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Janus-interface-system is referred as liquid confined between hydrophilic and hydrophobic surfaces,
nanoscale energy transfer in Janus-interface-system is not understood. Here, we investigate Poiseuille
flow by non-equilibrium molecular dynamics (NEMD) using argon as the working fluid. The two solid
walls hold different temperatures and wettabilities. It is found that for pure heat conduction, tempera-
ture jumps are negative on hot wall but positive on cold wall to create positive heat flow from hot wall
to cold wall (called positive heat transfer). However, the convective energy transfer in Janus-interface-
system always behaves positive temperature jumps on the two walls due to viscous heating. We show
that, lowering hot wall wettabilities creates more significant velocity and temperature slippages on
hot wall than those on cold wall to steepen liquid temperature gradients in nanochannel. We further
show that heat flow sign can be switched between positive and negative, by (1) keeping super-
hydrophilic hot wall but changing cold wall wettabilities, (2) keeping super-hydrophilic-hot-wall/hydro
phobic-cold-wall but varying external forces applied to liquid, and (3) keeping super-hydrophilic-
hot-wall/hydrophobic-cold-wall but varying hot wall temperatures. All the three cases yield
non-symmetry velocity profile and more sensitive changes of temperature jumps on cold wall than those
on hot wall for heat transfer switch. The transition between positive and negative heat transfer occurs at
the zero temperature gradient in the channel. The findings not only enhance the understating of nanos-
cale energy transfer in Janus-interface-system, but also provide novel working principle for nano-devices
behaving temperature sensitive nature.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Water on either hydrophilic or hydrophobic surface is a nature
phenomenon. The beading-up of raindrops, on raincoats or the
leaves of plants are frequently observed in our daily life [1]. If
the gap between two hydrophobic surfaces becomes sufficiently
small, water can be spontaneously ejected [2], whereas a water
film confined in symmetric hydrophilic surfaces is stable at compa-
rable spacings [3]. Recent attention has been paid to the behavior
of water confined between one hydrophobic and one hydrophilic
plate (called the Janus-interface), to learn how water reacts to
the competing effects of the plates. Zhang et al. [4] studied water
confined between adjoining hydrophobic and hydrophilic surfaces
(a Janus-interface). They noted that whereas surface energetics
encourage water to dewet the hydrophobic surface, the hydrophi-
lic surface constrains water to be present, resulting in a flickering,
fluctuating complex.
Channels using different materials involve many engineering
applications. For example, a micro- or nanochannel can be formed
by an etched silicon substrate bonded with a glass cover, for which
wettabilities are different for the two materials. Assuming a pres-
sure driven liquid flow in a nanochannel with asymmetric solid
materials (Janus-interface-system), frictions in internal liquid film
and at solid/liquid interface heat up liquid and cause nonuniform
temperature distribution in the liquid. A temperature gradient in
liquid is related to thermophoresis or thermodiffusion, in which
suspensions tend to concentrate on either high- or low-
temperature side depending on the sign of their thermodiffusivity
[5,6]. This phenomenon could be used for particle and biomolecule
separation through micro- or nanochannel.

Flow and/or heat transfer in nanochannel cannot be predicted
by continuum medium mechanics [7]. This is because when chan-
nel size is down to micron or nano scale, the surface area to volume
ratio is significantly large to induce apparent interfacial effect. Two
types of boundary conditions should be treated: flow boundary
condition and thermal boundary condition, which are coupled with
each other to make the problem more complicated. Usually, slip
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length Ls characterizes the degree at which the slip flow at solid-
fluid interface deviates from the non-slip flow:

Ls ¼ ðul � uwÞ du
dz

����
w

�
¼ Duw

du
dz

����
w

�
ð1Þ

where u is the streaming velocity, Duw is the slip velocity at the
wall, z is the coordinate perpendicular to the flow direction, the
subscripts of l and w represent fluid and wall, respectively.

Numerous investigations have been performed to explore slip
lengths which are dependent on solid-fluid interaction strength,
shear rate and channel size [8–14]. Xu and Li [11] studied flow
boundary condition over multiscale size from nano to micron or
even larger. They found three types of boundary conditions (slip,
non-slip and locking). Slip lengths are found to be mainly relied
on solid-fluid interaction parameters, whereas channel size has
almost no effect on Ls. Such finding is verified by experiments in
Ulmanella and Ho [12].

Similarly, Kapitza length (LK) characterizes the degree of tem-
perature jump across solid-fluid interface, written as

LK ¼ ðT l � TwÞ dT
dz

����
w

�
¼ DTw

dT
dz

����
w

�
ð2Þ

where DTw is the temperature jump at the interface. The acoustic
mismatch model (AMM) is a simplified theory to explain thermal
resistance at solid-fluid interface, based on the continuum acoustic
wave traveling in dissimilar materials [15]. AMM treats phonons as
plane waves that could be transmitted or reflected at the interface.
The scattering mediated acoustic mismatch model (SMAMM) was
developed from AMM, including more information about micro-
scopic principles such as phonon scattering or radiative heat trans-
fer [16]. However, SMAMM still employed simplified assumptions
of molecular structure and their interactions, which are critical in
nanoscale heat transfer. Both AMM and SMAMM have limitations
to deal with thermal resistance across the interface. For example,
surface wettability cannot be considered in these two models.
Recent progress tends to use molecular dynamics (MD) simulation
for thermal boundary treatment. MD results show that wetting liq-
uid could enhance heat transmission across the interface, thus the
Kapitza length LK is reduced [17].

Slip velocity and/or temperature jump at the interface can be
influenced by many factors such as solid-fluid interaction [18–
20], solid structure [21], surface geometry and temperature
[22,23], driving force [24,25], shear rate [26], temperature gradient
[27]. Previous studies investigated how some of these parameters
influence either slip velocity or temperature jump. Slip velocities
are often studied in isothermal flows by neglecting viscous heating
effect, while studies of temperature jump are conducted in pure
heat conduction system without considering fluid flow [17].

In summary, flow and/or heat transfer in a Janus interface sys-
tem is a nature phenomenon and involves many potential applica-
tions. The mechanism is not well understood. Previous studies
involving Janus-interface-system treated flow problem only [28],
while the coupling problem of flow and heat transfer was dealt
with in nanochannel having identical solid materials [29–31].

Here, we investigate flow and heat transfer in a nanochannel
having a liquid film confined between two walls having non-
identical wall wettabilities. Non-equilibrium molecular dynamics
(NEMD) method was described. The solid-liquid interaction is
modelled using Lennard-Jones potential including two adjustable
parameters. Changing the adjustable parameters yields different
wettabilities of liquid argon on the two solid walls. Velocity and
temperature fields are strongly deformed and become non-
symmetry in the nanochannel. The wettability difference of the
two solid walls, non-dimensional force applied to each liquid
atom, and hot wall temperature are examined to influence the
velocity and temperature distributions. Based on temperature gra-
dients of liquid in the nanochannel, two regimes of heat transfer
are identified: positive heat transfer (heat flow from hot wall to
cold wall), and negative heat transfer (heat flow from cold wall
to hot wall). The modulated heat flow direction and quantity in
nanochannel can be applied for nano-system development such
as biology species separator in terms of the temperature sensitive
nature.

2. Non-equilibrium molecular dynamics simulation (NEMD)

2.1. MD simulation domain

Fig. 1a shows the computation problem, where x, y and z refer
to axial flow direction, direction perpendicular to the paper plane
and height direction, respectively. Because g is applied to each liq-
uid particle, liquid argon atoms are moving along x. We note that g
is a general acceleration having a unit of m/s2, which may deviate
from g = 9.80 m/s2. The flow can be changed by changing g. The
simulation box had a size of 17.15r � 11.3r � 21.2r, correspond-
ing to 5.83 � 3.85 � 7.22 nm3, where r is the length scale of argon
atom. The distance between the two walls is H = 16r = 5.41 nm.
Inside the nanochannel, there are 2340 argon atoms (at its satu-
rated liquid density). The initial liquid density q and temperature
T are 1310 kg/m3 and 100 K. The saturation liquid of argon is ver-
ified by the relationship between pressure and temperature. At the
initial condition of 100 K, the pressure is 0.3277 MPa for argon,
coming from the NIST software, respectively. The lattice parameter
of liquid argon is determined based on its density and FCC struc-
ture, which is 1.72r here.

We note that, liquid atoms are confined between the two solid
walls. The number of liquid atoms is not changed during computa-
tion. The simulation system is a single-phase liquid system with-
out phase change. Physical properties of liquids are mainly
dependent on temperatures, weakly dependent on pressures. Liq-
uid pressures have neglectable effect on flow and heat transfer.
We also note that, different wall wettabilities yield different peak
liquid densities near the wall. The peak density layer is very nar-
row in the channel height direction. The near-wall liquid com-
pressibility would not change the bulk liquid densities. For a
system having dense solid atoms, liquid atoms cannot penetrate
solid wall. Thus, the interfacial parameters are not influenced by
pressures. Pham et al. [32] studied the pressure effect on thermal
boundary conditions, showing that Kapitza lengths are not chan-
ged versus pressures for a system with dense gold atoms. Feng
and Liang [33] noted the neglectable effect of pressures on thermal
boundary conditions for asymmetrical solid-liquid systems. Thus,
it is not necessary to consider the pressure effect in this study.

The computation domain consists of a top wall and a bottom
wall. Each wall includes eight layers of solid atoms. At initial com-
putation stage, all solid atoms are arranged as a FCC lattice struc-
ture. There are 2688 platinum atoms for each solid wall
corresponding to a density of 21.45 � 103 kg/m3. For each wall,
solid atoms of the four layers attaching liquid film are oscillating
freely. These solid atoms deviate from initial location and exchange
energy with liquid atoms. Beyond the inner four layers of solid
atoms, there are two layers of solid atoms acting as the thermostat
atoms to keep specific wall temperature. The outmost two layers of
solid atoms are stationary, which ensures the stationary of the
solid wall, from macroscopic point of view. The outer four layers,
including thermostat atoms and stationary atoms are called ghost
atoms. The thermostat technique is implemented using following
equation [34]:

dpi

dt
¼ �npi þ f ðtÞ þ FðtÞ ð3Þ
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Fig. 1. The studied problem (for a, 1 and 5 are ghost atoms, 2 and 4 are wall atoms, 3 is liquid atoms; b: streaming velocities in nanochannel; c: slip velocities and lengths on
two solid walls; d: temperatures in nanochannel; e: temperature jump and Kapitza lengths on interfaces. Case study for F�

g ¼ 0:02, hot wall with T�
h ¼ 0:992, a = 0.14, b = 1;

and cold wall with T�
c ¼ 0:827, a = 0.14, b = 0.5).
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where pi is the momentum vector of solid atom i, n = 168.3s�1 is the
damping constant, f(t) is the interaction force between atoms, F(t) is
the exciting force vector, which is randomly sampled from Gaussian
distribution with zero mean average value and standard deviation
of rG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nkBTw=dt

p
, kB = 1.38 � 10�23 J K�1 is the Boltzmann con-

stant and dt = 0.0023s is the time step.

2.2. The Lennard-Jones potential

For each liquid atom, the Newton equation is written as

m
d~r2

dt2
¼
XN

j–i;j¼1

~Fij þ
XNw

jw–i;j¼1

~Fijw þmg~i ð4Þ

The first and second terms of right side of Eq. (4) represent the
force between liquid atoms, and between liquid atom and solid
atom, respectively, where m is the argon atom mass, r is the dis-
tance between liquid atom i and liquid atom j or solid atom jw, N
and Nw are the total number of liquid atoms and solid atoms,

respectively, ~i is the unit vector along the axial flow direction.
The relationship between force and potential is

Fij ¼ � @/ij

@rij
ð5Þ

The Lennard-Jones (L-J) potential function is used for interac-
tion between atoms:

/ðrÞ ¼ 4ae
r
r

� �12
� b

r
r

� �6� �
ð6Þ
where e is the energy scale, r is the length scale, a is the potential
energy factor indicating the strength of hydrophilic interaction and
b is the potential energy factor indicating the attraction for
hydrophobic interaction. Eq. (6) comes from Nagayama and Cheng
[9]. Even though Eq. (6) uses both a and b to characterize the wet-
tability degree between solid and liquid, we only change b to
change the wettability degree but keep a = 0.14 in this paper. For
a pair of identical type atoms such as solid-solid and liquid-liquid,
the parameters are set as a = 1, b = 1. The parameters are
e1 = 1.67 � 10�21 J/K, and rl = 3.405 � 10�10 m for argon. For
solid-solid interaction, the parameters are ew = 8.35 � 10�20 J/K
and rw = 2.475 � 10�10 m.

The LJ potential parameters between a liquid atom and a solid
atom come from Ref. [9]. The wall wettability can be controlled
by changing b only. The platinum wall is hydrophilic with respect
to argon liquid to have a contact angle of 0� by using a = 0.14 and b
= 1.0. In this paper, a is set as 0.14, b may be different for top
wall and bottom wall, representing different wettabilities of
the two walls (see Fig. 1a), where e ¼ esl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
el � ew

p
and

r ¼ rsl ¼ 0:5ðrl þ rwÞ, coming from the Lorentz-Berthelot com-
bining rule [35].
2.3. Statistical parameters

In the liquid domain, 32 bins are segmented in the z direction.
Velocity along the x direction (u), density (q) and temperature
(T) are time-averaged in each bin. Due to solid-liquid interaction,
the external force applied to liquid can be transmitted to walls.
To prevent walls from moving, solid atoms of outer two layers
are fixed and of inner four layers are vibrating freely, sufficiently



764 L. Zhang et al. / International Journal of Heat and Mass Transfer 127 (2018) 761–771
accounting for the effect of surface flexibility on fluid motion.
Temperature in the ith bin, Ti, is determined by peculiar velocity
relative to streaming velocity of the atoms in the bin:

Ti ¼

XNi

i¼1

mðv i � uiÞ2

ð3Ni � dÞkB ð7Þ

where Ni is the number of liquid atoms in the bin, vi is the labora-
tory velocity and ui is the mean axial velocity in the bin, kB is the
Boltzmann constant and d is the number of degrees of freedom
for the determination of the axial velocity, which is sufficiently
small compared with Ni.

In Janus-interface-system with flow and heat transfer, heat
fluxes across the two solid-liquid interfaces may be different,
which are recorded as qi,h for hot wall and qi,c for cold wall, respec-
tively. The two interfacial heat fluxes are determined based on
energy balance between the kinetic energies supplied to heat
source and subtracted from heat sink in a given period of time,
which is as follows [36]

DE ¼
X

transfer

m
2

X
N

v2
new �

X
N

v2
old

 !
ð8Þ

where m is the mass of solid wall atoms, the subscripts ‘‘new” and
‘‘old” represent current time period and previous time period,
respectively. The elapsed time during 2.0 million timestep is
recorded as sela. The heat flux through the interface qi is

qi ¼
DE

selaAxy
ð9Þ

where Axy is the planar area of the computation domain. The heat
flux of liquid confined in nanochannel, q, is [37]

q ¼ 1
X

XN
i¼1

v 0
iei þ

1
2

XN
j¼1;j–i

rijðFij � v 0
iÞ

 !" #
ð10Þ

whereX is the liquid computation domain volume, v 0
i and ei are the

thermal velocity and total inner energy of atom i, the latter includes
thermal kinetic energy 1

2mv
02
i and potential energy /, Fij is the force

acting on atom i from atom j.
In order to present results in a general sense, computations are

performed using a set of non-dimensional parameters, which are
expressed in Table 1. All the parameters are scaled by m, r and e
for liquid atoms, where s is the time scale for argon atom:
s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mr2=e
p ¼ 2:16� 10�12s. The periodic boundary conditions

are applied in x and y directions. Our MD simulation successfully
predicts velocity and/or temperature fields in nanochannel in
which the two solid walls are identical. Simulation results agree
with Ref. [10,38]. We are interested in non-identical solid wall sys-
tem. Fig. 1 shows an example. Nanoflow is driven by non-
dimensional force F�

g ¼ 0:02. The hot wall (bottom) is with
T�
h ¼ 0:992, a = 0.14 and b = 1.0, but the cold wall (top) is with

T�
c ¼ 0:827, a = 0.14 and b = 0.5, Fig. 1 shows non-symmetric veloc-

ity and temperature profiles in the nanochannel. Due to hydrophi-
lic hot wall and hydrophobic cold wall, slip velocities and
Table 1
The non-dimensional parameters.

Property Parameters

Length r� ¼ r
r

Time t� ¼ t
s

Force F� ¼ Fr
e

Temperature T� ¼ kBT
e

Velocity v� ¼ vs
r

Heat flux q� ¼ qr3

e
ffiffiffi
m
e

p

temperature jumps are larger on the cold wall than those on the
hot wall.

3. Effect of a and b on surface wettability

The objective of this paper is to explore different wettabilities of
the two walls on velocity and temperature distributions in the
nanochannel. Before presenting these results, contact angles (CA)
of liquid argon on solid walls are quantified using MD approach.
Different from Section 2, the CA simulation treats a single wall
and liquid argon only. The simulation box had a size of
110r � 10r � 64r. A two-dimensional droplet was considered
with its final diameter larger than 10 nm, thus contact angle is less
influenced by droplet sizes. The computation domain contains
6690 argon atoms and 11,566 solid atoms. The contact angle sim-
ulation is a three-dimensional computation. The periodic boundary
condition is applied along the axial direction x and the direction
perpendicular to the paper plane y. Thus, the droplet behaves
two-dimensional characteristic. The liquid momentum along x
and y directions are zero to keep the droplet in the computation
domain. The truncation size and timesteps were 3.0r and 5 fs,
respectively. After the initial 2 million timesteps computation,
the two-dimensional argon density distribution was averaged on
the xz plane, with the grid resolution of 0.2r � 0.2r. The data sam-
pling was repeated for each 100 timesteps. The gas-liquid interface
is assumed to have the density of 0.5(ql + qv), where ql and qv are
liquid density and vapor density, respectively. After the gas-liquid
interface was finalized, CA was computed based on the droplet
height h in z direction and footprint radius a on solid wall. The
following equation is used:

CA ¼ � arcsin a
R

	 
�� �� if CA < p
2

p� arcsin a
R

	 

if CA > p

2

(
ð11Þ

where R = (a2 + h2)/(2h). Fig. 2 presents the simulation results, in
which a is 0.14, but b is changed from case to case. Two limit cases
are b = 0.1 corresponding to CA = 180� (super-hydrophobic surface),
and b = 1.0 corresponding to CA = 0� (super-hydrophilic surface).
The larger b is, the solid wall is more hydrophilic. Fig. 2g shows con-
tact angles versus b.

4. Results and discussion

We presented simulation results for (1) pure heat conduction
without liquid friction in the nanochannel; (2) coupled flow and
heat transfer with changed hot wall wettabilities, and (3) coupled
flow and heat transfer for the combination of super-hydrophilic
hot wall and hydrophobic cold wall. By comparing item 1 and
items 2–3, one examines how the liquid friction influences heat
transfer in the nanochannel. Results of item 2 show that, by
decreasing hot wall wettabilities, liquids are traveling faster to
enhance the friction effect on the hot wall, steepening the temper-
ature gradient in the nanochannel. Within the liquid film, heat
flows from hot wall side to cold wall side (positive heat transfer).
On the other hand, results of item 3 show that, heat in the liquid
film can either be transferred from hot wall side to cold wall side
(positive heat transfer), or be transferred from cold wall side to
hot wall side (negative heat transfer). Heat flow direction in the
liquid film can be switched.

4.1. Pure heat conduction in the nanochannel

Liquid in nanochannel behaves pure heat conduction if no
external force is applied to liquid. The friction induced heating
effect does not exist. For this problem, heat is transferred from
hot wall to liquid, and from liquid to cold wall. Temperature



Fig. 2. Effect of b on contact angles having a = 0.14 (a–f for droplet morphology at b = 0.1, 0.3, 0.5, 0.6, 0.7 and 1.0; g for contact angles versus b).
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profiles are linear in liquid film (see Fig. 3a). It is noted that the
three heat flexes qi,h, ql and qi,c are identical and share same sign.
For steady heat conduction problem, because there are no heat
generation and viscous heating effect in the system, the three heat
fluxes should be same. We also note that there are small tempera-
ture oscillations near the two solid walls. This is due to small noise
temperature signal during the MD computation and sampling pro-
cess. Fig. 3b shows that the interaction between liquid atoms and
solid atoms is enhanced by increasing b, which leads to a larger
peak of liquid density near the cold wall. Temperature jump is neg-
ative on the hot wall, but positive at the cold wall (see Fig. 3c).
Keeping super-hydrophilic hot wall (b = 1.0 and CA = 0�), the cold
wall significantly increased non-dimensional temperature jumps
(DTckB/e) and Kapitza lengths (LK,c), when it is changed from
super-hydrophilic to hydrophobic. Fig. 3d shows that when identi-
cal wettabilities are used for the two solid walls (b = 1 and CA = 0�),
Kapitza lengths (absolute values) nearly shrink to the same value.
Heat fluxes are increased when the cold wall wettabilities are
enhanced (see Fig. 3e), due to smaller thermal resistances at the
hydrophilic surface than those at the hydrophobic surface. Even
though the hot wall wettabilities are fixed, Kapitza lengths of the
hot wall (LK,h) are decreased when the cold wall wettability is
strengthened, indicating the coupling interaction among the two
solid walls and the liquid film. Here, the cold wall wettabilities
are changed by varying b but the hot wall wettability keeps con-
stant. Changing the cold wall wettability alters the liquid temper-
ature profile including the liquid temperature on the hot wall,
which is one of the factors to influence the Kapitza length on the
hot wall. Thus, changing the cold wall wettability also weakly
influences the Kapitza length on the hot wall.

We note that pure heat conduction having a thin liquid film
confined in two antisymmetric solid walls was not reported previ-
ously, but such a problem with a liquid layer confined in two iden-
tical solid walls was studied in Ref. [17], concluding that strong
solid-liquid interaction reduces the interfacial thermal resistance
but weak interfacial interaction increases the interfacial thermal
resistance. The effect of wall wettability on heat transfer has been
paid attention [39]. Hydrophilic surface is helpful to enhance heat
transfer across the solid-fluid interface [40]. Giri and Hopkins [41]
showed that an increase in thermal boundary conductance across
strongly bonded solid/liquid interfaces compared to weakly
bonded interfaces is due to increased coupling of low-frequency
modes when the solid is better wetted by liquid. Local phonon den-
sity of states and spectral temperature calculations confirm this



Fig. 3. Effect of cold wall wettability on pure heat conduction in nanochannel (Case study for F�
g ¼ 0, hot wall with T�

h ¼ 0:992, a = 0.14, b = 1, cold wall with T�
c ¼ 0:827, a =

0.14, b is changed for different data points. a: temperature profiles; b: density profiles; c: temperature jump at the interface; d: Kapitza length at the interface; e: heat fluxes
versus b).
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finding. The highly wetted solids couple low frequency phonon
energies more efficiently, where the interface of a poorly wetted
solid acts like free surfaces. Our asymmetric walls system generally
agrees with the relationship between interfacial thermal resis-
tances and surface wettabilities. However, Fig. 3 shows that
Kapitza lengths of the hot wall are also influenced by cold wall
wettabilities, demonstrating strong coupling and competition of
the two solid walls on heat transfer in nanochannel.
4.2. Increased temperature gradient by decreasing hot wall wettability

Fig. 4 shows temperature gradients in the nanochannel can be
increased by decreasing hot wall wettabilities. A non-
dimensional force of 0.02 is applied to each liquid atom to establish
axial velocities. Two cases are considered: one with symmetric
walls (both hot and cold walls with CA = 8.6�), and the other with
asymmetric walls (hydrophobic hot wall with CA = 115.3�, and
super-hydrophilic cold wall with CA = 8.6�). Both slip velocities
and temperature jumps are observed on the two solid walls (see
Fig. 4a and b). For non-identical wettability system, the velocity
profile is non-symmetry. Decrease of hot wall wettability makes
liquid atoms traveling faster on the hot wall to elevate bulk
velocity in the channel.

The temperature profile in nanochannel is paid attention here.
It seems that a linear temperature distribution exists (see
Fig. 4b). However, if the profile is examined in a narrow tempera-
ture range, it is actually quasi-parabolic (see Fig. 4b). For forced
driven nanoflow, liquid temperature at the interface is larger than
the wall temperature (positive temperature jump), which is differ-
ent from pure heat conduction (see Fig. 3). For the latter case, tem-
perature jump is positive on the cold wall but negative on the hot
wall. For forced driven nanoflow, positive temperature jump is
caused by the viscous heating effect. Under such circumstance,
temperature distribution in the nanochannel is not only deter-
mined by the hot and cold wall temperatures, but also affected
by the viscous heating effect. Two viscous heating mechanisms
are involved: heating effect due to friction at the solid-liquid inter-
face, and friction inside the liquid film. The weak interaction
between solid and liquid atoms enhances slippages of velocities
and temperatures on the walls to elevate temperatures. In other
words, the hydrophobic hot wall speeds up the liquid film to yield
more external work done on the liquid film, accounting for the ele-
vated liquid temperatures. Here, we note that, by decreasing the



Fig. 4. Effect of hot wall wettability on flow and heat transfer (Case study for F�
g ¼ 0:02, cold wall with T�

c ¼ 0:827, a = 0.14, b = 0.9, hot wall with T�
h ¼ 0:992, a = 0.14, b is

either 0.4 or 0.9. a: velocity profiles; b: temperature profiles; c: density profiles; d: balance of heat fluxes in nanochannel).
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hot wall wettability, the temperature gradient is increased in the
nanochannel, which is interest to applications such as biology spe-
cies separation according to the temperature sensitive nature.

By decreasing the hot wall wettability, not only velocity and
temperature on the hot wall, but also velocity and temperature
on the cold wall, are increased. Even though the channel height
of 16r is larger than the truncation distance of 3r, the interfacial
effect on the hot wall obviously influences velocity and tempera-
ture profiles in bulk liquid region, which also changes velocity
and temperature characteristics on the cold wall. The changed slip
velocity and temperature jump on the cold wall are caused by the
coupling between the two solid walls via the bulk liquid region.
Fig. 4c shows that on the hot wall, the peak liquid density at
CA = 8.6� with b = 0.9 is significantly larger than that at
CA = 115.3� with b = 0.4. Even though the cold wall wettability is
not changed, the peak liquid density on the cold wall is also
influenced by changing the hot wall wettability (see Fig. 4c).

Now, we analyze heat fluxes and heat flow direction. Three heat
fluxes are paid attention: heat flux across the hot wall interface
(qi,h), heat flux in the liquid film (ql), and heat flux across the cold
wall interface (qi,c). The asymmetric walls system significantly
increases heat flux in the liquid film, due to enhanced friction
induced viscous heating on the two solid walls and in the liquid
film (see Fig. 4d). In the liquid film, the heat flows from the hot wall
side to the cold wall side, called positive heat transfer. On the solid
walls, heat flux is influenced by slip velocity on the wall and near
wall velocity gradient, the former determines the friction induced
heating on the wall, and the latter determines the friction induced
heating in the liquid film. By decreasing the hot wall wettability,
heat fluxes across the hot wall is not apparently changed by com-
peting the two friction heating effects. The increased slip velocity
raises the heating effect on the hot wall, but the decreased velocity
gradient near the hot wall side lowers the heating effect to the hot
wall. However, for the asymmetric walls system, heat flux across
the cold wall is about 2.5 times of that for the identical wall
wettability system. The decreased hot wall wettability increases
both liquid velocity and velocity gradient near the cold wall,
accounting for the raised heat flux across the cold wall.

4.3. Two regimes of heat transfer in the nanochannel

Section 4.2 gave us a clue to modulate temperature gradients in
a nano-Janus-interface system. Figs. 5–7 show that negative, zero
and positive temperature gradients consecutively occur in the
channel height, corresponding to positive heat transfer, no heat
transfer and negative heat transfer, respectively. The heat transfer
switch can be done by decreasing cold wall wettabilities, applying
different forces to liquids, or changing hot wall temperatures.
Interfaced by zero heat flux across the two solid walls, positive
heat transfer and negative heat transfer appear, which is called
the two regimes of heat transfer in this paper. It is noted that in
a large channel height, liquid temperatures are always decreased
from hot wall side to cold wall side, without slip velocity and tem-
perature jump on solid walls. It is impossible to create negative
heat flow sign in a large size channel without the help of interfacial
temperature jump.

Fig. 5 shows that the switchable heat transfer is fulfilled by
keeping the super-hydrophilic hot wall, while the cold wall wetta-
bility is changed from super-hydrophilic (b = 1 and CA = 0�) to
hydrophobic (b = 0.4 and CA = 115.3�). All the parameters, includ-
ing axial velocity u, slip velocity Du, temperature T, temperature
jump DT, liquid heat flux q, slip length Ls and Kapitza length LK
are plotted in non-dimensional forms (see Table 1). The subscripts
h and c represent hot wall and cold wall, respectively. The pink and
gray colors indicate the regimes of positive heat transfer and neg-
ative heat transfer, respectively.

In positive heat transfer regime, our numerical simulations start
from identical wettabilities of the two solid walls, at which nearly
symmetric velocity profile exists in the nanochannel and slip
lengths are identical on the two solid walls. However, temperature



Fig. 5. Effect of cold wall wettability on flow and heat transfer in nanochannel (Case study for F�
g ¼ 0:02, hot wall with T�

h ¼ 0:992, a = 0.14, b = 1, cold wall with T�
c ¼ 0:827,

a = 0.14, b is changed for different data points. a: heat fluxes versus b; b: density profiles; c: velocity profiles; d: temperature profiles; e: slip velocities versus b; f: temperature
jumps versus b; g: slip lengths versus b; h: Kapitza lengths versus b; i and j: relationship of Kapitza length and slip length for hot wall and cold wall, respectively.)
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jump on the cold wall is larger than that on the hot wall, indicating
that slip velocity is mainly dependent on wall wettabilities, but
temperature jump is not only dependent on wall wettabilities,
but also dependent on wall temperatures. Both slip velocities and
temperature jumps are increased by decreasing b of cold wall. Liq-
uid temperatures on cold wall are increased at a faster speed with
decrease of b than those on hot wall, weakening the temperature
gradient dT/dz in the channel height direction, until zero tempera-
ture gradient occurs at about b =0.85. Negative heat transfer
regime takes place beyond the zero temperature gradient. Further
decrease of cold wall wettabilities elevates liquid temperature on
the cold wall to a level that is larger than that on the hot wall,
under which inverse temperature gradient is established.

Over the whole b ranges from 1.0 to 0.4 for the cold wall, both
slip velocities and slip lengths of the cold wall are sensitively
increased by decreasing b. The increase of solid-liquid interaction
leads to a higher peak liquid density near the cold wall. Besides,
the weak interaction between cold wall and liquid atoms enhances
viscous heating thus elevates liquid temperatures. This effect
weakens the liquid density near the hot wall. Since the interaction
between liquid and hot wall is stronger, although the slip velocities
of hot wall is slightly enhanced, slip lengths on the hot wall are
insensitive to the cold wall b values. The situation is changed for
temperature jumps, which are increased for both hot and cold
walls when the cold wall wettabilities are decreased. Attention is
paid to Kapitza lengths, which show very large values near the
switch point from pink regime to gray regime. Theoretically, at
the switch point, Kapitza length should be infinity due to zero tem-
perature gradient (see Eq. (2)). Both the hot and cold wall share
similar trends of Kapitza lengths. It is of interest to explore the
relationship between slip lengths Ls and Kapitza lengths LK. The
two solid walls show similar trends of LK with respect to Ls. In pos-
itive heat transfer regime (pink regime), LK is increased with the
increase of Ls, but it is not sensitive to Ls in the negative heat trans-
fer regime (gray regime). Fig. 5a plots non-dimensional heat fluxes
inside the liquid film versus cold wall b values. It is observed that
the changes of cold wall wettabilities not only switch the heat flow
sign, but also modulate the heat flux quantity.

Fig. 6 shows how velocity and temperature distributions are
influenced by external forces applied to liquids. The hot wall is



Fig. 6. Effect of non-dimensional force on flow and heat transfer in nanochannel (Case study for hot wall with T�
h ¼ 0:992, a = 0.14, b = 1, cold wall with T�

c ¼ 0:827, a = 0.14,
b = 0.5. F�

g is changed for liquid atoms. a: heat fluxes versus F�
g; b: density profiles; c: velocity profiles; d: temperature profiles; e: slip velocities versus F�

g; f: temperature
jumps versus F�

g; g: slip lengths versus F�
g; h: Kapitza lengths versus F�

g; i and j: relationship of Kapitza length and slip length for hot wall and cold wall, respectively.)
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super-hydrophilic (CA = 0�), but the cold wall is with CA = 91.3�,
which is a transition contact angle from hydrophilicity to
hydrophobicity. Due to the weaker interfacial interaction on the
cold wall than that on the hot wall, the streaming velocity profile
is deformed towards the cold wall side. Slip velocities and temper-
ature jumps are more significant on the cold wall than those on the
hot wall. With increases of external forces, the difference of slip
velocities on the two solid walls is increased, and temperature
jumps are increased for the two solid walls. The sensitive changes
of interfacial parameters on the cold wall enlarge negative heat
transfer regime but narrows positive heat transfer regime. We note
that slip length is determined by interfacial slip velocity divided by
velocity gradient on the wall (see Eq. (1)), and Kapitza length is the
outcome of interfacial temperature jump divided by temperature
gradient on the wall (see Eq. (2)). With increasing of external
forces, the movement of liquid atoms is strengthened. Both the
hot wall and cold wall show Kapitza lengths independent of exter-
nal forces, due to identical increase speeds of temperature jumps
and temperature gradients on the wall. Fig. 6f and h show the sen-
sitive changes of temperature jumps and temperature gradients
(proportion to heat fluxes) by varying external forces.
The two regimes of heat transfer can also be generated in the
nanochannel by varying hot wall temperatures (see Fig. 7). The
hot wall temperature T�

h ranges from 0.909 to 2.149. Apparent wet-
tability difference of the two solid walls is used and kept constant.
Again, due to the weaker solid-liquid interaction on the cold wall,
the axial velocity distribution is non-symmetric but deforms
towards the cold wall side. Velocity and temperature slippages
are more significant on the cold wall than those on the hot wall.
The increasing of hot wall temperature leads to that fluid kinetic
energy is up. Thus, fluid atom number near hot wall decreases,
which near cold wall conversely increases. Both slip velocities
and slip lengths for the two solid walls are less influenced by the
varied hot wall temperatures. However, the liquid temperature
distribution is sensitively affected by hot wall temperatures.
Besides, the change trends of temperature jump with respect to
hot wall temperature are thoroughly different for the two solid
walls. Higher solid wall temperature increases the kinetic energy
of solid atoms, enhancing the energy exchange between solid
atoms and liquid atoms. In other words, the increased solid wall
temperature ensures free oscillation of liquid atoms, reducing the
thermal resistance and Kapitza length on the solid-liquid interface.



Fig. 7. Effect of hot wall temperatures on flow and heat transfer in nanochannel (Case study for F�
g ¼ 0:02, hot wall with, a = 0.14, b = 1, cold wall with T�

c ¼ 0:827, a = 0.14,
b = 0.5. a: heat fluxes versus T�

h; b: density profiles; c: velocity profiles; d: temperature profiles; e: slip velocities versus T�
h; f: temperature jumps versus T�

h; g: slip lengths
versus T�

h; h: Kapitza lengths versus T�
h; i and j: relationship of Kapitza length and slip length for hot wall and cold wall, respectively.)
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For example, the temperature jump at the hot wall is weak at
T�
h ¼ 2:149. The elevated hot wall temperatures linearly raise the

temperature jumps on the cold wall. The increased hot wall tem-
perature strengthens the thermal oscillation of liquid atoms
against their balance locations, evening the liquid density distribu-
tion near the hot wall. The relationship between Kapitza lengths
and hot wall temperatures or slip lengths show peak phenomenon
near the switch point from positive heat transfer to negative heat
transfer. Deviating from the peak point, Kapitza lengths are
decreased because temperature gradients are increased in both
the two directions. The non-dimensional heat fluxes are quasi-
linearly changed versus hot wall temperatures. Fig. 7 shows that
the balance of liquid temperatures after jumping on the two solid
walls can be broken by altering hot wall temperatures to generate
switchable heat transfer in the nanochannel.

The force driven flow and heat transfer in identical walls sys-
tem was investigated in nanoscale in Ref. [42,43]. Either Poiseuille
flow or Couette flow were dealt with. When the two solid walls
are exactly the same, the velocity profile is symmetry in the
nanochannel. The elevated liquid temperatures above the walls
are caused by viscous heating, which is dependent on slip veloc-
ities on the wall and velocity gradients in liquids. The symmetry
viscous heating effect exists in the channel due to the symmetry
velocity profile, yielding the same temperature jumps and Kapitza
lengths for the two solid walls. In these studies [29–31,42,43],
thermal resistances, Kapitza lengths and relationship between
velocity and temperature slippages are the same for the two
walls.

When different interaction strengths or wettabilities are
involved, the problem becomes complicated. Both interfacial flow
and thermal parameters are different across the two solid-liquid
interfaces. The logic is described as follows. First, non-symmetry
velocity profile exists in the channel due to different velocity slips
on the two solid walls. Second, the non-symmetry velocity profile
causes non-symmetry viscous heating to alter the temperature
jumps. Third, liquid temperatures are elevated to different levels
on the two solid walls to influence the temperature gradient in
the channel.
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5. Conclusions

The Non-equilibrium MD simulation is performed for coupled
flow and heat transfer in Janus-interface-system. The two solid
walls have different wettabilities and temperatures. Contact angles
on the two solid walls are given with different solid-liquid interac-
tion strength. Following conclusions are drawn as follows:

1. Pure heat conduction was studied by keeping super-hydrophilic
hot wall. Temperature jumps are negative on the hot wall but
positive on the cold wall. Kapitza lengths on the two walls are
increased with decrease of cold wall wettabilities, indicating
strong coupling between the two walls on heat transfer.

2. Decrease of hot wall wettabilities creates more significant
velocity and temperature slippages on hot wall than those on
cold wall to steepen liquid temperature gradients in
nanochannel.

3. Two regimes of heat transfer can be generated, by (1) keeping
super-hydrophilic hot wall but changing cold wall wettabilities,
(2) keeping super-hydrophilic-hot-wall/hydrophobic-cold-wall
but varying external forces applied to liquid, and (3) keeping
super-hydrophilic-hot-wall/hydrophobic-cold-wall but varying
hot wall temperatures.

4. Heat transfer switch is caused by different temperature jumps
on the two walls, and different viscous heating strengths near
the cold wall side and hot wall side. The controllable heat trans-
fer is useful for the development of nano-device which needs
the temperature sensitive characteristic.
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