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Loop Heat Pipes (LHPs) are efficient heat transfer devices, providing a highly efficient and energy-saving thermal control integrated management method for Unmanned Aerial Vehicles (UAVs) with their flexible structural design. In this paper, a conceptual design of LHP anti-icing system was proposed, using LHP to transfer waste heat to wing’s leading edge. The outer surface temperature of wing skin is one of the main indicators to measure the anti-icing effect. As a result, this paper mainly focused on the heat transfer process of the condenser section by experimental and numerical simulation methods. A stainless steel-nickel LHP was fabricated and tested at different conditions. Volume of Fluid (VOF) method and Lee model were adopted to simulate the condensation process. Results showed that increasing the heating power (from 35 W to 60 W) slowed down the condensation and lengthened the two-phase zone. However, when the angle of attack changes within the range of 0°–10°, the liquid-vapor distribution in the tube remains almost unchanged. The average error of surface temperature between experiment and simulation results is 3.6% and 2.5% for the heating power of 180 W and 60 W respectively. Additionally, because the volume of water droplets collected is the largest at the leading edge of the wing, we recommend arranging the LHP condenser tube inlet near the leading edge of the wing and increasing the density of pipe arrangement to achieve better anti-icing effect.
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1 INTRODUCTION
An effective anti-icing/de-icing system is essential to ensure flight safety, as ice can accumulate on the leading edge of wings or the engine lip when an aircraft encounters clouds containing super-cooled droplets. Thermal methods, such as engine bleed air (Khalil et al., 2020) and electro-thermal pads (Wallisch and Hann, 2022), require a significant amount of engine bleed air or electricity, which can lead to onboard energy deficiency, especially for Unmanned Aerial Vehicles (UAVs). However, some other systems, such as airborne electronic equipment (Park et al., 2010) or lubrication oil with high temperature, generate excess waste heat which can exceed their temperature thresholds, penalizing aircraft safety. In this regard, Loop Heat Pipes (LHPs) represent a highly appealing solution that could be employed to address the contradictory thermal controlling demand effectively.
LHPs are passive closed two-phase heat transfer devices, using the vapor-liquid phase change of working fluid to transfer heat and the capillary force of fine-pored porous wick to circulate the working fluid with no extra power input (Juan Pablo and Mantelli, 2017). With the development of More Electric Aircraft (MEA) and aerospace technology, LHPs are gradually being widely used in the thermal control systems of aircraft and space (Hodot et al., 2016). In the case of anti-icing, cold air with super-cooled water droplets supplies cold source to the working fluid inside the LHP. In the operation process of the LHP anti-icing system, the superheated vapor with high temperature and high pressure enters the condenser and gradually releases sensible and latent heat under the cooling effect of air and water droplets. The impinging water droplets on the surface are heated, raising their temperature above the freezing point, and preventing ice formation. At the first beginning, LHPs were utilized for the anti-icing/de-icing purpose in the engine inlet. In 1995, a conceptual design was proposed by Anderson and Chow (Anderson and Chow, 1995), using LHP to extract heat from the air-oil cooler to prevent ice formation. Then, Philips et al. (Phillips and Nelson, 1998; Phillips and Kevin, 2000) developed a LHP anti-icing system for the “Global Hawk” UAV which utilized four distribution heat pipes and one transfer heat pipe, with ammonia as the working fluid. They conducted experiments in the icing wind tunnel with different temperature. Comparison results showed that when the LHP system was on, ice accumulation on the surface of the engine cowl was significantly reduced at the temperature of −20°C and there was no ice formation at the temperature of −5°C, indicating that LHP could effectively achieve the anti-icing and de-icing purpose.
The complex and changeable flight environment of UAVs makes the normal operation of LHP face challenges, such as the ambient temperature that changes with the altitude, flight accelerations up to 10 g (Yerkes et al., 2014), and mechanical vibrations with frequencies up to 2000 Hz (Fred et al., 1998; Holman et al., 2020). The low-temperature environment imposes high demands on the material selection for LHPs. Research of Filippo Pagnoni et al., 2021 found out that when exposed to a cold environment, the sintered titanium wick showed excellent mechanical resistance to repeated cycles of water freeze/thaw. For thermal management of electronics, various types of heat pipes have been developed such as flat heat pipes (Wang et al., 2023), pulsating heat pipes (Cai et al., 2015; Alhuyi Nazari et al., 2018) and vapor chamber (Jones and Chen, 2015). For heat dissipation applications, water is one of the most commonly used working fluid due to its high heat transfer coefficient, chemical stability and low cost. However, when it comes to anti-icing/de-icing situation, water freezes when the temperature is below 0°C, which will impede the normal circulation flow of the working fluid. To solve this problem, for the comprehensive utilization of energy in thermal control systems, acetone, methanol, and ethanol can be better choice due to their lower freezing point (Accorinti et al., 2019). Based on the research of Becker et al. (Becker et al., 2011) and Su et al., 2019, flight accelerations may have diverse impacts on the start-up process and operational behavior of the LHP anti-icing system, thereby imposing elevated demands on the LHP’s reliability and operational stability. Both the acceleration and the heat load can cause localized dry out phenomenon (Fleming et al., 2010).
The heat transfer performance of condenser, such as the outer surface temperature, is an important parameter for evaluating the anti-icing effect. Due to the complex flight environment of UAVs, the surface temperature of the skin is affected by complicated heat transfer processes inside and outside the aircraft skin, as shown in Figure 1. Outside the skin, there are convective heat dissipation, pneumatic heating, kinetic energy of water droplets, cooling by water droplets, and evaporative heat loss. Inside the skin, there are latent and sensible heat released by working fluid. Pneumatic heating and kinetic energy of water droplets will positively impact anti-icing results, whereas convection and water droplet evaporation will have a negative impact. Based on the state of working fluid, the condenser pipeline can be divided into three parts: vapor zone, two-phase zone, and liquid zone, as shown in Figure 1. Research has shown that the amount of latent heat released during the condensation process is much higher than the amount of sensible heat (Cao et al., 2020). When designing the system, it is crucial to ensure that the working fluid is fully condensed into a liquid state before it exits the condenser to achieve maximum heat release. Eventual failure of the loop is observed, where a significant amount of vapor bubbles return through the liquid line (Parker et al., 2005). As a result, it is necessary to investigate heat transfer performance of the condensation process.
[image: Figure 1]FIGURE 1 | Schematic of the heat transfer processes in the condenser of LHP anti-icing system.
The distribution or flow pattern of vapor-liquid two-phase inside the pipe is an important factor that affects the condensation heat transfer and pressure drop. Existing studies have found that there are mainly six types of flow patterns inside the pipe: bubble flow, plug flow, slug flow, stratified flow, wavy stratified flow, and annular flow (Wang et al., 2018). With the condensation process and the transformation of flow patterns, the equivalent liquid film in the tube gradually thickens, and the heat conduction resistance increases, which eventually leads to a decrease in the heat transfer coefficient (Kruzel et al., 2020). At present, scholars have investigated factors such as flow pattern, physical properties (Bohdal et al., 2019), pipe diameter (Klahm et al., 2010), and mass flow rate (Chun and Seon-Oh, 2000), and have established a relatively comprehensive flow pattern for the condensation heat transfer and pressure drop of single component (Dorao and Fernandino, 2022) and multi-component (He et al., 2020) working fluids in horizontal pipes. To enhance the condensation performance, the inner surface of the pipe can be modified using surface modification techniques to reduce the thermal resistance of the liquid film, which can be achieved by adding different types of fins (Ho et al., 2019), grooves (Stallbaumer-Cyr et al., 2022), or inserts (Ahmadi Moghaddam et al., 2020). This can increase the effective heat transfer area, increase the disturbance effect on the flow, and make the liquid generate centrifugal force to accelerate the transition of the flow pattern inside the tube from stratified flow to annular flow.
In this research, both the simulation and the experiment of the LHP anti-icing system are conducted. Steel-ethanol combination and the nickel wick are chosen for the present investigation. A wind tunnel was employed to simulate the flight conditions (air velocity, angle of attack) and the meteorological conditions (environment temperature, Liquid Water Content, droplet diameter) which could affect the anti-icing results. The research of Ref. (Zhao et al., 2017). is Part 1 of the whole study, which investigated the start-up and the operating characteristics of the designed DCCLHP through experimental methods, mainly focusing on the startup time, surface temperature and thermal resistance of the DCCLHP anti-icing system in the dry air environment. Due to the visualization design, it was easy to observe the liquid-vapor distribution in the two compensation chambers. However, it is quite difficult to carry out visual design for the condenser section, whose thermal characteristics is important for measuring the anti-icing performance of the whole system. Due to the reasons above, we conducted the research of this study, which is Part 2 of the whole investigation, focusing on the anti-icing effect of the system in the wet air and cold environment through numerical methods. The Volume of Fluid (VOF) model and the Lee model are used to simulate condensation process of the multi-phase flow inside the pipe. This study compared the experimental and computational results of the wing’s surface temperature. Results can provide some meaningful references for the design of the LHP anti-icing system.
2 EXPERIMENTAL SET-UP AND PROCEDURES
An experimental prototype and image of the LHP anti-icing system as shown in Figure 2 was constructed to carry out the present investigation. Table 1 shows the geometric characteristics of each component. Other detailed information of this prototype and the test system is referred in Ref. (Zhao et al., 2017). The whole LHP anti-icing system includes evaporator, condenser, vapor line, liquid line, and compensation chamber (CC). To ensure sufficient supply of the working fluid from the CC to the wick in the evaporator, even under variable flight attitudes, 2 CCs located at both ends of the evaporator were designed with visual transparency to allow observation of the internal working fluid phase distribution during system operation. The experiments were carried out in a wind tunnel with different air velocity, angle of attack and heating power. On the wing skin’s surface, seven T-type thermocouples were set along the chord direction to record the surface temperature. T6 is the surface temperature of the stagnation point. The distance between each thermocouple is 20 mm along the chord direction on the surface (Zhao et al., 2017).
[image: Figure 2]FIGURE 2 | (A) Schematic and (B) Image of the LHP anti-icing system.
TABLE 1 | LHP geometric characteristics.
[image: Table 1]Data reduction and uncertainty analysis:
Thermal resistance is generally utilized to evaluate the heat transfer efficiency of the LHP, which is defined as:
[image: image]
Where R is the thermal resistance; Te is the temperature of the evaporator, which is assumed to be equal to the temperature of the evaporator outlet Te_out, as shown in Eq. 2; Tcond is the temperature of the condenser, which is calculated as the mean temperature of the condenser inlet Tcond_in and the outlet Tcond_out, as shown in Eq. 3; Q is the heat load attached to the evaporator, which is calculated by multiplying the current I and the voltage U, as shown in Eq. 4.
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Standard uncertainty of the heat load can be calculated as:
[image: image]
Where the accuracy grade of the ammeter and the voltmeter is δ = 1.5%. When the heat load is set to be 100W, the corresponding voltage and current values are U = 91V and I = 1.1A respectively. The ranges of the voltmeter and ammeter are U′ = 250 V and I′ = 3.0A respectively.
The measurement of temperature, current and voltage is the main source of the uncertainty of the thermal resistance R. Finally, the standard uncertainty for R can be obtained by:
[image: image]
Where ∆Te and ∆Tc are the accuracy of the thermocouples, which is taken as ±0.5°C in this investigation. (Te–Tc)min is the minimum temperature difference between the evaporator and the condenser, and the value is 32.4°C.
3 MODEL AND PARAMETER SETTINGS
This study uses steady-state calculations, focusing on the location of the two-phase region, the vapor-liquid distribution, and the outer surface temperature of the skin. The following assumptions are made.
(1) Fluids are incompressible.
(2) Physical parameters (density, specific heat capacity, thermal conductivity, and viscosity), surface tension and latent heat are constant.
(3) The mass transfer process occurs only at the vapor-liquid interface.
(4) The temperature at the vapor-liquid interface is equal to the vapor’s saturation temperature.
(5) The effect of gravity is considered.
3.1 Simulation model
In this section, the Volume of Fluid (VOF) method combined with the Lee model is utilized to investigate the temperature distribution of the skin’s outer surface and the phase distribution of the fluid in the LHP condenser. In 1981, Hirt and Nichols (Hirt and D Nichols, 1981) proposed VOF model, which was one of the important methods for numerical simulation of moving interface tracking under fixed Euler grid. The main feature is to define the fluid volume function in the space grid and use the fluid volume function to reconstruct and obtain the accurate position of the moving interface. The defined phase function takes a value of 1 in one fluid and a value of 0 in the other fluid. The location of the phase interface is then determined by the value of the phase function between 0 and 1. The basic control equations are as follows.
Fluid volume function equation:
[image: image]
Where αi is the volume portion of the ith phase, [image: image]; [image: image] is the velocity vector of the ith phase; t is time, s; mi is the mass transferred between different phases, kg/(m3∙s); ρi is the density of the ith phase, kg/m3.
Momentum equation:
[image: image]
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Energy equation:
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In Eq. 10 and Eq. 11, E, sensible energy, is treated as mass-averaged variable in the VOF model:
[image: image]
Where Ev and El are based on the specific heat of vapor/liquid phase and the shared temperature respectively; kveff and kleff are the effective heat conductivities of vapor phase and liquid phase respectively. Sh is a custom source item, which is imported by combining the phase change model. The most widely used phase change model for VOF modeling of condensation heat and mass transfer is the Lee model, which assumes that phase change is driven by the difference between the interface temperature and the saturation temperature. The mass transfer source term corresponding to the vapor-liquid phase interface in the condensation process is described as follows:
[image: image]
Where ml and mv are the mass diffusivity of liquid and vapor phase respectively, kg/(m3∙s); αv is the volume ratio of vapor phase in VOF model; r is the factor that controls the phase transition intensity, whose value is set based on maintaining the temperature of the calculation grid containing the liquid-vapor interface at the saturation temperature. For the condensation problem inside the pipe, the temperature of the liquid-vapor interface is set to be the saturation temperature Tsat.
Surface tension arises from an imbalance of attractive forces between the molecules of a fluid. The influence of surface tension is crucial for tracking interface problems. The continuous surface tension model is used in VOF, and its basic idea is converting the area integral of the surface tension on the vapor-liquid interface into a volume integral according to the divergence theorem, then adding this volume force to the momentum equation as a source term. It’s expressed as follows:
[image: image]
where σlv is the surface tension between vapor and liquid, N/m; κ is the surface curvature, defined as the divergence of the unit normal vector on the interface.
For the calculation of air flow field in the wind tunnel, the SIMPLE algorithm is used for the pressure-velocity coupling. The momentum, energy, and turbulence equations are discretized using the QUICK scheme, which has a fast convergence rate and is equivalent to the second-order upwind scheme in terms of computational accuracy. For the calculation of condensation inside the tube, the momentum and energy equations are discretized using the second-order upwind scheme and the VOF equation is discretized using the Geo-Reconstruct scheme. Detailed information of the models and boundary conditions adopted in this investigation are shown in Table 2.
TABLE 2 | Models and boundary conditions.
[image: Table 2]3.2 Validation of grid independence and model
3.2.1 Grid independence validation
Figure 3 shows the grids of test section of the wind tunnel and the condenser pipe in this research. The geometric size of the test section is 500 × 400 × 300 mm. The calculation was performed using a structured mesh with refinement near the wall surface. The first layer thickness is 0.05 mm. The growth rate is 1.1. The boundary layer number of the pipe wall is 15. A grid independent test is carried out using five grid numbers for the test section of wind tunnel and the condenser pipe respectively. The five grid numbers for the test section of wind tunnel are: 116883, 711122, 1811082, 2712762, and 3725862. The five grid numbers for the condenser pipe are: 110000, 585765, 1344630, 1786252, and 2529430. Figure 4A shows the trend of heat transfer coefficient of the skin’s surface with the air inlet velocity of 5.0 m/s. Figure 4B shows the trend of heat transfer coefficient of the pipe wall surface with the water inlet velocity of 3.0 m/s and water temperature of 363.15 K. After grid independence verification, mesh 4 of 2712762 grids of the wind tunnel and mesh 4 of 1786252 grids of condenser pipe were finally chosen to ensure both calculation accuracy and time efficiency.
[image: Figure 3]FIGURE 3 | Grid in this study: (A) Gird of wind tunnel test section; (B) Grid of condenser pipe.
[image: Figure 4]FIGURE 4 | Grid independence test: (A) h of surface skin; (B) h of pipe wall.
3.2.2 Model validation
According to S.B. Al-Shammari et al. (Al-Shammari et al., 2004), experimental conditions as shown in Figure 5A are designed, a numerical simulation is carried out according to the numerical method presented above, and the simulation results are compared with the experimental data. The test subject is a vertical cooper tube with the diameter of 28.25 mm and the length of 3.0 m. The computational domain is reduced to an axisymmetric 2D model. The mass flux of the inlet is 6.71 kg/h. The inlet temperature is 60°C. Pressure is 0.19 bar. The condensation heat transfer coefficient from top of tube is shown in Figure 5B. The results show that the relative error of the heat transfer coefficient is below 11.5%. Therefore, the numerical model in this study can be considered a reasonable calculation method.
[image: Figure 5]FIGURE 5 | Model validation of this study: (A) Schematic diagram of computational domain for numerical method validation; (B) Comparison of condensation HTC between simulation results and experiment results.
4 RESULTS AND ANALYSIS
4.1 Phase distribution
The position of the pipe inside the wing skin is shown in Figure 6. For the convenience of analysis, the pipe along the chord direction is named as P1∼P10 from the condenser’s inlet to the condenser’s outlet. The spanwise direction is named as Z direction, ranging from Z = 0 m to Z = 0.2 m. Several cross sections are taken from Z = 0.02 m to Z = 0.18 m every 0.02 m.
[image: Figure 6]FIGURE 6 | Condenser tube and positions of the cross section.
4.1.1 Effect of heating power
The vapor volume fraction with heating power of 35 W and air velocity of 30.9 m/s is shown in Figure 7. Along the chord direction, the temperature of working fluid gets lower gradually from P1 to P10. Vapor with high temperature and pressure flows into the condenser tube and does not begin to condense immediately but after a flowing distance, which is consistent with the analysis in Figure 1. It can be known from the result in Figure 7 that the condensation process mainly happened in the sixth tube of the condenser, which means the main two-phase zone is in P6.
[image: Figure 7]FIGURE 7 | Vapor distribution in the condenser tube with Q = 35 W and v = 30.9 m/s.
For a more detailed understanding of internal condensation situation, the phase distribution in P6 is shown in Figure 8. The flow direction of the working fluid in P6 is from Z = 0.2 to Z = 0, along which the proportion of vapor phase in the pipe decreases gradually, while the proportion of liquid phase increases gradually. Due to the airfoil and the distribution positions of the condenser tube, for P6, the left side of the pipe wall is attached to the inner surface of the skin. Based on the facts above and the existence of gravity, the condensation process first happened in the left side and then the condensing liquid accumulated around the inner surface of the tube, forming the annular flow pattern.
[image: Figure 8]FIGURE 8 | Phase change process in the two-phase zone with different heating power (v = 30.9 m/s).
In Figure 8, results with a heating power of 60 W were also included for comparison. As the heating power increased, the proportion of vapor at the same position increased, and the length of the two-phase zone became longer. This is because the flow rate and velocity of vapor also increased with increasing heating power. The increased system pressure promoted the movement of vapor over a longer distance, leading to a slower rate of condensation. Consequently, the location and length of the two-phase zone were altered.
Figure 9 shows the pressure distribution along the flow direction in the two-phase zone. The pressure drop is 274.9 Pa and 646.1 Pa with different heating power of 35 W and 60 W respectively. Increasing heating power leads to the increasement of pressure drop. A larger pressure drop will increase the flow velocity of the working fluid, increase the turbulence of the flow, and thus enhance the convective heat transfer efficiency.
[image: Figure 9]FIGURE 9 | Pressure distribution in the two-phase zone with different heating power (v = 30.9 m/s).
4.1.2 Effect of angle of attack
This section investigated the impact of angle of attack on phase distribution during the condensation process. Angle of attack is represented by α, as illustrated in Figure 10. In this part, α is set to be 0°, 5°, and 10° respectively.
[image: Figure 10]FIGURE 10 | Diagram of the angle of attack (α).
The simulation results indicate that the main phase transition positions for the three states occur at P6. The results of different Z-value sections are compared and shown in Figure 11. The results demonstrate that the proportion of vapor at the same pipeline position does not change significantly as the angle of attack increases, but the vapor phase value slightly decreases when the angle of attack increases from Z = 0.10 m to Z = 0.06 m. With an inner diameter of 2 mm, the effect of surface tension on the flow and heat transfer process cannot be ignored. Additionally, due to the small change in the angle of attack, the convective heat transfer of external air at P6 is also only slightly affected. Therefore, the condensation process in the two-phase zone of P6 is basically similar, and the phase distribution remains largely the same within a range of 10°.
[image: Figure 11]FIGURE 11 | Phase change process in the two-phase zone under different α (Q = 35 W, v = 30.9 m/s).
4.2 Surface temperature of the wing skin
Measuring the surface temperature is crucial to evaluate the effectiveness of the LHP anti-icing system. This section investigates the skin temperature distribution under different conditions, including dry and moist air, as shown in Figure 12. The angle of attack in both conditions is 0°. The temperature distribution trends in the two conditions are consistent. The surface temperature near the condenser inlet is higher than that near the outlet. This indicates that the temperature of the LHP’s working fluid is the primary parameter affecting the wing’s surface temperature. With the comparison between the dry air and moist air conditions, it is evident that the skin temperature significantly decreased when water droplets hit the skin surface, especially near the stagnation point. This is due to water droplets collecting near the stagnation point and the latent heat of water evaporation causing the skin temperature to drop considerably.
[image: Figure 12]FIGURE 12 | Surface temperature distribution results in simulation: (A) Q = 180 W, v = 30.9 m/s, LWC = 1.0 g/m3, MVD = 20 μm; (B) Q = 60 W, v = 50.0 m/s, LWC = 1.0 g/m3, MVD = 20 μm.
Figure 13 presents a comparison between the experimental and simulation results. The heating power used was 180 W and 60 W, respectively, while the air velocity and angle of attack were 11.7 m/s and 0°, respectively. The abscissa shows the chordwise distance from the stagnation point. The surface temperature was found to be the highest at the position with x = - 0.07 m, which is close to the condenser inlet, and the lowest at the position with x = 0.03 m, which is close to the condenser outlet. The comparison results show that the average error of surface temperature is 3.6% and 2.5% for the heating power of 180 W and 60 W respectively. The experimental and simulation results are in good agreement, indicating that the models and methods used in the simulation are reasonable and effective, and can serve as a reference for further research.
[image: Figure 13]FIGURE 13 | Comparison of the surface temperature between experimental and numerical results.
5 CONCLUSION
In this research, the heat transfer performance of condenser in LHP anti-icing system was investigated through numerical and experimental methods, mainly focusing on the two-phase flow pattern, surface temperature distribution of the wing skin, and the position and length of the two-phase zone. The main conclusions obtained are as follows.
(1) The condensation process mainly happened at the position of P6 of the condenser pipe when the heating power was 35 W and 60 W. Increasing power from 35 W to 60 W will result in an increase in the vapor volume fraction at the same location in the two-phase region of the condenser, which slows down the condensation process, and the length of the two-phase region will correspondingly increase. However, small variations in the angle of attack (0°–10°) will not have a significant impact on the phase distribution in the two-phase zone.
(2) When the heating power is 180 W and 60 W, the surface temperature obtained by experiment and simulation methods are in good agreement with the average error of 3.6% and 2.5% respectively. The skin’s surface temperature close to the condenser’s inlet is the highest, while the temperature near the outlet is relatively the lowest. Compared with the dry-air situation, when it comes to the anti-icing situation, the skin’s surface temperature will decrease, and the temperature drop near the leading edge is the largest. Therefore, to achieve better anti-icing effect, this study suggests arranging the inlet of the condenser pipe close to the leading edge of the wing.
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