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Abstract

:

Obvious aeroelastic deformation occurs in spinning projectiles with large slenderness ratio, which seriously affects flight stability and maneuverability. This paper investigates the aeroelastic response of spinning projectiles with large slenderness ratio under supersonic speed. Based on a dynamic mesh method, an unsteady numerical simulation method is developed to study the aeroelasticity of spinning projectiles by coupling aerodynamics and structural dynamics. The numerical simulation method is well validated by the experimental results of AGARD 445.6 wing flutter. Then, the aeroelastic response of spinning projectiles with large slenderness ratio is numerically explored under different flight conditions. The aeroelastic response is obtained, revealing the presence of beat vibrations and variations in response frequency. Furthermore, the influence mechanism of flight conditions on the aeroelastic response is analyzed. The results suggest that the coupling of the first two modes of the projectile caused by the spinning motion leads to the occurrence of beat vibrations in the aeroelastic response; the coupling degree of the first two modes decreases as the angle of attack increases and it increases with the increase in spinning speed; and the time−averaged deformation caused by the time−averaged aerodynamic force is beneficial to the convergence of the aeroelastic response of spinning projectiles, while the rotation−induced Magnus effect is counterproductive.
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1. Introduction


For the purpose of simplifying the control system and eliminating the influence of mass eccentricity, spinning flight has been widely used by projectiles. Moreover, a large slenderness ratio is usually adopted to increase the flight distance and payload of projectiles. Unfortunately, this choice of design leads to challenges such as small natural frequency, low structural stiffness, and significant structural deformation. Consequently, during flight, the coupling of spinning motion, structural deformation, and coning motion introduces uncertain effects on stability. For example, Curry et al. [1] pointed out that the aeroelasticity may be an important factor in the divergence of the cone motion of Tomahawk sounding projectiles, besides the rotation-induced Magnus effect and nonlinear damping. Therefore, it is necessary to investigate the aeroelastic response of spinning projectiles with large slenderness ratio.



Motivated by the theoretical investigation of aeroelasticity, many theoretical models have been established. Initially, a two-rigid-body model was employed to study the aeroelasticity of projectiles [2], which partially accounted for the bending effect [3]. Subsequently, as aeroelasticity was further investigated, more comprehensive dynamics models for projectiles emerged. Platus et al. [4] derived coupled motion equations to analyze the static and dynamic aeroelastic stability of spinning projectiles by treating them as beams. Waszak [5] and Buttrill [6], respectively, established dynamic equations that incorporated the interplay of aeroelasticity, flight mechanics, and aerodynamics. Notably, Buttrill’s work also encompassed the impact of rotation on the projectile’s structure and the redistribution of mass resulting from deformation. Moreover, they engaged in a comprehensive discussion on the simplification of these equations [7]. Oliveira et al. [8] established three-degree-of-freedom motion equations for a projectile by regarding it as an Euler–Bernoulli beam with free ends. Other studies on the aeroelasticity of projectiles mainly involved aeroelasticity modeling and its influence on the flight performance and control system [9,10,11,12,13]. In conclusion, theoretical results have played a crucial role in analyzing the influence of aeroelasticity on flight performance. Nonetheless, theoretical studies often rely on various assumptions and tend to overlook the structural response of projectiles under unsteady aerodynamic loads. Consequently, the theoretical analysis method may not be suitable for addressing the aeroelastic response of spinning projectiles.



With the development of computer technology and numerical methods, the numerical method based on the coupling of computational fluid dynamics (CFD) and computational structural dynamics (CSD) has emerged for aeroelasticity analysis [14]. For instance, Blades et al. [15] numerically studied the aeroelastic effect of spinning projectiles with canards. The results indicated that the elastic deformation played a key role in the aerodynamic characteristics. Schütte et al. [16] developed a numerical tool to simulate the free-flying of projectiles by coupling aerodynamics, flight mechanics, and aeroelastic computations. Kim et al. [17] studied the flutter characteristics of a rolling wraparound fin projectile by coupling CFD/CSD. They obtained aerodynamic and structural characteristics by solving the Euler equation and using MSC/NASTRAN Solution 106, respectively. Li et al. [18] analyzed the effect of rotational motion on the aeroelastic response of spinning projectiles based on Buttrill’s equations. The aerodynamic and structural characteristics were respectively obtained by the Euler equation and the modal superposition method. Other numerical studies have predominantly explored the influence of aeroelasticity on the flight and control performance of projectiles [19,20,21,22,23,24,25,26]. In summary, previous investigations have encountered challenges in conducting two-way fluid-structure interaction calculations due to the intricate nature of the dynamic processes involved in spinning projectiles. As a result, most researchers have primarily focused on analyzing the static aeroelasticity of spinning projectiles while overlooking the dynamic structural response induced by the spinning motion and unsteady aerodynamic forces.



This paper presents a numerical simulation method for analyzing the aeroelastic response of spinning projectiles with large slenderness ratio, employing the loosely coupled method. This method effectively captures the combined influence of spinning motion and aerodynamic loads on the projectile. Based on the developed numerical method, the aeroelastic response of spinning projectiles with large slenderness ratio is numerically studied under different flight conditions. The obtained results reveal the phenomenon of beat vibration in the aeroelastic response of spinning projectiles and its formation mechanism. In addition, the intricate influence of spinning motion and angle of attack on the aeroelastic response of projectiles is analyzed. Finally, it is also pointed out that the time−averaged aeroelastic deformation plays a positive role in the convergence of structural vibration, while the rotation-induced Magnus effect is a potential factor leading to the divergence of structural vibration.




2. Numerical Method for Aeroelasticity of Spinning Projectiles


The aeroelasticity of spinning projectiles is extremely complex. Besides the aerodynamic load, the structural damping and stiffness of the projectile are changed by the rigid motion, which affects its structural response. Moreover, in order to simulate the flow over deformed spinning projectiles, it is necessary to adjust the fluid grids to adapt to the change in boundary caused by rotation motion and aeroelastic deformation. The above problems undoubtedly increase the computational difficulty and cost of numerical simulation.



A numerical method for the aeroelasticity of spinning projectiles based on the loosely coupled method [27] is developed to solve the aforementioned problem. This method entails performing data exchange between the CFD and CSD components at each time step. Figure 1 depicts the solution procedure of this method. As shown in Figure 1, the solution mainly includes five modules, namely, the mesh processing module, the CFD solver module, the CSD solver module, the displacement decomposition module, and the fluid–solid data exchange module. Notably, the displacement decomposition module and mesh processing module will be developed through self-programming, whereas the remaining modules will be implemented utilizing the commercially available software Ansys System Coupling. In addition, before the fluid-solid coupling calculation, the flow field for the nonspinning projectile should be calculated as the initial value for the fluid-solid coupling calculation.



The functions of modules are described as follows:




	
The mesh processing module consists of the rigid-motion mesh sub-module and the radial basis function (RBF) mesh deformation sub-module, which are respectively used to adapt to the rigid motion and aeroelastic deformation;



	
The CFD solver module is exploited to simulate the flow over deformed spinning projectiles. The Unsteady Reynolds-averaged Navier–Stokes (URANS) equations and the shear-stress transport (SST)   k − ω   turbulence model are employed to obtain the unsteady flow. And then the unsteady aerodynamic force is derived by integrating the pressure and friction force on the surface of projectiles;



	
The CSD solver module focuses on the exploration of the structural dynamic response. The Newmark integral form is adopted to solve the structural dynamics equations;



	
The displacement decomposition module is employed to deal with the displacement obtained by the CSD solver module. The displacement is decomposed into two parts, that is, the displacement caused by rigid motion and by aeroelastic deformation. Then, the corresponding algorithm can be used to solve the mesh deformation problem in the fluid domain;



	
The data exchange module aims to exchange crucial data for solving the flow and structural fields. In this module, the aerodynamic load and displacement obtained by the CFD/CSD solver module are exchanged to realize the fluid-solid coupling calculation.








2.1. CFD Solver Module


The unsteady numerical method is utilized to simulate the flow over deformed spinning projectiles with obvious unsteady characteristics. The integral form of three-dimensional URANS equations based on the dual-time-stepping method and the dynamic mesh technology can be written as


   Γ   ∂  ∂ τ      ∭ Ω    Q  d V    +  ∂  ∂ t      ∭ Ω    W  d V    +    ∬  ∂ Ω       F  −  G    •  n  d S =    ∬ Ω   H       d V  



(1)




where   Ω   is the control volume.   ∂ Ω    and n represent the boundary and the outer normal direction of   Ω  . t is the physical time and   τ   denotes the pseudo time employed in the time-marching procedure.   Γ   and   Q  , respectively, denote the preconditioning matrix and the primitive variables [28,29]. H is the source term, which maintains zero in this study. W, F, and G, respectively, denote the conserved variables, the convective terms, and the viscous terms.



The SST   k − ω   turbulence model proposed by Menter [30] is exploited to simulate the flow over deformed spinning projectiles. This model effectively utilizes the robustness and accuracy of the   k − ω   model in the near-wall field alongside the free-flow independence of the   k − ε   model in the far field [26]. Consequently, the SST   k − ω   model is competent at simulating the flow over the deformed spinning projectile.




2.2. CSD Solver Module


The structure of the spinning projectile will deform under the aerodynamic load during flight. The structural dynamics equation of spinning projectiles in the inertial coordinate system is expressed as [31,32]:


  [  M    ] {   x ¨   } +   [  C  ] + [  G  ]   {   x ˙   } +   [  K  ]   + [  B  ]     {  x  } = {  F   t  }  



(2)




where the mass matrix   [ M ]   is symmetric and positive definite. The stiffness matrix   [ K ]   is symmetric. {F(t)} is the external force vector. The symmetric damping matrix   [ C ]   can be determined by the Rayleigh damping [33]. That is,    C   =   C   0     M   +   C   1     M    .     C   0     and     C   1     are constants, and     C   0     can be ignored in many practical structural problems. The skew−symmetric matrices   [ G ]   and   [ B ]   are, respectively, called the gyroscopic matrix and the rotating damping matrix, which depend on the rotational velocity [32]. The former changes the structural damping, while the latter modifies the apparent stiffness of the structure. The Newmark integral form [34] is used to solve Equation (2), which is an unconditionally stable implicit algorithm.




2.3. Mesh Processing Module


In this work, the spinning motion and aeroelastic deformation are involved in the numerical method. Therefore, the dynamic mesh method is required to adjust the fluid grids. Specifically, the rigid-motion mesh method is used to treat the rigid motion, while the RBF mesh deformation method is employed for the aeroelastic deformation.



2.3.1. Rigid-Motion Mesh Method


The key idea of the rigid-motion mesh method is to update the position of mesh nodes in the flow field according to the translation and rotation of the rigid body. This method can ensure the topological structure and quality of the mesh with high computational efficiency.



By defining     r  0  =      x 0  ,  y 0  ,  z 0     T    as the initial position of the mesh node, the position     r  m  =      x m  ,  y m  ,  z m     T    of the mesh node determined by the rigid motion at any time can be described as:


    r  m  =   r  0  + Δ   r   tran   + Δ   r   rot    



(3)




where     ∆ r   t r a n     is the displacement caused by the translation, which is consistent with that of the centroid.     ∆ r   r o t     represents the displacement caused by the rotation, and its expression is:


  Δ   r   rot   =  T  (   r  0  −   r   cg   ) − (   r  0  −   r   cg   )  



(4)




where     r   c g     denotes the centroid position. T represents the transformation matrix, which can be written as:


  T =     1   0   0     0   cos   ϕ   sin   ϕ     0   sin   ϕ   cos   ϕ           cos θ   0   sin θ     0   1   0     − sin θ   0   cos   ϕ         cos φ   − sin φ   0     sin φ   cos φ   0     0   0   1      



(5)




where   ϕ  ,   θ  , and   φ  , respectively, denote the rolling angle, the pitching angle, and the yawing angle.




2.3.2. RBF Mesh Deformation Method


The RBF mesh deformation method proposed by De Boer et al. [35] is used to treat the aeroelastic deformation. Its aim is to diffuse the boundary deformation to the interior meshes in the fluid domain.



Generally, the matrix equations whose dimensions are equal to the number of mesh nodes in the boundary are needed to solve the RBF mesh deformation method. Hence, in the case of a large number of mesh nodes in the boundary, the computational cost of this method is very high. In order to improve the computational efficiency, the RBF mesh deformation method based on dynamic control points [36] is adopted in this paper. This method can reduce computational cost with strong robustness.





2.4. Displacement Decomposition Module


The displacement decomposition module is employed to decompose the displacement obtained by the CSD solver module into rigid motion and structural deformation. The position of the mesh node on the projectile surface at any time is only determined by its initial position, rigid motion, and structural deformation, which can be described as:


   R  =   R  0   + Δ    R   mo   + Δ   R   de    



(6)




where     R   0     is the initial position of the mesh node on the projectile surface. R is the position of the mesh node at any time.     ∆ R   m o     denotes the displacement of the mesh node caused by the rigid motion.     ∆ R   d e     represents the displacement induced by the aeroelastic deformation. The aim of displacement decomposition is to obtain the     ∆ R   m o     and     ∆ R   d e     according to Equation (6). In the calculation process, the   R   and     R   0     can be obtained by the CSD solver module. And the     ∆ R   m o     can be obtained by Equation (3) in Section 2.3.1. Thereby,     ∆ R   d e     can be obtained by Equation (6), that is,     ∆ R   d e   = R −   R   0   −   ∆ R   m o    . At this point, the displacement decomposition is finished.




2.5. Data Exchange Module


The data exchange at the fluid-solid interface is key for the coupling of CSD and CFD solvers to solve the aeroelasticity problem in spinning projectiles. The great difference between the solid and fluid meshes at the fluid-solid interface causes the search algorithm to be exploited to establish the correspondence between the two for the data interpolation. The common search algorithms include the power search algorithm, neighbor search algorithm, hierarchical octree algorithm, and bucket algorithm [37]. Considering the computational efficiency, a method combining the hierarchical octree algorithm and the bucket algorithm is adopted to establish the correspondence between the fluid and solid meshes.



On this basis, data transmission is required. The deformation compatibility conditions and force equilibrium conditions should be satisfied at the fluid-solid interface as [19].


        d  f  =   d  s       n  •  σ f  =  n  •  σ s       



(7)




where d and   σ  , respectively, denote the displacement and stress at the fluid-solid interface. n represents the normal direction of the interface. Subscripts f and s are fluid and solid, respectively. However, due to the mismatch between the solid and fluid meshes at the interface, the interpolation method is needed for data transmission. The common interpolation methods include the multiquadric-biharmonic (MQ) method, the thin-plate splines (TPS) method, and the inverse isoparametric method (IIM) [38]. Due to the high accuracy of the IIM, it is adopted to realize data interpolation between the fluid and solid meshes.





3. Validation of Numerical Method


The experiment on AGARD 445.6 wing flutter [39] is chosen to verify the accuracy of the numerical method developed in this paper. The freestream flow Mach number is 0.96. The attack angle and sideslip angle are both 0 degrees. Figure 2 shows the generalized displacement responses of the wing at different dimensionless velocities. Here, the dimensionless velocity is expressed as:


   V f  =    V ∞     b s   ω α    μ ¯      



(8)




where     V   ∞     and     μ  −   , respectively, denote the freestream velocity and the mass ratio.     b   S     and     ω   α     are the reference length and the first torsional mode frequency. In Figure 2b, the generalized displacement response exhibits an equal-amplitude oscillation, which means that the nondimensional flutter critical velocity is 0.32. It is in good agreement with the experimental result of 0.31 in Ref. [39].



The Mach number of the experimental study is 0.50~1.14 in Ref. [39]. The dimensionless flutter critical velocity is predicted at    Ma =  0.50  ,   0.68 ,   0.96  ,    and   1.14   . Figure 3 shows the experimental and computational results of dimensionless flutter critical velocity at different Mach numbers. Obviously, good agreement is obtained between the numerical solution and the experimental data whether supersonic or subsonic, with a maximum relative difference of approximately 6%. Therefore, the numerical method developed in this paper can be used for simulations related to aeroelasticity with high reliability.




4. Computational Model and Grid


As a typical spinning projectile with a large aspect ratio, the Apache projectile is adopted for aeroelastic investigation. The model dimensions are shown in Figure 4. The diameter d of the projectile is chosen as a standard. The Apache consists of a 3d arched head, a 21.88d cylindrical body, and four tail fins with an installation angle (    δ = 2   °    ). The aspect ratio L/d is 24.88.



Figure 5 shows the mesh for the flow calculation of the Apache. The outer domain and the inner domain constitute the whole computational domain, which are connected by the interface. Numerical interpolation is employed at the interface to ensure the conservation of flux between the two domains. Both the inner and outer domains are composed of structured hexahedral grids, with a total number of grids of about 3.16 million. The rigid-motion mesh method and RBF mesh deformation method are used to adjust the meshes of the inner domain to adapt to the spinning and deformation of the projectile, while the meshes of the outer domain remain unchanged. The boundary conditions in the forward and circumferential direction are the freestream condition. The boundary in the projectile’s base direction is set to pressure outlet. The projectile’s surface is set to no-slip and adiabatic wall conditions.



In Figure 6, the mesh for the structural calculation is displayed. In order to improve the accuracy of data exchange in the fluid-solid coupling calculation, the mesh for the structural calculation at the fluid-solid coupling interface should be as consistent as possible with that for the flow calculation. In this case, the divergence problem of the fluid-solid coupling calculation caused by data exchange at the fluid-solid interface can be effectively avoided. The deformation of the body is focused on in this paper, so the tail fins are assumed to be rigid bodies.



With the motivation of analyzing the influence of spinning and aerodynamics on the structural characteristics of the projectile, the natural frequency of the Apache is obtained by modal analysis. The first six natural frequencies of the Apache without rigid motion are provided in Table 1. It is found that the difference between the natural frequencies of the first mode and the second one is small, while the third-fourth modes and the fifth-sixth ones exhibit similar properties.



Figure A1 shows the first six mode shapes. From Figure A1, it is seen that the first, third, and fifth modes predominantly vibrate laterally, while the second, fourth, and sixth modes vibrate longitudinally. These modes can be grouped into three bending modes: the first and second modes represent the first bending mode, the third and fourth modes correspond to the second bending mode, and the fifth and sixth modes correspond to the third bending mode.




5. Results and Discussion


In this section, the aeroelastic response of the spinning projectile is numerically investigated under the conditions of Mach number    Ma =  3  , Reynolds number     R e   L   = 1.54 ×   10   7    , attack angle   α =   0   °   ~   12   °    , and spinning speed     ω   x   = 0 ~ 10 r / s  . Here, “r/s” stands for “revolutions per second.” Furthermore, the dynamic aeroelastic responses and the variation in aerodynamic characteristics are obtained. Notably, if no special instructions are given, the head vertex of the Apache is selected as the monitoring point to analyze the variation in the deformation with time.



5.1. Effects of Spinning Motion


5.1.1. Dynamic Aeroelastic Response


Figure 7 shows the variation in the total deformation with     ω   x    . Obviously, the vibration curve tends to converge over time when     ω   x     is 0 or   5 r / s  , but for     ω   x   = 10 r / s  , it tends to diverge. Notably, when     ω   x   ≠ 0  , the envelope of the vibration curves is in the shape of candied haws. That is, the amplitude of the curves fluctuates periodically. Specifically, the vibration period and frequency of the amplitude are, respectively, about 0.40 s and 2.50 Hz when     ω   x   = 5 r / s  , but for     ω   x   = 10 r / s  , they are, respectively, about 0.35 s and 2.82 Hz. Moreover, the time-averaged value of total deformation is almost the same at different     ω   x    .



According to the characteristics of the curves in Figure 7, the total deformation can be expressed as:


      D =  D ¯  +  D V       D V  =   ∑ n    D n  sin (    ω n  t +  θ n  )        



(9)




where     D  −    represents the time-averaged total deformation, which is mainly determined by the time-averaged aerodynamic force.     D   V     denotes the vibration of the total deformation, which mainly depends on the aerodynamic vibration. Since     D   V     determines whether the deformation converges, it will be mainly analyzed in the following. n is a positive integer.     D   n    ,     ω   n    , and     θ   n    , respectively, represent the amplitude, frequency, and phase of     D   V    . Notably,     D  −    is equivalent to the pre-deformation applied to the projectile, which decreases the vibration amplitude of the projectile under the periodic aerodynamic load. That is, it can be considered that     D  −    increases the stiffness of the projectile. Thus,     D   n     is reduced due to the increase in     D  −   , which is beneficial to the convergence of aeroelastic deformation.



Due to the rapid attenuation of the curves at the early stages in Figure 7, the vibration curves after 1.20 s are selected to analyze amplitude-frequency characteristics. In Figure 8, the amplitude-frequency curves of the total deformation after 1.20 s under different     ω   x     are obtained by the Fourier transform. As shown in Figure 8a, when     ω   x   = 0  , there is only one peak frequency of 24.41 Hz in the amplitude-frequency curve, which is greater than the first two natural frequencies 21.81 Hz and 22.22 Hz of the projectile shown in Table 1. In order to explain the reason for the increase in frequency, a wet modal analysis for the projectile was carried out under the conditions of Ma = 3,     R e   L   = 1.54 ×   10   7    , and   α =   4   °    . The results show that the first two natural frequencies are increased to 24.13 Hz and 24.24 Hz, respectively, which are very close to the peak frequency of 24.41 Hz. In fact, according to the above analysis, it can be seen that     D  −    increases the stiffness of the projectile in disguised form, thereby increasing its natural frequencies.



In Figure 8b, when     ω   x   = 5 r / s  , there are two peak frequencies of 20.02 Hz and 22.46 Hz. Owing to the small difference between the two (denoted as   ∆   f   ω 5   = 2.44 H z  ), a beat vibration may occur. As mentioned previously, the vibration frequency of the amplitude in Figure 7b is 2.50 Hz, which is almost equal to the difference   ∆   f   ω 5    . It is consistent with the judgment conditions of the beat vibration in Ref. [40]. That is, the beat vibration phenomenon is induced during the vibration process of the projectile. The beat vibration is more likely to cause structural fatigue failure and collisions between the structures inside the projectile, which results in a very dangerous working state for the projectile. Moreover, the two peak frequencies of 20.02 Hz and 22.46 Hz are close to the first two natural frequencies of 21.81 Hz and 22.22 Hz for the projectile without rigid motion shown in Table 1. Yet, the difference   ∆   f   ω 5     is greater than that of 0.41 Hz between the first two natural frequencies. This indicates that the rotational motion leads to the increasing difference between two adjacent natural frequencies.



As shown in Figure 8c, when     ω   x   = 10 r / s  , there are two peak frequencies of 19.72 Hz and 22.51 Hz in the amplitude–frequency curve. The difference   ∆   f   ω 10     between them is 2.79 Hz, which is almost equal to the vibration frequency of 2.82 Hz for the amplitude in Figure 7c. In this case, the beat vibration can also be induced. Notably, the   ∆   f   ω 10     is greater than   ∆   f   ω 5    , which declares that the difference between the first two natural frequencies increases with the increase in     ω   x    . Therefore, even for the axisymmetric projectile, the spinning motion will cause the separation of the first two natural frequencies to induce the beat vibration, which aggravates the influence of deformation on the flight performance of the projectile.



Figure A2 and Figure A3 in Appendix A depict, respectively, the variations in the longitudinal deformation and lateral deformation with     ω   x    . It can be observed that when     ω   x   = 0  , there is only one vibration frequency in the curves, while for     ω   x   ≠ 0  , there arise beat vibrations induced by two waves with different frequencies. This indicates that the first two modes are coupled due to the spinning motion. Moreover, when     ω   x   = 10 r / s  , the divergence of the lateral vibration will cause a gradual transition of the longitudinal vibration from convergence to divergence. The reason for this phenomenon can be explained by the difference between the longitudinal time-averaged deformation       D  −    y     and the lateral one       D  −    z    . From the comparison of Figure A2 and Figure A3, it is seen that       D  −    z     is smaller than       D  −    y     at different     ω   x    , that is, the lateral stiffness is smaller. This results in a larger amplitude for the lateral vibration than the longitudinal one under the same periodic aerodynamic load. Therefore, it is easier to cause the lateral vibration to diverge than the longitudinal one.




5.1.2. Variation in Aerodynamic Characteristics


Figure A4 and Figure A5 illustrate the variation in the yawing moment coefficient     C   m y     at different     ω   x    . As shown in Figure A4a and Figure A5a, when     ω   x     increases, the amplitude of     C   m y     increases due to the Magnus effect, which leads to an increase in the amplitude of the lateral vibration. Thus, it is easier to cause divergence in the lateral vibration. In Figure A4b and Figure A5b, when the projectile is deformed, the amplitude and frequency of     C   m y     have similar variations to that of the lateral deformation. This suggests that aerodynamic forces and structural deformation are coupled.





5.2. Effects of Attack Angle


5.2.1. Dynamic Aeroelastic Response


Figure 9 depicts the variation in the total deformation with   α  . It can be observed that the amplitude of the vibration curve exhibits periodic fluctuations at various values of   α  , indicating the presence of beat vibrations. However, the beat vibration induced under   α =   12   °     is not as obvious as that when   α   is     4   °     or     8   °    . Moreover, with the increase in   α  , the total deformation increases, which is due to the increase in the normal aerodynamic load.



In Figure 10, the amplitude–frequency curves of the total deformation after 1.20 s under different   α   are shown by the Fourier transform. It is found that there are at least two peak frequencies of 20.02 Hz and 22.46 Hz as   α   increases. For   α =       8   °     or   α =   12   °    , the third peak frequency of 40.04 Hz appears. Due to the small difference between the peak frequencies of 20.02 Hz and 22.46 Hz, beat vibration will occur. The third peak frequency of 40.04 Hz is the frequency of the forced vibration induced by unsteady aerodynamic force, which will be analyzed later. Notably, the amplitude of the first two natural frequencies is the largest, which means that the bending shape of the projectile under external load mainly manifests as the first two vibration modes. Moreover, in terms of the amplitudes corresponding to the first two peak frequencies, the difference between the two is small when   α   is     4   °     or     8   °    , which leads to the obvious beat vibration in Figure 9b,c. However, the difference increases when   α =   12   °    , which results in the weak beat vibration phenomenon.



Figure A6 and Figure A7, respectively, show the variation in the longitudinal and lateral deformations with   α  . As shown in Figure A6, when   α   increases, the time-averaged value of longitudinal deformation increases. That is, the longitudinal pre-deformation increases, which is equivalent to increasing the longitudinal stiffness of the projectile. Under different   α  , there exists a beat vibration in the longitudinal deformation, which is consistent with the variation in the total deformation in Figure 9. As shown in Figure A7, the time-averaged value of lateral deformation is close to zero at different   α  . Notably, for the lateral deformation within 1.20 s~2.00 s, the beat vibration is weakened with the increase in   α  .



As shown in Figure A8, the amplitude-frequency curves of the lateral deformation under different   α   are obtained by the Fourier transform for the curves after 1.20 s in Figure A7. It can be seen that there are only two peak frequencies of 20.02 Hz and 22.46 Hz. The amplitude corresponding to 22.46 Hz gradually decreases with the increase in   α  , which weakens the beat vibration for the lateral deformation within 1.20 s~2.00 s. This illustrates that the time−averaged aeroelastic deformation increases as   α   increases, which increases the stiffness in disguised form and reduces the coupling between the first two modes. And then the beat vibration is weakened. For the lateral deformation, the variation in the beat vibration with   α   mentioned above satisfies the conclusion. However, for the longitudinal deformation, the two are incompletely consistent, which will be explored later.




5.2.2. Variation in Aerodynamic Characteristics


Figure A9 shows the variation in the pitching moment coefficient     C   m z     with   α   under undeformed or deformed conditions. In Figure A9a, the frequency and amplitude of     C   m z     for the undeformed projectile under different   α   remain unchanged with time. The variation in the     C   m z     of the deformed projectile in Figure A9b is similar to that of longitudinal vibration in Figure A6. Whether the projectile is deformed or not, the time−averaged values of     C   m z     change little.



As shown in Figure A10 and Figure A11, the amplitude-frequency curves of     C   m z     at different   α   are determined by the Fourier transform. In Figure A10, there are three peak frequencies of 20.02 Hz, 40.04 Hz, and 60.06 Hz for the     C   m z     without deformation, which are about 4 times, 8 times, and 12 times the spinning frequency     f   x    , respectively. This indicates that the     C   m z     without deformation is mainly composed of the components with frequencies of   4   f   x    ,   8   f   x    , and   12   f   x    , and the corresponding amplitudes decrease sharply with the increase i frequency. For     ω   x   = 5 r / s  ,   4   f   x     is close to the first two natural frequencies of the projectile, which induces the resonance. The component with a frequency of   8   f   x     causes a forced vibration, which makes the third natural frequency appear in the amplitude–frequency curves of the total deformation shown in Figure 10. The amplitude of the component with a frequency of   12   f   x     is too small to affect the deformation of the projectile.



The reason for the obvious beat vibrations that appear in Figure 9 when   α   is     4   °     and     8   °     can be explained by Figure A9 and Figure A10. From Figure A9, when   α   increases from     4   °     to     8   °    , the increase in     C   m z     aggravates the time-averaged deformation of the projectile, which enhances its stiffness in disguised form. That reduces the coupling between the first two modes to weaken the beat vibration. However, Figure A10 suggests that the amplitude of     C   m z     increases sharply, which causes an increase in the periodic external excitation on the projectile. Therefore, there is also an obvious beat vibration when     α = 8   °    . When   α   increases from     8   °     to     12   °    , the     C   m z     increases while the amplitude remains almost unchanged, which results in the beat vibration at   α =       12   °     being less obvious than that at   α =   8   °    .



As shown in Figure A11, there are four peak frequencies of 20.02 Hz, 22.46 Hz, 40.04 Hz, and 60.06 Hz in the amplitude–frequency curves of     C   m z     with deformation. The first two are 20.02 Hz and 22.46 Hz, respectively, which correspond to those of the projectile vibration shown in Figure 10. This indicates that there is a certain coupling between the deformation and the aerodynamic force. Moreover, Figure A11 demonstrates that the deformation causes the amplitude corresponding to   4   f   x     to decrease, while that corresponding to   8   f   x     or   12   f   x     increases. And the larger   α   is, the more obvious this rule is.






6. Conclusions


A numerical simulation method for the aeroelasticity of spinning projectiles is developed by the use of coupled aerodynamics and structural dynamics in this paper. The loosely coupled method is utilized to realize the coupled solving of the fluid and structural equations considering rotation effect. The rigid-motion mesh method is used to treat the spinning motion, while the RBF mesh deformation method is exploited for the aeroelastic deformation. The correspondence between the solid and fluid meshes is established by the search algorithm combining the hierarchical octree and bucket algorithms at the fluid–solid interface, and then the inverse isoparametric interpolation method is employed for the fluid-solid data transmission. Based on the numerical method developed in this paper, the aeroelastic response of spinning projectiles with large slenderness ratio is numerically researched to analyze its structure and aerodynamic characteristics. The following conclusions can be drawn:




	
The coupling of the first two modes of projectiles induced by the spinning motion can lead to the occurrence of beat vibration, which causes the amplitude of the vibration to fluctuate periodically;



	
The increase in the angle of attack reduces the coupling degree of the first two modes, which weakens the beat vibration; the increase in spinning speed causes the difference between the first two natural frequencies to increase, which induces a more obvious beat vibration phenomenon;



	
The time-averaged aeroelastic deformation caused by time-averaged aerodynamic loads is beneficial to the convergence of the vibration of the spinning projectile, but the rotation-induced Magnus effect makes the vibration more easily divergent.
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Figure A1. The first six mode shapes: (a) the first mode shape; (b) the second mode shape; (c) the third mode shape; (d) the fourth mode shape; (e) the fifth mode shape; (f) the sixth mode shape. 
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Figure A2. Variation in the longitudinal deformation with     ω   x     at Ma = 3,     R e   L   = 1.54 ×   10   7    , and   α =   4   °    : (a)     ω   x   = 0  ; (b)     ω   x   = 5 r / s  ; (c)    ω   x   = 10 r / s  . 
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Figure A3. Variation in the lateral deformation with     ω   x     at Ma = 3,     R e   L   = 1.54 ×   10   7    , and   α =   4   °    : (a)     ω   x   = 0  ; (b)     ω   x   = 5 r / s  ; (c)    ω   x   = 10 r / s  . 
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Figure A4. The yawing moment coefficient     C   m y     under the undeformed or deformed conditions at Ma = 3,     R e   L   = 1.54 ×   10   7    ,   α =   4   °    , and     ω   x   = 5 r / s  : (a) undeformed; (b) deformed. 
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Figure A5. The yawing moment coefficient     C   m y     under the undeformed or deformed conditions at Ma = 3,     R e   L   = 1.54 ×   10   7    ,   α =   4   °    , and     ω   x   = 10 r / s  : (a) undeformed; (b) deformed. 






Figure A5. The yawing moment coefficient     C   m y     under the undeformed or deformed conditions at Ma = 3,     R e   L   = 1.54 ×   10   7    ,   α =   4   °    , and     ω   x   = 10 r / s  : (a) undeformed; (b) deformed.



[image: Aerospace 10 00646 g0a5]







[image: Aerospace 10 00646 g0a6 550] 





Figure A6. Variation in the longitudinal deformation with   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Figure A7. Variation in the lateral deformation with   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Figure A8. Amplitude–frequency curves of the lateral deformation under different   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Figure A9. Variation in the pitching moment coefficient     C   m z     with   α   under the undeformed or deformed conditions at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a) undeformed; (b) deformed. 
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Figure A10. Amplitude–frequency curves of the     C   m z     without deformation under different   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Figure A11. Amplitude–frequency curves of the     C   m z     with deformation under different   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Figure 1. Flowchart of numerical method. 
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Figure 2. Generalized displacement response of the wing at different dimensionless velocities: (a)     V   f   = 0.29  ; (b)     V   f   = 0.32  ; (c)    V   f   = 0.35  . 
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Figure 3. The dimensionless flutter critical velocity at different Mach numbers. 
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Figure 4. Model dimensions of the Apache. 
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Figure 5. Computational mesh for the flow calculation. 
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Figure 6. Computational mesh for structural calculation. 






Figure 6. Computational mesh for structural calculation.



[image: Aerospace 10 00646 g006]







[image: Aerospace 10 00646 g007 550] 





Figure 7. Variation in the total deformation with     ω   x     at Ma=3,     R e   L   = 1.54 ×   10   7    , and   α =   4   °    : (a)     ω   x   = 0  ; (b)     ω   x   = 5 r / s  ; (c)    ω   x   = 10 r / s  . 
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Figure 8. Amplitude-frequency curves of the total deformation under different     ω   x     at Ma = 3,     R e   L   = 1.54 ×   10   7    , and   α =   4   °    : (a)     ω   x   = 0  ; (b)     ω   x   = 5 r / s  ; (c)    ω   x   = 10 r / s  . 
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Figure 9. Variation in the total deformation with   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)  α =   8   °    ; (c)   α =   12   °    . 
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Figure 10. Amplitude–frequency curves of the total deformation under different   α   at Ma = 3,     R e   L   = 1.54 ×   10   7    , and     ω   x   = 5 r / s  : (a)   α =   4   °    ; (b)   α =   8   °    ; (c)  α =   12   °    . 
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Table 1. The first six natural frequencies of the Apache.
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	Mode
	First
	Second
	Third
	Fourth
	Fifth
	Sixth





	Frequency (Hz)
	21.81
	22.22
	122.59
	122.77
	314.06
	314.10



	Damping Ratio
	0.011
	0.012
	0.062
	0.062
	0.141
	0.141
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