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プレゼンター
プレゼンテーションのノート
Good afternoon.. 
My name is Hiromasa Hayashi. 
The title of my presentation is “A Preliminary Analysis of Wing Flutter Using Moving Grid Finite Volume Method”. 
Coauthors are Daisuke Takayama and Shohei Matsuoka. 
We are graduate students in the Department of Aerospace Engineering, Tohoku University.
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Background 

 Wing flutter 
- Aeroelastic phenomenon 
- Diverging oscillation of a wing possibly causes wing destruction 

2 

http://www.ard.jaxa.jp/research/kitai/ki-kuuriki.html 

プレゼンター
プレゼンテーションのノート
First, I talk about the background of this work.
Flutter is a well-known aeroelastic phenomenon. 
This animation shows typical oscillations of wing flutter.  
When flight conditions surpass certain flutter boundary, diverging oscillation of a wing occurs which possibly causes wing destruction. 
Therefore, flutter is a very important phenomenon in airplane design. 
Thus, we need to have numerical methods which can accurately determine the onset of flutter.
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Flutter Analysis 

 Fluid-structure interaction simulation 
• Three numerical methods are combined 
- Fluid analysis 
- Structural analysis 
- Dynamic grid deformation 
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Fluid analysis Structural analysis 

Dynamic grid deformation 

surface pressure 
distribution 

surface deflection spatial mesh  
coordinate 

プレゼンター
プレゼンテーションのノート
In flutter analyses, we need to account for fluid-structure interaction.
We combine three numerical methods of fluid analysis, structural analysis and dynamic grid deformation method. 
In the fluid-structure interaction analysis, the, surface pressure distribution is computed at first.
Next, the surface deflection is computed using the surface pressure distribution.
And, spatial grid is deformed in response to surface deflection.
Then, the surface pressure distribution is computed again.
My role in this fluid-structure interaction analysis is to develop a CFD code for fluid analyses. 
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 Conservation equations for fluid flows  
• Geometric conservation law 
• Generalized curvilinear coordinate system 

 

 

 

 

 Geometrical flexibility is required for problems having 
engine nacelles 

• New CFD code based on Moving Grid FVM is developed  
• Control volume is extended in 4D space and time 

Past Flutter Analyses  4 

µωasb
V∞=  (FSI)Index  SpeedFlutter 

Comparison of computed results by Chen et al 
and experimental data for AGARD wing 445.6 

プレゼンター
プレゼンテーションのノート
In past flutter analyses, the conservation equations for fluid flows together with geometric conservation law were solved on a generalized curvilinear coordinate system using finite difference methods.
This figure shows the computed flutter speed index given by Chen et al..
They tried to reproduce the experimental data for AGARD wing 445.6. 
The vertical axis shows the flutter speed index. 
Flutter speed index is given by this equation. 
V∞ is the freestream velocity, bs is the streamwise semichord measured at the wing root, omega is the natural circular frequency of a wing for the first torsion mode, and μ is the mass ratio. 
The computed flutter speed index generally agrees well with the experimental data. 
Also, the computation successfully captures the so-called transonic dip phenomenon in which flutter speed index decreases near Mach number unity. 
However, geometrical flexibility will be needed for problems having engine nacelles. 
For such problems, finite volume methods are often used to solve the flow equations on unstructured meshes. 
In addition to geometrical flexibility, we need to have strict conservation property on moving and deforming meshes. 
Therefore, in this study, a new CFD code based on the moving grid finite volume method is developed.
In the moving grid finite volume method, conservation equations are integrated in extended control volumes in 4D space and time.
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My Objective in Our Project  

 Develop an unsteady flow calculation code based on 
Moving Grid FVM 

• Conservation law in 4D space and time 
• Validation of developed CFD code 
- Steady flow-field over ONERA-M6 wing 
- Unsteady flow-field over NACA 0012 wing in pitching motion 

• Attempt to compute flutter of AGARD wing 445.6 
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プレゼンター
プレゼンテーションのノート
My objective in our project is to develop an unsteady flow calculation code based on the moving grid finite volume method. 
First, we give the formulation of the moving grid finite volume method for conservation law in 4D space and time
Next, computed results in validation studies of the developed CFD code are shown.
We compute a steady flow field over ONERA-M6 wing, and also an unsteady flow-field over NACA 0012 wing in pitching motion.
Finally, we attempt to compute flutter phenomenon of AGARD wing 445.6.
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Moving Grid FVM 

 Conservation law in 4D space and time 

 

 

 

 

 

 Discretized equation for moving and deforming cell 
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プレゼンター
プレゼンテーションのノート
The Euler equations are integrated in 4D space and time. 
Q is the conservative variable. 
E, F and G are the flux functions.
By applying the Gauss’s divergence theorem, we have this discretized equation for a moving and deforming mesh.
V7 and V8 in this figure denote the control volume at time step n and time step n+1, respectively.
Nt, nx, ny, and nz are components of the normal vector in 4D space. 
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Implicit integration form for Moving Grid FVM 
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プレゼンター
プレゼンテーションのノート
Implicit time marching scheme with inner iteration is given by this equation. 
When the inner iteration converges and hence delta Qm becomes zero, a second order temporal accuracy is maintained. 
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Numerical Methods 

 Fluid analysis 
• Governing equations : 3D Euler equations  
• Spatial discretization : 3rd order Moving Grid FVM 
• Convective numerical flux : SLAU (steady calculation) 
                                             : Roe (unsteady calculation) 
• Time integration : matrix-free LU-SGS method with inner iteration 

 Structure analysis 
• Governing equations : equation of motion 
• Modal analysis : accounting for 1st to 5th modes 
• Modal damping : 0.02 
• Time integration : three point backward difference 

 

 Computational grid 
• Regenerated by algebraic method at each time step 
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プレゼンター
プレゼンテーションのノート
Let me explain the numerical methods briefly.
In the present calculation, the governing equations are the Euler equations.
The governing equations are discretized by the moving grid finite volume method.
The convective numerical flux is given by SLAU scheme for steady flow problems and Roe scheme for unsteady flow problems.
For implicit time integration, the matrix-free LU-SGS implicit method with inner iteration is employed.
In structural analysis, the equation of motion is simply solved.
In modal analysis,, we account for these 1st to 5th modes.
The modal damping is assumed as 0.02.
In time integration, three points backward difference scheme is employed.
The computational grid is generated by an algebraic method.
For each deformed wing geometry, the computational grid is simply regenerated.




Steady flow-field over ONERA-M6 wing 

プレゼンター
プレゼンテーションのノート
First, let me show the computed steady flowfiled over ONERA-M6 examined in the validation study. 
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Computed result 

 ONERA M6 wing 
• Grid type : C-H type 
• Number of grid points 
    : 197×50×82 
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• Flow conditions 
- Mach number : 0.84 
- Angle of attack : 3.06 [deg.] 

プレゼンター
プレゼンテーションのノート
This figure shows the computational grid near the wing. 
This C-H type grid is comprised of 197 cells around the wing, 50 cells in the direction normal to the wing, and 82 cells in the spanwise direction. 
We assume that the free-stream Mach number is 0.84 and the angle of attack 3.06 deg.
This figure plots the pressure coefficient distribution at 65 % semi-span wing section. 
The solid line shows the computed result and open symbols are experimental data.
The computed result shows a reasonable agreement with experimental data except for this part. 
This difference is caused by the shock boundary layer interaction which is totally absent in the numerical solution. 
Although some differences can also be seen in the leading edge region, the overall agreement is judged fine suggesting that the developed moving grid finite volume method at least works well for steady problems. 




NACA 0012 wing in pitching motion 

プレゼンター
プレゼンテーションのノート
Next, the computed unsteady flow-field over NACA 0012 wing in pitching motion is shown.
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Computational grid for NACA 0012 wing 

 NACA 0012 wing 
• Number of grid points 

  : 202×40×10 
• Computational domain 

  : 40 root chord lengths 
• Minimum grid spacing  

  : 10-3 root chord length 

 

 

 Pitching motion 

12 

25 % chord length 

プレゼンター
プレゼンテーションのノート
This figure illustrates the computational grid near the wing.
This wing has 202 cells around the wing, 40 cells in the direction normal to the wing surface, and 10 cells in z direction. 
The outer boundary is located 40 root chord lengths from the wing surface. 
The minimum grid spacing is 10-3 root chord length. 
The rotation center of the pitching motion is located at 25 % chord length.
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Comparison of computed and experimental results 

 Freestream condition 
• Mach number : 0.755 

 Oscillating condition 
• Mean angle of attack 

  : 0.016 [deg.] 
• Amplitude of pitching angle 

  : 2.51 [deg.] 
• Reduced frequency k  

  : 0.0814 
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∞

=
U

ck
2
ω

 velocityfreestream : 
length chordroot  : 

frequency : 

∞U
c
　ω R. H. Landon, “Data set 3 NACA 0012 

Oscillatory and Transient Pitching”, 
Agard-r-702, 1982 

プレゼンター
プレゼンテーションのノート
We compare the computed result with the experimental data given by Landon.
The free-stream Mach number is 0.755.
The mean angle of attack is 0.016 deg, and the amplitude of pitching angle is 2.51 deg. 
The reduced frequency k given by this equation is 0.0814.
Omega in this equation is the frequency, c is the chord length and u infinity is the free-stream velocity.
This figure shows the variation of normal force coefficient during the pitching motion.
The solid line is the computed result and these symbols are the experimental data.
Although slightly offset, the computed hysteresis loop is in a good agreement with experimental data. 
The cause of offset is probably due to absence of viscosity in the present calculation. 




Flutter analysis for AGARD wing 445.6 

プレゼンター
プレゼンテーションのノート
Finally, we show the obtained results of the preliminary flutter analysis for AGARD wing 445.6.
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AGARD wing 445.6 

 Weakened wing model (model 3) 
• Root chord length : 0.558 [m] 
• Aspect ratio : 1.65 
• Taper ratio : 0.658 
• Swept angle : 45 [deg.] 
• Cross-section airfoil : NACA 65A004 
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Mode 1st mode 
(bending) 

2nd mode 
(torsion) 

3rd mode 
(bending) 

4th mode 
(torsion) 

5th mode 
(bending) 

Frequency 
[Hz] 9.6 38.2 48.3 91.5 118.1 

プレゼンター
プレゼンテーションのノート
In the present calculation, the weakened model 3 of AGARD wing 445.6 is examined. 
The geometrical parameters of the wing are listed here.
This figure shows the structural model used in the present calculation. 
The modal frequencies for the first five modes listed in this table are taken from the report of Yates. 
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Computational model and flow conditions 

 AGARD wing 445.6 
• Number of grid points 

  : 96×39×28 
• Computational domain 

  : 30 root chord lengths 
• Minimum grid spacing  

  : 10-2 root chord length 
 
 

 Flow conditions 
• Mach number : 0.678, 0.901, 0.96, 1.072 
• Angle of attack : 0.0 [deg.] 

16 

プレゼンター
プレゼンテーションのノート
This figure shows the computational grid for AGARD wing 445.6.
This grid is comprised of 96 cells around the wing, 39 cells in the direction normal to the wing surface, and 28 cells in the spanwise direction.
The computational domain is extended to 30 root chord lengths from the wing surface. 
The minimum grid spacing is 10-2 root chord length. 
In this study, these four different Mach numbers are examined. 
The angle of attack is 0.0 deg. 
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Computed results of damping response  17 

Mach number=0.96, FSI=0.31 

プレゼンター
プレゼンテーションのノート
Let me show the computed results for the freestream Mach number of 0.96.
For this Mach number, we consider three different flutter speed index values. 
The results shown in this picture correspond to the flutter speed index of 0.31 denoted by this red symbol.
In this figure, the computed time variation of modal displacements are plotted. 
One can find that the first modal displacement deceases in time.
Therefore, the flutter speed index of 0.31 gives a damping response.
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Computed results of neutral response  18 

Mach number=0.96, FSI=0.318 

プレゼンター
プレゼンテーションのノート
Next, the computed results for the flutter speed index of 0.318 denoted by this red symbol are shown. 
One can find that the first modal displacement shows a neutral response.
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Computed results of diverging response  19 

Mach number=0.96, FSI=0.325 

プレゼンター
プレゼンテーションのノート
The flutter speed index is 0.325 which is denoted by this red symbol.  
The first modal displacement increases in time.
This shows that the flutter speed index of 0.325 gives a diverging response. 
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Flutter analysis results for AGARD wing 445.6 20 

For other Mach numbers, FSI calculations are conducted in 
the same way 

プレゼンター
プレゼンテーションのノート
Therefore, for the freestream Mach number of 0.96, the flutter speed index for the flutter boundary is determined as 0.318 shown here.
Likewise, for other three different Mach numbers, we have determined the flutter speed index values shown by these symbols, here, here and here.
The computed flutter boundaries denoted by these symbols show a reasonable agreement with the experimental data. 
I also note that the transonic dip is successfully reproduced in the present calculations.
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Summary 

 Successfully developed an unsteady flow calculation code 
based on Moving Grid Finite Volume Method 

 Code validation studies for steady and unsteady flows 
• Reasonable agreements are indicated 

 Preliminary flutter analysis is attempted 
• Computed flutter boundaries show reasonable agreements with  

experimental data 

21 

プレゼンター
プレゼンテーションのノート
Let me summarize my presentation. 
An unsteady flow calculation code based on moving grid finite volume method is successfully developed. 
The code validation studies for both steady and unsteady flowfields are made, and  reasonable agreements with experimental data are obtained. 
Then, a preliminary flutter analysis of AGARD wing 445.6 is attempted. 
The computed flutter boundaries also show reasonable agreements with the corresponding experimental data. 
These results obtained in this study clearly show that the newly developed CFD code based on moving grid finite volume method can be used in flutter analyses. 
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Future works 

 Account for viscous effects 

 Unstructured grid for including engine nacelles 

 Composite wing 

22 

プレゼンター
プレゼンテーションのノート
In the future works, we will consider viscous effects. 
The code will be extended for unstructured mesh to include engine nacelles.
Also, flutter analysis of a composite wing will be attempted.
That’s all of my presentation. 
Thank you.
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23 



Back up 
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Background 

Wing flutter 
• Aeroelastic phenomenon 
• Diverging vibration of a wing which possibly causes wing destruction 

Airplane design with a composite wing 
 - Flutter characteristics can be degraded by decreased stiffness 

 - Accurate prediction capability for flutter boundary needs to be  

   established 

  ・Numerical simulation 

  ・Wing tunnel testing 

25 

プレゼンター
プレゼンテーションのノート
First, I begin to talk about the background of this work.
Flutter is an aeroelastic phenomenon that occurs due to aerodynamic and elastic forces. 
When flight conditions surpass certain flutter boundary, diverging vibration of a wing occurs which possibly causes wing destruction. 
Therefore, flutter is a very important phenomenon in airplane design. 
Presently, airplane design with a composite wing is considered for the purpose of improving fuel efficiency. 
However, flutter characteristics can be degraded by decreased stiffness. 
In order to ensure the safe design and operation of an airplane, accurate prediction capability for flutter boundary needs to be established. 
Prediction of flutter boundary solely by wing tunnel testing is time consuming and very expensive. 
Thus, we need to have numerical methods which can accurately determine the onset of flutter. 
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Moving Grid FVM 

Integrate three-dimensional Euler eqs. in time and space 

 

 

 

 

 

Apply Gauss’s divergence theorem to above eqs. 
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プレゼンター
プレゼンテーションのノート
Let me explain MGFVM employed.
In this study, viscosity is ignored and therefore the Euler equations are solved. 
First of all, the Euler equations are integrated in time and space. 
Q, E, F and G shows the conservative variables and the related flux functions given by these and omega is control volume.
By applying the Gauss’s divergence theorem to these equations, these equations are derived.
This figure shows a schematic view of Moving Grid FVM.
V7 and V8 denote the control volume at time of n step and n+1 step, respectively.
Nt, nx, ny, and nz are components of the normal vector in 4D space. 
K –th hexahedral element is shaped by k –th face of the control volume at n step and that at n+1 step. 
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Moving Grid FVM 

Take average of n -step and n+1 –step 

 

 

 

 

Apply inner iteration method 
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プレゼンター
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The superscript n+1/2 indicates that it is an average of quantities at time of n step and n+1 step.
By taking average in this way, temporal accuracy of these equations becomes second-order. 

In this method, these equations are implicit form.
In order to calculate an unsteady problem it is necessary to take care of temporal accuracy.
So, inner iteration method is introduced in order to maintain precision at time.
In this study, delta form is employed.
Delta form is represented in this way.
After the introduction these equations are led.
Subscript m is number of inner iteration.
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Moving Grid FVM 

Linearization of E, F and G 

 

 

 

 

Finally the eqs. below are solved 
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プレゼンター
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Finally linearization of E, F and G is introduced.
Linearization shows in these way.
A, B, and C denote the Jacobian of the flux functions E, F, and G, respectively.
I formulate for a long time, but these equations are finally solved in this study.
When the inner iteration converges and hence delta Qm becomes zero, temporal precision can be maintained. 
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Computed results of damping response  29 

Mach number=0.678, FSI=0.421 

プレゼンター
プレゼンテーションのノート
Three Flutter Speed Index values of 0.31, 0.318, and 0.325 are chosen in the conditions of Mach number = 0.96. 
First, The results for the condition of this red point , that is FSI equals to 0.31, are shown in this slide. 

In this figure, the computed time variation of modal displacements are plotted with FSI values of 0.310. 
The modal displacement denote the amplitude of each mode.  
And the first modal displacements decreases in time indicating that FSI of 0.31 gives a damping response. 
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Computed results of neutral response  30 

Mach number=0.678, FSI=0.424 

プレゼンター
プレゼンテーションのノート
Next, the results for the condition of this red point ,that is FSI equals to 0.318,  are shown in this slide. 
In this figure, the modal displacements for FSI of 0.318 show a neutral response without damping and diverging responses.
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Computed results of diverging response  31 

Mach number=0.678, FSI=0.430 

プレゼンター
プレゼンテーションのノート
The results for the condition of this red point ,that  is FSI equals to 0.325, are shown in this slide.  

In this figure, the modal displacements increase in time indicating that FSI of 0.325 gives a diverging response. 
From the results until now, I determinate FSI value at the flutter boundary to be 0.318 for AGARD wing 445.6 at the free-stream Mach number of 0.96. 
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Computed results of damping response  32 

Mach number=0.901, FSI=0.351 

プレゼンター
プレゼンテーションのノート
Three Flutter Speed Index values of 0.31, 0.318, and 0.325 are chosen in the conditions of Mach number = 0.96. 
First, The results for the condition of this red point , that is FSI equals to 0.31, are shown in this slide. 

In this figure, the computed time variation of modal displacements are plotted with FSI values of 0.310. 
The modal displacement denote the amplitude of each mode.  
And the first modal displacements decreases in time indicating that FSI of 0.31 gives a damping response. 
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Computed results of neutral response  33 

Mach number=0.901, FSI=0.358 

プレゼンター
プレゼンテーションのノート
Next, the results for the condition of this red point ,that is FSI equals to 0.318,  are shown in this slide. 
In this figure, the modal displacements for FSI of 0.318 show a neutral response without damping and diverging responses.
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Computed results of diverging response  34 

Mach number=0.901, FSI=0.362 

プレゼンター
プレゼンテーションのノート
The results for the condition of this red point ,that  is FSI equals to 0.325, are shown in this slide.  

In this figure, the modal displacements increase in time indicating that FSI of 0.325 gives a diverging response. 
From the results until now, I determinate FSI value at the flutter boundary to be 0.318 for AGARD wing 445.6 at the free-stream Mach number of 0.96. 
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Computed results of damping response  35 

Mach number=1.072, FSI=0.405 

プレゼンター
プレゼンテーションのノート
Three Flutter Speed Index values of 0.31, 0.318, and 0.325 are chosen in the conditions of Mach number = 0.96. 
First, The results for the condition of this red point , that is FSI equals to 0.31, are shown in this slide. 

In this figure, the computed time variation of modal displacements are plotted with FSI values of 0.310. 
The modal displacement denote the amplitude of each mode.  
And the first modal displacements decreases in time indicating that FSI of 0.31 gives a damping response. 
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Computed results of neutral response  36 

Mach number=1.072, FSI=0.413 

プレゼンター
プレゼンテーションのノート
Next, the results for the condition of this red point ,that is FSI equals to 0.318,  are shown in this slide. 
In this figure, the modal displacements for FSI of 0.318 show a neutral response without damping and diverging responses.
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Computed results of diverging response  37 

Mach number=1.072, FSI=0.420 

プレゼンター
プレゼンテーションのノート
The results for the condition of this red point ,that  is FSI equals to 0.325, are shown in this slide.  

In this figure, the modal displacements increase in time indicating that FSI of 0.325 gives a diverging response. 
From the results until now, I determinate FSI value at the flutter boundary to be 0.318 for AGARD wing 445.6 at the free-stream Mach number of 0.96. 
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Flutter Speed Index 

 Parameters of Flutter Speed Index 
•       : 0.279 [m] 
•       : 239.8 [1/s] 
•       : 259.7  
•    

38 

µωasb
V∞=  (FSI)Index  SpeedFlutter aω

sb

µ

Mach number 
of 0.678 

Mach number 
of 0.901 

Mach number 
of 0.96 

Mach number 
of 1.072 

Damping 
response 233.7 281.9 312.0 436.8 

Neutral 
response 235.4 287.0 319.2 444.9 

Diverging 
response 238.3 290.8 326.4 452.4 

]m/s[ ∞V
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Computational grid for ONERA-M6 wing 

 ONERA-M6 wing 
• Number of grid points 

  : 197×50×82 
• Computational domain 

  : 30 root chord lengths 
• Minimum grid spacing  

  : 5×10-3 root chord length 

 

39 
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Modal shapes of AGARD wing 445.6  40 

1st mode 2nd mode 

3rd mode 4th mode 
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Parameters of the model 

 Parameters of the weakened model 3 
• Share modulus : 0.41 [GPa] 
• Young’s modulus :  3.24 [GPa] 
• Poisson’s ration : 0.31  
  

41 

Mode 1st mode 
(bending) 

2nd mode 
(torsion) 

3rd mode 
(bending) 

4th mode 
(torsion) 

5th mode 
(bending) 

Frequency of 
report by 
Yates [Hz] 

9.6 38.2 48.3 91.5 118.1 

Frequency of 
experimental 

data [Hz] 
9.6 38.1 50.7 98.5 
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