
 
 

Delft University of Technology

Numerical Analysis of Aerodynamic Performance of a Fixed-Pitch Vertical Axis Wind
Turbine Rotor

Rogowski, Krzysztof; Michna, Jan; Ferreira, Carlos

DOI
10.12913/22998624/191128
Publication date
2024
Document Version
Final published version
Published in
Advances in Science and Technology Research Journal

Citation (APA)
Rogowski, K., Michna, J., & Ferreira, C. (2024). Numerical Analysis of Aerodynamic Performance of a
Fixed-Pitch Vertical Axis Wind Turbine Rotor. Advances in Science and Technology Research Journal,
18(6), 97-109. https://doi.org/10.12913/22998624/191128

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.12913/22998624/191128
https://doi.org/10.12913/22998624/191128


97

INTRODUCTION

As the global discussion about the conse-
quences of exploiting fossil fuels grows, the de-
velopment of green energy sources has increased 
widely. In the wind energy industry, the concerns 
have been focused mainly on horizontal-axis 
wind turbines (HAWTs) since the 1970s and the 
fuel crisis. This type of turbine is well-investigat-
ed, and improving its aerodynamic performance 
is challenging. More and more efforts are concen-
trated on vertical-axis wind turbines (VAWTs), 
especially to bridge the aerodynamic performance 
gap between these two types [1, 2].

VAWT has many advantages over the hori-
zontal-axis type. It does not need any yaw me-
chanics, a smaller wake area behind the rotor, and 
low installation and maintenance costs because of 
easy access to the generator lying on the ground 

[3]. However, the vertical-axis type poses some 
challenges, e.g., complex turbine aerodynamics, 
a demanding self-starting process (low self-start 
torque), and generally lower current efficiency 
than HAWTs.

The most critical challenge is rotor aerody-
namic performance estimation because of the phe-
nomena which are complicated to model, such as 
dynamic stall and blade-wake interaction [4]. The 
power performance of VAWTs depends on various 
operational parameters, among others, an airfoil 
(shape, chord length), blade pitch angle, the solid-
ity of a turbine, Reynolds numbers, tip speed ratio, 
shaft diameter, and turbulence intensity [1, 5].

To study blade pitch angle, one of the opera-
tional parameters, many researchers investigated 
the power performance of fixed- and variable-
pitch angle VAWT. Fiedler and Tullis [6] found 
that toe-in fixed pitch angle can significantly 
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lower the wind turbine performance. Using large 
eddy simulations (LES) with experimental mea-
surements, Elkhoury et al. [7] demonstrated that 
variable-pitch mechanisms can give higher power 
coefficients than fixed-pitch ones. Rezaieha et al. 
[8] showed a large hysteresis of dynamic loads on 
the blades and boundary layer events (such as lam-
inar-to-turbulent transition). Meanwhile, Huang et 
al. [9] proved that pitch angle configuration sig-
nificantly influences wake deflection and defor-
mation. Szczerba et al. [10] noticed that achieving 
the best performance requires high blade setting 
precision with less than 1 degree tolerance. El-
sakka et al. [11] demonstrated that pitch angle has 
a lower influence on power performance than tip 
speed ratio and solidity, but switching angle im-
proves turbine aerodynamic performance.

In the presented research, the well-known 
γ−Reθ transition turbulence model was utulized 
[12]. This four-equation model includes the in-
termittency and transition momentum thickness 
transport equations, combined with the two-equa-
tion k-ω SST turbulence model. This correlation-
based approach was designed for general-purpose 
use across a broad range of flow classes, but as 
a correlation model, it requires validation against 
experimental data or high-fidelity simulations 
such as LES or detached eddy simulation (DES) 
[13]. The complex flow at the very low Reynolds 
number of approximately 22.000 considered in 
this study presents significant validation chal-
lenges due to the scarcity of experimental data. 
ANSYS Fluent provides two transition models, 
γ−Reθ and κ−κL−ω, both of which necessitate 
validation and calibration based on experimental 
studies to ensure accurate predictions.

VERTICAL AXIS WIND TURBINE AND ITS 
OPERATIONAL CONDITIONS

This study analyzed a simplified two-di-
mensional model of a vertical-axis wind turbine 
(VAWT) rotor. The rotor consists of only two 
symmetrical NACA0012 airfoils representing 
blades of infinite length. Additional simplifica-
tions of the model include the lack of a rotating 
shaft and blade supports (e.g., struts). The geo-
metric dimensions of the rotor, such as the rotor 
diameter (D = 0.3 m) and the airfoil chord length 
(c = 0.03 m), correspond to the dimensions of a 
wind turbine developed by TU Delft for labora-
tory-scale research. The attachment point of the 

blade was located at one-quarter of the chord 
length measured from the airfoil leading edge. 
The study analyzed the rotor performance for 
three fixed blade pitch angles, β, (the blade pitch 
angle remained constant during rotor’s move-
ment). Figure 1 shows the simplified wind turbine 
model and the convention for indicating the sign 
of blade pitch angles. Positive pitch angles mean 
the blade is turned inward.

The operational parameters of the rotor are 
as follows: the undisturbed flow velocity, V0, is 
5 m/s; rotor rotational velocity is assumed to be 
800 rpm; tip speed ratio, TSR, is equal to 2.5. The 
tip speed ratio is a dimensionless quantity that re-
lates the angular velocity ω of the rotor, its radius, 
R, and the velocity of the undisturbed flow: TSR 
= ω · R/V0. Figure 1 depicts the velocity vectors 
and illustrates the method of measuring rotor po-
sition using the azimuthal angle θ. A schematic 
of the laboratory-scale VAWT model is addition-
ally presented in Figure 1. During the wind tunnel 
tests, two components of the aerodynamic force 
were measured using three load cells mounted on 
the bottom of the standing frame. Details of the 
experiment can be found in [14].

GRID AND COMPUTATIONAL 
METHODOLOGY

This paper section first describes the compu-
tational domain and the numerical grid used for 
the calculations. The numerical model settings are 
described in the subsequent part of this section. 

The two-bladed wind turbine rotor was sur-
rounded by a rectangular domain with dimensions 
of 7.5 × 6 m, corresponding to 25 × 20 D, where 
D represents the rotor diameter (Fig. 2). These 
dimensions were selected based on the numeri-
cal study by Rezaeiha et al. [15], who analyzed 
the impact of domain size and the distance of the 
rotor axis from the inlet on the aerodynamic per-
formance of the wind turbine. The domain dimen-
sions adopted in the conducted simulations allow 
for the aerodynamic blade loads to be obtained 
with negligible error resulting from the assumed 
boundary conditions. In the case of VAWTs, the 
fluctuations in aerodynamic loads during each 
rotation are very significant. Hence, unsteady 
simulations are necessary, utilising the unsteady 
Reynolds-averaged Navier-Stokes (URANS) ap-
proach. The performed analyses used the ANSYS 
Fluent 2022 code and the well-known sliding 
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mesh technique. However, this technique re-
quires separating the area around the rotor, which 
will move during the simulation. In the analyzed 
model, the moving area around the rotor is a cir-
cle with a diameter of 1.5 D. Data between both 
regions is exchanged during calculations via the 
interface. Applying this condition (interface) may 
result in a small numerical error at the boundary 
between areas. However, Bangga et al. [16] dem-
onstrated that the diameter adopted in these stud-
ies (1.5 D) is sufficient to minimize numerical er-
ror. Figure 2 illustrates the computational domain 
along with the prescribed boundary conditions. 
At the domain boundaries, the following bound-
ary conditions are applied: velocity inlet, pressure 
outlet, and wall (no slip), respectively, at the inlet, 
outlet, and airfoil edges. In addition, the “symme-
try” boundary condition is used on the side edges 
of the domain, which allows for the same effect as 
the wall (slip) boundary condition. 

The geometric model of the rotor described 
above was discretized with a control volume 
mesh. The numerical mesh consists of a struc-
tured mesh near the edges of the airfoils and an 
unstructured mesh in the remaining area. The 
number of grid points on each airfoil edge was 

equal to 2400. Rezaeiha et al. [8], who analyzed 
the sensitivity of the solution to grid density 
for steady-state calculations of the NACA0015 
airfoil at a low Reynolds number, obtained suf-
ficiently accurate results for grid nodes equal to 
1600 along the entire airfoil edge. This grid den-
sity analyzed by Rezaeiha et al. was subsequently 
used by them for VAWT simulations. The mesh 
was not additionally refined near the leading and 
trailing edges; in other words, the element size 
along the airfoil edge was uniform. In the normal 
direction to the airfoil edge, 25 layers of struc-
tural mesh were applied. The first layer thick-
ness was 0.00001 m, which ensured a maximum 
value of the wall y+ parameter < 1.2. However, 
the average value of this parameter for various 
rotor angles was approximately 0.8. Maintaining 
the value of this parameter at the recommended 
level ≈ 1 is practically impossible in the case of 
a VAWT rotor calculated using the sliding mesh 
technique. Moreover, according to the ANSYS 
Fluent documentation [17], wall y+ < 1.2 val-
ues do not produce significant numerical error. 
Each subsequent layer of the structural mesh was 
thicker than the previous one, and the growth rate 
of subsequent layers was 1.1. This value is also 

Figure 1. Schematic of the investigated VAWT model. On the left is a conceptual drawing of the laboratory-
scale rotor. The figure is taken from [9] with permission. On the right is a 2-D schematic used in numerical 

computations and the pitch angle convention
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consistent with the recommendations of the AN-
SYS Fluent documentation. Such a mesh should 
be sufficient to model all phenomena occurring 
in the boundary layer during the rotation, such 
as the laminar-to-turbulent transition and stall ef-
fects. At the interface, the same number of grid 
points was assumed and established to equal 150 
in the fixed and moving domains to minimize the 
numerical error. Therefore, the mesh element size 
at the interface is 100 times lower than the ro-
tor diameter. The maximum size of unstructured 
mesh elements in the rotor area (in a circular do-
main) is 3e-3m. This size is also 100 times lower 
compared to the rotor diameter. The area in the 
aerodynamic wake downstream behind the ro-
tor has also been refined. The maximum element 
size in this area was 60 times lower than the rotor 
diameter. The area covered by this refined mesh 
extends 20 D behind the rotor and has a width 
of 2 D. The modeled mesh effectively captures a 
broad spectrum of vortex structures present in the 
rotor and wake regions [18]. The final mesh is de-
picted in Figure 2, comprising 510.271 elements.

The description above pertains to the geomet-
ric and discretized model. The numerical model 
settings are outlined below. The numerical calcu-
lations of the flow around the rotating rotor were 
conducted using the 2-D URANS approach. The 
adopted closure model was the 4-equation γ-Reθ 
model, known as the Transition SST turbulence 
model in ANSYS Fluent. To represent the veloc-
ity field more accurately in the rotor region and 
the rotor aerodynamic wake, the Scale Adaptive 
Simulation (SAS) approach was utilized [19, 20]. 
The simulations considered air with a constant 
density of 1.225 kg/m3 and viscosity of 1.7894e-
05 kg/(m∙s). A turbulence intensity of 2% was as-
sumed at the inlet [9]. The turbulence scale value 
at the inlet was not measured; therefore, following 
Rezaeiha et al. [15], the scale length was assumed 
to equal the rotor diameter. The coupled scheme 
was employed for the Pressure-Velocity Coupling 
method in these investigations. The least squares 
cell based was also used for spatial discretization 
and second-order schemes for all computed equa-
tions except for the momentum equations, where 

Figure 2. Numerical domain; boundary conditions; mesh
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the bounded central differencing was utilized. 
The convergence criterion for all equations was 
set to 1e-7. The Courant Number value was left 
as default, equal to 200. According to [17], in the 
case of the pressure-based solver and the Coupled 
scheme, the Courant Number stabilizes the con-
vergence behavior. In these studies, the influence 
of time step size on the calculated aerodynamic 
characteristics of the rotor was not analysed. This 
is, of course, a very significant parameter affect-
ing the accuracy of simulations. However, sev-
eral credible, independent scientific works have 
examined this effect depending on various opera-
tional parameters of the rotor. Therefore, in this 
work, the time step size was selected based on 
the guidelines of Rezaeiha et al. [15] and own ex-
periences [21]. The time step size, Δt, was set in 
this work to 2.09e-05 seconds, equivalent to an 
azimuth increment of Δθ = 0.1 deg.

RESULTS AND DISCUSSION

This section presents the characteristics of 
two components of the aerodynamic force acting 
on the entire wind turbine rotor: the component 
parallel to the flow direction, known as thrust, and 
the lateral force. The obtained loads are then vali-
dated against experimental measurements to as-
sess the reliability of the adopted simplified 2-D 
numerical rotor model. In the next part of this 
section, aerodynamic loads on the rotor blade are 
analyzed. The Reynolds-averaged Navier-Stokes 
simulation was compared with high-fidelity ex-
perimental data in this next section of the paper.

Aerodynamic load components 

The two components of aerodynamic force, 
the streamwise (Tx) and lateral (Ty), are given as 
dimensionless coefficients:

 
 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (1)

where: ρ – air density, V0  – undisturbed flow ve-
locity, A – the frontal area of the turbine. 
In the considered rotor A = D · H, where 
H is the rotor height. 

Figure 3a depicts the dependence of both 
components, thrust and lateral, of the aerodynam-
ic force on the number of rotor revolutions. For 
clarity, only the results for a zero-pitch angle (β 
= 0 deg) are shown in this graph. In the case of 

the remaining analyzed pitch angles, the nature of 
the aerodynamic forces follows a similar pattern. 
Figure 3a also shows that the influence of initial 
conditions on these rotor operational parameters 
(TSR = 2.5) is noticeable only in the first few ro-
tations. Initial conditions, i.e., flow parameters at 
each control volume at t = 0 s, were assumed to 
be the same as at the inlet. This effect is visible 
in the aerodynamic loads corresponding to the 
first few revolutions in numerical simulations. 
To eliminate this effect, the number of rotations 
required to calculate depends on the rotor’s op-
erating parameters and geometry. Rogowski [21] 
also studied the rotor in laboratory-size scale but 
operating at TSR = 4.5. Rogowski determined 
that the minimum number of rotations necessary 
to achieve a power coefficient independent of ini-
tial conditions is 15. This result is consistent with 
the numerical research conducted independently 
by Rezaeiha [22], who additionally demonstrated 
that in the case of a rotor with higher solidity, σ, 
the number of rotations required for simulation 
slightly increases. The rotor solidity is defined in 
the case of Darrieus-type rotors as: 

 

 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (2)

where: c – chord length, N – number of turbine 
blades and D – rotor diameter.

Rezaeiha et al. [22] investigated rotors with 
solidities of 0.12 and 0.24. In the conducted in-
vestigations, this parameter was equal to 0.2. Ad-
ditionally, Rezaeiha et al. also demonstrated that 
for a more heavily loaded rotor operating at TSR 
= 2.5, the influence of initial conditions is signifi-
cantly reduced. The average power coefficient of 
the rotor becomes independent of initial condi-
tions after about ten full revolutions. As it can be 
seen in (Figure 3a), the results of both components 
of the aerodynamic force differ slightly from each 
other in each rotor revolution. However, this is 
the proper behavior of the numerical model and 
has several reasons. Primarily, the wind turbine 
rotor operates under significant geometric angles 
of attack of the rotor blades. The geometric angle 
of attack, αg, is determined based on the velocity 
triangle (Figure 3b) as [23]: 

 

 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (3)

This model of the geometric angle of attack 
is, of course, highly simplified. Determining the 
actual angle of attack is quite challenging. How-
ever, there are analytical methods allowing for 
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estimation of the actual angle of attack based on 
the velocity field, e.g. [24], indicate that in the up-
wind part of the rotor (for θ from 0 to 180 deg, see 
Figure 1), such an approximation is sufficient and 
enables understanding of certain phenomena. The 
actual angle of attack differs mainly in the down-
wind part (for θ from 180 to 360 deg) compared 
to the geometric angle. It is known that due to 
the deceleration of the flow velocity by the blades 
traveling in the upwind part, there can be a sig-
nificant decrease in the magnitude of the angle of 
attack depending on the tip speed ratio [9]. Figure 
3b shows that at TSR = 2.5, the angle of attack 
amplitude is significant; in this case, it is as much 
as 30 degrees. 

The second reason for the irregularity of 
the aerodynamic forces shown in (Figure 3a) is 

the local blade Reynolds number. The Reynolds 
number can be approximately estimated using the 
local geometric angle of attack introduced earlier 
and the local relative velocity, VR, given as: 

 

 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (4)

The local Reynolds number is equal to: 

 

 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (5)

where: μ – dynamic viscosity of air, c – chord 
length.

The local Reynolds number is given by equa-
tion 3, while its average value is only 21.860. The 
rotor of the investigated turbine operates in the 
range of subcritical Reynolds numbers and very 
large angles of attack. 

Figure 3. (a) Trust and lateral coefficient, (b) geometric angle of attack for zero-pitch angle configuration
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The irregularities shown in (Figure 3a) are 
also attributed to the turbulence model employed 
in this study. Using classical one- or two-equation 
turbulence models such as k-ω or k-ε leads to un-
realistic averaging of flow disturbances. Conse-
quently, the wake generated by the blades travel-
ing in the upwind part of the rotor rapidly dissi-
pates, resulting in a regular and repeatable aero-
dynamic force distribution for individual blades 
and the entire rotor. Rogowski et al., in their work 
[20], demonstrated a comparison of aerodynamic 
loads obtained using classical turbulence mod-
els and the Scale Adaptive Simulation approach 
for a one-bladed Darrieus rotor. Applying this 
technique allows for capturing much more flow 
detail and, consequently, a more irregular na-
ture of aerodynamic loads on the blades, which 
is more physically realistic. This action, howev-
er, involves the necessity of averaging the loads 
over a larger number of rotations than different 
approaches. Figure 4 shows the dependencies of 
CT,x and

 
CT,y averaged over one full rotor revolu-

tion. These values are presented as a function of 
the number of revolutions for the last ten calcu-
lated rotor revolutions. As it seen in this figure, 
the average values of the loads differ in each sub-
sequent revolution. However, it should be empha-
sized that the fluctuations of these average values 
are small. In the conducted investigation, it was 
also examined how the components of the aero-
dynamic force differ when the averaging time is 

increased. To achieve this, the times correspond-
ing to the averaged rotations ranging from 1 to 10 
full rotations of the rotor were investigated. The 
conducted research has shown that the relative 
difference of different averaging times compared 
to the averaging time corresponding to 10 com-
plete rotations is relatively small, not exceeding 
3.2% for CT,y and 1% for CT,x. Additionally, it was 
found that an averaging time equal to 5 full rota-
tions is sufficient. The relative errors of CT,y and 
CT,x components are 1.1% and 0.4%, respectively. 
Therefore, in all analyses conducted in this paper, 
the average values of the aerodynamic force com-
ponents were calculated using the data from the 
last five rotations of the rotor.

Validation 

Table 1 compares the calculated average val-
ues of the rotor aerodynamic loads with the val-
ues measured by Huang [9]. The obtained results 
of the CT,x component are slightly overestimated 
compared to the experimental values, but the na-
ture of the changes for cases β = 0° and β = –10°   
is similar. The agreement between the calculated 
and measured lateral aerodynamic force compo-
nent is even better. Significant differences were 
only observed for the case β = 10°, especially for 
the CT,x component. These differences can be ex-
plained based on the aerodynamic wake patterns 
behind the wind turbine rotor measured in the 

Figure 4. The mean coefficients of the aerodynamic force components for each of the last ten calculated 
rotations of the rotor
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experiment using the PIV method. In cases β = 
0°  and β = –10°, the aerodynamic wake is more 
“filled” in the equatorial plane compared to the 
case β = 10°. This is due to 3-D effects, which are 
strongest in this particular case. These effects are 
impossible to determine using a 2-D numerical 
approach. Despite the limitations of the applied 
approach, the largest absolute relative error ∆% is 
30% for CT,y and 21% for CT,x.

Aerodynamic loads on the rotor blade

The analyses above concerned averaged rotor 
aerodynamic loads. This part of the paper aimed 
to determine the aerodynamic load distribution 
along a single blade. Figures 5a and 5b depict the 
aerodynamic force components acting on a single 
rotor blade for the last calculated rotation of the 
rotor. The aerodynamic loads are presented as 
dimensionless coefficients for three pitch angles. 
The coefficients of tangential (CT) and normal 
(CN) aerodynamic forces are given by: 

 

 
 𝐶𝐶𝑇𝑇𝑥𝑥,𝑦𝑦 =

𝑇𝑇𝑥𝑥,𝑦𝑦
0.5𝜌𝜌𝑉𝑉02𝐴𝐴

 (1) 
 
 𝜎𝜎 = 𝑐𝑐 ∙ 𝑁𝑁 𝐷𝐷⁄  (2) 

 

 𝛼𝛼𝑔𝑔 = tan−1 ( sin𝜃𝜃
cos𝜃𝜃+𝑇𝑇𝑇𝑇𝑇𝑇) (3) 

 
 𝑉𝑉𝑇𝑇 = 𝑉𝑉0√(𝑇𝑇𝑇𝑇𝑇𝑇 + cos 𝜃𝜃)2 + (sin𝜃𝜃)2 (4) 
 
 𝑇𝑇𝑅𝑅 = 𝑉𝑉𝑅𝑅∙𝑐𝑐

𝜇𝜇  (5) 
  
 𝐶𝐶𝑇𝑇,𝑁𝑁 = 𝑇𝑇,𝑁𝑁

0.5𝜌𝜌𝑉𝑉02𝐴𝐴
 (6) 

1.  

 (6)

The tangential component of the aerody-
namic load is responsible for generating torque, 

which is the product of the tangential force and 
the distance from its point of application to the 
rotor axis. As it is shown in Figure 5b, this force 
is an order of magnitude smaller than the normal 
component. Moreover, as it can be seen from this 
figure, a large portion of all displayed CT char-
acteristics has a negative value. The average CT 
values for all analyzed pitch angles are negative 
and close to zero. Negative values of the tangen-
tial force indicate that a rotor with such a configu-
ration must be powered to maintain the desired 
operational conditions. The normal component 
(Figure 5a) is slightly shifted for angles β = –10° 
and β = 10°  compared to the β = 0°. This is due 
to the shift of the local attack angle at the intro-
duced pitch angles. Therefore, such behavior of 
the characteristics proves the correct qualitative 
functioning of the simplified numerical model. 
Numerous fluctuations of the components, on the 
other hand, indicate a very complex nature of the 
flow in the regime of deep dynamic stall.

Velocity deficit profiles

In this part of the paper, the Reynolds-aver-
aged Navier-Stokes simulation was compared 

Table 1. Calculated and measured CT,x and CT,y

Test case
Trust, CT,x Lateral, CT,y

Experiment CFD ∆% Experiment CFD ∆%

β = –10° 0.60 0.73 21.67 0.09 0.09 0.00

β = 0° 0.65 0.76 16.92 0.14 0.15 7.14

β = 10° 0.81 0.64 -20.99 0.39 0.51 30.17

Figure 5. Aerodynamic blade load coefficients at three pitch angles: (a) normal components, (b) tangential 
components
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with high-fidelity experimental data and with the 
actuator line model (ALM) results by Huang [9]. 
Figure 6 compares the velocity deficit profiles for 
two cases: β = 0° and β = 10°, where  Δu/V0 = 
1 – u/V0, where u represents a local air velocity 
component parallel to the undisturbed flow veloc-
ity. The results presented in this figure have been 
averaged over one full rotor revolution. In this 
case, the additional influence of averaging time 
on wake velocity characteristics was not tested. 
However, as it can be observed in (Fig. 6), the 
simplified 2-D model with the SAS approach rea-
sonably covers the velocity profiles for the  β = 0° 
case even at a distance of 10D downstream from 
the rotor. It can be further seen from Fig. 6 that 
the SAS approach provides more details about the 
flow itself. Unfortunately, the wake predictions 
for the most heavily loaded rotor (β = 10°) are 
significantly worse up to 5D behind the rotor. In 
this case, the reduced 2-D model shows signifi-
cant differences in velocity deficit profiles.

 As it is shown in (Figure 6), the ALM + 
RANS approach provides significantly higher fi-
delity compared to the CFD approach for the β 
= 10° case. The ALM approach incorporates a 

Figure 6. Velocity deficit profiles for (a) β = 0°, (b) β = 10°

Figure 7. Contours of normalized z-vorticity in the 
rotor area at three pitch angles
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Figure 8. Contours of normalized z-vorticity in the wake of the rotor at three pitch angles

Figure 9. Contours of streamwise velocity with in-plane velocity vectors for the VAWT at three pitch angles and 
at two positions behind the rotor. The photos come from Huang’s doctoral dissertation [25]. The authors of this 

paper have the permission to publish them



107

Advances in Science and Technology Research Journal 2024, 18(6), 97–109

three-dimensional rotor model, while to deter-
mine the velocity field in the rotor region, the 
URANS approach with the k-ε turbulence model 
was employed [9].

Figures 7 and 8 depict contours of normalized 
vorticity ωz for three analyzed pitch angles. In 
2-D flow, the velocity lacks a z-component, and 
the vorticity vector is parallel to the rotor axis. 
The red and blue colors correspond to opposite 
directions of the vorticity vector. Contour maps 
were prepared on two scales to illustrate differ-
ences in flow structure around the rotor and far 
downstream. Both figures compare instantaneous 
vorticity fields for the same azimuthal position. 
Calculations were performed for 40 complete ro-
tor revolutions to ensure fully developed vorticity 
fields. The results clearly demonstrate a similar 
flow character for cases of β = 0° and β = –10°, 
and a completely different character for the case 
of β = 10°.

CONCLUSIONS

The main aim of this paper was to validate a 
reduced numerical model of a vertical-axis wind 
turbine based on high-fidelity experimental data 
developed at TU Delft [9]. The model was simpli-
fied by replacing the three-dimensional rotor with 
a two-dimensional model. The primary numerical 
tool employed was the Scale Adaptive Simula-
tion approach with the Transition SST turbulence 
model. The results obtained allowed drawing the 
following conclusions:

The operating conditions and geometry of 
the rotor are extreme. Flow in the rotor region 
is highly complex, and the blades operate under 
conditions of deep dynamic detachment.

Significant differences in the aerodynamic 
wake compared to the experiment, especially 
for the case of β = 10°, are mainly due to 3-D 
phenomena. The 2-D model cannot account for 
changes in velocity and pressure in the axial di-
rection, as well as the interactions between the 
blades and the blade tips.

Introducing a significant positive pitch angle 
increases the local angle of attack and normal 
blade loading, resulting in the formation of strong 
trailing edge vortices that significantly modify 
the two-dimensional flow. Figure 9 depicts the 
time-averaged streamwise velocity contours and 
in-plane velocity vectors of the laboratory-scale 
VAWT operating at various pitch angles and in 

different positions behind the rotor. These findings 
were obtained through stereo-PIV measurements.

As long as the trailing edge vortices are small 
to moderate, the aerodynamic wake is more 
“filled” and uniform. Under such conditions, the 
reduced approach yields significantly better re-
sults. A pitch angle of 10 degrees significantly 
alters the lateral force and, therefore, modifies the 
wake geometry.  A positive pitch angle results in 
significant blade work under conditions of dra-
matic detachment but also significantly modifies 
the flow in the rotor wake. This effect can be uti-
lized in designing a wind farm with such rotors 
for passive control of wake geometry. Deterio-
ration of the aerodynamic properties of the up-
stream rotor may enhance the performance of the 
wind turbine array.

As it is shown in this paper, the 2-D CFD ap-
proach fails in the case of the most heavily loaded 
rotor. However, the 2-D model is attractive due to 
its low computational cost, even with the current 
level of computerization. Therefore, to complete-
ly rule out this approach in studies of such cases, 
it is necessary to examine one more significant 
aspect. Specifically, the impact of the rotor aspect 
ratio (AR), which is the ratio of the rotor height 
to its diameter, on the geometry of the aerody-
namic wake needs to be analyzed. Huang studied 
this effect using a two-bladed VAWT configura-
tion based on experimental research from Delft. 
The examined rotor had a diameter of 1 m and a 
blade chord length of 0.06 m. The aerodynamics 
of this rotor were analyzed at TSR = 4.5. Stud-
ies conducted using the ALM technique for ARs 
ranging from 1 to 10 showed that the thrust coef-
ficient of this rotor increased from 0.75 for AR 
= 1 to 0.91 for AR = 10. This suggests that the 
width of the aerodynamic wake should increase 
with AR. However, Huang’s studies focused only 
on the case of β = 0°. Therefore, a hypothesis can 
be proposed: in the case where β > 0° (or even 
β>>0°) and AR is sufficiently large, the 2-D CFD 
model will provide more physical results. This 
hypothesis, however, requires appropriate experi-
mental and numerical analyses.
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