid smoothly

with little thermophoretic force. The latter region is made of a thermally-insulating, weakly-interacting solid.
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1. Introduction

One of the essential components in a typical fluid
system is a device to drive fluids with respect to a
given purpose. The examples are heart in the circula-
tory system of mammals, rotary pumps in turbo ma-
chinery and piston in an engine. They all provide the
given system with a driving means that are necessary
to control and manipulate the fluid for various pur-
poses. Recently, enormous attentions are paid to the
fluid systems of small scales. The so-called microflu-
idics, or even nanofluidics, has implications in a wide
range of applications in fields of bio-, nano- and envi-
ronmental technologies [1]. Many factors determining
the physics of fluid motion in the small scale are
normally not dominant and, in some cases, negligible
in a macroscopic scale. Therefore, each component in
a fluid system of the small scale would be quite dis-
tinctive in its operation, which needs to be closely
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accounted for in its design. This is also true of a
pumping device of the small scale that needs to drive
the fluid with control and efficiency.

As the scale becomes smaller, the surface forces
like surface tension and viscous force are far more
dominant than inertia and body forces. A typical
pump design based on the latters may not be the ef-
fective way to drive fluid. For example, two of the
most popular methods to produce a flow in micro-
devices are based on either electro-osmosis or diele-
trophoresis. Both methods use the surface force ap-
pearing in the electrical double-layer. As practical
micro/nano-fluid-systems tend to be fraught with
various components performing complicated func-
tions, alternative methods are still needed to comple-
ment and improve the aforementioned methods. One
of the candidates that deserve more attention is the
method based on thermophoretic force. Thermopho-
retic force occurs when a fluid bounded by a solid is
under a temperature gradient tangential to the fluid-
solid interface. The force can not be neglected if the
temperature gradient and the degree of molecular
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interaction between the neighboring phases are of a
sufficiently large amount. Phenomena related with
thermophoretic force can easily be found in thermal
systems of small scales. For example, the phenome-
non of thermophoresis can be found in the drift of
colloids in thermal boundary layer.

Pump designs using thermophoretic force were al-
ready suggested for rarefied gas [2-4]. However, the
designs relevant for the micro/nano systems of liquids
are rarely studied. Author recently suggests that some
pumping operation based on thermophoretic force is
indeed possible in nanoscale channels [5]. In this
study, the designs of a device that can drive a liquid in
a nanoscale channel are presented, and the feasibility
and characteristics of each design are discussed in
more detail.

2. Theory
2.1 Background

When a fluid is bounded by a solid and a tempera-
ture gradient is formed tangentially to the fluid-solid
interface, a flow appears near the solid. The flow is
not developed by inertia or buoyancy forces. When
molecules in the fluid interact with the surface of the
solid, some unbalanced force, or thermophoretic force,
occurs in the event of the temperature gradient and set
the molecules in drift motions. Fig. 1 illustrates the
basic mechanism that induces the unbalanced force
and, therefore, the flow. The solid and dotted lines in
Fig. 1(a) show MD results of the tangential pressure
distribution, respectively. The temperatures of the two
cases are different, but the pressures far from the solid,
z—o0, are of the same amount. If we place the two
states side by side, we would have no pressure gradi-
ent developed in the bulk even in the presence of

Pressure tangential to surface

@ (b)

Fig. 1. Illustration of the origin of thermophoretic force: (a)
MD results of the tangential pressures with respect to the
distance from the solid surface, (b) the integrated effect of the
unbalanced pressure occurring near the surface.

temperature gradient. However, this situation can not
be sustained close to the solid surface where there
always exists a pressure difference, shown as the
dashed line in Fig. 1a, due to the presence of solid.
The pressure difference collectively results in an un-
balanced force occurring only in the interfacial region
[Fig. 1(b)]. Many phenomena are based on this force:
thermal creep flow, thermal edge flow, thermal tran-
spiration and thermophoresis [6]. The studies on the
subject in the literature are largely on the fluid system
of rarefied gas. Using the physical argument relevant
to ideal gas, Maxwell proposed the following rela-
tionship [7].

V,=avT (M

For a dilute gas, for example, the proportional fac-
tor a depends mainly on the mean-free-path of the
gas. However, in the case of liquids, the factor de-
pends more on the characteristics of the dense state
like long-range intermolecular forces [8].

Even though it usually has a negligible effect on a
macro-scale object in a normal condition, the thermo-
phoretic flow becomes of an amount large enough to
drive the entire fluid in some instances. Good exam-
ples can be found in rarefied-gas flows and mi-
cro/nano-flows. It is so in the latter case because the
interfacial force like thermophoretic force becomes a
dominant factor owing to the scale of system. When a
temperature gradient is applied along the axis of a
nanoscale pipe or channel, a significant amount of
flow may be induced by thermophoretic force. It may
then have a potential to be used for the pumping op-
eration in nanoscale fluid systems.

2.2 System design

To produce a sufficient pumping power, a substan-
tial amount of temperature gradient would be required
in the system. However, the gradient cannot be in-
creased indefinitely because a part of the system
would eventually be overheated. Also, applying a
large gradient requires a good thermal-insulation,
which becomes increasingly difficult in the small
scales. These difficulties may be overcome by con-
necting a single pumping unit of a modest gradient
with another in sequence. Assembling a large number
of the units would provide a necessary pumping
power with less limitation.

A system of the units repeating in sequence results
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in a periodic temperature distribution, and the sign of
the temperature gradient alternates along the flow. In
the unit design, the thermophoretic force is maxi-
mized in some region of the temperature gradient of
certain sign and is suppressed in other region of the
opposite sign. This situation is illustrated in Fig. 2.
Fig. 2(a) shows the system that consists of the walls
interacting with the fluid only strongly. The sign of
the temperature gradient alternates periodically in the
flow direction and so does the sign of the thermopho-
retic force. Therefore, the net flow developed by the
forces would be largely cancelled out. The situation is
similar in Fig. 2(b) where the signs of the temperature
gradient and the thermophoretic force also alternate
periodically. However, we may reduce a significant
amount of thermophoretic force using a weakly-
interacting wall or fluid in the region of temperature
gradient of a certain sign, for example, minus in this
case. Then, a larger amount of flow is developed by
the forces in the region of temperature gradient of the
opposite sign, plus in this case, and the net flow
would be of a significant amount.

Four types of models are considered in which these
ideas are implemented. The first two models are
based on similar ideas found in the literature [2, 3]. In
the first system, Model I, the fins of high and low
temperatures are distributed in such a way that the
thermal-edge flow is induced [Fig. 3(a)]. In the next,

YT<0 VT>=0

Tw THM

t t

Weakly-i !elradimgwal ;
Weakly-in 1 Strongly-interacting wall
Or Fluid b

(®)

Fig. 2. Schematic of two different periodic fluid-systems: (a)
the system of strongly-interacting walls only, (b) the system
of walls composed of weakly-interacting walls as well as
strongly-interacting walls.

Model 1II, the channels of two different temperatures
are located side by side and the two channels are
bounded by the bulk liquid [Fig. 3(b)]. In the third
and fourth systems, Model III and IV, a non-
conducting slipping wall is chosen in the region of
one gradient and the normal wall is used in the region
of the opposite gradient [Fig. 3(c) and 3(d)]. In Model
III, the temperature gradient is imposed by heat
source and sink. In Model 1V, it is imposed by walls
controlled to given temperatures.

Some comments may be made on a possibility of
dielectric effect in the last model. One of the common
ways of controlling the temperature of a small-scale
device is to control the heating by electric current. If
we use the electrically-conducting material like Pt as,
for example, a channel wall and apply an electric field
there, the fluid as well as the channel wall can easily
be heated. It is then possible that some of the applied
electric-field is also effective in the fluid region. If the
fluid is not neutral, for example, a solvent containing
ions, this may induce some electro-osmotic flow.
Even when the fluid is completely neutral, a non-
uniform electric field may induce some flow of a
dielectrophoretic origin. These flows may complicate
the operation of the pump based on thermophoretic
forces. However, they may be lessened significantly,

Cold
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H_Luwﬂuuﬂl]ﬂ_ﬂ : Insulating slip wall

Fig. 3. Schematic of four different fluid systems: (a) Model I,
(b) Model II, (c) Model III and (d) Model IV.
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if not removed completely, in a relatively simple
manner. The intended temperature distribution is
required only in the liquid region very close to the
solid, the liquid-solid interfacial region. Therefore, the
electric field can be applied to a solid region suffi-
ciently far from the liquid using the solid of a high
thermal conductivity, such as Pt, and the effect of the
field could be made sufficiently weak on the liquid.

3. Method

The non-equilibrium molecular dynamics simula-
tion (NEMD) is performed in this study. The major
part of the simulation system consists of liquid argon
and platinum wall. The argon atoms interact with
each other through the pairwise intermolecular poten-
tial of a truncated and shifted Lennard-Jones (LJ) 6-
12 potential.

U= Uu,»-U,)
0 otherwise,

if r<r,

@

where

U, () =4{H ,H } 3)

and 7, =30, . The properties of argon are given in

the footnote of Table 1. The atoms of argon and plati-
num also interact with the pairwise potential U,

witho,, , =1.19350, and &, _, =0.4211g, , which

values are obtained by fitting the angular and velocity
distribution of an argon atom scattered from a plati-
num surface [9]. More accurate representations of the
interaction exist in the literature, and they are more
time-consuming [10, 11]. A harmonic potential is
used for the atom-atom interactions in the Pt lattice.
Table 1.

1
Ui (1) = K (=1, “)

where 1, (=0.82480,,) is the distance between near-
est two atoms in FCC lattice (111) of Pt. The spring
constant is given as k =3239.569¢,, /(o )2 , which,
in combination with the ghost particle scheme for
temperature control explained below, represents the
bulk phonon-spectra quite well [9, 10, 12]. Also, the

thermally-insulating slip wall is introduced, and their
atoms are fixed in space in the same FCC lattice and

Table 1. The reduced properties for Lennard-Jones system'

Reduced property Dimensional representation
Density(p" ) po,’
Energy(4") $le,
Flux( F") Fie, " *c,”)
Length(r") rlo,
Temperature( 7" ) k,T/e,,
Time( ") te,*lo,

Tk : Boltzman Constant, 6 4,= 3.4 A, e,,/kz =120 K.

interact with fluid atoms through only the repulsive
potential, for which r, =2"°c, , . The periodic

boundary condition is applied in all directions.

The equations of motions are integrated using the
velocity Verlet algorithm [13] and the time step of
At=0.001c,,¢e, "> is used. When the temperature

of the Pt walls needs to be controlled, as in the cases
of Model IV, the scheme based on the so-called ghost
particle is used that lets the energy in and out to main-
tain a constant temperature [14]. The ghost particles
are located in boundaries of the simulation system
and play the role of a thermal reservoir, or a semi-
infinite solid phase of a given temperature. A more
details on implementation can be found in the litera-
ture [13, 15]. The heat source and sink in the system
are simulated by scaling the velocities of atoms. At
each 60th step, the same amount of kinetic energies
are added in the heat-source region and subtracted in
the heat sink. Only the velocity components in y and
z directions, which are normal to the flow, are in-
volved in the scaling to minimize the influence on
particle drift.

The initial positions of solid atoms are those of zero
degree Kelvin. The initial positions of fluid atoms are
chosen randomly on condition that the distance from
the nearest atom is larger than 0.50, . The initial

velocities are chosen randomly from the Gaussian
distribution. The initial system is equilibrated during
2x10° steps. The data are collected at every 50th
step, and the collected data are averaged at every
1x10* th step. The numbers of bins for data collection
and average are 210 and 70 in x and z directions,
respectively.

4. Result and discussion

The dimensional units of the results presented in
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this section are all reduced with respect to properties
of argon (See Table 1.) if not indicated otherwise. The
first two systems in consideration are illustrated in
Figs. 4(a) and 4(b). A typical geometry of the simula-
tions for Model I is shown in Fig. 4(a). The walls in
the same horizontal position are controlled to the
same temperature in this periodic system. The wall
located in the middle of the z direction is controlled to
a temperature higher than those of other two walls.
Such parameters as the gap between the walls, pitch,
wall-length and temperature-difference between the
walls are varied to some degree to test the feasibility
of the design. However, any of the simulated cases do
not develop a significant amount of flow. Fig. 5
shows a typical result in the simulation for Model L.
The length of the wall is about 41.47 and the pitch
between the “hot” and “cold” walls is about 21.33.
The temperatures of the walls are 1.4 and 1.0, respec-
tively. In Fig. 5(a), the density distribution shows that
the fluid near the solid surfaces develops some lay-
ered structure. This is notable especially in the region
between the solid surfaces. The temperature gradient
is formed between the walls. However, the gradient is
mostly located in a-couple-of-diameter-thick inter-
facial region and vaguely noticeable in the bulk liquid.
This is due to the so-called thermal contact resistance
in the interface. The difference in the molecular struc-
ture between the phases tends to hinder the transport
of energy carried by phonon in their interface and
results in a lower thermal conductance. The tempera-
ture gradient in the liquid region between the solid
surfaces does not measure up to a significant amount.
It is mainly because the gradient is developed only in
local regions near the edges. Also, the temperature
gradient developed is tilted about 45 degrees to the
intended direction, x, of the flow. In all, no significant
amount of flow appears that has globally consistent
direction [Fig. 5(c)].

In the second design of Model II [Fig. 4(b)], the hot
and cold walls are placed side by side to form a con-
tinuing channel. The two pairs of the walls, an upper
pair and a lower, are not in complete contact and there
exist a couple of fluid layers. This layer enables a
large gradient in a close distance taking advantage of
the thermal contact resistance. Compared to Model I,
the thermal gradient in Model II is formed in a rela-
tively large area and in the same direction as that of
the intended flow. In simulation, various sets of pa-
rameters are also varied such as temperatures of walls,
gap between the walls and width of the channel. Fig.
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Fig. 4. Snapshots of (a) Model I and (b) Model II systems.
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Fig. 5. Simulation results of Model I.

6 shows the results of a simulation case in which the
initial fluid density is 0.86, temperature 0.9 and 0.8,
gap width 4 and channel width 6. The velocity distri
bution shows that there is no systematic development
of flow, either. If some flows may occur locally in the
channel, they are not clearly seen in the bulk liquid.
Some bubble also occurs occasionally in the bulk and
blocks the flow depending on the temperature condi-
tion.

Major improvement is made in next two designs
where the thermally-insulating slip, or TIS, wall is
introduced. First, the “thermally-insulating” wall
simulates a material that does not transport energy by
phonon, and is modeled as a lattice whose particles
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Fig. 6. Simulation results of Model 11.

are fixed in space. More importantly, the “slip” wall
implies a solid whose molecular potential attracts
fluid atoms weakly, and it is modeled with a repulsive
potential in simulation. The TIS wall has some char-
acteristics that are beneficial in design. First, since the
wall interacts with fluids weakly, thermophoretic
force thus induced is of a small amount. It does not
conduct heat and, therefore, does not disrupt a given
temperature distribution largely set up by other part of
the system. In all, while it has a minimal effect on the
fluid, TIS wall can smoothly guide the fluid flow
developed elsewhere. In Figs. 7(c) and 7(d), the walls
are composed of the TIS walls if they are not indi-
cated as a platinum wall, and the walls are located in
such a way to use the above features. That is, the TIS
walls are located in the region where the sign of tem-
perature gradient is opposite to that in the region of Pt
walls. The interactions in the region of Pt walls are
the direct source of the fluid motion while the fluid is
just guided smoothly with minimal interaction in the
region of TIS walls. Also, the TIS walls sandwiched
between the Pt walls enable a large temperature gra-
dient in a short distance.

In the Model III of Fig. 3(c), the heat source and
sink are used to impose the temperature gradient.
They are physically analogous to the exothermic and
endothermic reaction processes respectively. From
the simulation point of view, the heat source and sink
are one of robust means to impose and control the

oo
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Fig. 7. Snapshot of the simulation systems of (a) Model III
and (b) Model IV.

Table 2. Simulation cases for Model III.

Energy Initial
Case In/Out |Channel| fluid |No. flowrate |No. flux X
Rate |width (6)| Density | x 10*&"? 6™)[10%"* 67)
(%) (1/6%)
1 138.83 4 0.8 1.90 6.65
2 138.83 4 0.9 -3.07 -10.74
3 | 27783 5 0.9 1.97 5.52
4 | 13883 5 0.9 2.28 2.28
5 138.83 6 0.9 4.12 5.31
6 | 13883 7 0.9 0.925 1.85
7 138.83 9 0.9 7.7 11.98
8 138.83 11 0.9 -6.25 -7.95
9 | 13883 7 0.8 5.1 10.20
10 | 138.83 9 0.8 11.675 18.16
11 | 138.83 11 0.8 15.1 19.22

temperature gradient in the system. The typical simu-
lation system is shown in Fig. 7(a) where a snapshot
of the simulation for Case 11 in Table 2 is presented.
The diameter of atoms is shrunk from the real size
intentionally to underscore the structure of phase
states, and the locations of the heat source and sink
are indicated with dashed lines. The locations of the
platinum walls are also indicated, and the rest of the
walls are TIS walls. It is clearly noticeable that the
liquid between Pt walls are highly structured, which
would enhance the energy transfer. Typical properties
of the model are shown in Fig. 8. At the heat source
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Fig. 8. Simulation results for Model III: Case 11 in Table 2.
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Fig. 9. The number flux results for various cases of Model III.

and sink regions, the energy input and output are of a
constant rate and a same amount and, therefore, there
is no net energy flux into the simulation system. The
uppermost Fig. is obtained by averaging the tempera-
ture over the fluid atoms in the same x positions.
Similarly, the rest of Figs are obtained by averaging
over the atoms in the same z positions. More informa-
tion on the conditions applied in the cases is provided
in Table 2. A positive temperature gradient in the x
direction is developed in the region of Pt walls. The
negative temperature gradient is located in the regions
elsewhere in which only TIS walls exist. The particle
flux is developed in the x direction. The velocity pro-
file is close to that of the plug flow, which typically
occurs in phoretic flows. That is, the velocity profile
is more or less flat in most of the inner region and a
simple shear flow occurs only in the fluid-solid inter-
facial region. It is because, as in any other phoretic
flows, the source of fluid motion is located in the
interfacial region. The fluid is highly structured ow-
ing to the proximity to the solid walls. The values like
energy input/output, channel width and fluid density
are varied in the simulation, and the number flux re-
sults are compared in Fig. 9. In the simulated cases,
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Fig. 10. Simulation results for Model IV.
Table 3. Simulation cases for Model IV.
Cgse; Heating | Channel | Density No. No.
time Values |width (0) (1/0") flowratex | flowratex
steps(10?) 10%("? 6[10%E"? 6)
102 [Dm Ll g 08 0.15 041
’ T*cold:O~8 ) ) )
1ii; 2~4 ” 5 0.8 0.25 0.70
liii; 4~6 " 5 0.8 -0.525 -1.47
liv; 6~8 " 5 0.8 -0.35 -0.98
2i; 0~2 ” 4 0.9 0.16 0.56
2ii; 2~4 ” 4 0.9 0.68 2.38
2iii; 4~6 " 4 0.9 1.63 5.70
2iv; 6~8 " 4 0.9 1.65 577
3i; 0~2 ” 5 0.9 -1.27 -3.56
3ii; 2~4 ” 5 0.9 -1.58 -4.42
3iii; 4~6 " 5 0.9 0.13 0.36
3iv; 6~8 " 5 0.9 0.625 1.75
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Fig. 11. The number flux results for various cases of Model

Iv.

flows are consistently developed, mostly in the x
direction. The number flux is of about the order of 10
and tends to increase with a larger value of heat
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source and sink. The flows in the opposite direction
are also observed. The flow direction in x-direction is
expected in the theory of thermal transpiration for the
given temperature distribution. The cases of the flow
of a negative x-direction belong to the high density
cases, 0.9, and may be related with the solid-like
structure developed in the interfacial region. The
cases of a lower density, 0.8, do not show this feature.
The trends are also shown that a higher flux is pro-
duced when the fluid is of a relatively lower density
and the channel is of a larger width. This may indicate
that even though the case of a high fluid density and
smaller channel width induce a higher thermophoretic
forces in a given condition, a high viscous force also
arises and impedes the fluid motion.

Finally, in the Model IV of Fig. 3d, the temperature
gradient is imposed by the walls of different tempera-
tures respectively. Controlling wall temperature may
be less effective method to impose the gradient than
using the heat sources because of thermal contact
resistance. On the other hand, it may be more practi-
cal method to design a device. The results are shown
in Fig. 10 for the case 2ii in Table 3. The data are
again averaged as the way Fig. 8 is produced. The
temperature gradient developed here is smaller than
the case using heat sources and so is the amount of
flow developed. The density and velocity profiles
show similar characteristics as before. The fluid den-
sity is structured, and it is more so because the chan-
nel is narrower. The velocity profile also follows that
of the plug flow. The simulated cases indicate that the
present design is slower and less robust in develop-
ment of the flow. Fig. 11 shows that it requires as
much as an order more time to stabilize the flow and
the flow direction is sensitive to the channel width
and the fluid density.

5. Conclusions

The design of a device that can drive the liquid in a
nanoscale channel is studied using Molecular Dynam-
ics Simulation. The device utilizes the thermophoretic
force that occurs in fluid-solid interfacial region in the
presence of a temperature gradient applied tangen-
tially to the interface. Four different types of systems
are considered. The systems are based on a periodi-
cally-repeating unit. In the unit, various channel ar-
rangements and methods of applying the gradient are
considered to maximize the pumping effect.

The design of a pumping system in nanoscale

channel using thermophoretic force needs to over-
come a number of obstacles. First, it is difficult to
impose a large amount of temperature gradient not
only because of the small scale but because control-
ling the temperature by wall-heating becomes less
effective owing to thermal contact resistance. Also,
since the interfacial region occupies significant por-
tion of the channel, the viscous drag tends to increase
at the same time the thermophoretic force increases.
Finally, the system based on a periodically-repeating
unit must have regions of both a positive temperature
gradient and a negative. The thermophoretic force in
either one of the regions must be weakened, if not
removed.

One of the systems in consideration turns out to
show a significant pumping effect. It has an element
that may relieve some of the aforementioned difficul-
ties: the thermally-insulating slip (TIS) wall. The TIS
wall is an idealized model of a solid material that
conducts little heat and interacts weakly with fluid
molecules. It can help setting up a large temperature
gradient with minimal disturbance, and also can guide
the developed flow more seamlessly.

Finally, some of the characteristics of flow devel-
opment in the channel are discussed. The heating
method, channel width and density of fluid are varied
in the simulated cases. The results indicate that as the
size of system comes close to that of interfacial region,
various characteristics of interface start to show up in
the flow development process and needs to be taken
into account in the design. They include structuring of
fluid, higher viscosity and thermal contact resistance.
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Nomenclature

: Temperature

: Intermolecular potential

: Thermophoretic velocity of particle
: Proportional factor

: Spring constant

: Distance between two atoms

S oSN

™Y Q

: Time

Greek symbols

o :Molecular diameter
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& :Molecular interaction energy

Subscripts

th  : Thermophoretic
LJ :Lennard-Jones

o  :Initial particle position
¢ :Cut-off
Ar  : Argon

Ar-Pt : Between argon and platinum
harmonic : Harmonic potential

Superscripts

*  :Reduced with respect to argon properties
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