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ABSTRACT

Vertical-axis wind turbines are often used to capture wind energy in urban environments. The arrangements of vertical-axis 
wind turbines have important effects on the recovery of wind energy and power generation. The longitudinal arrangement 
is a common element in wind turbine arrays but has been explored less in previous studies. This analysis simulated a pair of 
vertical-axis wind turbines with a longitudinal arrangement under three-dimensional (3D) simulation. It analysed the wake 
characteristics and power output by setting the two layouts of C-C and CO-C for two turbines. The results revealed that 
the maximum wake deficit of C-C is about 10% larger than that of CO-C due to the wake superposition effect in the same 
direction. The wake velocity in both the C-C and CO-C cases can recover by 80% at a downstream distance of 5.5D behind 
the turbines, which is also a suitable distance to place the additional turbine. The Coefficient of Power (Cp) of C-C is larger 
than that of CO-C, which means that the layout of C-C should be prioritised in the longitudinal arrangement.

KEYWORDS    �Wind energy; urban environment; sustainable development; wind turbine layout; renewable energy 
CONTACT Xuelin Zhang
Received 22 November 2024

zhangxlin25@mail.sysu.edu.cn

exploration of single wind turbine by conducting a series 
of studies concerning various design parameters, including 
tip speed ratio, number of blades, azimuth angle, airfoil 
shape, and others (Raciti Castelli et al., 2011; Rezaeiha 
et al., 2018), to study their influence on the power output 
and aerodynamic performance. Similarly, the arrangement 
of multiple wind turbines also has been investigated to 
analyse the aerodynamic performance. In these studies, 
a pair of two turbines is the most common subject of 
research, and there are usually three aspects for study: the 
lateral arrangement, the longitudinal arrangement, and their 
combinations. Because a pair of wind turbines is a basic 
and important element in wind turbine arrays, compared 
with the complex movement of turbine arrays, the study of 
a pair of turbines is representative, which can help us gain 
a better understanding of the turbines’ movement from the 
micro level and discover a new perspective for the future 
design of multiple wind turbines.

Many studies have deeply analysed the motion 
characteristics of a pair of wind turbines with the lateral 
arrangement (Zanforlin and Nishino, 2016). For example, 
Lam and Peng (2017) studied two wind turbines with a 
fixed lateral distance and analysed their wake characteristics 
and the distribution of velocity fields under the conditions 
of a rotating clockwise or counterclockwise direction; 
Zanforlin and Nishino (2016) applied the Computational 
Fluid Dynamics (CFD) simulation, studied the movement 

1. Introduction

With the growing development of urbanisation 
and substantial changes occurring in the urban wind and 
thermal environment, sustainable growth in urban areas 
has emerged as a hot issue in the last few years (Toja-Silva 
et al., 2013). Urban wind energy, a renewable energy that 
can be developed in cities, has gradually attracted much 
attention from scholars and holds large potential for future 
research in urban environments (Škvorc and Kozmar, 
2021).

Vertical-axis wind turbines are often used to capture 
city wind energy (Figure 1). They can better adapt to the 
complex turbulent flow field and various wind direction 
conditions in urban environments in comparison with 
horizontal-axis wind turbines (Rezaeiha et al., 2020). These 
turbines are often installed on rooftops (Huang et al., 2017), 
building walls (Xu et al., 2021a), between buildings (Juan 
et al., 2022; Zhou et al., 2017), or inside ventilation ducts 
(Hassanli et al., 2017) to harvest wind energy. In previous 
studies, researchers usually studied urban wind energy by 
altering the building layouts and the positions of turbines 
(Abohela et al., 2013; Balduzzi et al., 2012) to find the most 
suitable arrangement of wind turbines at the microscale. 

The arrangement of wind turbines and the parameter 
design of wind turbines also significantly affect wind 
energy harvesting. Previous studies have made a deep 
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of two wind turbines placed closely and their influence on 
the enhancement of the wind power generation; Müller 
et al. (2021) detailedly studied the wake recovery behind 
the two wind turbines from the two aspects of vertical 
distribution and horizontal distribution. However, for the 
longitudinal arrangement, fewer studies have discussed the 
interactions between the two turbines due to the commonly 
held belief that it generates lower overall power (Brownstein 
et al., 2016). Xu et al. (2021a) studied the power generation 
of turbine arrays that consist of five rows and 10 columns of 
wind turbines put in two buildings. Still, the study focused 
on the interaction between the turbines in the same row. 
Therefore, it is essential to further explore wind turbines 
with the longitudinal arrangement (Brownstein et al., 2016). 
The capacity of this arrangement should receive more 
attention and development (Xu et al., 2021b). By analysing 
this, we can better understand the patterns of urban wind 
energy output from turbine arrays and maximise wind 
energy utilisation.

There are two methods of CFD simulation to study 
the performance of wind turbines: two-dimensional (2D) 
simulation and 3D simulation. 2D simulations are often 
used to investigate wind turbine parameters’ impact on 
turbines’ aerodynamic performance (Bianchini et al., 
2017; Liang et al., 2017) due to their simple model and 
fewer computing resources. However, it ignores the flow 
field changes in the vertical distribution and assumes that 
the performance and characteristics of the turbines in 
the vertical direction are uniform. Therefore, it does not 
correspond to the real situation. By contrast, 3D simulations 
are much more realistic. They can capture 3D variations 
like the complex airflow disturbances and tip effects 
during turbine rotation (Azadani and Saleh, 2022; Kuang 
et al., 2022). Additionally, some studies have stated the 
differences between 2D and 3D simulations. They found 
that the differences in velocity magnitudes between these 
two simulation methods can reach about 10%, and the 
turbulent kinetic energy magnitudes in 2D simulations are 
significantly lower than that in 3D simulations (Lam and 
Peng, 2016; Bachant and Wosnik, 2016). Therefore, 3D 
simulations were chosen for the present research to ensure 
the rationality and authenticity of this study.

To address the limitations of previous research, this 
study simulated a pair of two-blade vertical-axis wind 
turbines positioned longitudinally under 3D modelling 
and considered the urban environment. Two arrangements 
were investigated: (1) both turbine 1 and turbine 2 set in 
a clockwise rotational direction, named C-C; (2) turbine 
1 set in a clockwise rotational direction and turbine 2 set 
in a counter-clockwise rotational direction, named CO-C, 
to understand the aerodynamic effects and wind energy 
generation by turbines in a longitudinal arrangement, 
through analysing two typical parts of wake characteristics 
and power output (Vergaerde et al., 2020a). 

2. Methods

2.1. Geometry model and grid arrangement 

Figure 2 displays the computational domain and 
geometrical settings in the present study. The locations of 
boundary conditions: velocity-inlet, top, bottom, lateral, 
and pressure-outlet, were set at distances of 5 D, 5 D, 5 D, 
4 D, and 11 D (with D being the diameter of the turbine) 
away from the turbines (Figure 2[a]). The vertical-axis 
wind turbine adopted in the present study has two blades, 
and each blade adopts a symmetrical straight blade with 
a NACA0021 (NACA, National Advisory Committee for 
Aeronautics; 0021, the parameter code of airfoil) airfoil 
shape, with the tip-speed ratio equal to 2.19. The diameter 
(D), height (H), and chord length of the turbine are 2 m, 
1.2 m, and 0.265 m, and the swap area of the turbine is 
2.4 m² (Figure 2[b]).

The sliding moving mesh method was utilised in the 
present study, and two cylindrical rotation regions were 
established to simulate the movement of wind turbines. The 
diameter and height of each rotation region were 1.5 times 
the diameter and the height of the turbine; additionally, the 
distance between the two turbines was set to 4 D (Figure 
2[b]). 

Figure 1. Examples of application scenarios of vertical-axis wind turbines in urban environments.

(a) (b) (c)
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(a)
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Figure 2. (a) Computational domain and boundary 
conditions; and (b) geometry model and dimensional 
settings of blades and two rotational regions.

The grid arrangement of the computational domain 
and near the blades is presented Figure 3. The minimum 
size of mesh at the surface of blades and rotational regions 
was set as 9 mm and 90 mm, respectively. The mesh growth 
rate was 1.15. The first-layer grid height near the blades 
was set to 0.039 mm to ensure the criterion of y+ < 5. The 
computational domain was discretised by tetrahedral cells, 
with a total grid number of 3,844,768 cells.

(a)

(b)

Figure 3. (a) Global mesh of computational domain; and (b) 
grid arrangement near the rotational regions and blades.

2.2. Boundary conditions and solver settings

Figure 2(a) shows the boundary conditions in the 
present study. Due to the vertical-axis wind turbines being 
placed on the roof and set at a certain height above the 
ground, it can be considered that they are less affected 
by the ground roughness; hence, the top, the bottom, the 
right side, and the left side of the domain were all set as 
symmetry conditions (Lam and Peng, 2016). The surfaces 
of the rotational regions were set as interface conditions, 
and all the surfaces of the blades were implemented in the 
no-slip boundary conditions.

In previous studies, a free mainstream wind speed 
was often used to simulate the incoming flow. However, 
in this study, a logarithmic wind profile was used to better 
reflect the effects of the surroundings and the topography. 
Considering the placement of wind turbines at a specific 
height above the ground and the influence of urban 
environments on turbines’ performance, a segment of 
the logarithmic wind profile U(z), dissipation rate (ω), 
and turbulent kinetic energy (k) was set within the inflow 
boundary conditions.
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the von Karman constant, and 𝐶𝐶!  (=0.09) is an empirical constant. 𝑧𝑧* (=0.5)	 is the 
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of 30 m above the ground was entered, and it was assumed that the height of the turbines was 
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All the CFD simulations in the present research were implemented in the ANSYS Fluent 
2022R1 commercial software package in Tianhe Ⅱ. The RANS equations were applied to solve 
the 3D unsteady state for each case. The 4-equation transition SST turbulence model was 
applied as the closure model to fit the low Reynolds number flows near the wind turbine blades 
without any other wall functions introduced (Chen and Liou, 2011). The SIMPLE algorithm 
was used to solve the rotational movement of the wind turbine. The convergence criterion met 
the maximum requirement of residuals: 10-6 for continuity; 10-6, 10-7, and 10-9 for x velocity, y 
velocity, and z velocity, respectively. The time step size in the simulations was set to 0.000287 
s (0.5°) – 0.000498 s (1°), and the maximum iteration for each time step was set to 30 to ensure 
converged results. 
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where z (m) is the height coordinate, U(z) is the wind 
velocity at a height z, κ (=0.41) is the von Karman constant, 
and Cu (=0.09) is an empirical constant. z0 (=0.5) is the 
aerodynamic roughness length, u* (=0.68m/s) is the 
atmospheric boundary layer friction velocity, and they are 
fitted using the data obtained from Architectural Institute 
of Japan (AIJ) (Meng and Hibi, 1998). (z+30) means that 
only a section of wind profile above a height of 30 m 
above the ground was entered, and it was assumed that the 
height of the turbines was 4 m above the roof to ensure 
stability during movement. Additionally, in order to control 
variables, it was assumed that there were some approaches 
applied in the front of the buildings to reduce the flow 
separation, such as modifying the shape of building corners 
(Ye et al., 2024).

All the CFD simulations in the present research were 
implemented in the ANSYS Fluent 2022R1 commercial 
software package in Tianhe II. The RANS equations were 
applied to solve the 3D unsteady state for each case. The 
4-equation transition SST turbulence model was applied 
as the closure model to fit the low Reynolds number 
flows near the wind turbine blades without any other wall 
functions introduced (Chen and Liou, 2011). The SIMPLE 
algorithm was used to solve the rotational movement 
of the wind turbine. The convergence criterion met the 
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maximum requirement of residuals: 10-6 for continuity;  
10-6, 10-7, and 10-9 for x velocity, y velocity, and z velocity, 
respectively. The time step size in the simulations was set 
to 0.000287 s (0.5°) – 0.000498 s (1°), and the maximum 
iteration for each time step was set to 30 to ensure 
converged results.

2.3. Validation and grid sensitivity analysis 

The validation data in this study were derived from a 
previous wind tunnel test (Li et al., 2016). The vertical-axis 
wind turbine tested in this experiment has five blades and 
also adopts the NACA0021 airfoil shape, with a diameter 
(D) set to 2 m and a height (H) set to 1.2 m.

Three turbulence models, namely the realisable (RLZ) 
k-ε model, the 4-equation transition SST model (SST), and 
the Spalart-Allmaras (S-A) model, were tested to select 
the most appropriate one for further research. The average 
velocity from five lines along x/R = -1.8, -1.5, -1, -0.5, and 
0 (upstream), and four lines along x/R = 0.5, 1, 1.5, and 2 
(downstream) were selected for validation. Three metrics 
were used to evaluate the precision of the CFD results 
compared to the wind tunnel test (WT) results: FAC2, FB, 
and R. 
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Figure 4. Validation results with different turbulence models 
at (a) upstream; and (b) downstream regions.

Table 1. Average errors for different turbulence models in 
the upstream and downstream regions: FAC2, FB, and R2.

Validations metrics FAC2 FB R2

Upstream
SST 1 0.06 0.93

Realisable 1 0.04 0.87
S-A 1 0.29 0.90

Downstream
SST 1 -0.31 0.99

Realisable 1 -0.60 0.92
S-A 1 -0.55 0.96
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Ui,a and Ui,b are the velocity values in two sets of data, and 
Uref is the reference velocity.

As shown in Figure 5, little difference is shown in the 
results of these three grids, in predicting the velocity field 
of both upstream and downstream regions Figures 5(a) and 
5(b). The results of GCI between the coarse and medium 
grids and the maximum values of GCI for the upstream and 
downstream regions are both not more than 3% (Figures 
5[c] and 5[d]). This demonstrates that there is a relative 
independence between the number of grids and the existing 
grid division which can guarantee the accuracy of the 
numerical solution. Considering the computational time 
cost during the simulation, the coarse grid was adopted for 
the present research.

(a)

(b)

(c)

(d)

Figure 5.  Grid sensi t ivi ty analysis  resul ts  for 
coarse, medium, and fine grids at (a) upstream; and  
(b) downstream regions. The coarse grid with GCI:  
(c) upstream; and (d) downstream.
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3. Results and discussion

The wake characteristics for two cases of C-C and 
CO-C at the horizontal centre plane (z - 4D)/H = 0.5 are 
shown in Figure 6. Due to turbine 1 having the opposite 
rotational direction in two cases, the wake characteristics 
between turbine 1 and turbine 2 present different patterns 
of biases. In the case of C-C, the wake biases towards the 
positive y direction, and its larger velocity deficit biases 
towards the positive y direction (Figure 6[a], Line 1). 
Similarly, the wake in the CO-C case biases towards the 
negative y direction, and the larger deficits are also found in 
this direction (Figure 6[b], Line 2). The wake of turbine 1 
caused by the opposite rotational directions may result in 
different impacts on the power output and velocity deficits 
of turbine 2. The wake length in the C-C case is longer, and 
its range of U/Uref is less than 0.25, which is significantly 
larger than that of the CO-C. This is because the same 
rotational direction between turbine 1 and turbine 2 makes 
the wake behind the turbines prone to superpose in the 
same direction, thus causing more significant wake deficits 
and longer wake lengths.

Figure 6. Distribution of U/Uref (Uref = 8 m/s) at the 
horizontal centre plane (z-4D)/H = 0.5 for (a) C-C; and  
 (b) CO-C. 

Figure 7. Velocity deficits for C-C and CO-C along six lines: (a) x/D = 5; (b) x/D = 6; (c) x/D = 7; (d) x/D = 8; (e) x/D = 9; 
and (f) x/D = 10.
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Figure 7(a) displays the locations of six horizontal 
lines (x/D = 5, 6, 7, 8, 9, and 10) selected to quantify the 
velocity deficits. Figures 7(b) to 7(f) display the results 
of deficits for C-C and CO-C along these six lines. The 
maximum value occurs at x/D = 5 both for C-C and CO-C. 
The maximum deficit of C-C is 86.17%, and that of CO-C 
is 78.31%, which is about 10% lower than that of C-C. 
The deficits of C-C at lines of x/D = 6, 7, 8, 9, and 10 are 
also larger than that of CO-C. So, it can be demonstrated 
that, due to the influence of the superposition effects, two 
longitudinally arranged turbines with the same rotational 
direction indeed cause larger wake deficits than those 
rotating in opposite directions. Note that before x/D = 8, 
the wake pattern of C-C shows asymmetry and biases 
towards the negative y direction due to the influence of the 
clockwise direction. At x/D = 9, because the impact of the 
turbines’ movement becomes much lower and the wake 
deficit recovers intensively with increasing downstream 
distance, the wake patterns show symmetry. The wake 
velocity of C-C recovers at least 80% (Lam and Peng, 
2016) at x/D = 10, located at 5.5 D behind turbine 2. For the 
case of CO-C, before x/D = 8, due to the influence of the 
counter-clockwise rotation of turbine 1, the wake velocity 
behind turbine 2 presents a lighter bias towards the negative 
y direction. At x/D = 9, the wake behind turbine 2 shows 
symmetry, which presents the same feature as the case 
of C-C. At x/D = 10, it is significant that the wake biases 
towards the positive y direction achieve a faster recovery; 
this is because in the case of CO-C, turbine 1 and turbine 2 
have the opposite rotational direction, so the superposition 
degree of velocity deficits is lighter behind turbine 2. The 
rotational direction of turbine 2 is clockwise, so the wake 
deficit mainly biases toward the negative y direction; 
thus, the deficits generated in a positive y direction can 
achieve a faster recovery. Moreover, the wake velocity also 
recovers at least 80% (Lam and Peng, 2016) at x/D = 10 
in the scenario of CO-C. This means that the turbines 
placed behind turbine 2 must be positioned at least 5.5 D 
downstream to obtain a sufficiently high incoming wind 
speed.

Figures 8(a) and 8(b) display the velocity fields at the 
vertical plane y/D = 0. The distributions of wake deficits in 
the C-C and CO-C cases exhibit symmetry on the vertical 
plane. However, the wake length of C-C is longer than that 
of CO-C, consistent with the results presented in Figure 6. 
The results show that varying degrees of velocity deficits 
still exist at a certain distance downstream in the vertical 
plane. At the height of H0.5, the wake velocity reaches the 
maximum deficit value of 49.20% and 44.76% for C-C 
and CO-C respectively. With the increases and decreases in 
height, the degree of wake deficit begins to become smaller, 
but its value is still more than 20% at the lowest height of 
H0 and highest height of H1, both for the C-C and CO-C 
cases. This demonstrates that, in the vertical direction, there 
is still a significant velocity deficit at a certain downstream 
distance behind the turbines, and these wake deficits may 

impact the surrounding flow field. The 2D simulation could 
not reflect this vertical variation and provide an oversight 
of the influence of wake deficits on the surrounding 
environment. However, the 3D simulation can present these 
changes and characteristics more objectively.

Figure 8. Distribution of U/Uref (Uref = 8 m/s) at vertical 
centre plane y/D = 0 for (a) C-C; (b) CO-C.

The Cp is a vital indicator to evaluate the wind power 
generating capacity of turbines, by calculating the following 
function (Vergaerde et al., 2020b): 
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where τ is the torque during the wind turbines’ movement, 
R is the radius of the turbines, V is the reference velocity, λ 
represents the tip-speed ratio, ρ is the air density, and As is 
the swap area. 

Figure 9 displays the Cp curves of turbine 1 and 
turbine 2 for the cases of C-C and CO-C. As Figure 9(a) 
shows, due to no other resistance before turbine 1, the 
Cp of turbine 1 in the two cases show no significant 
differences even though its rotational direction has changed. 
However, the dynamics of turbine 1 impact the power 
output of turbine 2. As shown in Figure 9(b), the Cp of 
C-C and CO-C present different wave patterns. The low 
value of fluctuation in CO-C is lower than that of C-C; 
this demonstrates that the opposite rotational direction of 
turbine 1 and turbine 2 can cause a lower Cp of turbine 2 
in some orientations, thus generating a lower power output 
from two turbines. Even though the degree of wake velocity 
deficits in C-C is larger, it seems to generate a higher 
power output due to the acceleration in the same rotational 
direction. The average Cp of turbine 1 in C-C and CO-C is 
27.41% and 27.12% respectively, and the Cp of turbine 2 
in C-C is 2.09% and in CO-C is less than zero. In the case 
of C-C, the average Cp of turbine 2 is about 92.37% lower 
than that of turbine 1. This demonstrates that the turbine 
located upstream significantly impacts the downstream 
turbine’s power output. However, comparing the two 
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longitudinal arrangements of C-C and CO-C, the generated 
capacity of C-C is higher than that of CO-C, which 
means that the same rotational direction of turbines with 
a longitudinal arrangement could generate a larger power 
output than those with the opposite rotational direction.

Figure 9. The Cp of C-C and CO-C for (a) turbine 1; and  
(b) turbine 2.

4. Limitation of this study

This study explored the interactions and generating 
capacity of a pair of vertical-axis wind turbines with 
a longitudinal arrangement in an urban environment. 
However, some limitations still deserve attention.

First, the blades of vertical-axis wind turbines are 
an important factor affecting the generation capacity of 
turbines. However, in this paper, only one type of airfoil 
shape was considered. It is also important to analyse 
different airfoil types’ impact on the power output in further 
research.

Second, in an urban environment, the layout and 
shape of the surrounding buildings are also important 

factors affecting the flow fluctuations around the wind 
turbines. In order to study the performance of the turbines 
more specifically, the building models were simplified in 
this study. However, in the actual situation, the buildings’ 
impacts and the flow separation that they cause are worth 
further consideration.

The study of wind turbine arrays is an important 
aspect. In this study, only the performance of a basic 
unit was simulated, namely two wind turbines with a 
longitudinal arrangement. It is worth further exploring the 
performance of multiple turbines with different parameter 
settings and putting forward more practical design schemes.

5. Conclusion

The present paper explores the interactions and 
generating capacity of a pair of vertical-axis wind turbines 
with a longitudinal arrangement, considering the wind 
direction with a 0-degree wind attack angle and the 
boundary conditions with the characteristics of urban 
environments. Below are the main conclusions of this 
study.

The maximum wake deficit value and wake length 
for C-C are greater than for CO-C. This implies that the co-
rotation of the wind turbines has more pronounced actions 
on wake superposition and wake deficit.

Both in C-C and CO-C cases, the wake velocity can 
recover 80% at a distance of 5.5 D behind turbine 2. The 
next turbine should be placed at least at this distance to 
ensure enough inflow velocity.

In the vertical direction, a significant wake deficit 
still exists at a certain distance behind the wind turbines 
in both the C-C and CO-C cases. This demonstrates the 
significance of studying vertical wake deficits and the 
necessity of employing 3D simulations.

The longitudinal arrangement of C-C can generate a 
larger power output than that of CO-C. The longitudinal 
arrangement of C-C should be prioritised to explore larger 
power outputs of urban wind energy.
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