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Abstract

:

The icing phenomenon seriously threatens flight safety, and, therefore, the aircraft needs to be equipped with an icing protection system. Icing may still occur when the anti-icing system is in operation when the protection range or protection power is too small. Given this state, the ice shapes of the airfoil under local thermal protection states are studied in this paper. A numerical simulation method for icing considering water film flow is demonstrated. The solution methods for the governing equations and convective heat transfer coefficient are given. The calculation results were compared with experimental data and a LEWICE calculation to verify the validity of the method. Different protection ranges and protection powers were designed, and the ice shapes under different conditions were simulated. The calculation results show that when the protection range is large, but the protection power is low, icing will still occur in the protection range. Alternatively, when the protection range is small, icing may form outside the protection area. When the combination of protection range and protection power is inappropriate, the critical ice ridge phenomenon will occur. Ice ridges cause the degradation of aerodynamic characteristics and are more dangerous than icing.
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1. Introduction


In order to avoid the hazards of icing phenomenon, aircraft manufacturers and designers usually install icing protection systems in icing areas. At present, a thermal protection system is one of the main systems used in civil aircraft [1]. In the design of thermal protection systems, two factors need to be paid attention to, the protection range and the protection power. If the protection range or protection power is too small, the liquid water on the surface will freeze outside the protection range. Excessive protection range or protection power leads to an excessive amount of energy required for the icing protection system and, in turn, wastes the energy of the aircraft [2,3].



An ice ridge is the ice shape frozen outside the icing protection range and is a phenomenon that may occur during the anti-icing process [4]. Some supercooled droplets do not evaporate completely after hitting the leading edge but flow downstream under the action of airflow and freeze into ice outside the protection area. The ice ridge will cause airflow separation and reduce the lift-to-drag ratio of the aircraft, and its damage is no less than the usual icing phenomenon [5]. The formation of an ice ridge is mainly due to the small protection range or protection power of the anti-icing system, resulting in the failure of complete evaporation of liquid water on the surface when the protection system works normally. The irrationality of the thermal protection system leads to the formation of the ice ridge, so it is necessary to study the icing under the local thermal protection state.



Al-Khali et al. [6] performed a numerical simulation of the liquid water on the surface of the electrothermal anti-icing system in the wet anti-icing state. The breaking process of the water film was predicted, and the flow model of liquid water on the anti-icing surface was established. Morency et al. [7,8] established a performance calculation model for the electrothermal anti-icing system and calculated the surface temperature distribution and liquid water flow. The results showed that the temperature distribution of the anti-icing surface has a large influence on flow limitation. Silva et al. [9,10] studied the heat and mass transfer model of the anti-icing surface and calculated the surface liquid water, convective heat transfer coefficient, and temperature distribution under wet anti-icing state. In addition, they established a model for the airflow velocity boundary layer and thermal boundary layer under the operation of the electrothermal anti-icing system and solved the relevant parameters of liquid water with the mass and momentum conservation equations. Miller et al. [11] conducted a detailed research experiment on the formation of ice ridges under the condition of supercooled large droplets and obtained the position and height of ice ridges under the conditions of different meteorological parameters and de-icing system settings during the ice accumulation time. Lee et al. [12,13,14,15] studied the effect of ice ridges with 1/4 circular shape on aerodynamic performance of airfoil by both experimental and numerical simulation methods. The research results have shown that when there is an ice ridge on the upper surface of the airfoil, the airflow will separate after passing through the ice ridge. The lift coefficient of the iced airfoil decreases, the drag coefficient increases, and the aerodynamic performance becomes significantly worse. Bragg and Broeren et al. [16,17,18] simulated the formation of glaze ice, rime ice, and an ice ridge, respectively, in an icing wind tunnel and obtained the lift and drag coefficient of the airfoil under the influence of various ice accumulation types. Among them, the lift coefficient of the airfoil covered with an ice ridge was the smallest and the drag coefficient was the largest. Presently, studies have been carried out regarding the water film flow on the anti-icing system surface and the effect of ice ridges on aerodynamic characteristics, and there are many numerical simulations of icing under local thermal protection state [19,20]. When the protection range is small, but the protection power is large, there is still icing outside the protection area. Therefore, the protection range and power range need to be well coordinated.



In this paper, the effect of different protection ranges and protection powers on icing and the conditions for ice ridge formation are analyzed. An icing model considering water film flow is presented to simulate the ice shapes under a local thermal protection state. The icing states under different protection ranges and protection powers are analyzed, and the effects of different thermal protection systems on the ice shapes, the amount of icing, and aerodynamic characteristics after icing are studied.




2. Numerical Simulation Method


The numerical simulation of aircraft icing under a local thermal protection state can be divided into several modules including grid generation, flow field calculations, droplet trajectory calculations, and ice accretion calculations [21]. Based on the C++ language, the codes for the icing numerical simulation were compiled. The structured grid was generated based on the method for solving elliptic partial differential equations. The flow field data were obtained by solving Navier-Stokes equations. The fourth-order Runge–Kutta method was used in time discretization, and the central difference scheme was used in the space discretization. The artificial dissipation term, local time step, and implicit residual smoothing technology were used. The droplet trajectory was calculated using Eulerian model-based droplet governing equations. The mass and momentum equations of droplets can be expressed as:


      ∂ (  ρ d  α )   ∂ t   + ∇ (  ρ d  α   V →  d  ) = 0                                                                                                                   ,       ∂ (  ρ d  α   V →  d  )   ∂ t   + ∇ (  ρ d  α   V →  d    V →  d  ) =  ρ d  α K (   V →  a  −   V →  d  ) +  ρ d  α  G →     



(1)




where  α  is the droplets volume fraction,    ρ d    is the droplet density,     V →  d    is the droplet velocity,     V →  a    is the air velocity,   G →   is the gravity, and  K  is the inertial factor. It can be expressed as follows:


  K =   18  μ a  f    ρ d  M V  D 2    ,  



(2)




where    μ a    is the air dynamic viscosity,   M V D   is the droplets diameter, and  f  is the drag function:


  f = 1 + 0.15   Re  d  0.687   .  



(3)







    Re  d     is the Reynolds number of droplets. The droplet collection efficiency based on Eulerian method is defined as:


  β =    α n  ⋅  V →  ⋅  n →     α ∞  ⋅  |    V →  ∞   |    ,  



(4)




where    α ∞    is the far-field droplet volume fraction,    α n    is the local droplet volume fraction,     V →  ∞    is the far-field droplet velocity,   V →   is the local droplet velocity, and   n →   is the surface normal vector.



The methods of grid generation, flow field calculation, and droplet trajectory calculation are relatively mature [22]. This paper mainly introduces the icing model in detail.



2.1. Governing Equations


In the local thermal protection state, the supercooled droplets will not freeze immediately after hitting the surface but will flow on the surface in the form of water film. In order to simulate the water film flow and icing phenomenon, a numerical simulation method of icing considering water film flow is presented in this paper. The following assumptions need to be made to establish the model: (1) Due to the small thickness and slow speed of the water film, the normal flow of the water film can be ignored, and the water film flow is considered as laminar flow. (2) The physical properties of liquid water, ice, and air do not change during the process of water film flowing and freezing. (3) The water film flows under the action of air shear force, and the two are unidirectionally coupled. (4) The water film flow is not affected by the impact of supercooled droplets. The surface is divided into several control volumes, and the mass and energy conservation equations are established for each control volume.



The water film can be considered Couette flow under the airflow action. The velocity distribution of the water film flow section is considered approximately linear, so the relationship between water film thickness and average water film velocity can be expressed as follows [23,24]:


   u ¯  ( s ) =    h w    2  μ w     τ a  ( s ) ,  



(5)




where    h w    is the water film thickness,  u  is the water film velocity at any height,    τ a  ( s )   is the airflow shear force, and    μ w    is the dynamic viscosity of liquid water.



As shown in Figure 1, the mass conservation equation of water film in the control volume can be expressed as:


    m ˙   w a t   +   m ˙   f i l m   =   m ˙   i m p   −   m ˙   e v p   −   m ˙   i c e   ,  



(6)







    m ˙   w a t     is the change rate of liquid water mass in the control volume:


    m ˙   w a t   =   ∂ (  ρ w   h w  )   ∂ t   ,  



(7)




where,    ρ w    is the water density.



    m ˙   f i l m     is the mass difference between the inflow and outflow of liquid water in the control volume:


    m ˙   f i l m   =  ∂  ∂ s      ∫ 0   h w      ρ w  u d y    ,  



(8)







    m ˙   i m p     is the mass of water collected in the control body for supercooled droplet impact. It can be expressed as:


    m ˙   i m p   = β  V ∞  L W C ,  



(9)




where  β  is the droplet collection coefficient,    V ∞    is the far-field air velocity, and   L W C   is the liquid water content.



    m ˙   e v p     is the mass of evaporation of liquid water under surface heating, which can be expressed as:


    m ˙   e v p   =    h c     ρ a   R v  c  p a    (    e  s u r      T w    −    e ∞     T ∞    ) ,  



(10)




where    h c    is the convective heat transfer coefficient,    ρ a    is the air density,    R v    is the water vapor gas constant,   c  p a    is specific heat capacity of air,    T w    is the surface temperature of liquid water,    T ∞    is the far-field temperature, and    e  s u r     and    e ∞    are the saturated water vapor pressure of the surface and far-field flow, respectively. Both values can be calculated according to the following formula [25,26]:


    e = 611.011 + 44.481 ( T −  T m  ) + 1.419 ( T −  T m   ) 2      + 0.0239 ( T −  T m   ) 3  + 1.744 ×  10  − 4   ( T −  T m   ) 4  , T <  T m  ,     e = 609.603 + 49.495 ( T −  T m  ) + 1.739 ( T −  T m   ) 2      + 0.031 ( T −  T m   ) 3  + 2.292 ×  10  − 4   ( T −  T m   ) 4  , T ≥  T m     



(11)







    m ˙   i c e     is the mass of frozen water.



The energy conservation equation established in the control volume can be expressed as:


    q ˙   c o n d   +   q ˙   i m p   =   q ˙   c o n v   +   q ˙   e v p   +   q ˙   r a d   +   q ˙   f r e   +   q ˙   w a t   +   q ˙   f i l m   ,  



(12)




where     q ˙   c o n d     is the heating flux received, that is, the heating power of the local thermal protection.



    q ˙   i m p     is the heat flux caused by the impact of the water droplets:


    q ˙   i m p   =   m ˙   i m p   [ c  p i   T m  +  L f  + c  p w  (  T ∞  −  T m  ) +    V d 2   2  ] ,  



(13)







    q ˙   c o n v     is the heat flux of the convective heat transfer between the surface of the water film and the airflow:


    q ˙   c o n v   =  h c  (  T w  −  T  r e c   ) ,  



(14)







    q ˙   e v p     is the heat flux density of evaporation on the surface of the water film:


    q ˙   e v p   =   m ˙   e v p   [ c  p i   T m  +  L f  + c  p w  (  T w  −  T m  ) +  L e  ] ,  



(15)







    q ˙   r a d     is the radiant heat flux on the water film surface:


    q ˙   r a d   = σ (  T w 4  −  T ∞ 4  ) ,  



(16)







    q ˙   f r e     is the heat flux of frozen liquid water:


    q ˙   f r e   =   m ˙   i c e   c  p i   T w  ,  



(17)







    q ˙   w a t     is the heat flux of change rate of liquid water mass:


    q ˙   w a t   =   m ˙   w a t   [ c  p i   T m  +  L f  + c  p w  (  T w  −  T m  ) ] ,  



(18)







    q ˙   f i l m     is the heat flux of liquid water flow in and out of control volume:


    q ˙   f i l m   =   m ˙   f i l m   [ c  p i   T m  +  L f  + c  p w  (  T w  −  T m  ) ] ,  



(19)




where   c  p i    is the specific heat capacity of ice,   c  p w    is the specific heat capacity of water,    L f    is the latent heat of melting of ice,    L e    is the latent heat of evaporation of water,    T m    is the phase transition equilibrium temperature, and    T  r e c     is the boundary layer recovery temperature.




2.2. Solution Method


There are three unknown parameters (   T w   ,   h w   ,    m ˙   i c e    ) in the conservation equations of mass and energy, so a governing equation needs to be added. The Stefan boundary condition applied to ice-water interface is [27,28]:


    m ˙   i c e    L f  = −  k w    ∂  T w    ∂ y   +  k i    ∂  T i    ∂ y   ,  



(20)







When the anti-icing process is not considered, the heat flow on the surface is considered 0. If, at this time, the internal temperature of the ice layer is the same, and the temperature changes can be ignored, then:


    m ˙   i c e    L f  = −  k w  (  T m  −  T w  ) /  h w  ,  



(21)




where,    k w    is the thermal conductivity of water, and    k i    is the thermal conductivity of ice.



In the solution process, the water film thickness is assumed first. The water film surface temperature and icing rate are solved by the Equations (12) and (20). Then, the surface water film thickness is obtained by solving Equation (6) using the surface temperature and icing rate. The icing rate can be obtained by iterative solutions until the water film thickness is stable.




2.3. Calculation of Convective Heat Transfer Coefficient


The calculation method of the convective heat transfer coefficient on the icing surface mainly adopts the boundary layer integration method, and the influence of roughness on flow is taken into account in the calculation process.



The whole region is divided into laminar flow and turbulent flow, and local roughness Reynolds number is used as the discrimination method, which is defined as:


    Re  k  =  V k   k s  /  ν a  ,  



(22)




where    ν a    is the kinematic viscosity of air,    V k    is the airflow velocity at the roughness height, and    k s    is the surface roughness height. The equivalent gravel roughness is usually used for icing roughness [29]. In this paper, the icing model considering water film flow is studied. For the water film flow region, the surface roughness can be considered as the wave height of the water film flow [30,31], which expressed as:


   k s  = 0.75    τ a     μ w         h w 3   g    ,  



(23)







The local rough Reynolds numbers at different positions are calculated, and then judged according to the critical Reynolds number. The judgment criteria are as follows:


     Re  c  =  {     10  22       3834.2 − 198460  | s |  + 3281200   | s |  2  − 6999400     600        | s |   3       | s |  = 0      | s |  < 0.035 c ,      | s |  ≥ 0.035 c     



(24)




where  s  is the surface distance from the control volume to the stagnation point, and  c  is the chord length. When     Re  k  <   Re  c   , the flow is considered as laminar flow and when     Re  k  ≥   Re  c   , the flow is considered as turbulent flow.



The calculation of the convective heat transfer coefficient is usually described by Stanton number, and the convective heat transfer coefficient can be expressed as:


   h c  = S t  ρ a   V e  c  p a  ,  



(25)







For the laminar flow region, its Stanton number can be expressed as:


  S  t l  = 0.418    ν a  0.5    V e  0.435        (     ∫ 0 s    V e  1.87   d s     )    0.5     ,  



(26)







Therefore, the convective heat transfer coefficient in the laminar region can be expressed as:


   h  c l   = 0.296    λ a       ν a        (  V e  − 2.88      ∫ 0 s    V e  1.88   d s    )   − 0.5   ,  



(27)




where    λ a    is the thermal conductivity of air and    V e    is the velocity at the outer edge of boundary layer.



For the turbulent region, its Stanton number can be expressed as:


  S  t t  =    c f  / 2     Pr  t  +    c f  / 2   / S  t k    ,  



(28)




where     Pr  t    is the Prandtl number in the turbulent region, which can be approximately taken as 0.9.   S  t k    is the Stanton number of roughness surface, which can be expressed as:


  S  t k  = 0.936     ( 0.0125   Re    δ 2    − 1 / 4    V e 2  )   1 / 2    k s     ν a    ,  



(29)







   c f    is the friction coefficient under turbulence state, which can be expressed as:


     c f   2  =   [   0.41   ln ( 864  δ  2 , t   /  k s  + 2.568 )   ]  2  ,  



(30)




where    δ  2 , t     is the momentum thickness of the turbulent flow. Considering that the development of turbulence flow is based on the development of laminar flow, the momentum thickness of turbulent flow is considered from the transition point based on the momentum thickness of laminar flow. The momentum thickness in the laminar flow region and the turbulent region can be expressed as:


   δ  2 , l   =   0.664  ν a     0.5      V e  2  . 84        (    ∫ 0   s  t r       V e  4  . 68    d s    )   0.5   ,  



(31)






   δ  2 , t   =   0.0156  υ a     0.5      V e  4.11        (     ∫   S  t r      S 2      V e  3.86   d s     )    4 / 5   +  δ  2 , t r      (     V  e , t r      V e     )    3.288   ,  



(32)







Therefore, the convective heat transfer coefficient in the turbulent region can be expressed as:


   h t   ( s ) =  S t ⋅ ρ  V e   c p  =  [       c f   / 2      Pr  t  +      c f   / 2    (  1 /  S  t k  )      ]  ⋅ ρ  V e   c p  ,  



(33)







In solving, first, the surface stagnation point is found. Then, the distance between each control volume and stagnation point is calculated, and the local roughness Reynolds number is used to judge the flow state. Finally, the calculation method of the laminar or turbulent convective heat transfer coefficient is selected for icing calculation.





3. Method Validation


In order to verify the effectiveness of the method, the icing experiment conditions are selected for numerical simulation, and the calculation results are compared with the experimental data and the LEWICE calculation [25,30,32]. The icing calculation based on the Messinger model was adopted in the LEWICE [33,34]. The NACA0012 airfoil was selected as the geometry model, and the chord length was 0.5334 m. The calculation conditions are shown in Table 1. The calculation process included grid generation, flow field calculation, droplet trajectory calculation, and icing shape calculation. The same grid, airflow, and droplet impact characteristics results were used in the calculation, and the icing model adopted the method described above.



The calculation results are shown in Figure 2. Case 1 is a typical rime ice condition. From Figure 2a, it can be seen that the numerical simulation results are not different from the experimental results and LEWICE results and have good simulation accuracy. This is because, under the rime ice condition, supercooled droplets form ice immediately after hitting the surface, and there is no liquid water flowing on the surface. At this time, the icing equations of mass and energy can be simplified.



Case 4 is a typical glaze ice condition. It can be seen from Figure 2d that the results of the icing model based on water film flow are closer to the experimental data than the LEWICE results, especially at the upper corner of the ice shapes. This indicates that the model presented in this paper can have better simulation accuracy under glaze ice condition. This is because the icing temperature of rime ice is relatively high, and supercooled droplets cannot be frozen immediately after hitting the surface. Instead, a large part of supercooled droplets flow on the surface in the form of liquid water and freeze gradually. The icing model based on water film flow better describes the physical process of liquid water flowing on the surface. In contrast, the LEWICE simulation accuracy is relatively low, resulting in the deviation of ice shape.



The icing conditions of cases 2 and 3 are similar to case 4. The icing conditions should be mixed, and the ice shapes are like horns. Under these conditions, the icing model based on water film flow can be closer to the experimental results.



As can be seen from the comparison results under different cases in Figure 1, the icing model presented in this paper can simulate icing under different conditions, and the calculation results are closer to the experimental values.




4. Numerical Simulation of Icing under Local Thermal Protection State


In the unprotected state, it can be considered that the heat flux input by the anti-icing system through the surface is 0, while under the local thermal protection state, the surface heat flux is given according to the set value of the anti-icing system. Case 3 in Table 1 is used as a calculation model and icing condition. The distribution of the droplet collection coefficient is shown in Figure 3. The distribution range of the droplet collection coefficient is within s/c = ±0.1. Based on this, different protection ranges were designed, and the influence of different protection power on ice shapes was analyzed.



4.1. Protection Range Is s/c = ±0.2


The thermal protection area was set as s/c = ±0.2. Various heating powers such as 0kw/m2 (that is not anti-icing), 3 kw/m2, 5 kw/m2, 8 kw/m2, 10 kw/m2, and 30 kw/m2 were selected in the calculation, and the calculation results are shown in Figure 4.



When the heating power was 3 kw/m2, there was no ice near the stagnation point at the leading edge, but there was still icing on the upper and lower sides. This is because the heating at the leading edge prevents the impacted supercooled droplets from freezing but does not completely evaporate the droplets. Droplets flow to the upper and lower sides in the form of liquid water under the action of airflow. The anti-icing heat load required on the upper and lower sides is relatively large, but the heating power is insufficient to ensure that the liquid water does not freeze; therefore, icing is formed on both sides. When the heating power reached 5 kw/m2, the ice amount on the upper side was significantly reduced, and the icing range was expanded in Figure 4b. Compared with 3 kw/m2, the increase of heating power led to an increase in the temperature of liquid water, and the liquid water needed to flow over a longer distance to freeze; therefore, although the icing amount decreased, the icing range increased. Due to the higher heating power, there is no ice accretion on the lower side. As the power gradually increases further, it can be seen that the icing on the surface gradually decreases. When the heating power reaches 10 kw/m2, there is almost no icing on the surface.




4.2. Protection Range Is s/c = ±0.12


The thermal protection area was set as s/c = ±0.12, and various heating powers were used in the calculation. The calculation results are shown in Figure 5. When the thermal protection area becomes smaller, ice ridges are formed outside the upper and lower protection ranges. Taking the heating power of 30kw/m2 as an example, when the protection range is s/c = ±0.2, there is no ice formation on the surface, but when the protection range is s/c = ±0.12, ice ridges occur outside the protection area on the upper and lower surfaces in Figure 5b. This is because the protection range is reduced so that the liquid water cannot evaporate completely but flows out of the protection area under the action of airflow and freezes into ice ridges. The same phenomenon occurs when the heating power is 10 kw/m2, and the range of ice ridge increases gradually. As the heating power further decreases, it can be found that the ice amount on the leading edge gradually increases, but the amount of ice ridge at the rear gradually decreases. When the power was 3kw/m2, icing occurred at the leading edge, and there was almost no ice ridge formation. This phenomenon occurs because when the heating power is large, there is more evaporation of liquid water, so there is less water flowing out of the protected area, and the amount of ice ridge decreases. When the heating power is low, liquid water freezes at the leading edge, so there is less liquid water flowing out of the surface and fewer ice ridges. Therefore, there is a critical heating power. Under this power state, ice will not be formed in large amounts at the leading edge due to heating, and the impacted droplets will flow in the form of liquid water. On the other hand, because the heating power is not high, it is difficult for the liquid water to evaporate completely, resulting in more liquid water flowing out of the protection area and forming ice ridges, which affects the aerodynamic characteristics. This example shows that when the anti-icing system works, if the heating power of anti-icing is not high enough and only local thermal protection is provided, ice ridges may be formed outside the protection range. This kind of incomplete thermal protection not only cannot play the role of icing protection but also may cause more serious hazards to flight safety.




4.3. Protection Range Is s/c = ±0.1


As shown in Figure 6, when the protection range was set to s/c = ±0.1, the calculated ice shapes were similar to that of s/c = ±0.12, but the position of the ice ridge formation was more forward. When the heating power is 5 kw/m2, icing is formed on the upper side. When the liquid water flows out of the protection area, it freezes and forms a sharp ice ridge in Figure 6a.




4.4. Protection Range Is s/c = ±0.05


When the protected range was further reduced to s/c = ±0.05, as shown in Figure 7, it can be found that the icing area affected by local heating at the leading edge gradually decreased. The ice ridge gradually fused with the ice at the leading edge area, resulting in more ice accumulation occurring at the position separated from the protection area.




4.5. Protection Range Is s/c =±0.02


When the protection range was s/c = ±0.02, the calculation results are shown in Figure 8. There was no icing in the protection area, but there was larger ice accumulation outside the protection area, forming a shape like a sheep’s horn. At the same time, with the increase of heating power, the ice formation position on the upper and lower sides gradually retreats, as seen in Figure 8b. This is because the higher the heating power, the higher the temperature of liquid water, so the icing position is relatively backward.




4.6. Aerodynamic Characteristic Analysis


According to the ice shapes in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8, the aerodynamic coefficient of the airfoil after icing under local thermal protection states are calculated, as shown in Figure 9. When the protection range is s/c = ±0.2, regardless of the protection power, local thermal protection can increase the lift coefficient and decrease the drag coefficient of the airfoil compared with the unprotected state. When the protection range is less than s/c = ±0.12, local thermal protection may lead to a decrease in lift coefficient and an increase in drag coefficient. Taking the protection range s/c = ±0.1 as an example, the lift coefficient decreases gradually with the increase of heating power. This is because the liquid water forms ice ridges outside the protection area, which leads to the deterioration of the aerodynamic characteristics. Taking the protection power of 10kw/m2 as an example, the lift coefficient does not increase with the increase of the protection range. Therefore, with the expansion of the thermal protection range, the icing on the airfoil surface gradually moves backward, leading to the formation of ice ridges outside the protected area.



The flow field of the airfoil before and after icing are shown in Figure 10. It can be seen that the streamlines of the clean airfoil are smooth, and the aerodynamic characteristics are the best. Figure 10b shows the flow field of an iced airfoil in the unprotected state. The icing destroys the original streamline and forms a vortex behind the ice shape. In the state shown in Figure 10c, ice ridges are formed on the airfoil. The obstruction of ice ridges results in a negative pressure area, but since the ice ridges are small, the damage to the aerodynamic properties is limited. However, in Figure 10d, the larger ice ridge leads to a large range of vortices behind the ice ridge, and the aerodynamic characteristics are worse than those in the unprotected state. Therefore, ice ridges are more dangerous than icing.



These results indicate that the increase of total protection energy consumption may make the aerodynamic characteristics of the airfoil after icing worse. Therefore, reasonable protection range and protection power need to be considered in the design of anti-icing systems to prevent the hazards of ice ridges.





5. Conclusions


Numerical simulation of icing under local thermal protection state was studied in this paper. An icing model based on water film flow was presented, the modeling ideas, governing equations, and solution methods were displayed, and the calculation method of convective heat transfer coefficient was given. Finally, the icing model based on water film flow used to calculate icing under different protection ranges and protection powers, and the results were analyzed. The following conclusions were drawn:




	(1)

	
When the local thermal protection power is high, there is no ice formation in the protection area, but ice ridges may be formed outside the icing protection area. When the local thermal protection power is low, the ice amount in the protection area will decrease, but the icing will still occur. With the expansion of the protection range, the position of the ice ridge will gradually move backward;




	(2)

	
When the combination of protection range and protection power is inappropriate, there is less ice at the leading edge of the airfoil, but many ice ridges will be accumulated outside the protection area;




	(3)

	
The formation of ice ridges can lead to negative pressure areas and vortices on the airfoil surface, resulting in the deterioration of aerodynamic characteristics, which is more dangerous than icing;




	(4)

	
In the design of thermal anti-icing systems, it is necessary to select reasonable heating power and protection range; otherwise, more dangerous ice ridges may be formed, which will fail to achieve protection effect and increase the risk of aircraft.
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Figure 1. Diagram of mass and heat transfer of control volume. 
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Figure 2. Comparison of ice shapes under different conditions: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Figure 3. Distribution of droplet collection coefficient. 
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Figure 4. Icing characteristics with protection range of s/c = ±0.2: (a) Ice shapes; (b) Ice thickness. 
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Figure 5. Icing characteristics with protection range of s/c = ±0.12: (a) Ice shapes; (b) Ice thickness. 
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Figure 6. Icing characteristics with protection range of s/c = ±0.1: (a) Ice shapes; (b) Ice thickness. 
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Figure 7. Icing characteristics with protection range of s/c = ±0.05: (a) Ice shapes; (b) Ice thickness. 






Figure 7. Icing characteristics with protection range of s/c = ±0.05: (a) Ice shapes; (b) Ice thickness.



[image: Aerospace 09 00084 g007]







[image: Aerospace 09 00084 g008 550] 





Figure 8. Icing characteristics with protection range of s/c = ±0.02: (a) Ice shapes; (b) Ice thickness. 
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Figure 9. Aerodynamic characteristics of airfoil after icing: (a) Cl; (b) Cd. 
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Figure 10. Streamline and pressure distribution of airfoil: (a) Clean airfoil; (b)Iced airfoil without ant-icing; (c) Iced airfoil with protection range of s/c = ±0.12 and protection power of 8 kw/m2; (d) Iced airfoil with protection range of s/c = ±0.05 and protection power of 8 kw/m2. 






Figure 10. Streamline and pressure distribution of airfoil: (a) Clean airfoil; (b)Iced airfoil without ant-icing; (c) Iced airfoil with protection range of s/c = ±0.12 and protection power of 8 kw/m2; (d) Iced airfoil with protection range of s/c = ±0.05 and protection power of 8 kw/m2.



[image: Aerospace 09 00084 g010]







[image: Table] 





Table 1. Icing calculation conditions.
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	Case
	Ma
	Angle of attack

°
	Pressure

Pa
	Temperature K
	MVD

μm
	LWC

g·m−3
	Icing Time

s





	1
	0.197
	4.0
	101,300
	244.80
	20.0
	1.0
	360



	2
	0.197
	4.0
	101,300
	263.14
	20.0
	1.0
	360



	3
	0.197
	4.0
	101,300
	267.02
	20.0
	1.0
	360



	4
	0.197
	4.0
	101,300
	268.69
	20.0
	1.0
	360
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