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Abstract

A 2D unsteady numerical simulation with dynamic and sliding meshing techniques was conducted to solve the flow around a three-
blade Vertical axis wind turbine (VAWT). The circular wakes, strip-like wakes and the shedding vortex structures interact with each
other result in an extremely unstable performance. An airfoil with a trailing edge flap, based on the NACAO0012 airfoil, has been designed
for VAWT to improve flow field around the turbine. Strategy of flap control is applied to regulate the flap angle. The results show that
the flapped airfoil has an positive effect on damping trailing edge wake separation, deferring dynamic stall and reducing the oscillating
amplitude. The circular wake vortices change into strip vortices during the pitch-up interval of the airfoils. Examination of the flow de-
tails around the rotating airfoil indicates that flap control improves the dynamic stall by diminishing the trend of flow separation. Airfoil
stall separation has been suppressed since the range of nominal angle of attack is narrowed down by an oscillating flap. Vortices with
large intensity over rotational region are reduced by 90 %. The lift coefficient hysteresis loop of flapped airfoil acts as an O type, which
represents a more stable unsteady performance. With flap control, the peak of power coefficient has increased by 10 % relative to the full
blade VAWT. Obviously, the proposed flapped airfoil design combined with the active flow control significantly has shown the potential
to eliminate dynamic stall and improve the aerodynamic performance and operation stability of VAWT.
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1. Introduction

Wind power is one of the most promising and sustainable
energy sources due to the concerns on worsening environ-
mental pollutions, the increasing energy requirements and
fossil fuel depletion [1, 2]. Lift-type wind turbine is the most
popular device for extracting wind energy. It can be divided
into Horizontal axis wind turbine (HAWT) and Vertical axis
wind turbine (VAWT) by the position of the rotational axis.
Fig. 1 shows the difference of forces and velocities acting on
HAWT and VAWT for various azimuthal positions.

The pressure and suction surfaces of VAWT blade are in al-
ternative variation during a rotation cycle. The natural struc-
tural features resulting in the variation of angle of attack (& )
for VAWT blade are very different from HAWT blade. A
significant changing of angle of attack leads to unstable aero-
dynamic performance. It is the primary reason that VAWT is
considered to have a lower power coefficient than HAWT.
The importance of VAWT has long been ignored and under-

plane
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Fig. 1. Forces and velocities acting on HAWT and lift-type VAWT for
various azimuthal positions.
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estimated. In the next 20 or 30 years, the power coefficient of
VAWT is expected to be equal or higher than that of HAWT
due to the development of lift-type wind turbine. Furthermore,
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VAWT has some natural advantages over HAWT because of
its low maintenance, simple blade structure, low construction
cost and no yawing. VAWT will play an important role in
future wind power [3, 4].

However, angle of attack for blades of a VAWT changes
significantly during its rotation cycle, and these changes lead
to serious flow separation and dynamic stall when the angle of
attack is sufficiently large in some phase positions. Flow sepa-
ration and dynamic stall will subsequently result in substantial
instability of aerodynamic loads on the blades and induce
vibration and noises. The power and acrodynamic efficiency
of a VAWT are thus significantly influenced [5, 6]. Therefore,
an in-depth investigation of the aecrodynamic performance of
VAWTs is necessary and important.

The trailing edge flap of a helicopter is normally applied as

a reference for wind turbine blade due to their similar structure.

Friedmann et al. [7] studied vibration reduction of the trailing
edge flap of a helicopter at both high and low speed flight
mode. Results indicate that hub shear force and momentum
can be reduced substantially by an actively controlled flap.
Viswanurthy et al. [8] reduced the vibration of helicopter ro-
tors with multiple trailing edge flaps. Results indicate that
multiple trailing edge flaps have a good ability to reduce vi-
bration under low driving power. Maucher [9] reached similar
conclusions that vibration and noise of helicopter can be effec-
tively reduced by continuous deformation trailing edge flap.
Msihra et al. [10] applied the Computational structural dynam-
ics (CSD) coupled method to analyze the effect of trailing
edge flaps on vibration reduction of helicopter and they found
load reduction in the hub.

The working condition for a helicopter is different from a
wind turbine and should be modified. Bossanyi [11] proved
that the pitch load on each blade can be alleviated individually
by adjusting the pitch angle. Larsen [12] proposed a new strat-
egy for individual pitch control. The blade pitch angle was
adjusted based on the attack angle and relative velocity of
incoming flow. Simulation shows that 25 % of fatigue load
can be reduced in out-of-plane direction. Buhl et al. [13] es-
tablished a two-dimensional aero-elastic model by using po-
tential flow theory and investigated the load reduction ability
of the trailing edge flap. They concluded that the trailing edge
flap has the ability to reduce fluctuating loads significantly,
but the effect varies with the incoming flow. Barlas et al. [14]
studied the influence of active flap control on the SMW up-
wind wind turbine; 16 % to 22 % load reduction can be
achieved by using trailing edge active flow control. Andersen
[15] designed a control strategy of full scale blade and also
combined dynamic stall model and near-field and far-field
wake model with traditional potential flow theory. The results
show that three trailing edge flaps on each blade of SMW
HAWT could decrease 60 % of out-of-plane direction fatigue
momentum. In addition, he also found that the type of trailing
edge flap and controlling strategy have different load reduc-
tion effects. Lackner [16] analyzed the load reduction capa-
bilities of trailing edge flap and individual pitch control by

XFOIL and GH Bladed. Results show that the individual pitch
control is better for low frequency load while the trailing edge
flap is more suitable for high frequency load. Markou et al.
[17] studied the impacts of individual pitch control, and a
trailing edge flap on downstream wake reduction of wind
turbine and trailing edge flap had better effectiveness on load
reduction.

In terms of flap aerodynamic performance, different flap pa-
rameters can be optimized based on their flow field structure
in the CFD modelling. Zhu et al. [18] applied immersed
boundary technique to investigate aerodynamic performance
of 2D airfoil with deformable trailing edge. The obtained re-
sults show that the approach is efficient and accurate for simu-
lating turbulent flow around airfoils with a trailing edge flap.
Lutz et al. [19] designed a rigid trailing edge flap based on
NACA 64618, which had a length of 10 % chord length by
using XFOIL. CFD solver FLOWER was applied to check the
aerodynamic performance of an airfoil with movable flap. The
lift coefficient can be changed by the rigid trailing edge flap to
a certain extent. Troldborg [20] used the CFD simulation to
compare aerodynamic performance of trailing edge flap with
different geometries. The results reveal that moderate bending
flap has both better aerodynamic performance and ability to
control flow separation than the rigid large bending flap. Tan
et al. [21] employed PIV measurement to prove the ability of a
flap to change vortex development around the airfoil. Xiao et
al. [22] explored the potential of fixed and oscillating flap to
improve flow field around vertical axis tidal turbine. The re-
sults show that a flap could increase the power coefficient of a
turbine and delay stall under large angle of attack.

Previous studies mainly focus on control strategy and load
reduction of helicopter and HAWT. The investigation on trail-
ing edge flap applied on VAWT is rare. In addition, stall vor-
tex structure around a wind turbine blade with trailing edge
flap is not fully understood.

In the present work, an airfoil with a trailing edge flap was
designed for a VAWT, and the dynamic aerodynamic per-
formance of the VAWT was analyzed by numerical simula-
tion. Based on the characteristics and vortex structures of the
resolved unsteady flow field, a control strategy of flap deflec-
tion is proposed for deferring the dynamic stall of the VAWT
and efficiently reducing the aecrodynamic load on the blades.

2. The numerical model

2.1 The physical model

Since each blade of a VAWT experiences opposite phase
positions in the two halves of the cycle perpendicular to the
incoming flow when the VAWT rotates, a symmetric
NACAO0012 airfoil was chosen as the base airfoil, whose
chord length CAB = 50 mm. At the point 1/4 CAB from the
trailing edge point B, a flap was placed, with a length of 1/4 C,
as illustrated in Fig. 2. The gap between the flap and the main
airfoil was 1/30 C.

The flap was allowed to swing or deflect around point O in
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Fig. 2. Schematic diagram of the airfoil with flap.

a range of +30°. The angle between the original flap chord
OB and the OB’ (connection of rotation center O and the de-
flected trailing edge point B’). 6 was defined as the flap
angle. A positive 6 was defined when the flap swings coun-
terclockwise in Fig. 1. Changing the flap angle changes the
chord of the airfoil and then the angle of attack of the airfoil,
leaving the leading edge position unchanged. Relative to the
original chord AB, AB’ is the nominal chord and the angle
formed by AB and AB’ is the angle of attack A« , which can
be determined as a function of @ as follows,

sin@
3+cosf

M

Aa=d—a = arctan(
deo

2.2 The computation domain and its meshing

A C-shaped domain (ABCEFG) is chosen for the 2D simu-
lation of the VAWT, as shown in Fig. 3(a). The diameter of
the wind turbine is D = 1200 mm, which is one-fifth of the
diameter of the region of incoming flow (the half circle AFG).
The squared downstream region (ABCEF) is 10D to ensure a
full development of wakes. The domain consists of three sub-
domains: internal zone (Zone 1), rotating zone (Zone 2) and
external zone (Zone 3). The three zones are connected by in-
terfaces which are used to merge separate computation do-
mains into a single and continuous one, as illustrated by the
dashed lines. In zone 2, unstructured triangular mesh was ap-
plied since the control strategies of swinging flaps are applied
and thus dynamic remeshing is required. Structured meshing
was used for zone 1 and zone 3, in which meshes in areas
around the airfoils and shaft were locally refined to follow the
high gradients. Fig. 3(b) shows the representative meshing
details of the computation domain. Sliding meshing was used
to couple the rotating zone 2 and the stationary zone 3, and
dynamic meshing was applied to handle the swinging flaps in
zone 2. The total grid size of the computation domain is
530000 and the time step size is 2.6x10™ s, with 3600 time
steps in a rotation cycle.

The physical properties as density and dynamic viscosity
are p=1225kg/m’ and u=1.7894x10" kg/(m-s), respec-
tively. Incoming velocity, Reynolds number and Mach num-
ber were chosen as ¥ =10m/s, Re=6.85x10°, and Ma =
0.03. In the computation domain, a constant velocity was
chosen on the boundaries AED, AB and DE, as velocity inlet
boundary condition, and a constant pressure on the boundary
BD as the pressure outlet boundary condition, with non-slip
on the airfoil walls. ANSYS Fluent® was chosen to solve the

10D

Pressure Outlet
a

(a) Calculation field

0
X

(b) Grid distribution

Fig. 3. Calculation field and grid distribution.

unsteady Reynolds averaged Navier-Stokes equations
(RANS), with the finite volume method SIMPLE , the turbu-
lent model S-A, and the standard wall function were chosen as
the sub setting.

Angle of attack is one the most important design parameters
for wind turbines. In a rotation cycle, the angle between airfoil
1 and the positive x axis in the coordinates system is defined
as the azimuth angle w shown in Fig. 2(a), and the angle
between incoming velocity 7, and the nominal chord AB’
shown in Fig. 2 is defined as the nominal angle of attack a.
When flap angle 6 =0°, the angle of attack ¢, is defined as
initial angle of attack. For a given tip-speed ratio A, the ini-
tial angle of attack ¢, is a function of the azimuth angle y
and the tip-speed ratio A as follows,

cos
a, = arctan(—l//

@

A +siny

For VAWTs, large tip-speed ratio does not always deter-
mine better performance. Fig. 3 shows power coefficient C,
changes with tip-speed ratio at different solidity [23]. It can be
found that C, increases with A first and then decreases with
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Fig. 4. Power coefficient vs. tip-speed ratio at different solidity.
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Fig. 5. Wind power coefficient vs. tip-speed ratio for different thick-
ness airfoil.

maximum C, changing with solidity. The maximum C, is
reached at 4 =3.5for a solidity of 0.2 and at 1 =4.5for a
solidity of 0.3. In the present case, the blade chord is 50 mm
and rotor diameter is 1200 mm. The solidity is 0.25. The de-
sign tip speed ratio is set to 4 to reach the maximum C,,.

Fig. 5 shows C, changes with the tip-speed ratio at different
NACA airfoils. It turns out that C, increases with the increase
of tip-speed ratio and then decreases with the increase of tip-
speed ratio, with the maximum C, being reached at 1=4. C,
even turns negative when tip-speed ratio is over 6. Here,
NACAO0012 is selected as baseline airfoil.

For A= 4, the nominal angle of attack can be finally ob-
tained as a function of azimuth angle and flap angle:

cosy sin@
a = a, +ao = arctan(———) + arctan(———) .
+siny 3+cosé

©)

3. Results and discussion

3.1 Grid independence and validation of numerical simula-
tion

To verify the validity of this present study, the results of
numerical simulation and experimental measured in Ref. [2]
are chosen for comparison. Grid independence is the first step.
For that tested VAWT, mesh refining is carefully conducted
near the airfoil walls with five different orders for the height
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Fig. 6. Grid independence.
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Fig. 7. Comparison of present numerical result and reference results.

of the first grid cells near the wall. The moment coefficient
C,, is sensitive to the near-wall gridding and the total grid
size. Fig. 6 shows the average moment coefficient during rota-
tional cycle. The coarsest grid yields a deviation of 10.8 %
compared with finest one. It seems that the medium size
(550000) is acceptable and used in the simulation as its devia-
tion is only 1.80 %. The height of the first grid cell near the
wall is 1.0x10™ m.

According to the tested conditions, the tip speed ratios are,
respectively, 2.15, 2.27, 2.40, 2.50 2.55 and 2.60, with the
inflow velocity 5.07 m/s. The comparison with reference re-
sults is shown in Fig. 7. The power coefficient versus tip
speed ratio of the present study has the same variation ten-
dency as reference 3D numerical simulation and experimental
measured results. Present study produced a lower deviation of
power coefficient than that of reference 2D numerical simula-
tion in all tested conditions. The grid distribution and turbulent
model appears to be acceptable.

3.2 Dynamic aerodynamic characteristics (Without flap con-
trol)

As a reference case, flow field and dynamic aerodynamic
characteristics for the VAWT without flap control (flap angle
60 =0°) are first discussed. For a clear description of the
movement and the phase positions of the blades of VAWT,
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Fig. 8. Wake evolution during the first cycle.

the pitch-up movement is defined when the nominal angle of
attack o increases, and the pitch-down movement when «
decreases. When the tip-speed ratio 1 =4, the pitch-down
phase corresponds to the range of azimuth angle
—14.5° <y <194.5°, and the pitch-up phase corresponds to
the range of 194.5° <y <346.5° .

Since the pitch angle is 120° for a three-blade VAWT, a 1/3
cycle can describe flow characteristics of the full cycle. With
an interval of 15° of azimuth angle, the vorticity distribution
of the first rotation cycle is shown in Fig. 8. This illustrates
clearly how the wakes form, evolve and interact behind the
blades and the shaft. The wakes behind the blades start to in-
teract at w =180°, as in Figs. 8(a) and (b), and then fully
interact after the azimuth angle is larger than 240°, as in Figs.
8(c) and (d). Obviously, the flow field is very complicated in
the last 1/3 cycle and the blades basically move in the wakes
of the blades in front of it.

In Fig. 9, vorticity contours are displayed for y = 90° in
the third and fourth cycle. The wake structures and their evo-
lution are substantially similar in the two cases, from which
we can conclude that a stable flow pattern has been estab-
lished and typical flow phenomena and structures have
emerged. There are three typical wake structures, which we
define as S;, S, and S;, respectively. S; wake vortices appear
usually during the pitch-up period in a rotation cycle of the
VAWT, flow structures contain mainly circular spots or areas
with larger vorticity. S, wake vortices contain strip-like areas
of larger vorticity and exist during the pitch-down period in a
rotation cycle. S; wakes mainly form and evolve behind the
shaft, with vortices shedding, which belongs to Karman vortex

Vorticity Magnitude

N | [

0 6 12 18 24 30 36 42 48 54 60

(b) The 4th cycle

Fig. 9. The wake vortex structures in the flow field (in the 3rd and 4th
cycles).

street. In their downstream area, the S; wakes also interact
with the blades that pass by and the relevant wakes. After
several cycles, the flow field looks complicated or even cha-
otic due to the strong interaction of the wakes from all the
blades and the shaft.

To shed more insight on the flow fields around the airfoils,
enlarged vorticity contour in areas surrounding the airfoils at
various azimuth angles is shown in Fig. 10. Figs. 10(a), (c),
(e) and (g) show the vorticity magnitude around the airfoil
in pitch-up phase, whose nominal angle of attack are -14.4°,
-11.2°, -3.4° and 6.4°, respectively. Figs. 10(b), (d), (f) and (h)
show the vorticity magnitude under corresponding nominal
angle of attack in pitch-down phase. In Fig. 10(a) the shedding
vortices are circular and obviously characterized as a vortex
structure of dynamic stall. The wakes then gradually evolve
into the typical S; wakes. In Fig. 10(b), strip-like wakes are
observed at the trailing edges of the airfoils, which are at-
tached on the airfoil surfaces and finally develop into the S,
wakes as displayed in Fig. 9(b). According to a comparison of
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Fig. 11. Lift coefficient vs. angle of attack or azimuth angle.

the two cases discussed above, different wake vortex struc-
tures are found for the same nominal angle of attack of 14.4°
but during the opposite phase positions: Pitch-up or pitch-
down phases. In fact, the cycle phase, pitch-up or pitch-down,
can be identified by watching the wake types: Circular wakes
for pitch-up phase and strip wakes for pitch-down phase.

The structures of the wake vortices determine as well the
aerodynamic coefficients like lift and drag coefficients, and
the lift-drag ratio, which vary periodically along with the
nominal angle of attack during the rotation of the VAWT.

Fig. 11 shows how lift coefficient changes during the rota-
tion cycles. In Fig. 11(a), the maximum lift coefficient during
pitch-up and pitch-down phases is different in the second,
third and fourth cycles for the same a. Fig. 11(b) illustrates the
azimuth angle at which the maximum lift coefficient is ob-
served for the blades. During the pitch-up phase, a maximum
lift coefficient of 0.94 is found at y =306°, and a maximum
value of 0.66 is found at w =15° in the pitch-down phase.
Also, in Fig. 11(b) the lift-azimuth curve in pitch-down phase
is much smoother than that in pitch-up phase although the
latter exhibits a higher peak value. In fact, the wavy curve
may imply complicated boundary layer transition or separa-
tion.
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Fig. 12. Drag coefficient vs. angle of attack or azimuth angle.

In Fig. 12(a), the airfoil drag coefficient is plotted against
the nominal angle of attack for three cycles. There is a sudden
jump in the drag coefficient when the airfoil pitches down to a
large angle of attack. This corresponds to strong vortices shed
around airfoil according to Figs. 12(a) and (b). Fig. 12(a) also
shows that drag coefficient remains lower than 0.05 in almost
90 % of the range of angle of attack. Variation of drag coeffi-
cient along with the azimuth angle is plotted in Fig. 12(b). The
drag increases with the azimuth angle in the range
180° <y <240° . Although the lift coefficient reaches its
maximum value in the same range of azimuth angle, the aero-
dynamic performance of the airfoil in the above range of azi-
muth angle is not soundly good. Therefore, lift-drag ratio may
be a better parameter to evaluate the aecrodynamic perform-
ance of an airfoil.

Fig. 13 illustrates the lift-drag ratio changes along with the
nominal angle of attack or azimuth angle. In the pitch-up
phase and with an increase in the nominal angle of attack, the
lift-drag ratio increases first and then decreases. The maxi-
mum lift-drag ratio occurs at « =4°, which corresponds to
w =70°. By observing the vorticity contours in Fig. 10, the
lift-drag ratio in pitch-down phase is obviously higher than
that in pitch-up phase.

The changes of turbulent viscosity in the flow field around

275
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Fig. 13. Lift-drag ratio vs. angle of attack or azimuth angle.

the airfoil in the fourth cycle are displayed in Fig. 14. The
turbulent viscosity represents the existence of the wall induced
vortices or eddies and its evolution displays the course of de-
velopment of eddies in the flow field. Thus, the decrease in
turbulent viscosity implies viscous dissipation. By comparing
the two pairs of contours in Figs. 14(a) and (b), as well as in
Figs. 14(c) and (d), time dependence of turbulent viscosity in
two close phase positions ( w =200° and w =210°,
w =280° and y =290°) is observed. Obviously, eddies
dissipate gradually and the dissipation in the strip wakes is
much faster than in the circular wakes. In fact, the circular
wake vortices generated by the pitch-up movement of airfoils
evolve into very complicated vortex systems and last much
longer.

3.3 Improvements of flow fields and aerodynamic perform-
ance

Based on a thorough understanding of the flow field around
the VAWT and the aerodynamic characteristics of the VAWT,
a flap control strategy was proposed to defer the dynamic stall
of the VAWT and minimize the oscillation of the torque out-
put of the VAWT.

The nominal angle of attack is plotted against the azimuth
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angle in Fig. 15 based on Eq. (3). The maximum nominal
angle of attack is +14.5°, corresponding to the azimuth angle
of y =193° andy =346°, respectively. Since the static stall
angle of attack for NACA0012 is +11°, a factor k(k < 0) is
introduced to limit the flap angle &, in order to finally control
the nominal angle of attack in a safe range, i.e., —11°<a <
11°, asin Eq. (4),

cosy

0 = k[tan™( “

4 +siny

As found in Fig. 13(a), a large lift-drag ratio for
NACAO0012 exists in a range of +8.5° for angle of attack.
When a is outside the range, the drag coefficient increases
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Fig. 16. Vorticity distribution: without and with flap control.

rapidly due to, probably, boundary layer transition or separa-
tion. In the present work, the factor £ was chosen as k = -5/3,
and the corresponding maximum flap angle 8 is 20°.

The flap control strategy defined with Eq. (4) was coded in
a User defined function (UDF) in the ANSY'S Fluent solver to
control the flap movement. Here, the azimuth angle is ex-
pressed with the angular velocity of the turbine « as
w =t and the temporal derivative of the flap angle is used
to calculate the flap angle increment in each time step.

o =i o1+ 4sin(wt)] 5)
17+ 8sin(wr)

Fig. 16 shows the vorticity contour for the flow field around
the VAWT, without and with flap control. It can be found that
the wake vortex structures in the pitch-up phase have been
substantially changed by the flap control, compared with the
original case without flap control. The original circular wake
vortices in pitch-up phase have almost turned into strip-like
ones that usually exist in the pitch-down phase. The situation
in pitch-down phase remains unchanged.

In Fig. 17, the vorticity distribution around an airfoil is dis-
played to compare how much the flap alters the nearby flow
field around the airfoil. Here, the case without flap control at
various azimuth angles is on the left and the one with flap
control on the right. Flow separation almost occurs in the
whole pitch-up phase, and results in the largest drag in a rota-
tion cycle for the VAWT. With flap control, the airfoil oper-
ates completely outside the static stall range of angle of attack.
Therefore, swing flap restrains the formation and development
of wake vortices to a large extent, and this improves the flow
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Fig. 17. Vorticity distribution in the nearby flow filed around the airfoil.

field substantially.

To demonstrate more details of the flow field, the Q-
criterion contour around the airfoil is given in Fig. 18. The left
and right columns represent airfoil without and with flap con-
trol, respectively. According to the definition of the Q-
criterion [24], a large positive Q implies strong rotation and
the strain and shear are overcome. On the other hand, the posi-

Q
B T [ [

-4.0x10°-2.6x10°~12x10° 0.2x10° 1.6x10° 3.0x10° 4.4x10° 58x10° 7.2x10° 8.6x10° 1.0x10°

(a)y =180°

(b)y =202.5°

() =225°

(d)y =247.5°

Fig. 18. Q-criterion distribution in the nearby flow field around the airfoil.

tive Q regions indicate the cores of vortices or turbulent struc-
tures. In Fig. 14, the Q-criterion for the case without flap con-
trol is often over 105, which means the existence of strong
vortices around the airfoil. Opposite to that, smaller regions
with lower Q are observed for the cases with flap control.
Obviously, the flap control significantly hampers the forma-
tion and evolution of the vortices near the airfoils.
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Fig. 19. Aerodynamic performance of the flapped airfoil.

Fig. 19 shows a comparison of dynamic lift coefficient,
drag coefficient and lift-drag ratio between flapped airfoil and
normal airfoil. During a rotational cycle, the nominal angle of
the attack range of a flapped airfoil is narrower than that of
normal airfoil. The lift coefficient hysteresis loop for flapped
airfoil is like an O type, which is significantly different from
that of normal airfoil. The flapped airfoil has a more stable
unsteady aerodynamics. The average lift coefficient and
maximum lift-drag ratio increase 0.15 and 73, respectively. It
indicates that the oscillating flap has a positive effect on aero-
dynamic performance of VAWT.

Fig. 20 shows the variation of power coefficient versus tip
speed ratio for the VAWTs with and without flap control.
Without flap control, the maximum power coefficient is
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Fig. 20. Power coefficients versus tip speed ratio.

reached near a tip speed ratio equal to 4 as expected. With flap
control, the maximum power coefficient is reached at a tip
speed ratio of 5. The effect of flap control is negative for the
efficiency of VAWT when the tip speed ratio is lower than 5.
Although an oscillating flap improves the aerodynamic per-
formance of the airfoil as shown in Fig. 19, the angle between
the actual moment and effective moment has increased due to
nominal angle of attack changed by flap oscillating. The over-
all efficiency of turbine failed to increase as expected in that
condition. Along with the increasing of tip speed ratio, the
power coefficient increases. The peak of power coefficient has
increased by 10 % with flap control. The oscillating flap also
widensthe effective operation region of VAWT.

4. Conclusions

An airfoil with a trailing edge flap, based on the
NACAO0012 airfoil, has been designed for VAWT. 2D un-
steady numerical simulation with dynamic and sliding mesh-
ing techniques was conducted to solve the flow around a
three-blade VAWT. The simulation indicates that there are
mainly three types of wake vortex structures, including circu-
lar wakes, strip-like wakes and the shedding vortices similar to
Karman vortex street. The three wake structures interact with
each other and result in an extremely complex flow field.

Based on the simulation, an active flow control strategy of
flapped airfoil was proposed to improve the dynamic stall and
reduce the blade wake vortex interaction. Examination of the
flow details around the rotating airfoil indicates that flap con-
trol improves the dynamic stall by diminishing the trend of
flow separation. The oscillating flap narrows the range of
nominal angle of attack. It is beneficial to suppress airfoil stall
separation. The lift coefficient hysteresis loop of flapped air-
foil acts as an O type, which represents a more stable unsteady
performance. With flap control, the peak of power coefficient
is increased by 10 % relative to the full blade VAWT.

The results of flapped airfoil performance and flow field
around the turbine have shown the huge potential of oscillat-
ing flap to eliminate dynamic stall associated with VAWT
blade. For further study, 3D numerical simulation of VAWT
is recommended for analyzing the separated flow and wake of
blade tip.
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