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Performance for Horizontal Axial Wind Turbine (HAWT) is influenced by the difference 
in tip speed ratio (TSR) and mesh distribution. The objective of this article is to study 
the optimal performance of wind turbines when subjected to different mesh 
resolution, TSR and wind speed velocity.Therefore, it is important to study the effects 
of different mesh resolutions in terms of wind turbine performance. To achieve that, a 
0.65m optimal twist and tapered (OPT) blade is used with various inlet velocities and 
TSR. This study uses the k-ꞷ shear-stress transport (SST) based Reynold-Average 
Navier Stokes (RANS) approach in commercial ANSYS Fluent CFD software. This 
simulation was performed using the Moving Ratio Frame (MRF) method. To find the 
optimum grid resolution, a Grid Independence Test (GIT) was conducted comparing 
the coefficient of power (Cp). From the RESULT, TSR 6 shows the best HAWT 
performance when Cp for inlet velocity 8 m/s is 0.2608.  
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1. Introduction 
 

This study focuses on the performance of small HAWT blades when different TSRs are applied 
with appropriate meshing sizes. HAWT blade allows wind resources to be abstracted into electricity 
for use in community life and industry to avoid pollution because the resulting electricity source is 
primarily from fossils. The electricity produced depends on the performance of a wind turbine. 
Among the factors that affect HAWT performance are the use of the TSR ratio and blade radius size. 
The size of the blade determines the surface area that will be swept to extract the electricity 
generated with the speed of the blade determined by the TSRs. Based on previous studies, HAWT 
performance is affected by TSR, where the energy produced increases. Still, when it reaches the 
optimal level of the wind turbine, the power starts to decrease [1]. Based on the type of airfoil profile 

 
* Corresponding author. 
E-mail address: izuan@uthm.edu.my (Izuan Amin Ishak) 
 
https://doi.org/10.37934/cfdl.16.8.1832 



CFD Letters 

Volume 16, Issue 8 (2024) 18-32 

19 
 

design code employed, the blade element momentum (BEM) method is utilized to produce the kind 
of blade suitable for use [2]. Currently, the utilization of BEM is still adaptable for advancing 
numerical studies for aerodynamic HAWT features, performed at different levels and ranges followed 
by CFD computation. 

The specification of the blades is one of the elements that affect wind turbine performance. Many 
different designs of wind turbines are employed nowadays, but the Horizontal Axial Wind Turbine 
(HAWT) and the Vertical Axial Wind Turbine are among the ones that are frequently contested 
(VAWT). The difference between HAWT and VAWT is that the wind for HAWT travels parallel to the 
blade, whereas the wind for VAWT can flow from different angles. When its efficiency reaches 50%, 
HAWT is suitable for considerable capacity needs as opposed to VAWT, which can only obtain 40% 
[3]. When compared to VAWT, which has a capacity of only 6 Mw, modern HAWT has a 20 Mw 
capacity, meaning that the power coefficient (Cp) is 2 % higher in HAWT [3].  Additionally, HAWT is 
separated into many blade types, including optimal and tapered (OPT), untampered and optimal 
twist (UOT), and untampered and untwisted (UUT) [4, 5]. The next difference between the two kinds 
of blades is that OPT has various chord length sizes in each section compared to UOT and UUT, 
whereas OPT and UUT have different twist angles [4, 5].  

OPT displays a greater Cp in terms of blade performance than UUT and UOT [4]. This is also a 
result of the chord length and twist angle factors. Earlier research examined the performance of wind 
turbines based on twist angle and various chord length sizes at the designated radial position [6]. The 
Cp drops to -1.2 when the wind speed hits 10 m/s when the twist angle is reduced to -25% and 
increased to 25% [6]. However, it was discovered that the Cp achieved the ideal level of 0.5 at a wind 
speed of 3 m/s [6]. The speed at which the blade rotor rotates in the swept area affects blade 
performance. Tip speed ratio (TSR) is a technique used to assess a wind turbine's power output. 
Previous research has connected TSR and Cp with the variation in blade diameter [7, 8]. According to 
the study, four and five blades at TSR 5 reached their best performance when they were close to Cp 
0.5, but their performance fell as TSR increased [7]. Compared to three blades operating at their 
optimum Cp of 0.5 from TSR 7 to TSR 15 [7]. Below three blades below show a lower optimal level [7]. 
This shows that when the blade rotation rotor is raised based on TSR, blade three can provide a larger 
Cp than other blades.  

When a twist angle is employed to create the turbine blades, the angle of attack is the angle 
formed by the chord line and the incoming wind. With the least amount of drag, the most precise 
angle of attack helps provide the highest lift [9-11]. When the lift coefficient is good and the drag 
coefficient is low, the NACA 4418 airfoil exhibits suitability for applications in the construction of 
turbine blades [9]. CFD simulation techniques have also been utilized in earlier research to examine 
the performance of wind turbines, the choice of airfoil profiles, the impact of the number of blades 
being employed, and pitch angle variations [12-17]. Previous research has used the GIT technique to 
choose a quality mesh while also reducing time to ensure that the data obtained reaches the actual 
reading [18, 19]. The performance data of OPT blades, flow structure blades, and parameters 
influencing the performance of blades based on wind speed generated by CFD simulation in this 
study. 

The objective of this study will be to see the optimal performance of wind turbines when 
subjected to different wind speeds, TSR, and mesh sizes. Based on this difference, the study can find 
out energy capture and efficiency when changes in TSR affect wind turbine energy. The study also 
focuses on the HAWT's effect output, torque, and overall efficiency with optimized blades. TSR is also 
influenced by aerodynamic performance to analyze how the blades' design and optimization affect 
the turbine's ability. 
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2. Methodology 
2.1 Wind Turbine Specification  
 

Wind turbines feature components that ensure their movement, including airfoils, the best 
possible blade design, and wind turbine blades that are attached to rods, shafts, and hubs [20]. 
Calculating wind turbine power (P) at rated wind speed (v) will yield the rotor blade diameter [5]. The 
300-watt HAWT from the previous research will be simulated using the ANSYS FLUENT program with 
different wind speeds and TSR. The calculation determined that the length of the blade is 650 mm by 
taking into consideration different system component efficiencies and entering the value of 8 m/s 
into [2]. OPT blade design uses BEM theory with chord values and twist angles for chords as in Table 
1. Table 1 shows information for 1 OPT blade with each section as in Figure 1 having its airfoil distance 
with different chord sizes and twist degrees. Due to its high lift and low drag coefficients, small HAWT 
blades frequently utilize the NACA 44xx and NACA 230xx family airfoils [21]. The NACA 4418 was 
employed in this study, with a maximum lift-to-drag ratio of 44.447, which equates to an angle of 
attack of 6.5° and a lift coefficient of 1.209. 

 

 
Fig. 1. Optimal twist and tapered (OPT) blade for small HAWT 

 
The National Advisory Council for Aeronautics (NACA) develops airfoil profiles by assigning a 

numerical code to the cross-section after assessing its attributes and the letters NACA [22]. Different 
regulations are used for symmetric and chambered airfoils; for symmetry, the code is NACA 00xx, 
where xx is the chord thickness ratio [22]. NACA 0012, for example, represents a chord whose 
thickness is 12% of its length [22]. The most straightforward asymmetric system is used by 
chambered airfoils, which use the asymmetric 4-digit NACA. The first figure provides information 
about the chamber percentage, and the second digit includes information about the maximum 
camber along the foil chord. In contrast to chord length, numbers three and four have 
chord thickness [22]. The NACA 4418 airfoil shows that it has a chamber percentage of 4% and can 
reach a maximum chamber of 40%. The maximum chamber is 40% with 0018 symmetry of thickness 
185 of the chord length, and the chamber percentage has a specific meaning on the first digit [22]. 
Figure 2 depicts the formation of the airfoil profile. According to the NACA code, the first four 
characters of the chord for NACA 4418 represent 40% of its chord (0.4) from X coordinates (1,0). The 
chord's length is used as a reference when forming the OPT blade, the chord's length is used as a 
reference. 
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Fig. 2. Nomenclature of an airfoil 

 

The blade element momentum (BEM) theory is used to design the optimum blade shape. The 
blade chord length and twist distributions along the span are calculated at design TSR and design 
angle of attack. Tip speed ratio (λ) is an important parameter in the design procedure, and it is the 
ratio between tip speed and wind speed. As given by Eq. (1), The optimal TSR depends on the number 
of blades (n). The blade is divided into twelve elements and twisted while the angle of attack remains 
constant at all elements; the velocities and the forces on the blade are shown in Figure 3. The relative 
wind angle (ϕ), the chord length (c) and the pitch angle (ƟP) of the blade at every with element has 
been found. from Eq. (3), Eq. (4), and Eq. (5)[5].The chord and twist distribution for the OPT blade 
are abbreviated in Table 1. 
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Fig. 3. Schematic of angles and forces on blade element [5] 
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Table 1 
Chord and Twist distribution for OPT blade 

Section number Radius r (m) Chord c (m) Twist angel Ɵp (deg) 

1 0.10 0.153800 32.42800 
2 0.15 0.153400 25.02700 
3 0.20 0.140900 19.56200 
4 0.25 0.126300 15.50000 
5 0.30 0.112800 12.46000 
6 0.35 0.101100 10.10300 
7 0.40 0.091200 8.23900 
8 0.45 0.082845 6.73680 
9 0.50 0.075500 5.50277 
10 0.55 0.069680 4.47330 
11 0.60 0.064400 3.60000 
12 0.65 0.059900 2.85700 

 
2.2 CFD Modelling and Analysis 
 

The complete shape of the horizontal wind turbine with OPT blades based on NACA 4418 is 
depicted in Figure 4. Based on the HAWT hub, there are 120 degrees between the OPT blades with a 
diameter of 1.3 meters. Airfoil coordinates are essential to form an edge in Solid-Work software 
before completing a HAWT with improvements in ANSYS Space Claim R. Then, CFD modeling will be 
done using this schematic. Figure 4 also displays the assembly for the isolated rotor and complete 
turbine types. The control volume comprises two cylinders with a 4 m diameter (dcv) and 10 m length 
(lcv) that operate as a virtual wind tunnel when stationary. The other is a rotating cylinder made 
around HAWT with dimensions of 1.34 meters in diameter (dcv) and 0.13 meters in length (lcv).   

Due to the focus on the fluid surrounding the HAWT in the present study, the HAWT model 
approaches the fine mesh using a specific size. In regions other than HAWT, the coarse mesh is 
utilized, as depicted in Figure 5. Tetrahedral elements were used to mesh the internal and external 
usage volumes, which have approximately 1,786,902 cells for the rotating zone and 1,900,815 cells 
for the entire turbine module. 

 

 
Fig. 4. Computational domain indicating the boundary conditions 
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Fig. 5. Mesh isometric view and tetrahedral mesh around the blade 

 
The wind turbine is simulated using the setup solver according to the required scenario. The 

moving reference frame (MRF) approach is employed in this solver setup because it can be used for 
rotating models. The study will use the torque data obtained from this simulation to calculate the 
energy produced by the wind turbine and its performance. To understand the time average flow 
physics around the wind turbine, the steady mode of the simulation utilizing a Shear Stress Transport 
or SST-based Delayed Reynold averaged Navier Stokes (RANS) turbulence model is used. The SIMPLE 
approach is applied for pressure velocity coupling. The entire set of simulation examples was run 
utilizing a parallel computing approach. During the solution process, six logical processors were used. 
The RANS formulation can be written as Eq. (6) and Eq. (7). A summary of the solver simulation setting 
can be seen in Table 2. 

 

∇. 𝑉⃗ = 0              (6) 

𝜌
𝐷𝑉⃗⃗ 

𝐷𝑡
= −∇𝑝 + 𝜌𝑔 + 𝜇∇2𝑉⃗             (7) 

 
Momentum Eq. (7) is a vector equation obtained by applying Newton’s Law of motion to a fluid 

element. It is supplemented by the continuity Eq. (6) and the energy equation. The momentum 
equation is the total derivative of change velocity with time. Pressure gradient (∇𝑝) is fluid flows in 
the direction of the most significant change in pressure. Body force term (𝜌𝑔 ) is external forces that 

act on the fluid, and diffusion term (𝜇∇2𝑉⃗ ) is a newton fluid, viscosity operates as a diffusion of 
momentum. 
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Table 2 
Specifications solver setup 

Solver settings Description 

Mode Moving reference frame (MRF) 
Iteration 1200 
Turbulence model k-ꞷ shear stress transport (SST) 
Method SIMPLE coupling 
Inlet velocity (m/s) 5, 6, 8, 10,12, 14, 15 
Outlet Air pressure 
Density of air kg/m3 1.225 kg/m3 
Viscosity ratio 10% 
Intensity Ratio 10% 
Solver settings Description 

 
2.3 Grid Independence Test 

 
Based on the evaluation of various grid conditions, the grid independence test is used to identify 

the best grid condition with the fewest grids without producing a difference in the numerical results 
[14]. Table 3 lists the parts of the wind turbine that change in size, with M2 being half as large as M1 
and so on through M4. The total number of elements also varies depending on the change in element 
size, as indicated in Table 3. The grid independence test (GIT) utilizes the size difference of each 
HAWT component to detect non-significant difference values, ensuring that the data obtained meets 
the best level of accuracy. 

Figure 6 displays the results of TSR against the coefficient of power Cp for different mesh 
resolutions. It can be shown that when the M1 difference between two meshing does not reach the 
same value as the other meshing, it exhibits a large difference value. Graph curvature for M2, M3, 
and M4 is nearly identical, except for TSR 2 and TSR 3. TSR 6 has been selected to compare the error 
percentages of the four meshes to determine the ideal power value generated by OPT for this 
investigation. At TSR 6, M1 = 0.2493, M2=0.2608, M3 = 0.2605, and M4 = 0.2590 were the Cp values. 

In Figure 7, it can be seen that the percentage difference between M1 and M2 was 4.6%, M2 and 
M3 were 0.11%, and M3 and M4 were 0.73%. M2 was selected as the element size for this 
investigation based on the data collected since M2 and M4 likewise had a percentage difference of 
0.69%. The contrast of 0.69% below 1% shows a slight error difference for M2 and M4. 0.69 % with 
this small difference, the choice of M2 was used for time savings and, it was also chosen because of 
its standard computer specifications. Due to the restrictions of the computer simulation that was 
employed, this enables studies to be developed and used faster. Figure 8 shows important 
components with numbers that can be referenced in Table 3 using the selected mesh size elements 
M2. 
 

Table 3 
Types of element sizes for four different meshes 

 Component M1 M2 M3 M4 

 
 
Element 
size 
(mm) 
 

1. Blade surface 120.0 60.00 30.000 15.0000 
2. Cylindrical root   
section 

30.0 15.00 7.500 3.7500 

3. Hub 60.0 30.00 15.000 7.5000 
4. Airfoil shape 4.2 2.10 1.050 0.5250 
5. Trailing edge 1.5 0.75 0.375 0.1875 
6. Round leading edge 4.2 2.10 1.050 0.5250 

 Number of elements 890,428 1,900,131 4,508,137 11,433,609 
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Fig. 6. Performance of coefficient of power (Cp) with TSR for different mesh resolutions 

 

 
Fig. 7. Grid independence test  based on the coefficient of power (Cp) at TSR = 6  
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Fig. 8. Form OPT blade in M2 

 
2.4 CFD Validation 

 
The model OPT used in the experimental and CFD simulations is checked using validation 

processes to ensure they are relatively near the same values. The investigation will be able to 
measure the error value that will be obtained by comparing simulation and experimental results from 
previous research. The validation of the current study is compared with the published results [5, 23]. 
Figure 9 illustrates how the power output achieved through CFD simulations carried out in this study 
based on various wind speeds may be compared with the power output provided by previous 
publications [5, 23]. This demonstrates that the current model is appropriate for simulating the other 
CFD examples in the project. In general, it can be concluded that the present study blends well with 
the previous result. Based on the difference between Abdel Rahman [5], the most minor percentage 
difference is 0.61% at a wind speed of 8 m/s, while the most significant percentage difference is 
14.23% at 10 m/s. Based on the wind turbine's capacity, the CFD simulation terminates when it 
reaches a power output of 300 watts. Hence, it is confirmed that the results are validated since the 
percentage errors are within acceptable ranges for different wind speeds. This demonstrates the 
efficacy of the existing model in simulating other CFD case models in current studies. 
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Fig. 9.  Comparison between power output obtained by current CFD simulation, Jafari simulation and 
experimental [23], Abdel Rahman CFD simulation [5] versus the wind speeds 

 
3. Results 
3.1 Performance of OPT Blade with Different TSR 
 

Figure 10 displays the data as a graph for TSR and various velocities from the wind turbine 
simulation. The graph pattern for speeds of 5 m/s and 8 m/s reveals an upward trend in the curve up 
to the optimal point at TSR 6, then a downward trend till TSR 10. The 8 m/s velocity curve pattern 
indicates a higher speed than 5 m/s. This pattern demonstrates how well wind turbines operate in 
producing energy. The relationship between wind speed and TSR is that TSR is the ratio of wind 
turbine blade rotation speed. The higher the TSR, the higher the rotation of the wind turbine blade. 
This graph illustrates that the wind turbine's performance is at its peak at TSR 6, where the Cp value 
is 0.0986 for 5 m/s and 0.2608 for 8 m/s. The wind turbine initially produces little energy, with Cp for 
5 m/s = 0.0082 and 8 m/s = 0.0214 at TSR 1, before reducing once more at TSR 10 with 5 m/s = 0.0097 
and 8 m/s = 0.0455. Additionally, this demonstrates that as wind speed increases, the value of Cp 
rises as well. This is demonstrated by the fact that at a wind speed of 8 m/s as opposed to 5 m/s, Cp 
rises by 164.5%. The increase in TSR and wind speed is hence the factor that influences the wind 
turbine's performance. 

This graph illustrates that the wind turbine's performance peaks at TSR 6, where the Cp value is 
0.0986 for 5 m/s and 0.2608 for 8 m/s. The wind turbine initially produces little energy, with Cp for 5 
m/s = 0.0082 and 8 m/s = 0.0214 at TSR 1, before reducing once more at TSR 10 with 5 m/s = 0.0097 
and 8 m/s = 0.0455. Additionally, this demonstrates that as wind speed increases, the value of Cp also 
rises. This is shown by the fact that at a wind speed of 8 m/s instead of 5 m/s, Cp rises by 164.5%. The 
increase in TSR and wind speed is, hence, the factor that influences the wind turbine's performance. 
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Fig. 10. Performance OPT with different TSR at V = 5 m/s and V = 8 m/s 

 
3.2 Flow-structure OPT HAWT 
 
In this subsection will be discussed about pressure distribution and velocity distribution. 
 
3.2.1 Pressure distribution 
 

Figure 11 illustrates the blade pressure distribution after analysis to reveal its function in 
predicting thrust and power. When the velocity is 8 m/s, the pressure coefficient contour is 
normalised by a low of -400 Pa and a maximum of 350 Pa. The findings indicate that the flow standstill 
caused a significant pressure on the leading edge of the entire blade. The twisting of the blades 
causes the lift contribution to the power production to decrease from root to tip, and the reverse 
pattern is anticipated for the thrust contribution. For instance, at a radius of 0.55 m, the cross-section 
of the edge is virtually parallel to the plane of rotation, meaning that lift mostly contributes to thrust. 
Moreover, taking the chord's length into account. 

The drag on the blade is caused by the pressure differential between the leading and trailing 
edges. Figure 11 also depicts the pressure distribution for the three different types of TSR. Comparing 
TSR 10 to TSR 6 and TSR 3, it can be said that TSR 10 generates a higher push. TSR 10 displays a low-
pressure distribution area at 0.55 m. The location is anticipated because the wind is blowing so 
quickly that the top airfoil is under less pressure than the bottom. The branch is lifted into the air by 
the force of the wing due to the pressure difference. Additionally, this application is used for 0.3 5m 
and 0.15 m. 0.35 m and 0.15 m do not create the same pressure distribution as 0.55 m when observed 
at TSR 10. This is brought on by the variation in airfoil size, angle, and distance from the hub. Figure 
12 shows a comparison between a pressure distribution with a constant radius and two velocities, 5 
m/s and 8 m/s. The comparison reveals that compared to 5 m/s, 8 m/s has a wider low-pressure 
region above the airfoil surface. The blade can rotate more quickly with an airfoil at 8 m/s than at 5 
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m/s. This enables the swept area to produce more energy while moving at that speed. In terms of 
blade radius, it demonstrates that the low-pressure region lies at 0.55 m.  

 

 
Fig. 11. Pressure distribution for different blade shapes in r = 0.15m, r = 0.35m and r = 0.55m at 8 m/s  

 

 
Fig. 12. Pressure distribution for different blade shapes in r = 0.15m, r = 0.35m and r = 0.55m at 5 m/s 
and 8 m/s  
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3.2.2 Velocity distribution 
 
Figure 13 depicts the diagram of several OPT HAWT TSRs with a constant wind speed of 8 m/s. A 

minimum speed of 0 m/s and a top speed of 25 m/s are used to normalise the velocity coefficient 
contour. According to the comparison, TSR 10 has a high-velocity region spanning more than half of 
the blade. Compared to TSR 6 and TSR 3, the blade rotation of TSR 10 is higher. This demonstrates 
proof that the low-pressure region in Figure 11 is affected by fast speed. Air pressure is lower in areas 
with higher wind speeds and vice versa. As a result, the air pressure will decrease as the wind speed 
increases. Three separate TSRs demonstrate that the HAWT at the tip has a greater rate. This is as a 
result of the twist angle, which facilitates lifting. The point of the rotor blade will also increase as the 
velocity does. More electricity is produced when wind speeds rise up to a cap known as the rated 
speed. The turbine's maximum or rated power is produced at this point.  

The air density, blade size, and regional wind speed all impact how quickly a wind turbine rotates. 
The velocity distribution for two speeds, 5 m/s, and 8 m/s, is shown in Figure 14. This illustration 
demonstrates that TSR 8 has a high-velocity region near the tip instead of TSR 6's 5 m/s. Compared 
to 5 m/s, TSR 8 delivers a blade rotation to set a higher site and produce more power. Substantial 
performance comparison of wind turbines is shown in Figure 10.  However, higher TSR does not 
guarantee optimal wind turbine performance, because it was found that TSR 10 has a low power 
coefficient as shown in Figure 10. In Figure 13, although TSR 10 shows a high velocity, allowing the 
blade to rotate faster, it cannot capture the swept area because it reaches the wind turbine limit. So, 
when the turbine speed increases, the efficiency goes down.  

 

 
Fig. 13. Velocity distribution at wind speed 8 m/s at different TSR value 

 

 
Fig. 14. Velocity distribution at wind speed 5 m/s and 8 m/s 
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4. Conclusions 
 

In conclusion, this study achieved the main objective of finding the optimal performance design 
of HAWT OPT, which is seen when TSR 6 shows the optimal performance level. This study also found 
that when the wind velocity increases, the TSR value increases because the blade rotation speed 
increases with the increase in wind velocity. However, when the HAWT OPT reaches the limit, the 
wind velocity has no effect, and the performance value will decrease like TSR 10. The selection of 
twist angle and chord length is essential in the shape of the blade because it affects the performance. 
This is because the tip plays a role in ensuring the blade experiences lift. The fit of the airfoil shape 
on the lift should ensure that the upper part has a low-pressure distribution but a high-velocity 
distribution. A more in-depth study should be done to see the performance effect when the twist 
angle is changed to several values. 
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