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KEYWORDS Abstract This paper aims to enhance the performance of H-Darrieus Vertical Axis Wind Turbine
H-Darrieus; (VAWT) via introducing upstream deflectors. The impact of this addition has been investigated and
Vertical Axis Wind Turbine; discussed through different deflector configurations. The turbine performance before and after add-
Deflector; ing different wind rotor barriers was compared. A two dimensional, incompressible, transient, and
Aerodynamic performance; turbulent flow model was built up in order to simulate the air flow around the turbine blades. Model
CFD verification and validation were performed through comparing the model solutions using different

mesh sizes, time steps, turbulent models, and discretization schemes. Computational Fluid Dynam-
ics (CFD) models were validated to provide novel insights on the effect of the deflectors on the aero-
dynamic characteristics of a VAWT blades. Results showed that the presence of a single deflector
increases the highest value of the moment coefficient of the bare configuration by 24%, either
increases the negative torque values, while two defectors increase the maximum value by 22%
and the overall average value of the moment coefficient over the optimal range for the tip speed

ratio.
© 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-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Nomenclature
c cord length V wind velocity
Cm Moment Coefficient o angle of attack
Cp Coefficient of performance w Angular speed
D rotor diameter A Tip speed ratio
H rotor height A Tip speed ratio
L reference length o Rotor Solidity
N number of blades %] azimuth angle
R turbine radius
t Time Step

generation due to its compactness and adaptability for domes-
tic installations. In contrast, it is well known that VAWTs have
lower efficiency compared to Horizontal Axis Wind Turbines
(HAWTS) [1]. Researchers and wind turbine industries are try-
ing to optimize the VAWT rotor designs to improve their per-
formance. Some numerical codes, such as vortex model or
multiple stream tube model, have been established for VAWT
performance predictions and efficiency optimization. How-
ever, these codes are based on 1D simplified equations and
accurate aerodynamic experimental data for the required air-
foils [5]. Previous research shows that there are two ways uti-
lized to reach the goal of maximizing the power generated
from wind turbines. The first way is to apply some modifica-
tions on the initial wind turbine design, and the second one
is to insert a power augmentation device to the bare wind tur-
bine without any change of its main design. Bukala et al. [6]
mentioned the effect of the tower height on the performance
of small wind turbines. It was found that increasing the tower
height for the same wind speed enhances the wind turbine effi-
ciency significantly. Other geometrical parameters that affect
the wind turbine performance were described, such as pitch
angle, twist angle, tilt angle, turbine size, airfoil shape, and
others [7-9]. A pitch angle of 2° has been discovered to be
the best angle as it increased the wind turbine coefficient of
performance by about 6.6% [7]. It was deduced that the torque
generated from the wind turbine is directly proportional to the
cube of rotor diameter, while the aerodynamic forces increase
with the square of the diameter [9]. New wind turbines designs
were proposed and studied for the same purpose of ameliorat-
ing their efficiency [10-18]. El-Baz et al. [11] suggested an opti-
mized Savonius wind turbine system design comprising three
turbine rotors arranged in a triangular pattern. They found
that the performance was improved significantly compared
with the single rotor design. Fatehi et al. [10] presented a dif-
ferent airfoil shape by deploying an optimized cavity on it. It
was concluded that the blade with cavity could increase the
stall angle of attack by 3°. Furthermore, Hashem and
Mohamed [12] introduced a research on 24 new straight-
bladed Darrieus wind turbine airfoils including symmetric
and non— symmetric shapes. It was revealed that the three-
bladed Darrieus turbine with S1046 as a sectional profile gives
the maximum performance. Govind [19] proposed a different
innovation by combining horizontal and vertical axis wind tur-
bines in the same model in order to benefit from the advan-
tages of both wind turbine types and improve the overall
performance. On the other hand, some researchers preferred
to rely on augmentation devices such as diffuser, guide vanes,

stator, shroud, plate, deflector, or duct to enhance the wind
turbine efficiency as mentioned previously [14,20-30]. Many
research studies [20,23-26] were concerned with diffuser-
augmented wind turbines (DAWTSs) and they found that the
diffuser has a positive effect on the performance of wind tur-
bines, as it concentrates and deflects the wind flow to increase
the positive torque and reduce negative torque. Stator vanes
have a similar impact on wind turbines performance as
described in [27] and [28]. Otherwise, adding a deflector to
the conventional wind turbine system was discovered to be a
simple way to enhance the coefficient of performance and
reduce the negative torque induced from the returning blades
as mentioned in the referred studies [14,21,22,29,30]. More-
over, the deflector accelerates the wind flow towards the
advancing blades. Golecha et al. [29] and Mohamed et al.
[30] aimed to modify the Savonius wind turbine performance
with the aid of flat plate deflector. Besides, Golecha et al.
[29] investigated the effect of the flat obstacle for single, two,
and three stage rotors. Other research studies decided to ben-
efit from the deflector effect from both sides by working on
counter-rotating wind turbines model [21,22]. Finally, a new
self-orienting curtain system was suggested by Tartuferi et al.
[14] and deployed with Savonius wind turbine. The majority
of studies regarding the effect of the deflector on the wind tur-
bine performance currently focus on Savonius wind turbines,
while Darrieus wind turbine studies are not widespread for this
point of research.

The novelty of the presented study is the investigation of
changes of the aerodynamic performance of three-bladed H-
Darrieus VAWT resulting from adding different plate deflector
configurations. In the current study, a 2D transient model,
have been investigated to compare and optimize the Darrieus
wind rotor performance with and without deflector, in order
to maximize the power captured from wind energy. The results
will provide wind turbine designers with a method to estimate
the performance of VAWT.

2. Problem description and setup

In this study, Finite Volume Fluent Solver has been investi-
gated, using Unsteady Reynolds Averaged Navier Stokes
(URANS) governing equations, to capture the effect of differ-
ent deflector configurations on the aerodynamic performance
of vertical axis wind turbine airfoil. A two dimensional, incom-
pressible and turbulent flow model has been represented in the
current study.
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Table 1 Main geometrical rotor features.

D, otor [mm] 1030

H, o100 [M] 1 (2D simulation)
N [-] 3

Blade profile NACA 0021

¢ [mm] 85.8

o /[-] 0.5

Where, D, os0r, Hyoror» N, ¢ and O are Rotor Diameter, Rotor Height,
Number of Rotor Blades, Blade Chord and Rotor Solidity
respectively.

This section contains a brief explanation of the procedure
used to compute the coefficient of momentum (C,,), followed
by the validation of numerical model results against wind tun-
nel results. Then, the effect of the deflector was analyzed using
two different configurations. The two represented deflector
designs were single deflector and double deflector with nozzle
flow action. These deflector configurations were compared
with the case of a bare wind turbine.

2.1. H-Darrieus wind turbine geometry features

Table 1 summarizes the main geometrical features of the Dar-
rieus wind turbine used in this study and described by Castelli
et al. [31]. As there are no provided information on the shaft,
the CAD of the rotors were simplified eliminating the shaft
and representing only the blades.

2.2. Wind turbine governing parameters

The total moment coefficient used in the numerical model is
estimated as the sum of moment coefficients of the three

blades. The fluctuating moment coefficient values are averaged
in order to predict the turbine global efficiency. Being a tempo-
rary state, the transient effect must not be taken into account,
in the first three cycles, because the solution is not yet stable.
Our model validation has been investigated by comparing
the coefficient of power (C,) vs. tip speed ratio (/) curve with
results in the literature. In order to obtain the C, from the pre-
viously computed C,, value, the following equation is used:

C, = ColoL)/V (1)

Where, o, L and V" are Rotor Angular Velocity, Reference
Length and Wind Velocity respectively.

When the turbine simulation is 2D, the value of L is equal
to the radius of the turbine (R) as described in [32].

By substitution, Eq. (1) becomes:

C,=Cu(wR)/V (2)
But the equation that describes the tip speed ratio (4) is:
A= (wR)/V (3)

Then, in order to validate the numerical results, the final
equation used to obtain the (C,) from averaged (C,,) calculated
value is:

C,=Cnl 4)
2.3. Numerical details and solver setup

As the aim of the present work is the simulation of a turbine
operating in open field conditions and because of the huge
domain width necessary to avoid solid blockage, inlet and out-
let boundary conditions were placed using the presented
dimensions in Fig. 1. The computational domain is divided
into two parts: A stationary field consisting of the outer
domain and a rotating domain containing the turbine blades.

Velocity Inlet

Symmetry

LY
= Ry
— = ( )
INTERFACE
[ 40m |
40 m

Pressure Outlet

—

Symmetry

Fig. 1

Computational domain.
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Fig. 2 Mesh Independency Test.

The two domains are coupled together via a sliding mesh tech-
nique and linked through ““interfaces”. Two symmetry bound-
ary conditions were used for the two side walls.

Grid independence has been checked by simulating the
VAWT, at wind speed of 9 m/s and tip speed ratio (1) of
2.51, with three different grids. Coarsening and refinement
has been made by halving and doubling the number of ele-
ments respectively in all directions, without changing the
dimensionless wall distance Y plus. Results for the average
power coefficient do mnot differ for more than 107 units.
For the entire domain, an unstructured mesh composed of
triangular elements was used, gradually refining towards the

rotor region to capture the development and mixing of the
wake behind the rotor. For the blade discretization, on the
other hand, an O-grid of quadrilateral elements was used,
as shown in Fig. 3, in order to adequately resolve the bound-
ary layer surrounding the airfoil. The intermediate mesh with
650,000 elements has been retained since meets accuracy
requirements at an affordable computational cost. The mesh
independency and the resulting mesh are shown in Figs. 2
and 3 respectively. The range of values of the dimensionless
wall distance Y plus (Y + ) through the wind turbine blade
airfoils were less than 1. The first grid height around the air-
foil is 5.4 pm.

Fig. 3 Grid distribution around one rotor blade.
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2.4. Numerical setup

The aerodynamic behavior of the three-bladed Darrieus
VAWT was numerically investigated at different angular
velocities for a constant wind speed of 9 m/s.

The CFD model used in this study is based on the solution
of the two—dimensional unsteady Reynolds Averaged Navier
Stokes equations (U-RANS), utilizing k-@ SST model to
resolve the turbulent problem. The SIMPLE algorithm is used
to solve the coupled velocity—pressure problem. A second-
order upwind scheme is used to calculate momentum, turbu-
lence kinetic energy and dissipation ratio. The inlet boundary
was set as a velocity-inlet, the outlet boundary was set as a
pressure-outlet, and the airfoil surface was set as a wall with
no slip.

The time step (4¢) calculation is evidently dependent on the
angular velocity of the wind turbine and indicates the number
of degrees that the mesh rotates in every calculation [33].
Because of the great variation of angular speed and the com-
plexity of the flow field, it was impossible to find an optimal
time step for the transient solver. Above all at high angular
speed and high wind speed the time step should be very little
to sufficiently simulate rotation and capture the little time scale
of turbulence. In addition, the time step impacts the numerical
iterative process of the solver, that means that too great a time
step leads to unphysical results, while too little a time step
leads to great increase in computation time. Basing on these
considerations, time step was optimized performing several
simulations at different angular speed for both rotors. A first
attempt value was fixed considering the angular velocity.
Establishing an angular step of 1°, it was calculated the relative
time step as follow:

A
©="Ar ©)
A
ar =22 (6)
1)
Where, ¢ is the Deflector Azimuth Angle.
o 1
A= 3600 @

As these time step values did not meet the convergence cri-
teria and led to bad results compared to experimental data,

they were gradually decreased till the solution was converged
and the results using two consecutive time steps were negligi-
ble. The time step for the current simulation was At = 4.274
x 10* s. This gave a Courante-Friedrichs-Lewy number
(CFL) less than 1 for the rotating grid. According to Trivaletto
et al. [34], CFL should be less than 0.5 for constant grid spac-
ing, but in most numerical simulations, grid spacing is not con-
stant. It was proved that a linear relation between CFL
number and numerical error exists also for meshes with vari-
able sized elements; as the CFL number is reduced, the numer-
ical error points to a minimum value and this is true for 1D
and 2D problems alike.

The angle of attack is determined by a simple relationship
between the azimuth angle and the speed ratio. It can be calcu-
lated as follows [35]:

sin (¢) }

A+ cos () 8]

o =tan"! {

2.5. Added deflector configurations

To improve the wind rotor aerodynamic performance, it is
important to avoid the negative torque that forms in the
adverse direction of the rotor’s rotating direction. Two deflec-
tor designs have been introduced and investigated for the pur-
pose of increasing the aerodynamic performance of the
Darrieus wind rotor without making any modifications in its
elementary structure. Figs. 4 and 5 show the single deflector
and double deflector with nozzle flow action configurations
respectively. In the double barrier arrangement, o~ represents
the angles of curtain plates. According to [36], it has been indi-
cated that the best performance for wind rotor is obtained at
o = 80° and B = 80°. Consequently, these angles have been
used in the current study.

3. Verification and validation

Firstly, the mesh sensitivity was checked obtaining the mini-
mum number of cells that could be used in the full two-
dimensional Navier-Stokes simulation. Secondly, to ensure
that the numerical model is suitable for the free-stream flow
past the wind turbine rotors, the numerical simulation was
compared with the experimental and numerical data presented

Fig. 4 Single Deflector Configuration Design.
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Fig. 5 Double Deflector with Nozzle Flow Action Configuration Design.
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Fig. 7 Angle of attack versus azimuth angle.

by Castelli et al. [31]. The simulative conditions were matched
to the wind tunnel set-ups. Wind speed at test section entrance
has a value of 9 m/s.

A comparison between the numerical results and the exper-
imental data of the power coefficient (C,) variation with tip
speed ratio (4) has been investigated using two common turbu-
lence models, used in the previous literature studies [5,31,36],
which are Realizable k-e model [37.38] and k-o SST model
[39,40].

As shown in Fig. 6, the numerical results of k- SST model
provide a reasonable description of the flow at different tip
speed ratios considering the losses in the experiments, includ-
ing wind tunnel blockage [31], have not been taken into
account. The results agree with previous comparisons of turbu-
lence models for Darrieus VAWT [30]. Therefore, the k- SST
model was confirmed to be viable for the free-stream flow past
the VAWT airfoils. Despite the observed discrepancy, the
numerical and experimental curves have the same trend and
the CFD, which improves upon previous CFD results, accu-
rately captures the maximum power coefficient tip speed ratio.
There is a consistent difference between the experimental and
computational data, which can be attributed to the combined

effects of 2-D modelling, hub drag, and wind tunnel blockage
[30,31,35].

4. Results and discussion

This section presents the results for three turbine configura-
tions. For each configuration, the moment coefficient was cal-
culated, and flow contours were created to show the effect of
the flow deflection on the performance of the turbine.

Fig. 7 shows the fluctuation in angle of attack with azi-
muthal at different TSR. The peak value of the angle of attack
is affected significantly by TSR value and its location is shifted
slightly with the increase in TSR. It is observed that the big
fluctuation of the angle of attack with variation in azimuth
angle. This big fluctuation of angle of attach affects the coeffi-
cient of moment and hence the overall performance of the ver-
tical wind turbine. Therefore, it is essential to find a proposed
technique to reduce the variation in the angle of attack. This
can be achieved by control the wind direction and value using
a guide vane or modifying the blade angle. In this study the
symmetrical airfoil 0021 was used which has optimum angle
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Average coefficient of moment

All blades
— First blade
Second blade
Third blade

200
Azimuth angle, deg

250

Fig. 8 Numerical moment coefficient of the bare three-blade H-Darrieus turbine.

of attack in range of 10 to 17°. This will explain the poor aero-
dynamic performance of the bare Darrieus turbine at low TSR
which may result in stall at high values of the angle of attack.

For a TSR of 2.5, Fig. 8 shows the moment coefficient fluc-
tuation at different azimuth angles, which are affected by the
angle of attack, wind speed and blade rotation speeds. Three
peaks are observed for each blade at 6 roughly equals to 90°,
210 and 330. This is due to the lift force, which is responsible
for the rotation of the blade, increasing with the increase of
angle of attack as the blade begins to rotate. However, when
the blade chord is perpendicular to the wind flow direction
at 90°, the airfoil reaches its maximum or critical angle of
attack. From that point, the blade begins to stall, and the lift
force faces a big decrease resulting in low coefficient of torque
values. However, this is an instantaneous stall, due to the rota-
tional movement of the blade of the VAWT.

Fig. 9 shows the overall average C,, trend against TSR for
the three turbine configurations. All configurations result in
low C,, at the lower value of TSR which indicates low startup
torque by utilizing the Darrieus rotor turbine. As the TSR
increases, the C,, increases to a maximum value then
decreases again. This is owing to the effect of TSR on the
angle of attach as previously shown in Fig. 7. It is observed
also in Fig. 9 that the existence of the deflector extends the

operation range of the turbine rotor and enhances the perfor-
mance. The bare Darrieus has reached a maximum moment
coefficient at a TSR of 2.6, while the turbine with a single
deflector achieved its peak value at TSR of 3.1, and the tur-
bine with 2 deflectors reached its optimum value at TSR of
3.3, which is the best of the three configurations. This results
from the enhancement in the aerodynamics performance by
implementing the directional guide vane, which will be dis-
cussed later.

Fig. 10 shows the variation of the 3-blade average C,, with
the azimuth angle for the three turbine configurations at a TSR
of 3.3. As a result of flow deceleration in front of the flat plate
deflector, a low velocity zone has been created, which leaded to
blockage effects. The wind flow was then separated and
deflected to the top and the bottom, which resulted in high vor-
tices wake region being created downstream the deflector.
Another important function of the deflector is that it acceler-
ates the wind flow significantly when the wind hits it at its
top and bottom. While using a single deflector increases the
maximum torque value due to the increase in the flow velocity
flowing over the blade, it has an adverse effect on the negative
torque. Utilizing two deflectors upstream of the turbine rotor
overcomes this drawback by blocking the flow in the zone
where the rotor blade rotates opposite to wind direction and
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Fig. 9 Numerical moment coefficient of three-blade H-Darrieus turbines comparing aerodynamic performance of bare, single and

double deflectors.

concentrating the flow in the zone where the preferable angles
of attack occur.

The overall result is a higher maximum coefficient of
momentum for both the single and double deflector configura-
tions compared to the bare turbine. The single deflector config-
uration has the disadvantage of some azimuthal angles with a
negative coefficient of momentum, but these are eliminated
with the double deflector configuration. The results for the
coefficient of momentum are reflected in the calculated torque,
which is discussed below.

Table 2 compares the values of forces and torque at differ-
ent azimuth angle for all turbine configurations at TSR of 3.3.
For all configurations, the worst zone was located from 0 to
30°, and the crest torque value range is located from 60 to
120°. When the blade passes through the downstream region,
the pressure difference between the inner and the outer sur-
faces of the blade becomes smaller than in the upstream region.
This is due to the dissipation of wind energy in the downwind
zone of the turbine. Consequently, the torque created in the
upwind region becomes much greater that the downwind
region.

Adding one deflector in front of the turbine rotor increase
the positive torque in the co-rotating zone due to the creation

of the wake behind the deflector, which causes the flow to
accelerate toward the blades in the potential zone. However,
the presence of the deflector results in more reduction in torque
in the counter-rotating zone for the same reason.

Inserting two deflectors upstream of the turbine rotor
results in one wake behind each deflector which generate a
nozzle action in between the two wake zones. This situation
has a positive effect on both counter-rotating and co-
rotating zones as shown from Table 2 and Fig. 11. The range
of angles with negative torque is also reduced for the double
deflector configuration compared to the other configurations.

The previous results can be observed emphatically in the
streamlines results, which are depicted in Fig. 12. The maxi-
mum velocity increases for the single and double deflector con-
figuration compared to the bare turbine. This increase in
velocity is responsible for an increase in lift resulting in the
increase in coefficient of momentum and maximum torque
seen earlier. The increase in maximum velocity would also be
expected to lead to an increase in drag, but this is mitigated
by the effects of the deflectors on the transitional separation
bubble as discussed below.

According to the study presented by [41], a transitional sep-
aration bubble occurs when the boundary layer separates from
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0.36
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0.28

0.24

0.2
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0.12

Coefficient of moment

0.08

0.04

-0.04

-0.08

Bare Turbine

Turbine with single deflector

Azimuth angle, deg

Table 2 Effect of azimuth angle on a single blade forces and torque values at TSR = 3.3.
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Fig. 10  Variation of C,, with the azimuth angle for the three turbine configurations at TSR of 3.3.

Azimuth Angle

Bare Turbine

With single deflector

With double deflector

Fx Fy Moment Fx Fy Moment Fx Fy Moment

0 0.5 9.63 —0.5 —0.05 9.05 —0.57 —1.2 16.26 —0.28
30 6.78 —9.8 —0.75 12.8 —19.13 —0.32 15.16 -23 —0.17
60 39.2 —27.4 1.79 49.19 —33.37 3.6 53.4 —36.8 4.45
90 57.6 —9.44 4.6 76.9 —12.2 7.72 66.36 —10 6.9

120 429 14.9 4 333 12.35 4.08 45.6 16.96 5.5

150 12.47 17 1 —35.5 —10 —0.18 3.35 6.32 0.08
180 —0.44 —1.54 —0.3 1.52 —12.85 0.19 3.5 —21 1.11
210 6.9 —10.35 0.2 2.13 —3.7 —0.33 3.46 —4.8 —0.16
240 9.54 =3 —0.003 7.35 —0.4 —0.2 10 —4.36 0.11
270 12.45 0.4 0.02 14.25 1.57 0.15 23 4 1.12
300 13.8 8.9 0.2 15.86 12.04 0.48 21.2 17.9 1.39
330 8.57 16.6 0.16 8.6 19.52 0.37 9.8 25.34 0.97
360 0.48 8.2 —0.5 0.157 8.83 —0.57 —0.65 12.5 —0.38
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the airfoil surface due to an adverse pressure gradient. Figs. 13,
14 and 15 describe the flow separation phenomenon occurred
before and after adding different wind rotor barriers at AOA
0°, 90°, 180° and 270° respectively. These velocity contours
have been represented at optimum TSR values, which obtain
maximum power coefficient for each configuration. The opti-
mum TSR value before adding the deflectors is 2.3. However,
the optimum TSR value after adding the two deflector config-
urations is 3.3. After the laminar boundary layer separation, a
highly unstable detached shear layer forms and transition to
turbulence takes place in the detached shear layer. The
enhanced momentum transport in the turbulent flow enables

reattachment and a turbulent boundary layer develops down-
stream. The separation bubble thickens the boundary layer
and thus increases the pressure drag of the airfoil. The drag
increase can be several times the drag of the airfoil without a
separation bubble. In addition, lift is influenced by a transi-
tional separation bubble, which can lead to problems with
the aerodynamic performance of the airfoil. According to the
figures shown, increasing angle of attack causes boundary
layer separation to occur further upstream and produce a
shorter transitional separation bubble. However, due to the
addition of the wind rotor barriers, the height and length of
the transitional separation bubble decreased. As a result, the
aerodynamic performance of the VAWT increased.

5. Conclusion

The current study has shown the benefits of employing a
deflector upstream of the H-Darrieus turbine. The perfor-
mance of the H-Darrieus turbine was investigated using Ansys
Fluent CFD software with and without upstream deflectors.
The following summarizes the main results of the current
work:

e At low TSR, both the moment and power coefficients are
low, and the presence of defectors has little impact.

e The turbine with a single deflector has a negative effect on
the moment coefficient approximately up to TSR = 2.8.
Although it increases the flow momentum into the potential
co-rotating zone, it has an adverse effect on the flow in the
counter rotating zone

Due to the nozzle action created by the two deflectors, it
results in approximately a 22% increase in the average
moment coefficient over the bare H-Darrieus. In addition,
it expands the turbines operating range approximately to
TSR = 3.2.

The presence of defectors influences the maximum and low-
est values of the moment coefficients but not their position.
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Fig. 12 Streamlines colored by velocity magnitude for a. bare rotor b. rotor with single deflector c. rotor with two deflectors at TSR =
3.3.
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Fig. 13 Velocity contours for bare rotor at its optimum TSR = 2.3 showing the transitional separation bubble.
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Fig. 15  Velocity contours for rotor with two deflectors at its optimum TSR = 3.3 showing the transitional separation bubble.
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