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Abstract: In this study, Fluent software 2020R2 is used to simulate vertical axis turbine in two 

dimensions, aiming to analyze the influence of turbulence intensity on wake characteristics. The 

detailed flow field data are obtained by simulating the operation of turbine under different 

turbulence intensities. On this basis, the influence factor of turbulence intensity are creatively 

introduced into the wake mathematical formula of vertical axis turbine established by Lam, and 

some parameter calculations of the formula are supplemented and perfected. The results show that 

the theoretical model can well reflect the influence of turbulence intensity on the wake distribution 

of vertical axis turbines. The formula can provide a theoretical basis for the design and optimization 

of vertical axis turbines and the array arrangement, and can be used to predict the wake 

characteristics under different turbulence intensity operating conditions. 

Keywords: vertical shaft turbine; A wake; turbulence intensity; fluent simulation;  

mathematical formula 

 

1. Introduction 

In the context of global climate change, tidal current energy is favored for its clean and highly 

predictable characteristics, and various ways of capturing tidal current energy have been explored 

[1]. Vertical Axis Water Turbine (VAWT), as an effective device for utilizing tidal current energy, has 

attracted wide attention in recent years due to its excellent performance in low flow rate and variable 

flow direction. Compared with the traditional horizontal shaft turbine, the vertical shaft turbine has 

the advantages of simple structure, easy maintenance and small environmental impact [2]. However, 

in actual operation, the wake of vertical axis turbine has always been one of the important factors 

affecting its efficiency and performance [3]. As an important parameter in the working environment 

of a turbine, turbulence intensity has a significant influence on its performance and wake 

characteristics. 

Turbulence Intensity (TI) is an important index to describe the velocity fluctuation in a fluid, 

which is usually defined as the ratio of the root-mean-square value of the velocity fluctuation to the 

average velocity [4]. In natural water bodies, turbulence intensity varies greatly due to factors such 

as topography, hydrology, meteorological conditions and human activities [5,6]. For vertical axis 

turbines, the turbulence intensity in the working environment not only affects their power output 

and efficiency, but also directly affects their wake characteristics and its influence on the surrounding 

environment and adjacent turbines. 

The wake characteristics refer to the velocity distribution and eddy current structure formed in 

the downstream of the fluid after passing through the turbine [7]. Many factors affecting the wake 

characteristics of vertical axis turbines have been studied, including the characteristics of turbine 

structure [8], the number of turbines [9], and the effects of the surrounding environment [10]. Among 

them, the turbulence intensity will significantly affect the wake diffusion velocity, eddy current 

intensity and recovery distance, thus affecting the overall performance of the turbine and the 
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optimization of the arrangement between multiple turbines [11,12]. In addition, the existing 

researches mainly focus on the influence of turbulence on horizontal axis turbines and wind turbines 

[13–15], while the researches on vertical axis turbines are relatively few. And most of the existing 

studies on vertical axis turbines are carried out under low turbulence intensity conditions, which 

cannot fully reflect the complex flow characteristics in the actual water environment [16]. Therefore, 

further research on the influence of turbulence intensity on the wake of vertical axis turbines is of 

great significance for improving the design and optimization level of turbines and improving the 

efficiency of water energy utilization. 

Most of the existing wake theoretical models focus on wind turbines and horizontal axis water 

turbines [17–19], and there are few theoretical models about the wake of vertical axis turbines [20]。

Wei Haur Lam et al. [20]put forward two equations based on the axial momentum theory and 

Gaussian probability distribution to predict the longitudinal and transverse mean velocity in the 

wake of vertical axis turbines. These two equations can well reflect the location and magnitude of the 

velocity trough, but there is a gap between the reflection of the acceleration zone on both sides of the 

velocity valley and the actual situation. Moreover, this equation is based on the low turbulence 

intensity in the experiment, and the turbulence intensity in the actual Marine environment will be 

different. Therefore, through numerical simulation and experimental verification, this study aims to 

systematically explore the changes in wake characteristics of vertical axis turbines under different 

turbulence intensification conditions, improve Lam wake prediction equations, and provide 

theoretical basis for optimal design of vertical axis turbines. 

This paper first establishes and validates the numerical model, then analyzes the influence of 

turbulence intensity on the characteristics of wake change, and then establishes a theoretical model 

based on the improvement of Lam's equation, and finally verifies the prediction effect of the 

theoretical model. 

2. Numerical Model 

2.1. Hydrodynamic Governing Equations 

The control equations for the two-dimensional flow field in numerical simulation are as follows: 

Continuity Equation： 

 

(1) 

Momentum Conservation Equation： 

 

(2) 

In these equations，ρrepresents the medium density, t represents time, Sm is an additional 

source term in the momentum equation, p represents static pressure, represents the stress tensor, 

denotes the divergence operator, g and F represent the gravitational body force and external body 

force, respectively. F also includes other model-dependent source terms, such as those for porous 

media and user-defined sources. 

2.2. Dynamic Parameters and Geometric Model 

The ratio of the tip speed of the hydro turbine blade to the incoming flow velocity is denoted by λ: 
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(3) 

where, is the angular velocity of the turbine (rad/s); is the radius of the turbine (m); is the water 

flow velocity (m/s)，. 

The ratio of the power output by the hydro turbine to the energy contained in the undisturbed 

water flow over the swept area of the turbine is given by: 

 

(4) 

where, is the turbine power coefficient； is the tangential force on the blade (N); is the density 

of water (1000Kg/m³). is the frontal area of the turbine (m²), which is the product of the turbine 

diameter DDD and the span length L. 

The ratio of the torque generated by the water on the hydro turbine blade around its axis to the 

product of the dynamic pressure of the undisturbed water flow, the swept area of the hydro turbine, 

and the radius of the turbine is denoted by: 

 

(5) 

The two-dimensional vertical axis hydro turbine (VAHT) model is shown in Figure 1. This type 

is an H-Darrieus lift-type vertical axis hydro turbine, which is simple in structure, efficient, and 

widely used in practice. The VAHT consists of three blades spaced at a 120° angle and a central 

circular shaft. The widely used NACA0018 asymmetric airfoil blade is adopted, with the blade pivot 

located on the chord line of the foil, 0.03 meters from the leading edge. The main parameters of the 

VAHT are shown in Table 1 

Table 1. Parameters of the turbine. 

Parameter Value 

Blade type NACA0018 

Chord length (C) 

Blade length (L) 

0.12 m 

0.66 m 

Blade number (N) 3 

Diameter of turbine (D) 1 m 

Solidity of turbine () 0.1146 

Preset angle of attack ()  0° 

2.3. Computational Domain Mesh Division and Boundary Conditions 

The study area is shown in Figure 2. The computational domain is 15D in length and 10D in 

width, with the left side as the inlet, the right side as the outlet, and the top and bottom as closed 

boundaries. The turbine center is 5D from the inlet and the top and bottom boundaries. A circular 

region 1.2 times the turbine radius is set as the rotating region, with the rest being the outer flow field. 
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Figure 1. Geometric model of turbine. 

 

Figure 2. Computational zone and boubdary conditions. 

The computational domain mesh uses a structured grid. To ensure the accuracy of the numerical 

solution is independent of the grid density, grid independence verification was conducted. By 

comparing simulation results at different grid densities, the convergence and stability of key 

variables were evaluated. Three sets of different density grids were used in this study: fine grid 

(310,000 nodes), medium grid (93,000 nodes), and coarse grid (50,000 nodes). Under unchanged 

boundary conditions and calculation steps, numerical simulation was carried out for the VAHT at a 

tip speed ratio of 2.269. The variation curves of the blade torque coefficient with the phase angle for 

the three sets of grids are shown in Figure 3. It can be seen that when the blade rotates in the azimuth 

range of approximately 180~270°, the force on the blade in the coarse grid shows significant 

differences from the other two grids. The torque coefficients of the medium and fine grids are not 

significantly different. 

 

Figure 3. Mesh independence verification. 

To meet accuracy requirements and save computational resources, the second set of grids was 

chosen. The total number of grid cells is 93,715, with 58,230 grid cells in the rotating region. To 

accurately capture the boundary layer flow, the blade surface grid was locally refined, and the first 

layer height near the wall was set to 8×10⁻⁵, ensuring the dimensionless wall distance < 5. The VAHT 

computational domain mesh division is shown in Figure 4. 
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Figure 4. Mesh distribution details. 

The transient setting, k-ω turbulence model, inlet velocity of 1.5 m/s, and pressure outlet were 

used. The SIMPLE algorithm was used for velocity-pressure coupling. Gradient interpolation was 

performed using the Green-Gauss Cell Based method, and second-order upwind and implicit 

schemes were used for time and space discretization, respectively. 

1.4. Model Validation 

The experimental data needed for validation comes from the three-dimensional experiments on 

vertical axis turbines conducted by Zhao Guang et al. [21]. The difference between the simulated and 

measured output power of the turbine was compared at different rotational speeds. The power 

coefficient of the turbine was calculated using the formula, with the simulated values being the 

average over multiple periods in the stable stage. The tip speed ratios and rotational speeds for the 

10 simulated conditions are shown in Table 2. 

Table 2. Tip ratio and speed. 

 

The verification results are shown in the following Figure 5： 

 

Figure 5. Comparison diagram between theory and measurement of power coefficient. 

𝜆 1.1971 1.4073 1.5898 1.7503 1.9328 2.0932 2.279 2.4463 2.6223 2.8038 

𝜔 3.5913 4.2219 4.7694 5.2509 5.7984 6.2796 6.837 7.3389 7.8669 8.4114 
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As shown in Figure 5, with the increase in the tip speed ratio, the power coefficient first increases 

and then decreases. Although there are certain differences between the calculated power coefficient 

values and the experimental values, the overall trend of change is consistent between the two. 

Therefore, the model and grid scheme used under unsteady conditions demonstrate high accuracy 

and reliability. 

3. Wake Characteristics Analysis and Theoretical Model Establishment 

3.1. Wake Characteristics Analysis 

Figure 6(a) shows the wake recovery along the centerline behind the turbine at distances of 1 to 

10 times the diameter under optimal tip speed ratio conditions and different turbulence intensities. 

It can be observed that the lateral velocity along the centerline first decreases and then increases, as 

also depicted in Figure 7. With the increase in turbulence intensity, the wake recovery value at 10D 

becomes higher, reaching a maximum of 0.68. The wake recovery value at 1D remains around 0.26, 

and the trough value moves forward as turbulence intensity increases, indicating that higher 

turbulence intensity accelerates wake recovery. As shown in Figure 6(b), at a certain lateral section 

(5D) of the wake, the velocity trough increases with increasing turbulence intensity, which also 

supports the conclusion that increased turbulence intensity aids wake recovery, consistent with the 

findings of DHALWALA et al. [12]. However, beyond 0.8D on both sides of the center, the high-

speed zone's velocity recovery decreases with increasing turbulence intensity, which requires further 

investigation. 

 

Figure 6. Wake recovery curve behind turbine (a) and radial decay curve at 5D distance (b). 

 

Figure 7. Lateral velocity distribution flow field. 

3.2. Establish Theoretical Model 

Lam [20] used Gaussian probability distribution to establish the following formula for the 

transverse velocity of vertical shaft turbine wake: 

 

(6) 

In formula (6), three coefficients, and are introduced, and the formula becomes 
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(7) 

After no dimensionalization, 

 

(8) 

In the equations, is the wake acceleration coefficient. As shown in Figure 6(b), within the radial 

distance of 1D to 3D on both sides of the trough, the wake velocity is more than 1 times the initial 

velocity, indicating an acceleration phenomenon in the wake. Thus,is a factor regulating the lateral 

velocity acceleration zone of the wake. is the velocity trough recovery coefficient, representing the 

rate at which the lateral velocity trough recovers to its initial value—the larger the value, the slower 

the recovery. is the velocity trough width coefficient, indicating the width between the critical points 

of the acceleration zones on both sides of the velocity trough—the larger the value, the narrower the 

width. is the dimensionless radial distance. For simplicity, the radial distance within 3D on both sides 

of the turbine center is selected as the study range; beyond 3D, the velocity acceleration phenomenon 

is consistent with that within 3D and is not considered. 

Due to the theoretical model's specific purpose of providing theoretical support for the 

subsequent optimization design of vertical axis tidal energy turbine arrays and the limitations of 

experimental conditions, the model is only applicable for predicting the lateral velocity of the wake 

at distances of 4D to 10D downstream of the turbine. Experimental results show that at 4D 

downstream, the offset of the velocity trough relative to the downstream centerline is minimal, and 

at 5D, the offset is zero, as seen in Figure 6(b). Therefore, in Equation (7), the offset coefficient B of 

the flow section velocity trough is set to zero. Lam [20] did not specify the calculation method for the 

flow section velocity deviation coefficient C; considering the similarity of the inflow velocity and 

turbine parameters in this study to Lam's experiment, the value of C in Lam's paper, 0.4, is used. 

Research found that , , have the following linear relationship with turbulence intensity ： 

 

(9) 

 
(10) 

 
(11) 

The coefficients a, b, c, d, e and f are determined by the following formula: 

 
(12) 

 

(13) 

 
(14) 
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(15) 

 
(16) 

 
(17) 

where 𝑥 is the ratio of the longitudinal distance to the turbine diameter, [4,10]. 

Lam extracted the minimum velocity of the lateral section downstream of the vertical axis 

turbine from numerical results, which is not convenient for practical applications. By analyzing 

simulation data, we established a bivariate function relationship between the minimum velocity of 

the lateral section of the wake and the turbulence intensity and longitudinal distance (18) as follows: 

 

(18) 

where the coefficient matrix P and variable matrix TI and X are as follows: 

 

 

The coefficient values are shown in Table 3： 

Table 3. Equation coefficient. 

 

This allows predicting the lateral velocity of the radial section at distances of 4 to 10 times the 

diameter downstream of the turbine by inputting specific turbulence intensity and longitudinal 

distance. 

4. Wake Characteristics Analysis and Theoretical Model Establishment 

Figures 8–12 are selected comparison results from five turbulence intensity conditions. Through 

these figures, the decay characteristics of the wake field of a vertical axis hydro turbine under 

different turbulence intensities(TI) can be observed. These figures show the velocity distribution 

between axial distances of 4D to 10D at turbulence intensities of 0.05, 0.1, 0.15, 0.2, and 0.25. The 

horizontal axis represents the lateral distance ，and the vertical axis represents the velocity . The blue 

solid line represents the theoretical value, and the red dots represent the measured values from CFD. 

𝑝00 𝑝01 𝑝02 𝑝03 𝑝04 𝑝10 𝑝11 𝑝12 𝑝13 𝑝20 𝑝21 𝑝22 

8.294 -3.866 0.64 -0.04444 0.001135 -46.39 16.43 -1.715 0.05621 66.63 -17.8 1.084 
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Figure 8. Comparison of the lateral velocity distribution between the numerical and theoretical results 

(TI=0.05). 

 

 

Figure 9. Comparison of the lateral velocity distribution between the numerical and theoretical results 

(TI=0.1). 
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Figure 10. Comparison of the lateral velocity distribution between the numerical and theoretical 

results（TI=0.15）. 

 

Figure 11. Comparison of the lateral velocity distribution between the numerical and theoretical 

results（TI=0.20）. 

 

Figure 12. Comparison of the lateral velocity distribution between the numerical and theoretical 

results（TI=0.25）. 

In Figure 8, at TI=0.05, as the axial distance increases from 4D to 9D, the velocity distribution 

shows that the wake center velocity gradually recovers, reaching 38% of the free stream velocity. The 

match between the theoretical and measured values is relatively high, but there is a slight deviation 

in the wake center region, especially at 4D and 5D. At low turbulence intensity, the wake recovery is 

slower, and the velocity drop in the wake center is more pronounced. 

In Figure 9, at TI=0.1, the wake center velocity recovers faster, and the match between the 

theoretical and measured values is better. The velocity distribution from 4D to 10D shows that 

increased turbulence intensity promotes wake diffusion and energy recovery. The match between 

theoretical and actual measured values is high at medium turbulence intensity. 

In Figure 10, at TI=0.15, the wake recovery speed further increases, with the wake center velocity 

significantly recovering at 4D. The match between theoretical and measured values remains good, 

indicating that turbulence intensity continues to promote energy diffusion in the wake. At high 

turbulence intensity, the velocity distribution in the wake region becomes more uniform, and the 

theoretical model can better predict the actual wake characteristics. 

In Figures 11 (TI=0.2) and 12 (TI=0.25), the wake recovery speed is the fastest. The velocity 

distribution shows that the wake center velocity quickly recovers to near the free stream velocity 
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within the axial distance of 4D to 8D. The match between theoretical and measured values is excellent 

at various axial distances. At the highest turbulence intensity, the energy recovery in the wake region 

is the fastest, and there is almost no significant deviation between theoretical predictions and actual 

measurements. 

Overall, at all turbulence intensities, the match between theoretical and measured values is 

relatively high, validating the effectiveness of the analytical wake formula proposed in the previous 

section. Regardless of the variation in turbulence intensity, the wake center velocity shows a trend of 

gradual recovery. In terms of recovery speed, higher turbulence intensity results in faster recovery of 

the wake center velocity. At low turbulence intensity, the wake recovery is slower, while at high 

turbulence intensity, energy diffusion in the wake is faster, and the velocity recovery is more rapid. 

In terms of matching effect, there is a certain deviation between theoretical and measured values in 

the wake center region at low turbulence intensity, while at high turbulence intensity, the matching 

effect improves significantly. Additionally, the matching effect gradually changes with the increase 

in axial distance, with poor matches mainly occurring at the wake center of 4D and 5D. This 

discrepancy may be due to the prediction deviation of at 4D and 5D. 

By analyzing the decay characteristics of the wake field under different turbulence intensities, it 

can be seen that the analytical wake formula proposed in the previous section can predict the wake 

characteristics well under various turbulence intensities. Especially at high turbulence intensity, the 

match between theoretical predictions and actual measurements is optimal. These findings are 

significant for further optimizing the design and layout of vertical axis hydro turbines, helping to 

improve the energy capture efficiency and operational stability of tidal energy devices. 

5. Conclusion 

(1) Accuracy of Numerical Model 

The accuracy of the numerical model in predicting turbulence intensity and wake recovery is 

crucial for evaluating its effectiveness. With appropriate structured grids, boundary conditions, and 

turbulence models, the comparison of simulation and experimental data shows that the two-

dimensional model has good accuracy. 

(2) Significant Impact of Turbulence Intensity on Wake Characteristics 

This study shows that turbulence intensity significantly impacts the distribution and 

characteristics of the vertical axis hydro turbine wake. As turbulence intensity increases, wake 

diffusion speed increases, and the velocity gradient within the wake region decreases. This indicates 

that energy in the wake recovers more quickly at higher turbulence intensity. 

(3) Applicability and Accuracy of Mathematical Formula 

By analyzing Fluent simulation data and building on Lam's formula, a wake mathematical 

formula incorporating the effect of turbulence intensity was established. In addition to Lam's 

formula, a bivariate function was introduced to predict . This formula accurately predicts wake 

velocity distribution under different turbulence intensities within a certain range, matching 

simulation results well, validating its effectiveness and practicality. This formula can be used for 

quick assessments of turbine wakes and optimization designs in engineering practice. 

In the establishment of the theoretical model incorporating turbulence intensity, methods such 

as deep learning can be combined to refine the model details, leading to a more accurate model. This 

will be considered in future work. In addition to turbulence intensity, many other factors can affect 

the shape of the wake, which can be further explored and included in the wake theoretical model. 

Exploring methods to incorporate multiple influencing factors into the model can make the vertical 

axis wake theoretical model more comprehensive. 
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