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Nanochannel cooling technology is widely used in the heat dissipation systems of various micro/-
nanoscale electronic devices or components. The consideration of resistance loss and the optimization
of heat dissipation are of great significance for the widespread application of nanochannel cooling tech-
nology. A model of convective heat transfer in nanochannel with constant wall temperature is established
with molecular dynamics method. The effects of solid–liquid interaction on flow and heat transfer char-
acteristics are investigated. The microscopic mechanisms of the solid–liquid interaction influencing heat
transfer performance and flow resistance of nanochannel are explored from the atomic level. The results
show that the enhancement of the solid–liquid interaction leads to the increases of the coupling degree of
vibration frequency between wall and liquid atoms and the orderliness of microstructure of first fluid
layer, and finally facilitates heat transfer between nanochannel wall and liquid. The Nusselt number in
nanochannel is not a constant and decays exponentially with the increase of temperature jump length.
Meanwhile, as the solid–liquid interaction increases, the slip length decreases and the friction factor
increases, which are attributed to the augment of the static structure factor, resulting in more fluid atoms
in near-wall region are firmly locked by the wall. The friction factor in nanochannel not only depends on
the Reynolds number, but also is closely related to the slip length. To further evaluate overall heat trans-
fer performance of the nanochannel that considers flow resistance, the comprehensive performance coef-
ficient is discussed. It’s found that the solid–liquid interaction is effective in improving the overall heat
transfer performance of the nanochannel within a certain range.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

With the widespread application of micro/nanoscale functional
structures, devices and equipments in the fields like industry, elec-
tronics, aerospace, bioengineering, medical and information tech-
nology [1–4], various micro/nanoscale problems are getting more
and more attention today. Among them, the flow and heat transfer
at the micro/nanoscale is one of the key concerns. There is a broad
background of engineering application of the micro/nanoscale flow
and heat transfer, including three-dimensional printed microflu-
idic devices, microreactors, electrochemical biosensors, and the
cooling and heat dissipation of electronic chips [5–7]. Due to the
size effect, the flow and heat transfer at the micro/nanoscale exhi-
bits the characteristics that are very different from the conven-
tional scale [8]. Some interfacial phenomena that are usually
neglected at the conventional scale such as velocity slip and tem-
perature jump need to be reconsidered [9,10]. In particular, the
impacts of these interfacial phenomena derived from the size effect
on the flow and heat transfer in confined micro/nano channels or
pores deserve in depth study.

For this reason, some experimental studies on slip flow in
micro/nanochannel have been conducted [11–13]. It is worth men-
tioning that the experimental method, especially nanoscale exper-
iment, faces many problems including high processing accuracy of
experimental devices, high experimental costs, measuring difficul-
ties and large experimental errors. In contrast to the limitations
and difficulties of the nanoscale experiment, molecular dynamics
(MD) has the advantage of describing physical process from the
atomic level. Meanwhile, the microscopic mechanisms of flow
and heat transfer at the nanoscale can also be achieved by MD that
do not require continuum assumptions [14–16]. For example,
Thompson et al. [17] found that slip length decreased with the
increase of solid–liquid interaction, which mainly came from the
increase of the microstructure ordering of liquid near the wall.
Wang et al. [18] discovered that velocity slip would occur only
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when shear stress was greater than a critical value, and the slip
degree depended on the shear stress and surface wetting property.
Ren et al. [19] studied the slip behavior of shear flow on the super-
hydrophobic surface with rectangular groove. It was found that
shear stress and slip length were finite in the edge region of the
groove, while the shear stress was almost zero and the slip length
was infinite in the central region of the gas–liquid interface. By
simulating liquid flowing through nanochannel, Toghraie et al.
[20] proved that slip length increased with the increasing of the
driving force. Hu et al. [21] observed that the dependence of slip
on the solid–liquid interaction could be divided into two cate-
gories: under the strong solid–liquid interaction, the slip length
increased with the decreasing of the solid–liquid interaction.
Under the weak solid–liquid interaction, the slip length decreased
with the decreasing of the solid–liquid interaction.

Yet, most of current studies on the nanochannel flow just focus
on the velocity slip and flow behavior [17–24], and the coupling
between flow and heat transfer is overlooked. In many practical
engineering applications, the flow and heat transfer in nanochan-
nel are coupled rather than independent. A typical example is a
process of convective heat transfer of the nanochannel. Obviously,
the velocity slip and flow behavior will inevitably affect interfacial
heat transfer of the nanochannel. The investigation on the convec-
tive heat transfer in nanochannel is of great practical significance
to promote the efficient utilization of nanochannel cooling
technology.

Actually, only less attention has been paid to the convective
heat transfer of the nanochannel. Chakraborty et al. [25] probed
the effects of surface roughness and surface coating on the convec-
tive heat transfer in nanochannel. Song et al. [26] studied the influ-
ence of surface periodic sinusoidal nanostructures on nanoscale
convective heat transfer. Both of them demonstrated that surface
rough topology played a positive role in enhancing heat transfer
between nanochannel wall and fluid. Besides, the effect of coating
properties on the convective heat transfer was investigated in the
work of Wang et al. [27]. Their result showed that the coating
thickness was very important for heat transfer enhancement and
there was an optimal value of coating thickness. Furthermore,
the effect of wall material was conducted by Motlagh et al. [28],
and they also observed the impact of nanofluids on the convective
heat transfer in naochannel [29]. It was found that heat transfer
performance was also influenced by nanoparticle morphology
and nanoparticle aggregation. In addition, Wang et al. [30] studied
the effects of nanopillar cross sectional areas and heights on the
flow condensation heat transfer in nanochannel.

Apart from that, solid–liquid interaction is also the key factor
affecting flow behavior and interfacial heat transfer, especially
when the characteristic size of flow system is dramatically reduced
to the nanoscale. In terms of the effect of the solid–liquid interac-
tion on convective heat transfer in nanochannel, Markvoort et al.
[31] found that the strong wall-gas interaction had a favorable
effect on heat transfer of the nanochannel. Similarly, the result
obtained by Ge et al. [32] also revealed that heat transfer enhance-
ment greatly depended on the larger wetting property. The micro-
scopic mechanism of the surface wetting property influencing
convective heat transfer was probed by Sun et al. [33] from the
perspective of momentum accommodation coefficient. Moreover,
the convective heat transfer of water flowing through graphene
nanochannel was performed by Marable et al. [34], in which the
influence of wall-fluid interaction on heat transfer was also inves-
tigated. It has proved that the strong solid–liquid interaction is
beneficial for the heat transfer enhancement. In summary, studies
mentioned above [25–34] concentrate on the effects of various
influencing factors on the heat transfer characteristics in
nanochannel.
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However, existing studies on the convective heat transfer in
nanochannel rarely focus on flow resistance. No effects of various
influencing factors on the flow resistance are taken into account.
In fact, there is a great increase of the flow resistance because of
the significant reduction of characteristic size of the nanochannel.
Various influencing factors especially the solid–liquid interaction
will also have a significant impact on the flow resistance. Conse-
quently, it will affect the improvement of comprehensive heat
transfer performance in nanochannel. Just as reported in the work
of Shadloo-Jahromi et al. [35], for water flowing through a rough
nanochannel with the superhydrophobic surface, the friction factor
in nanochannel was closely related to the solid–liquid interaction.
Further, in our previous work [36,37], the effect of surface rough
morphology on the flow resistance was explored. It’s indicated that
only integrating the weak solid–liquid interaction with surface
rough morphology, would the comprehensive heat transfer perfor-
mance considering the flow resistance be better. Then, how the
solid–liquid interaction affects the flow resistance in nanochannel?
Obviously, the influence mechanism of solid–liquid interaction on
the flow resistance needs to be further investigated. Besides,
although the vast majority of investigations do indeed demon-
strate the influence of solid–liquid interaction on the heat transfer,
they suffer from the lack of mechanistic explanation. In particular,
it is yet unclear whether the enhancement of heat transfer is
derived directly from the augment of the solid–liquid interaction
or there are other deeper inducing mechanisms?

In this context, a three-dimensional model of convective heat
transfer in nanochannel is established. The effects of solid–liquid
interaction on flow and heat transfer characteristics of the
nanochannel, including temperature distributions, temperature
jump, Nusselt number, velocity distributions, velocity slip and fric-
tion factor, will be comprehensively investigated. Then, the micro-
scope mechanisms of the solid–liquid interaction affecting heat
transfer and flow resistance in nanochannel are revealed. What’s
more, the overall heat transfer performance of the nanochannel
is assessed by considering heat transfer characteristics and flow
resistance jointly.
2. Methodology

2.1. Physical model and simulation method

The computational model of convective heat transfer in
nanochannel with the size of Lx = 220 Å, Ly = 43 Å and Lz = 62 Å
is illustrated in Fig. 1. Two platinum plates parallel to the xoy plane
are the solid walls of the nanochannel. Argon atoms act as cold
working fluid with the density of 1332 kg/m3 and there are 9503
atoms in fluid domain with the channel height of H = 50 Å. Each
solid wall has a lattice constant of 3.92 Å and there are 3696 plat-
inum atoms. The thickness of each solid wall is 6 Å and wall atoms
are arranged following the FCC lattice structure. Considering that
the above computational model needs to reflect thermal motion
and microstructure of the solid wall, the Einstein solid wall model
[38,39] is used in present work. That is, wall atoms do simple har-
monic vibration with the same frequency near their lattice sites by
using harmonic springs with a spring constant of 179.5 N/m. The
convective heat transfer of the nanochannel is achieved based on
the thermal pump method [31,32]. As shown in Fig. 1, the fluid
domain is divided into three regions: force region, thermostat
region and sample region, and x = 0 is located at the entrance of
the nanochannel. The force region is located at the x-directional
coordinate of �20 Å<x < -12 Å, where the horizontal driving force
of 2.4pN along the � direction is applied to fluid atoms to drive
flow. Thermostat region is located inside the region of



Fig. 1. Calculation model of convective heat transfer in nanochannel.
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�12 Å<x < 0 Å, where the temperature of fluid in this region is con-
trolled at 100 K. Then, a process of convective heat transfer in
nanochannel can be observed in the sample region of
0 Å<x < 200 Å, accompanying with the fluid inlet initial tempera-
ture of 100 K. Meanwhile, the fluid is heated by the channel walls,
and the Langevin thermostat method [40,41] is used to keep the
temperature of the two parallel channel walls at Ts = 150 K.

All interactions between atoms are described by the well-
known Lennard-Jones (LJ) 12–6 potential. The LJ 12–6 potential
model is defined as:
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Where e is the energy parameter, r denotes the equilibrium dis-
tance between atoms when the potential energy is zero. For the
interaction between argon atoms, e = eAr = 0.01043 eV and
r = rAr = 3.405 Å. For the interaction between platinum atoms, es =-
ePt = 0.52 eV and rs = rPt = 2.475 Å. For the interaction between
platinum and argon atoms, according to the Lorentz-Berthelot rule,
the energy parameter ePtAr ¼ ffiffiffiffiffiffiffiffi

ese
p ¼ 0:0736 eV and rPtAr = rsl = 2.

94 Å. As shown in Eq.(3), based on the interaction between plat-
inum and argon atoms ePtAr, the solid–liquid interaction esl, which
describes the interaction strength between channel wall atoms and
fluid atoms, can be set as different values by tuning the coefficient
c to characterize various surface wetting properties. In present
work, six coefficients c of 0.025, 0.053, 0.081, 0.142, 0.191 and
0.25 are utilized to probe the influence of the solid–liquid interac-
tion on the flow and heat transfer in nanochannel.

As shown in Fig. 1, a quasi-periodic boundary condition is
applied in the x-direction, which is used to guarantee the fluid inlet
temperature can be reset accurately only by using the thermal
velocity of fluid atoms in thermostat region without affecting the
3

streaming velocity. A periodic boundary condition is applied in
the y-direction, while the solid wall boundary condition is used
in the z-direction. The time step is 1 fs and the cutoff radius is
10 Å. The Newton’s equations of motion are integrated by the
Velocity-Verlet algorithm [42,43]. The conjugate gradient (CG)
algorithm is used for energy minimization. After the initial config-
uration is optimized and stabilized by the energy minimization,
the NVT ensemble is used to equilibrate the whole system at
100 K for 1.0 ns. To this end, initial velocities of atoms are ran-
domly assigned using the gaussian distribution at 100 K, and the
Nosé�Hoover thermostat [44–46] is used to maintain a constant
temperature. It could be found that potential energy of the whole
system is constantly oscillating around a constant, demonstrating
that 1.0 ns is efficient to make the system equilibrium. After the
system temperature is stabilized, the non-equilibrium MD simula-
tion driven by the external force is implemented under the NVE
ensemble for 8.5 ns. Specifically, the first 0.5 ns is used to make
the system reach an equilibrium state with external force, and
the subsequent 8.0 ns is used for data acquisition and statistical
averaging.

2.2. Governing equations

The local mean fluid temperature TmðxÞ over the cross section at
different locations along the x direction can be calculated as:

Tm xð Þ ¼
R H
0 cpqux x; zð Þ T x; zð ÞdzR H

0 cpqux x; zð Þdz
ð4Þ

Where, cp is isobaric specific heat capacity, q is fluid density.
ux x; zð Þ is fluid streamwise velocity and T x; zð Þ is fluid temperature
along the x direction.

The local heat transfer coefficient h xð Þ can be obtained by Eq.(5)
and the local Nusselt number Nux can be calculated from Eq.(6) as
following:

h xð Þ ¼ k
Ts � Tm xð Þð Þ

@T
@z

����
z¼w

ð5Þ



Fig. 2. Comparison of the local Nusselt number between present results and
literature results [32].
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Nux ¼ h xð ÞDh

k
ð6Þ

Where, k is fluid thermal conductivity, Ts is wall temperature,
@T
@z

��
z¼w is fluid temperature gradient at the solid–liquid interface.

Dh is hydraulic diameter, Dh = 2H.
Then, the local Nusselt number can be obtained by Eq.(7) as

following:

Nux ¼ Dh

Ts � Tm xð Þð Þ
@T
@z

����
z¼w

ð7Þ

The jump length is usually used to characterize the extent of
temperature jump at the solid–liquid interface. The jump length
lk is defined as following:

lk ¼ DT
@T
@z

��
z¼w

ð8Þ

Where, DT is the temperature jump at the solid–liquid interface.
Temperature jump is the difference between fluid temperature at
the solid–liquid interface and wall temperature, which can be
achieved by extrapolating the fluid temperature profile from fluid
to the solid–liquid interface.

The velocity along the x direction can be determined by the
Navier–Stokes equation as shown in Eq. (9). Where, l is shear vis-
cosity of fluid, @p

@x is pressure gradient along the x direction.

l @2ux

@z2
¼ @p

@x
ð9Þ

When the slip boundary is considered, the fluid velocity distri-
bution in nanochannel with the slip boundary condition is as
following:

ux ¼ �ðdp=dxÞ
2l

ð�z2 þ HzÞ þ us ð10Þ

Where, us is slip velocity at the solid–liquid interface, which is
the difference between fluid velocity at the solid–liquid interface
(uxjz¼w) and wall velocity (uw ¼ 0).

The slip length ls is defined as following:

ls ¼ us
@ux
@z

��
z¼w

ð11Þ

Where, @ux
@z

��
z¼w is fluid velocity gradient at the solid–liquid inter-

face, which can be obtained by extrapolating the fluid velocity pro-
file to the solid–liquid interface.

Besides, when MD method is used to realize the fluid flow in
nanchannel, the flow is driven by applying an external force Fext
to each of N fluid atoms in x direction. That is, the magnitude of
NFext corresponds to the ðDpÞA[35,36]. Then, the friction factor f
in nanochannel can be computed via the following:

f ¼
Dp
Lx
Dh

1
2qu2

m

ð12Þ

Where, Dp
Lx

is pressure gradient along the channel, um is fluid
mean velocity.

The Colburn factor j can be calculated as Eq.(13), where Re is the
Reynolds number and Pr is the Prandtl number.

j ¼ Nu

RePr1=3
ð13Þ

To evaluate overall performance of the nanochannels with dif-
ferent solid–liquid interactions, based on the Colburn factor j and
friction factor f, the comprehensive performance coefficient g
4

[47–49] is introduced as shown in Eq.(14). It is taken as an evalu-
ation of the combined hydrodynamic and thermal effects of the
nanochannel under the condition of equal flow rate.

g ¼ j
f
¼ Nu

fRePr1=3
ð14Þ

In addition, the comprehensive performance coefficient g can
also be defined as j/f1/2 and j/f1/3, respectively, which are used to
evaluate the overall heat transfer performance of the nanochannel
under the condition of the equal pressure drop and equal pump
power, respectively.

3. Validation of numerical model

To verify the reliability and accuracy of the convective heat
transfer model in present work, the convective heat transfer in a
smooth nanochannel with dimensions of 400 Å�120 Å�60 Å is
simulated, and compared with the results obtained by Ref. [32]
based on the MD method. Here, the smooth nanochannel consists
of two parallel solid walls with Einstein wall model, i.e., the solid
wall atoms are connected by a harmonic spring to make simple
harmonic vibration at the FCC lattice sites with a spring constant
of 70 N/m. The external force driving the fluid flow is 3.4pN and
the solid–liquid interaction is 0.01043 eV. The comparison is
shown in Fig. 2 for the local Nusselt number along the nanochan-
nel. There is a tiny difference between them, which demonstrates
a good agreement with the results in Ref. [32]. Thus, it indicates
that the calculation model of convective heat transfer in present
work is reliable and accurate.

Moreover, the variation of the difference between wall temper-
ature Ts and fluid mean temperature Tm is shown in Fig. 3(a). It’s
found that the temperature difference decays exponentially, which
is the same as the variation of the temperature difference in con-
ventional channel with constant wall temperature. Under the dif-
ferent solid–liquid interactions, the fluid temperature
distributions at the cross section of x = -5.88 Å in nanochannel
are presented in Fig. 3(b). It’ found that the fluid temperature in
the thermostat region could be better controlled at 100 K with a
maximum error of no more than 3 %. Therefore, the model of con-
vective heat transfer in nanochannel effectively achieves the con-
trol of the fluid inlet temperature, which further validates the
reliability of the present numerical model.

In addition, for better evaluating the relationship between the
solid–liquid interaction and surface wetting property, MD simula-



Table 1
Contact angles under different solid–liquid interactions.

Cases c esl /e Contact angle
(MD results)

Contact angle
(Equation [50,51])

Contact angle
(Wang et al.[52])

Wetting property

1 0.025 0.176 140� 130.3� 115� weak
2 0.053 0.375 91� 104.5� / weak
3 0.081 0.573 47� 81.6� / strong
4 0.142 1.0 31� 0� / strong
5 0.191 1.348 25� / / strong
6 0.25 1.764 20� / 26� stronger

Fig. 3. Mean temperature difference along the flow direction and inlet fluid temperature.
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tions for contact angles under different solid–liquid interactions
are performed. As shown in Table 1, with the increase of the coef-
ficient c, the solid–liquid interaction esl is enhanced and the contact
angle h obtained by MD method gradually decreases, indicating
that the surface wetting property is gradually enhanced. The con-
tact angles obtained from MD simulations in present work are in
agreement with those of the LJ droplets obtained by empirical
equation [50,51] and the results obtained by Wang et al. [52] using
MD method. That is, the hydrophilic or hydrophobic characteristic
represented by the contact angle is consistent. Simulations of con-
tact angles under different solid–liquid interactions not only quan-
titatively describe the relationship between the solid–liquid
interaction and the surface wetting property, but also verify the
reliability of numerical simulation method used in present work.
4. Results and discussions

4.1. Heat transfer characteristics

Under different solid–liquid interactions, the fluid temperature
profiles at the same cross section of the nanochannel are shown in
Fig. 4. Fig. 4(a) and Fig. 4(b) display the fluid temperature at the
cross section of x = 1.96 Å and x = 99.96 Å, respectively. As the fluid
is heated, the fluid temperature gradually increases along the flow
direction. Yet, for the same cross section, the increase of the fluid
temperature depends on the augment of the solid–liquid interac-
tion. It’s indicated that strong solid–liquid interaction is conducive
to enhance heat exchange between nanochannel wall and fluid.
Further, the temperature contours in nanochannels are also shown
in Fig. 5. It is clear that the solid–liquid interaction results in signif-
icant changes of temperature distributions in nanochannels. Under
the same cross section of the nanochannel, the fluid temperature in
nanochannel with the strong solid–liquid interaction is higher,
5

which is owing to the intensification of atom collision derived from
the strong solid–liquid interaction. However, due to the effect of
axial heat conduction caused by the periodic boundary condition
in x direction [53], it should be noticed from Fig. 5 that the fluid
temperature near the outlet is decreased, just as reported in other
literature [31–34]. Therefore, the fluid temperature profiles only at
the first half of nanochannel are displayed in Fig. 4, and the flow
and heat transfer characteristics in the region far away from the
outlet of the nanochannel are discussed in the following.

To explore the heat transfer characteristics of nanochannel, the
thermal parameters such as temperature jump length and Nusselt
number at the thermally fully developed state are analyzed. It is
worth mentioning that when the flow reaches to the thermally
fully developed steady state, both velocity profile and temperature
profile do no dramatically change along with time, and the temper-
ature profile satisfies the required condition for thermally fully

developed flow, i.e. @
@x

Ts�Tðx;zÞ
Ts�TmðxÞ

h i
� 0: In present work, a sample

region of 41.16 Å<x < 76.44 Å is selected to record thermal and flow
parameters at the thermally fully developed state. Fig. 6 shows the
effect of the solid–liquid interaction on the temperature jump
length and Nusselt number. As shown in Fig. 6(a), with the increase
of coefficient c, the normalized temperature jump length lk=2H
gradually decreases and the average Nusselt number gradually
increases. The augment of solid–liquid interaction facilitates the
reduction of the interfacial temperature jump, which leads to the
increases of temperature gradient at the interface and Nusselt
number.

The variation of the Nusselt number with the normalized jump
length is presented in Fig. 6(b). The red solid line is the fitting
relationship between the Nusselt number and the normalized tem-

perature jump length. Here,Nu ¼ 7:54� 3:3502ð1� e�0:9643
lk
2HÞ�

3:8586ð1� e�4:4730
lk
2HÞ, it’s found that the strong dependence of the



Fig. 4. Temperature profiles at different cross sections in nanochannels.

Fig. 5. Temperature distributions in nanochannels under different solid–liquid interactions.

Fig. 6. Effect of solid–liquid interaction on the Nusselt number.
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Nusselt number on the interfacial temperature jump. Specifically,
the Nusselt number decays exponentially with the increase of
the normalized temperature jump length. For a fully developed
laminar flow in a conventional parallel-plate channel with con-
stant wall temperature, the corresponding Nusselt number is a
constant, i.e., 7.54. However, as shown in Fig. 6(b), the Nusselt
number in nanochannel is smaller than 7.54. Based on the above
comparison with the conventional scale, it can be concluded that
the Nusselt number at the nanoscale depends on the temperature
jump directly and is not a constant. When the characteristic size of
the nanochannel becomes larger or the temperature jump can be
neglected, the Nusselt number gradually approaches 7.54, which
is no different from the Nusselt number at the conventional scale.
Hence, the existence and significant increase of the temperature
jump is an important reason why the Nusselt number at the
micro/nanoscale is different from that at the conventional scale.

Several microscope mechanisms of the solid–liquid interaction
affecting heat transfer characteristics could be revealed from the
perspective of fluid density distributions and vibration coupling
between wall atoms and fluid atoms. Fig. 7 depicts the density dis-
tributions of fluid under different solid–liquid interactions. The
stronger the solid–liquid interaction, the more significant the den-
sity layering oscillation near the wall, and the larger the density
oscillation amplitude. Consequently, the fluid atoms in layering
oscillation region are arranged more closely and orderly by com-
paring Fig. 7(b) with Fig. 7(c). Then, the fluid atoms are in closer
contact with the wall surface, and there are more wall and fluid
atoms will participate in heat exchange at per unit contact area.
For the convective heat transfer in nanochannel, the heat pos-
sessed by the hot channel wall is eventually carried away by ther-
mal conductivity and convection of fluid in the near-wall region.
Thus, such tightly ordered microstructure of fluid facilitates the
thermal conductivity and reduces the interfacial temperature
jump, then enhances the heat transfer. In addition, the density dis-
tributions shown in Fig. 7 also demonstrate that the solid–liquid
interaction only has a large impact on the fluid layers in the
near-wall region, in which the density distribution oscillates signif-
icantly. As the distance from the wall surface increases, the effect
of channel wall on the density profiles weakens rapidly, the fluid
density tends to approach the bulk density. For this reason, the
vibration characteristics of fluid atoms in the near-wall region
are also investigated in the following.

Actually, many theoretical models [54–59] describing interfa-
cial heat transport have shown that when the heat flows through
the solid–liquid interface, the heat carrier (phonon or electron,
etc.) will reflect and/or scatter at the interface because of the dif-
ference of vibration and other characteristics between two adja-
cent materials at the interface, then, resulting in the appearance
Fig. 7. Effect of solid–liquid intera
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of the interface thermal resistance and hindering the interfacial
heat transfer [60,61]. Our previous work [27] has proved that the
reduction of coupling degree of vibration frequency between solid
wall and liquid atoms derived from the mismatch of atomic prop-
erties is the fundamental reason for the increase of interface ther-
mal resistance and temperature jump. Similar conclusions have
also been demonstrated in the work of Chakraborty et al [25].
Specifically, the mismatch of vibration characteristics between
two different materials can be well quantified by the difference
of vibrational density of state (VDOS) [25,62]. The VDOS is
obtained by the Fourier transformation of velocity autocorrelation
function (VACF) as following:

VDOS ðxÞ ¼
Z s

0
VACF ðtÞe �2pixtdt ð15Þ
VACF ðtÞ ¼ 1
N

XN
i¼1

~v iðtÞ � ~v ið0Þh i
~v ið0Þ � ~v ið0Þh i ð16Þ

Where x is the angular frequency, ~v i is the velocity vector of
atom i.

The effect of the solid–liquid interaction on the VDOS of wall
and fluid atoms is shown in Fig. 8. As the coefficient c increases
from 0.025 to 0.25, the solid–liquid interaction becomes stronger.
Due to the fact that vibration frequency of fluid atoms in near-
wall region moves towards the high frequency, there is a greater
coupling of vibration frequency between fluid atoms and wall
atoms. The augment of vibration coupling degree leads to a reduc-
tion of the interfacial thermal resistance derived from the vibration
mismatch between wall atoms and fluid atoms, and thereby is
responsible for the enhancement of interfacial heat transfer. The
fluid layer adjacent to the channel wall acts as a thermal bridge
and promotes thermal transport between the channel wall and
the fluid in the mainstream region.

In addition, the solid–liquid interaction will affect the distribu-
tion of liquid atoms near the wall, then, the potential energy of liq-
uid atoms is analyzed to reasonably reflect the characteristics of
liquid atoms. Meanwhile, considering that the potential energy
field of the solid wall surface consists of a series of potential energy
peaks and potential energy valleys arranged periodically, the vari-
ation of solid–liquid interaction will also affect the potential
energy barrier generated by the solid wall, and further affect the
condensation and migration of liquid atoms near the wall. There-
fore, the potential energy distribution of solid wall atoms is also
discussed. Fig. 9 shows the potential energy distribution of liquid
atoms at the cross section of z = 22.94 Å under six different
solid–liquid interactions, and Fig. 10 displays the potential energy
distribution of channel wall atoms at the cross section of z = 25.1
ction on the density profiles.



Fig. 8. Effect of solid–liquid interaction on the VDOS of wall and fluid atoms.
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96 Å under six different solid–liquid interactions. Here, the region
bounded by 55 Å to 65 Å in the x direction and 10 Å to 20 Å in the y
direction on the xoy plane is selected as the sample region. By com-
paring the variations of potential energy distributions of liquid
atoms and solid wall atoms as shown in Fig. 9 and Fig. 10 respec-
tively, it’s found that the potential energy of liquid atoms and solid
wall atoms decreases with the increase of the solid–liquid interac-
tion, but the potential energy of liquid atoms decreases more sig-
nificantly. As the low potential energy effect of the liquid atoms
and channel wall atoms becomes obvious, liquid atoms near the
8

interface are more likely to be trapped in the low potential energy
region due to the stronger attraction between wall atoms and liq-
uid atoms. Then, more liquid atoms are involved in the interfacial
heat transfer, which is another reason why the strong solid–liquid
interaction can enhance heat transfer of the nanochannel.

4.2. Flow resistance characteristics

Fig. 11(a) and Fig. 11(b) show velocity distributions of fluid at
the cross section of x = 1.96 Å and x = 99.96 Å, respectively. Along



Fig. 9. Distribution of potential energy of liquid atoms.

Fig. 10. Distribution of potential energy of solid wall atoms.
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the flow direction, the fluid velocity gradually increases. The fluid
flow in the nanochannel undergoes a development process and
finally reaches a steady state. With the increase of the solid–liquid
interaction, the fluid mean velocity at the same cross section is
lower. According to the definition of slip velocity, it can be pre-
dicted that the more wetting wall surface is not beneficial for the
9

occurrence of the velocity slip and the achievement of drag reduc-
tion in nanochannel.

The pressure at specific location along the flow direction under
different solid–liquid interactions is shown in Fig. 12. When the
solid–liquid interaction is weak, it’s found that the nonlinear pres-
sure variation along the flow direction occurs. The pressure gradi-



Fig. 11. Velocity profiles at different cross sections in nanochannels.

Fig. 12. Variation of the pressure along the x direction under different solid–liquid
interactions.
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ent drops speed in the entrance region and then the pressure drop
becomes gentle in the fully developed region, which is attributed
to the prominent increase of viscous boundary layer in the
entrance region. With the enhancement of solid–liquid interaction,
the pressure at the same position becomes higher, the solid–liquid
interaction has a greater impact on the pressure than the viscous
Fig. 13. Effect of solid–liquid interaction on the friction factor.
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shearing, which makes the pressure decreases linearly along the
flow direction under the same solid–liquid interaction.

The variations of friction factor f and normalized slip length
ls=2H in nanochannel with the solid–liquid interaction are pre-
sented in Fig. 13, demonstrating that the solid–liquid interaction
has a significant effect on the friction factor. When the coefficient
c increases from 0.025 to 0.25, the normalized slip length gradually
decreases, while the friction factor gradually increases. The varia-
tion of the slip length is opposite to the variation of the friction fac-
tor, the smaller friction factor is only observed under the weak
solid–liquid interaction. Therefore, it indicates that the velocity slip
is the direct factor affecting the flow resistance in nanochannel.
Increasing the velocity slip is an effective method to the reduction
of flow resistance in the nanochannel. To further reveal the mech-
anism of velocity slip influencing the friction factor, given that
velocity slip is closely related to fluid microstructure, then, the
microstructure orderliness of the first fluid layer near the wall is
analyzed from the perspective of static structure factor (SSF). Here,
the first fluid layer refers to the region corresponding to the first
density peak adjacent to the solid wall as shown in Fig. 7.

SSF is a statistical physical quantity reflecting the structural dis-
orderliness quantitatively and the expression is as following:

Sð~kÞ ¼ 1
N

PN
j¼1 expði~k �~rjÞ

��� ���2. Where N is the total number of liquid

atoms in the first fluid layer, ~rj is the two-dimensional position

vector of the jth liquid atom, ~rj ¼ ðxj; yjÞ,~k is the inverse lattice vec-

tor parallel to the channel wall (i.e. xoy plane),~k ¼ ðkx; kyÞ. Here, kx
and ky are set as an integral multiple of 2p/L, L is the size of the
simulation system in the x and y directions, Lx = 200 Å, Ly = 43 Å.
The time interval for sampling the position information of liquid
atoms in the first fluid layer near the wall is 1 � 104 time steps.
The larger the SSF, the more orderly the fluid microstructure, the
more obvious the solid-like property. Fig. 14 shows the distribu-
tions of the SSF of the first fluid layer near the wall. When the
solid–liquid interaction is weak (c = 0.025), the fluid microstruc-
ture in the near-wall region shows a disorderly state, and the main
peak value of the SSF is small. With the increase of the solid–liquid
interaction, there are more spikes of the SSF and the mean peak
value gradually increases. This phenomenon indicates that the
microstructure orderliness of the first fluid layer increases. Fur-
thermore, under the stronger solid–liquid interaction, i.e.
c = 0.25, the microstructure of the first fluid layer obeys solid-
like nature obviously and the nonconformity of microstructure
between channel wall and first fluid layer decreases. As a result,
the fluid layer in the near-wall region will be firmly locked by
the solid wall, which is not conducive to the occurrence of velocity



Fig. 14. Variation of the static structure factor with the solid–liquid interaction.
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slip, and even leads to negative slip, thus hindering the movement
of fluid atoms and causing a significant increase of the friction
factor.

Just as shown in Fig. 15, the normalized slip length decreases
significantly with the increasing of the mean peak value of the
SSF, which is consistent with the result that slip velocity is nega-
tively correlated with the SSF as elaborated in the literature [17].
Therefore, the velocity slip is directly related to the fluid
microstructure in the near-wall region, especially the first fluid
layer. The increase of the SSF is the fundamental reason why the
11
friction factor increases with the augment of the solid–liquid
interaction.

Current studies on the flow resistance characteristics in
microchannels have shown that the product of friction factor and
Reynolds number (fRe) is either higher or lower than the value in
conventional channels [8,63]. Although the results are not uniform,
they are sufficient to convince that there are differences of flow
resistance characteristics between micro/nanochannels and con-
ventional channels. The variation of the friction factor with Rey-
nolds number under different solid–liquid interactions is shown



Fig. 15. Variation of the slip length with the static structure factor.

Fig. 16. Relationship between the fri

Fig. 17. Variation of the shear stress with the solid–liquid interaction.
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in Fig. 16 (a). It’s found that the friction factor in the nanochannel
appears a non-linear decreasing trend with the increasing of the
Reynolds number, which is consistent with the variation of friction
factor in microchannels obtained by Mohiuddin Mala et al. [64].
Meanwhile, the friction factor in nanochannel is significantly dif-
ferent from that in conventional channel, in which the product of
the friction factor and the Reynolds number is a constant for fully
developed laminar flow, i.e. fRe = 96. Such nonlinear variation of
the friction factor with Reynolds number can be explained from
the effect of velocity slip. The variation of the product (fRe) with
the normalized slip length is demonstrated in Fig. 16(b), where
the product of fRe decreases with the increase of the normalized
slip length. The red solid line in the figure is the fitting relationship
of the product (fRe) as a function of slip length. Specifi-
cally,fRe ¼ 96

1þ13:63 ls
2H

. When there is slip, ls＞0 and fRe＜96. When

there is no slip, i.e. ls = 0, fRe approaches the value in conventional
channel and fRe = 96. When it is adherent or negative slip boundary
condition, ls＜0 and fRe＞96. Hence, compared with the conven-
ction factor and the slip length.

Fig. 18. Variation of the comprehensive performance coefficient with the solid–
liquid interaction.
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tional channel, the friction factor in the nanochannel is not only
related to the Reynolds number, but also closely depends on the
degree of the interfacial slip.

Besides, the variation of shear stress with the solid–liquid inter-
action is given in Fig. 17, showing that fluid shear stress and stress
gradient near the wall gradually increase with the enhancement of
solid–liquid interaction. Thus, it further verifies that the velocity
gradient at the solid–liquid interface gradually increases, which
is consistent with the result that the interfacial slip decreases with
the augment of the solid–liquid interaction.

As shown in Fig. 6(a) and Fig. 13, both the Nusselt number and
the friction factor increase with the augment of the solid–liquid
interaction. Hence, in the following, the overall heat transfer per-
formance of the nanochannel is evaluated by the comprehensive
performance coefficient g. As shown in Fig. 18, g first increases
with the increase of coefficient c, when the coefficient c varies from
0.081 to 0.142, g increases significantly. At this point, an increase
rate of 75 % of the coefficient c leads to an increase of 203 % for
j/f 1/3, 150 % for j/f 1/2 and 40 % for j/f, respectively. As the coefficient
c increases to 0.191, the increasing trend of g tends to slow down
gradually. This phenomenon fully indicates that adjusting solid–
liquid interaction is effective in improving overall heat transfer
performance of the nanochannel within a certain range of the
solid–liquid interaction. If the solid–liquid interaction continues
to increase, the improvement of the overall heat transfer perfor-
mance of nanochannel will be weakened by the significant increase
of the flow resistance.
5. Conclusions

In present work, the solid–liquid interaction that could be sig-
nificantly responsible for the interfacial heat transfer in nanochan-
nel is considered, and the effects of the solid–liquid interaction on
flow and heat transfer characteristics in nanochannel are investi-
gated. The microscopic mechanisms capable of explaining the
solid–liquid interaction affecting flow resistance and heat transfer
performance are revealed, which provides a new insight for the
effect of solid–liquid interaction. The main conclusions are as
following:

(1) With the enhancement of the solid–liquid interaction, the
microstructure orderliness of the first fluid layer near the wall
increases, the number of fluid atoms involved in heat exchange
at per unit contact area increases. Meanwhile, the coupling of
vibration frequency between wall atoms and fluid atoms increases.
Consequently, the heat transfer at the solid–liquid interface is
enhanced.

(2) A fitting relationship between Nusselt number and temper-
ature jump length is established. It’s found that the Nusselt num-
ber in nanochannel is not a constant and decays exponentially
with the decrease of solid–liquid interaction. Furthermore, the
existence and increase of interfacial temperature jump is an impor-
tant reason why the Nusselt number at the micro/nanoscale is dif-
ferent from that at the conventional scale.

(3) As the solid–liquid interaction increases, the main peak
value of SSF of the first fluid layer increases and the solid-like nat-
ure of the first fluid layer becomes obvious, which leads to the
decrease of slip length. A relationship between fRe and normalized
slip length is proposed and confirms that the decrease of velocity
slip caused by the increase of SSF is the fundamental reason for
the increase of friction factor, which provides a new perspective
on the reason why nanoscale flow characteristics are different from
that at the conventional scale.

(4) The comprehensive performance coefficient first increases
significantly and then tends to slow down with the increase of
solid–liquid interaction, which indicates that the solid–liquid
13
interaction effectively improves the overall heat transfer perfor-
mance within a certain range. If the solid–liquid interaction contin-
ues to increase, the significant increase of flow resistance will
weaken the improvement of overall heat transfer performance of
the nanochannel.
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