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Based on the molecular dynamics principle, the convective heat transfer of the fluid through nanochannel with
various rough nanostructure morphologies is investigated. The influences of nanostructure free shear ratio,
morphology period and nanostructure depth on the flow and heat transfer characteristics are probed. A
comprehensive evaluation on the convective heat transfer in rough nanochannel considering the flow resistance
is performed. The result shows that the temperature jump and velocity slip dominate the heat and momentum
exchange between the channel wall and fluid. Under the weak wall-fluid interaction, the smaller the nano-
structure free shear ratio, the better the heat transfer performance as well as drag reduction characteristic. In
contrast, the smaller the nanostructure morphology period, the better the heat transfer performance, the greater
the flow resistance. Therefore, the wall rough morphology with small free shear ratio and sparse nanostructures
is conducive to heat transfer augmentation and drag reduction jointly. The deeper rough nanostructure groove is
unfavorable to reduce the flow resistance. The combination of rough nanostructure morphology and weak wall-
fluid interaction is crucial, which will bring about a favorable impact on the heat transfer and flow resistance in
nanochannel. Specifically, the nanostructure free shear ratio with ¢, = 0.1875 is a favorable rough morphology
to obtain optimum heat transfer and drag reduction characteristics in nanochannel.

1. Introduction

With the development of science and technology, miniaturization
and nanotechnology have become significant in fields such as natural
sciences and engineering technology. Especially, the rapid advancement
of micro manufacturing and processing technology has promoted the
wide application of micro/nano technology in fields like electronic de-
vice thermal management, energy saving, aerospace technology, air
conditioning and refrigeration, biomedical detection, information
technology and chemical industry [1,2]. Meanwhile, it has also trig-
gered the emergence of some unconventional physical phenomena in
micro/nanoscale devices or channels, such as micro/nanoscale flow and
heat transfer. Different from the conventional macroscopic scale, the
role of surface force in flow and heat transfer at such confined micro/-
nanoscale space becomes dominant, which resulted in abnormal flow

behavior and thermal phenomenon in the region adjacent to the wall
surface [3]. Particularly, the interfacial phenomena such as velocity slip
and temperature jump will have a significant effect on the flow behavior
and interfacial heat transfer. Since the dimension of system or device is
dramatically reduced to the nanoscale, even to the same order of
magnitude as the mean free path of fluid molecules, the traditional
continuous medium assumption and numerical simulation method will
not be applicable. In addition, the experimental investigation on the
nanoscale flow and heat transfer is limited and challenging due to the
experimental errors and the difficulty of processing and measuring.
Based on the first principle, molecular dynamics (MDs) simulation can
describe physical process from atomic level, and provide detailed in-
formation about fluid microstructure and flow behavior as well as
thermal transport properties. Besides, the influence of intermolecular
interaction on the flow behavior becomes more obvious with the
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reduction of system or device dimension. Molecular dynamics method
has unique advantages in simulating the interaction between particles.
Thus, molecular dynamics has gradually become a powerful tool to
study the flow behavior and heat transfer at the nanoscale level [4], and
increasing attentions had transferred to use MDs to observe fluid flow
behavior and heat transfer feature. In the past few decades, the in-
vestigations on the nanoscale heat transfer were conducted sufficiently.
It was mainly focusing on two aspects: one was thermal resistance (or
temperature jump) and its effect on the interfacial heat transfer [5-8],
the other was phase change heat transfer such as boiling heat transfer [4,
9,10]. Various studies mentioned above mostly concentrated on pure
heat conduction between solid wall and fluid, and no flow of fluid
occurred. Yet, as far as fluid flow in nanochannel was concerned, the
related researches mainly put emphasis on interfacial velocity slip
[11-13] and its influence factors including channel height, surface
roughness and interface wettability, etc [14,15] as well as fluid transport
properties such as shear viscosity and diffusion coefficient [16-18]. In
the vast majority of these studies, the heat exchange between fluid and
solid wall was not considered.

Actually, utilizing convective heat transfer in micro/nanoscale
channel to cool the electronic or mechanical devices is of utmost
importance for guaranteeing the effective operation of the system.
However, there are few investigations on the nanoscale convective heat
transfer with MDs method. A clear understanding of factors affecting
convective heat transfer in nanochannel has significant implications not
only in the design of micro/nanofluidic devices but also in their appli-
cations. Markvoort et al. [19] firstly simulated the convective heat
transfer in nanochannel by exerting driving force on the fluid atoms
located in the entrance region and resetting fluid atoms temperature at
the inlet. The results showed that wall-fluid interaction strength was an
important factor affecting heat transfer characteristics. Based on Mark-
voort’s method, Ge et al. [20] improved this method by changing the
order of resetting temperature region and force region. It was found that
heat transfer performance enhanced with the augment of the wall-fluid
interaction strength. Gu et al. [21] studied convective heat transfer
process in nanochannel, and focused on the effect of the axial heat
conduction caused by periodic boundary condition on the heat transfer.
It has proved that the influence of outlet axial heat conduction on the
local fluid temperature gradually decreased with the increase of Pe
number. Marable et al. [22] studied the effects of wall-fluid interaction,
channel height, flow velocity and solid wall temperature on the inter-
facial temperature jump and heat transfer. Thomas et al. [23] investi-
gated the forced convective heat transfer of argon fluid flowing through
carbon nanotubes and carbon nanotube arrays. It has been proved that
the wall-fluid interaction strength was the most important influence
factors among mentioned above.

Besides, it’s found that nanoparticle properties such as particles size
and particles morphologies also play a significant role in affecting heat
transfer. As a passive control method to achieve thermal conductivity
enhancement by adding nanoparticles into the base fluids, nanofluids
has also attracted considerable interests [1,24-26]. Philip et al. [27-31]
conducted a lot of useful and continuous research work on the thermal
conductivity enhancement of various kinds of nanofluids. Especially, the
influence mechanism of nanoparticle size, nanoparticle morphology,
concentration and aggregating behavior, on the thermal property of
nanofluids, was investigated comprehensively. In addition, the relevant
developments and applications in nanofluids were better illustrated in
review works [1,26,28]. In terms of the effect of nanoparticles on
convective heat transfer in nanochannel, Motlagh et al. [32] performed
the convective heat transfer of nanofluid flowing through the channel,
and found that nanoparticles can facilitate the heat transfer between
solid wall and fluid. Furthermore, Motlagh et al. [33] investigated the
effects of cylindrical and spherical nanoparticles as well as their ag-
gregation on the nanofluid heat transfer performance. The result indi-
cated that the aggregation of nanoparticles was not conducive to heat
transfer between nanofluid and wall.
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In addition to the above factors, surface modification is another
method to achieve heat transfer enhancement, and extensive efforts
have been conducted to explore heat transfer enhancement with surface
modification. Especially, the effects of various wall roughness on the
boiling heat transfer enhancement were experimentally investigated
[34-38]. Apart from the mentioned above on the macroscale, available
studies [4,9] have also shown that nanoscale surface roughness, even
the roughness with molecular scale, were also quite significant for
interfacial phenomenon and greatly influenced heat transfer between
fluid and solid wall. In fact, the surface roughness in micro/nano
fabricated channels may often be comparable to the mean free path of
fluid molecules in practical micro/nanosacle engineering systems [39].
Compared with the relative surface roughness that can be ignored in
macroscopic channel, the relative surface roughness in nanochannel
becomes very large owing to the remarkable reduction of the system
characteristic dimension. Considering that near-wall region is the main
domain affected by the wall-fluid interaction, it is obvious that the
nanoscale wall roughness will have a significant impact on the interfa-
cial heat transfer in nanochannel. Chakraborty et al. [40] probed the
role of surface modification in convective heat transfer in nanochannel.
The results showed that surface roughness could dramatically enhance
the heat transfer between fluid and solid wall. Motlagh et al. [33,41]
pointed out that wall roughness played a significant role in boosting the
heat transfer performance. Besides, Wang et al. [42] investigated the
influences of wall properties on temperature jump and Nusselt number
in the process of nanoscale convective heat transfer. It observed that a
special selected coating wall could play a role of thermal bridge between
channel wall and fluid, which will bring about a remarkable enhance-
ment of convective heat transfer. In summary, the convective heat
transfer in nanochannel is affected by many factors, including wall-fluid
interaction strength, surface roughness or surface coating, nano-
particles, wall material properties, etc.

It is worth mentioning that a rather high pressure drop occurs in
nanoscale channels or devices owing to a very small hydraulic diameter,
compared with those in conventional macroscale channels. From the
perspective of energy saving and consumption reduction, it is desirable
to maintain a lower flow resistance while transferring as much heat as
possible between fluid and channel wall in many engineering applica-
tions. However, up to now, the flow resistance during the convective
heat transfer in nanochannel has been paid less attention. Although
many investigations on the factors affecting the convective heat transfer
have been conducted, the influence of these factors on the flow resis-
tance is unclear. In this context, it is necessary to pay attention to flow
resistance while achieving the heat transfer enhancement in
nanochannel.

How to reduce flow resistance in nanochannel? The investigations on
drag reduction in microchannel flow have shown that the hydrophobic
surface was conducive to drag reduction because of the larger velocity
slip [43,44]. Moreover, the drag reduction feature was also closely
related to surface microstructure such as spacing and shape [45-47],
and the rough superhydrophobic surface has better drag reduction
characteristic than that of rough hydrophilic surface does. Thus, the wall
hydrophobic property and surface microstructure have a favorable ef-
fect on the drag reduction in microchannel flow. Yet, how does rough
nanostructure influence the flow resistance in nanochannel flow?
Whether the effective combination of surface hydrophobicity and rough
nanostructure is likely to obtain more effective drag reduction and
enhance heat transfer jointly or not? So far, the role of rough nano-
structure morphology and wall-fluid interaction in velocity slip and flow
resistance in nanochannel is still ambiguous, which is yet to be
adequately resolved. A comprehensive evaluation about convective heat
transfer in nanochannel needs to be probed in depth.

In present work, the nanoscale convective heat transfer under the
consideration of the flow resistance is performed with molecular dy-
namics. The influences of rough nanostructure morphologies and wall-
fluid interaction on the flow resistance and heat transfer



S. Yao et al.

characteristics are investigated. Under the condition of weak wall-fluid
interaction, the effects of rough nanostructure morphology on the ve-
locity slip and flow resistance are analyzed. The variations of tempera-
ture jump and Nusselt number with rough nanostructure morphology
are discussed as well. The influence mechanism of wall-fluid interaction
and rough morphology on the heat and momentum transfer in nano-
channel is further revealed. Furthermore, an optimum rough nano-
structure morphology is discussed.

2. Theoretical analysis
2.1. Flow governing equations

When viscous fluid flows through a rectangle channel, the velocity
along the x-direction can be determined by the Navier Stokes equation
as:

Ou, _ 6£+ P u,
o o 07?

it (@]

If fluid velocity does not vary along the x-direction, Eq. (1) can be

simplified to:
Pu,_dp
W7 ~ox

®))

where p is fluid density, u is fluid shear viscosity.u, is fluid streamwise
velocity, % is pressure gradient in x direction. Generally, the slip length
L, can be obtained by extrapolating the velocity profile of fluid, which is
given by:

L=—2" ®3
auy
0z —w
where u; is the slip velocity at the wall-fluid interface.% is fluid
—w
velocity gradient at the wall-fluid interface.
The resistance coefficient f can be defined as:
Ath
f=— 4
2PUm

where ‘L‘{ is the pressure gradient along the x direction. D, is hydraulic
diameter, for smooth channel, Dy, = 2H. For rough channel, Dy, = 2H+2h.
u,, is average velocity of the fluid in channel. When the fluid flows
through the nanochannel, the flow is driven by applying an external
force Fey to each of the N fluid atoms in x direction. Thus,NF,,;—(4p)A
(N is the number of fluid atoms,A is the channel cross section area), Eq.
(4) can be written as:

f _ Il:exIDZ/z (5)
where m is the mass of fluid atom. In present work, the pressure dif-
ference (i.e. the external force) is constant, while the channel hydraulic
diameter and the average velocity of the fluid in channel are different in
smooth and rough channel. For better comparison, taking the resistance
coefficient of the smooth channel with the strong wall-fluid interaction
as a reference, which is denoted as fy, then, the relative resistance co-
efficient f* is defined as:

_f
fo
In addition, the surface friction coefficient can be calculated as

following:

f ©

International Journal of Thermal Sciences 165 (2021) 106927

=w @)

Similarly, the surface friction coefficient of the smooth channel with
strong wall-fluid interaction is defined as cs, and the relative surface
friction coefficient is defined as following:

C,
_Y ®)

e,
2.2. Basic equations of heat transfer

For convective heat transfer, the local mean temperature T;,(x) of the
fluid in the cross-section at different x position is defined as Eq. (9). The
local heat transfer coefficient h(x) can be obtained by Eq. (10), and the
local Nusselt number Nu, can be calculated with Eq. (11). To avoid the
influence of the variation in thermal conductivity derived from the wall-
fluid interaction on the local heat transfer coefficient, the local Nusselt
number can be obtained from Eq. (12) by combining Eq. (10) and Eq.
(11):

=w

T, (x)= 9
w0 Iy cpu,(x,2)dz ©)

A JaT
M) =T 1) a_z‘z:w 10
Ny =)D (11)

A
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where c is specific heat capacity of the fluid, T(x, z) is temperature of the
fluid along the x-direction. A is thermal conductivity of the fluid,T,, is

ar
wall temperature. wl_,

is temperature gradient at the wall-fluid
interface. Similar to the slip length, the temperature jump length Ly
can also be defined by extrapolating the temperature profile of the fluid
from mainstream region into the solid wall, where wall temperature
reaches.

AT
L= (13)

g

0z
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Here, AT is the temperature jump at the wall-fluid interface.
3. Numerical process and potential models
3.1. Simulation details

The computational domain is shown in Fig. 1 (a). The upper and
lower solid wall are composed of platinum atoms with a thickness of D =
24 A. The wall atoms are arranged following the FCC type unit. The
channel size is 412 x 80 x 120 A® and the distance separated by the
upper and lower solid wall (channel height) is H = 120 A. The nano-
channel would be filled with argon atoms and the fluid density of 1200
kg/m? is achieved. In order to effectively observe the convective heat
transfer between the solid wall and fluid, the Langevin thermostat is
used to keep the upper and lower solid wall at the specified temperature
Tw = 200K. While the fluid domain is divided into three independent
regions shown in Fig. 1 (a): force region, thermostat region and sample
collection region. The force region is applied to the x-directional co-
ordinates of —12.0 A<x < —8.0 A. A constant driving force of 3.4 pN is
imposed to the fluid atoms located in force region. Then, temperature
resetting is performed for fluid atoms inside the region of —8.0 A<x < 0
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Fig. 1. Schematic model of convective heat transfer in nanochannel.

A without disturbing the directional flow, and the fluid is controlled to
be in supercritical state to avoid phase transition [20]. After temperature
resetting, a specified initial temperature T, = 300K is generated at the
inlet. Then, a process of convective heat transfer in parallel-plate
nanochannel with constant wall temperature can be explored in re-
gion of 0 A<x < 400 A.

Besides, periodic boundary conditions are applied in the x- and y-
directions, respectively. All simulation cases are performed with a
timestep of 1fs. The Newton’s equations of motion are integrated by the
Velocity-Verlet algorithm. In addition, the entire simulation domain is
relaxed in canonical (NVT) ensemble at 200K for 1.0ns firstly, and then
the 0.5ns is used to reach the steady state with an external driving force
in the NVE ensemble. After that, the following another 7.5ns is used for
sampling, averaging and data collection. An open source molecular
dynamics code, LAMMPS is utilized to carry out all simulations in pre-
sent work [48].

Fig. 1 (b) shows the rough nanostructure with rectangular grooves.
As shown in Fig. 1(b), w is the groove width, h is the groove depth and s
is the groove spacing. The rough nanostructure free shear ratio is defined
asip, = % the rough morphology period is defined as: P = w+s. A
series of nanostructure dimensions under various nanostructure free
shear ratios and morphology periods are listed in Table 1 and Table 2,
respectively.

3.2. Potential models

The Lennard-Jones (L)) 12-6 potential mod-

12 6
el,p(ry) = 4e K%) - (%) } ,r <. is used to describe the interaction
between the atoms. Where i, j corresponds to interacting atoms,
respectively. ¢ is energy parameter and o is length scale for LJ potential
function. r is cutoff radius, A. For the fluid-fluid interaction, & = earar =
1.67 x 1072LJ and 6y = oacar = 3.405 A. my = ma, = 6.63 x 10~ %°kg. For
atomic interactions between wall atoms: &5 = epgpe = 8.35 x 1072°J and
05 = oppr = 2.475 A. ms = mpe = 3.24 x 10~%°kg. For the wall-fluid
interaction, according to the Lorenthz-Berthelot rule, the length scale
og is given by: oq = 2.94 A [49,50]. In present investigation, the
wall-fluid interaction strength ey is set as 1.0¢; and 0.25¢;, which

Table 1
Nanostructure dimension parameters under different free shear ratios.

Nanostructure depth h = 4 A Nanostructure depth h = 16 A

Pq w s h P Pa w s h P
A @d A & & G @ @&

0.1875 6 26 4 32 0.1875 6 26 16 32

0.25 8 24 4 0.25 8 24 16

0.375 12 20 4 0.375 12 20 16

0.5 16 16 4 0.5 16 16 16

0.75 24 8 4 0.75 24 8 16

Table 2
Nanostructure dimension parameters under different morphology periods.

Nanostructure depth h = 4 A Nanostructure depth h = 16 A

PA wd sA rA ¢, PA wh sA hA) g

12 6 6 4 0.5 12 6 6 16 0.5
16 8 8 4 16 8 8 16
24 12 12 4 24 12 12 16
32 16 16 4 32 16 16 16
48 24 24 4 48 24 24 16

characterizes the strong and weak wall-fluid interaction [51,52],
respectively. Considering the surface wettability can be reflected by the
interaction potential between wall and fluid atoms [52-54], so the weak
wall-fluid interaction strength characterizes that wall surface is more
difficult to be wetted, while the wall surface with the strong wall-fluid
interaction strength is more wettable.

4. Results and discussions
4.1. Verification

According to previous investigations in the fields of convective heat
transfer in nanochannel, simulation of convective heat transfer in rough
nanochannel considering the flow resistance has not been done so far. In
order to verify the results obtained in present work, the convective heat
transfer in smooth nanochannel with a size of 400 x 120 x 60 A® is
simulated and compared with the results of Ge et al. [20]. In this case,
the wall atoms are connected to FCC lattice sites by using harmonic
springs with a spring constant of 70 N/m, and the wall-fluid interaction
strength is set as g5 = 1.67 X 10’21.], which characterizes the normal
interfacial wettability. The variation of local Nusselt number along the
channel is compared with the results of Ge et al. [20]. As shown in Fig. 2,
the local Nusselt number obtained in present work is almost consistent
with those obtained in Ref. [20], which indicates that present results are
accurate and reliable. In the following sections, the heat transfer and
flow characteristics in rough channels with various nanostructure
morphologies will be discussed.

4.2. Velocity and temperature distributions

The variations of velocity profiles along the channel height at
different x locations in smooth channel and rough channel (¢, = 0.5)
are shown in Fig. 3. It’s found that the fluid velocity along the x direction
is almost constant, which indicates that the fluid flow is fully developed.
Owing to the lower viscous friction of the channel wall, the maximum
velocity of the fluid in mainstream region of smooth channel with the
weak wall-fluid interaction is about 100 m/s, which is greater than the
maximum velocity of 85 m/s in mainstream region of smooth channel
with the strong wall-fluid interaction. It is obvious that the strong wall-
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Fig. 2. Variation of Nusselt number along the channel.

fluid interaction reduces the fluid velocity in nanochannel, which is
unfavorable for the velocity slip at the wall-fluid interface. By
comparing Fig. 3(c) and (d), at the same cross section along the x di-
rection of channels, it’s found that average velocity of fluid in rough
channel corresponding to the nanostructure depth of 16 A is lower than
that in rough channel corresponding to nanostructure depth of 4 A. The

90
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augment of rectangular nanostructure depth makes more fluid atoms
enter the grooves and further hinders the movement of these fluid atoms
along the x direction, which results in the decrease of fluid velocity
adjacent to the rough wall. And, the velocity in mainstream region also
decreases due to the existence of viscous friction between the fluid
layers. As a result, the average velocity of fluid in rough channel with
large nanostructure depth decreases. In addition, it can be observed that
the slip velocity at the wall-fluid interface is greater under the weak
wall-fluid interaction strength. Moreover, under the weak wall-fluid
interaction, the fluid velocity in rough channel with small nano-
structure depth is greater than that in rough channel with large nano-
structure depth at the same cross section of channel. So, the slip velocity
in rough channel with small nanostructure depth is greater and more
obvious by comparing inset in Fig. 3(c) and inset in Fig. 3 (d). Actually,
this flow behavior arises from interaction strength between fluid atoms
and wall atoms, which is determined by attraction and repulsion forces
of wall-fluid atoms as well as interaction contact area between fluid and
channel wall. The larger the nanostructure depth, the weaker the ten-
dency of fluid molecules to escape from the grooves, and the weaker the
velocity slip.

Under the condition of the weak wall-fluid interaction, the effect of
nanostructure depth on the streamlines of fluid in rough channel is
depicted in Fig. 4. Here, taking the rough channel with nanostructure
shear free ratio of ¢, = 0.5 as an example. It can be seen clearly that the
streamlines near rough wall deforms obviously. There is no macroscopic
velocity in nanostructure grooves along the flow direction. As the
nanostructure depth increases from 4 A to 16 A, the streamline defor-
mation near the rough wall becomes more obvious, indicating that the

120 .
(b) smooth (¢ /&=0.25) =39 A
105 F o x=71A
A =103 A
90 + v—x=135A
L *— =167 A
75+ <+—x=199 A
L > =231 A
60 ® =263 A
*— x=295 A
~ 451 o x=327A
@ x=359 A
30+
15+
0 l v 1 Y 1 v 3 1 " 1 1 i 1 )
0 20 40 60 80 100 120 140 160
z(A)
100
(d) h=16A (& L'I*().'_’S) & =39 A
—x=71 A
A =103 A
v x=135A
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+—x=199 A
»—x=231A
o =263 A
*— x=295 A
* * x=327A
*—x=359 A
O 1 1 1 1 1 1 1 1
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Fig. 3. Velocity profiles at different channel length positions.
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Fig. 4. Streamlines of fluid in rough nanochannel under the different nanostructure depths.

obstruction of rough nanostructure to the movement of fluid atoms is
more dramatical. Thus, the more obvious distortion of the streamlines
near the wall is demonstrated to be responsible for the lower average
velocity of the fluid in rough channel with the larger nanostructure
depth.

In the case of strong and weak wall-fluid interaction, the density
profiles in channel are illustrated in Fig. 5, which is used to manifest the
physical aggregation of fluid atoms near the wall under different
nanostructure depths. Similarly, the rough channel with nanostructure
shear free ratio of ¢, = 0.5 is also taken as an example. Compared with
the smooth channel, the fluid density distribution in rough channel
presents two oscillation stages. In the vicinity of the channel wall, the
oscillation degree of density gradually decreases with the increase of the
nanostructure depth. Within the nanostructure grooves, the density
distribution exhibits secondary oscillation with small amplitude, and the
oscillation degree increases with the augment of the nanostructure
depth. The variations both in oscillation degree and maximum value of
the density outside the nanostructure grooves are similar to the results of
Asproulis et al. [55]. It’s found that the first peak of density profile in
grooves is the maximum, which reflects the amount of fluid atoms
closest to the grooves surface is the largest. Meanwhile, the first peak
will move toward the grooves surface as the nanostructure depth in-
creases, which demonstrates that more fluid atoms are confined in these
grooves due to the attraction force between wall atoms and fluid atoms.
Owing to the limitation of nanostructure grooves, the motion of fluid
atoms near rough wall is hindered. In addition to the effect of wall rough
nanostructures on the density distribution, Fig. 5 also shows that the
density distribution near the wall under strong wall-fluid interaction has
a greater amplitude with the same wall morphology. It indicates that
more fluid atoms are adsorbed near the wall surface, and the movement
of fluid atoms along the flow direction is impeded. As a result, it has a
lower average velocity of the fluid in channel with the strong wall-fluid
interaction and rough nanostructure morphology, just as shown in

3000

smooth

| (@) e /e=1.0 -
®  /h=16A (o, 0.5)

™ L]
2500 A—h=4A (p=0.5)

2000 +

p (kg/m’)

1500

1000

500

150

Fig. 3. Therefore, the density distributions near the channel wall further
evidences that the movement of fluid atoms depends on the wall-fluid
interaction and nanostructure confinement.

Fig. 6 shows the fluid temperature distributions in smooth and rough
channels (¢, = 0.5). Compared with the fluid velocity distribution, the
variation of fluid temperature along the flow direction has experienced a
non-uniform process. When fluid flows along the channel, the average
temperature of the fluid decreases gradually along the flow direction
due to the cooling effect of the cold channel wall. After the thermal
development stage, the flow finally reaches the state of thermal-fully
development. Moreover, the temperature profiles are almost over-
lapping and invariable at the thermal-fully development state in both
smooth and rough channel, which is consistent with the thermal
development of channel at the macroscale. As shown in Fig. 6, when the
fluid flow is thermal-fully developed, the fluid temperature in channel
with the strong wall-fluid interaction strength is lower, which indicates
that the intensity of convective heat transfer in this case is more suffi-
cient. Compared Fig. 6(c) and (d), it can be found that the fluid in rough
channel with the larger nanostructure depth has a lower average tem-
perature at the same channel cross section, which verifies that the in-
tensity of convective heat transfer in channel with the larger
nanostructure depth is also higher. According to the definition of tem-
perature jump as expressed in Eq. (13), a greater temperature jump can
be observed in rough channel with small nanostructure depth, while the
relatively small temperature jump is found in rough channel with the
large nanostructure depth. As mentioned above, more fluid atoms will
enter into the grooves as the nanostructure depth increases, which re-
sults in more frequent atom collisions as well as stronger momentum
exchange between fluid and wall atoms. Consequently, the heat transfer
enhancement in nanochannel is achieved.
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Fig. 5. Density distributions along the channel height.
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Fig. 6. Temperature profiles at different channel length positions.

The following content will put emphasis on analyzing flow and heat
transfer characteristics from the perspective of the weak wall-fluid
interaction strength. The influences of nanostructure free shear ratio
and nanostructure morphology period on the density distribution in
channel are exhibited in Fig. 7. Here, the nanostructure depth is
considered as h = 16 A. Under the condition of the weak wall-fluid
interaction, as shown in Fig. 7(a), the oscillation peak of density near
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rough wall decreases, while the secondary oscillation peak of the density
inside grooves increases gradually with the augment of nanostructure
free shear ratio from 0.1875 to 0.75. The fluid atoms attracted in the
grooves increase significantly due to the increase of nanostructure
width, which makes the secondary oscillation peak of the density in-
crease. Yet, the fluid density in mainstream region of the channel is
basically invariable. In comparison, with the increase of the nano-
structure morphology period from 12 to 48, the oscillation peak of the
density near the rough wall shows a decreasing trend while the
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(b) &,/£=0.25 = P=12, h=16A
® P=16, h=16A
2000 F A— P=24 h=16A
v P=32, h=16A
i T & P=48, h=16A

150

Fig. 7. Fluid density distributions with different rough morphologies.
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secondary oscillation inside the grooves demonstrates an increasing
trend as shown in Fig. 7(b). However, the density in mainstream region
of the channel first decreases and then increases slightly. Obviously, the
nanostructure free shear ratio has a more important influence on the
density distribution of fluid.

Similarly, in the case of weak wall-fluid interaction, the variations of
local relative surface friction coefficient with nanostructure free shear
ratio and nanostructure morphology period are also discussed. Since the
velocity profile in channel does not change along the flow direction as
shown in Fig. 3, the local velocity gradient at the wall is basically un-
changed. As a result, the local relative surface friction coefficients in
both smooth and rough channel also remain invariable along the flow
direction, as exhibited in Fig. 8. However, the local relative surface
friction coefficient significantly depends on the wall rough morphology.
As shown in Fig. 8(a), the average value of the local relative surface
friction coefficient in channel increases with the augment of the nano-
structure free shear ratio. Under the same nanostructure free shear ratio,
the average value of the relative surface friction coefficient increases as
the nanostructure depth increases. In comparison, as shown in Fig. 8(b),
the average value of the local relative surface friction coefficient de-
creases with the augment of the nanostructure morphology period.
Under the condition of the same nanostructure morphology period, with
the augment of the nanostructure morphology depth, the average value
of the relative surface friction coefficient also increases. Compared with
smooth channel, the relative surface friction coefficients of rough
channel increase dramatically. Physically, all these phenomena arise
from the roughness effect on the local velocity gradient at the wall.

For visualization purposes, variations of the local velocity gradient in
rough channel under different nanostructure free shear ratios are illus-
trated by velocity contours as shown in Fig. 9. To be consistent with the
simulation parameters of the relative surface friction coefficient in Fig. 8
(a), the wall-fluid interaction of ¢5/¢] = 0.25 is chosen for depiction. As
nanostructure free shear ratio varies from 0.1875 to 0.75, the maximum
velocity at the center of the channel decreases gradually. Compared
Fig. 9(a) and (b), under the same nanostructure free shear ratio, the
larger the nanostructure depth, the lower the velocity in mainstream
region of the channel. The decrease of the velocity in mainstream region
of channel essentially depends on nanostructure roughness effect on the
fluid velocity near the wall. Attributed to the larger nanostructure free
shear ratio and nanostructure depth, the corresponding velocity slip is
smaller and local velocity gradient at the wall is higher. Thus, the
relative surface friction coefficient increases with the augments of the
nanostructure free shear ratio and nanostructure depth.
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4.4. Variation of local heat transfer characteristics

Fig. 10 shows the influence of rough nanostructure morphology on
the local Nusselt number under the condition of weak wall-fluid inter-
action. The local Nusselt number gradually tends to be constant along
the flow direction. It indicates that the heat transfer between the solid
wall and the fluid gradually reaches a steady status. Different from the
macroscale flow, the fluid temperature near nanochannel outlet is
greatly affected by atoms of inlet hot fluid, which is attributed to the
axial heat conduction derived from the periodic boundary condition
[20-22,40]. Consequently, it leads to the fluctuation of local Nusselt
number near the outlet, even a slight increase in variation of local
Nusselt number near the outlet (Fig. 10(d)). By comparing Fig. 10(a) and
(b), as well as Fig. 10(c) and (d), under the same rough nanostructure
morphology, the larger the nanostructure depth, the greater the local
Nusselt number. Moreover, the local Nusselt number in rough channel is
also greater than that in smooth channel, which indicates that rough
nanostructure morphology is conducive to heat transfer between solid
wall and fluid.

4.5. Role of rough morphology in heat transfer and flow resistance

In order to analyze the influence of rough morphology on heat
transfer and flow resistance better, the Nusselt number and flow resis-
tance are discussed when the velocity and temperature distributions are
fully developed. Fig. 11 shows the variations of thermal parameters in
channel with weak wall-fluid interaction. Compared with the smooth
channel (highlighted with a dashed box), the rough channel has a lower
temperature jump at the wall-fluid interface due to the existence of
nanostructure, which makes the Nusselt number in rough channel
dramatically become greater. Obviously, the interfacial temperature
jump is the main factor that influences heat transfer performance. In
accordance with the other results [40,41], rough nanostructure could
accommodate more fluid atoms within the grooves, which is beneficial
for the reduction of temperature jump and facilitating the heat exchange
between wall and fluid atoms. With the augments of nanostructure free
shear ratio (Fig. 11 (a)) and nanostructure morphology period (Fig. 11
(b)), the temperature jump almost increases while the Nusselt number in
rough channel decreases.

Fig. 12 intuitively demonstrates the effects of various rough mor-
phologies and nanostructure depths on the Nusselt number. It is clear
that Nusselt number corresponding to h = 16 A is greater than that
corresponding to h = 4 A under the same rough morphology, which
indicates that heat transfer between solid wall and fluid is enhanced by
the augment of nanostructure depth. Yet, the Nusselt number has the
same variation trend in both cases of h =16 Aand h =4 A.In particular,
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Fig. 8. Variation of the local relative surface friction coefficient along the channel.
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Fig. 9. Fluid velocity contours in rough channel.

the Nusselt number has a maximum when the nanostructure free shear
ratio is ¢, = 0.1875. Similarly, it has a maximum when the nano-
structure morphology period is P = 12.

Fig. 13 and Fig. 14 show the influences of different rough nano-
structure morphologies on the resistance coefficient of fully developed
flow under the condition of weak wall-fluid interaction. For better
comparison, a dashed line marked in pink is inserted in Figs. 13 and 14
to guide the eye, which represents the relative resistance coefficient in
smooth channel under the strong wall-fluid interaction (egq/¢) = 1.0),
where f * = 1.0. Compared with the parameters in smooth channel
(highlighted with a dashed box), the relative resistance coefficient and
relative surface friction coefficient in rough channel are higher due to
the wall roughness. As shown in Fig. 13, with the increase of nano-
structure free shear ratio, the relative resistance coefficient and relative
surface friction coefficient in rough channel increase gradually, which
are derived from the reduction of interfacial velocity slip. In comparison,
as the nanostructure morphology period increases shown in Fig. 14, the
slip length increases while the relative resistance coefficient and the
relative surface friction coefficient decrease gradually. As shown in
Figs. 13 and 14, although the variation trends of resistance coefficient
with rough morphology are similar in both cases of h= 16 Aand h =4 A,

it is worth mentioning that the relative resistance coefficient and rela-
tive surface friction coefficient corresponding to the nanostructure
depth of 4 A are almost below the guide line of f * = 1.0. The relative
resistance coefficient and the relative surface friction coefficient corre-
sponding to the nanostructure depth of 16 A increase significantly,
which are even higher (over the guide line of f * = 1.0) than that in
smooth channel with strong wall-fluid interaction.

Just as presented directly in Fig. 15, the relative resistance coeffi-
cient and relative surface friction coefficient corresponding to the
nanostructure depth of 16 A are greater compared with those corre-
sponding to the nanostructure depth of 4 A. However, in the cases of h =
16 Aandh =4 Z\, both the relative resistance coefficient and the relative
surface friction coefficient have a minimum at¢, = 0.1875. Moreover,
the relative resistance coefficient and the relative surface friction coef-
ficient have a minimum at P = 48 as well. According to Figs. 12 and 15,
it’s found that the increase of nanostructure depth not only improves the
heat transfer performance, but also greatly increases the flow resistance.
Therefore, large nanostructure depth is not conducive to the drag
reduction in rough channel.

Table 3 and Table 4 quantitatively show the influence of rough
nanostructure morphology on the Nusselt number and resistance
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Fig. 11. Variation of heat transfer characteristic with different nanostructure morphologies.

coefficient in channel under the condition of the weak wall-fluid inter-
action. Here, the variation rates of all parameters are obtained based on
the corresponding values of smooth channel with the strong wall-fluid
interaction. As shown in Table 3 and Table 4, the Nusselt number of
rough channel with nanostructure depth of 16 A is greatly increased,
while its corresponding relative resistance coefficient is also mostly
increased and the drag reduction characteristics becomes weak. How-
ever, the relative resistance coefficients in both smooth channel and
rough channel with nanostructure depth of 4 A decrease, which in-
dicates that both cases have better drag reduction characteristics. Yet,
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the decrease rate of Nusselt number in rough channel with nano-
structure depth of 4 A is much lower than that in smooth channel.
Furthermore, the Nusselt number corresponding to the nanostructure
depth of 4 A is more close to the Nusselt number in smooth channel with
the strong wall-fluid interaction. In particular, when the nanostructure
free shear ratio is ¢, = 0.1875, the Nusselt number corresponding to the
nanostructure depth of 4 A only decreases by 1.8%, but the maximum
decrease rates of the relative resistance coefficient and relative surface
friction coefficient are 27.1% and 25.3%, respectively. The heat transfer
performance and drag reduction characteristics are the best at ¢, =
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Fig. 14. Variation of flow resistance under different nanostructure morphology periods.

0.1875. With the increase of the nanostructure free shear ratio, the
nanostructure width increases and the nanostructure spacing decreases,
both the drag reduction characteristics and heat transfer efficiency are
weakened.

As shown in Table 4, when the nanostructure morphology period is
P =48, the Nusselt number corresponding to the nanostructure depth of
4 A decreases by 22.9%, the maximum decrease rate of relative resis-
tance coefficient and relative surface friction coefficient are 21.5% and
20.1%, respectively. The rough channel with the nanostructure
morphology period of 48 A has the best drag reduction characteristics,
and the Nusselt number is significantly greater than that in the smooth
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channel (with the greater decrease rate of 41.3%). As the nanostructure
morphology period decreases, the number of nanostructure grooves
increases, the rough morphology of the channel wall becomes dense, the
heat transfer performance is improved while the flow resistance be-
comes greater gradually.

Obviously, the heat transfer and flow resistance in rough channel are
greatly related to the nanostructure free shear ratio (width, spacing),
nanostructure depth, and nanostructure morphology period (groove
number). The Nusselt number decreases with the augments of nano-
structure free shear ratio and nanostructure morphology period. The
relative resistance coefficient increases with the augment of the nano-
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Fig. 15. Variation of resistance coefficient under different rough nanostructure morphologies.

Table 3

Variation rates of Nusselt number and resistance coefficient under different nanostructure free shear ratios.

Nanostructure depth Parameters @q(es1/61 = 0.25)
0 (smooth) 0.1875 0.25 0.375 0.5 0.75
h=4A Nu 41.3%| 1.8%| 16.8%| 22.9%)| 20.4%| 30.7%\
I 43.7%] 27.1%| 21.8%] 15.9%)] 12.4%] 7.8%|
pre 40.9%| 25.3%| 20.2%| 14.6%) 11.5%) 7.2%]
h=16A Nu 41.3%| 66.4%1 47.2%71 39.9%1 27.3%1 18.5¢1
I 43.7%] 2.1%1 8.9%1 23.5%1 36.2%1 49.2%1
pre 40.9%| 5.7%| 0.7%1 13.3%1 23.1%1 33.7%1
Table 4
Variation rates of Nusselt number and resistance coefficient under different nanostructure morphology periods.
Nanostructure depth Parameters P (e5/€1 = 0.25)
0 (smooth) 12 16 24 32 48
h=4A Nu 41.3%] 10.6%71 0.9%71 27.0%] 20.4%| 22.9%)|
Iz 43.7%) 0.9] 0.03%] 11.6%] 12.4%] 21.5%|
ot 40.9%| 3.3%] 1.8%] 10.7%] 11.5%] 20.1%]
h=16A Nu 41.3%] 151.1%71 87.5%1 40.2%1 27.3%1 6.7|
I 43.7%] 80.9%1 37.4%1 33.4%1 36.2%1 12.9%71
pre 40.9%| 46.4%1 25.3%1 20.7%1 23.1%1 5.9%1

structure free shear ratio, while decreases with the augment of the
nanostructure morphology period. The rough channel with nano-
structure depth of 4 A can not only enhance heat transfer, but also obtain
a considerable drag reduction. Therefore, the nanostructure free shear
ratio with ¢, = 0.1875 is a favorable rough morphology to obtain op-
timum convective heat transfer performance in present considered
nanochannel.

5. Conclusions

Based on the molecular dynamics theory, a three-dimensional model
of convective heat transfer in parallel plate nanochannel with constant
wall temperature is established. The distributions of fluid velocity,
temperature and density in rough channel are discussed. Under the weak
wall-fluid interaction, the effects of nanostructure free shear ratio,
nanostructure morphology period and nanostructure depth on the heat
transfer performance and flow resistance characteristics are analyzed.
The conclusions are drawn as following:

(1) The wall-fluid interaction and rough morphology have an
important influence on the heat transfer and flow resistance
characteristics. Compared with the smooth channel, the corre-
sponding rough channel with the weak wall-fluid interaction not

12

only has considerable drag reduction, but also has better heat
transfer performance.

The smaller the nanostructure free shear ratio, the better heat
transfer performance as well as drag reduction characteristics.
The smaller the nanostructure morphology period, the better the
heat transfer performance, but the weaker the drag reduction
characteristics. By evaluating the heat transfer and flow charac-
teristics comprehensively, the nanostructure free shear ratio with
¢, =0.1875 is a most favorable rough morphology to obtain
optimum heat transfer performance.

The larger the rough nanostructure depth, the better the heat
transfer between fluid and channel wall, but the greater the flow
resistance. Thus, a smaller nanostructure depth is more condu-
cive to achieve better heat transfer performance and drag
reduction simultaneously.
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