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Abstract

:

Aircraft icing is an important cause of air disasters, and electrothermal anti-icing is a common protection method. In this work, the influence of icing meteorological conditions on the anti-icing was studied through an icing wind tunnel experiment on the fairing. Based on the finite volume method, a transient heat transfer calculation method for electrothermal anti-icing was proposed. The calculated results were compared with the experimental results, and the influence of heating mode and structure layout on the anti-icing effect was analyzed. The results show that the calculated results are in good agreement with the experimental results, and the heat transfer of the anti-icing structure shows obvious asymmetry. First, during heating, the temperature gradient of the structural profile is large, the high temperature is concentrated in the heating layer, and the temperature distribution of the heating layer is relatively uniform. During cooling, the temperature distribution of the structural profile is more uniform, the high temperature is mainly concentrated in the back conduction layer, and the temperature of the outer wall increases first and then decreases from the center to the surroundings. Second, when the spray is turned on, the temperature of the outer wall is significantly reduced, but the temperature of the heating layer hardly changes. Third, the uniform heating mode can simultaneously raise the temperature of the outer wall and reduce the temperature of heating layer. Fourth, while the front conduction layer can significantly affect the temperature of the heating layer and the outer wall, the effect of the back conduction layer is small. However, the back one can be used to control the structural temperature more finely.
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1. Introduction


When an aircraft passes through a cloud containing supercooled water droplets, the supercooled water will impact its surface, resulting in icing phenomena. Icing will damage its aerodynamic performance and bring about a series of negative effects such as reduced lift, increased resistance, stuck control surface, etc. In serious cases, it will directly harm the safety of the aircraft and lead to flight accidents [1,2,3]. In the past two decades, icing has caused many air disasters, including the Yichun accident in 2001, Anhui accident in 2006, etc.



By adopting various research methods such as theoretical analysis [4], numerical calculation [5,6,7], icing wind tunnel experiments [4,8], and real flight experiments, researchers have carried out a series of studies on icing and protection of aircraft components, and obtained relatively fruitful results [9,10,11,12,13], including the numerical calculation method of collection efficiency of droplets, the similarity criterion of icing wind tunnel tests, etc. Based on the existing technical means, electrothermal anti-icing is a relatively reliable anti-icing method at present. The key problem is the design of heating mode and structure layout. The design of an electrothermal anti-icing system involves external anti-icing heat load and internal structural heat transfer, as well as their coupling. The relevant research can be carried out by numerical computation and icing experiments. For the computation of anti-icing heat load preventing the freezing of supercooled water, current research methods are relatively mature [14,15,16], and there are many conclusions. For the computation of coupling heat transfer, the current research usually adopts the loose coupling method, that is, the computations of fluid domain and solid domain are performed separately.



Considering the need for anti-icing of the outer wall and the durability of the heating layer, the design of the anti-icing system needs to meet two asymmetric temperature requirements, that is, the minimum temperature of the outer wall should be higher than 273.15 K under icing conditions and the maximum temperature of the heating layer should be lower than 363.15 K under non-icing conditions. Therefore, the heat transfer analysis of the internal structure is important. For the experiment, the anti-icing structure is composed of multi-layer composite materials, including resistance wire, glass cloth, insulation cloth, etc. Hence, it is difficult to measure the internal structural temperature. However, without the experiment, the numerical computation may lead to some errors due to improper theories and unreasonable settings. Therefore, the combination of numerical computation and an experiment is necessary for the electrothermal anti-icing problem, but relevant studies are few at present.



Compared with other parts of the aircraft, the icing of the fairing may lead to more serious consequences, especially ice shedding, which may cause destructive damage to the propeller and the airframe structure. Hot air anti-icing cannot be realized easily due to the restriction of fairing structure, mechanical de-icing may aggravate the risk of ice shedding, and material anti-icing is not mature. Therefore, electrothermal anti-icing is the main anti-icing method of fairings at this stage. However, the existing research objects of electrothermal anti-icing are mainly wings and other aircraft components, and research on the propeller fairing is scarce [17,18]. In engineering, the anti-icing of the fairing generally refers directly to the anti-icing mode of other components. Influenced by the shape, installation position, and aerodynamic characteristics, the anti-icing characteristics of the fairing may be different from those of the wing, etc. This rough treatment may bring low anti-icing efficiency and potential safety hazards.



In view of the lack of heat transfer research on anti-icing structures at present, a typical fairing model was used to study the asymmetric heat transfer in electrothermal anti-icing by combining experimental and numerical methods. To meet the asymmetric temperature requirements of anti-icing structures, the influence of heating mode and structure layout on the anti-icing was analyzed quantitatively.




2. Materials and Methods


2.1. Experimental Scheme and Equipment


2.1.1. Design of Experimental Scheme


The technical difficulties and costs of designing and manufacturing icing wind tunnels increase exponentially with size. Therefore, all icing wind tunnels have size limitations at present, even some large icing wind tunnels, such as the French S1MA [19] of 14 m in length and 8 m in diameter, the French CEPr R6 of 5 m in diameter [20], the American IRT [21] of 2.7 × 1.8 × 6.1 m3, the Russian AHT-SD of 1.0 × 1.0 m2 [20], the Italian IWT [22] of 2.35 × 2.25 × 7.0 m3, the Chinese FL-16 [23] of 3.0 × 2.0 × 6.5 m3, etc. A full-size aircraft is difficult to fit directly, so geometric shrinkage is important. Geometric shrinkage is divided into full-size shrinkage and mixed shrinkage. Full-size shrinkage is a method to reduce the whole size of the real geometry according to the geometric scale, so as to break the size limitation and conduct relevant experiments. However, the similar criteria for anti-icing experiments in the field are not mature yet, so the accuracy of the method cannot be guaranteed. Mixed shrinkage is a method to ensure that the leading shape of the scaled geometry is the same as that of the real geometry, and adopts large-scale or other smooth shapes for the rear of the real geometry [24]. Thus, the pressure coefficient distribution of the scaled geometry is same as the real geometry, so as to ensure that the collection efficiency of droplets, an important parameter in anti-icing experiments, is consistent with that of the real geometry. Since the anti-icing experimental results of the full-size shrinkage method may have large errors, the mixed shrinkage method with better effect was adopted in this study.




2.1.2. Experimental Equipment


This experiment was carried out with the icing wind tunnel FL-16y of 0.3 × 0.2 × 0.65 m3 at the China Aerodynamics Research and Development Center. The layout of the wind tunnel and the experimental section are shown in Figure 1 and Figure 2, respectively. Its main performance parameters are shown in Table 1.




2.1.3. Experimental Model and Installation


When the model size is large, there will be obvious marginal effects interfering with the convective heat transfer on the model surface. To reduce the interference of the marginal effect, the experimental model adopts the mixed shrinkage model of a small fairing 0.12 m in diameter. The leading shape of the experimental model is consistent with that of a real fairing, which is divided into the front conduction layer, the heating layer, and the back conduction layer. The material of the conduction layer is glass cloth, and the heating layer is uniformly arranged resistance wire. The heating power of the resistance wire is 6200 W/m2, lasting for 45 s, and then cooling for 80 s. To reduce the influence of turbulence on the leading shape, the rear shape of the experimental model is smoothed with the structure shown in Figure 3. The interior of the rear shape is an inner cavity filled with air. The actual structure is shown in Figure 4. It is worth pointing out that the endothermic layer in Figure 4 is a new concept introduced to realize the tight coupling of heat transfer between the fluid domain and the solid domain. The specific simulation settings are shown in Section 2.2 and Section 3.1 according to the actual experimental conditions. Symmetry exists in the structure of the fairing. To measure the anti-icing effect of different areas, two thermistors are respectively arranged at 0.5 R and 0.25 R, as shown in Figure 5. The numbers are 1 and 2 from the edge to the center. The thermistor is connected to the multi-channel temperature-measuring instrument (the Keysight 34970A temperature recorder with a sensitivity of 0.001 K) to monitor the surface temperature of the model, as shown in Figure 6. Its sampling period is 1 s.





2.2. Numerical Computation Method


As the electrothermal anti-icing system contains multiple structures, such as the heating layer, conduction layer, and inner cavity, it is difficult to measure the internal temperature in the experiment, and the distribution of the surface temperature is also hard to obtain due to the limitation of the measuring device. Therefore, the work analyzes the heat transfer of the electrothermal anti-icing structure by numerical computation. According to the experimental model, the geometric model used in the computation is as consistent with it as possible. Its structure comprises two conduction layers and a heating layer between them. Its outer surface is simplified as a very thin endothermic layer varying with the wall temperature due to the energy terms, such as evaporation and water droplet impingement. The numerical computation of the anti-icing process is mainly divided into three stages: air flow field computation, water droplet flow field computation, and heat transfer computation of the anti-icing structure. The computation methods of the first two stages are relatively mature [10,25]. An SA turbulence model with equivalent roughness correction is adopted for the computation of air flow field, and the Euler method is adopted for the computation of the water droplet flow field. The heat transfer process is described by the unsteady heat conduction equation. For the computation of heat transfer, the computation is carried out in Fluent combined with UDF. The SIMPLE algorithm, combined with second order upwind scheme and first order implicit method, is adopted. The time step of the simulation is 0.5 s. In the simulation, the initial state of the solid region is the inflow temperature. The governing equation of heat transfer is as follows:


  ρ   ∂ H   ∂ t   = ∇ ⋅  (  k ∇ T  )  +  S  h e a t    



(1)




where  k  is the thermal conductivity,  ρ  is the material density,  T  is the temperature, and    S  h e a t     is a volumetric heat source.  H  is the sensible enthalpy, and its computation formula is as follows:


  H =   ∫    T  r e f    T   C p  d T  



(2)




where    T  r e f     is the reference temperature,    C p    is the specific heat of the material.Figure 4 shows the structure model adopted in this computation. As the inner cavity of the structure is filled with air, the boundary of the inner wall is regarded as natural convection, and the convective heat transfer coefficient   h t  c  i n n e r     is 2 W/(m2·K). The heat flux    Q  c o n v ,   i n n e r     of the inner wall is as follows:


   Q  c o n v ,   i n n e r   = h t  c  i n n e r   ×  (   T  i n n e r   −  T  f r e e    )   



(3)




where    T  i n n e r     is the temperature of the inner wall, and    T  f r e e     is the free stream temperature.



The two conduction layers are made of glass cloth, and their material parameters are shown in Table 2. In the two domains,    S  h e a t     is as follows:


   S  h e a t   = 0  



(4)







The heating layer is an alloy sheet. In the simulation, it is regarded as the boundary between the two conduction layers and applied with a virtual thickness (   h  h e a t    ) of 1.0 × 10−4 m. Its material is set as aluminum, and it is a periodic volumetric heat source    q  h e a t     of 6.200E7 W/m3 (heating time of 45 s and cooling time of 80 s). In the domain,    S  h e a t     is as follows:


   S  h e a t   =  q  h e a t    



(5)







The outer wall is a coupled wall, applied with a virtual thickness (   h  e n    ) of 1.0 × 10−5 m and constructed of glass cloth. This virtual layer is the endothermic layer. Moreover, a negative volumetric heat source    q  e n     is applied to the layer to achieve the tight coupling of energy terms in anti-icing. In the domain,    S  h e a t     is as follows:


   S  h e a t   =  q  e n    



(6)







In theory, convective heat transfer is included in the endothermic layer (in operation, because Fluent can calculate the convective heat transfer with air using the coupled wall, it is necessary to take out the role of convective heat transfer from the following formula).



The negative volumetric heat source    q  e n     is calculated by the following formula:


   q  e n   = −    Q  c o n v   +  Q  e v a p   +  Q  h d r o p   −  Q  a e r o   −  Q  d r o p − i n      h  e n      



(7)







In the equation,    Q  c o n v     is the convective heat transfer, and    Q  e v a p     is the heat flux carried away by evaporation.    Q  h d r o p     is the heat flux caused by the temperature difference between water droplets and the object surface.    Q  a e r o     represents the pneumatic heating.    Q  d r o p − i n     is the heat flux converted from the kinetic energy of water droplets. They are specified as follows:


   Q  c o n v   = h t c ×  (   T s  −  T ∞   )   



(8)






   Q  a e r o   = h t c ×  r c  ×    V ∞ 2    2  C  p a      



(9)






   Q  d r o p − i n   =  1 2  ×  m  i m p   ×  V 2  ×  α  d r o p − i n    



(10)






   α  d r o p − i n   =   4  D  m a x  2     D 0 2    R e      



(11)






   Q  e v a p   =  m  e v a p   ×  L d   



(12)






   Q  h d r o p   =  m  i m p   ×  C  p d   ×  (   T s  −  T ∞   )   



(13)




where   h t c   is the convective heat transfer coefficient, obtained from the airflow field.    r c    is the recovery factor, which is 0.9.    V ∞    is the inflow velocity.    C  p a     is the specific heat capacity of air.  V  is the impact velocity of water droplets.    T s    is the temperature of the outer wall.    T ∞    is the inflow temperature.    C  p d     is the specific heat capacity of droplets.    α  d r o p − i n     is the coefficient of droplet kinetic energy conversion, its formula is from the ratio of viscous dissipation to kinetic energy in [26], and its value is 0.65 in the simulation.    D  m a x     is the maximum diameter of droplets.    D 0    is the initial diameter of droplets.   R e   is the Reynolds number of droplets.    L d    is latent heat of evaporation. The formulas for     m ˙   i m p     and     m ˙   e v a     are as follows:


    m ˙   i m p   =  V ∞  L W C β  



(14)






   m  e v a p   =   h t c    C a   ρ a   R v   L  e w    2 3      ×  (     e s   (   T s   )     T s    −    e ∞   (   T ∞   )     T ∞     )   



(15)






  e  ( T )  = 611.2 exp  (  17.67 ×   T − 273.15   T − 29.65    )   



(16)




where   L W C   is the liquid water content determined by icing ambient conditions,  β  is the collection efficiency of droplets coming from the water droplet field.    ρ a    is the density of air.    R v    is a vapor gas constant, which is 461.4.    L  e w     is the Lewis number, which is 1.





3. Experimental and Calculated Results and Analysis


To keep the temperature fluctuation of the structure in adjacent periods consistent, the electric heating in the experiment needed at least three cycles. The electric heating needed different cycles with different heating modes and space layout. For the convenience of uniformity, the heat transfer computation of 32 cycles was carried out before opening the spray. The spray was turned on at 4000 s to simulate icing conditions. In the experiment, only the outer wall temperature was monitored. In the computation, the temperatures of the heating layer and the outer wall were monitored simultaneously. The calculated outer wall temperature was compared with the experimental results.



3.1. Experimental and Calculated Results


In the experiment and the computation, the thickness of the front conduction layer    h f    was 1.6 mm and the thickness of the back conduction layer    h b    was 4.8 mm.



According to the purpose of the experiment and the capacity of the icing wind tunnel, the icing conditions are shown in Table 3 Case 1. In the computation of air flow field, the inlet was given the velocity inlet boundary conditions with the temperature of 263.15 K and velocity of 30 m/s, and the outlet was given the pressure outlet boundary conditions of the same temperature. The geometric wall adopted the roughness model of NASA correlation and was given a constant temperature of 273.15 K to obtain the convective heat transfer coefficient. For the water droplet field, the Euler method was used, which was realized by Fluent’s UDS function. The inlet was given the inlet boundary conditions of 30 m/s, and the wall adopted the suction boundary conditions. The relevant theories are relatively mature [9,10,11]. For the coupled heat transfer computation between the anti-icing structure and the air, its boundary conditions and heat sources can be seen in Section 2.2.



Figure 7 shows the influence of mesh number and time step on the temperature of T1. In the legend, the first number is the mesh number, in millions, and the second number is the time step, in seconds. It can be found that with the decrease in time step and the increase in mesh number, the temperature curve at T1 has a certain fluctuation, but the amplitude is less than 0.5 K, which can be mostly ignored. Considering the computation efficiency and accuracy, the mesh number of 2.17 million and the time step of 0.5 s were adopted.



Figure 8 shows the temperature curves at T1 and T2 points on the outer wall. The temperature changes before and after spraying are captured. As the model is a fairing, its convective heat transfer coefficient gradually increases from the center to the edge, so the heat dissipation capacity of T1 is higher than that of T2. As a result, the temperature of T1 is lower than that of T2 in both experimental and calculated results.



Before the spray starts, the maximum experimental temperature for T2 is close to that of the simulation, about 290 K. For T1, the maximum experimental temperature is about 1 K higher than the calculated temperature. This may be due to the slightly poor tightness of the tape at T1 in the experiment, resulting in the formation of an air cavity. It gives T1 a better thermal insulation and a higher temperature.



After the spray starts, the experimental and calculated temperatures of T2 are still close. Compared to before, the maximum temperature drops by about 4 K, reaching around 286 K. At T1, the calculated temperature is about 1 K higher than the experimental temperature, which is also due to the air cavity. After turning on the spray, low-temperature water vapor tends to accumulate in the cavity, reducing the temperature of T1. In general, the experimental results are in good agreement with the computation results.



Figure 9 shows the asymmetric temperature distribution of the fairing profile when the heating layer reaches the highest temperature (left) and the outer wall reaches the lowest temperature (right). The results indicate that structural heat transfer during heating and cooling has significant asymmetry. During heating, the temperature of the heating layer is the highest, and the temperature difference is large between different layers, which means that there is a certain delay in energy transfer. During cooling, while the heating layer no longer provides a heat source, the back conduction layer and the front conduction layer play the main role of insulation. The temperature of the back conduction layer is significantly higher than that of the front conduction layer, about 30 K.



Both conduction layers are made of glass cloth, and their thermal conductivity is low. Thus, the energy transfer is so low that the energy is concentrated in the heating layer, resulting in the high temperature. In addition, the inner cavity of the fairing is full of air and its heat transfer is regarded as natural convection, so its convection heat transfer coefficient is small. The two factors act at the same time, so the thermal insulation performance of the back conduction layer is good. For the front conduction layer, it is close to the endothermic layer, so its heat loss is very large Its overall temperature is significantly lower than that of the back conduction layer.



Figure 10 shows the temperature distribution of the heating layer (left) and the outer wall (right) when the heating layer reaches the highest temperature and the outer wall reaches the lowest temperature. The results indicate that the temperature distribution of the heating layer is more uniform. However, the margin of the heating layer is close to the endothermic layer, so its temperature gradient is larger. The overall temperature of the outer wall shows a decreasing trend from the center to the margin, which is consistent with the phenomenon that the temperature of T1 is lower than that of T2 as reflected in Figure 8. It is worth noting that the central temperature is lower than the surrounding temperature. This is due to the fact that the center is facing the incoming flow, and it collects lots of droplets, resulting in a serious temperature drop. The phenomenon has also been found in previous research related to wings [27,28] and fairings [29].




3.2. Results and Analysis


3.2.1. Analysis of Heating Mode and Heat Transfer Effect of Anti-Icing Components


In electrothermal anti-icing, the heating period is generally determined by meteorological conditions. The anti-icing cycle of this work is fixed at 125 s. To analyze the energy efficiency of different heating modes, the total energy output of the heating layer was kept constant in one cycle. The influence of different heating power–time allocations on the temperature of the heating layer and the outer wall was studied. The spray was turned on at 4000 s to study the temperature change of T1 under the conditions from non-icing to icing. The icing conditions are shown in Table 3 Cases 1–7.



Figure 11 shows the variation of outer wall temperature with time under different heating power–time allocations. The figure indicates that with the increase in heating time, while the maximum temperature of the outer wall has a downward trend, its minimum temperature has an upward trend, resulting in a gradual narrowing of the temperature difference. Existing research [29] also shows that the short-term high-power energy release is not conducive to the temperature requirement of the heating layer. In addition, when the spray is opened, the outer wall temperature is significantly reduced, about 3.3 K.



With the increase of heating time, the outer wall temperature above a certain value increases. Higher wall temperature leads to greater energy loss such as convective heat transfer, resulting in lower maximum temperature. Meanwhile, the increase in heating time means a decrease in cooling time. The outer wall has no time to cool down, so its minimum temperature increases.



Figure 12 indicates that under different heating power–time allocations, the temperature trend of the heating layer is consistent with that of the outer wall. Moreover, short-term heating with high power can easily make the temperature of the heating layer exceed 363.15 K, namely its temperature limit. It is worth pointing out that unlike the outer wall, the temperature curve of the heating layer is mostly unaffected by the spray.



The front conduction layer separates the heating layer and the endothermic layer, and the back conduction layer is close to the heating layer. The two conduction layers can provide good thermal insulation for the heating layer, so its temperature is hardly affected by the spray. This means that in the design of the anti-icing system, it is not necessary to consider the requirement of the maximum temperature of the heating layer under non-icing conditions, but it is to meet the same requirement under icing conditions.



By comparing Figure 11 and Figure 12, it can be found that there is a certain delay in heat transfer of the heating layer, about 4–10 s, and its temperature step is more pronounced than the outer wall. Figure 13 shows the fitting curves of the maximum temperature of the heating layer and the minimum temperature of the outer wall. It can be seen from the curves that both of them are nearly linear, and they also show an asymmetry. Within the research scope, the heating mode has a greater impact on the heating layer than the outer wall. While the temperature difference of the former is more than 39 K, the temperature difference of the latter is less than 2 K. The heating mode has completely opposite effects on the two, which is reflected in the slope of the fitting curves, namely one positive and the other negative. Based on the phenomenon, if the overflow water that may form ice ridges is ignored in the anti-icing, and only the temperature requirements of the outer wall and the heating layer are considered, the best anti-icing effect can be obtained by heating as evenly as possible.




3.2.2. Analysis of Structural Thickness and Heat Transfer Effect of Anti-Icing Components


To analyze the influence of the thickness of glass cloth on heat transfer efficiency and anti-icing effect, the front conduction layer should be discussed separately from the back conduction layer. The icing conditions are shown in Table 3 Case 1, Cases 8–14. Figure 14 shows the fitting curves of the maximum temperature of the heating layer and the minimum temperature of the outer wall at T1 with the thickness of the front conduction layer. The results show that although the front conduction layer can simultaneously raise the temperature of the outer wall and heating layer, their temperature rise effects are not similar. With the increase in the thickness, the maximum temperature of the heating layer increases almost linearly, and the temperature rise can exceed 125 K. However, the minimum temperature of the outer wall increased first and then stabilized, and the temperature rise was only about 5 K.



This difference means that the thickness of the front conduction layer has a more direct effect on the heating layer. Its increase can enhance the thermal insulation effect of the heating layer to a greater extent. For the outer wall, as can be seen from Equations (8), (12), and (13), its heat dissipation capacity would also be enhanced with the increase in the wall temperature. This means that its temperature rise effect would also gradually weaken. Therefore, in the design of an electrothermal anti-icing system, to meet the temperature requirement of the outer wall, the thickness of the front conduction layer cannot be increased indefinitely. Otherwise, it is easy to cause the heating layer temperature to rise rapidly and ablate the heating material.



Figure 15 and Figure 16 show the influence of the thickness of the back conduction layer on the temperature of the outer wall and heating layer (in the legend, the first number is the thickness of the front conduction layer and the latter is the thickness of the back conduction layer). The computation results show that the increase in its thickness can raise the temperature of the outer wall and heating layer. However, the temperature rise effect on both is less than that on the front conduction layer, about 1.2 K and 7.5 K, respectively. Compared with the front conduction layer, the back conduction layer is far away from the endothermic layer, and it accumulates more energy during heating and releases the energy more slowly during cooling, as shown in Figure 9, thus playing a more moderate role in the temperature regulation. In the design of the anti-icing system, this property allows finer regulation for the heat transfer, so as to improve the energy efficiency.






4. Conclusions


In the work, the asymmetric heat transfer of a symmetric structure during anti-icing was studied. According to the asymmetric temperature requirements of the anti-icing structure, the minimum temperature of the outer wall (the first temperature) and the maximum temperature of the heating layer (the latter temperature) are fitted with the changes of the heating mode and structure layout, respectively. The main conclusions are as follows:




	
The transient heat transfer computation method proposed in the work is in good agreement with the experiment. After the spray starts, the outer wall temperature will decrease significantly, at least 3 K. During heating, the temperature of the heating layer is significantly higher than other layers, and even 80 K higher than the outer wall. Its distribution is uniform. During cooling, the structural temperature gradient is smaller. The temperature of the back conduction layer is significantly higher than that of the front conduction layer, about 30 K. The temperature distribution of the outer wall increases first and then decreases from the center to the edge.



	
While the temperature change of the outer wall has a delay of 4–10 s, the temperature of the heating layer has a step phenomenon. After the spray starts, the heating layer is mostly not affected, less than 1 K. Moreover, the fitting results show that the influence of heating mode on the first temperature and the latter temperature is opposite and nearly linear. The influence degree of the heating mode can be expressed by the slope of the fitting curve, and the former temperature changed by 2 K, which is about 1/20 of the latter temperature. The uniform heating mode can better meet the temperature requirements of the above two.



	
The thickness increase in the conduction layer can raise the structural temperature. For the front conduction layer, while its influence on the first temperature can be fitted with the EXP function, namely increased first and then unchanged, its influence on the latter temperature is linear. Within the research scope of the work, the first temperature increased by about 5 K, and the latter temperature increased by more than 125 K. For the back conduction layer, its influence is smaller, about 1/5 and 1/20 that of the front one, respectively. Due to this property, the back one can control the structural temperature more finely.








Therefore, to avoid aircraft icing and ensure the durability of anti-icing materials, a relatively uniform heating mode is appropriate. When the heating energy is enough, but the temperature of the outer wall is less than 273.15 K, the thickness of the front conduction layer needs to be increased. To further improve the energy efficiency, it is a good method to properly reduce the thickness of the front conduction layer and increase the thickness of the back conduction layer. According to the actual icing conditions, the specific anti-icing design can be carried out with the computation method.
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Figure 1. The icing wind tunnel FL-16y. 
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Figure 2. Main experimental section. 
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Figure 3. Experimental model installation diagram. 
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Figure 4. Anti-icing structure model. 
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Figure 5. Thermistor arrangement. 
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Figure 6. Multi-channel temperature-measuring instrument. 
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Figure 7. The influence of mesh number and time step at T1. 
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Figure 8. Comparison of experimental (-E) and calculated (-C) results on surface temperature. 
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Figure 9. Asymmetric temperature distribution of the profile during heating and cooling. 
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Figure 10. Temperature distribution of heating layer during heating and outer wall during cooling. 
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Figure 11. Temperature variation of outer wall with time under different heating power–time allocations. 
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Figure 12. Temperature variation of heating layer with time under different heating power-time. 
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Figure 13. Fitting curves of maximum temperature of heating layer and minimum temperature of outer wall. 
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Figure 14. Fitting curves of maximum temperature of heating layer and minimum temperature of outer wall with the thickness of the front conduction layer. 
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Figure 15. Comparison of outer wall temperature under 1.6 mm and 4.8 mm back conduction layers. 
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Figure 16. Comparison of heating layer temperature under 1.6 mm and 4.8 mm back conduction layers. 
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Table 1. Main performance parameters.
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	Velocity (m/s)
	Pressure (kPa)
	Temperature (K)
	MVD (µm)
	LWC (g/m3)





	Max
	170
	Ambient pressure
	Ambient temperature
	50
	2



	Min
	0
	5
	233.15
	10
	0.3
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Table 2. Material parameter table.
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	Material
	Density (kg/m3)
	Conductivity (W/(m·K))
	Specific Heat (J/(kg·K))





	Glass cloth
	2760
	670
	0.06



	Aluminum
	270
	880
	202
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Table 3. Icing conditions.
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	Case
	V

(m/s)
	T

(K)
	MVD

(µm)
	LWC

(g/m3)
	P

(kPa)
	Power–Time

(W/m3-s)
	Front–Back

(mm–mm)





	1
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	1.6–4.8



	2
	30
	263.15
	20
	0.55
	101.3
	3.720 × 107–75
	1.6–4.8



	3
	30
	263.15
	20
	0.55
	101.3
	4.650 × 107–60
	1.6–4.8



	4
	30
	263.15
	20
	0.55
	101.3
	5.580 × 107–50
	1.6–4.8



	5
	30
	263.15
	20
	0.55
	101.3
	6.975 × 107–40
	1.6–4.8



	6
	30
	263.15
	20
	0.55
	101.3
	9.300 × 107–30
	1.6–4.8



	7
	30
	263.15
	20
	0.55
	101.3
	11.160 × 107–25
	1.6–4.8



	8
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	0.8–4.8



	9
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	1.2–4.8



	10
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	2.4–4.8



	11
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	3.2–4.8



	12
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	4.0–4.8



	13
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	4.8–4.8



	14
	30
	263.15
	20
	0.55
	101.3
	6.200 × 107–45
	1.6–1.6
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