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Abstract. 
Diamond back wing is subjected to large deformation while gliding, which significantly changes characteristics of the lift as well as the static stability. For this reason, conventional rigid aircraft assumption cannot meet the requirements of the aerodynamic analysis of such aircrafts for accuracy. In this paper, based on CFD/CSD methods, the static aeroelasticity of a small diameter bomb with diamond back wing was studied. The results showed that static aeroelastic effects cause the slope of lift line to drop by 21% and the aerodynamic centre to move backwards by a 1.5% bomb body length, which will deviate the actual flight performance from the design point, thereby decreasing the cruise efficiency and the cruise range.

1. Introduction
As illustrated in Figure 1, diamond back missile wing is a gliding range extended component which has been successfully applied to the American small diameter bomb (SDB) GBU-39 USA and the Chinese Feiteng series guided bomb. The SDB diamond back wing has a compact structure and can be installed in a small embedded bomb cabin. After unfolding the back-extended component, it can be launched outside the defense area with a larger gliding range. Considering its advantages of high lift-to-drag ratio and strong ability of gliding, its stiffness and strength of high-aspect-ratio wing can be increased to avoid flutter [1]. In order to reduce the resistance and installation space, the thickness of the front and rear wings of diamond backed projectile wing is small while its aspect ratio is large for the purpose of high lift-to-drag ratio. This however would lead to a large aeroelastic deformation when it glides. The aerodynamic load of the projectile wings differs significantly from that of the original shape, which greatly affects the aerodynamic characteristics of the whole projectile.


	
		
	

Figure 1: Sketch of small diameter bomb with diamond back wing.


The classical static aeroelastic analysis method adopts the hypothesis of potential flow theory and thus is unable to predict the nonlinear phenomena such as shock wave flow separation in transonic region. The computational fluid dynamic (CFD) and computational structural mechanics (CSD) make it possible to accurately calculate aeroelastic problems by coupling CFD and CSD [2–11]. The coupling methods of CFD and CSD are generally divided into tight coupling and loose coupling.
The tight coupling method can simultaneously solve the fluid control equation and structural dynamic equation in each internal time step and can simulate the real situation. However, it costs a lot of computing resources, and it is still difficult to use this method to solve the complex three-dimensional problems in engineering applications. The loose coupling method solves the fluid dynamic and structural dynamics equations separately and can apply the existing aerodynamic and structural solution modules. It needs to exchange the data of the aerodynamic/structural interface at an appropriate time point and iterate repeatedly until the solution converges. The method can be applied to the static aeroelastic calculation without time variables [12–16].
There are extensive foreign and domestic studies on folding and connecting wing [17–19] and aerodynamic characteristics and layout optimization design of diamond back projectile wing [20,21]. Nevertheless, few of them are regarding the static aeroelastic effect of diamond back projectile wing, and they are still in the infancy [22–25]. In this paper, the static aeroelastic numerical simulation of a diamond back SDB is realized by the coupling of RANS equation and the static equilibrium equation and combining the structured dynamic grid with multifield data interpolation technology. The affection of static aeroelasticity on the geometric deformation characteristics, surface pressure distribution, and aerodynamic performance of the diamond back projectile wing are analyzed based on the numerical simulation results.
2. Computing Method
2.1. CFD Governing Equations
The governing equation is a time-dependent, three-dimensional conservation compressible RANS equation. In the curvilinear coordinate system (, , and ), its dimensionless form is expressed as follows:where  is time, Q is conservation variable, F, , and H are inviscid vector flux, and , , and  are viscous vector flux.
The S-A model of equation (1) is applied to turbulence simulation. The body surface is adiabatic sliding free boundary condition, the boundary condition of far field is pressure free, and the multigrid technology is applied to accelerate the computational convergence of CFD.
2.2. CSD Governing Equation
The structural elastic equilibrium equation is applied to solve the elastic deformation of the structure. The calculation equation iswhere C is the flexibility matrix, us is the deformation displacement of the structural finite element node, and Fs is the column vector of external load which acts on the structural points.
2.3. Interpolation Method for Fluid Structure Coupling Data
When CFD and CSD are coupled to solve nonlinear aeroelastic problems, data exchange is required on the coupling surface of aerodynamic structure. The aerodynamic force obtained by the aerodynamic calculation is applied to the structural nodes, and the structure is subjected to deformation. The displacement of the structural nodes should be fed back to the aerodynamic grid nodes. Considering the calculation efficiency and interpolation accuracy, the three-dimensional thin plate spline interpolation method (TPSI) is adopted in this paper. The calculation method of TPSI can be found in [26–28].
2.4. Generation Method for Dynamic Mesh
This paper combines RBF and TFI method to generate dynamic grid. The RBF can be regarded as a three-dimensional extension of the surface spline interpolation method [29]. Its interpolation formula is expressed aswhere  is the coordinates of the point whose displacement is known and number is n and  is the basic function of the displacement . In this paper,  and , and the coefficients of the interpolation formula can be obtained by the displacement and equilibrium conditions of the known points.
Based on the mesh block surface, the displacements of the points in the mesh block can be obtained by TFI interpolation. Similarly, the displacements of the points on the edge of each grid block are obtained by the RBF method [30].
3. Calculation and Verification
3.1. Calculation Process
Static aeroelastic calculation is an iterative process of CFD/CSD. The flowchart of loose coupling method is presented in Figure 2. The topological structure and the number of grids will not change during the calculation. Thus, the CFD calculation results of the previous deformation step can be applied to the next step as the initial value, and the iteration step of CFD calculation can be decreased. In general, the computational results tend to convergence with 6-7 iteration steps which is 1.5 to 2 times to its rigid CFD counterpart [31–33].


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
	
	
	
	
	
	
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	



Figure 2: Loose coupling flowchart.


3.2. Calculation Model
In this paper, the numerical calculation of the static aeroelastic for a diamond back SDB is carried out, and the results are compared with the wind tunnel test results. The projectile wing combines the high-aspect ratio with the layout scheme of “” tail rudder. Figure 3 shows the calculation grid near the rigid bomb wing surface. There are about 16.5 million space grid elements of the whole bomb in total.


	
		
	

Figure 3: Surface mesh on diamond back wing.


The structure diagram of the diamond back projectile wing is shown in Figure 4. The chord length of the front wing is 23 mm, and the sweptback angle is 30 degrees; the chord length of the rear wing is 21 mm, and the forward-swept angle is 10 degrees. The distance between the front and rear wings is 145 mm, and the half span length is 200 mm. In order to improve the aerodynamic performance, a supercritical airfoil with a relative thickness of 10% is adopted to the diamond back projectile wing, and the installation angles of front and rear wings are 2.5 degrees. The flexibility matrix is obtained by the commercial software, and the material of the whole bomb adopts 45-type steel.


	
	
		
			
				
			
				
			
			
				
			
		
	
	
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
	
	
	
		
			
			
				
			
			
				
			
		
	
	
	
		
			
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	



Figure 4: Sketch of diamond back wing.


3.3. Verification of Calculation Method
The parameters of the verification sample are set as follows: Ma = 0.8, H = 0 km, and the attack angle ranges from 0° to 4°. The displacement convergence process of the front wing is shown in Figure 5. It can be seen that the deformation of the wing tends to converge with a few iteration steps.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
			
				
					
				
				
					
			
			
				
					
				
					
			
			
				
					
				
					
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
		
	

Figure 5: Iteration convergence of static aeroelastic deformation.


The calculation results are compared with the wind tunnel test results. The comparison results of coefficient for lift force CL, pitching moment Cm, and bending deformation are shown in Figure 6, which are consistent with the experimental results. As shown in Figure 6, both the calculation results of Cm and the bending trend of the front and rear wing are consistent with the experimental results, and the error is less than 2 mm in all spanwise section. The calculated bending displacement curve is smoother than the experimental one. And, this difference may be attributed to the measurement error of measuring equipment. The difference of CL appears when airflow separation occurs at the larger angle of attack on the airfoil. The reason lies in two aspects. One is the insufficient simulation of turbulence and the inaccurate simulation of flow separation characteristics caused by the RANS equation that the current CFD calculation follows. The second is that the CSD calculation uses the structural statics balance equation based on the linearization theory; but, in actual situations, the airfoil will have structural geometric nonlinearity under heavy loads.
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(d)
Figure 6: Comparison between numerical computation and wind tunnel test. (a) CL∼α. (b) Cm∼α. (c) Δ (z)∼α (front wing). (d) Δ (z)∼α (rear wing).


4. Analysis of Calculation Results
To obtain a large lift-to-drag ratio, the SDB diamond back projective wing has a large aspect ratio and adopts supercritical airfoil with a relatively small thickness. At transonic speed, the viscous effect should not be ignored due to the strong interaction between shock wave and boundary layer, though the angle of attack is very small. It is therefore necessary to calculate the aerodynamic force by N-S equation. In general, this paper focuses on the static aeroelastic characteristics of the sample model with the parameters of Ma = 0.8 and H = 0 km.
4.1. Effect of Geometric Deformation
The variation curves of Δz and Δε (elastic torsion angle) of the front and rear wings along the spanwise are shown in Figure 7, where Ma = 0.8, H = 0 km, and α = [−8°∼8°]. From Figure 7, it can be seen that the calculation boundary is α = −4°. When the value of α is larger than −4°, the static aeroelastic effect makes the front and rear wings produce bending deformation along the spanwise direction and produce a negative elastic torsion angle along the flow direction of wing, whereas when the value of α is less than −4°, the result is opposite. The wing has a certain initial installation angle and a geometric torsion angle. The changing law corresponds to the aerodynamic load and the gradual decrease of the wing stiffness along the spanwise direction along the span. Its zero-lift angle of attack appears when the value of α is about −4°. It can also be seen from Figure 7 that, according to the calculation results in this paper, when α = 4, the bending deformation of the front wing tip can reach 23% of the half span of the front wing, and the downstream elastic torsional deformation of the front wing tip profile can reach −4.5°.
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(d)
Figure 7: Geometry deformation characteristics of wing. (a) Δz∼α (front wing). (b) Δz∼α (rear wing). (c) Δε∼α (front wing). (d) Δε∼α (rear wing).


4.2. Effect of Surface Flow Pattern
The surface pressure coefficient of cloud chart and flow spectrum of the body near the projective wing for rigid and elastic wings are shown in Figure 8 when Ma = 0.8, H = 0 km, and α = −4°, 0°, and 4°. Corresponding to the geometric deformation characteristics of the whole projectile body, the static aeroelasticity has little influence on the surface pressure and flow characteristics of the projectile body under different angles of attack. And, there is almost no difference between rigidity and elasticity. The main reason is that the projective wing is greatly affected, especially at a high angle of attack. The specific analysis is as follows: when α = −4°, the lift force generated by the wing is close to zero, and the geometric deformation is small. The surface flow of rigid and elastic wings is very uniform, and the change characteristics are similar. The pressure recovery is realized in the form of a series of compression waves, and the flow presents a typical attached flow pattern. The pressure distribution on the upper surface of the wing is similar, and the aerodynamic characteristics of the rigid and elastic projective body are similar. When α = 0°, there is no obvious shock wave and separation stall phenomenon on the rigid wing while the effective angle of attack of the elastic wing is reduced due to the static aeroelastic effect. Accordingly, the peak negative pressure and the negative pressure range on the upper surface of the elastic wing are also significantly reduced, so is the corresponding aerodynamic load. When α = 4°, the peak negative pressure on the upper surface of the rigid wing is greatly enhanced, and separation and reattachment are formed along the flow direction. By contrast, the elastic wing does not have the similar phenomenon and still maintains the attached flow pattern. A weak shock wave appears on the upper surface of the wing near the projective body, and it leads to a slight deflection of the surface streamline. With the increasing attack angle, the shock intensity on the upper surface of the rigid wing will increase, which will induce a large range of flow separation. As for elastic wing, due to the static aeroelastic effect, the effective angle of attack will decline, and the shock intensity as well as the stall separation range will be reduced. Therefore, in the range of high attack angle, the static aeroelasticity will delay the stall separation characteristics of projective wings.


	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	

(a)


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
	
	
		
	

(b)


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	

(c)


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	

(d)


	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	

(e)


	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	

(f)
Figure 8: Effects of static aeroelasticity on wing surface pressure. (a) Rigid wing (α = −4°). (b) Flexible wing (α = −4°). (c) Rigid wing (α = 0°). (d) Flexible wing (α = 0°). (e) Rigid wing (α = 4°). (f) Flexible wing (α = 4°).


4.3. Effect of Aerodynamic Performance
The elastic curves and rigid curves for CL∼α, CL∼CD, and L/D∼α of the whole bomb are shown in Figure 9 when Ma = 0.8, H = 0 km, and α∈ [−8°∼8°]. It can be observed that the difference of aerodynamic characteristics between rigid and elastic bomb is quite obvious owing to the static aeroelastic effect. As the aerodynamic load increases, the static aeroelasticity exerts a great influence on the aerodynamic force.
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(d)
Figure 9: Effects of static aeroelasticity on bomb’s aerodynamic characteristics. (a) CL∼α. (b) CL∼CD. (c) L/D∼α. (d) Cm∼CL.


Specifically, the static aeroelastic effect reduces the line slope of lift force CLα and the drag force, while the angle of attack related to the maximum lift drag ratio (L/D) increases.
Additionally, under the static aeroelastic effect, the whole projectile focus moves backward, resulting in the enhancement of longitudinal static stability. The result is consistent with the geometric deformation and surface flow pattern of the projective wing. From the geometric deformation characteristics, it can be found that the static aeroelastic effect not only causes significant bending deformation of the wing but also produces torsion deformation which makes the wing to unload. Therefore, the line slope of lift force and drag force of the whole bomb will be reduced. Moreover, the static aeroelasticity delays the stall separation of the wing, which further delays the inflection point of the lift moment curve and the angle of attack corresponding to the maximum lift-drag ratio.
According to our calculation example, compared with the rigid projectile, the slope of lift line (CLα) decreases by 21% on the same angle of attack, the maximum lift drag ratio (L/D) increases from 2° to 4°, and the focus XF moves backward by 1.5% of the body length. The adverse effect of static aeroelasticity on its aerodynamic characteristics is mainly reflected in the deviation of cruise flight state from the design point. For a given bomb mass, if the bomb is rigid, the angle of attack will be 0° so as to satisfy the requirements of lift force. In terms of an elastic bomb, the angle will be about 1°. The cruise aerodynamic efficiency will be significantly reduced and the total glide range will be shortened.
5. Conclusions
The paper studies the static aeroelastic characteristics of a SDB diamond back projective wing based on RANS equation and the coupling of CFD and CSD methods. The effectiveness of the method is verified by wind tunnel test results. The static aeroelastic effect causes the bending deformation of the front and rear wings to increase gradually along the spanwise direction and also causes the torsion deformation to the wing which is favorable to the unloading of the wing. When the angle of attack α is 4°, the bending deformation at the tip of the wing can reach 23% of the half-span length of the wing, and the torsion deformation along the flow direction reaches −4.5°. At a high angle of attack, the static aeroelasticity will delay the stall separation characteristics of the wing. Compared with the rigid projectile, the lift line slope CLα decreases by 21% and the focus XF is moved backward by 1.5% of the body length. These will cause the cruise flight to deviate from the design point, thereby reducing the cruise aerodynamic efficiency and the total glide range.
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