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where wg is Strouhal shedding frequency; the constants 87,
vi,mi, E7,and D} are given a superscript (+) to charac-
terize the periodic time-varying regime. The decay regime of
the periodic time-varying equilibrium state is simply modeled
by a damped oscillator:

C,,—oBC, +wiC, =0 4)
where the constant B is negative. The values of the seven
constants wy, 87, v1,mi, Ef, D7, and 87 can be evaluated
from two-dimensional unsteady experiments in the stall re-
gime of the flow. There are no equivalent equations to Eqs.
(3) and (4) in other dynamic stall models. The present mod-
eling lies on the existence of wg.

Discussion

The case study no. 596 of S1-Modane experiment is treated
in this Note. This case corresponds to a high speed (u = 0.40)
and to high loading (thrust coefficient C,/o = 0.147), and
therefore, blade stall is present on the retreating side. The
experimental measurements of the normalized normal force
coefficient at two spanwise locations /R = 0.825 and 0.50,
are shown in Fig. 1, with calculated values, based on quasi-
static two-dimensional aerodynamics and on the “Hopf bi-
furcation stall model,” respectively.

Undulatory behavior is clearly shown on the blade retreat-
ing side, i.e., in the azimuthal range of 210-360 deg, for the
normalized normal force coefficient at section r/R = 0.825.
Other published experimental results®* also exhibit such fea-
tures. This undulatory behavior is a clear manifestation of
multiple vortex-shedding phenomena. The amplitude of the
oscillations of the modeled results appears smaller than that
of the experimental results. The higher amplitude-observed
experimentally is probably due to plunging effects that are
not correctly taken into account by the dynamic stall model.
For the inboard section /R = 0.50, the amplitude of the
oscillations is reduced, and this trend is correctly predicted
by the model.
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Fig. 1 Experimental and calculated results of the normalized force
coefficient C,.M? for study no. 596 of the S1-Modane wind-tunnel
experiment.
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As long as the amplitudes of the oscillations of the normal
force coefficient are not negligible, multiple vortex-shedding
phenomena cannot be ignored. The recent results on the UH-
60A rotor? indicate that the amplitudes of the oscillations of
section lift and pitching moment coefficients attain half the
maximum of these values, respectively, for high thrust coef-
ficient and a speed of . = 0.24. The results are very promising
and the first author will now integrate the Hopf bifurcation
dynamic stall model into an aeroelastic rotor code more elab-
orate than the one used here.
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Effects of Large Blockage in
Wind-Tunnel Testing
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Introduction

IND tunnels play an integral role in the aerodynamic
development and refinement of virtually all airplanes
and of numerous ground vehicles. Their advantage lies in the
ability to generate a variety of conditions in terms of airspeed,
angles of attack, and sideslip in a well-controlled environ-
ment. Test conditions are independent of atmospheric changes
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and testing equipment is abundant and stationary, compared
to some of the limitations during a flight test of an instru-
mented airplane. However, the fact that a model is being
confined into a limited-size environment brings to light the
first and most important conflict. One side of this conflict
emerges from the need to reduce the operating costs of the
testing facility. This requirement translates to a reduction in
test-section size and drive power. In addition, as the wind-
tunnel size increases, environmental difficulties may arise and
some full-scale facilities must be placed in isolated research
centers, at a safe distance from residential areas. The other
side of the conflict is rooted in the need to increase model
size to facilitate accessibility, while at the same time keep
tunnel boundaries ‘“‘sufficiently’”” far from the model. Fur-
thermore, circumstances may occasionally require the testing
of models that are larger than intended by the designers of a
particular facility. And there always must be a compromise
between model designers wishing to test the largest possible
model and the available wind-tunnel facility with an existing
test section.

As the distance between a model and the solid walls of a
closed-test-section wind tunnel is reduced, several effects al-
tering the measured data take place. One of the most obvious
effects is the increase in airspeed in the narrowed passage
between the model and the walls, which increases the aero-
dynamic coefficients. Another, quite important effect, is the
interaction between the walls and lifting surfaces, resulting in
reflections similar to ground effect. As a result of these and
other test-section-wall effects, numerous semiempirical cor-
rections were developed'—? and the test section to model fron-
tal area ratio was limited (e.g., to less than 7.5%, in Ref. 2
p- 371). As computational methods matured, correction meth-
ods based on combining the results of flow computations over
simple shapes with the measurement of wall-pressure signa-
ture were proposed. This approach (as in Refs. 4 and 5) allows
the fine tuning of the correction technique to fit the unique
geometry of a particular experiment. Another method is based
on numerically modeling the detailed geometry of both the
test section and the model, as proposed in Refs. 6 and 7. In
those references, ideal flow models were used, which are quite
effective for attached flow cases, and then both lift-reflection
and blockage effects can be estimated (but not wake blockage
or buoyancy).

Most wind-tunnel corrections are based on the assumption
that test section blockage is usually less than 7.5%, as sug-
gested in Ref. 2. This study, therefore, is aimed at generating
information on the effects of blockage ratios larger than 7%
(up to 20%), so that the changes in the aerodynamic coeffi-
cients under these extreme conditions can be estimated. Fur-
thermore, such data can be used to validate numerical tools
used as complementary tools in wind-tunnel testing and for
comparison with various corrections applied to the measured
experimental data. Two generic models were selected for this
investigation, such that the first represents bluff-body flows
and the second relates to the interaction between lifting wings
and the walls in an attached flow environment. The longi-
tudinal pressure signature along the wind-tunnel ceiling cen-
terline was also measured, so that this additional information
can be used to compare experimental results with numerical
computations.

Experimental Setup

The wind tunnel used for the experiments is a closed-return-
type with test-section dimensions of 0.81 m height and 1.15
m width. (Because of the slanted corners the actual cross-
sectional area is S = 0.9 m2.) Test-section airspeed varied
between 25-65 m/s so that the Reynolds number, based on
the body’s length (or airfoil’s chord) was about 1.4 x 10°.
The shapes of the two basic configurations and the method
of their mounting in the wind-tunnel test section are depicted
in Fig. 1. The first group of models (shown in the upper part
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Fig. 1 Schematic description of the four bluff-body and four wing
models, as mounted in the wind-tunnel test section.

of Fig. 1) represents a bluff body that consists of a hemispheric
nose section attached to a cylinder, and held via a rear sting
in the test section. The second basic shape was a rectangular
wing, spanning the whole test section, and using a NACA
64,-415 airfoil section. Four different, but similar models were
constructed for each case (a total of eight models), creating
test-section blockage in the range from 5 to 20%. The angle
of attack of the wing models could be varied during the ex-
periment by the rear strut, but the orientation of the cylin-
drical models was fixed, parallel to the freestream direction.

Results

The aerodynamic data obtained from the wind-tunnel ex-
periments included the six-component balance measurements
and the pressure coefficient signatures along the test-section
ceiling. For brevity though, only the ceiling pressure distri-
bution and the drag coefficient data will be presented for the
bluff bodies. More information about this experiment can be
found in Ref. 8. The pressure distribution, as measured on
the test-section ceiling, is shown in Fig. 2 for the four cylin-
drical bodies (the x coordinate is nondimensionalized by the
largest cylinder length L,). This data indicates that the air-
speed increases ahead of the body’s leading edge (x/L; = 0)
and the maximum speed (or minimum C,) is reached behind
the junction between the hemisphere and the cylindrical aft
body. The two most backward points on each curve in Fig. 2
show an increase in the suction peak toward the end of the
body. This is partially due to the flow turning inward behind
the bluff body and partially because of the time-dependent
wake flow (but the static pressure equipment is recording the
average pressure coefficient only). The fact that the pressure
coefficient does not recover to a value near C, = 0 behind
the body indicates that the wake creates a blockage effect
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Table 1 Variation of the drag coefficient with
increasing test-section blockage

Body no. Blockage, % Cp,, uncorrected
1 19.5 0.54
2 14.6 0.40
3 8.0 0.31
4 5.6 0.30

Note: Drag coefficient is based on model frontal arca and max-
imum uncertainty in Cp is =0.01.
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Fig. 2 Variation of the measured pressure coefficient along the test
section ceiling for the four cylindrical bodies. Body 1 is the largest and
body 4 is the smallest (maximum uncertainty in C, is +0.03).
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Fig. 3 Comparison of the pressure distribution along the centerline
of the test section ceiling for the four wings at & = 10 deg (maximum
uncertainty in C, is +0.03).

comparable to a solid body. Thus, the overall large variation
of the static pressure along the wind-tunnel ceiling, especially
for the larger body, indicates that the solid walls considerably
affect the flowfield. As model size and the corresponding
blockage increases, the magnitude of this pressure signature
increases as well. In case of the largest body, e.g., the data
indicate that the velocity near the wall is about 30% faster
than the freestream velocity. This blockage effect, of course,
causes a corresponding increase in the aerodynamic coeffi-
cients that can be demonstrated by observing the experimental
drag results for the four bluff bodies (Table 1). This data
clearly indicates the rapid increase in the uncorrected drag
coefficient, with increasing blockage ratio, which is defined
here as the model to test-section frontal area ratio.

The test program of the four wings when compared with
the test program of the bluff bodies had an additional variable;
the angle of attack. This increased the volume of the relevant
experimental data, and more information on this part of the
experiments can be found in Ref. 8. The effect of model size
on the ceiling pressure distribution can be demonstrated by
plotting the experimental data for a fixed angle of attack (e.g.,
a = 10 deg) for all four wings, as shown in Fig. 3. At this
angle, the blockage for all wings is quite large, but the flow
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Fig. 4 Lift and drag coefficient variation for the four wing models.
Wing 1 is the largest and wing 4 is the smallest (maximum uncertainty
in C, is £0.01, and in C,, it is =0.01).

is still attached. The extremum in the ceiling-pressure distri-
bution in Fig. 3 takes place behind the wing’s leading edge
and increases with wing size and angle of attack (for more
information on the effect of «, see Ref. 8). Also, the wake
blockage effect, which can be related to the pressure coeffi-
cient values behind the model, at the right-hand side of this
figure, is clearly increasing for the larger blockage ratios
(blockage ratios are shown in the parentheses). It is interesting
to compare the wing-induced pressure signature in this figure
with the one in Fig. 2. There, the pressure coefficient does
not recover to a value close to zero behind the models as it
does in the case of the wings in Fig. 3. This, of course, is a
result of the massive separated wake behind the cylindrical
body, whereas with the wings the wake blockage effects on
the ceiling pressures are much smaller.

The effect of the blockage ratio (or model size) on the lift
and drag curve of the four wings is shown in Fig. 4. Again,
as model size increases, the magnitude of the uncorrected
aerodynamic coefficients increases. Because of the physical
size of the larger wings, their angle of attack was limited to
14 deg, and only the smallest wing could be pitched up to 16
deg. Therefore, at the larger angles of attack the wing’s lead-
ing edges were quite close to the ceiling, but in these exper-
iments no effort was made to investigate the effect of wall
proximity on wing stall. The value of the lift coefficients in
this figure are somewhat less than the classical two-dimen-
sional values presented in Ref. 9. This is a result of the wing
side edges not being completely sealed against the tunnel side
walls (by the foam seals at the tips), thus creating a small
finite AR effect. The drag coefficient follows similar trends,
but the magnitude of the changes was much smaller, as seen
in Fig. 4. Also, the drag data had less separation because the
measured loads were closer to the accuracy margin of the
balance (AC, = =0.01).

Concluding Remarks

The basic fact that a model in a wind tunnel is confined
within limited boundaries will always have an effect on the
flowfield. As the blockage ratio increases, wall interference
effects may become quite large. The important finding here,
however, is that the changes in the aerodynamic coefficients
with increasing test-section blockage are gradual and mono-
tonic and an engineering estimation of the necessary correc-
tions is possible. The wall-pressure distribution signature var-
ies in a similar manner and most likely can be used for
engineering corrections, even when the blockage ratio reaches
levels of 20%.
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Unstructured Euler Flutter
Analysis of Two-Dimensional
Wing-Tail Configuration
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Introduction

HE unsteady interferences from vortical disturbances in

the flow can be important for the aeroelastic behavior
of lifting surfaces. Frequently, these interferences alter the
flowfield significantly, with consequent changes in aerody-
namic loading and aeroelastic behavior of the lifting surfaces.
In transonic regime where shock wave strength and position
are sensitive to small changes in flow parameters, vortical
wakes may be shed from the wing for a variety of flow con-
ditions. The downstream tail is under the direct influence of
such vortical wakes and may experience significant changes
in aeroelastic characteristics. It is thus of practical importance
to investigate the aerodynamic interferences and aeroelastic
characteristics of the tail, under the influence of a stationary
or oscillating forewing.

Most of the aeroelastic studies in the literature focus on
the flutter behavior of an isolated airfoil. There have been
few concerns about the aeroelastic characteristics of two-air-
foil systems, which are the two-dimensional representation of
a canard—wing or wing—tail configuration. Shankar and
Malmuth' performed the steady transonic small disturbance
calculations for the two-dimensional canard—wing systems.
Batina? studied the aeroelastic stability and flutter of two-
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dimensional wing—canard configurations in frequency do-
main. These studies are all based on the transonic small dis-
turbance equations, where the shock is weak and the airfoil
motion is assumed small. Recently, the Euler solver on dy-
namic unstructured meshes are employed for more realistic
aeroelastic studies. For example, Rausch et al.? performed
the Euler flutter analysis of airfoils using unstructured dy-
namic meshes. Batina* calculated the unsteady flow over an
aircraft oscillating with a fuselage bending mode. The Euler
solvers in these studies are based on multistage Runge~Kautta
time-stepping schemes with added artificial dissipation terms
to control the stability and the oscillation across solution dis-
continuities.

Euler Solver on Dynamic Unstructured Mesh

In this study, an upwind unstructured Euler solver based
on Roe’s approximate Riemann solver®® and a two-degree-
of-freedom aeroelastic solver are employed for the time-do-
main flutter analysis of wing—tail configurations. A dynamic
grid method is implemented by treating the mesh as a spring
network where each edge of each cell represents a spring with
stiffness inversely proportional to the length of that edge. The
outer boundary of the mesh is held fixed in space, while the
inner boundaries such as the surfaces of the wing and the tail
are allowed to move in a prescribed manner or as determined
by aeroelastic solver. The positions of the interior nodes are
then determined by the static equilibrium of the spring system.
The geometrical conservation laws (GCL) are enforced by
the procedure proposed by Vinokur,” which avoids the explicit
integration of the cell volume.

Time-Marching Aeroelastic Solver

The aeroelastic solver takes the aerodynamic loads com-
puted by the Euler solver as the input forcing functions. It
then solves the classical aeroelastic equations of motion for
a typical section airfoil in terms of plunge and pitch degree
of freedom. Considering the inertia, elastic, and aerodynamic
forces, the nondimensional aeroelastic equations of motion
without damping can be written as

My + Ky = Gu (1)

where y = [ha]” is the vector of plunge displacement 4 (pos-
itive when downward) and pitch displacement a (positive when
nose-up) measured from the assumed static operating con-
dition; u = [(C; — C,o)(Cyy — Cy)]” is the vector of aero-
dynamic loads with the static load C,, and C,,, subtracted;
and matrices M, K, and G are the coefficient matrices of
generalized mass, stiffness, and forces, respectively. In par-
ticular, a speed index V* = 2U./cw, is involved in matrix K,
where ¢ is the chord length and w, is the uncoupled natural
frequency in pitching. It is convenient to put Eq. (1) in a
linear state equation form:

X = Ax + Bu 2)

where x = [hahd]” and matrices A and B are made of M,
K, and G. After approximations for a small time step, Eq.
(2) is integrated in time by the algorithm of Edwards et al.®:

Xpt1 = cDxn + ®B(3un - unfl)/2 (3)
where ® is the state-transition matrix, and © is the integral
of ® from time step n to n + 1. By varying V*, the time
history of displacement is recorded and processed by a fast
Fourier transform (FFT) analysis or a modal identification
technique by Bennert and Desmarais® to identify its damping

and frequency. The system is said to be fluttering when the
system damping is negative.



