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Abstract. The research on configuration of canard with forward-swept wing is of great significance in 

modern fighters’ design. According to the influence of canard on static aeroelasticity of 

forward-swept wing, the longitudinal aerodynamic and elastic characteristics of canard with 

forward-swept wing configuration was calculated based on computational fluid 

dynamics/computational structural dynamics (CFD/CSD) numerical method, then compared with 

forward-swept wing configuration. It’s resulted that is the critical value, below which the down-wash 

flow of canard is bad for wing or else good by vortex of canard controlling the separation of wing. The 

bending and torsion deformation of forward-swept wing is suppressed under the influence of the 

canard at middle angle of attack, which benefits for improving static aeroelastic stability. The 

conclusion also can provide references for the design of fighters with forward-swept configuration. 

1. Introduction 

It is of great significance to study the canard with forward-swept wing in fighter design. Because of 

the better stall characteristic and the lower transonic resistance, the forward-swept wing aircraft has 

the potential superiority in high attack angle. The down wash of canard effectively delay the 

separation in the root of forward-swept wing and has favorable interference on the flow of 

forward-swept wing [1]. 

Experiments and simulations have been carried out to study the effects of canard on aerodynamic 

characteristics of forward-swept wing. It’s researched [2-4] that the forward-swept wing has obvious 

aerodynamic advantage. The canard has important effects on the aerodynamic characteristics of the 

forward-swept wing and reasonable position of canard can further increase the aerodynamic 

advantage of the forward-swept wing. The structure of modern fighters tends to improve flexibility, as 

the result of which aeroelasticity is more prominent [5].However, the forward-swept wing has the 

shortcomings of static and dynamic elastic divergence, so it is necessary to study the effects of canard 

on static aeroelastic characteristics of forward-swept wing. 

In recent years, numerical simulation has gradually become the main method to study static 

aerodynamic characteristics of aircraft [6]. In this paper, the calculation and analysis of static 

aeroelastic characteristics of the rigid canard coupling elastic forward-swept wing are performed 

based on the improved computational fluid dynamics/computational structural dynamics (CFD / CSD) 

loosely coupled numerical method [7]. 

2. Numerical method and Calculating model 

The CFD / CSD loosely coupled numerical simulation method is the main method of static 

aeroelastic analysis. The fluid controlling equations and the structural static equations are coupled to 

solve, but the model of fluid and structure are separately solved in the CFD and CSD solvers. In each 

iteration, the aerodynamics obtained by the CFD solver is transmitted to the structural grid, and the 

structural deformation displacement solved from the CSD solver is transmitted to the flow field grid. 

Before the next iteration carried out, the update of flow field grid is performed through using the 
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dynamic grid technique. Until aerodynamic and structural displacements are convergent, the above 

process is operated repeatedly.  

2.1 Flow model 

Aerodynamic solution technology based on CFD is the key to CFD / CSD coupling calculation, 

and the three-dimensional Reynolds-averaged Navier-Stokes (RANS) equation is used to calculate 

aerodynamics. The integral form of the conservation of three-dimensional N-S equations can be 

written as follows: 

( ) 0
v

dV dS
st 


    


Q G F n                                                                                                  (1) 

Where: Q , G and v
F  are the solution vector, inviscid flux vectors and viscous flux vectors, 

respectively. Control volume and surface of control volume are respected by   and S  respectively. 

And n respects the surface normal. 

2.2 Structural static equations 

It is difficult to solve the deformation of complex structures under loading by using structural 

mechanics method. Therefore, the finite element method is used to disperse the structures into finite 

small units. After the structural model is discretized, the structural deformation can be obtained by 

solving the static equilibrium equation: 

 q Κ F                                                                                                                                (2) 

Where Κ  is the structural stiffness matrix,  q is the displacement vector of the node, and F  is the 

load vector acting on the node. 

2.3 Data transmission and mesh deformation 

When the aero-elastic problem is solved in the time domain by loosely-coupled method, the data 

exchange between the aerodynamic and structural mesh needs to be done by interpolation in each time 

step. The interpolation of the displacement and load information is carried out by using the modified 

constant volume conversion (CVT) method [8]. In static aeroelastic calculation, the deformation of 

the structure will lead to the change of the boundary of the flow field. In order to improve the 

efficiency of the calculation, the dynamic grid technique is used to update the mesh of the fluid 

domain. In this paper, the radial basis function interpolation method [9] is used to deform the mesh. 

2.4 Validation 

The numerical method described above is validated using the AGARD 445.6 wing [10]. This wing 

is an AGARD standard aeroelastic configuration with a NACA 65A004 airfoil section, a display 

length of 0.76m, a panel aspect ratio of 1.65, a taper ratio of 0.66 and a 45 ° quarter-chord sweep angle. 

The mesh number of wing surface in fluid and structural domain are 3693985 and 67507 respectively. 

The structural material properties are set as E1= 0.89GPa, E2= 1.54GPa, G= 2.6GPa and 

381.98   kg / m3. Where E1 and E2 are elastic modulus of the wing along the chord and stretch. G, 

  and   are the shear modulus, Poisson's ratio and density respectively. 

The computation conditions are 0.8Ma  , 1   , P= 6 412.685 Pa and T= 237.378 K. After 

convergence, the deformation of the leading edge and trailing edge of the wings relative to the initial 

position are shown in Table 2. The method is close to Ref [10] and the error is less than 5%, which 

shows that the numerical method in this paper is reliable. 

Table 1.  Comparison on results of static aeroelasticity of AGARD 455.6 wing 

Position Paper Reference Error 

Leading edge /(mm) 10.667 11.176 4.55% 

Trailing edge /(mm) 13.050 12.700 2.76% 

 

2.5 Calculating model 

The model of the canard with forward-swept wing configuration is simplified in Ref. [2]. The 

geometry and geometric parameters of model are shown in Fig.1 and Table 2, respectively. The 

fuselage is formed as an elliptic cylinder with a canopy, with length LF of 2 m, height hF of 0.25 m, 

and width wF of 0.17 m.  
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Fig.1 Outline of canard with forward-swept wing model 

 

Table 2. Geometry dimension of wing and canard 

Geometric 

quantities 
Span/(m) 

Aspect 

ratio/(m) 

Root 

chord/(m) 

Taper 

ratio/(m) 
Sweep/(m) 

Wing 1.990 1.650 0.558 0.660 -30° 

Canard 0.800 1.160 0.445 0.250 37° 

The longitudinal positions of wing and canard are XW = 0.622LF and XC = 0.2 LF, and the vertical 

positions of wing and canard are in the horizontal symmetry of body. 

3. Results and analysis 

The aerodynamic characteristics and the bending-torsion deformation of canard-forward swept 

wing configuration are studied, which are compared with the forward swept wing configuration in this 

paper. The canard is rigid and the main wing have two different states (rigid and elastic) in the 

calculation. In order to simplify the following analysis, the canard-forward swept wing model and the 

forward swept wing model are respectively referred to as CW-FSW and FSW models. 

The number of polyhedron mesh of CW-FSW and FSW model in fluid domain is 4.01 million and 

4.8 million respectively, and the number of tetrahedron mesh in structural domain is 100,000. The 

boundary conditions are Ma = 0.5 and Re = 4.8 × 106 in CFD solver. The boundary condition of the 

CSD solver is that the wing is fixedly connected with the fuselage, and the material properties are 

consistent with the above example. 

3.1 Aerodynamic characteristics 

The static aeroelastic characteristics of the CW-FSW and FSW models are calculated under the 

condition of high subsonic speeds. The results of the aerodynamic characteristics are shown in Fig.2. 

The rigid and elastic states in the following refer to the state of the wing. Wing root string at the 

leading edge point. The leading edge of the wing root is the reference point of the pitching moment. 

The influence of the canard on the lift is divided into two aspects: the one is the lift producing by 

the canard itself, the other is the influence of canard on the wing. The influence of down wash of 

canard on the wing reduces the separation of the wing and increase the lift at large angle of attack, 

while reducing the lift at a small angle of attack. 

According to Fig.3, when 32   , the influence of down wash of canard on the wing causes the 

lift of the wing decrease and the unfavorable interference will be in domination. When 32   , the 

vortex generated by the canard have favorable interference on the wing and can control the separation 

of the wing. The lift coefficient increases, but the increment is small. Meanwhile, the stall angle of 

attack of CW-FSW model will be delayed about 2°, which indicates that the canard can improve the 

maneuverability of the forward-swept wing. 

Fig. 2(b) shows that the drag coefficient of CW-FSW model increases with the increasing of the lift 

coefficient, which indicates that the canard brings both the lift and the drag. Fig.2(c) displays the 

lift-drag ratio K of models. When 8   , the K of the CW-FSW model is slightly lower than FSW 
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model. When 8   , the K of the CW-FSW model is slightly larger than FSW model, but the 

difference is not much. 

From Fig. 2(d), the pitch moment coefficient of CW-FSW model is larger than that of FSW, 

because the position of canard is arranged before the torque reference point. At small angle of attack, 

same with the FSW model, the pitching moment of elastic CW-FSW is slightly larger than the rigid 

CW-FSW. When the angle of attack increase further, the pitching moment of the elastic CW-FSW 

decreases until smaller than the rigid one. 
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Fig. 2 Aerodynamic characteristics of model 
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Fig.3 Lift coefficient of wing of model     Fig. 4 Contours of displacement deformation 

 

3.2 Elastic deformation characteristics 

Figure 5 shows that the torsion and bending deformation of the wing of the FSW and CW-FSW 

models when 4    and 8   .It can be seen from Fig. 5(a) that the twist angle of the wing of the 

CW-FSW model is larger than that of FSW, while the leading edge displacement of the CW-FSW 

wing is slightly smaller than that of the FSW wing. Figure 4 and 5(b) give out the contours of 

displacement deformation of the wing of FSW and CW-FSW models, which indicates that the 

deflection of CW-FSW wing is significantly smaller than that of FSW. 

Figure 6(a) shows the variation of twist angle with the angle of attack of wing of FSW and 

CW-FSW model, and figure 6 (b) displays the variation of displacement in the direction of Z axis of 

leading edge point with the angle of attack. 
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As shown in Fig. 6(a), the trend of twist angle of wingtip   changing with the angle of attack   

for CW-FSW are basically same as FSW. When 8   , the twist angle of the CW-FSW wing is 

slightly larger than FSW. When 8   , the reduction of the CW-FSW twist angle is more sharp. 

Increasing with the angle of attack, the reduction stays at about 1.8°. Seen from Fig. 6(b), at moderate 

angle of attack, compared with the FSW, the deflection of CW-FSW wing reduces obviously. In the 

vicinity of 20   , the deflection of the CW-FSW wing can’t produce a sudden drop but a softer 

shortfall. Indicating that the canard can delay the wing stall and lead lift coefficient of the wing to 

change gently around the stall angle of attack. 
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(a) Torsion deformation                              (b) Bending deformation 

Fig. 5 Bending and torsion deformation of wing 

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

2.5

3.0

T
w

is
t 

an
g

le
/(

º)

/(°)

 FSW

 CW-FSW

                      
0 10 20 30 40

0

40

80

120

160

D
is

p
la

ce
m

en
t/

(m
m

)

 FSW

 CW-FSW

/(°)  
(a) Torsion deformation                              (b) Bending deformation 

Fig. 6 Relationship between angle of attack and deformation of wing 

3.3 Flow mechanism analysis 

The pressure coefficient of wing on different positions is shown in Fig.7. The peak of pressure on 

the surface of the wing of FSW model is much larger than that of the CW-FSW on position y/b=25% 

near the root of wing. In the middle of the wing at y/b=45%, the peak of pressure on the surface of the 

wing of FSW model is smaller than CW-FSW. And the pressure coefficient is almost the same at the 

near wingtip y/b = 80%, which indicates that the canard have little interference with airflow at the 

wingtip. 
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Fig. 7 Pressure coefficient on different position when 4    

As shown in Fig.8, the minimum negative pressure area of the upper surface of wing is transferred 

from the wing root to the middle of the wing under the effect of the canard, so the bending and torsion 

deformation of the wing of CW-FSW is slightly more than FSW. However, the deformation is very 

small, so the change of aerodynamic characteristics of flexible wing caused by canard is very little 

under the conditions of the small angle of attack. 
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(a) CW-FSW model                                   (b) FSW model 

Fig. 8 Pressure contours of leading edge of wing 

Figure 9 displays the contours of pressure and spatial streamlines for FSW and CW-FSW. As 

shown in Fig.9, the vortex produced by the canard has obvious extrapolation effect on the vortex 

produced by the wing, which reduces the negative pressure area of the wing upper wing and the lift of 

the wing and restrains the elastic deformation of the wing. 

                          
(a) Pressure contours of FSW                (b) Pressure contours of CW-FSW 

                         
(c) Streamlines of FSW                         (d) Streamlines of CW-FSW 

Fig. 9 Pressure contours and streamlines of model when 16    

 

The streamlines of FSW and CW-FSW at the angle of attack 20 ° ~ 24 ° are shown in Figure 10. 

When 20   , The nucleus of vortex of FSW has ruptured and the wing stalls while the vortex of 

surface of CW-FSW is very stable. For CW-FSW model, because the vortex of canard and the leading 

edge vortex of wing rotate in the opposite direction, resulting in favorable interference, energy 

enhanced each other, so the flow on outside is more stable, and breakdown of vortex is delayed. 

                        
(a) FSW, 20                                 (b) CW-FSW, 20    

                        
(c) CW-FSW, 22                              (d) CW-FSW, 24    

Fig. 10 Pressure contours and streamlines of model when 20 ~ 24     
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When the angle of attack is further increased to 22 °, the surface of CW-FSW wing produce vortex 

core, and lift coefficient reaches the maximum. When 24   , the nuclear of vortex breakdown, and 

the wing stall. 

4. Conclusion 

Aiming at the influence of canard on the aerodynamic characteristics and elastic deformation 

characteristics of the elastic forward swept wing, calculation and analysis of the static aero-elastic 

characteristics of the canard with forward swept wing configuration based on the improved CFD / 

CSD loosely coupled numerical method is carried out, and compared with the forward swept wing 

configuration, the conclusions are as follows: 

(1) CFD / CSD loosely coupled numerical method is more accurate and can be used in the analysis 

of static aroelasticity of canard-forward swept wing configuration. 

(2) The aerodynamic characteristics of the wing in the elastic state and rigid state are similar under 

the influence of the canard. When 32   , the adverse effects of down wash of canard on the wing 

play a leading role, and the lift coefficient decreased. When 32   , the vortex produced by canard 

can control the flow separation of wing, which produce favorable interference, and lead to the 

increase of lift coefficient, but the increment is small. 

(3) The bending and torsion deformation of the forward swept wing under the influence of the 

canard wing is obviously restrained, which is beneficial to improve the stability of static aeroelasticity 

of the forward swept wing aircraft. 
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