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Wind energy extraction gains more attractiveness as the development of renewable energy progresses
and the reduction of fossil fuel usage becomes imperative. Consequently, numerous efforts have been
made to enhance turbine performance, such as with the Darrieus H-Rotor type, through numerical
studies such as Computational Fluid Dynamics (CFD), which underpins turbulence models. This
research evaluates the performance of the Darrieus H-Rotor Wind Turbine via 2D CFD modeling using
the Realizable k-« turbulence model. The study also considers simulations with the Double Multiple
Streamtube (DMST) model and other turbulence models applied to similar turbine geometries, with
experimental data serving as validation benchmarks. Approximately 140,000 cells were utilized in the
meshing process to balance simulation duration and the accuracy of the G, value. The results indicate
that the Realizable k-¢ turbulence model performs satisfactorily, particularly in producing accurate G,
values in the pre-stall region. The comparison of average C, values against experimental data across
eight tip speed ratio points further supports the effectiveness of the Realizable k-¢ turbulence model
in simulating the aerodynamic performance of the Darrieus H-Rotor Wind Turbine. Nonetheless, the
Realizable k-« turbulence model fails to enable the Darrieus H-Rotor Wind Turbine to achieve positive
G values across the entire azimuthal angle at lower tip speed ratios, thus not reaching effective self-
starting conditions. In general, the use of CFD-based methods provides results that are closer to
experimental values compared to simpler methods without considering turbulence aspect, such as

DMST, which tend to produce higher G, deviations.

Copyright © 2024 KAPAL: Jurnal llmu Pengetahuan dan Teknologi Kelautan. This is an open access
article under the CC BY-SA license (https://creativecommons.org/licenses/by-sa/4.0/).

1. Introduction

The high dependence on fossil energy encourages humans to look for more abundant renewable energy sources while
being able to mitigate problems such as environmental pollution [1] and the greenhouse effect [2]. One of the most popular
renewable energies is wind energy because it is clean and easily accessible [3]. To extract wind energy effectively, wind
turbines were introduced as a reliable conversion tools. In general, wind turbines are categorized based on their axis into
horizontal axis wind turbines (HAWT) and vertical axis wind turbines (VAWT). Although HAWT have the advantage of high
efficiency, VAWT offer other advantages such as their simple structure, ability to convert omnidirectional wind, minimal
noise, stability under turbulence conditions, integration with other structures, and easy placement of generators, gearboxes,
and bearings [4], [5], [6]. In practice, there are two well-known VAWT turbines, namely the Savonius type, which utilizes
drag force, and the Darrieus type, which utilizes lift force [7]. Both forces are greatly influenced by the aerodynamic
performance of a wind turbine. Hence, the airfoil design applied to the turbine blades must be designed as well as possible
in order to obtain optimal aerodynamic performance. An airfoil is a special geometric shape designed to increase lift
(increased lift coefficient) and reduce drag (reduced drag coefficient) [8]. In fluid dynamics, airfoil lift occurs due to the
pressure difference between the upper and lower surfaces caused by the angle of attack (AoA) and the influence of the
camber shape of the airfoil.

Conventionally, the aerodynamic performance of wind turbines has been estimated using the blade element
momentum (BEM) theory, which exhibits beneficial aspects such as its simplicity and fast computation [6]. However, this
method is limited by the lack of airfoil databases and aerodynamic coefficients for the airfoils used [9]. Most existing airfoil
databases are modified from aviation applications, which are not fully suitable for describing wind turbine blade
aerodynamics. These aviation-based airfoil designs generally work at relatively high Reynolds numbers (above Re = 106),
whereas wind turbines typically operate at lower Reynolds numbers (close to Re = 10°). The airfoil data requirements for
VAWT applications are actually broader than for the aviation industry. This occures because VAWTSs require analysis down
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to the small details of the blade profile and consider energy extraction processes where the basic structure of the flow field
inside the rotor volume cannot be visualized using classical computational methods [10].

The limitation of accurate aerodynamic data at low Reynolds numbers can be overcome by using Computational Fluid
Dynamics (CFD) codes that have accurate performance in predicting wind turbine models [11]. CFD can also clarify the
physical phenomena underlying the unstable power conversion of turbines and characterize the aerodynamic performance
under the influence of various geometry parameters [12]. A widely used CFD method for wind turbine model computations
is the Reynolds-Averaged Navier-Stokes (RANS). The essence of RANS modeling is to mathematically resolve the complexities
of the Reynolds stress problem. A common method to address the issue is by using the Boussinesq hypothesis-based eddy
viscosity, which assumes a linear relationship between the Reynolds stress and the local average strain rate tensor [13]. This
approach serves to model the varying flow and is closely related to turbulence models, some of which are known, including
Spalart-Allmaras, k-, and k-« [14].

Several studies have explored the application of these turbulence models to VAWT simulations. Authors in [15]
conducted a comparison of turbulence models applied to Savonius-type wind turbines. Based on two-dimensional
simulations, the Realizable k-¢ turbulence model was found to be a suitable model for predicting the static torque
characteristics of this turbine when compared to the k-o and Spalart-Allmaras turbulence models. A more complex
comparison of these turbulence models was conducted by [16]. A total of six turbulence models were compared in this study.
In its application to Darrieus wind turbines, it was found that the Realizable k-¢ turbulence model gave the closest results to
experimental data compared to other turbulence models such as Spalart-Allmaras, SST Transition, SST k-», RNG k-¢, and v2-
f.In [17], a Darrieus H-Rotor Wind Turbine was investigated using 2D CFD modeling. The result is that the application of the
Realizable k-¢ turbulence model has good validation of experimental data. Research using the same turbine type and
simulation model was also conducted by [18]. The results of using the Realizable k-¢ turbulence model show acceptable
calculations and are quite close to the validation reference experimental results.

Based on previous research, the Realizable k-¢ turbulence model is quite effective for predicting VAWT performance.
Therefore, in this study, numerical modeling of the Darrieus H-Rotor Wind Turbine based on the Realizable k-« turbulence
flow model is carried out using CFD simulation. The results are compared with other methods such as DMST, with accuracy
measured against experimental test results of similar Darrieus H-Rotor Wind Turbines. To reduce complexity and simulation
time, this study considers solving the simulation in the 2D domain. The output of this research can be used as a reference for
the use of simulation methods in modeling turbines, allowing for an evaluation of how well the model represents actual
physical phenomena.

2. Methods
2.1. Geometric and Boundary Design

In this study, the Darrieus H-Rotor Wind Turbine model used as a reference is sourced from the research of [10] as
shown in Figure 1. This turbine has three blades with an airfoil profile using the NACA 0021 type with the geometry shown
in Table 1. This airfoil is chosen because it has availability of experimental data as conducted by [10]. Technically, NACA 0021
has been used in many turbine modelings because it offers good performance at low TSR [19] and efficiency in order to
increase the blade works [20]. This turbine is a development of a straight blade Darrieus turbine whose radius connection is
located at the tip of the blade. The domain boundary is defined as a semicircular shape near the inlet. This aims to reduce the
meshing area that is unnecessary in the region close to the inlet. Specifically, the simulation domain boundaries consist of
several parts as shown in Figure 2. The outer boundaries include the red line representing the inlet, the green line
representing the outlet, and the black line representing symmetry. The inner boundaries include the blue line as the rotary
zone, the light blue line as the stationary zone, the orange line as the blade zone rotating with the rotary zone, and the purple
area representing the airfoil. The total length of the domain is 17 times the radius (R), with a distance of 5R from the inlet to
the turbine shaft and 12R from the outlet to the turbine shaft. The geometric data and boundary condition definitions are
subsequently applied using ANSYS software, with results shown in Figure 3.
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Figure 1. The design construction of Darrieus H-Rotor Wind Turbine from [10]
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Table 1. The geometric properties of the Darrieus H-Rotor Wind Turbine

Geometric Parameters Notation Value
Airfoil - NACA 0021
Number of blades N 3
Turbine height H 1.457 m
Turbine diameter D 1.030 m
Chord length c 0.0858 m
Solidity o 0.5
Turbine sweep area A 1.236 m?
Symmetry
Rotary zone
ORI S E R 58
Stationary [}
L Blade zone
Airfoil
Symmetry

Figure 2. Setting boundary conditions in the simulation
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Figure 3. Application of geometry and domains in ANSYS

2.2. Meshing Process

Meshing is a critical component of CFD simulation design that can determine the final outcome of the numerical study.
Using a greater number of finer mesh elements yields better final results. However, a higher number of fine mesh elements
also demands longer simulation times. Therefore, a meshing strategy that employs fine elements while reducing simulation
duration is required. In this simulation, a quadrilateral mesh profile with an unstructured mesh type is considered.

The meshing structure strategy involves increasing the number of meshes in more critical areas. As shown in Figure 4,
the meshing implementation results in an increased number of meshes in the rotary zone, slightly reduced in the inlet region,
and further reduced towards the outlet. The meshing process in the rotary zone also has gradations, where the region closest
to the airfoil is much finer and denser compared to the blade zone and the stationary zone, as illustrated in Figure 5 (a-d).
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Figure 4. Meshing result for whole domain

() (d)
Figure 5. Meshing result for (a) rotary zone, (b) blade zone, (c) airfoil zone, and (d) airfoil surface

2.3. Advance Consideration in Simulation Process

The determination of simulation support parameters significantly influences the results. Therefore, several factors were
considered in conducting this simulation. The freestream wind speed was kept constant at 9 m/s with a uniform flow
direction, under transient and incompressible conditions. The air properties used include a density of 1.225 kg/m3 and a
dynamic viscosity of 1.7894 x 107> kg/ms. The calculation process was performed at every 2° rotation of the rotor, with a
total rotation of three complete turns (1080°). The moment coefficient (Cn) considered was derived from the overall moment
value at each final rotation or every 360°. This approach was taken to achieve stable results under steady-state conditions.
The sliding mesh technique was employed to model the rotating turbine.

The 2D simulation of the Darrieus H-Rotor turbine was conducted under transient flow conditions. The computations
aimed to resolve incompressible turbulence using the unsteady Reynolds Averaged Navier-Stokes (U-RANS) equations.
Additionally, the application of a turbulence model, specifically the eddy viscosity type, was considered to achieve more
accurate results. The turbulence model selected was the Realizable k-« model, which previous research has shown to be
effective in assessing VAWT performance. This CFD code was also compared with other CFD studies investigating the same
turbine geometry and other computational models such as DMST. The obtained results were validated for accuracy by
referencing the experiments conducted by [10].
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In the simulation's residual monitor settings, iteration values were adjusted to ensure convergence. Iterations were
deemed convergent when the residual value was less than the maximum allowable error. Once convergence was achieved,
the iterations ended, and computation proceeded to the next time step. Therefore, in this simulation, convergence was set
with an overall equation tolerance of 10~* and a maximum of 80 iterations. The number of time steps (NTS) was designed so
that the blade traveled 2°, calculated as follows [21]:

360° (1)

NTS = n x
"X a6

nand ae are the desired number of revolutions and increment angle, respectively. After obtaining the NTS, the time step size
(TSS) can be calculated with the following equation:

2mn 2mA6 (2)

TSS = X NTS ~ & x 360°

o is the angular velocity of the turbine (rad/s).
2.4. Key Parameters of VAWT Performance

Several performance parameters for VAWTs are defined to aid in the completion of the simulation analysis. The key
parameters considered begin with the turbine power equation () as follows:

1 3
P =C,P, = CpEpAtv3 (3)

where G, is the turbine power coefficient, p is the air density (kg/m3), A is the turbine swept area (m2), and v is the wind
speed (m/s). The value of G, is given by:

C, = ACy (4)

where Cp, is the blade moment coefficient (obtained from the simulation) and A is defined as the tip speed ratio (TSR), which
has the following equation:
__WR (5)
A= U
Here, R is the turbine radius (m), and o is the angular velocity (rad/s). The Reynolds number (Re) can be determined using
the following equation:

re 2 P¥° (6)
u

where cis the chord length of the foil, and p is the dynamic viscosity of the air (kg/ms).

3. Results and Discussion
3.1. Sensitivity Mesh Analysis

In CFD simulations, the meshing strategy is very crucial. Hence, a mesh sensitivity study was conducted to determine
the optimal meshing strategy. To strike a compromise between computational time and accuracy, different mesh counts
were tried. Initially, a mesh size of 80,000 cells was selected and increased to 170,000 cells in increments of 30,000 cells. A
mesh size of 80,000 cells is considered the minimum mesh size, as used in many vertical axis studies such as those by [22],
[23]. This test was applied at a A value of 3.3. Based on the mesh sensitivity test results, as shown in Figure 6, the C, value
consistently decreased until it reached 170,000 cells, which indicates a more accurate result. However, when it reaches a
mesh count of 140,000 cells, the addition of the next mesh does not really give significant results. This is shown by the
percentage difference at mesh counts of 140,000 and 170,000, which is only 0.24%. Therefore, a mesh count of 140,000 cells
was selected in this study. The use of this mesh number of 140,000 cells in one simulation takes 660 minutes (11 hours) with
standard computer capabilities (dual-core CPU). Authors in [24] recommended that a mesh size of 140,000 is a good
consideration for simulating turbulence models, as performed in this study. This mesh count was also used in VAWT studies
by [25] and [26].
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Figure 6. Sensitivity mest test results for C, value
3.2. Analysis of Coefficient of Blade Moments

In this section, the coefficient of blade moment (Gy) is the output of the simulation. This coefficient is then plotted
against the azimuthal angle during the inputing rotation period. This Cp value will later be used to obtain the coefficient of
power (Gp). The Gy, value considered is the average value in the third rotation or in the angle range of 720° to 1080°. This is
done to obtain a representative Cp value because it has reached a steady state condition. There are eight Gy values reviewed
according to the number of tip speed ratios in the research of [ 10]. The tip speed ratio values are shown in Table 2.

Table 2. The value of A reviewed in the simulation

A w (rad/s)
1.44 25.165
1.70 29.709
2.05 35.825
2.33 40.718
2.52 44.039
2.60 45.437
3.10 54.175
3.30 57.670

This study also considers the results of other DMST-based methods used as a comparison. DMST model simulation is done

first by inputting the considered airfoil and Reynolds number. The Reynolds number value can be calculated as follows:

Re = pvc  1.225x9x0.0858
=T T T 17894 x 105

~ 53.000

From the simulation results, at one value of A = 1.7, it is possible to compare the G, values along the azimuthal angle
between CFD using the Realizable k-« model and DMST as shown in Figure 7 (a). It is evident that the Cp value in the
Realizable k-« CFD model is higher than that in the DMST across all azimuthal angles, with a maximum difference of 0.06.
Additionally, the Gy curve produced by the Realizable k-« CFD model is smoother or less of ripples, indicating that at the
same tip speed ratio, the Darrieus H-Rotor Wind Turbine from the Realizable k-« CFD simulation yields a smoother rotation
compared to the DMST method. However, the Realizable k-« CFD simulation generates a larger negative torque than DMST,
indicating that the Darrieus H-Rotor turbine has not yet achieved self-starting capability. In the overall simulation, DMST
does not actually show positive Cp values throughout the azimuthal angles at all tip speed ratio. This highlights one of the
weaknesses of the DMST method, as it fails to adequately simulate certain physical phenomena.

In contrast, the Realizable k-« CFD simulation achieves positive torque at all azimuthal angles when A = 2.52, as shown
in Figure 7 (b). It can be seen that the Realizable k-s method results in smoother rotation compared to its previous state at A
= 1.7, indicated by a complete reduction in ripple along the azimuthal angle. At this A value, the torque also increases
significantly. The DMST method also shows positive regimes for Cn, although the ripples tend to increase compared to its
previous state at A = 1.7. Nevertheless, according to research of [27], Darrieus turbines typically achieve self-starting at A >
2. Thus, a Darrieus H-Rotor Wind Turbine design that achieves self-starting at A = 2.52 requires modification to enhance
performance, as suggested by [28]. This analysis remains incomplete, as it is limited to 2D simulations; therefore, the impact
of physical variables can be more comprehensively covered in 3D simulations. Overall, the Cn characteristics in the CFD
simulation are superior to those in the DMST, particularly at low tip speed ratios, as confirmed by [29].



Kapal: Jurnal Ilmu Pengetahuan dan Teknologi Kelautan, 21 (3) (2024):171-180 177

0.3 0.35
- CFD Realizable k—¢ —— CFD Realizable k-¢

0.25 —DMST 03 ———DMST
0.2 r 0.25
0.15 0.2
g 0.1 0.15
0.05 0.1
0 0.05
-0.05 0

_01 1 1 1 1 _005 1 1 1 1
480 600 720 840 960 1080 480 600 720 840 960 1080
Azimuthal Angle Azimuthal Angle

(a) (b)
Figure 7. Gy result between CFD Realizable k-« and DMST at (a) A= 1.7 and (b) A = 2.52

3.3. Comparison of Coefficient of Power Under Different Model

The average moment coefficient (C) multiplied by the tip speed ratio (1) yields the turbine power coefficient (C,). With
identical geometric variables, the C, values from the Realizable k-¢ CFD simulation can be compared to those from similar
studies, particularly in 2D simulations. Studies considered include those by Sobhani et al [30], Celik & Kaya [31], and Ni et al
[32], as well as validation references from Castelli et al [ 10]. The C, values compared in each study are extracted from graphs
corresponding to the eight specified A values. The results are shown in Figure 8 indicate that all studies exhibit similar
characteristics to the experiments, with the C, values consistently increasing in the pre-stall region from A = 1.44 to A = 2.52.
In the comparison of the same turbulence model, Realizable k- ¢, the current study shows better results at all tip speed ratios
compared to the studies by [10] and [31], which over-predicted the C, values. When compared to the Transition SST
turbulence model, the current study consistently aligns more closely with the experimental results. Additionally, the
Realizable k-« model in this study competes favorably with the SST k-« model used by [30] and [32], particularly in the pre-
stall region. Notably, the experimental results were closely matched at two tip speed ratio points, A = 2.05 and A = 2.33. This
advantage is further highlighted in Figure 9, where the current study exhibits the lowest average C, deviation from
experimental results, indicating high accuracy. Interestingly, the present study using Realizable k-« obtains a similar G,
different compared with [30], which used the SST k-» model. With the same turbine geometries, this may be possible if the
boundary layer characteristics around the turbine blades are also similar.

0.6
05
04 r -
—e— Castelli et al (2011) - Exp
—o— Castelli et al (2011) - CFD Realizable k—¢
003 | —— Sobhani et al (2017) - CFD SST k-w
—¥— Celik & Kaya (2018) - CFD Realizable k—¢
—a— Celik & Kaya (2018) - CFD Trans. SST
02 r Ni et al (2021) - CFD SST k-w
Present - DMST
0.1 —&—Present - CFD Realizable k—¢
0
1

Figure 8. Comparison of G, values from other research and present study
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Figure 9. G, values different from all simulation models

However, when the turbine reaches stall at A > 2.6, the C, values tend to be significantly higher than the experimental
results due to the limitations of numerical studies in modeling the flow around the turbine [30]. This includes the current
CFD model, which shows a stall point that is quite distant from the experimental results, leading to a large deviation in G,
values. On the other hand, the DMST trend aligns with experimental results up to the stall point, even though the C, values
are quite far off, leading to a significant difference in C, and under-prediction of Cp. The DMST method is significantly
influenced by local Reynolds numbers; lower Reynolds numbers result in lower C, values [33]. Furthermore, the magnitude
of Cp is heavily dependent on the extrapolation of coefficients using methods like Montgomerie or Viterna, which lack
universally applicable objective standards. In addition, the DMST method is a simple approach for calculating blade behavior
without considering more complex aspects, such as turbulence, which are addressed in CFD methods.

Ultimately, it is found that all CFD simulations based on turbulence models yield C, values higher than experimental
results. This discrepancy arises from the use of 2D CFD models, which do not account for phenomena such as tip vortices and
flow divergence [34]. These factors can cause tip losses, impacting the obtained C, values. Moreover, in 2D modeling,
singularities can easily arise between adjacent segments. Singularities are evident at maximum thickness due to rotation
and can cause discontinuities in the blade curvature surface, affecting aerodynamic performance [35]. The DMST model also
encounters similar issues in flow modeling around the blades and convergence problems in airfoil simulations [6]. Moving
to 3D simulations offers a promising advancement as they can capture more detailed physical phenomena. For example, the
impact of singularities can be addressed through the distribution of source and sink elements on panels, not only between
adjacent panels but also across other panels.

4. Conclusion

In this study, the Darrieus H-Rotor Wind Turbine has been validated through 2D CFD modeling using the Realizable k-
e turbulence model. This model has proven capable of accurately representing the turbine's characteristics, closely aligning
with experimental C, data. Comparative analysis against studies assuming similar turbine geometry and other CFD models,
as well as the DMST model, indicates that the Realizable k-¢ turbulence model performs satisfactorily, particularly in the
pre-stall region. This same turbulence model can certainly be applied to 3D simulations to address physical phenomena such
as flow divergence, tip vortices, and singularities, which are not accounted for in 2D simulations. However, the Realizable k-
¢ turbulence model still does not enable the Darrieus H-Rotor Wind Turbine to achieve positive Gy, values throughout the
azimuthal angle at lower tip speed ratios, thus failing to attain effective self-starting conditions. Consequently, physical
modifications to the turbine are also necessary to comprehensively enhance its performance. This finding can serve as a good
recommendation for developing the initial design of a vertical axis turbine. In the next study, it is recommended to conduct
3D simulations that consider more detailed aspects to obtain more accurate results of turbine performance.
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