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With the continuous improvement of nuclear reactor power, the use of surface microstructures to enhance the heat exchange between the coolant and the solid surface has become the research focus of many researchers. However, the extreme environment inside the core, especially the continuous impact of the high-velocity liquid on the solid surface, poses a severe challenge to the reliable service of the microstructure. To this end, this paper establishes a numerical calculation method for the droplet scouring the solid wall to analyze and evaluate the mechanical feasibility and reliability of the surface microstructure under the impact of high-speed droplets. First of all, the physical process of the liquid droplet scouring the solid surface was described and analyzed, then the mathematical equations which describe the physical process were built by coupling the key physical parameters of the interface such as displacement and stress. Finally, the internal stress distribution and its change trend with and without the microstructure were obtained. The calculation results show that during the process of a droplet hitting the solid surface, due to the superposition of shock waves inside the droplet, there will be a stress field distribution on the solid side that cannot be ignored. The introduction of the surface microstructure will significantly change the stress field distribution on the solid side. The liquid film formed on the surface of the microstructure has a significant buffering effect on the impact of the droplets, which greatly reduces the stress level in the solid. The maximum stress level in the solid with microstructure is only about 50% of that in the solid without the microstructure. Therefore, it can be judged that the surface microstructure can meet the mechanical performance requirements under the condition of droplet scouring.
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1 INTRODUCTION
With the development of nuclear energy technology, the power of nuclear reactors has also continued to increase. As a result, the heat flux density on the surface of the fuel element has also risen sharply. How to improve the heat transfer efficiency between the surface of the fuel element and the coolant has become an urgent problem for front-line researchers.
Recent studies have shown that surface engineering technology is a means with great potential to enhance heat transfer and increase the value of CHF (Critical Heat Flux). Zhukov’s study demonstrates that the use of a microstructured surface produced by a 3D laser printer leads to a 3.5-fold increase of the heat transfer coefficient in the regimes of bubble boiling and the critical heat fluxes (CHF) on the capillary-porous coating increase with the increasing height of the liquid layer (Zhukov et al., 2020). Wang investigated the boiling heat transfer properties of a copper surface with different microstructures and the effect of size and heat transfer area on heat transfer performance is studied by experiment and simulation. The studies have shown, the surface with microstructure can effectively promote boiling heat transfer and the heat transfer effect of multi-scale T surface is always the best, 1.31 times of single scale surface, 2.38 times of smooth surface (Wang et al., 2021). Tokunaga used a microstructured surface with a wettability gradient to enhance the condensation heat transfer and they fabricated a bi-public microgroove surface with a wettability gradient which could enhance the heat transfer by three times compared with the straight microgroove (Tokunaga and Tsuruta, 2020). Liu found that a straight fin microstructured surface has a higher heat transfer performance of pulsed spray cooling than a smooth surface, but it decreases the surface temperature uniformity. Then mixed surfactants were used to greatly improve the temperature uniformity of the microstructured surface (Liu et al., 2020). Zhu used the microstructure to enhance the heat transfer performance of nitrogen condensation on the vertical plate and the rivulet at the bottom of the micro fin indicates the curved surface structure could change the uniform distribution of the liquid film of the micro fin to accelerate the condensate drainage (Zhu et al., 2021). Shi’s research team has designed the SCGS (supersonic cold gas spray technique) modified surfaces to enhance the downward-facing boiling and the conical pin microstructure shows significant CHF enhancement. The mechanism of CHF enhancement mainly brought by a synergy of Multi-scale structures was also preliminarily analyzed (Shi et al., 2021). In Sun’s research, novel microstructured surfaces were fabricated with spatially-controlled mixed wettability to improve the pool boiling performance and the Synergistic enhancement mechanism was also explored by optimally utilizing the combined effects of mixed wettability and microstructures (Sun et al., 2022). Lei studied the heat transfer performance of block-divided surfaces in the pool boiling heat transfer and all block-divided surfaces show better heat transfer performance than a smooth surface. In his work, MP-3 has the smallest microstructure area but the highest CHF and a modified model to predict the CHFs was proposed (Lei et al., 2020). Park modified outer boiling and inner condensation surfaces of a two-phase heat exchanger tube with electroplated porous microstructures and dip-coated hydrophobic thin film and a significant increase in heat transfer performance of the heat exchanger tube were achieved (Park et al., 2019).
At the same time, the development of advanced manufacturing processes such as 3D printing has made it possible to successfully manufacture some complex surface microstructures. In Kang’s research, microstructures on boiling surfaces were fabricated by 3D microprinting and the boiling heat transfer on surfaces with 3D-printing microstructures was studied (Kang and Wang, 2018). The experimental results showed that the microstructure which generates more nucleation sites can have higher heat flux during the saturated nucleate boiling which is the heat transfer situation in nuclear power plants.
All of these advancements are pushing surface engineering from research to engineering. However, the fuel elements of nuclear reactors have a long-term operation under strong radiation and high temperature and high-pressure water environment, and at the same time, they are subject to water chemical corrosion and fluid erosion. For this reason, the microstructure provided on the surface of the cladding must also have a sufficiently high structural strength to adapt to such a harsh environment. Damage to the surface microstructure will not only cause a reduction in heat exchange efficiency but is also closely related to the safety of nuclear reactors. For this reason, it is necessary to provide support for the selection and demonstration of surface microstructures from the perspective of structural mechanics.
However, at present, apart from experimental methods, there are no particularly effective methods to quickly analyze the mechanical feasibility of microstructures. To better analyze and verify the feasibility of surface microstructures in nuclear reactors, especially the mechanical stability under high-velocity scouring environments. This paper analyzes the physical process of the surface microstructure being washed by high-speed fluid and establishes a mathematical model on this basis. Then, the velocity transmission is used to couple the governing equations of the liquid with the governing equations of the solid, and the entire calculation area is solved by the discrete iterative method to obtain the stress distribution inside the surface microstructure. By comparing and analyzing the internal stress distribution law of different microstructure sizes during high-speed fluid scouring, it provides suggestions and ideas for improving the mechanical stability of the surface microstructure.
2 PHYSICAL PROCESS DESCRIPTION
Obtaining the real-time stress distribution inside the microstructure under the condition of high-speed fluid scouring is the key to this article. To calculate and analyze this process, we need to sort out the physical process of the impact of high-speed fluid on the surface microstructure. To facilitate the subsequent calculation and analysis, we need to define a specific microstructure form. Our research team has designed and processed a variety of surface microstructures. We will select a typical one as the object of subsequent analysis, that is the jagged microstructure, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | The jagged microstructure in surface wettability experiment.
After analysis, it is found that the process of fluid scouring the surface microstructure at high speed is a process in which countless liquid droplets hit the microstructure at a high speed. Although the droplet hits the microstructure in many directions, it can be known by Newton’s second law: when the direction of the droplet’s motion is perpendicular to the plane where the microstructure is located, the microstructure will receive the greatest impact, and the stress level of the microstructure will be the largest at this time. This is also the working condition that we should consider.
After clarifying the specific form of the microstructure, a simplified physical process model can be obtained, as shown in Figure 2. The circle in the figure represents the liquid drop, the green part represents the solid part, and the continuous triangle represents the jagged microstructure. The angle between the droplet and the solid is called the contact angle, and this angle is also constant as the impact process progresses. When a droplet hits a solid page at a relatively fast speed, a shock wave will be generated inside the droplet due to the deformation and compression of the droplet. The shock wave is generated on the liquid-solid contact surface and starts to propagate inside the droplet. The place where the shock wavefront passes is called the high-density zone (disturbed area). The shock wave generated by the liquid-solid impact process will cause a pressure distribution within the droplet that varies with space and time. According to the principle of force and reaction force, the pressure change of the droplet will cause the corresponding stress wave to propagate inside the solid, so the inside of the solid will also produce a corresponding stress distribution that changes with space and time.
[image: Figure 2]FIGURE 2 | The schematic of the liquid-solid impact process.
Compared with the smooth surface of the solid, the microstructure may change the stress distribution on the solid side. If there is a large stress distribution inside or near the microstructure, it may cause the microstructure to fall off and break. In our study, the maximum stress in the solid is our focus and it has been proved that the internal pressure of the droplet will have a maximum value before the lateral jet forms in the liquid drop (Heymann, 1969; Field, 1999), so we only pay attention to the process before the broke of the liquid droplet. So, the shape and volume change of the droplet can be negligible during this period. Therefore, the focus of our research is to get the stress distribution in the microstructure before the droplet breaks and compare the changes in the stress field on the solid side with and without the microstructure.
3 GOVERNING EQUATION
This phenomenon of droplets hitting and scouring solid surfaces at high speed not only in the nuclear reactor but also exists in other industries, like the turbine in the coal power plant and the propeller of the ship, and the base solid may be broken by the continuous water drops with relatively high velocity (Lee, 2002). A significant transient stresses distribution can be produced by the high-speed, micron-sized water droplets where the liquid impacts the solid. And in Denis’s research, these impaction jets can travel at up to 40 times the velocity of the impact (Bartolo et al., 2006). Because of the small volume and high flow velocity of liquid droplets, the stress distribution in the solid can’t be measured easily by the experiment. Therefore, it is necessary to establish a numerical model to obtain the stress.
At first, the classical model of the impact between a liquid flow and solid was built by Cook, and the numerical model was set to be solved under one dimensional (Cook, 1928). Then, a hydrodynamic analysis review of the cylinder under impact was presented by Cointe (Cointe and Armand, 1987). Many researchers’ assumptions and results, such as Wagner (Wagner, 1932), were discussed and analyzed. Then, in 1992 and 1994, Korobkin investigated the impact process of the blunt-body between two completely different liquid surfaces, and the pressure and the velocity inside the liquid computed region were obtained (Korobkin, 1992; Korobkin, 1994).
With the quick development of high-speed photography, there were more experimental researches on the impact process between liquid and solid. But, most of them are focused on the pressure distribution on the liquid side. In 2003, Kim set up an experimental system, and the process of a droplet with high-velocity impacts on a solid surface was imaged (Kim et al., 2003). However, there is little research focus on the calculation of stress distribution in the solid. In 2008, Li and Zhou built a numerical model which considers the compressibility of liquid (Li et al., 2008), and the stress in the solid was finally obtained in the liquid-solid impact process (Zhou et al., 2008). In 2016, Semenov and Wu also got the hydrodynamic force caused by the impact when they investigated the impact process of a free surface flow and a permeable solid (Semenov and Wu, 2016). From 2010, Xiong has been focused on the numerical analysis of liquid-solid impingement by the method of moving particle semi-implicit. And their impact pressure in the liquid obtained by the numerically calculation has a very good agreement with the Heymann correlation and lateral jet which would cause a big shear stress has also been proved (Xiong et al., 2010). Their research team also carried an investigation on the mitigation effect of the water film in the liquid droplet impingement onto a wet rigid wall, and the results of which will provide obvious support for our calculation results analysis (Xiong et al., 2011). And Xiong also proposed a new correlation for the pressure load caused by the sodium impingement, which was in good consistent with the simulation results (Xiong et al., 2012). But all the research above has not taken the effect of microstructure into consideration.
In this paper, we use the 2-D wave equations developed from Li’s work (Li et al., 2008) to describe the liquid-solid impact process and the governing equations which couple the liquid and solid can be got as follows:
[image: image]
In our research, the physical process was treated as an asymmetrical process because of the symmetry of the spherical droplet. And the coupling between the liquid and solid was done by the connection of the solid particle displacement and the liquid particle velocity on the interface. Through the equations and settings above, the solid particles displacement can be obtained, and then we can get the stress and strain by the equations below:
[image: image]
Then, the 4th strength theory was used to convert all these different components of stress in the solid side into equivalent stress:
[image: image]
[image: image]
and define the dimensionless equivalent stress:
[image: image]
The denominator in the formula represents the magnitude of the water hammer force (Lee, 2002), which mainly considers the density and velocity of the droplets. Unless otherwise specified, the stress mentioned later is dimensionless equivalent stress。
In this paper, the finite difference method (Le Bot et al., 2015; Peng and Cao, 2016) is used to solve the liquid-solid interaction problems. And we use the 2th-order accuracy backward difference scheme for the discretization of the time-derivative term:
[image: image]
And for the space-derivative terms, [image: image] and [image: image], the 4th-order accuracy central difference scheme was used for the discretization:
[image: image]
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At last, TDMA which stands for the tridiagonal matrix algorithm was used to solve the discretized equations, and the Guass-Sidel iteration method was also employed. The key part of this calculation process is to set the pressure of the liquid particle on the boundary as the boundary condition of the solid side calculation to get the velocity. Like the discretize way above, the Lame equation can also be discretized. And, the flow diagram of the liquid-solid impact calculation can be expressed as in Figure 3.
[image: Figure 3]FIGURE 3 | The flow diagram of the liquid-solid impact calculation.
4 CALCULATION RESULTS ANALYSIS
4.1 Without Microstructure
According to the previous control equations and solution settings, we have carried out the relevant calculations. To compare the stress of the microstructure more intuitively, we first calculated the process of the droplet impacting the smooth wall (when there is no microstructure).
Table 1 gives the physical properties of solids and water. In the calculation, the initial diameter of the water drop was set to be 1 mm and the impact velocity was set to 50 m/s.
TABLE 1 | the physical properties involved in the calculation.
[image: Table 1]Figure 4 shows stress calculation results in the solid when time is ranging from 10 to 60 ns before the broke of the liquid droplet. And white lines were used to stand for the structure shapes, the horizontal line stands for the surface of the impacted solid while the arc line stands for the shape of the liquid droplet.
[image: Figure 4]FIGURE 4 | The transient stress distribution in the solid. (A) t = 10 ns, (B) t = 20 ns, (C) t = 30 ns, (D) t = 40 ns, (E) t = 50 ns, (F) t = 60 ns.
The impact of the water droplet causes a coronal disturbed zone in the liquid and the shock front inside the droplet forms. The density and modulus of the disturbed liquid are higher than the normal liquid, and thanks to that the propagation speed of the sound wave in the disturbed zone is much higher than that in the undisturbed zone. The difference in the propagation speed would result in wave superposition. While the propagation speed of the wave in the solid side would be influenced less, so the stress distribution in the solid side mainly takes over a spherical zone.
We also analyzed the energy conversion in the liquid-solid impact process, including the relationship among the total energy, the energy in the liquid and the energy in the solid. The computation results are shown in see Figure 5. And we can see that the total energy remains constant and it does not change with the time, and this phenomenon is well explained by the law of energy conservation. For the total kinetic energy in the liquid side, it has a small decrease at the end which indicates some liquid kinetic energy transforms into other energy. In our research, the impact velocity is relatively high and the total deformation of the liquid droplet is very small, about 0.3%. So, the decrease of liquid kinetic energy is on the same order which is good agreement with this number.
[image: Figure 5]FIGURE 5 | The energy conversion process of the impact process.
The lost kinetic energy of liquid has turned into other energy forms, including the elastic potential energy of liquid, the kinetic energy of solid and the elastic potential energy of solid. And because of the difference of the elastic modulus between the liquid and solid, the liquid gets a more obvious deformation than the solid, the elastic potential energy of liquid is much higher than the elastic potential energy of solid. Although the energy has transferred from the liquid to the solid, the elastic potential energy of liquid is still much higher than the elastic potential energy of solid. And the kinetic energy of solid is also restricted to a low level due to the restriction of the solid particles’ displacement. As we can conclude, the lost kinetic energy of liquid has most turns into the elastic potential energy of liquid, only a small part of them results in the energy stored in the solid.
4.2 With Microstructure
Then, we calculated the situation with microstructures. The transient stress distribution in the solid with equilateral triangle microstructure, which has a 25 μm apex height, was shown in Figure 6. Comparing the calculation results before and after the introduction of the microstructure, it is obvious that the existence of the microstructure can change the stress distribution inside the solid greatly: the stress level of the base solid has dropped significantly, and the original stress concentration point in the base solid is no longer exist; the stress level of the microstructure on the surface is roughly the same as that of the base solid, but there seems to be a certain degree of stress concentration in the liquid film on the outside of the microstructure.
[image: Figure 6]FIGURE 6 | The transient stress distribution in the solid (t = 50 ns).
Figure 7 shows an enlarged view of the stress distribution in the solid. The existence of the microstructure makes a liquid film form which exists on the interactive surface, and the liquid film not only fills the gaps of the microstructures but there may also be a certain thickness of the liquid film layer in the space above the microstructure. This liquid film has a buffering effect on the impact process, so the stress level inside the base solid and the microstructure are not high.
[image: Figure 7]FIGURE 7 | The transient stress distribution in the solid.
The liquid stored in the microstructure is the main reason for buffering. At the same time, the liquid between the microstructure gaps also bears the greatest stress distribution. Although there will be a large pressure concentration in this part of the liquid, the stress level of the pressure concentrated feedback to the solid or microstructure is not high.
4.3 Quantitative Analysis
The tendency of the maximum equivalent stress was shown in Figure 8. The maximum equivalent stress in solid with or without the microstructure. When there is no microstructure, the maximum internal stress in the base solid increases with the impact progressing, and the overall trend is that the oscillation increases linearly. The maximum stress change trend with the microstructure is shown by the blue line in the figure. It can be seen that the stress level inside the base material is extremely low at the beginning of the impact. Due to the influence of stress concentration inside the liquid film in the later stage, the maximum stress inside the microstructure also rises. Although the maximum stress inside the microstructure increased significantly in the later period, and the rate of increase was also faster. But in general, the maximum stress level inside the solid after the introduction of microstructures is only 50% of that without microstructures.
[image: Figure 8]FIGURE 8 | The tendency of the maximum equivalent stress.
5 CONCLUSION
In this paper, the mechanical feasibility of applying the surface microstructure to improve the heat transfer efficiency in nuclear reactor is evaluated by establishing a numerical model of the liquid-solid impact process. First, the physical process of the liquid droplet scouring the solid surface was described, then the liquid-solid impact mathematical governing equation coupling the two phases was obtained by passing the pressure of liquid and displacement of solid on the interface. Through this calculation, the stress distribution in the solid and microstructure was analyzed and compared. The main results and conclusions obtained are as follows:
(1) When the droplet impacts continuously on the solid surface, due to the superposition of the shock waves inside the liquid, the kinetic energy lost by the droplets is finally converted into the elastic potential energy of the liquid, the kinetic energy of the solid and elastic potential energy of the solid, so a stress field distribution which cannot be ignored exists inside the solid.
(2) The surface microstructure can significantly change the distribution of the stress field inside the solid. The hydrophobic effect of the microstructure makes some liquid of the droplet form a liquid film in and above the microstructure. The buffering effect of the liquid film can greatly reduce the stress level in the solid. Although a certain degree of stress concentration in the liquid film causes the increase of the stress inside the microstructure, the maximum stress level inside the microstructure is only about 50% of that in the base solid without the microstructure.
The results in this paper show that the surface microstructure can not only meet the mechanical performance requirements under the condition of droplet impacting but also reduce the stress level inside the entire solid. Once again, the microstructure was proved to be with great potential in the heat transfer enhancement considering the perspective of mechanical feasibility.
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