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A fully implicit multiblock aeroelastic solver, which coupled thin-layer Navier-Stokes equations with structural
equations of motion, has been developed for the flutter simulation on complex aerodynamic configurations. Navier-
Stokes equations are solved with a lower-upper symmetric Gauss-Seidel subiteration algorithm and a modified
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 transfinite interpolationis used for the
grid deformation of the blocks neighboring the flexible surface. To evaluate the effectiveness of the grid deformation,
a comparison is first done for the oscillating LANN wing with a rigidly attached grid and a deforming grid. Then
the method is applied to predict the flutter 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

HE National Aerospace Laboratory (NAL) of Japan has estab-

lished a research program for scaled experimental supersonic
airplanes for five years. A nonpowered experimental airplane will
be launched in 2002 by a solid rocket booster.! Because thin wing
sections and control surfaces are necessarilyused for high-speedair-
craft for aerodynamic performance, it is important to predict accu-
rately the transonic nonlinearaeroelastic phenomenasuch 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.2~> However, in
these methods, the flow governing equations are only loosely cou-
pled with the structural equations of motion, namely, after the aero-
dynamic loads are determined by solving the flow governing equa-
tions, the structural model is used to update the position of the body.
The couplingcontains an error of one time step; thus, these methods
are always only first-order accurate in time regardless of the tem-
poral accuracy of the individual solvers of the flow and structural
equations.

The tightly coupled aeroelastic approach was first put forward
by Alonso and Jameson® 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-marchingmethod for a steady problem, so thatall
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
explicititerations to ensure adequate convergence;thus, the method
is still very time consuming. In sofar as the authorsknow, only three-
dimensional Euler results have been reportedrecently.” Gouraetal.®
constructed a first-order implicit time-marching scheme, as well as
an only first-order implicit spatial discretization for the solution of
a pseudosteady flow. Second-order temporal and spatial accuracy
can be maintained as pseudosteady flow convergence. Euler equa-
tions were chosen as the aerodynamic governing equations due to
the limitation of computational time.

Melville et al.’” proposed a fully implicit aeroelastic solver be-
tween the fluids and structures, in which a second-order approxi-
mate factorizationscheme with subiterationswas performed for the
flow governing equations, and the structural equations were cast in
an iterative form. Because the restricted number of iterations can-
notremove sequencingeffects and factorizationerrorscompletelyat
every time step, a relatively small time step was used in their calcula-
tion. Nevertheless, a fully implicit aeroelastic Navier—Stokes solver
with three subiterations has succeeded in the flutter simulation for
an aeroelastic wing.!

In the flutter calculation, due to the deformation of the aeroelas-
tic configuration, an 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 sim-
ple flexible geometry, the grid can be completely regenerated with
an algebraic method’ or a simple grid-deformationapproach.!® For
complicated aerodynamic configurations, multiblock grids are usu-
ally generated for steady flow simulation. However, for an aeroelas-
tic application, it is impossibleto regeneratemultiblock gridsateach
time step due to the limitation of computational cost. Multiblock
grid-deformation approachs need to be used. Recently, Potsdam
and Guruswamy'! put forward a multiblock moving grid approach,
whichuses a blendingmethod of a surface spline approximationand
the nearest surface point movement for block boundaries,and trans-
finite interpolation (TFI) for the volume grid deformation. Wong
et al.'? also established a multiblock moving mesh algorithm. The
spring network approachis 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 the plate model,
but the flow calculations are carried out for the full geometry. In-
terpolation between fluid and structure grids is required. Infinite
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and finite surface splines,'*!* developedfor plate acrodynamicsand
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.'* recently sug-
gested an interpolation method of constant volume transformation
for the data exchange between fluids 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.!® The purpose of the present
work is to simulate the aeroelastic phenomenon of aileron buzz on
the supersonictransport (SST) designed by the NAL of Japan. First,
the multiblock grid-deformationtechnique was assessed for a pitch-
ing oscillating wing with a rigidly attached grid and a deforming
grid. Then, the flutter boundaries and frequencies for the AGARD
445.6 standard aeroelastic wing were predicted and compared with
experimentaldatato validatethe developedaeroelasticcode. Finally,
the aileron buzz cases were computed.

II. Governing Equations

Aerodynamic Governing Equations

In the paper, freestream density, freestream velocity, 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
&, n, ¢, and 7 in nondimensional form as

9.0+ 0:F +3,G+ 0, H = Re™ '3, H, + SgcL (1

In the formulation, the viscosity coefficient u in H,, is computed
as the sum of laminar and turbulent viscosity coefficients, which are
evaluated by Sutherland’s law and the Baldwin—Lomax model with
the Degani—Schiff modification. For multiblock grid calculation,
the turbulence model is difficult to apply to the blocks with no solid
surface because the model needs not only the local flowfield but also
its correspondinggradientvalues on the wall 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
conservationlaw!’? for a moving mesh, which is defined as

Secr = Q™ + &/ D + /Dy + @/ D] (@)

Structural Dynamic Governing Equations

Second-orderlinear structuraldynamic governingequations after
normalization similar to the flow governing equation can be written
as

(M1{d} + [K){d} = {F} 3)

where [M] and [K ] are the nondimensional mass and stiffness ma-
trices, respectively,and {F} and {d} are the aerodynamic load and
displacement vectors, respectively. To solve Eq. (3), the Rayleigh—
Ritz method is used. For a specific aerodynamic configuration, the
natural mode shapes and frequencies can be calculated by finite el-
ement analysis or obtained from experimental influence coefficient
measurements. In this study, the data of natural mode shapes and
frequencies are calculated by finite element analysis. In general,
only the first N modes, are considered. With these first Nmodes, we
have an approximate decription of the displacement vector of the
system given by

{d} = [®l{g} “

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

Gi + 260G + wlq; = (@] F [ M, (5)

where

w; = [®I/{K}[®], M; = [@] {M}[®]

The modal damping is readily added on the left-hand side of
Eq. (5), where ¢; is the damping ratio in the ith mode. The equation
can be written as a first-order system by defining S = [q, ¢]:

s+l Tl s= 0 6
+ w?! 2wg] LI®IF/M, ©)

III. Numerical Method

The lower—upper symmetric Gauss—Seidel (LU-SGS) method of
Yoon and Jameson,'3 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

LDT'UAQ = —¢'{(1 +¢)0" — (1+26)Q" + Q"'
—JAT QP& /s + e/ D)y + G/ T)c 1P

+JAT[8,FP +5,G7 + 5, (H" — H?)]} @)
where

L=pl +¢[JAT(A[+—1.,'.J< + B;j—l.k + er.k—l)’ D =pl

U='51_¢[JAT(A +B[Tj+l.k+ci.7j.k+l)

;+1.j.k
p=1+¢'JAT(p(A) + p(B) + p(C))

¢ =1/1+¢), AQ=0Q"' -0

Here, » =0.5, and p is the subiterationnumber. The deduced subit-
eration scheme reverts to the standard LU-SGS scheme for ¢ =0
and p = 1. In fact, regardless of the temporal accuracy of the left-
hand side of Eq. (7), second-ordertime accuracyis maintained when
the subiteration number tends to infinity.

The inviscid terms in Eq. (7) are approximated by the mod-
ified third-order upwind Harten-Lax—van Leer-Einfeldt-Wada
(HLLEW) scheme of Obayashi and Guruswamy.!® For the isen-
tropic flow, the scheme results in the standard upwind-biased flux-
difference splitting scheme of Roe, and as the jump in entropy be-
comes large in the flow, 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 calculations of convective and
viscous fluxes at block boundaries need flowfield values of two grid
points in abutting blocks, and so the lagged flowfield 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 AQ in the first-level halo cell is usually neglected. In
the backward sweep, the correction of temporary variables A Q’
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 Visbal®*® consider that the
subiteration can eliminate errors from linearization, factorization,
lagged boundary conditions, and lagged turbulence models.

The structural equations of motion in generalized coordinates of
Eq. (7) is discretized by a second-order scheme with subiterations
of Ref. 10 as

1 —¢' AT
[q&fmwf 1+ 2¢fw[;[m} A%y

= —¢' { (1+¢)S” = (1+2¢)S" + §5""!

+ac® THlsroa 0 8
“lo? 2w | 1orrFr/m ®

where AS=S§P+!1 — SP,
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As p— 00, a fully implicit second-order temporal accuracy
scheme for aeroelastic computation is formed by the coupling so-
lutions of Eqgs. (7) and (8). For accurate multiblock grid aeroelas-
tic calculation, the subiteration method is very important not only
for eliminating the lagged flowfield induced by lagged multiblock
boundary conditionbut also for removing the sequencingeffects be-
tween fluids and structures. However, in practical application, only
finite subiterationscan be used. For example, an approximately fac-
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 configuration, multiblock grid gen-
eration continuously challenges the computational fluid dynamics
community. Grid topologymay be furtherlimited due to the assump-
tion of the thin-layerapproximationand the use of 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 first distributed as shown in Fig. 2, which
contains four zones, three zones for fuselage and one zone for the
wing. A total eightzones are distributedon the whole surface of SST.
Aileron surfaceis distributedat 12 x 13 grid points in the span- and
chordwise directions, respectively.

2) The edge grids of each block are then generated with 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
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Fig. 2 Surface grid distribution on SST.

coefficients of interpolationare calculated with a robust set of blend-
ing functions proposed by Soni.?!

4) Two- and three-dimensional elliptic methods with the forcing
function control of Higenstock®* are applied to smooth surface and
volume grid distributions, to adjust the orthogonality at 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 first three steps.

Multiblock Grid Deformation

For the describedH-type multiblock grid topology with 30 blocks,
the blocks containing the fuselage surface and the blocks away from
the flexible wing can be fixed. Grid deformations only 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 method'? is applied to deform the grid blocks. Based
on the known deformations of the flexible 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 multiblock grid. For the small and
moderate aeroelastic deformations, the present method maintains
the grid quality of the original grid and maximizes the reusability 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 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, thereal geometry is used for the fluid solution.
Then the problem of passing information between the fluid and
structural grids becomes very complicated. The fluid grid is first
projected to the surface of structural grid. The deformations on the
projectedfluid grid points are interpolatedby the infinite plate spline
(IPS).!* 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 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 and ¢ is the distributed load
on the plate. The solutionby superpositionof fundamentalfunctions
can be written as

N
w(x,y) =ay+ax +ay+ Y Fr?lar? ©)

i=1

where r? = (x —x;)*+ (y — y;)*.

The N + 3 coefficients of (ay, a,, a3, Fi, F5, ..., Fy)in Egs. (9)
can be solved through the function passes, the given structural de-
flections of N and three additional conditions of the conservation
of total force and moment:

N

ZN:E:o, Y xF =0, ZN:y[E:o (10)

i=1 i=1 i=1

Then the deformationsof the aerodynamic grid points can be eval-
uated with function (9). The preceding linear displacement trans-
formation can be written in the form 6 S, =[G]dS,, where §S, and
4 S, are the displacement vectors defined on the aerodynamic grid
and the structural grid, respectively.

The force transformationfrom the fluid to the structural grids can
be calculated with the principle of virtual work of F, =[G]TF,,
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.
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In the practical application, the LU decompositions of the coeffi-
cients matrix and its transpose matrix of the groups of Egs. (9) and
(10), with ag, ay, as, Fi, ..., Fy as unknown quantities, are precal-
culated and stored in the code. For the flutter simulation of aileron
oscillation on the SST, interpolationsare applied on the aileron and
wing separately because deformation is discontinuous between the
zones of the aileron and wing.

VI. Results and Discussions

AGRAD LANN Wing

First, the three-dimensional periodic flows over the pitching
LANN wing?® are simulated with the deforming grid and the rigidly
attached grid. The wing is defined by a linear interpolationbetween
a supercritical airfoil at the root and another at the tip section, the
airfoil thicknessis 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 oscillated around an unsweptaxis

L \‘HWl

i ww

‘\um m
[

R H‘H dL |
| \u‘w\w wH\w M“ I H _L

Deforming grid (NS)
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at 62.1% of the root chord in a pitch motion as

a(t) = o, + o sin(2kt) (11)
where «,, =0.6 deg is the mean angle of attack, oy =0.25 deg is
the amplitude of the oscillation, and k =cw/2V,, =0.102 is the
reduced frequency. The freestream Mach numberis M., = 0.82,and
the Reynolds number based on root chord lengthis Re = 7.3 x 10,

Instead of a single-block grid, a multiblock grid is generated in
H-typetopologyfor the wing shownin Fig. 3 to verify the multiblock
grid-deformationmethod, which distributes61 x 39 x 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 107> 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 conservedunchanged and can be precalculatedand stored in the
code. The transformationderivatives can be calculated based on the
initial values of &, &y, and &. and the pitching motion rule of
Eq. (11) as

£x = ox cos(Aa) + &: sin(Aa), &y = &oy

£. = —&ox sin(Aa) + &y. cos(Aa) (12)

where A« is the increment of the angle of attack. The grid speeds of
inner grid points can also be calculatedas x, = ¢’z and z, = —a/x.
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Fig. 4 Comparison of mean pressure coefficients for pitching LANN wing.
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Fig. 5 Comparison of unsteady pressure in real part for pitching LANN wing.
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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 satisfied again.
The transformed derivatives and the volume of grid cells need to
be recalculated at each time step. The source term Sgc. must be
consideredin the calculation. The grid speeds at the n + 1 time step
can only be calculated from

3xn+l — 4x" +xnfl

= 13
i 2At (13)

The grid dataof 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 flow
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 reflect the effect of viscosity. The main
flow 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. The viscous
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 find suitable experimental data
to validate the developed aeroelastic solver. The unique complete
aeroelastic experiment is available for the AGARD 445.6 standard
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aeroelastic wing,”* which has been used to validate flutter 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 predict good
results when comparing with experimentaldata. However, in the ab-
sence of a better experiment, the experimentis still used to evaluate
the current method.

The AGARD 445.6 wing model** 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.

At=0.05 (Baseline)
—~ At=0.025 (Baseline)

015~

M_=0.96 _ """ 005 (Fine)
q/q,=1.0

Gene‘ralized Displacement

1 1 1 1 1 1
0 20 40 60 80 100 120
Nondimensional Time

Fig. 8 Effect of grid and time-step sizes on the response of the first
mode at M, =0.96 and g/g. =1.0.
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Fig. 6 Comparison of unsteady pressure in imaginary part for pitching LANN wing.
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Fig. 7 Dynamic response of first four modes: M, =0.96 and g/q, =1.0 and 1.2.
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Fig. 10 First six modes and natural frequencies for SST weakened structural model.

To study the grid resolution, a fine grid is also generated, which
mainly refines 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 refined
grid is 744,000.

The first four structuralmodes and natural frequencies providedin
Ref. 24 are used for the presentcomputations,and a nondimensional
time step is taken as Ar =0.05 unless otherwise stated. All simu-

lations are started from its corresponding steady flow. Each Mach
number is run for several dynamic pressures to determine the flutter
point. As the dynamic pressure is varied, the freestream density and
Mach number are held fixed and Reynolds number is allowed to
vary. At t =0, a small initial velocity pertubation of 0.0001 for the
first bending mode is applied to the wing.

The responses of the first four modes are shown in Fig. 7 for the
M, =0.96 case at dynamic pressuresq /g, = 1.0 and 1.2, where the
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Fig. 11 Dynamic responses of first six modes for SST weakened and rigid structural models.

experimental flutter dynamic pressure s ¢, = 61.3 1bf/f*. The dom-
inant mode appears to be the first bending mode, and only the
second mode has some effects on the first mode. The amplifica-
tion factor of the first bending mode is analyzed, which is defined
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 amplifications and response frequencies are
AF =1.023 and w =84.135 rad/s for ¢/q. = 1.0 and AF =1.093
and w=89.559 rad/s for ¢/q, =1.2. Then the dynamic pressure
and frequency for flutter (A F' = 1.0) can be interpolatedlinearly as
q/q.=0.934 and v =82.353 rad/s.

The effect of the size of the time step and grid resolution on the
response of the first bending mode for g /g, =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 fine grid. To compromise computational efficiency
and accuracy, the present choice of time-step size and grid is ap-
propriate. With the method, the flutter boundary and frequency over
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 flutter speeds and frequencies agree well with exper-
imental data; however, in the supersonic range, the present calcu-
lation overpredicts the experimental flutter points similar to other
computations. To investigate the possible sources for the difference
between the experiment and computation, Gordiner and Melville!”
examined the effects of various computational parameters, using 14
modes in the structural model, using different numerical schemes,
and changing the location of the computational transition location
downstream from 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.

flutter response, not significant 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 reflected in the computations. Significant changes in flut-
ter speed and frequencycould originatein a small differencein Mach
numbers in the supersonic flow region. Therefore, any small exper-
imental error in Mach number could lead to significant differences
between computed and experimental flutter properties.

SST Wing/Fuselage Model

Finally, aileron flutter simulations are performed for two struc-
tural models of the supersonic fuselage/wing configuration' de-
signed by the NAL of Japan 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 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 first six structural modes and natural
frequencies of the weakened structural model. For the weakened
structural model, the oscillating mode of aileron has the lowest nat-
ural frequency of 30.5 Hz. For anotherrigid structural model, mode
shapes and frequencies are the same as the weakened model except
that the oscillating frequency of the aileronis increasedto 220.7 Hz.
The rigid structural model was tested in the aeroelastic wind tunnel
atNAL. Flows are found stable at all Mach numbers. Experimentsin
the next step wish the nonlinear aeroelastic phenomenon of aileron
buzz can appear on the weakened structural model at some Mach
numbers.

The aeroelastic calculation starts from the steady flow. The grid
resolution was only studied for the steady flow computation (not
showninhere). The multiblockand surface grids are shownin Figs. 1
and 2. The number of total grid points for the following calculations
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15 834,960. A small modal damping coefficient ¢; = 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 first
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 oscillation and decays in time for all of the three Mach numbers.
The response of the aileron oscillationmode correspondsto the third
mode, which does not produce any significant effect on the domi-
nant mode. The responsesof aileron oscillationshown in Fig. 12 can

Weakened model

002 Mode1 (t-0.02) M_.=0.98
——— Mode 2 (5=0.02) o.=0
—— Mode 3 ({=0.02) - \
0.018 [~ — — - Made 1 %:o.m) P,=85 Kpal’ \
e — — — — Mode 2 (5,=0.00)
2 — — — — Mode 3 (5=0.00)
@ 001
o
K
o
2
Q 0.005
°
0
N
s
5 o
<
@
[
-0.005
0 10 20 30
Nondimensional Time
————— Mode 1 ({=0.02) iai
0003~ Mode2 %=o.02) anlg_I(d) 318°de|
———— Mode 3 (£=0.02) wsg
— — — - Mode 1 {t=0.00) a=0
— — — - Mode 2 (;=0.00) =
= ~ — — - Mode 3 (C=0.00) P,=85 Kpa
£0.002
£
Q
Q
i
2.
i
00.001
-
Q
N
[
@
5
g o

-0.001 0 : 2
Nondimensional Time

further verify the explanation. For the weakened structural model,
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. 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 amplified. For the weakened structural model, although
the amplitude of responses becomes a little larger without struc-
tural damping, ¢; = 0, the flow stability is unchanged. For the rigid
structural model, the structural damping has a relatively large effect
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Fig. 13 Effects of structural damping on dynamic responses of modes and aileron oscillation.

Aileron Upward

Pressure Contour (-Cp) at M_=0.98, o:=0°
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Fig. 14 Pressure contours of aileron oscillation for the weakened structural model at M, =0.98 and o =0 deg.
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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 coefficient may be added to damp the unphysical
oscillation.

The pressure contours for the weakened structuralmodel at Mach
number of 0.98 are shown in Fig. 14, which correspondstwo typical
positionsof aileron oscillation. 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. Correspond-
ing 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.

VII. Conclusions

A fully implicit aeroelastic solver has been developed for flutter
simulation of complex configuration through the tightly coupled so-
lution of the Navier-Stokes equations and the structural equations
of motion. Navier—Stokes equations are discretized with a LU-SGS
subiteration algorithm and the modified 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 fluids and the structures. Three
aerodynamic models, the rigid pitching LANN wing, the AGARD
445.6 standard aeroelastic wing, and the aileron flutter models of
SST, have been simulated with the present solver. Some useful con-
clusions are summarized here.

1) Rigid unsteady flow can be solved with attached and 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 changesin time.

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

3) The predictionsof flutter speed and frequency for the AGARD
445.6 wing agree well with experimental data in the subsonic and
transonic ranges. However, at the supersonicrange, the present cal-
culations overpredict the experimental flutter 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 flow is stable at all calculated Mach numbers as observed
in experiment.

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