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The Comparison of Form Drag and Profile Drag
of a Wind Turbine Blade Section in Pitching
Oscillation
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Abstract—Extensive wind tunnel tests have been conducted to
investigate the unsteady flow field over and behind a 2D model of a
660 kW wind turbine blade section in pitching motion. The surface
pressure and wake dynamic pressure variation at a distance of 1.5
chord length from trailing edge were measured by pressure
transducers during several oscillating cycles at 3 reduced frequencies
and oscillating amplitudes. Moreover, form drag and linear
momentum deficit are extracted and compared at various conditions.
The results show that the wake velocity field and surface pressure of
the model have similar behavior before and after the airfoil beyond
the static stall angle of attack. In addition, the effects of reduced
frequency and oscillation amplitudes are discussed.

Keywords—Pitching motion, form drag, Profile drag, wind
turbine.

1. INTRODUCTION

ERODYNAMIC bodies or lifting surfaces subjected to

time-dependent unsteady motion histories elicit unsteady
boundary-layer behavior, separation, and in severe maneuvers,
dynamic stall and dynamic reattachment. Because of their
complicated, rapidly changing time dependent nature,
significant amount of research both theoretical and
experimental has been conducted to understand the fluid
mechanics of these flow fields. From the classical lifting line
theory after the flow starts on a fixed airfoil, to satisfy the
boundary conditions on the airfoil surface, the vorticity
around the airfoil must be increased. On the other hand,
Kelvin’s theory implies that equal amount of vorticity but in
opposite sign sheds into the wake. Once the steady state is
reached, the net amount of vorticity sheds into the wake over a
finite time is zero and the circulation around the airfoil
becomes constant. In the case of oscillating airfoils, because
of time variation of surface boundary conditions, the bound
circulation around the airfoil varies with time, therefore the
vortices and the structure of the wake must follow these
variations. The temporal and spatial evolution of these
structures dominates the unsteady flow behavior over the
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airfoil. They can induce considerable lift increase or trigger a
catastrophic flow breakdown when they detach from the
surface.

Theoretical studies for incompressible, unsteady airfoil
problems have been formulated in both the frequency domain
and the time-domain, primarily by Wagner, Theodorsen,
Kussner, and Von Karman & Sears. An authoritative source
documenting these classical theories is Bisplinghoff et al.,
with further details of their application given by Leishman.
These formulations have the same root in unsteady thin-airfoil
theory, and give exact analytic solutions for airloads for
different forcing conditions, i.e., for airfoil motions or for
externally imposed velocity fields [1, 2].

Recently considerable experimental research has been
conducted into the problem of unsteady aerodynamics of
oscillating airfoils. Most of them were directed to unsteady
wing loading and dynamic stall process [3-8].

There are many practical situations were unsteady wakes
are involved. The wake blade interaction in turbomachinary
[9] and propulsive characteristics of flapping wings [10] are
some examples.

Ho and Chen [11] studied experimentally the unsteady
wake of a plunging airfoil by use of hot-wire rake. The
velocity traces and the Reynolds-stress distributions in their
study revealed that the wake had different turbulent structures
in the upper and lower parts. Park, Kim and Lee [12] measure
the velocity field in the wake of a NACAOQ012 airfoil by use of
a hot wire probe traversing in the vertical direction. They
showed that at a same instantaneous angle of attack during
pitch up and pitch down motions of the airfoil, velocity and
turbulence intensity profiles in the wake are different owing to
the hysteresis or time history of the flow. Koochesfahani [13]
studied the vortical patterns in the wake of a NACA0012
oscillating airfoil at a very low speed flow in a water tunnel
and showed that the oscillation wave form has an important
effect in the vortical pattern shapes and mean velocity profiles
in the wake. He found there is a critical value for oscillation
frequency that the usual velocity defect profiles in the wake
changes to excessive momentum profile like a jet flow and the
airfoil produces trust force. Panda and Zaman [14] studied the
wake of an oscillating NACA0012 airfoil at mean angle of
attacks above the static stall angle by use of hot wire
anemometry and flow visualization and saw that in addition to
the familiar dynamic stall vortex (DSV), an intense vortex of
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opposite sign originates from the trailing edge just when the
DSV is shed. The two together take the shape of the cross
section of a large mushroom. They also measure the flux of
vorticity shed into the wake and compute the circulatory part
of the lift coefficient by the Kutta-Jukovskey theory and also
measure the convection velocity in the wake. They found that
the average wake convection velocity is independent of
reduced frequency but it decreases with increasing the mean
angle of attack and amplitude of oscillation.

Wind turbines operate for most of their time in an unsteady
flow environment. The blade element forces vary in time and
space as a result of ambient turbulence, persistent shear in the
ambient wind, blade vibratory motions, control inputs, and
skewed flow. The analysis of horizontal axis wind turbine
(HAWT) blade loads is subdivided into two major areas:
dynamic stall and dynamic inflow [15-18].

Wind turbine airfoils operate frequently under fully
separated flow when stall is used for power regulation at high
wind speeds [19, 20].

Inaccurate predictions of wind turbine power and structural
loads have led to insufficient design of wind turbine
components, and premature failures. Some of the under
predictions have been attributed to three-dimensional
aerodynamic effects and dynamic stall. This delayed static
stall produces much higher lift than predicted, resulting in an
increase of turbine power and loading. For an airfoil
oscillating or pitching through the static stall angle of attack,
the onset of stall can be delayed to angles of attack
considerably in excess of the static stall angle. However, when
the airfoil does stall, the stall is more severe, and for
oscillating airfoils, persists to lower angles of attack than the
static stall. As the pitching airfoil passes through the static
stall angle there is no discernible change in the viscous or
inviscid flow about the airfoil. This is due to the finite time
required for the stall events to occur. The first noticeable
disturbance to occur is flow reversal in the boundary layer
near the trailing edge. This flow reversal then proceeds toward
the leading edge of the airfoil until flow reversal occurs over
most of the chord. Large eddies appear in the boundary layer
and a vortex forms near the leading edge. This vortex gains in
strength, then convects over the airfoil. As the vortex moves
across the airfoil the center of pressure moves with it causing
a large nose-down pitching moment. After the vortex has
passed the trailing edge, the airfoil experiences severe stall,
with lift coefficient values often falling well below the static
stall values. After full stall, as the angle of attack falls below
the static stall value, the flow begins to reattach from front to
rear, until unstalled values of aerodynamic force coefficients
are again obtained [21].

At the present study an extensive wind tunnel tests have
been carried to investigate the effects of various unsteady
parameters on the pressure signature on the surface and
behind a pitching airfoil. The airfoil is a section of a 660 kW
horizontal axis wind turbine blade under construction in Iran.
The velocity in the wake is measured using the pressure rake
system and real time data acquisition. From these data, an

estimation of profile and form drag in static and dynamic
conditions is obtained.

II. EXPERIMENTAL FACILITY

All tests were conducted in the subsonic 0.8mx0.8mx2m
closed circuit wind tunnel in Iran. The tunnel operates at
speeds from 10 to 100 m/sec. A constant chord airfoil model
was designed and manufactured for the test program. The
model has 0.25m chord and 0.80m span and is the 16m
section of a 660kW wind turbine blade.

The critical loading of the turbine blade occurs at this
section. Fig. 1 shows the airfoil section along with the 64
pressure ports located on its upper and lower surfaces used for
static and dynamic pressure measurements. 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. Experiments show that the static stall angle of
this 2D wing is about 11 degrees. For measuring the velocity
profiles in the wake region, two pressure rakes are used as
shown in Fig. 2. The shapes of both rakes are similar and one
of them has 35 total pressure probes while the other one has
35 static pressure probes. The rakes are located at a distance
of 1.5 chord length from the model trailing edge. The model is
used in a section of a 660 kW horizontal axis wind turbine
blade and was constructed from several layers of composite
lay up of altering fiberglass and carbon fiber over ribs. After
the production, it was digitized to ensure the true airfoil
coordinate. Due to high number of pressure ports and size of
the selected pressure transducers, we could not place the
transducers inside the model. Therefore, extensive
experiments were conducted to ensure that the time takes for
the pressure to reach the transducers is much less than the
frequency response of the transducers themselves, nominally 1
m sec. [22] and finally the tube length and material that gave
minimum time lag for all applied pressures was selected. The
pitch rotation point was fixed about the wing quarter chord.
The oscillating system which is shown at Fig. 3 pitched the
model at various amplitudes, means angles of attack, and
reduced frequencies. The model angle of attack was varied
sinusoidally ase = «, + & sin(2#ft) . Data were acquired and

processed from surface pressure taps and rake ports, 2
individual tunnel pressure transducers, and an angle of attack
encoder by means of two 12 bit, 64 channels National
Instrument A/D Board capable of a sample rate of 500 kHz.
Dynamic oscillatory data were then digitally filtered using low
pass filter with various cut-off and transition frequencies to
find the best frequencies to fit the original data. All
oscillatory data presented here are an average of several cycles
and were corrected for the solid tunnel sidewalls and the wake
blockage effects [23]. Data were acquired at Reynolds
numbers of 0.42, 0.63, and 0.84x10°.

III. RESULTS AND DISCUSSION

The primary purpose of the present study is to investigate
the effect of unsteady parameters on the pressure signatures
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and the wake of a sinusoidally oscillating airfoil of a 660 kW
horizontal axis wind turbine blade. The pressure around the
model is measured by the 64 ports located on the model.
Furthermore, the velocity in the wake is determined by the use
of pressure rake system and real time data acquisition.

To visualize the overall flow history on the airfoil surface
and the wake, three dimensional illustrations of velocity
profiles in the wake and pressure distributions on the airfoil
surface are presented in Fig. 4. The sinusoidal high velocity
defect result from the periodic movement of the trailing edge
is seen. The velocity defect time history as shown in these
figures closely follows the sinusoidal airfoil motion; however,
when the oscillation amplitude is increased to 8 degrees, a
very broad region of large velocity defect is noted, Fig. 4 (c)
which is absent for the case of 2 and 5 degrees amplitude.
This phenomenon is due to stall unset. On the other hand,
pressure distribution on the airfoil both sides, upper and lower
surfaces, shows sinusoidal variation when the oscillation
amplitudes are 2 and 5 degrees. It is seen that variation is
more obvious in the airfoil leading edge which shows that this
airfoil has more sensitivity to flow field on its leading edge
region. Fig. 4 (c) shows that with increasing the oscillation
amplitude to 8 degrees, when 0.2<t/T<0.4 pressure
distribution carpet shows a region of pressure dropping which
is established because of large amount of flow separation.
This region is corresponded to the broad region of velocity
defect on the wake flow history. The profile drag of a two-
dimensional airfoil is the sum of the form drag due to
boundary layer separation (pressure drag), and the skin
friction drag. Usually the profile drag is determined from
force measurement made using a mechanical balance attached
to the model. In the two-dimensional case (where the airfoil
spans the tunnel - wall to wall), the profile drag may also be
determined from momentum considerations by comparing the
velocity ahead of the model with that in its wake. This method
is used here and momentum changes are derived from
velocities obtained from two pressure rake. This technique is
compromised because it requires the insertion of a physical
body into the flow, resulting in a disturbance of the velocity
field. Also it provides reasonable accuracy only in the low
angles of attack range and in the absence of vortical structures
in the wake. In the unsteady flow by neglecting the term that
illustrates time variation of the momentum in the control
volume, the linear momentum deficit can be calculated which
is different from the usual profile drag coefficient which Ref.
[24] has named this "drag indicator". In the present study,
linear momentum deficit for both static and dynamic
conditions named profile drag and compared with its
corresponding form drag in various situations.

Fig. 5 shows the effects of oscillation amplitude on profile
and form drag. It is seen by inspection that in static case up to
a =3 deg the profile drag is greater than form drag. It is due

to this fact that skin friction drag is dominant in this region.
However, at higher angles of attack the form drag is higher
due to the inaccuracies discussed later.

In dynamic situations the hysterises loops established

almost around the static drag data. Moreover, form drag loops
show that during upstroke phase of motion the dynamic drag
is less than static one even at higher amplitudes its magnitude
becomes negative. It is seen that with increasing of oscillation
amplitude negative drag remains up to higher angles of attack.
In addition, profile drag loops for dynamic case are quite near
the static drag line at low angle of attack; thus we can
conclude that the wake structure is independent of oscillating
motion. For both dynamic form and profile drag the loops
width increases with increasing of oscillating amplitude. Fig.
5 (c) shows that when the airfoil passes from its static stall
angle the width of profile drag loop increases drastically and
during downstroke motion its magnitudes are much higher
than upstroke phase due to the large amount of flow
separation during downstroke motion. This trend exists down
toa =4deg.

The effect of reduced frequency is shown in Fig. 6. The
overall effect of increasing the reduced frequency as seen
from Fig. 6 is enhancing of the width of the hysteresis loops
for both form and profile drag. However, form drag loops
show an increase of their maximum magnitude and a decrease
in their minimum value whether the dynamic angles of attack
were lower or greater than the static stall angle. On the other
hand, the profile drag hystersis loops show a decrease in
maximum drag magnitude when the angle of attacks are above
the static stall angle. This phenomenon is due to the increase
of vortex strength and size shed into the wake.

Fig. 7 shows that the effect of increasing the Reynolds
number on form and profile drag loops is similar to the
reduced frequency effect, Fig. 6.

IV. CoNCLUSION

Various tests were conducted in the wind tunnel to examine
the dynamic form drag as well as profile drag on a model was
undergoing pitching motion. The model was a section of a
660kw wind turbine blade. Tests were carried out with
altering some important unsteady parameters that affecting the
wind turbine performance such as reduced frequency and Re.
It was found that the trend of form and profile drag is
completely different at low and high angle of attack.
Moreover, unsteady parameters, Re and reduced frequency
had significant effect in their behavior.
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Fig. 4 Wake velocity and pressure field on the airfoil surface
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