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ABSTRACT 
In order to construct a 3D rotor model, periodicity and Multiple Reference 

Frame (MRF) strategies were applied to address full Computational Fluid 

Dynamics (CFD) that incorporate the Reynolds-averaged Navier–Stokes 

(RANS) equations. A simulation model was run to examine the power of the 

wind turbines, both including and excluding the hub and tower. The purpose 

of this was to identify an approach that would decrease the computational 

time cost of wind turbine simulation. Firstly, a full-scale horizontal axis wind 

turbine simulation was carried out, and subsequently, comparisons were 

made with the results of the wind tunnel experiment utilizing the K-omega 

SST and Sparlat Allmaras viscosity models. The results were compared to 

determine the optimum model with the lowest simulation time and highest 

accuracy to the experimental results. Following this, the complete models’ 
simulation was compared to the model excluding the hub and tower in order 

to check the disparity in the results of the two. Additionally, to ascertain the 

computational cost saving, the ratio of the two simulation times was 

established. The findings show that the two models produce results that 

correspond well to the experimental results, and that the power coefficient 

had a greater value for the complete model than the simple model. 

Furthermore, it was found that the power coefficient values of the full model 

have significantly higher levels of similarity to the experimental values. The 

Sparlat Allmaras and K-omega SST viscosity models returned error 

percentages of 0.52% and 12.6% respectively. For the partial model utilizing 

the same computer device, a 5.7% error rate was recorded, with a 

computational time saving of approximately 34%. 

 
 

1. INTRODUCTION  
Due to the growing reliance on renewable sources of energy, there is an increasing importance 
placed on dependable simulation results for the mass production of wind turbines. Accurately 
ascertaining the reason for disparities in the results of simulations and experiments is 
becoming as significant as actually minimizing the difference. In addition to manufacturing, 
enhancing the efficiency of present wind farms is a leading issue [1-5]. 
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Opportunities to increase the lifespan of current wind farms are arising through focusing 
on partial repowering rather than entire overhauls. Either way, dependable simulation results 
are critical components of the design cycle process [6-10]. In simulations such as this, 
atmospheric aspects become the simulation variables. They include the atmospheric boundary 
layer, temperature stratification, air density, and effect of convection, all of which are external 
elements. Design elements also play a key role. These include the impact of the airfoil choice 
on the efficiency of the wind turbine, the height of the wind turbine, and the effect of the hub. 
Other elements, including performance and simplicity of production, are also being given 
more weight [11]. 

Wind turbine performance is impacted by design factors. Blade design has been an area of 
focus for researchers. Numerical analysis of wind turbines facilitates acquiring an overview 
of its operations, with the analytical outcomes providing a start point for analysis. However, 
a vast array of research results must be obtained, which is both costly and time-consuming. 
As blade design has evolved and been optimized, designs have been made available by the 
National Renewable Energy Laboratory (NREL) and the National Advisory Committee for 
Aeronautics (NACA), which are utilized globally. Nevertheless, in contrast to other renewable 
sources of energy like solar power, more straightforward but less renowned wind turbine 
designs are also popular. These simpler designs are highly efficient and enable uncomplicated 
manufacturing. Consequently, researchers must assess all potential designs rather than having 
a singular focus. 

Another significant aspect is the impact of the wind tower and hub, which this paper 
comprehensively investigates. The wind turbine performance in relation to power is estimated 
as the final product is the electrical power that is supplied to a grid station for monitoring as 
per the energy needs. This necessitates calculating the work done by the wind on a wind 
turbine (its velocity) and ascertaining the power the wind turbine generates for a particular 
wind speed. As shown in Figure 1, the wind decelerates when passing through a wind turbine, 
and this velocity loss is the work done, i.e., the force acting on the blades of the wind turbine 
when a fixed mass, meaning a fixed air volume, passes through that turbine. 
 

 
Figure 1: Air velocity change in the wind turbine 
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A successful formula is one that offers the most straightforward means of acquiring the 
desired answer. Newton was especially talented in this context; the Second Law of Motion 
can establish the force, power, and energy needed for a turbine to function. By determining 
the volume of air displaced, a wind turbines’ power can be estimated. 
 

𝐸𝐸 = 𝐹𝐹 × 𝑆𝑆                                                               (1) 
 
where: 
𝐸𝐸 represents the work done to the moving object from rest 
𝑆𝑆 represents the distance 
𝐹𝐹 represents the force  
 

However, as it is impossible to measure during constant operation, it is unrealistic to 
include the distance travelled by a fixed air mass in the wind turbine formula. Additionally, 
this distance is not a necessary component due to Newton’s Second Law of Motion and the 
third equation of motion, which allows force and wind speed to be linked directly. The 
following equation merges equation (1) with force 𝐹𝐹 = 𝑚𝑚𝑚𝑚 as per Newton’s Second Law: 
 

𝐸𝐸 = 𝑚𝑚 × 𝑎𝑎 × 𝑠𝑠                                                     (2) 
 

Employing the third equation of motion: 𝑣𝑣2 = 2𝑎𝑎𝑎𝑎, the following can be obtained: 
 

𝑎𝑎 = 𝑣𝑣2

2𝑠𝑠
                                                               (3) 

 
where: 
𝑎𝑎 represents the acceleration (m/s2)  
 

Substituting this into equation (2), the kinetic energy of a mass in motion can be expressed 
as: 
 

𝐸𝐸 =  1
2
𝑚𝑚𝑣𝑣2                                                           (4) 

 
Power is calculated as: 

 
𝑃𝑃 = 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 1

2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑣𝑣2                                                         (5) 

 
where: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 represents the mass flow rate given by (𝐴𝐴. 𝑣𝑣) 
Hence: 

 
𝑃𝑃 = 1

2
𝜌𝜌𝜌𝜌𝑣𝑣3                                                             (6) 
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where:  
𝑃𝑃 represents the mechanical power  
𝜌𝜌 represents the air density  
𝐴𝐴 represents the area swept by the rotor blades  
𝑣𝑣 represents the air velocity  
𝐶𝐶𝑝𝑝 represents the power coefficient 
 

Power is in proportion to the cube of velocity, air density, and the rotor swept area (𝜋𝜋𝑟𝑟2). 
Therefore, the factors that have the most effect on wind power are the air quantity, the 
airspeed, the air mass, and the diameter of the rotor [12]. The air quantity refers to the volume 
that is controllable by the area swept by the blade of the wind turbine. The airspeed is 
influenced by the placement and configuration of the wind turbine and the choice of location. 
The air density is impacted by both the location and the environment. The power rises in line 
with the square of the rotor diameter and the cube of the wind speed, with the latter being 
more significant. Figure 2 illustrates the rise in the power with the wind speed and the rotor 
diameter [13]. 
 

 
Figure 2: The effect of wind speed and rotor diameter on the maximum power 
extracted from the wind turbine [13] 
 

It is impossible for the velocity of the wind to be zero when it passes the wind turbine. 
According to Betz’s Law, which was introduced by Albert Betz in 1919, a wind turbine can 
convert a maximum of 59.26% of the kinetic energy of the wind into mechanical energy. This 
is applicable to both horizontal and vertical wind turbines [14]. The maximum amount of 
power that can be extracted from the wind is the highest theoretical value of the coefficient of 
power. In reality, a wind turbine will have an efficiency level of 35%-45%. Electrical, 
frictional, and bearing losses cause the losses from the Betz constant. Hence, in optimum 
conditions, a maximum of 59.26% of the wind’s energy can be extracted by the wind turbine. 
The coefficient of power (𝐶𝐶𝑝𝑝) refers to the power extracted by the turbine (𝑃𝑃𝑃𝑃) divided by the 
total power of the wind resource (𝑃𝑃𝑃𝑃). 
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𝐶𝐶𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑡𝑡
𝑃𝑃𝑊𝑊

= 16
27
≈ 0.5926                                           (7) 

 
In this study, the coefficient of power is utilized as the primary basis for comparisons. The 

coefficient of power of a specific wind turbine fluctuates according to the particular operating 
conditions, which include the input wind speed, turbine angular speed, and blade design. It is 
an indicator of the general level of efficiency of the particular wind turbine and is frequently 
employed by the wind power industry [15]. The coefficient of power can be expressed as: 
 

𝐶𝐶𝑝𝑝 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∗  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

0.5𝐴𝐴𝐴𝐴𝐴𝐴𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2  

 
Equation (6) provides the turbine power; therefore, incorporating it can be given as: 

 
𝑃𝑃 = 1

2
𝜌𝜌𝜌𝜌𝑣𝑣3𝐶𝐶𝑝𝑝                                                                   (8) 

 
As illustrated in equation (8), an increase in the velocity 𝑣𝑣 has a massive impact on the 

power. Accordingly, the majority of developments are tailored towards raising the velocity by 
increasing the airflow through the swept area. There have been additional advancements to 
enhance the wind turbines’ power output. The initial action was to raise the height of the wind 
turbine tower in order to reach higher airflow speeds, particularly in urban areas where 
buildings and other constructions can impede the ease of wind flow and create obstacles that 
decrease the wind turbines’ rotational speed. 

The early wind turbines have been analysed using fluid dynamics in an attempt to establish 
the level of force necessary to displace a mass of air to a particular distance. This differs from 
mechanical work only in that the work being carried out by the turbine is done through creating 
lift in moving air. Thus, after passing through the wind turbine, the wind speed will have less 
energy as some of it is used to rotate the turbine. The earlier discussion shows that more 
knowledge is required about the way in which the air will be displaced. In a wind turbine, the 
most significant aspect of blade design is the airfoil selection, as the blades’ airfoil must be 
capable of facilitating high lift with low drag. Accordingly, essential considerations for 
optimal performance in wind turbine design include an airfoil with a high lift to drag ratio, the 
blade quantity, and the airfoil angle of attack. The torque generated provides an indicator of 
the wind turbines’ performance. Therefore, an improvement target for wind power machines 
is harvesting more kinetic energy to raise the total converted power output [6]. Calculating the 
coefficient of torque can be expressed as: 
 

𝐶𝐶𝑞𝑞 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 

0.5𝐴𝐴𝐴𝐴𝐴𝐴𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2  

 
Contextually, the discussion above is in relation to velocity differential upstream and 

downstream of the wind turbine. 
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The relationship between the velocities of the rotor blade and the relative wind is referred 
to as the tip speed ratio (𝜆𝜆). It is determined by the following three elements: (i) the radius of 
the blades’ swept area; (ii) the rotational velocity of the rotor (𝜔𝜔); (iii) the wind velocity 
(𝑣𝑣𝑤𝑤) [13]. The following equation is the initial design parameter, and forms the basis for the 
calculation of all other optimal rotor dimensions: 
 

𝜆𝜆 = 𝜔𝜔.𝑟𝑟
𝑣𝑣𝑤𝑤

                                                                 (9) 

 
Some considerations when determining the optimum tip speed ratio are aerodynamics, 

mechanical stress, torque, noise, and efficiency [6]. There are some important components of 
the structure of horizontal axis wind turbines that enhance both the efficiency and the amount 
of power extracted from the wind [16]. 

Antonini et al. [17] put forward a Computational Fluid Dynamics (CFD) model that utilizes 
the actuator disk technique to streamline the wind turbines’ simulation process and the 
approximation of the surface boundary layer. This approach was employed in three different 
wind farms, and comparisons were made between the results and the available experimental 
measurements’ values. It was found that the proposed approach greatly enhanced the 
computational fluid dynamics predictions with the available experimental measurements. 
Furthermore, the researchers stated the variance in terms of the results of past studies could 
be attributable to the uncertainty in the wind direction that was reported in the datasets. In a 
study based in Horns Rev offshore wind farm, Naderi et al. [18] investigated the modelling of 
horizontal axis wind turbine wakes. They employed an enhanced actuator disk model in 
combination with computational fluid dynamics. They calculated the total induction factor 
and actual upstream velocity for each turbine. The improved model was separate from the 
thrust coefficient curve. The results showed that the steady-state wake models’ precision was 
substantially improved. Blade Element Momentum (BEM) theory [19] forecasts the local 
forces exerted on a rotor or wind turbine blade. Additionally, BEM can perform several 
complex calculations of the resultant velocities at the blades. Various studies advanced the 
standard BEM theory by augmenting it with the impacts of several elements in order to 
enhance its precision. Others merged BEM theory with CFD so as to reduce the simulation 
time. Numerous studies examined diverse wind turbine parameters, such as alternative blade 
designs [20-23], and the minimum and maximum wake loss and output power production, 
respectively [24, 25]. Researchers have also attempted to determine how the efficiency is 
impacted by various internal and external forces [26, 27], and how the overall wind turbine 
performance is affected by ice, sand, and blade roughness. Other studies have examined the 
effect of the hub and tower in the context of the wake flow [28-32]. The authors determined 
that they needed to formulate means of streamlining the calculations of the interaction forces 
and momentum on the wind turbine components so as to reduce the simulation durations for 
all lateral studies. However, it remains critical that the results are dependable. Even when 
utilizing high parallel computing (HPC), wind turbine simulations are very time-consuming. 
Computational costs rise as the size and complexity of the wind turbine increase. 

The goal of this study is to create a simulation model for wind turbines that decreases 
computational time. The study is performed in the context of the simulation time cost with the 
power extraction coefficient, and for the first time, endeavours to reduce the components with 
the lowest impact on the power coefficient. The starting point is the investigation of a  
 

  



153 Int. Jnl. of Multiphysics Volume 16 · Number 2 · 2022 

 

 
 
complete 3D model including the hub and tower. The next stage is to examine a partial model 
of the turbine excluding the hub and tower. Time could be saved in the simulation by reducing 
the number of components with the lowest effect on the process of harvesting the wind power 
and developing the wake. 
 
2. GOVERNING EQUATIONS 
A CFD utilizes the differential form of the Navier-Stokes equations to address the pressure 
and velocity via a control volumes’ mass and momentum conservation equations. The mass 
change must be zero, thus the mass derivative can be expressed as: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑚̇𝑚𝑖𝑖𝑖𝑖 − 𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜                                                  (10) 
 

If 𝑚̇𝑚𝑖𝑖𝑖𝑖 − 𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜 = 0, it means that: 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0                                                       (11) 
 

Therefore: 
 

𝑀𝑀 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                      (12) 
 

The mass and momentum equations are applied to develop the continuity equation, which 
is given as: 

 
Continuity Equation 

 
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

+ 𝜌𝜌 𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

= 0                                                       (13) 

 
Momentum Equation 

 

𝜌𝜌
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑈𝑈𝑖𝑖
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

−
𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜌𝜌𝑔𝑔𝑗𝑗                                 (14) 

 
where: 

𝜌𝜌
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕

 represents the local change with time  

𝜌𝜌𝑈𝑈𝑖𝑖
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

 represents the momentum convection 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

 represents the surface force  

𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

 represents the molecular-dependent momentum change, i.e., diffusion  

𝜌𝜌𝑔𝑔𝑗𝑗 represents the mass force 
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𝜏𝜏𝑖𝑖𝑖𝑖 = −𝜇𝜇 �
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
� + 2

3
𝛿𝛿𝑖𝑖𝑖𝑖𝜇𝜇

𝜕𝜕𝑈𝑈𝑘𝑘
𝜕𝜕𝑥𝑥𝑘𝑘

                                  (15) 

 
In the case that the fluid is incompressible, the continuity and momentum equations can be 

expressed as follows: 
 
Continuity Equation 

 
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

= 0                                                    (16) 

 
Momentum Equation 

 

𝜌𝜌
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑈𝑈𝑖𝑖
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

− 𝜇𝜇
𝜕𝜕2𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

2 + 𝜌𝜌𝑔𝑔𝑗𝑗                                 (17) 

 
This simulation uses the K-omega Shear Stress Transport (SST) viscosity. This turbulence 

model is a two-equation eddy viscosity model that is frequently used in the aerodynamics 
field. It is also commonly applied for industrial purposes and can be utilized for achieving a 
low Reynolds number without a damping function. Additionally, the model has proved 
effective in simulations of airflow around a hairy cylinder, and strong correlations have been 
identified between numerical results and experimental test data [33]. It is a hybrid model that 
merges th 𝑘𝑘 − 𝜔𝜔 e and the 𝑘𝑘 − 𝜀𝜀 models, thereby reaping the benefits of both. The 𝑘𝑘 − 𝜔𝜔 and 
𝑘𝑘 − 𝜀𝜀 models are activated by the F1 blending function near the wall and in the free stream, 
respectively. Consequently, the 𝑘𝑘 − 𝜀𝜀 model is a good fit with the flow simulations in the 
viscous sub-layer. Simultaneously, the 𝑘𝑘 − 𝜀𝜀 model effectively predicts flow behavior away 
from the wall. 

The following governing equations are written as [34]: 
 
Turbulence Kinetic Energy 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝑃𝑃𝑘𝑘 − 𝛽𝛽∗𝑘𝑘𝑘𝑘 + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜈𝜈 + 𝜎𝜎𝑘𝑘𝜈𝜈𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
�                             (19) 

 
Specific Dissipation Rate 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈𝑗𝑗
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝛼𝛼𝑆𝑆2 − 𝛽𝛽𝜔𝜔2 + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜈𝜈 + 𝜎𝜎𝜔𝜔𝜈𝜈𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
� + 2(1 − 𝐹𝐹1)𝜎𝜎𝜔𝜔2

1
𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

      (20) 

 
𝐹𝐹1 (Blending Function) 
 

𝐹𝐹1 = tanh ��min �𝑚𝑚𝑚𝑚𝑚𝑚 � √𝑘𝑘
𝛽𝛽∗𝜔𝜔𝜔𝜔

, 500𝜈𝜈
𝑦𝑦2𝜔𝜔

� , 4𝜎𝜎𝜔𝜔2𝑘𝑘
𝐶𝐶𝐷𝐷𝑘𝑘𝑘𝑘𝑦𝑦2

��
4
�                            (21) 
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𝐹𝐹1  =  1 inside the boundary layer and 0 in the freestream. 
 
𝐶𝐶𝐷𝐷𝑘𝑘𝑘𝑘   

 

𝐶𝐶𝐷𝐷𝑘𝑘𝑘𝑘 = 𝑚𝑚𝑚𝑚𝑚𝑚 �2𝜌𝜌𝜎𝜎𝜔𝜔2
1
𝜔𝜔

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

, 10−10�                                (22) 

 
Kinematic Eddy Viscosity 

 
𝜈𝜈𝑇𝑇 = 𝑎𝑎1𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚(𝑎𝑎1𝜔𝜔,𝑆𝑆𝐹𝐹2)
                                                  (23) 

 
F2 (Second Blending Function) 

 

𝐹𝐹2 = 𝑡𝑡𝑡𝑡𝑡𝑡ℎ ��𝑚𝑚𝑚𝑚𝑚𝑚 � 2√𝑘𝑘
𝛽𝛽∗𝜔𝜔𝜔𝜔

, 500𝜈𝜈
𝑦𝑦2𝜔𝜔

��
2
�                                  (24) 

 
𝑃𝑃𝐾𝐾  (Production Limiter) 

 

𝑃𝑃𝑘𝑘 = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

, 10𝛽𝛽∗𝑘𝑘𝑘𝑘�                                       (25) 

 
The simulation includes the use of the Sparlat Allmaras viscosity model. 
 
In the Sparlat Allmaras viscosity model 𝜈̃𝜈, the transported variable total is equal to the 

turbulent kinematic viscosity, except in the vicinity of the near-wall, which is a viscosity-
impacted region. The transport equation for 𝜈̃𝜈 is written as: 
 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜈̃𝜈) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜈̃𝜈𝑢𝑢𝑖𝑖) = 𝐺𝐺𝜈𝜈 + 1
𝜎𝜎𝜈𝜈�
� 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜇𝜇 + 𝜌𝜌𝜈̃𝜈) 𝜕𝜕𝜈𝜈�
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐶𝐶𝑏𝑏2𝜌𝜌 �

𝜕𝜕𝜈̃𝜈
𝜕𝜕𝑥𝑥𝑗𝑗
�
2
� − 𝑌𝑌𝜈𝜈 + 𝑆𝑆𝜈𝜈�     (26) 

 
where: 
𝐺𝐺𝜈𝜈 represents the production of turbulent viscosity in the near-wall area caused by 𝜎𝜎𝜈𝜈�  
𝑌𝑌𝜈𝜈 represents the destruction of turbulent viscosity in the near-wall area caused by 𝜎𝜎𝜈𝜈� 
𝜎𝜎𝜈𝜈� represents wall blocking and viscous damping  
𝐶𝐶𝑏𝑏2 represents a constant  
𝑣𝑣 represents the molecular kinematic viscosity  
𝑆𝑆𝜈𝜈�   represents a user-defined source term  
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3. THE WIND TURBINE SIMULATION MODEL 
In this study, the rotor under investigation was selected from an open-source wind turbine 
family created by Hugh Piggott. This model is used globally in many organizations, and in 
excess of 1,000 turbines have been built (Engineers Without Borders UK, Wind 
Empowerment). The chief design objectives are durability, cost-efficiency, ease of 
construction, economic sustainability, effectiveness at low to medium wind speeds (3-10 m/s), 
and capability of surviving extreme weather [34]. Its ease of construction and efficiency are 
the key reasons for its prevalence, as it does not require any complex or expensive machinery. 
The blade geometry was modelled in CATIA®. Ansys Fluent® was used for meshing and 
analyses. Both transient and steady-state simulations were carried out. Mesh motion facilitated 
enhanced results, particularly for wake analysis. Figure 3 depicts the geometry of the selected 
blade model being developed. 
 

 
Figure 3: Blade Geometry 
 
3.1 Turbine Model including Tower and Hub 
Table 1 presents the parameters applied for the tower and hub. So as to define a rotating 
vantage point, the complete blades and hub were situated in an enclosure. Figure 4 illustrates 
the geometry of the blades with the hub, while Figure 5 presents the complete model of the 
turbine, including the tower and hub. 
 
Table 1: Parameters for the tower and hub 
 Part Dimension (mm) 
1 Hub diameter 200 
2 Turbine total diameter 1200 
3 Tower height 3000 
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Figure 4: The geometry of the blades with the hub 
 

 
Figure 5: Complete geometry modelling including the tower and hub 

 
Figure 6 shows the computational domain with two zones for the complete turbine model. 

The external stationary zone and the internal zone show the tunnel and the inner area rotating 
zone housing the turbine, respectively. 
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Figure 6: Formulation of domain with two zones 
 
3.2. Turbine Meshing 
A CFD was used to carry out the meshing process for the complete turbine model. Mesh 
motion was employed, which entails complete mesh, inclusive of the turbine, traveling at 
0.005 step size. Trihedral is the type of mesh used here as shown in Figure 7. In terms of the 
mesh sizing, it was thin, close to the blades, and medium in the outer zone.  

The selection of domains facilitated straightforward monitoring of the impact of the wake. 
As depicted in Figures 4 and 6 (above), the rotating domain and stationary domain lengths are 
80 mm and 10 m, respectively. The meshing and various zones were labelled the inlet, outlet, 
turbine, tower, ground, and rotating domains (see Figure 8). 

To enable the examination of the mesh sensitivity, four mesh refinements were carried out 
to establish the mesh dependency on results until the rate of change was minimal. The details 
of this are presented in both Figure 9 and Table 2. 
 

 
Figure 7: Meshing of the rotating domain 
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Figure 8: Meshing of the computational domain 

 

 
Figure 9: Mesh independence results 
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Table 2: Mesh independence values 
RPM Inlet  

Velocity 
Mesh Elements 
(million) 

Torque 
(N.m) 

Power 
(watt) 

𝑪𝑪𝑪𝑪  Tip Speed 
Ratio 

40 5.5 0.7 0.939 37.568 0.359 4.364 
1.1 0.890 35.580 0.340 4.364 
2 0.832 33.290 0.318 4.364 
2.5 0.828 33.120 0.316 4.364 
3 0.832 33.272 0.318 4.364 

 
3.3. Boundary Conditions 
The boundary conditions linked to Figures 4, 5, and 6 above that were applied for the 
simulation are presented below in Table 3. 
 
Table 3: Boundary conditions 
a Inlet velocity 5.5 m/s 
b Tower Stationary Wall 
c Ground Wall 
d Rotating Domain Different RPM for Different Tip Speed Ratio 
 

The inlet is designated a velocity of 5.5 m/s, while the ground is allocated wall BC. The 
rotating components are considered interfaces to interact between the stationary and rotating 
domains. The two rotating domains are assigned a 40-rpm frame motion. The outlet is 
allocated a pressure outlet. In order to facilitate comparison with the other results, the rotating 
domain speed was set at 5.5 m/s. The reason for the choice of this level is that it is a moderate 
wind speed that is approximate to the typical wind speed in the Saudi Arabia. 
 
3.4. Solver Setup 
The numerical solver setup in this study was chosen to solve the domain, and the blade 
employed two forms of viscous models: (i) SST 𝐾𝐾 − 𝜔𝜔; (ii) Sparlat Allmaras. The solver will 
simultaneously solve the continuity and Navier-Stokes equation utilizing the dual approach. 
As a result, this will reduce the overall total iterations, thereby using less iterations for each 
simulation. However, this system necessitates more processor power. The 𝑢𝑢, 𝑣𝑣, and 𝑤𝑤 
velocities were solved using spatial discretization. The least-square cell-based square method 
was used to calculate the residual of the equations. Discretization schemes include second 
order and first order. The solver adds a transient term when solving equations via pseudo 
transient, which enables convergent solutions to be reached more quickly. Furthermore, 
multigrid errors are rapidly damped out as higher term relaxation is switched on. 
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4. RESULTS AND MODEL VALIDATION 
4.1. Turbine Model Validation 
Steady-state analysis has facilitated verification to be conducted. Simulation is iterated until 
the point that the blade surface monitors show that the movement generated by the turbine has 
converged entirely. Figures 10 and 11 present the simulation results. 
 

 
(a) Top view 

 
(b) side view 

Figures 10: Velocity contours. (a) top view, (b) side view 
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Figure 11: Velocity streamlines 

 
As presented in Figure 12, the Sparlat Allmaras and K-omega SST models enabled viscous 

model independence. The blue and orange curves represent the K-omega SST and Sparlat 
Allmaras models, respectively. The Sparlat Allmaras model is highly comparable to the 
experimental results [35] and is more computationally effective than the K-omega SST model. 
 

s 
Figure 12: Results using the Sparlat Allmaras and K-omega SST models 
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For the purpose of verification, the results of this study and those of an experimental study 
by Monteiro et al. [35] for the same Piggot design in a wind tunnel are compared. In the 
experimental study, a peak 𝐶𝐶𝐶𝐶 value of 0.388 was achieved (at a speed of 5.5 m/s) at a tip 
speed ratio (TSR) of 5.33. In this study, under the Sparlat Allmaras viscosity model, the 
maximum 𝐶𝐶𝐶𝐶 value was recorded as 0.386 (at the same speed of 5.5 m/s) at a TSR of 5.10. 
This proved closer than the K-omega SST viscosity model, which returned a maximum 𝐶𝐶𝐶𝐶 
value of 0.437 (at the same speed of 5.5 m/s) at a TSR of 5.5. The Sparlat Allmaras viscosity 
model had an error value under 0.52%, which is acceptable for verifying the numerical 
analysis. In the research conducted by Monteiro et al., two computational simulations for the 
same design were carried out with WT_Perf and Qblade BEM codes. WT_Perf was developed 
by the US-based National Renewable Energy Laboratory (NREL) and is a software that is part 
of a suite of computer-aided engineering tools designed specifically for wind turbines. Qblade 
was first introduced in 2011 and has successfully been proven against WT_Perf and full-scale 
wind turbines’ wind tunnel test data (Marten et al., 2013). As shown in Figure 13, the Qblade 
simulation recorded a maximum 𝐶𝐶𝑝𝑝 value of 0.388 at a speed of 5.5 m/s. When the WT_Perf 
code was employed in the simulation, the 𝐶𝐶𝑝𝑝 value rose to 0.394 [35]. 
 
Table 4: Summary of full model simulations and experimental results 

Study 
Value of  

𝑪𝑪𝒑𝒑 
Wind Speed 
(m/s) 

Tip Speed 
Ratio 

Error 
Percentage % 

Experimental Study 0.388 5.5 5.33 - 
Complete Model Study (with tower 
and hub) Sparlat Allmaras Viscosity 
Model 

0.391 5.5 5.5 2.4 

Complete Model Study (with tower 
and hub) K-omega SST Viscosity 
Model 

0.44 5.5 5.5 15.2 

Qblade Code Simulation 0.385 5.5 4.13 8 
WT_Perf Code Simulation 0.396 5.5 4.45 4 
 

 
Figures 13: Results of the WT_Perf and Qblade codes [35] 
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4.2. Turbine Model Excluding Tower and Hub 
This section attempts to simplify the geometry, decrease the computational domain, and 
reduce the time input. However, a focus is on safeguarding the accuracy of the results by 
ensuring they remain unaffected (or within an acceptable range).   

In order to streamline the model, periodicity was utilized for a single blade in a 120-degree 
range. As illustrated in Figure 14, the simulation was conducted excluding a tower or hub. 
Figure 15 and Figure 16 show the Velocity and pressure results for partial model respectively. 
 

 
Figure 14: Turbine without the hub and tower 
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Figure 15: Velocity results for partial model 

 

 
Figure 16: Pressure results for the partial model 
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The Sparlat Allmaras and K-omega SST viscosity models were employed for the full model 

simulations. The reason for this is that they have often been used in wind turbine simulations. 
For the partial model simulation, the Sparlat Allmaras viscosity model was selected as it was 
shown to generate results closer to the experimental results than were produced by the K-
omega SST viscosity model. As certain components were excluded (i.e., the tower and hub) 
from the full model to form the partial model, it was necessary to develop a deeper study for 
the model to ensure its functionality as a turbine. Therefore, the power and torque coefficients 
were investigated and compared for the partial model utilising the following five input wind 
speeds: (i) 3 m/s; (ii) 3.7 m/s; (iii) 4.4 m/s; (iv) 5.5 m/s; (v) 7.2 m/s. These speeds correspond 
to the wind tunnel velocity values used in the experimental study. The K-epsilon viscosity 
model was eliminated as the results near the wall (i.e., the turbine) were inaccurate. The outlet 
is the pressure outlet, and Frame motion was utilized with the cell zone. In order to acquire 
the complete 𝐶𝐶𝑝𝑝 vs. Tip Speed Ratio curve and 𝐶𝐶𝑞𝑞 vs. Tip Speed Ratio curve, various rotational 
speeds were utilized. Figures 17 and 18 present all of the speed simulation results in graph 
format. 
 

 
Figure 17: 𝐶𝐶𝑞𝑞 vs. Tip Speed Ratio results for the turbine excluding the hub and tower 
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Figure 18: 𝑪𝑪𝑪𝑪 vs. Tip Speed Ratio results for the turbine excluding the hub and 
tower 

 
The results demonstrate reasonable values in comparison to the initial results of the 

complete model (which included hub and tower) in the wind tunnel. The curve acts as a normal 
Cp curve in which the power rises in line with the rotational speed. This means that the blade 
is functioning as a turbine. After a TSR of 5.83, the blade begins to function as a compressor, 
meaning that the flow over the blade starts to separate, thereby reducing the lift value. An 
important point here is that the wind turbine design is an upwind turbine, hence the presence 
of the tower and hub does not have a significant impact on the power or torque coefficients of 
the blade but does influence the wake analysis. These results compare directly with the 
experimental results [35]. In both this study and the experimental results, the maximum Cp 
values are 0.366 and 0.388, respectively, which equates to an error rate of 5.7%. Moreover, 
this study and the experimental study returned maximum 𝐶𝐶𝑞𝑞 values of 0.068 and 0.072, 
respectively, equating to an error rate of 6%. This error was as expected due to the multitude 
of uncertainties and various strategies employed for the meshing and analysis. However, the 
approach and techniques used in this study are adequate for progressing to further analysis, as 
the error falls within an acceptable range. Employing more refined mesh and other 
convergence models will facilitate the minimization of the error rate. The simulation results 
are relatively comparable with those of other simulations [35] performed using two BEM 
codes. Figure 19 presents the results of a turbine that includes and excludes a hub. 
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Figure 19: 𝑪𝑪𝑪𝑪 vs. Tip Speed Ratio for speed 5.5 m/s (numerical) 
 

The results of both the full and partial models are relatively similar to one another, meaning 
that the simplified model can be employed to calculate the turbines 𝐶𝐶𝑝𝑝 graph. The underlying 
reason for this is that the hubs’ rotational speed is very low due to the small radius. 
Consequently, the majority of the power is generated by the tip of the blade, while the hub 
part contributes little to the power torque. A difference of 5.2% for the 𝐶𝐶𝑝𝑝 peak and 4.45% for 
the 𝐶𝐶𝑝𝑝 value at a constant TSR of 5.5 were established in the results of the full and partial 
models. This is because the blade tip makes a much more significant contribution to the torque 
generation than the hub. When the hub is excluded, the air in the hub area does not impact the 
blade. Conversely, when the hub is included, the air moving towards the blade has been 
deflected by the hub, so consequently, there is greater airflow in the blade area close to the 
hub. 

As illustrated above in Figure 20, both curves are fairly near to the experimental values 
[35], thereby validating the geometry and simulation construction. However, at higher TSR 
values, the experimental results tend to reduce much more rapidly, signifying that separation 
is much higher in reality. The reason for this is the physical models’ rough surface. Table 5 
shows a comparison of the results of the simulations and the experimental study at a precise 
TSR of 5.5 and wind speed of 5.5 m/s. Table 6 presents the comparisons with a maximum 𝐶𝐶𝑝𝑝 
value at the same 5.5 m/s wind speed. 
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Figure 20: Total results compared with the experimental results 

 
Table 5: Results summary (𝐶𝐶𝐶𝐶 values at a tip speed ratio of 5.5) 

Study 
Value of  
𝑪𝑪𝒑𝒑  

Wind  
Speed (m/s) 

Tip Speed 
Ratio 

Error 
Percentage % 

Experimental Study 0.382 5.5 5.5 - 
Complete Model Study (with tower 
and hub) Sparlat Allmaras 
Viscosity Model 

0.383 5.5 5.5 0.3 

Complete Model Study (with tower 
and hub) K-omega SST Viscosity 
Model 

0.437 5.5 5.5 14.4 

Simplified Model Study (without 
tower and hub) 0.366 5.5 5.5 4.2 

Qblade Code Simulation 0.344 5.5 5.5 10 
WT_Perf Code Simulation 0.35 5.5 5.5 8.4 
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Table 6: Results summary (𝐶𝐶𝐶𝐶 Peak) 
Study Value of  

𝑪𝑪𝒑𝒑  
Wind  
Speed (m/s) 

Tip Speed 
Ratio 

Error 
Percentage % 

Experimental Study 0.388 5.5  5.33 - 
Complete Model Study (with tower 
and hub) Sparlat Allmaras 
Viscosity Model 

0.386 5.5 5.10 0.52  

Complete Model Study (with tower 
and hub) K-omega SST Viscosity 
Model 

0.437 5.5 5.50 12.6 

Simplified Model Study (without 
tower and hub) 

0.366 5.5 5.62 5.7 

Qblade Code Simulation 0.388 5.5 4.00 0.0 
WT_Perf Code Simulation 0.394 5.5 4.38 1.5 
 
5. CONCLUSION 
This study performed a numerical simulation for a complete horizontal axis wind turbine. It 
additionally analyzed a simplified model of the same turbine. Only a single blade was 
examined with rotational periodicity in the simplified model. In both cases, the results were 
established and verified with the available results of previous studies. In the complete model, 
the value was reported to be 0.386, while it was 0.366 in the simplified model. The error rate 
in the complete and simplified models was recorded at 0.52% and 5.7%, respectively. The 
study also achieved a 34% reduction in computational time. 

Based on the results and findings of this study, it can be concluded that the simplified wind 
turbine model can facilitate the carrying out of any CFD analysis effectively, with accurate 
and reliable results. It can simultaneously significantly decrease the computational costs, 
especially in relation to wind farm simulation. 
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