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ABSTRACT: Highly integrated micro-nano electronic devices suffer from severe heat dissipation challenges, and flow
cooling in nanochannels is an effective solution. During convective heat transfer at liquid-solid interfaces, surface
wettability and rough morphology are key parameters governing thermal transport; however, their combined effects
remain unclear. In this study, molecular dynamics simulations are utilized to examine the synergistic effects of surface
wettability and nanopillar arrays on thermal transport and fluid dynamics within nanochannels. The results show that
increasing surface hydrophilicity and roughness reduces the thermal slip length and increases the Nusselt number,
thereby enhancing heat transfer performance in the nanochannel. From a fluid dynamics standpoint, velocity slip
length decreases while the relative friction coefficient increases, signifying greater flow resistance. For the present
model, the enhancement in heat transfer induced by increased wettability is significantly greater than that caused
by increased roughness, whereas their effects on flow resistance are difficult to distinguish the dominance. At the
microscale, increased wettability and roughness facilitate the accumulation of fluid atoms near the liquid-solid interface.
The elevated interaction energy between solid platinum atoms and fluid argon atoms is identified as the primary
mechanism underlying thermal transport enhancement in nanochannels. This investigation offers valuable insights for
the optimized thermal management of micro-nano electronic devices.

KEYWORDS: Nanochannel; nanopillar arrays; heat transfer; flow resistance; molecular dynamics

1 Introduction

The increasing integration of micro-nano electronic devices drives a pressing need for more efficient
heat dissipation [I]. Enhancing convective heat transfer at the micro-nano scale is a key approach to
addressing thermal management challenges. therefore, an increasing number of scientists are focusing
on improving the convective heat transfer process of micro-nano channels [2-5]. Unlike conventional
macroscopic systems, molecular interactions dominate fluid flow and heat transfer at micro-nano scales.
Factors neglected at the macroscopic scale must be reconsidered, including fluid compressibility, interfacial
thermal resistance, thermal slip, and velocity slip [6]. At present, studies on convective heat transfer in
micro-nano channels mainly focus on microscale channels, whereas investigations of nanochannels remain
limited, primarily due to the difficulty of experimentally measuring parameters within nanochannels using
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conventional techniques. Rooted in classical Newtonian mechanics to describe particle motions, molecular
dynamics (MD) simulation has played an instrumental role in recent scientific efforts to elucidate flow and
heat transfer mechanisms in nanochannels [7-9].

In 2005, Markvoort et al. [10] first proposed a nanochannel convective heat transfer model based
on the MD method. Their study demonstrated that solid-liquid interactions play a crucial role in heat
transfer characteristics, and hydrophilic surfaces are more favorable for enhancing heat transfer between
nanochannel walls and the fluid. In the same year, Ge et al. [11] improved the model proposed by Markvoort
et al. by rearranging the temperature control region and the external force region, thereby enabling precise
control of the fluid inlet temperature. At present, most MD simulations of nanochannel heat transfer are
based on the model developed by Ge et al. Convective heat transfer performance in nanochannels is governed
by a multitude of factors, including surface wettability [12-14], surface nanostructures [15-17], and channel
size [18,19]. Velocity slip is defined as the tangential velocity discrepancy between the working fluid and
the solid boundary at the liquid-solid interface during channel flow. In convection systems at the nano
scale, the slip length is comparable to the characteristic length scale of the system. therefore, velocity slip
cannot be neglected and significantly affects nanoscale convection behavior [20,21]. Using MD simulations,
Toghraie Semiromi and Azimian [22] studied liquid argon flow in nanochannels and revealed that the
interfacial slip length is positively correlated with the applied driving force. In 1941, Kapitza [23] discovered
and introduced the concept of interfacial thermal resistance at the interface between liquid helium and
solid walls. Interfacial thermal resistance is defined as the ratio of the interfacial thermal slip to the heat
flux per unit area per unit time. Ma et al. [24] studied the interfacial thermal conductance between silica
and water and reported that increased wettability leads to a higher average number of hydrogen bonds in
water molecules, inducing structural changes in the interfacial water layer and thereby enhancing interfacial
heat transport. With respect to surface roughness, Lin et al. [25] showed that rough nanostructures can
reduce interfacial thermal resistance. Rashidi et al. [15] investigated the effect of rough surfaces on the
condensation rate and the number of atoms causing liquid phase movement. The results show that the
condensation flow rate in rough nanochannels depends on the geometry and height of the roughness, so by
increasing the roughness height, the flow is more significantly affected. Zhang et al. [26] developed a model
for pressure-driven flow in nanochannels with inward/outward semicircular surface roughness. Their study
showed that inward roughness increased flow resistance, reduced velocity, and led to local ion accumulation,
whereas outward roughness caused only minor flow disturbances, with ions accumulating within the rough
structures. Li et al. [27] found that fluid flow has little effect on the interfacial thermal resistance of atomically
smooth channels, but reduces it in rough channels. This difference is attributed to variations in the flow
and temperature fields. Rough morphology disturbs the parallel flow of the fluid and suppresses thermal
vibrations of the interfacial fluid.

The question of whether the combined effect of wall wettability and roughness on nanochannel heat
transport resembles the outcome of a single variable has drawn interest from researchers. Song et al. [9]
constructed a flow simulation framework incorporating varied wall wettability levels and rough surface
topographies; their findings indicated that elevated wall wettability and surface roughness strengthen
thermal exchange between the solid boundary and the fluid. Miao et al. [28] used MD simulations to
investigate liquid argon flow and heat transfer in nanochannels with random roughness, demonstrating
that both surface wettability and rough structure significantly affect temperature distribution, thermal
slip, flow resistance, and velocity slip. Yao et al. [29] reported that rough morphologies are responsible
for enhanced heat conduction and flow resistance, originating from the restriction of fluid atom motion
by nanostructured grooves. In contrast, strong solid-liquid interactions improve heat conduction while
increasing flow resistance, which is attributed to enhanced interfacial adsorption. Qin et al. [30] employed
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water as the working fluid and established a coupled model of nanostructures and wall wettability, attributing
the enhancement of heat transfer to increases in fluid density, hydrogen bond number, and solid-liquid
interaction energy. Nanopillar arrays, as a form of surface roughness, exhibit excellent thermal conduction
performance [31,32]. However, they have not yet been investigated in nanochannel convective heat transfer
simulations. In the above studies, most works lack a systematic analysis of the extent to which roughness
enhance heat transfer while affecting flow resistance. Moreover, the mechanism by which wall wettability
coupled with nanopillar array roughness influences the overall heat transfer performance in nanochannels
remains unclear.

In this study, nanopillar arrays are introduced on nanochannel surfaces to modify wall roughness.
Four nanopillar array surfaces under strong and weak wettability conditions are designed to construct a
coupled model of surface nanostructures and wall wettability. The results indicate that, for the present
model, heat transfer is dominated by wettability, whereas flow resistance exhibits an inconsistency between
wettability and roughness effects. Nanopillar arrays significantly enhance heat transfer while relatively
avoiding excessive suppression of fluid flow.

2 Calculation Model and Method
2.1 Model Construction and Simulation Parameters

The simulation model (Fig. 1) features a nanochannel filled with argon atoms at a density of 1.2 g/cm’.
The walls are represented by six layers of platinum atoms per side, arranged in a face-centered cubic (FCC)
structure with a lattice constant § of 3.923 A. Argon atoms with an average density of 1.2 g/cm? are used as
the working fluid. The simulation box dimensions are Ly =100 x §, Ly = 15 x §, and L, = 37 x § (X* = L/9,
Y* =1,/ 8, Z* = 1,/9), and the thickness of each wall is 3. The two outermost platinum atomic layers at the
system boundaries were designated as stationary boundary regions to mitigate structural deformation within
the simulation domain, whereas the remaining platinum atoms were assigned the role of thermal sources
and regulated via a Langevin thermostat. Periodic boundary conditions were implemented along the x and y
axes, whereas non-periodic boundary conditions were adopted along the z axis. Arrays of nanopillar arrays
were patterned on the channel walls, as depicted in Fig. 2, and the detailed parameters of the four roughness
cases are listed in Table 1.

uf,x (z) uf,x (z)
1 1

Fixed
wall

Outlet

Figure 1: Schematic diagram of simulation system.
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Figure 2: Schematic diagram of surface roughness structure of nanochannel (nanopillar array).

Table 1: Geometric parameters of nanopillar arrays under different roughness conditions.

Particle Sl Sz 1 h W] Wz
Casel / / / / / /
Case 2 1.58 1.58 158 20 54 2.58
Case 3 1.58 1.58 1086 26 58 2.56
Case 4 1.58 1.58 78 26 56 2.58

Fig. 1 illustrates that the computational domain along the x-axis is partitioned into three distinct
segments: a force application region, a temperature resetting zone, and a data collection region. The force
application segment spans from 0 to 38 along the x-axis, where a steady force of 1.2 pN is exerted on the argon
atoms. The temperature resetting region spans from 39 to 66 along the x direction. Within this zone, argon
atoms undergo temperature resetting and are maintained at 200 K via thermostatting, without disturbing
the flow direction. The region from 66 to 1008 along the x-direction is defined as the data acquisition region,
where temperature and velocity data are collected for analysis.

This study performs MD simulations based on the LAMMPS software package [33]. The 12-6 Lennard-
Jones (L-]) potential is employed to describe Pt—-Pt and Ar—Ar interactions [17]. For the Pt-Ar interaction, the
Lorentz—Berthelot mixing rules are employed. The cutoff distance is set to 0.1 nm. The interaction strength
between platinum and argon is adjusted by varying «, thereby tuning the wettability of the platinum surface.
Wettability is characterized by the contact angle. To adjust the wettability of the platinum surface, weak
wettability is defined as a contact angle of 68.5° at & = 0.5, and strong wettability is defined as a contact angle
of18.4° ata = 1.

oo w2

In the equation, ¢ is the energy parameter, « is the adjustment factor for regulating the coupling strength
between Pt and Ar, o is the distance parameter, and r denotes the interatomic distance. The Lennard-Jones
(L-J) potential parameters employed for the atomic interactions in this study are listed in Table 2.
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Table 2: L-J parameters for Pt-Ar solid-liquid interactions.

Particle € (ev) o (nm)
Pt-Pt 0.521 2.475
Ar-Ar 0.0104 3.405
Pt-Ar 0.074 2.940

2.2 Simulation Details

The computational simulation workflow proceeds as outlined below. (1) Energy minimization is first
performed to obtain a stable initial configuration. (2) The simulation was performed within the canonical
(NVT) ensemble, with the system temperature controlled at 300 K by a thermostat over a period of 1 ns.
(3) Subsequently, atoms in the boundary regions are fixed, and the system is switched to the microcanonical
(NVE) ensemble. A Langevin thermostat is employed to regulate the temperatures of the heat source region
and temperature resetting region to 300 and 200 K, respectively, while a constant driving force is applied
to atoms in the force region for a duration of 3 ns. (4) Ultimately, the system is operated for 4 ns under
the NVE ensemble to facilitate data collection. The simulation time step is set to 1 fs, with atomic positions
updated via the standard velocity-verlet algorithm [34]. The simulation domain is divided into 100 bins along
the x direction and 37 layers along the z direction, resulting in grid cells of size § x 158 x § (x x y x z).
Fluid properties within each cell are recorded to analyze heat transfer and flow behavior in the nanochannel.
Simulation data are output every 1000 time steps, and visualization of atomic trajectories was performed
using the open visualization software VMD [35].

3 Results and Discussion

3.1 Effect of Wettability and Rough Morphology Coupling on Temperature Characteristics in
Nanochannels

To examine the synergistic impact of wettability and rough morphology on thermal transport within
nanochannels, two-dimensional temperature profiles along the flow direction across various simulation
models are illustrated in Fig. 3. Under all models, the fluid temperature increases in the force region and is
then reset to 200 K in the temperature resetting region. In the data acquisition region, the fluid exchanges
heat with the high-temperature walls. The low-temperature zone near the outlet is caused by axial heat
conduction, which is consistent with previous studies [36,37]. For the same roughness configuration, the fluid
temperature in strongly wetting nanochannels is significantly higher than that in weakly wetting ones. This is
attributed to stronger adsorption of fluid atoms by solid atoms, which promotes more effective heat exchange.
For the same wettability, higher wall roughness leads to more pronounced fluid temperature development.
The increased number of nanopillar arrays enlarges the solid-fluid contact area, enhances atomic collisions,
and facilitates efficient energy transfer between solid and fluid atoms at the interface. Notably, Case
4 — a =1 exhibits the largest high-temperature region, indicating the most developed temperature field.
This demonstrates that increasing both wettability and interfacial roughness is beneficial for heat exchange
in nanochannels.
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Figure 3: Two-dimensional temperature distributions; (a-h) nanochannels with different roughness and wettability.

Fig. 4 presents the one-dimensional temperature distributions along the z direction at different x
positions. At X* = 6, the temperatures of all models are mainly within 200-205 K, indicating effective
temperature control in the temperature resetting region. Since heat is transferred from the high-temperature
walls to the low-temperature fluid, the maximum fluid temperature appears near the wall. The highest
temperature in Case 1 — a = 4 is approximately 292 K, which is the largest among all models. The
maximum temperature in Case 1 — a = 1 is about 280 K, which is even higher than that of Case 4 — a = 0.5
(271 K). The temperature distributions along the z direction at X* = 85.5 for all models are shown in Fig. 5a.
At the same cross-section, the lowest temperature distribution is observed in the weakly wetting smooth
nanochannel, whereas the highest temperature distribution occurs in the strongly wetting nanochannel with
the largest roughness. Combined with Fig. 3, it can be concluded that, in this study, the effect of wettability
on heat transfer is much more significant than that of wall roughness.
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Figure 4: Temperature distributions along the z direction at different x positions; (a-h) nanochannels with different

roughness and wettability.
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Figure 5: (a) Temperature distributions of different models at X* = 85.5; (b) local average temperatures of different
models.

To investigate the fluid temperature variation along the flow direction, the local average fluid tem-
perature in this direction, denoted as T,,., is defined. Its calculation formula is given as follows [38]:

/oH cppux (x,2) T (x,2) dz
foH cppx (x,2)dz

Tave (X) = (2)

In the equation, 0 and H denote the lower and upper boundaries of the fluid region in the nanochannel,
respectively. ¢, is the specific heat capacity of the fluid and is assumed to be constant. p is the fluid density,
while u, (x,z) and T (x, z) represent the local average velocity and temperature of the fluid, respectively.

The results are shown in Fig. 5b. Owing to the applied constant driving force, the average temperature
near the inlet of the nanochannel is much higher than 200 K, which highlights the necessity of temperature
resetting. From X* = 6 to X* = 90, the local average temperature develops along the flow direction. A
temperature decrease is observed in the region from X* = 90 to X* = 100, which is caused by axial heat
conduction. The highest local average temperature is obtained for Case 4 — a= 1, followed by Case 3 - a =1
and 4 — «a =1, which is consistent with the previous discussion. Clearly, as the nanochannel surface exhibits
greater hydrophilicity and the density of surface nanopillar arrays rises, the locally averaged temperature
along the flow direction evolves more substantially and attains higher peak temperatures. This indicates
improved temperature field development and enhanced heat transfer within the nanochannel.

As shown in Figs. 4 and 5a, the temperature difference between the fluid and the wall appears at the
solid-liquid interface. To quantitatively investigate the correlation between this temperature discrepancy and
interfacial thermal resistance, the thermal slip length (/i) is introduced to describe the thermal slip response
of the fluid. The corresponding definition is given in Eq. (8) [39]. The Nusselt (Nu) number is utilized
to assess the magnitude of convective thermal transport within the nanochannel, with values computed
via Eq. (5) [40], here, h(x) represents the local convective heat transfer coefficient derived from Eq. (4). The
calculation range for both Nu number and Iy is selected from X* = 45 to X* = 85.

_ h(x) Dh

N
" h)

®3)

A oT

h(x) = (Ts — Taye (x)) 02|,

4)
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In the equation, Dy, is the characteristic dimension of the nanochannel, where Dy = 2H for a smooth
channel and Dy, = 2H + 2h for a rough channel. X represents the thermal conductivity of the working fluid,
and 0T/0z|,, corresponds to the fluid temperature gradient at the liquid-solid interface. T signifies the
temperature of the solid boundary.

AT
Ik = 57 (6)

0z lw

Within this formula, I; is the thermal slip length, and AT denotes the thermal slip at the liquid-solid
interface, which is defined as the discrepancy between the fluid temperature and the boundary temperature.
AT is determined by fitting the fluid temperature profile in the core flow region using a fourth-order
polynomial, then extrapolating this fit to the liquid-solid interface.

As shown in Fig. 6a,b. the thermal slip length decreases markedly with increasing wettability and
roughness, while the Nu number exhibits an increasing trend. This indicates a significant enhancement of
interfacial heat transfer in the nanochannel. When the wettability of a smooth nanochannel changes from
weak to strong, the thermal slip length decreases by 50.76%, and the corresponding Nu number increases by
35.09%. This demonstrates that more hydrophilic surfaces induce stronger solid-fluid interactions and thus
more efficient heat exchange. Under weak wettability conditions, increasing roughness from Case 1 to Case
4 reduces the thermal slip length by 37.06% and increases Nu number by 31.24%. In contrast, under strong
wettability conditions, the thermal slip length decreases by 56.45% and Nu number increases by 53.81%. The
comparison indicates that roughness-induced heat transfer enhancement is more pronounced under strong
wettability than under weak wettability. The thermal slip length of Case 1 — a =1 is smaller than that of
Case 4 — a = 0.5, while its local Nu number is higher. This confirms that, in the present study, the influence
of wettability on heat transfer is much greater than that of surface roughness, with wettability playing a
dominant role. This behavior results from the specific selection of the wettability tuning factor and roughness
magnitude in this work.

(a) (b)
35 10
—&— ¢=0.5 —— ¢=0.5
—o— o=1.0 —0— 0=1.0
30 sl
25 F
6F
< 5l s

W
=]

-
(5]
w
~
-
[ 8]
w
S

Case Case

Figure 6: Under different wettability and roughness conditions (a) Thermal slip length; (b) Nu number.
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3.2 Effect of Wettability and Rough Morphology Coupling on Flow Characteristics in Nanochannels

Fluid velocity profiles within nanochannels represent a critical parameter for describing fluid transport
dynamics. Fig. 7 shows the two-dimensional velocity distributions along the flow direction for different
models. Under all models, the fluid flow in the nanochannels is fully developed, with only minor velocity
gradients along the x direction. In contrast, pronounced velocity gradients appear near the solid-liquid
interface along the z direction. For the same roughness configuration, increasing wettability reduces the
area of high-velocity regions. This is because enhanced interfacial hydrophilicity restricts the motion of fluid
atoms, leading to a slower development of the velocity field. For the same wettability, higher wall roughness
also decreases the area of high-velocity regions. This indicates that increasing the density of surface nanopillar
arrays promotes stronger confinement of argon atoms near the solid surface, thereby hindering fluid flow.

@ a=0.5 ©
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Figure 7: Two-dimensional velocity distributions; (a-h) nanochannels with different roughness and wettability.

To further analyze variations in flow characteristics within the nanochannel, the development of the
velocity field is quantitatively examined. Fig. 8 illustrates one-dimensional velocity profiles along the z-axis
at distinct x locations. The maximum velocity in Case 1 — « = 0.5 is the highest among all cases, reaching
approximately 104.08 m/s (1.04 A/ps). The maximum velocity in Case 1 — & = 1 is 91.45 m/s, while that in Case
2 —a = 0.5 is 87.57 m/s. For these three models, changes in roughness have a more pronounced effect on the
flow velocity. The maximum velocity in Case 3 — a = 0.5 is 81.67 m/s, that in Case 3 — a = 1is 79.01 m/s, and
that in Case 4 —a = 0.5 is 80.18 m/s. For these models, variations in wettability have a greater influence on
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the flow velocity. Therefore, when both wettability and rough surface structures vary simultaneously, their
effects on nanochannel flow are not consistent.
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Figure 8: Velocity distributions along the z direction at different x positions; (a-h) nanochannels with different
roughness and wettability.

Velocity profiles along the z-axis at X* = 85.5 across all simulation models are presented in Fig. 9.
Combined with Fig. 5a. it becomes clear that the evolution trend of the velocity field is the inverse of that
observed for the temperature field. While increased wettability and surface roughness reduce interfacial
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thermal resistance and enhance heat transfer, they also impose a certain degree of resistance to fluid
flow. For the same wettability, clear differences in the core-region velocity are observed under different
roughness conditions. In contrast, in the near-wall region, the velocity differences are relatively small due
to confinement by surface roughness. This indicates that the influence of different rough structures on the
velocity field is mainly manifested in the core flow region. From Figs. 8 and 9, it is evident that the fluid
velocity at the wall is not zero, confirming the existence of velocity slip at the solid-liquid interface.

15

0
Case 1,a=0.5

Figure 9: Velocity distributions of different models at X* = 85.5.

To further investigate the impacts of wettability-roughness synergy on flow impedance within
nanochannels, the velocity slip length and relative friction coefficient are computed to describe interfacial
microscale dynamics. The corresponding definitions are given in Eqs. (7) and (10) [29]. Here, I; denotes
the velocity slip length, f is the friction coeflicient, and f* represents the relative friction coefficient. The
calculation range for both Is and f* is selected from X* = 45 to X* = 85.

Aug

duy
aZW

Iy = (7)

In the equations, Au, and du,/dz|, are obtained by fitting the velocity distribution in the core flow
region with a second-order polynomial function and extrapolating it to the solid-liquid interface.

i ®)
S
F..:D

f: : th (9)

In the equations, AP is the pressure difference along the flow direction, L, is the nanochannel length,
and um is the mean fluid velocity. Since fluid flow in the nanochannel is driven by a constant external force
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F,, applied along the x direction, NF,,; ~ (AP)A, where N represents the total number of fluid atoms and
A denotes the cross-sectional area of the channel. On this basis, the friction coefficient can be simplified as
presented in Eq. (9).

L
fo
The calculated results are shown in Fig. 10a. Increasing wettability and roughness both reduce the

velocity slip length, which is consistent with the velocity distribution results. Under weak wettability

conditions, increasing roughness from Case 1 to Case 4 decreases the velocity slip length by 119.44% and
increases the relative friction coefficient by 29.51%. Under strong wettability conditions, the velocity slip

length decreases by 248.15% and the relative friction coeflicient increases by 37%, indicating that roughness
has a more pronounced effect on velocity slip under strong wettability.

f* (10)

(a) (b)
1.0 2.0
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Figure 10: (a) Velocity slip length; (b) relative friction coefficient. The blue dashed line denotes the relative friction
coeflicient of the smooth nanochannel under strong wettability.

As depicted in Fig. 10b, the relative friction coefficient of Case 2 — a = 0.5 is 1.07, which is higher than
that of Case 1 — « = 1. This differs from the heat transfer results, where wettability plays a dominant role.
Both surface wettability and roughness impose significant resistance to fluid flow in nanochannels. This is
because stronger surface hydrophilicity and denser nanopillar arrays hinder the motion of fluid atoms near
the interface. In this study, the combined effects of surface wettability and roughness on flow resistance in
nanochannels show no obvious dominant-subordinate relationship.

3.3 Overall Heat Transfer Performance

To enable a direct comparison of the synergistic impacts of surface wettability and roughness on thermal
transport and flow impedance in nanochannels, the Nu number and relative friction coeflicient of a smooth
nanochannel under high wettability conditions are designated as baseline values. The variation ratios under
other conditions are illustrated in Fig. 11a. Clearly, Case 4 — a = 1 exhibits the largest increases in both
Nu number and relative friction coeflicient, reaching 117% and 49%, respectively. High surface wettability
and roughness promote enhanced thermal transport but impede the reduction of flow drag. Although Case
1 — a = 0.5 has the lowest flow resistance, its Nu number decreases by 14% relative to the reference value.
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Compared with Case 3 — a =1, Case 4 — a = 1 shows only a 3% increase in flow resistance, while Nu number
increases by 35%. This indicates that increasing the nanopillar array from Case 3 to Case 4 slightly impedes
fluid flow but significantly enhances convective heat transfer.

10 2.0
() = (b 2
st
115 15F
6F
3
2 1.0 'k‘\ %: 1.0 |
4t
{os 05r
2
0.0 L 1 1 1
0 0.0 1 2 3 4
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Figure 11: (a) Impacts of wettability and roughness on thermal heat and flow resistance; (b) Performance evaluation
criterion of all cases.

The overall thermal transport performance of the nanochannels is assessed via the Performance
Evaluation Criterion (PEC), defined in Eq. (11) [41,42], and the results are presented in Fig. 11b. The PEC
values differ markedly with wettability, and all models under weak wettability exhibit PEC values lower
than unity. Combined with Fig. 11a, Case 1 — & = 1 shows a 6% higher Nu number and a 21% lower relative
friction coefficient than Case 4 — a = 0.5, indicating that, in this study, improving surface wettability has
a greater impact on overall heat transfer performance than increasing surface roughness. From a lateral
comparison, for the same wettability, increasing roughness exerts a stronger enhancement effect on heat
transfer than its increment effect on flow resistance, leading to higher PEC values with increasing roughness.
This demonstrates that the selected nanopillar arrays in this study provide favorable overall heat transfer
performance.

Nu/Nu

PEC = W (11)

In the equation, Ny, and f, denote the parameters of the smooth nanochannel under strong wettability.

Finally, the interaction energy between wall platinum atoms and fluid argon atoms is calculated
to elucidate the microscopic mechanism from an atomic interaction perspective. The results are shown
in Fig. 12. Platinum atoms and argon atoms attract each other; therefore, the interaction energy is negative [9].
With increasing wettability and surface roughness, the interaction energy is enhanced. Under strong
wettability conditions, the solid-liquid interaction energy of Case 1 — & = 1is —2993.68, while that of Case
4 — a =1 reaches —3941.51, corresponding to an increase of 20.01%. In contrast, for smooth nanochannels,
the interaction energy increases by 148.64% when wettability changes from weak to strong.

As indicated by Fig. 12, wettability has a more pronounced effect on interaction energy than surface
roughness, which is consistent with the above conclusions that wettability plays a dominant role in heat
transfer enhancement in this study. More hydrophilic and rougher solid surfaces significantly increase solid-
liquid atomic interaction energy and thereby strengthen interfacial heat transfer in nanochannels.
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Figure 12: Solid-liquid interaction energy of all cases.

4 Conclusions

In the present work, MD simulations are utilized to examine the synergistic impacts of surface
wettability and rough nanostructures on thermal transport and flow resistance within nanochannels. Key
conclusions from this investigation are outlined below.

(1) Increasing surface hydrophilicity and roughness density significantly enhances heat transfer in
nanochannels, while the fluid flow is correspondingly impeded.

(2)  For the strong and weak wettability conditions and progressively denser nanopillar arrays considered
in this study, wettability plays a dominant role in heat transfer enhancement. In terms of flow
resistance, the effects of wettability and surface roughness are comparable and difficult to distinguish
the dominance.

(3) Under the same wettability condition, the PEC increases with increasing roughness. This indicates
that the heat transfer enhancement induced by increased roughness outweighs the associated increase
in flow resistance, demonstrating that the designed nanopillar arrays exhibit excellent overall heat
transfer performance.
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Nomenclature

L Length of the coordinate axis, [A]
S Diameter, [A]

I Distance between pillars, [A]

h Pillar height, [A]

H Upper boundaries, [A]

T Temperature, [K]

Uy Local average velocity, [m/s]

Nu Nusselt

Ik Thermal slip length, [A]

h(x) Local convective heat transfer coefficient
Dy, Characteristic dimension

I Velocity slip length, [A]

f Friction coeflicient

U Fluid velocity at the interface, [m/s]
F External force, [pN]

N Number of atoms

m Mass, [kg]

Greek symbols

1) Lattice constant, [A]

€ Energy parameter

o Distance parameter

A Thermal conductivity

P Density, [kg/m”’]

AT Thermal slip at the liquid-solid, [K]
AP Pressure difference along the flow direction, [Pa]
Subscripts

ave Averaged value

w Wall

ext External

0 Reference value

Abbreviations

MD Molecular dynamics

FCC Face-centered cubic

PEC Performance Evaluation Criterion
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