S/UR (2003 7F) A4 AIMEAR TR A

BB ET R RSB RIAERN

1 [ 5

CHR R R ) 2R e AT, A, 10080)

B B ARSI LR A TE, RS R =42 Navier-
Stokes /7 F2 5 4 #1841y T FER AR I ST L AL o AU T S SRR B B o A8 SRS AL A 4% 201 30
PR, X Z TN B A B T Y AR b A% G e I AR R T R, i
PEACEEE AR O it O DR LR B e PG R AL G SR £ R A, AT

W RS B A I, RIS HIRZ 51 7“8y T Mk, BTLAX M IITER

RIS/ TR, (H A SERE T (R AR GRS, AT LS 2 A A1l B R A BB R4
SRM: X H ISR SRR, (e /NRAIERTE s Wl 3R AR (K S B e (R A A, S
Gt K F VS (X RN RS I 2B, (S AR 40 0.98 15 1.05 IRy, il A4S R A6 B 1 il

BEIHA R RS A, 2SR Is.
X817 Navier-Stokes J7¥E; LMK BEREHL; M, WiEE

b/

g

&

1 Introduction

Because thin wing-sections and control surfaces are necessarily used for the high-speed aircratt
from the viewpoint of aerodynamic performance, it is important to predict accurately the transonic
nonlinear aeroelastic phenomena such as flutter, buffet, and aileron buzz for the structural design of
aircraft. In the last decade, transonic nonlinear aeroelastic analyses have been extensively studied by
solving Euler/Navier-Stokes equations coupled with the structural equations of motion [1-3]. However,
in these methods, the flow governing equations are only loosely coupled with structural equations of
motion and these methods are always only first-order accuracy.

Tightly coupled aeroelastic approach was first put forward by Alonso and Jameson [4] for 2-D Euler
aeroelastic simulation, called dual-time implicit-explicit method. In each real time step, the
time-accurate solution is solved by explicit Runge-Kutta time-marching method for a steady problem,
so all of convergence acceleration techniques such as multigrid, residual averaging and local time-step
can be implemented in the calculation. In general, about 100 pseudo-time steps are needed for the
explicit iterations to ensure adequate convergence, thus the method is still very time-consuming, so far
as the author knows only 3-D Euler results were reported recently [5]. Melville et al [6] proposed a

fully implicit aeroelastic solver between the fluids and structures, in which a second-order
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approximately factorization scheme with subiterations was performed for the flow governing equations,
and the structural equations were cast in an iterative form. A fully implicit aeroelastic Navier-Stokes
solver with three subiterations has succeeded in the flutter simulation for an aeroelastic wing [7].

In the flutter calculation, due to the deformation of aeroelastic configuration, adaptive dynamic grid
needs to be generated at each time step. At present, most of aeroelastic calculations are only done for
an isolated wing with single-block grid topology. For the simple flexible geometry, the grid can be
completely regenerated with an algebraic method or a simple grid deformation approach. For the
complicated aerodynamic configurations, multiblock grids are usually generated for steady flow
simulation. However, for aeroelastic application it is impossible to regenerate multiblock grids at each
time step due to the limitation of computational cost. Multiblock grid deformation approach needs to
be used. Recently Potsdam and Guruswamy [8] put forward a multiblock moving grid approach, which
uses a blending method of a surface spline approximation and nearest surface point movement for
block boundaries, and transfinite interpolation (TFI) for the volume grid deformation. Wong et al. [9]
also established a multiblock moving mesh algorithm. The spring network approach is utilized only to
determine the motion of the corner points of the blocks and the TFI method is applied to the edge,
surface and volume grid deformations.

In addition, structural data may be provided with plate model, but the flow calculations are carried
out for the full geometry. The interpolation between fluid and structure grids is required. Infinite and
finite surface splines { 10] [11] developed for the plate aerodynamics and plate structural model are still
main interpolation tools, only the aerodynamic grid needs to be projected on the surface of structural
grid before interpolation.

In the present paper, a fully implicit multiblock Navier-Stokes aeroelastic solver was developed.
The main work is to simulate the aeroelastic phenomenon of aileron buzz for a wing-body

configuration.

2 Governing Equations and Numerical Method
Flow governing equations are the unsteady, three-dimensional thin-layer Navier-Stokes equations.
Second-order linear structural dynamic governing equations are used for the structural calculation.
LU-SGS method, employing a Newton-like subiteration, is used for solving flow governing equations.
Second-order temporal accuracy is obtained by utilizing three-point backward difference in the
subiteration procedure. The subiteration method is also applied to the structural equations of motion.
As the number of subiteration tends to infinity, a full implicit second-order temporal accuracy scheme
is formed. For accurate multiblock-grid aeroelastic calculation, the subiteration method is very
important not only for eliminating the lagged flowfield induced by lagged multiblock boundary

condition but also for removing the sequencing effects between fluids and structures. However, in
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practical application, only finite subiterations can be used. Our numerical experiments indicate the

calculated results are nearly unchangeable as p =23 . In the following calculation, the number of

subiteration is set to 3.

3 Grid Deformation Method

For the aeroelastic application of the wing/fuselage model in the paper, an H-type multiblock grid
with 30 blocks is generated and aileron surface is distributed at 12x13 grid points in the span- and
chord-wise directions, respectively.

For the multiblock grid deformation, the blocks containing the fuselage surface and the blocks away
from the flexible wing can be fixed. The grid deformations only need to be performed for the blocks
adjacent to the deforming wing. The TFI method is applied to deform the grid blocks. Based on the
known deformations of the flexible body and the parameterized arc-length values of the original grid,
1-D, 2-D and 3-D TFI methods are used to interpolate deformation values in inner grid points. Then
the deformations are added to the original grid to obtain the new multiblock grid. For the small and
moderate aeroelastic deformation, the present method maintains the grid quality of the original grid
and maximizes the re-usability of the original grid. For the aileron deflection, a simple sheared mesh is
used and a gap is introduced between the ends of the aileron and wing to allow sufficient space for the
moving sheared mesh. The present solver assumes the aileron oscillation of small amplitude. For
aileron flutter analyses, the tendency of flow stability can be analyzed from the dynamic response of

aileron at relatively small magnitude.

3 Data Transformation

In the present aeroelastic calculations, the structural modal data are provided with the plate model
and only normal deformation is considered. However, the real geometry is used for the fluid solution.
Then the problem of passing information between the fluid and structural grids becomes very
complicated. In the paper, the fluid grid is first projected to the surface of structural grid. Then the
deformations on the projected fluid grid points are interpolated by the infinite plate spline (IPS) [10].
The new geometry can then be obtained by adding the deformations to the old one.

IPS is to obtain an analytic function w(x, y) , which passes through the given structural deflections of

N points w; =w(x;, y;). The static equilibrium equation of DV*w= g should be satisfied, where
D is the plate elastic coefficient, ¢ is the distributed load on the plate. The solution by superposition

of fundamental functions can be written as

N
w(x, y)=aq +a1x+a2y+z F,-r,-2 In r,.2 (D)

i=1
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where r,.2 =(x—x,-)2 +(y—y,-)2
The N +3 coefficients of (ag.a;,a3, Fy, Fy,- Fy) in Equations | can be solved through the

function passes the given structural deflections of N and three additional conditions of the

conservation of total force and moment:

N N N
D F=0, > xF, =0 and Y y,F=0 ()
i=l i=l i=l

Then the deformations of aerodynamic grid points can be evaluated with the function (1). The above

linear displacement transformation can be written in the form &5, ={G]&5,, where &5,and &5, are

the displacement vectors defined on the acrodynamic grid and the structural grid, respectively. The

force transformation from the fluid to structural grids can be calculated with the principle of virtual
work of F, =[G|" F, , where F, and F, represent the forces on the structural and fluid grids,

respectively. The principle of virtual work can guarantee the conservation of energy between the fluid
and structural systems,

In the practical application, the LU decompositions of the coefficients matrix and its transpose matrix
of the equation groups of (1) and (2),a,,a,, a5, F,...., Fy asunknown quantities, are pre-calculated
and stored in the code. For the flutter simulation of aileron oscillation on SST, interpolations are

applied on the aileron and wing separately since deformation is discontinuous between the zones of the

aileron and wing.

5 Results and Discussion

Aileron flutter simulations are performed for two structural models of the supersonic fuselage/wing
configuration [12] at three transonic Mach numbers of 0.95, 0.98 and 1.05 under the fixed total
pressure of 85 Kpa and angle of attack of 0 degree. In the experimental model, fuselage and main wing
are rigid. However, the aileron is attached to the main wing by a spring with different strength to
simulate the hinge stiffness. For the weakened structural model, the oscillating mode of aileron has the
lowest natural frequency of 30.5 Hz. For another rigid structural model, mode shapes and frequencies
are the same as the weakened model except the oscillating frequency of aileron is increased to 220.7
Hz. Aeroelastic calculation starts from the steady flow. A small modal damping coefficient

¢, =0.02 was added in the structural equations to damp the unphysical oscillation of small amplitude.

The time-step size is taken as 0.01.

Figure 1 shows the comparison of dynamic responses of first sixth modes for the two structural
models. For the weakened structural model, the dominant mode is the aileron oscillation mode, which

is stable at Mach number of 0.95, but diverges at Mach numbers of 0.98 and 1.05. For the unstable
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cases, the amplitude of the aileron oscillation becomes larger and larger until the calculation breaks
down due to the use of a simple sheared grid deformation for the aileron deflection. For the rigid
structural model, the dominant mode is the bending mode of wing, which has the small amplitude of
oscillation and decays in time for all of the three Mach numbers. The response of aileron oscillation
mode correspond the third mode, which does not produce any significant effect to the dominant mode.
The largest amplitude of oscillating angle is only about 0.03 degree.

The flow analyses indicate that, on the upper surface of the wing, the shock wave becomes weaker
as the aileron oscillates upward and becomes stronger as the aileron deflects downward, and the flow
behaves just contrary on the lower surface of the wing. Corresponding to general theoretical analysis,
the flow instability referred to as aileron buzz is induced by a stronger shock alternately moving on the

upper and lower surfaces of wing.
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Fig. 1 Dynamic responses of first six modes for SST weakened and rigid structural models
6. Concluding Remarks
A fully implicit aeroelastic solver has been developed for flutter simulation on complex

configuration through the tightly coupled solution of Navier-Stokes equations and structural equations

of motion. Multiblock grid deformation is performed with the TFI method. IPS and the principle of
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virtual work are used for data transformation of deformation and force between the fluids and the

structures. The phenomenon of aileron buzz has been simulated at the Mach numbers of 0.98 and 1.05

for weakened structural model, which is induced by the movement of the shock wave alternately on the

upper and lower surfaces. For the SST rigid structural model, the flow is stable at all calculated Mach

numbers as observed in experiment.
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