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Abstract The high power coefficient of the Darrius vertical axis wind turbine lift regime has

prompted researchers to concentrate their efforts on this regime, despite the fact that these turbines

suffer from major problems in the drag-lift regime. In the present study, in addition to exploring the

performance of the Darrius type wind turbine at blade tip speeds Ratio above 1, the effect of design

factors on its performance at TSRs below 1 is also investigated. The results were extracted from

numerical analysis recruiting Fluent software and the k-w SST turbulence model. The effect of

blade type, thickness, and chord length on turbine performance has been investigated. The blade

angle of attack (AOA) at TSR less than one was calculated using a new equation, and the results

were evaluated. The numerical study of the Darrius wind turbine showed that increasing the chord

length for symmetric and asymmetric airfoils from 0.1 to 0.2 m enhances the turbine performance in

drag-lift regime, whereas decreasing chord length improves turbine performance at higher TSRs.

The blade with a curvature of 4 % and a chord length of 0.1 m has the best performance at

TSR 2.25. Increasing the thickness from 18 to 22 % of chord length exerts a negative influence

on the turbine’s performance in both regimes, and at lower TSRs, NACA0018 airfoil with a chord

length of 0.2 m was of the optimum performance in the drag-lift regime.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Reducing reliance on the use of fossil fuels can be the result of
employing more wind energy [1]. Wind energy extraction is a
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critical concern nowadays, and wind turbines are among pri-
mary tools in this respect [2]. Large-scale wind power genera-
tion is generally conducted recruiting horizontal axis wind

turbines, while vertical axis wind turbines provide more flexi-
bility and are employed for a variety of purposes [3 4]. The
rotation of vertical axis wind turbines occurs within two

regimes of drag and lift [5 6]. In general, the blade tip speed
of vertical axis wind turbines in drag regime (such as Savonius)
does not exceed 1 and they can rotate at low wind speeds [7 8].

The functioning of a Darrius type wind turbine with straight
blades (H-Rotor) is within the drag and lift regimes, and there-
fore, the analysis of aerodynamic forces on the blades is partic-
ularly of difficulty [9]. When Darrius wind turbines are

categorized according on their rotational operating force,
two modes with respect to blade tip speed (TSR) below 1
and TSR above 1 are established. When TSR is less than

one, lift force and drag force operate simultaneously, whereas
when TSR is more than one, lift force is the sole source of tur-
bine rotation. The Darrius wind turbine with a straight blade

operates properly when the blade tip speed exceeds 1 and
enters the lift regime [10]. Before the blade tip speed reaches
1, only half of the travel path can be covered by the rotor

due to the lift force (the blades move in the opposite direction
of the wind), while the other half is supported by the drag force
[11]. However, once the blade tip speed of 1 is reached, the lift
force operates the entire rotation path. The primary issues with

Darrius type vertical axis wind turbines are self-rotation and
inability to achieve the starting torque for rotation at high
speeds, which is caused by incorrect turbine operation at TSRs

less than 1. To address the existing issue, numerous studies
have been carried out, each of which investigated the effect
of one of the design parameters on these modes. In some,

the influence of rotor solidity [12], airfoil shape [13 14], and
rotor dimensions ratio [15] on the self-rotation parameters
and performance of this type of turbine have been explored,

and an acceptable interval was then proposed with the aim
of solving this problem. Another proposed solution to elimi-
nate self-rotation issues and increase the Darrius wind turbine
performance is a variable pitch angle, which has been the focus

of research by designers and specialists in this field [16–18].
Despite this, proper analysis of Darrius type wind turbines
at TSRs below 1 can still suggest innovative approaches to

overcome the problems of this type of turbines.
Rotor solidity is affected by various factors such as chord

length, number of blades and rotor diameter. Increasing the

chord length in turbines with two and three blades improves
the performance to some extent, however, the wind turbine
performance will decline with increasing chord length [19].
Wind turbines with more blades have better performance at

low TSRs, but the performance of turbines with additional
blades decreases at high TSRs [20,21]. Enhanced turbine size
ratio increases power coefficient at TSRs less than 2, but not

at TSRs more than 2. This result was obtained from panel
method analysis on Darrius turbines [22]. In general, wind tur-
bine performance improves at high TSRs by reducing rotor

solidity [19–21,23–26]. Furthermore, while high-solidity rotors
can achieve a stable rotary speed faster, they perform worse at
lower blade tip speeds [27]. The self-rotation parameter can be

altered by employing different airfoils. Of the three NACA
symmetric and asymmetric airfoils, the EN0005 takes the least
amount of time to achieve a stable rotary speed. However, tak-
ing into account other parameters such as power coefficient
and stability in torque production, the Airfoil S-1046 provides
the best performance for the wind turbine. This is the result of
numerical research on a Darrius wind turbine with a straight

blade [28]. Others [13 29 30] support the finding that the prob-
ability of rotation at low Reynolds for curved airfoils is higher
than for symmetrical airfoils. Because of the greater angle of

attack, dynamic stall happens more frequently at lower blade
tip speeds. There are hardly any research reports demonstrat-
ing the phenomenon; that is why Tirandaz and Rezaeiha [31]

set out to investigate the effect of airfoil shape on dynamic
stall. Their research on 126 distinct types of airfoils revealed
that increasing the leading-edge radius reduces power coeffi-
cient in all cases and increased blade thickness can enhance

turbine performance at low blade tip speeds, but not at high
blade tip speeds [32]. Other studies tried to overcome to prob-
lems of H-type rotor Darrius wind turbine with changing in

the airfoil shape. Mingwe et al. design a new wind speed
self-adapting airfoils, they indicated that in the low TSRs mov-
able flap can improve the wind turbine performance but in the

high TSRs has not adventures to wind turbine [33].
The turbine begins to rotate at idle and progresses to the lift

regime through passing the drag-lift regime at blade tip speeds

less than 1. In drag-lift regime (blade tip speed less than 1), the
lift force acts in the opposite direction of the wind, while the
drag force acts in the same direction. Fig. 1 (a) depicts the
blades’ angle of attack at the speed of the blade tip below 1,

which reaches 180� in the direction of the wind.
The angle of attack above 90� shows that the drag force

acts on the blade. The red path depicts the location of the drag

effect. Fig.s 1 (a) and (b) shows the difference in angle of
attack effect for TSRs below and above 1. Researchers have
devoted more attention to the operating mechanism of the

Darrius turbine with respect to the lift regime due to its higher
power coefficient [34–36]. However, the majority of problems
with this type of turbine occur in drag-lift regime. The goal

of the present study is to use in on the drag-lift regime in order
to mitigate the negative impacts of low-starting torque on wind
turbines. In this regard, a relation to compute the blade attack
angle at blade tip speeds less than 1 is proposed, and the per-

formance of a Darrius type wind turbine with straight blades
in the drag-lift regime was explored using numerical analysis.
The drag-lift effect of design parameters such as airfoil type,

chord length, and airfoil thickness was investigated and then
compared to wind turbine performance in the lift domain.
Finally, appropriate design parameters were incorporated to

ensure effective functioning at low wind speeds and to over-
come self-rotation problem. Clearly, the goals of this study
are divided into the following three parts: 1) Defining the
new equation for calculating the angle of attack in TSRs below

one. 2) comparison the performance of Darrius wind turbine in
two regimes 3) proposed the appropriate design of Darrius
wind turbine to ensure effective functioning at low wind

speeds.

1.1. Geometry of simulated wind turbines

Six types of wind turbines with different airfoil shapes and
chord lengths were evaluated. Since the goal of this study
was to investigate the influence of variations in thickness,

chord length, and blade curvature on wind turbine perfor-
mance at blade tip speeds less than 1, three types of airfoils



Fig. 1 The velocity components in the rotor area in two situation. a) tip speed ratio below 1b) tip speed ratio above 1.
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were chosen with 0.1 and 0.2 m chord length: NACA0018,
NACA0022, and NACA4418. The dimension ratio of wind

turbines was assumed to be constant and equal to 1. Previous
studies have shown that the three-bladed rotor is of advantages
such as increased power coefficient at high TSRs and better

rotation at low Reynolds [12,20,37,38]. Three wind turbine
blades were used for this study. The rotor solidity was com-
puted using Equation (1), and the chord length was the only

element influencing the solidity change. The specifications of
the simulated turbines are shown in Table 1.

r ¼ Nc

D
ð1Þ

Simulations were performed at 5 different TSRs. Table 2

shows the parameters used in the simulations. The free wind
flow velocity was kept at 5 m for simulations, and TSR mod-
ifications were performed using the rotor speed. The challenges

associated with the self-rotation of Darrius type wind turbines
are lessened as the Reynolds number increases, and the pri-
mary problems are associated with low Reynolds numbers.
Accordingly, the Reynolds number was in the range of 3.5–7

� 104. The chord length parameter causes the very change in
Reynolds’ value. One of the most essential characteristics in
Table 1 Various simulated wind turbines.

Number Airfoil Chord Length (m) Rot

1 NACA0018 0.1 0.8

2 NACA0018 0.2 0.8

3 NACA0022 0.1 0.8

4 NACA0022 0.2 0.8

5 NACA4418 0.1 0.8

6 NACA4418 0.2 0.8
wind turbine operation is the angle of attack. The varied
behavior of the angle of attack at TSRs less than and greater

than 1 necessitates the use of two separate equations to com-
pute it. Since using the stated relation to determine the angle
of attack at TSRs above 1 yields an erroneous result for the

angle of attack at TSRs below 1, this study employed the equa-
tion (2) to calculate the TSR below 1 and the equation (3) to
calculate the TSR above 1.

au ¼ tan�1 sin h
k

V=V1
þ cos h

 !
ð2Þ

al ¼ au þ 180
au

au þ 1

� �
� h

180

� �� �
ð3Þ
1.2. Numerical solution

The simulations are based on the solution of incompressible

URANS simulations in conjunction with the four equations
transition SST turbulence model, all with second-order spa-
tial/temporal discretization. For the pressure–velocity cou-
or Height (m) Rotor Diameter (m) Rotor Solidity

0.8 0.375

0.8 0.75

0.8 0.375

0.8 0.75

0.8 0.375

0.8 0.75



Table 2 the parameters that used in simulation.

TSR 0.25 0.25 0.25 1.75 2.25

V1 (m.s�1) 5 5 5 5 5

x (rad.s�1) 3.125 9.375 15.625 21.875 28.125

Timespan to 1 cycle (s) 2.01 0.67 0.40 0.29 0.223

Time step size 0.558 � 10�5 0.186 � 10�5 0.1117 � 10�5 7.978 � 10�7 6.205 � 10�7

Re = [35 � 103-70 � 103]

Fig. 2 shows the schematic of the computational domain and

different regions of the computational grid.
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pling, the SIMPLE approach was employed. The commercial
CFD package ANSYS Fluent 17.2 was used as the solver.
According to previous findings, using the k-w SST turbulence

model can achieve results closer to the experimental data, so in
this study, the beforementioned turbulence model was utilized
for conducting simulations [25,39]. The simulated geometry

was split into stationary and rotary domains. The entire geom-
etry was built with dimensions of 15 � 25, and the no-slip
requirement was taken into account for the walls. The rectan-

gle’s sides were chosen as walls. Turbulent intensity was taken
into account at 5 % input, and zero static pressure geometry at
the output. Fig. 2 shows the schematic of the computational
domain and different regions of the computational grid.

The turbulence model utilized in this study was chosen after
a thorough securitized examination of seven commonly used
Reynolds averaged eddy-viscosity turbulence models in com-

parison to three different dissimilar experiments [40] and two
more advanced scale-resolving simulations [40,41]. According
to the findings, the four-equation transition SST turbulence

models are the best-performing eddy-viscosity tools for
URANS stimulation of complicated unsteady aerodynamics
of VAWTs in dynamic stall. For simulation, the transient

mode was used. The time step was taken into account for
0.1� of rotor rotation. A time step of 0.1� was computed based
on the rotating speed and time necessary for navigation. The
calculated time course for the simulations results in 3600-

time steps per turbine cycle. To guarantee that the residues
were less than 5–10, 10 rotor rotations were simulated for each
simulation, i.e., a total of 36000-time steps. The results pre-

sented in this study are for the eleventh rotation of the rotor.

1.3. Validation

Each of the rotors was subjected to four different forms of
meshing. The number of nodes divided on the airfoil, the dis-
tance of the first layer from the wall, and the degree of rotary
domain surface refinement were variables that affected the

number of nodes and elements in each mesh, leading to differ-
ent numerical analysis results for each. The Cp value for the
four mesh types developed, which converge in the two final

mesh types, shown in Fig. 3. These simulations were performed
for TSR 0.75. Finally, type 4 mesh was employed for simula-
tion, and with respect to this, the study’s results are reported.

The mesh properties are shown in Table 3. The value of
y + for each mesh indicates that the height of the first layer
of mesh from the wall is good.

The numerical grids were validated with laboratory results
prior to data curation from the simulation. The turbine
recruited for the present study comprises three blades of
NACA0015 airfoil, rotor diameter of 1.25 m, and height of
3 m. The wind speed was assumed to be constant at
13.45 m/s. McLaren et al (2012) numerically simulated the



Fig. 3 The power coefficient at TSR 0.75 of 6 simulated turbines

in 4 mesh type.
Fig. 4 Comparison of experimental and numerical results of

power coefficient of previous studies and current study in 13.45 m/

s wind speed.
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same wind turbine [40]. Two years later, researchers numeri-

cally simulated the evaluated turbine again [41]. k-w SST
was used to model the turbulence in both numerical analyses.
The simulation findings from the current investigation, as well

as the experimental and numerical results from the two previ-
ous studies, are displayed in Fig. 4.

Mac and Bass numerical results converge well with the lab-
oratory results from TSR 0.4 to 1.25, however, from TSR 1.25

onwards, the values obtained for Cp revealed greater values
for the turbine. The largest discrepancy between the numerical
findings of the current study and the laboratory data is noticed

at TSR 1.75 and higher, which is related to TSR 2.4, although
the general trend of the numerical results of the current study
is fairly near to the laboratory results. The overall trend of

power coefficient that obtained from numerical simulation of
this study with experimental results shows the stability of the
results. Finally, to better display the research process a flow-
chart of study was drawn. As can see in Fig. 5, qualitative

attributes were used for Cp and Cm, which is to compare
two wind turbine working regimes.

2. Results and discussion

2.1. The effect of airfoil geometry on power coefficient and
torque

The effect of curvature, chord length and airfoil thickness, on

power coefficient and torque, was investigated. Turbine perfor-
Table 3 mesh properties of six different turbine.

Airfoil Chord Length

(m)

Number of element in rotary

domain

Numb

doma

NACA0018 0.1 179,599 22 �
NACA0018 0.2 157,659

NACA0022 0.1 168,595

NACA0022 0.2 146,593

NACA4418 0.1 186,592

NACA4418 0.2 175,864
mance differs at TSR less than 1 and TSR greater than 1. This

means that airfoils that provide high turbine performance at
TSR below 1 may not be advantageous for the turbine at
TSR above 1. Comparing the two airfoils NACA0018 and

NACA4418 with a chord length of 0.1 m, the curvature of
the airfoil has increased the demand for power and torque
(Fig. 6). The researchers discovered that airfoil curvature at
lower TSRs would increase turbine performance when com-

pared to NACA0015 and NACA4415 airfoils [42].
However, symmetrical airfoils performed better up to TSR

2.25 with a chord length of 0.2 m. Increasing the chord length

definitely improved the wind turbine’s performance at TSR
less than 1. This is true for all three airfoils. However, at
TSR greater than 1, increasing the asymmetric airfoil chord

length will cause the turbine to fail. Longer chord length in
symmetrical airfoils of NACA0018 and NACA0022 improves
Cp at TSR up to 2.25, however, airfoils with shorter chord

length performs better at TSR 2.25. Increasing the airfoil
thickness from 18 % to 22 % at all tested TSRs reduces tur-
bine performance. This finding is in line with previous studies
[43 31].

2.2. Effects of torque and angle of attack on wind turbine

performance at different TSRs

Fig. 7 depicts the torque of each turbine blade at TSR 0.25.
Fig. (7.a) depicts the output torque of a NACA0018 airfoil tur-
er of element in stationary

in

Grade node on the

blade

Maximum

y
+

103 250 2.2

500 2.1

250 2.8

500 2.3

250 3.5

500 3.6



Fig. 5 Flowchart of the research process.

Fig. 6 performance of six different turbines a) power coefficient b) moment coefficient.
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bine with a chord length of 0.1 m at 360� from the azimuth
angle. The torque produced at angles 15� to 45� and 210� to
240� is considerable for blade number one and is reproduced

with a 120� difference for blades two and three. Although there
is output torque at other azimuth angles, it is not significant or
is negative. Fig. 8 depicts the wind turbine blade attack angle
for five different TSRs at azimuth angles ranging from 0� to
360�. The angle of attack at TSR 0.25 and 0.75 was calculated
using Equation (3). Fig. 8 shows that after passing an azimuth
angle of 100�, the blade will have an angle of attack of more

than 90� at TSR 0.25. As a result, if a positive torque is gener-
ated at this TSR and the azimuth angle of 100 to 250�, it is due
to the drag force of the wind current acting on the blade .By
comparing Figs (7.a) and (8), it is clear that the low angle of



Fig. 7 Generated torque in TSR 0.25 for six turbines.

Label Blade Chord length (m)

a NACA0018 0.1

b NACA0018 0.2

c NACA0022 0.1

d NACA0022 0.2

e NACA4418 0.1

f NACA4418 0.2
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Fig. 8 the wind turbine blade attack angle for five different

TSRs.
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attack at azimuth angle 15� to 45�, as well as the action of wind
flow on the blade as a lift force, have caused torque around the
rotor axis, whereas at azimuth angle 210� to 240�, the degree of
positive torque produced is due to the drag force. Fig. (7.b)
shows the torque produced by the NACA0018 airfoil with a
chord length of 0.2. Based on the explanation above, it can

be claimed that if a positive torque is generated at an angle
of 0� to 90� and 270� to 360� from the azimuth angle, it is
due to the lift force, and in the range of 90� to 270�, all positive
torques are produced by the drag force. Other researchers have
been found that in the critical region, where TSR less than 1,
the contribution of the drag to the torque generation plays a
significant role in the second and third quarters of the rotor

revolution, where the azimuthal position varies between 100�
and 253�.[44] Due to the longer airfoil length, the amount of
torque caused by drag and lift forces is greater than that of

the same blade with a chord length of 0.1 m. It differs for
blades with NACA0022 airfoil and chord length 0.1 m.
(Fig. (7.c)). Because of the larger blade thickness in this type

of turbine, the output torque is exclusively determined by the
drag force, and the lift force is unable to rotate the rotor at this
TSR. Although the drag interval is greater in this airfoil based

on drag force than in the NACA0018 airfoil with 0.1 chord
length, the total torque for all three blades is smaller. Increas-
ing airfoil thickness from 18 % to 22 % will exert a significant
adverse impact on wind turbine performance. The torque-

azimuth angle curve of a turbine with a NACA0022 airfoil
with a chord length of 0.2 is shown in Fig. (7.d). Compared
to Fig. (7.b), the torque produced in the lift domain is smaller,

while the torque produced owing to drag force is greater by
22 %. However, the overall output torque of all three blades
for airfoil turbines is higher by 18 %. The curvature of the air-

foil increases the positive torque produced by the drag force.
The increase in torque owing to drag force is so large that it
exceeds the maximum torque generated by the lift force. It is

shown in Fig.s (7.e) and (7.f). The blade number one in
Fig. (7.e) has a peak due to the lift force in the azimuth angle
range 15� to 45�. Then at angles 105� to 120�, 135� to 150� and
210� to 240�, it has a positive torque due to the drag force. At

TSR 0.25, NACA4418 airfoil with a chord length of 0.1 pro-
vides greater torque compared to symmetrical airfoils with
the same chord length. In the NACA4418 asymmetric turbine

with a chord length of 0.2 m, the number of torque peaks gen-
erated in consequence of the drag force is greater, however
they are not necessarily greater than of the turbine with sym-

metrical airfoils. This is shown in Fig. (7.f). The torque-
azimuth angle curve for six turbines at TSR 2.25 is depicted
in Fig. 9. Two TSR 0.25 and 2.25 were employed to further
determine the differences in torque generation mechanism at

TSRs greater/less than 1. By comparing Fig. 7 with (9), it
can be seen that the angle of attack at TSR 2.25 does not
exceed 45�. This means that the drag force does not produce

positive torque at any azimuth angle. The lift force exists as
a factor of positive torque production at all angles. The
NACA0018 airfoil with a chord length of 0.1 m is demon-

strated in Fig. (9.a). The peak torque produced by blades is
1.6 N.m, each of which generated a positive torque at 120�.
The peak torque produced by the NACA0018 airfoil with a

length of 0.2 is 3.7, indicating that this airfoil is of high capa-
bility to produce torque at TSR 2.25 (Fig. (9.b)). Torque-
azimuth angle curve of NACA0022 airfoil with 0.1 m and
0.2 m length is shown in Fig. (9.c) and (9.d). The positive effect
of increasing the chord length on the output torque can be
found upon comparing the two symmetrical airfoils. Previous

research has shown that Cp rises with chord length [19]. Since
modifying chord length affects rotor solidity, the best range for
each turbine must be determined. At TSR 3.06, asymmetric

airfoils provided better performance among airfoils with the
same chord length, and with increasing curvature for the
NACA63A612 airfoils, the maximum Cp occurs at lower TSRs

[32]. Fig. (9.e) and (9.f) depicts the output torque for the
NACA4418 airfoil. The airfoil’s curvature of 44 % has a pos-
itive effect on turbine performance, therefore the maximum

torque coefficient belongs to this airfoil. The torque peak at
TSR 2.25 is larger in the NACA0018 airfoil with a chord
length of 0.2 m, however the average positive torque is higher
in the NACA4418 airfoil with a chord length of 0.1 m as a con-

sequence of stronger negative torque with respect to this type
of airfoil. Comparing Fig. (9.a) and (9.e), it is clear that at
TSR 2.25, the curvature of the airfoil minimizes the negative

torque produced while increasing the average torque.
Figs. 10 and 11 exhibit graphics from numerical simulations

to help understand how the blade attack angle changes. These

two schematic graphics are for TSR 0.25 and 2.25. The blades’
number one, two, and three are represented in five positions at
23�, 143�, and 263� from the azimuth angle, with a difference
of nearly 18�. We can approximate the value of the blade

attack angle by tracking the blade after passing the wind flow
around it, this is clearly shown in Fig. 10, when TSR is 0.25.
The second blade in Fig. 10 is in the drag position and the

blade trace is created at the tip of the blade. The position of
the blades is the same in both Figs. 10 and 11. The blade trace
extends all the way behind the blade, indicating a small attack

angle. The lift force is the reason of the positive torque at TSR
2.25 and along the course of the blade, as shown in Fig. 11.

2.3. Torque produced at different TSRs

In order to investigate the influence of airfoils and their behav-
ior at different TSRs, the accumulated torque produced by
each of the airfoils is depicted in Figs. 12 to 16.

In each rotation cycle, each of the airfoils produced three
notable peaks. The lift force generates peaks at azimuth angles
of approximately 45�, 165�, and 285� (Fig. 12). Except for the
NACA0022 with a chord length of 0.1 m, all airfoils produced
two or three additional peaks due to the drag force between the



Fig. 9 Generated torque in TSR 1.25 for six turbines.

Label Blade Chord length (m)

a NACA0018 0.1

b NACA0018 0.2

c NACA0022 0.1

d NACA0022 0.2

e NACA4418 0.1

f NACA4418 0.2
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Fig. 10 Contour of speed around blades turbine in TSR 0.25.

Fig. 11 Contour of speed around blades turbine in TSR 1.25.
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two peaks produced by the lift force. The angle of attack, as
shown in Fig. 8, is a useful tool for determining the type of tor-

que produced. Due to lift and drag force, all three airfoils with
Fig. 12 Generated torque of si
a chord length of 0.2 m were of higher torque values. Of air-
foils with a chord length of 0.1 m, the NACA4418 airfoil pro-
duced the maximum torque by virtue of the lift and drag force.

Some researches in the literature show that, increasing in thick-
ness of the blade can improve the drag force in low TSRs, this
result also achieved in this study [31–32].

At azimuth angles of 115�, 235�, and 355�, it is obvious that
the torque due to drag force is greater in asymmetric airfoils
(Fig. 12). In Fig. 13, only the torque produced (at TSR 0.75)

as the consequence of the lift force had a pick, nevertheless,
the torque produced by the drag force is detected for the
NACA0022 airfoil with a chord length of 0.1 m at angles
115�, 235�, and 355� from the azimuth angle other airfoils

had negative torque in this azimuth angles. At this TSR, the
highest positive torque was produced by the NACA0018 air-
foil with chord length of 0.2 m. The positive effect of increas-

ing the chord length on the produced torque is evident in two
symmetrical airfoils. However, in the case of an asymmetric
airfoil, reducing the chord length enhanced wind turbine per-

formance at TSR 0.75. Fig. 14 shows that two symmetrical air-
foils with chord length of 0.1 m were of negative torque at TSR
1.25. An asymmetrical airfoil with a chord length of 0.1 m, on

the other hand, travels entirely in positive torque. In this TSR
(1.25), longer chord length enhances turbine performance in
both symmetrical and asymmetrical airfoil regimes, and the
optimal turbine performance is associated with the

NACA0018 airfoil with 0.2 m chord length. The NACA002
airfoil with 0.1 m chord length had the poorest performance
at TSR 1.75 (Fig. 15). The performance of the turbine was

enhanced at this TSR by increasing the chord length in sym-
metrical airfoils, while an asymmetrical airfoil with a shorter
chord length gives rise to more uniformity and torque.

Fig. 16 shows the torque-azimuth angle curve for TSR 2.25.
The performance of the turbine with symmetrical airfoil and
longer chord length reduces drastically at this TSR, whereas

the airfoil with shorter chord length provides more uniform
torque. At this TSR, asymmetric airfoils outperformed sym-
metrical airfoils, with that the NACA4418 airfoil with 0.1 m
chord length having the maximum torque coefficient. Based

on the experimental results of the research of Sengupta et al
(2016), symmetrical airfoil in the low TSRs can work better
than asymmetrical airfoil and in the high wind speed asymmet-

rical airfoil have better performance [11]. Similarly, this result
can be found that in Fig. 16.
x wind turbine in TSR 0.25.



Fig. 13 Generated torque of six wind turbine in TSR 0.75.

Fig.14 Generated torque of six wind turbine in TSR 1.25.

Fig. 15 Generated torque of six wind turbine in TSR 1.75.
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3. Conclusions

Rotation in vertical axis wind turbines begins at a standstill

mode and progresses to the lift regime after passing through
the drag-lift regime. The main problems with this type of tur-
bine are that in drag-lift regime, the initial torque does not

overcome the rotational inertia and friction of the mechanical
parts of wind turbine, making it difficult or impossible to
achieve TSRs above 1. The purpose of the current study was
to determine how to mitigate the aforementioned issues by

modifying design parameters such as chord length and airfoil
type. In this regard, another goal was to investigate the perfor-
mance of Darrius vertical axis wind turbines at various TSRs.

Computational fluid dynamics method was used to perform
the tests. Prior to extracting the results, the independence of
the network results was ensured, and the results of the present

study were validated with the experimental results and CFD of



Fig. 16 Generated torque of six wind turbine in TSR 2.25.
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the previous studies. The behavior of the turbine differs in
drag-lift and lift regimes, so that a change in operation design

parameters may improve turbine performance at TSR below
one while the same parameters may disrupt turbine perfor-
mance by increasing TSR over one. The findings from the

study can be summarized as follows:

1) Blade thickness

� Increasing the airfoil thickness from 18 % to 22 % reduces
turbine performance at all TSRs. However, one of the ben-
efits of increasing the thickness from 18 % to 22 % along
the 0.1 m chord is a decrease in negative torque at TSR

0.25.
� One of the problems that airfoils with 22 % of thickness
and 0.1 m of chord length have is negative torque in the 0

to 90 degree of azimuth angle at the 0.25 and 0.75 of TSRs.
While maximum positive torque appears in this position for
other airfoil by lift force.

2) Chord length
� When the TSR is less than 1, increasing the chord length
produces more torque due mainly to the lift and drag force.
Although the negative points on the torque-azimuth angle

curve are deeper for longer chord length airfoils, their aver-
age torque is higher.

� At TSR 1.75 onwards, the effect of increasing the chord

length will be reversed comparing with the smaller TSRs,
causing a decline in turbine performance.
3) Symmetric and asymmetric airfoils

� The curvature of the airfoil particularly exerted effect on
the performance of the turbine with chord length of
0.1 m, and this was noticed in both drag-lift and lift

regimes. TSR 2.25 provides the maximum Cp for the
NACA4418 airfoil.

� Maximum Cp occurs in curved airfoils at upper TSRs.
However, at TSRs less than 2, the NACA0018 airfoil with

0.2 m chord length outperformed other airfoils.
4) Overall conclusion

� By comparing the angle of attack obtained from the given

relation (3) and the results of the velocity contour around
the blade at TSR below 1, one can well understand the
behavior of the torque-azimuth angle curve; so that if the

angle of attack surpasses 90�, the likelihood of producing
positive torque owing to drag force increases. In other
words, positive torque produced at an angle of attack
greater than 90� is a direct result of drag-force action on
the blade.
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