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ABSTRACT 
The flow characteristics and heat transfer in rough 

nanochannel are probed with molecular dynamics. The 
variations of flow resistance and heat transfer 
characteristics with rough morphology are investigated. 
The results show that the smaller nanostructure shear 
free ratio is beneficial to the heat transfer performance 
and the drag reduction. In rough channel, the deeper 
the rough nanostructure grooves, the better the heat 
transfer, and the greater the flow resistance. The 
combination of rough morphology and surface 
wettability will bring a significant impact on the heat 
transfer performance and drag reduction. In contrast, 
the rough channel with the weak wall-fluid interaction 
strength, which characterizes the more hydrophobic 
surface, has smaller flow resistance and better heat 
transfer performance.  
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NONMENCLATURE 

Symbols 

        Shear viscosity of fluid, Pa·s 

xu       Fluid velocity, m/s 

Ls       Slip length, Å  

f        Resistance coefficient   

mu       Mean fluid velocity, m/s 

)(xT m    Fluid local mean temperature, K 

c        Specific heat capacity, J/kg·K 

        Fluid density, kg/m3    

)(xh      Heat transfer coefficient, W/(m2·K) 
        Fluid thermal conductivity, W/(m·K) 
Dh       Hydraulic diameter, m 

Tw       Wall temperature, K 

Lk       Temperature jump length, Å 
Greek symbols 
𝜀        Energy parameter, J 
𝜎        Length scale, Å    
Subscript 
x, y, z     Coordinate direction 
s         Slip 
w        Solid wall  

 

1. INTRODUCTION 
The applications of micro manufacturing and 

processing technology have promoted the wide 
investigations of fluid flow and heat transfer in 
micro/nano channels or devices [1]. Compared with the 
conventional channels used in the macroscale systems, 
when the system dimension is reduced to the 
nanoscale, channels or devices have a very low 
hydraulic diameter, which will cause a rather high fluid 
flow resistance. Besides, the wall-fluid interaction 
strength becomes more prominent, which will affect 
the fluid flow and heat transfer in channel dramatically. 
Thus, it is necessary to observe the interfacial 
phenomenon from the atomic level. Owing to provide 
detailed information about flow behavior and thermal 
transport properties, molecular dynamics simulation 
gradually becomes a powerful tool to study the flow 
and heat transfer at the nanoscale. 

Although the studies on the nanoscale flow 
characteristics and heat transfer with molecular 
dynamics method are sufficiently, they are mainly 
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focusing on interfacial phenomena and factors 
influencing on the flow and interface heat transfer [2-5]. 
In terms of nanoscale convective heat transfer, 
Markvoort et al. [6] investigated the effect of wall-fluid 
interaction strength on the convective heat transfer in 
nanochannel. Ge et al. [7] found that the augment of 
the wall-fluid interaction strength was conducive to 
heat transfer. Marable et al. [8] discussed the influences 
of wall-fluid interaction, channel height, flow velocity 
and wall temperature on the convective heat transfer. 
Chakraborty et al. [9] studied the effects of surface 
roughness and surface coating on the heat transfer 
performance. Gu et al. [10] studied the effect of axial 
heat conduction on the heat transfer. Besides, Motlagh 
et al. [11-12] probed the effects of wall material and 
nanoparticles on the heat transfer. 

However, there are few studies on the flow 
resistance in nanochannel. One of the most significant 
factors in nanoscale flow and heat transfer is how to 
reduce the flow resistance during the heat transfer. 
That is, we need to consider the heat transfer and flow 
resistance jointly. The hydrophobic wall has been 
extensively applied in flow drag reduction due to its 
larger velocity slip [13-14]. Yet, studies [15-16] have also 
shown that the drag reduction of hydrophobic wall at 
the microscale is closely related to the wall roughness. 
Therefore, the impacts of rough morphology and 
surface hydrophobic property on the flow resistance 
and heat transfer characteristics in nanochannel are 
investigated in present work. The influences of different 
rough morphologies on flow characteristics and heat 
transfer in channel with hydrophobic surface are 
probed.  

2. BASIC EQUATIONS AND NUMERICAL PROCESS  
2.1 Governing equations  

The velocity along the x-direction can be defined as 
Eq. (1): 
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is shear viscosity. xu  
is fluid velocity along 

the x-direction, 
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is pressure gradient in x direction. 

Generally, the slip at the boundary is described by 
slip length sL , which is given by: 
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 are the slip velocity and 

fluid velocity gradient at the wall.  

The resistance coefficient f  and the surface 

friction coefficient 
fc can be calculated as following: 

2

2

1
m

h

x

u

D
L

p

f





          (3) 

2

2

1
m

wz

x

f

u

z

u

c








         (4) 

Where 

xL

p
is the pressure gradient along the 

channel. Dh is hydraulic diameter,   is fluid density, 

mu is fluid mean velocity.  

For better comparison, taking the resistance 
coefficient and the surface friction coefficient 
corresponding to the smooth channel with the strong 

wall-fluid interaction as a reference, denoted as 0f and 

0fc , the relative resistance coefficient 
*

f and the 

relative surface friction coefficient fc 
are defined as 

Eq.(5) and Eq.(6). 
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For convective heat transfer, the local mean fluid 
temperature )(xT m over the cross-section at different x 

position is defined as Eq. (7), and the local heat transfer 

coefficient ( )h x can be obtained as Eq. (8). The local 

Nusselt number xNu  can be calculated from Eq. (10) 

by combining Eq. (8) and Eq. (9). 
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Where c is specific heat capacity, ),( zxT is fluid 

temperature along the x-direction.   is thermal 

conductivity, T w  is wall temperature.

 wzz

T
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
is fluid 

temperature gradient at the wall-fluid interface.  
The temperature jump length kL  

can also be 

defined as:  
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Here, T  is the temperature jump at the wall-fluid 
interface.  
2.2 Simulation details 

As shown in Fig.1, the channel size is 
415×60×120Å3 and the channel height is H=120Å. Each 
solid wall is composed of platinum atoms with a 
thickness of D=20Å. The argon atoms are used to set as 
fluid in nanochannel, and the fluid density is 1200kg/m3. 
The Langevin thermostat is used to keep the solid wall 
at specified temperature of 200K. The fluid domain is 
divided into three regions shown in Fig. 1: force region, 
thermostat region and sample collection region. The 
force region is applied to the x-directional coordinates 
of -15Å<x<-10Å, and a driving force of Fext=2.4pN is 
imposed to the fluid atoms located in force region. 
Temperature resetting is performed only for fluid atoms 
inside the region of -10Å<x<0Å without disturbing the 
directional flow [7, 9]. After temperature resetting, an 
initial temperature of 300K is generated at inlet. 
Periodic boundary conditions are applied in the x- and 
y-directions, respectively. The entire system is firstly 
relaxed in canonical ensemble at 200K. After reaching 
the steady state with an external driving force, the 
simulation data is used for sampling, averaging and data 
collection. All simulation cases are performed with a 
timestep of 1fs. 

The Lennard-Jones (LJ) 12-6 potential model is 
used to describe the interaction between the atoms. 
Where i, j correspond to interacting atoms, respectively. 
ε is energy parameter and σ is length scale for LJ 
potential function. rc is cutoff radius, rc=10Å. For the 
fluid-fluid interaction, εl=1.67×10-21J, σl=3.405Å. For the 
wall-wall interaction: εs=8.35×10-20J, σs=2.475Å. Here, 
ml=6.63×10-26kg, ms=3.24×10-25kg. For the wall-fluid 

interaction, σsl=2.87Å, the 
sl

  are 
l

1.0 and
l

25.0 , 

which characterizes the strong and weak wall-fluid 
interaction. 

 
Fig 1 Schematic model of computational domain 

Fig.2 shows the rough morphology in nanochannel. 
Here, w is the groove width, h is the groove depth and s 
is the groove spacing. The nanostructure shear free 

ratio is defined as: a

w

w s
 


. To investigate the effect 

of nanostructure depth on the flow and heat transfer 
characteristics, the different nanostructure depths are 
4Å and 16Å, respectively. A series of nanostructure 
dimensions under different nanostructure shear free 
ratios are listed in Tab.1.  

 
Fig 2 Rough nanostructure morphology  

Tab.1 Nanostructure dimension parameters under different 
shear free ratios 

a  
w s h h 

0.1875 6 Å 26 Å 

4 Å 16 Å 

0.25 8 Å 24 Å 

0.375 12 Å 20 Å 

0.5 16 Å 16 Å 

0.75 24 Å 8 Å 

3. RESULTS AND DISCUSSION   

3.1 Development of velocity and temperature  

As shown in Fig.3, the fluid flow is in fully 
developed condition, and the fluid velocity at the 
different x positions is almost constant. It’s found that 
the mean velocity in smooth channel with the weak 
wall-fluid interaction is greater than that in smooth 
channel with the strong wall-fluid interaction by 
comparing Fig.3 (a) and Fig.3 (b). The weak wall-fluid 
interaction strength means that wall surface is more 
difficult to wet, which is closer to the properties of 
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hydrophobic surface. The fluid atoms move more freely 
near the wall. As a result, the mean velocity 
corresponding to the weak wall-fluid interaction is 
greater. 

 

  
Fig 3 Velocity profiles along the flow direction 

Fig.4 shows the fluid temperature distribution 
along the smooth channel. Obviously, when the fluid 
flows along the channel, the flow is in the thermally 
developing firstly and finally reaches the thermal-fully 
developed condition. Correspondingly, the fluid 
temperature along the x direction firstly decreases, and 
then the temperature profiles are almost overlapping 
and invariable. Moreover, the fluid temperature in 
smooth channel with the strong wall-fluid interaction 
strength at the thermal-fully developed state is lower, 
which indicates that the strong wall-fluid interaction 
strength is beneficial to heat transfer in the channel and 
makes the heat transfer more sufficient. 

 

  
Fig 4 Temperature profiles along the flow direction 

3.2 Effect of rough morphology on heat transfer and 
flow resistance 

When the flow and thermal are fully developed, the 
variations of thermal parameters in the channel 
corresponding to weak wall-fluid interaction strength 
are shown in Fig.5. The rough nanostructure decreases 
temperature jump at the wall-fluid interface. As a 
result, the Nusselt number in rough channel is greater 
than that in smooth channel, and the Nusselt number in 
rough channel decreases with the increase of 
nanostructure shear free ratio. In addition, as the rough 
nanostructure depth increases, the temperature jump 
decreases while the Nusselt number increases 
gradually. It indicates that the deeper nanostructure 
grooves enhance the heat transfer between solid wall 
and fluid. 

 
Fig 5 Variation trends of thermal parameters  

Fig.6 shows the variations of flow characteristics 
parameters in the channel when the flow and thermal 
are fully developed. Under the condition of the weak 
wall-fluid interaction, the relative resistance coefficient 
and relative surface friction coefficient in rough channel 
are higher due to the existence of the rough 

morphology. Moreover, the relative resistance 
coefficient and relative surface friction coefficient 
increase gradually as the nanostructure shear free ratio 
increases. According to Fig.6 (a) and Fig.6 (b), under the 
same nanostructure shear free ratio, the augment of 
rough nanostructure depth increases the flow 
resistance due to the decrease of velocity slip. Thus, 
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Tab.2 Variation rates of the Nusselt number and resistance coefficient 

Nanostructure 
depth 

Parameters a  

0(smooth) 0.1875 0.25 0.375 0.5 0.75 

h=4Å 
Nu 41.3%↓ 1.8%↓ 16.8%↓ 22.9%↓ 20.4%↓ 30.7%↓ 

f * 43.7%↓ 27.1%↓ 21.8%↓ 15.9%↓ 12.4%↓ 7.8%↓ 

h=16Å 
Nu 41.3%↓ 66.4%↑ 47.2%↑ 39.9%↑ 27.3%↑ 18.5↑ 

f * 43.7%↓ 2.1%↑ 8.9%↑ 23.5%↑ 36.2%↑ 49.2%↑ 

 
the smaller nanostructure shear free ratio and the 
smaller nanostructure depth are beneficial to the 
reduction of the flow resistance in rough channel. 

 

 
Fig 6 Variation trends of flow characteristics parameters 

Tab.2 shows the influence of rough morphology on 
the Nusselt number and resistance coefficient in 
channel with weak wall-fluid interaction. Compared 
with the parameters in smooth channel with strong 
wall-fluid interaction, both the Nusselt number and the 
relative resistance coefficient in smooth channel with 
weak wall-fluid interaction decrease as shown in Tab.2, 
and the relative resistance in rough channel 
corresponding to nanostructure depth of 4Å also 
decreases, which indicates they have better drag 
reduction characteristics. Yet, under the weak wall-fluid 
interaction, the decrease rate of Nusselt number in 
rough channel with nanostructure depth of 4Å is much 
lower than the decrease rate of Nusselt number in 
smooth channel. Although the Nusselt number of rough 
channel with nanostructure depth of 16Å increases 
greatly, but the corresponding relative resistance 
coefficient is also mostly increased. Therefore, the 
increase of nanostructure depth will weaken the drag 
reduction characteristics. The rough channel 

corresponding to nanostructure depth of 4Å has better 
heat transfer and drag reduction characteristics. 

4. CONCLUSIONS   
In present work, a three-dimensional model of 

convective heat transfer in nanochannel is established 
to investigate the influences of rough morphology on 
the heat transfer and flow resistance characteristics. 
The conclusions are drawn as following: 

(1)The rough channel with weak wall-fluid 
interaction possesses better drag reduction 
characteristics and heat transfer performance. 

(2)The rough morphology plays a significant role in 
affecting the flow resistance and heat transfer at the 
wall-fluid interface. The smaller nanostructure shear 
free ratio is conducive to obtain the better heat transfer 
and drag reduction jointly.  

(3)The larger rough nanostructure depth is 
conducive to the heat transfer, but not beneficial to the 
drag reduction due to the constraints on fluid atoms 
derived from the nanostructure grooves.  
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