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Abstract

:

The impact of supercooled water droplets is the cause of aircraft icing, and the acquisition of impingement characteristics is the key to icing prediction and the design of ice protection systems. The introduction of water droplet collection efficiency is required to obtain the characteristics for the Lagrangian method. In this work, a traditional flow tube method, a local flow tube method, and a statistical method are established to calculate the local collection efficiency, based on Lagrangian droplet trajectories. Through the numerical simulations of the air–droplet flow field around an NACA 0012 airfoil, the accuracies of the three methods in regard to collection efficiency are verified. Then, these three methods are applied to obtain the results for water droplet trajectories and the collection efficiency of an S-shaped duct, a 2D engine cone section and an icing wind tunnel. The results show that the distributions of water droplet collection efficiency obtained by the three methods are consistent and the three methods are all feasible when the water droplets do not overlap or cross before hitting the aircraft surfaces. When the water droplets are shadowed by upstream surfaces or blown by air injection, the droplet trajectories might overlap or even cross, and the local collection efficiencies obtained by the traditional flow tube method, local flow tube method, and statistical method might differ. The statistical method is relatively accurate. However, not all the droplet impingement characteristics obtained by the three methods are different due to these effects, and the non-crossing of the droplet trajectories is not a necessary condition for the use of the flow tube method. The effects of trajectory crossings are analyzed and discussed in detail in different situations for the three methods. This work is helpful for understanding and accurately calculating the droplet impingement characteristics and is of great significance for simulations of the aircraft icing process and anti/de-icing range.
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1. Introduction


During actual aviation flight, there are water droplets in clouds that remain in a liquid state at temperatures below 0 °C, known as supercooled water droplets [1,2]. When an aircraft flies into those clouds, supercooled water droplets will impinge on the surface of the aircraft and ice will occur, threatening flight safety [3,4]. The primary task of research on aircraft icing and analysis of anti/de-icing systems [5] is to obtain the impingement area of the supercooled water droplets and the distribution of the collected droplet mass on the aircraft surfaces, which are known as the water droplet impingement characteristics [1,6].



Generally, there are two numerical simulation approaches to calculate the water droplet impingement characteristics [6,7]: the Eulerian method and the Lagrangian method. The Eulerian method describes the motion of supercooled water droplets from the perspective of field theory. It defines the volume fraction of the water droplet phase to establish its continuity and momentum equations and calculates the field distribution of water droplet velocity and volume fraction. Then, the droplet impingement characteristics, such as the impact area and collected quantity, can be directly obtained from the calculation results on the surfaces of aircraft components [8,9,10]. However, the Eulerian method cannot simulate the deflection and intersection of droplet trajectories [6,11], which provides inaccurate results when the droplets are affected by upstream effects. Therefore, it is not suitable for calculating the droplet impact characteristics on complex surfaces, such as multi-element wings and the internal components of engines [7,11,12]. The Lagrangian method is used to establish the motion equation for supercooled water droplets under force, track their trajectories in the air flow field, and determine whether they collide with the surface of aircraft components [13]. The Lagrangian method can intuitively describe the dynamic characteristics of water droplets when they move in the air flow field, which includes effects such as the deformation, breakup, rebound, and splash [14,15,16,17] of supercooled large droplets (SLD) [18,19] and ice crystal particles [10,20]. However, it cannot directly calculate the distribution of the droplet mass collected on the surface, and the local water collection efficiency is required as an intermediate variable to obtain the droplet impingement characteristics [6,13].



The solution of the droplet impingement characteristics using the Lagrangian method is a traditional method used in aircraft icing and anti/de-icing simulations [21,22], and is applied by software such as LEWICE [13], TRAJICE [20], and ONERA [23]. The water droplet collection efficiency introduced by the Lagrangian method is defined as the ratio of the actual water impact rate to the maximum possible water collection rate on the surface of aircraft components [13]. Therefore, using the distribution of the collection efficiency in regard to the control volume of the droplet impingement surface (local collection efficiency) and the water droplet parameters at the free stream, the amount and mass of the water droplets captured by the aircraft components can be obtained. For different software and models, the number and the impact points of water droplet trajectories used for the collection efficiency vary, leading to potentially different manifestations in the results [6]. The calculation of the water collection efficiency using the LEWICE software (Version 2.2.2) is based on the traditional Lagrangian flow tube method [13]. For each surface control volume, it only records the trajectory of the first impacted droplet, and the local collection efficiency is obtained using the trajectories colliding into the adjacent control volumes. Therefore, only 20~50 water droplet trajectories need to be tracked when the droplet impingement characteristics are calculated for single two-dimensional (2D) components using LEWICE [13]. Xie et al. [24] also used a flow tube method, namely the ‘Local Flow Tube’ method [6], to obtain the droplet collection efficiency. Considering that it is difficult to obtain all the water droplet trajectories impacting complex or three-dimensional (3D) configurations, the collection efficiency was obtained by tracking the droplets with release points that were very close to each other (distance of 1 × 10−8 m). The computational performance of the flow tube method is significant, but problems might occur when water droplet trajectories intersect [6,25]. Thus, it was only considered suitable for situations where the water droplets remained adjacent after the intersection [26]. Compared with the flow tube method, the statistical method involves the intersection of water droplet trajectories [27]. Therefore, the collection efficiency calculation method based on particle statistics [6] was developed and applied to study the droplet impingement characteristics for various complex surfaces and components [18]. In previous studies [7,11], the authors also considered the deflection of water droplet trajectories and their intersection before impacting the target surfaces when the droplets are obstructed by the front components or blown by air flow injections. The statistical method was used to obtain the local collection efficiency distributions of complex 2D components, and the results of this method and the Eulerian method were compared and analyzed in detail [7]. However, all the studies have found that the statistical method requires the tracking of a large number of water droplet particles, resulting in very low computational efficiency.



To sum up, the Lagrangian method requires the collection efficiency to be established to obtain the impingement characteristics of supercooled water droplets under aircraft icing conditions, which can be calculated using the flow tube method or the statistical method. However, different models and methods might obtain different impingement characteristics. The flow tube method is not suitable for conditions involving the overlap and crossing of droplet trajectories, although the computational efficiency of this method is very high. And concerning the statistical method, it is exactly the opposite. The present paper will study the calculation methods for the collection efficiency using the Lagrangian framework for 2D complex surfaces. Computational efficiency is not considered, temporarily. The accuracy and applicability of the methods are analyzed in the present work, by establishing different calculation models and comparing their results on the collection efficiency for 2D surfaces. In the following section, the collection efficiency models of the traditional flow tube method based on the conventional release point distance, the local flow tube method based on the micro-release point distance, and the statistical method are established, respectively. Then, in Section 3, the accuracy of all the calculation methods established are verified using an NACA 0012 airfoil. Furthermore, the results from different methods are compared for an S-shaped duct, a 2D engine cone section with an outflow air film, and an icing wind tunnel. Finally, the accuracy and effectiveness of all the methods are discussed in detail in Section 4.




2. Numerical Simulation Methods


The water droplet impingement characteristics in the Lagrangian framework are calculated using the following process. Firstly, the computational fluid dynamics (CFD) method is used to solve the air flow field. Afterwards, the motion equation for a water droplet is established and integrated into the air flow field. And the droplet trajectory is tracked. Finally, the local water droplet collection efficiency is solved using the flow tube method or the statistical method, based on different droplet trajectories.



2.1. Solution of Air Flow Field


The two-phase flow, including the supercooled water droplets and the surrounding air in the icing clouds, is usually considered as one-way coupling. It means that the movement of the water droplets will be influenced by the air flow field, but the effect of the water droplet motion on the air flow is ignored. Therefore, based on this assumption, the Reynolds-averaged Navier–Stokes (RANS) equations are solved to obtain the velocity field, pressure field, and other distributions of the air flow, using the commercial CFD software FLUENT [28]. The Spalart–Allmaras model is chosen as the turbulent model and the discretization scheme of equations is chosen as the second-order windward scheme. The finite volume method is used to solve the air flow field equations. The semi-implicit method of pressure-coupled equations (SIMPLE) for the solutions is employed in the present study.




2.2. Calculation of Water Droplet Motion


The motion of a particle depends on its shape and force characteristics. For supercooled water droplets, the following assumptions are usually made in regard to their motion [13]: (1) The water droplets are spherical and do not condense or breakup during movements. And the size and shape of the water droplets remain unchanged. (2) The physical parameters of water droplets are constant, such as the temperature, viscosity, and density, etc. (3) The aerodynamic drag force is considered to be the only force on the water droplets. Based on the above assumptions, the motion equation for a supercooled water droplet in the Lagrangian framework is established according to Newton’s second law:


  m   d u   d t   =   1   2     ρ   a     C   D       u   a   − u       u   a   − u   A  



(1)




where m is the mass of the water droplet, t is the time, u is the velocity of the water droplet, ua is the velocity of the air, ρa is the density of air, CD is the drag coefficient, and A is the windward area of the water droplet. The mass and windward area of the water droplet are computed according to the spherical assumption:


  m =   1   6   π     d   p     3   ρ  



(2)






  A =   1   4   π     d   p     2    



(3)




where dp, ρ are the diameter and the density of the water droplet, respectively.



Meanwhile, Re is defined as the relative Reynolds number, with the relative velocity as the characteristic velocity:


  R e =     ρ   a       u   a   − u     d   p       μ   a      



(4)




where μa is the air viscosity.



Integrated with Equations (1)–(4), the motion equation for a droplet can be written as follows:


    d u   d t   =   18   μ   a     ρ     d   p     2         C   d   R e   24       u   a   − u    



(5)







The drag coefficient CD is obtained using an empirical model [28]:


    C   D   =         24   1 + 0.15   R e   0.687       R e       , R e ≤ 1000                       0.44   , R e > 1000        



(6)







In the present work, the discrete phase model (DPM) in the FLUENT software, combined with user-defined functions (UDFs), is used to solve the trajectories of supercooled water droplets. The release location of the droplet is chosen to be far from the aircraft components. Thus, the difference in the local air velocity and free flow value is small. The water droplet velocity at the release point is set to be consistent with the inflow velocity. The drag coefficient in Equation (6) is set through UDFs. Then, the solution of the differential equation for the water droplet motion and the acquisition of its trajectory are carried out using the classic Runge–Kutta method. When the water droplet collides with wall surfaces, it is considered that the supercooled water droplet is absorbed by the wall, and the data on the impact point is obtained and saved through UDFs [18].




2.3. Computation of Droplet Collection Efficiency


The Lagrangian method can track many droplets released from different locations, until they intersect with the wall surface or leave the computational domain. And the impingement amount and distribution characteristics of supercooled water droplets on the aircraft surface are obtained from the calculation on the collection efficiency. Three calculation methods, including the traditional flow tube method, the local flow tube method, and the statistical method, are established for the local collection efficiency, based on the different trajectories of the water droplets and the positional characteristics of the surface control volumes.



Firstly, a traditional flow tube method is developed, as shown in Figure 1a. For the tracked droplet trajectories that collide with the current surface control volume (the cell on the wall), the two trajectories closest to the two nodes of the cell are found on the wall. These two trajectories form a flow tube, and the local collection efficiency β can be defined by the width of the tube at the far field Δy0 and the distance between the impingement points of the two trajectories Δy1 [13]:


  β =   ∆   y   0     ∆   y   1      



(7)







It is obvious that the traditional flow tube method represents the droplet impingement characteristics within a relatively large distance of the surface control volume. Similarly, the collection efficiency of the current control volume can also be represented by any two droplet trajectories that terminate on the surface. Therefore, we also select two very close trajectories, above and below the face center of the cell on the wall, to calculate the local collection efficiency, as shown in Figure 1b. Due to the fact that the trajectories of water droplets are calculated independently, the distance between the two trajectories at the free field δy can be even smaller than 10 μm, the order of the diameter of supercooled water droplets [24]. Then, the collection efficiency can be obtained using the local flow tube method [6]:


  β =   δ y   δ S    



(8)




where δS is the surface distance of the local flow tube. It can be seen that the collection efficiency at the center of the cell on the wall is used to represent the droplet impingement characteristics of the current control volume, using the local flow tube method.



On the other hand, considering the effects of water droplet trajectory intersection on the flow tube, a statistical method is established to obtain the local collection efficiency, as shown in Figure 1c. If the distance between adjacent droplets in the far field is dy, and the number of droplet trajectories ending at the current control volume is N, the local collection efficiency β can be defined as follows [7]:


  β =   N · d y   ∆ S    



(9)




where ΔS is the surface length of the cell on the wall. The droplet collection efficiency, based on the statistical method, represents the overall droplet impingement characteristics of the control volume.



In terms of implementation in the present work, the upper and lower limits corresponding to the impingement points are first determined by releasing a few particles, from a large distance, in front of the aircraft surface. Afterwards, a large number of supercooled water droplets are released inside the limits, and the number N of droplet trajectories intersecting the wall surface for each control volume is recorded. At the same time, the distance between the droplet impingement point and the node of the surface cell is calculated to find the nearest trajectory to the node for the traditional flow tube method, while the trajectories used in the local flow tube method are obtained by comparing the impact location and the face center of the cell. Finally, according to Equations (7)–(9), the local collection efficiencies are calculated using the traditional flow tube method, local flow tube method, and statistical method, respectively. As the number of released droplets increases, the impingement distance of Δy1 gradually tends toward the surface length of ΔS. The impact points used in the traditional flow tube method are getting closer and closer to the nodes of the surface cell, gradually representing the overall impingement characteristics of the control volume. Meanwhile, the value of δy in Equation (8), for the local flow tube method, becomes smaller with a shorter distance from the cell center, and the results increasingly express the collection efficiency at the midpoint of the surface control volume. In addition, when more and more droplets impact each surface control volume, the particle number independence can be obtained for the statistical method.





3. Results and Analysis


3.1. Method Validation


To verify the three methods for the collection efficiency in the Lagrangian framework, an NACA 0012 airfoil with a chord length of 1 m as in Ref. [29] is selected, as shown in Figure 2. The calculation conditions are as follows: the flight Mach number is 0.4, the angle of attack is 5°, the ambient temperature is 300 K with the corresponding pressure of 1 atm, and the supercooled water droplet has a single particle size with a diameter of 16 μm.



Figure 2 also shows the trajectories of the water droplets tracked by the Lagrangian method in the air flow field and the control volumes around the NACA 0012 airfoil. When approaching the wall, the air stagnates at the stagnation point on the lower surface and drastic changes in the velocity appear around the airfoil. The water droplets deflect toward both sides of the airfoil from the stagnation point. Some trajectories terminate on the airfoil surface, as shown in Figure 2, and the impingement points are recorded in the corresponding control volume. The bypass water droplets continue to deflect and form a shaded region due to the obstruction of the airfoil. In addition, the water droplets far away from the airfoil deviate less from the streamline, and the ones close to the wall are likely to deviate much more sharply due to greater resistance. Thus, it is easy to form a region near the airfoil where the droplet trajectories gather, known as the enhanced region of water droplet concentration. For a positive angle of attack, the density of the trajectories above the upper surface of the airfoil is higher and overlapping and crossing phenomena will occur.



After increasing the number of water droplets released, the average number of water droplets hitting a certain surface control volume reaches several hundred to achieve number independence. Then, the relative distance characteristics of the impact locations and the cell points of the surface control volume are analyzed. And the droplet collection efficiency can be obtained based on the established calculation methods. It can be seen from Figure 3 that the distributions of the local water collection efficiency for the three calculation methods are consistent. All the curves reach the maximum value at the stagnation point near the lower surface. Along the upper and lower surface of the airfoil, the collection efficiency gradually decreases to zero at the impingement limits. The collection efficiency of the three methods are in good agreement with that in Ref. [29], verifying the effectiveness and accuracy of the established methods. From the enlarged part of the figure, all the curves fluctuate around the stagnation point, similarly with the Lagrangian result in Ref. [29]. The fluctuation related to the local flow tube method is slightly more severe than those of the other two methods. One possible reason could be that the droplet trajectories slightly deflect from the airstream lines around the stagnation point, and the calculation accuracy to track the particle trajectories and impact points needs to be very high, especially for the local flow tube method.




3.2. Comparison for an S-Shaped Duct


According to a previous study [7], the motion of water droplets is deflected by upstream bodies and, then, the droplets hit downstream surfaces. The impingement characteristics of the Eulerian method and the Lagrangian method are no longer consistent. Considering the situation, the results of the collection efficiency in the Lagrangian framework are compared among the three different methods. An S-shaped duct with a long internal flow channel is selected for the 2D simulation, where the droplet motion will be greatly deflected. A semicylinder is set at the rear of the duct to represent an engine cone, and the geometric model of the whole S-shaped duct can be seen in Figure 4. The simulation conditions are as follows: the freestream velocity is 0.2 in relation to the Mach number with a 0° angle of attack, the ambient temperature is 263.15 K, and all the outlet pressures, including the outside engine wall and the engine duct exit are set to 1 atm. An ideal gas and droplet diameter of 50 μm is chosen.



Figure 4 shows the air flow field and the streamlines of the S-shaped duct. The air enters the S-shaped duct and changes its direction along the internal duct wall. Then, it hits the stagnation point on the leading edge of the cone, located on the upper cone surface. Finally, the air flows downstream around the semicylinder surface and leaves the computational domain. Based on the obtained air flow field, the water droplet trajectories inside the S-shaped duct and the impact locations on the cone surface are calculated in the Lagrangian framework, as shown in Figure 5. When the water droplets move into the S-shaped duct with the air flow, the deflection of the air flow drives the deflection of the water droplets due to the wall diversion effect. As the water droplets move downstream of the duct, the density of the droplet trajectories in front of the semicylinder varies in the y direction. The lower position has a larger trajectory density and a smaller distance between the trajectories. Figure 5 also shows that the trajectories of the water droplets deflected along the duct wall have no obvious overlap or crossing.



The local collection efficiency on the surface of the semicylinder in the S-shaped duct is compared for the three methods, as shown in Figure 6. In the figure, s is the surface distance along the cone surface. The leading edge of the semicylinder is at the location s = 0, and the value of s is positive on the upper surface. The leading edge of the semicylinder has a large water collection efficiency and the maximum amount is near the stagnation point on the upper surface. Then, the water collection efficiency gradually decreases along the upper and lower surfaces. The water droplets impact the entire upper surface, while the lower surface has a very small impingement range. The collection efficiency is in good agreement among the three calculation methods. The fluctuations are found around the stagnation point for all the three methods, and the curve for the local flow tube method fluctuates more severely, possibly due to the requirement for high calculation accuracy. Therefore, the three calculation methods in the Lagrangian framework are all effective and feasible to capture the water droplet collection efficiency when the motion of a water droplet is deflected without any overlap or crossing of the trajectories.




3.3. Comparison for a 2D Engine Cone Section with Outflow Film


In order to compare the calculation methods for collection efficiency under the effects of the overlap and crossing of droplet trajectories, a 2D engine cone section with a hot-air film-heating anti-icing system [11,30] is used as a test case for comparative analysis. The geometry can be seen in Figure 7. Water droplets may impact both on the frontal bump and the main cone surfaces. The water droplet motion and the collection efficiency of the main surface are affected not only by the air flow around the bump due to the shielding effect, but also by the blowing effect of the injection air from the internal part of the engine. The present work considers the mixing effect of the air flow inside and outside the cone section, but not the influence of the temperature change of the mixture. The simulation conditions are chosen as follows: the far-field velocity is 40 m/s, the water droplet diameter is 20 μm, and the inject air inlet is set as the velocity inlet boundary with a value of 4 m/s.



Figure 7 presents the air flow field and streamlines. The external freestream flows toward the object, stagnates at the leading edge of the frontal bump, and then flows backwards along its surface. Meanwhile, the internal air is accelerated in the channel inside the skin, enters the main air flow field to form an air film, and then flows downstream along the main cone surface. Figure 8 presents the trajectories of the water droplets around the object in the Lagrangian framework. The water droplets are deflected in front of the object, along with the air flow around the bump, and some of the water droplets impact the bump surface. The water droplets without impingement continue to move backwards and are deflected by the effects of the injection air, forming a water droplet shaded zone near the outlet of the internal air. The shaded zone produces a droplet enhancement region, with dense droplet trajectories. When the water droplets outside the shaded zone move downstream, some of them hit the main surface. Obviously, the droplet trajectories are greatly affected by the injection air. In addition, the trajectory deflection is more severe near the outlet of the internal air, while the change rate of the droplet direction is relatively small away from the wall surface. Therefore, there are obvious overlaps and crossings of the droplet trajectories in front of the main surface (Figure 8).



The traditional flow tube method, local flow tube method, and statistical method are compared to get the local collection efficiency of the main surface (Figure 9). Due to the shielding effects of the frontal bump and the influence of the internal air injection, there is no droplet impact on the leading edge and the front part of the main surface, as can be seen in Figure 8. And the local collection efficiency stays at 0 when x < 0.002 m, as shown in Figure 9. Backwards along the main surface, there is a region with a very large droplet collection efficiency, due to the influence of the water droplet enhancement effect outside the shaded zone. In this region, the overlaps and crossings of the droplet trajectories occur, as observed in Figure 8, and the liquid water content (LWC) is greater than that in far field, so the collection efficiency exceeds 1. The results of the three calculation methods are not the same under the influence of overlapping and crossing of the droplet trajectories. The value of the statistical method is relatively small, with slight fluctuation. The collection efficiency calculated by the traditional flow tube method fluctuates more compared with that of the statistical method. The local flow tube method fluctuates wildly, and the maximum value is more than 100. Downstream of the main surface, although the water droplet trajectories are still deflected under the influence of the bump and air blowing, there is no crossover of the trajectories (Figure 8). Therefore, the result curves in Figure 9 for the three calculation methods are relatively consistent, and they gradually decrease to 0 at the impingement limit, along the surface.




3.4. Comparison for an Icing Wind Tunnel


To analyze the influence of the overlap and crossover of droplet trajectories on the local collection efficiency using the three calculation methods in the Lagrangian framework, water droplet motion in a 2D icing wind tunnel [7] is simulated. As shown in Figure 10, the length of the calculation domain for the entire icing wind tunnel is 2 m. The height of the contraction section of the wind tunnel is 1 m, and the test section is 0.2 m high after the contraction section. The air and droplets flow from left to right. The inlet of the wind tunnel (x = 0 m) is set as the constant velocity, where the water droplets are evenly distributed, and the droplet speed is the same as the air of 50 m/s. The outlet of the wind tunnel is set to a constant pressure of 1 atm. The water droplet diameter is 60 μm. The water droplets leave the calculation domain when they reach the exit, which can be considered as impacting the outlet boundary. Therefore, although there is no water collection efficiency for the outlet boundary, the definitions of β in Equations (7)–(9) are used to study the distribution characteristics of the impact points in the Lagrangian methods.



The air flow field and streamlines in the icing wind tunnel are shown in Figure 10. The air enters the tunnel horizontally and is deflected in the contraction section of the wind tunnel. Then, the air flow converges into the test section with the increase in velocity, and the streamlines gradually become parallel to the x-axis, until they exit from the outlet. At the same time, the water droplet trajectories change direction, along with the deflection of the air flow in the contraction section, and the droplets have a y-direction component velocity (Figure 11). Due to the occlusion of the contraction section wall, there is a water droplet shaded zone near the downstream surface. Outside of the shaded zone, the droplet trajectories become very dense, with many crossings and overlaps. Then, the water droplets with trajectory crossings and overlaps move into the test section. The distance between the droplets is getting closer and closer, and the overlapping and crossing will occur again in the middle of the test section. The droplet trajectories then separate after the overlapping and crossings, and the distance between the droplets increases afterwards. The water droplets entering the upper half inlet of the wind tunnel all leave the test section from the lower half of the outlet, indicating that all the water droplet trajectories have crossed.



The β of the outlets, using the three methods, are shown in Figure 12. Due to the concentration of the water droplets in the test section, the β of the tunnel outlet should be greater than 1. Generally, the β has a maximum value at the center of the outlet, and gradually decreases along the upper and lower sides. Near the impingement limits, the β increases sharply as a result of the droplet enhancement region, with trajectory crossings and overlaps produced by the contraction section wall. The results from the three methods are in good agreement among most of the intervals, but differ greatly near the impingement limits. The local flow tube method gives the maximum water collection efficiency, but the others give much lower values. The result from the statistical method is the least among the three methods. The effects of the trajectory crossings and overlaps on the three methods are discussed in the next section.





4. Discussions


Based on the above results, the droplet impingement characteristics for trajectory overlaps and crossings are very complex. The following schematic diagram (Figure 13) is used for analysis and discussion of the trajectory crossings. Under the different trajectory intersection conditions, as shown in Figure 13, the numbers of the trajectories ending in the control volume are all recorded as obtaining the impingement water mass directly, and the collection results from the statistical method involve all the effects of the intermediate processes. Therefore, the statistical method could be relatively accurate under trajectory crossing and overlap conditions, and it represents the overall droplet impingement characteristics of the control volume, as described in Section 2.



For the traditional flow tube method, the flow tube in Figure 13a could be equivalently represented by the dashed lines, while the tube walls in Figure 13b,c would be the trajectories of No. 1 and No. 3. In the situations shown in Figure 13a,b, the large flow pipe would include all the water droplet trajectories that collide with the control volume, and the results would still be consistent with that of the statistical method. However, when the trajectories cross like the condition in Figure 13c, some trajectories pass through the flow tube walls, and the number of trajectories entering the flow tube is different from that of the exit. The water droplet mass at the inlet and outlet of the flow tube are no longer consistent, resulting in a different collection efficiency from that of the statistical method.



The tube walls in the local flow tube method are very close. When the distribution pattern of the trajectory crossings is consistent, the influence of the crossings is relatively average throughout the control volume, as shown in Figure 13a. The collection efficiency of the local flow tube method is the same as that of the other two methods, just like the results around the center of the icing wind tunnel outlet. However, in the situations shown in Figure 13b,c, the impact locations are unevenly distributed within the control volume. Therefore, the width of the local flow tubes differ very much at various positions, and the local collection efficiency at the center point of the control volume could be very different from that of the other two methods. By comparing Figure 13b,c, the local flow tube method is affected more by the trajectory crossings than the traditional flow tube method, since a larger flow tube can cover more regions of the trajectory crossings.



In practical situations, the distribution and effects of the trajectory crossings and overlaps are more complex than those shown in Figure 13, and the difference in the results of the three methods may be greater. If the statistical method is considered to be the right one for the impingement characteristics under the droplet trajectory crossing and overlap conditions, the flow tube method might obtain deviating results in some regions and the deviation of the local flow tube method is larger. But the non-crossing of water droplet trajectories is not a necessary condition for the flow tube method. In addition, it can be seen from Figure 13 that the results under the trajectory crossing conditions can also be affected by the surface mesh density, which will be considered in future research.




5. Conclusions


In the Lagrangian framework, a traditional flow tube method, a local flow tube method, and a statistical method to establish the water collection efficiency are established to study the impingement characteristics of supercooled water droplets under icing conditions. The droplet movement trajectories and collection efficiency for an NACA 0012 airfoil, an S-shaped duct, a 2D engine cone section with injection air film, and an icing wind tunnel are simulated and compared, and the main conclusions are as follows. If the water droplet trajectory is not affected by the upstream effects, the collection efficiencies obtained by the three calculation methods are consistent. The results for the NACA 0012 airfoil are in good agreement with the data in the literature, and the accuracy and effectiveness of the three methods in regard to the water collection efficiency are verified in the Lagrangian framework. When the water droplet trajectories are deflected by the upstream surface or the injection air without any trajectory overlap or crossing, the collection efficiencies are applicable and consistent for the three calculation methods. But if there is overlapping and crossing of the trajectories before the water droplets impact the wall surface, the collection efficiencies from the three methods might be different. The statistical method is relatively accurate. However, a non-crossing droplet trajectory is not a necessary condition for the flow tube method. Generally, the statistical method is recommended for the calculation of droplet impingement characteristics under complex conditions in the Lagrangian framework. With limited computing resources, the flow tube method could be used for rapid evaluation, but the local flow tube method cannot achieve higher accuracy than the traditional method. Further analysis will be carried out for more complex surfaces and 3D cases with the effects of a surface mesh, and such experimental validation should be carried out under conditions with the overlap and crossing of the droplet trajectories.
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Figure 1. (a) Traditional flow tube method. (b) Local flow tube method. (c) Statistical method. Calculation methods for local collection efficiency in the Lagrangian framework. 
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Figure 2. Droplet trajectories in the airflow field and control volumes around an NACA 0012 airfoil. 
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Figure 3. Comparison of collection efficiencies, with the reference result [29] for the NACA 0012 airfoil. 
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Figure 4. Air flow field and streamlines of the S-shaped duct. 
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Figure 5. Droplet trajectories around the semicylinder in the S-shaped duct. 
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Figure 6. Comparison of the collection efficiencies obtained using the three methods for the S-shaped duct. 
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Figure 7. Air flow field and streamlines of the 2D engine cone section with outflow air film. 
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Figure 8. Droplet trajectories in the 2D engine cone section, with outflow air film. 
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Figure 9. Comparison of the collection efficiencies for the 2D engine cone section, with outflow air film, using the three methods. 
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Figure 10. Air flow field and streamlines of the icing wind tunnel. 






Figure 10. Air flow field and streamlines of the icing wind tunnel.



[image: Aerospace 11 00172 g010]







[image: Aerospace 11 00172 g011] 





Figure 11. Droplet trajectories in the icing wind tunnel. 
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