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The unsteady dynamic stall phenomenon in lift-type vertical axis wind turbines (VAWTs) severely limits their
commercial deployment. This study proposes a strategy that integrates a circular-array air guide structure
with blade pitch angle adjustment. The proposed "flow field enhancement–blade adaptation" coupling strategy
employs the SST k-ω turbulence model to perform transient flow field analysis of a three-bladed VAWT under
various operating conditions. Through numerical simulation, a combination of air guide structure and blade
pitch angle β = 10° was identified as the most effective configuration. The numerical results show that the
synergistic combination of the air guide structure and a blade pitch angle of β = 10° increases the peak power
coefficient by 4.58% compared with the β = 0° baseline, while the average torque is increased by 48.3% relative to
a conventional VAWT without the guide structure. The results indicate that under the modified flow conditions
produced by the guide structure, a positive pitch angle—which is typically suboptimal for an unguided VAWT
becomes the most effective setting, highlighting the importance of treating the guide structure and blade pitch
as a coupled system, offering a promising approach for urban VAWT applications.
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1. Introduction

Driven by global carbon neutrality targets[1], distributed
wind energy has gained increasing attention as a comple-
ment to centralized wind power[2]. Recent studies have ex-
plored various guide vane and deflector configurations to
enhance VAWT performance in distributed applications[3,
4]. Among VAWT designs, the Darrieus type is the most
widely studied[5]. Its advantages-aerodynamic omnidirec-
tionality, compact structure, low mounting height for the
generator, and quiet operation[6]-make it a promising can-
didate for urban and distributed energy systems. However,
Darrieus VAWTs suffer from low aerodynamic efficiency
caused by dynamic stall[7, 8]and poor self-starting capa-

bility due to severe cyclic torque fluctuations during blade
rotation[9], both of which hinder large-scale commercial
deployment.

During rotation, the blade angle of attack of a VAWT
varies periodically and dramatically. When it exceeds the
static stall angle, the blade experiences a sharp drop in
lift accompanied by a surge in drag. To address this, re-
searchers have pursued two main approaches: blade aero-
dynamic control and flow field enhancement. Wang et
al.[10]proposed adaptive deformable blades that adjust air-
foil camber in response to surface pressure distribution,
suppressing flow separation and raising the peak power
coefficient by 14.56%. Cheng et al.[11] adopted a helical
blade design to smooth torque fluctuations by distribut-
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ing the blade phase angle along the span. Li et al.[12]
developed a truncated-cone wind concentrator that im-
proves starting torque by physically constraining and ac-
celerating the inflow. Ghafoorian et al.[3] demonstrated
that semi-directional airfoil guide vanes improve both the
self-starting capability and overall performance of Darrieus
VAWTs through optimized vane positioning. More recently,
combined passive flow control and pitch angle strategies
have emerged: Jiang et al.[13] achieved a 7.78% efficiency
gain by pairing a dimple-Gurney flap with pitch angle ad-
justment, and Fatahian et al.[14] reported a 36% increase
in Cp using leading-edge prism cylinders for passive flow
control on Darrieus turbines.

Despite these advances, the coupled interaction between
an external flow-guiding structure and blade pitch angle
on Darrieus-type VAWTs has not been systematically in-
vestigated. Variable pitch strategies have shown over 200%
Cp improvement in theoretical models[15], and geomet-
ric sensitivity analyses have identified key blade shape
parameters governing stall suppression[16, 17], yet the cou-
pling between external flow-guiding structures and blade
pitch remains underexplored. This study addresses that
gap by investigating the interaction between a circular-
array air guide structure and blade pitch angle, and how
this coupling reshapes the local velocity triangle at the
blade[18]. As the incident wind passes through the guide
structure, the flow is accelerated and redirected around
the rotor, thereby shifting the blade pitch setting that maxi-
mizes power output. A pitch angle that is suboptimal for
an unguided rotor may therefore become effective when
coupled with the guide structure. This interdependence
cannot be inferred from studying either factor in isolation.
The work quantifies the aerodynamic response to different
pitch angles under the modified flow field and identifies
the most effective geometric-aerodynamic matching config-
uration for suppressing dynamic stall.

2. Methods

2.1. Wind turbine geometry

The three-bladed VAWT geometry is shown in Fig. 1.
Three circular air-guiding structures, arranged uniformly
around the rotor, guide and accelerate the incoming flow
for smooth energy transfer. With the guide structure geom-
etry held constant, the blade pitch angle is varied to assess
its effect on aerodynamic performance. The blades employ
a NACA 0018 symmetric airfoil, a profile widely used in
Darrieus-type VAWTs for its favorable stall characteristics
and structural simplicity. The main geometric parameters
are listed in Fig. 1.

Fig. 1. Geometric model of a vertical axis wind turbine
with a circular array wind guide structure

2.2. Aerodynamic Loading Analysis

During rotation, a VAWT blade experiences higher lift than
drag in the upwind region, yielding efficient energy ex-
traction[7, 19]. In the downwind region, drag exceeds lift
and energy capture is low[20]. To address this imbalance, a
novel configuration was designed in which the air guide
structure redirects and accelerates the incoming wind. As
shown in Fig. 2, the circular-array guide structure ensures
that the blades always operate in a favorable downwind
environment. This reconfiguration alters the aerodynamic
loading on the blade surfaces and significantly improves
the energy extraction efficiency of the VAWT.

The relative velocity ( W ) of the jet velocity at the outlet
of the air guide structure is superimposed with the rota-
tional velocity. The velocity triangle shown in the red area
in Fig. 2 is represented by the following vector relationship:

W =
√

V2
1 + U2 + 2U1V cos θ (1)

Where V1 is the outlet jet velocity, U is the blade tan-
gential linear velocity, and W is the synthesized relative
velocity.

λ =
ωR
V1

(2)

Where ω is the rotor angular velocity(rad/s), R is the
rotor radius (m).

2.3. Governing equations and turbulence models

The transient, three-dimensional, incompressible turbulent
flow around the turbine was simulated. The flow field
of a VAWT is characterized by strong unsteadiness, large-
scale separation, and rotational curvature effects, making
the unsteady Reynolds-averaged Navier-Stokes (URANS)
equations an appropriate modeling framework[21]. Accu-
rate estimation of the blade angle of attack is critical for
VAWT simulations; geometrically derived AoA values can
be unreliable under dynamic stall conditions. The local
flow-field-based AoA estimation approach of Ouchene et
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Table 1. Key geometric parameters of wind turbine and air guide structure

Feature Quantity/Type
Number of blades 3

Type of blades NACA0018
Blade chord length [C] 0.21m

Diameter [D] 1.4m
Height [H] 0.8m

Number of air guide structures 3
Wall thickness of guide structure 0.05m

Inner curvature radius of guide structure 0.81m
Outer curvature radius of guide structure 1.13m

Radial distance from rotor center to guide structure leading edge 1.24m
Import and export area ratio 3

Bending angle of air guide structure 120◦

Fig. 2. Velocity triangle and aerodynamic analysis of the
VAWT rotation cycle.

al. was therefore adopted[22]. The continuity and momen-
tum equations for incompressible flow are:

∂ui
∂xi

= 0 (3)

∂ui
∂t

+ uj
∂ui
∂xj

= − 1
ρ

∂p
∂xi

+
∂

∂xj

(
v

∂ui
∂xj

− ui′uj′

)
(4)

In the above equations, ui and xi denote the velocity
component and coordinate component in the i direction,
respectively; t is time; p, ρ and v denote pressure, fluid
density and kinematic viscosity, respectively. In formula
(3), −ui′uj′ is the Reynolds stress tensor, which is used
to characterize the effect of turbulent fluctuations on the
mean flow. This term needs to be closed by introducing a
turbulence model.

The SST k − ω turbulence model[23] was selected for
this study. It solves transport equations for k and ω, blend-
ing the k - ω formulation near the wall with k − ε be-
havior in the far field via a switching function F1. The
model is well-suited for adverse pressure gradients and
flow separation-conditions typical of VAWT dynamic stall.

Compared with the standard k − ω formulation, it is less
sensitive to freestream turbulence; unlike the k − ε model,
it resolves the viscous sublayer directly without relying on
wall functions.

The SIMPLE algorithm was used for pressure-velocity
coupling. Pressure was discretized with a second-order
scheme, and momentum was discretized with second-order
upwind[24]. All simulations were performed using ANSYS
Fluent 2024 R1.

2.4. Boundary Conditions

The computational domain and boundary conditions are
shown in Fig. 3. To avoid inlet effects and allow full wake
development, the domain extends 5D upstream and 20D
downstream of the turbine, with a height and width of
10D[25]. The inlet velocity is set to 10 m/s; the rotational
speed varies with tip speed ratio. The outlet is a pressure
outlet at atmospheric pressure, with zero-gradient bound-
ary conditions applied for k and ω. The top, side, and
bottom boundaries are set as symmetry boundary condi-
tions[25]. The rotating and stationary domains are con-
nected through an interface, with a sliding mesh technique
employed at the interface to handle the relative motion
between the rotating and stationary domains [26]. The in-
let turbulence intensity was set to 5% with a turbulence
length scale of 0.1 m, corresponding to k = 0.375 m2/s2

and ω ≈ 11.18 s−1. Near-wall mesh resolution was con-
trolled to maintain y+ ≈ 1 on all blade surfaces, ensuring
adequate resolution of the viscous sublayer for the SST
k − ω model. The mesh meets standard orthogonality re-
quirements, as shown in Fig. 3.

2.5. Validation of the numerical methodology

Mesh independence was analyzed at TSR = 2, as shown in
Fig. 4 (a). To balance computational accuracy and resource
consumption, tests were conducted on four different grid
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Fig. 3. Computational domain and mesh generation.

densities[27]. The average torque coefficient per revolution
of the wind turbine was used as the monitoring index. The
results show that when the number of meshs exceeds 16
million, the rate of change is less than 2%; when it reaches
20 million, the results tend to stabilize. Therefore, the 20
million grid scheme was ultimately selected for subsequent
calculations.

The time step corresponded to 2° of rotor rotation per
step. At each time step, scaled residuals were reduced to
below 10−6 for continuity and 10−5 for momentum and
turbulence equations. Data were sampled over the final
three revolutions after the torque coefficient had reached a
statistically steady periodic state, and the cycle-averaged
power coefficient was obtained as the arithmetic mean of
the instantaneous values over these revolutions.

To assess the reliability of the numerical approach, the
present CFD methodology was applied to the wind-tunnel
VAWT tested by Yang et al.[19] (two-bladed, NACA0021,
D = 2.0 m, Uo = 8.0 m/s, β = 6◦). The computed and
measured single-blade torque coefficients are compared
in Fig. 4 (b). The present CFD results capture the overall
Torque coefficient variation with azimuth angle, includ-
ing the primary peak near θ = 120◦, the secondary peak
near θ = 240◦, and the low-torque regions at the upwind-
downwind transitions. The present CFD results are in close
agreement with the experimental measurements over the
majority of the rotation cycle. The CFD curve lies modestly
above the experimental data near θ = 45◦ and θ = 180◦,
reflecting a slight overprediction of blade loading at these
azimuth intervals. The overall consistency between the

present CFD predictions and the experimental measure-
ments supports the use of this numerical methodology for
the VAWT configurations examined in this study.

Fig. 4. Validation of the numerical methodology.

3. Results and discussion

3.1. Analysis of the aerodynamic gain mechanism of the
air guide structure

A comparative analysis was carried out between a conven-
tional VAWT and the same turbine equipped with the pro-
posed air guide structure. As shown in Fig. 5, the conven-
tional VAWT (Fig. 5a) exhibits strong periodic fluctuations
in blade lift coefficient with azimuth angle. Near θ = 90◦

in particular, the lift coefficient peaks sharply and then
drop abruptly-a classic signature of dynamic stall. This
behavior matches the dynamic stall patterns reported in
recent Darrieus VAWT studies, where severe aerodynamic
force oscillations accompany deep stall at high angles of
attack[16, 17].

With the air guide structure in place (Fig. 5b), the lift
peak broadens and flattens, and the high-frequency fluctu-
ations are substantially reduced. This suggests the guide
structure not only accelerates the flow but also conditions it:
the walls suppress lateral fluctuations, lowering the turbu-
lence level entering the rotor region and delaying boundary
layer separation. The overall drag coefficient also drops
markedly.

The lift-to-drag ratio comparison in (Fig. 5c) confirms
that the air guide structure effectively blocks the reverse
flow that would otherwise act on the returning blades,
sharply reducing the reverse drag torque and improving
overall aerodynamic efficiency. This mechanism resembles
the effect of deflectors and guide vanes described in re-
cent work, where redirecting flow away from the returning
blade substantially cuts adverse torque[3, 28].

3.2. Coupling effect of pitch angle and airflow field

Because the air guide structure raises both the wind speed
and alters the inflow angle, the pitch angle must be adjusted
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Fig. 5. Aerodynamic coefficients and lift-to-drag ratio of
the VAWT.

accordingly to achieve the best effect. Fig. 6 shows how
different pitch angles influence the instantaneous torque at
a fixed tip speed ratio, for both positive and negative pitch
settings.

Positive pitch angle (β > 0◦) : As shown in Fig. 6(a and
b), at β = 10◦, the peak moment coefficient rises markedly
and the azimuthal range of positive torque broadens. The
accelerated flow through the guide structure increases the
relative wind speed seen by the blades, which raises the ef-
fective angle of attack. A positive pitch angle geometrically
reduces the angle of attack, exactly offsetting this increase
and keeping the blades within the linear lift region, away
from stall.

Negative pitch angle (β < 0◦) : As shown in Fig. 6(c and
d), negative pitch degrades performance. At β = −10◦ the
torque drops sharply across most azimuth angles. Negative
pitch further increases the already large effective angle of
attack, driving the blade into deep stall as soon as it enters
the windward zone and generating considerable pressure
drag.

3.3. Response analysis of Cp with azimuth angle under
different TSR for positive and negative pitch angles

To evaluate the robustness of the coupled optimization
across operating conditions, Fig. 7 presents the three-
dimensional response surface of Cp as a function of TSR
and azimuth angle. The surface color and height represent
the magnitude of Cp, giving a direct view of the turbine’s
energy capture topology.

At positive pitch angles ( β = 5◦ and 10°, Fig. 7 a, b), the
response surface exhibits a broad, ridge-like high-efficiency
region. The high-power zone is distributed evenly across
the rotation cycle. The positive pitch angle suppresses the
deep-stall power drop common in conventional VAWTs,
yielding smoother torque output.

By contrast, the negative pitch angles ( β = −5◦ and
−10◦, Fig. 7 c, d ) show sharp performance degradation.
The high-efficiency region collapses into a narrow, island-

Fig. 6. Polar distribution of torque at different pitch angles.

like peak. Physically, the negative angle-of-attack offset
triggers severe flow separation at high speed, causing the
turbine to lose most of its power-generating capacity in the
upper TSR range.

Fig. 7. Cp response surface vs. TSR and azimuth angle at
different pitch angles.

3.4. Cp-TSR Characteristic Analysis

Fig. 8 compares the Cp-TSR curves to quantify overall en-
ergy capture. Condition β = 10◦ exhibits the best perfor-
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mance efficiency across the entire operating range, with a
maximum Cp ≈ 0.44 at λ ≈ 3, a significant improvement
compared to the baseline original turbine (red dashed line,
Cp ≈ 0.35 ). Notably, condition β = 10◦ maintains high
efficiency across a wide range of tip speed ratios, indicat-
ing better adaptability to variable speed wind conditions.
While β = 0◦ configuration shows improvement in the low
TSR region, its performance drops substantially below that
of β = 5◦ in the high TSR region.

Fig. 8. Cp-TSR analysis of different models

3.5. Flow field analysis

The aerodynamic enhancement mechanism under the com-
bined effect of the air guide structures and the blade pitch
angles is analyzed. The velocity field distribution in the
Z direction of different pitch angle models at different az-
imuth angles intuitively reflects the boundary layer evolu-
tion characteristics of the fluid around the blade, as shown
in Fig. 9.

The mechanism by which the forward pitch angle sup-
presses flow separation is that, at the critical azimuth angle
in the windward region, the blade is at its maximum angle
of attack and is most prone to dynamic stall. For a single
blade in the baseline condition (β = 0◦), fluid adhesion is
only significant at specific angles, indicating that boundary
layer separation begins.

However, the suction surface has weak fluid adhesion
at most angles, which is the main reason for the decrease in
lift. At β = 5◦, the adhesion of high-momentum fluid to the
blade surface is significantly enhanced compared with the
baseline. The forward pitch angle compensates for the in-
creased effective angle of attack induced by the accelerated
flow through the guide structure, keeping the blade within
the attached-flow regime and delaying boundary layer sep-
aration. The blade wake under the forward pitch angle

condition is noticeably wider than that at β = 0◦, further
confirming that flow separation is effectively suppressed.

In contrast, a negative pitch angle severely degrades
the flow field. Observing the contour plot at β = −10◦,
in the region from 180° to 360°, the blade suction surface
is completely covered by the low-speed vortex regions,
which reduces the blade adhesion and causes the leading-
edge vortex to detach prematurely. This not only increases
pressure drag but also leads to severe turbulence in the
downstream flow field, which is consistent with the sharp
torque drop observed at β = −10◦ in Fig. 6.

Fig. 9. Z-axis velocity contours at different azimuth angles
and pitch angles.

4. Conclusion

Through numerical simulation, the synergistic influence
of the air guide structure and blade pitch angle on the
aerodynamic performance of a vertical axis wind turbine
was systematically studied. The main conclusions are as
follows:

1. The circular array of air guide structures utilizes the
Venturi effect to increase the inflow velocity and simul-
taneously reshapes the flow field topology, improving
the liftto-drag ratio by 0.307 compared with the con-
ventional VAWT.

2. A positive pitch angle (β > 0◦) geometrically compen-
sates for the increased effective angle of attack pro-
duced by the accelerated flow through the guide struc-
ture. This prevents premature flow separation and
suppresses dynamic stall. A negative pitch angle (
β < 0◦ ) has the opposite effect, intensifying separa-
tion and causing severe performance loss.

3. Through the synergistic effect of flow field enhance-
ment and blade pitch adaptation, the average torque
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is increased by 48.3% compared with the conventional
VAWT without the guide structure. At a blade pitch
angle of β = 10◦, the peak Cp is further improved
by 4.58% compared with the β = 0◦ configuration.
This 4.58% increment is achieved through pitch angle
adjustment on top of the performance gain already
provided by the guide structure. While modest in
absolute terms, this result confirms that the most effec-
tive blade pitch angle under guided flow conditions
differs from that of an unguided VAWT.
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