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Aileron Buzz Simulation Using an Implicit
Multiblock Aeroelastic Solver
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A fully implicit multiblock aeroelastic solver, which coupled thin-layer Navier–Stokes equations with structural
equationsof motion,has been developed for the � utter simulationon complex aerodynamiccon� gurations.Navier–

Stokes equations are solved with a lower–upper symmetric Gauss–Seidel subiteration algorithm and a modi� ed
Harten–Lax–van Leer–Einfeldt–Wada scheme. Structural equations of motion are discretized by a direct second-
order differential method with subiteration in generalized coordinates. The trans� nite interpolation is used for the
grid deformationof the blocksneighboringthe � exible surface. To evaluatethe effectiveness of thegrid deformation,
a comparison is � rst done for the oscillating LANN wing with a rigidly attached grid and a deforming grid. Then
the method is applied to predict the � utter speed and frequency of the AGARD 445.6 standard aeroelastic wing.
Finally, the aeroelastic instability referred to as aileron buzz is simulated for the supersonic transport model of the
National Aerospace Laboratory of Japan.

I. Introduction

T HE National AerospaceLaboratory (NAL) of Japan has estab-
lished a research program for scaled experimental supersonic

airplanes for � ve years. A nonpowered experimental airplane will
be launched in 2002 by a solid rocket booster.1 Because thin wing
sectionsand control surfacesare necessarilyused forhigh-speedair-
craft for aerodynamic performance, it is important to predict accu-
rately the transonicnonlinearaeroelasticphenomenasuch as � utter,
buffet, and aileron buzz for the structural design of aircraft.

In the last decade, transonic nonlinear aeroelastic analyses have
been extensivelystudied by solving Euler/Navier–Stokes equations
coupled with the structural equations of motion.2¡5 However, in
these methods, the � ow governing equations are only loosely cou-
pled with the structuralequations of motion, namely, after the aero-
dynamic loads are determined by solving the � ow governing equa-
tions, the structuralmodel is used to update the positionof the body.
The couplingcontainsan error of one time step; thus, these methods
are always only � rst-order accurate in time regardless of the tem-
poral accuracy of the individual solvers of the � ow and structural
equations.

The tightly coupled aeroelastic approach was � rst put forward
by Alonso and Jameson6 for a two-dimensional Euler aeroelastic
simulation, called the dual-time implicit–explicit method. In each
real time step, the time-accurate solution is solved by the explicit
Runge–Kutta time-marchingmethodfor a steadyproblem,so that all
of the convergenceaccelerationtechniques,such as multigrid,resid-
ual averaging, and local time step, can be implemented in the cal-
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culation. In general, about 100 pseudotime steps are needed for the
explicit iterations to ensure adequateconvergence;thus, the method
is still very time consuming.In sofar as the authorsknow, only three-
dimensionalEuler resultshavebeen reportedrecently.7 Goura et al.8

constructed a � rst-order implicit time-marching scheme, as well as
an only � rst-order implicit spatial discretization for the solution of
a pseudosteady � ow. Second-order temporal and spatial accuracy
can be maintained as pseudosteady � ow convergence. Euler equa-
tions were chosen as the aerodynamic governing equations due to
the limitation of computational time.

Melville et al.9 proposed a fully implicit aeroelastic solver be-
tween the � uids and structures, in which a second-order approxi-
mate factorizationscheme with subiterationswas performed for the
� ow governing equations, and the structural equations were cast in
an iterative form. Because the restricted number of iterations can-
not remove sequencingeffectsand factorizationerrorscompletelyat
every time step, a relativelysmall time step was used in theircalcula-
tion. Nevertheless,a fully implicit aeroelasticNavier–Stokes solver
with three subiterations has succeeded in the � utter simulation for
an aeroelastic wing.10

In the � utter calculation, due to the deformation of the aeroelas-
tic con� guration, an adaptivedynamic grid needs to be generatedat
each time step. At present, most of aeroelastic calculationsare only
done for an isolated wing with single-blockgrid topology. For sim-
ple � exible geometry, the grid can be completely regenerated with
an algebraic method2 or a simple grid-deformationapproach.10 For
complicated aerodynamiccon� gurations,multiblock grids are usu-
ally generatedfor steady � ow simulation.However, for an aeroelas-
tic application,it is impossibleto regeneratemultiblockgridsat each
time step due to the limitation of computational cost. Multiblock
grid-deformation approachs need to be used. Recently, Potsdam
and Guruswamy11 put forward a multiblock moving grid approach,
which uses a blendingmethodof a surfacesplineapproximationand
the nearest surface point movement for block boundaries,and trans-
� nite interpolation (TFI) for the volume grid deformation. Wong
et al.12 also established a multiblock moving mesh algorithm. The
spring network approach is utilizedonly 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, structuraldata may be providedwith the plate model,
but the � ow calculations are carried out for the full geometry. In-
terpolation between � uid and structure grids is required. In� nite
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and � nite surfacesplines,13;14 developedfor plate aerodynamicsand
plate structural models are still the main interpolation tools; how-
ever, the aerodynamic grid needs to be projected on the surface of
the structural grid before interpolation.Goura et al.15 recently sug-
gested an interpolation method of constant volume transformation
for the data exchange between � uids and structures based on the
local grid information.

In the present paper, a fully implicit multiblock Navier–Stokes
aeroelastic solver was developed based on the single-block aeroe-
lastic code implemented previously.16 The purpose of the present
work is to simulate the aeroelastic phenomenon of aileron buzz on
the supersonictransport (SST) designedby the NAL of Japan. First,
the multiblockgrid-deformationtechniquewas assessed for a pitch-
ing oscillating wing with a rigidly attached grid and a deforming
grid. Then, the � utter boundaries and frequencies for the AGARD
445.6 standard aeroelastic wing were predicted and compared with
experimentaldata to validatethedevelopedaeroelasticcode.Finally,
the aileron buzz cases were computed.

II. Governing Equations
Aerodynamic Governing Equations

In the paper, freestreamdensity, freestreamvelocity, and the root
chord or mean aerodynamic chord length are chosen as charac-
ter quantities. Aerodynamic governing equations are the unsteady,
three-dimensional, thin-layer Navier–Stokes equations in strong
conservation law form, which can be written in curvilinear space
» , ´, ³ , and ¿ in nondimensional form as

@¿
OQ C @» F C @´G C @³ H D Re¡1@³ Hv C SGCL (1)

In the formulation, the viscosity coef� cient ¹ in Hv is computed
as the sum of laminar and turbulentviscositycoef� cients,which are
evaluated by Sutherland’s law and the Baldwin–Lomax model with
the Degani–Schiff modi� cation. For multiblock grid calculation,
the turbulencemodel is dif� cult to apply to the blocks with no solid
surface because the model needsnot only the local � ow� eld but also
its correspondinggradientvalueson thewall surface.In addition,the
thin-layer approximation may be unsuitable for general multiblock
grids in which one block may have more than two solid surfaces.
Therefore, the multiblock grids are carefully generated to have a
single solid surface.

The source term SGCL in Eq. (1) is obtained from the geometric
conservation law17 for a moving mesh, which is de� ned as

SGCL D Q
¥

@t J ¡1 C .»t =J /» C .´t =J /´ C .³t =J /³

¦
(2)

Structural Dynamic Governing Equations

Second-orderlinear structuraldynamicgoverningequationsafter
normalizationsimilar to the � ow governingequationcan be written
as

[M]f Rdg C [K ]fdg D fFg (3)

where [M] and [K ] are the nondimensionalmass and stiffness ma-
trices, respectively, and fFg and fdg are the aerodynamic load and
displacement vectors, respectively.To solve Eq. (3), the Rayleigh–
Ritz method is used. For a speci� c aerodynamic con� guration, the
natural mode shapes and frequencies can be calculated by � nite el-
ement analysis or obtained from experimental in� uence coef� cient
measurements. In this study, the data of natural mode shapes and
frequencies are calculated by � nite element analysis. In general,
only the � rst N modes, are considered.With these � rst Nmodes, we
have an approximate decription of the displacement vector of the
system given by

fdg D [8]fqg (4)

Because the natural modes are orthogonalwith respect to both the
mass and stiffness matrices, premultiplying Eq. (3) by [8]T yields
structural equations in generalized coordinates,

Rqi C 2³i !i Pqi C !2
i qi D [8]T

i F
¯

Mi (5)

where

!2
i D [8]T

i fK g[8]; Mi D [8]T
i fMg[8]

The modal damping is readily added on the left-hand side of
Eq. (5), where ³i is the damping ratio in the i th mode. The equation
can be written as a � rst-order system by de� ning S D [q; Pq]:
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µ

0 ¡1
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¶
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µ
0

[8]T
i F

¯
Mi

¶
(6)

III. Numerical Method
The lower–upper symmetric Gauss–Seidel (LU-SGS) method of

Yoon and Jameson,18 which employs a Newton-like subiteration, is
used to solve Eq. (1). Second-order temporal accuracy is obtained
by utilizing a three-point backward difference in the subiteration
procedure.The numerical algorithm can be deduced as

L D¡1U1Q D ¡Ái
©
.1 C Á/Q p ¡ .1 C 2Á/Qn C ÁQn ¡ 1

¡ J1¿ Q p[.»t =J /» C .´t =J /´ C .³t =J /³ ] p

C J1¿
£
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¡
H p ¡ H p

v
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(7)

where
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¢
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N½ D 1 C Ái J1¿ . N½.A/ C N½.B/ C N½.C//

Ái D 1=.1 C Á/; 1Q D Q p C 1 ¡ Q p

Here, Á D 0:5, and p is the subiterationnumber. The deducedsubit-
eration scheme reverts to the standard LU-SGS scheme for Á D 0
and p D 1. In fact, regardless of the temporal accuracy of the left-
hand side of Eq. (7), second-ordertime accuracyis maintainedwhen
the subiteration number tends to in� nity.

The inviscid terms in Eq. (7) are approximated by the mod-
i� ed third-order upwind Harten–Lax–van Leer–Einfeldt–Wada
(HLLEW) scheme of Obayashi and Guruswamy.19 For the isen-
tropic � ow, the scheme results in the standard upwind-biased � ux-
difference splitting scheme of Roe, and as the jump in entropy be-
comes large in the � ow, the scheme turns into the standard HLLEW
scheme. The thin-layer viscous term in Eq. (7) is discretized by
second-order central differencing.

In the multiblock-grid method, the Navier–Stokes equations are
solved in each block separately. The calculationsof convectiveand
viscous � uxes at block boundariesneed � ow� eld values of two grid
points in abutting blocks, and so the lagged � ow� eld always exists
due to the lagged block boundary condition. When the LU-SGS
method is used in the forward sweep, the correction of conserved
variables 1Q in the � rst-level halo cell is usually neglected. In
the backward sweep, the correction of temporary variables 1Q 0

obtained from the forward sweep can only be set to zero at block
boundaries, which can produce a larger error than the same code
using a single-block grid. Rizzetta and Visbal20 consider that the
subiteration can eliminate errors from linearization, factorization,
lagged boundary conditions, and lagged turbulencemodels.

The structural equations of motion in generalized coordinates of
Eq. (7) is discretized by a second-order scheme with subiterations
of Ref. 10 asµ
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where 1S D S p C 1 ¡ S p .



582 YANG, OBAYASHI, AND NAKAMICHI

As p ! 1, a fully implicit second-order temporal accuracy
scheme for aeroelastic computation is formed by the coupling so-
lutions of Eqs. (7) and (8). For accurate multiblock grid aeroelas-
tic calculation, the subiteration method is very important not only
for eliminating the lagged � ow� eld induced by lagged multiblock
boundaryconditionbut also for removing the sequencingeffectsbe-
tween � uids and structures. However, in practical application,only
� nite subiterationscan be used. For example, an approximatelyfac-
tored implicit solver with three subiterations was used in Ref. 10.
Similarly, three subiterations are used for the present calculation.
Because the restricted number of iterations does not remove se-
quencing effects and factorization errors at every time step com-
pletely, a proper time-step size needs to be evaluated by numerical
tests.

IV. Multiblock Grid Generation and Deformation
Multiblock Grid Generation

For a complex aerodynamic con� guration, multiblock grid gen-
eration continuously challenges the computational � uid dynamics
community.Grid topologymay be furtherlimiteddue to theassump-
tionof the thin-layerapproximationand the useof turbulencemodel.
However, for the aeroelastic application of the SST wing/fuselage
model, an H-type multiblock grid with 30 blocks shown in Fig. 1
can be chosen to satisfy the requirements. The whole process to
generate the grid is composed of four steps.

1) The surface grid is � rst distributed as shown in Fig. 2, which
contains four zones, three zones for fuselage and one zone for the
wing.A totaleightzonesaredistributedon thewhole surfaceof SST.
Aileron surface is distributedat 12 £ 13 grid points in the span- and
chordwise directions, respectively.

2) The edge grids of each block are then generatedwith a polyno-
mial function,which is determined by the coordinatesand direction
derivatives of two endpoints of the edge grid line.

3) The surface and volume grids of each block are generated se-
quentially with the two- and three dimensional TFI methods. The

Fig. 1 Multiblock grid with 30 blocks for SST.

Fig. 2 Surface grid distribution on SST.

coef� cientsof interpolationare calculatedwith a robust set of blend-
ing functions proposed by Soni.21

4) Two- and three-dimensionalelliptic methods with the forcing
function control of Higenstock22 are applied to smooth surface and
volume grid distributions, to adjust the orthogonalityat boundaries
and to keep grid continuity between abutting blocks.

For the H-type multiblock grid, an acceptable grid can be gener-
ated only with the � rst three steps.

Multiblock Grid Deformation

For thedescribedH-typemultiblockgrid topologywith 30 blocks,
the blockscontainingthe fuselagesurface and the blocks away from
the � exible wing can be � xed. Grid deformationsonly need be per-
formed for the 12 blocks adjacent to the deforming wing. The com-
putational cost for the grid deformation can be decreased greatly.

The TFI method12 is applied to deform the grid blocks. Based
on the known deformations of the � exible body and the parame-
terized arc-length values of the original grid, one-, two-, and three-
dimensional TFI methods can be used to interpolate deformation
values in the inner grid points. Then the deformations are added to
the original grid to obtain the new multiblockgrid. For the small and
moderate aeroelastic deformations, the present method maintains
the grid quality of the original grid and maximizes the reusabilityof
the original grid. For the aileron de� ection, a simple sheared mesh
is used, and a gap is introducedbetween the ends of the aileron and
wing to allow suf� cient space for the moving sheared mesh. The
present solver assumes the aileron oscillation of small amplitude.
For aileron � utter analyses, the tendency of � ow stability can be
analyzed from the dynamic response of the aileron at a relatively
small magnitude.

V. 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 realgeometry is usedfor the � uid solution.
Then the problem of passing information between the � uid and
structural grids becomes very complicated. The � uid grid is � rst
projected to the surface of structural grid. The deformations on the
projected� uid grid pointsare interpolatedby the in� nite plate spline
(IPS).13 The new geometry can then be obtained by adding the
deformations in the normal direction to the old geometry.

IPS is used to obtain an analytic function w.x; y/, which passes
through the given structural de� ections of N points wi D w.xi ; yi /.
The static equilibrium equation of Dr4w D q should be satis� ed,
where D is the plate elastic coef� cient and q is the distributed load
on the plate.The solutionby superpositionof fundamentalfunctions
can be written as

w.x; y/ D a0 C a1x C a2 y C
NX

i D 1

Fi r
2
i r 2

i (9)

where r 2
i D .x ¡ xi /

2 C .y ¡ yi /
2 .

The N C 3 coef� cients of (a0 , a1, a3 , F1 , F2; : : : ; FN ) in Eqs. (9)
can be solved through the function passes, the given structural de-
� ections of N and three additional conditions of the conservation
of total force and moment:

NX

i D 1

Fi D 0;

NX

i D 1

xi Fi D 0;

NX

i D 1

yi Fi D 0 (10)

Then the deformationsof theaerodynamicgrid pointscan be eval-
uated with function (9). The preceding linear displacement trans-
formation can be written in the form ±Sa D [G]±Ss , where ±Sa and
±Ss are the displacement vectors de� ned on the aerodynamic grid
and the structural grid, respectively.

The force transformationfrom the � uid to the structuralgrids can
be calculated with the principle of virtual work of Fs D [G]T Fa ,
where Fs and Fa represent the forces on the structural and � uid
grids, respectively.The principle of virtual work can guarantee the
conservationof energy between the � uid and structural systems.
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In the practical application, the LU decompositionsof the coef� -
cients matrix and its transpose matrix of the groups of Eqs. (9) and
(10), with a0 , a1 , a3 , F1; : : : ; FN as unknown quantities, are precal-
culated and stored in the code. For the � utter simulation of aileron
oscillationon the SST, interpolationsare applied on the aileron and
wing separately because deformation is discontinuousbetween the
zones of the aileron and wing.

VI. Results and Discussions
AGRAD LANN Wing

First, the three-dimensional periodic � ows over the pitching
LANN wing23 are simulatedwith the deforminggrid and the rigidly
attached grid. The wing is de� ned by a linear interpolationbetween
a supercritical airfoil at the root and another at the tip section, the
airfoil thickness is about 12%, and the wing is twisted from 2.6 deg
at the root section to ¡2 deg at the tip section. The wing has an
aspect ratio of 7.92, a taper ratio of 0.4, and a quarter chord swept
angle of 25 deg. The LANN wing oscillatedaround an unswept axis

Fig. 3 Surface and H-type root sectional grids for LANN wing.

Fig. 4 Comparison of mean pressure coef� cients for pitching LANN wing.

Fig. 5 Comparison of unsteady pressure in real part for pitching LANN wing.

at 62.1% of the root chord in a pitch motion as

®.t/ D ®m C ®0 sin.2kt/ (11)

where ®m D 0:6 deg is the mean angle of attack, ®0 D 0:25 deg is
the amplitude of the oscillation, and k D c!=2V1 D 0:102 is the
reducedfrequency.The freestreamMach number is M1 D 0:82, and
the Reynolds number based on root chord length is Re D 7:3 £ 106.

Instead of a single-block grid, a multiblock grid is generated in
H-type topologyfor thewing shownin Fig. 3 to verifythe multiblock
grid-deformationmethod, which distributes61 £ 39 £ 43 grid lines
in the chordwise, spanwise, and normal directions in the blocks
containing the upper and lower surfaces of the wing, respectively.
The grid line off the surface is about 10¡5 root chord length. The
number of total grid cells is 420,000. In the present multiblock
Navier–Stokes solver, the block interface between abutting blocks
requires one-to-one grid correspondence,and no block surface can
contain wall surface and inner boundaries simultaneously. For the
H-type multiblock grid, at least 12 blocks are needed, in which 6
blocks are located in the chordwise direction over the wing surface
and another 6 are located beyond the wing tip.

For the attached grid method, the grid is only rotated with the
rigid motion of the wing at each time step. The volume of grid cells
are conservedunchangedand can be precalculatedand stored in the
code. The transformationderivativescan be calculatedbased on the
initial values of »0x , »0y , and »0z and the pitching motion rule of
Eq. (11) as

»x D »0x cos.1®/ C »0z sin.1®/; »y D »0y

»z D ¡»0x sin.1®/ C »0z cos.1®/ (12)

where 1® is the increment of the angle of attack.The grid speeds of
inner grid points can also be calculated as xt D ®0z and zt D ¡®0x .
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However, for the deforming grid method, the grid is obtained
by the grid of last time step added deformations interpolated with
the grid-deformation method. The volume of grid cells is change-
able in time, and the relations of Eq. 12 are not satis� ed again.
The transformed derivatives and the volume of grid cells need to
be recalculated at each time step. The source term SGCL must be
considered in the calculation.The grid speeds at the n C 1 time step
can only be calculated from

xt D 3xn C 1 ¡ 4xn C xn ¡ 1

21t
(13)

The grid data of n and n ¡ 1 time steps had to be stored at each time
step.

In the calculation, 2000 time steps are used to resolve the � ow
of one period, and three subiterations are added to eliminate var-
ious errors. Because solutions show periodicity after two periods,
the calculated results are taken from the results of the third period.
Figures 4–6 show the unsteady pressures obtained from the two
methods compared with experimental data. The inviscid results are
also shown in Figs. 4–6 to re� ect the effect of viscosity. The main
� ow feature is a double shock that appears on the upper surface.
When compared with experimental data, the Euler calculation pre-
dicts the shock20%downstreamand largerrearloading.Theviscous
results obtained from the deforming and rigid grids also agree with
each other as well as predicts the slightly rear shock position.

AGARD 445.6 Wing

An aeroelastic wind-tunnel experiment is intrinsically destruc-
tive and, hence, much more expensive than a similar rigid-body
experiment. Therefore, it is hard to � nd suitable experimental data
to validate the developed aeroelastic solver. The unique complete
aeroelastic experiment is available for the AGARD 445.6 standard

Fig. 6 Comparison of unsteady pressure in imaginary part for pitching LANN wing.

Fig. 7 Dynamic response of � rst four modes: M1 = 0.96 and q/qe = 1.0 and 1.2.

aeroelastic wing,24 which has been used to validate � utter simula-
tions in several publications. The disadvantage of the test is that
the nonlinear character is relatively weak due to a thin wing, and
thus, linear,Euler, and Navier–Stokes equationsall can predictgood
resultswhen comparingwith experimentaldata.However, in the ab-
sence of a better experiment, the experiment is still used to evaluate
the current method.

The AGARD 445.6 wing model24 was constructed of laminated
mahogany and was essentially homogeneous. The wing has an as-
pect ratio 1.6525, a taper ratio of 0.6576, a quarter-chord swept
angle of 45 deg, and a NACA 65A004 airfoil section. The number
of grid points of the baseline grid is the same as in the LANN wing.

Fig. 8 Effect of grid and time-step sizes on the response of the � rst
mode at M1 = 0.96 and q/qe = 1.0.
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Fig. 9 Flutter speed and frequency for the AGARD 445.6 wing.

Fig. 10 First six modes and natural frequencies for SST weakened structural model.

To study the grid resolution, a � ne grid is also generated, which
mainly re� nes the grid blocks containing the upper and lower sur-
faces, namely, 20 grid points are added both in the chord and normal
directions of the wing. The number of total grid cells of the re� ned
grid is 744,000.

The � rst four structuralmodesandnaturalfrequenciesprovidedin
Ref. 24 are used for the presentcomputations,and a nondimensional
time step is taken as 1t D 0:05 unless otherwise stated. All simu-

lations are started from its corresponding steady � ow. Each Mach
number is run for several dynamic pressures to determine the � utter
point. As the dynamic pressure is varied, the freestreamdensity and
Mach number are held � xed and Reynolds number is allowed to
vary. At t D 0, a small initial velocity pertubation of 0.0001 for the
� rst bending mode is applied to the wing.

The responses of the � rst four modes are shown in Fig. 7 for the
M1 D 0:96 case at dynamicpressuresq=qe D 1:0 and 1.2, where the
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Fig. 11 Dynamic responses of � rst six modes for SST weakened and rigid structural models.

experimental� utter dynamic pressure is qe D 61:3 lbf/ft2 . The dom-
inant mode appears to be the � rst bending mode, and only the
second mode has some effects on the � rst mode. The ampli� ca-
tion factor of the � rst bending mode is analyzed, which is de� ned
as the ratio of the magnitude of a peak to the magnitude of the
previous peak of the same sign. Its corresponding response fre-
quency is determined from the period between these two peaks.
For the two cases, the ampli� cations and response frequencies are
AF D 1:023 and ! D 84:135 rad/s for q=qe D 1:0 and AF D 1:093
and ! D 89:559 rad/s for q=qe D 1:2. Then the dynamic pressure
and frequency for � utter (AF D 1:0) can be interpolated linearly as
q=qe D 0:934 and ! D 82:353 rad/s.

The effect of the size of the time step and grid resolution on the
response of the � rst bending mode for q=qe D 1 is demonstrated in
Fig. 8. Although independence of the grid and time step has not
been achieved, only small differences exist by taking a half time

step or using the � ne grid. To compromise computationalef� ciency
and accuracy, the present choice of time-step size and grid is ap-
propriate.With the method, the � utter boundaryand frequencyover
the Mach number range of 0.338–1.141 are calculated and com-
pared with experimental data in Fig. 9. The typical transonic dip
phenomenon is well captured. In the subsonic and transonic range,
the calculated � utter speeds and frequencies agree well with exper-
imental data; however, in the supersonic range, the present calcu-
lation overpredicts the experimental � utter points similar to other
computations.To investigate the possible sources for the difference
between the experiment and computation, Gordiner and Melville10

examined the effects of various computationalparameters,using 14
modes in the structural model, using different numerical schemes,
and changing the location of the computational transition location
downstreamfrom the leading edge to the 30% chord location.How-
ever, only minimal effects of these changes were observed in the
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Fig. 12 Dynamic responses of aileron oscillation angle for SST weakened and rigid structural models.

� utter response, not signi� cant enough to explain the discrepancies
between the computations and experiment. Their conclusion was
that the actual physical conditions in the experiment may not be
properly re� ected in the computations. Signi� cant changes in � ut-
ter speedand frequencycouldoriginatein a small differencein Mach
numbers in the supersonic � ow region. Therefore, any small exper-
imental error in Mach number could lead to signi� cant differences
between computed and experimental � utter properties.

SST Wing/Fuselage Model

Finally, aileron � utter simulations are performed for two struc-
tural models of the supersonic fuselage/wing con� guration1 de-
signed by the NAL of Japan at three transonic Mach numbers of
0.95, 0.98, and 1.05 under the � xed total pressure of 85 kPa and
angle of attack of 0 deg. In the experimental model, the fuselage
and main wing are rigid; however, the aileron is attached to the

main wing by a spring with different strengths to simulate the hinge
stiffness. Figure 10 shows the � rst six structural modes and natural
frequencies of the weakened structural model. For the weakened
structural model, the oscillatingmode of aileron has the lowest nat-
ural frequencyof 30.5 Hz. For another rigid structural model, mode
shapes and frequenciesare the same as the weakened model except
that the oscillatingfrequencyof the aileron is increasedto 220.7 Hz.
The rigid structural model was tested in the aeroelasticwind tunnel
at NAL. Flows are foundstableat all Mach numbers.Experimentsin
the next step wish the nonlinear aeroelasticphenomenonof aileron
buzz can appear on the weakened structural model at some Mach
numbers.

The aeroelastic calculation starts from the steady � ow. The grid
resolution was only studied for the steady � ow computation (not
shownin here).The multiblockandsurfacegridsare shownin Figs. 1
and 2. The number of total grid points for the followingcalculations
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is 834,960.A small modal damping coef� cient ³i D 0:02 was added
in the structural equations of motion to damp the unphysical oscil-
lation of small amplitude. The time-step size is taken as 0.01.

Figure 11 shows the comparison of dynamic responses of � rst
sixth modes for the two structural models. For the weakened struc-
tural model, the dominant mode is the aileron oscillation mode,
which is stable at Mach number of 0.95, but diverges at Mach num-
bers of 0.98 and 1.05. For the rigid structural model, the dominant
mode is the bending mode of wing, which has the small amplitude
of oscillationand decays in time for all of the three Mach numbers.
The responseof the aileronoscillationmode correspondsto the third
mode, which does not produce any signi� cant effect on the domi-
nant mode. The responsesof aileronoscillationshown in Fig. 12 can

Fig. 13 Effects of structural damping on dynamic responses of modes and aileron oscillation.

Fig. 14 Pressure contours of aileron oscillation for the weakened structural model at M1 = 0.98 and ® = 0 deg.

further verify the explanation. For the weakened structural model,
the amplitude of the aileron oscillation becomes larger and larger
until the calculationbreaks down due to the use of a simple sheared
grid deformation for the aileron de� ection. However, for the rigid
structural model, the largest amplitude of oscillating angle is only
about 0.03 deg, and the responses tend to be stable.

The effects of structural damping have been investigated. Here,
only the dynamic responses at Mach number of 0.98 are shown
in Fig. 13. The coordinate scale of responses of the rigid model
has been ampli� ed. For the weakened structural model, although
the amplitude of responses becomes a little larger without struc-
tural damping, ³i D 0, the � ow stability is unchanged. For the rigid
structuralmodel, the structuraldamping has a relatively large effect
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on the dynamic responses. Even the largest amplitude of aileron
oscillation is smaller than 0.03 deg; the oscillation appears to
be nonlinear and tends to be neutral without structural damping.
Because structural damping always exists in the practical aeroelas-
tic phenomenon, for the dynamic response of small amplitude, a
small damping coef� cient may be added to damp the unphysical
oscillation.

The pressurecontours for the weakened structuralmodel at Mach
number of 0.98 are shown in Fig. 14, which correspondstwo typical
positionsof aileronoscillation.On the upper surfaceof the wing, the
shock wave becomes weaker as the aileron oscillates upward and
becomes stronger as the aileron de� ects downward, and the � ow
behaves just contrary on the lower surface of the wing. Correspond-
ing to general theoretical analysis, the � ow instability referred to as
aileron buzz is induced by a stronger shock alternately moving on
the upper and lower surfaces of wing.

VII. Conclusions
A fully implicit aeroelastic solver has been developed for � utter

simulationof complex con� guration through the tightly coupled so-
lution of the Navier–Stokes equations and the structural equations
of motion. Navier–Stokes equations are discretizedwith a LU-SGS
subiteration algorithm and the modi� ed HLLEW scheme. Struc-
tural equations of motion are discretized directly by a second order
scheme with subiteration in generalized coordinates. Multiblock
grid deformation is performed with the TFI method. IPS and the
principle of virtual work are used for data transformation of de-
formation and force between the � uids and the structures. Three
aerodynamic models, the rigid pitching LANN wing, the AGARD
445.6 standard aeroelastic wing, and the aileron � utter models of
SST, have been simulated with the present solver. Some useful con-
clusions are summarized here.

1) Rigid unsteady� ow can be solvedwith attachedand deforming
grids to validate the grid deformation method. However, for the
deforming grid, the transformed matrix had to be calculated at each
time step and the geometric conservation law should be considered
because the cell volume changes in time.

2) For the multiblock aeroelastic calculation, the tightly coupled
method is very important not only for eliminating the lagged � ow-
� eld induced by lagged multiblock boundary condition but also for
removing the sequencing effects between the � uid and structure.

3) The predictionsof � utter speed and frequencyfor the AGARD
445.6 wing agree well with experimental data in the subsonic and
transonic ranges. However, at the supersonic range, the present cal-
culations overpredict the experimental � utter speed and frequency,
similar to other computations.

4) For the SST weakened structural model, the phenomenon of
aileron buzz has been simulated at the Mach numbers of 0.98 and
1.05, which is induced by the movement of the shock wave alter-
nately on the upper and lower surfaces. For the SST rigid structural
model, the � ow is stableat all calculatedMach numbersas observed
in experiment.

5) Small structuraldampingmay be added to damp the unphysical
oscillation of small amplitude when dynamic response is nonlinear
or neutral.
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