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To investigate the effect of surface roughness on the heat transfer mechanism, a molecular dynamics model of heat transfer between solid and liquid interfaces was established in this paper. The temperature distribution, heat flux, thermal resistance, and number density distribution of water molecules in the interface are calculated and discussed systematically. The effects of energy parameters between solid and liquid, and the roughness level of the wall on the heat transfer performance were analyzed. The results show that as the energy parameter rises from 0.413 to 1.651 kcal/mol, the heat flux increases from 1.5 × 109 to 3.2 × 109 Wm−2, and the thermal resistance at the cold and hot ends of the solid-liquid interface demonstrates a decreasing trend from 18.75 × 10−9 to 2.50 × 10−9 Km2·W−1. It indicates that the interaction between solid and liquid is enhanced, and more water molecules gather near the solid-liquid interface, which promotes energy transfer and thus strengthens the heat transfer between solid and liquid. As the depth of surface roughness varies from 1a to 2.5a, the static contact angle of droplets decreases from 69.06° ± 0.28° to 49.98° ± 0.44°, slightly enhancing the hydrophilicity of the rough wall structure. Thus, compared with the smooth wall, the rough wall structure enables more water molecules to come into contact with the wall, thereby increasing the heat transfer area and consequently enhancing the heat flux and reducing the thermal resistance. With the increase of wall roughness, the cold (hot) thermal resistance further decreases from 19.2 (19.7) × 10−9 to 4.9 (5.0) × 10−9 Km2·W−1.
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1 INTRODUCTION
Heat transfer is a process of spontaneous heat exchange caused by temperature difference (Li and Liu, 2012; Zhang et al., 2022). When the heat flow passes through the solid-liquid interface, there will be a temperature step, which is caused by the interfacial thermal resistance between solid and liquid (Chen and Zhang, 2014; Song L. et al., 2022). To achieve the goal of carbon peaking and carbon neutrality, apart from the development and utilization of new energy, enhancing the comprehensive utilization efficiency of energy and adopting certain measures for the efficient recycling of industrial waste heat is also a highly significant approach. In the industrial waste heat recovery system, the heat exchanger is the core equipment. The heat transfer characteristics at the solid-liquid interface also have an impact on the efficiency of waste heat recovery and utilization. Therefore, strengthening the heat transfer at the solid-liquid interface is an effective way to enhance the efficiency of the waste heat recovery and utilization. Besides, with the progress of science and technology, the performance of computers and other electronic equipments have been significantly improved, which has brought great convenience to our lives and scientific research work. However, the electronic equipment will generate a lot of heat during its operation, which results in high temperature, and heat flux concentration of micro- and nano-electronic components, seriously affecting its service life. Therefore, it puts forward higher requirements for enhancing heat transfer at the micro and nano scale (Su et al., 2024; Warzoha et al., 2021).
It is proved that changing the structural characteristics of the surface is an important method to enhance the heat transfer characteristics at the solid-liquid interface (Yin et al., 2019a; Cao and Cui, 2019; Liu et al., 2020), which is widely used in the heat dissipation of micro and nano components (Liu et al., 2019; Sun et al., 2020). The experimental system for microscale heat transfer at the solid-liquid interfaces is complex and expensive to construct. With the development of computers, molecular simulation methods can be used to overcome such difficulties. In recent years, many researchers have adopted molecular dynamics methods to simulate the heat transfer process between solid and liquid interfaces (Qian et al., 2024; Sun et al., 2024; Zhou et al., 2024). In micro/nano scale, there would be an obvious temperature slip at the solid-liquid interface, and the decrease in wettability of the interface would lead to an increase in the thermal resistance (Liu et al., 2024). Kim et al. (2008) proposed a hot wall model based on the actual situation, which simulated the heat exchange process between liquid and solid walls. It was found that when the interaction between liquid and solid surfaces is strong, no temperature slip phenomenon appears at the interface. However, if the interaction is weak or the solid wall is hard, there will be a significant temperature slip at the solid-liquid interface. It indicates that the existence of this temperature slip is related to the strength of the liquid-solid interaction and is also affected by the stiffness of the solid wall. He et al. (2011) used the non-equilibrium molecular dynamics method to investigate the heat transfer phenomenon at the rough solid-liquid interface at the nanoscale and analyzed the influence of the wettability of the wall surface on the heat transfer at the solid-liquid interface. Tang et al. (2021) took ionic liquid as the research object and established a molecular heat transfer model at the interface between electrodes and electrolytes. Their results show that when the electrode is charged, a stable double-layer charge structure is formed near the electrode, which increases the heat transfer efficiency at the interface. Li et al. (2022) found that increasing the interface coupling strength or placing nanostructures on the solid interface could enhance the interface heat transfer.
There has been some research on heat transfer at solid-liquid interfaces analyzing the effects of interfacial forces, wall wettability, temperature gradients, surface roughness and other factors on the heat transfer at solid-liquid interfaces. Especially for the studies on the effect of rough wall surfaces on the heat transfer characteristics of the solid-liquid interface, most of the studies model the walls with simple zigzag, rectangular or trapezoidal shapes, where the structure of the rough wall exists in the form of a bump. However, there are few reports related to the research of rough walls with the structure of both convex and concave shapes. Aims to reveal the influence of the depth of convex and concave structures on heat transfer at the solid-liquid interface, in this paper, the shape of the interface is selected with a structure similar to the sine curve distribution, and molecular dynamics method was applied to simulate the heat transfer process between solid and liquid. And the influence of surface wettability and the depth of wall roughness on the heat transfer process at the solid-liquid interface were investigated. The temperature distribution, heat flux, solid-liquid thermal resistance, and number density profiles of water molecules under different working conditions were also calculated to reveal the heat transfer enhancement mechanisms.
2 MODEL AND SIMULATION METHOD
2.1 Model
The system diagram of heat transfer simulation at the solid-liquid interface is shown in Figure 1. The whole heat transfer system consists of two parts: solid and liquid regions. The solid wall is composed of a certain number of copper atoms arranged in face-centered cubic (FCC) form, and the lattice constant of copper atom is set as a = 3.55212 Å. The copper walls at top and bottom sides of the system have the same size of 53.2818 Å (=15a) along both the x and y directions. In order to maintain the stability of the system, two fixed atomic layers with a length of a are arranged at both ends of the solid wall. Next to the fixed layers, three layers of copper atoms are defined as the heat and cold source regions respectively along z direction, which can drive the system to generate heat flow. The thickness of the cold and heat source region is a. The rest of the solid area is the heat transfer layer.
[image: Figure 1]FIGURE 1 | The system model of heat transfer at solid-liquid interface.
In order to explore the influence of rough structure on the interfacial heat transfer, four kinds of rough surfaces were constructed. Taking the rough solid wall marked H1.5a in Figure 2 as an example, the construction method of the rough solid walls is described as follows. The surface of rough wall presents a regular convex and convex structure, that is, the distribution of rough elements along the x and y direction follows sine and cosine law respectively, and the fluctuation height of the rough structure is equal to the depression depth. The length of change period is held constant to be T (T = 8a) for both x and y directions, where a is the lattice constant of copper atom, a = 3.552 Å. Four kinds of rough wall surfaces, marked as H1a, H1.5a, H2a and H2.5a in Figure 2, can be obtained by changing the height of rough element to be a, 1.5a, 2a and 2.5a respectively. It is noted that the amplitudes of convex and concave structure are equal for one specified roughness.
[image: Figure 2]FIGURE 2 | Rough surfaces and rough element model (take H1.5a as an example).
The liquid region is composed of 6,700 water molecules, and the SPC/E model is used to describe the movement of water molecules, which has been successfully applied in the research of wetting and heat transfer of droplets (Song et al., 2020). The Shake algorithm is used to fix the bond length and bond angle of water molecules. For SPC/E model of water molecules, the length of hydrogen/oxygen bond is 0.10 nm and the angle of bond is 109.47°. The interaction potential function between water molecules is determined by:
[image: image]
In Equation 1, the first term calculates the coulomb force between charged atoms, where qi and qj are the charge quantity of atom i and j respectively, rij represents the distance between atoms i and j, and ε0 is the vacuum dielectric constant; The second term is the potential energy and is used to calculate the short-range van der Waals forces that exist between oxygen atoms. The effect of force generated by hydrogen atoms is ignored due to their small mass. σoo and εoo represent the scale and energy parameters of the interaction between oxygen atoms, respectively. Table 1 shows the interaction parameters of each atom in the potential function.
TABLE 1 | The interaction parameters of each atom in the potential function.
[image: Table 1]The interaction between the oxygen atom of the water molecule and the copper atom of the wall is characterized by the modified L-J potential function as shown in Equation 2:
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where the parameters σcu−o and εcu−o are calculated by Lorentz-Bertholet mixed rules (Song et al., 2023) according to Equations 3, 4:
[image: image]
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2.2 Simulation method
In this paper, the simulation of molecular dynamics was calculated by LAMMPS software (Boone et al., 2019; Song et al., 2025). Periodic boundary conditions are applied in all three directions xyz. In the z direction, the presence of upper and lower copper walls has a binding effect on the internal water molecules, and the internal water molecules will not cross the copper walls. Therefore, taking periodic boundary conditions in the z direction doesn't affect the heat transfer. The Velocity-Verlet algorithm is used to solve the Newton equation, and the time step is 1 fs. The truncation radius employed for calculating the interaction of LJ and Coulomb is 1.5 nm, where the long-range electrostatic force is modified by the PPPM method. In the simulation, the whole process of heat transfer is divided into three stages: relaxation equilibrium, heat transfer, and data acquisition. In the relaxation equilibrium process, the NVT ensemble and Nose-Hoover thermostat (Liu et al., 2021) were used to control the temperature of the whole system at 300 K. The system was fully relaxed and reached equilibrium during the simulation time of 1 ns. In the heat transfer process, the simulation system was set to be NVE ensemble. Langevin temperature control (Yin et al., 2019b) is used to control the temperature of cold and hot source regions at 280 and 360 K, respectively. The simulation time for this process is 4 ns. In the data collection process, atomic information is output and stored every 1,000 steps. The particle information is averaged every 200,000 steps in order to obtain the parameters of temperature, heat flux, and thermal resistance at the solid-liquid interface.
The heat flux along the heat transfer direction can be calculated according to Equation 5, Wu et al. (2020):
[image: image]
where A is the cross-sectional area perpendicular to the direction of heat transfer, Δt is the simulation time of heat transfer, and ΔE is the heat added or removed at each step by cold and hot sources. The thermal resistance at the solid-liquid interface can be calculated according to Equation 6, Qian et al. (2018), Yang and Cao (2024):
[image: image]
where ∆T is the temperature step at the solid-liquid interface, and q is the heat flux of heat transfer system. In this paper, the temperature of the cold and hot source area is set at 280 and 360 K respectively by trade-offs of accuracy and computational efficiency.
2.3 Validation
To validate this simulation model, we constructed a molecular dynamics model of nano water droplets wetting on a smooth copper solid wall, and an equilibrium contact angle was obtained based on the statistical analysis of droplet density distribution. It was found that the equilibrium contact angle of the droplet on the copper wall was approximately 76.48° ± 0.63°, which was in good accordance with the results in the literature (Hong et al., 1994).
3 RESULTS AND DISCUSSION
In order to ensure the rationality and accuracy of simulated heat transfer, it is noted that the temperature difference between the cold and hot source regions should be set reasonably to ensure that micro-nano droplets will not undergo phase change during the heat transfer process.
3.1 Effect of solid-liquid energy parameters on heat transfer
The solid wall in the solid-liquid interface heat transfer model is constructed with copper wall atomic configuration, in order to discuss the influence of different wettability walls on the solid-liquid interface heat transfer. The wettability of the solid wall can be determined by changing the energy parameters of the solid-liquid interface, which can simplify the model and save the simulation time. Therefore, ε1 = 0.413, ε2 = 0.619, ε3 = 0.826, ε4 = 1.238 and ε5 = 1.651 kcal/mol are selected to represent the five kinds of wall surfaces with different wettability. Obviously, the wettability of the surface assigned with a larger energy parameter(ε) is better than the surface assigned with a smaller ε.
At the beginning of simulation, driven by the temperature difference, the micro and nano droplets carried out the heat absorption and release process on the cold and hot wall respectively, which gradually approaches the steady state. When the heat transfer reaches equilibrium, the block average method (Song F. H. et al., 2022) is used to calculate the temperature distribution of the entire heat transfer system. Figure 3 shows the temperature distribution of the solid and liquid regions, together with the corresponding heat flux of the system.
[image: Figure 3]FIGURE 3 | The temperature and heat flux distribution of the system under different solid-liquid energy parameters: (A) ε1 = 0.413, (B) ε2 = 0.619, (C) ε3 = 0.826, (D) ε4 = 1.238, (E) ε5 = 1.651, and (F) heat flux.
As shown in Figures 3A–E, the slope of the temperature distribution in the liquid region is significantly greater than that on the solid wall, indicating that the thermal conductivity of the solid is much greater than that of the liquid. There is an obvious temperature discontinuity at the solid-liquid interface, that is, the temperature slip, which is due to the thermal resistance at the solid-liquid interface. When the energy parameters increases from ε1 to ε5, the temperature in the liquid region rises at a larger slope, and the temperature slip at the solid-liquid interface presents an obvious decreasing trend. The heat flux of the system is computed by Equation 5, and the outcomes are presented in Figure 3F. It can be observed that the heat flux rises when the energy parameter is increased, however, the increase is decreasing.
It can be seen that under different energy parameters, the temperature distribution of the heat transfer system conforms to the linear distribution law, so the Fourier thermal conductivity law can be used to calculate the thermal resistance at the solid-liquid interface. Based on the temperature slip and the corresponding heat flux depicted in Figure 3, the thermal resistance at the hot and cold ends of the solid-liquid interface can be computed by Equation 6. The results are shown in Figure 4. Obviously, the thermal resistance at the hot and cold ends tends to be equal, and as the solid-liquid energy parameter increases from 0.413 to 1.651 kcal·mol−1, the thermal resistance at the cold and hot ends of the solid-liquid interface shows a decreasing trend from 18.75 × 10−9 K·m2·W−1to 2.50 × 10−9 K·m2·W−1.
[image: Figure 4]FIGURE 4 | The thermal resistances at the cold and hot ends under different solid-liquid energy parameters.
When the heat transfer attains a stable equilibrium, the number density distribution of water molecules along the heat transfer direction is also computed, as shown in Figure 5. In the middle of the system, the distribution of water molecules is relatively uniform and stable, while the peak emerges at the solid-liquid interfaces at both ends of the system. The reason for this phenomenon is that, attracted by the solid wall, a large number of water molecules gather near the solid-liquid interface. As the solid-liquid energy parameters increase, the force exerted by water molecules on solid walls intensifies, therefore, more and more water molecules accumulate near the solid-liquid interface. Meanwhile, it also reasonably explains the phenomenon of liquid temperature slip near the solid-liquid interface in Figure 2.
[image: Figure 5]FIGURE 5 | The number density distribution of water molecules along the heat transfer direction under different solid-liquid energy parameters.
3.2 Effect of wall roughness on heat transfer
In order to investigate the effect of wall roughness on heat transfer, four different roughness levels were set on the solid walls at both ends of the heat transfer system, and the heat transfer simulations of liquid on smooth and four rough surfaces were carried out. The energy parameter between the copper atom of wall and the oxygen atom of the water molecule was set to be fixed, εcu-o = 0.413 kcal/mol.
To explain the effect of surface roughness, it is important to make clear the relationship between the surface roughness and the surface wettability. The molecular dynamics models of nanodroplets wetting on different rough surfaces were constructed, and the static contact angle of the nanodroplets at equilibrium state was calculated according to the density counter, as discussed in our previous studies (Song F. H. et al., 2022), and then the influence of rough surface on heat transfer was further analyzed according to the changes in the wettability of rough walls. Figure 6 shows the simulated snapshot of the equilibrium state of nano-water droplets wetting on the rough surface and the corresponding contact angles under different working conditions.
[image: Figure 6]FIGURE 6 | (A) Simulation snapshots of equilibrium state of nano-water droplets wetting on different rough surfaces and (B) the corresponding static contact angles.
As can be seen from Figure 6, the droplets show different wetting states on surfaces with different roughness. Water molecules tend to accumulate in uneven areas due to the strong attraction of surface atoms. According to the distribution of the equilibrium wetting contact angle of nanodroplets on different rough surfaces, it can be seen that the static contact angle of droplets shows a decreasing trend with the increase of surface fluctuation and depression depth, that is, the hydrophilicity of the surface slightly increases with the increase of fluctuation and depression depth of rough surface. The corresponding contact angles are 69.06° ± 0.28°, 57.95° ± 0.93°, 56.44° ± 0.67° and 49.98° ± 0.44° for the roughness surfaces H1a, H1.5a, H2a, and H2.5a respectively.
Figure 7 shows the variation of solid-liquid interaction energy with time under different rough surface conditions. It can be seen that when the droplet contacts with the rough surface, the water molecules start to wet and spread under the interaction of the wall surface, and the wetting contact area increases, so does the solid-liquid interaction energy. The solid-liquid interaction energy tends to be stable when the droplet wetting reaches equilibrium. Moreover, when the depth of the rough surface increases, more water molecules enter the grooves on the surface, the actual contact area between the droplet and the solid surface becomes larger, and the solid-liquid interaction could be enhanced, which leads to a stronger attraction from the solid substrate, stronger hydrophilicity of the surface, and a decrease in the wetting contact angle.
[image: Figure 7]FIGURE 7 | Variation of solid-liquid interaction energy of nano-droplets on different rough surfaces.
For the heat transfer model, when the heat transfer process reaches a stable equilibrium, the temperature distribution and heat flux of the system are shown in Figure 8. From Figures 8A–E, it is observed that the slopes of the temperature distribution in the liquid region are very close since the same energy parameter is used. Compared to the result of heat transfer on a smooth copper wall (Figure 8A), the temperature distribution overlaps at the solid-liquid interface for rough walls (Figures 8B–E). The reason for this phenomenon is the existence of grooves on the rough walls. During the heat transfer process, some water molecules will enter the groove and form a liquid Mosaic configuration at the solid-liquid interface. As the depth of roughness surface increases, more water molecules enter the grooves, and result in the temperature overlap more obvious. In addition, it is also observed that the temperature slip at the solid-liquid interface is smaller on the rough wall compared to the smooth wall. The comparison of heat flux under different surface roughness is shown in Figure 8F. Clearly, the heat flux increases with the increase of surface roughness. This is because the rough wall surface is more hydrophilic compared to the smooth one and the surface wettability also become to be better as the increase of H, which makes the contact area between the droplet and wall larger, thus promoting the exchange of energy and enlarging the heat flux.
[image: Figure 8]FIGURE 8 | The steady-state temperature distribution (A-E) and heat flux (F) under different levels of wall roughness defined by the height of rough element, H (a) H=0 (plane), (b) H=a, (c) H=1.5a, (d) H=2a, (e) H=2.5a.
Based on the results of temperature and heat flux in Figure 8, the thermal resistance is calculated by Equation 6. The results of thermal resistance at the solid-liquid interface are shown in Figure 9. Similarly, for smooth and rough wall surfaces, the thermal resistance of the cold and hot end has no significant difference. When the heat is transferred on the rough wall surface, the thermal resistance at the hot and cold ends decreases significantly compared with the smooth wall surface, and the thermal resistance decreases further with the increase of wall roughness. For the wall roughness H-2.5a, the corresponding thermal resistance at the cold and hot ends are reduced by 13.5 × 10−9and 14 × 10−9 K ·m2·W−1, respectively, compared to the smooth plane.
[image: Figure 9]FIGURE 9 | The thermal resistance of the cold and hot ends at the solid-liquid interface under different levels of wall roughness.
4 CONCLUSION
In this paper, the non-equilibrium molecular dynamics method is employed to simulate the interfacial heat transfer characteristics of water on a rough wall. The solid-liquid interaction can be represented by changing the energy parameters of solid-liquid interaction. As the energy parameters increase, more water molecules accumulate near the solid-liquid interface, resulting in the augmentation of heat flux from 1.5 × 109 to 3.2 × 109 W ·m−2, and the reduction of the temperature slip and thermal resistance between the solid and the liquid. The effect of solid wall roughness on heat transfer is investigated. Compared with the smooth copper wall, the rough structure can expand the solid-liquid heat transfer area, enabling more water molecules in contact with the solid wall, thereby enhancing heat transfer. With the increase of wall roughness, the heat flux between the solid and the liquid rises, and the temperature slip and interfacial thermal resistance decline. Compare to the smooth wall surface, the thermal resistance at the cold and hot ends is reduced by 14.3 × 10−9 and 14.7 × 10−9 K ·m2·W−1 when the depth of wall roughness is 2.5a. The research findings of this paper offer a novel perspective for enhancing the heat transfer at the solid-liquid interface, and lay a theoretical foundation for the development of micro-nano electronic device cooling technology and the field of waste heat recovery and utilition.
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