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Abstract

With the development of renewable energy, the utilization of wind power has made remarkable progress
and the wind power become the main clean energy. In this work, the effects of different parameters on the
dynamic stall of S809 airfoil were studied by using time-resolved pressure measurement technique, including
mean angle of attack (AoA), reduced frequency and Reynolds number. In addition, the control effect of
Gurney flap on the dynamic stall characteristics of S809 airfoil was also studied. The results showed that the
reduced frequency had a significant effect on the dynamic stall characteristics of the airfoil. With the reduced
frequency increasing, the hysteresis effect of aerodynamic characteristics increased gradually in the dynamic
stall phase. Gurney flap had a significant control effect on the dynamic stall characteristics of the airfoil. With
the increase of flap height, the normal force coefficient of airfoil moves up and the pitching moment
coefficient moves down, which played a significant effect of lift increase.
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1. Introduction

With the development of renewable energy, the utilization of wind power has made remarkable
progress and the wind power become the main clean energy. Due to that the wind power
generation is susceptible to the instability of airflow, how to improve the aerodynamic
characteristics of airfoil, improve the wind-capturing ability of wind turbine blades, and control the
local load of blades have always been hot issues for worldwide researchers.

Due to the gust, the local angle of attack (AoA) of the airfoil located on the tip of the wind
turbine blade will change sharply, leading to prestall or stall, which requires good dynamic stall
characteristics of the blade tip airfoil ™. Early experiments ! pointed out that the dynamic stall of
airfoil strongly depended on the leading edge geometry, and the thinner the leading edge, the
easier the dynamic stall. Shih et al. ®* used PIDV and PIV to study the pitching motion of
NACAO0012 airfoil in a water tunnel. They observed the vortex separation near the leading edge of
the airfoil, and revealed the generation process of dynamic stall vortex near the leading edge.
Chandrasekhara et al. ®! have done a lot of research on airfoil dynamic stall. It was found that at
higher Reynolds number, the leading edge reverse pressure gradient and shock induced
separation were two main mechanisms of compressible dynamic stall vortex (DSV) formation.
Geissler et al. ® found that the pulsation of the leading edge separation bubble caused a reverse
vortex pair, and the mixing effect of this vortex pair with the main flow field could delay the
occurrence of dynamic stall. McCroskey et al. "® carried out an experimental study on the dynamic
stall of airfoil, and pointed out that the dynamic stall was not entirely caused by the leading edge
laminar separation bubble, but also may be caused by the forward movement of the fluid in the
trailing edge recirculation zone. It can be seen that the airfoil dynamic stall is related to the airfoil
leading edge geometry, airfoil thickness, airfoil oscillation parameters and incoming flow conditions.
The dynamic stall may be induced by the leading edge stall vortex or by the development of the
trailing edge separation vortex upstream.

Current research showed that the generation and development of the leading edge vortex
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(LEV) and trailing edge vortex (TEV) dominate the flow pattern and aerodynamic characteristics of
dynamic stall. For LEVs, some dynamic stall control methods had been proposed, such as dynamic
deformation leading edgel®, leading edge synthetic jet '), leading edge plasma *, LEV generator
(2 For TEVs, dynamic stall control methods such as Gurney flap ™!, Microtab ™, and multiple flaps
[51\were proposed. These methods could improve the dynamic stall characteristics of airfoil.

In our previous researches, the transition/re-laminarization and flow separation/reattachment
characteristics of S809 airfoil during pitching oscillation were studied in detail ™. In this paper, the
dynamic stall and its passive control of S809 airfoil are studied. Here, the Gurney flap, which is a
traditional and effective method of control, was chosen to control the dynamic stall.

In this work, the dynamic stall characteristics of the wind turbine blade airfoil S809 was
experimentally studied using the time-resolved pressure measurement technique ™", The effects
of reduced frequency, mean angle of attack (AocA) and Reynolds number on the dynamic stall
characteristics of the clean airfoil were discussed. In addition, the control effects of the Gurney flap
on the airfoil were investigated. And the effects of the flap height and reduced frequency were
discussed in detail.

2. Experimental setup

The experiment was performed in the NF-3 wind tunnel at Northwestern Polytechnical
University, Xi'an, China. NF-3 wind tunnel has three interchangeable test sections for low speed
testing, i.e. airfoil test section, three-dimensional testing section and propeller test section. The size
of airfoil test section is 8.0mx1.6mx3.0m (lengthxheightxwidth). The maximum wind speed is
130m/s and turbulence intensity is less than 0.05% in NF-3 wind tunnel.

The test model of airfoil S809 made of wood with steel skeleton inside was 500mm chord
length, 1600mm span, and 21% relative thickness. The airfoil model pitch axis was located at 1/4—
chord. The model was driven in a sinusoidal motion of a = a0 + Asin(21ft), where a0 is the mean
angle of attack (AoA), A is the amplitude of AoA and f is the oscillation frequency.

Thirty-one XCQ-093 type of dynamic differential pressure transducers produced by Kulite, Inc,
America were arranged on the upper and lower surface of the airfoil as displayed in Fig. 1. The
diameter of the cylindrical probe of the sensor is 2.4 mm. These sensors were embedded in the
test model. Agilent VXI system with 32 phases (Type E8401A) accomplished the dynamic data
acquisition. The acquisition speed was 100 kHz/phase, acquisition frequency was 0~20 kHz, and
the acquisition accuracy was 0.1%. In this study, the pressure data on the airfoil surface were
collected for 20s with a sampling rate of 10 kHz.
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Fig.1 Airfoil and pressure sensor Fig.2 Installation of Gurney flap

In order to study the effect of flow parameters on the dynamic stall characteristics of the airfoil,
the following experiments are arranged. In the experiment, the amplitudes of AoA were all A=10°.
The reduced frequency k in Table 1 was calculated by k = 1rfc / U, where U was the inflow speed.
And h was the height of the Gurney flap.
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Table 1 Experimental setup

Case ap ! ° k Re/10° hic
Casel 8 0.0346 0.75 \
Case2 8 0.0691 0.75 \
Case3 8 0.1383 0.75 \
Case4 14 0.0691 0.75 \
Caseb 8 0.0691 1.5 \
Caseb 8 0.0346 0.75 1%
Case7 8 0.0346 0.75 2%
CaseS8 8 0.0691 0.75 2%
Case9 8 0.1383 0.75 2%

In this study, four parameters including the mean AoA, reduced frequency, Reynolds number
and height of Gurney flap were studied. In the case of studying the effect of one parameter, ensure
that the other three parameters were the same. Case 1, Case 2 and Case 3 were used to study the
effect of the reduced frequency on the aerodynamic characteristics of the clean airfoil. Case 2 and
Case 4 were used to study the effect of mean AoA on the aerodynamic performance of the airfoil.
Case 2 and Case 5 were used to study the effect of Reynolds number on the aerodynamic
performance of the airfoil. Case 1, Case 6 and Case 7 were used to study the control effect of the
height of Gurney flap on the airfoil dynamic stall. Case 7, Case 8 and Case 9 were used to study
the effect of reduced frequency on dynamic stall characteristics of airfoil under Gurney flap control.
Gurney flap was installed on the trailing edge of the airfoil, which can be shown in Fig. 2.

3. Results and analysis

In this section, the dynamic stall characteristics of the clean airfoil and controlled airfoil by
Gurney flap were presented in detail.
3.1 Aerodynamic performance of clean airfoil

The effects of reduced frequency, mean AoA and Re on the dynamic stall characteristics of
the clean airfoil were studied in detail in this section.

3.1.1 Effects of reduced frequency
Case 1, Case 2 and Case 3 in Table 1 were used to study the dynamic stall characteristics of
the airfoil at different reduced frequencies (Re=0.75x10°), as shown in Fig. 3.
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Fig.3 Aerodynamic characteristics at different reduced frequencies (Re=0.75><106)
4



Analysis and Control of Dynamic Stall Characteristics of S809 Airfoil

It can be seen from Fig. 3 that the reduced frequency had a significant effect on the dynamic
stall characteristics of the airfoil. With the reduced frequency increasing, the occurrence of dynamic
stall was delayed, and the hysteresis effect was enhanced. It also has a significant effect on the
aerodynamic characteristics of the flow reattachment phase. With the increase of k, the flow
reattachment ability gradually decreased. However, it had little effect on the upstroke stage. As a
result, the hysteresis effect of airfoil aerodynamic performance increased with the reduced
frequency.

3.1.2 Effects of mean AoA
Case2 and Case4 in Table 1 were used to study the dynamic stall characteristics of the airfoil
at different mean AoAs (k=0.0691, Re=0.75x10°), as shown in Fig. 4.
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Fig.4 Aerodynamic characteristics at different mean AoAs (k=0.0691, Re:0.75><106)

It can be seen from Fig. 4 that the mean AoA had a significant effect on the dynamic stall
characteristics of the airfoil. With the increase of the mean AoA, the airfoil gradually entered deep
stall. The dynamic characteristics of the airfoil under deep stall were significantly different from
those under prestall. The main performance was that the hysteresis effect of the normal force
coefficient and the torque coefficient gradually increased, and the unsteady characteristics of the
airfoil under deep stall stage were more obvious.

3.1.3 Effects of Re

Case 1 and Case 5 in Table 1 are used to study the dynamic stall characteristics of the clean
airfoil at different Reynolds numbers, as shown in Fig. 5.
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Fig.5 Aerodynamic characteristics at different Reynolds numbers (k=0.0691)

It can be seen from Fig. 5 that the Reynolds number had an effect on the dynamic stall
characteristics of the airfoil. This effect was mainly featured in the dynamic stall in the upstroke at
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high AoA and the flow reattachment in the downstroke. With the increase of Reynolds number, the
flow reattachment was advanced gradually, which indicated that the reattachment ability was
enhanced gradually, which was contrary to the effect of reduced frequency.

3.2 Aerodynamic performance of controlled airfoil

In this section, the control effect of Gurney flap on the dynamic stall characteristics of the airfolil
was studied in detail. Specifically, the effect of flap height was deeply studied, and the effect of
reduced frequency was studied in the case of that the flap height was fixed.

3.2.1 Effects of Gurney flap height

Case 1, Case 6 and Case 7 in Table 1 were used to study the control effect of flap height on
airfoil aerodynamic characteristics, as shown in Fig. 6.

It can be seen from Fig. 6 that the flap height had a significant effect on the overall
aerodynamic characteristics of the airfoil. With the increase of flap height, the overall aerodynamic
and torque characteristics of the airfoil shifted, which had a significant lift increase effect. Within the
scope of this study, this effect was almost linear. In addition, the flap also had a certain effect on
the aerodynamic characteristics of the dynamic stall stage. With the increase of the flap height, the
hysteresis effect of the dynamic stall stage gradually increased, and the pulsation of the normal
force and torque coefficient of the dynamic stall stage gradually increased, which indicates that the
unsteadiness gradually increased.
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Fig.6 Aerodynamic characteristics at different reduced frequencies (k=0.0346, Re:0.75><106)

3.2.2 Effects of reduced frequency on controlled airfoil

Case 7, Case 8 and Case 9 in Table 1 were used to study the dynamic stall characteristics of
the airfoil at different reduced frequencies ((h/c = 2%, Re = 0.75x10°), as shown in Fig. 7
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Fig.7 Aerodynamic characteristics at different reduced frequencies ((h/c = 2%, Re = O.75><106)
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It can be seen from Fig. 7 that when the airfoil was controlled by flap, the effect of reduced
frequency on the dynamic stall characteristics of the airfoil was consistent with that of the clean
airfoil. With the increase of the reduced frequency, the hysteresis effect in the dynamic stall phase
increased gradually, and the flow reattachment ability decreased gradually, while the effect on the
up stroke attachment flow phase was small.

4. Conclusions

In this paper, the dynamic stall characteristics of the clean S809 airfoil and Gurney flap
controlled airfoil were studied by using the time resolved pressure measurement technique. The
effects of reduced frequency, mean AoA and Reynolds number on the dynamic stall of the airfolil
were studied. For the case controlled by Gurney flap, the effect of the flap height on the airfoil
aerodynamic performance was studied. For the case of fixed flap height, the effect of reduced
frequency was studied.

The results showed that the reduced frequency and Reynolds number had significant effects
on the dynamic stall characteristics of the airfoil. With the reduced frequency increasing, the
occurrence of dynamic stall was delayed and the flow reattachment ability was weakened. With the
increase of Reynolds number, the flow reattachment was advanced gradually, which indicated that
the reattachment ability was enhanced gradually, which was contrary to the effect of reduced
frequency.

Gurney flap had significant control effect on airfoil aerodynamic performance. With the
increase of flap height, the overall aerodynamic and torque characteristics of the airfoil shifted,
which had a significant lift increase effect. With the increase of flap height, the hysteresis effect in
dynamic stall phase became more and more obvious, and the unsteady fluctuation of aerodynamic
force / torque increased gradually.
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