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Abstract

:

To investigate the aerodynamic characteristics of the fan in windmilling conditions, a new body force model with the fan rotational speed prediction model was developed. The fan rotational speed prediction model was built based on the balance of fan output torque and resistance torque. The rotational speed of the fan spool can be iteratively solved simultaneously with solving the governing equations without requiring mass flow rate or other inputs. The comparison with the experimental results shows that using the body force model can accurately predict the rotational speed of the fan spool under different operating conditions. The radial distribution of flow parameters can be obtained. Moreover, numerical simulations of the fan under different circumferential total pressure distortion inflow conditions were conducted using the body force model. The results show that, unlike the design point and non-design point at which the fan operates normally, the high radius region of the fan is in the “turbine mode” while the low radius region is in the “compressor mode” under windmilling conditions. The different effects on the longitudinal vortex in the two regions deepen and alleviate the circumferential distortion, respectively. There are strong circumferential and radial pressure gradients at the junction of the distortion-affected zone and the non-distortion-affected zone, adding additional mixing losses.
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1. Introduction


When an aircraft engine stops in the air or the combustion chamber flames out, the airflow passes through the unlit engine, and the spool is driven by the combined action of aerodynamic force, rotor inertia, and resistance torque. This sub-stable rotating state that stabilizes at a certain speed for a short period of time is called the “windmilling condition” [1]. It is very important to determine the key performance parameters of the fan windmilling during the design phase. On the one hand, the resistance characteristics of the engine in a windmilling condition will affect the design of the aircraft’s vertical stabilizer; On the other hand, the airflow rate, combustion chamber pressure, and temperature are directly related to each other in the windmilling condition, and these three parameters are important parameters for determining the ignition envelope of the engine in the air [2].



Numerical simulation is a feasible way to obtain aerodynamic characteristics of fan windmills. Gunn and Hall [3] conducted a study on a low-speed fan and a transonic fan and analyzed in detail the phenomenon of flow separation and blockage inside the rotor under windmilling conditions. Zachos [2] established a prediction model for the aerodynamic parameters and drag of a turbofan engine in a windmill state based on theoretical derivation and experiments. Prasad. [4] analyzed the numerical simulation results of a fan stage. The aerodynamic similarity of the flow parameters was examined, then an asymptotic model was developed to predict the self-similar flow field downstream of the rotor. In addition, scholars have used numerical simulation methods such as unsteady simulation [5,6,7] and detached eddy simulation [8] to study the flow details in the fan channel under windmill conditions.



Research on windmilling conditions in the past mainly focuses on the flow patterns and loss characteristics inside channels under uniform inflow conditions without considering more complex or dangerous operating conditions. For example, when encountering a crosswind, the status of windmilling fan under distorted inflow conditions may differ from that under uniform inflow conditions. Also, for the distributed propulsion system, because the transverse distance between fans is very short, the interaction between fans is significantly enhanced [9]. At the same time, the fans may also be sucked into the boundary layer of the fuselage [10,11]. The superposition effect of the two may deepen the inlet distortion of adjacent fans. And it will decline the surge margin of adjacent fans or even make it stall. A secondary failure could occur at this time. These issues are worthy of further detailed analysis and in-depth research.



However, conducting full three-dimensional numerical simulations with multiple fans under many different operating conditions will consume enormous computational resources. Thus, it is necessary to introduce some models to simplify the calculations to meet engineering needs. The actuator disk model is one of the feasible methods. It simplifies the blades into an infinitely thin disk. A sudden change in pressure will be introduced when the fluid passes through. The model is used to simulate the pressurization process of the compressor. Scholars [9,12,13] have applied it to the research of distributed propulsion systems. However, concentrating the effect of the blade row on the fluid on a plate without thickness cannot depict the complex flow field in the blade channel, which reduces the accuracy of the results.



Another feasible way is using the body force model. The body force model assumes that there are infinitely many, infinitely thin, and axially symmetric blades in the channel of the blade row area. The force exerted by the blades on the airflow is replaced by a uniformly distributed force field along the circumference. The body force is added as a source term to the Euler or Navier–Stokes equations to solve the flow field. Gong decomposed the force acting on the blades into body force terms perpendicular to and parallel to the airflow direction and established a body force model by analyzing the flow parameters in the channel [14]. This model cleverly takes the overall force exerted by the blades on the airflow as the source term. And the source term is applied to all blade areas through circumferential averaging. Defoe et al. [15] numerically studied the generation and upstream propagation of noise in engines under distortion conditions based on the Gong model, where a time-averaged body force source term is used to replace the fan blade. Kim et al. [16] implemented a numerical simulation of the entire N3-X hybrid wing-body concept aircraft based on the Gong model. Xu [17] developed a viscous body force model. The friction coefficient of the blade surface is extracted from the single-channel RANS calculation results. The viscous forces generated by the blade are treated as source terms in the modified Euler Equations. He successfully simulated the unsteady phenomenon of the distorted flow field of turbomachinery. Hall et al. [18] proposed a body force model based on the lift drag coefficient of isolated airfoils. The model is not based on numerical simulation or experimental results, and it is applied to conduct numerical simulation research on boundary layer ingestion (BLI) fans. In recent years, scholars [19,20,21,22] have further developed such models for performance research of distributed propulsion systems and aerodynamic design of ducted fans.



In general, the above body force models are all applied for normally operating turbomachines. The fan rotational speed needs to be controllable and treated as a known parameter. However, the rotational speed of the fan in the windmilling condition is unknown, so the above body force model cannot be used to simulate the windmilling fan. Thus, to begin with, a fan speed prediction model is developed using the variation law of the resistance torque of the fan rotor. Then, by combining the relationship between aerodynamic force and flow parameters in the fan windmilling conditions, a new body force model is built and validated. On this basis, a numerical simulation of the windmilling conditions under circumferential total pressure distortion was carried out. The characteristics of the distorted flow field inside the fan under windmilling conditions were analyzed with the help of the new body force model.




2. Body Force Modeling of Fan under Windmilling Conditions


The quantitative relationship between the body force terms between the variation of velocity circulation and entropy increase was established. Based on the characteristics of the windmilling conditions, a new rotational speed prediction model of the spool was developed, and then the body force model was built.



2.1. Three-Dimensional Body Force Modeling of Fan


By solving the Euler equation in the cylindrical coordinate system of the fan channel [23], the forces exerted by the blades on the airflow are added as the source term to the equations, namely:


   Φ →  =        Φ r       Φ θ       Φ x         



(1)







The body force can be decomposed into viscous force    f →    parallel to the flow direction and inviscid force    F →    perpendicular to the flow direction. The viscous force characterizes the flow loss in the flow path, with the direction opposite to the flow direction, i.e.,:


   Φ →  =  F →  +  f →   



(2)






     f r  ,  f θ  ,  f x    = −    f →         W r  ,  W θ  ,  W x         W →       



(3)






   F →  ⋅  W →  = 0  



(4)




where    W →    is the relative velocity. Using the momentum equation of θ direction, the relationship between tangential body force and velocity circulation can be obtained. Further, the relationship between entropy increase along streamlines and viscous body force can be obtained from the First law of thermodynamics, namely:


   Φ θ  =   ρ  V m   r    ∂   r  V θ      ∂ m    



(5)






     f →    = T    V m       W →        ∂ s   ∂ m    



(6)







Once obtaining the radial distribution of velocity circulation variation and entropy increase along the streamline, by substituting Equations (5) and (6), the magnitude of tangential and inviscid body force terms can be deduced.



Research shows that for different operating points of the windmilling conditions, the values of     ∂   r  V θ     /  ∂ m     and     ∂ s  /  ∂ m     also vary. However, the radial distribution of velocity circulation variation and entropy increase still has similarities [4]. Therefore, the method proposed in reference [23,24] can be used to obtain the velocity circulation variation and entropy increase distribution at different operating points, namely:


    ∂   r  V θ      ∂ m   =  κ t      m ˙   cor ,    n  cor           ∂   r  V θ      ∂ m       ref    



(7)






    ∂ s   ∂ m   =  κ s      m ˙   cor ,    n  cor           ∂ s   ∂ m       ref    



(8)




where    κ t    and    κ s    are correction factors that could be obtained by numerical simulation.




2.2. Rotational Speed Prediction Model of Fan Spool


For a normal operating fan, the rotational speed is a known quantity. Given the rotational speed and the boundary conditions at the inlet and outlet, a body force model can be used for the numerical simulation of the flow field. However, for the windmilling condition, the fan operates under the ram air, so its rotational speed is determined by the inlet and outlet boundary conditions, as well as the characteristics of the components. Therefore, to establish a body force model for the fan operating under windmilling conditions, a fan rotational speed prediction model needs to be established above all. Previous experimental results [3,25,26] have shown that the rotational speed of the fan in the windmilling condition is directly proportional to the corrected mass flow rate at the fan inlet. Reference [25] established a rotational speed prediction model based on the “zero work” assumption, but this model requires the fan inlet air flow rate as input. In fact, it is practically impossible to obtain the air mass flow rate first. Additionally, when there is distortion at the fan inlet, the accuracy of the model is downgraded. For example, when there is a low total pressure zone in a certain sector of the fan inlet, the flow conditions of the fan blades passing through the non-distorted and distorted regions are different, and the “local” corrected mass flow rate of different sectors is also different. However, it is obvious that the fan can only operate at one rotational speed. It is necessary to establish a rotational speed prediction model that does not rely on the airflow rate or other flow parameters as input.



In the windmilling condition, the work output by the fan blades is mainly used to overcome the resistance of the spool rotation. The resistance torque of the rotor varies at different rotational speeds, so it can be considered to use the torque balance relationship to establish the rotational speed prediction model. According to the literature [27,28], in windmilling conditions, the resistance torque of the fan spool mainly comes from aerodynamic resistance and frictional resistance. The aerodynamic resistance torque increases with the increase of rotational speed, roughly satisfying the following relationship:


  M = A  n 2   



(9)




where M is the aerodynamic resistance torque, n is the rotational speed, and A is the coefficient related to the specific model of the components. The frictional resistance torque gradually decreases with the increase in rotational speed. It basically does not change with the change of rotational speed when the rotational speed exceeds a certain critical value. Therefore, through numerical simulation, the resistance torque    N  obj     that the fan needs to overcome to maintain a certain rotational speed can be obtained.



When using the body force model for calculation, the output torque    N  out     of the fan can be obtained by integrating the tangential blade force, namely:


   N  out   =   ∯   Φ θ  r d v     



(10)




where r is the local radius, and dv is the volume of a gird element. When    N  out   <  N  obj    , the output torque of the fan is less than the resistance torque that should be overcome to maintain the rotational speed and the rotational speed of the fan will decrease; on the contrary, the fan will accelerate. That is:


    d n   d t   =    N  out   −  N  obj    X   



(11)




where X is the moment of inertia of the fan spool. Thus, the rotational speed of the fan spool can be iteratively solved simultaneously with solving the flow field. Firstly, an initial guessed rotational speed is given. Then,    N  obj     and    N  out     can be calculated for the current step, and the updated rotational speed is calculated through formula (11) for the next pseudo-time-step. When the difference between    N  obj     and    N  out     is small enough, the rotational speed will not change. So far, the body force modeling of the fan under windmilling conditions has been completed.




2.3. Numerical Simulation Method Based on the Body Force Model of Windmilling Condition


To summarize, the numerical simulation method based on the body force model of windmilling conditions is shown in Figure 1. Firstly, numerical simulation is used to obtain the radial distribution of the velocity circulation variation and entropy increase rate of the fan at the reference point of the windmilling condition, as well as the correction factors are also calibrated. To begin the iteration, an initial guessed rotational speed should be provided to update the flow field and correction factors. Then, the body force terms and the net output torque by the fan could be calculated. Comparing it with the resistance torque at the initial guessed rotational speed, the rotational speed will be updated. When the difference between the resistance torque and fan output torque is small enough, the calculation converges.





3. Implementation and Verification of the Body Force Model


3.1. Data Extraction


To test and verify the body force model, the windmilling conditions of a fan of the DGEN380 engine are studied, as shown in Figure 2a. The DGEN380 engine is a small turbofan engine with a high bypass ratio designed and manufactured by Price Induction company. The maximum thrust of the engine is around 250 daN. It is a well-designed geared turbofan engine with a bypass ratio reaches 7.6. Figure 2b shows the architecture of the engine and the sensors’ locations. As for the measurement of flow parameters at fan inlet and outlet plane, namely “2A” and “2R” stations, radial rakes were installed and azimuthally distributed. Total pressure and temperature were measured by the acquisition system. The data were acquired at a sampling frequency of 10 Hz. The five-hole probes are used for total pressure measurement, with 0–10 kPa relative pressure transducer accurate to 0.2% full scale at a 95% uncertainty interval. Rosa et al. [29] and Dufour et al. [5] conducted experimental and unsteady numerical simulation studies on the fan windmilling conditions of the DGEN380 engine, respectively, which can provide a reference basis for the work of this article.



To obtain the parameters required to calculate the body force terms, a RANS simulation was conducted for the windmilling conditions of the fan. The computational domain of the fan rotor is established, as shown in Figure 3. To eliminate the influence of boundaries on the accuracy of the results, an inviscid inlet section is added at the rotor inlet. The 4H-O topology is used to generate the hexahedron structured grid. The grid independence check is performed with a set of mesh with 410,000, 550,000, 720,000, and 960,000 girds. The calculated mass flow rate with an inlet Mach number of 0.16 is compared in Figure 4a. Finally, the total number of single passage grids of approximately 720,000 is chosen. The grid has 69 grid nodes spanwise and 17 grid nodes in the tip clearance. The distance between the first layer of the grid on the wall is 0.003 mm, ensuring that the value of y+ near the wall is around 1. The schematic of the computational mesh is shown in Figure 4b.



The boundary condition parameters at the inlet, i.e., the total temperature, total pressure, and velocity direction, as well as the rotational speed of the fan spool, were set to refer to the experimental conditions in reference [29]. By adjusting the average static pressure at the outlet of the computational domain, the Mach number at the fan inlet is kept consistent with the experiment. The walls of the extended inlet section are set as a free-slip wall, while the other walls are set as non-slip walls. The Model selection is SST turbulence model was chosen as it performs better when dealing with separation flow under an adverse pressure gradient.



Figure 5 shows the radial distribution of the total pressure ratio and outlet Mach number of the fan under operating conditions in the windmill state with different inlet Mach numbers (Ma = 0.08 and Ma = 0.16). The axial position of the fan outlet section is shown in Figure 2b as “2R”, which is consistent with the experiment [29]. The radial distribution pattern of fan outlet parameters is basically consistent with experimental results under different inlet Mach numbers. In the area above 40% span, the total pressure ratio is less than 1, which indicates that the fan in this area is working in “turbine state”. The total pressure ratio below 40% span is greater than 1, indicating that the fan in this area is in “compressor state”. It is consistent with the experimental results. There are certain differences in the area above 80% height, which may be due to the intrusion of the probe reducing the measurement accuracy near the tip, as mentioned in reference [25]. Figure 6 shows the contour of the Mach number of the S1 surface at 90% span. The numerical result herein is in good agreement with the simulation results in reference [7], which improves the credibility of the results. Overall, the numerical simulation results are reliable and can be used to extract the relevant parameters required for body force modeling.



Five operating points under windmilling condition with averaged inlet Mach numbers of 0.08, 0.10, 0.12, 0.14, and 0.16 were selected for numerical simulation to extract the parameters required for body force modeling. The rotational speed of the fan spool is set according to the experimental results given in reference [29], and boundary conditions at the inlet of the calculation domain are given with the inlet total temperature, total pressure, and speed direction. By adjusting the averaged static pressure at the outlet, the inlet Mach number is consistent with the experimental conditions.



Figure 7 shows the variation of the circumferential averaged velocity circulation variation Δ(rVθ), and entropy increase Δs of the fan under different operating conditions. The velocity circulation variation is directly proportional to the change in enthalpy. Its positive and negative values represent the working state of the fan blades. The change in circulation in the 40–90% span area is less than zero, indicating a decrease in the enthalpy of the fluid in this area. The fan in this area is operating in a “turbine state”. The change in velocity circulation in the area below 40% span is greater than zero, indicating an increase in the enthalpy of the fluid in this area, which means that the fans in this area are in a “compressor state”. Higher than 90% height area, there is a positive circulation. The flow over the pressure surface is severely separated due to the large negative attack angle of the incoming flow in this area, which is consistent with Figure 6. The interaction with the secondary flow in the end zone, such as blade tip leakage flow, causes the relative airflow angle in this area to deviate significantly from the design point, causing significant flow losses. This phenomenon can also be corroborated by the radial distribution of entropy increase, with a significant increase in entropy in areas above 90% height, indicating significant flow losses in this area. From the distribution of velocity circulation variation and entropy increase under different conditions, the radial distribution of the two is similar under different operating conditions. Therefore, the method proposed in reference [23] can be used to treat non-reference points by multiplying the correction factors by the radial distribution of the reference point. The working condition with Ma = 0.08 was treated as the reference point, and the correction factors of κt and κs were calibrated by comparing them with the reference point.



The relationship between the rotational speed of the fan spool and resistance torque under different operating conditions was obtained using numerical simulation results, as shown in Figure 8. The relationship between resistance torque and rotational speed basically meets the quadratic function. It is consistent with the change rule of engine resistance torque mentioned in the literature [27,28]. Using the wind turbine speed prediction model proposed in this article to simulate the windmilling conditions based on the body force model can overcome the problem of requiring a known airflow rate in reference [25], and the working pattern of fan spool under distorted conditions can be predicted with the help of the new body force model.




3.2. Numerical Simulation of Fan Windmilling Condition


The three-dimensional steady Euler equations were solved with the help of commercial software ANSYS Fluent. The fan under windmilling condition was treated as duct flow using the body force model. To apply the body force terms to the airflow, the user-defined function (UDF) was used. The body force terms were added as the source term of the equations and participated in the iteration. Due to the circumferential uniformity of the grid used to solve the flow in the fan duct, the blockage effect of the presence of blades on the flow cannot be considered. Research [30,31,32] has shown that disregarding the blockage effect of blades can have a certain impact on the accuracy of calculation results, especially for near-chocking conditions. Therefore, this article introduces the blockage coefficient b was introduced for considering the circumferential thickness of the blade during calculation, which can be calculated as follows:


  b = 1 −    θ  suc   −  θ  pre     K / 2 π  



(12)




where θsuc and θpre are the circumferential coordinates of the points on the suction and pressure surfaces of the blades, respectively, with the same axial and radial coordinate. K is the total number of blades. The blockage coefficient was added to the equations as the source terms with the following form:


     S →   b  = [    S 0          S 0   V r          S 0   V θ          S 0   V x          S 0  H   ]  



(13)




where    S 0  = −     ρ  V →  ⋅  ∇ →  b    / b   . Due to the addition of source terms to the conservation equation, it is necessary to preprocess the blockage coefficient during simulation to ensure the conservation of mass through the fan.



Figure 9 is a computational grid used for a solver with the body force model. The hexahedron structured grid is adopted, 90 grids are evenly arranged in the circumferential direction, and 30 grids are arranged in the radial direction. The grid points were well clustered near the hub and casing wall. The entire computational domain was divided into three regions: inlet, blade, and outlet, with axial grid numbers of 44, 30, and 44, respectively. The verification of mesh independence is performed, and a total grid number of approximately 320,000 is chosen. Convergence is considered when the residuals of all equations are less than 10−3 and the variation of the rotational speed of below 1%. The number of fan blades for the DGEN380 engine is 14, and compared to the full annulus RANS calculation, the grid size based on the body force model is only about 1/30.



The comparison between the predicted fan spool rotational speed (BFM) using the body force model proposed in this paper and the experimental results (EXP) under different inflow Mach numbers is shown in Figure 10. The body force model can accurately predict the rotational speed of the fan spool under windmilling conditions. Compared with the models given in references [1,25], this new body force model could be used to predict the rotational speed by solving the three-dimensional body force field of the fan under given inlet and outlet conditions, without relying on parameters such as mass flow rate as input. This makes the model more practical and lays the foundation for further studying the flow field.



The radial distribution of the circumferentially averaged total pressure ratio and total temperature rise of the fan is shown in Figure 11. The results calculated using the body force model are basically consistent with the experimental and full three-dimensional numerical simulation results (RANS). For areas above 80% span, the total pressure ratio calculated based on the body force model is higher than the RANS results, indicating that the loss predicted by the body force model in this area is smaller than that calculated by RANS. Based on the previous analysis of RANS results, there is a significantly large separation zone in the flow in this region. The interaction between secondary flow and separation flow in the end region is very strong, which may further increase the losses in this region. However, when calculating based on the body force model, the entropy increase in this region is added to the flow through parallel body force terms, and there is no obvious radial mixing, thus underestimating this part of the loss. The total temperature rise characterizes the change in fluid enthalpy after passing through the fan. The total temperature in the area below 40% span increases, indicating that the fan blades in this area add work to the airflow, while the total temperature in the 40–85% span decreases, indicating that the airflow adds work to the fan blades. For areas above 85% span, due to the secondary flow in the end zone, the flow loss in this area significantly increases, resulting in an increase in total temperature. Comparing the two curves, the radial distribution of total temperature rise calculated using the body force model and fully three-dimensional numerical simulation is also basically consistent.





4. Numerical Simulation of Fan Windmilling Condition under Inlet Distortion


To further validate the effectiveness of the proposed body force model, a total pressure distortion zone was added to the inlet of the fan computational domain, as shown in Figure 12. The angles of the sector corresponding to the distortion zone are 60°, 90°, 120°, and 150°, respectively. The reference pressure is set at 101,325 Pa, the gauge total pressure in the normal intake zone is 0, and the gauge total pressure in the distortion zone is −1000 Pa. The other boundary conditions are consistent with the previous calculation.



The results of the windmill rotational speed of the fan spool and air mass flow rate under inlet distortion are presented in Table 1. As the range of the distortion zone increases, the rotational speed and air mass flow rate both decrease. The relationship between the two is basically linear. This is mainly due to the decrease in the total pressure of the incoming flow in the distortion zone, which leads to a decrease in the total pressure ratio. In the high radius zone of the “turbine mode”, the power output of the fan is reduced, and the net output power of the fan that overcomes the rotational resistance moment is reduced, resulting in the fan deceleration. The body force model is reasonable in predicting the variation pattern of fan rotational speed.



When a fan rotor in normal working condition experiences distortion at the inlet, the interaction between the fan rotor and the distorted flow field makes the parameters at the fan outlet tend to be uniform in the circumferential direction due to the suction effect of the blade row [24,33,34]. This effect mitigates the distortion impact. However, for the fan in a windmilling condition, the situation is different. Figure 13 shows the contour of the upstream swirl angle ahead of the fan. The swirl angle is defined as


  α = arctan      V θ   /   V x       



(14)







There is a certain swirl angle around the interface between the distorted and non-distorted regions, which is caused by the vortex generated by the instability at the interface. The swirl angle mainly affects the area below 50% span, which may lay different effects of distortion on the fan in different radial portions.



As shown in Figure 14, the spanwise meridional flow angle λ distribution at the center of the distortion zone at a position 0.5 times the axial chord length upstream of the fan leading edge under different conditions. The meridional flow angle λ is defined as


  λ = arctan      V r   /   V x       



(15)







The black line is the meridional flow angle far away from the distortion area. Because the fan adopts the design of equal outer diameter, the increase of hub radius causes radial velocity near the blade root, and the radial velocity decreases with the increase of the radius. Due to the mixing effect between the distorted and non-distorted regions, the radial position of the maximum meridional flow angle is away from the hub. As the area of the distortion zone decreases, the maximum meridional flow angle at the center of the distortion zone increases, and the position where the maximum value occurs is far away from the hub. For example, in case 1, the maximum value appears near the 20% span. The radial velocity in this region is mainly caused by the flow direction vortex generated by the instability at the interface between the high total pressure region and the low total pressure region. The larger the area of the distortion zone, the closer the meridional flow angle at the center of the distortion zone is to the distribution of the non-distortion zone. The appearance of a longitudinal vortex can cause fluid mixing in different radial regions and introduce an additional swirl angle at the leading edge of the fan, thereby affecting the working state of the fan.



Figure 15 shows the entropy increase along the axial direction in the fan passage under different conditions. The entropy increase here represents the mass flow averaged entropy at different axial positions of the cross-section minus the average entropy value of the inlet surface under this condition. The axial position coordinates are dimensionless, using the axial chord length of the fan blade as a characteristic length. The leading edge of the fan blade is set as the coordinate zero point. As the area of the distortion zone increases, the entropy increase passing through the fan decreases, indicating that the longitudinal vortex will interact with the blade force field of the fan. From the above analysis, Case 1 has the strongest longitudinal vortex, and the secondary flow has a strong impact on the fan, thus introducing additional flow losses.



The contour of total pressure at 0.5 times the axial chord length downstream of the fan is shown in Figure 16. The circumferential non-uniformity of the total pressure in the low radius region of the fan has been alleviated, while it is deeper in the high radius region. The circumferential non-uniformity of the flow parameters upstream of the fan forms a longitudinal vortex. Due to the high radius area of the fan being in “turbine mode” under the windmilling condition, the longitudinal vortex is stretched under the positive pressure gradient, which deepens the distortion degree in this area. Observing the junction between the distortion-affected zone and the non-distortion zone (marked by red circle in Figure 16), due to the presence of both radial and circumferential pressure gradients, the flow in each region undergoes strong mixing. A very uneven distribution of total pressure is formed in this area. Due to the mixing effect, the total loss increases, and the net output power of the fan further decreases, resulting in a decrease in speed. The power output of the fan in the high radius area decreases, and the spanwise pressure gradient and the mixing loss also decrease. When the resistance torque that the fan needs to overcome to maintain the specified rotational speed is rebalanced with its output net torque, the speed stabilizes. Comparing the total pressure distribution at the outlet of Case1–Case4, it can also be seen that as the distortion zone increases, the rotational speed decreases. The flow at the junction of the distortion-affected zone and the non-distortion zone becomes more uniform, which is consistent with the previous analysis. From the simulation results, it can be further inferred that for fans operating in a windmill state, the non-uniformity of flow parameters at the outlet of the high radius region will increase.



To further analyzing of the evolution mechanism of longitudinal vortex caused by circumferential distortion under the fan body force field, the vortex structure within the fan area is identified using the Q criterion, and the color of the iso-surface is colored using absolute velocity, as shown in Figure 17. The circumferential non-uniformity of the incoming flow causes mixing between different layers of fluids, forming a longitudinal vortex at the junction. After entering the fan area, due to the different working patterns of fans in different radial areas, a radial pressure gradient gradually forms through the blade area. Under the combined action of the fan body force field and radial pressure gradient, the flow vortex deflects along the circumference and induces a reverse vortex. The flow close to the blade hub is affected, introducing additional flow losses. Compared to models using actuator disks, using three-dimensional body force models can provide more flow details within the computational domain.



Figure 18 shows the circumferential distribution of absolute flow angles at different radial positions at 50% axial chord length downstream of the rotor under different distortion conditions. As mentioned before, the fan at 20% span position is in “compressor mode”, and the fan at 70% span position is in “turbine mode”. For the area near 20% span, the fan outlet flow is more sensitive to turbulence due to the adverse pressure gradient. Therefore, the two regions are affected to varying degrees in the distorted and non-distorted boundary areas. For the 20% span position, the flow becomes very unstable under the combined effect of circumferential and radial pressure gradients, so the fluctuation of the flow angle in this area is more obvious. Comparing the results of different circumferential distortion angle ranges, Case 1 and Case 2 exhibit significant fluctuations in the flow angle at the junction area, while as the angle of the distortion zone increases, the fluctuation of the flow angle is suppressed. Based on the above analysis, it can be concluded that this is due to the decrease in fan rotational speed; fan output power in the high radius region decreases while power consumption increases in the low radius region. The pressure gradient between different radial positions reduces. For the 70% span position, the inflow velocity of the fan in the distortion zone is low. The negative attack angle in this area further increases, resulting in more severe separation on the blade pressure surface and further increasing the lag angle. As the distortion range increases, the rotational speed of the fan decreases, and the angle of attack of the fan blades decreases. The degree of separation at the rotor outlet alleviates, resulting in a decrease in the absolute airflow angle at the outlet. The different working modes of the high and low radius regions of the fan result in inconsistent response patterns under circumferential distortion conditions in different regions. It is significantly different from the flow state at the design and non-design points when the fan operates normally.




5. Conclusions


A new body force model suitable for simulating the windmilling conditions of the fan was developed. Then, it is used to investigate the windmilling conditions of a small turbofan engine under inlet distortion. The main conclusions are as follows:




	(1)

	
A new body force model coupled with a fan spool rotational speed prediction model was developed, which is suitable for the investigation fan under windmilling conditions. The fan rotational speed prediction model was built based on the balance of fan output torque and resistance torque. The rotational speed of the fan spool can be iteratively solved simultaneously with solving the governing equations without requiring other inputs.




	(2)

	
Numerical simulations of the fan under different circumferential total pressure distortion inflow conditions were conducted using the body force model. Since the working patterns are not alike at different spans, the stretching and compression effects of the longitudinal vortex in the two regions are opposite, resulting in strong circumferential and radial pressure gradients at the junction between the distortion-affected zone and the non-distortion-affected zone, introducing additional mixing losses. It is a unique flow phenomenon that is different from the flow state at both design and non-design points when the fan is operating normally.




	(3)

	
As the angle of the circumferential total pressure distortion zone increases, the expansion of the distortion sector weakens the mixing effect at the junction of the distortion-affected area and the non-distortion-affected area. The air mass flow rate and the rotational speed of the fan spool decrease. When the angle of the distorted sector increases from 60° to 150°, the windmill speed decreases by 5%, and the air mass flow rate decreases by 4.4%.
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Nomenclature


The following abbreviations are used in this manuscript:



	
A

	
coefficient of aerodynamic resistance torque related to type of fan




	
b

	
blockage factor




	
   f →   

	
vector of viscous body force




	
   F →   

	
vector of inviscid body force




	
H

	
total enthalpy




	
K

	
number of blades




	
m

	
meridional coordinate




	
  m ˙  

	
mass flow rate




	
M

	
aerodynamic resistance torque of fan rotor




	
Ma

	
Mach number




	
n

	
rotational speed of spool




	
N

	
torque




	
r, θ, x

	
cylindrical coordinates




	
s

	
entropy




	
   S →   

	
vector of source term




	
T

	
temperature




	
   V →   

	
vector of velocity in absolute coordinate system




	
   W →   

	
vector of velocity in relative coordinate system




	
X

	
moment of inertia of the fan spool




	
α

	
absolute swirl angle




	
κ

	
correction factor




	
λ

	
meridional flow angle




	
 ρ 

	
density




	
   Φ →   

	
vector of body force




	
Subscripts




	
0

	
source term of conservative equation




	
cor

	
corrected value




	
m

	
meridional direction




	
out

	
torque output of fan blade




	
obj

	
torque to maintain target rotational speed




	
pre

	
pressure side of blade




	
ref

	
reference value




	
r, θ, x

	
radial, circumferential, and axial direction




	
s

	
factor of entropy increase




	
suc

	
suction side of blade




	
t

	
factor of velocity circulation variation
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Figure 1. Numerical simulation method of fan at windmilling condition based on body force model. 
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Figure 2. DGEN380 turbofan engine. (a) DGEN380 Engine test bench. (b) Engine profile and sensors’ location [29]. 
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Figure 3. Computational domain. 
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Figure 4. Grid independence check and computational mesh for RANS. (a) Calculated mass flow rate with inlet Mach number of 0.16 with different sizes of grids. (b) The schematic of the mesh. 
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Figure 5. Radial distributions of flow parameters downstream the fan at windmilling condition. (a) Total pressure ratio. (b) Mach number. 
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Figure 6. Contours of Mach number on S1 stream surface at 90% span for Ma = 0.16. (a) CFD result in Ref. [7]. (b) CFD result of present study. 
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Figure 7. Radial distributions of circumferentially averaged circulation change and entropy rise. (a) velocity circulation variation. (b) entropy increase. 
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Figure 8. Drag torque of different rotational speeds at windmilling condition. 
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Figure 9. Computational mesh based on body force model. 
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Figure 10. Rotational speed at windmilling condition for different inlet Mach numbers. 
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Figure 11. Radial distributions of total pressure ratio and total temperature rise for Ma = 0.16. (a) Total pressure ratio. (b) Total temperature rise. 
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Figure 12. Schematic diagram of circumferential distortion. 
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Figure 13. Contours of absolute swirl angle upstream of fan. 
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Figure 14. Radial distribution of meridional flow angle at the center of the distortion zone. 
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Figure 15. Entropy rise in axial direction. 
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Figure 16. Contours total pressure downstream of the fan. 
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Figure 17. Evolution of longitudinal vortex in the fan. 
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Figure 18. Circumferential distributions of absolute flow angle at different spans. (a) 20% Span. (b) 70% Span. 
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Table 1. Rotational speed and mass flow rate of fan windmilling under circumferential distortion conditions.
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	Case
	1
	2
	3
	4





	Distortion sector angle (°)
	60
	90
	120
	150



	Rotational speed (RPM)
	1817.4
	1787.5
	1755.1
	1726.6



	Mass flow rate (kg/s)
	5.00
	4.93
	4.85
	4.78
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