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Abstract

:

Tiltrotors permit aircrafts to operate vertically with lift, yet convert to ordinary forward flight with thrust. The challenge is to design a tiltrotor blade yielding maximum lift and thrust that converts smoothly without losing integrity or efficiency. The two types of blades, soft in-plane and stiff in-plane—the designation depending on the value of the blade’s natural lag frequency—exhibit different structural responses under the same flight conditions, differently affecting the aerodynamics of the blades, especially in the complex aerodynamic environment of conversion flight where the aerodynamic differences are significant. This phase of flight is not deeply researched, nor is the analytical coupling method much used. To study the influence of blade type on aerodynamics during conversion, models suitable for the conversion flight simulation are established for the application of coupled computational fluid dynamics and computational structural dynamics (CFD-CSD) methods. Each method is implemented with well-accepted techniques (the Unsteady Reynolds-Averaged Navier–Stokes (URANS) equations, the Reverse Overset Assembly Technique (ROAT), and the Timoshenko beam model. To improve the solving efficiency, a loose coupling strategy is used in constructing the two-way coupled model. The XV-15 tiltrotor is used for verification. The aeroelastic simulation of soft in-plane and stiff in-plane blades in conversion flight indicates an impactful role on the modal shapes, with a significant difference in the third flap modal shapes for the XV-15 rotor. However, the effect on aerodynamic performance is relatively small. In the first half of the flight conversion, the thrust of stiff in-plane blades is larger than that of soft in-plane blades, but in the last half, the influence of structural characteristics on aerodynamic performance is negligible and the thrust of the blades tends to be equal.
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1. Introduction


Conversion flight is the unique flight mode of the tiltrotor, and its unsteady aerodynamic environment accentuates the blade aeroelasticity problem. After taking off and before landing, the pylon is tilted to transform between the aircraft flight mode and the helicopter flight mode. The incoming flow and the aerodynamic environment of the rotor blades change markedly, complicating the structural deformation and strongly affecting the aerodynamics of the blades. Former researchers, from the viewpoints of aerodynamics [1,2,3] and structural dynamics [4,5,6,7], simulated and analyzed conversion flight, demonstrating the relationship between tilt angle and the unsteady characteristics of the aerodynamic environment and the problem of aeroelastic stability that occurs in conversion flight. However, the influence of blade deformation on the aerodynamic characteristics of conversion flight is not deeply researched, and the coupling method has rarely been used in such investigations.



The aeroelastic characteristics of rotor blades are directly related to their structural characteristics. Tiltrotor blades are of two structural types: soft in-plane blades and stiff in-plane blades, designated according to the first-order natural lag frequency. Because the two blade types have different structural characteristics, they produce different structural deformations in the same aerodynamic environment [3,8,9]. Both blade types have advantages and disadvantages, and both are used in engineering design. Using stiff in-plane blades helps avoid the problems of ground resonance and air resonance; using soft in-plane blades can improve the handling quality. The present work uses structural dynamic modeling of soft in-plane and stiff in-plane blades to obtain their performance in conversion flight. The results verify and quantify, as functions of tilt angle, the effects on sectional normal force and rotor thrust induced by the different structural characteristics of the two blade types, allowing for the evaluation of the rotor performance in each case.



Previous researchers have studied the structural dynamic characteristics of tiltrotor blades in different flight conditions, but the aerodynamic models used were relatively simple. Corle et al. [10] studied the time domain dynamic response of tiltrotor blades with different inflow models. Krstic et al. [11] studied the stall flutter limit problem to solve the longitudinal force equilibrium of a helicopter. Masarati et al. [12] utilized a reduced order model to calculate aerodynamic forces. Most commonly, a wake model is used to generate the aerodynamic forces necessary for structural dynamic analysis [7,13,14]. These methods cannot couple the aerodynamic analysis and structural dynamic analysis to calculate the aerodynamic result, including the consideration of blade elastic deformation. The present work uses the computational fluid dynamic (CFD) method to simulate the flow field. The blade elastic deformation is simulated as the surface mesh movement with the reverse overset assembly technique [15] and mesh deformation. Hence, the two-way coupling of aerodynamic analysis and structural dynamic analysis is accomplished in the present work.



The computational fluid dynamics–computational structural dynamics (CFD-CSD) coupling approach is used in many studies to simulate the influence of structural deformation on rotor aerodynamic performance [9,16,17]. Lim [18] coupled OVERFLOW2 (CFD solver) and CAMRAD II (for CSD solving) to research the structural mechanism and optimize the blade performance. Previous research using the CFD-CSD coupling approach primarily focused on the simulation of the helicopter rotor, but the method has not been significantly applied in research on tiltrotor blades. A loose coupling strategy is used in the present work to couple the CFD and CSD models. The CFD analysis is based on the Unsteady Reynolds-Averaged Navier–Stokes (URANS) equations and the CSD analysis is constructed based on the Timoshenko beam model. The coupling method was used in a previous study [19] for the simulation of tiltrotor flow field during shipboard take-off and landing. By analyzing the results of soft in-plane and stiff in-plane tiltrotor blades in conversion flight, this study found that the influence of the difference in the structural characteristics of the blades on the aerodynamic force is quite different in the first and last halves of the tilting action, being more significant in the first half than in the last half. However, in the whole range of action in flight conversion, the thrust and normal force of the section near the blade tip of the stiff in-plane blade are larger than those of the soft in-plane blade.




2. Numerical Simulation Method


2.1. The Geometry, Structure, and Grid


In the present work, the advanced technology blades (ATB) rotor of the XV-15 tiltrotor [20] are used as the model blade. The XV-15 tiltrotor has three blades in each rotor. The radius of the rotor is R = 3.81 m, and its solidity is 0.103. The blade has nonlinear torsion of −47° and root at 0.1 R. The average chord length is 0.411 m, and the shape of the blade tip is square. The blade shape and airfoil distribution are shown in Figure 1 [21]. Figure 2 shows the schematic diagram of the tilt angle. The rotor is placed on the front of pylon (the left and top on Figure 2). The aircraft flight mode (red in the figure) is defined at a tilt angle of 0°, and the helicopter flight mode (blue in the figure) is defined at a tilt angle of 90°. In this study, the rotational speed was 59.17 rad/s, and the free flow velocity was 15 m/s, with Reynolds number Re = 4.62 × 105.



The grid system includes blade and wing grids with C-H topology, as well as Cartesian background grids. Among them, the cell number of the single blade grid is 1.875 million, the wing grid is 1.849 million, and the first layer (near the entity object surface) height is 2.15 × 105 m, with a corresponding y+ value of 1.0. The background grid contains a fine-mesh region that surrounds the rotor and wing. At different tilt angles studied in this paper, the cell number of mesh in the fine-mesh region ranges from 7.77 million to 8.642 million, and the cell number of the coarse-mesh region is 4.506 million. We use wall boundaries to represent blade and wing entities and set the outer surface of the background mesh as a pressure far field. The assembly between multiple grid blocks is implemented by the overset method with interpolation boundaries among the assembled grid blocks. The ROAT proposed by the authors in previous research [15] is used for overset mesh interpolation to avoid the problem of orphan points in the overset mesh system and to improve the robustness of deformable mesh. The overset mesh system used in the present work is shown in Figure 3. The research of Potsdam et al. [22] indicated that the fountain flow over the aircraft is calculated differently in the simulations modeled by a full-span tiltrotor and a semi-span tiltrotor using the symmetrical boundary at the center of the aircraft. The present work uses full-span tiltrotor blade modeling to better simulate the flow field of the tiltrotor blade for a more accurate result.




2.2. The CFD Method


The CFD analysis in this study takes the RANS equations [23] as governing equations to solve the flow field in the fluid domain:


   ∂  ∂ t      ∭ V    W →     d V +    ∬  ∂ V       F c   →     ⋅  n →  d S −    ∬  ∂ V       F V   →     ⋅  n →  d S = 0  



(1)




where:


   W →  =     ρ           ρ u           ρ v           ρ w            ρ E     T   



(2)







In the above equation,    W →    represents the five conservative variables of three equations;      F C   →    and      F V   →    are the vectors of the inviscid and viscous flux, including the inner effect in the fluid domain. p, ρ, and E represent unit pressure, density, and energy, respectively. u, v, and w are the velocity vector components of the cell unit.    n →    represents the velocity flux in the normal direction of the control surface.



The CFD solver is developed using C++ with a cell-centered store scheme. It supports the central or ROE spatial discretization, the explicit Runge–Kutta (RK) [24], and the implicit lower–upper symmetric Gauss–Seidel (LUSGS) [25] time discretization scheme, and the turbulence model can be set as an inviscid model with artificial viscosity and the Spalart–Allmaras (SA) model. The dual-step precise time integration method [26] is introduced for unsteady motion cases, which discretizes one rotor circle into several real-time steps and sets multiple pseudo-time steps on each real-time step, forming the URANS method. In the analysis of this article, the blade rotation is divided into 720 steps per turn. The solver can set independent spatial and temporal discretization formats and turbulence models for different mesh blocks. And it has good parallel and GPU acceleration performance. In addition, to achieve deformation simulation, the arbitrary Lagrangian–Eulerian (ALE) method [27] is used to convert the deformation into a virtual additional motion flux.



The flow field is divided into two parts: one is close to the body surface, and the other one is the peripheral fluid region. The peripheral region consists of a background mesh (including fine-mesh and coarse-mesh regions), the central scheme is used for spatial discretization, and the RK scheme is used for time discretization. In contrast, the near-body region uses the Roe scheme with the LUSGS scheme and the SA turbulence model. The SA turbulence model is widely used in rotor flow field simulation and also meets the needs of CFD/CSD coupling simulation. For example, Smith used it in the CFD/CSD coupling simulation of Hart II, which shows good accuracy [28]. In addition, the interaction of the rotor and wing is considered via overset interpolation in the present simulation.




2.3. The CSD Method


The CSD solver uses the Timoshenko beam model [8] to calculate the flap, lead–lag, and torsion displacements corresponding to the air load calculated by the CFD solver. Because for actual composite rotor blades, their cross-sections exhibit complex shear deformation and nonclassical effects such as elastic coupling caused by material anisotropy, the bendwise coupling is also included in the simulation.



The blade structure model comprises a two-dimensional linear section analysis and one-dimensional nonlinear beam analysis, as shown in Figure 4. The surface grid points are distributed in the cross-sections. This scheme balances computational accuracy and efficiency; the principle can be found in reference [29]. This differs from the method of calculating wing deformation using computational finite elements with structural mesh [30].



In this study, the blade is discretized into 50 segments along the spanwise direction, and the forces on the end faces of each segment can be obtained by postprocessing the flow field pressure of the grid faces between the segments. At the same time, the endpoint’s cross-section also serves as the deformation control cross-section. The detailed coupling process will be explained in the next section.



The blade beam model established by the Timoshenko beam has 20 degrees of freedom, including 4 degrees at the middle node of the element and 8 degrees at the two end nodes. It describes the displacement    v i    and    w i    and rotation angles    v  i , x     and    w  i , x     in the flap and lag directions, torsional displacement    ϕ i   , tensile displacement    u i   , and the shear degrees of freedom    γ  x η i     and    γ  x ζ i    . The schematic diagram is shown in Figure 5. So, the displacement composition at any point in the section can be decomposed into two parts: caused by rigid body motion and caused by section warping. The detailed principle can be found in references [31,32,33].



This model has high-order degrees of freedom and allows for free deformation at intermediate positions, making it suitable for CSD calculation of rotor blade deformation,, and for free deformation in the middle position, which can avoid the lack of shear degree and improve the accuracy of solving elastic coupling problems caused by shear deformation and the elastic anisotropy of the blade [8,34]. Therefore, compared to the Euler Bernoulli beam, it has a better ability to simulate the deformation of composite blades such as helicopters and tilt rotors [35].



For the displacement of any point on the blade, the following interpolation formula can be used for Timoshenko beams:


       v     w     f     u        γ ¯   x η           γ ¯   x ζ         = D i a g            Φ v     T           Φ w     T           Φ f     T           Φ u     T           Φ η     T           Φ ζ     T             V     W     f     U       Γ  x η          Γ  x ζ          



(3)







In Equation (3),      Φ v      to      Φ ζ      are spatial interpolation functions only related to coordinates, while the term in the right vector is a time variable. By using the finite element method to assemble all elements, the mass, damping, and stiffness matrices of the overall structure and vector forces can be obtained. Finally, a second-order linear ordinary differential equation describing the dynamic characteristics of the blade can be obtained as follows:


  M  q ¨  + C  q ˙  + K q = Q  



(4)




where  M  represents the mass matrix,  C  is determined by material parameters,  K  is the stiffness matrix, and  Q  is the external force vector.



In this study, the structural parameters were derived from the basic measurement data of XV-15 described in reference [36] and calculated proportionally through geometric anisotropy distribution. The CSD solver will output displacement and rotational deformation information at each segment endpoint of the blade at the azimuth corresponding to the CFD solution time step.




2.4. The CFD-CSD Coupling Method


This paper adopts a loose coupling strategy [18,20,37] to achieve the coupling calculation between CFD and CSD, and the established coupling process is shown in Figure 6. It is mainly divided into four steps.



(1) Flow field simulation. After motion and overset assembling the mesh blocks, the CFD solver calculates the flow field of the rotor at each azimuth of the revolution and obtains the corresponding surface pressure data of the blade at each azimuth angle.



(2) Convert the surface pressure information into the input of the CSD solver. Calculate the forces and moments at different azimuth angles and spanwise positions during a rotation. This process first obtains the force on the surface by multiplying the area and pressure of the surface element. Then, it sums up the force on the surface element and the moment to the corresponding section’s 1/4 chord line contained in the segment.



(3) Calculation of deformation information of blade. Based on the Timoshenko beam model, the CSD solver calculates the translation and rotation information of each segment endpoint on the blade at each azimuth and outputs it.



(4) Obtain deformed mesh via deformation information. Calculate each node point’s coordinates for each azimuth after deformation using the endpoints’ displacement and rotation information. The grid nodes located in the middle of the segment can be obtained through linear interpolation of displacement and rotation at the segment of two ends. As shown in Figure 7, the position of the deformed grid points is determined based on the deformation of the two segment endpoint’s cross-sections where they are located. In the figure, grid point  P  corresponds to cross-section    S P    (with spanwise    L P   ), located between cross-sections    S 1    and    S 2    (with spanwise    L 1    and    L 2   ). It is projected onto the original cross-sections    S 1    and    S 2    as points    P  S 1 _ o r i g     and    P  S 2 _ o r i g    , respectively. As the cross-sections    S 1    and    S 2    deform, they become    P  S 1 _ n e w     and    P  S 2 _ n e w    , and the position after deformation is    P  n e w   = (  L P  −  L 1  ) / (  L 2  −  L 1  ) × (  P  S 2 _ n e w   −  P  S 1 _ n e w   ) +  P  S 1 _ n e w    . Specifically, the points located inside the blade root or outside the tip are determined by the segment endpoint’s cross-section of the blade root or tip, respectively. Also, the relationship between them and the cross-section of the root or tip remains unchanged after the deformation of the blade.



Finally, a complete CFD/CSD solution can be formed by looping the above four steps until the simulation converges. In the above process, steps (2) and (4) can be integrated as the preprocessing of the grid and postprocessing of the flow field in the CFD solver. The information transfer between the two programs is completed using a Python-based communication program, which only transmits load and deformation information without any changes. Due to the periodicity of the rotor flow field, during the loose coupling process, information on various azimuth angles and cross-sections within a turn can be transmitted via data exchange once. That is, a coupling process can generate forces for calculating deformation at all azimuth angles of a turn and deformation information at all azimuth angles.



It should also be noted that to accelerate the simulation process, the initial mesh deformation in the simulation can be obtained from experimental data directly or calculated through the estimated load from blade element theory or lift surface theory, etc. At the same time, to provide stability for the coupling simulation, the CFD/CSD coupling simulation will be carried out only after the flow field exhibits a relatively stable period. It was a CFD-only simulation before this and usually needs 4 turns in this study. The calculation will continue until convergence, which generally requires an additional 4 turns of CFD/CSD coupled simulation.





3. Verification of Simulation Method


This section focuses on the verification of CSD and CFD-CSD coupling. The author team has mastered mature rotor CFD-solving methods in previous research and developed an in-house solver, RADAS (rotorcraft aerodynamics and aeroacoustics solver) [38]; so, CFD verification is omitted here. Detailed verification can also be found in the authors’ previous research [39,40,41].



3.1. Verification of Structural Characteristic Calculation


The structural characteristics validation calculations were conducted on the Bo-105 blade. Figure 8 compares the calculated values of the blade resonance diagram in this article and the calculated values of CAMRAD II [28]. It can be seen that the resonance diagram calculated in this article is in good agreement with the calculated values of CAMRAD II, and the characteristic is that it completely coincides with the curve of CAMRAD II in the low-frequency region that has a significant impact on the inherent characteristics of the blade. Figure 9 compares the calculated vibration mode curve of this article with the computed values of the AFDD-1 project [28], and it can be seen that the CSD method in this article can effectively predict the blade vibration mode curve. The slight differences may be due to differences in structural segment numbers compared to the references.




3.2. Verification of the CFD-CSD Coupling Method


The forward flight test state of the Hart-II rotor [36] is used to verify the effectiveness of the CFD/CSD aeroelastic coupling method established in this article. The rotor of this model is composed of four hinge-free Bo-105 blades with a radius of 2 m and a chord length of 0.121 m. The airfoil uses NACA13012, with a linear twist of −8° and a rotor axis rake angle 2.5°. This paper calculates the experimental state with a forward ratio of 0.151 and a blade tip Mach number of 0.639, including higher order control harmonics. Figure 10 compares the calculated value of the 0.87R section normal force coefficient obtained after 10 cycles of aeroelastic coupling calculations and the experimental value [28], and both the calculated and experimental values have been averaged. Compared with a previous study by Liu et al., which only focused on significant trends, the results of the present coupling method are more consistent with the experimental values. Still, on the latter side, ψ = 0°. The calculated value at around 0° is slightly higher, possibly due to the trailing blade’s severe stall. The CFD solver needs to consider both the reflux and low-pressure regions, resulting in a deviation between the calculated results and the experimental values.




3.3. Verification of Grid Independence


We built three grid systems to verify the independence of the grid. The grid element numbers of coarse, baseline, and fine systems are shown in Table 1. The normal force coefficients of the three systems are compared, as illustrated in Figure 11. The results verify the independence of the grid and baseline grid systems used in this study, and no obvious difference was observed between all three meshes. Moreover, considering that the calculation of blade CSD mainly focuses on the in-plane load, even a coarse mesh can ensure good simulation results. In similar rotor CFD/CSD simulations by Liu et al. [42], usable results were also obtained on the 5 million grid.





4. Discussion and Results


4.1. Analysis of Structural Characteristics


The present work models and analyzes soft in-plane and stiff in-plane blades; of particular interest are the variations in behavior as functions of the tilt angle. The detailed data defining structure are shown in Table 2, where EA, EIηη, EIζζ, and GJ represent axial stiffness, lagwise bending stiffness, flapwise bending stiffness, and torsional stiffness, respectively; ωv is the ratio of first-order natural lag frequency to the rotational speed of the rotor. For the soft in-plane blade, ωv is less than 1.0, while for the stiff in-plane blade, it is larger than 1.0.



Figure 12 compares the frequency diagrams of soft in-plane and stiff in-plane blades. Since the impact of lower order frequency vibration is larger than that of higher order, only the lowest modal frequencies are shown as a function of rotational speed. The comparison in the figure reveals that due to the different flapwise bending stiffness of the soft in-plane and stiff in-plane blades, the flap frequency has changed greatly; however, due to the existence of the flap–lag coupling vibration, only the bending stiffness in the flapwise direction is changed, and the lagwise frequency curve also changes to a small extent. Figure 13 shows the modal shape diagrams of the third and fourth orders of lead–lag modes and the second and third orders of flap modes. From the comparison of the soft in-plane and the stiff in-plane blades, the node positions of the modes do not change greatly, but the difference in the structural characteristics of the blade leads to a large change in the amplitude of the modal shape. In particular, the extreme value point of the third flap modal shape is around 0.4R, whereas the figure of the soft in-plane blade is about 47% of that of the stiff in-plane blade.




4.2. Influence of Tilt Angle on Aerodynamic Characteristics of Soft In-Plane and Stiff In-Plane Blades


In order to study the influence of the tilt angle on the normal force of the soft in-plane and stiff in-plane blades, the flow field of the two blades is calculated at various tilt angles from 15° to 75° (with incoming still flow 15 m/s), and normal forces on spanwise sections from 0.5R to 0.95R were compared. The difference in the normal force coefficient and the normal force coefficient difference divided by the mean value are defined as follows:


  Δ  c n   M 2  =  c n   M 2     s t i f f   −  c n   M 2     s o f t    



(5)






    Δ  c n   M 2       c n   M 2   ¯    =    c n   M 2     s t i f f   −  c n   M 2     s o f t     (  c n   M 2     s t i f f   +  c n   M 2     s o f t   ) / 2    



(6)







Figure 14a shows the variation in the difference in the normal force coefficient of soft in-plane and stiff in-plane blades on spanwise positions as a function of the tilt angle, and Figure 14b shows the relative difference which is the ratio of the normal force coefficient to the mean value of soft in-plane and stiff in-plane blades to analyze the influence of structural characteristics on the variation in thrust around a revolution. The results show that the difference in the normal force coefficient is larger near the blade tip, while at section 0.5R, closer to the blade root, the difference between the soft in-plane and stiff in-plane blades’ normal force coefficient is small. At a tilt angle of 75°, the relative difference is only 0.077%.



Since the sectional normal force of the rotor blade increases first and then decreases along the spanwise direction, the main position for providing thrust is about 0.75R, near the tip of the blade, where the effect of torque is greater than that at the root of the blade. The thrust can be regarded as a force distributed along the span, and the deformation is superimposed from the root to the tip, resulting in a greater impact on the aerodynamics due to the different elastic deformation at the blade tip. However, on the sections from 0.85R to 0.95R closest to the tip of the blade, the difference curves of the normal force almost overlap. Due to the large geometric pitch angle of the blade tip section, it is in a state of stall at a large angle of attack. The change in the angle of attack caused by the deformation has a limited impact on the aerodynamic environment of the section, so the aerodynamic difference is no longer sensitive to the spanwise position. On section 0.95R, the curve moves downwards, and the difference between the normal forces of the two blades is less than 0.9R at each tilt angle.



The difference in the normal force coefficients at different spanwise sections maintains the same trend: from 15° to 75°, it first increases slowly and then decreases, and the inflection point is at a tilt angle of 45°. The upward trend is more obvious near the tip of the blade, while on the spanwise sections near the root of the blade, it is basically unchanged at tilt angle of 15°–45°. From the relative difference curve in Figure 14b, it can be seen that the change in the normal force coefficient caused by the different blade characteristics relative to thrust variation also increases first and then decreases with the change in the pitch angle. This downward trend becomes more and more severe from 0.5R to the tip sections along the span, indicating that the change in the soft in-plane and stiff in-plane structural characteristics has a greater impact on the aerodynamic force on the sections closer to blade tip. In summary, when the rotor tilts from the aircraft flight mode to the helicopter flight mode, the change in the sectional normal tension caused by the change in the structural characteristics in the first half of tilting motion is not sensitive to the tilt angle. However, in the last half of the motion, the increase in the tilt angle will significantly reduce the normal force difference of each section, and the aerodynamic differences between blades with different structural characteristics are no longer obvious.



Figure 15 and Figure 16 compare the curves of the normal force coefficient with the azimuth angle of the soft in-plane blade, stiff in-plane blade, and rigid blade on sections of 0.75R and 0.95R, respectively, at the five different tilt angles. The rigid blade is the result calculated by the CFD method without considering the elastic deformation. The figure shows that at small tilt angles (15°–30°), the elastic blade always causes the normal force to drop, and the normal force of the rigid blade is always greater than that of the blades with elastic deformation. At a 45° tilt angle, the data of the three curves around the 270° azimuth angle are very close, and the normal force of the stiff in-plane blade is slightly larger than that of the rigid blade. But on the forward side of the rotor, the normal force of the rigid blade is still significantly greater than that of the elastic blades. In contrast, the normal force of the elastic blades on the retreating side at a tilt angle of 60°–75° is significantly greater than that of the rigid blade. The normal force coefficient curves of the rigid blade and the elastic blades have no intersection point at a small angle of tilt, and the intersection point starts to appear on the retreating side at tilt angle of 45° and moves to the forward side with the increase in the tilt angle. At a tilt angle of 75°, the intersection point is about an azimuth of 90°. The main difference between the blade tip (0.95R) and 0.75R is that the normal force change trend of the rigid blade and the elastic blades is no longer the same under the tilt angle of 45°–75°. In the second–third turn (azimuth angle of 120°–240°), the rigid blade normal force curve has a slowly varying plateau, while the elastic blade results have no significant plateau.



Figure 17 shows the variation trend of the soft in-plane and stiff in-plane blades’ thrust coefficients with pitch angle. In the conversion flight, the thrust of the stiff in-plane blade is always greater than that of the soft in-plane blade. The difference between the thrust of the two blades at a tilt angle of 15°–60° remains basically unchanged. At 60°–75°, there is a rapid drop in thrust, and the thrust of the soft in-plane and stiff in-plane blades at a tilt angle of 75° is basically equal, with a difference of about 2.5%.



Figure 18 shows the distribution of the difference in the normal force coefficient of the soft in-plane and stiff in-plane blades at various positions of the rotor disc. The incoming flow is from directly below (180° azimuth) to directly above (0° azimuth). The figure shows that when the tilt angle is 15°, the part with a large difference in normal force is roughly distributed in the ring area of 0.7R–1.0R. As the tilt angle increases to 60°, the difference between the two blades around the 180° azimuth becomes more and more prominent. At a tilt angle of 75°, the normal forces of the soft in-plane and stiff in-plane blades tend to be equal. The difference in normal force at each position of the rotor disc is small, which is consistent with the change in the tension coefficient in Figure 17.



Figure 19 and Figure 20 show the slices of contour of the vorticity under the Q criterion calculated in the present work. Figure 19 is the bottom view at a tilt angle of 15°, and Figure 20 is the side view at a tilt angle of 60°. All of the slices pass through the rotor axis. The figures show that the method used in the present work can predict the structure of the vortex well, and the changes in the wake vortex after being disturbed by the wing are also clearly captured. A comparison of the vorticity contours of the soft in-plane blade and the stiff in-plane blade shows that the vortex structures of the two are basically the same, and the change in the blade structural characteristics will not affect the wake vortex structure.





5. Conclusions


The coupled CFD-CSD analysis based on the RANS equations and the Timoshenko beam model was used to simulate tiltrotor blades in conversion flight with soft in-plane and stiff in-plane blades to analyze the influence of structural characteristics on tiltrotor blade aerodynamic performance. The normal force coefficient, rotor air load, and the structure of the wake were compared. The following conclusions were obtained:



(1) The influence of structural characteristics with soft in-plane and stiff in-plane blades on the normal force is greater at the blade tip than at the blade root, but on the 0.85R–0.95R sections near the blade tip, the difference between the normal forces of soft in-plane and stiff in-plane blades no longer varies with the change in sectional radius. This is due to the large geometric pitch angle at the tip of the blade, which has been in a state of stall at large angle of attack.



(2) When the tiltrotor converts from the airplane flight mode to the helicopter flight mode, the normal force difference in the soft in-plane and stiff in-plane blades in the first half of the tilting motion is not sensitive to the change in the tilt angle. However, in the second half of the tilting motion, increasing the tilt angle significantly reduces the normal force difference of each section, and the aerodynamic difference between the soft in-plane and stiff in-plane blades is no longer obvious.



(3) When the tilt angle is small (15°–30°), the elasticity of the blades causes a drop in the normal force of the 0.75R–0.95R sections. Starting from a 45° tilt angle, the normal force curve of the rigid blade intersects with those of the elastic blades, and the intersection moves from the retreating side to the forward side with the increase in the tilt angle. The blade elasticity has a gain effect on the normal force of the section under a tilt angle of 75°.



(4) In conversion flight, the thrust of the stiff in-plane blade is always greater than that of the soft in-plane blade, and the difference between the normal forces at the 0.7R–1.0R sections that mainly provides thrust is obvious at a tilt angle of 15°–60°. However, the thrust difference between soft in-plane and stiff in-plane blades is only about 2.5% at a tilt angle of 75°, and the normal force coefficients of the two blades on the entire rotor disc tend to be the same.



(5) The difference in the structural characteristics of soft in-plane and stiff in-plane blades has little effect on the vortex of the tiltrotor, and the wake shapes of soft in-plane and stiff in-plane blades are very similar.



In the future, the authors will study the optimization of the blade structure to obtain better aerodynamic performance based on the conclusions drawn in this paper.
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Figure 1. Advanced technology blade of XV-15. 
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Figure 2. Schematic diagram of the tilt angle. 
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Figure 3. Grid system of soft in-plane and stiff in-plane tiltrotor blades in conversion flight simulation. 
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Figure 4. The blade model and the surface grids: (a) schematic of blade structure model; (b) segment surface grid and its deformation. 
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Figure 5. Degrees of freedom of Timoshenko beam. 
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Figure 6. Flowchart of CFD-CSD coupling program for tiltrotor aeroelastic simulation constructed by this paper. 
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Figure 7. The schematic diagram for calculating the position of the grid point  P  in the flow field domain: (a) the original position; (b) the position after deformation. 
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Figure 8. Frequency diagram of the Hart-II model rotor predicted by the CSD solver. 
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Figure 9. Modal shapes of Hart-II blade predicted by the CSD analysis. 
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Figure 10. Sectional normal force comparison at 87%R (mean removed; high-frequency content filtered) 42. 
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Figure 11. Normal force coefficient comparison of grid systems on section 0.85R with a tilt angle of 15°. 
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Figure 12. Frequency diagram of the soft in-plane and stiff in-plane blades predicted by the CSD analysis: (a) soft in-plane; (b) stiff in-plane. 
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Figure 13. Mode shapes predicted by the CSD analysis: (a) lead–lag modal shapes; (b) flap modal shapes. 
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Figure 14. Variation in the difference in force coefficient between soft in-plane and stiff in-plane blades at various blade sections as a function of the tilt angle: (a) the normal force coefficient; (b) the normal force coefficient divided by the mean value. 
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Figure 15. Comparison of normal force coefficient of rigid, soft in-plane, and stiff in-plane blade at section 0.75R: (a) τ = 15°; (b) τ = 30°; (c) τ = 45°; (d) τ = 60°; (e) τ = 75°. 
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Figure 16. Comparison of normal force coefficient of rigid, soft in-plane, and stiff in-plane blade at section 0.95R: (a) τ = 15°; (b) τ = 30°; (c) τ = 45°; (d) τ = 60°; (e) τ = 75°. 
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Figure 17. Variation in the thrust coefficient with tilt angle. 
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Figure 18. Distribution of delta normal force coefficient at various tilt angles: (a) τ = 15°; (b) τ = 30°; (c) τ = 45°; (d) τ = 60°; (e) τ = 75°. 
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Figure 19. Bottom view of Q criterion contour at τ = 15°: (a) soft in-plane; (b) stiff in-plane. 
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Figure 20. Side view of Q criterion contour at τ = 60°: (a) soft in-plane; (b) stiff in-plane. 
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Table 1. Sectional parameters of soft in-plane and stiff in-plane blades on average.
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	Grid
	Blade Mesh
	Refined Background
	Big Background
	Wing
	Total Number





	Coarse
	1,091,516 × 6
	364,948
	2,644,824
	1,091,516
	10,539,064



	Baseline
	1,875,398 × 6
	8,551,872
	4,506,088
	1,849,286
	28,347,766



	Fine
	4,258,256 × 6
	15,918,672
	12,933,468
	3,872,428
	58,274,098










 





Table 2. Sectional parameters of soft in-plane and stiff in-plane blades on average.






Table 2. Sectional parameters of soft in-plane and stiff in-plane blades on average.





	Blade
	EA

(m)
	EIηη

(Nm2)
	EIζζ

(Nm2)
	GJ

(Nm2)
	ωv





	Soft in-plane blade
	1.17 × 107
	4.44 × 105
	1.17 × 104
	3.90 × 105
	0.72548



	Stiff in-plane blade
	1.17 × 107
	4.44 × 105
	1.06 × 104
	3.90 × 105
	1.22594
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