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Abstract: Vertical-axis wind turbines (VAWTs) offer key advantages such as independence
from wind direction, low manufacturing costs, and reduced noise levels, making them
highly suitable for urban and offshore wind energy applications. Among various VAWT
designs, the J-shaped VAWT demonstrates improved energy capture at low and medium tip
speed ratios (TSRs) compared to symmetrical blade VAWTs, which has garnered increased
interest in recent years. However, the mechanisms by which J-shaped blades enhance
VAWT performance remain insufficiently explored. In this paper, the high-resolution three-
dimensional Improved Delayed Detached Eddy Simulation was employed to investigate
the evolution and interaction of complex vortex systems in J-shaped and symmetrical
blade VAWTs at varying TSRs, aiming to deepen the understanding of J-shaped blade
effects on wind turbine aerodynamic performance. The results indicate that the tip vortex
plays a role in inhibiting flow separation, while the J-shaped blade generates a stronger
tip vortex, conferring upon it an advantage in suppressing flow separation and delaying
dynamic stall. Additionally, the smaller pressure differential between the root and tip of
the J-shaped blade reduces cross-flow on the blade surface, thereby reducing susceptibility
to flow separation. Therefore, as the blade enters the dynamic stall region at low and
medium TSRs, the J-shaped blade achieves a higher lift coefficient than the symmetrical
blade, yielding greater torque, and enhancing wind energy utilization.

Keywords: vertical-axis wind turbine; J-shaped blade; IDDES; vortex evolution; dynamic stall

1. Introduction
In recent years, the development and utilization of clean and renewable energy sources

have notably increased worldwide. Wind energy has emerged as a commercially viable
clean energy source due to its vast reserves, extensive distribution, and low cost [1]. Wind
turbines are the main devices used to harness wind energy and are classified according
to the position of the main axis in relation to the ground: horizontal-axis wind turbines
(HAWTs) and vertical-axis wind turbines (VAWTs) [2]. Compared to HAWTs, VAWTs
operate independently of wind direction and do not require a yaw system. Furthermore,
VAWT blades use a similar airfoil design, which has low manufacturing costs. Additionally,
VAWTs generate less noise and have a reduced impact on the environment [3–5]. These
advantages have led to the widespread use of VAWTs in urban areas [6] and offshore [7].

Compared to HAWTs, the aerodynamics of VAWTs are more complex. For instance,
the downstream blades of the VAWT are influenced by the wake of upstream blades [8]. Ad-
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ditionally, the effective angle of attack of VAWT blades at a low tip speed ratio (TSR) varies
continuously [9], leading to severe dynamic stall and significantly impacting aerodynamic
performance [10]. To address these challenges, extensive research has been conducted over
the past few decades using both experimental and numerical methods [11–15] to explore the
complex aerodynamic characteristics of VAWTs. For example, Fouest et al. [16] conducted
systematic experimental investigations on dynamic stall phenomena over VAWT blades,
classifying the stall states into three categories: no stall, mild stall, and deep dynamic stall.
They also established corresponding criteria for stall state identification. Ferreira et al. [17]
employed particle image velocimetry (PIV) techniques to study the dynamic stall behavior
of VAWTs under various TSRs and Reynolds numbers, analyzing the vortex structures
generated during the stall process and their impacts on blade loads and power output,
and subsequently developed a database for model validation. Deijl et al. [18] experimen-
tally investigated the wake characteristics of VAWTs and found that the wake exhibited
pronounced three-dimensional features.

With the advancement of CFD technology, CFD has become the most popular choice to
study VAWT. Buchner et al. [19] compared CFD simulation results with experimental data
and demonstrated good agreement, thereby validating the reliability of the CFD approach.
Since tip effects and struts significantly impact VAWT simulation results, three-dimensional
simulations are necessary to account for these factors [10]. Furthermore, the choice of
turbulence modeling significantly affects the precision of VAWT simulation outcomes.
While Reynolds-Averaged Navier–Stokes (RANS) modeling offers lower computational
cost, its accuracy is limited; in contrast, Large Eddy Simulation (LES) modeling provides
high-fidelity results but at a significantly higher computational expense [20]. Therefore,
some scholars have proposed combining the RANS model with the LES model, leading
to the development of a Detached Eddy Simulation (DES) [21], Delayed Detached Eddy
Simulation (DDES) [22], and Improved Delayed Detached Eddy Simulation (IDDES) [23].
Lei et al. [24] employed the SST-IDDES model for three-dimensional VAWT simulations
and compared the results with SST-URANS. They found that the IDDES model shows more
vortices under dynamic stall and produces simulation results closer to experimental values.
This suggests that IDDES is a reliable model for analyzing the aerodynamic performance of
VAWTs.

One significant challenge with VAWTs is their relatively lower wind energy utilization
compared to HAWTs. To enhance wind energy utilization by VAWTs, scholars have used
the aforementioned methods to optimize blade geometry, including airfoil profile [25],
solidity [26], pitch angle [27], aspect ratio [28], and other factors. Additionally, they
have studied the impact of different operating environments on VAWT aerodynamic
performance, such as Reynolds number [29], and turbulence intensity [30]. Besides these
studies, active control [31] and passive control [32] methods have been employed to delay
flow separation and improve wind energy utilization. Compared to active control, which
requires an additional energy input, passive control is widely used for VAWTs by altering
blade configuration to delay flow separation [33,34].

Another significant challenge with VAWTs is the difficulty in reconciling self-starting
functionality with high efficiency. The Savonius wind turbine, which operates by drag,
has a notable self-starting capacity but performs suboptimally at a high TSR. Conversely,
the Darrieus wind turbine, which operates by lift, performs well at a high TSR but has
limited self-starting capability. To address this issue, the hybrid VAWT combining Savonius
and Darrieus wind turbines has been proposed to leverage both lift and drag. While
the hybrid VAWT shows enhanced self-starting performance, its wind energy utilization
diminishes at high TSRs [35–37]. More recently, Ghafoorian et al. [38] constructed a hybrid
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Darrieus–Savonius VAWT with a dual-shaft configuration. This configuration showed an
enhanced power coefficient and operational range compared to previous hybrid VAWTs.

Furthermore, Zamani et al. [39] devised a J-shaped blade to address the aforemen-
tioned contradiction. As shown in Figure 1, this blade removes part of one side of the airfoil,
enabling the concurrent use of lift and drag, thus enhancing wind energy efficiency. In 2016,
Zamani et al. [39,40] conducted two-dimensional and three-dimensional simulations, dis-
covering that J-shaped blades can enhance the self-starting capability of VAWTs, increase
torque and power coefficients, and mitigate fatigue stresses in the shafts and bearings.
Mohamed [41] subsequently published a critical study of the J-shaped VAWT, conducting
two-dimensional simulations of three wind turbines with different cross-sectional airfoils
and investigating the impact of the J-shaped cut ratio, speed ratio, and turbine solidity. His
findings revealed that the performance of the J-shaped VAWT is consistently reduced in all
cases. Furthermore, Pan et al. [42], Auyanet et al. [43], and Celik et al. [44] have researched
the optimal J-shaped blade profile, but their studies are two-dimensional simulations. Re-
cently, Farzadi et al. [45] conducted three-dimensional numerical simulations of a J-shaped
VAWT to examine the impact of varying wind speeds, TSRs, and turbulence intensities.
Their findings revealed that the torque generated by the J-shaped blade increased by 26.9%
and 37.6% under self-starting conditions at wind speeds of 10 m/s and 5 m/s, respectively.
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Figure 1. Geometric model of J-shaped blades.

The aforementioned studies show that the J-shaped VAWT performs well with com-
mendable self-starting capability at a low TSR. Thus, it is a promising candidate for deploy-
ment in low-wind-energy areas, such as urban locations, and holds significant potential
for micro-wind power generation. However, research on J-shaped VAWTs is scarce, with
most studies focusing on comparisons of aerodynamic forces and moments. The distinctive
geometrical configuration of the J-shaped blade leads to a more intricate vortex system
structure. This intricate vortex system structure has not been comprehensively analyzed
in previous studies. Additionally, the J-shaped VAWT typically operates at low TSR with
severe dynamic stall. The detailed characteristics of the dynamic stall of the J-shaped blade
and the flow structures around the blade during stall have not been deeply investigated by
previous authors. Moreover, the different aerodynamic performance between the J-shaped
and symmetrical blade VAWTs at different TSRs is simply attributed to the J-shaped blade
utilizing both lift and drag, but in-depth investigation has not been conducted on the
reasons for this.

To address the above issues, this paper has three research objectives: (1) The IDDES
model was employed to investigate the evolution and interaction processes of the complex
vortex system in the J-shaped VAWT. (2) A comparison of the flow structures around the
blades in the dynamic stall region was conducted to investigate the J-shaped blade effects
on the dynamic stall at different TSRs. (3) The differences in aerodynamic performance
between the two types of wind turbines at different TSRs are studied in depth from three
aspects: aerodynamic load, flow field structure and pressure distribution, and the reasons
for these differences were analyzed in detail.

2. Physical Model and Numerical Method
2.1. Baseline Solver

All cases in this work are solved using the MPI parallel hybrid unstructured-mesh-
based three-dimensional (3D) Navier–Stokes solver HUNS3D, independently developed
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by our research group [46], which has been rigorously validated through numerical simula-
tions of turbulent flow [47], buffet flow [48,49], flows around high-lift configurations [46],
and multidisciplinary coupled simulation [50,51]. It employs the cell-centered finite volume
method (FVM) for numerical discretization and supports various grid cell types, including
tetrahedron, prism, pyramid, hexahedron, and their mixtures. The integral form of the flow
control equations, described by the Arbitrary Lagrange-Euler (ALE) method, is adopted in
the HUNS3D solver. The governing equations are given as follows:

∂

∂t

y

Ω
QdV +

x

∂Ω
F
(
Q, Vgrid

)
· ndS =

x

∂Ω
G(Q) · ndS (1)

where t is the time, Ω is the control body, Q = (ρ ρu ρv ρw ρE)T is the conservative variable,
ρ is the density of the fluid, u, v, w are the velocities of the fluid in x, y and z directions,
respectively, and E is the total internal energy of the control volume. F

(
Q, Vgrid

)
· ndS and

G(Q) · ndS, respectively, represent convective and viscous flux terms. The specific details
of the above terms can be found in reference [52].

To accurately simulate the flow characteristics and aerodynamic performance of verti-
cal axis wind turbines, this paper developed sliding mesh technology in the CFD solution
program HUNS3D. To achieve communication of calculation data on both sides of the
sliding boundary, this paper adopts the sliding mesh algorithm strategy shown in Figure 2.
Taking surface element La2 as an example: the closest surface element Rb2 on the other side
of the sliding boundary is used as the contribution element, and the flow field values of the
contribution element Rb2 and all adjacent surface elements are used as the interpolation
basis to obtain the flow field values on the outer side of the sliding surface La2, and then
proceed with subsequent flux calculations.
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2.2. Turbulence Modeling
2.2.1. Shear Stress Transport Model

For turbulence closure, this paper uses the k-ω Shear Stress Transport (SST) model and
its corresponding DES method. The k-ω SST model is a two-equation turbulence model
proposed by Menter et al. [53]. The k-ω SST model consists of two partial differential
transport equations that describe turbulent kinetic energy and turbulent energy dissipation.
Its differential form is as follows:

∂ρk
∂t

+
∂ρujk

∂xj
= µt

∣∣Ω∣∣2 − ρβ′kω +
∂

∂xj

[
(µ + σkµt)

∂k
∂xj

]
(2)
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∂ρω

∂t
+

∂ρujω

∂xj
= γρ

∣∣Ω∣∣2 − ρβω2 +
∂

∂xj

[
(µ + σωµt)

∂ω

∂xj

]
+ 2ρ(1 − F1)

σω2

ω

∂k
∂xj

∂ω

∂xj
(3)

where k is the turbulent kinetic energy, uj is the velocity component in the direction xj,

µt =
ρk
ω ·

(
1, 0.31ω

F2|Ω|

)
is turbulent eddy viscosity coefficient, Ω is the vorticity magnitude,

β and β′ are the model constant related to the destruction term and its modification,
respectively. ω, µ, σk, σω , γ, σω2 are the specific dissipation rate, molecular viscosity, model
constant related to the diffusion of k and ω, model constant related to the production of ω,
empirical constant, respectively.

After calibrating the empirical coefficients in the above model equations, the transition
and fusion of the k-ε model and k-ω model were implemented in the following way:

φ = F1 φ1 + (1 − F1)φ2 (4)

where φ = {σk, σω, β, γ}, F1 = tanh tanh
(

Γ4), F2 = tanh tanh
(
Π4)

Γ = [(Γ1, Γ3), Γ2], Π = (Γ1, 2Γ3),

Γ1 =
500µ

ρωd2 , Γ2 =
4σω2ρk
CDkωd2 , Γ3 =

√
k

Cµωd

CDkω =

(
2ρ

σω2

ω

∂k
∂xi

∂ω

∂xi
, 10−20

)
Γ, Π, Γ1, Γ2, Γ3 are the auxiliary variables for blending function, and d is the distance to the
nearest wall, Cµ is empirical constant, and CDkω is the cross-diffusion term coefficient. The
details of the terms and constants in the above model equations can be found in ref. [53].

2.2.2. Improved Delayed Detached Eddy Simulation

The IDDES method [23] is a high-fidelity CFD approach that has been widely em-
ployed for simulating various types of complex flows. By integrating Wall-modeled LES
with the DDES framework, the IDDES method effectively addresses issues such as log-layer
mismatch and grid-induced separation that are commonly observed in traditional DES
and DDES models. This enables a more accurate prediction of flow separation regions and
near-wall behaviors. In the SST-IDDES formulation, the dissipation term in Equation (2) is
modified by introducing a hybrid length scale lIDDES, given by

ρβ′kω =
ρk3/2

lIDDES
(5)

The IDDES mixing length is written as

lIDDES = fd(1 + fe)lRANS +
(

1 − fd

)
lLES (6)

where the lRANS and the lLES are the length scales of the RANS and the LES, respectively.
They are defined as

LLES = CDES∆, LRANS =
k1/2

β′ω
(7)

where β′ = 0.09 is a constant in the k-ω SST model, ∆ = min[max(Cwd, Cw∆max, ∆min), ∆max]

is the grid scale, Cw is a constant, d is the distance to the nearest wall, the grid maximum
scale is ∆max = max(∆x, ∆y, ∆z), and ∆min = min(∆x, ∆y, ∆z). The definition of the blend-
ing function fd and elevating function fe can be found in ref. [23].

2.3. Geometry and Flow Condition

This paper uses simplified symmetrical blade VAWT and J-shaped VAWT as geomet-
rical models, as shown in Figure 3. Since this paper primarily investigates the effect of
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airfoil shape on the performance of the VAWT, the effects of the shaft and the support arm
are ignored. Both the symmetrical blade VAWT and the J-shaped VAWT are based on the
NACA0015 airfoil design, with specific parameters shown in Table 1. In this paper, the
symmetrical blade is referred to as the S-shaped blade, and the J-shaped blade is designed
by eliminating one side of the S-shaped blade from the maximum thickness [39], as shown
in Figure 1.
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Table 1. Specific parameters of VAWT.

Parameter Value

Chord 0.4 m
Turbine Height 3 m

Turbine Diameter 2.5 m
Airfoil NACA0015

Number of Blades 3

The top view of the S-shaped VAWT is shown in Figure 4, the free incoming
flow direction, the blade’s azimuth angle θ and the rotor’s angular velocity ω are also
given in Figure 4. In order to describe the motion process of the wind turbine in
a simple way, the blade motion in this paper is divided into four regions: upwind
(θ ∈ [45◦, 135◦]), leewind (θ ∈ [135◦, 225◦]), downwind (θ ∈ [225◦, 315◦]), and windward
(θ ∈ [315◦, 360◦] ∪ θ ∈ [0◦, 45◦]) [54]. This paper examines four-blade TSRs, designated 1,
1.6, 1.8, and 2, respectively. The TSR can be defined as TSR = ωD/2U∞, where D is the
turbine diameter and U∞ is the incoming flow velocity. In this paper, the U∞ is maintained
at a constant value of 10 m/s. The flow density ρ is 1.225 kg/m3, the dynamic viscosity µ is
1.789 × 10−5 kg/(m·s), and the Reynolds number is about Rechord = 2.7 × 105 ~ 5.5 × 105.

2.4. Computational Mesh and Numerical Setup

The computational domain of this paper is shown in Figure 5. It consists of a rotating
zone and a stationary zone. The rotating zone has a diameter and height of 2.4D. The
stationary zone consists of a semi-cylinder and a square, both with diameters and lengths
of 200D. The far-field boundary condition uses a non-reflecting pressure far field. The
intersection of the rotational and stationary domains uses a slip interface, and the blades
use a viscous wall boundary condition.
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Figure 5. Computational domain: (a) 3D view of the stationary zone, (b) top view of the stationary
zone, (c) 3D view of the rotating zone, and (d) top view of the rotating zone.

Figure 6a shows the mesh structure at the rotating zone, and it has a fully struc-
tured mesh with refinement in the wake region to capture the complex flow structure.
Figure 6b shows the grids around the blade, with 240 × 200 grid nodes in circumferential
and spanwise. To ensure accurate simulation of the boundary layer, the height of the first
layer is 3 × 10−5 m to meet the y+ < 1 requirement of the SST-IDDES model, with a
growth rate of 1.2. The mesh topology of the J-shaped blade is shown in Figure 7, with the
same boundary layer setup as the S-shaped blade, and it has 340 × 200 grid nodes in circum-
ference and spanwise. The S-shaped VAWT has 32,666,558 meshes, and the J-shaped VAWT
has 34,184,216 meshes. The grid resolution employed in this study is deemed sufficient
for conducting the IDDES simulations based on comparative evaluations with previous
studies [55–57]. Specifically, ref. [55] investigated the VAWT wake using overlapping grids,
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and performed grid independence analysis with six sets of grids, the densest of which con-
tained approximately 7 million cells. In contrast, the present study utilizes grids exceeding
30 million cells, providing a much finer resolution. Ref. [56] adopted structured grids for
VAWT wake simulations, achieving grid independence with their densest grid at 4.1 million
cells, again considerably lower than the current study. Additionally, ref. [57] carried out a
detailed grid convergence study using the Grid Convergence Index (GCI) method, where
grid sizes corresponding to chordwise element lengths of 6.5%, 2.5%, and 1.5% of the chord
were analyzed. The corresponding grid size is 2.8 million, 16.9 million, and 55.1 million,
respectively. Their results indicate convergence when the element size is 2.5% of the chord
length. In the present study, the maximum chordwise element size was maintained below
2.5% of the chord length, satisfying the established convergence criteria. Therefore, based
on mesh size, mesh resolution, and convergence criteria, the present grid configuration
was confirmed to be sufficiently fine for accurate IDDES simulations of VAWTs.
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To rapidly diminish the influence of initial conditions, unsteady computations begin
with the steady-state solution as the initial condition. The steady case is simulated using
the SST-RANS model, whereas the SST-IDDES model is applied for the unsteady case. The
unsteady time step interval corresponds to a rotor rotation of 3◦, which has been validated
as sufficient for simulating VAWT [19,42]. Each time step undergoes up to 500 iterations to
ensure the residual is sufficiently small. Figure 8 shows the variation in the instantaneous
torque coefficient of one S-shaped blade with a time step at TSR = 1.6. The peak torque
coefficient values at the third and fourth revolutions are 0.3647 and 0.3623, respectively,
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resulting in a relative error of approximately 0.66%. This error falls within the acceptable
threshold (less than 1%) based on the convergence criterion proposed in ref. [24]. Therefore,
the data from the fourth revolution are utilized for the aerodynamic performance analysis
in this study. All simulations use 960 partitions for MPI-parallel computing to speed up
the calculation speed, which takes about 46 h to calculate four revolutions. The numerical
setup for the current calculations is summarized in Table 2.
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Table 2. Numerical setup.

Item Description

Turbulence modeling SST-RANS for steady and SST-IDDES for unsteady
Discretization method Cell-centered finite volume method

Discretization order Second-order by Barth’s interpolation
Gradient computing method Green–Gauss method

Convective flux scheme Roe scheme with the low-Mach preconditioning
Viscous flux scheme Central scheme

Time-advancing scheme Full implicit dual-time scheme
Linear system solving method Lower-Upper Symmetric Gauss-Seidel (LU-SGS)

Turbulence modeling SST-RANS for steady and SST-IDDES for unsteady

2.5. Validation

The power coefficient CP serves as a key parameter in evaluating the performance of
the VAWT and is defined as

CP =
Mω

1
2 ρU3

∞ A
(8)



Machines 2025, 13, 403 10 of 27

where M, ω, ρ, U3
∞, and A are the rotor torque, rotational angular velocity, incoming flow

density, incoming flow velocity, and swept area of the rotor, respectively. To validate the
current numerical findings, computed power coefficient CP values were compared with
experimental data from Bravo et al. [58], as shown in Figure 9. It can be seen that the
variation in Cp with TSR obtained by the current numerical method is in good agreement
with the experimental values. However, when TSR = 1.8, the numerical results have
a large error with the experimental values, which is due to the fact that the numerical
simulation does not consider the friction and the aerodynamic loss of the strut [59]. Since
the experiments only have data on average power coefficient and TSRs, Figure 10 shows
the torque coefficient of a single blade rotating for one cycle at TSR = 1.6 and compares it
with the results of Zamani et al. [40]. The results show better agreement between the two
numerical simulations, but discrepancies remain between the maximum and minimum
torque values. These differences primarily stem from Zamani et al. [40] using the URANS
model, while the current study employed the IDDES model.
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3. Results and Discussion
The magnitude of the torque coefficient CM directly affects the CP of the VAWT, and

its variation is critical to the aerodynamic performance of the wind turbine. The torque
coefficient CM is defined as
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CM =
M

1
2 ρU2

∞ AR
= Cp·TSR (9)

Figure 11 compares the time-averaged CM of the S-shaped and J-shaped VAWTs
over one week of rotation at different TSRs. It can be observed that the CM of both
types of VAWTs initially increased with TSR before peaking at TSR = 1.6, after which it
decreased. Furthermore, the CM of the J-shaped VAWT was higher than that of the S-shaped
VAWT at low (TSR = 1) and medium (TSR = 1.6) TSRs, but became lower at a high TSR
(TSR = 2). To understand the underlying causes of these variations, this study will conduct
a comprehensive analysis of the aerodynamic performance of the two VAWTs at different
TSRs. Specifically, the investigation will focus on aerodynamic loads, pressure distributions,
and flow field structures to provide deeper insights into the mechanisms influencing VAWT
efficiency.
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3.1. Aerodynamic Loads

The measurement of aerodynamic load is of paramount importance in the assessment
of the aerodynamic performance of a wind turbine. The force exerted by the wind turbine
blade is illustrated in Figure 12. FT , FN , FL, and FD are the tangential force, normal force,
lift and drag, respectively. In which the tangential force is the main force to provide the
rotational torque of the rotor. This section illustrates the variations of force coefficients for
the two VAWTs at low, medium, and high TSRs.

Figure 13 illustrates the variations of the torque coefficient CM of a single blade with
azimuth angle at different TSRs. It can be observed that the J-shaped blade does not
significantly affect the overall distribution of the CM over one rotation cycle. However, its
effect on the CM varies across different TSRs. At a low TSR, the CM of the J-shaped blade
is consistently higher than that of the S-shaped blade in most of the upwind region. The
maximum value of the CM for the J-shaped blade is 0.3787, which occurs at an azimuth
angle of 84◦. In contrast, the maximum value of CM for the S-shaped blade is 0.3334, which
occurs at an azimuth angle of 80◦. The J-shaped blade delays the occurrence of the peak CM

and increases its magnitude, enhancing the aerodynamic performance of the wind turbine
in this region.
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At a medium TSR, the time-averaged torque coefficient CM of the J-shaped blade was
0.1923, slightly higher than the CM of the S-shaped blade, which was 0.1889. As shown in
Figure 13b, in most leewind regions (110◦ < θ < 180◦), the CM of the J-shaped blade was
higher than that of the S-shaped blade. Notably, the minimum CM for the S-shaped blade
was −0.013 at θ = 150◦, while the CM for the J-shaped blade is 0.140, significantly higher.
Furthermore, the azimuth angle at which the CM of the J-shaped blade starts to decrease
also lags behind that of the S-shaped blade, similar to observations at low TSR. However,
in all other regions, the CM of the J-shaped blade is lower than that of the S-shaped blade.
Consequently, the power coefficient of the J-shaped blade is only slightly higher than that
of the S-shaped blade.

At a high TSR, the time-averaged torque coefficient CM of the J-shaped blade was
considerably lower than that of the S-shaped blade. As shown in Figure 13c, at all azimuth
angles, the CM of the J-shaped blade was lower than that of the S-shaped blade. In most
leewind regions, the CM of the J-shaped blade experienced a smaller reduction than in
other regions. This indicates that the J-shaped blade plays a positive role in this region,
but not enough to counteract its negative effect. Consequently, the time-averaged torque
coefficient of the J-shaped blade is significantly reduced.

Furthermore, the variations in the lift coefficient CL and the drag coefficient CD provide
additional insight into torque fluctuations. Figure 14 illustrates the variations in the CL

and the CL with azimuth angle for both blade types at different TSRs. As depicted in the
figure, the general trend of the CL for both blades remains consistent. The CL of the blade
increases linearly with azimuth angle as the blade begins to rotate, and then decreases



Machines 2025, 13, 403 13 of 27

rapidly after reaching the maximum value due to dynamic stall. At a low TSR, near the
peak (50◦ < θ < 90◦), the CL of the J-shaped blade is higher than that of the S-shaped
blade. The peak CL for the J-shaped blade was 1.0790, which is 11% higher than that of
the S-shaped blade (0.9738). Moreover, the peak CL for the J-shaped blade occurs at a later
azimuth angle (θ = 75◦) than for the S-shaped blade (θ = 69◦). This indicates that the
J-shaped blade effectively delays dynamic stall. At medium and high TSRs, the maximum
CL value of the J-shaped blade is slightly higher, and the azimuth angle at which dynamic
stall occurs lags behind that of the S-shaped blade. This suggests that the J-shaped blade
continues to contribute to delaying dynamic stall at medium and high TSRs.
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The fluctuation in the drag coefficient for both blade types is particularly pronounced.
As shown in Figure 14b, at low TSR, the CD of the S-shaped blade increases linearly after
θ = 80◦. In contrast, the increase in CD for the J-shaped blade is delayed relative to the
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S-shaped blade, and its maximum CD is lower. This further supports the conclusion that
the J-shaped blade enhances dynamic stall performance. However, at medium and high
TSRs, the peak CD of the J-shaped blade was significantly higher than that of the S-shaped
blade, likely due to its unique geometric configuration.

Since the pitch angle of the wind turbine in this study was 0◦, the tangential force
on the blade served as the primary contributor to the torque. To further investigate the
influence of the J-shaped blade on the torque coefficient, the lift and drag of the blades
were projected along the tangential force direction. This allowed for an evaluation of their
respective contributions to the tangential force. Figure 15 presents the variations in the
contribution coefficients of lift and drag to the tangential force of the wind turbine blade
with azimuth. The results indicate that the lift force contributed most of the tangential
force, while the drag force had a relatively minor positive contribution at three TSRs.
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At a low TSR, the J-shaped blade exhibited a higher positive lift contribution and a
smaller negative drag contribution compared to the S-shaped blade in the dynamic stall
region. In other regions, the lift and drag contributions were similar for both blade types.
As a result, the J-shaped blade generated a greater tangential force, resulting in a higher
torque coefficient at a low TSR.

At medium TSR, the J-shaped blade maintained a greater positive lift contribution
in most upwind regions and certain leeward regions relative to the S-shaped blade. Con-
versely, the drag contribution coefficient alternated between the two blade types with chang-
ing azimuth angles, resulting in little difference in their time-averaged drag contribution.

At high TSR, since dynamic stall is no longer a major issue, the lift-enhancing effect of
the J-shaped blade was less significant. Consequently, the positive contribution of lift to the
tangential force was nearly equal for both types of blades. However, due to the inherent
geometric design defect of the J-shaped blade, increased drag introduced a greater negative
contribution. This resulted in a substantially lower time-averaged torque coefficient for the
J-shaped VAWT compared to the S-shaped VAWT at high TSR.

It is important to note that the design principle of the J-shaped blade is to leverage
both lift and drag forces to enhance the torque coefficient at low TSR [40]. However, in
this study, while the J-shaped blade increased resistance across all TSRs, this additional
resistance did not positively contribute to the tangential force. Instead, it imposed a greater
negative contribution. The increase in the torque coefficient of the J-shaped blade can
be attributed to its effect on flow separation, which delays dynamic stall and results in a
higher lift coefficient. Lift contributes more positively to the tangential force, leading to
an increase in the torque coefficient. This conclusion is further substantiated by the flow
structure analysis presented later in this study.

3.2. Pressure Distributions

The blade surface pressure distribution allowed for the visualization of the distribution
of aerodynamic loads on the blade surface, as well as the reflection of the three-dimensional
characteristics of the flow field along the spreading direction. To evaluate the impact of the
J shape on the blade surface pressure distribution, this paper compares the suction surface
pressure distribution (half mode) of two types of blades at the azimuthal angle where the
J-shaped blade exhibits enhanced performance (i.e., the azimuthal angle where the lift is
increased in comparison with that of the S-shaped blade), as illustrated in Figure 16. There
was a notable disparity in the pressure distribution on the suction side between the two
types of blades, with a more pronounced negative pressure zone at the leading edge of the
J-shaped blades. This larger negative pressure zone on the suction side gives rise to a more
substantial pressure differential between the pressure side and the suction side, which in
turn leads to an augmentation in the lift coefficient.

It is noteworthy that the S-shaped blade exhibited a distinctive suction zone at the
tip [60], which generates a significant pressure differential between the root and the tip.
This phenomenon promotes cross-flow at the blade surface, rendering the blade more
susceptible to flow separation at subsonic speeds [61]. In contrast, J-shaped blades lack this
suction region, resulting in a weaker surface cross-flow and reduced propensity for flow
separation.

3.3. Flow Field Structures

The surface friction lines of wind turbine blades have the capacity to reflect the flow
structure on the blade surface. Figure 17 presents the comparison of the limiting streamlines
at θ = 72◦ with different TSRs. The limiting streamline visualization reflects the local wall
shear stress direction and is an effective method to identify flow separation, attachment
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lines, and critical points on the blade surface. It can be observed that a distinct negative
bifurcation line is present on all six blades, defining this line as a separation line [60]. A
horizontal comparison reveals that the separation line gets closer to the trailing edge as the
TSR increases. This suggests that at the same azimuth angle, higher TSR results in weaker
flow separation and less severe dynamic stall.
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A longitudinal comparison reveals that at a given azimuth angle, the separation line
of J-shaped blades is situated in closer proximity to the trailing edge, thereby indicating
that J-shaped blades exert a suppressive effect on flow separation and can delay dynamic
stall. It is noteworthy that the surface friction lines of the J-shaped blade exhibit increased
turbulence at the tip, and the spreading region affected by the tip is larger, with a stronger
three-dimensional effect. In particular, at a low TSR, the surface separation lines of the
J-shaped blade displayed greater curvature in comparison to the S-shaped blade. This obser-
vation suggests that the enhanced three-dimensional effect at the tip of the J-shaped blade
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facilitated improved flow separation at the blade surface, as illustrated in the subsequent
section.

The distribution of vortex systems around wind turbine blades is a determining
factor in the pressure distribution on the blade surface. Consequently, the evolutionary
characteristics of these vortex systems are critical for wind turbine aerodynamic loads.
In this paper, the near-field vortex system is identified using the dimensionless vorticity
Ω* and the Rortex identification method. The Rortex method has better performance in
identifying the structure of the vortex system [62], and the Rortex iso-surface is defined as
follows:

Rortex = ∥Rr∥ (10)

where r is the vortex core vector and R is the rotation strength around r. The vortex patterns
presented in this paper are all the iso-surfaces of Rortex = 0.065, colored according to the
corresponding dimensionless velocities U/U∞. The dimensionless vorticity Ω* is defined
as follows:

Ω* =
Ω·LR

a
(11)

where Ω is the physical vorticity, LR is the real physical length corresponding to the unit
length of the grid, and a is the sound speed. This paper uses the Z-component of Ω* to
display two-dimensional vorticity distribution.

Figure 18 presents a comparison of the tip vortex of the two blade types at θ = 72◦

with low TSR. It can be observed that the vorticities captured in the concave region of
the J-shaped blade escaped from the blade tip and combined with the tip vortex, thereby
enhancing its strength. Consequently, the surface friction lines of the J-shaped blade
exhibited a more pronounced three-dimensional effect in comparison to the S-shaped blade.
Figure 19 illustrates the structure of the vortex system surrounding the S-shaped blade
at θ = 120◦ with a low TSR, at which azimuthal angle the blade has already undergone
a severe dynamic stall. As can be observed in Figure 19a, the complexity of the vortex
system around the blade is primarily composed of a three-dimensional dynamic stall vortex,
leading edge vortex, trailing edge vortex, and tip vortex. The tip vortex and dynamic stall
vortex interact to form an Ω-shaped vortex, which in turn gives rise to a strong three-
dimensional effect in the local flow field [63]. Figure 19b provides a further illustration of
the vorticity distribution at different sections. It can be observed that the dynamic stall
vortex in the central section (z = 0) was the most pronounced, and the vortex strength
diminished toward the blade tip. Figure 19c explains the reason for this phenomenon.
From the three-dimensional streamline at the tip, it can be observed that the downwash
effect of the tip vortex will alter the local airflow direction in the vicinity of the blade tip.
This results in the dynamic stall vortex in the vicinity of the blade tip becoming attached
to the blade surface, thereby creating a difference in the distribution of the dynamic stall
vortex along the spanwise direction of the blade. This discrepancy can be attributed to
the inhibitory effect exerted by the tip vortex downwash on the generation of dynamic
stall vortex in the vicinity of the blade tip [64]. Furthermore, the tip vortex of the J-shaped
blade is stronger than that of the S-shaped blade, which allows the former to demonstrate
advantages in inhibiting flow separation and delaying dynamic stall.

To verify the above conclusions, Figure 20 compares the vortex system evolution of
the two types of VAWTs at a low TSR, and it can be observed that when the wind turbine
blade started to rotate, the vortex system around the blade was dominated by the tip vortex
and is gradually strengthened. With the increase in the angle of attack, the flow separation
of the suction surface of the blade starts to occur, and the dynamic stall vortex was formed
and gradually strengthened. However, because the tip vortex of the J-shaped blade was
stronger, it had an inhibiting effect on the generation and development of the dynamic



Machines 2025, 13, 403 18 of 27

stall vortex. Therefore, the dynamic stall vortex on the blade surface was significantly
smaller than that of the S-shaped blade when severe dynamic stall occurred in the J-shaped
blade, and the aerodynamic performance of the J-shaped blade was better than that of the
S-shaped blade at this time. The tip vortex and dynamic stall vortex were then ejected from
the blade surface to form the wake region, which can have a detrimental effect on the blade,
resulting in a negative torque in the wake region. The vortices in the wake region of the
J-shaped VAWT were smaller than those of the S-shaped VAWT, allowing for the J-shaped
blade to recover more quickly from the negative effects of the wake region.
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As the J-shape blade can inhibit the generation of the dynamic stall vortex, it has
an advantageous range mainly in the area of dynamic stall generation and development.
Figure 21 compares the vorticity distributions at the middle section (z = 0) within the
dynamic stall vortex development region for two types of blades, and it can be seen that
the flow on the suction side of both types of blades is predominantly attached to the
blade surface at θ = 63◦. However, because the J-shaped blade cuts off a portion of the
pressure side, there is a notable disparity in vorticity distribution between the two types
of blades on the pressure side. At θ = 81◦, significant flow separation was evident in the
S-shaped blade, causing the torque coefficient CM to start decreasing. In contrast, only
slight flow separation was observed in the J-shaped blade, resulting in a higher CM than
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the S-shaped blade. Subsequently, the separation point gradually moved forward, the
stall vortex intensity gradually increased and finally separated from the leading edge,
resulting in a severe dynamic stall. Comparing the vorticity distribution at θ = 99◦ and
θ = 117◦, it can be seen that the stall vortex of the J-shaped blade was smaller than that of
the S-shaped blade. This indicates that the J-shaped blade has advantages in suppressing
flow separation.

The evolution process of the vortex system in two types of VAWT at a medium TSR
is shown in Figure 22. The vortex evolution process was similar to that for a low TSR.
Initially, the vortex system was dominated by the tip vortex. With the onset of dynamic
stall, a dynamic stall vortex was generated and developed, and finally the vortex detached
from the blade surface to form a wake region. Nevertheless, the markedly diminished
range of blade angle of attack in comparison to a low TSR served to attenuate the dynamic
stall of the blade, while concomitantly reducing the intensity of the dynamic stall vortex.
A comparison of the near-field vortex system of the two types of blades reveals that the
trailing edge stall vortex of the S-shaped blade exhibits long and numerous finger-like
vortexes, whereas the trailing edge stall vortex of the J-shaped blade displays short and
diminutive sheet-like vortex. Upon the detachment of the tip vortex and stall vortex, the
two vortices coiled around each other and connected to form an M-shaped vortex tube.
This M-shaped vortex tube plays a pivotal role in regulating the working environment
of the blade in the wake area, which is of paramount importance for the aerodynamic
characteristics of the blade in the wake area. It has been demonstrated that the vorticity in
the wake region of the J-shaped VAWT was markedly inferior in comparison to that of the
S-shaped VAWT.

Figure 23 provides a comparison of vorticity distributions at the middle section of
the blade for the dynamic stall vortex development process at a medium TSR. It can be
clearly observed that the dynamic stall vortex of the J-shaped blade is smaller than that of
the S-shaped blade, and the vortex shedding also lags behind that of the S-shaped blade.
This explains why the torque coefficient CM of the J-shaped blade is higher than that of the
S-shaped blade at these azimuth angles.
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At a high TSR, the vortex system evolution process of the wind turbine exhibited no-
table distinctions from that observed at low and medium TSRs. As illustrated in Figure 24,
the dynamic stall phenomenon was markedly diminished at a high TSR, the dynamic stall
vortex was significantly diminished, and the vortex system was predominantly character-
ized by the blade tip vortex. This also leads to the conclusion that the J-shaped blade is
unable to demonstrate the advantage of suppressing dynamic stall. Figure 25 similarly
demonstrates this, showing that within the stall region, the flow around both blade types
adheres to the surface without extensive separation, with the J-shaped blades exhibiting no
distinct advantages. Furthermore, at the stage when the blade commences its rotational
movement, despite the J-shaped blade’s capacity to capture the vortex volume and maintain
its containment within the cup profile, the airflow was able to pass through in a smooth
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and unimpeded manner. This results in an aerodynamic profile that is comparable to that
of the S-shaped blade [39]. The aerodynamic characteristics of the J-shaped blade are not as
favorable as those of the S-shaped blade at this stage, due to the three dimensional effect
and geometric imperfections. Consequently, the CM was lower than that of the S-shaped
blade. Meanwhile, the CM of the J-shaped blade in the wake region was lower than that
of the S-shaped. The combined J-shaped aerodynamic performance was weaker than the
S-shaped in all three regions, so the wind energy utilization of the J-shaped VAWT was
much lower than that of the S-shaped VAWT at high tip speeds. However, since most of
the VAWTs operate at low to medium tip speed ratios, this does not affect the practical
application of the J-shaped VAWT.
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4. Conclusions
In the current study, the SST-IDDES model was employed to investigate the difference

between the aerodynamic performance of S-shaped and J-shaped VAWTs at varying TSRs.
The SST-IDDES model is designed to capture complex vortex structures, facilitating a
deeper understanding of the J-shaped blade effects on wind turbine aerodynamic perfor-
mance. The findings reveal that the J-shaped blade demonstrated superior wind energy
utilization performance compared to the S-shaped blade at low and medium TSRs. The
main conclusions are listed as follows:

• At TSR = 1, the J-shaped blade exhibited a peak CM approximately 13.5% higher and
an average CM about 7% higher than the S-shaped blade. The peak CL during dynamic
stall was also increased by approximately 11% compared to the S-shaped blade. At
TSR = 1.6, the J-shaped blade continued to improve performance, with the peak CM

and peak CL increased by 1.8% and 1.5%, respectively, although the improvements
were less pronounced than at a lower TSR. Furthermore, the onset of dynamic stall
was delayed by approximately 4◦ to 6◦ in azimuth for the J-shaped blade under low
and medium TSR conditions. These results indicate that the principal positive effect
on the enhanced power coefficient of the J-shaped blade is primarily observed in the
dynamic stall region. The J-shaped blade exhibited a higher lift coefficient within the
stall region, which provides a more substantial positive contribution to the tangential
force, enhancing the torque and power coefficients.
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• The J-shaped blade exhibited a larger negative pressure zone at the leading edge,
increasing the pressure difference between the pressure and suction sides, which
boosts the lift coefficient. Moreover, the J-shaped blade had a less pronounced suction
zone at the blade tip compared to the S-shaped blade, resulting in a smaller pressure
difference between the blade root and tip. Consequently, the cross-flow on the blade
surface was weaker, which makes it less prone to flow separation.

• When a wind turbine blade undergoes dynamic stall, the tip vortex interacts with the
dynamic stall vortex, forming an Ω-shaped vortex on the blade’s suction side. This
Ω-shaped vortex signifies the blade tip vortex’s inhibiting effect on the generation
and development of the dynamic stall vortex. Compared to the S-shaped blade, the
J-shaped blade generated a stronger tip vortex, which more effectively suppressed
the dynamic stall vortex. Consequently, the J-shaped blade exhibited superior perfor-
mance in suppressing flow separation and delaying dynamic stall.

• After the tip vortex and dynamic stall vortex detached from the blade surface, a wake
region was formed, which had a detrimental impact on the wind turbine blades. The
wake region vortices of the J-shaped VAWT were significantly fewer than those of the
S-shaped VAWT, allowing for the J-shaped blade to recover more quickly from the
negative effects of the wake region.

Additionally, this study focused solely on the aerodynamic performance of wind
turbines at specific wind speeds and rotational speeds. However, the aerodynamic behavior
and vortex evolution process of the J-shaped VAWT under self-starting conditions remain
unexplored. Investigating these aspects will be the focus of our future research endeavors.
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Nomenclature

Symbols Abbreviations
A swept area of the rotor (m2) 3D Three-dimensional
c chord length (m) CFD Computational Fluid Dynamics
CD drag coefficient DDES Delayed Detached Eddy Simulation
CL lift coefficient DES Detached Eddy Simulation
CM torque coefficient HAWT Horizontal Axis Wind Turbine

CP power coefficient IDDES
Improved Delayed Detached Eddy
Simulation

CT tangential force coefficient L.E. leading edge
D turbine diameter (m) LES Large Eddy Simulation



Machines 2025, 13, 403 25 of 27

Symbols Abbreviations
M rotor torque (N·m) LU-SGS Lower-Upper Symmetric Gauss-Seidel
U∞ incoming flow velocity (m/s) MPI Message Passing Interface

W
the relative velocity of the
blades (m/s)

SST Shear Stress Transport

y+ dimensionless wall distance T.E. trailing edge
TSR Tip Speed Ratio

Greek URANS
Unsteady Reynolds Averaged
Navier-Stokes

α angle of attack (◦) VAWT Vertical Axis Wind Turbine
β pitch angle (◦)
θ azimuthal angle (◦)
λ tip speed ratio
ρ incoming flow density (kg/m3)

ω
rotational angular velocity
(rad/s)

Ω vorticity (1/s)
Ω* dimensionless vorticity
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