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Abstract

A series of experimental tests was conducted to present an insight into lift characteristics of an oscillating wind turbine airfoil at near-
and post-stall regions. Due to the unsteady nature of the flow around a wind turbine, the blades are subjected to oscillating motions and
consequently, unsteady phenomena occur, dynamic stall in particular. Therefore, the unsteady lift of wind turbine blades is of consider-
able importance in performance and estimation of a wind turbine lifespan. In the current study, at Re = 420000, a detailed survey of pa-
rameters affecting lift characteristics in the hysteresis loops are carried out for the critical section of a 660 kW wind turbine blade. To
investigate the effects of reduced frequency, mean angle of attack (AOA) and amplitude of oscillation, the characteristics of lift hysteresis
loops including maximum lift, width of the loop, crossover point (if exists) and the normal force defect (NFD) are compared qualitatively
and quantitatively. The results indicate that increase of reduced frequency leads to decrease in lift curve slope and delay in maximum lift
occurrence. Furthermore, the lift curves are the evidence of strong dependence of lift characteristics on mean AOA and amplitude of
pitching motion. Increase of amplitude makes the airfoil enter the post-stall region and hence, it delays the maximum lift occurrence.
Entering the post-stall region, the airfoil encounters deeper dynamic stall. Also, approaching to post-stall region makes the clockwise part

of the loops more dominant.
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1. Introduction

Horizontal axis wind turbines (HAWT) are subjected to un-
steady flows during their operation periods. The unsteadiness
originates from periodic and aperiodic flowfield structures
such as wind speed, wind turbulence, tower shadow, yaw
errors, blade/wake interactions and so on [1, 2]. These sub-
stantially affect the aerodynamic characteristics of wind tur-
bine blades. The unsteady behavior of a wind turbine blade
comes into existence in the form of some basic blade motions
including pitch, plunge or the combination of both. Further-
more, flow separation and dynamic stall are inherent unsteady
phenomena occurring due to the unsteady behavior of the flow
around wind turbine blades which are the primary sources of
fatigue and failure in wind turbine components [3].

Due to the important impact of unsteady phenomena on per-
formance of wind turbines, dynamic stall in particular, un-
steady aerodynamics has attracted a number of studies during
last three decades. While an airfoil experiences a pitching or
plunging motion, dynamic hysteresis occurs in aerodynamic
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coefficients. When the flow is separated and a vortex known
as dynamic stall vortex (DSV) forms on the surface of the
airfoil, the convection of the DSV into the downstream leads
to dynamic stall and consequently, it presents a large hystere-
sis on lift coefficient loop. Under the dynamic stall effects, the
stall angle of an airfoil is found to be higher than the normal
static stall angle. In unsteady conditions, the lift force can still
be maintained even at angles of attack (AOA) higher than
static stall angle.

The beginning of analysis of unsteady aerodynamics can be
attributed to Theodorsen [4] in 1935 where he theoretically
modeled the unsteady lift of an airfoil in motion at fully-
attachment condition. He predicted dynamic hysteresis of
aerodynamic coefficients due to the phase lead of noncircula-
tory effects and the phase lag due to vorticity convection into
the wake. The main researches on dynamic stall and airfoils in
motion, however, started in the 1970s and early 1980s by
McAlister et al. [5] and McCroskey et al. [6]. They conducted
a series of experimental analysis of dynamic stall phenomenon
in pitching airfoils. In the 1980s, McCroskey carried out a
thorough physical analysis of dynamic stall in two review
papers [7, 8]. Since then, several experimental study [9-13]
alongside numerical analyses [14-17] have been conducted to
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investigate the unsteady behavior of airfoils in motion and
dynamic stall phenomenon. Among them, different airfoil
geometries, flow regimes, Reynolds number and motion con-
ditions with different applications can be found in the litera-
ture.

Although the modern HAWT may operate in the range of
high-Reynolds number, the small-medium turbines work in
the range of moderate-Reynolds number (10°) generally. The
flow structure in this regime is highly nonlinear [18], and the
dynamic stall occurs according to the vortex formation on the
upper surface and the transition of laminar flow to turbulent in
boundary layer. There exists very few studies in the literature,
either numerically or experimentally, concerning the pitching
airfoils in moderate-Reynolds number regime [11, 19-22].
Also, several active and passive control methods have been
implemented on airfoils to alleviate or control the loads on
wings and blades [14, 23, 24]. The scope of the current work,
however, is to experimentally investigate the detailed unsteady
phenomena occurring in pitching motion of a wind turbine
airfoil, regardless of controlling the flow around. Although
many unsteady phenomena contributing to wind turbine
blades behavior are known, the details of dynamic stall and
pitching oscillation are still state of the art. Today, due to
computational limitations [17, 20, 25], there is a growing de-
mand for more experimental analysis of unsteady phenomena
either in aeronautical applications or wind turbine industry.
Besides, the reliability and remarkable accuracy of experimen-
tal data encourage the researchers to extend experimental stud-
ies, particularly in post-stall region where numerical simula-
tions can hardly capture the physics of flow.

In the current study, we thoroughly investigate the parame-
ters affecting the unsteady behavior of a harmonically oscillat-
ing wind turbine airfoil at near- and post-stall regions. The
parameters discussed herein include reduced frequency, mean
AOA and amplitude of oscillation. The values of these pa-
rameters are selected in a way that the airfoil undergoes pitch-
ing motion in near- and post stall regions where critical and
destructive loads can be imposed on a wind turbine blade. The
influence of these parameters on the maximum lift coefficient
in hysteresis loops, the position of crossovers in lift hysteresis
(if exists) and the normal force defect (NFD) are studied. By
comprehensive investigation of these parameters on dynamic
stall, one can have more insights into the physics of unsteady
aerodynamics around an oscillating wind turbine airfoil. The
experimental apparatus and test conditions are presented in
Sec. 2. The results and discussion are provided in Sec. 3. At
the end, in Sec. 4, the summary and conclusions are presented.

2. Experimental apparatus and tests

The experimental tests were carried out in a low-speed
closed circuit wind tunnel with a rectangular test section of 0.8
x 0.8 x 2 m. The maximum air speed of 100 m/s can be at-
tained in the test section which limits the Reynolds number to
Re = 1400000 for an airfoil with a chord length of ¢ = 0.25 m.
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Fig. 1. Airfoil geometry and location of the pressure ports.

The contraction ratio of the tunnel is 7:1 where four large anti-
turbulence screens and honeycombs are embedded in the set-
tling chamber to maintain the turbulence intensity of the test
section below 0.1 %.

The airfoil model considered in this research is extracted
from the critical section of a 660 kW HAWT blade at a dis-
tance of 74 % from the root of the blade. This section was
selected based on a blade element momentum (BEM) calcula-
tion which was performed on the blade. The BEM results
showed that the critical load was imposed on the section of
74 % away from the root. Therefore, analysis of this section
assures the resistance of other sections against destructive
loads. The chord length of the model is 0.25 m with 0.8 m
span. For surface pressure measurement, 64 pressure orifices
are located on the upper and the lower surfaces of the airfoil
model. To diminish the effect of upstream pressure tabs, the
tabs are mounted in a line which has a 20 degree angle with
the chord line of the model. The geometry of the airfoil and
the location of the pressure orifices are depicted in Fig. 1.

Due to the space limitations inside the model, the pressure
transducers are located outside the tunnel and they are con-
nected to the pressure ports by tubes. Hence, a series of ex-
periments was carried out to ensure the proper frequency re-
sponse of the pressure measuring system is maintained for
high oscillation frequencies. The tubes are selected in a way
that the maximum time lag of the data acquisition is less than
0.01 s. This is equivalent to the frequency response of greater
than 100 Hz including the physical features of the tubes. Us-
ing a 64 channel, 12 bit A/D board and a terminal board, the
transducer data are collected at the rate of 100 Hz. and dis-
patched to a computer.

The oscillating mechanism implemented in this survey is
depicted in Fig. 2. As seen, the pitch mechanism utilizing an
AC motor controlled by a proper drive.

The motor is linked to a crank system in order to translate
the unidirectional rotation to reciprocating rotation motion.
The length of the connecting rod between the motor shaft and
airfoil determines the mean AOA of the motion. Meanwhile,
the value of off-center connection of the connecting rod to the
motor shaft sets the amplitude of the motion. A digital shaft
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Fig. 2. Pitching oscillation mechanism — the real system and the sche-
matic of the oscillation mechanism.

encoder is aligned to the model shaft providing the instantane-
ous AOA of the airfoil.

The airfoil has a pitching motion around the quarter chord
under the equation below:

o =a,+dsin(2x ft) 1

where a, is the mean AOA, d is the amplitude, ranging from 2
to 11 degrees and f represents the frequency of the motion,
ranging from 0.6 to 4 Hz in this research. The range of the
frequency corresponds to the reduced frequency (k = ©C/2U)
of 0.015 to 0.1 including the quasi-steady and unsteady mo-
tions of the airfoil. The freestream velocity in the tests is set to
30 m/s corresponding to the Reynolds number of 420000. The
aim of this survey is to investigate the unsteady behavior of
the wind turbine airfoil in a pitching motion, ranging from
near-stall to post-stall regions. Studying the effects of ampli-
tude, reduced frequency and mean AOA on the physics of
dynamic stall and aerodynamic loads on rotor blades in these
regions can improve the performance of a wind turbine and
enhance the lifespan of the blades. Furthermore, the limitation
due to the oscillation system leads to selection of the follow-
ing values. Table 1 represents the test cases studied in near-
and post-stall regions.

Table 1. Test plan.

Region a (°) d() k
5-10 5 0.045
. 5 8 0.02-0.045-0.065-0.1
Near-stall region
8 2-5-8 0.1
13 2 0.1
8 11 0.015-0.03-0.045-0.1
. 10-18 8 0.045
Post-stall region
13 5-8-11 0.1
18 5 0.025-0.045-0.065-0.1

Based on Eq. (1), the airfoil has a purely sinusoidal pitching
motion. The hysteresis effect in this motion can be quantified
by calculating a parameter named NFD (&). The hysteresis
effect in an unsteady motion is in contrast to steady or quasi-
steady condition of an airfoil where the flow field adjusts itself
with any change in AOA. The NFD, as a quantitative parame-
ter representing the degree of hysteresis, is obtained from the
closed line integral around the cycle of the normal force [5] as

_ $Gda )

/2
I Cda

-2

The NFD represents the loss in load carrying ability due to
the downstroke motion of the airfoil. So, the denominator of
the Eq. (2) represents the area under the curve in normal force
coefficient versus AOA diagram in upstroke motion and the
integral in the numerator calculates the area of the C,-a hys-
teresis loop.

The NFD value in lift curves with crossover point deter-
mines whether the dominant phase of motion is lead or lag
with respect to static lift curve. The positive values of NFD
represent the dominant lead phase while the negative ones
show the dominant lag phase. Where no crossover point exists,
however, the NFD absolute value indicates the width of the
hysteresis loops.

The uncertainty analysis of the collected data using sum
square of both bias and precision errors revealed the maxi-
mum error of 2 % in lift coefficient.

3. Results and discussion

The effects of reduced frequency, mean AOA and ampli-
tude in the pitching motion of the mentioned airfoil at near-
and post-stall regions are discussed in the following. The time
behavior of the measured lift values are thoroughly analyzed
and the lift coefficient loops for all cases are plotted. The ar-
rows in the lift coefficient diagrams represent the direction of
the airfoil motion.

In addition, according to the lift hysteresis loops, the values
of maximum lift and crossover point (if exists) are specified
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for better comparison. The solid circles on the lift hysteresis
loops represent the crossover points. Moreover, based on Eq.
(2), the NFDs are calculated in each case and the results are
plotted as well. Also, the table in each section gives a sum-
mary of the characteristics of the lift curves.

3.1 Effect of reduced frequency

Three different cases with different mean AOAs and ampli-
tudes are considered to investigate the effect of reduced fre-
quency on the dynamic hysteresis of lift coefficient for the
pitching airfoil. The cases are selected in a way that the results
will cover the near- and post-stall regions in quasi-steady and
unsteady flows. Fig. 3 represents the lift coefficient loops of
three cases at different reduced frequencies.

Fig. 3(a) corresponds to the airfoil motion in the near-stall
region where the mean AOA is 5° and the amplitude is 8°. It is
noticeable that increase of reduced frequency slightly widens
the hysteresis loops and simultaneously, declines the slope of
the curves. Also, the crossover point, representing the so-
called “Fig. 8 occurrence, moves forward with growth of
reduced frequency which represents the faster reattachment of
the flow in downstroke motion. The “Fig. 8” represents the
intersection in lift hysteresis where in downstroke motion, the

lift values exceed the corresponding values in upstroke motion.

This can be attributed to either the reattachment of flow to the
upper surface in downstroke motion or the existing vortex
previously formed in high AOAs.

In the second case where the mean AOA and the amplitude
are 8° and 11°, respectively (Fig. 3(b)), the increase of re-
duced frequency leads to delay in maximum lift occurrence in
upstroke motion. The displacement of crossover point is simi-
lar to the first case where it moves forward with growth of the
reduced frequency. Furthermore, the drop of the lift value at
the end of upstroke motion decreases in the highest reduced
frequency, while in other cases the drop is negligible. It sug-
gests the lighter dynamic stall occurrence for higher reduced
frequencies at near- and post stall regions where the flow is
not fully separated.

For the case of mean AOA = 18° and the amplitude of 5°
(Fig. 3(c)), it is clearly noticeable that the lift coefficient loops
of all the reduced frequencies are clockwise, representing the
lead phase of the flow with respect to the static one. For all
reduced frequencies, the flow in downstroke motion is not
fully-reattached and consequently, no intersection in lift loops
happens. Herein, the airfoil oscillates at post-stall region and
consequently, the generated lift is mostly due to higher appar-
ent mass at higher reduced frequencies where no specific pat-
tern exists for circulatory part of lift. As a result, the width of
the loops grows by increase of reduced frequency. The maxi-
mum lift of the curves for different reduced frequencies does
not change drastically and all the values are lower than the
value of maximum lift in Figs. 3(a) and (b). Such a feature in
lift hysteresis is actually related to the separated flow at high
AOA:s.
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Fig. 3. Effect of reduced frequency: (a) Mean AOA = 5°, d = 8°; (b)
mean AOA = 8°,d =11°; (c) mean AOA = 18°,d = 5°.

The values of the NFD are calculated for all cases and can
be seen in Table 2. For better comparison, the NFD for three
cases are plotted in Fig. 4. According to Fig. 3(a), it can be
seen that the dominant part of the hysteresis loops are counter-
clockwise and hence, the NFD value is negative. The magni-
tude of the NFD increases by the growth of reduced frequency.
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Table 2. Effect of reduced frequency on lift characteristics.

wC® | de) K Cr"sso(vo;r Pointl \p ¢, | NFD
s 8 0.02 952 1369 | -13.78
5 8 0.045 10.06 1367 | 2541
5 8 0.065 10.83 1346 | -3849
5 8 01 ; 1341 | -66.51
8 | 001 929 1347 | 255
8 1 003 9.47 1373 | 390
8 | 0045 975 1399 | 487
8 1 0.1 1145 1442 | -17.73
18 s 0025 ; 1268 | 1050
18 5 0.045 ; 1272 | 1419
18 5 0.065 ; 1276 | 17.56
18 5 0.1 ; 1319 | 2774
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Fig. 4. NFD vs. reduced frequency for three different cases.

The increase of reduced frequency leads to the vanishing of
the current light dynamic stall occurrence and therefore, the
width and the area of the counterclockwise part expands.

As seen in Figs. 3(a) and (b), at the onset of post stall region,
the area of the clockwise part expands and the value of the
NFD approaches to positive values. In the case of mean AOA
= 18° and D = 5° (Fig. 3(c)), due to phase lead of noncircula-
tory effects, the hysteresis loops are totally clockwise and
according to Fig. 4, the width of the curves and consequently,
the NFD increase by increase of reduced frequency.

3.2 Effect of mean AOA

Increasing the mean AOA with constant amplitude of oscil-
lation (5° and 8°) leads to entrance to the separation and hence,
the stall regions. Based on the reduced frequency of 0.045
considered herein, at pre-stall region with mean AOA of 5°
and the amplitude of 5° (Fig. 5(a)), no separation occurs and
the phase lag due to circulatory effects makes the lift hystere-
sis totally counterclockwise. For the corresponding case in Fig.
5(b), however, increasing the amplitude to 8° makes the airfoil
encounter light stall due to slight drop of lift coefficient at the
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Fig. 5. Effect of mean AOA: (a) d = 5°, k = 0.045; (b) d = 8°, k =
0.045.

end of upstroke motion. Regarding the direction of hysteresis
loop, the lift hysteresis of mean AOA = 18° for both ampli-
tudes, by contrast, is completely clockwise. This corresponds
to the dominant phase lead of the lift with respect to the airfoil
motion at fully stall region. In between, at near-stall region,
the phase lag of lift turns to phase lead in upstroke motion. So,
the so-called “Fig. 8” shape occurs in lift hysteresis.

For both amplitudes, the increase of mean AOA makes the
airfoil be at near- and post-stall regions and consequently, the
airfoil encounters dynamic stall phenomenon. As a result, the
slope of the curves are declining by entering the stall regions.
Figs. 5(a) and (b) suggest that in the higher amplitude of oscil-
lation, 8°, deeper dynamic stall occurs. Also, the crossover
point moves backward representing that due to the deeper
dynamic stall occurrence, the flow reattachment to the airfoil
surface delays in downstroke motion.

As seen in Fig. 6, initially, the values of the NFD for both
cases are negative. This is due to the dominant counterclock-
wise part in lift hysteresis loops in near stall regions. However,
increase in reduced frequency makes the clockwise part more
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Table 3. Effect of mean AOA on lift characteristics.

% (©) de) (g;ist"(ﬁ‘;r Max. C; NFD
5 5 ] 1359 -19.87
10 5 9.78 1381 245
13 5 10.27 1.354 10.58
18 5 - 1292 14.19
5 8 10.01 1.254 2541
10 8 9.81 1327 543
13 8 8.95 1353 13.50
18 8 - 1271 26.84
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Fig. 6. Normal force defect vs. mean AOA for two different cases.

dominant and therefore, the values of NFD increases as well.
More interestingly, the slope of the NFD curves in Fig. 6 is
decreasing which can be attributed to the nonlinear physics of
dynamic stall occurrence and consequently, the nonlinear
increase of hysteresis width with increase of mean AOA.

3.3 Effect of amplitude

In this section, the amplitude of the oscillation varies over
the range of 2° to 11° for constant mean AOA of 8° and 13°.
The reduced frequency of the oscillations is 0.1 which repre-
sents the unsteady flow around the airfoil. As shown in Figs.
7(a) and (b), the increase of the oscillation amplitude enhances
the unsteadiness of the flow and consequently, widening the
hysteresis loops. The figures suggest that little deviation in lift
curve slopes occurs by increase of the amplitude. This can be
attributed to the constant reduced frequencies for all the lift
curves. The increase of reduced frequency results in a lag in
lift rise and reduces the lift slope. So, in this case, the slope
remains nearly constant. Additionally, the increase of the am-
plitude shifts the lift curves downward (with constant slope).
This can be attributed to the portion of the attached-flow area
on the upper surface of the airfoil which would be shortened
by increase of amplitude.

The maximum lift coefficient, however, delays to higher
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Fig. 7. Effect of amplitude: (a) a0 =8,k =0.1; (b) a0 =13°,k=0.1.

AOAs in upstroke motions. As well as the stall AOA, the
value of maximum lift coefficient increases by increase of the
amplitude. According to Fig. 7(a), the high reduced frequency
of the oscillation leads to no abrupt change in the lift coeffi-
cient at the end of upstroke motion (even with amplitude of
11°), while at mean AOA of 13°, the increase of the amplitude
shows more effective changes in lift. Hence, deeper dynamic
stall conditions are encountered by the airfoil.

As seen in Fig. 7, the maximum lift coefficient moves for-
ward for higher amplitude of rotation. The value of maximum
lift is slightly enhances by increase of amplitude. This can be
attributed to delay in separation and DSV motion in higher
amplitude due to high reduced frequency.

Fig. 8 depicts the change in the NFD values for different
amplitude of oscillation in both cases. When the mean AOA is
8° and k = 0.1, the airfoil oscillates in a region far away from
dynamic stall region. Therefore, the circulatory effects make
the flow mostly lag the airfoil motion and consequently, the
counterclockwise part would be dominant in hysteresis loops.
The increase of amplitude leads to growth in the magnitudes
of the NFD. As seen in Fig. 8, the slope of the curve, however,
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Table 4. Effect of amplitude on lift characteristics.

Crossover
) ()
ao (°) d® point (°) Max. C NFD
8 2 - 1.251 -8.08
8 5 11.29 1.345 -12.55
8 8 11.99 1.432 -15.90
8 11 11.29 1.441 -17.73
13 2 - 1.325 10.64
13 5 - 1.425 18.20
13 8 - 1.448 22.49
13 11 6.59 1.493 18.91
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Fig. 8. Normal force defect vs. amplitude for two different cases.

is descending which points out the expansion of the counter-
clockwise part with respect to the whole area of the hysteresis
is nonlinear.

As illustrated in Fig. 8, when the mean AOA is 13°, the air-
foil motion is in dynamic stall region. Hence, the drop in lift
curves is expected at high AOAs. As seen in Fig. 7(b), more
severe drop in lift coefficient is observable at higher amplitude
of oscillation. This makes the hysteresis loop wider and con-
sequently, larger values of the NFD would be attained. How-
ever, when the amplitude of oscillation is 11°, the flow has
enough time to reattach to the surface of the airfoil in down-
stroke motion. As a result, the lift value rises again and the
“Fig. 8” occurs in hysteresis loop. In this case, the negative
value of the counterclockwise part decreases the numerator of
the Eq. (2) and hence, the NFD drops slightly.

4. Conclusions

In this study, we experimentally investigated the effects of
reduced frequency, mean AOA and amplitude on lift coeffi-
cient hysteresis for a harmonically oscillating wind turbine
airfoil. Qualitative analysis of the shapes of lift curves as well
as quantitative study of the maximum lift coefficient, the
crossover point in dynamic loop and the NFD of the airfoil in
different conditions were conducted herein.

Our investigation reveals that k, d, mean AOA are of great
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importance in aerodynamic performance of a wind turbine
airfoil. The comparison of load curves suggested that the men-
tioned parameters have a great impact on the slope and width
of lift curves, “Fig. 8” occurrence, displacement of crossover
point and the direction of the rotation. In addition, for better
analysis of the hysteresis loops, a parameter named NFD was
defined to study the lift curves quantitatively.

The measured values demonstrated that the slope and width
of the hysteresis loops are highly affected by reduced fre-
quency. At near stall region, higher reduced frequencies lead
to drop in the slope of the lift curves. The widths of the loops,
however, grow slightly and maximum lift is attained at higher
AOAs. Dynamic stall can probably occur if the AOA is high
enough where the flow separates from the upper surface of the
airfoil and the DSV convects downstream. This leads to “Fig.
8” occurrence, representing flow-reattachment in downstroke
motion. The crossover point moves forward as the reduced
frequency goes up. In post-stall region, however, the flow
cannot reattach to the airfoil surface and as a result, no inter-
section happens in lift loops.

In addition, the mean AOA of an oscillating airfoil has a
great impact on the lift hysteresis. Increase in mean AOA
makes the airfoil undergo dynamic stall due to high AOAs. As
a result, the flow separation leads to reduction in the slope of
the lift curves. Also, at the existence of dynamic stall, the “Fig.
8” shape occurs where at higher mean AOAs, the crossover
point moves backward representing a delay in reattachment in
downstroke motion. In contrast to the first two parameters, the
amplitude of oscillation does not make any change in the
slope of the lift curves. Nevertheless, higher amplitudes shift
the curves downward which can be attributed to the portion of
the attached-flow area on the upper surface of the airfoil
which would be shortened by increase of amplitude.

Moreover, a new parameter called NFD was studied for bet-
ter analysis of lift hysteresis loops. Generally, in near-stall
region as the reduced frequency increases, the value of NFD
decreases while in post-region, the NFD increases to large
positive values by increase of reduced frequency. Also, the
results revealed the fact that in dynamic stall occurrence, the
maximum NFD is attained when the reattachment cannot take
place entirely in downstroke motion.

Nomenclature

: Angle of attack (AOA)

: Mean AOA

: Normal force coefficient

: Amplitude

: Pitching frequency

: Normal force defect (NFD)
: Reduced frequency
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