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Abstract

:

The flow and morphological characteristics of liquid water on the icing and anti-icing surfaces of aircraft are closely related to the icing characteristics and anti-icing surface temperature distribution. To predict the flow and breakup characteristics of a water film, a 3D model of continuous water film flow and a model of water film breakup into rivulets on an anti-icing surface were constructed based on the icing model, and the corresponding methods for solving the models were developed. Using the NACA0012 airfoil as a simulation object, the changing characteristics of height and velocity for a continuous water film with time and the morphological characteristics of rivulets formed from the breakup of a continuous water film were simulated numerically. The results indicate that, with an increase in inflow velocity, the time required for the water film to completely cover the surface and reach stability decreases. Downstream in the water droplet impact zone, the calculated values of continuous water film height align well with experiments, as well as the stream height at the continuous water film rupture location with the experimental values. With the reasonable contact angle, the calculation error of the stream width is within 10%.
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1. Introduction


When an aircraft passes through clouds containing supercooled water droplets (the water droplets that remain liquid at temperature below the freezing point), the water droplets impinge and freeze on the windward surfaces of the wings, windshields, engine intake lips, struts, spinners, and other components; this is known as aircraft icing. Ice accretion on the aircraft wings changes the aerodynamic shape of the wings and affects the airflow near the wings, thus reducing flight lift and increasing flight resistance. The engine icing reduces thrust and increases fuel consumption, threatening flight safety. Therefore, the icing components of aircraft and engine are usually equipped with anti-icing or de-icing systems, such as hot-air heating, electrical heating, ultrasound technology, shape memory alloys de-icing technology [1] and electric pulse de-icing, low-frequency piezoelectric de-icing, and hydrophobic material anti-icing [2]. In glaze ice and wet surface anti-ice, the unfrozen water film on the icing surface flows downstream under the air flow. This may cause overflow ice or an ice ridge in unprotected areas, harming the aircraft. The flow of a water film is also closely related to the distribution of anti-icing temperature on the wet surface. Therefore, the study of water film flow on the surface of icing components is of great significance for icing prediction and anti-icing design and optimization.



In terms of experimental research, Hansman and Turnock [3] observed a smooth wet zone in the stagnation region with a uniform water film, a rough zone with stationary beads, and a zone where surface water ran back as rivulets in glaze icing tests. Moghtadernejad et al. [4] found that the adhesion of water to the hydrophobic surfaces is low, so the rivulet height formed on the hydrophobic surfaces is high in an experimental study of rivulet flow under the effect of various air shear speeds and different surface morphologies. Zhang et al. [5,6] conducted an experimental study in which the thickness of water film/rivulet flow driven by air flow on an airfoil surface was measured using digital image projection technology. They also observed that when the wind speed increases the continuous water film breaks into multiple rivulets, and the initial ice roughness has a significant effect on the rivulet shape [7]. Lou et al. [8] conducted experiments in which the water film broke up to form rivulets on NACA0012 airfoil surfaces based on open straight-flow and low-speed wind tunnel.



In terms of numerical research, the Messinger model [9] was first applied for aircraft icing prediction. The model assumes that all unfrozen water in the current icing control volume flows into the downstream control volume. Al-Khalil et al. [10,11] first proposed an anti-icing runback model in which a continuous water layer in the direct impingement is assumed to form individual, equally spaced rivulets at breakup. Fortin et al. [12] presented an analytical model during ice accretion which is based on the water behavior at the surface, such as rivulet, bead, and water film. The water film thickness is independent of time. Based on ONERA [13], Silva et al. [14] presented a mathematical model in which the water film breakdown into rivulet flows is modeled. Dong et al. [15] developed a calculation method to analyze the water film flow which exists in the water droplet impinging area and predict its thickness. Outside the impinging area, the water film breaks into rivulets, whose mathematical model was also presented. Bu et al. [16] established a two-dimensional rivulet model by introducing the minimum energy criteria, and the critical thickness of film breakup was solved.



The above studies are based on the two-dimensional icing or water flow model. Meanwhile, the models do not contain time-dependent terms; their application is limited to steady-state problems. Bourgault et al. [17] first proposed a three-dimensional thermodynamic model for ice accretion, which is based on a system of partial differential equations with time-dependent terms. The icing model assumes that the unfrozen water flow on the icing surface is a continuous shallow water film driven by the shear force of air flow. The model is applied in FENSAP-ICE, which is the representative of the second-generation icing software. Using the surface shape and surface tension of a water film flow, Myers [18] applied a lubrication approximation theory and proposed a new three-dimensional model. Cao [19,20] simplified the Navier–Stokes equation and proposed a three-dimensional icing model coupled with water film flow and icing phase change. At present, several improved icing models [21,22] have been developed, and good results have been achieved in regard to icing prediction. Gosset [23] first applied the Minimum Total Energy criterion to a sheared film on a NACA profile and confronted the experimental data. The film model included the continuity equation and the momentum equation. Lei [24] proposed a three-dimensional icing calculation method that used water film flow, heat and mass transfer of air, and a water film and ice layer; at the same time, the method used a modified ice-type discrimination method in the Myers model and obtained better icing simulation results. Xin [25], by improving the Myers water film flow model, achieved a better prediction of the airfoil anti-icing surface temperature. Ferro [26] proposed a new model for ice accretion, which permits the simulation of the shape of the ice formed over a profile varying boundary condition. The CFD simulations show good agreement with the NASA experimental outcome. Samad [27] proposed a reduced-order modeling technique based on the Unsteady Vortex Lattice Method (UVLM) to predict rotor icing and to calculate the required anti-icing heat loads.



To sum up, numerical research on water film flow that is related to icing and anti-icing is mainly based on steady-state simulation. However, studies on the transient characteristics of water film flow and the verification of water film height calculations are few. There is also a lack of verification of the morphological parameters of a continuous water film breaking into rivulets. Therefore, this paper constructs a three-dimensional model of continuous water film flow on an anti-icing surface and a model of continuous water film breakup that forms rivulets. Through a numerical calculation, the transient characteristics of continuous water film flow, the height of a water film when reaching the steady state, and the morphological parameters of its breakup into rivulets are obtained. The calculation results are compared with the experimental results in Ref. [5] to verify the effectiveness of the model proposed in this paper and the accuracy of the algorithm.




2. Mathematical Model and Calculation Method


2.1. Physical Process and Overall Calculation Process


Under the conditions of incomplete evaporation, that is, the anti-icing heat is insufficient to completely evaporate the water, non-solidified water film flow exists on the surfaces of anti-icing components. Usually, the continuous water film is maintained in the impingement area due to a continuous supply of water droplets. Downstream of the impingement area, due to the influence of surface tension, water evaporation, and energy consumption in the flow process, the water film is hindered from maintaining its original form. The film breaks into rivulets that extend downstream in the flow [10,11]. The rivulets may further break into discrete water droplets [28].



The paper will perform numerical calculations on the physical processes of the continuous flow of the anti-icing surface water film mentioned above, as well as the rupture of the continuous water film leading to the formation of rivulets, the calculation in this paper includes five main parts, as shown in Figure 1.



Firstly, establish a computational model for the air–water droplet two-phase flow based on the anti-icing components. Then, using the Euler–Euler model of commercial software CFX 19.2, the two-phase flow field outside the anti-icing components is calculated. Then, a self-developed code is used to extract the calculation results of the two-phase flow field near the anti-icing wall, including the heat transfer coefficient, airflow shear force, impingement velocity, and volume fraction of droplets. Taking the extracted calculation results as input, the self-developed calculation code is used to solve the continuous water film flow model, and the distributions of parameters, such as water film flow velocity and water film height, are obtained. Finally, taking the calculation results of continuous water film flow as input, the morphological parameters of the rivulets after continuous water film rupture are solved using the independently developed calculation code. In Figure 1, the most crucial steps involve the calculation of the continuous water film flow and the determination of rivulet morphology parameters. The following sections present the establishment and computational methods of mathematical models for continuous water film and rivulet flow.




2.2. Continuous Water Film Flow


2.2.1. Mathematical Model


As shown in Figure 2, for an anti-icing surface without icing, a continuous water film usually forms in the impingement area, which flows along the anti-icing surface, driven by the drag force of the air flow.



The calculation grid of the two-phase flow near the wall is taken as the control body of the continuous water film flow model; the height of the control body is the same as that of the first layer grid. The control body is divided into two layers: a two-phase flow layer and a water film layer.



A body fitted rectangular coordinate system is used for numerical calculation; that is, the x-y plane is the anti-icing surface, and the positive direction of the z-axis is perpendicular to the x-y plane and points to the outside of the anti-icing surface. In Figure 2, the height of the water film is    H w   ; the flow velocities of the water film in the x- and y-direction are u and v, respectively; the impact flow rate and evaporation flow rate of the water droplets per unit area are     m ˙   i m p     and     m ˙   e v a p    , respectively; and the flow rates along the flow direction of the water film into and out of the control body are     m ˙   i n     and     m ˙   o u t    , respectively.



The energy conservation in the control body is shown in Figure 3.     Q ˙   i m p    ,     Q ˙   c o n v    ,     Q ˙   e v a p    , and     Q ˙   a n t i     are, respectively, the energy from impingement of the droplets per unit area in the control body (the sum of the kinetic energy and enthalpy change), the convective heat transfer between the water film and air, the latent heat released by water film evaporation, and the anti-icing heat flow.



The continuous water film flow model used in this paper is based on Ref. [19] and follows the evaporation module of Ref. [21]. The research in this paper focuses on the water film flow on the anti-icing surface and proposes the following hypotheses:



(1) No ice formation occurs on the anti-icing surface.



(2) The air and water film are treated with constant physical properties. The incoming flow conditions remain unchanged during the simulation.



(3) The thickness of the water film is small, usually at the scale of 10−4 m or less [29,30].



(4) The flow speed of the water film is low, usually at the scale of 10−1 m/s or less [29,30], so the water film flow is treated as laminar flow.



(5) The impingement and wave effect of impinging water droplets on the surface water film can be ignored.



(6) The drag force at the air–water film interface is equal to the shear force of the air on the anti-icing surface, which is    τ a   .



The control equations for the water film flow are established by relying on the conservation of mass, momentum, and energy of the continuous water film. According to the above assumptions and Ref. [19], since the shear force of the air has no obvious change the thickness of the water film is small, and the flow speed of the water film is low, the convective terms and time-derivative terms in the momentum and energy equations can be ignored. Considering the instability of water film flow, the continuity equation retains the time-derivative term, as the equation is directly related to phase transition. Based on the assumptions and dimensional analysis that were employed to simplify the control equations [19], we yielded the following equations.



Continuity equation:


    ∂  H w    ∂ t   +  ∂  ∂ x        ∫ 0   H w    u   d z   +  ∂  ∂ y        ∫ 0   H w    v   d z   =     m ˙   i m p   −   m ˙   e v a p      ρ w     



(1)




where t is the time, and    ρ w    is the density of water.



Momentum equation:


      −  1   ρ w      ∂ p   ∂ x   +  g x  +  ν w     ∂ 2  u    ∂ 2  z   = 0     −  1   ρ w      ∂ p   ∂ y   +  g y  +  ν w     ∂ 2  v    ∂ 2  z   = 0     −  1   ρ w      ∂ p   ∂ z   +  g z  = 0      



(2)




where    g x   ,    g y   , and    g z    are the gravitational accelerations in the x-, y-, and z-direction, respectively;    ν w    is the kinematic viscosity of water; and  p  is the pressure of the water film.



The boundary conditions of the momentum equation are as follows:


        u   z = 0   = 0      μ w       ∂ u   ∂ z      z =  H w    =  τ  a x         v   z = 0   = 0      μ w       ∂ v   ∂ z      z =  H w    =  τ  a y         p   z =  H w    =  p a       



(3)




where    τ  a x     and    τ  a y     are the air shear force in the x- and y-direction, respectively;    μ w    is the dynamic viscosity of water; and    p a    is the air pressure acting on the upper surface of the water film.



According to the momentum Equation (2) and its boundary conditions (3), in addition to the shear force, the gravity and the pressure gradient force acting on the water film are considered in the three-dimensional flow model of water film proposed in the paper.



Energy equation:


     ∂ 2   T w    ∂  z 2    = 0  



(4)




where    T w    is the temperature of water film.



The boundary conditions of the energy equation are as follows:


      −  λ w       ∂  T w    ∂ z      z =  H w    =   Q ˙   c o n v   +   Q ˙   i m p   +   Q ˙   e v a p       −  λ w       ∂  T w    ∂ z      z = 0   =   Q ˙   a n t i        



(5)




where    λ w    is the thermal conductivity of water. Solving the energy equation to obtain the water film temperature,    T w   , is necessary for determining the evaporation term,     m ˙   e v a p    , in the continuity equation.




2.2.2. Discretization of Equations


Integrating the energy Equation (4), combined with the boundary conditions (5), the water film temperature,    T w   , can be solved as follows:


   T w  =     Q ˙   a n t i      λ w       H w  − z   +     Q ˙   a n t i   + 0.5   m ˙   i m p    u ∞ 2  + h  T ∞  +   m ˙   i m p    c  p w    T ∞  −   Q ˙   e v a p      λ w  +   m ˙   i m p    c  p w      



(6)




where    u ∞    is the incoming flow velocity,    T ∞    is the incoming flow temperature, h is the convective heat transfer coefficient between the air and the water film, and    c  p w     is the specific heat capacity of water.



Integrating the momentum Equation (2), combined with the boundary conditions (3), the velocity  u  and  v  of the water film can be solved. Then, taking the average value of  u  and  v  along the height of the water film yields the following:


    u ¯  =    τ  a x    H w    2  ρ w   ν w    −      1   ρ w      ∂ p   ∂ x   −  g x     H w 2    3  ν w        v ¯  =    τ  a y    H w    2  ρ w   ν w    −      1   ρ w      ∂ p   ∂ y   −  g y     H w 2    3  ν w      



(7)




where   u ¯   is the average velocity in the x direction of the water film along its height, and   v ¯   is the average velocity in the y direction of the water film along its height.



Substituting the average velocity   u ¯   and   v ¯   of the water film into the continuity Equation (1) and discretizing the equation yields the following:


     H w  −  H w  o l d     Δ t   +        u ¯   H w     E  −      u ¯   H w     W    Δ x   +        v ¯   H w     N  −      v ¯   H w     S    Δ y   =     m ˙   i m p   −   m ˙   e v a p      ρ w     



(8)




where   Δ t   is the time step size;    H w  o l d     is the water film height solved in the last time step;   Δ x   is the length of control volume in the x direction;   Δ y   is the length of control volume in the y direction; and the subscripts E, W, N and S represent the east, the west, the north and the south boundary faces of the control volume, respectively.



The discretized continuity Equation (8) is numerically solved based on staggered grid and through the QUICK format with delayed correction [19].




2.2.3. Model Solving


The solution of continuous water film flow is a non-steady process. Referring to the calculation method in Ref. [19], the total period of the water film flow is divided into several time steps. In each time step, it is assumed that the water film flow is steady. In this paper, the step size of each time step is   Δ t = 0.05 s  . The model solving process is shown in Figure 4:



(1) Read and input the results of the two-phase flow field near the wall to solve the impingement characteristics of the water droplets on the wall.



(2) Solve the energy equations, Equations (4) and (5), of the water film by integration, and the water film temperature,    T w   , is obtained.



(3) Assign the initial water film height,    H  w , i n i t i a l   = 0  .



(4) The momentum equations, Equations (2) and (3), of the water film are solved by integration, and the water film velocities, u and v, expressed using the water film height, are obtained.



(5) The continuity equation of the water film, Equation (1), is solved numerically to obtain a new water film height,    H  w , n e w    .



(6) Judge whether the solution for the water film height converges. If not, repeat steps (4) and (5) until it converges.



(7) Update the water film velocity of the current time step using the converged water film height.



(8) Judge whether the total period of the water film flow has finished. If not, repeat steps (4)–(7) until the total period finishes.





2.3. Continuous Water Film Breakup and Rivulet Formation


2.3.1. Mathematical Model


As mentioned earlier, when the continuous thin water film flows downstream, it breaks and forms several rivulets under the influence of many factors. For simplicity, this paper assumes that the continuous water film ruptures and forms rivulets at the same downstream position. As shown in Figure 5, the shape of one rivulet is exactly the same as another, and the rivulets are equally spaced along the spanwise direction, i.e., the y-z direction. The stream section is the circular part on the plane perpendicular to the flow direction, i.e., the y-z plane, as shown in Figure 6.



According to Figure 6, the outer profile of the rivulet can be expressed as follows:


  z =    R 2  −  y 2     



(9)




where R is the radius of the outer profile of a rivulet. The height and width of a rivulet can be deduced according to the following geometric relationship:


      δ r = R ( 1 − cos  θ 0  )     W = 2 R sin  θ 0       



(10)




where    θ 0    is the solid–liquid contact angle between the solid wall and the rivulet liquid. This angle depends on the characteristics of the solid wall and the rivulet liquid surface, the temperature, humidity, and other factors.    δ r    and  W  are the height and width of each stream, respectively.



The force balance of the three-phase contact of air, rivulet, and wall can be expressed by the Laplace–Young equation [31]:


   σ  l v   cos  θ 0  +  σ  s l   =  σ  s v    



(11)




where    σ  s l    ,    σ  l v     and    σ  s v     are the surface tension coefficients of the solid–liquid interface, gas–liquid interface and gas–solid interface in the three–phase contact of air, rivulet and wall, respectively. Where the continuous water film breaks into a rivulet, the relationship between mass conservation and energy conservation is satisfied:


   m f ′  =  m r ′   



(12)






   E f ′  =  E r ′   



(13)




where    m f ′    and    m r ′    are the mass flow of the continuous water film and the rivulets, respectively; and    E f ′    and    E r ′    are the energy passing through water film and the stream per unit time, respectively.



Along the spanwise direction, the distance between each rivulet and its adjacent rivulets is D, as shown in Figure 6. By analyzing the unit spacing, D, we obtain the following:


   m f ′  =  ρ w   u ¯  D  H w   



(14)






   m r ′  = 2    ∫ 0  R sin  θ 0        ∫  R cos  θ 0       R 2  −  y 2        ρ w   u r  d z d y        



(15)




where    u r    is the flow velocity of the stream, which is obtained using Newton’s law of friction as follows:


   u r  =    τ a     μ w    z  



(16)




where    τ a    is the shear force of air. Substituting Equation (16) into Equation (15), we obtain the following:


   m r ′  =    ρ w   τ a   R 3     μ w     φ  (  θ 0  )    



(17)




where    φ  (  θ 0  )     is an auxiliary function:


   φ  (  θ 0  )   = sin  θ 0  −  1 3    sin  3   θ 0  −  θ 0  cos  θ 0   



(18)







Substituting Equations (14) and (17) into Equation (12), the mass conservation equation is as follows:


   u ¯  D  H w  −    τ a   R 3     μ w     φ  (  θ 0  )   = 0  



(19)







The energy passing through the water film and stream per unit time consists of kinetic energy and surface energy. Within the unit spacing, D, the calculation formula is as follows:


   E f ′  = D    1 2   ρ W    u ¯  2   H w  +  σ  s l   +  σ  l v      



(20)






   E r ′  =    ∫ 0  R s i n  θ 0        ∫ 0  R c o s  θ 0  −    R 2  −  y 2        ρ w    u r  2  d z d y +       2 [ R sin  θ 0   σ  s l   + R  θ 0   σ  l v   +    D 2  − R sin  θ 0     σ  s v   ]  



(21)







Substituting Equations (11) and (16) into Equation (21), we obtain the following:


   E r ′  =    ρ w    τ a  2   R 4    3   μ w  2     ϕ     θ 0      + D  σ  s l   +   2 R  θ 0  + D cos  θ 0  − R sin 2  θ 0     σ  l v    



(22)




where    ϕ  (  θ 0  )     is an auxiliary function [15]:


   ϕ  (  θ 0  )   =  1  32     36  θ 0  − 28 sin 2  θ 0  − sin 4  θ 0  + 24  θ 0  cos 2  θ 0     



(23)







Substituting Equations (20) and (22) into Equation (13), the energy conservation equation is as follows:


  D    1 2   ρ w    u ¯  2   H w  +  σ  l v   − cos  θ 0   σ  l v     −    ρ w    τ a  2   R 4    3   μ w  2     ϕ     θ 0      −   2 R  θ 0  − R sin 2  θ 0     σ  l v   = 0  



(24)







The mathematical model of a continuous water film breaking into rivulets is composed of Equations (10), (19) and (24).




2.3.2. Model Solving


According to the mathematical model of stream morphology, the morphological parameters when the continuous water film breaks into rivulets can be obtained. The solution is shown in Figure 7:



(1) Read solution results of the continuous water film flow when the flow stabilizes, including the water film height,    H w   ; the average velocity of water film flow,   u ¯  ; and the contact angle between solid wall and stream,    θ 0   .



(2) Solve the mass and energy conservation equations, Equations (19) and (24), of a continuous water film and rivulets, and obtain the radius, R, and spacing, D, of the rivulets at the breakup position.



(3) From the radius and spacing of the rivulet, the geometric relations, Equation (10), of the rivulet contours are solved to obtain the height,    δ r   , and width,  W , of a rivulet.






3. Example Analysis and Verification


3.1. Computational Model


In order to verify the mathematical model and calculation method of continuous water film flow and water film breaking into rivulets proposed in this paper, an NACA0012 airfoil was used as a study object. The three working conditions of the water film flow test used in Ref. [5] were numerically calculated. For the three cases, the incoming flow velocity is different, while other parameters, such as the incoming flow temperature, the Liquid Water Content (LWC) and the Mean Volume Diameter (MVD) of water droplets, are all the same. The parameters of the working conditions are shown in Table 1. Since the water film flow test in Ref. [5] was conducted at room temperature (T∞ = 293 K), it is not required to solve the energy Equation (4), and the water film temperature is directly set as the incoming flow temperature, 293 K, in this paper.



The calculation domain of two-phase flow is established, as shown in Figure 8. The chord length of the airfoil is c = 101 mm, and the spanwise height is L = c. The fluid calculation domain surrounding the airfoil comprises an upstream half cylinder and a downstream cuboid; the radius of the half cylinder is 3c, and the dimensions of the cuboid are 4c (in the flow direction) and 6c, respectively. The inlet surface of the calculation domain is set as the velocity inlet boundary, the outlet surface is set as the pressure outlet boundary, the top and bottom surfaces are set as symmetrical boundaries, and the outer surface of the airfoil is set as a non-slip wall surface.



The local grid near the airfoil is shown in Figure 9, and the grid near the wall was refined. The height of the first layer of the grid near the wall of the airfoil is about 0.035 mm, and the corresponding value of y+ is about 5, which meets the requirements of the k–ω SST turbulence model used in the calculation of air-water droplet two-phase flow in this paper.



The variation in water droplet velocity at a monitoring point (as shown in Figure 9) near the leading edge of the airfoil with the number of the two-phase flow computational grid is shown in Figure 10. When the total number of grid elements is more than 250,000, the water droplet velocity is almost unchanged. So, the total number of grid elements is 250,000 in the simulation of the two-phase flow.



When the continuous water film breaks into rivulets, the solid–liquid contact angle,    θ 0   , between the solid wall of the airfoil and a rivulet is very important in obtaining a solution for the rivulet morphological parameters. This contact angle is mainly determined by the surface characteristics of the solid wall and water. However, Ref. [5] does not give the material properties of the airfoil or the contact angle. In this paper, through a method of trial calculation, the morphological parameters of rivulets were simulated with contact angles of 2°, 3°, 4°, 5° and 7°. In the computational analysis of this paper, the position where the continuous water film ruptures and transforms into rivulets is directly determined based on the experimental observations published in Ref. [5]. That is, the rupture position of the water film in Case 1, Case 2 and Case 3 is x/c = 0.30, x/c = 0.24 and x/c = 0.22, respectively.




3.2. Calculation Results and Analysis


3.2.1. Impingement Characteristics


The distribution of the local water collection coefficients on the airfoil surface for three cases is shown in Figure 11. The water collection coefficient at the stagnation point (x/c = 0) is the largest and decreases sharply at first; it then gradually moves to zero, downstream. The greater the incoming velocity, the greater the peak value of the water collection coefficient at the stagnation point, the greater the water collection coefficient downstream of the stagnation point area, and the larger the impact range of the water droplets. This is because the larger the incoming flow velocity, the greater the number of water droplets that hit the leading-edge surface of the airfoil along the flow direction, and the greater the impingement velocity of the water droplets on the surface. Therefore, the water collection coefficient and the impact range of water droplets are both larger.




3.2.2. Transient Characteristics of Continuous Water Film Flow


Figure 12 shows the distribution of water film height on the airfoil surface at different times for Case 1. The film height on the airfoil surface is in the order of 10−2 mm. As time goes on, the coverage range of the continuous water film on the airfoil surface gradually expands downstream. When t = 1 s, the water film only covers the range of x/c < 0.1 on the airfoil surface, and the water film height suddenly drops to zero at about x/c = 0.1, where is the front of the water film flow. Upstream of the water film front is the wetting area of a covering water film, and downstream is the dry area of an anhydrous film. When t = 5 s, the water film front moves to about x/c = 0.5. When t = 15 s, the continuous water film has completely covered the airfoil surface; that is, the airfoil surface is completely wet. From t = 15 s, the water film flow on the airfoil surface is basically stable and does not change with time.



From Figure 12, it can also be observed that, at each moment, along the flow direction from the stagnation point, the water film height first increases sharply in the range of x/c < 0.1 and then increases slowly. This is because the water film starts to form at the stagnation point, and the range of x/c < 0.1 also corresponds to the water droplet impact area at the leading edge of the airfoil (see Figure 11). In the impingement area of the leading edge, water droplets are continuously collected by the surface to form a water film; therefore, the water film height increases rapidly. Downstream, no impinging water droplets are added to the water film, so the water film height increases gradually.



Figure 13 illustrates the water film velocity distribution on the airfoil surface at different times for Case 1. It is observed that the maximum flow velocity of the water film does not exceed 12 mm/s. Furthermore, as depicted in Figure 12 and Figure 14, at the front of the water film, the velocity abruptly drops to 0. The water film flow velocity first increases rapidly near the stagnation point to its maximum value and then decreases gradually downstream, fluctuating slightly at the front of the water film. Because the flow of a water film on an anti-icing surface is mainly driven by air flow shear force, the flow speed of the water film is mainly determined by shear force. The distribution of the air shear force on the airfoil surface is shown in Figure 14. The shear force first increases rapidly and then decreases gradually along the flow direction. The greater the shear force of the air flow acting on the water film, the greater the flow velocity of the water film.



See Appendix A for the water film height and velocity distribution at different times for Cases 2 and 3 at the end of the paper. The distribution of water film flow parameters in these two cases is consistent with that in Case 1, and the water film height is in the order of 10−2 mm. Compared to Case 1, Cases 2 and 3 have higher inflow velocities, leading to an increase in aerodynamic shear forces (see Figure 14). As a result, the water film velocity is enhanced at the same positions compared to Case 1. Consequently, the time for the water film to completely cover the airfoil surface and achieve stable flow is reduced. In Cases 2 and 3, this stable state is reached approximately at t = 9 s and t = 6 s, respectively.




3.2.3. Steady State Continuous Water Film Height Verification


Figure 15, Figure 16 and Figure 17 illustrate the distribution of water film height on the airfoil surface during the steady state of continuous water film flow for Cases 1 to 3, and a comparison is made with experimental data in Ref [5].



The comparison between the calculation and the test results is similar among the three cases. Near the stagnation point, the water film height test value is larger than the simulated value, and the difference between them is marked. Downstream of the stagnation point, the simulated water film height is in good agreement with the experimental results, especially downstream of the water droplet impact area. Moreover, the water film height test data fluctuate along the flow direction, especially in the main impingement area of the water droplets near the stagnation point.



The differences between the calculated water film height near the stagnation point and the experimental data may arise from the intense impact of water droplets in this small region, leading to a significant collection of water droplets on the airfoil surface. In reality, a large number of water droplets may linger in this area and form a thicker water film, causing the disparity between calculated values and measured values. However, only the airflow shear force on the water film is considered in the calculation in this paper. The transport downstream of water droplets collected near the stagnation point under the action of an airflow shear force is overestimated. Therefore, the simulated value of water film height near the stagnation point is significantly lower than the test value, and the downstream water film height value is higher than the test value. The test data of water film height fluctuate markedly in the main impingement area of the water droplets near the stagnation point and downstream. This is because, near the stagnation point and downstream, continuous water film flow is most significantly affected by the impact of water droplets. This is mainly reflected in the disturbance of the surface water film caused by the impingement of water droplets with a kinetic energy on the airfoil surface. However, the mathematical model of continuous water film flow established in this paper does not consider this influence; therefore, the simulated water film height curve is smooth and monotonous in its distribution. Downstream of the water droplet impact area, the water film flow is no longer directly affected by water droplet impact; therefore, the simulated results for water film height are in good agreement with the test results.




3.2.4. Verification of Rivulet Morphological Parameters


The rivulet height simulated with different solid–liquid contact angles for the three cases and its comparison with the test data are shown in Figure 18. For each case, within the selected contact angle range, the simulated value of rivulet height changes slightly. The differences between the simulated values of rivulet height and the test values for the three cases are small; the absolute error is almost within 0.01 mm.



Figure 19 shows the simulation and test results of rivulet width for the three cases. Within the selected contact angle range, the simulated value changes greatly. The larger the contact angle, the smaller the calculated value of rivulet width. Comparing the computational results with experimental data, it is observed that, for Case 1, a contact angle of 2°, and for Case 2 and 3, contact angles of 5° and 7°, respectively, yield a high degree of agreement between calculated and experimental values, with errors all below 10%. This shows that, with increasing incoming flow velocity, the contact angle increases, and the error between the simulation and test results is small.






4. Conclusions


In this study, a three-dimensional model of continuous water film flow and a model of rivulet formation via continuous water film breakup on an anti-icing surface were constructed. Using the models, the characteristics of continuous water film flow and the morphological parameters of rivulets on an NACA0012 airfoil surface were numerically simulated. The main conclusions of this paper are as follows:



(1) In this paper, a three-dimensional and unsteady model of water film flow and heat transfer on the anti-icing surface was proposed, in which the shear force, gravity and pressure gradient force acting on the water film were considered. And the unsteady flow process of the water film was numerically simulated.



(2) The height of a continuous water film on the airfoil surface first increased sharply and then increased slowly along the flow direction from the stagnation point. As time went on, the distribution range of a continuous water film on the airfoil surface gradually expanded downstream.



(3) As the inflow velocity increased, the time required for the water film to completely cover the airfoil surface and achieve flow stability shortened.



(4) When the continuous water film flow on the airfoil surface stabilized, the simulated value of water film height near the stagnation point was lower than the experimental value. The simulated water film height was in good agreement with the experimental results near the stagnation point, especially downstream of the water droplet impingement area.



(5) Within the selected contact angle range, the error between the simulated value of rivulet height and the test results was small and within 0.01 mm. With increasing inflow velocity and increasing contact angle, the error between the calculation of the stream width and the test results was less than 10%.
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Abbreviations


The following abbreviations are used in this manuscript:





	AOA
	Angle of Attack



	c
	chord length of the airfoil



	D
	distance between each rivulet and its adjacent rivulets



	h
	convective heat transfer coefficient between the air and the water film



	L
	spanwise height



	LWC
	Liquid Water Content



	MVD
	Mean Volume Diameter



	NACA
	National Advisory Committee for Aeronautics



	p
	pressure of the water film



	R
	radius of the outer profile of a rivulet



	t
	Time



	T∞
	Temperature of the incoming flow



	u∞
	incoming flow velocity



	u
	flow velocity of the water film in the x-direction



	v
	flow velocity of the water film in the y-direction



	W
	width of each stream



	    c  p w     
	specific heat capacity of water



	    E f ′    
	energy passing through the water film per unit time



	    E r ′    
	energy passing through the stream per unit time



	    g x    
	gravitational acceleration in the x-direction



	    g y    
	gravitational acceleration in the y-direction



	    g z    
	gravitational acceleration in the z-direction



	    H w    
	height of the water film



	    H w  o l d     
	water film height solved in the last time step



	    H  w , i n i t i a l     
	initial water film height



	    H  w , n e w     
	new water film height



	     m ˙   e v a p     
	evaporation flow rate of the water film per unit area of the control body



	     m ˙   i m p     
	impact flow rate of the water film per unit area of the control body



	     m ˙   i n     
	flow rate along the flow direction of the water film into of the control body



	     m ˙   o u t     
	flow rate along the flow direction of the water film out of the control body



	    m f ′    
	mass flow of the water film



	    m r ′    
	mass flow of the rivulets



	    p a    
	air pressure acting on the upper surface of the water film



	     Q ˙   a n t i     
	anti-icing heat flow per unit area in the control body



	     Q ˙   c o n v     
	convective heat transfer between the water film and air per unit area in the control body



	     Q ˙   e v a p     
	latent heat released by water film evaporation per unit area in the control body



	     Q ˙   i m p     
	energy from impingement of the droplets per unit area in the control body



	    T w    
	temperature of the water film



	    ν w    
	kinematic viscosity of water



	   Δ t   
	time step size



	   Δ x   
	length of control volume in the x-direction



	   Δ y   
	length of control volume in the y-direction



	   u ¯   
	average velocity in the x-direction of the water film along its height



	   v ¯   
	average velocity in the y-direction of the water film along its height



	    u r    
	flow velocity of the stream



	    τ a    
	drag force at the air–water film interface



	    τ  a x     
	air shear force in the x-direction



	    τ  a y     
	air shear force in the y-direction



	    μ w    
	dynamic viscosity of water



	    ρ w    
	density of water



	    λ w    
	thermal conductivity of water



	    θ 0    
	solid–liquid contact angle between the wall and rivulet



	    δ r    
	the height of each stream



	    σ  l v     
	surface tension coefficients of the gas–liquid interface



	    σ  s l     
	surface tension coefficients of the solid–liquid interface



	    σ  s v     
	surface tension coefficients of the gas–solid interface



	    φ  (  θ 0  )     
	an auxiliary function








Appendix A. The Water Film Height and Velocity Distribution at Different Times
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Figure A1. Distribution of water film height on airfoil surface at different times in Case 2. 
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Figure A2. Distribution of water film flow velocity on airfoil surface at different times in Case 2. 






Figure A2. Distribution of water film flow velocity on airfoil surface at different times in Case 2.
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Figure A3. Distribution of water film height on airfoil surface at different times in Case 3. 
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Figure A4. Distribution of water film flow velocity on airfoil surface at different times in Case 3. 






Figure A4. Distribution of water film flow velocity on airfoil surface at different times in Case 3.
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Figure 1. Numerical calculation flowchart. 






Figure 1. Numerical calculation flowchart.
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Figure 2. Conservation of mass in the control volume. 
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Figure 3. Conservation of energy in the control volume. 
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Figure 4. Solution flowchart for the flow of continuous water film. 
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Figure 5. Breakup of continuous water film into rivulets. 
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Figure 6. Shape of rivulet flow on spanwise section. 
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Figure 7. Solution flowchart for morphological parameters of rivulet flow. 
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Figure 8. Computational model for two-phase flow. 
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Figure 9. Grids near the airfoil wall. 
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Figure 10. Variation in droplet velocity at a monitoring point in Case 3, with grid quantity. 
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Figure 11. Distribution of water collection coefficient on airfoil surface for different cases. 
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Figure 12. Distribution of water film height on the airfoil surface at different times in Case 1. 
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Figure 13. Distribution of water film flow velocity on the airfoil surface at different times in Case 1. 
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Figure 14. Distribution of air shear force on the airfoil surface for different Cases. 
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Figure 15. Comparison of simulation and experimental results for the height of the water film in Case 1. 
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Figure 16. Comparison of simulation and experimental results for the height of the water film in Case 2. 
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Figure 17. Comparison of simulation and experimental results for the height of the water film in Case 3. 
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Figure 18. Comparison of simulation and experimental results for the height of a rivulet at different contact angles. 
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Figure 19. Comparison of simulation and experimental results for the width of a rivulet at different contact angles. 
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Table 1. The incoming flow condition parameters.






Table 1. The incoming flow condition parameters.





	
Case

	
U∞ (m/s)

	
T∞ (K)

	
LWC (g/m3)

	
MVD (μm)

	
AOA (°)






	
1

	
15

	
293.15

	
10

	
20

	
0




	
2

	
20




	
3

	
25
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