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Shock-Stall Flutter of a Two-Dimensional Airfoil
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In an experiment using a single-degree-of-freedom (pitching) flutter model, which simulates the typical section
of a forward-swept wing, shock-stall flutter, which is induced by large-scale shock-induced flow separation, has
been observed by a schlieren system with a high-speed video camera. The experimental results are compared with
computational ones to evaluate the numerical analysis code using the compressible Navier–Stokes equations. The
mechanism of the shock-stall flutter is made clear by considering the relations between the pitching moments vs
angle of attack and the flow patterns around the airfoil, which are obtained by the experimental flow visualization
and the numerical simulation.

Nomenclature
b = semichord
CM = pitching-moment coefficient about axis of pitch
fF = flutter frequency
fN = natural frequency
g = structural damping of flutter oscillation system
Iα = moment of inertia about axis of pitch
k = reduced frequency, bω/U
kF = flutter reduced frequency, bωF/U
M = freestream Mach number
q = dynamic pressure
qF = flutter dynamic pressure
R = Reynolds number based on chord
T = time
t = dimensionless time, (U/b)T
U = freestream velocity
α = angle of attack
αI = initial angle of attack
αM = mean angle of attack
ω = circular frequency
ωF = flutter circular frequency

Introduction

I N an experimental study of transonic flutter/divergence char-
acteristics of aeroelastically tailored and nontailored high-

aspect-ratio forward-swept wings, an unusual flutter phenomenon
was observed for the nontailored wing.1 The phenomenon has
been confirmed qualitatively as shock-stall flutter by a numerical
simulation using a two-dimensional (time-averaged) compressible
Navier–Stokes equations model.2
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The shock-stall flutter, which occurs for the nontailored forward-
swept wing in transonic range, has the following characteristics,
which are different from the conventional (classical type) flutter:

1) The flutter is essentially a single-degree-of-freedom flutter of
the first bending mode; the characteristic feature of which is the
“wash-in mode” (pivotal point located downstream of the trailing
edge) on a typical section (in the flow direction) of a forward-swept
wing, as shown in Fig. 1.

2) In the flutter, the large-scale shock–induced flow separation,
as shown in Fig. 2, plays a dominant role.

3) The flutter frequency is slightly lower than the first natural
frequency of a forward-swept wing.

4) The flutter can occur at unusually low dynamic pressures.
To confirm the results of the numerical simulation, the experimen-

tal study is performed by using a single-degree-of-freedom flutter
system with a two-dimensional airfoil model, which simulates the
typical section of a forward-swept wing. The present study includes
flow visualization around the airfoil during the diverging oscillation
by a schlieren system with high-speed video camera, in order to
confirm the existence and behavior of the large-scale shock-induced
flow separation.

Experimental Facility and Technique
The flutter experiments were conducted in the 0.25 m (width) ×

0.45 m (height) blowdown transonic wind tunnel of Kyushu Uni-
versity. By numerical simulation2 using the Navier–Stokes code,
it has been shown that the shock-stall flutter is essentially a single-
degree-of-freedom flutter of the wash-in mode. Thus the experimen-
tal single-degree-of-freedom flutter system (wash-in mode system)
with the pivotal point (axis of pitch) located at one chord length
downstream from the midchord point, as shown in Fig. 3, was de-
signed. The airfoil section of the model is a natural laminar-flow-
type supercritical airfoil with 12% thickness. The airfoil coordinates
are given in Table 1. The chord length and the span of the model
are 0.1 and 0.252 m, respectively. The airfoil model was made of
extra super duralumin and had a wing tip plate at each end of the
model to realize two-dimensional flow, as shown in Fig. 4. The
plates were made of clear acrylic and coated with silicone to have
better schlieren images and attached thin brass-stiffener rings on the
both sides of the plates. The arms fixed at both sides of the airfoil
are on the outside of the test section of the wind tunnel. The angle
of attack of the airfoil was measured by laser displacement sensors,
which sensed the displacement of the arms.

The airfoil model was set up at the initial angle of attack of
2 deg. The experiments were performed with three (constant) Mach
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Fig. 1 Characteristics of the first bending mode of (nontailored)
forward-swept wing.

a)

b)

Fig. 2 Large-scale shock-induced flow separation (taken from Fig. 6);
a) Isodensity contour obtained by the numerical simulation (E.08):
M = 0.72 and k = 0.072 and b) Schlieren picture: M = 0.72 and k = 0.071.

Fig. 3 Experimental single-degree-of-freedom (pitching) flutter
system.

Table 1 Natural laminar-flow-type supercritical airfoil

Upper surface Lower surface

Station, % Ordinate, % Station, % Ordinate, %

0 0.42 0 0.42
0.19 0.91 0.13 −0.02
0.63 1.42 0.65 −0.49
1.37 2.05 1.47 −0.91
2.43 2.71 2.59 −1.35
3.84 3.33 4.02 −1.83
5.59 3.87 5.77 −2.34
7.68 4.35 7.83 −2.89
10.08 4.78 10.21 −3.45
12.81 5.18 12.92 −4.00
15.87 5.54 15.95 −4.52
19.24 5.86 19.31 −5.00
22.93 6.13 22.99 −5.43
26.95 6.34 26.99 −5.79
31.29 6.49 31.31 −6.06
35.94 6.56 35.96 −6.21
40.92 6.54 40.94 −6.15
46.22 6.42 46.25 −5.80
51.83 6.16 51.89 −5.10
57.78 5.75 57.84 −4.12
64.03 5.15 64.10 −3.06
70.61 4.32 70.66 −2.16
77.50 3.20 77.52 −1.63
84.71 1.70 84.70 −1.62
92.21 −0.24 92.19 −2.24
100.00 −2.41 100.00 −3.08

Fig. 4 Experimental airfoil model with wing tip plates.

numbers. During the flutter experiments, the dynamic pressure of
the test section has been changed from low to high values to obtain
the hard flutter point. A schlieren system with a high-speed video
camera was used to observe the flow around the airfoil during the
diverging oscillation. A He–Ne laser of 5 mW was used as the light
source of the system. To make noiseless point source, a special filter
was used. The knife edge was set almost perpendicularly to the flow
direction. The schlieren images were taken by the video camera at
a frame speed of 2000 frames/s and a shutter speed of 1/20,000 s.

Results and Discussion
The natural vibration characteristics and the experimental con-

ditions and results are shown in Table 2, which includes the re-
sults of the numerical analysis (E.08) that has been performed
with the same experimental condition as the one of the experiment
(E.08), except for the initial angle of attack. The aeroelastic re-
sponse computation has been performed by using a two-dimensional
(time-averaged) compressible Navier–Stokes code,2,3 which em-
ploys the Yee–Harten total-variation-diminishing (TVD) scheme4

and the Baldwin and Lomax turbulence model.5 The number of
grid points employed is 280 × 80 with 200 points on the airfoil. The
present computation has been performed at the initial angle of attack
αI = 0 deg, whereas the initial angle of attack in the experiment is
αI = 2 deg. This is because the computation at αI = 2 deg diverged.
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Table 2 Vibration and flutter characteristics

Experiment Numerical analysis Experiment Experiment
Property (E.08) (E.08) (E.09) (E.10)

Natural frequency fN , Hz 61.4 61.4 61.4 61.4
Structural damping g 0.025 0.025 0.025 0.025
Moment of inertia about axis of pitch 15.7 × 10−3 15.7 × 10−3 15.7 × 10−3 15.7 × 10−3

Iα , kg-m2

Initial angle of attack αI , deg 2 0 2 2
Reynolds number based on chord R 1.13 × 106 1.13 × 106 1.44 × 106 1.49 × 106

Flutter frequency fF , Hz 54.7 57.6 53.9 52.9
Flutter reduced frequency kF 0.071 0.074 0.074 0.075
Freestream Mach number M 0.72 0.72 0.68 0.65
Flutter dynamic pressure qF , kPa 49 42 58 58
Mean angle of attack αM , deg 7.6 3.2 8.6 8.8

Fig. 5 Responses of angle of attack with increasing dynamic pressure.

The flutter frequencies in the experiments are lower than the natural
frequency, in the same way as the flutter frequency in the numerical
analysis. This is one of the things characterizing shock-stall flutter.
In Table 2, the flutter reduced frequency kF in the numerical anal-
ysis is slightly higher than the one in the experiment. The flutter
dynamic pressure qF in the numerical analysis is lower than the one
in the experiment. The mean angle of attack αM in the numerical
analysis is lower than one-half of the experiment. As just mentioned,
some discrepancies on the flutter characteristics are seen between
the results of the experiments and the numerical analysis.

The responses of the instantaneous angle of attack with the in-
creasing dynamic pressure, obtained at three Mach numbers, are
shown in Fig. 5. In the case of Exp. (E.08) at Mach number M = 0.72,
the flutter is more soft, and the flutter dynamic pressure is lower than
with other ones.

As an example of the schlieren-pictures series taken by the high-
speed video camera during the flutter oscillation, the series of about
one cycle pointed by an arrow in experiment (E.08) of Fig. 5, is com-
pared, in phase, with the flow patterns (isodensity contour) obtained
by the numerical simulation, which corresponds with the experi-
ment (E.08) except for the initial angle of attack, in Figs. 6a and 6b,
where the arrows show the direction of time flow. Picture numbers
0, 18, and 37 almost coincide with the ones of the minimum, maxi-
mum, and minimum angles of attack, respectively. One cycle of the
flutter oscillation corresponds to 36.6 frames of the picture series.
The large-scale shock-induced flow separations characterizing the
shock-stall flutter are observed clearly.

On both results of the experiments and the numerical simulations,
the shock wave that has appeared on the upper surface of the airfoil
becomes clear with the increasing angle of attack. Then the separa-
tions from the root of the shock wave occurs at the phase between
the pictures 14 and 15. The separations, shown by the numerical
simulation, occur at about the same phase between the dimension-
less times t = 378 and 384 as the experimental one. The appearance
of the separation causes a change in the pitching-moment coefficient
CM from increasing to decreasing, shown in Fig. 7, where the di-
rection of the change in CM is shown by the arrows. Then the shock
waves move to the leading edge of the airfoil with the increasing
angle of attack for both the results of the experiments and the nu-
merical simulation. The movement of the shock wave causes the
increase of the separated area. CM , from t = 384 to 402, decreases
abruptly with the increasing separated area. In the experiments, the
large-scale separation disappears about at the same phase (picture
number 27) as the one between t = 408 and 414 in the numerical
simulation. It seems that the disappearance of the separation causes
the recovering of CM in Fig. 7. The flutter is caused by the hystere-
sis loop of CM vs the angle of attack α. When the area surrounded
by the anticlockwise loop is subtracted from the one surrounded
by the clockwise loop, the remainder corresponds with the work
done on the airfoil motion by the pitching moment. If the remainder
becomes positive, the flutter occurs. As a typical example of the
relations between the hysteresis and the flow patterns around the
airfoil, it can be presented that the isodensity contours around the
airfoil at t = 384 and 408, when the angles of attack are almost the
same, are quite different. This is similar to the experiments. That
is to say, at each time, the sizes of the separated area, which are
determined by the positions of the shock wave, are quite different.
It can be considered that their area sizes cause a large difference
of CM .

On the whole, the flow patterns obtained by the numerical sim-
ulation are almost the same as those obtained by the experimen-
tal flow visualization. As shown in Table 2, there are discrepan-
cies between the flutter characteristics in the experiments and those
in the numerical analysis. One of the reasons for these discrep-
ancies can be attributed to the computation at the initial angle of
attack αI = 0 deg, which is different from αI = 2 deg in the ex-
periment. Another reason can be attributed to the inadequacy of
the Baldwin and Lomax turbulence model employed in the nu-
merical simulation for treating the large-scale shock-induced flow
separation.
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Fig. 6a Comparison, in phase, of experimental and computed flow patterns (E.08) with M = 0.72 and R = 1.13 ×× 106: first row, schlieren pictures
(k = 0.071, αI = 2 deg, and q = 51 kPa, and second row, isodensity contour obtained by the numerical simulation (k = 0.072, αI = 0 deg, and q = 49 kPa).

Fig. 6b Continued from Fig. 6a for still larger t.
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Fig. 7 Behavior of pitching moment about pivotal point on CM ∼α
plane: M = 0.72, R = 1.13 ×× 106, k = 0.072, αI = 0 deg, and q = 49 kPa.

Conclusions
Shock-stall flutter, with some characteristics, which had been pre-

dicted by the numerical simulation using the Navier–Stokes code,
was observed in the present experiments that were performed us-
ing a single-degree-of-freedom flutter system, which simulated a
typical section of a forward-swept wing. By flow visualization and
numerical simulation, it was confirmed that the shock-stall flutter
was caused by the hysteresis of the pitching-moment coefficient vs

angle of attack and the hysteresis was caused by the change of the
large-scale shock–induced flow separation area during the flutter
oscillation of the airfoil.

Although there were discrepancies on the flutter characteristics
between the results of the experiments and the ones of the numeri-
cal analysis, it is believed that the experimental data at the transonic
region obtained in this study can be used as the experimental bench-
mark test data for evaluating two-dimensional Navier–Stokes codes
with various turbulence models.
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