CFD Letters 14, Issue 3 (2022) 1-10

CFD Letters

CFD Letters

Journal homepage:

SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/CFD_Letters/index
PUBLISHING ISSN: 2180-1363

CFD Simulations Operated by Two Stack Vertical-Axial Wind Turbines for
High Performance

Thanaphat Akkarachaiphant!, Boonyarit Chatthong?, Yutthana Tirawanichakul?®”,
Montri Luengchavanon®*

Department of Mechanical Engineering, Faculty of Engineering, Prince of Songkla University, Hatyai, 90110, Thailand

Division of Physical Science, Faculty of Science, Prince of Songkla University, Hatyai, 90110, Thailand

Sustainable Energy Management Program, Wind Energy and Energy Storage Centre (WEESYC),Faculty of Environmental Management, Prince of
Songkla University, Hat Yai 90110, Thailand

Center of Excellence in Metal and Materials Engineering (CEMME), Prince of Songkla University, Hat Yai, Songkhla 90110, Thailand

ARTICLE INFO ABSTRACT

Article history: Wind energy is a green and sustainable system and vertical axis wind turbines (VAWT)
Received 5 January 2022 have been developed for low speed operation as small wind turbines. CFD simulations
Received in revised form 15 March 2022 can be conducted to save time and cost. The design structure of the VAWT wind turbine

Accepted 16 March 2022

used CFD software for the operation of stream lining. This investigation involved the
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designs of Model A and B, the Benesh type matched by Model A and the Semicircular
type matched by Model B. The CFD simulation compared Cp and TSR values between
using Model A and Model B wind turbines. Model A exhibited a 0.24 Cp maximum
Keywords: matched by 1.22 TSR, this model could produce high performance when compared to
CFD; Wind energy; Vertical-axis wind Model B. Model A could be increased by 4.8 times the Cp value when compared with
turbine (VAWT); Two stack; Coefficient Model B. The 3D velocity streamlines and corresponding vector plots at various angular
power positions can be performed using the wind flow with corresponding Cp values.

1. Introduction

Wind energy is environmentally a component of renewable energy that is available all around the
world. Micro-wind turbines have become more popular in urban areas, although the high turbulence
of wind flow needs to be considered as the wind flow in such environment is affected by pressure
change. The main point is not only the high turbulence intensity but also huge velocity fluctuations
with large vertical components caused by the existence of buildings. The challenges are based on the
swiftly changing wind directions in urban areas which have been studied [1]. Many variations
involved the wind negatively affecting the activation of all types of wind turbines. Highly fluctuating
winds have been proposed as a solution for harvesting wind energy [2], such as by focusing on
vibration driven by the wind current [3]. The vibrations devices generated from the different flow-
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induction that used hybrid piezoelectric wind energy scavengers have been developed with 71% high
efficiency power [4]. Meanwhile, the development of low speed wind turbines has been improved to
harvest all of the range of wind currents by designing new blades, reducing the starting torque of the
electrical generator, ensuring low friction of bearings, and so forth [5, 6].

In the mid-90s the pilot programmes stared on vertical axis wind turbines (VAWTSs) for generating
electricity [7]. The different wind turbine architectures can form the structure. The Savonius rotor is
easily installed with small structure where effective self-starting is required in hydrokinetic
applications [8, 9]. On the other hand, the Darrieus rotors are offered as a convenient alternative to
horizontal axis wind turbines (HAWTSs) for power generation which can be used in small and medium
sized applications [10]. Darrieus rotors have improved performance independent of wind direction
and wind mass concentration at the ground, allowing highly effective control of the system
oscillations. Additionally, VAWTSs are preferred over other turbine types in densely populated areas
due to this turbine being perceived as aesthetically more beautiful, and easier to install in the terrain
[11]. However, different designs can be available for a specific type of rotor in terms of number of
blades, materials, shapes and strut types.

Generally, the experimental investigation is often highly costly, but Computational Fluid
Dynamics (CFD) can simulate the experiment in a versatile and accurate manner to develop the
investigation of Savonius and Darrieus VAWT air flow aerodynamics and can provide high
performance in VAWTs design. CFD can provide the development of computationally highly efficient
algorithms or dedicated codes [12].

This research study the performance of wind turbines via computational fluid dynamics (CFD) by
using the program ANSYS® Fluent which is widely used for the study of fluids such as water and air.
Many previous studies of VAWT wind turbines were based on the use of 2D CFD models and some
studies were based on the use of 3D CFD models. Other studies used an experimental approach for
the performance analysis and improvements. The wind turbines that were used for this study were
two stacks Savonius wind turbine model, a Savonius rotor with two stacks and connected Darrieus
rotor which can improve the performance of the VAWT wind turbine. Therefore, this study mainly
focus on using 3D CFD to find the performance of the designed wind turbines with dynamic mesh
method by using material info to determine the properties. The experimental measurement are used
to support the simulation results from the CFD. The result of this study could prove the usefulness of
CFD to design and develop for the future wind turbine.

2. Simulation of the Wind Turbine and Wind Tunnel Experiment

Commonly, the general parameter in the technology of wind turbines can be reviewed. The
power available (P wina ) from the natural wind flow for cross-section area (As) is provided by:

P wina = O-SP(AS)V3 (1)

where pis the density of the air and V is the wind speed. Based on the vertical axis wind turbine, the
swept area (As) is formed into a rectangle that can be calculated as the turbine diameter multiplied
by the blade length. Meanwhile the power coefficient is the measurement of the wind turbine’s
ability to transfer wind energy to mechanical energy that is defined as:
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P . .
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where P wind turbine is the output of aerodynamic power from the wind turbine. Generally, the
relationship of the wind turbine representing the power coefficient depends on the tip speed ratio
TSR or A that indicates the ratio between the velocity of the blade and the wind speed, hence
calculated as:

1= @R (3)

14

where o represents the angular velocity of the turbine and R represents the turbine radius.

3D simulation with ANSYS® Fluent, in mesh setting with an unstructured triangular mesh is applied
to discretize the whole domain with the element size of 0.01 m linear element order. In this part of
the domain, a logarithmic law of the wall is applied.

In order to allow the physical revolution and rotation of the turbine, the dynamic mesh method
is used for the solver. Turbulent flow is modelled using a Reynolds-Averaged version of continuity
and Navier-Stokes equations and transport equations for turbulence quantities. The turbulence
model for this simulation is k-w standard. The solver is transient for the incompressible flow of
Newtonian fluids on a moving mesh. In the boundary condition the inlet will have input at 5 m/s
velocity and 1.225 kg/m?3 operating density. To find the solution with the dynamic mesh method we
have to set the parameter to define the six DOF which are moment of inertia and center axis of the
wind turbine, where the moment of inertia depends on the material that is used for reference in the
wind turbine.

The VAWT models that were used for the simulation are shown in Figure 1. Figure 1 (a) shows
Model A, fabricated from 2 Savonius blades stacked together. The upper and lower blades were
cross-deposited at 90 degrees. At the end of the Savonius blades were 20 degree bent curves [13].
Figure 1 (b) shows Model B that has 3 Savonius blades stacked together and the curve of the blades
was fabricated by using a half circle of 5 cm radius. The upper and lower parts were cross-deposited
with space between the blades.

Figure 2 shows the wind tunnel experimental testing setup for comparison with the CFD
simulation results. Note that the blades were fabricated using acrylic materials. Figure 2 (a) shows
the 1hp motor and wind speed flow controller that can produce wind flow speeds of 0-6 m/s.
Experimentally, the GM 8903Hot Wire Anemometer was used to measure the wind speed, the
DIGITION PHOTO TACHOMETER (DT-2234C*) was used to measure revolution, and the torque meter,
DRBK-A with range 100N-m; was used to measure the torque. Figure 2 (b) shows the middle section
of size 3.0 x 0.3 m? where the A and B VAWT models can be inserted to measure the rotation and
torque. The properties of the VAWT wind turbines are shown in Table 1. Note that the acrylic
materials were generated for simulation with mass and moment of inertia of 235 g and 0.92 m?,
respectively.
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Fig. 2. Wind tunnel experiential VAWT testing for comparison with CFD simulation results
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Table 1

Properties of the A model VAWT wind turbine

Properties of the VAWT wind turbine Specification
Number of blades 2x2 (stack)
Height 20 cm
Radius 10 cm

Blade thickness 0.15cm
Plate thickness 0.1cm

Gap between two blades 2cm

Centre pole diameter lcm

3. Results

Figure 3 shows the results of CFD simulation showing the relation between Cp and TSR, using
Model A and Model B wind turbines. Model A exhibited a 0.24 Cp maximum matched by 1.22 TSR.
This model can provide higher performance compared to Model B. Meanwhile Model B indicated a
0.05 Cp maximum matched by 0.6 TSR. Model A clearly yields 4.8 times the Cp value to that of Model
B. Figure 4 shows the structure of VAWT blade profiles, in which Figure 4(a) shows the Semicircular
type that is matched by Model B, while Figure 4 (b) shows the Benesh type which is matched by
Model A in this investigation. The numerical variations of Cp for the Semicircular type are observed
tobe 0.272 at TSR = 0.8; whereas at the same TRS, the peak Cp is indicated to be 0.294 for the Benesh
type [14]. Based on Figure 4, the magnitude of high velocity is revealed near the surface of the
advancing of the Benesh type. The overlapping flow is found to be more significant in the Benesh
type than the Semicircular type [14, 15]. Additionally, the effect of the end-bent airfoil on the blades
of the axial compressor indicated that surge margin is elevated by 4.9-5.2% with efficiency promoted
by 2.6-3.2% at operational speed [16]. The application of end-bends at the wing or blade can reduce
the suction surface (SS) corner stall [17]. Therefore, Model A can generate greater Cp than Model B.
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Fig. 3. The operation of Model A and Model B VAWT wind turbines demonstrating the power
coefficient (Cp) versus tip Speed Ratio (TSR)
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Fig. 4. Structure of various VAWT blade profiles, (a) Semicircular type (b) Benesh
type [14]

Figure 5 shows the comparison of relation between Cp and TSR properties between VAWT
simulation and experimental results using Model A. The result from the simulation of Model A
revealed that the 0.24 Cp maximum was matched by 1.22 TSR. At the same TSR, the experimental
Model A can operate at 0.23 Cp maximum. These values agreed quite well with less than 5%
difference. On the other hand, the range of TSR between simulation and experiment showed
different values whereby the range for the experimental Model A is wider than the simulation.
Generally, the power coefficients of Savonius rotors comprise Cp. For the experimental study, the
rotor torque (7) is tested by multiplying the load (F) given to the pulley adjoining the rotor and radius
of the pulley (r). Therefore, the Cp are represented as shown in Eq. (2) but the Puingturbine can be
calculated asin Eq. (4) [18] which clearly separated the factors of power from the VAWT wind turbine.

2nwNT
Pyinaturbine = T(ws) = 60 (4)
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Fig. 5. Comparison of Cp and TSR properties between VAWT simulation and
experimental results using Model A

Note that T represents the torque generated by the rotor (N-m), @ is rotor rotational speed
(rad/s) and N is the rotational speed of the rotor (rpm). The T factor is a fluctuating value caused by



CFD Letters
Volume 14, Issue 3 (2022) 1-10

the friction from bearings and the inertia force from the accessories of the VAWT wind turbine.
Additionally, the wind tunnel blockage ratio (BR) can be a generated factor that needs to be
investigated while operating the VAWT wind turbine [19]. The new correlation for blockage
corrections in the Savonius wind turbine should operate in the open type section [20], where the
blockage corrections factor (f) is provided to correct the investigated parameters such as the
rotational speed of the turbine (N), wind speed (V) and mechanical load applied to the turbine (F)
[20]. Based on the blockage correction factor, f=4-9% is promoted relating to various BR and TSRs of
21.16% [19, 20]. The results from experimental Model A showed a wider range of TSR than the
simulation results. This was produced from BR values because this value can affect many factors of
VAWT wind turbines.

The streamline and vector plots of the crosswind turbine of Model A are simulated in Figures 6-8
at different angular positions. Figure 6 (a) shows the top view of the streamline flowing through the
gap and the end-bends of blades; the image can be interpreted from the absence of small vortices
downstream of the returning blades activating in the conventional VAWT wind turbine, as the flow
initially generates a pressure area [21]. Figure 6 (b) shows the side view of the streamline flow
through the blades and the green lines are across the blades. Figure 7 (a) shows an image fabricating
crosswind flow stream across advancing blades that can be a smoothened flow on the upstream of
the returning blades, shrinking the high pressure area [21, 22]. Figure 7 (b) shows the side view of
the streamline flow through the blades and the green lines are highly crossing the blades. Figure 8
(a) shows that the stream reduces the pressure on the upstream side of the advancing blades, hence
weakens the crosswind stream and allows for a higher pressure on the advancing blade[23]. The
returning blade wake vortices cannot attack the wake of the advancing blade that explains the
location of the circle when producing high pressure on the downstream surface of the advancing
blade [24]. Figure 8 (b) shows the side view of the streamline flowing through the blades and the
green lines are highly crossing the blades, represented obviously by the shape of the yellow and green
lines depending on the velocity and pressure.

Fig. 6. 3D velocity streamlines and corresponding vector plots at angular position 0° and
meshes for CFD models. (a) top views of illustrations are planar, referring to the mid-
turbine plane and are limited to the rotating zone; (b) perspective illustrations are side
view, referring to the edge-turbine plane, and are limited to the rotating
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Fig. 7. 3D velocity streamlines and corresponding vector plots at angular position 50°
and meshes for CFD models. (a) top views of illustrations are planar, referring to the
mid-turbine plane, and are limited to the rotating zone; (b) perspective illustrations
are side view, referring to the edge-turbine plane and are limited to the rotating zone

(a)

Fig. 8. 3D velocity streamlines and corresponding vector plots at angular position 50°
and meshes for CFD models. (a) top views of illustrations are planar, referring to the
mid-turbine plane, and are limited to the rotating zone; (b) perspective illustrations are
side view, referring to the edge-turbine plane, and are limited to the rotating zone

4. Conclusions

The VAWT wind turbine is one technology for renewable energy that can be continuously
developed for small wind energy. The Savonius blades have been designed in many form for the low
speed wind turbines, and the stacked Savonius blades have been also designed as a structure that
can achieve high performance for a VAWT wind turbine. CFD simulations can reduce the cost and
time for production of the structure of the turbine. The design structure of the VAWT wind turbine
used CFD software for the operation of the stream-lining. This investigation was designed using
Models A and B, in which the Benesh type was matched by Model A and the Semicircular type was
matched by Model B. The results of the CFD simulation compared Cp and TSR, using Model A and
Model B wind turbines. Model A exhibited a 0.24 Cp maximum matched by 1.22 TSR; this model can
provide higher performance when compared to Model B. Meanwhile, Model B merely indicated a
0.05 Cp maximum matched by 0.6 TSR. Model A can be clearly increased by 4.8 times the Cp value



CFD Letters
Volume 14, Issue 3 (2022) 1-10

when compared to Model B. Model A was chosen as an experimental test and validated the Cp value.
The comparison of the CFD simulation and experimental Model A indicated that range of TSR was
difference. The experimental Model A shows the TSR range of values wider than that of the CFD
simulation. When the 3D velocity streamlines and corresponding vector plots at various angular
positions were performed, the positions generated the pressure from the wind flow with
corresponding Cp values. Therefore, CFD simulation can be performed for designing VAWT wind
turbines to save both time and cost for the estimation of wind power.
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