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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 � utter 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 � ow
solver is coupled with a two-degree-of-freedom structural model. The wind-tunnel walls are included to model the
experimental � ow 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 � utter amplitudes
in closer agreement with the experiment compared to the unbounded � ow calculations.

Nomenclature
a1 = freestream speed of sound
Cl = lift coef� cient per unit span
Cm = pitching moment coef� cient per unit span
C p = pressure coef� cient
c = chord length
Dh = plunge-dampingcoef� cient
D® = pitch-damping coef� cient
f = frequency,Hz
h = plunge displacement (positive downward)
Oh = maximum half amplitude of plunge
I® = moment of inertia about xp per unit span
Kh = spring constant for plunging
K® = spring constant for pitching
k = reduced frequency, !c=U1
kh = reduced natural plunging frequency, !hc=U1
k® = reduced natural pitching frequency, !®c=U1
L = lift per unit span
M = pitching moment per unit span
M1 = freestream Mach number
m = mass of the wing per unit span
Pr = Prandtl number
Re = Reynolds number
S® = static moment, x®m
U1 = freestream speed
u; w = Cartesian velocity components
x p = leading edge to elastic axis distance
x® = elastic axis to center of mass distance
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Px jwall = velocity component of airfoil surface
Pyjwall = velocity component of airfoil surface
® = angle of attack
®0 = spring-neutral angle of attack
N® = average angle of incidence
O® = maximum half amplitude of ®
±h = nondimensionalplunge-dampingcoef� cient,

Dh=[2
p

.m Kh/]
±® = nondimensionalpitch-damping coef� cient,

D®=[2
p

.I® K®/]
8 = phase angle between pitch and plunge
! = circular frequency, ! D 2¼ f
!h = undamped natural bending frequency,

p
.Kh=m/

!® = undamped natural torsional frequency,
p

.K®=I®/
¢ = differentiationwith respect to t
0 = differentiationwith respect to ¿
c = corrected value

I. Introduction

T HE understandingand prediction of transonic � utter is impor-
tant forboth aircraftwing and turbomachinery� ows. The aero-

dynamic equations for transonic � ow are nonlinear, and the devel-
opment of aeroelasticsolvers that can handle nonlinearitiesand take
into account viscous � ow effects is of great interest. Recently, nu-
merical investigationsof transonic � utter were performedby Weber
et al.1 The thin-layer Navier–Stokes equations were used for � ow-
� eld simulations of the experiment of Schewe and Deyhle2 for a
National AerospaceLaboratory (NLR) 7301 airfoil at M1 D 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 that it is necessary to model viscous effects and
laminar–turbulenttransition.A parametricstudyof turbulencemod-
eling was performedusing Baldwin–Lomax,3 Baldwin–Barth,4 and
Spalart–Allmaras5 models.The Spalart–Allmarasmodelyieldedthe
best prediction for shock-induced separation and � utter character-
istics. A very recent transition length model based on the work of
Gostelow et al.6 was also implemented, together with Michel’s7

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-layer interactions,
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and/or the state of the boundary layer play an important role in the
� ow characteristics. Some improvement was obtained for steady-
state solutions1; however, transition modeling did not affect � utter
characteristics.

In the experiments,2;8 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 experimentallymeasured pressure dis-
tributions. The best agreement with the experiment occurred when
the angle of attack and the freestream Mach number were set to
®0 D ¡0:08 deg and M1 D 0:753, respectively.The � utter calcula-
tions presented in Ref. 1 predicted the limit-cycle oscillationsmea-
sured at DLR-Göttingen.2;8 The frequency of oscillation and phase
angle between the pitch and plunge motions were calculated quite
accurately. However, the predicted � utter amplitude was found to
be one order of magnitude larger than in the experiment.

In the experiments,2;8 no attempt was made to correct the results
for wind-tunnel interference effects. Therefore, a possible reason
for the discrepancybetween the computed1 and measured2;8 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,9 but re-
liable quantitative estimates are still lacking. Recently, Khalid and
Mokry10 have presented Euler calculations for tunnel-wall inter-
ference effects in steady � ow over a NACA 0012 airfoil in two-
dimensional transonic � ow. 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 in� uence of the wind-tunnel walls for
both the steady and unsteady � ow around the NLR 7301 airfoil.

The � ow solver and the aeroelastic models used in the present
investigationhave been tested and validated extensively in previous
studies for a variety of � ow conditions.For example, the � ow solver
and the turbulence models have been tested for subsonic � ow11¡13

and for transonic � ow.14 The aeroelastic model has been imple-
mented and tested in Ref. 15 for inviscid � ow calculations and in
Refs. 1 and 16 for viscous transonic � ow.

First, the ability of the multiblock version of the � ow solver to
predict accurately the � ow over a stationary airfoil in a wind tun-
nel by including porous wall effects is demonstrated. Although the
solver is capable of modeling transitional � ow 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-
signedporosityfor the wind-tunnelwall on the numericalsolution is
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-
tribution is identi� ed. Next, numerical solutions are obtained for an
airfoil free to oscillate in two degrees of freedom in transonic � ow,
and the results are compared with the measurements of Ref. 2.

II. Aerodynamics
The aeroelasticbehaviorof an airfoil can be predictedby solving

the aerodynamic � ow in combination with the structural dynamic
response. The aerodynamic equations are presented � rst, 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 .»; ³ / are used. These equations are

@t
OQ C @»

OF C @³
OG D Re¡1@³

OS (1)

where OQ is the vector of conservative variables, OQ D .1=J /[½;
½u; ½w; e]T ; OF and OG are the inviscid � ux vectors, for example,
OF D .1=J /[½U; ½uU C »x p; ½wU C »z p; .e C p/U ¡ »t p]T ; and OS
is the thin-layer approximation of the viscous � uxes in the ³ direc-
tion (normal to the airfoil surface). The terms U and W are the con-
travariantvelocity components.The governingequationsare nondi-
mensionalized using c as the reference length, a1 as the reference

speed, c=a1 as the reference time, ½1 as the reference density, and
½1a2

1 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,modi� -
cations of the numerical algorithm according to the suggestions of
Ref. 17 were incorporated to solve accurately the governing equa-
tions for � ow problems that require temporalgrid deformation.This
algorithm is as follows:
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In Eq. (2), h» D 1¿=1» , etc., and OA§ D @ OF=@ OQ, etc., are the � ux
Jacobian matrices, and r , 1, and ± are the forward, backward, and
central difference operators, respectively. The quantities OFi C 1=2;k ,
OG i;k C 1=2, and OSi;k C 1=2 are numerical � uxes. The superscript n de-

notes the physical time step, and the superscript p refers to Newton
subiterations within each physical time step. J n C 1 is the Jacobian
of the transformation of the deformed grid at the n C 1 time step,
and 1J ¡1 D ¡1¿ [.»t /

n C 1
» C .³t /

n C 1
³ ].

The inviscid � uxes, OF and OG, are evaluated by means of Osher’s
third-order accurate, upwind-biased scheme.18;19 Linearization of
the left-hand side of Eq. (2) is performed by evaluating the � ux
Jacobian matrices, A and B, with the Steger–Warming � ux-vector
splitting.20 The viscous � uxes are computedwith second-ordercen-
tral differences.Furthermore, a standard minmod total variation di-
minishing � ux limiter18 is used to eliminate numerical oscillations
at shocks developed at transonic Mach numbers.

Time accuracy is improved by performing Newton subiterations
to convergencewithin each physical step. These subiterationsmin-
imize the linearization and factorization errors and help drive the
left-handside of Eq. (2) to zero.Numerical experimentshave shown
that larger Courant–Friedrichs–Lewy numbers, that is, a larger time
step,couldbeused if the numberofNewton iterationswas increased.
The optimal ef� ciency depends on the grid density and � ow condi-
tions, but the best computational performance appears to occur by
using four to � ve subiterationson coarse grids (inviscid � ow simu-
lations) and two to three subiterationson � ne grids (Navier–Stokes
simulations).

The turbulencemodeling is based either on the standardalgebraic
model of Baldwin and Lomax3 or one-equationmodels of Baldwin
and Barth4 or Spalart and Allmaras5 (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 directioncomparedto its height.Con-
struction of a single-blockgrid 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 possibleto maintaingrid orthogonality
close to the walls using a single-blockgrid. These problems can be
minimized by using a three-blockgrid (Fig. 1), where the governing
equations are solved in each block separately.

The � rst block 1 is a C-type grid and contains the airfoil and the
wind-tunnelwalls aboveand belowit. The gridspacingin the normal
direction close to the grid boundaries representing the tunnel walls
in block1 is appropriateonly for inviscid computations.The second
and thirdgrid blocksare Cartesian-typeinviscidgrids and model the
upstream and downstreamportionsof the wind tunnel, respectively.
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Fig. 1 Schematic of the three-block grid, inviscid tunnel walls.

These blocks have a narrow but � nite region of overlappingwith the
� rst grid block. Data transfer between the in� ow block 2, out� ow
block 3, and main block 1 is obtained by trilinear interpolation of
the conservativevariables (½; ½u; ½w; 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 � ow solutions, the viscous terms on the right-hand

sideofEq. (1) are set to zero,and � ow-tangencyboundaryconditions
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 � ow-tangency and no-slip con-
ditionsare modi� ed to includethe localmotionof the surface,which
also contributes to the pressure on the surface. Therefore, the fol-
lowing momentum equation normal to the surface (³ direction) is
solved to compute the pressure more accurately:

@³ pjwall D ¡ 1
r2³

µ
½ @t

»
Px jwall

Pyjwall

¼
¢ r³ C @³ ½jwallr» ¢ r³

¶
(3)

where Px jwall and Pyjwall are the components of the airfoil velocity.
Furthermore,if it is assumedthat thegrid is orthogonalat the surface,
r» ¢r³ D 0. If the airfoil is stationary, the normal pressuregradient
vanishes in agreement with boundary-layer theory.

The � ow 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 � ow-tangencycondi-
tion is applied. Two types of inviscid � ow boundary conditions are
implemented for the wind-tunnelwalls, aboveand below the airfoil,
in block1. For solid tunnelwalls, the � ow-tangencycondition is 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 out� ow throughholes. The values of the � ow variablesin
a hole region are extrapolatedfrom their values at the interior cells.
The grid is constructedwith 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.

In� ow and out� ow boundary conditions are imposed on the up-
streamboundaryof block2 andthedownstreamboundaryof block3,
respectively.For the in� ow boundary, � ow properties such as pres-
sure, temperature, and velocity are speci� ed whereas the density
is extrapolated from the neighbor interior points. Static pressure is
speci� ed for the out� ow 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 � xed 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.

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 change in 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 distributedalong the the main block. The � rst
region is called A p and corresponds to the portion of the block that
is close to the surface of the airfoil and used to capture the viscous
� ow 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 Ap at all times. Another partitionof 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 � xed at all times, and, therefore, the grid points
do not change in time for an observer sitting on the wind-tunnel
walls.

The region Aw corresponds to the wake following region Ap . 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 ³ line is
applied. This procedure takes into account that the displacementof
a grid point in the region Aw is proportional to the relative displace-
ment of the correspondingpoints (same ³ coordinate) in regions Ap

and C . Finally, whereas the relative location of regions Aw and Ap

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 algebraicgrid generator.However, this time, linear interpolation
is performedalong constant» lines. An example of a deformed grid
is shown in Fig. 3. This grid is obtained by rotating an initial grid
from ® D 0 deg to the angle of incidence ® D 1:28 deg.
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III. Structural Dynamics
Structural modeling is facilitatedusing 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

m Rh ¡ S® R® C Dh
Ph C m!2

hh D L (4)

¡S®
Rh C I® R® C D® P® C I®!2

®.® ¡ ®0/ D M (5)

where the dots denote differentiationwith respect to time.
Equations (4) and (5) are nondimensionalized using reference

length c, reference velocity a1, reference mass ½1¼.c=2/2 , and
reference inertia ½1¼.c=2/2c2. Rewriting Eqs. (4) and (5) in matrix
notation, one obtains

[M]fX g00 C [D]fXg0 C [K]fX g D fFg (6)
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The primes denote differentiation with respect to dimensionless
time, ¿ D ta1=c, and the other parameters, that is, m, I® ; : : : ; are
now nondimensional. Note that kh 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 de� nition, based on
freestream velocity.

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 Cl and Cm on h and ®. The system
is nonlinear through the nonlinearity of Cl and Cm . Linearization is
introduced by treating Cl and Cm as constants, computed from the
earlier time step of the � ow solution.

Simulationswith a singledegreeof freedommay beperformedby
setting S® D 0 and either m D 1 and !h D 0 or I® D 1 and !® D 0
for pitching-onlyor plunging-onlymotions, respectively.

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

Equation (6) is advancedin time by inverting the system,yielding

fX g00 D [M]¡1fF g ¡ [M]¡1[K]fX g ¡ [M]¡1[D]fX g0 (7)

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

fX g0 D fY g

fY g0 D [M]¡1fF g ¡ [M]¡1[K]fX g ¡ [M]¡1[D]fY g (8)

Finally, time integration is performed using a � rst-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 � ow and � ut-

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 presenceof the wind-tunnelwalls, which is in agreementwith
the experiment. Once a satisfactory porosity ratio was determined,
the � utter computationswere performed. Adjustment of other � ow
parameters of the experiment, such as in� ow and out� ow boundary
conditions,was not attempted.The wind-tunnelsteady� ow test was
performed at a Mach number of M1 D 0:768 and an angle of attack
of ®0 D 1:28 deg. These � ow conditions are used in the present sim-
ulation. In the previous investigationsof Ref. 1, where wind-tunnel
walls were not included,it was necessaryto modifyboth the angleof
attack and the Mach number in the simulations to obtain agreement
with the experiment.

The experimentswere conductedat the DLR-Göttingenwind tun-
nel. The wind tunnelheight to airfoil chord ratio was H=c D 3:3333.
The openarea ratio,de� nedas thearea of the holesdividedby the to-
tal area of the wall,was statedas Aholes=Awall D 0:06 and the porosity
parameter associated with the walls as ± D 0:25.

A systematic investigation of the in� uence of the wind-tunnel
walls on the surface pressure distribution of the pro� le was carried
out. It was found that the tunnel-wall porosity has a dramatic effect
on the airfoil surface and � eld pressure distributions.Based on the
observationthat the presenceand geometryof the walls have a much
stronger in� uence 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 conducted in Ref. 1,
the neutral springangle was modi� ed to accountfor the wind-tunnel
interference.In the presentwork, however, for the reasonsdiscussed
earlier, theexactsamevaluesof the wind-tunneltest conditionswere
used.

All steady-stateand unsteadycomputationswere carried out on a
C-type 221 £ 91pointmainblockgrid 1, shown in Fig. 3, which was
generatedfrom the originalNLR 7301 airfoil surface data. Blocks 2
and 3 were Cartesian type and contain 45 £ 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 £ 91
point grid and a yC · 1:0 were as accurate as the results computed
on higher-density grids. The SA turbulence model was used in all
computationsbasedon theconclusionofWeber et al.1 that it allowed
the largest time step.

All of the computations were performed as time accurate using a
constant time step. For � xed angles of incidence, the solution was
run for a long time afterconvergenceof loadswas achievedto ensure
that all � ow disturbancesfrom the initial transientswere sweptoff of
the domain and a full communication between in� ow and out� ow
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 � xed angles of incidence exhibited no unsteadiness.
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A. Steady-State Computations
The � rst step in the course of this study was the computation of

a steady-state � ow around the NLR 7301 airfoil at ®0 D 1:28 deg,
M1 D 0:768, and Rec D 1:727 £ 106 , without the presence of the
wind tunnel. This was done to establisha basis for comparisonwith
the computations considering the interference of the wind-tunnel
walls.

A � rst 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 coef� cients at the leading and trailing edges
werenot in agreementwith themeasurements,and thepositionof the
shockon bothpressureand suctionsideswas not predictedcorrectly.
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 transonicwind-tunnel test section usually has perforatedwalls.
The holes are inclined with respect to the wall and are introduced
to minimize re� ections. It is, however, very dif� cult to model a
geometry involving � ow 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 arrangement did not differ
too much from the ones obtained for a solid wall. A comparison
with the experimental data and free-� ight condition is presented in
Fig. 6. Although these results still differed from the measurements

Fig. 5 Comparison of surface pressure coef� cient; M 1 = 0:768 and
®0 = 1:28 deg.

Fig. 6 Comparison of surface pressure coef� cient for tunnel wall with
50% porosity 1-1 arrangement; M 1 = 0:768 and ®0 = 1:28 deg.

Fig. 7 Comparison of surface pressure coef� cient for tunnel wall with
25% porosity 3-1 arrangement; M 1 = 0:768 and ®0 = 1:28 deg.

Fig. 8 Comparison of surface pressure coef� cient for tunnel wall with
50% porosity 2-2 arrangement; M 1 = 0:768 and ®0 = 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
theporosityin the three-dimensionalwind tunnel,canbemodeledby
severalcombinationsof cellsbeingconsideredas solidandholes,for
example, arrangements1-1, 2-2, 3-3, etc. An optimum arrangement
for a certainvalueof porositymay exist.To � nd thebestarrangement
for50%porosity,trialswith settings2-2,3-3, and4-4were attempted
and the resultsare presented in Figs. 8, 9, and 10, respectively.It can
be seen that the porosityarrangement4-4 yieldedthebest agreement
with theexperimentalresults.In particular,thepositionof 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 � ow going out, through the
wall boundary cells modeled as holes, for the upstream portion of
the test section. Because of conservationof mass, there is also � ow
going back to the test section, mainly through the downstream part
of the upper wall. A larger amount of in� ow is obtained for the
arrangement4-4 than it is for arrangement2-2, as shown in Figs. 11
and 12. The effect of this incoming � ow through the holes is to
induce a displacement on the streamlines, narrowing the distance
across the test section available for the main � ow. This behavior
altered the structureof the � ow� eld in the vicinityof the tunnelwall
with the incoming � ow and affected the position of the shock at the
suction side of the airfoil. Figures11 and 12 show the Mach contour
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Fig. 9 Comparison of surface pressure coef� cient for tunnel wall with
50% porosity 3-3 arrangement; M 1 = 0:768 and ®0 = 1:28 deg.

Fig. 10 Comparisonof surface pressure coef� cient for tunnel wall with
50% porosity 4-4 arrangement; M 1 = 0:768 and ®0 = 1:28 deg.

Fig. 11 Mach contour lines; 50% porosity 2-2 arrangement;
M 1 = 0:768 and ®0 = 1:28 deg.

lines for the cases 2-2 and 4-4, respectively,where the difference in
the � ow� eld for these two arrangements is evident.

The main conclusion,as far as the steady-statecomputations are
concerned,is that the wind-tunnelwalls have a very strong in� uence
on the computed � ow� eld around the NLR 7301 airfoil. This con-
� rms the procedureadopted in the previouswork of Weber et al.1 to
correct the nominal values of � ow parameters used in the test to ac-
count for the wind-tunnel interference.It can also be concluded that
the computed � ow through the holes of the wall boundaries has a
considerablein� uence on the results.This means that a better agree-

Fig. 12 Mach contour lines, 50% porosity 4-4 arrangement;
M 1 = 0:768 and ®0 = 1:28 deg.

Fig. 13 Comparisonof surface pressure coef� cient for tunnel wall with
50% 4-4 porosity; M 1 = 0:768 and ®0 = 0:78 deg.

Fig. 14 Comparisonof surface pressure coef� cient for tunnel wall with
50% 4-4 porosity; M 1 = 0:768 and ®0 = 1:78 deg.

ment with the experiment requires a better prediction of the � ow in
this region. However, this is questionable in a two-dimensionalcal-
culation. In addition, other in� ow and out� ow 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 obtainedby im-
posing the nominal wind-tunnel test conditions. Simulations for an
angle®0 D 0:78deg, smaller than theexperiment,and®0 D 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 conditionsof the test.

B. Flutter Computations
Based on the results for the steady computations, the � utter

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, M1 D 0:768,
®0 D 1:28 deg, and Rec D 1:727 £ 106 , as well as the spring-neutral
angle of attack. Note that this value was also modi� ed in Ref. 1 to
account for wind-tunnel interference,as shown in Table 1. The rest
of the boundary conditions was speci� ed as stated in Sec. II.D. All
time-accurate � utter computations were performed assuming fully
turbulent � ow. The SA turbulence model was used. Three Newton
subiterations were used in all time-accurate unsteady calculations.
The computationspredicted� utter in two degreesof freedom.Limit-
cycleoscillationswere computedin agreementwith the wind-tunnel
test. Figure 15 shows the time history of the pitchingamplitude 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,2 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-averagedangle of attack of N® D 1:28 deg was measured for an
angle of attack at a wind-off condition of ®0 D 1:91 deg, which is
equivalent to the spring-neutral angle of attack ®0 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 resultsof the � uttercomputationare givenin detail in Table 3.
The freestream Mach number M1 , angle of attack ®c, and spring-
neutral angle of attack ®0c are given in Table 1. For comparison,
the values of the experiment are given in the � rst 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 O® and Oh, and mean angle of attack N®
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 N®,

Table 1 Initial values of the computations

Method M1 ®c , deg ®0c, deg

Experimenta 0.768 1.28 1.91
SAb 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£ 91 point grid).

Fig. 15 Computedvariation of the incidence angle for transonic � utter
at M 1 = 0:768.

Table 2 Structural parameters

Parameter Value

x p 0.2500
x® 0.0485
m 992.00
I® 35.600
k® 0.3280
kh 0.2510
±® 0.0041
±h 0.0073

Table 3 Flutter results

Method N®, deg O®, deg Oh , mm f , Hz 8, deg

Experimenta 1.28 0.18 0.65 32.85 176.7
SAb 1.24 0.78 2.9 36.7 149
SAc 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 £ 91 point grid).

O®, and Oh. The average incidence angle N® was predicted within an
error of 3%. The values of computed amplitudes O® and Oh, although
still different from the experiment, were much better than the ones
predicted previously in Ref. 1. This con� rms one of the possible
reasons for the discrepancy between measured and computed am-
plitudes, pointed out by Weber et al.,1 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 signi� cant improvement has been obtained.

Flutter frequencyand intermodalphase angle were predicted less
closely in the present study. The error for the � utter 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 calculatedby means of a discreteFourier transformanalysisof
the last 10 cycles. The large discrepancyobserved on the computed
intermodal phase angle 8 could be attributed to the extremely low
amplitudeof thepredictedplungedisplacement Oh. Therefore,a small
error in the computation of the incidence angle can shift quite sig-
ni� cantly the relative position of these two curves and, thus, induce
a considerableerror in the predictionof the intermodalphase angle.
The error in the prediction of the � utter frequency could also be
attributed to an insuf� cient resolution of the unsteady � ow through
the slots of the wind-tunnel walls. As happened for the steady-state
study, the computed unsteady � ow through the holes of the tunnel
wall boundarycouldhave a signi� cant effect on the � ow� eld around
the airfoil.

V. Conclusions
Progress was achieved with the present work because the nomi-

nal test conditionswere 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 signi� -
cantly the numerical predictions of the steady-state characteristics.
The arrangement used 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 � ow through the wall boundary holes had a
bene� cial effect on the computed steady-statepressure distribution,
this behavior should be further investigated.

The transonic two-degree-of-freedom bending/torsion � utter
analysis of the NLR 7301 supercritical airfoil section, in a wind
tunnel that was modeled by a 50% porosity, yielded a signi� cantly
improvedpredictionof the � utter amplitudescomparedto the values
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found in Ref. 1 based on unbounded � ow computations. However,
the computed phase angle between the pitch and plunge motions
was smaller, and the � utter frequency was larger, than found in the
experiment. This discrepancy may be caused by the modeling of
the wind-tunnel wall interference using inviscid � ow assumptions.
Further work to assess fully the adequacy of this assumption and to
study effects of wall porosity on � utter characteristics is currently
underway.16
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