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Navier-Stokes Analysis of Wind-Tunnel Interference
on Transonic Airfoil Flutter
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A time-domain numerical method is used for the simulation and investigation of the transonic two-degree-of-
freedom bending/torsion flutter characteristics of the National Aerospace Laboratory 7301 section measured in a
wind-tunnel experiment. An implicit, time-accurate, two-dimensional,compressible, thin-layer Navier-Stokes flow
solver is coupled with a two-degree-of-freedom structural model. The wind-tunnel walls are included to model the
experimental flow conditions more closely and to obtain accurate aerodynamic predictions in the computations. A
three-block grid is used for the discretization of the domain, including the airfoil and wind-tunnel walls. Solid and
porous wall boundary conditions are implemented and tested for the domain boundaries representing the tunnel
walls. Computations of the steady transonic aerodynamic characteristics show good agreement with the experi-
mental results when a 50 % porosity wall boundary condition is assumed for the wind-tunnel walls. Including the
wall effects improved the agreement of the aeroelastic computations, which predicted limit-cycle flutter amplitudes
in closer agreement with the experiment compared to the unbounded flow calculations.

Nomenclature

freestream speed of sound

lift coefficient per unit span

' pitching moment coefficient per unit span
pressure coefficient

chord length

plunge-damping coefficient
pitch-damping coefficient

frequency, Hz

plunge displacement (positive downward)
maximum half amplitude of plunge
moment of inertia about x,, per unit span
spring constant for plunging

spring constant for pitching

reduced frequency, wc/ U,

reduced natural plunging frequency, w,c/Ux
reduced natural pitching frequency, w,c/ U
lift per unit span

pitching moment per unit span
freestream Mach number

mass of the wing per unit span

Prandtl number

Reynolds number

static moment, X, m

freestream speed

Cartesian velocity components

leading edge to elastic axis distance
elastic axis to center of mass distance

ann
D ~ =
Il I

5&[\4&»5»55@353-\@@!\
L e VI A B TR TR 1

serys
[ | {1

S

= R =

3

Received 2 December 2000; revision received 5 October 2001; accepted
for publication 8 January 2002. This material is declared a work of the U.S.
Government and is not subject to copyright protection in the United States.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0001-145202 $10.00 in correspondence with the CCC.

*Graduate Student, Department of Aeronautics and Astronautics. Student
Member AIAA.

TResearch Director, Institute of Applied and Computational Mathematics,
P.O. Box 1527. Associate Fellow AIAA.

#Professor, Department of Aeronautics and Astronautics. Fellow AIAA.

1269

X|war = velocity component of airfoil surface
Ylwar = velocity component of airfoil surface
o = angle of attack
o = spring-neutral angle of attack
o = average angle of incidence
a = maximum half amplitude of «
On = nondimensional plunge-damping coefficient,
Dy, [124/(mKy)]
O = nondimensional pitch-damping coefficient,
Dy /1241, K,)]
P = phase angle between pitch and plunge
w = circular frequency, w =2x f
wp = undamped natural bending frequency, /(K /m)
= undamped natural torsional frequency, /(K. /1)

differentiation with respect to ¢
differentiation with respect to ©
corrected value

~
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I. Introduction

HE understandingand prediction of transonic flutter is impor-

tantforboth aircraft wing and turbomachineryflows. The aero-
dynamic equations for transonic flow are nonlinear, and the devel-
opment of aeroelastic solvers that can handle nonlinearitiesand take
into account viscous flow effects is of great interest. Recently, nu-
merical investigationsof transonic flutter were performed by Weber
et al.! The thin-layer Navier-Stokes equations were used for flow-
field simulations of the experiment of Schewe and Deyhle? for a
National Aerospace Laboratory (NLR) 7301 airfoil at M, =0.768.
In these simulations, the effects of the wind-tunnel walls were ac-
counted for by modifying the freestream speed and angle of inci-
dence. It was found thatit is necessary to model viscous effects and
laminar-turbulenttransition. A parametric study of turbulencemod-
eling was performed using Baldwin-Lomax,* Baldwin-Barth,* and
Spalart- Allmaras® models. The Spalart- Allmaras model yielded the
best prediction for shock-induced separation and flutter character-
istics. A very recent transition length model based on the work of
Gostelow et al.® was also implemented, together with Michel’s’
transition onset criterion. It was found that the use of a transition
model can improve numerical solutions for problems where the
presence of separation bubbles, shock/boundary-layerinteractions,
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and/or the state of the boundary layer play an important role in the
flow characteristics. Some improvement was obtained for steady-
state solutions'; however, transition modeling did not affect flutter
characteristics.

In the experiments?® a relatively large-size airfoil, compared
with the test section dimensions, was used. In Ref. 1, the tunnel
walls were not included. As a result, it was required to make correc-
tions of the freestream speed, Mach number, and angle of attack in
the simulations to obtain the experimentally measured pressure dis-
tributions. The best agreement with the experiment occurred when
the angle of attack and the freestream Mach number were set to
oo =—0.08 deg and M, =0.753, respectively. The flutter calcula-
tions presented in Ref. 1 predicted the limit-cycle oscillations mea-
sured at DLR-Gottingen.>® The frequency of oscillation and phase
angle between the pitch and plunge motions were calculated quite
accurately. However, the predicted flutter amplitude was found to
be one order of magnitude larger than in the experiment.

In the experiments 2% no attempt was made to correct the results
for wind-tunnel interference effects. Therefore, a possible reason
for the discrepancy between the computed' and measured*® ampli-
tudes of oscillation could be attributed to tunnel interference, even
though steady-state corrections were applied for the computation.
The importance of tunnel interference is well recognized, but re-
liable quantitative estimates are still lacking. Recently, Khalid and
Mokry!® have presented Euler calculations for tunnel-wall inter-
ference effects in steady flow over a NACA 0012 airfoil in two-
dimensional transonic flow. However, no Navier-Stokes studies
seem to have been performed to analyze unsteady transonic inter-
ference effects. Therefore, the objective of the present work is to
investigate numerically the influence of the wind-tunnel walls for
both the steady and unsteady flow around the NLR 7301 airfoil.

The flow solver and the aeroelastic models used in the present
investigationhave been tested and validated extensively in previous
studies for a variety of flow conditions. For example, the flow solver
and the turbulence models have been tested for subsonic flow!!~13
and for transonic flow.!* The aeroelastic model has been imple-
mented and tested in Ref. 15 for inviscid flow calculations and in
Refs. 1 and 16 for viscous transonic flow.

First, the ability of the multiblock version of the flow solver to
predict accurately the flow over a stationary airfoil in a wind tun-
nel by including porous wall effects is demonstrated. Although the
solver is capable of modeling transitional flow over the airfoil sur-
face, this feature was not used because previous results of Ref. 1
have demonstrated only slight improvement. The effect of the as-
signed porosity for the wind-tunnelwall on the numerical solutionis
investigated. Numerical experiments for 25 and 50% porosity and
varying porosity arrangements are carried out. The wall porosity
that yields the best agreement with the experimental pressure dis-
tributionis identified. Next, numerical solutions are obtained for an
airfoil free to oscillate in two degrees of freedom in transonic flow,
and the results are compared with the measurements of Ref. 2.

II. Aerodynamics

The aeroelasticbehavior of an airfoil can be predicted by solving
the aerodynamic flow in combination with the structural dynamic
response. The aerodynamic equations are presented first, and the
method used to compute the structural response is presented in the
next section.

A. Governing Equations

The time-dependent, compressible, two-dimensional, thin-layer
Navier-Stokes equations in the strong conservation law form and
curvilinear coordinate system (&, ¢) are used. These equations are

3,0 + 0.F +0,G = Re™'9,S (1)

where Q is the vector of conservative variables, Q =(1/Dlp,
ou, pw, e]"; F and G are the inviscid flux vectors, for example,
F=(1/DpU, puU +&p, pwU +&.p, (e+p)U —&p)"; and S
is the thin-layer approximation of the viscous fluxes in the ¢ direc-
tion (normal to the airfoil surface). The terms U and W are the con-
travariant velocity components. The governing equations are nondi-
mensionalized using ¢ as the reference length, a, as the reference

speed, ¢ /a as the reference time, p., as the reference density, and
P, as the reference energy.

B. Numerical Method

The algorithm for numerical solution of these equations was de-
veloped and tested in Ref. 12. Oscillatory motion of the airfoil in
the wind tunnel requires use of deforming grids. Therefore, modifi-
cations of the numerical algorithm according to the suggestions of
Ref. 17 were incorporated to solve accurately the governing equa-
tions for flow problems that require temporal grid deformation. This
algorithm is as follows:
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InEq.(2), he = At /A&, etc.,and A* = aﬁ/a Q, etc., are the flux
Jacobian matrices, and V, A, and § are the forward, backward, and
central difference operators, respectively. The quantities F; i/,
Gik+1/2, and S; i 41,2 are numerical fluxes. The superscriptn de-
notes the physical time step, and the superscript p refers to Newton
subiterations within each physical time step. J"*! is the Jacobian
of the transformation of the deformed grid at the n + 1 time step,
and AJ~ = —AT[E)L + @1

The inviscid fluxes, F and G, are evaluated by means of Osher’s
third-order accurate, upwind-biased scheme.!®!® Linearization of
the left-hand side of Eq. (2) is performed by evaluating the flux
Jacobian matrices, A and B, with the Steger-Warming flux-vector
splitting 2 The viscous fluxes are computed with second-ordercen-
tral differences. Furthermore, a standard minmod total variation di-
minishing flux limiter'® is used to eliminate numerical oscillations
at shocks developed at transonic Mach numbers.

Time accuracy is improved by performing Newton subiterations
to convergence within each physical step. These subiterations min-
imize the linearization and factorization errors and help drive the
left-hand side of Eq. (2) to zero. Numerical experimentshave shown
that larger Courant-Friedrichs-Lewy numbers, that is, a larger time
step,couldbe usedif the numberof Newton iterations was increased.
The optimal efficiency depends on the grid density and flow condi-
tions, but the best computational performance appears to occur by
using four to five subiterations on coarse grids (inviscid flow simu-
lations) and two to three subiterations on fine grids (Navier-Stokes
simulations).

The turbulencemodelingis based either on the standard algebraic
model of Baldwin and Lomax® or one-equationmodels of Baldwin
and Barth* or Spalart and Allmaras® (SA). The eddy viscosity ob-
tained from the models is used for the computation of the fully
turbulent region. The present simulations were performed with the
SA model.

C. Three-Block Grid

The geometry of a wind-tunnel test section involves a mesh that
is very long in the streamwise directioncompared to its height. Con-
struction of a single-block grid implies a very skewed grid and use
of an excessive amount of grid points in regions far from the airfoil.
Furthermore, it would not be possible to maintain grid orthogonality
close to the walls using a single-block grid. These problems can be
minimized by using a three-block grid (Fig. 1), where the governing
equations are solved in each block separately.

The first block 1 is a C-type grid and contains the airfoil and the
wind-tunnelwalls above and below it. The grid spacing in the normal
direction close to the grid boundaries representing the tunnel walls
inblock 1 is appropriateonly for inviscid computations. The second
and third grid blocks are Cartesian-typeinviscid grids and model the
upstream and downstream portions of the wind tunnel, respectively.



CASTRO, EKATERINARIS, AND PLATZER 1271

Block 1

Block 2 Block 3

e

Fig.1 Schematic of the three-block grid, inviscid tunnel walls.

These blocks have a narrow but finite region of overlapping with the
first grid block. Data transfer between the inflow block 2, outflow
block 3, and main block 1 is obtained by trilinear interpolation of
the conservativevariables (o, pu, pw, e). Figure 1 shows the three-
block grid concept adopted in this work. One can see the regions of
overlapping between blocks 1 and 2 as well as blocks 1 and 3.

D. Boundary Conditions

For inviscid flow solutions, the viscous terms on the right-hand
sideof Eq. (1) are set to zero, and flow-tangencyboundary conditions
are used at the surface. For Navier-Stokes solutions, the no-slip
condition is applied. Density and pressure are extrapolated to the
wall for both Euler and Navier-Stokes solutions.

For unsteady airfoil motions, the flow-tangency and no-slip con-
ditions are modified to include the local motion of the surface, which
also contributes to the pressure on the surface. Therefore, the fol-
lowing momentum equation normal to the surface (¢ direction) is
solved to compute the pressure more accurately:

X |Wall

1
9 Plwan = _V_2§|:'0 31{ ot } V¢ + 0, plwar VE - V§i| 3)

where x|y, and Y|y, are the components of the airfoil velocity.
Furthermore,ifitis assumedthatthe gridis orthogonalat the surface,
V& - V¢ =0. If the airfoil is stationary, the normal pressure gradient
vanishes in agreement with boundary-layertheory.

The flow through wind-tunnel section blocks 2 and 3 is assumed
inviscid, and the Euler equations are solved in these domains. The
upper and lower boundaries in sections 2 and 3, which represent
tunnel walls, are assumed solid, and the usual flow-tangency condi-
tion is applied. Two types of inviscid flow boundary conditions are
implemented for the wind-tunnel walls, above and below the airfoil,
inblock 1. For solid tunnel walls, the flow-tangency conditionis im-
posed. The second boundary condition considers the tunnel wall as
porous. This is implemented by treating certain parts of the domain
boundary by inviscid wall boundary conditions and the remaining
portion as outflow through holes. The values of the flow variablesin
a hole region are extrapolated from their values at the interior cells.
The grid is constructed with an approximatelyconstantgrid spacing
in the streamwise direction for the boundary, which represents the
wall so that a rate of porosity of 25%, for instance, can be modeled
by considering three grid cells as a solid wall and one grid cell as a
hole.

Inflow and outflow boundary conditions are imposed on the up-
streamboundaryofblock 2 andthedownstreamboundaryofblock 3,
respectively. For the inflow boundary, flow properties such as pres-
sure, temperature, and velocity are specified whereas the density
is extrapolated from the neighbor interior points. Static pressure is
specified for the outflow boundary condition and all other proper-
ties are extrapolated from the interior. The other boundaries on the
right and on the left of domains 2 and 3, respectively, are updated
by trilinear interpolation from domain 1.

E. Grid Motion

The objective of this investigation is the simulation of an oscil-
latory airfoil motion inside a wind tunnel. An additional problem
arises for the adjustment of the grid due to the motion of the air-
foil. The wind-tunnel walls are fixed at all times while the airfoil
is moving; therefore, the grid must deform in time to accommodate
the relative motion between the airfoil and the walls.

Region C

[T T T I I
I I
} Region B Region A, :
| |
|  — - |
| / TN T
o '
i \ \

I N I R 4
| ~—— e |
t %
: Region Ay Cut :
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Fig.2 Schematic of the regions for grid motion.

Fig. 3 View of the C-type grid in the vicinity of the NLR 7301 airfoil.

The changein the grid is treated by dividing the whole domain of
the C-type grid around the airfoil into four regions. Figure 2 shows
how these regions are distributed along the the main block. The first
regionis called A, and corresponds to the portion of the block that
is close to the surface of the airfoil and used to capture the viscous
flow effects. In this region, the mesh does not deform but simply
rotates and translates following the same rotation and translation
of the airfoil. This means that there is no volumetric change of the
grid cells in the region A, at all times. Another partition of the grid,
denoted C, is the one including the proximity of the wind-tunnel
walls, and portions of the blocks 2 and 3 overlap sections. This
region also remains fixed at all times, and, therefore, the grid points
do not change in time for an observer sitting on the wind-tunnel
walls.

The region A,, corresponds to the wake following region A ,. It
is adjusted to the movement of the airfoil. The adjustment is done
using an algebraic grid generator that redistributes the grid points.
Linear interpolation for the grid points along a constant ¢ line is
applied. This procedure takes into account that the displacementof
a grid pointin the region A, is proportionalto the relative displace-
ment of the correspondingpoints (same ¢ coordinate) in regions A,
and C. Finally, whereas the relative location of regions A, and A,
with respect to the tunnel walls change, region B (where the grid
deformation is the largest) is adjusted to provide a smooth grid be-
tween regions A and C. This adjustment,again, is done by means of
the algebraic grid generator. However, this time, linear interpolation
is performed along constant& lines. An example of a deformed grid
is shown in Fig. 3. This grid is obtained by rotating an initial grid
from a = 0 deg to the angle of incidence « = 1.28 deg.
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III. Structural Dynamics
Structural modeling is facilitated using a two-degree-of-freedom
spring/mass/damper system (Fig. 4) to simulate the bending and
twisting of a wing.

A. Governing Equations
The equations governing this motion are

mh — S,& + Dyh +ma?h = L 4)
—Syh + 1,6 + Dyét + I (a — ag) = M )

where the dots denote differentiation with respect to time.

Equations (4) and (5) are nondimensionalized using reference
length c, reference velocity d,,, reference mass p,,7(c/2)?, and
referenceinertia po,7r (¢ /2)%c?. Rewriting Egs. (4) and (5) in matrix
notation, one obtains

[MI{X}" + [DU{X} + [KI{X} = {F} (6)

M = m —Sa Dl = 26hmk;, 0
(M) = =S, LI D] = 0 28, 1k,

o . {h}
[]_ 0 [aké’ {}_ @ — ap

(F)= 2021 ¢
N Y o Clﬂ

The primes denote differentiation with respect to dimensionless
time, T =ta,, /c, and the other parameters, that is, m, I, ..., are
now nondimensional. Note that &k, and k,, appearing in the ma-
trices [K] and [D], are reduced natural frequencies based on the
freestream speed of sound, as opposed to the conventional form
as presented in the Nomenclature. However, in the interest of clar-
ity, presented results utilize the conventional definition, based on
freestream velocity.

where

B. Numerical Method

Equation (6) is a system of two coupled second-order, ordinary
differential equations. Coupling is obtained through the terms con-
taining S, and the dependenceof C; and C,, on & and «. The system
is nonlinear through the nonlinearity of C; and C,,. Linearization is
introduced by treating C; and C,, as constants, computed from the
earlier time step of the flow solution.

Simulations with a single degree of freedommay be performed by
setting S, = 0 and either m =00 and w, =0 or [, =00 and w, =0
for pitching-only or plunging-only motions, respectively.

VA7 7777

Fig.4 Schematic of the spring/mass/damper system.

Equation (6) is advancedin time by inverting the system, yielding
(XY = M]"(F} — [M]"'[KI{X} — [M]"'[D){X}  (7)

then rewriting the result as a system of two coupled first-orderequa-
tions

Xy ={r}
{Yy = M1"'{F} — [MI"'[KI{X} — [M]"'[DI{Y} ~ (®)

Finally, time integration is performed using a first-order accurate
explicit Euler scheme. In Ref. 1, it was found that use of higher-
order methods to solve the structural dynamics equations did not
improve the solution quality because the time steps required for the
stability of the Navier-Stokes equations yield very high resolution
in time for Eq. (6).

IV. Results

There are several factors that may affect transonic flow and flut-
ter in the wind tunnel. It appears that wall porosity has the most
pronounced effect. Therefore, the approach adopted during this
work was based on the determination of a porosity that yields a
steady-state surface pressure distribution for the NLR 7301 airfoil,
in the presence of the wind-tunnel walls, which is in agreement with
the experiment. Once a satisfactory porosity ratio was determined,
the flutter computations were performed. Adjustment of other flow
parameters of the experiment, such as inflow and outflow boundary
conditions, was not attempted. The wind-tunnel steady flow test was
performed at a Mach number of M, = 0.768 and an angle of attack
of g = 1.28 deg. These flow conditions are used in the present sim-
ulation. In the previous investigationsof Ref. 1, where wind-tunnel
walls were notincluded, it was necessary to modify both the angle of
attack and the Mach number in the simulations to obtain agreement
with the experiment.

The experiments were conductedat the DLR-Gottingenwind tun-
nel. The wind tunnel height to airfoil chord ratio was H /c = 3.3333.
The open arearatio,defined as the area of the holes divided by the to-
tal area of the wall, was stated as Apgles /Awan = 0.06 and the porosity
parameter associated with the walls as § =0.25.

A systematic investigation of the influence of the wind-tunnel
walls on the surface pressure distribution of the profile was carried
out. It was found that the tunnel-wall porosity has a dramatic effect
on the airfoil surface and field pressure distributions. Based on the
observationthat the presence and geometry of the walls have a much
stronger influence on the results, rather than transition, calculations
with transition were not attempted for this particular problem. The
results for the steady calculations were used, then, as the start for
the unsteady simulations. In the previous work conductedin Ref. 1,
the neutral spring angle was modified to accountfor the wind-tunnel
interference.In the present work, however, for the reasons discussed
earlier, the exact same values of the wind-tunneltest conditions were
used.

All steady-stateand unsteady computations were carried outon a
C-type221 x 91 pointmainblock grid 1, shownin Fig. 3, which was
generated from the original NLR 7301 airfoil surface data. Blocks 2
and 3 were Cartesian type and contain 45 x 61 points along the
streamwise and normal directions, respectively. No grid-sensitivity
investigation was performed in this study because the results of
Ref. 1 showed that numerical solutions obtained with a 221 x 91
point grid and a y* < 1.0 were as accurate as the results computed
on higher-density grids. The SA turbulence model was used in all
computationsbased on the conclusionof Weberet al.! thatitallowed
the largest time step.

All of the computations were performed as time accurate using a
constant time step. For fixed angles of incidence, the solution was
run for along time after convergenceof loads was achievedto ensure
thatall flow disturbancesfrom theinitial transientswere swept off of
the domain and a full communication between inflow and outflow
boundaries was established. Steady-state solutions were run until
a nondimensional time 500. Therefore, the computational domain
was swept out for more than 20 times. At convergence,all solutions
at fixed angles of incidence exhibited no unsteadiness.
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A. Steady-State Computations

The first step in the course of this study was the computation of
a steady-state flow around the NLR 7301 airfoil at oy = 1.28 deg,
M., =0.768, and Re, =1.727 x 108, without the presence of the
wind tunnel. This was done to establisha basis for comparison with
the computations considering the interference of the wind-tunnel
walls.

A first attempt to model the wind-tunnel interference was done
by considering the walls as being completely solid. The results are
shown in Fig. 5. Poor agreement with the experimental data was
obtained. The pressure coefficients at the leading and trailing edges
were notin agreementwith the measurements,and the positionof the
shockon both pressure and suction sides was not predicted correctly.
Although the values for the pressure distribution were not close to
the measurements, the tendency of the solution to move toward the
experimental values, when the walls were taken into account, was
evident. This was the motivation to move on and treat the porosity
wall boundary conditions more carefully.

A transonic wind-tunnel test section usually has perforated walls.
The holes are inclined with respect to the wall and are introduced
to minimize reflections. It is, however, very difficult to model a
geometry involving flow curvature in a two-dimensional solution.
Despite that, and taking advantage of a reasonably constant grid
spacing along the walls, a 50% porosity was imposed, considering
one cell as being solid and the next one as being a hole (referred to,
from now on, as 50% arrangement 1-1 arrangement).

The results for a 50% 1-1 porous wall arrangementdid not differ
too much from the ones obtained for a solid wall. A comparison
with the experimental data and free-flight condition is presented in
Fig. 6. Although these results still differed from the measurements

1.5 T ; T T

i — —~ without tunnel walils 8 e
O exp. pressure side (Ref. 3) B oo
-0.5 O Exp. suction side (Ref. 3) ]

—— with solid tunnel walls

-1 1 1 L .
0 0.2 0.4 0.6 0.8 1

x/c

Fig. 5 Comparison of surface pressure coefficient; M. =0.768 and
ap=1.28 deg.

1.5 T T

H ——~ without tunnel walls 8T
0 exp. pressure side o
-0.5 O Exp. suction side 1

—— 50% porous tunnel walls (1-1)

-1 I I I I
0 0.2 0.4 0.6 0.8 1

x/c

Fig.6 Comparison of surface pressure coefficient for tunnel wall with
50% porosity 1-1 arrangement; M., =0.768 and oy =1.28 deg.
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—— 25% porous tunnel walls (3-1)

-1 L L L L
0 0.2 0.4 0.6 0.8 1
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Fig.7 Comparison of surface pressure coefficient for tunnel wall with
25% porosity 3-1 arrangement; M., =0.768 and oy = 1.28 deg.
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0 0.2 0.4 0.6 0.8 1
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Fig.8 Comparison of surface pressure coefficient for tunnel wall with
50% porosity 2-2 arrangement; M., =0.768 and oy = 1.28 deg.

in the wind tunnel, they showed an improvement compared to the
results obtained for the solid wall. Therefore, a 25% porosity ar-
rangement 3-1, with three solid and one hole cell, was implemented
next. Figure 7 shows the results for the 25% case 3-1. These results
show further improvement compared to the 50% case 1-1.

A 50% porosity, which is believed to approximate more closely
the porosityin the three-dimensionalwind tunnel,can be modeled by
severalcombinationsof cellsbeing consideredas solidand holes, for
example, arrangements 1-1,2-2, 3-3, etc. An optimum arrangement
fora certain value of porosity may exist. To find the bestarrangement
for 50% porosity,trials with settings2-2, 3-3, and 4-4 were attempted
and the resultsare presentedin Figs. 8,9, and 10, respectively.It can
be seen that the porosity arrangement4-4 yielded the best agreement
with the experimentalresults. In particular, the position of the shocks
on both suction and pressure side was predicted fairly accurately.

There is a slight difference between the pressure distribution for
the cases 2-2 and 4-4. For instance, the location of the shock on
the suction side of the airfoil is better predicted for arrangement
4-4. The numerical solution predicted flow going out, through the
wall boundary cells modeled as holes, for the upstream portion of
the test section. Because of conservation of mass, there is also flow
going back to the test section, mainly through the downstream part
of the upper wall. A larger amount of inflow is obtained for the
arrangement4-4 than it is for arrangement2-2, as shown in Figs. 11
and 12. The effect of this incoming flow through the holes is to
induce a displacement on the streamlines, narrowing the distance
across the test section available for the main flow. This behavior
altered the structure of the flowfield in the vicinity of the tunnel wall
with the incoming flow and affected the position of the shock at the
suction side of the airfoil. Figures 11 and 12 show the Mach contour
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—— - without tunnei walls
O exp. pressure side

-05 © Exp. suction side

—— 50% porous walls (3-3)
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Fig.9 Comparison of surface pressure coefficient for tunnel wall with
50% porosity 3-3 arrangement; M., =0.768 and g =1.28 deg.
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Fig.10 Comparisonof surface pressure coefficient for tunnel wall with
50% porosity 4-4 arrangement; M., =0.768 and g =1.28 deg.

Fig. 11 Mach contour lines; 50% porosity 2-2 arrangement;
Mo =0.768 and g = 1.28 deg.

lines for the cases 2-2 and 4-4, respectively, where the differencein
the flowfield for these two arrangements is evident.

The main conclusion, as far as the steady-state computations are
concerned, is that the wind-tunnel walls have a very strong influence
on the computed flowfield around the NLR 7301 airfoil. This con-
firms the procedure adopted in the previous work of Weberet al.! to
correct the nominal values of flow parameters used in the test to ac-
count for the wind-tunnelinterference.It can also be concluded that
the computed flow through the holes of the wall boundaries has a
considerableinfluence on the results. This means thata better agree-

Fig. 12 Mach contour lines, 50% porosity 4-4 arrangement;
Mo =0.768 and oy =1.28 deg.
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Fig.13 Comparisonof surface pressure coefficient for tunnel wall with
50% 4-4 porosity; M., =0.768 and oy =0.78 deg.
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Fig.14 Comparisonof surface pressure coefficient for tunnel wall with
50% 4-4 porosity; M., =0.768 and oy =1.78 deg.

ment with the experimentrequires a better prediction of the flow in
this region. However, this is questionablein a two-dimensional cal-
culation. In addition, other inflow and outflow tunnel conditions
may have an effect on the computed solutions.

Some calculations for different angles of attack were also per-
formed to further investigateif the best results were obtained by im-
posing the nominal wind-tunnel test conditions. Simulations for an
anglewy =0.78 deg, smaller than the experiment,and oy = 1.78 deg,
larger than the experiment, are shown in Figs. 13 and 14, re-
spectively, for a 50% porous wall arrangement 4-4. This shows
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that, indeed, the best agreement with the experimental results was
achieved by the nominal conditions of the test.

B. Flutter Computations

Based on the results for the steady computations, the flutter
simulations were performed using a 50% porous arrangement 4-4
for the wind-tunnel wall boundary condition. The nominal condi-
tions of the wind-tunnel test were preserved, namely, M., =0.768,
op=1.28 deg, and Re, =1.727 x 10°, as well as the spring-neutral
angle of attack. Note that this value was also modified in Ref. 1 to
account for wind-tunnel interference, as shown in Table 1. The rest
of the boundary conditions was specified as stated in Sec. I1.D. All
time-accurate flutter computations were performed assuming fully
turbulent flow. The SA turbulence model was used. Three Newton
subiterations were used in all time-accurate unsteady calculations.
The computationspredictedflutterin two degrees of freedom. Limit-
cycle oscillationswere computedin agreementwith the wind-tunnel
test. Figure 15 shows the time history of the pitching amplitude that
was obtained from the computations. Unsteady solutions were ob-
tained using an Athlon-1-GHz personal computer. The typical run
time for this machine was approximately 0.000133 s/iteration/grid
point.

In the experimental test case,” limit-cycle oscillations in pitch
and plunge were observed. The experiment was conducted at a to-
tal pressure of 0.45 bar and a dynamic pressure of 0.126 bar. A
time-averaged angle of attack of @ = 1.28 deg was measured for an
angle of attack at a wind-off condition of oy = 1.91 deg, which is
equivalent to the spring-neutral angle of attack « in the numerical
simulation. The dimensionless structural parameters of the experi-
ment are summarized in Table 2. The same parameters are used for
the aeroelastic computation.

The results of the flutter computationare givenin detailin Table 3.
The freestream Mach number M, angle of attack «,, and spring-
neutral angle of attack o, are given in Table 1. For comparison,
the values of the experiment are given in the first row of Table 1.
The values used in the computations for the present work and for
Ref. 1 are given in the second and third rows, respectively. Flutter
frequency, phase, amplitudes & and &, and mean angle of attack &
are shown in Table 3.

The results of the present work show better agreement with the
experiment than the values obtained in Ref. 1, for the parameters &,

Table 1 Initial values of the computations

Method Mo, o, deg ., deg
Experiment® 0.768 1.28 191
SAP 0.768 1.28 1.91
SAC 0.753 —0.08 0.635
aWithout wind-tunnel corrections.
bWith 50% (4-4) porous wall.
CRef. 1; fully turbulent (221 x 91 point grid).
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Fig.15 Computed variation of the incidence angle for transonic flutter
at M. =0.768.

Table 2 Structural parameters

Parameter Value
Xp 0.2500
Xo 0.0485
m 992.00
1, 35.600
ky 0.3280
kn 0.2510
Sa 0.0041
Sn 0.0073

Table 3 Flutter results

Method a, deg @, deg h, mm f,Hz ®, deg
Experiment® 1.28 0.18 0.65 32.85 176.7
SAP 1.24 0.78 2.9 36.7 149

SA® 0.07 3.78 11.1 32.30 171.8

aWithout wind-tunnel corrections.
bWith 50% (4-4) porous wall.
CRef. 1; fully turbulent (221 x 91 point grid).

@, and h. The average incidence angle @ was predicted within an
error of 3%. The values of computed amplitudes @ and £, although
still different from the experiment, were much better than the ones
predicted previously in Ref. 1. This confirms one of the possible
reasons for the discrepancy between measured and computed am-
plitudes, pointed out by Weber et al.,' related to the omission of
unsteady wind-tunnel interference effects. Taking into account that
the assigned porosity did not yield a perfect agreement between the
experimental and computed surface pressure distribution (Fig. 10)
and that additional uncertainty factors may exist, we conclude that
a significant improvement has been obtained.

Flutter frequency and intermodal phase angle were predicted less
closely in the present study. The error for the flutter frequency was
around 12%, but, for the intermodal phase angle, it reached val-
ues as high as 16%. These parameters were predicted more closely
in Ref. 1. The values of frequencies, amplitudes, and phase angles
were calculated by means of a discrete Fourier transformanalysis of
the last 10 cycles. The large discrepancy observed on the computed
intermodal phase angle ® could be attributed to the extremely low
amplitudeofthe predictedplungedisplacement/. Therefore,asmall
error in the computation of the incidence angle can shift quite sig-
nificantly the relative position of these two curves and, thus, induce
a considerableerror in the prediction of the intermodal phase angle.
The error in the prediction of the flutter frequency could also be
attributed to an insufficient resolution of the unsteady flow through
the slots of the wind-tunnel walls. As happened for the steady-state
study, the computed unsteady flow through the holes of the tunnel
wall boundary could have a significant effect on the flowfield around
the airfoil.

V. Conclusions

Progress was achieved with the present work because the nomi-
nal test conditions were used in all calculations. There was no need
to adjust any parameter to get a better agreement with the exper-
iment. In fact, when a parametric variation of the angle of attack
was attempted, the agreement with the experimental values deteri-
orated compared to the results for the nominal angle of attack. The
modeling of the tunnel wall porosity was found to affect signifi-
cantly the numerical predictions of the steady-state characteristics.
The arrangementused to describe a particular value of porosity for
the wall boundary condition is also important in the computations.
The numerical simulations predicted suction into the tunnel in the
downstream portion of the upper wall of the test section. Although
the presence of this flow through the wall boundary holes had a
beneficial effect on the computed steady-state pressure distribution,
this behavior should be further investigated.

The transonic two-degree-of-freedom bendingftorsion flutter
analysis of the NLR 7301 supercritical airfoil section, in a wind
tunnel that was modeled by a 50% porosity, yielded a significantly
improvedpredictionof the flutter amplitudes compared to the values
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found in Ref. 1 based on unbounded flow computations. However,
the computed phase angle between the pitch and plunge motions
was smaller, and the flutter frequency was larger, than found in the
experiment. This discrepancy may be caused by the modeling of
the wind-tunnel wall interference using inviscid flow assumptions.
Further work to assess fully the adequacy of this assumption and to
study effects of wall porosity on flutter characteristics is currently
underway.!®
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