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Abstract

:

Droplet impact affects water collection, which is the key to investigating the icing process on an aero-engine spinner. Different from a stationary spinner, droplet impact is affected by Coriolis acceleration and centrifugal acceleration on rotating aero-engine spinners, showing different impact dynamics. Based on the Eulerian method, using the rotating coordinate system we numerically investigated droplet impact characteristics on three different shapes of aero-engine spinners using ANSYS Fluent. The results indicate that the impact area covered all the windward surface on the conical spinner, and only covered the windward surface prior to the impingement limit of the elliptical spinner and the coniptical spinner. The sensitivity of water collection to inflow velocity declined in the order of coniptical the spinner, the elliptical spinner, and the conical spinner. In addition, the elliptical region could effectively improve aerodynamic performance, as shown in a lower total pressure loss through the spinner. This work is relevant to the anti-icing system of a rotating aero-engine spinner.
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1. Introduction


When the windward surface of an aircraft passes through clouds, supercooled droplets adhere to the solid surface and freeze when the surface temperature is far below the freezing point of water. Icing is one of the common causes of aviation accidents [1], and the icing problem of aero-engines is particularly serious [2]. Ice reduces the flow area, changes the natural frequency and destroys the dynamic balance of the rotor. Falling ice may damage the blades or cause surge [3]. In aero-engines, icing mainly occurs at the inlet lip, rotating spinner and the first-stage rotor blades. As the front part of the engine, the rotating spinner has a serious icing phenomenon. Therefore, to reduce the danger of aero-engine icing, it is necessary to consider the influence of the rotating spinner on icing.



Previous work [4,5,6,7] has been done in solving the problems of aircraft icing. Once ice has formed, a common removal technique is the hot-air-based anti-icing system. Al-Khalil et al. [4] established an efficient numerical simulation method for estimating the hot-air-based anti-icing system for engine intake at subsonic speeds, pointing out that the method could be applied to airfoils and other components. Li et al. [5] carried out air-intake guide vane deicing experiments based on hot air. The results showed that when reasonable parameters of hot air are set to provide enough heat flux through guide vane, the system could achieve complete deicing of the guide vane, and the heat utilization efficiency was high. Another common de-icing technique is the electric-thermal anti-icing system. Jung et al. [6] developed a meta-model for icing and accurately evaluated an electric heating anti-icing system on two-dimensional airfoil and intakes of rotor engines. Gutiérrez et al. [7] used a liquid film model and a robust evaporation model to solve energy conservation laws and compute aerodynamic quantities; the results agree well with experimental results. The above active anti-icing systems reduce the efficiency of the engine [8]. Passive anti-icing technology, which focuses on interfering with the icing process instead of relying on active heating, has received more attention. The key to developing both active and passive anti-icing technology is to have a comprehensive understanding of the droplet impingement dynamics and the icing process on stationary and rotating components.



A number of researchers have investigated icing on stationary components, such as the airfoil and inlet lip. Ahn et al. [9] numerically and experimentally demonstrated that droplet size has a great influence on icing, and its influence increases with the growth of the droplet size at the air intake of a rotorcraft. W. Dong et al. [10] used a wind tunnel to measure the main characteristics of ice growth and ice type under different temperature, inflow velocity and water content conditions on engine inlet lips. Experimental results showed that water flow patterns, temperature distribution and ice shapes are depended on the parameter of freestream.



For rotating components, although some conclusions made on stationary parts still hold, the freezing mechanism is complicated by centrifugal and Coriolis forces. Recently, several studies have documented the icing characteristics on rotating blades [11,12], and on rotating spinners [13,14,15,16]. Bidwell et al. [13] found that the extent of icing of the spinner increases with the increase of droplet size, while that on the downstream components decreases. However, once the increasing of droplets size causes splashing, the icing amount on upstream components shifts to the downstream components. Li et al. [14] studied the transient icing process on rotating spinners and fan blades. It was found that different combinations of temperature and water content produce different icing geometry characteristics. Feather-like icicles are formed due to centrifugal force under glaze icing conditions, while the ice profile is consistent with the engine surface under rime ice conditions. Zheng et al. [15] argued that temperature determines the freezing rate, and the fluctuation of the rate leads to the formation of icicles. The rotation speed determines the angle and length of the icicles, and affects ice shedding. Mu et al. [16] suggested that rotation would strengthen ice accumulation and greatly affect the uniformity of icing in the case of incoming flow with attack angle.



A few experimental works have been devoted to the effect of spinner shape on icing. Li et al. [17] monitored the ice accumulation process using three types of spinners and measured their icing rates, finding that the amount of icing, the cover area, and the position of the icicles are closely related to the spinner shape. According to the study of Hu et al. [18], the cone angle of the conical spinner has a decisive influence on the thickness of the ice, ice shedding and the occurrence of icicles. Linke [19] observed that ice on elliptical-shaped spinner is the thickest among all spinners.



Numerical simulation of the icing process on a rotating spinner is complicated, and is affected by droplet impact [20], the flowing film [21], and thermodynamics of icing [22]. Distinguishing the influence of these factors on the icing process is important in understand the principles of engine icing. Simulation of droplet impingement mainly focuses on impingement range and the amount of adhesion of droplets, which should be basically consistent with the icing range and icing amount. When designing anti-icing systems, this can be used as a reference for preliminary design, such as locating hydrophobic coatings or heating devices, and estimating energy consumption. At the same time, the results of water droplet impact can be used as the boundary conditions of the heat transfer calculation, which is the premise of accurate simulation of icing phenomenon. Therefore, droplet impact simulation is the first and most important step in the freezing phenomenon. Some researchers [23,24,25,26,27] have independently studied water collection characteristics on rotating spinners. Conclusions were that the local collection efficiency and impact area of the spinner increase with increase of droplet diameter and airflow velocity; for large droplets, the splashing effect reduces the collection coefficient, and the effects of rotational speed and attack angle are significant for the blades, but not for the spinners.



Previous research on the influence of spinner structure on water collection characteristics has the following shortcomings. First, there has been a lack of comparative study of spinners with different geometric shapes and diameter to length ratios under different working conditions of aero-engines. In addition, existing research only describes the water collection characteristics by the change law of water collection efficiency with coordinates. However, the upwind area does not change linearly with radius, and different inflow conditions result in different water collection characteristics, so that water collection efficiency does not directly show differences in the mass of the collected water.



Therefore, we numerically investigated droplet impingement characteristics on three different shapes of aero-engine spinners, including conical, coniptical, and elliptical spinners. The sensitivity of the three types of spinner shapes to inflow velocity and diameter to length ratio was also considered. The results indicate that the sensitivity of water collection to inflow velocity declines in the order of coniptical spinners, elliptical spinners, and conical spinners. In addition, the elliptical region can effectively improve aerodynamic performance, which is manifested in a lower total pressure loss through the spinner. This work is relevant to the anti-icing system of a rotating aero-engine spinner.




2. Mathematical Model


2.1. Droplet Motion Model


The water droplet impact phenomenon was simplified with the following assumptions: (1) in the undisturbed region, water droplets and air move at the same speed; (2) supercooled water droplets are uniformly distributed in the air flow field; (3) the supercooled water droplets maintain a spherical state without deformation, secondary breakup and rebound, and Medium Volume Diameter (MVD) can be used to characterize droplet size; (4) there is only a unidirectional effect of air on the water droplet, so the air flow can be calculated separately [28]; (5) in the process of movement and impact, the physical parameters of water droplets and air do not change.



For rotating components, the flow field in the stationary coordinate system is unsteady. In the study, with the coordinate system rotating with the components at the same angular velocity, the flow field can be calculated with steady boundary conditions.



In the Euler approach, the water droplets are treated as a continuous liquid phase. After introducing the volume fraction of water droplets   α  , the governing equations of the drop are as follows:




     ∂   ρ α     ∂ t   + ∇ ∙   ρ α     V  →    r     = 0   



(1)






     ∂   ρ α     V  →    r       ∂ t   + ∇ ∙   ρ α     V  →    r   ⨂     V  →    r     + ρ α   2   ω  →  ×     V  →    r   +   ω  →  ×     ω  →  ×   r  →      = ρ α K       V  →    a   −     V  →    r       



(2)





Here,   ρ   is the density of water droplets,       V  →    a     a n d       V  →    r     are the velocity vectors of air and water droplets in the rotating coordinates system,     ω  →    is the rotating velocity vector,   a n d   r  →    is the radius vector.



In momentum Equation (2),   2   ω  →  ×     V  →    r     is the Coriolis acceleration,     ω  →  × (   ω  →  ×   r  →  )   is centrifugal acceleration,   ∇ ∙   ρ α     V  →    r   ⨂     V  →    r       represents the inertia force,   ρ α K       V  →    a   −     V  →    r       represents the aerodynamic force,   K   is the air-water droplet exchange coefficient, and the calculation formula is as follows [29]:




   K =   18   μ   a   f   ρ   d   2       



(3)





Here,     μ   a     is the coefficient of kinetic viscosity of air,   d   is the droplet diameter, and   f   is the resistance function, which is given by the following formula:




   f =     C   d   R e   24     



(4)





  w h e r e     C   d     is the resistance coefficient,   a n d   R e   is the relative Reynolds number. The calculation formula is as follows:




     C   d   = {      24 ( 1 + 0.15 R   e   0.687   )   R e   ,   R e < 1000     0.44 ,   R e ≥ 1000      



(5)






   R e =     ρ   a   |     V   →     a   −   V   →   | d     μ   a       



(6)






2.2. Model for Droplet Impact Characteristics


To quantitatively describe the impact characteristics of water droplets, the water collection coefficient β, and the mass flow rate of collected water       W  ˙    β     are defined.



In a micro-element, the water collection coefficient β, which characterizes the amount of collected water, is the ratio between the mass flux impinging on the surface and the mass flux in freestream. In the rotating coordinate system β is expressed as [30]:




   β =   α     V   →     r   ⋅   n   →       α   ∞         V   →     ∞         



(7)





The mass flow rate of collected water at the surface of a micro-element       W  ˙    β     is expressed as:




       W   ˙     β   =   v   ∞   d H ( L W C ) β   



(8)





Here,     v   ∞     is the inflow velocity, LWC is the liquid water content, H is the area perpendicular to the direction of incoming flow. The total mass flow rate of collected water     W  ˙    can be calculated by summing       W  ˙    β     of all windward micro-elements.




2.3. Solution Method of the Model


The user-defined functions (UDFs) provided by ANSYS Fluent [31] were used to determine the governing equation and impact characteristics of water droplets. The SIMPLE solution methods, standard k-ε turbulence model and standard wall function based on pressure solver were used to calculate the air flow field. Based on the results of the air flow field, the User Defined Scalar (UDS) was used. Taking the volume fraction   α   and the velocity components   u  ,   v  ,   w   as unknowns, the mass conservation Equation (1) and momentum Equation (2) were solved. The Coriolis force and centrifugal force were treated as the source terms. After solving the above four scalars, the local water collection coefficient and the total water collection were calculated according to Equations (7) and (8).




2.4. Verification of the Calculation Method


Experimental measurement of the water droplet collection coefficient is limited by the properties of fluid, so there are few previous experiments to measure the water droplet collection coefficient in simple geometric models. That was also one of the purposes of the numerical simulation study of droplet collection in the rotating spinners.



To verify the accuracy of the calculation, we compared our simulation results with experimental and simulation data [32,33] in the cylinder model, as shown in Figure 1. The data show that the maximum collection coefficient is at the front of the windward surface of the cylinder, and it gradually decreases along the direction of inflow velocity. S is the arc length from the most upstream point to a position along the surface of the cylinder, and d is the diameter of cylinder. The reason for the difference between the simulated data and experimental data is that all droplet diameters were not the same in the experiment, and the single diameter hypothesis in the simulation was not satisfied. However, the droplet conforms to certain statistical rules. In this study, the Langmuir-D distribution [33] was used to correct the simulation results. After comparison of the droplet collection coefficient along the cylinder, our calculation results were shown to be in good agreement with the experimental data, and the mean deviation was less than 6.9%.





3. Calculation Model and Working Condition


3.1. Geometric Modeling and Meshing


The three most commonly used shapes of an aero-engine spinner, including conical, elliptical, and coniptical shapes [19], were investigated in the study, as shown in Figure 2. Each kind of spinner has the same bottom diameter (D), which is 0.5 m, and three different lengths (L). The length of the conical part of the coniptical-shaped spinner is 1/3 L. As listed in Table 1, D/L = 1, 1.2 and 1.67. The range of D/L is determined with reference to the experimental data range of Hu et al. [18].



For all the spinner models, the calculation area is a cylindrical area with a length of 6.5 m and a diameter of 5m. According to the distance from the spinner surface, the calculation area is divided into four mesh zones: outer layer zone, intermediate layer zone, inner layer zone, and boundary layer zone. The mesh density increases successively towards the spinner surface, and the computational model is meshed by unstructured grids, as shown in Figure 3. The geometric dimensions and cell numbers of each model are also shown in Table 1.




3.2. Working Condition


To explore the trends of water collection characteristics of the three kinds of spinner, the inflow velocity and diameter to length ratio (D/L) were changed from 80 m/s to 200 m/s, and from 1 to 1.67, respectively. The rotation speed of the spinner was 8000 r/min, and the Liquid Water Content (LWC) was 1.5 g/m3. The Medium Volume Diameter (MVD) of the water droplet was 16μm. The inflow velocities used in the model are shown in Table 1. Eighteen groups of examples were calculated in the study. The inflow parameters were selected based on actual flight conditions of civil aircraft and the range of ice accumulation parameters were provided by icing wind tunnel data [10,18]. In our study, since the water droplet size of 16μm was small, and no account was taken of droplet rebound and splash phenomena, the water droplets were assumed to stick to the spinner surface after droplet impact.





4. Results and Analysis


4.1. Effect of Spinner Shape on Droplet Impact Characteristics


In this section, the effect of spinner shape on droplet impact characteristics is discussed, as well as exploration of the mechanism of the dynamic ice accretion process in the experiments [17] (see Figure 4). Three geometric models were selected with different spinner shapes, and the inflow velocity was maintained at 80 m/s and D/L = 1.2 (1, 5, and 9 in Table 1). The distributions of water droplet collection coefficients β on the three types of spinner surfaces are shown in Figure 4a–c. The results indicate that the impact area covered all the windward surface on the conical-shaped spinner. However, the impact area only covered the front part of the windward surface on the elliptical-shaped spinner and the windward surface of the conical region on the coniptical-shaped spinner.



Here, the impingement limit was defined as the position where the water droplet collection coefficient becomes zero. At the downstream of the impingement limit, no droplets land on the rotating surface. In the icing experiment, the impingement limit was the most upstream position where no icing occurs (see Figure 4e,f). The simulation results are consistent with the characteristics of the icing distribution and the position of the impingement limit observed in the experiments of Li et al. [17].



Figure 5 shows the variation of the water droplet collection coefficient along the dimensionless radius (r/R, R is the bottom radius of the spinner) on the Y = 0 plane. For all spinner shapes, the maximum collection coefficient was located on the top point of the spinner surface and decreased continuously along the direction of air flow. The influences of spinner shape on the local water droplet collection coefficient were different. Surrounding the top point, the water droplet collection coefficient of the conical-shaped spinner was highest, followed by the coniptical-shaped spinner and the elliptical-shaped spinner. There was no impingement limit on the surface of the conical-shaped spinner. Once reaching the impingement limit, water droplet collection coefficient decayed to zero on the surfaces of coniptical-shaped spinner and the elliptical-shaped spinner. However, the impingement limit of the elliptical shape occurred at r/R~0.35, while that of coniptical shape appeared at r/R~0.75.



The results show that on the droplet-covered surface, the elliptical shape had the smallest mass flow rate of water collection at 0.292 g/s. Mass flow rates of water collection were 0.329 g/s and 0.739 g/s on the conical-shaped spinner and the coniptical-shaped spinner, respectively. Thus, water droplet collection was considerably different on the three spinner shapes, which is further analyzed in the following section.




4.2. Difference Analysis of Droplet Impact Characteristics of Three Spinners


Force analysis of a single droplet was carried out in a stationary coordinate system to analyze the influence mechanism of spinner shape on water collection characteristics. According to Newton’s second law, the equation of motion of a single water droplet is expressed as:




     m   w     ∂   V  →    ∂ t   =   1   2     ρ   a   A   C   d         V  →    a   −   V  →          V  →    a   −   V  →      



(9)





The mass of a single droplet with the diameter of   d  ,     m   w    , is given by:




     m   w   =   1   6   π ρ   d   3     



(10)





The windward area of water droplets A is expressed as:




   A =   1   4   π   d   2     



(11)





Substituting Equations (10), (11), (5) and (6) into Equation (9), we get:




     ∂   V  →    ∂ t   =   3   4        μ   a     ρ   d   2      C  d    R e       V  →    a   −   V  →      



(12)





At the front of spinner shape there is a point   O   on the center line of the spinner (see Figure 6), while on the spinner surfaces there is a point   A  (    A   1   ,   A   2   , o r   A   3    ) with the distance of   r   to the center line. The origin of the coordinate axis is located at the stationary point of the spinner. The angle   θ   is defined as the angle between the center line and the line of   O A  . The angle between the motion direction of the water droplet and the axial direction is defined as δ. As shown in Figure 6, the windward area of the three types of spinner shapes has different distributions along the axial position, and the angle   θ   increases from the conical shape, to the coniptical shape to elliptical shape. The change of the angle   θ   that forms at the front of the spinner shape leads to differences in axial deceleration and radial acceleration regions, and further influences the force of droplets.



Based on Equation (12), the aerodynamic force is positively related to the velocity difference between water droplets and air. The more dramatic the change in air velocity, the greater the force on the water droplets. Since air always tends to flow parallel to the wall, a larger   θ   results in a larger velocity gradient. As a result, the axial and radial aerodynamic forces of water droplets are influenced by spinner shape.



When the inflow velocity was 120 m/s (No. 2, 6 and 10 in Table 1), the air velocity and aerodynamic force in front of spinners were compared at distances of   r / R = 0   and   r / R = 0.4  , as in Figure 7 and Figure 8.



Since the spinner shape is symmetric, the water droplets move along the center line only, with an axial velocity of     u   a    . Figure 7a shows the axial velocity of air along the center line with   r / R = 0  . At   x / D = − 1.5 ,       u   a     is not influenced by spinner shape. As the droplet approaches the spinner surface along the center line,     u   a     first decreases slowly and then decreases quickly to zero for all the spinner shapes. For the conical shape, the rapid decrease of     u   a     begins at the location of   x / D = − 0.1  , while for elliptical shape and coniptical shape   x / D ~ − 0.3  . Thus, the spinner shape would change the local velocity of air in the front of the spinners. As a result, the axial force acting on the water droplet     F   a x i a l     shows different trend lines for the three spinner shapes (see Figure 7b):     F   a x i a l     of droplets in the elliptical spinner is increases quickly, followed by the coniptical and conical spinners. As the droplet approaches the surface, the change rate of     F   a x i a l     is highest for the conical shape.



Except for the center line, water droplets move towards the spinner shape with the angle δ between the motion direction of water droplets and the axial direction. Under the aerodynamic force, the motion of droplets is influenced by the velocity of the local air. The velocity of the local air has two velocity components: the axial velocity     u   a    , and the radial velocity     v   a    . Figure 8 shows the change of     u   a     and     v   a     at   r / R = 0.4  , as well as     F   a x i a l     (axial force acting on droplets) and     F   r a d i a l     (radical force acting on droplets).



For the three spinner shapes,     u   a     continuously decreases towards the spinner surface while     v   a     increases, but the velocity gradients of     u   a     and     v   a     are influenced by the spinner shape. Figure 8b,d shows the trend lines of     F   a x i a l     and     F   r a d i a l    . As the droplets approach the surface, both     F   a x i a l     and     F   r a d i a l     first increase and then decrease. The maximum     F   a x i a l     and     F   r a d i a l     occur on the elliptical shape, followed by the coniptical and conical spinners, which can be explained by the detailed change of the angle δ towards to the spinner surface.



Figure 9 shows the distribution of the angle   δ   between the motion direction of the water droplet and the axial direction. Along the conical spinner surface,   δ   continuously increases, but   δ   is always smaller than the half angle of the cone (~31 °), so droplets impact on the whole spinner surface, even in the rear of the spinner (see Figure 10a). Similar phenomena occur on the conical segment of the coniptical spinner. Initially, the impingement limit,   δ  , along elliptical spinner surface is smaller than the angle between the local tangent line and axial direction. In contrast, after passing through the impingement limit (see elliptical spinner and the elliptical segment of the coniptical spinner in Figure 9b,c),   δ   of the local droplet velocity is larger than the angle between the local tangent line and axial direction, so no droplets land on the surface (see Figure 10b,c). The conical segment guides water droplets to move parallel to the surface, while the elliptical segment causes water droplets to move away from the wall.



The   δ   distribution of water droplets is consistent with the law obtained from the experimental data measured by PIV [17]. Both showed that the impact of water droplets occurs at different ranges on spinner surfaces of different shape.



Figure 10 shows the distribution of the ratio of the local water volume fraction (  α  ) to the water volume fraction at the inlet (    α   ∞    ) for the three types of spinners. In the front of the spinner,   α /   α   ∞     is highest on the elliptical spinner surface, followed by the coniptical spinner surface and conical spinner surface. The stronger the deceleration effect (    ∂ V  /  ∂ t    ), the greater the force to prompt the local droplets to adjust direction of motion. Once the motion direction of droplets   δ   is smaller than the angle between the local tangent line and axial direction, the droplets impact the spinner surface.



The total mass flow rate of water collection     W  ˙    was 0.984 g/s on the elliptical shape, which was lowest among the three spinner shapes. Mass flow rates of water collection were 1.033 g/s and 2.053 g/s on the conical-shaped spinner and the coniptical-shaped spinner, respectively. Therefore, the spinner shape significantly affects the local air flow and the force acting on the local droplet, further changing the motion direction and the local collection of water droplets.




4.3. Effect of Rotational Speed on Droplet Impact Characteristics


In the range of the rotational speed of the spinner from 0 to 8000 rpm, the effect of rotational speed on droplet impact characteristics was analyzed on the elliptical spinner. The inflow velocity was maintained at 120 m/s and D/L = 1.2 (see No. 6 in Table 1). Figure 11 shows the influence of rotational speed on water droplet collection efficiency β. The trend lines of β are similar at different rotational speeds. However, the high rotational speed slightly shortens the distance from the stagnation point to the impingement limit. The position of the impingement limit r⁄R was 0.5 on the stationary surface, while r⁄R was 0.44 at the rotational speed of 8000 rpm. Similar phenomena are described in the literature [15,16].



The influence of rotational speed on the spinner was further analyzed from the aspect of forces acting on the droplets. In a rotating coordinate system, the governing equation of elemental volume is expressed by Equation (2), and the influence of centrifugal force     F   e     and Coriolis force     F   c     on the motion of droplets is shown in Figure 12. The axial velocity independent of the Coriolis and centrifugal forces is ignored in the discussion.



Three conditions are included in the force analysis of the elemental volume of droplets. First, the motion of droplets that are far away from the spinner surface are not affected by the spinner shape. In the rotating coordinate system, the droplets move in a uniform circle. The direction of the centrifugal force is opposite to the Coriolis force, and     F   e   =   1   2     F   c    . The combined force of     F   e     and     F   c     provides the centripetal acceleration.



When close to the boundary layer, the motion of droplets is affected by the spinner shape. There is an angle   δ   between the motion direction of the water droplet and the axial direction, so the vertical velocity component of droplets is     v   y    . In addition to the radial Coriolis force     F   c r    , the circumferential Coriolis force     F   θ r   = 2 ω   v   y     promotes the increase of circumferential velocity. In a state of force balance, rotational speed would not change the impact characteristics.



In the boundary layer, enhanced viscous force considerably reduces circumferential velocity, so the force balance cannot be maintained, forcing the droplet to move centrifugally. This effect is aggravated with an increase of rotational speed. Since the thickness of the boundary layer is very thin, the rotational speed only has a slight effect on the water droplet collection coefficient, which is not considered in the following discussion. Our conclusions are made based on a rotationally symmetric surface. For rotating blades, the influence of rotational speed must be considered.




4.4. Effect of Inflow Velocity on Droplet Impact Characteristics


In the range of inflow velocities from 80 m/s to 200 m/s, the effect of inflow velocity on droplet impact characteristics on the three spinner shapes was investigated (1–12 in Table 1), as shown in Figure 13. Figure 13a shows variations of the water droplet collection coefficient   β   at different inflow velocities on the conical spinner. As the inflow velocity increases, the water droplet collection coefficients on the whole windward surface increase correspondingly.



Figure 13b shows the variation of   β   at different inflow velocities on the elliptical spinner. With the increase of velocity, not only the local water droplet collection coefficient increases sharply, but more windward surfaces are impacted by the water droplets, resulting in the axial extension of the impingement limit. Similar rules on spinner and engine air intake were obtained by simulation [9,27] and icing wind tunnel experiments [9] of other researchers.



Figure 13c shows the variation of   β   at different inflow velocities on the coniptical spinner. The increase of inflow velocity results in a larger local   β   in the conical segment of the coniptical spinner, but does not affect the position of impingement limit of the coniptical spinner.



Effect of inflow velocity on the total mass flow rate of water collection     W  ˙    is shown in Figure 14. At an inflow velocity of 80 m/s,     W  ˙    of the elliptical spinner (~0.292 g/s) is the lowest among three spinner shapes. As the inflow velocity increased to 160 m/s and 200 m/s,     W  ˙    of the conical spinner was the lowest while that of the coniptical spinner was still the highest. With the increase of inflow velocity, the water collection of the elliptical spinner surpassed that of the conical spinner. The reason is that the higher inflow velocity leads to a higher water droplet collection coefficient β, and axial extension of the impingement limit on the elliptical spinner. In other words, water collection on the elliptical spinner is more sensitive to the inflow velocity than in the other two spinners.




4.5. Effect of Diameter to Length Ratio on Droplet Impact Characteristics


Effect of diameter to length ratio (D/L) on droplet impact characteristics was analyzed at the inflow velocity of 80 m/s, and D/L = 1, 1.2 and 1.67 (see 1, 5, 9, and 13 to 18 in Table 1). Figure 15 shows the influence of D/L on water droplet collection efficiency   β   on the conical spinner and the elliptical spinner. At the stagnation point, the greater the diameter to length ratio D/L, the lower   β   on the conical spinner and the elliptical spinner. At the rear of the spinner surface of the conical spinner, and close to the impingement limit on the elliptical spinner, the influence of D/L on   β   is opposite: the greater diameter to length ratio D/L, the higher   β  . On the elliptical spinner, the diameter to length ratio D/L also affects the position of the impingement limit, and the higher D/L tends to extend the impingement limit.



Figure 16 shows the influence of the diameter to length ratio D/L on the total mass flow rate of water collection     W  ˙   . Interestingly, with the increase of D/L,     W  ˙    increased on the conical-shaped spinner and the coniptical-shaped spinner, but decreased on the elliptical-shaped spinner. When D/L = 1 to 1.67,     W  ˙    decreased from 0.306 g/s to 0.205 g/s on the elliptical spinner. Although the higher D/L slightly extends the droplet-covered windward surface on the elliptical spinner, water droplet collection efficiency   β   considerably decreases, and hence the total mass flow rate of water collection     W  ˙    also decreases.




4.6. Comparison of Aerodynamic Characteristics


The improvement of the aerodynamic performance is desirable for the design of an aero-engine spinner. In our study, the effects of spinner shape on pressure loss and uniformity of pressure distribution were considered. To quantitatively compare the pressure loss through the spinner, the total pressure loss coefficient     C   p     was defined as:




     C   p   =     P   1   *   −   P   2   *       1   2   ρ   v   ∞   2       



(13)





Here,     P   1   *     is the total pressure of the inflow,     P   2   *     is the total pressure of the pressure at the downstream of the spinner surface (see Figure 3), and     1   2   ρ   v   ∞   2     represents the dynamic pressure of the inflow. A location 25 cm behind the spinner (~half of the chord length of the fan blade) was selected for monitoring the change of     P   2   *    , showing the aerodynamic condition of the fluid flowing through the spinner.



Figure 17 shows the profile of the total pressure loss coefficient     C   p     along the radial axis for the three spinner shapes (  1 ≤ r / R ≤ 2  ). The inflow velocity was maintained at 80 m/s and D/L=1.2 (No. 1, 5, 9 in Table 1). The trend lines of     C   p     through the elliptical spinner and the coniptical spinner were similar: the maximum     C   p     was ~0.8 and the area of pressure loss was within   r / R ≤ 1.4  . The trend line of     C   p     through the conical spinner was above the lines of the other two types of spinners. The maximum value of     C   p     was 1.45 and the area of pressure loss was within   r / R ≤ 1.6  .



At the rear part of the spinners, the surface of the conical spinner still maintained a large angle with the axial direction, which caused the air to flow parallel to the wall and form a large area with low pressure after passing through the spinner. In contrast, in spinners with elliptical region guides, the air flows gradually parallel to the axial direction. This is consistent with the assertion of Linke-Diesinger [19], that elliptical spinners have better aerodynamic performance





5. Conclusions


Droplet impact characteristics on conical-shaped, coniptical-shaped, and elliptical-shaped aero-engine spinners were numerically investigated.



The spinner shape significantly affected the local air flow and the force acting on the local droplet, changing the motion direction and the local collection of water droplets, leading to different water collection characteristics.




	(1)

	
The droplets impacted on the entire conical spinner surface, the front segment of the elliptical spinner, but only the conical segment of coniptical spinner.




	(2)

	
The conical spinner had the smallest mass flow rate of water collection among the three spinners at high inflow velocities greater than 160 m/s, while the elliptical spinner had the smallest mass flow rate of water collection at low inflow velocities below 120 m/s.




	(3)

	
With increasing diameter to length ratio D/L,     W  ˙    increased for the conical spinner, but decreased for the elliptical spinner.




	(4)

	
Air pressure loss through the conical spinner was the largest and uniformity was the lowest. The elliptical spinner had the smaller pressure loss and the best uniformity.









From an anti-ice point of view, the conical spinner was most suitable for a spinner with small conical angle at high inflow velocity, and the elliptical spinner was most suitable for a design with a low eccentricity profile and low-speed flight.
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Figure 1. Verification of the calculation method by comparing simulation results with experimental data [32] and simulation data [33]. 
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Figure 2. Schematic of three shapes of spinner models: (a) conical shape; (b) elliptical shape; (c) coniptical shape. 
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Figure 3. Schematic of mesh division with four mesh zones. 
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Figure 4. Water droplet collection coefficient β on three types of spinners: (a) conical-shaped spinner; (b) elliptical-shaped spinner; (c) coniptical-shaped spinner. Ice over the surfaces of three types of spinners under the rime icing condition [17] (d–f). 
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Figure 5. Variation of the water droplet collection coefficient of the three spinners. 
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Figure 6. Main difference between the three types of cap structure. 
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Figure 7. Aerodynamic force analysis of water droplets at   r / R = 0  . (a) Axial velocity of air     u   a    ; (b) axial force of water droplets     F   a x i a l    . 
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Figure 8. Aerodynamic force analysis of water droplets at   r / R = 0.4  . (a) Axial velocity of air     u   a    ; (b) axial force of water droplets     F   a x i a l    ; (c) radial velocity of air     v   a    ; (d) radial force of water droplets     F   r a d i a l    . 
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Figure 9. Distribution of the angle,   δ ,   of water droplets: (a) conical spinner; (b) elliptical spinner; (c) coniptical spinner. 
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Figure 10. Distribution of the ratio of the local water volume fraction (  α  ) to the water volume fraction at the inlet (    α   ∞    ): (a) conical spinner; (b) elliptical spinner; (c) coniptical spinner. 
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Figure 11. Water droplet collection efficiency   β   with different rotational speeds on the elliptical spinner. 
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Figure 12. Force analysis of elemental volume.     F   e     is the centrifugal force,     F   c r     is the radial Coriolis force,     F   c θ     is the circumferential Coriolis force. 
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Figure 13. Influence of inflow velocity on water droplet collection efficiency with varied spinner shapes: (a) conical spinner; (b) elliptical spinner; (c) coniptical spinner. 
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Figure 14. Comparison of water collection on three spinners with different inflow velocity. 
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Figure 15. Influence of D/L on water droplet collection efficiency: (a) elliptical spinner; (b) conical spinner. 
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Figure 16. Influence of D/L on the total mass flow rate of water collection     W  ˙   . 
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Figure 17. Total pressure loss coefficient     C   p     behind the spinner. 
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Table 1. Model and working condition.
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	No.
	Shape
	D/L
	Inflow Velocity (m/s)
	Number of Cells





	1
	conical
	1.2
	80
	10.7 million



	2
	conical
	1.2
	120
	10.7 million



	3
	conical
	1.2
	160
	10.7 million



	4
	conical
	1.2
	200
	10.7 million



	5
	elliptical
	1.2
	80
	12.4 million



	6
	elliptical
	1.2
	120
	12.4 million



	7
	elliptical
	1.2
	160
	12.4 million



	8
	elliptical
	1.2
	200
	12.4 million



	9
	coniptical
	1.2
	80
	12.2 million



	10
	coniptical
	1.2
	120
	12.2 million



	11
	coniptical
	1.2
	160
	12.2 million



	12
	coniptical
	1.2
	200
	12.2 million



	13
	conical
	1
	80
	10.6 million



	14
	elliptical
	1
	80
	12.9 million



	15
	coniptical
	1
	80
	12.5 million



	16
	conical
	1.67
	80
	9.7 million



	17
	elliptical
	1.67
	80
	11.8 million



	18
	coniptical
	1.67
	80
	11.7 million
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