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Experimental Investigation of
Transition on a Plunging Airfoil

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

Abstract. Extensive tests were carried out on a section of a wind turbine blade. The e�ect of reduced
frequency on the boundary layer transition point of the model oscillating in plunge has been investigated.
The spatial-temporal progressions of the transition point and the state of the unsteady boundary layer were
measured using multiple hot-�lm sensors. The measurements showed that reduced frequency highly a�ects
variations of the transition point and results in a hysteresis loop in the dynamic transition locations. The
dominated frequencies of the boundary layer are found to be a function of the reduced frequency and mean
angle of attack.
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INTRODUCTION

In many engineering applications (e.g. helicopters,
turbines, compressors), lifting surfaces experience un-
steady motion or are perturbed by the unsteady
incoming ows [1,2]. Horizontal axis wind turbine
rotors experience large, time-dependent variations in
the angle of attack as a result of the control in-
put angles, blade apping, structural response and
the wake inow. In addition, the blade sections
encounter substantial periodic variations in local ve-
locity and incident angle [3,4]. Thus the unsteady
aerodynamic behavior of the blade sections must be
properly understood to enable accurate predictions of
the air loads and aero-elastic response of the rotor
system [5].

Prediction of the location of the transition point
is important, particularly for wind turbine applica-
tions that operate at low Re numbers. The lam-
inar/turbulent properties of the ow �eld have an
important inuence on skin friction and separation
that a�ect the lift and drag characteristics of the
blade signi�cantly. Thus, the design of wind turbine
blades requires the prediction and consideration of ow
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characteristics at the transition area. For most wind
turbine rotors with smooth surfaces, TS instability,
laminar separation or turbulence contamination, gov-
ern the transition location [6].

Oscillating airfoil ows have been studied in the
past using multiple hot-�lms [7,8]. All these studies
have focused on pitching airfoils. There exist limited
amounts of data available for other types of motion,
such as plunging oscillation. Whilst most angle of
attack changes that the rotor blades encounter are due
to the variations in the apping and elastic bending of
the blade, i.e. plunging type forcing [9], there are some
di�erences between the e�ects of unsteadiness on the
development of the boundary layer of two motions of
pitching and plunging. Although the accelerated ow
and pressure-gradient-lag e�ects are the same for both
motions, the leading edge jet e�ect is of the opposite
kind, delaying separation for pitching, and promoting
it for plunging oscillations [10].

This study addresses some of the most important
aspects of the unsteady boundary layer behavior of
an airfoil oscillating in plunge at a subsonic regime.
The experiments were conducted at a free stream
velocity of 30 m/sec, corresponding to the Reynolds
number of 0:42 � 106, and at an oscillation amplitude
of �8 cm. This investigation involves the e�ect of
reduced frequency on the boundary layer and on the
transition point 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, only a pure angle of attack
plays an e�ective role, and the pitch rate e�ect due
to the pitching motion is isolated from the problem.
Measurement of the surface pressure distribution on
this model and the corresponding aerodynamic loads
in the plunging motion has been conducted before [11-
13]. In this experiment, the e�ect of reduced fre-
quency (the most important parameter in unsteady
motions) on the transition behavior of the model is
investigated.

EXPERIMENTAL APPARATUS

The experiments were conducted in a subsonic wind
tunnel in Iran. It is of a closed return type, has a
test section of 80 cm � 80 cm � 200 cm and operates
at speeds from 10 to 100 m/sec. 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 tunnel turbulence to less than 0.1
percent in the test section.

The model has 25 cm chord and 80 cm span and
is the critical section of a 660 kW turbine blade under
construction in Iran. The hot-�lms that were used are a
special version of the ush-mounting DANTEC probe;
glue-on type. The sensor is deposited on a KaptonTM

foil with a thickness of about 50 �m. Its sensor is con-
nected to a gold-plated lead area. Eight hot-�lms were
located along the chord at an angle of 20 degrees with
respect to the model span to minimize disturbances
from upstream one (Figure 1). The position of each
sensor on the model is given in Table 1. Data are
obtained using a Constant Temperature Anemometer
(CTA). All CTA data was transferred to the computer
through a 64 channel, 12-bit Analog-to-Digital (A/D)

Figure 1. Model along with the location of the hot �lms.

Table 1. Location of the hot �lm sensors.

Hot Film Location (x=c)

s1 0.08

s2 0.14

s3 0.22

s4 0.29

s5 0.37

s6 0.47

s7 0.57

s8 0.68

board, capable of an acquisition rate of up to 1200
kHz.

Raw data were then digitally �ltered by a low-
pass �ltering routine. During the �ltering process, the
cut o� frequency was obtained using power spectrum
estimation or frequency domain analysis. In this
method, the noise that dominates the signal in the
time domain appears only as a single peak or spike
in the frequency domain. Once the noise frequency
is determined, it can be �ltered, and a clean signal
is then obtained. Figure 2 shows an example of the
spectrum of the white noise for one of the hot �lm
channels, which identi�es the cut o� frequency. From
this �gure, the cut o� frequency is found to be about
150 Hz.

No calibration of the hot �lm sensors was per-
formed, as the objective of this experiment was to
document the qualitative behavior of the boundary
layer characteristics. The heat transfer or the voltage
output level of the hot �lm sensor gives a direct
recognition of the state of the boundary layer over
it. However, the signal magnitude of each sensor was
normalized, with respect to its corresponding o�set
voltage.

The plunging system for the present experiments
incorporates a crankshaft to convert the circular mo-
tion of the motor to the reciprocal motion, which is
transferred to the model by means of rods (Figure 3).
The pitch rotation point is �xed at about the wing
quarter chord. The plunging displacement was varied
sinusoidally as:

h = h sin(!t):

Dynamic tests were performed over a range of re-
duced frequencies, k = 0:05 � 0:11, which are the
e�ective reduced frequencies for this section of the
wind turbine blade when operating in the �eld. The
static angles of attack were varied from -5 to 23
degrees.
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Figure 2. PSD of the white noise for one channel.

Figure 3. Plunging oscillation system.

RESULTS AND DISCUSSION

To identify the transition point on the airfoil, exper-
iments were carried out at both static and dynamic
testing in plunging mode with eight hot �lm sensors.
In the dynamic tests, the e�ects of reduced frequency
on the transition point were studied. The results of the
static tests are presented �rst followed by the dynamic
oscillatory data.

Static Tests

Figure 4 shows hot �lm time histories that illustrate the
e�ects of angle of attack on the surface ow phenomena
at a Reynolds number of 0:42 � 106. The designated
letters, s1 through s8, shown on the left side of each
trace are the hot �lms response in increasing order
of chord wise positions, from about 8 to 68 percent
of the chord (Table 1). As shown in this �gure, at
three angles of attack of -5, 0 and 5 degrees, the ow

is turbulent only for hot �lm no. s8, while for the
rest of the �lms no sign of turbulent ow is seen.
This is because for laminar ow the heat transfer is
low, thus the hot �lm sensor gives low output voltage
and the corresponding response is smooth with time,
as characterized by s1 through s7 channels shown in
Figures 4a to 4c. However, turbulent ow is associated
with high heat transfer, high output voltage and noisy
response, as seen from channel s8 shown in Figures 4a
to 4c. By increasing the angle of attack, disturbances
appear in other sensors and move upstream toward the
leading edge. Eventually, at high angles of attack, all
signals except the �rst channel, s1, become completely
turbulent (Figure 4h). For angle of attack, � > 100,
the ow over the sensors in the vicinity of the trailing
edge seems to be separated. For separated ow, the
heat transfer varies over a wide range, indicated by the
large response uctuations.

Figure 5 shows the static pressure distribution
around the airfoil at various angles of attack for predict-
ing the transition point. The model used for the static
and dynamic pressure studies has 64 pressure ports
located around its surface; details about the conditions
of these tests can be found in [11-13]. Because only
eight hot �lm sensors were glued along the chord
of the present model (Figure 1), the position of the
transition point could not be speci�ed accurately just
from the hot �lm responses. For example, as explained
in Figure 4, the turbulent ow is appeared for hot
�lm no. s8 at three angles of attack of -5, 0 and 5
degrees, but it is not evident where, on the surface, the
ow transits to turbulent. From the surface pressure
distribution of Figure 5a, the transition location can
almost be estimated, which is marked by the arrows
on the graph. A sudden change in the slope of
the pressure distribution indicates the transition to
turbulent through a separation bubble. The transition
points for three other di�erent angles of attack are also
shown by the arrows in Figure 5b. The separation
bubble moves toward the leading edge with increasing
the angle of attack.

The movement of the transition position cor-
responding to various angles of attack at a chord
Reynolds number of 0:42 � 106 is shown in Figure 6.
The data is compared to the results of the Eppler [14]
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Figure 4. Variations of the hot �lm response with time.



472 M.R. Soltani and F. Rasi Marzabadi

and the Xfoil [15] codes. Note that the predicted
transition points by the Eppler and Xfoil programs
for both codes were run for free transition options.
It is evident that variations of the transition point
with angle of attack for all three methods are similar.
However, the di�erences in the values are probably
due to a few di�erences between the experimental
conditions and the terms of these codes. In addition,
the transition point estimated from the surface pressure
data does not include the length of the separation
bubble. As seen from Figures 5a and 5b, the arrows
that indicate the transition point are located at the
beginning of the separation bubble, while in reality, the
ow becomes turbulent at a distance aft of the location
of the separation bubble. This distance along with

Figure 5. Static surface pressure distribution at various
angles of attack.

the length of the separation bubble is not considered
in our data. Therefore, it is believed that part of
the di�erences between our data and those predicted
by the two engineering codes are due to the above
phenomenon. At ten degree angles of attack, the
Eppler code indicates that the ow is turbulent over
the entire airfoil upper surface. However, the results
of the Xfoil code and the present experimental data
show that there exists a small region in the vicinity of
the airfoil leading-edge where the ow is still laminar
(Figure 6).

Dynamic Tests

All dynamic experiments were conducted at a Reynolds
number of 0:42 � 106 and for oscillation amplitude of
� 8 cm. Data for three di�erent reduced frequencies
of k = 0:05, 0.08 and 0.11 are presented in this paper.
The model was set to mean angles of attack of 5, 10
and 18 degrees, which correspond to the regions before,
around and beyond the static stall angle of attack
of the airfoil, respectively. The static stall angle of
attack for this particular airfoil is about 11 degrees [11-
13].

It should be noted that in the plunging motion,
the plunging displacement can be transformed into
the equivalent angle of attack using the potential
ow transformation formula, �eq = ikh, where �eq
is in radians, and h, the plunging amplitude, has
been nondimensionalized with respect to the model
semi-chord. The mean angle of attack is, of course,
added to the equivalent angle [16]. From the above
transformation formula, the e�ect of plunging motion
on the induced angle of attack is evident. As the
plunging amplitude or the reduced frequency increases,

Figure 6. Comparison of the measured transition point
with the present engineering codes.
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the values of the induced angle of attack increase too.
The airfoil plunges sinusoidally 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 7). Thus,
when h = 0 during the down stroke portion of the
plunging motion, this is equal to the maximum angle
of attack of the model, while in the upstroke one,
the reverse is true, the minimum angle of attack is
reached.

Figures 8 through 10 show composite plots of time
traces of the hot �lm sensors glued on the upper surface
of the airfoil oscillated below, within and beyond the
static stall angle of attack. The sensor numbers are
shown on the left side of these �gures. Variations of
the plunging displacement and the corresponding angle
of attack with time for all cases are shown on the top
of the �gures. The y-axis represents the normalized
voltage output of each sensor.

In Figure 8, the model is set to an angle of attack

Figure 7. Time history of the plunging motion and its
corresponding equivalent angle of attack. Figure 8. Variations of the voltages with time, �0 = 5�.
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of 5 degrees. In this case, the maximum equivalent
angle of attack is less than the static stall angle. As
seen for all reduced frequencies, the output signals
of channel 1, s1, to channel 6, s6, do not show
signi�cant perturbation and have a smooth response
with time. Therefore, the ow is laminar through the
entire oscillation cycle in this region (from the leading
edge to x=c � 0:5). The output signals of channels
s1 to s4 follow variations of the equivalent angle of
attack. However, the outputs of channels s5 and s6 that
are located after the maximum thickness of this model
(x=c = 0:35) show a phase di�erence with respect to
the variations of the equivalent angle of attack, due
to e�ect of the pressure gradient outside the boundary
layer. The ow at the last two channels, s7 and s8,
have a combination of laminar-turbulent ow. For the
lowest reduced frequency case, the equivalent angle of
attack varies between 3.3 and 6.7 degrees (Figure 8).
It is seen from Figure 6 that, in the static case for
these variations of angles of attack, the transition point
is located approximately at x=c � 0:6 and x=c �
0:52, respectively. Since, for k = 0:05 the last two
channels are dominated by the turbulent ows, where
the intensity of the uctuations are relatively high and
there is no obvious sign of transition, it is expected
that the locations of transition and relaminarization
are relatively the same as the static case for both
upstroke and down stroke motions. For the two higher
reduced frequency cases (Figures 8b and 8c), there is an
indication of transition in the output signals of channels
s7 and s8. It can be seen that as the equivalent angle
of attack increases, transition to turbulent ow occurs
(indicated by symbol `T ' in Figures 8b and 8c), and
the output of the sensor shows a corresponding increase
in the magnitude of the signal, as well as an increase
in the uctuation amplitude. As the equivalent angle
of attack decreases, the ow again becomes laminar
(indicated by symbol `R'). Similar to the static case,
the transition point moves toward the leading edge with
increasing the angle of attack, and can be traced from
the outputs of channels s7 and s8, in one oscillation
cycle.

In Figure 9, the model is set to a mean angle
of attack of 10 degrees, near the static stall angle
of attack. For the lowest reduced frequency case,
k = 0:05, the equivalent angle of attack varies from
8.3� to 11.7�, and for the highest one, k = 0:11,
the range of angle of attack variations is from 6� to
14�. It is seen that for k = 0:05, the output of
channels s1 to s4 have a smooth response with time
and follow the variations of the equivalent angle of
attack with some phase di�erences. Thus the ow
is laminar up to near 30% of the chord during the
entire oscillation cycles (Figure 9a). It is in contrast
to the results of the static tests (Figure 6). As the
reduced frequency increases, the laminar ow region is

restricted to the leading edge. For k = 0:08, channels
s1 to s3 (Figure 9b), and for k = 0:11, only the �rst
two channels show laminar ow (Figure 9c). Close
examination of the output voltages indicate that the
ow at the last two channels, s7 and s8, are separated
for all reduced frequencies, since they have a 180
degree phase di�erence, with respect to the variations
of angle of attack, and the response uctuations are
relatively high. As explained in Figure 8, the transition
and relaminarization locations can be obtained from
the output signals of the channels that show the
combination of laminar-turbulent ow. This result will
be shown later.

In Figure 10, the model is oscillated in the post
stall region, �0 = 18�. It is seen that for all reduced
frequencies, there is no laminar ow along the airfoil
upper surface. For k = 0:05, the output signal of the
�rst channel, s1, shows turbulent ow, which follows
the variations of the angle of attack. However, for k =
0:08, the �rst two channels, and for k = 0:11, channels
s1 to s3 show turbulent ow. It means that the reduced
frequency maintains the turbulent ow on the surface
of the airfoil near the leading edge. For k = 0:05,
channels s2 to s6 show a combination of the turbulent-
separation ow. During one oscillation cycle, when
the angle of attack is low, the ow is turbulent; with
increasing the angle of attack, it becomes separated.
The last two channels show separated ow during the
entire cycles with 180 degrees phase di�erence, with
respect to the variations of the angle of attack, and
have high uctuations (Figure 10a). For k = 0:08,
channels s3 to s5 show a combination of the turbulent-
separation ow and the other channels, s6 � s8, show
separated ow (Figure 10b). For k = 0:11, channels
s6 to s8 show separated ow, which means that by
increasing the reduced frequency, the region of the
separated ow near the trailing edge is also increased
(Figure 10c).

Figure 11 shows variations of the transition and
relaminarization points with angle of attack, for exam-
ple for the case of �0 = 10 degrees. Static data are
provided in the �gure for comparison. The directions
shown indicate increasing or decreasing the equivalent
angle of attack of the model during the plunging
motion. As seen from this �gure, when compared with
the static case, the onset of the unsteady boundary
layer transition promotes to the lower e�ective angles
of attack at a given chord wise position, and relam-
inarization generally occurs at a higher � than that
of the transition. Thus there is a hysteresis in the
transition-relaminarization cycle that increases with
increasing k. This is attributed to the accelerated
ow, pressure-gradient-lag and leading-edge jet e�ects
in unsteady motions. As described by Ericson [9], the
accelerated ow and pressure-gradient-lag e�ects are
the same for pitching and plunging airfoils. However,
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Figure 9. Variations of the voltages with time, �0 = 10�.
Figure 10. Variations of the voltages with time,
�0 = 18�.
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Figure 11. Variations of the onset of boundary layer
transition and relaminarization with � and k, �0 = 10�.

the leading-edge jet e�ect is of the opposite kind,
delaying separation for pitching and promoting it
for plunging oscillations. According to [9] \For the
plunging airfoil the leading-edge jet e�ect is zero at the
mid portion, and reaches peak magnitude at the end
portion. The e�ect is adverse at high angles of attack
and favorable at low angles". The adverse moving
wall e�ects for the plunging airfoil are large enough
to completely overpower the favorable accelerated ow
e�ects. Thus, the earlier transition would occur for
increasing rather than for decreasing e�ective angles of
attack.

Another approach for determining boundary layer
characteristics is through the frequency domain anal-
ysis. Figure 12 compares the power spectral of the
hot �lm signals at various reduced frequencies. In
this �gure, the model is set to a mean angle of attack
of 10 degrees. The frequencies corresponding to the
PSD's peaks are indicated on the top of them in the
spectrum plots. In the �rst two channels, Figures 12a
and 12b, it is seen that the amplitudes of the spikes
are lower than for the other channels, for all reduced
frequencies. This is in agreement with Figure 9, that
there is laminar ow in the vicinity of the leading edge
for all reduced frequencies. In channel s3 (Figure 12c)
the boundary layer instability frequencies and also the
amplitudes of the spikes grow for the case of k = 0:11.
It means that for this reduced frequency, TS instability
frequencies may be present at this location, while
for the other two reduced frequencies, k = 0:05 and
0.08, the ow is still laminar. The spectrum plots
of channels s4 and s5 (Figures 12d and 12e) show
that for k = 0:11, the amplitudes of the spikes grow
more and the combination of laminar-turbulent ow is
apparent in these locations of the airfoil surface. For

k = 0:08, the boundary layer instability frequencies
are appeared in channel s5 (Figure 12e), and for the
lowest reduced frequency, k = 0:05, they are seen
in channel s6 (Figure 12f). In the last two channels
(Figures 12g and 12h), it is seen that there are spikes
in the lower range of frequencies of the spectrum
and they disappear at higher frequency ranges. It
means that there is no turbulent ow in this region
and, as mentioned in Figure 9, the ow may be
separated. In the entire spectrum plots, note that
the �rst frequency of the PSD peak is proportional
to the oscillation frequency, e.g. it is increased from
f � 1:3 Hz for k = 0:05 to f � 4:3 Hz for k = 0:11.
Further, there is a relation between the frequencies
of the spikes in all spectrum plots. It seems that
they are the coe�cients of the oscillation frequency
and are ampli�ed when the boundary layer instability
grows.

Figure 13 shows the e�ect of the mean angle of
attack on the power spectral of the hot �lm signals for
sensors s2, s5 and s8. The reduced frequency is equal to
k = 0:08. It is seen that at x=c = 0:14, the maximum
amplitude of PSD is related to the case of �0 = 18�,
and for the other two mean angles of attack, the ow is
still laminar (Figure 13a). At a location of x=c = 37%
(Figure 13b), the maximum spikes are related to the
case of �0 = 10�, and for the lowest mean angle of
attack, the ow is still laminar. However, at a location
of x/c=0.68, the maximum amplitude of PSD is for
�0 = 5� and the PSD amplitudes of the other mean
angles of attack are reduced, with respect to the PSD
of channel s5. It means that with increasing the mean
angle of attack, the appearance of laminar/turbulent
spikes or TS instability frequencies move toward the
leading edge.

CONCLUSION

Experiments were performed to measure the position
of the transition point and the characteristics of the
boundary layer in a plunging motion under di�erent
conditions. Dynamic tests were conducted at di�erent
reduced frequencies and mean angles of attack. The
data showed hysteresis between the transition loca-
tion in the upstroke and down stroke motion. The
width of the hysteresis loop varied with the reduced
frequency. Boundary layer transition occurred earlier
for increasing (rather than for decreasing) the e�ective
angle of attack. The frequency domain analysis of the
hot �lm signals revealed that dominated frequencies
of the boundary layer are a function of the reduced
frequency and mean angle of attack. For almost all
cases examined here, the ow was separated in the
vicinity of the airfoil trailing-edge, and the transition
locations, as well as the separation region, were a
function of the mean angle of attack.
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Figure 12. Variations of power spectral of hot �lm sensors with k, �0 = 10�.
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Figure 13. Variations of power spectral of hot �lm
sensors with �0, k = 0:08.

NOMENCLATURE

PSD power spectral density
TS tollmien schlichting
c airfoil chord (cm)
x distance from the leading edge of the

airfoil (cm)
h plunging displacement (cm)
H amplitude of the plunging motion (cm)

�h dimensionless plunging amplitude,
�h = 2H

c
s sensor
f plunging frequency (Hz)
U1 free stream velocity (m/sec)

k reduced frequency, k = �fc
U1

t time (sec)
t0 period of oscillation
� dimensionless time, � = t=t0
T transition
R relaminarization
� angle of attack (deg)
�0 mean incidence angle (deg)
�� amplitude of the pitching motion (deg)
! angular frequency (rad/s)
()eq equivalent motion
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