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Abstract13 

Vertical axis wind turbines (VAWTs) are increasingly recognized as the preferred choice for large-scale wind 14 

energy harvesting, particularly in offshore environments, due to their unique advantages, including omni-15 

directional capability and lower installation and maintenance costs. Variations in terrain and different phases 16 

of the diurnal cycle create distinct atmospheric boundary layer (ABL) conditions, which inevitably have a 17 

significant impact on the aerodynamic and wake characteristics of VAWTs. To systematically observe these 18 

effects, this study employs large eddy simulation to explore the influence of four representative ABL scenarios 19 

on VAWTs. The results indicate that ABL influences on VAWT aerodynamic performance are sensitive to 20 

installation height. ABLs with higher wind shear coefficients (WSCs) result in greater velocity deficits (VD) 21 

in near-wake regions, while turbulence intensity (TI) fluctuations increase with rising WSC. Higher 22 
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installation heights facilitate a faster recovery of both VD and TI. Furthermore, vortex stability is affected by 1 

ABL conditions and installation height, as higher WSCs or lower heights bring unsteady vortex break positions 2 

closer to the rotor, thus enhancing turbulence. Modal decomposition reveals that the dominant mode frequency 3 

across various ABL conditions corresponds to twice the VAWT rotation frequency, highlighting the dynamic 4 

evolution of wake vortices. These findings provide valuable insights for the optimization of VAWT wind farm 5 

design, particularly in integrating ABL variability into the determination of hub height and turbine spacing 6 

strategies, thereby maximizing energy harvesting. 7 

Keywords: Wind turbine wake; LES; ABL; VAWT; OMD 8 

1. Introduction 9 

Wind energy is a highly significant renewable energy source, whose sustainability, reliability, and high 10 

efficiency make it a compelling alternative to fossil fuel power generation schemes. Despite the existence of 11 

various devices for harvesting flow-energy [1-4], wind turbines serve as the primary means of wind energy 12 

harvesting [5-9]. Wind turbines are primarily categorized into vertical-axis wind turbines (VAWTs) and 13 

horizontal-axis wind turbines (HAWTs) [10]. In the past few decades, significant advancements have been 14 

made in HAWTs [11, 12], while the deployment of VAWTs has faced hindrances due to early incidents, 15 

resulting in a less favorable position compared to HAWTs [13]. Nevertheless, VAWTs have their distinct 16 

advantages [14, 15], including omni-directional capability, economical installation and maintenance expenses, 17 

etc. In the mid-2000s, there was renewed interest in the development of multi-megawatt VAWTs [13, 16], and 18 

various research institutions proposed several offshore floating VAWT concepts, including DeepWind [17].  19 

In wind farms, the energy production of downstream turbines may be adversely affected by wake effects 20 

resulting from the presence of upstream wind turbines, leading to an average power loss of 10-20% [18]. 21 

However, the wake characteristics of VAWTs exhibit distinct differences compared to HAWTs [19]. For 22 

instance, the recovery of velocity deficit (VD) in the wake of VAWTs occurs at a significantly quicker rate 23 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
7
1
3
2
6



3 

 

compared to HAWTs [20]. Therefore, investigating the wake characteristics behind VAWTs is a crucial step 1 

in developing offshore VAWT wind farms. Unfortunately, research on wake effects in wind farms has 2 

predominantly focused on HAWTs [21], while studies related to VAWTs are still in their early stages [22]. 3 

Wind tunnel tests is a widely used approach for investigating the wake behavior of VAWTs. Tescione et al. 4 

[23] employed standard and stereoscopic particle image velocimetry (PIV) to examine the near wake of a 5 

VAWT. They found that compared with HAWT, the wake of VAWT exhibits intricate vorticity dynamics and 6 

a significant level of asymmetry. Peng et al. [24] determined the boundary between the near wake and mid-7 

range wake of the VAWT based on wind tunnel test results. Araya et al. [25] demonstrated through PIV testing 8 

that enhanced rotor solidity results in a greater initial VD and a more rapid wake recovery, similar to the 9 

relative regularity of HAWTs [5]. 10 

The computational fluid dynamics (CFD) method is widely used to calculate and visualize the complex 11 

wake flow structures of VAWTs due to its powerful computational capabilities [26] and advanced post-12 

processing functionalities [22]. The wake of an isolated VAWT was studied by Posa et al. [27] using large-13 

eddy simulation (LES) at two different values of tip speed ratios (TSRs). The findings suggest that TSR is a 14 

critical parameter in determining the wake characteristics of VAWT, and an increase in TSR can enhance wake 15 

recovery. This phenomenon shows a resemblance to the TSR effect of HAWT's wake [7]. Kuang et al. [28] 16 

employed improved delayed detached eddy simulation to examine the wake characteristics of a VAWT, finding 17 

that inflows with higher turbulence intensity facilitate the recovery of wake VDs. 18 

The atmospheric boundary layer (ABL) significantly influences the development of wind turbine wakes 19 

in wind farms, thereby affecting the fatigue loads and energy production of the turbines. The ABL flow effects 20 

on the wake characteristics of HAWTs has been sufficiently investigated owing to the significant development 21 

of HAWTs [29-32]. In recent years, the effects of ABL on VAWTs wake have started to draw attention [33-22 

35]. Both Kadum et al. [33] and Rolin et al. [34] employed PIV testing to examine the wake of VAWT in ABL 23 
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flow. However, their study did not consider the influence of ABL parameters on the wake characteristics. 1 

Hohman et al. [35] employed a PIV study of the wake in both uniform flow and ABL flow. The results indicate 2 

that the ABL inflow conditions significantly influence the wake behavior of the VAWT, such as reducing the 3 

strength and coherence of the wake vortices. 4 

A review of the relevant literature reveals a clear gap in understanding the effects of ABL flows with 5 

varying wind shear exponents on the wake dynamics of VAWTs. Compared to uniform inflow conditions, 6 

ABL flows exert markedly different influences on the aerodynamic performance and wake characteristics of 7 

VAWTs. While it is well established that different ABL conditions significantly affect the energy output [36] 8 

and wake behavior [29] of HAWTs, their impact on VAWTs remains largely unexplored. With the growing 9 

interest in and deployment of large-scale VAWTs [37, 38], it is increasingly important to address this research 10 

gap in order to provide meaningful insights for the structural design of large VAWTs and the layout 11 

optimization of VAWT-based wind farms. 12 

In this study, four typical wind shear coefficients (WSCs) are utilized to explore the influence of the ABL 13 

on the aerodynamic behavior and wake dynamics of the VAWT, employing mode decomposition methods to 14 

extract the coherent structures of the wake. In addition, the effects of ABL on VAWT installed at different 15 

heights above the sea level are also included. The organization of this paper is as follows: Section 2 details 16 

the VAWT geometry, the numerical simulation framework, and the mode decomposition techniques utilized. 17 

Subsequently, Section 3 introduces the effects of the ABL on the aerodynamic behavior and wake dynamics 18 

of the VAWT. Finally, Section 4 presents the main conclusions drawn from this study. 19 

2. Numerical framework and mode decomposition techniques 20 

2.1 Wind turbine model 21 

 This study employs a representative VAWT model [39], which has been widely adopted in previous 22 
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research [40-46]. The scaled VAWT utilizes the NACA 0021 airfoil profile, with a chord length of 0.265 meters. 1 

The blades have a span of H=1.2m, and the rotor has a diameter of D=2m, as shown in Figs. 1(a) and 1(b). 2 

Additional details regarding the VAWT can be found in Ref. [39]. 3 

 4 

Fig. 1. Schematic representations of the VAWT: (a) three-dimensional view and (b) two-dimensional view. 5 

[28]. 6 

 The TSR (λ) of the VAWT is determined by the following equation: 7 

                                                 
0

=
2

D

U

                                                (1) 8 

where 𝜔 represents the rotor's angular speed, D denotes the diameter of the rotor, and U0 signifies the wind 9 

speed at the reference height. 10 

 The torque coefficient (CT) and power coefficient (CP) of the VAWT are defined by the following 11 

equations: 12 

                                           
2 2

0 / 4
T

T
C

U HD
=                                            (2) 13 

                                               P TC C =                                               (3) 14 

where T denotes the torque, ρ represents the air density, and H refers to the span length of the blade. 15 
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2.2 Computational domain and grid generation 1 

 The numerical computational domain is illustrated in Fig. 2. The domain is divided into two regions: a 2 

cylindrical region that rotates and a rectangular region that remains stationary. The cylindrical region 3 

surrounding the rotor has a diameter and height of 1.8H and 2D [28], respectively. The rotation of the rotor is 4 

realized using the sliding mesh technique.  5 

 6 

Fig. 2. Schematic of the computational domain. 7 

  

(a) (b) 

Fig. 3. Grids in the domain: (a) global and (b) local. 

 To improve the calculation efficiency, the hexahedral grids in the stationary domain are progressively 8 

reduced in density along the streamwise direction (Fig. 3(a)) [5]. The grid distributions of the boundary layer 9 

surrounding the blades are shown in Fig. 3(b), which consist of 10 inflation layers with a normal direction 10 
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spacing ratio of 1.2. In this study, the Reynolds number based on the airfoil chord, denoted as Rec (where 1 

Re /c cU c = , with cU is the relative velocity at the mid-span airfoil), ranges from 1.70×105 to 4.57×105. 2 

The height of the first grid layer on the airfoil surface is set to 1.6×10−5 m, to satisfy the requirements of y+ < 3 

1. The mesh configuration in the wake region follows the setups proposed by Zhang et al. [46] and Kuang et 4 

al. [28], ensuring that the grid meets the resolution requirements and provides a smooth transition across 5 

computational domains. 6 

2.3 Boundary conditions and computational setup 7 

 The outlet of the computational domain is designated as a pressure outlet, while the inlet boundary 8 

condition is specified as a velocity inlet. The bottom of the domain and the VAWT are configured as non-slip 9 

walls, while the remaining boundaries of the domain are treated as symmetry conditions. In the grid 10 

independence test and numerical simulation accuracy verification, the inlet features a uniform flow with a 11 

velocity of 8 m/s. In subsequent studies, distinct velocity inlet profiles are defined based on the wind shear 12 

characteristics of various ABL inflows and implemented at the velocity inlet boundary using User Defined 13 

Functions (UDF). The wind shear of the ABL is characterized using the power law method, as expressed in 14 

the following equation: 15 

                                              
0

0

z z

z
U U

z


 

=  
 

                                            (4) 16 

where Uz is the wind speed at height z, and α denotes the wind shear coefficient (WSC). The study adopts 17 

various WSCs of α = 0.05, 0.15, 0.3 and 0.45, which represent the diurnal cycle of ABL from daytime to 18 

nighttime [36].The inflow velocity at the reference height z0 (z0 = 2.5H) is set to 8 m/s (
0z

U ), as illustrated in 19 

Fig. 4. 20 
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 1 

Fig. 4. Inlet streamwise wind velocity profiles under different ABL wind shear conditions. 2 

 This study employed LES utilizing the Smagorinsky–Lilly model, with the Smagorinsky constant set to 3 

0.1 [47]. LES directly resolves turbulent vortices that have scales larger than the grid size while modeling 4 

smaller-scale vortices. The governing equations for the fluid are outlined below: 5 

                                             ( ) 0
i

i

u
t x

  
+ =

 
                                        (5) 6 

                                      
( ) ( )i j i ij ij

j j i j

u u u p

t x x x x

      
+ = − −

    
                           (6) 7 

where u  denotes the resolved velocity,  represents the stress tensor and ij
  refers to the subgrid scale stress, 8 

respectively. Additional details can be found in Ref. [47]. 9 

 In the present numerical simulations, the SIMPLE algorithm and bounded central differencing scheme 10 

[48] are employed. Based on previous study [28], the numerical computations employ a fixed time step of 11 

0.001 s, which corresponds to a 1° azimuthal rotation of the VAWT at a TSR of 2.19. This fixed time step is 12 

consistently used for all cases in the present study. The calculations are conducted using ANSYS FLUENT. 13 

2.4 Numerical model validation 14 

2.4.1 Grid independence validation 15 

The case of uniform inflow at a TSR of 2.517 is employed for grid independence validation. As illustrated 16 
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in Fig. 5(a), the predicted torque coefficients of the VAWT are compared across five mesh topologies with 1 

varying grid resolutions (3.20 million, 4.36 million, 5.51 million, 6.20 million, and 7.30 million elements). 2 

The higher resolution grids specifically refine the mesh in the rotating domain and the far-wake region to 3 

capture the flow dynamics more accurately. With increasing grid resolution, the torque coefficient exhibits 4 

gradual stabilization. Notably, the discrepancy in predicted torque between the grid resolutions of 6.20 million 5 

and 7.30 million elements is negligible, with a relative error of only 0.04%. Furthermore, Fig.5 (b) provides 6 

the normalized velocity profiles at downstream distance of x/D = 3, obtained from different grid configurations. 7 

The results indicate that the velocity profiles predicted by Mesh 4 (6.20 million) and Mesh 2 (4.36 million) 8 

are in close agreement. However, when the grid resolution is reduced to 3.20 million elements (Mesh 1), 9 

significant discrepancies are observed in the predicted velocity profile. To achieve a balance between 10 

computational accuracy and efficiency, the grid composed of 6.20 million elements (Mesh 4) is selected for 11 

subsequent analysis. 12 

  

(a) (b) 

Fig. 5. Grid-independent test at TSR = 2.517. (a) torque coefficient, (b) mean velocity profiles at x/D = 3. 

2.4.2 Solution accuracy validation 13 

 The predictions of the power coefficient at four different TSRs obtained from the CFD method are 14 

summarized in Table 1. The CFD results are in excellent agreement with the experimental results [39, 49], 15 
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with the maximum relative error occurring at TSR = 0.740, measuring only 2.52%. Additionally, the wake 1 

velocity profile derived from the CFD method are compared with both experimental data and field 2 

measurements [39, 49], as illustrated in Fig. 6. From the figure, it is evident that both the wake width and the 3 

velocity variation trends predicted by the LES align well with the experimental results. The discrepancy near 4 

the centerline may result from the omission of the turbine support structure in the numerical model, which can 5 

locally alter the wake development and turbulence characteristics. Thus, the CFD simulation conducted in this 6 

study exhibits an acceptable level of reliability. 7 

Table 1. Validation of the accuracy of power coefficient predictions. 8 

TSR LES Experiments [39, 49] Error (%) 

0.740 0.0155 0.0159 2.52 

1.240 0.0390 0.0400 2.50 

1.734 0.1217 0.1224 0.57 

2.517 0.1208 0.1220 0.98 

 9 

Fig. 6. Validation of the accuracy of wake prediction (TSR =2.19, x/D = 1). 10 
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2.5 Mode decomposition techniques 1 

 Modal decomposition techniques are powerful tools for extracting dominant coherent structures from 2 

unsteady flow fields, and have been widely applied in fluid mechanics and wind energy research [9, 50-52]. 3 

Dynamic mode decomposition (DMD) is a data-driven technique that decomposes unsteady flow fields into 4 

modes, each characterized by a distinct frequency and a specific growth or decay rate. In this study, we employ 5 

optimized mode decomposition ( MD), an advanced extension of the standard DMD approach.  MD utilizes 6 

an iterative procedure to identify the optimal combination of a linear model and modal subspace that 7 

minimizes the system’s residual error, thereby enhancing the ability to capture the essential dynamics of 8 

nonlinear turbulent flows more effectively [53]. 9 

 Leveraging the Koopman assumption, a linear operator (A) and a residual matrix (R) are introduced to 10 

map the ‘before’ snapshot matrix (UN − 1) to the ‘after’ matrix (UN). This relationship can be expressed as 11 

follows: 12 

 1N NAU U R− = +  (7) 

 1 1, 2, 3, , 1N N
U u u u u− − =    (8) 

 2, 3, 4, ,N N
U u u u u =    (9) 

  MD determines the low-dimensional subspace by addressing an optimization problem designed to 13 

minimize the residual (R), thereby achieving the most accurate approximation of the mapping. The 14 

optimization problem and detailed algorithms are referenced in Ref. [53]. 15 

3. Results and discussion 16 

3.1 ABL impact on aerodynamic performance 17 

 Four ABLs are considered, each characterized by a WSC, as shown in Fig. 4. The VAWT operates at 18 

approximately 167 revolutions per minute (RPM). Furthermore, various installation heights of the VAWT are 19 
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examined to enhance the reliability of the conclusions. 1 

 The computational results of the Cp for the VAWT under varying WSC (α) and installation heights (h) are 2 

presented in Fig. 7. In this context, h represents the distance from the bottom of the blade to sea level, with 3 

values including 0.5H, 1H, 1.5H and 2H, where H is the span of the blade and z0 = 2.5H. The incoming wind 4 

speed at the rotor hub is adopted to calculate the power coefficient of VAWT across these different installation 5 

heights. In Fig. 7, the results for uniform flow are depicted by solid lines, while the results for ABL under 6 

varying WSCs are illustrated by dashed lines. The discrepancies observed between the solid and dashed lines 7 

highlight the influence of ABL on the aerodynamic performance of VAWTs. 8 

 9 

Fig. 7. Power coefficient (CP) versus installation height (h) under different ABL conditions (TSR = 2.19). A 10 

general increasing trend in CP with higher installation heights is observed, with the degree of sensitivity 11 

varying across ABL profiles.  12 

 As illustrated in Fig. 7, ABL significantly suppresses the aerodynamic performance of VAWTs, 13 

particularly at lower installation heights. For instance, when h = H, variations in the WSCs result in a reduction 14 

of the rotor's power coefficient, ranging from 4.36% to 37.84%. Notably, across all ABL scenarios, there is a 15 

consistent increase in the rotor's power coefficient with rising installation height. When h reaches 2H (where 16 

the hub height is z0=2.5H), the variation in power coefficients among different ABL cases decreases to below 17 

1%. These findings indicate that the impact of ABL on the aerodynamic performance of VAWTs is highly 18 

0.5 1.0 1.5 2.0

0.00

0.05

0.10

0.15

 α=0.05   

 α=0.15  

 α=0.3
 α=0.45    

 uniform flow

C
P

h/H

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
7
1
3
2
6



13 

 

sensitive to installation height, with more pronounced differences among various ABL cases observed at lower 1 

heights. 2 

 Fig. 8 illustrates the fluctuations in torque output of the VAWT under various ABL conditions. As shown 3 

in Fig. 8(a), the torque curves for different WSCs exhibit stable behavior over time. However, it is evident that 4 

ABL influences the peak values of these torque curves. Specifically, for WSCs of 0.05, 0.15, 0.3, and 0.45, 5 

the corresponding peak torque values are 16.05, 13.59, 11.09, and 8.93, respectively. Notably, the peak values 6 

of the torque curves under ABL conditions are consistently lower than those observed under uniform flow 7 

conditions. This indicates that ABL adversely affects the torque output of the VAWT. 8 

 The fluctuating torque curve exhibits spectral characteristics that can be analyzed using the Fast Fourier 9 

Transform (FFT), which resolves time-dependent data into a summation of sine and cosine waves [47]. In this 10 

study, 5000 torque samples collected at each time step are used for the FFT analysis, with the results presented 11 

in Fig. 8(b). And the horizontal axis represents the normalized frequencies f/f0, where f0 is the rotating 12 

frequency of the rotor, and the vertical axis indicates the amplitude of these frequencies. The spectrum reveals 13 

the dominant frequency components of the torque curves along with their corresponding amplitudes. For WSC 14 

of 0.05, 0.15, 0.3 and 0.45, the first frequency components are all equal to 2f0, with corresponding amplitudes 15 

of 11.71, 10.28, 8.44, and 6.96, respectively. Notably, under ABL conditions, the amplitudes of both the first 16 

and third-order frequency components are smaller than those observed under uniform inflow conditions. 17 

Additionally, it is interesting to note that the second frequency components are all equal to 4f0, while the third 18 

frequency components correspond to 6f0. 19 
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(a) (b) 

Fig. 8. Torque output of the VAWT under different ABLs (h = H, scattered points denote uniform inflow 

conditions, TSR = 2.19): (a) time history curve, (b) spectrum. 

  

(a) (b) 

Fig. 9. Torque output of the VAWT under different installation heights (α = 0.3, TSR = 2.19): (a) time 

history curve, (b) spectrum. 

 The fluctuations in torque output of the VAWT at various installation heights are presented in Fig. 9. The 1 

torque curves exhibit a behavior analogous to that observed under different ABL conditions, characterized by 2 

temporal stability, while the installation height influences the peak values of the torque curves. Specifically, 3 

as illustrated in Fig. 9(a), the peak torque values corresponding to installation heights of h/H = 0.5, 1, 1.5 and 4 
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2 are 7.78, 11.09, 13.96 and 16.94, respectively. The FFT analysis reveals that the first, second, and third 1 

frequency components for each installation height are consistently equal to 2f0, 4f0 and 6f0 respectively, as 2 

shown in Fig. 9(b). For the installation heights of h/H = 0.5, 1, 1.5 and 2, the corresponding amplitude of first 3 

frequency components are 6.14, 8.44, 10.46 and 12.12, respectively. 4 

3.2 Wake characteristics 5 

 This subsection presents a detailed analysis of the wake dynamics of VAWTs under varying ABL 6 

conditions (α = 0.05, 0.15, 0.3 and 0.45) with h/H = 1 and installation heights (h/H = 0.5, 1, 1.5 and 2) with α 7 

= 0.3. The selection of α = 0.3 is motivated by its predominance during diurnal cycles [36]. 8 

3.2.1 Effects of ABL  9 

Fig. 10(a) depicts the horizontal normalized mean streamwise velocity profiles of the VAWT at various 10 

downstream locations, observed in the midspan section away from the shaft. The normalized mean streamwise 11 

velocity is defined as U/Uhub, where Uhub represents the inflow wind speed at the mid-span height of the blade. 12 

The coordinates along the axes are normalized with respect to the rotor diameter (D). As illustrated in Fig. 13 

10(a), the horizontal width of the wake gradually increases with greater downstream distance across all ABL 14 

conditions. This expansion can be attributed to the displacement of coherent vortices within the wake towards 15 

the far-wake region, which enhances the exchange of momentum between the wake and the surrounding 16 

ambient air, thereby illustrating the inherent mechanism of wake development [28]. Additionally, the wake 17 

profiles display an asymmetric distribution, which is attributed to the Magnus effect [54]. As a result of this 18 

effect, a turning point in the wake evolution is observed near y/D = −0.5 at x/D = 3 in Fig. 10(a). 19 
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Fig. 10. Normalized mean streamwise velocity distributions under different ABL conditions (TSR = 2.19): 

(a) profiles in the x–y plane; (b) profiles in the x–z plane; (c) maximum velocity deficits (VD) at various 

downstream positions in the x–y plane; (d) maximum velocity deficits (VD) at various downstream 

positions in the x–z plane (-0.5 < z/D < 0.5). 

 As illustrated in Fig. 10(a), the wake profiles under different ABL conditions exhibit two distinct peaks. 1 

At x = 1D, the minimum normalized mean streamwise velocities for WSCs of 0.05, 0.15, 0.3, and 0.45 are 2 
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recorded at 0.358, 0.324, 0.277, and 0.252, respectively. These findings indicate that the wake VD (1-U/Uhub) 1 

displays significant variability across ABL inflows characterized by different wind shear values. Moreover, as 2 

the downstream distance increases, the wake exhibits a skew towards the negative y-axis, a phenomenon 3 

attributed to an imbalance in momentum in the rotational direction of the blades, which is a characteristic 4 

feature of VAWTs. [33]. Additionally, ABL inflows appear to have negligible effects on the horizontal width 5 

of the wake. As shown in Fig. 10(a), the wake begins to recover with increasing downstream distance; however, 6 

even at x = 7D, there remains a significant divergence in wake VDs across different ABL inflow cases. 7 

Specifically, at x = 7D, the minimum normalized mean streamwise velocity for the case with α = 0.45 is 0.438, 8 

which is 43.1% lower than that for the case with α = 0.05. It is evident that the differences in wake VD for 9 

varying ABL inflow conditions gradually diminish beyond x = 7D.  verall, the wake profiles at varying 10 

downstream distances indicate that ABL, characterized by a higher WSC, results in a greater wake VD. 11 

Meanwhile, as the wake evolves, the influence of ABL on the distribution of wake velocity progressively 12 

attenuates. 13 

 Fig. 10(b) presents the vertical normalized mean streamwise velocity profiles of the VAWT along the 14 

midsection plane (x-z plane at y = 0) at specific downstream distances. The vertical wake profiles for different 15 

ABL inflow conditions exhibit non-axisymmetric characteristics, which can be attributed to the influence of 16 

wind shear present within the ABL inflow. Figs. 10(c) and 10(d) show the downstream evolution of the 17 

maximum VD, corresponding to the wake profiles presented in Figs. 10(a) and 10(b), respectively. A positive 18 

correlation between the maximum VD in the wake and the WSC is observed at downstream locations of x = 19 

1D and x = 3D. For example, as shown in Fig. 10(c), at x = 3D, the maximum VDs corresponding to WSC 20 

values of 0.05, 0.15, 0.3, and 0.45 are 0.56, 0.59, 0.69, and 0.73, respectively. However, this positive 21 

correlation evolves as the wake develops, and the trends observed in Figs. 10(c) and 10(d) are not entirely 22 

synchronous. 23 
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 To facilitate a comprehensive visual analysis of the changes in the wake under varying ABL conditions, 1 

the normalized mean streamwise velocity contours are presented in Figs. 11 and 12. Fig. 11 illustrates that the 2 

horizontal cross-section of the VAWT wake exhibits a notable asymmetry, in contrast to the horizontal section 3 

of the HAWT wake. This asymmetry arises from the aforementioned Magnus effect, resulting in a significantly 4 

greater VD in the negative y-direction compared to the positive y-direction. Furthermore, the wake exhibits a 5 

faster recovery in the positive y-direction, suggesting that this orientation is more favorable for the horizontal 6 

layout design of VAWTs in this study. Although the WSC of ABLs has minimal impact on the overall structure 7 

of the wake, Figs. 11 and 12 demonstrate that the VD in the near-wake regions increases with higher WSC 8 

values. The deviation of the wake from the centerline observed in Fig. 12 is likely caused by wake meandering, 9 

an unsteady phenomenon commonly associated with wind turbine wakes. 10 

  

(a) (b) 

  

(c) (d) 

Fig. 11. Contours of normalized mean streamwise velocity under various ABLs (x-y plane, TSR = 2.19): 

(a) α = 0.05; (b) α = 0.15; (c) α = 0.3; and (d) α = 0.45. 
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(c) (d) 

Fig. 12. Contours of normalized mean streamwise velocity under various ABLs (x-z plane, TSR = 2.19): 

(a) α = 0.05; (b) α = 0.15; (c) α = 0.3; and (d) α = 0.45. 

 To intuitively illustrate the three-dimensional characteristics of wake velocity variations, Fig. 13 presents 1 

the velocity contours of the inflow and various downstream positions under different ABL conditions. The 2 

figure reveals that the distribution patterns of the near wake are quite similar across different ABL scenarios. 3 

However, as the downstream distance increases, this similarity gradually diminishes, suggesting that ABL 4 

conditions exert a limited influence on the near wake. Conversely, the effects of ABL become more 5 

pronounced in the far wake, highlighting the significance of these conditions in shaping wake dynamics at 6 

greater distances. 7 
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(c) (d) 

 

Fig. 13. Contours of normalized mean streamwise velocity at different downstream distances under 

various ABLs (TSR = 2.19): (a) α = 0.05; (b) α = 0.15; (c) α = 0.3; and (d) α = 0.45. 

Fig. 14(a) illustrates the profiles of horizontal mean turbulent intensity (TI) of the VAWT at various 1 

downstream distances, along the midspan section in the x-y plane. TI is defined as the ratio of the root mean 2 

square of the streamwise velocity (U') to the inflow wind speed at the mid-span height of the blade (Uhub). 3 

Similar to the wake velocity profiles, the distribution of TI also exhibits asymmetry along the y-direction. 4 

Notably, turbulence levels in the near-wake regions are negatively correlated with the WSC. For instance, at 5 

x = 1D, the maximum TI values in the horizontal wake profiles for ABL conditions with WSCs of 0.05, 0.15, 6 

0.3, and 0.45 are 15.59%, 11.83%, 7.27%, and 5.27%, respectively. Additionally, at x = 1D, the maximum TI 7 

is located at y/D = 0.5 and shows a tendency to skew towards the negative y-direction as the downstream 8 

distance increases. 9 
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Fig. 14. Mean TI distributions under different ABL conditions (TSR = 2.19): (a) profiles in the x–y plane; 

(b) profiles in the x–z plane; (c) maximum TI at various downstream locations in the x–y plane; (d) 

maximum TI at various downstream locations in the x–z plane (−0.5 < z/D < 0.5). 

 Fig. 14(b) presents the mean TI profiles of the VAWT at various downstream distances along the 1 

midsection plane (x-z plane at y = 0). At x = 1D, the maximum TI of the vertical profiles exhibits a negative 2 

correlation with the WSC, consistent with the observations made in the horizontal mean TI profiles. However, 3 

this negative correlation diminishes as the downstream distance increases. Notably, at x/D = 9 and 11, the 4 

correlation shifts from negative to positive, with the maximum TI located in the positive z-direction. This 5 

transformation indicates a complex interaction between the turbulent intensity and wind shear as the flow 6 

develops downstream. 7 

 Figs. 14(c) and 14(d) present the statistics of the maximum TI extracted from the wake profiles shown in 8 

Figs. 14(a) and 14(b), respectively, illustrating the downstream evolution of the maximum TI. In addition to 9 

revealing how different ABL conditions affect the downstream development of TI, a distinct turning point is 10 

observed at x/D = 3. Notably, Peng et al. [24] identified x/D = 2 as the boundary between the near and far 11 

wake for a five-bladed VAWT. The emergence of this turning point in the present study potentially marks a 12 

transition from the near wake to the far wake, which appears to occur in the vicinity of x/D = 3. Furthermore, 13 
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Fig. 14(c) shows that between x/D = 1 and x/D = 3, cases with higher TI experience a more pronounced 1 

decrease in turbulence intensity. This observation is consistent with the findings of Kuang et al. [28], who 2 

attributed this phenomenon to the accelerated dissipation of blade-generated turbulence in more turbulent 3 

conditions.  verall, ABLs with higher WSCs tend to generate increased turbulence intensity in the far wake 4 

of the VAWT. 5 

 In addition, Figs. 15 and 16 depict the contours of the mean TI under varying ABL conditions. The results 6 

demonstrate a significant increase in TI values throughout the entire wake region with higher WSC.  verall, 7 

the presence of a strong ABL appears to significantly affect the fatigue loads on downstream VAWTs. This 8 

amplification underscores the complex interactions between wind shear and turbulent intensity in the context 9 

of wind turbine performance. 10 

  

(a) (b) 

  

(c) (d) 

Fig. 15. Contours of mean TI under various ABLs (x-y plane, TSR = 2.19): (a) α = 0.05; (b) α = 0.15; (c) α 

= 0.3; and (d) α = 0.45. 
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(c) (d) 

Fig. 16. Contours of mean TI under various ABLs (x-z plane, TSR = 2.19): (a) α = 0.05; (b) α = 0.15; (c) α 

= 0.3; and (d) α = 0.45. 

To achieve a more thorough understanding of the impact mechanism of the ABL on turbine wake 1 

development, the vortex structures are identified and presented in Fig. 17. These structures are identified using 2 

the Q-criterion with a threshold value of Q = 1, and the iso-surfaces are colorized based on the mean 3 

normalized streamwise velocity. The results reveal that wing-tip vortices are generated and propagate steadily 4 

downstream. Furthermore, the ABL significantly influences the stability of these vortices; under higher WSC, 5 

the breakdown of unsteady vortices occurs closer to the rotor. The colorization of the vortices reveals that 6 

large-scale vortices generated from the breakdown exhibit higher velocities. Consequently, the wake 7 

distributions of the VAWT are markedly altered under varying ABL conditions, primarily due to the substantial 8 

role of vortices in transporting momentum within the wake region. [55]. 9 
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Fig. 17. Three-dimensional vortex structures under various ABLs (TSR = 2.19): (a) α = 0.05; (b) α = 0.15; 

(c) α = 0.3; and (d) α = 0.45. 

3.2.2 Effects of installation height 1 

 Fig. 18(a) presents the profiles of horizontal normalized mean streamwise velocity at various downstream 2 

distances for the VAWT at different installation heights. A significant divergence is observed in the wake 3 

velocity profiles corresponding to varying installation heights. Specifically, at a downstream distance of x = 4 

1D, the minimum normalized mean streamwise velocities in the wake profiles for VAWTs installed at heights 5 

of h/H = 0.5, 1, 1.5 and 2 are 0.237, 0.277, 0.319 and 0.375, respectively. This data indicates that a VAWT 6 

installed at a greater height is capable of capturing more wind energy. However, it is important to note that 7 

this increased height does not necessarily correlate with a more pronounced VD in the wake, particularly in 8 

the near-wake regions. 9 

Similar to the effects observed in the ABL, the installation height appears to have minimal impact on the 10 

horizontal width of the wake, with the exception of the case where h = 0.5H. Notably, the divergence in the 11 

wake VD for different installation heights begins to diminish gradually beyond x = 5D. At x = 7D, the 12 

minimum normalized mean streamwise velocity for the configuration with h = 0.5H is measured at 0.455, 13 

which is only 13.5% lower than that of the configuration with h = 2H. This indicates that while installation 14 

height influences initial wake characteristics, its effect lessens at greater downstream distances. 15 
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Fig. 18. Normalized mean streamwise velocity distributions under different installation heights (TSR = 

2.19): (a) profiles in the x–y plane; (b) profiles in the x–z plane; (c) maximum velocity deficits (VD) at 

various downstream positions in the x–y plane; (d) maximum velocity deficits (VD) at various 

downstream positions in the x–z plane (-0.3<z/D<0.3). 

 To enhance our understanding of the wake velocity characteristics under varying installation heights, 1 

vertical normalized mean streamwise velocity profiles (x-z plane at y = 0) are depicted in Fig. 18(b) for selected 2 

downstream distances. For the convenience of comparison, the mid-span coordinates of blades are set to z = 3 

0 for all cases with different installation heights. It can be seen from the Fig. 18(b) that the maximum VD of 4 

the wake (range is limited to blade span H) does not maintain a strict positive correlation with the installation 5 

height. However, the maximum VD of the cases of h = 0.5H and h = 1H is always greater than that of the 6 

cases of h = 1.5H and h = 2H. Namely, the relatively higher installation height makes the wake have a lower 7 
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VD and a faster recovery. Figs. 18(c) and 18(d) present the downstream evolution of the maximum VD 1 

extracted from the wake profiles in Figs. 18(a) and 18(b), respectively. As shown in Fig. 18(c), the influence 2 

of installation height on the maximum VD becomes significantly less pronounced beyond x/D = 5. However, 3 

this attenuation is not observed in Fig. 18(d), suggesting that the effect of installation height on VD persists 4 

longer in the vertical direction. 5 

 Furthermore, to facilitate a comprehensive comparison of wake velocities at varying installation heights, 6 

the contours illustrating the normalized mean streamwise velocity are presented in Figs. 19 and 20. The 7 

analysis reveals that the effects of installation height on wake velocity are primarily concentrated in the regions 8 

where x/D < 7. 9 

  

(a) (b) 

  

(c) (d) 

Fig. 19. Contours of normalized mean streamwise velocity under various installation heights (x-y plane, 

TSR = 2.19): (a) h = 0.5H; (b) h = 1H; (c) h = 1.5H; and (d) h = 2H. 
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(c) (d) 

Fig. 20. Contours of normalized mean streamwise velocity under various installation heights (x-z plane, 

TSR = 2.19): (a) h = 0.5H; (b) h = 1H; (c) h = 1.5H; and (d) h = 2H. 

Fig. 21(a) depicts the mean TI profiles under various installation heights in the x-y plane. In the near wake 1 

regions, the maximum TI for the horizontal profiles is observed in the case of an installation height of h = 2 

1.5H. Additionally, as the wake develops, the scenarios with relatively higher installation heights exhibit lower 3 

levels of turbulence intensity. This trend is further corroborated by the TI distribution under different 4 

installation heights, as shown in Fig. 21(b). Moreover, similar to the observations in Figs. 14(c) and 14(d), an 5 

inflection point is also identified at x/D = 3 in Figs. 21(c) and 21(d), indicating that installation height has no 6 

significant impact on the occurrence of this inflection point. In summary, the wake of a VAWT installed at a 7 

greater height demonstrates a faster recovery of both VD and turbulence levels. 8 
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Fig. 21. Mean TI distributions under different installation heights (TSR = 2.19): (a) profiles in the x–y 

plane; (b) profiles in the x–z plane; (c) maximum TI at various downstream locations in the x–y plane; (d) 

maximum TI at various downstream locations in the x–z plane (−0.3 < z/D < 0.3). 

The contours illustrating the mean TI at varying installation heights are presented in Figs. 22 and 23. It is 1 

evident that installation height significantly affects both the distribution and magnitude of TI within the wake. 2 

Generally, higher installation heights lead to reduced wake fluctuations, making them more suitable for 3 

positioning VAWTs downstream. 4 

  

(a) (b) 

  

(c) (d) 

Fig. 22. Contours of mean TI under various installation heights (x-y plane, TSR = 2.19): (a) h = 0.5H; (b) 
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h = 1H; (c) h = 1.5H; and (d) h = 2H. 

  

(a) (b) 

  

(c) (d) 

Fig. 23. Contours of mean TI under various installation heights (x-z plane, TSR = 2.19): (a) h = 0.5H; (b) 

h = 1H; (c) h = 1.5H; and (d) h = 2H. 

 Fig. 24 depicts the three-dimensional vortex structures corresponding to various installation heights. 1 

Vortex identification is performed using the Q-criterion, with a threshold value set at Q = 1, and the vortex is 2 

colorized based on the normalized mean streamwise velocity. A comparative analysis of wake vortices at 3 

different installation heights reveals that lower installation heights lead to an earlier onset of vortex instability. 4 

Consequently, the large-scale vortices generated by these broken vortices result in a higher turbulence level 5 

within the wake. 6 

 These observations are further supported by the corresponding TI distributions shown in Figs. 14(c), 14(d), 7 

21(c), and 21(d), which reflect the combined effects of varying installation heights and ABL conditions. The 8 

results indicate that both factors significantly influence the evolution of wake turbulence. Specifically, distinct 9 

wind shear coefficients (WSCs) and installation heights lead to different vortex development patterns, which 10 

in turn modulate TI through mechanisms such as vortex breakdown, enhanced mixing, and energy 11 

redistribution. Notably, the divergence in TI profiles becomes prominent downstream of x/D = 3, suggesting 12 

that vortex breakdown predominantly occurs in the far-wake region. Around x/D = 5, the TI differences across 13 
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cases temporarily diminish before increasing again, highlighting the dynamic and cumulative influence of 1 

vortex evolution on downstream turbulence behavior. This emphasizes the importance of considering both 2 

ABL characteristics and turbine installation height in wake dynamics studies. 3 

  

(a) (b) 

  

(c) (d) 

Fig. 24. Three-dimensional vortex structures under various installation heights (TSR = 2.19): (a) h = 0.5H; 

(b) h = 1H; (c) h = 1.5H; and (d) h = 2H. 

3.3 OMD analysis 4 

To analyze the dominant flow field structures of the VAWT under varying ABL inflow conditions, a total 5 

of 800 snapshots from the x-z plane (y = 0) are collected for  MD analysis. These snapshots are sampled after 6 

the flow field stabilized, with a sampling interval of T/20 (where T = 1/f0, and f0 is the rotor rotation frequency). 7 

The modal analysis revealed modes at various frequencies, each associated with specific energy levels, notably 8 

exhibiting temporal independence. The analysis of energy associated with different frequency modes indicates 9 

that modes with normalized frequencies (f/f0) less than 1 exhibit significantly greater cumulative energy, as 10 

shown in Fig. 25(a). 11 

Interestingly, no significant low-frequency components are observed in the spectral analysis presented in 12 
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Fig. 9. To investigate this phenomenon, we extracted and analyzed the low-frequency modes, as illustrated in 1 

Fig. 26. The corresponding modal structures reveal that these modes primarily represent the dynamic behavior 2 

in the far-wake region. This discrepancy likely arises from the fundamental differences between the two 3 

analytical approaches. The spectral analysis in Fig. 9 is based on the rotor’s torque response, whereas the 4 

modal analysis captures coherent structures across the entire flow field, including the far-wake region. Since 5 

the rotor’s torque response more directly influences the flow dynamics in the near-wake region and has limited 6 

impact on far-wake behavior [21], the high-energy low-frequency modes—mainly associated with the far 7 

wake—identified through modal analysis are not clearly manifested in the rotor-based spectral results. 8 

  

(a) (b) 

Fig. 25. Energy of modes at different frequencies (TSR = 2.19): (a) h = 0.5H, α = 0.15; (b) different WSCs 

and installation heights. 
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(c) 

Fig. 26. Low-frequency z-vorticity modes at installation height h = 0.5H under different wind shear 

coefficients (TSR = 2.19): (a) α= 0.15, (b) α= 0.3, (c) α= 0.45. 

 In addition to the low-frequency interharmonic modes, the mode with a normalized frequency of 2 1 

exhibits significantly higher energy than the other modes, thereby establishing it as the dominant mode in the 2 

flow field. Fig. 25(b) presents a comparison of the energy of the streamwise velocity modes at normalized 3 

frequencies of 1, 2, and 4 across various WSC and installation heights. From this figure, it is evident that both 4 

an increase in WSC and a decrease in installation height lead to a reduction in the energy of the dominant 5 

mode. This finding underscores the influence of ABL within the blade height range on the wake structure of 6 

the VAWT. 7 

 Fig. 27 presents the modal contours of the x-velocity and z-vorticity in the wake under varying WSC. It 8 

is evident that the contour exhibits an asymmetric distribution along the z = 0 plane, with increased WSC 9 

further amplifying this asymmetry. The dynamics of the wake are closely linked to the evolution of vortices, 10 

as the figure clearly depicts the processes of vortex instability and breakdown, both of which are intensified 11 

by higher WSC. This observation aligns with the previously discussed results of the wake analysis. 12 
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(c) (d) 

  

(e) (f) 

Fig. 27. Contours of modes for x-velocity (left) and z-vorticity (right) under different WSCs (h = 0.5H, f/f0 

= 2, TSR = 2.19): (a), (b): α = 0.15; (c), (d): α = 0.3; (e), (f): α = 0.45. 

 The mechanism by which installation height affects wake characteristics is consistent with WSC, as 1 

illustrated in Fig. 28. The evolution of columnar vortices can be observed as the installation height increases. 2 

In summary, regardless of the different WSC or installation heights, the dominant modes in the wake exhibit 3 

time-varying characteristics of the vortices. 4 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 28. Contours of modes for x-velocity (left) and z-vorticity (right) under different installation heights 

(α = 0.3, f/f0 = 2, TSR = 2.19): (a), (b): h = 0.5H; (c), (d): h = 1H; (e), (f): h = 1.5H. 
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4. Conclusion 1 

The present study systematically investigates the aerodynamic performance and wake dynamics of a 2 

straight-bladed VAWT under various ABL flows. Utilizing LES, we assess the impact of ABL and installation 3 

height on power performance, wake velocity and turbulent intensity distribution. Furthermore,  MD is 4 

conducted to reveal the mechanisms by which ABL influences the VAWT wake. The primary findings of this 5 

study are summarized as follows: 6 

(1) The aerodynamic performance of VAWTs is highly sensitive to both the ABL profile and installation 7 

height. Lower installation heights exhibit more pronounced differences in torque response across different 8 

ABLs. FFT analysis shows that both factors influence the amplitude of dominant frequency components in 9 

the torque curves. 10 

(2) ABL profiles with higher wind shear coefficients (WSCs) lead to greater wake velocity deficits in the 11 

near-wake region. However, as the wake evolves downstream, the influence of ABL gradually weakens. 12 

Additionally, higher installation heights promote faster recovery of both velocity and turbulence intensity in 13 

the wake. 14 

(3) ABLs with higher WSCs significantly increase turbulence intensity in the far-wake region. 15 

Furthermore, both ABL and installation height affect vortex stability: stronger shear or lower rotor placement 16 

causes earlier breakdown of wing tip and columnar vortices, generating large-scale structures that enhance 17 

turbulence levels. These unsteady flow structures can increase dynamic loading on the turbine, potentially 18 

accelerating fatigue damage and diminishing long-term operational efficiency. 19 

(4) Modal decomposition reveals that the dominant frequency of wake structures is consistently twice the 20 

rotor rotation frequency, regardless of ABL type or installation height, highlighting the periodic and dynamic 21 

nature of wake vortex evolution. 22 

These findings offer important insights for the practical design and optimization of VAWT wind farms. 23 
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The demonstrated sensitivity of wake characteristics and power output to ABL conditions emphasizes the 1 

necessity of integrating time-varying ABL evaluations into wind farm planning and siting strategies. 2 

Additionally, the observed influence of installation height on wake recovery and turbulence distribution 3 

highlights the critical role of hub height optimization in achieving an effective trade-off between maximizing 4 

energy production and minimizing wake-induced interference within turbine arrays. 5 

This study has certain limitations, such as not considering the wake interference of VAWTs in tandem 6 

arrangements. As demonstrated by Kuang et al. [28], the enhanced turbulence intensity in the wake of 7 

upstream turbines can supply additional momentum and energy to downstream units. However, conducting 8 

high-fidelity simulations of large-scale tandem VAWT configurations poses significant computational 9 

challenges. Future research could focus on developing efficient reduced-order modeling frameworks to 10 

systematically explore the impact of atmospheric boundary layer (ABL) conditions on array effects, thereby 11 

supporting the optimization of VAWT wind farm layouts. Additionally, in offshore wind farms, the pitch 12 

motion of platforms is an important factor to consider. Developing relevant wake analysis models is also a 13 

noteworthy research direction. 14 
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