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Stall flutter is a nonlinear aeroelastic phenomenon that can affect several types of aeroelastic systems such as

helicopter rotor blades, wind turbine blades, and highly flexible wings. Although the related aerodynamic

phenomenon of dynamic stall has been the subject of many experimental studies, stall flutter itself has rarely been

investigated. This paper presents a set of experiments conducted on a NACA0012 airfoil undergoing stall flutter

oscillations in a low-speed wind tunnel. The aeroelastic responses are analyzed with the objective of characterizing

the local bifurcation behavior of the system. It is shown that symmetric stall flutter oscillations are encountered as a

result of a subcritical Hopf bifurcation, followed by a fold bifurcation. The cause of these bifurcations is the

occurrence of dynamic stall, which allows the transfer of energy from the freestream to the wing. A second

bifurcation occurs at the system’s static divergence airspeed. As a consequence, the wing starts to undergo

asymmetric stall flutter bifurcations at only positive (or only negative) pitch angles. The dynamic stall mechanism

itself does not change but the flow only separates on one side of the wing.

I. Introduction

T HE subject of this paper is the experimental study of the
aeroelastic behaviorof awingundergoingstallflutter.Aseries of

experiments carried out on a wing with pitch and plunge degrees of
freedom in a low-speed wind tunnel are described and the results are
analyzed to attempt a characterization of the stallflutter phenomenon.

Classical bending-torsion flutter involves the interaction between
two or more modes of vibration (or degrees of freedom) to give rise
to catastrophic self-excited vibrations of exponentially increasing
amplitude. The phenomenon is treated using linear assumptions, and
methods for its prediction are at a quite advanced stage.

Stall flutter is a nonlinear dynamic phenomenon that can involve
only a single degree of freedom. It is associated with large areas of
dynamically separating and reattaching flow over a lifting surface.
Stall flutter is closely related to galloping; in fact, Blevins [1]
treats the two phenomena simultaneously because they are both
oscillations of limited amplitude, induced by unsteady separated
flows. Stall flutter involves stalled flow over wings, whereas gal-
loping involves separatedflowover bluff bodies. Themain difference
between the two is that, in stall flutter, the flow reattaches instan-
taneously during an oscillation cycle, whereas flow over bluff bodies
is always separated. In this paper, only stall flutter will be considered,
that is, the work will concern a wing.

Essential to the occurrence of stall flutter is the phenomenon of
dynamic stall, even though these two are quite distinct phenomena.
As this distinction is central to the present work, the definitions of the
two phenomena is given here.

Dynamic stall: The significant and abrupt loss of aerodynamic
loads (lift and/or pitching moment) due to flow separation on
wings undergoing unsteady motions. It is an unsteady aerodynamic
phenomenon.

Stall flutter: Self-excited oscillation of limited amplitude, caused
by the interaction of a dynamic stall event with the inertial and elastic
characteristics of a wing. It is an aeroelastic phenomenon.

Dynamic stall is a purely aerodynamic phenomenon because no
feedback from the aerodynamic forces to the motion of the wing is
necessary for it to occur. In dynamic stall experiments, the motion
of the wing is prescribed using motors and the wing itself is usually
completely rigid. Stall flutter, on the other hand, is an aeroelastic
phenomenon because the dynamically stalling aerodynamic forces
interact with the structural restoring forces of the wing and the
motion is a free self-excited oscillation of limited amplitude. In the
nonlinear dynamics literature, such oscillations are called limit
cycle oscillations (LCOs). In other words, dynamic stall is an
aerodynamic nonlinearity. Stall flutter is a LCO occurring as a result
of the existence of this nonlinearity.

Nevertheless, dynamic stall is the phenomenon that has beenmost
investigated in the past. Halfman et al. [2] produced one of the first
truly thorough investigations of dynamic stall. Experimental results
in a wind tunnel were obtained using an airfoil oscillator, that is,
a mechanism for forcing a nearly 2-D rectangular NACA wing to
oscillate sinusoidally in a wind-tunnel section. Time-varying lift,
drag,moment, and positionweremeasured alongwith various inertia
quantities.

Ericsson and Reding [3–5] carried out a significant amount of
work on dynamic stall in the 1970s. Among other things, they
developed a quasi-steady aerodynamic model for dynamic stall of a
2-D airfoil with unsteady terms represented by a single lumped
vortex “spilled” from the trailing edge. The authors’ quasi-steady
approachwas further improved by including in the analysis the effect
of this spilled leading-edge vortex [6].

McCroskey [7] defined two dynamic stall regimes: light stall and

deep stall. Light stall is a phenomenon similar to static stall and is

characterized by very negative pitch damping values. Deep stall is

essentially the phenomenon whereby a large vortex is shed at the

leading edge and travels downstream. The passage of this vortex over

the airfoil’s upper surface producesmaximum lift andmoment values

far in excess of their static counterparts.
Several other experimental investigations of dynamic stall were

carried out since then, including particle image velocimetry mea-
surements [8,9], culminating in a nearly complete visualization of the
dynamic stall phenomenon [10].
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On the other hand, research on stallflutter itself has been quite rare.
Early investigations [11,12] stated that the flexure-torsion flutter
speed of wings decreases at high incidences. It was concluded that
this decrease may be due to a reduction of aerodynamic torsional
damping with incidence.

In the 1960s, Ham and Young [13] defined stall flutter as an
oscillation of a wing (or helicopter blade) during which the time-
averaged damping in pitch is exactly zero over a cycle of the
oscillation. Such oscillations are self-excited and self-limiting, that
is, limit cycle oscillations.

In the early 1990s, the Structural Dynamics Division at NASA
Langley Research Center initiated the Benchmark Models Pro-
gram. Results from wind-tunnel flutter tests on a 3-D wing with a
NACA0012 section [14] showed that stall flutter can occur at some
combinations of dynamic pressure and angle of attack. The fullflutter
boundary was traced, including the stall flutter boundary.

It could be argued that the conceptually difficult aspect of the stall
flutter phenomenon is the aerodynamic side; the structural behavior
is linear and therefore easy to describe. However, in these authors’
opinion the separation of the aerodynamic and structural aspects of
stall flutter and the study of only the aerodynamic side to characterize
the full phenomenon is incomplete. Stall flutter is a nonlinear
phenomenon. Even if the nonlinearity comes uniquely from the
aerodynamic forces, the principle of superposition does not hold.
In other words, a nonlinear dynamic system cannot always be
conveniently split into linear and nonlinear subsystems. Changes in
the linear subsystem can completely change the character of the
response of the complete system.

The purpose of the present work is to investigate the complete
aeroelastic phenomenon of stall flutter. Experiments will be
described concerning the stall flutter behavior of a NACA0012
airfoil and the parameters that influence this behavior will be
explored. The airfoil has pitch and plunge degrees of freedom,
restrained by torsional and compression springs, respectively. The
pitch and plunge displacements, as well as the pressure distribution
around the midspan section, are measured. The nonlinear dynamic
response will be characterized in terms of local bifurcations and the
changes in bifurcations with some of the controlling parameters will
be investigated.

First, the experimental setup will be described, followed by the
presentation of static aerodynamicmeasurements on thewing. Then,
the wing’s dynamic responses will be presented and analyzed and
the occurrence of stall flutter oscillations highlighted. Finally, the
complete stall flutter behavior of the wing in the speed range tested
will be detailed, bifurcation analysis will be carried out, and physical
justifications will be attempted for the various phenomena observed.

II. Experimental Setup

The experiments were carried out in the Goldstein Laboratory of
the University of Manchester. Two different wind tunnels were used.
The static tests were performed in the Project tunnel, and the dynamic
tests presented in this paper were conducted in the Avro 9 � 7 ft
tunnel. The Project tunnel is an open-return subsonic wind tunnel. Its

working section is 2.16 m in length, 1.1 m in width, and 0.86 m in
height. The cross-sectional area is 0:782 m2, forming an octagonal
shape with four 45 deg corner fillets. The fan can provide a flow
velocity in the working section from 5 to 55 m=s. The Avro 9 � 7 ft
tunnel is a closed-return subsonic wind tunnel, with a test section
2.74 m wide, 2.1 m high, and 5.5 m long (9 � 7 � 18 ft) and a
contraction ratio of 6:1. The maximum speed is 70 m=s.

The experimental apparatus consisted of awingmodel, the support
mechanism, the sensors, data recording equipment, and either of
the two wind tunnels. The wing chosen for this experiment is a
rectangularwingwithNACA0012 airfoil section,with 900mmspan,
300 mm chord, and an aspect ratio � 3. This airfoil was chosen
because it ismost oftenused for theoretical and experimental research
programs. The wing was fitted with clear end plates to constrain the
flow to be quasi-two-dimensional. The internal structure of the wing
consisted of four aluminum ribs with NACA0012 shape. The ribs
were secured on a square shaft, positioned0.115mbehind the leading
edge. This shaft acted as the pitch axis, that is, the wing could pitch
around it.

The support mechanism was designed to allow pitch and plunge
motion of thewingmodel without friction and with known structural
stiffness. Restoring force was provided by two pairs of compression
springs and a pair of torsion springs. One or both degrees of freedom
could be locked down. As shown in Fig. 1, the model was tailored to
fit in both tunnels. In the Project tunnel, the support structure was
fixed on a steel platform placed under the tunnel; apart from thewing
and end plates, all the components were placed outside the tunnel. In
the 9 � 7 ft tunnel, the support mechanismwas standing on two steel
plates that were fixed on the tunnel floor by two steel bars. The wing
assembly was mounted inside the tunnel. The attachment platforms
used in both tunnels were not completely rigid, but their natural
frequencies were much higher than the oscillation frequencies of the
wing model and could be filtered out.

The motion of the wing was measured and recorded by means of
two long-range laser displacement sensors. As shown in Fig. 1b, the
sensors were fitted above the wing, illuminating a spot near the
leading edge and one near the trailing edge. The two spots lay on
the midspan line. From these measurements, the pitch and plunge
displacements of the wing could be reconstructed. The pitch and
plunge velocities were obtained by numerically differentiating the
displacements. The motion of the wing was also recorded using a
digital camera.

The pressure distribution around the midspan section of the wing
was measured by means of 18 pressure transducers fitted inside
the wing. The piezoresistive pressure sensors were specifically
developed for this project to conform to the relatively low pressure
variations and low frequencies characteristic of stall flutter [15].

The pressure transducers were mounted inside the wing and
connected with short plastic tubes (about 20 mm in length) to
pressure tappings on the surface of the skin. The pressure tappings
were drilled on thewing’s surface at the midspan section (nine on the
upper and nine on the lower surface), at the positions shown in Fig. 2.
They were located symmetrically on the upper and lower surfaces of
the wing.

Fig. 1 Stall flutter wing shown in both tunnels.
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The maximum test airspeed was limited to 30 m=s to ensure
the structural integrity of the wing and its support structure.
The minimum airspeeds tested were around 3 m=s; therefore, the
Reynolds number range of the experiments extended from 6 � 104

to 6 � 105. Table 1 shows a summary of all the important experi-
mental parameters.

III. Static Test Results

The static tests were performed to verify that the pressure
transducers were accurate and also to quantify the static lift curve of
the stall flutter wing and its dependence on Reynolds number. These
tests consisted of clamping the wing at a particular pitch angle and
measuring the pressure distribution around it for several airspeeds.
The pressure distributionwas integrated to calculate the aerodynamic
lift and moment around the leading edge at various angles of attack
and airspeeds.

Figure 3 shows the measured lift coefficient and pitching moment
coefficient around the quarter-chord for angles of attack between
�40 and�40 deg and airspeeds of 10, 15, 20, and 25 m=s. Here, lift
is taken to mean the aerodynamic force in the vertical direction, not
the force normal to the wing’s chord. The corresponding Reynolds
numbers were 2 � 104, 3 � 104, 4 � 104, and 5 � 104. Corrections
for wind-tunnel effects were applied to the measured aerodynamic
loads. It can be seen that there are small variations of the lift and
moment coefficient curves with airspeed. The maximum lift
coefficient is just under one at 10 m=s but increases to almost 1.2 at
25 m=s. At negative angles of attack, the lift coefficient reaches�1:1
at 25 m=s. The variation of the pitching moment coefficient curve
with airspeed is less clear-cut but there is one obvious effect: at small

angles of attack, the pitching moment coefficient is constant but not
equal to zero. For a perfectly symmetric airfoil, the pitching moment
coefficient around the quarter-chord should be zero when the flow is
attached.

Both the lift and pitching moment coefficient curves show that the
stall flutter wing is not perfectly symmetrical. The zero lift angle of
attack lies between 1 and 2 deg, the positive stall angle is 13 deg, and
the negative stall angle is 10 deg, and the pitchingmoment around the
quarter-chord is small but nonzero at small angles of attack. There is
clearly a small asymmetry in the wing, which will play a role in its
stall flutter behavior, to be detailed in the next section. It should be
noted, though, that the static stall angles do not changewithReynolds
number.

The pitching moment coefficient around the quarter-chord was
plotted in Fig. 3b for compatibility with the NACA airfoil measure-
ments. However, for the dynamic tests, the pitching moment
coefficient around the pitch axis was used. From now on, every
mention of pitching moment will refer to the pitching moment
around the pitch axis.

IV. Dynamic Test Results

The dynamic test procedure involved the setting of the desired
wind-tunnel airspeed, the start of the measurement, and the sub-
sequent excitation of the wing to measure its responses. The exci-
tation was a large hand-administered impulsion, intended to drive
the wing into angles of pitch high enough to stall the flow. The
measurement of the position and pressure responses was always
triggered simultaneously.

Figure 4 shows the position and aerodynamic load responses at an
airspeed of 2:5 m=s. An impulse was applied to the wing, causing a
response in both pitch and plunge, as seen in Fig. 4a. There is a
significant pitch displacement of the order of 40 deg and a plunge
displacement on the order of 8 cm. The aerodynamic loads responses
(i.e., lift andmoment around the pitch axis) are shown in Fig. 4b. The
lift is defined as positive upward and the moment as positive nose up.
It can be seen that they are very low, as expected because the airspeed
is also low. The loads are presented as values per meter. Considering
that the span is 0.9 m, the maximum instantaneous lift is about 2 N
and the maximum instantaneous pitching moment is about 0.3 Nm.
The response is highly damped and the motion stops after 2 cycles.

The result presented in Fig. 4 does not show any clear evidence
of stall. The maximum values for the lift and moment occur at

Fig. 2 Position of pressure tappings on the wing’s surface.

Table 1 Important experiment parameters

Experimental
parameter

Value Experimental parameter Value

Wing span 0.9 m Wing chord 0.3 m
Pitch axis
position

0.115 m Airspeed 0–30 m=s

Weight of wing
assembly

15 kg Moment of inertia
around pitch axis

0:31 kgm2

Stiffness in
plunge

30:5 N=mm Stiffness in pitch 13:1 Nm=rad
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approximately the same time as the maximum pitch angles. The
first clear dynamic stall event is observed at V � 3:1 m=s, as
shown in Fig. 5. The response is again highly damped and decays
quickly. The pitch angle reaches a maximum of 30 deg. It should
be noted that, as the excitation impulses were hand administered,
they never had identical strengths. The pitching moment response

at this airspeed clearly contains a double peak near the first
maximum and first minimum of the pitch angle. This double peak
is evidence of a sudden loss in pitching moment and subsequent
recovery, a phenomenon which has been used to define dynamic
stall by most authors in the field (see, for example, McCroskey and
Philippe [16]).
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Fig. 3 Static lift and pitching moment coefficient measurements.
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Fig. 4 Position and load response at V � 2:5 m=s.
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Fig. 5 Position and load response at V � 3:1 m=s.
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It should be noted that the occurrence of dynamic stall does not
necessarily coincide with stall flutter. At 3:1 m=s, the aeroelastic
response is still highly damped and decays within a couple of cycles,
despite the fact that dynamic stall is occurring. It must also be pointed
out that the dynamic stall ismore visible in themoment response than
in the lift response. This can be explored further using Fig. 6, which
plots the pitch, lift, and moment responses on the same axes, for
V � 2:5 m=s andV � 3:1 m=s. At the2:5 m=s airspeed, Fig. 6a, it is
seen that the maximum lift occurs slightly before themaximum pitch
angle, whereas themaximummoment occurs just after themaximum
pitch. It can also be seen that there are undulations in the moment
response near the first maximum and first minimum; these can be
evidence of a weak stall event, whereby many weak vortices are
released instead of a single strong one. Of course, the undulations
may also be due to experimental error at such a low wind-tunnel
airspeed.

On the other hand, atV � 3:1 m=s, there is a clear loss of pitching
moment and subsequent recovery just after the first maximum and
minimum pitch angles are reached. As before, the maximum and
minimum lift values occur just before the extreme pitch angle values
are attained. For both airspeed cases, the Reynolds numbers are
quite low, 5:1 � 104 and 6:3 � 104, respectively. Very little research
has been carried out on the dynamic stall phenomenon at such low
Reynolds numbers. In fact, the present experiments were not
specifically designed for low Reynolds numbers, and so any
conclusions derived from the resulting responses are far from
definitive.

It should also be mentioned that the values of the aerodynamic
loads are still quite low at V � 3:1 m=s, in fact as low as at
V � 2:5 m=s. This means that, at such airspeeds, the main flow
component is the flow due to the pitching motion of the wing; the
freestream’s effect is negligible. This is no longer the case at an
airspeed of V � 8:3 m=s, as seen in Fig. 7. The aerodynamic loads
are an order of magnitude higher than in the previous airspeed cases
and themotion takesmuch longer to decay to zero; around 3.5 cycles.
It is clear that the increased aerodynamic loads have the effect of
decreasing the damping. This effect is clearly due to the dynamic stall
phenomenon, as both the lift and moment responses demonstrate
that there are time instances at which sudden drops in values can
occur. It should be noted that dynamic stall is, again, more visible in
the moment response; in fact, the fundamental frequency of the
moment response is twice that of the pitch or lift responses.
Therefore, the dynamic stall has such a strong effect on the pitching
moment around the pitch axis that, after stall, thevalue of themoment
not only drops but it is completely reversed. Again, though, the
dynamic stall phenomenon does not cause stall flutter, the responses
are still decaying.

The first stall flutter event is observed at an airspeed of V�
12:2 m=s. At the beginning of the motion, the wing is free to move
but at rest. After the impulsive excitation is applied, though, thewing
starts to perform limit cycle oscillations of amplitude 30 deg in pitch
and 7 cm in plunge. It should be noted that plunge amplitude is
suddenly muchmore significant than in the decaying response cases.
This phenomenon is due to the aerodynamic coupling between pitch
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Fig. 6 Pitch, lift, and moment variations at two airspeeds.
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Fig. 7 Position and load response at V � 8:3 m=s.

DIMITRIADIS AND LI 2581



and plunge. Notice that the plunge responds at the same frequency as
the pitch; this means that the plunge response is due to excitation by
the pitch response purely. The stiffness in plunge is so much higher
than the stiffness in pitch that there is no response at the plunge
natural frequency. Despite the fact that the system has 2 degrees of
freedom, the response is single mode.

The fact that limit cycle oscillations are possible at this air-
speed means that the aeroelastic system undergoes a bifurcation at
V � 12:2 m=s. The LCO can only be attained if a strong enough
impulse is applied. Therefore, the wing’s equilibrium position
around zero is still stable. Such a situation corresponds to the
occurrence of a subcritical bifurcation, whereby a stable focal point is
encircled by an unstable limit cycle, which is in turn encircled by a
stable limit cycle.

Figure 8b shows that the lift and moment responses are not very
repeatable. In fact, every period of the cycle is slightly different;
these differences are not stochastic, that is, they are not caused by
experimental, measurement, or other errors. Several researchers in
dynamic stall and stall flutter have pointed out that aerodynamic
measurements can vary from cycle to cycle. Period averages of the
aerodynamic response measurements over a single period have been
used to create a single, average, cycle. In this work, as the aero-
dynamic forces affect the motion of the wing, the period averaging
process has been extended to the wing displacements.

Figure 9 shows period averages for the pitch, lift, and moment
responses at V � 12:2 m=s. Two identical periods are plotted

consecutively for clarity. The pitching moment is in phase with the
pitch response but the lift is completely out of phase, which may
suggest that the center of pressure (i.e., the point of application of
the lift) lies behind the pitching axis at all times. This situation
does not occur at many airspeeds. At V � 13 m=s, the moment is
again in phase with the lift, as seen in the period-averaged plot of
Fig. 10.

Therefore, an interesting progression is observed as far as the
relative phases of lift and moment are concerned with increasing
airspeed:

1) In the range 0–8 m=s, the moment lags the lift by a small phase
angle.

2) In the range 8–11 m=s, the moment varies at twice the
frequency of the lift and, therefore, alternates between being in phase
and out of phase with the lift.

3) In the range 11–12 m=s, the moment is 180 deg out of phase
with the lift but in phase with the pitch response.

4) In the range 13–15 m=s, the moment is again in phase with the
lift.

An interesting difference between the aeroelastic responses at
V � 12:2 m=s and V � 13 m=s is the fact that, at the latter airspeed,
the LCOs are self-activated, that is, there is no need for an impulsive
excitation. At this airspeed, the equilibrium position is no longer
stable and the wing is forced to undergo limit cycle oscillations. In
more mathematical terms, the only attractor in the phase space is the
stable limit cycle.
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Fig. 8 Position and load response at V � 12:2 m=s.
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As the airspeed increases, no further major changes are observed
in the character of the aeroelastic and aerodynamic response of the
wing. The amplitude of the oscillations increases, whereas the period
decreases slightly. These changes will be described in more detail
using bifurcation diagrams in the next section.

There is a qualitative change in the aeroelastic response of thewing
whenV � 23:7 m=s is reached. At this airspeed, a new bifurcation is
observed. Instead of performing symmetric oscillations about the
equilibrium position, thewing is performing asymmetric oscillations
at negative pitch angles. However, the situation is not stable; there
are some instantaneous excursions into the symmetric LCOs. In
other words, the asymmetric and symmetric LCOs coexist but the
asymmetric one appears to be the stronger attractor. A pitch, plunge,
lift, and moment response time history at this airspeed can be seen
in Fig. 11. It is obvious that the wing performs mainly asymmetric
oscillations, apart from three symmetric cycles at the end of the time
history. This change in aeroelastic behavior occurs very abruptly;
measurements at V � 23:2 m=s show that the wing performs only
symmetric LCOs and the pitch and plunge responses give no
indication of the impending change. Mixed symmetric and asym-
metric LCO responses were also encountered at the next test
airspeed, V � 25:5 m=s. At airspeeds of V � 26:7 and higher (up to
29:4 m=s), only the asymmetric LCOs were observed, as seen in the
pitch, plunge, lift, and moment responses of Fig. 12 for V � 26:7.

Both Figs. 11 and 12 demonstrate that, during the asymmetric
LCOs, the lift variation is very sharp at the local minima, whereas it is
quite rounded at the local maxima. Sharp changes in lift variation

denote dynamic stall. As the lift minima occur near the minima of
the pitch response, this suggests that dynamic stall only occurs at
the pitch minima. In other words, dynamic stall only occurs on the
lower surface of the wing and at high negative pitch angles. This
phenomenon is in sharp contrast to the dynamic stall mechanism
observed during the symmetric LCOs, whereby the flow stalls on
both of the wing’s surfaces.

A very similar lift variation during dynamic stall experiments is
reported by Tsang et al. [17]. They present lift time responses to a
prescribed pitch oscillation of an airfoil. The oscillationwas centered
around 15 deg and had an amplitude of 10 deg. The lift response
displayed similar characteristics to the lift response of Fig. 12 where
the free pitch oscillations are centered around �22 deg and have an
amplitude of 20 deg. In particular, the sharpness of the lift drop at the
local minima is similar to that observed by Tsang et al. at the local
maxima (their oscillations were centered around a positive pitch
angle). Nevertheless, it should be pointed out that the two series of
experiments cannot be directly compared as the frequency of the
Tsang et al. oscillationswas around 4 times higher than the frequency
of the present experiments. The Reynolds numbers are also different.

Although the pitch and plunge responses do not give any
indications of the impending change in aeroelastic response from
symmetric to asymmetric LCOs, the aerodynamic load hysteresis
curves with pitch displacement can provide such an indication.
Figure 13 shows the variation of lift and pitching moment with
pitch displacement at four different airspeeds. The lift hysteresis
curve clearly becomes progressively “pinched” in themiddle until, at
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Fig. 11 Position and load response at V � 23:7 m=s.
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Fig. 12 Position and load response at V � 26:7 m=s.
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V � 23:7 m=s, the system begins to spend a lot more time tracing the
left-hand loop than the complete hysteresis curve. AtV � 26:7 m=s,
the hysteresis has been cut completely into two loops and only the
left-hand loop is traced. In other words, when the long sides of the lift
hysteresis curve start touching in the middle, the intersection point
belongs to three hysteresis loops; a particular lift response can follow
either the symmetric or one of the asymmetric hysteresis loops.
Halfman et al. [2] were the first to notice that the lift hysteresis curve
becomes bow-tie shaped when dynamic stall occurs. Later on, it will
be shown that the lift hysteresis and moment hysteresis curves, as
plotted in Fig. 13, are only two-dimensional projections of three-
dimensional curves in the space “pitch–pitch rate-lift” or “pitch–
pitch rate-moment.”

The pitching moment hysteresis with pitch angle features a
parallelogram in its middle. This parallelogram becomes pro-
gressively thinner and longer until it becomes a single line at
V � 26:7 m=s.Again,only the left-hand loop is tracedat thisairspeed
and all subsequent airspeeds.

The jump from symmetric to asymmetric LCOs can be more
clearly observed using period-averaged hysteresis curves. Figure 14
shows period-averaged lift coefficient hysteresis curves against
pitch displacement for three airspeeds, two before and one after the
bifurcation. The figures are presented in lift coefficient terms instead
of lift force to clearly showhow the limit cycles changewith airspeed.
The amplitude of the lift coefficient variation over a cycle does not
change much with airspeed, at least not in the 16:8–26:7 m=s range.
The only thing that changes is the fact that the two halves of the
hysteresis curve get separated so that the system can only undergo
oscillations in one of the two halves. The present experiments
showed only oscillations in the left-hand half. It is believed that this is
due to the asymmetry of the wing geometry and also to the setting of

the torsion spring apparatus, which, in this case, favored a slightly
negative equilibrium pitch angle; results presented later in this
sectionwill demonstrate only positive pitch angle asymmetric LCOs.
It is believed that a perfectly symmetric experimentwould have equal
tendency to undergo the negative and positive pitch angle LCOs. The
choice of limit cycle would then depend purely on initial conditions.

As mentioned earlier, at airspeeds of 23.7 and 25:5 m=s, the
wing could undergo both symmetric and asymmetric limit cycle
oscillations. This case needs some particular attention because
bifurcation theory dictates that two stable limit cyclesmust always be
separated by an unstable limit cycle or a homoclinic orbit (see, for
example, Kuznetsov [18]). Such attractors cannot be observed
experimentally (for example, unstable limit cycles are only reached
when time is running backward), but their positions can be extra-
polated by observing the period-averaged lift hysteresis curves of
Fig. 14. A conceptual drawing of the three limit cycles can be seen in
Fig. 15. The three stable limit cycles must be separated by a fourth
attractor. It will be argued later that this attractor can be a homoclinic
orbit in a figure eight crossing over itself at the origin.

Only negative angle symmetric LCOs were encountered during
the experiments reported up to this point. In fact, it was found
impossible to center thewing so that its rest position is exactly at zero
pitch angle at all airspeeds. Thewing was initially centered such that
the rest pitch angle was slightly negative, as seen in Figs. 5a and 7a,
where, after the motion has decayed, the pitch angle is negative.

The dynamic experiments were repeated with an alternative
centering for the torsional springs to attempt to observe the positive
pitch angle asymmetric LCO. A slightly positive equilibrium pitch
anglewas obtained by adjusting thewinding of the torsional springs.
The responses obtained with the new pitch centering were similar
to those already presented up to an airspeed of 17:8 m=s. At this
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Fig. 13 Changes in aerodynamic load hysteresis curves with airspeed.
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condition, the wing started to undergo a combination of symmetric
and positive angle asymmetric limit cycles oscillations, as shown in
Fig. 16. The figure resembles Fig. 11 for the system with negative
pitch centering at 23:7 m=s, but the asymmetric LCO occurs only at

positive pitch angles. Accordingly, the lift response of Fig. 16b
shows that dynamic stall only occurs on the upper surface of thewing
during the asymmetric LCOs.

The symmetric LCOs disappear at an airspeed of 20:5 m=s, at
which only positive angle asymmetric limit cycle responses were
observed, as seen in Fig. 17. It should be noted that positive pitch
centering has two effects: 1) the change in direction of the asym-
metric limit cycles (positive instead of negative pitch angles), and
2) the change in airspeed at which asymmetric limit cyclesfirst occur.
With negative pitch centering, the first asymmetric LCOs occur at
23:7 m=s, whereas with positive pitch centering, asymmetric LCOs
first appear at 17:8 m=s.

It has already been seen that, under negative pitch centering, the
lift hysteresis curve becomes narrower in the middle until the upper
and lower parts of the curve touch each other and are then split into
two independent loops. This progression is also evident in the case
of positive pitch centering, although less clearly. Figure 18 shows
period-averaged lift coefficient hysteresis curves for four airspeeds,
two before the asymmetric LCO bifurcation and two after. It can be
seen that the symmetric lift hysteresis curve becomes narrower in the
middle as the airspeed is increased but never to the point of touching,
as in the negative pitch centering case. The symmetric lift hysteresis
curve at V � 17:8 m=s does not have a figure-eight shape, yet
asymmetric limit cycles are possible at this airspeed. Therefore, a
figure-eight-shaped (or bow-tie shaped, as described by Halfman
et al. [2]) lift hysteresis curve is not a necessary condition for the
bifurcation to asymmetric LCOs.

In fact, the eight-shaped lift hysteresis curves in Figs. 13 and 14 are
slightly misleading. The figures are 2-D projections of 3-D curves.
Figure 19 plots the lift coefficient hysteresis curves against pitch and
pitch rate in 3-D space, for negative pitch centering at 23:7 m=s and
positive pitch centering at 17:8 m=s. It can be seen that neither of the
cases features a figure-eight shape, although they both demonstrate a
narrowing in the middle, around the �� 0 line, where � is the pitch
angle. These plots are important because they demonstrate that there
is no qualitative change in the dynamic stall mechanism occurring
due to the change in pitch centering; both results come from
essentially the same system. A figure-eight shape appears in the 2-D
projection of the lift hysteresis curve of the negative pitch centered
system purely as a result of a slightly different orientation of the plane
onwhich the curve lies. This difference in orientation is probably due
to the slight asymmetry of the stall flutter wing, which has already
been discussed several times. Figures 19c and 19d show that the
pitching moment coefficient hysteresis curves are similar to the lift
hysteresis curves but the plane on which they lie is strongly curved
and not approximately flat, as is the case with the lift hysteresis.
Therefore, the pitching moment demonstrates a much more complex
dependence on pitch rate.
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Fig. 15 Conceptual drawing of coexisting stable and unstable LCOs at
V � 23:7 m=s.
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Fig. 16 Position and load response at V � 17:8 m=s with positive pitch centering.
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The occurrence of the various types of LCO for the stall flutter
wing will be further analyzed and tentative explanations will be
proposed in the next section, using bifurcation analysis.

V. Bifurcation Behavior

Despite the complexity of the present experimental wing system,
its equations of motion can be written in the simple first-order form:

_x� f�x;w� (1)

where x is the vector of system states, which includes both structural
and aerodynamic states, f is a vector of nonlinear functions, andw is a
vector of system parameters, such as airspeed, structural stiffness,
etc. Strictly speaking, dynamic systems involving unsteady aero-
dynamic loads are infinite dimensional, that is, the number of states is
infinite [19]. The aerodynamic loads depend not only on the current
value of the states but also on all previous values, due to the effect
of thewakevorticity. In practice though, only thewakevorticity close
to the wing has a measurable effect on the aerodynamic loads.
Therefore, the system is approximately finite dimensional; vorticity
shed a long time ago can be neglected.

As the equations of motion are nonlinear, they can have more than
one solution; therefore, several solutions can coexist at any set of
parameter values. A change from one type of solution to another as a
parameter is varied is termed a bifurcation [20]. It can also be said that

a bifurcation is the intersection of one solution branch with another
solution branch [21].

The local bifurcation behavior of the stall flutter wing as the
airspeed is changed can be described using the following cases:

1) For V < 12 m=s, the response is oscillating decaying.
2) For 12 � V < 13 m=s, the response is oscillating decaying or

symmetric LCO.
3) For 13 � V < 18 m=s, the response is symmetric LCO.
4) For 18 � V < 27 m=s, the response is asymmetric LCO or

symmetric LCO. The first positive pitch asymmetric LCOs appear at
17:8 m=s, the first negative pitch asymmetric LCOs at 23:7 m=s.

5) For V > 27 m=s, the response is symmetric LCO. Symmetric
LCOs for the positive pitch centeredwing disappear at 20:5 m=s. For
the negative pitch centered wing they disappear at 26:7 m=s.

Cases 1–4 are plotted in the�– _� phase plane in Fig. 20. The shapes
of the LCOs are taken from the experimental � vs _� data. In Fig. 20a
(case 1), the only singularity in the phase plane is the stable spiral
point. The observed trajectory clearly shows the spiral effect
produced by the singularity. The trajectory begins at the far right end
of the plot and spirals inward toward the fixed point.

For case 2, two trajectories are plotted in Fig. 20b. Trajectory 2
tends toward the stable spiral point as before. This trajectory is the
result of aweak externally applied impulse. Trajectory 1 in Fig. 20b is
a limit cycle oscillation. It is the result of a stronger impulsive
excitation. In the 12–13 m=s airspeed range, it is possible to observe
a hysteretic phenomenon whereby the response is decaying as the
airspeed is increased toward 13 m=s, becomes suddenly LCO as
13 m=s is exceeded, and remains LCO as the airspeed is decreased
and until it drops below 12 m=s.

Figure 20c corresponds to case 3. Only one trajectory is plotted,
the limit cycle oscillation. Finally, for case 4, three orbits are plotted
in Fig. 20d: the symmetric limit cycle, the positive pitch asymmetric
limit cycle, and the negative pitch asymmetric limit cycle. At certain
airspeeds, a single trajectory can jump from the asymmetric limit
cycle to the symmetric one and vice versa, as shown in Fig. 11. Case 5
is not represented in these drawings because it features only one of
the two asymmetric limit cycles of Fig. 21d.

The observations of Fig. 20 are presented in conceptualized form
in Fig. 21 to pinpoint the location and stability of the various
singularities in the phase space. The shape of the unstable limit cycle
and homoclinic orbit as well as the positions of the unstable fixed
points are, of course, qualitative only. Initially, the only singularity
to exist in the phase plane is the stable focal point (Fig. 21a). Then,
a stable and an unstable limit cycle come into existence at an
infinitesimal distance from each other but at a finite distance from the
focal point. As the airspeed is increased, the stable and unstable
limit cycles move away from each other. The stable LCO amplitude
increases, whereas that of the unstable LCO decreases (Fig. 21b).
Eventually, the unstable limit cycle becomes so small that it merges
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Fig. 17 Position and load response at V � 20:5 m=s with positive pitch centering.
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with the focal point to become an unstable focal point; only a stable
LCO motion is now possible (Fig. 21c). Finally, the focal point
becomes a saddle point through which passes a double-loop homo-
clinic orbit; two unstable focal points are also created at either side of
the saddle point on the _�� 0 axis. The homoclinic orbit splits the
phase plane into three different regions, in each ofwhich a stable limit
cycle can exist (Fig. 21d).

The first bifurcation to be observed as the airspeed is increased
from zero is a fold (also known as saddle-node) bifurcation. This
bifurcation involves the sudden appearance of a saddle point in the
phase plane and the subsequent separation of this saddle into a stable
and an unstable node. Although this is a bifurcation of fixed points
only, there exists an analogous fold (or saddle-node) bifurcation of
limit cycles [18]. A half-stable limit cycle appears out of nowhere in
the phase-parameter space and then branches off into a stable and an
unstable limit cycle. Case 2 therefore corresponds to the instance
where the stable and unstable limit cycles have already branched off.
Figure 22a is a drawing of a fold bifurcation.

The second bifurcation to be observed is a subcritical Hopf
bifurcation. During such a bifurcation, the stability of a fixed point
changes from stable focus to unstable focus, and an unstable limit
cycle begins to grow around it for decreasing values of the param-
eter. At the exact parameter value for which the bifurcation occurs
(the Hopf point), the Jacobian of the system has a pair of purely
complex conjugate eigenvalues. Figure 22b shows a drawing of a
subcritical Hopf bifurcation followed by a fold bifurcation of limit
cycles. It is a generic plot of limit cycle amplitude against parameter
value. At a parameter value of zero, an unstable limit cycle starts to
grow in the direction of decreasing parameter value. At a parameter
value of �1:8, the unstable limit cycle changes direction and
becomes stable. The parameter range at which the unstable limit
cycle exists corresponds to the range 12:2 � V < 13:0 m=s for the

stall flutter wing, where both LCOs and decaying responses can be
observed.

The fold and Hopf bifurcations are sufficient to explain the
response of the stall flutter wing in cases 1, 2, and 3. Such bifur-
cations are frequently encountered in aeroelastic systems. The fold
bifurcation is also known as fold catastrophe exactly because it
appears abruptly and without warning; see, for example, Jordan and
Smith [22].

The bifurcation resulting in case 4 is less common. It is clearly a
symmetry-breaking bifurcation, leading to the formation of a
homoclinic figure-eight unstable orbit. The unstable equilibrium
point at the origin is split into two unstable foci lying inside the stable
asymmetric limit cycles and a saddle lying at the node of the figure-
eight homoclinic orbit.

The occurrence of such a homoclinic orbit is described by
Kuznetsov [18] and Guckenheimer and Holmes [23], occurring on
the generalized Duffing oscillator. To describe the bifurcation
leading up to the creation of such an orbit, Kuznetsov uses the rather
obvious term “homoclinic figure-eight” bifurcation [18]. It is a two-
parameter bifurcation, depending on a damping parameter and a
stiffness parameter. In the case of the stallflutterwing, the bifurcation
also depends on two parameters. The damping-related parameter
is the airspeed which, when reaching a critical value, can induce
aerodynamic loads such that the effective damping is negative. The
stiffness-related parameter is the stiffness of the torsional springs.
More details will be given on these parameters in the next subsection
where a physical explanation of the bifurcations will be attempted.

Here is a proposed list of the bifurcations undergone by the stall
flutter wing investigated here:

1) Between cases 1 and 2 is a fold bifurcation: an unstable limit
cycle growing in amplitude in the direction of decreasing airspeed
reverses direction and becomes stable.
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2) Between cases 2 and 3 is a subcritical Hopf bifurcation: a stable
spiral point becomes unstable and the linearized system in the
neighborhood of the bifurcation has a pair of purely complex
eigenvalues.

3) Between cases 3 and 4 is an unstable figure-eight homoclinic
bifurcation: an unstable spiral point becomes a saddle point and two
new unstable spiral points are created either side of it. A homoclinic
figure-eight orbit is created, enclosing two stable limit cycles around
the two new unstable spiral points.

The three bifurcations affecting the stall flutter wing result in the
variation of limit cycle amplitude and frequency. These variations
can be conveniently displayed using a bifurcation diagram, which
plots the maxima and minima of the system responses as a function
of governing parameter, in this case airspeed. Figure 23 shows
bifurcation diagrams for the pitch, plunge, lift, and moment LCO
amplitudes. These diagrams were obtained using period-averaged
responses and plot the extremes (maximum and minimum) of the
observed LCOs at each airspeed. The most important conclusion to
be drawn from these graphs is that the major changes in LCO
amplitude and frequency occur at airspeeds between 12 and 15 m=s.
After 15 m=s, the LCO amplitudes remain approximately con-
stant until the homoclinic bifurcation; at that point, the limit cycle
becomes asymmetric and its amplitude is halved. Subsequently, the
asymmetric LCOs move away from the origin with increasing
airspeed but the LCO amplitude does not vary much.

Another interesting observation concerningFig. 23 is related to the
amplitudes of the lift coefficient. It can be seen that the highest lift
coefficient values are nearly three, that is, almost 3 times higher than
the maximum static lift coefficients presented in Fig. 3a. This is a
very well-known phenomenon associated with dynamic stall; the

maximum instantaneous lift coefficient can significantly exceed the
maximum static lift coefficient, whereas themaximum instantaneous
pitch angle can significantly exceed the static stall angle.

Figure 24 shows the variation of the LCO period with airspeed. At
airspeeds less than 12 m=s, the LCOperiod is represented by zeros as
there is no periodic response. It can be seen that the LCO period is
initially very close to one but drops to around 0.85 between 12 and
15 m=s. Subsequently, it remains constant until the homoclinic
bifurcation. The period of the asymmetric limit cycle is significantly
smaller than that of the symmetric one and keeps dropping as
the airspeed is increased. It is interesting to note that, although the
periods of the symmetric limit cycles are equal for the two configu-
rations, the period of the positive pitch angle LCO is slightly lower
than that of the negative pitch angle LCO. It can be concluded that the
wing’s slight asymmetry causes the two asymmetric LCOs to have
slightly different periods (and therefore frequencies).

A. Physical Justification of Bifurcations

The bifurcation analysis of the previous subsection describes in
detail the mathematical phenomena behind the aeroelastic response
of the stall flutter wing. Nevertheless, it does not constitute a physical
description of the phenomenon. Here, tentative explanations of the
bifurcation behavior of the stall flutter wing will be proposed, using
physical mechanisms.

The stall flutter wing is subjected to two major bifurcations. The
first one is the subcritical Hopf, followed by the fold. The second is
the homoclinic figure-eight bifurcation. It is proposed that the Hopf
and fold bifurcations are caused by the dynamic stall phenomenon
whereas the homoclinic bifurcation by static divergence.

−60 −40 −20 0 20 40 60
−4

−3

−2

−1

0

1

2

3 x 106

α (degrees)

dα
/d

t (
de

gr
ee

s/
s)

a) Case 1

−30 −20 −10 0 10 20 30
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2 x 106

α (degrees)

dα
/d

t (
de

gr
ee

s/
s)

Trajectory 1
Trajectory 2

b) Case 2

−50 −40 −30 −20 −10 0 10 20 30 40 50
−4

−3

−2

−1

0

1

2

3

4 x 106

α (degrees)

dα
/d

t (
de

gr
ee

s/
s)

c) Case 3

−50 −40 −30 −20 −10 0 10 20 30 40 50
−4

−3

−2

−1

0

1

2

3

4 x 10
6

α (degrees)

dα
/d

t (
de

gr
ee

s/
s)

Symmetric LCO
Negative asymmetric LCO
Positive asymmetric LCO

d) Case 4

Fig. 20 Changes in measured trajectories with airspeed.
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As mentioned in the Introduction, several authors have identified
the fact that stall flutter is caused by negative damping introduced
by the dynamic stall. Of course, this statement is a simplification of
the phenomenon because the damping in the stall flutter wing is
nonlinear. In this work, the work done by the aerodynamic loads is
used to justify the occurrence of the Hopf and fold bifurcations.

As the plunge degree of freedom was found not to participate in
the stall flutter mechanism, only thework done on the pitch degree of
freedom will be considered here. The work done by the flow on the
pitch depends uniquely on the pitching moment around the pitching
axis. The incremental work done by the pitchingmoment as the pitch
angle increases by a small amount �� is given by

�W �Mxf�� (2)

whereMxf is the pitching moment around the pitch axis. When �W
is positive, then work is done by the fluid on the wing. When it is
negative, then the wing does work on the fluid. The total work done
during a complete period of decaying or LCO response is given by

W �
I
T

�W (3)

where, in the case of decaying oscillations, T is the time between two
successive maxima of the pitch response, whereas, in the case of

Stable spiral point

a) Case 1

Stable spiral point

Unstable limit cycle

Stable limit cycle

b) Case 2

Unstable spiral point

Stable limit cycle

c) Case 3

Stable asymmetric
limit cycle

Stable asymmetric
limit cycle

Stable symmetric
limit cycle

Homoclinic orbit

Saddle point

Unstable spiral point

Unstable spiral point

d) Case 4
Fig. 21 Conceptualized changes in limit cycle position and stability with airspeed.
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LCOs, T is the period of the limit cycle oscillations. In practice, the
total work done over a period can be calculated by summing all the
�W calculated over a period, that is

W �
Xn
i�1

Mxfi
��i � �i�1� (4)

for i� 0; . . . ; n, where n is the total number of time instances
measured in a period.

The total work done by the fluid on the wing over a period is
plotted in Fig. 25 for the configuration with negative pitch centering.
Both pre- and postbifurcation data are included. It can be seen that
the work done at prebifurcation airspeeds (V < 12 m=s) is negative,
that is, thewing is doingwork on thefluid. This situation is logical, as
the motion is decaying, therefore the wing must loose energy.

At postbifurcation airspeeds, the total work done by the fluid on
the wing is positive, which indicates that the wing is gaining energy.
However, the work done by the fluid on the wing over a period must
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Fig. 23 Bifurcation diagrams.
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be equal to the energy lost by the wing via other mechanisms such
as friction, so that the amplitude of oscillation never increases or
decreases; having said that, there are small period-to-period vari-
ations, but the results presented in Fig. 25 are period averaged. It
should be noted that the amount of work done by the fluid increases
with airspeed until the second bifurcation when the asymmetric
LCOs start occurring. Then, the total work done is almost halved and
stays constant up to an airspeed of nearly 30 m=s. Also note that the
amount of work done at V � 12:2 m=s, that is, the earliest LCO
measured, is very high compared to the work done at subsequent
airspeeds. It is not known why this is the case. At this particular
airspeed, both LCO responses and decaying responses are possible.
When the wing is disturbed from its fixed point, if the disturbance is
high, then the wing will start absorbing energy from the fluid. If the
initial disturbance is low, then thewing will loose energy to the fluid.
The only difference between these two cases is that, in the former, the
instantaneous pitch angle and pitch rate become high enough to
activate the stallfluttermechanism. Lowdisturbances cannot activate
this mechanism. As the airspeed is increased, smaller and smaller
disturbances are required to set the dynamic stall phenomenon in
motion.

It can be concluded that the subcritical Hopf and fold bifurcations
are caused by dynamic stall. During dynamic stall, enough work is
done by the fluid on thewing to cause thewing to undergo limit cycle
oscillations, that is, stall flutter.

Static divergence is a static aeroelastic phenomenon which occurs
when the aerodynamic forces overcome the structural restoring

forces. For the 2-D airfoil equations of motion, the static divergence
condition in pitch is obtained when

K� � �U2ec2� (5)

The corresponding airspeed, Udiv �
����������������������
K�=�ec

2�
p

, is the static
divergence speed. At divergence, an aeroelastic system’s fixed point
becomes a saddle point. The total stiffness in pitch K� of the stall
flutter wing is 14:5 N � rad�1 �m�1. Therefore, the static divergence
airspeed is Udiv � 17:7 m=s.

The first positive pitch angle asymmetric LCOs appear at
18:1 m=s, that is, just past the static divergence airspeed. This is no
coincidence; it is believed that the homoclinic bifurcations that give
rise to the asymmetric LCOs are in fact caused by static divergence.
The figure-eight-shaped homoclinic orbit and the division of the
phase space into three areas is the result of the interaction of the static
divergence and dynamic stall phenomena. Static divergence is a
pitchfork bifurcation, drawn conceptually in Fig. 26, involving the
transformation of a node or spiral point into a saddle point and
the creation of two new nodes or spiral points at each side of this
saddle point [22]. Such a transformation, combined with the
existence of a stable limit cycle, leads to the creation of the homo-
clinic figure-eight orbit. The particular bifurcation encountered here
is a subcritical pitchfork, involving the transformation of an unstable
fixed point to a saddle and two new unstable fixed points [24,25].

Of course, it should be remembered that the first negative pitch
angle LCOs appear at significantly higher airspeeds, almost 24 m=s.
The mismatch between the occurrences of positive and negative
angle asymmetric LCOs is believed to be due to the asymmetry of the
wing. The pitchfork bifurcation is, in fact, an imperfect pitchfork,
which can occur in systems with imperfections such as a slight
asymmetry [26]. Figure 27 shows the imperfect pitchfork bifurcation
actually measured from the stall flutter wing. It is an approximation,
as the fixed point positions were taken to be the midpoints of the
LCOs. ThemeanLCOamplitudes jmax��� �min���j=2 are plotted
at each test airspeed for the positive and negative equilibrium pitch
angle configurations.

B. Dynamic Stall Mechanism

In this subsection, the variation of the pressure distributions during
a LCO cycle will be presented to investigate the dynamic stall
phenomenon. Two representative response cases are considered: a
symmetric LCO at V � 23:2 m=s and an asymmetric LCO at
V � 26:7 m=s.

Figure 28 plots the pressure distributions around the airfoil during
a dynamic stall event on the upper surface at V � 23:2 m=s. The
upper and lower surface pressure coefficients are plotted against the
chordwise position at 18 different instances in time. The title of each
plot gives the corresponding instantaneous pitch angle.

1) At �� 18:2 deg, the flow is completely attached around the
airfoil and the instantaneous lift coefficient is 1.17. In fact, the flow is
attached even though the pitch angle is much higher than the static
stall angle of attack; this is due to the motion itself.

2) At the next snapshot, �� 22:9 deg, the flow is probably still
attached but there is a significantly higher suction peak near the
leading edge, giving a lift coefficient of 1.54.

3) At �� 25:1 deg, the suction peak is even stronger and has
spread downstream to almost the quarter-chord; the instantaneous lift
coefficient is 1.70.

4) At �� 27:6 deg, the suction peak has stopped increasing in
strength but has expanded further downstream to almost the third-
chord; the lift coefficient has reached a value of 2.08.

5) The snapshot at �� 30:2 deg is quite interesting because the
suction peak is still present but there is a dent in it, which suggests
that it has started moving.

6) At the next snapshot, �� 35:7 deg, the suction peaked has
moved downstream, away from the leading edge and toward the half-
chord; the lift coefficient is now 2.73.

7) At the next two snapshots, the suction peak moves downstream
of the half-chord and decreases in strength. The lift coefficient drops
rapidly back down to 2.04.
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Fig. 28 Pressure distributions around airfoil during upper surface dynamic stall, V � 23:2 m=s.
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8) At the maximum pitch displacement, �� 40:8 deg, there is no
more suction peak and the lift coefficient is back to the level of the
first snapshot, 1.11.

9)As the pitch angle begins to decrease, theflow reattaches and the
pressure difference between upper and lower surfaces increases
again; the lift coefficient also increases to 1.47 at �� 39:2 deg.

10) After further decreases in the pitch angle, a new suction peak
appears, spreads, and moves downstream. The lift coefficient peaks
at 1.75 when �� 36:6 deg and then starts to decrease again. It must
be mentioned that the appearance of this second suction peak

coincides with an abrupt decrease in pitching moment coefficient
around the pitch axis.

11) Between �� 38:0 and �� 36:6 deg, the pitching moment
coefficient drops from 0.09 to �0:01.

12) At �� 31:9 deg, the suction peak has completely disappeared
and the lift coefficient has dropped to 0.88.

13) Finally, at �� 15:6 deg, there is very little pressure difference
between the upper and lower surfaces and the lift coefficient is 0.15.

The suction peaks observed in these snapshots are due to a
vortex formed on the upper surface of the wing. The dynamic stall
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Fig. 29 Pressure distributions around airfoil during lower surface dynamic stall, V � 23:2 m=s.
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phenomenon is occurring as a result of the creation of a dynamic
stall vortex (DSV) and its propagation downstream. While the
dynamic stall vortex is on the surface of the wing, it increases
significantly the value of the lift coefficient. Once it clears the
trailing edge, the lift coefficient drops abruptly, as does the pitching
moment coefficient shortly afterward; this is the instance defined as
dynamic stall. In this particular case, a second dynamic stall vortex
is created and travels downstream, after the pitch angle starts to
decrease again.

The dynamic stall vortex was first observed by McCroskey and
Philippe [16], who carried out a set of experiments on a sinusoidally

pitching airfoil. They used their observations to describe a complete
dynamic stall mechanism, involving what later came to be known as
theDSV.Themechanismbehind the formationof theDSVbecamethe
subject of several subsequentworks. Several authors believed that the
vortex is formed as the result of the bursting of a laminar separation
bubble at the leading edge (e.g., Fukushima and Dadone [27]).

The variation of the pressure distributions during a dynamic stall
event on the lower surface of thewing at the same airspeed,V � 23:2,
is shown in Fig. 29. This event is presented here to highlight the slight
asymmetry of the stall flutter phenomenon observed during the
experiments. The initial stages of the phenomenon are exactly the
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Fig. 30 Pressure distributions around airfoil during lower surface dynamic stall, V � 26:7 m=s.
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same as in the upper surface stall case, although the maximum
negative pitch angle is slightly higher at �42:6 deg. However, the
major difference between the two events is the fact that, in the lower
surface dynamic stall case, no secondary dynamic stall vortex is
observed. The last three rows of Fig. 29 show that, as the pitch angle
increases, the pressure distribution becomes thinner and thinner, until
the lift coefficient is almost zero at���16:6 deg. No further suction
peaks are evident.

Figure 30 shows thevariation of the pressure distributionwith time
during a lower surface dynamic stall even at V � 26:7 m=s. At this
airspeed, the wing is undergoing the asymmetric LCO at negative
pitch angles; dynamic stall occurs only on the lower surface, not on
the upper surface. Despite this very important difference in the stall
flutter phenomenon observed at this airspeed, the dynamic stall
mechanism itself is quite similar to the one recorded at the lower
airspeed ofV � 23:2 and plotted in Fig. 29. The suction peak appears
and develops slightly earlier (about 1.5 deg of pitch angle) but this
fact is not particularly important; there are cycle-to-cycle variations
at every airspeed. In every other respect, Figs. 29 and 30 are similar.
This is quite an important conclusion because it means that the
qualitative change of the stall flutter phenomenon from symmetric
to asymmetric is not governed by a change in the dynamic stall
mechanism.

Therefore, the only difference between the two airspeeds inves-
tigated here is that, in the asymmetric case, the wing will not stall
on the upper surface. This fact reinforces the assertion that the
asymmetric LCOs are caused by the static divergence phenomenon.

VI. Conclusions

Thewind-tunnel tests described in this paper revealed a number of
very interesting phenomena concerning awing’s stallflutter behavior
and some of the parameters affecting it. The stall flutter observedwas
the result of the interaction between the dynamic stall, structural
dynamics, and static divergence characteristics of the wind-tunnel
model. Three types of response were observed, namely, decaying,
symmetric LCO, and asymmetric LCO, and there were airspeed
ranges in which some of these response types could coexist. The
dynamic stall mechanism was observed in detail and was found to
involve one or two major dynamic stall vortices that grow near the
leading edge and then travel downstream. The present work showed
that the mechanism is essentially the same in both the symmetric and
asymmetric LCO cases. Furthermore, it seems that the secondary
dynamic stall vortex is quite sensitive because it does not appear on
the lower surface of thewing, probably due to the slight asymmetry in
the wing shape.

The stall flutter phenomena can be described as a series of
bifurcations, the first of which is a subcritical Hopf coupled with
a fold, leading to symmetric LCOs. The second is a figure-eight
homoclinic bifurcation caused by the interaction between static
divergence and dynamic stall and leading to asymmetric LCOs. In
the neighborhood of the subcritical Hopf, the wing can undergo
either limit cycle or decaying oscillations. In the neighborhood of the
pitchfork and homoclinic bifurcations, the wing can undergo either
symmetric of asymmetric LCOs. It should be stressed that this
bifurcation description can only be local in character as there is no
mathematical model of the system and not all possible configurations
of the wing were tested. For example, only cases where the equi-
librium pitch angle is slightly positive or slightly negative were
investigated. Large positive or negative values of the equilibrium
pitch angle will be investigated in the future.

None of the periodic responses observed were strictly periodic;
there were always some cycle-to-cycle differences. As a conse-
quence, the bifurcation analysis presented here is based on the
period-averaged forms of the observed LCOs. At airspeeds where
more than one limit cycle coexisted, the cycle-to-cycle differences
could force the wing to transit from one limit cycle to the other. At
airspeeds where a limit cycle coexisted with a stable focal point, the
cycle-to-cycle differences could force the wing to transit from the
limit cycle to the focal point and vice versa.

The work presented here does not constitute a complete
investigation of the stall flutter phenomenon. First of all, the
Reynolds numbers tested were low compared to the Reynolds
numbers involved in the stall flutter of retreating helicopter rotor
blades or compressor blades. The Reynolds numbers investigated
here are mostly compatible with the flow around wind turbines.
Furthermore, the effect of several other parameters on the stall flutter
behavior of thewing could be investigated, such aswing inertia, pitch
and plunge stiffness, airfoil shape, 3-D flow effects, compressibility
effects, and others.

The experimental results produced here could also be used to assist
the simulation of this phenomenon. The data are available for
comparison and/or calibration of computational fluid dynamics
simulations. It should be mentioned, however, that the slight asym-
metry of the wing shape was not exactly measured and this fact may
hinder exact numerical comparisons.
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