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In this study, a numerical approach is employed to examine the effects of active flow
control using the SDBD (Surface Dielectric Barrier Discharge) plasma actuator model on
the aerodynamic performance of a Darrieus vertical-axis wind turbine. The unsteady,
pressure-based Navier-Stokes equations are solved in 2D computational domain, using
the finite volume method. One of the common challenges for vertical-axis wind turbines
is dynamic stall and flow separation. Therefore, before applying plasma control, the flow
physics around the Darrieus wind turbine is analyzed, with a focus on the aerodynamic
forces and torques affecting the instantaneous torque generated by the blades.
Subsequently, plasma actuators are positioned at 3 distinct chord-wise locations on the
airfoils, namely at 0.25, 0.5, and 0.75 chord lengths. The plasma dynamics are
incorporated using user-defined functions (UDFs) according to the SDBD model. Results
indicate that the 0.25 chord position yields the most improvement, increasing the overall
power coefficient by up to 20%. Moreover, the plasma actuator mitigates dynamic stall,
suppresses vortex formation, and enhances aerodynamic forces and torques. Overall, the
primary effect of the plasma actuator is observed in the upstream flow region and during
the blade’s downward motion, which leads to improvements in local blade torque and

output power.

Introduction

Many researchers are still studying and exploring wind
turbine power enhancement using active or passive flow
control schemes applied to rotor blades. Recently, researchers
have addressed the improvement of vertical-axis wind turbine
performance—whether of high or low stiffness—through
flow separation control using plasma actuators, both
experimentally and numerically. Most of these studies placed
the plasma actuator near the leading edge, on the inner surface
of the turbine blades. They have reported power enhancement
in the range of 10-30 percent. Based on the work done, the
study of the effect of plasma on the aerodynamic performance
of wind turbine blades and the evaluation of the effectiveness
of this actuator in controlling the flow during stall, still
deserves further studies. The innovation of the present work
is investigating the effect of the plasma actuator in a complete
cycle of blade movement and more attention to the downward
movement of the blade. The other contribution of this
research is the simultaneous study of the qualitative and

quantitative characteristics of the flow. The study of vortices
and changes in their pattern due to the plasma actuator, as
well as the estimation of aerodynamic coefficients and
performance parameters of the wind turbine blade, are being
discussed here. Since the phenomena of dynamic stall is
extremely complex and may encounter measurement
difficulties in the wind tunnel tests, therefore, the numerical
simulation can be assumed to be more useful for studying this
issue as well as capturing significant physics in flow field
around the wind turbine.

Methodology

The time-averaged Navier-Stokes equations, are selected in
the numerical study by 2D incompressible unsteady flow
assumptions. The domain is meshed by combination of
regular and irregular structures, as shown in Figures (3) and
(4). The entire domain is a rectangle with a length of 30 times
the rotor diameter and a width of 20 times the rotor diameter.
The geometry in the upstream area is 10 times the turbine
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diameter, in the downstream area 20 times the diameter, and
the distance between the upper and lower walls is 20 times
the turbine diameter. The computational domain is divided
into two fixed and rotating parts, and the airfoils are drawn in
the rotating part. In Figure (5), the mesh with a size of
approximately 550K cells, is shown. The y-plus on the
surface is about 1. For mesh independency, 3 coarse, medium
and fine meshes with the number of cells of approximately
300K, 550K and 1M for the velocity profile averaged at a
distance of 3 times the radius from the shaft, are compared
and shown in Figure (6). Plasma actuators consist of two
electrodes, one exposed to air and the other enclosed by a
dielectric material. Figure (9) shows a schematic of a typical
plasma actuator. An AC voltage is applied to the electrodes,
which at high voltages ionizes the air on the enclosed
electrode. The ionized air particles are accelerated by the
electric field and exert a force on the neutral air near the
actuator, which ultimately leads to the generation of an
induced current. In the current study, the volume force
associated with plasma formation is extracted from the
phenomenological model proposed by Shai et al. This model
offers a good balance between simplicity and accuracy,
making it suitable for flow control studies based on plasma
actuators [22]. Shay et al. [23] assumed that the plasma
electric field intensity is linearly distributed in a triangular
region downstream of the uncoated electrode as shown in
Figure (10).

Results and Discussion

For the validation of the Darrieus vertical axis wind turbine,
the results of the present study have been compared with the
experimental and numerical data. After validation, the plasma
actuator was placed at 3 different positions, respectively 0.25,
0.5 and 0.75 chord on the blade surface. The equations were
solved in the plasma regions at these positions. The actuators
were placed on the inner surface of the blade. The overall
power coefficient of the turbine without the presence of the
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plasma actuator was 0.3. While after the effect of the plasma
actuator at the locations 0f 0.25, 0.5 and 0.75 chord, the power
coefficient was changed to 0.36, 0.32 and 0.31 respectively,
which indicates an increase of about 20% in the power factor
in the plasma of the 0.25 chord region. To evaluate the effects
of plasma on the blade torque output, Figure (15) compares
the results of 3 actuator positions. It is clear that torque
improvement has been greater in the 0.25 chord region and
reaches 20% progress. Therefore, the 0.25 chord plasma
actuator was selected in the following. The plasma actuator is
able to control the dynamic stall, which ultimately increases
the torque output of the blades. As shown in Figure (18), the
plasma actuator located at the position of 0.25 of the chord,
has reduced the drag force, which is due to the elimination or
delay in the separation of the vortices. According to Figure
(19), the plasma actuator caused the coupling torque in the
blade down-stroke to be increased. However, in downstream
region of the flow, as revealed, the plasma has revealed a
negative effect on the coupling torque coefficient. Overall,
the area change in torque-angle curve was positive.

Conclusion

Plasma actuators are considered at 3 different positions on the
blades towards the turbine interior. The phenomenon of
dynamic stall and the formation of vortices that affect the
physics of wind turbine flow was investigated. As expected,
by controlling stall and improving aerodynamic coefficients
with the help of plasma, the turbine performance can be
improved. The 0.25 chord was shown to be the best situation,
leading to 20% power enhancement. Plasma actuators were
shown to be most effective in the down-stroke motion of the
blade. It was not found any significant effect on the upstroke
motion of the blade except for the small flow angles.

Author Contributions: All authors contributed to the
reported work for conceptualization, methodology,
validation, writing-review and editing, and supervision.



YO-FY. a0 AF-F /H.yb Y oyl FY (50,90 iy pi SIS (e u_o.l.c sal=o

g gl Sl (owiigeo ole almo NS

https://sjme.journals.sharif.edu

i callie

Oy S Sanolin 39 5T 5,5 as 53 Loy ,Slos (gogais 41 3y J 58 5l (gous gandlhne

&390 yg7o O

SN (5 5 Slgzrams o F goblcle loos 5T dp

Al el ek Sty ol Lialsn 05,5 W SlSo riiige (goaSitils

(karimian@modares.ac.ir) Jgius odim ¢5*

ouuS> Ao wleMb!

63l om0 Shee g sl Oy SRS Glaghs, GRS w3l Lol wb) 5 ol 5 il Gl L
o9 Saelipog sl o Slae o Jlad ol S8 o) Slyiees ladly 5 e il palo (saallln ol atily &9,
oo 9390 @2 Doz )lr )3 S gl gl GLLL sladlslas sl oud (o) 2 (s30 S jg0a ug IS S390s H97e s3L
Cardge ds s o uloed Lowdly Jlosl 51 iy (Seoling 5T (sl yolisS g b o S oyl il Jo e [L23
Jove 5l oolizial b Ly Ko (s3luooly (sl ilons 433,515 )3 LoDl 5 e cati sl g /YD 5 010 o+ /YO Jsbo

L2372 A LERROH PRy M
VFoF/e8V5 : aumMol g 56
VPRSIV 2 oy G,

tsuals o5l

YO Capdgn 45 sl 03l i gl ] 0 Chogi (008 S 55 e ab Sy S ygoty Shae Spaliys Ji3 sl ol 5,
et ol 008 LY+ 3905 1 (5 G155 p0 Saetp o 5 039 53S0 5503 Sl o el Jlosl 512 55 b 9
(Sibely slad; sargly Gl b g (Sesbus (Swilely BT 2ol b Lewdly Jleel a5 23,5 olgion ob> 655 b 2 b Jd Jps
aley® 5 Senlinog 5T g 5 55 Jedy Samtr ergn lalgSl sloayls S B3 b el sy (olidl5h 4 e dowdly Slos
el 00h oy (9P OIF Rl YD gous U~

iy S Sosliss (Fails Mosls 2als (5350 sa¥ b S 40adio )

e e g ala> Sugly ) el (g3508 j5mme 3L Slaies SIS
5 0k Gl 4 e ol (nl WSS (oo st Suday alad a3 Lao
Sailely gody g 09d o0 S Cuoms ;0 ale> 4 sl S Sy eSS
5 Se Sogl slojlu slaile )| el a5 [A]‘°)‘° olyoo a1y (Selins
05 el s st o 550 s5ma 53 (Slaysi 53 plal ials
2570 Saig (Sealindg sl 0 )Slee Glgi e (Senlins (Swilsly oy
S 8bes d5nte sln bz Uy lahy 4 4l b ot dsne | (5390
695 2 P ssbar (o8 Slalllas Lol sl 00l az g8l (3L )58
Dot 55 1ame (53508 ysmme slagmgi o Seabus (Saibely sosy
W oo (Sl Jldpd 5 JUud @ a5 Gy S5 slaghsy o
OlFise o sl Shs 31 a8 el Jlb oy U538 slang, 5l (e Lowsdly
slod ynS Slalllae Mo 576 Ll 0 5 1o ggen 5 g sl Solo
lahgnl 3 ladl by (Seelns (Sably JiuS saim)
a5 o S e ol ol sl s plowl e Slmioo L 7 Sl

3 Darrieus

oS sl Jb by S8 (655 S5 {(DBD) S iSiss b sadlss
Al gl 2w eSie Slee AL a8l arwgs VAP gams yo
Ete S g ooy 5SI e S iSUlgs S w09 Sl g 5l as ccanlonsdly
5 TiSaalns (Suilly laals, S Tisspe ga¥ Gulie Jis
G008 yoome (6oL sl pn el Ay .l ool lis ae> [¥)
50 ooty b sbocgsr wles jo o0 Sles ollgi 5 ool b o
55 5 o] Ploril a6yl az g oiial sl slasSl b 6,08 3l
2 ool Ssmg Wsdie (b Toen s 5 T msisle Lol g5
Sleaily sSde culil 5l (655000 b aS S so s Ty Gopm le
Sailaly wiiwn ol o T L ojlgen a5 IS Lol 0iS o 0y (5,50

[#l . )

il glyz Galaz 5 (Sealiys

‘AJLMA O)|9A

503 @ sl JrS &bl plgiee ) (Sealns (Sailels gossay

! Dielectric Barrier Discharge
? Savonius

i w4 olccwl

e §390 970 3 g8 o (Snlinog T 0 Shos o Lawdly Slae o5t 4 bz S5 5l o sanllas NF-F wlyzas ol (6,508 5 dnw bl Glas S
https://doi.org/10.24200/j40.2025.67068.1739 YO-£Y . jae (Y)F) wa b SlSo

OBy © e 3>

(OMOM

[ RO e S oKl syl

YEVE -FYYY @ Sesg xS L


https://doi.org/10.24200/j40.2025.67068.1739
https://doi.org/10.24200/j40.2025.65873.1729
https://doi.org/10.24200/j40.2025.65873.1729
https://sjme.journals.sharif.edu/
mailto:karimian@modares.ac.ir

ot 5 obIle ooy S mns (55508 y3me ol sl o (Soolinng 5T 5 Shas 45 Loy Shos sosed a1 Olz S5 il (go0e sasllae

Tobe 22 651 Sl 0 oS gdi o0 Jrad (S SN GlE 4 e g o0
el g0 (P) sudy ly g (T) labad jglias (S sbar .cul
Yoo ) baly; S5 4 g aen 3k rys 0 Skes ;0 oo (Saliyog ]

[‘A]=~\53»~‘5¢ axs
S — (1)
0.50/ 'DH
T
" 0.50/ *RDH @)

D s gl Rl oz sk e Vodsn J&e P lag] 5 a8
oV plygose Jo o a5 s g8 ooy gl H g cyg b
63l ey 98kes g (b )0 oo el Sl (S oghige 485 S0 5
oo 43 033 S g5 10 Ca s Sl D590 A5 ol 039 S'g3 Ca yus S
253 eyt sl 5 (Ll 4 (w0 polie 5 05dee uyei oL
oolainl ol g 3o ilwange lp Gl Glaple 5 Lulps
Gllae 900 (K Gy (29,5 OlF @ Grizres 3l po D9 o0

AAURV JUNCIRITE P
wR

A=— 3
7 )

(S 5 0y T s S Ay 38 g S B ] 3 88
Cordo card bognng Soolusg sl Gl o Ji3e byl 5l S
sablal) @l 5 ol (gwiin Sl 5l Slhg e Gliee @8l5,0 a5 el (8
e sey olaxi Brgladisinl g Jsb € )] )0 45 w05 so drla F
[H]:M
BC
o=— 4)
2R
2 0y (Sealnag 5l slog i g e sloailge 5l (Sled ) S 0
Slooy sl O] 1 o5 g oo oanlive (s3508 j3mo ol (y58 ke
o> a5l; O 5 (O sall)) 0,55 o0 Jog8 0l 4 a5 (b ey W55

Fig.1. Schematic of velocity components and forces
acting on a wind turbine blade section.
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Table 1. Details of benchmark turbine.!®!
Value Parameter
NACA0021 Airfoil
1/028 Rotor diameter, D(m)
0/085 Airfoil chord, C(m)
400 Rotational speed, @ (rpm)
9/02 Wind speed,V(m/s)
1 Blade height, H(m)
0/25 Solidity, &
3 Number of blades (B)
? Shyy
10 Coupled

' Second order upwind
7A
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Fig. 7. Time step independence on the profile of the

averaged velocity measured at a distance of three times
the radius.
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Fig. 8. Comparison of time-averaged x-velocity profiles
at 1=2.4.
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Fig. 6. Grid independence study on the profile of the
averaged velocity measured at a distance of three times
the radius.
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Fig. 13. Local torque generated by the blade with
identification of positive and negative torque regions.
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Fig. 11. Induced velocity by the plasma actuator in a free
stream with a velocity of 2 m/s obtained from the present
study and Shyy’s work,".
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Fig. 12. Effect of lift and drag forces along with the

moment at the connection point on the blade's local
torque coefficient.
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Fig. 15. Comparison of the effect of different plasma

actuator positions on the torque coefficient generated
by the blade.
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Fig. 14. Contours of dimensionless vorticity and relative

streamlines at A=2.4.
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Fig. 17. Effect of the plasma actuator at 0.25 chord
location on the lift coefficient of the blade.
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Fig. 18: Effect of the plasma actuator at 0.25 chord
location on the drag coefficient of the blade.
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Fig. 16. Comparison of vorticity contours before plasma

actuation (right) and after plasma actuation (left) on the
turbine.
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