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Abstract 

The development of Vertical Axis Wind Turbines (VAWTs) has become a key focus 

in renewable energy utilization due to their ability to operate at low wind speeds and 

their simple design. This study aims to analyze the effects of inlet velocity variations 

and fluid physical properties on flow patterns, turbulence, and kinetic energy in 

VAWTs. The simulation was conducted using the Computational Fluid Dynamics 

(CFD) method, based on ANSYS Fluent, for a 2D turbine model with a diameter of 12 

cm. Inlet velocity variations of 10, 11, 12, 13, and 14 m/s were tested using three types 

of fluids: air, helium, and hydrogen. The results show that increasing inlet velocity 

transforms the flow pattern from stable to complex, with greater turbulence forming 

behind the cylinder. Air exhibited the highest kinetic energy at low to medium 

velocities, ranging from 10 to 12 m/s, which was up to 24.7% higher than that of helium 

and 3.8% higher than that of hydrogen. At higher velocities, 13–14 m/s, the kinetic 

energy difference among the three fluids decreased to less than 1.5%. Furthermore, 

outlet velocity was consistently higher than inlet velocity for all fluids, with hydrogen 

achieving the highest acceleration at 14 m/s.  

 

1 Introduction  

In the face of global challenges related to the energy crisis and climate change, the development of 

renewable energy technology is becoming increasingly urgent. One of the innovations that continues to be 

developed is the Vertical Axis Wind Turbine (VAWT) [1,2]. This technology attracts attention because it 

can work at low wind speeds and has a simpler design than horizontal turbines [3]. However, a thorough 

understanding of the impact of various technical factors, such as fluid type and inlet velocity, is necessary 

to achieve maximum efficiency. This article addresses these needs through a CFD-based simulation 

approach using ANSYS Fluent. Research on vertical-axis wind turbines has advanced significantly in 

tandem with progress in Computational Fluid Dynamics (CFD) simulations and the growing demand for 

sustainable energy solutions. ANSYS Fluent has become a widely used tool for simulating the performance 

of various VAWT designs [4]. For example, previous studies have demonstrated that blade design, fluid 

type, and inlet velocity parameters are critical factors affecting turbine efficiency [5,6]. 
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Mesh resolution in CFD simulations plays a vital role in determining simulation accuracy [7-9]. 

Additionally, the selection of fluid type has a significant impact on turbine performance. At the same time, 

air is the most commonly used fluid, helium and hydrogen, with their lower density and higher thermal 

conductivity, present potential for enhanced efficiency [10,11]. Another study highlighted that varying inlet 

velocities can improve turbine power output up to a specific limit, beyond which excessive turbulence 

becomes problematic [12,13]. In terms of design, blade shapes like Darrieus and Savonius exhibit different 

efficiencies depending on wind speed and other operational conditions [14,15]. Blade design optimization 

can be further improved using a combination of CFD and genetic algorithms [16]. At the same time, two-

dimensional (2D) simulations are frequently used in preliminary studies due to their computational 

efficiency, even though three-dimensional (3D) simulations provide more realistic results [17,18]. The 

relationship between inlet velocity and the energy produced has also been a key focus in recent studies 

[19,20]. The relationship between inlet velocity and energy output is linear up to a certain speed, after which 

turbulence becomes dominant. Against this backdrop, this research focuses on the 2D simulation of vertical-

axis wind turbines using three types of fluids: air, helium, and hydrogen [21,22]. Inlet velocity variations 

of 10, 11, 12, 13, and 14 m/s will be used to evaluate the relationship between inlet and outlet velocities 

and their influence on the kinetic energy produced [23,24]. The results of this simulation are expected to 

provide new insights into optimizing vertical-axis wind turbine designs to maximize energy efficiency, 

particularly for applications requiring specialized fluids [25,26]. 

With the increasing urgency for clean energy systems, various studies have been conducted to 

optimize the performance of wind turbines. Through the CFD simulation approach, researchers can 

examine how parameters such as inlet velocity, blade shape, and fluid type can affect the overall 

performance of the turbine [27,28]. In this context, selecting non-conventional fluids, such as helium and 

hydrogen, has become a new focus due to their unique physical properties. Previous studies have also 

demonstrated that mesh resolution and design optimization methods play a crucial role in enhancing the 

accuracy of simulation results. Research by Zhang and Janeway showed that mesh resolution is necessary 

in determining the accuracy of VAWT performance simulation [29]. Research by Siddiqui et al. studied the 

wake effects on wind turbines using a User Defined Function (UDF) [30]. It concluded that the type of fluid 

and system design parameters significantly influence the variation of flow characteristics. In terms of the 

influence of flow velocity parameters, it is reported that increasing the inlet velocity can significantly 

increase the turbine output power, but is followed by the emergence of excessive turbulence, which causes 

a decrease in efficiency at high speeds [30]. This is in line with the findings of research by Samaouali and 

Kadiri, which stated that the relationship between inlet velocity and output energy is linear up to a certain 

critical point, after which the effects of inertia and turbulence dominate [31]. Research by Fatahian et al. 

[32] applied a genetic algorithm to blade shape optimization and found that a blade design suited to specific 

wind conditions could improve turbine efficiency. On the same topic, research by Innocenti et al. [33] 

introduced the use of flexible blades was also investigated, and it was concluded that structural flexibility 

can contribute to the aerodynamic efficiency of the system. Additionally, alternative fluids such as helium 

and hydrogen are being explored, as noted in research by Mohamed et al. [34] which showed that low-

density fluids can produce faster and more turbulent flow patterns, potentially improving or degrading 

system performance depending on operational conditions. Other research related to vertical wind turbines 

and ANSYS Fluent is summarized in Table 1. 

While numerous studies have analyzed the aerodynamic performance of VAWTs, most have focused 

on conventional fluids such as air and a limited range of inlet velocities. Only a few works have 

systematically compared multiple low-density fluids, such as helium and hydrogen, across incremental inlet 

velocities to quantify their impact on flow patterns, turbulence characteristics, and kinetic energy output. 

This study bridges that gap by employing high-resolution 2D CFD simulations in ANSYS Fluent to directly 

correlate inlet velocity variations with both inlet–outlet velocity differentials and kinetic energy changes 

for three distinct fluids. The findings provide a unique dataset that enhances the understanding of fluid–

structure interactions in VAWTs, offering practical insights for optimizing turbine performance in 

specialized operational environments. 
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Table 1. Previous research related to vertical wind turbines 

Reference Method Key Result 

[7] 

CFD analysis of augmented VAWT 

(rotor + stator) using CFX 2020R2; 

National Advisory Committee for 

Aeronautics (NACA) 0018 aerofoil; 

varied mesh densities, time steps, and 

turbulence models; performance at λ = 

2.5. 

Augmented design improved output 

power 1.35× over open rotor; stator 

increased Cp and Ct by >36%; identified 

optimal mesh/time step with minimal 

computational cost; higher dynamic stall 

at low Tip Speed Ratio (TSR). 

[35] 

CFD simulation of NACA0018 VAWT 

blade using ANSYS Fluent; varied 

angle of attack (12°–15°) at constant 

wind velocity 8 m/s; SST k–ε 

turbulence model. 

Optimum performance at 15° angle of 

attack with a lift coefficient of 1.689; 

uniform velocity distribution; validated 

via Cp–TSR curve; improved efficiency 

compared to a lower Angle of Attack 

(AoA). 

[36] 

2D CFD simulation of H-Darrieus 

VAWT in ANSYS Fluent; tested 

various wind speeds; TSR variation to 

evaluate torque and power; NACA 

0021 rotor profile. 

Maximum torque 0.9365 Nm and power 

19.6658 W at TSR = 0.9; torque 

coefficient ~10%, power coefficient ~9%; 

performance increases with TSR up to 

optimum, then declines. 

[37] 

Numerical modelling of VAWT with 

radial frames and flat blades using the 

k–ω turbulence model in ANSYS 

Fluent; 2D design with moving 

reference frame; targeted low wind 

speed operation. 

Demonstrated suitability for low-wind-

speed regions; model supports 

development of low-power, short-payback 

turbines for domestic/off-grid 

applications. 

[38] 

CFD modelling of VAWT using 

ANSYS Fluent; SolidWorks CAD for 

geometry; 2D simulation; analysis of 

aerodynamics and atmospheric wind 

flow physics. 

Presented a theoretical and computational 

framework for VAWT design; validated 

the potential for low-wind applications; 

emphasized environmental benefits and 

feasibility in Uzbekistan. 

2 Method  

Simultaneously, simulations were performed using ANSYS Fluent to obtain an accurate 

understanding of the fluid behavior in the turbine system. This method was chosen because it can visually 

represent fluid flow through a numerical approach. Variations in inlet velocity were applied, ranging from 

10 to 14 m/s, with fluids including air, helium, and hydrogen. The turbine design was modeled in two 

dimensions to save computational time without reducing the validity of the results. All simulation steps 

were carried out systematically, from determining the initial parameters to analyzing the velocity and 

turbulence contours. In Figure 1, the flowchart illustrates the steps taken during the simulation using Ansys 

Fluent software. The simulation stage begins by opening ANSYS Fluent, the main application for modeling 

and numerical calculations. Furthermore, the main parameters that will be the focus of the research are 

identified. The fluids used for these parameters are air, helium, and hydrogen, each having a different 

density and viscosity. In addition, the turbine with a diameter of 12 cm is modeled to have a fluid inlet 

velocity of 10, 11, 12, 13, and 14 m/s. These parameters are chosen to represent typical wind speed 

conditions in the field and to assess how the system responds to changes in speed and fluid.  

All the specified parameters are entered into the ANSYS Fluent interface, including geometry 

definition, turbulence model selection, boundary condition settings, and discretization method selection. 

After the configuration is complete, the simulation process is run. This process includes numerical iterations 

until the results reach scientifically acceptable convergence and stability.  
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Velocity contours, pressure, and flow pattern images are saved and analyzed after the simulation is 

complete. The analysis is conducted to compare the impact of each fluid and velocity variation on the 

distribution of kinetic energy and the output velocity. Quantitative data from the simulation results are 

arranged in tables and graphs to facilitate understanding [39,40]. The simulation procedure is summarized in 

Figure 1.  

 

Figure 1. Flowchart of the proposed methodology 

2.1 Boundary condition 

Figure 2 illustrates the boundary conditions applied in the 2D simulation of a vertical-axis wind 

turbine. The incoming flow, with an initial velocity (v) of 10 m/s, is directed perpendicular to the turbine 

rotor, which has a diameter (D) of 12 cm and a blade chord length (c) of 2 cm. The rotor operates at an 

angular speed of 40 revolutions per minute (rpm). The types of fluid tested, along with their corresponding 

parameters, are detailed in Table 1. The variation in fluid physical properties influences velocity 

distribution, turbulence patterns, and the resulting kinetic energy, making these parameters critical for 

evaluating the effect of fluid characteristics on the turbine’s aerodynamic performance. 

Start 

2D Design Geometry 

(Vertical Axis Wind Turbine)  

Diameter of Turbine is 12 cm  

Meshing Setup  

Fluent  

Operation 

Parameters 

Fluid 

(Air, Helium, 

Hydrogen)  

RPM Turbine 

(40 rpm)  

Inlet Velocity 

10, 11, 12, 13, and 14 

m/s 

 

Ansys Fluent 

Simulations 

Result & Analysis 

End 
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Figure 2. Boundaries of vertical wind turbine 2D 

Table 1. Key parameters of the model 

Parameters of Fluids Density (kg/m³) 

air 1.225 

helium 0.1625 

hydrogen 0.08189 

2.2 Basic theory 

The equations in this section are applied to calculate the kinetic energy of the fluid passing through the 

rotor’s cross-sectional area under various inlet velocity and fluid type conditions. The calculation begins by 

determining the rotor’s cross-sectional area from its diameter, as detailed in Equations 1 and 2, which is then 

used to compute the volumetric flow rate based on the inlet velocity, as shown in Equation 3. The mass flow 

rate is obtained by multiplying the fluid density by the volumetric flow rate, as shown in Equation 4. This 

mass value is combined with the square of the flow velocity to determine the kinetic energy using Equation 

5. This procedure enables a quantitative assessment of how variations in fluid density and inlet velocity 

influence the kinetic energy produced. Therefore, these equations form the theoretical foundation that links 

the simulation input parameters to the resulting kinetic energy distribution, as detailed in the results and 

discussion section [41,42]. 

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 =  πr     (1) 

𝑟 =
𝐷

2
       (2) 

Where: 

𝑟  : Fingers of cycle (m) 

𝐷 : Diameter of cycle (m) 

 

 𝑉 =  𝐶𝑟𝑜𝑠𝑠 −  𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 ×  𝑣    (3) 

𝑚 =  𝜌 ×  𝑉      (4) 
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Where: 

𝑚 : Mass (kg) 

𝜌  : Density (kg/m3)  

𝑉  : Volume (m3/s) 

𝐾𝐸 =
1

2
𝑚𝑣2      (5) 

Where: 

𝑘𝐸  : Kinetic Energy 

𝑚 : Mass (kg)  

𝑣  : Velocity (m/s) 

3 Results and Discussion 

3.1 Contour 

The simulation results show that the flow pattern and turbulence level are greatly influenced by the type 

of fluid and its inlet velocity. In the air, increasing velocity causes more intense turbulence at the back of the 

cylinder. Meanwhile, helium and hydrogen show higher velocity distributions at the same velocity, indicating 

the influence of lower density. The changes in the contour pattern of each fluid provide a clear picture of the 

flow dynamics around the turbine. Below are the simulation results, which display contour images of three 

different fluids: air, helium, and hydrogen, with inlet velocities of 10, 11, 12, 13, and 14 m/s, respectively. 

The contour images are displayed in Figure 3. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Contour of air: (a) Air 10 m/s, (b) Air 11 m/s, (c) Air 12 m/s, (d) Air 13 m/s, and (e) Air 14 m/s 
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(e) 

Figure 3. Cont. 

Figure 3 presents the flow pattern around the cylinder, which is affected by the increase in airspeed. 

The air flows more slowly at an airspeed of 10 m/s, resulting in a low-velocity area in front of and behind the 

cylinder, characterized by a stable flow pattern and minimal turbulence. However, when the airspeed 

increases to 11 m/s, the air flows faster, causing a low-velocity area around the cylinder and turbulence at the 

rear. Around the cylinder, at a velocity of 12 m/s, there is a significant increase in velocity, accompanied by 

a larger area of turbulence behind it. At an airspeed of 13 m/s, there is faster flow and stronger turbulence 

behind the cylinder, and at an airspeed of 14 m/s, the air is distributed at a vast speed, with extreme turbulence 

behind the cylinder, which creates a more pronounced wake region behind the cylinder [43,44]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Contour of helium: (a) Helium 10 m/s, (b) Helium 11 m/s, (c) Helium 12 m/s, (d) Helium 13 m/s, and (e) 

Helium 14 m/s 
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(e) 

Figure 4. Cont. 

 

Figure 4 illustrates the distribution of helium gas velocity around a circular source with varying inlet 

velocities. Helium flows slowly at 10 m/s, with the blue regions showing areas of low velocity and a more 

stable flow pattern. As the velocity increases to 11 m/s, the velocity distribution also increases, with the red 

areas indicating higher velocities and greater turbulence around the source. At 12 m/s, the velocity is much 

higher, with the dominant red regions showing very high velocity distributions and pronounced turbulence. 

At 13 m/s, the velocity distribution is even wider with larger turbulent areas around the source. Finally, at 

14 m/s, the inlet speed is the highest, resulting in a broad velocity distribution and strong turbulence, 

indicating a highly disturbed flow. The analysis reveals that higher helium inlet speeds result in wider 

velocity distributions and increased turbulence around the source.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Contour of hydrogen: (a) Hydrogen 10 m/s, (b) Hydrogen 11 m/s, (c) Hydrogen 12 m/s, (d) Hydrogen 13 

m/s, and (e) Hydrogen 14 m/s 
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(e) 

Figure 5. Cont. 

3.2.2 Result summary 

Table 2 presents the calculation of kinetic energy in this simulation, which is based on the fundamental 

laws of fluid physics. Combining data on density, cross-sectional area, and fluid velocity indicates the amount 

of energy the fluid possesses within the system. The formulas used are adjusted to two-dimensional 

conditions, assuming continuous flow, so that the simulation results remain relevant to real-world situations. 

For the three types of fluid used in this study air, helium, and hydrogen, the graph below illustrates the 

relationship between the inlet velocity (entry speed) in meters per second (m/s) and the kinetic energy in 

Joules. In general, kinetic energy increases with the inlet velocity of the fluid. The kinetic energy of air is 

greater than the kinetic energy of hydrogen and helium at a speed of 10 m/s. However, when the speed 

increases to 11 and 12 m/s, the kinetic energy of hydrogen approaches that of air, while the kinetic energy 

of air remains higher. The kinetic energy of helium always has the lowest kinetic energy value at all speeds. 

Figure 6 shows that the kinetic energy of the three fluids is almost the same at inlet velocities of 13 and 14 

m/s, with the maximum values of air and hydrogen nearly the same, indicating that the difference in kinetic 

energy between fluids decreases at high speeds. According to this study, air, compared to hydrogen and helium, 

has greater kinetic energy at low to medium speeds. However, the kinetic energy of the three fluids tends to 

be almost the same at high speeds, probably due to the physical properties of each fluid, such as their density 

and ability to store kinetic energy. 

Figure 7 shows the relationship between the inlet and outlet velocities of three types of fluids: air, 

helium, and hydrogen. The graph shows that the outlet velocities of each fluid tend to be greater than the 

inlet velocities, indicating an acceleration of the flow that changes in pressure or geometry of the system 

can cause. Hydrogen and air outlet velocities are the highest due to their lower densities, facilitating 

acceleration. Helium, which has a lower density than air, produces a higher outlet velocity than hydrogen 

but a lower one than air, indicating a linear relationship consistent with the principle of conservation of 

energy. The difference in outlet velocities between the fluids is greater at lower inlet velocities (10-11 m/s), 

but at higher inlet velocities (13-14 m/s), this difference is less significant due to the dominant inertial 

effect. 

Table 2. Result of kinetic energy (Joules) 

Parameters of Fluid 10 m/s 11 m/s 12 m/s 13 m/s 14 m/s 

air 13.2 22.85 22.85 29 36.1 

helium 13.1 17.3 12.53 28.7 36 

hydrogen 13.2 17.5 22.9 29.1 36.4 
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Figure 6. Graph of kinetic energy 

 

Figure 7. Graph of velocity outlet 

4   Conclusions 

This study successfully analyzed the effects of inlet velocity variations and fluid types on the 

aerodynamic performance of a vertical-axis wind turbine using CFD simulations in ANSYS Fluent. The 

inlet velocities tested ranged from 10 m/s to 14 m/s, while the fluids examined included air, helium, and 

hydrogen. The simulation results showed that increasing the inlet velocity significantly transformed the 

flow pattern from stable to complex, accompanied by higher turbulence levels in the wake region behind 

the rotor. Air tended to produce relatively controlled flow patterns at low velocities, but turbulence 

intensified sharply at higher speeds. Helium and hydrogen demonstrated a greater velocity distribution at 

the same inlet velocity compared to air, which is influenced by their lower densities. Differences in fluid 

physical properties were found to have a significant impact on flow response and the distribution of kinetic 

energy. 
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Kinetic energy calculations based on the simulation data revealed that at low to medium velocities 

(10-12 m/s), air exhibited the highest kinetic energy, up to 24.7% greater than that of helium and 3.8% 

greater than that of hydrogen. However, at higher velocities (13-14 m/s), the kinetic energy differences 

among the three fluids became negligible, with a difference of less than 1.5%. This phenomenon is 

attributed to the dominant inertial effects at higher speeds, which reduce the influence of density differences 

in the fluid. Furthermore, the outlet velocity of all fluids consistently exceeded the inlet velocity, indicating 

flow acceleration due to changes in pressure or rotor geometry. Hydrogen recorded the highest acceleration 

at 14 m/s, indicating its potential for applications requiring high flow acceleration. These findings highlight 

the importance of considering fluid physical properties in wind turbine design and optimization. 

Overall, this research demonstrates that the combination of fluid type selection and inlet velocity 

adjustment can be leveraged to optimize the performance of vertical-axis wind turbines. The use of low-

density fluids, such as helium and hydrogen, can provide advantages under specific operational conditions, 

particularly for enhancing flow acceleration. However, at low velocities, air remains superior in terms of 

kinetic energy. These results contribute to a deeper understanding of fluid–structure interactions in VAWT 

systems and can serve as a reference for the development of more efficient turbine designs. Future studies 

are recommended to explore the effects of blade geometry, variations in tip speed ratio, and three-

dimensional simulations for more representative results. In addition, integrating this model with economic 

analysis could provide a more comprehensive view of its practical feasibility, enabling the development of 

wind turbine technology that is more adaptable to the needs of efficient and sustainable renewable energy. 
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