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E�ect of Reduced Frequency on the
Aerodynamic Behavior of an Airfoil

Oscillating in a Plunging Motion

M.R. Soltani1;� and F. Rasi Marzabadi1

Abstract. A series of low speed wind tunnel tests were conducted to study the unsteady aerodynamic
behavior of an airfoil sinusoidally oscillating in plunge. The experiments included measuring the surface
pressure distribution over a range of reduced frequencies, k = 0:03� 0:06. In addition, steady state data
were acquired and were used to furnish a baseline for further analysis and comparison. The model was
oscillated with amplitude of �15 cm and at three di�erent mean angles of attack of 0�, 10� and 18�. The
unsteady aerodynamic loads were calculated from the surface pressure measurements, 64 ports, along the
chord for both upper and lower surfaces. The plunging displacements were transformed into the equivalent
angle of attack. Variations of the pressure coe�cients and aerodynamic loads with the equivalent angle
of attack showed strong sensitivity to the reduced frequency and mean angles of attack.

Keywords: Plunging; Unsteady aerodynamics; Airfoil; Wind tunnel; Reduced frequency; Hysteresis loop.

INTRODUCTION

Unsteady 
ows and dynamic stall prediction methods
used by the industry are largely based on empiri-
cal or semi-empirical approaches that are fast and
relatively accurate; where non-linear e�ects are not
too great. Increased development in aircraft and
wind turbine aerodynamics has created a demand
for more detailed information of non-linear unsteady
loads, the dynamic response and aero elastic stability
caused by dynamic motions, including dynamic stall
e�ects [1].

Wind turbine or helicopter rotor blade sections
encounter large time dependent variations in angle
of attack, as a result of control input angles, blade

apping, structural response and wake in
ow. In addi-
tion, the blade sections encounter substantial periodic
variations in local velocity and sweep angle. Thus, the
unsteady aerodynamic behavior of the blade sections
must be properly understood to enable accurate pre-
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dictions of the air loads and aero elastic response of
the rotor system [2].

One underlying assumption in most aerodynamic
models is that the e�ects of all blade motions and wake
in
ow variations can be adequately represented by an
equivalent angle of attack. However, some studies [3-
5] have postulated that fundamental di�erences exist
in the air loads when di�erent modes of motion are
imposed (i.e., pitching versus plunging displacements).
Most angle of attack changes that the rotor blades
encounter are, in fact, due to variations in the 
apping
and elastic bending of the blade, i.e., a plunging forcing
type [6].

Virtually all of the available unsteady air load
data are for pitching motions and information about
the aerodynamic behavior of a model in a plunging
motion is rare. This study addresses some of the
most important aspects of the unsteady aerodynamic
behavior of an airfoil oscillating in plunge at a sub-
sonic regime. The experiments were conducted at a
freestream velocity of 30 m/sec, corresponding to the
Reynolds number of 0:42 � 106, and at an oscillation
amplitude of �15 cm. This investigation involves the
e�ect of reduced frequency on the pressure, hence, aero-
dynamic, coe�cients of the airfoil at low to moderate
angles of attack. Note that in a plunging motion, the
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model moves vertically up and down inside the tunnel
test section, therefore, variations of the aerodynamic
loads are caused by pure angle of attack changes, while
they are functions of both angle of attack and pitching
rate in a pitching motion.

EXPERIMENTAL APPARATUS

All experiments were conducted in a low speed wind
tunnel in Iran. It is a closed circuit tunnel with a
rectangular test section of 80 � 80 � 200 cm3. The test
section speed varies continuously from 10 to 100 m/sec,
corresponding to a Reynolds number of up to 5:26 �
106 per meter. The inlet of the tunnel has a 7 :
1 contraction ratio with four, large anti-turbulence
screens and a honeycomb in its settling chamber to
reduce the tunnel turbulence level to less than 0.1
percent in the test section, as measured by the authors.
Figure 1 shows the tunnel used for this study. The
model considered in the present study has a 25 cm
chord, an 80 cm span and is a section of a 660 kW
wind turbine blade under construction. This model
is equipped with 64 pressure ori�ces on its upper and
lower surfaces. The pressure ports are located along
the chord at an angle of 20 degrees with respect to
the model span to minimize disturbances from the
upstream taps (Figure 2). Data are obtained using
sensitive pressure transducers. Due to the high number
of pressure ports and the size of the selected pressure
transducers, it was impossible to place the transducers
inside the model. Therefore, extensive experiments
were conducted to ensure that the frequency response
of the pressure-measuring system was kept well above
the highest frequency to be measured [7,8]. Finally, the
tube length and material that gave a minimum time lag
for all applied pressures were selected. For the selected
tubes, the maximum amount of time lag was less than
0.01 sec., i.e., the frequency response at the end of

Figure 1. Low speed wind tunnel.

Figure 2. Airfoil model and the location of the pressure
ports.

the tubes, including the transducer's volume, viscosity,
and all other factors, was greater than 100 Hz. Each
transducer data is collected via a terminal board and
transformed to the computer through a 12-bit Analog-
to-Digital (A/D) board capable of an acquisition rate
of up to 500 kHz per channel.

The airfoil surface pressure distribution was mea-
sured at a Reynolds number of 0:42 � 106 and over a
range of reduced frequencies, k = 0:03 � 0:06, which
are the e�ective reduced frequencies for this section
of the aforementioned wind turbine blade under real
operating conditions. The static angles of attack were
varied from -5 to 23 degrees.

The plunging system for the present experiments
incorporates a crankshaft to convert the circular mo-
tion of the motor to reciprocal motion, which is trans-
ferred to the model by means of rods. This system can
oscillate the model with frequencies ranging from 1 to
4 Hz. Figure 3 shows the plunging mechanism used in
this investigation (note that all equipment was designed
and manufactured particularly for this experiment).

The dynamic oscillatory data presented here are
an average of several cycles at a sample rate based
on the oscillation frequency. Various data acquisition
rates were examined to �nd the best combination,
which would provide as many cycles of quality data as
possible. Raw data were then digitally �ltered using a
low-pass �ltering routine. During the �ltering process,
cut o� and transition frequencies were varied until the
deviation between the original and the �ltered data
was a minimum. Finally, all data were corrected for
the solid tunnel sidewalls and the wake blockage e�ects
using the method explained in [9]. Furthermore, an
analytical approach was used to estimate the errors
involved in the authors measurements [10]. The overall
uncertainty obtained in the pressure coe�cients was
less than �3% of the total CP values.

RESULTS AND DISCUSSION

An extensive experimental investigation was conducted
on an airfoil oscillating in plunge mode over a range of
reduced frequencies, k = 0:03 � 0:06. The plunging
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Figure 3. Plunging oscillation system.

displacements were transformed into the equivalent
angle of attack using the potential 
ow transformation
formula, �eq = ikh, where �eq is in radians and h has
been nondimensionalized, with respect to the model
semi-chord. The mean angle of attack was, of course,
added to the equivalent angle [3,6].

From the above transformation formula, the e�ect
of the plunging motion on the induced angle of attack
is evident. As the plunging amplitude or the reduced
frequency increases, the values of the induced angle of
attack also increase. The airfoil plunges sinusoidal with
time, hence, the corresponding induced angle of attack,
which is due to the oscillation time history e�ects on
the vertical motion of the model, is 90 degrees out of
phase, with respect to the plunging motion. Figure 4
shows an example of the variation of the equivalent
angle of attack for one oscillation cycle, with respect to
its corresponding time history of the plunging motion.
It can be seen that �eq is a maximum or minimum

Figure 4. Time history of the plunging motion and its
corresponding equivalent angle of attack.

whenever h = 0 during upstroke or down stroke,
respectively.

Unsteady Pressure Coe�cient Data

Figures 5 to 7 show variations of the pressure coe�cient
with the equivalent angle of attack for several pressure
ports, both upper and lower surfaces, at three mean
incident angles, �0 = 0�, 10� and 18�. The model
was oscillated at three di�erent reduced frequencies,
k = 0:03, 0.045 and 0.06, and at a constant plunging
amplitude of �15 cm. The static data are also shown in
each �gure for comparison. The position of the pressure
port under study is also shown on the top of each �gure.

The data are shown for pressure ports located at
x=c = 2%, 15%, 30%, 50%, and 85%, for both upper
and lower surfaces. In this way, one can compare
pressure variations for ports located at the same x=c
locations, but on the upper or lower surfaces of the
model.

From Figure 5, it is seen that, as k increases,
the corresponding equivalent angle of attack increases
too, hence, the shape of the hysteresis loop varies.
For the lowest reduced frequency case, k = 0:03, the
hysteresis loops, for all upper surface pressure ports
examined in Figure 5, form a \�gure eight" shape.
During increasing angles of attack, the dynamic data
lags their corresponding static one. A similar trend
happens in the downstroke portion of the motion, thus,
there is variations on CP that results in crossing over.
Furthermore, this crossover point does not occur at
the same angle of attack for all pressure ports, as
seen from Figure 5. It varies from � = �1� for
the x=c = 2% port to about � = 1� for the x=c =
50% pressure port. Similar phenomenon happens for
the lower surface for k = 0:03 too (Figures 5a-5h).
The formation of this \�gure eight" shape is, maybe,
due to the wake e�ect. The direction of the wake
vortices is di�erent in the upstroke and downstroke
motions, which results in this lead-lag e�ect. Also,
there are di�erent distances between the wake vortices
and location of the pressure ports, so the occurrence of
the crossover point is not at the same angle of attack
for all pressure ports. However, for the higher reduced
frequency cases, k = 0:045 and 0.06, the direction
of the loops is counterclockwise for all pressure ports
located on the upper surface, from the leading edge to
x=c = 50% (Figures 5a-5g). At the lower surface, the
direction of the loops for all ports is clockwise for these
two reduced frequencies (Figures 5b-5h). For these
two higher reduced frequency cases, because of the
higher oscillation velocity, the wake e�ects result in the
aforementioned direction of the loops. Furthermore,
Figure 5 shows that the CP variation for the pressure
port located at x=c = 85% of the model, does not
vary signi�cantly with angle of attack and CP remains
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Figure 5. Variations of the pressure coe�cient vs equivalent angle of attack with �0 = 0�.
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almost constant for k = 0:045 and 0.06. However,
for the lowest reduced frequency case, k = 0:03, the
variations, though small, are more than the other cases
(Figure 5i).

By further inspecting Figure 5, it is seen that
increasing the reduced frequency increases the induced
angle of attack and has a pronounced e�ect on the
surface pressure ports near the leading edge, x=c <
50%, for the upper surface and x=c < 15% for the
lower surface. For these pressure ports, as the reduced
frequency is increased from k = 0:03 to k = 0:06,
the hysteresis loop widens a lot. In the rear part
of the airfoil, however, there is no di�erence between
the values of the CP during upstroke and downstroke
motions and also the loops become horizontal (Fig-
ures 5i and 5j). This indicates that plunging the
model has no signi�cant e�ect on the rear part of
the airfoil. Further, from this �gure, note that the
maximum dynamic pressure coe�cient, jCP j, occurs
at a maximum induced angle of attack for all three
reduced frequencies and the location of the maximum
suction is near the x=c = 30% port on the suction side
of the airfoil (Figure 5e).

In Figure 6, the model was set to an incident of
10�, which is near the static stall angle of attack for this
airfoil, �stall,,static � 10�. For the pressure port located
at x=c = 2% of the upper surface, it is seen that, for the
higher reduced frequency case, k = 0:06, the pressure
hysteresis loop has a counterclockwise direction, but for
the other two lower reduced frequency cases, k = 0:03
and k = 0:045, the \�gure eight" shape is evident,
which indicates that the 
ow has a lead-lag e�ect for
this port at these reduced frequencies. The loops aren't
wide and both static and dynamic data are almost
identical (Figure 6a). For the pressure port located
at x=c = 15% of the upper surface (Figure 6c) and
for the reduced frequency of 0.06, the \�gure eight"
shape is seen in the hysteresis loop, which indicates
that the loop changes direction from counterclockwise
to clockwise, but the other two reduced frequency
cases have clockwise directions. The direction of the
loops remains clockwise for all three reduced frequency
cases for all pressure ports. For the lower surface
pressure ports, all of the hysteresis loops are clockwise
and are changed into a nearly straight line, coinciding
with their corresponding static data (Figuresd 6b-6j).
From this �gure, it is seen that maximum dynamic
suction occurs at the locations near the leading edge,
x=c = 2%, of the upper surface. Further, it is noted
that increasing the reduced frequency at angles around
the static stall angle of attack of the airfoil has strange
e�ects on its pressure distribution. As indicated in
Figures 6a and 6c, the equivalent angle of attack for the
maximum jCP j increases as the reduced frequency is
increased, i.e. from �eq = 11� at k = 0:03 to �eq = 13�
at k = 0:06 (Figure 6c). Two viscous 
ow e�ects

play a signi�cant role in the variations of pressure
distribution in this region. One is the integrated e�ect
of the time-lagged external pressure gradient on the
boundary layer development. The other is the so-called
\leading-edge jet" e�ect. As the airfoil leading edge
moves upward (with respect to the equivalent angle
of attack), the boundary layer between the stagnation
and separation points experiences a moving wall/wall
jet e�ect, very similar to that observed on a rotating
cylinder. Thus, the dynamic boundary layer has a fuller
pro�le than the steady case and, therefore, further
resists the adverse pressure gradient, hence, delaying
separation phenomenon. On the down stroke, the
e�ect is opposite, separation is promoted. There is an
additional viscous 
ow e�ect of the spilled leading-edge
vortex at larger amplitudes and higher frequencies [4].

Figure 7 shows variations of the pressure coef-
�cient, with the equivalent angle of attack for the
mean angle of attack of 18�, which is above the static
stall angle of attack, �mean > �stall,static. It is seen
that, for the pressure port located at x=c = 2% of
the upper surface (Figure 7a), for all three reduced
frequencies tested, the \�gure eight" shape is evident,
which shows the change of direction from clockwise to
counterclockwise. The crossover points are around 19-
20 degree angles of attack. For other upper surface
pressure ports, however, the hysteresis loops for all
three reduced frequencies are clockwise. The same
trend is seen for the lower surface pressure ports,
too. The only di�erence is that, for the lower surface
pressure ports, the loops become almost horizontal.

By inspecting Figure 7, it is clearly seen that
the maximum suction is close to the leading edge,
x=c = 2% (Figure 7a). In this location, the maximum
dynamic jCP j occurs at a maximum induced angle of
attack and the mean slope of the hysteresis loop is
relatively high. However, for the next two pressure
ports, x=c = 15% and 30%, the maximum dynamic
jCP j occurs at the minimum induced angle of attack
(Figures 7c and 7e). The e�ect of the reduced fre-
quency is, not only to induce higher amplitude of the
angle of attack, but also to increase the width of the
hysteresis loops, especially at pressure port locations
between x=c = 15% and x=c = 50% of the upper
surface. This means that, by increasing the reduced
frequency, the di�erences between dynamic CP 's in the
upstroke portion of the loop and downstroke portion
for these pressure ports, x=c = 15 and 30%, become
larger. This phenomenon could be caused by the
separated 
ow over a large portion of the airfoil prior
to the oscillation, since �mean > �stall,,static. Thus,
during the upstroke motion, a leading edge vortex sheds
downstream and, in the downstroke motion, this vortex
does not fully reattach, creating a wide hysteresis loop.
For the pressure port located at x=c = 2% (Figure 7a),
the vortex sheds, but never reattaches.
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Figure 6. Variations of the pressure coe�cient vs equivalent angle of attack with �0 = 10�.
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Figure 7. Variations of the pressure coe�cient vs equivalent angle of attack with �0 = 18�.
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Figure 8 shows variations of the dynamic pressure
coe�cient with dimensionless time for eight upper
surface pressure ports from the leading edge to the
trailing edge, and for two di�erent reduced frequencies,
k = 0:03 and 0.06. For this case, the model was set
to an angle of attack of 10 degrees and plunged at
an amplitude of �15 cm. On the top of Figure 8,
variations of the corresponding equivalent angles of
attack with time are shown. Note that the amplitude
of the induced angle of attack for k = 0:03 is about 2
degrees (Figure 8a), however, for k = 0:06, it is doubled
and is equal to 4 degrees (Figure 8b).

By inspecting Figure 8a, it is seen that, for pres-

Figure 8. Variations of the pressure coe�cient vs
dimensionless time with �0 = 10�.

sure ports located at x=c < 15%, the 
ow nearly follows
the model motion and the resultant equivalent angle of
attack and CP data varies in a type of cosine form. The
magnitude of CP for all of the aforementioned ports
decreases sharply, reaching minimum value at � � 0:45.
However, the absolute value of CP varies between each
other, i.e., jCP maxj for the pressure port located at
x=c = 0:5% is the highest. For pressure ports located
at x=c > 15%, it is seen that the 
ow does not follow
the model motion and jCP j remains almost constant
during the entire cycle. It means that the oscillation
has no e�ect on the rear portion of the airfoil. For
this airfoil, the static stall angle of attack is about
10 degrees, while the data shown in Figure 8 are for
�0 = 10� and oscillated at this angle of attack; hence,
the 
ow over the pressure ports, located at x=c > 15%,
was apparently separated.

For the higher reduced frequency case, k = 0:06,
Figure 8b shows that, for all pressure ports located at
x=c > 15%, the variations are similar to those of the
lower reduced frequency, however, the jCP j for pressure
ports located at x=c < 15%, are higher than those
of Figure 8a. By inspecting Figure 8b, it is clearly
seen that, for the pressure ports located at the leading
edge, x=c = 0:5% and at x=c = 2%, the magnitude
of CP is nearly constant, or decreases gradually for
0 < � < 0:1 and then starts to decrease sharply by
further decreasing the equivalent angle of attack. It
seems that the situation is di�erent from the case of
k = 0:03. On the other hand, as seen, the maximum
equivalent angle of attack is at � = 0, but jCP maxj
does not occur at this time. For k = 0:03, it occurs
at � � 0:03, while, for k = 0:06, jCP maxj occurs
at � � 0:08. This is due to the e�ect of reduced
frequency on the pressure-gradient-lag. This di�erence
is also seen in Figure 6; for the pressure port located
at x=c = 2%, the direction of the hysteresis loops was
di�erent for cases where k = 0:06 and k = 0:03. It
means that, due to oscillation, the pressure distribution
of the airfoil has some lags, with respect to the change
of angle of attack. When the reduced frequency is
higher, the model oscillates with higher frequency and
so the lags between the equivalent angle of attack and
the pressure distribution become larger.

To better understand the pressure variation phe-
nomena over the model, a \carpet-like" graph of CP
is shown in Figure 9. In this �gure, all pressure
distribution over the airfoil surface, both upper and
lower surfaces, during one oscillation cycle, is shown.
The comparison is made to investigate the e�ect of
reduced frequency on the surface pressure distribution,
when oscillating at di�erent mean angles of attack and
reduced frequencies.

By comparing Figures 9a and 9b, it is evident
that the e�ect of reduced frequency is to increase the
upper surface suction of the airfoil and results in drastic
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Figure 9. E�ect of reduced frequency and incident angle on pressure distribution.

variations of jCP j during one oscillation cycle. As
seen, when oscillating the airfoil at zero mean angle,
all pressure ports located near the leading edge (both
upper and lower surfaces) show strong suction during
the mid oscillation cycle, � � 0:5. The magnitude of
jCP j at this location increases strongly as the reduced
frequency increases. This phenomenon is probably due
to the cambering e�ect and is seen only for zero mean
angle of attack.

By inspecting Figures 9b to 9d, it is seen that,
when oscillating the airfoil at higher mean angles, the
maximum suction, jCP maxj, increases and its location
moves toward the leading edge. It is seen from
Figure 9b that jCP maxj is about 1 and its location is
near x=c = 15%. For �0 = 10�, jCP maxj � 4 and
occurs at the pressure port located at about x=c = 0:5%
(Figure 9c). For �0 = 18�, jCP maxj � 5 (Figure 9d)

and its location is very close to the leading edge. Also,
it is evident that jCP j drops sharply after the suction
peak, which is an indication of the presence of the
dynamic vortex shedding from the leading edge of the
airfoil.

Unsteady Aerodynamic Loads

The unsteady aerodynamic loads were calculated from
the surface pressure measurements, 64 ports, along the
chord, for both upper and lower surfaces of the model.
The individual, Cl, Cd and Cm, hysteresis loops are
shown in Figures 10 to 12, respectively. The unsteady
aerodynamic loads are shown for three di�erent mean
angles of attack of 0, 10 and 18 degrees and for
reduced frequencies of 0.03, 0.045 and 0.06 for constant
plunging amplitude of �15 cm. An arrow gives the
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Figure 10. Variations of the lift coe�cient vs equivalent
angle of attack.

direction of each loop. The corresponding static values
are shown for comparison.

Figure 10 shows variations of Cl with the equiv-
alent angle of attack for three di�erent mean angles
of attack. In the linear part of the static Cl values
(Figure 10a), the slopes of the hysteresis loops tend to

Figure 11. Variations of the pressure drag coe�cient vs
equivalent angle of attack.

follow the steady data. The directions of the hysteresis
loops are counterclockwise for higher reduced frequency
cases, k = 0:045 and 0.06, which means the lift in the
upstroke curve lags the static data, while, in the down
stroke portion, it leads the corresponding static values.
For the lower reduced frequency, k = 0:03, however,



50 M.R. Soltani and F. Rasi Marzabadi

Figure 12. Variations of the pitching moment coe�cient
vs equivalent angle of attack.

the hysteresis loop shows a \�gure eight" shape. This
may indicate that there is an undershoot of lift in the
upstroke part of the curve at high equivalent angles of
attack, while, at the low equivalent alpha, the reverse
is true; there is an overshoot. Consequently, there is
a crossover point; the upstroke and downstroke lift

coe�cients are the same for a speci�c induced angle
of attack, �eq = �1�. As seen from Figure 10a, the
e�ect of increasing the reduced frequency is to increase
the amplitude of the induced alpha, while widening the
hysteresis loops. Looking at Figure 10b, it is seen that
plunging the airfoil near its static stall angle causes
di�erent trends in the dynamic lift coe�cients. At a
reduced frequency of 0.03, the direction of the loop
is clockwise, but at reduced frequencies of 0.045 and
0.06, the direction of the Cl hysteresis loops changes
from lag to lead with crossover points near �eq = 9�
for k = 0:045 and about �eq = 8� for k = 0:06. In this
region, increasing the reduced frequency induces higher
maximum lift value and postpones the stall to a higher
equivalent angle of attack. Plunging the airfoil with a
mean angle of 18�, or in the post stall region, causes
the hysteresis loops of Cl to become clockwise for all
three reduced frequencies (Figure 10c). This is due to
the in
uence of di�erent time lags and vortex shedding.
As a fact, when oscillating the airfoil with lower mean
angles, the direction of the hysteresis loops are strongly
a�ected by the trailing edge wakes and the moving
wall e�ects. However, when oscillating with higher
incidence, there exists a separated 
ow region behind
the airfoil, and vortex shedding plays an important role
in the trends of the loops.

Figure 11 shows the Cd hysteresis loops. It must
be noted that the drag coe�cients shown here are only
a pressure drag of the airfoil, which is calculated via
surface pressure measurements. As the mean angle
of attack increases (Figure 11a-c), the average values
of Cd also increase. The directions of the hysteresis
loops are clockwise for nearly all cases, which mean
that the dynamic pressure drag of the airfoil in the
upstroke curve is more than that of the down stroke.
Also, from Figure 11a, it is seen that for the two higher
reduced frequency cases, k = 0:045 and 0.06, parts
of the dynamic Cd curves show negative values. This
means that, for a portion of the oscillation, the airfoil
produces thrust force instead of drag, which is due to
the di�erent direction of the wake vortices shedding
from the trailing edge of the airfoil.

Figure 12 shows variations of the pitching mo-
ment coe�cient about 1/4 chord of the airfoil with
the equivalent angle of attack. The counterclockwise
direction of the Cm � � hysteresis loop means positive
aerodynamic damping, which produces stability in the
oscillating motions [11,12].

In Figure 12a and for k = 0:06, the Cm loop is
counterclockwise, but for k = 0:03 and k = 0:045,
there exists a \�gure eight" shape; i.e. the pitching
moment develops into two loops, where the second
loop is traversed in a clockwise direction and, thus,
represents a negative damping contribution. With fur-
ther increase in the mean angle of attack (Figure 12b)
for all three reduced frequencies, the loops become
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counterclockwise. Also, from Figure 12c and for k =
0:03, the direction of the Cm loop is counterclockwise,
but by increasing the reduced frequency, the reverse is
true and the damping during the cycle decreases.

Figure 13 shows variations of the maximum Cl
and dynamic stall angle with reduced frequency. As
shown in this �gure, increasing the reduced frequency
postpones the stall to higher angles of attack. Also, a
higher value of Cl is induced by plunging the airfoil
with larger reduced frequencies. Furthermore, the
rate of increase varies with increasing the reduced
frequencies. As the reduced frequency increases, the
rate of increase of both maximum Cl and dynamic stall
angle increases, too.

Figure 14 shows a comparison between the
authors test data and the potential 
ow theory
(Theodorsen's theory) [13] for the unstalled case. It
is seen that, under the same condition, there is qual-

Figure 13. Variations of the CLmax and dynamic �stall

with reduced frequency.

Figure 14. Comparison of the experimental data with
the potential 
ow theory, �0 = 0�and k = 0:058.

itative agreement between the lift coe�cient of the
potential 
ow theory and the authors result. Note
that Theodorsen's method is for a very thin airfoil, 
at
plate, while the present airfoil has a thickness ratio of
about 16%.

CONCLUSION

An extensive experimental investigation was conducted
on an oscillating airfoil in a plunge mode over a
range of reduced frequencies, k = 0:03 � 0:06, from
low to high angles of attack. The e�ect of reduced
frequency was to increase the upper surface suction
of the airfoil and resulted in large variations of jCP j
during the oscillation cycle. By plunging the airfoil at
higher mean angles, the maximum suction of the airfoil
increased and its location moved toward the leading
edge. The unsteady aerodynamic loads were calculated
using surface pressure measurements. Variations of
the aerodynamic coe�cients with the equivalent angle
of attack showed strong sensitivity to the reduced
frequency and mean angles of attack. It was concluded
that the direction of the lift coe�cient hysteresis
loops changes from counterclockwise to clockwise with
increasing the mean angle of attack. However, all
Cd hysteresis loops had the same clockwise directions.
Pitching moment coe�cients were also sensitive to both
reduced frequency and mean angle of attack. The
data showed that increasing the mean angle of attack
resulted in decreasing damping of the airfoil.

NOMENCLATURE

� angle of attack (deg)
�0 mean angle of attack (deg)
h plunging displacement (cm)
H amplitude of plunging motion (cm)

h dimensionless plunging amplitude,
h = 2H

c

� amplitude of pitching motion (deg)

k reduced frequency, k = �fc
U1

f plunging frequency (Hz)
U1 free stream velocity
c airfoil chord (m)
� dimensionless time, � = t=T
t time (sec)
T period of oscillation
i

p�1
Cl lift force coe�cient
Cd drag force coe�cient
Cm pitching moment coe�cient about c=4
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L.E. leading edge
T.E. trailing edge
()eq equivalent motion
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