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This research aims to numerically investigate the efficiency of the plasma actuator in a
small wind turbine. The studies were conducted on a domestic wind turbine with a diameter of
1.93 m and the Suzen-Huang model was employed to simulate the Dielectric Barrier Discharge
(DBD) plasma actuator. In this research, firstly, a wind turbine without the plasma actuator
was simulated at different tip speed ratios. Then, the DBD plasma actuator was activated at a
tip speed ratio of 4.35, and changes in the power output, torque distribution, and surface
streamlines were studied. The results indicate with an increase in the power of the plasma
actuator, the separation point moves away from the leading edge, the span-wise flows are
reduced, and the turbine power output is increased. The performance of the plasma actuator is
varied along the wind turbine blade length. For the radiir /R = 0.4 — 0.95, a difference in the
generated torque can be observed for active and inactive plasma modes, and the plasma
actuator did not significantly affect the power output in other sections. The maximum increase
in torque due to the plasma actuator occurred at the radii /R = 0.5 — 0.7. In these regions,
the distance between the separation point and the plasma actuator location is about 0.2 times

the chord length of the airfoil.
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Nomenclature
C Chord, [m]
Cp power coefficient, [—]
D rotor diameter, [m]
fpi  body force, [N/m3]
P,.: turbine output power, [W]
p static pressure, [Pa]
Q Torque, [N.m]
R rotor radius, [m]
t time, [s]
U wind speed, [s]
u; velocity field component, [m/s]
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max
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Dimensionless wall distance, [—]
relative permittivity, [—]

electric potential, [V]

maximum electric potential, [V]
tip speed ratio, [—]

Debye length, [m]

Viscosity, [m?/s]

rotational speed, [rad/s]

Fluid density, [kg/m?3]

charge density, [C/m?]
maximum charge density, [C/m?]
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Introduction

Wind energy is one of the renewable energy
sources that its use has grown tremendously.
Statistics show that the capacity of wind turbines
installed in the world has increased more than 90
% from 2012 t0 2017 [1]. According to IEC 61400-
2, a wind turbine with a swept area of less than 200
m? is called a small wind turbine. These turbines
usually have an output power smaller than 50 kW.
Small turbines are classified into micro, mid-
range, and mini turbines [2].

Many studies have been conducted on methods of
controlling wind turbines to improve their
aerodynamic performance [3, 4]. Flow control can
reduce the boundary Ilayer thickness, and
consequently, delays the separation point. The
Dielectric Barrier Discharge (DBD) plasma
actuator is one of the active flow control methods
on wind turbine blades. Plasma actuators offer
ultra-light, compact, and robust mechanical
architecture, which is economical in terms of
actuation power and costs [5]. According to Fig. 1,
a DBD plasma actuator consists of two electrodes
with a dielectric material embedded between them.
When a high A.C. voltage is supplied to the
electrodes, an electric field is created, ionizing the
surrounding air and moving them toward the
embedded electrode. This air flow acts as a body
force and moves the fluid surrounding the
electrodes. The induced flow improves the flow
profile in the boundary layer and delays flow
separation. The performance of a plasma actuator
depends on numerous parameters, such as the
distance between the electrodes, dielectric
thickness, frequency, and waveform of the applied
voltage [6].

Exposed Electrode wid Flow

D

C

Figure 1. Schematic of a DBD plasma

actuator

Extensive research has been conducted to control
the flow boundary layer using plasma actuators [7-
9]. The experimental research by Jacob et al. [10]
indicates that the fluid next to the DBD plasma
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actuator immediately accelerates, and a turbulent
jet is created downstream of the actuator.

Many electro-hydrodynamic models are suggested
for modeling plasma actuators, which simulate the
generated plasma and the electrical potential field
and add the interaction force as a source term to
the momentum equation. In the Suzen-Huang
model, 2 equations are solved to determine the
electric field and the charge density of the ionized
air [11-13]. In this model, the Debye length and the
maximum charge density are determined based on
experimental results. Ibrahim and Skote [14] have
studied the effects of changing these two
parameters on the generated force and induced
speeds of the plasma actuator in the Suzen-Huang
model.

Researchers have examined the impact of the
thickness, material, and the voltage and frequency
applied to the electrodes on the thrust generated by
the actuator [15-17]. The results of these studies
show that an increase in the electrode thickness
reduces the generated thrust. Moreover, an
increase in the voltage increases the speed of the
induced flow. The electric power consumption of
the plasma actuator also increases with an increase
in the voltage and current frequency [18].
Hoeijmakers and Meijerink [19] show that, for a
wind turbines with NACA-0018 airfoils, it is
possible to control the flow up to a Reynolds
number of 3.3x10° using the plasma actuator.
Experimental work of Tanaka et al. [20] on 300-
kW wind turbine shows that plasma-actuation
technology can effectively control the flow in the
1.6-1.8 x 10° Re range.

Cooney et al. [21] achieved a power increase of
0.2-1.9% by developing 3 types of plasma
actuators for controlling the flow over a 20-kW
horizontal axis wind turbine. Rotating stall around
a small-scale horizontal axis wind turbine was
experimentally investigated by Jukes [22] to
characterize and assess the smart rotor control
using plasma actuators. He showed that the radial
body forces generated by plasma vortex generators
are of paramount importance in rotating separated
flows. In the experimental research by Matsuda et
al. [23], the plasma actuator caused a 4.6%
increase in the power generated by a horizontal
axis wind turbine with a nominal power of 1.75
MW. They developed plasma electrodes of 8 m in
length installed on the surface of the leading edge
of each blade.

The numerical simulation results of Ebrahimi and
Movahhedi [24] for a 5-MW horizontal axis wind
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turbine indicated a 0.85% increase in the output
power by the wind turbine after applying the
plasma actuator. In their research, Suzen-Huang
model was used and a configuration of multi-DBD
plasma actuators was located at the inboard part of
the blade along the span. Omidi and Mazaheri [25]
introduced an improved model based on the
Suzen-Huang model. These researchers used this
model in another numerical work [26]. They
investigated the usage of a plasma actuator to
improve the aerodynamic performance of an
offshore 6 MW wind turbine. They observed up to
95 kW harvested energy increment by
optimization of location and configuration of
actuators.

Micro wind turbine can produce enough energy to
power the lights and electrical appliances in a
typical home. These turbines are commonly used
in hybrid photovoltaic-wind systems to supply
household electricity. To decide to use a plasma
actuator in domestic wind turbines, it is necessary
to study the amount of output power increase and
the location of the actuator. In the previous works,
research focused on wind turbines with power
output of several kW to MW and plasma flow
control on the domestic small wind turbine
received less attention. Therefore, we focus on a
500 W horizontal axis wind turbine. The present
research aims to numerically investigate the
performance of a DBD plasma actuator on the
small wind turbine.

The output power of this wind turbine under
different conditions has been derived. At a specific
tip speed ratio where the wind turbine has a low
power coefficient, the plasma actuator has been
applied to the wind turbine blades using the Suzen-
Huang model. Changes in the generated power,
torque distribution, and streamlines on the wind
turbine blades after the activation of the plasma
actuator have been discussed.

Reference wind turbine

Given the aim of this research, which is to
numerically study the performance of the DBD
plasma actuator in a small horizontal axis wind
turbine, it is necessary to select a reference wind
turbine for performing the simulations. The
diameter, twist angle, chord, and airfoil of the
blade sections are among the geometric
characteristics required for a wind turbine. In
addition to geometric characteristics, the rotational
speed and the power generation of the wind turbine
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for various wind speeds are among the items
required for validating the results.

In this paper, a 500-W horizontal axis wind turbine
has been selected as the reference for the research.
Wood et al., have researched on this wind turbine
and have presented their results in [2, 27-32]. The
diameter of this turbine is 1.93 m, its hub diameter
is 0.22 m, and it has 3 blades. The twist and chord
distributions of this wind turbine are shown in
Table 1. The blade section of this wind turbine
consists of the SD7062 airfoil. The availability of
experimental data relating to the power output,
generator efficiency, and rotational speed of this
turbine for various speeds is among the advantages
of this wind turbine.

Table 1. Chord and twist angle of different sections

along the wind turbine blade
/R 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
C/R 0.185 0.135 0.103 0.084 0.071 0.061 0.054 0.047 0.043
Twist Angle (Deg) 172 126 9.5 7.6 6.3 5.4 4.7 3.9 3.2

Governing equations

The equations governing the flow are the
continuity and momentum equations, expressed as
follows for a Newtonian fluid [24].

du; _ (1)
ox; (p)=0
ou, ou_ 1o @)
Jat 0x; p 0x;
azui
+v
axix]-
aTU'
+ x; + fi

where u; is the velocity field component, p is the
static pressure, p is the fluid density, v is the
viscosity, and 7;; is called the Reynolds stress. f;
represents the rest of the body forces, which are
produced by the plasma actuator in this research.
To compute the body force caused by the plasma
actuator, the electric field potential distribution
and the charge density distribution are required. In
the model proposed by Suzen and Huang [12],
equations (3) and (4) have been presented for
calculating the electric field potential distribution
and charge density distribution, respectively [12]:
V.(&Ve¢) =0 3)
V.(&Vpc) = __; )
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where &, denotes the relative permittivity, A,
represents the Debye length, ¢ is the electric field
potential distribution, and p. denotes the charge
density distribution in the computational domain.
The charge density and the electric potential can

be made dimensionless as p; = pflflx and ¢* =
c

& by the maximum charge density (p7***) and

¢max’

the maximum electric potential (¢p™%),
respectively. Hence, the dimensionless forms of
equations (3) and (4) are as follows [12]:

V.(e,7¢") = 0 s)
p 6

V. eVp0) = =2 ©)
d

The electric field distribution (¢) and the charge
density distribution (p.) in the computational
domain are obtained by numerically solving the
above equations. The body force is calculated as
follows [12]:

fo = pc (V) )
= P maTp: (~V ")

In this research, the plasma actuator is simulated in
a two-dimensional environment, and the body
forces resulting from it are derived in a two-
dimensional mesh. A code has been written in
MATLAB software, which takes the simulated
mesh of the plasma actuator and the wind turbine
as input. In the vicinity of the radial position on the
wind turbine blade where the plasma actuator will
be installed, sections perpendicular to the wind
turbine blade are considered at distances equal to
the thickness of a cell, and the geometrical
coordinates of the nodes making up the airfoils of
each section are extracted.

After the leading edge and the trailing edge of the
airfoils of each section of the wind turbine blades
are recognized, the length and the slope of the
chord and the line perpendicular to it are
computed; then, the geometrical coordinates of the
nodes of the plasma actuator location on each
airfoil are determined.

Given the coordinates and the slope of the airfoil
surface at the location of the plasma, the cell gird
and the vector of the body forces of the plasma
actuator are rotated and translated in the two-
dimensional environment. Since the mesh of the
plasma actuator is different from that of the wind
turbine, the computed body forces are calculated
on the wind turbine mesh via interpolation.
Finally, the body forces corresponding to all the
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nodes of the wind turbine mesh are reported and
are defined in Star CCM software as the source
term of the momentum equation.

Numerical solution specifications

In this research, the STAR CCM software has been
used for numerical simulations of the fluid flow. In
the simulations, the steady pressure base solver
and the SIMPLE algorithm were used to couple
velocity and pressure, and the second-order
upwind method was used to discretize the
equations. The flow has been assumed to be
incompressible, and the fluid has been considered
as the ideal gas. The k-w SST model has been
employed to model turbulence. In the inlet
boundary, the values 0.01 and 10.0 are assigned to
the turbulence intensity and turbulent viscosity
ratio, respectively. The boundary layer mesh has
been created in such a way that y* is about 1,
which is the most suitable value for the k-w SST
turbulence model. Fig. 2 shows the y*distribution
on the wind turbine blade. The Moving Reference
Frame (MRF) method has been utilized to model
the flow and to simulate the rotational motion of
the wind turbine.

In this research, only one of the wind turbine
blades has been simulated by applying periodic
conditions, and the forces resulting from the
simulation are multiplied by the number of blades.
The computational domain is in the form of a 120°
section of a cylinder. Velocity and pressure
boundary conditions have been used at the inlet
and outlet of the wind turbine computational
domain, respectively.

Wall Y+
000 050 10 15 20 25 30 35 40 45 50 55 6.0

Figure 2.y * distribution on the wind turbine blade.

To select the dimensions of the computational
domain, the effects of the length of the
computational domain on the torque generated by
the wind turbine has been studied, and the
dimensions presented in Fig. 3 were eventually
used in simulations. With a mesh-independence
study of the results (Table 2), the mesh with 2
million cells was selected for investigating the
performance of the wind turbine without a plasma
actuator. Since very small cells are required at the
location of the plasma actuator along the blade, the



Numerical Investigation on Flow Control of a Small Horizontal ....

number of cells for the wind turbine equipped with
a plasma actuator has been increased up to 7
million in the present research. Fig. 4 displays the
meshing around the blade of the wind turbine
equipped with a plasma actuator.

Periodic

Pressure
__— outlet

Velocity
inlet

N\

Periodic

A
%
‘Wall
(Blade)
Figure 3. Boundary conditions and dimensions of the

computational domain in the simulation of the wind
turbine

P 1 e ey e ) e s

Figure 4. Mesh around the wind turbine blade

Table 2. Effect of the number of mesh cells on the
torque generated by the wind turbine

number of cells (x 10°) 0463 0.782  1.147 1.512 1985 2.641
1770 1.872 1950 1992  1.998  2.000

Torque (N.m)
[}

Two dimensionless characteristics, namely the tip
speed ratio (4) and the power coefficient (C,) are

used to study the performance of the wind turbine.
These two characteristics are defined as follows:

Rw €]
A=—

U
C. = Pout 9)
Pl U3TR2

E'DU TR

where R is the turbine radius, w is the turbine
rotational speed, U is the wind speed, and P,
denotes the wind turbine output power.

Validation of the results

Experimental data relating to the power output,
generator efficiency, and rotational speed of the
turbine at various wind speeds for the selected
wind turbine are available. This wind turbine has
been simulated under different conditions, and the
computed power generation has been compared to
the experimental results in Fig. 5.
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A plasma actuator with a specified geometry was
studied experimentally by Jacob et al. [33] and
numerically by Suzen et al. [13]. In these studies,
rectangular electrodes with a length of 10 mm and
a thickness of 0.102 mm have been placed at
distances of 0.5 mm. A dielectric with a thickness
of 0.127 mm and made of Kapton has separated
the two electrodes. The Debye length is 0.00017
m, and the maximum charge density is 0.0075
C/m3. Also, the voltage applied to the electrodes
has been considered as 5 kV. One side of the
external electrode is in contact with air, and the
other side is in contact with the dielectric. When a
high A.C. voltage is supplied to the electrodes, the
air surrounding the electrode is ionized, and a body
force is created. Due to this body force, air is
drawn from the surrounding toward the electrodes,
and a flow jet is created near the wall from the
exposed electrode to the embedded electrode.

500

450

A
400 | o Experiment T
ACFD T l

350
300
250

Power (W)

| !

Wind Speed (m/s)

Figure 5. Comparison of the experimental results [27]
and the numerical simulation of the power output by
the studied wind turbine

The magnitude distribution of the body force
computed in the present research has been
compared to the research by Suzen et al. [13] in
Fig. 6. The region between the two electrodes with
the highest plasma effect is shown in these figures.
As seen in these figures, a good agreement has
been obtained between the contours obtained in the
present simulations and the research by Suzen et
al. [13].

Results and discussion

In this section, the performance of the wind turbine
without a plasma actuator is examined at first. Fig.
7 displays the changes in the power coefficient of
the wind turbine at different tip speed ratios.
According to this figure, the highest power
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coefficient of this wind turbine is at a tip speed
ratio of about 6. The power coefficient decreases
with an increase or a decrease in A relative to this

point. An increase and a decrease in A cause a
decrease and an increase in the flow angle of
attack, respectively.
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Figure 6. Comparison of the dimensionless body force
distribution, a) research by Suzen et al. [13], b) present
research

In this research, 4 = 4.35 has been selected for
examining the effects of the plasma actuator on the
performance of the wind turbine. As shown in Fig.
7, compared to the optimal tip speed ratio, the
power coefficient of the wind turbine is low at this
tip speed ratio. Fig. 8 shows the surface
streamlines on the wind turbine blades and around
its airfoils at r/R of 0.2, 0.4, 0.6, and 0.8.
According to this figure, as one approaches the
wind turbine blade root, the span-wise flow has
overcome, and a three-dimensional flow has been
created. Flow separation near the leading edge and
the presence of wake are among the characteristics
of the flow around the airfoils in these regions. As
one moves away from the blade roots, the radial
velocity (rw) increases, and the flow angle of
attack decreases. A decrease in the angle of attack
of the flow near the blade tip causes the separation
point to move away from the leading edge of the
airfoil. As one approaches the blade tip, the chord-
wise flows dominate more areas.

A change in the orderly flow pattern over the
surface of the airfoils of the wind turbine blades
reduces their optimal aerodynamic performance.
In this section, using a plasma actuator, it has been
attempted to improve the flow pattern over the
airfoil surface and to examine its effect on the
performance of the wind turbine.

The plasma actuator used in this research is similar
to the actuator used in the research by Suzen et al.
[13], which was referred to in the results validation
section. The distance between the location of the
actuator and the leading edge of the airfoil has
been assumed to be 0.55C, where C denotes the
chord length of the airfoil of each section. The
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actuator has been placed at a radius range of 0.2 m
to 0.96 m along the blade.

0.45

04

Figure 7. the power coefficient of the wind turbine at
different tip speed ratios

Figure 8. Streamlines over the wind turbine blade
surface at 1 = 4,35

In this research, the simulation results are
presented based on ¢p™* pI*%*  [n the research by
Suzen et al. [13], ¢ and p*** are taken to be
5 kV and 0.0075 C/m?3, respectively. Hence,
@M pMAX is 37.5 in the research by Suzen et al.
[13]. In the simulations conducted in the present
research, ™% p* has been considered as 37.5,
375, and 3750. Although ¢™* pI*%* of 3750 is not
practical, it has been used in this research for a
scientific investigation of the effect of plasma
actuator strength on the improvement in the
performance of the wind turbine.

The values of increase in the wind turbine power
at A = 4.35 and different ¢p™* p*** are shown in
Table 3. According to this table, the wind turbine
power output has not considerably changed under
conditions of ¢p™*pMa* = 375 whereas it has
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increased up to 29% with an increase in
M pX 10 3750.

Table 3. Turbine power increasing by activating DBD
plasma actuator at A = 4.35

pmax pmax 375 57 3750

Power increasing (%)
033 8.05

29.09

Fig. 9 displays the surface streamlines over the
wind turbine blade and the flow around the airfoil
atthe sectionr/R = 0.7 relative to ¢p™** p'*, As
shown in this figure, with an increase in
¢ pInaX - the plasma actuator has a greater
effect on eliminating span-wise flows. For
pMIX pnax = 3750 conditions over large areas of
the wind turbine blade, the flow has no separation,
and a two-dimensional flow along the chord exists.
In general, the higher the value of ¢™®*pna*
reaches, the closer the point of flow separation to
the trailing edge will get, and the smaller the
secondary flows

e pmax = 375

Figure 9. Effects of the plasma actuator on the
surface streamlines over the wind turbine blade at
A =435

Fig. 10 displays the distribution of the torque
generated by different sections of the wind turbine
relative to ¢ p'@* | As seen in this figure, in the
regions /R = 0.4 —0.95, a difference in the
generated torque can be observed for active and
inactive plasma modes, and the plasma actuator
has not significantly affected the generated torque
in the other sections. This conclusion can also be
predicted from the streamlines presented in Fig. 9.
As seen in this figure, as one approaches the root
of the wind turbine blade, the effect of the plasma
actuator on the streamlines at the turbine blade
surface is decreased.
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Given that the chord lengths of the airfoils near the
roots of the wind turbine blade are larger than
those near the tip of the blade, a larger force is
required to improve the flow in the former regions.
Therefore, one of the reasons for the insignificant
performance of the plasma actuator near the root
of the wind turbine blade is the larger size of the
airfoils of the blade at these locations.

0.20

0.18
0.16

Q (N.m)
=

—e—pMmaxpmax —

—a-pmax pmax — 375
—4-pmax pmax = 375
—|-pmaxymax — 3750

01 02 03 04 05 06 07 08 09 1
r/R
Figure 10. Distribution of the torque generated by
different sections of the wind turbine blade at 1 =
4.35.

The location of the plasma actuator affects the
aerodynamic performance of the wind turbine. The
approximate distance of the separation point from
the plasma actuator location (Ax) at each section
of the wind turbine blade was computed. This
distance has been made dimensionless in terms of
the chord length of the airfoil on which the actuator
is placed and has been expressed as Ax/C. If the
location of the actuator is after the separation
point, this parameter is positive, and if the actuator
location is before the separation point, this
parameter is negative. In this research, Ax/C is
negative for the airfoils near the tip of the wind
turbine and increases as one approaches the blade
root.

Moreover, the ratio of increase in the torque
generated by each blade section due to the
activation of the plasma actuator to the torque
generated by each section in the plasma-off mode
is denoted as AQ/Q,,. Fig. 11 shows variations in
the torque generated by the sections of the wind
turbine blade versus the distance of the actuator
from the separation point. Due to the small change
of output power in ¢p™** pI"@* = 37.5  this case is
not expressed in this figure. As seen in this figure,
the behavioral pattern of the graph for the modes
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with ¢ pI®* equal to 375 and 3750 are similar.
When Ax/C =~ 0.2, the largest increase in torque
due to the plasma actuator occurs. These regions
correspond to r/R = 0.5 —0.7. The maximum
increase in the torque generated by the airfoils due
to the activation of the plasma actuator for the
modes with ¢™* pT¥ of 375 and 3750 is 25.8%
and 59.4%, respectively.

In the case of ¢p™* p"** = 375 when Ax/C is in
the range of 0.25 to 0.4 the effect of plasma
actuator on the output torque can be neglected.
Ax/C = 0.25 — 0.4 corresponds to v/R = 0.3 —
0.6. Comparing Figures 8 and 9, when
P¢MI*pnax = 375, the plasma actuator in the
range of the mentioned radii was not able to
significantly change the separation position and
the flow pattern on the blade. According to Figure
11, the distance of the plasma actuator from the
separation point is very important in increasing the
wind turbine production. This optimal distance is
also a function of the value of ¢ pl*a*,

70
60 | —- pmaxpmax — 375
—&— pMaxymax — 3750
50 |
& 40 |
I~
S
S 30 |

20

10

02 -0 0 01 02 03 04 05 06 0.7
Ax/C
Figure 11. Variations in the torque generated by the
blade sections versus the distance of the actuator from
the separation point

Conclusion

In this research, the performance of the DBD
plasma actuator on a small wind turbine has been
studied. The studied wind turbine has a diameter
of 1.93 m, and the plasma actuator has been placed
span-wise at a distance of 0.55C from the leading
edge. At first, the power generated by this wind
turbine without the plasma actuator was derived at
different tip speed ratios. The maximum power
generated by this turbine occurs at a tip speed ratio
of about 6. To examine the effect of the plasma
actuator, A = 4.35, which has a low power
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coefficient, was selected. At this tip speed ratio,
three-dimensional flows dominate over the wind
turbine blade, and separation occurs near the
leading edge.

With the activation of the plasma actuator, the
separation point moves away from the leading
edge, and a chord-wise two-dimensional flow
dominates over the blade. These factors cause an
increase in the power output. The amount of
increase in power depends on the power of the
actuator. The changes in the generated power due
to the activation of the plasma actuator for
¢M¥*p* of 37.5, 375, and 3750 are 0.33%,
8.05%, and 29.09%, respectively. The maximum
increase in the torque resulting from the activation
of the plasma actuator occurs at the radius range of
r/R =0.5—0.7. In these regions, the distance
between the separation point and the plasma
actuator location is about 0.2C.

Data Availability

All data, models, or codes that support the findings
of this study are available from the corresponding
author upon reasonable request.
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