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Abstract: Mesh size and number significantly affected the accuracy of CFD simulations in wind 
turbine analysis. However, most studies focused solely on turbine performance, such as the blade 
torque or power coefficients. Therefore, this study adopted a broader perspective by analyzing the 
influence of mesh resolution on both aerodynamic performance and key fluid-dynamic parameters, 
including vorticity and pressure coefficients, for an H-type Darrieus vertical-axis wind turbine. 

Two-dimensional CFD simulations were performed using ANSYS Fluent with the k–ω SST 

turbulence model. Five mesh levels were evaluated across different blade configurations, and the 
Grid Convergence Index (GCI) was used to quantify discretization errors. The results indicate that 
increasing mesh resolution yields more stable torque predictions and improved resolution of near-
wall flow features, with consistent grid-convergence behaviour observed across all blade 
configurations. GCI analysis shows that discretization errors consistently decrease as the mesh 
becomes finer. It also shows that a grid size of about 1.6 x 105 cells is sufficient to keep errors below 
5%. These findings show that including flow-field details in mesh sensitivity analysis gives a better 
way to check the accuracy of CFD simulations for Darrieus wind turbines. 
 
Keywords: CFD; Darrius wind turbine; grid convergence index; vorticity 

 
1. Introduction 
 
Computational fluid dynamics (CFD) has recently been used by researchers and engineers in 
designing, analyzing, and optimization process in various fields [1], [2]. Some studies show that the 
utilization of CFD improves performance and reliability, reduces testing cost, product consistency, 
and factory productivity [3]. Additionally, CFD is effective for designing food 3D printing [4] and 
optimize the air quality in healthcare facilities [5]. Furthermore, the topics that CFD is mostly used 
for are aerodynamics and turbomachinery, where CFD gives various advantages in understanding 
fluid phenomena in reducing primary and secondary losses [6], [7], [8]. 
 
One of the benefits of using CFD in the field of aerodynamics and turbomachinery is to improve 
the performance of wind turbines [9]. CFD can be utilized to characterize fluid flow in a variety of 
turbine geometries and operational conditions. Compared to experimental method, which 
comprises high cost and is unable to perform a full-scale analysis, CFD provides more 
comprehensive data and visualization [10].  CFD has the ability to perform analysis on fluid-blade 
interaction, where the effect of blade geometry variations on aerodynamics characteristic can be 
determined comprehensively [11], [12], [13], to obtain an understanding of the stall phenomenon 
that can be used to predict the performance of straight blade vertical axis wind turbine [14], and to 
see the effect of blade pitch on a straight-bladed vertical axis wind turbine [15], [16].  Furthermore, 
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characterizing the blade shape can also be determined using CFD method, such as on how airfoil 
shape impacts the power output of a vertical axis turbine [17]. 
 
Though CFD has shown tremendous benefits, this numerical method, unfortunately, has its own 
challenges, especially in terms of the accuracy [18]. The accuracy and reliability of CFD in 
turbomachinery (wind turbine) is highly dependent on the computational setting [19], [20]. A wide 
range of studies have explored the importance of the simulation domain for CFD accuracy in wind 
turbine cases [21], [22]. This domain setting can lead to simulation inaccuracies in capturing 
dynamic stall, wake interaction, and other fluid-field parameters, especially after the fluid passes 
the blade [21]. Another critical factor influencing the accuracy of CFD is the choice of turbulence 
model, with options such as the Reynolds-Averaged Navier-Stokes (RANS) model, Large Eddies 
Simulation (LES), and Direct Numerical Simulation [23]. The turbulence model has a crucial impact 
on turbine performance and structural design [24]. A comparative study of turbulent models 
between URANS and SRS (Scale-Resolving Simulations) on a Vertical-Axis Wind-Turbine showed 
that the K-omega model produced the most accurate results, whereas the k-epsilon and SA models 
overpredicted [25]. In determining the most accurate turbulence model for CFD simulations of a 

Vertical Axis Wind Turbine, the realizable k-ε model yielded more accurate results than the 
transition-SST and K-omega models [26]. Moreover, the k–omega SST model has been more 
accurate and consistent with adopted results than other turbulence models (k-epsilon RNG, k-
epsilon realizable, and SA model) [27]. Furthermore, another factor that cannot be ignored in 
influencing CFD accuracy is the mesh quality, both in terms of shape and size [28]. To verify a CFD 
simulation, the results must be independent of the mesh size or number [29]. 
 
Regarding mesh refinement, many studies have examined the relationship between mesh size and 
simulation results, such as, using a comparison between face and edge size to see the change in 
power coefficient on an H-Darrieus wind turbine [30] and the torque coefficient parameter as a 
dependent variable to ensure that the mesh used was properly and correctly [31]. Previous studies, 
particularly in the case of turbomachinery, have adopted a similar approach by selecting a single 
dependent parameter to evaluate the mesh independence against variations in mesh resolution [32], 
[33], [34]. However, this approach is limited by the subjective choice of the initial mesh size and 
refinement strategies, such as halving, doubling, or tripling the grid count. Some researchers then 
used the Grid Convergence Index (GCI), adapted from Roache's method, to verify the numerical 
calculations. By using this method, by extrapolation, a mesh size close to zero can be obtained, 
which is then used as the initial value for comparison to calculate the errors [35], [36], [37]. In the 
case of wind turbines, for example, the GCI method was used to determine the mesh size by 
comparing the mean power coefficient at 3 different mesh sizes, resulting that the minimum error 
obtained at GCI 21 was 0.043% [38]. In the same pattern and results, where the increasing number 
of meshes means the smaller the GCI error, the number of meshes with an error value below the 
minimum standard can be determined [39], [40]. Overall, grid convergence and mesh sensitivity 
analysis have been widely recognized as crucial steps to ensure the accuracy and reliability of CFD 
simulations for H-Darrieus wind turbines.  
 
However, most existing studies assess grid convergence using a single turbine configuration and 
rely on a limited number of performance indicators, such as torque or power coefficient. The 
influence of variations in blade configuration on grid convergence behavior and discretization 
errors, particularly when combined with flow-field characteristics such as the pressure coefficient 
and vorticity, has not been widely studied. Therefore, this study aims to conduct a comprehensive 
grid-convergence analysis using the Grid Convergence Index (GCI) in CFD simulations of H-
Darrieus wind turbines, employing multiple blade configurations as representative cases to verify 
the robustness and consistency of mesh sensitivity across different turbine geometries. 
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2. Methods 
 
2.1 Design of H-Darrieus wind turbine 
 
Three different H-Darrieus wind turbines, with 3, 4, and 5 blades, were used in this study, all with 
the same diameter (D) and height (H). Previous studies show that a symmetrical blade profile can 
enhance turbine aerodynamic performance compared with an asymmetrical profile. Therefore, in 
this study, a NACA 0015 is used [41], [42]. The turbine geometry was designed to generate small 
or micro power under 500 watts with a freestream velocity (U) of 8 m/s. Furthermore, because 
the number of blades varies and the chord length is constant, the turbine solidity also 
varies.  Equation 1 is used to calculate the solidity. 
 

𝜆 =
𝑅𝜔

𝑈∞
 (1) 

 
The tip speed ratio (TSR) in this study is 2, as some studies mention that the optimum TSR of the 
H-Darrieus wind turbine is around 1.5 to 3.5 [43], [44]. TSR was then used to calculate the turbine 
blade's rotational speed using Equation 2. 
 

𝜎 =
𝑁𝑐

𝐷
 (2) 

 
Moreover, the main geometric parameters of the turbine are listed in Table 1, and shown in Figure 
1. 
 
Table 1. Main geometrical parameters 
 

Parameter Value 

Radius, R 0.5 m 
Height, H 1.56 m 
Chord, c 0.1 m 
Airfoil NACA 0015 
Blade Number 3, 4, and 5 

ϴ 1200, 900, and 720 

 

 
 
Figure 1. Turbine geometry 
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The blades are distributed along the rotor circumference with azimuthal spacings of 1200 for 3 blades, 
900 for 4 blades, and 720 for 5 blades. The symmetrical NACA 0015 aerodynamic profile is used in 
all cases, with a constant chord length and a fixed blade inclination angle of 0°, resulting in different 
solidity values. The turbine geometry is represented with a two-dimensional model, Top View, with 
the assumption that the flow variations along the blade height is negligible. The main geometric 
parameters are summarized in Table 1, and the turbine geometry is illustrated in Figure 1. 
 
2.2 Numerical method 
 
Two-dimensional (2D) numerical analysis, extracted from the mid-plane of the 3D model, was 
done using ANSYS FLUENT licensed to the Faculty of Engineering, Universitas Sumatera Utara. It 
is used because 2D simulations require a smaller number of meshes compared to 3D simulations, 
and much literature approves that 2D simulations of Darrieus wind turbines have the ability to 
perform high-accuracy simulations [38]. Figure 2 displays the domain used in the simulation, which 
was divided into two domains, stationary rotating domain. The rotating domain is used to perform 
moving mesh analysis, which is the most accurate approximation for analyzing rotating equipment 
in CFD [45]. Moving mesh (dynamic mesh) is the unsteady numerical approach that has frequently 
been used, particularly in investigating the wake dynamics of the wind turbine [46]. Moving mesh 
(dynamic mesh) is an unsteady numerical approach that has frequently been used, particularly for 
investigating the wake dynamics of the wind turbine [46].  Moreover, the dimension of the 
geometry of the simulation depends on the diameter of the blade (D), where the flow field was 
expanded to achieve the fluid phenomena accuracy [12]. 
 
Figure 2 shows the boundary conditions applied, with the inlet (yellow line) as an inlet velocity of 
8 m/s of a uniform wind speed. The inlet turbulence properties were defined according to the SST 

k–ω turbulence model.  The outlet boundary (red line) was defined as a pressure outlet with a 
gauge pressure of 0 Pa. The backflow turbulence quantities at the outlet were set identically to 
those at the inlet. The upper and lower boundaries (blue lines) of the computational domain were 
set as symmetric boundaries, assuming that the velocity and pressure gradients perpendicular to 
these boundaries can be neglected. This is due to the large size of the domain relative to the rotor 
diameter. The rotating domain (inside the green line) containing the turbine blades is given a 
constant angular velocity corresponding to a rotational speed of 50 RPM. The interaction between 
the rotating and stationary domains is handled using a non-conformal sliding mesh interface, 
allowing the transient interaction between the rotor and the surrounding flow to be accurately 

captured. The turbine blades are arranged as nonslip walls. The SST k–ω turbulence model uses an 

automatic wall treatment. 
 

 
 

Figure 2. Domain and boundary conditions 
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The simulations were initialized using standard initialization, in which the flow field was obtained 
from the velocity inlet. The initial velocity, pressure, and turbulence magnitudes across the 
computational domain are obtained directly from the inlet boundary conditions. The rotating 
domain is initialized at a specified angular velocity before the transient calculation. 
 
Simulations were performed using a pressure-based transient solver, which is well suited to 
unsteady flows involving a moving-mesh setup. For the discretization order, a second-order scheme 
was used for the pressure, momentum, and turbulence equations to improve numerical accuracy. 
The simulation employed a fixed time step of 0.005 s and a total of 300-time steps to adequately 
resolve the rotor motion and the unsteady turbulent flow. At each time step, the solution was 
iterated until the convergence criterion was met or the specified iteration limit was reached. 

Convergence was assessed based on the solver's default residual criterion for the SST k–ω 
turbulence model. In addition to residual-based convergence, integral quantities, such as torque 
and power coefficients, are also monitored. 
 
As the flow occurred in turbulent conditions, the k-omega SST model was employed in this study. 
This is based on Shahizare et al., who compared 3 different RANS turbulence models in a Darrieus 
wind turbine (the standard k-epsilon, the standard k-omega, and the k-omega Shear Stress 
Transport (SST) model) and found that the k-omega SST model is the most proper model in the 
case of Darrieus wind turbine CFD simulation [22]. This model is a combination of standard k-
omega and standard k-epsilon models, which is used to improve the model's capability to predict 
the flow field in the area around the wall and low Reynolds number, which is the advantage of k-
omega, and flow with low adverse pressure gradient and its insensitivity in the free stream area, 
which is the advantage of k-epsilon [47]. 
 
Moreover, the standard 2D Navier-Stokes equations are used in this study, where Equation 3 and 
Equation 4 are continuity and momentum equations in differential form of Cartesian coordinates. 
 

𝜕(𝜌)

𝜕𝑡
+ 

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑗
= 0 (3) 

  

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕(𝜏𝑖𝑗 − 𝜌𝑢𝑖
′𝑢𝑗

′)

𝜕𝑥𝑗
+  𝜌𝑔𝑖 (4) 

 
Then, additional transport equations for the SST k-omega model can be seen in Equation 5 and 
Equation 6. 
 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗
 (Г𝑘

𝜕𝑘

𝜕𝑥𝑗
) + Ḡ𝑘 − 𝑌𝑘 + 𝑆𝑘 (5) 

  

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑗
 (Г𝜔

𝜕𝜔

𝜕𝑥𝑗
) +  Ḡ𝜔 − 𝑌𝜔 + 𝑆𝜔  (6) 

 

Compared to Standard k-ω, both the standard and SST k-ω models use the same two-equation 
framework. The SST variant introduces a blending function and cross-diffusion term to combine 

the near-wall accuracy of the k-ω model with the free-stream robustness of the k-ε model. This 

improves its performance in predicting separation and adverse pressure gradient flows [48]. 
 
The governing equations presented above represent the Reynolds-averaged Navier-Stokes (RANS) 

equations and the SST k–ω turbulence transport equations solved internally by the CFD solver. 
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These equations are included for theoretical completeness and reference only, and no additional 
user-defined implementations were implemented. 
 
2.3 Grid convergence index (GCI) 
 
Richardson extrapolation is a method used to obtain and improve the accuracy of approximations 
in numerical analysis and computational methods. It improves a method's results by comparing it 
with the same method at different levels of precision. With Richardson extrapolation, the accuracy 
of a numerical study is not limited to qualitative accuracy but also extends to quantitative accuracy. 
The basic principle of this method is to compare the results of each grid convergence test with the 
expected results by doubling the grid using the 2nd order method [29]. To calculate the error for 
each grid, the exact value of the numerical result was estimated using Equation 7. 
 

𝑓𝑒𝑥𝑎𝑐𝑡 ≅  𝑓1 +
ℎ2

2𝑓1 − ℎ1
2𝑓2

ℎ2
2 − ℎ1

2  (7) 

 
Where h is the grid size and f is the dependent variable of the simulation, which is one parameter 
of the simulation’s result, such as torque, pressure coefficient, etc. The comparison of h1 and h2 is 
defined as the grid refinement ratio, as shown in Equation 8. 
 

𝑟 =
ℎ1

ℎ2
 (8) 

 
Equation 7 then be rewritten as: 
 

𝑓𝑒𝑥𝑎𝑐𝑡 ≅  𝑓1 +
𝑓1 − 𝑓2

𝑟𝑝 − 1
 (9) 

 
P is the apparent order, calculated by Equation 10. 
 

𝑃 =
1

ln (𝑟21)
 | 𝑙𝑛 | 

𝜀32

𝜀21 
| +  𝑞(𝑝)| (10) 

 

Normally, there are at least 3 different grid sizes to be compared, where Ɛ32 and Ɛ21 are the absolute 
errors of these grids. Then, once the value of P is obtained, the exact solution and error can be 
estimated using Equation 11. 
 

𝑒𝑎
21 = | 

𝜙1 − 𝜙2

𝜙1 
| (11) 

 
The grid convergence index can be determined by Equation 12, where Fs is a security factor that 
may be defined as 1.25. 
 

𝐺𝐶𝐼21 =
𝐹𝑠  𝑒𝑎

21

𝑟21
𝑝 − 1

 (12) 

 
Furthermore, Figure 3 illustrates the mesh setup used in this study. The mesh inside the rotating 
zone is finer than in the free-stream region. This is to ensure the accuracy of the resolution of flow 
features around the rotating body. Along the blade surface, inflation layers were applied to the mesh 
to accurately capture the boundary layer phenomenon and to obtain a precise near-wall velocity 
gradient. 

https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/


 

48 

Teknomekanik, Vol. 9, No. 1, pp. 42-59, February 2026 
e-ISSN: 2621-8720   p-ISSN: 2621-9980 

 

©
 T

he
 A

ut
ho

r(
s)

  
P

ub
li

sh
ed

 b
y 

U
ni

ve
rs

it
as

 N
eg

er
i P

ad
an

g.
 

T
hi

s 
is

 a
n 

op
en

-a
cc

es
s 

ar
ti

cl
e 

un
de

r 
th

e:
 h

tt
ps

:/
/

cr
ea

ti
ve

co
m

m
on

s.
or

g/
li

ce
ns

es
/

by
/

4.
0/

 
 

 
 

Figure 3. Mesh set-up 
 
3. Results and discussion  
 
3.1 Discretization errors 
 
Most of the studies on grid independence techniques implement three variations of mesh refinement 
[49]. However, to better understand the effects of grid size and number on the performance of the 
Darrieus turbine, 5 grid variations were used in this study. Moreover, the study also compared grid 
number variation in three cases of Darrieus wind turbines. Case 1 for 3 blades, case 2 for 4 blades, 
and case 3 for 5 blades. The total mesh count details are in Table 2. For all blade variations, the 
same mesh settings are used, including inflation at the blade surface, mesh size in the rotating and 
stationary zones, and the names of the boundary conditions. The variation in total mesh with the 
number of blades is due to differences in blade size or volume. However, Table 2 shows that 
variations in the number of blades produce a negligible difference in the mesh count. 
 
Table 2. Number of cells 
 

Number of blades Grid_1 Grid_2 Grid_3 Grid_4 Grid_5 

3 Blades 22288 45311 89860 170538 339246 
4 Blades 21598 43867 87702 166571 333192 
5 Blades 20961 42703 85409 161159 324652 

 
The performance of a Darrieus wind turbine is normally determined from the power generated by 
the turbine. The output power is calculated from its torque and angular velocity, where in the CFD 
dynamic mesh case, angular velocity is a dependent variable, and torque is an independent variable. 
Figure 4 shows a comparison of the effects of grid variation on the torque coefficient (Ct). Figure 
4a shows the comparison on 3 blades, Figure 4b on 4 blades, and Figure 4c on 5 blades. In this 
study, the torque coefficient is defined as the ratio between the torque obtained from CFD results 
(TCFD) and the torque from potential power (T_Available). 
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  a) b) 

 
c) 

Figure 4. Torque Coefficient: a) 3 blades, b) 4 blades, c) 5 blades 
 
following previous studies that also employed torque as a reference parameter for verifying their 
CFD simulations [50], [51]. Figure 5 shows all the torques for each value and compares the torque 
at each grid space. From Figure 5, it can be seen that for all runners with 3, 4, and 5 blades, higher 
grid spacing results in lower torque, indicating that more grids lead to lower torque. Furthermore, 
the graph also shows that the runner with more blades generates higher torque. However, for the 
runner with 5 blades, at grid space 8, the torque starts to be lower than that of the runner with 4 
blades, and at grid space 16, the torque becomes closer to the torque of the runner with blade 3. 
 

 
 

Figure 5. Torque of runner blades 
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The torque value in Figure 5 is then used to determine the GCI value. Table 3 presents the GCI 
calculation results for the four-blade runner. Based on Table 3, the error at GCI_12 is 1.86%, the 
lowest among all conditions. As for the higher error values, they are at GCI_45 with 23.39%. The 
results indicate that higher grid numbers lead to lower errors. 
 
Table 3. GCI calculation results 
 

Grid normalized Grid number Grid spacing Torque GCI 

1 3.2 x 105 1 0.039   
2 1.6 x 105 1.9 0.038 GC1_12 1.86% 
3 8.5 x 104 3.8 0.034 GCI_23 5.20% 
4 4 x 104 8 0.035 GCI_34 2.49% 
5 2 x 104 16 0.023 GCI_45 23.39% 

 
Furthermore, the complete calculation results for all cases are shown in Figure 6, which presents 
the GCI calculations across all runner and grid number variations. The graph shows that GCI_12 
achieves the lowest errors for all runners, while GCI_45 produces the highest errors. The bar chart 
also shows that the runner with 4 blades has the lowest error value in all cases except at GCI_45, 
while the runner with 5 blades has higher errors in all cases except at GCI_23. Moreover, the errors 
of GCI_12 for all cases are below 5%, showing that a grid number around 1.6 x 105 is acceptable. 
As for GCI_23, GCI_34, and GCI_45, the error rates are above 5%, excluding runners with 4 
blades at GCI_34, which has an error rate of around 3%. On the contrary, GCI_45 results in more 
than 15% error across all blade-count variations, with the 5-blade case exceeding 60%. 
 

 
 
Figure 6. Grid convergence Index (%) 
 
Overall, the grid convergence analysis conducted in this study serves as a numerical verification 
method to quantify discretization errors prior to validation. The optimal grid selection is based on 
the GCI threshold, solution stability, and near-wall resolution criteria; it is not compared with 
experimental results. However, when viewed from the stability of the resulting torque, the results 
of this study are consistent with previous studies using grid convergence-based verification methods 
or GCI, where the finer the grid size, the less fluctuating the resulting torque (see Figure 4) [19], 
[20], [38]. Similarly, discretization errors decreased systematically with mesh refinement, 
indicating that the current grid convergence behavior is in line with established numerical practice 
and is not a specific case [38]. 
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3.2 Aerodynamics flow-field descriptions 
 
The aerodynamic performance of Darieus wind turbine blades is governed by the characteristics of 
the boundary layer on the blade surface. In CFD simulations, mesh resolution in the near-wall 
region is essential for capturing flow phenomena such as flow separation, laminar-to-turbulent 
transition, and shear-stress distribution. A critical parameter in this context is the dimensionless 

wall distance, Y⁺, which indicates the location of the first grid point from the wall. 
 
3.2.1 Y+ on blade surface 
 
The Y+ value is important to analyze on the surface of a Darrieus wind turbine blade because it is 
directly related to the accuracy of boundary-layer flow predictions, which greatly affects the blade's 
aerodynamic performance [52]. Y+ is a non-dimensional parameter that indicates how far the center 
point of the first grid element (mesh) is from the solid surface in viscous units. In CFD simulations, 
this value is important to capture viscous phenomena [53]. The boundary layer affects the lift and 
drag forces on the blade. If the turbulence model or mesh does not capture the near-wall zone 
correctly due to an inappropriate Y+, then the predicted aerodynamic performance will be 

significantly different from the experiment [53]. Figure 7 shows the distribution of Y⁺ values along 
the blade surface on three different blades (Blade 3, Blade 4, and Blade 5). This data was collected 

at five mesh resolutions to evaluate the quality of boundary-layer resolution on each blade. The Y⁺ 

values shown in Figure 7 are the average value for all variations shown in the bar chart and the 

maximum and minimum Y⁺ values on Blade 3. 
 

 
 

Figure 7. Y+ on blade surface 
 

In general, the Y⁺ values show a decreasing trend from the lowest to the highest mesh number. 

Blade 3 consistently shows the highest Y⁺ value among the blades, indicating that the mesh around 
its surface is coarser or experiences more complex flow conditions. In Figure 7, lines also show the 

maximum and minimum Y⁺ values on Blade 3. The minimum value remains relatively constant 
below 1 across the mesh number range, while the maximum value decreases significantly, similar 
to the average Y+ value. This indicates that the mesh size on the blade surface affects the 
aerodynamic flow around the blade. Numerous studies imply that in simulation with K-Omega 
SST, the Y+ value should be no more than 15 [54], [55]. Moreover, in this study, a grid number 
above 40000 yields an average Y+ value below 15, indicating that all mesh variations used in this 
study are acceptable for performing the K-Omega SST simulation, except grid_1. However, some 
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other studies suggest that the Y+ value should be around 1 or below, which denotes grid_4 and 
grid_5 as satisfactory to be implemented with the K-Omega SST model [56]. 
 
3.2.2 Pressure coefficient (Cp) 
 
To understand the characteristics of airflow and pressure distribution during the conversion of wind 
energy into mechanical energy, analyzing the pressure distribution and its coefficient of 
performance (Cp) on the blade surface is crucial. Cp describes the pressure difference between the 
blade surface and the free stream pressure, which directly affects the lift and drag forces acting on 
the blade. Knowing the distribution of Cp along the blade surface enables the evaluation of the 
aerodynamic efficiency of the blade design and the potential for flow phenomena such as separation 
or turbulence. Therefore, a thorough understanding of Cp distribution is crucial for optimizing a 
wind turbine's overall performance. 
 
In CFD simulations, the accuracy of Cp predictions depends on the quality and size of the mesh 
used. The mesh that is too coarse can lose important flow details, particularly around the 
boundary layer and in areas with high pressure gradients, leading to less accurate Cp predictions. 
In contrast, finer meshes enable more complex and accurate capture of flow phenomena, but they 
incur higher computational costs. Therefore, selecting the right mesh size is crucial in obtaining 
a representative Cp distribution on the surface of a wind turbine blade. However, Cp is 
determined by the equation 13. 
 

𝐶𝑃  =
𝑃 − 𝑃∞

1
2⁄ 𝜌𝑉2

 (13) 

 

  
a) b) 

 
c) 

 
Figure 8. Pressure Coefficient on blade surface, a) 3 Blades, b) 4 Blades, c) 5 Blades 
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Figure 8 illustrates the distribution of the pressure coefficient (Cp) along the chordwise direction 
(X/C) of the wind turbine blade surface for five different grid resolutions, Grid_1 to Grid_5. The 
Cp values were obtained from numerical simulations using varying mesh numbers to evaluate the 
influence of grid resolution on solution accuracy. As observed, Grid_1, which represents the 
coarsest mesh, shows noticeable deviations in Cp, particularly near the leading edge (X/C ≈ 0.0–
0.2), where the pressure gradient becomes steep, and flow separation occurs. Conversely, finer 
meshes (Grid_2 to Grid_5) show increasingly consistent Cp distributions, indicating improved 
boundary-layer resolution and more accurate pressure-field capture. The Cp distribution from 
Grid_3 to Grid_5 shows that grid independence is achieved at Grid_3 and beyond, with further 
mesh refinement yielding negligible changes in the pressure distribution. This highlights the 
importance of mesh refinement, particularly near regions with high curvature or sharp gradients, 
to ensure numerical stability and reliable aerodynamic predictions. Similar phenomena are observed 
in Figures 8b and 8c for blade numbers 4 and 5. Overall, Figures 8a, 8b, and 8c show that mesh 
size and quality are crucial for resolving the pressure distribution on the surface of blades, which 
affects the prediction of aerodynamic forces acting on it. These results also agree with findings from 
previously published numerical and experimental studies on vertical-axis wind turbines, which 
underscore the importance of appropriate near-wall grid resolution to accurately capture pressure 
gradients [25], [55]. 
 
3.2.3 Vorticity 
 
The analysis of vorticity contours around the wind turbine blade provides important information 
about the flow field, particularly for identifying regions of flow separation, vortex formation, and 
boundary-layer interactions. The vorticity distribution shows how rapidly the fluid rotates near the 
blade surface. This directly affects the pressure distribution, aerodynamic forces, and overall 
turbine performance. Figure 8 shows the vortex contour around the blade. This study's vorticity 
analysis was performed on a single turbine blade at a fixed azimuth angle to examine the effect of 
grid count on the vortex phenomenon. 
 
Figure 9 shows that the grid number affects the vortex around the blade. The vorticity contour 
visualization reveals a strong dependence of vortex formation on both mesh resolution and blade 
number. For the coarsest mesh (Mesh 1), vortex structures are barely captured, with minimal 
indications of flow separation near the trailing edge. As mesh resolution improves (Meshes 3 to 5), 
vortical structures become increasingly visible, particularly in configurations with four and five 
blades. In these finer meshes, periodic vortex patterns begin to emerge downstream of the airfoil, 
indicating the onset of vortex shedding. At the leading edge, vorticity is consistently observed across 
all mesh levels, though its intensity and spatial resolution improve with mesh refinement. This 
vorticity is primarily associated with flow acceleration and the formation of thin boundary layers. 
In higher-blade-number configurations, the interaction between the incoming flow and adjacent 
blades appears to slightly intensify the leading-edge vorticity. Overall, Figure 9 shows that the 
simulation with a finer mesh captures the vortex structures more accurately and reliably. This is in 
line with flow field characteristics reported in a previous study about Darrieus-type wind turbines 
[21], [30].  The studies reported that a coarser mesh is generally less capable of capturing the vortex 
formation and wake interactions. 
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Figure 9. Vorticity contour 
 
4. Conclusion  
 
This study analyzes the grid convergence index for an H-type Darrieus vertical-axis wind turbine 
with multiple blade configurations using CFD simulations. Both turbine performance and flow 
characteristics are considered. The study results show that finer mesh resolutions improve turbine 
performance predictions and enhance the accuracy of flow-field characteristics, including boundary-

layer behavior and vortex formation. GCI analysis confirmed that the error rate decreased 
consistently as the mesh number was increased. It is also shown that a cell count of approximately 
1.6 x 105 yielded a calculated error within an acceptable margin of less than 5%. With mesh 
refinement, Cp distributions along the blade surface become more consistent and better capture 
vortex structures, especially at trailing edges and in wake regions. The results of this study highlight 
the importance of Grid Convergence Index assessments to ensure the reliability of CFD simulations 
of H vertical-axis wind turbines. 
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