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The aerodynamics and aeroacoustics of small-scale Darrieus vertical axis wind turbine
(VAWT) are investigated at chord-based Reynolds number below 4 × 105. A statistical temporal
and grid convergence study is conducted to analyse the thrust and torque coefficients. Four
different VAWTs with different numbers of blades (1, 2, 3, and 4) are investigated using both
the high-fidelity Lattice Boltzmann Method (LBM) and mid-fidelity Lifting Line Free Vortex
Wake (LLFVW) method. The statistical temporal convergence is achieved much earlier for the
1-bladed rotor than for the 3-bladed rotor, using both methods. Power performance analysis
reveals that VAWTs with more blades generate more power at lower Tip Speed Ratios (TSRs),
while VAWTs with fewer blades generate more power at higher TSRs. The aerodynamic
efficiency of each blade decreases as the number of blades increases, leading to a decreased
amplitude of rotor loading variation in a single rotation. Both the mid-fidelity LLFVW and
high-fidelity LBM capture these physical trends well. However, LLFVW predicts lower peak 𝐶𝑇

and 𝐶𝑄 values in a single rotation and higher streamwise velocities in the wake, as compared
to LBM. Moreover, the former predicts higher average power output than the latter, and the
discrepancy increases as the number of blades increases. In terms of noise, at constant TSR,
low-frequency BPF noise is found to be higher in VAWTs with fewer blades, while high-frequency
noise is found to be higher in VAWTs with more blades. Overall Sound Pressure Level values
revealed that overall noise increased with an increase in the number of blades except for the
4-bladed VAWT for which the noise decreased.
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Mid-fidelity, High-fidelity, Lifting Line method, Lattice Boltzmann Method, Vertical Axis Wind Turbine, Aerody-
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I. Nomenclature

𝑐 = blade chord, m
𝐶𝑑 = airfoil drag coefficient
𝐶𝑙 = airfoil lift coefficient
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𝐶𝑇 = thrust coefficient
𝐶𝑄 = torque coefficient
𝐶𝑃 = power coefficient
𝐷 = VAWT diameter, m
𝑓 = frequency, Hz
ℎ = grid spacing, m
𝐿 = blade length, m
𝑀 = free-stream Mach number
𝑛 = rotations per second, 1/s
𝑄 = VAWT torque, Nm
𝑟 = VAWT radius, m
𝑅𝑒 = Reynolds number
𝑅𝑒𝑐 = chord-based Reynolds number
𝑇 = VAWT thrust, N
𝑢 = uncertainty
𝑉∞ = freestream velocity, m/s
𝑉eff = resultant velocity, m/s
𝑉tip = blade tip velocity, m/s
𝜎 = VAWT solidity
𝜔 = VAWT rotational speed, rad/s
𝛼 = angle of attack, ◦
𝜆 = tip speed ratio
𝜌 = air density, kg/m3

II. Introduction
The aerodynamics and aeroacoustics of small-scale wind turbines operating at low Reynolds numbers have attracted

increasing interest. The focus on sustainability in urban areas has become more significant in recent years, as such areas
account for a substantial proportion of a nation’s carbon emissions. The United Nations reports that the global urban
population is projected to rise by 2.5 billion from 2018 to 2050, which equates to 68% of the world’s population residing
in urban areas, as opposed to the current 55% [1]. By adopting urban wind turbines as a more sustainable means of
energy generation, cities can work towards achieving carbon neutrality. In addition to reducing transmission losses and
increasing power generation efficiency [2, 3], localised off-grid systems can raise consumer awareness, thereby enabling
them to become energy producers.

The flow conditions in urban areas are turbulent in nature [4]. Consequently, vertical axis wind turbines (VAWTs)
have emerged as a more suitable option than horizontal axis wind turbines (HAWTs) due to their superior performance
in the urban environment [5]. Furthermore, Dabiri [6] has demonstrated that a VAWT wind farm installed in urban areas
can potentially generate an order of magnitude more power per unit area of the ground than a HAWT wind farm located
in rural onshore areas. Other advantages of VAWTs include lower cut-in speed and noise levels, omnidirectionality, and
ease of maintenance. The most commonly used type of VAWT at present is the Darrieus H-rotor, which comprises
straight airfoil-shaped blades that rotate vertically around an axis, generating torque primarily through the lift produced
by the blades. Darrieus VAWTs have considerable potential to enhance power generation capacity [7, 8]. However, the
rapid growth of the VAWT market will be closely linked to the attenuation of wind turbine rotor noise [9, 10].

VAWTs have a large 3D design space and one of the fundamental design parameters which plays a significant role in
determining the aerodynamic and aeroacoustic behaviour is the number of blades. In general, increasing the number of
blades of a turbine increases its starting torque, thereby enhancing its performance under low wind speeds. Nevertheless,
increasing the blade count also causes a reduction in the overall aerodynamic efficiency of the turbine, primarily because
of the presence of blade-wake/blade-vortex interactions and increased drag [11]. Several numerical and experimental
investigations have examined the impact of the number of blades on the aerodynamic performance of VAWTs.

Maeda et al. [12] conducted a wind tunnel experiment using a NACA 0021 blade to examine the effect of number of
blades on energy performance and aerodynamic forces. The results showed that the power absorbed by the turbine
is dependent on the upstream region of the azimuth angle, and the power coefficient decreases with an increase in
blade number. A VAWT with two blades provides higher annual generating capacity in high wind velocity areas,
while a VAWT with five blades is more suitable for low wind velocity areas. In a separate study, Li et al. [13] used
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Laser Doppler Velocimetry (LDV) to measure flow field characteristics and found that the relationship between power
coefficient (𝐶𝑃) and tip speed ratio varies with blade pitch angle, and the maximum 𝐶𝑃 differs with blade number. An
increase in blade number results in a decrease in the maximum value of 𝐶𝑃 and an increase in the maximum value
of torque coefficient 𝐶𝑄. Similar conclusions were reached in another study on the effect of variation in solidity by
varying the number of blades [14].

A study by Qu et al. [15] examined the impact of the number of blades on the self-starting performance of a VAWT
with self-adapting wind speed (VAWT-SWS), which was compared to a Darrieus straight-bladed wind turbine. The
study demonstrated that VAWT-SWS had better self-starting performance than the Darrieus turbine and that an increase
in the blade number improved static self-starting performance while degrading dynamic self-starting performance.
Sunyoto et al. [16] conducted wind tunnel experiments for an H-Darrieus wind turbine model and concluded that the
number of blades affected the rotor rotation, with more blades making it easier for the turbine to rotate at low wind
speeds and resulting in shorter performance and higher torque. Howell et al. [17] conducted similar wind tunnel
experiments for a 2- and 3-bladed VAWT, and their results support those of Sunyoto.

Delafin et al. [18] employed a vortex model to predict the power coefficient and forces on five different VAWTs with
varying numbers of blades (2, 3, and 4). The results indicated that increasing the number of blades while maintaining the
same solidity reduced torque, thrust, and lateral force ripples, and a third or fourth blade further reduced these ripples but
increased the frequency of maximum loads. Mohamed [19] used numerical simulations to investigate over 20 symmetric
and non-symmetric airfoil shapes for VAWTs and found that the S-1046 airfoil improved the power coefficient by
26.83% and efficiency by 10.87% compared to the conventional NACA airfoils. Using S-1046, a low solidity design is
recommended for the H-rotor Darrieus turbine to obtain a wider operating range since increasing solidity (by increasing
the number of blades) from 0.1 to 0.25 decreased the TSR operating range from 10 to 6. Meanwhile, Sun et al. [20]
investigated the effects of fixed offsetting pitching angles and changing blade numbers in VAWTs using the Unsteady
Reynolds Average Navier-Stokes (URANS) method. They found that at high wind speeds (> 9 m/s), a turbine with
three blades had a larger mean power coefficient than with five blades, and a turbine with more blades and an offsetting
pitching angle of -4 degrees had a smaller self-starting period and higher acceleration.

Rezaeiha et al. [21] conducted high-fidelity CFD simulations and found that increasing both solidity and blade
number caused the optimal tip speed ratio to shift towards lower values, leading to an increase in the maximum attainable
power. The rise in power was attributed to Reynolds number effects, with the increment in power being absent when
solidity was increased at a constant Reynolds number. In contrast, Castelli et al. [22] found that increasing the blade
number led to reduced efficiency and a lower peak power coefficient, but allowed the maximum power coefficient to be
reached at lower angular velocities. Increasing the blade number also led to a decrease in the radial component of the
aerodynamic forces, which is desirable from a structural perspective. Similar studies have been conducted by previous
researchers regarding the impact of the number of blades [23–32].

Limited studies have been conducted on noise sources in small-scale wind turbines, in contrast to extensive
investigations on large-scale Horizontal Axis Wind Turbines (HAWTs). The knowledge gained from the noise studies
of HAWTs cannot be applied directly to develop low-noise small-scale VAWTs, mainly because of the differences in
aerodynamic phenomena at Reynolds numbers (𝑅𝑒) ranging from 1 × 104 to 1 × 105 for the latter, and differences in
fluid dynamic interactions due to the axis of rotation of VAWTs being perpendicular to that of HAWTs. Several studies
have reported that VAWTs produce lower noise than HAWTs of similar size and power, which makes them suitable for
applications in urban areas [33–35].

The number of blades, or solidity, has a significant impact on the aeroacoustic performance of VAWTs. Higher blade
numbers can result in higher noise levels due to increased blade loading, which is a significant concern for their use in
urban areas [36]. Exposure to turbine noise has been definitively correlated with annoyance. Understanding the effect of
the number of blades on the aeroacoustic signature of VAWTs is therefore crucial for developing low-noise designs.

Mohamed [36] utilised CFD simulations in ANSYS Fluent and Ffowcs Williams and Hawkings (FW-H) methodology
to investigate the aerodynamic noise sources associated with VAWTs. The results indicate that a reduction in solidity
from 0.25 to 0.1 can decrease noise emissions by 7.6 dB. Additionally, the S-1046 airfoil has been found to be the most
optimal due to its minimal aerodynamic noise emissions. Another study by Mohamed [37] examined fifteen different
airfoil configurations, including three standard airfoils and twelve J-shaped designs with different cut ratios. The results
indicate that the J-shaped design did not contribute to any performance improvement and increased the noise emissions
at low frequencies (less than 2500 Hz), as compared to standard airfoils. Increasing solidity led to an increase in noise
generated at all frequencies due to an increase in blade drag and pressure fluctuations from the J-shaped design.

Rasekh et al. [38] demonstrated that increasing solidity increases the interference of blades with the wake region,
reducing the effective angle of attack and increasing steady loading noise at blade passage frequency (BPF). Averaged
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Overall Sound Pressure Level (OSPL) values (calculated by averaging the value of OSPL at different azimuthal positions)
increase as solidity decreases. Various other authors have worked on characterising the VAWT noise generated using
numerical and experimental methods [39–43].

Despite the available literature, there is still a lack of comprehensive studies using full 3D high-fidelity numerical
simulations on the flow physics of unsteady blade loads and downstream turbulent near-wake of VAWTs. Furthermore,
the capability of mid-fidelity analytical aerodynamic methods to capture the effects of blade number on VAWT force
and flow field is not well understood. In aeroacoustics, there is a research gap in identifying the impact of blade number
on VAWT aeroacoustic performance and noise sources. Therefore, this study aims to take the first step towards creating
a multi-fidelity simulation framework. This is achieved by conducting high-fidelity 3D aerodynamic simulations using
Lattice Boltzmann Method (LBM) and mid-fidelity simulations using the Lifting Line Free Vortex Wake (LLFVW)
method for straight-bladed VAWTs. Aeroacoustic post-processing is performed using the Ffowcs Williams and Hawkings
(FW-H) methodology to calculate the far-field noise.

The objective is to gain insights into the different fluid dynamic interactions for different number of blades that can
be captured by both methods. High-fidelity simulations enable accurate resolution of flow around VAWT blades and
downstream wake to study 3D effects on force and flow field, including non-uniform blade loading and non-uniform
wake, dynamic stall, blade-vortex interaction, and wake recovery. On the other hand, the mid-fidelity simulation offers
simplified modelling of the flow field using vortex lifting lines and aids in a fundamental understanding of the 3D
effects for different blade numbers. A comparative analysis between the two methods can determine the potential of the
mid-fidelity method as a substitute for high-fidelity simulation to save significant time and computational resources.

The paper is structured as follows. Section III presents the computational methodology used in QBlade and
PowerFLOW, and a description of the geometry and setup. Section IV presents the results obtained for Darrieus VAWTs
using both mid-fidelity LLFVW and high-fidelity LBM methods for different number of blades. Finally, section V
outlines the conclusion for the present study and recommendations for future studies.

III. Methodology and Setup

A. Numerical computations

1. Flow solver - QBlade
The lifting line method belongs to a family of various "vortex methods", the computational cost of which falls

somewhere in between low-fidelity momentum methods (BEMT, DMS, etc.) and high-fidelity CFD methods (Navier
Stokes, Lattice-Boltzmann). In the present study, the lifting line theory coupled to a free vortex wake model is used
to calculate the VAWT three-dimensional (3D) unsteady flow field past the rotor and the interaction between blade
and fluid flow [44, 45]. The LLFVW algorithm is based on nonlinear lifting line formulation by Garrel [46] and is
mentioned in detail by Balduzzi [45].

The fluid is modelled as incompressible, inviscid and irrotational; the blade is modelled with a single line of vortices
which is located on the quarter chord points of the blade. The wake is discretised into vortex line elements (straight or
curved) and these elements are shed at the blade trailing edges at every time step. They then undergo free convection
past the rotor ("free wake method") in which the position of the wake end nodes is updated based on the local velocity,
which is a combination of inflow velocity and induced velocity from all the wake elements in the domain. Nonlinear in
the "nonlinear lifting line formulation" means the circulation calculated on the lifting line bound vortices is acquired
from the nonlinear airfoil lift and drag data provided as input. Lift and drag forces are then calculated based on the local
angle of attack (𝛼).

The vortex elements are desingularised using the van Garrel’s cut-off method [47] with the vortex core size, taking
into account viscous diffusion via the vortex core size that is modelled through the kinematic viscosity 𝜈, a turbulent
vortex viscosity coefficient 𝛿𝑣 , and a time offset parameter 𝑆𝑐 using the below equation:

𝑟𝑐 =

(
5.03𝛿𝑣𝜈 (𝑡 + 𝑆𝑐)

1 + 𝜀

)1/2
(1)

The effects of unsteady aerodynamics and dynamic stall are introduced via the ATEFlap aerodynamic model [48, 49]
that reconstructs lift and drag hysteresis curves from a decomposition of the lift polars. The implemented ATEFlap
formulation has been further adapted to work under the complex conditions of VAWT exhibiting large fluctuations in the
angle of attack when rotating at low TSR [50]. Wake reduction schemes have been implemented to lower computational

4

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 9
, 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
36

42
 



requirements [48–51]. In the present study, all results with this method will henceforth be referred to with the ’LLFVW’
nomenclature.

2. Flow solver - PowerFLOW
The Lattice Boltzmann Method (LBM) is used to compute the flow field because it was shown to be accurate

and efficient for similar low Reynolds number rotor applications [52] [53]. The commercial software 3DS Simulia
PowerFLOW has been already validated for aerodynamic and aeroacoustic studies on rotors in general [54–56]. The
software solves the discrete Lattice Boltzmann (LB) equation for a finite number of directions. For a detailed description
of the method, the reader can refer to Succi [57] and Shan et al. [58], while to Chen and Doolen [59] for a review.
The LB method determines the macroscopic flow variables starting from the mesoscopic kinetic equation, i.e. the LB
equation. The discretization used for this particular application consists of 19 discrete velocities in three dimensions
(D3Q19), involving a third-order truncation of the Chapman-Enskog expansion [60]. The distribution of particles
is solved by means of the LB equation on a Cartesian mesh, known as a lattice. An explicit time integration and a
collision model are used. For the collision term, the formulation based on a unique Galilean invariant [61] is used. The
equilibrium distribution of Maxwell-Boltzmann is adopted [60].

To take into account the effect of the sub-grid unresolved scales of turbulence, a Very Large Eddy Simulation
(VLES) model is implemented. Following Yakhot and Orszag [62], a two-equations 𝑘 − 𝜖 Renormalization Group is
used to compute a turbulent relaxation time that is added to the viscous relaxation time. To reduce the computational
cost, a pressure-gradient-extended wall-model is used to approximate the no-slip boundary condition on solid walls
[63, 64]. The model is based on the extension of the generalised law-of-the-wall model [65] to take into account the
effect of pressure gradient. These equations are iteratively solved from the first cell close to the wall in order to specify
the boundary conditions of the turbulence model. For this purpose, a slip algorithm [59], obtained as generalization of a
bounce-back and specular reflection process, is used.

Far-field noise is computed using the Ffowcs Williams and Hawkings [66] (FW-H) acoustic analogy. In particular,
the formulation 1A of Farassat and Succi [67] extended to a convective wave equation is used in this study [68]. The
formulation has been implemented in the time domain using a source-time dominant algorithm [69]. Pressure fluctuations
are recorded on three permeable surfaces enclosing the wind turbine and its wake. These pressure fluctuations are used
as input to the FW-H solver, thereby including all noise sources inside the three surfaces. Pressure fluctuations are also
captured on all solid surfaces (blade surfaces), which when input to the FW-H solver will include noise sources only on
the solid surfaces.

3. Wind turbine geometry
A straight-bladed vertical axis wind turbine (VAWT) design with geometrical parameters that are replicated from

Balduzzi et al. [45] is utilised. The results obtained by Balduzzi et al. are employed to validate a single-bladed rotor. To
investigate flow physics, four different configurations are simulated with varying numbers of blades (1, 2, 3, and 4). An
example of the geometric model for the 2-bladed and 4-bladed rotors is shown in Figure 1, while Table 1 presents the
geometric values and operational conditions for all configurations. The VAWT solidity is set at 0.08 for the single-bladed
rotor and increases proportionally with the number of blades. The rotor aspect ratio for all configurations is 1.46. The
inclusion of additional blades (i.e., higher solidity) results in stronger three-dimensional (3D) effects and increased
blade-vortex interaction. These fluid dynamic interactions are expected to lead to differences in the unsteadiness of
VAWT blade loading, which, in turn, affects wake dynamics and aeroacoustic behaviour.

Table 1 VAWT geometry and operational settings

Blade
length (L)

Rotor
diameter (D)

Chord
length (c)

Freestream
velocity (V∞)

Airfoil

VAWT benchmark [45] 1.5 m 1.03 m 0.086 m 9 m/s NACA 0021

The current study involves high-fidelity LBM to simulate all the VAWT configurations. Each configuration is also
simulated using the mid-fidelity LLFVW method. Obtaining accurate and high-quality airfoil data is vital to produce
precise results through low and mid-fidelity methods. To achieve this objective, a virtual geometry is derived from the
NACA 0021 profile to account for the virtual camber effect [70]. This process is accomplished through the conformal
transformation technique based on the chord-to-radius ratio, as described by Bianchini et al. [71]. The transformed
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(a) 2-bladed (b) 4-bladed

Fig. 1 VAWT configuration used in this chapter (Balduzzi [45])

airfoil is presented in Figure 2 (a). Lift and drag polars are obtained for Reynolds numbers ranging between 1 × 105 and
1 × 106 using XFoil [72]. This process employs an NCrit value of nine and forced transition at the leading edge of
both the pressure and suction side. The airfoil static polar data is extrapolated to 360◦ angle of attack (AoA) using
the Montgomerie method [73] to ensure a smooth extrapolation in the post-stall regime. An example of the 360◦
extrapolated polars is presented by Balduzzi et al. [45].

4. Numerical setup
A simulation volume is implemented, which is a cube with each side measuring 100𝐷, with the Darrieus geometry

positioned at the centre of the volume. The boundary conditions are presented in Figure 2 (b). The velocity inlet is
set to the freestream velocity 𝑉∞ in the direction of the Y-axis. An ambient pressure of 101.325 kPa is applied at the
pressure outlet. The blade surface is subjected to a no-slip boundary condition. PowerFLOW generates a Cartesian
volume grid around the individual solid components in the domain by beginning with the minimum hexahedral cell
(voxel) size and a specified number of variable resolution (VR) levels. The VR levels are arranged in a range from fine
to coarse, with a voxel size change factor of 2 between adjacent VRs which creates distinct VR regions. The software
automatically intersects the Cartesian mesh with the solid parts to produce a collection of polygons, or surfels, that
represent the true surface of the body. To optimise computational efficiency, the present study utilises 17 VR regions,
with higher resolutions near the blade surface with an offset, and coarser regions located farther from the blade and
rotor. This methodology permits the allocation of computational effort primarily to areas of interest and where high
flow gradients are anticipated.

Figure 2 (b) presents three red spherical surfaces enclosing the rotor flow field, which function as FW-H permeable
surfaces to eliminate hydrodynamic fluctuations in the VAWT wake vortices. The averaging of pressure data obtained
from all the permeable surfaces assists in reducing spurious noise sources. The blade surfaces of the VAWT are
identified as FW-H solid surfaces. Although the use of the FW-H permeable formulation is a possible alternative, it
has not been utilised in this study since it is difficult to eliminate spurious noise sources from FW-H permeable data
using only three spherical surfaces in the context of a VAWT. In future studies, a separate investigation will examine the
implementation of the FW-H permeable formulation for VAWT aeroacoustics in a more efficient manner. To ensure
accurate acoustic wave capture, a criterion of a minimum of 15 points per wavelength is selected, and pressure data are
sampled at 8000 Hz for 8 complete rotor rotations. Subsequently, noise spectra are calculated using a Hanning window
with 50% overlap and a frequency resolution (Δf) of 15 Hz.

For the LLFVW simulation, Table 2 outlines the values of the simulation parameters utilised.

6

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 9
, 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
36

42
 



(a) (b)

(c)

Fig. 2 Numerical setup (a) Virtual camber airfoil (green) and original airfoil (red) for low-fidelity simulation (b)
Schematic representation of the simulation domain (c) Position of Darrieus blades over a single rotation, along
with velocity diagram in the blade reference frame (adapted from Shubham [74])

5. Flow conditions and grid settings
For the present study, the operational setting of the VAWT for the high-fidelity method (LBM) is depicted in Table

3, using the tip speed ratio (TSR) as a measure of the system’s operational condition. TSR is defined as the ratio of
the blade rotational speed and the freestream velocity, where 𝜔, 𝑟, and 𝑉∞ denote the rotational speed in radians per
second, the wind turbine radius, and the freestream velocity, respectively. The freestream velocity is kept constant at 9
m/s, which corresponds to the reference value [45], while 𝜔 is adjusted to vary the TSR value. This approach mimics
real-life situations, where the rotational speed is adapted based on wind speed measurements to maintain the TSR close
to its optimal value. The freestream Mach number (𝑀) is 0.026, and the chord-based Reynolds number (𝑅𝑒𝑐) is 1.73 ×
105. The high-fidelity method (LBM) is exclusively utilised for TSR = 3.3, while the mid-fidelity method (LLFVW) is
employed to simulate a range of TSR from 1 to 7. It is important to note that all operational conditions considered in
this study have 𝑅𝑒𝑐 below 4 × 105. The values of freestream turbulence intensity (𝐼𝑡 ) and turbulence length scale (𝐿𝑡 )
are set to 0.1% and 1 mm, respectively. However, it is anticipated, based on a prior study [55], that these parameters will
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Table 2 Simulation parameters used for the LLFVW method

LLFVW
Freestream velocity 𝑉∞ 9 m/s

Density 1.225 kg/m3

Kinematic viscosity 1.65 e-5 m2/s
Blade discretization 31 (cosine)

Azimuthal discretization 3 deg
Full wake length 12
Vortex time offset 1 e-4 sec

Turbulent vortex viscosity 100

not significantly influence the evolution of the unsteady flow field.

Table 3 VAWT operational settings for the high-fidelity method (LBM)

Parameter Value
Tip speed ratio (TSR) 3.3

Rotations per minute (RPM) 550.71
Chord-based Reynolds number (𝑅𝑒𝑐) 1.73 × 105

In the context of the grid convergence study, the high-fidelity LBM is used to simulate each TSR at four different
grid resolutions. The variable resolution (VR) regions near the blade surface have different voxel densities per chord
for ’Grid 1’, ’Grid 2’, ’Grid 3’, and ’Grid 4’, with the minimum and maximum voxel densities allocated to ’Grid 1’
and ’Grid 4’, respectively. The resolutions of other VR regions are adjusted proportionally. Table 4 presents the y+
values and voxels per chord for all the grid resolutions. The y+ value is a dimensionless parameter which represents the
distance of the first cell centre from the computational domain’s wall in the wall-normal direction and is calculated
using the average velocity value experienced by the blade at the mid-span location over a single rotation. The voxels per
chord indicate the number of grid cells along the blade chord direction.

The voxel sizes for ’Grid 1’ and ’Grid 4’ are 0.964 mm and 0.321 mm, respectively. For the 2-bladed VAWT,
the fine equivalent voxels in the computational domain are 5.3 million and 45.4 million for ’Grid 1’ and ’Grid 4’,
respectively. These fine equivalent voxels are obtained by multiplying the number of voxels by the time stepping
rate, which is directly proportional to the mesh resolution level. It is important to note that doubling the voxel size
results reduces the computational cost to half, as the time step also doubles. The CPU hours required for simulating 12
rotor rotations (1.31 s) using ’Grid 1’ and ’Grid 4’ for the 2-bladed VAWT are 2613 and 44720, respectively. These
simulations are conducted using a Linux workstation equipped with an AMD Ryzen Threadripper 3990X Gen3 64
Core 128GB DDR4 3GHz platform. Both the fine equivalent voxels and CPU hours scale proportionally with the
number of blades for different VAWT configurations. The physical time step for ’Grid 1’ and ’Grid 4’ corresponds to a
Courant-Friedrichs-Lewy (CFL) number of 1 in the finest VR level and is 4.53 × 10−6 s and 1.51 × 10−6 s, respectively.

Table 4 VAWT grid settings for the high-fidelity LBM simulation

Grid 1 Grid 2 Grid 3 Grid 4

VAWT benchmark [45]
y+ 100 62.5 50 33.3

Voxels per chord 8.9 × 101 1.42 × 102 1.78 × 102 2.67 × 102

The integral and time-varying behaviour of the VAWT thrust coefficient (𝐶𝑇 ) and torque coefficient (𝐶𝑄) are
reported and grid convergence parameters are analysed for all the above-mentioned cases. These coefficients are defined
as:
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𝐶𝑇 =
𝑇

0.5𝜌𝐴𝑉2
∞

(2)

𝐶𝑄 =
𝑄

0.5𝜌𝐴𝑉2
∞𝑟

(3)

where, 𝑇 and 𝑄 are VAWT thrust and torque respectively, 𝜌 is the air density, 𝐴 is swept area (𝐷 × 𝐿) where is 𝐷 is
rotor diameter and 𝐿 is blade length, 𝑅 is rotor radius and 𝑉 is freestream velocity. Using high-fidelity LBM, Sound
Pressure Level (SPL) spectra and Overall SPL (OSPL) values are also reported and analysed.

IV. Results

A. Grid convergence study and validation
Figure 3 depicts the temporal convergence characteristics of the thrust coefficient (𝐶𝑇 ) and torque coefficient (𝐶𝑄)

for two distinct VAWT configurations, namely the 1-bladed and 3-bladed rotor, as obtained using high-fidelity LBM
(for the finest Grid 4) and mid-fidelity LLFVW method. The reported values in the figures are representative of the
overall rotor, comprising all blades in a rotor. The corresponding uncertainty values (𝑢) are calculated as a percentage
of the standard deviation of thrust and torque values averaged over a complete rotation. These uncertainty values reflect
the degree of uncertainty or variability in the computed thrust and torque coefficients over time due to the inherent
unsteadiness and randomness in the fluid dynamic interactions. A smaller value of 𝑢 implies a higher level of confidence
in the simulation outcomes, indicating that the simulation has achieved temporal convergence. All 𝑢 values depicted in
the figures are calculated after the 10th rotor rotation for LBM and the 20th rotor rotation for LLFVW.

0 2 4 6 8 10 12
-0.5

0

0.5

1

1.5

2

2.5

(a) High-fidelity LBM

0 5 10 15 20 25
-0.5

0

0.5

1

1.5

2

2.5

(b) Mid-fidelity LLFVW

0 2 4 6 8 10 12
-0.1

0

0.1

0.2

0.3

0.4

(c) High-fidelity LBM

0 5 10 15 20 25
-0.1

0

0.1

0.2

0.3

0.4

(d) Mid-fidelity LLFVW

Fig. 3 Statistical temporal convergence study for VAWT thrust coefficient 𝐶𝑇 and torque coefficient 𝐶𝑄 using
the high-fidelity LBM and mid-fidelity LLFVW, for the finest Grid 4

It is observed from the figures that the statistical temporal convergence is attained much earlier for the 1-bladed
rotor than for the 3-bladed rotor, using both LBM and LLFVW methods. Specifically, convergence is reached after
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approximately 4 rotations for LBM and 6 rotations for LLFVW in the case of the 1-bladed rotor, while it takes around
8 rotations for LBM and 10 rotations for LLFVW for the 3-bladed rotor. The low values of uncertainty (𝑢) for both
configurations confirm the temporal convergence. Notably, the mid-fidelity LLFVW method is capable of accurately
capturing this unsteady phenomenon in a VAWT force field, as evidenced by the convergence results. Interestingly,
these outcomes are contrary to those reported by Rezaeiha [75], wherein more than 20 rotations were necessary to
attain temporal convergence in a high-fidelity CFD simulation. It is pertinent to mention that in this study, the LBM
simulations for the finer grid are initiated using the results from the coarser grid, which may have contributed to the
reduced transient period. This seeding approach conforms to the current best practice for simulations of this type, where
a coarser resolution is simulated first for a minimum of 10 rotor rotations. The final frame of this simulation is then used
to seed a finer resolution simulation, which is executed with an initial settling time of a few blade-passage periods [55].

Similarly, Figure 4 illustrates the temporal convergence of unsteady pressure data acquired using the high-fidelity
LBM for the finest Grid 4. The data is collected at a specific location in the blade mid-span plane of rotation, situated at
a distance of 7𝐷 from the VAWT centre, in the lateral direction (0,0,7𝐷). To conserve computational resources, the
pressure data is recorded starting from the 6th rotation. It can be observed that temporal convergence is achieved after
the 6th rotation for both 2-bladed and 4-bladed rotors. In this study, all subsequent results are reported on data obtained
after the 10th rotation for the high-fidelity LBM and the 20th rotation for the mid-fidelity LLFVW.

6 7 8 9 10 11 12

-0.5

0

0.5

1

(a) 2-bladed

6 7 8 9 10 11 12

-0.5

0

0.5

1

(b) 4-bladed

Fig. 4 Statistical temporal convergence study for unsteady pressure data at TSR = 3.3 at location (X,Y,Z)=(0,0,7D),
using the high-fidelity LBM for the finest Grid 4

Two VAWT configurations, a 1-bladed and a 2-bladed rotor, are studied using the four different grids. The results of
the grid convergence study for the overall rotor’s thrust coefficient (𝐶𝑇 ) and torque coefficient (𝐶𝑄) are depicted in
Figure 5. This type of study is crucial to verify the independence of the results from the numerical grid employed. The
grid resolution is expressed as the grid spacing ℎ, normalised with respect to the blade chord 𝑐, where ℎ corresponds to
the smallest grid size in the numerical domain. Furthermore, the figure shows the values obtained using the Richardson
extrapolation method [76], which can be used to calculate 𝐶𝑇 and 𝐶𝑄 when ℎ/𝑐 → 0, indicating the approach towards
the continuum limit or utilizing an infinite number of cells in the Cartesian grid. Each figure also displays the grid
convergence index (GCI), calculated based on the difference between two adjacent grid resolutions, providing an
estimate of the solution error [76, 77].

The results of the grid convergence study reveal that the thrust values show better grid convergence than the torque
values for both configurations. The 2-bladed rotor demonstrates the lowest GCI for thrust values between Grid 3 and
Grid 4. These findings suggest that a coarser grid can suffice to obtain converged blade loading values, while a finer
grid is required for converged blade torque or power values. This is due to the strong dependency of blade skin friction
and drag values on the variation in y+ values. Accurate prediction of airfoil drag for both low and high Reynolds
number flows is still an area of active research [78]. GCI34 is consistently lower than GCI23 for all cases, indicating that
increasing the grid resolution may result in more accurate and reliable results for the VAWT setup presented in this
study, as the difference related to the numerical grid decreases with higher resolution. However, it is worth noting that
this is not always the case with VAWT simulations, and the relative GCI values can vary depending on the simulated
tip speed ratio and rotor scale [76]. Furthermore, a previous investigation by Shubham et al. [76] revealed that the
grid convergence of Overall Sound Pressure Level (OSPL) was found to be comparable to that of thrust values and
better than torque values. As a result, Grid 4 is deemed to be converged for both aerodynamics and aeroacoustics and is
therefore selected for all future numerical simulations. It is considered sufficient to provide an accurate physical analysis
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(a) 1-bladed rotor

0 0.002 0.004 0.006 0.008 0.01 0.012
0.07

0.075

0.08

0.085

0.09

(b) 1-bladed rotor
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(c) 2-bladed rotor

0 0.002 0.004 0.006 0.008 0.01 0.012

0.075

0.08

0.085

(d) 2-bladed rotor

Fig. 5 Grid convergence study for VAWT thrust coefficient 𝐶𝑇 and torque coefficient 𝐶𝑄 using the high-fidelity
LBM

of VAWT fluid dynamic interactions.
Figure 6 depicts a comparison of the power coefficient (𝐶𝑃) values for the 1-bladed VAWT obtained from the

mid-fidelity and high-fidelity methods of the current study with the reference dataset reported by Balduzzi et al. [45].
The reference dataset consists of the mid-fidelity LLFVW method and the high-fidelity 3D CFD method, utilizing
the compressible formulation of the Reynolds-averaged Navier-Stokes (RANS) equations, only for a TSR of 3.3.
The LLFVW method predicts the typical VAWT power curve shape [79, 80] over the entire TSR range, exhibiting a
close agreement with the reference data. The 𝐶𝑃 value obtained at TSR = 3.3, using the high-fidelity LBM method
corresponding to Grid 4, closely matches all three other results. The validation of both numerical setups in the current
study is deemed to be excellent, not only with the published data but also between each other. Hence, they can be
utilised to further investigate VAWT fluid dynamic interactions and wake dynamics. The next sections will compare the
mid-fidelity and high-fidelity results for different numbers of blades, highlighting the effects of differences in numerical
modelling as the VAWT geometry changes, and aeroacoustic results.

B. Aerodynamics
Fig. 7 displays the power coefficient (𝐶𝑃) and thrust coefficient (𝐶𝑇 ) values obtained for the four VAWT configurations

with 1, 2, 3, and 4 blades. The mid-fidelity LLFVW is simulated for the entire range of TSR, while high-fidelity LBM is
simulated solely for TSR = 3.3. It is expected that high-fidelity simulations at TSR of 3.3, complemented by mid-fidelity
simulations encompassing a range of TSR values, will yield substantial insights into the fluid dynamic interactions of a
VAWT when the number of blades is varied.

The mid-fidelity results indicate several trends. At lower TSRs, more blades generate more power, while the
opposite is true at higher TSRs. At low TSR, blades act more independently and increasing solidity has little effect
on blade-wake/blade-vortex interaction, resulting in increased total blade tangential loading and power production.
As TSR increases, induction factor and blade-wake/blade-vortex interaction also increase, and increasing solidity
worsens tangential loading on each blade and overall rotor power. As a result, higher solidity produces a sharper
gradient in 𝐶𝑃 values than lower solidity cases over the entire range of TSR. These findings suggest that VAWT design
optimization aimed at improving its self-starting capability (𝐶𝑃 at very low TSR) would benefit from higher solidity
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LLFVW [Balduzzi]

CFD [Balduzzi]

Fig. 6 𝐶𝑃 values for a 1-bladed VAWT obtained using mid-fidelity LLFVW and high-fidelity LBM compared
with the results reported by Balduzzi et al. [45]
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(a) Power coefficient, 𝐶𝑃
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0
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1 blade

2 blades

3 blades

4 blades

(b) Thrust coefficient, 𝐶𝑇

Fig. 7 Power and thrust curve obtained for different number of blades using the mid-fidelity LLFVW and
high-fidelity LBM; line plot is for mid-fidelity LLFVW and single dot at TSR = 3.3 is for high-fidelity LBM

designs. Similarly, 𝐶𝑃 values show that optimal TSR decreases as the number of blades increases. These observations
are a well-established norm for a VAWT [5] and are reasonably modelled by the mid-fidelity approach. The thrust
coefficient (𝐶𝑇 ) shows a positive trend with both an increase in TSR and the number of blades. Above TSR = 3, VAWT
with a higher number of blades exhibits an asymptotic trend, with the values starting to decrease for 3- and 4-bladed
rotors as TSR increases.

At TSR of 3.3, the difference between 𝐶𝑃 values obtained using LBM and LLFVW increases with an increase in the
number of blades. LBM predicts lower 𝐶𝑃 values compared to LLFVW, except for the 1-bladed rotor where the match
is very good. The difference in 𝐶𝑃 values is small (0.0021) for the 1-bladed rotor, while it increases to 0.11, 0.15, and
0.25 for the 2, 3, and 4-bladed rotors, respectively. In the LBM case, the power generation becomes negative for the
4-bladed rotor. A similar trend is observed for the thrust coefficient (𝐶𝑇 ) values, where the difference between the two
methods increases with the number of blades. These observations suggest that the LLFVW method may not be able to
capture the complex 3D effects in the flow and force fields in a VAWT as strongly as LBM, especially when the number
of blades increases. This is particularly true in the near-wake region where blade-wake and blade-vortex interactions
are significant. This discrepancy is not unexpected, given the inherent differences in fluid modelling between the two
methods. For the same reason, the asymptotic or decreasing trend in 𝐶𝑇 values obtained using LLFVW for higher TSRs
is shown by LBM results even at a lower TSR of 3.3, where the 4-bladed rotor produces lower thrust than the 3-bladed
rotor. An investigation with even more blades can provide further insights into the effect of the number of blades on 𝐶𝑇

variation.
Figure 8 displays the variation in 𝐶𝑇 and 𝐶𝑄 for the overall rotor over a 360◦ azimuth angle at TSR = 3.3, as obtained

from high-fidelity LBM and mid-fidelity LLFVW methods. The figure also presents the average values over a complete
rotation which corresponds to the values shown in Figure 7. The investigation highlights that as the number of blades
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increases, the amplitude of variation in thrust and torque values over the azimuth angle reduces, resulting in a smoother
overall rotor loading variation. This is due to the distribution of the rotor loading over more blades as the number of
blades increases. Specifically, at any instant, the peak loading of one blade in the upwind part of the rotation is balanced
by a reduced loading of another blade in the downwind part of the rotation.
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0.5
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1.5

(a) High-fidelity LBM
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0
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(b) Mid-fidelity LLFVW
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-0.1

0

0.1
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(c) High-fidelity LBM
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0
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(d) Mid-fidelity LLFVW

Fig. 8 Variation of thrust coefficient 𝐶𝑇 and torque coefficient 𝐶𝑄 for the overall rotor over a complete rotation,
using the high-fidelity LBM and mid-fidelity LLFVW at TSR = 3.3

The mid-fidelity LLFVW and high-fidelity LBM both model this physical behaviour well. However, when comparing
the peak 𝐶𝑇 and 𝐶𝑄 values in the upwind and downwind parts of the rotation, LLFVW predicts lower values as
compared to LBM, except for the 2-bladed rotor where there is a good agreement. This trend can also be observed in the
statistical time convergence results shown in Figure 3. The cause of this trend is attributed to the XFOIL polar values
(𝐶𝑙 and 𝐶𝑑 vs angle of attack 𝛼) used in the analytical formulation of LLFVW, which influence the blade angle of
attack and induced velocity. These results suggest the need to modify the polars accordingly by incorporating empirical
corrections in future studies. Alternatively, the airfoil polar values for 360◦ AoA obtained from wind tunnel experiments
[81] could be used.

Figure 9 depicts the 𝐶𝑇 and 𝐶𝑄 variation of a single blade throughout a complete 360◦ azimuth at TSR = 3.3, as
predicted by high-fidelity LBM and mid-fidelity LLFVW methods. The average values of 𝐶𝑇 and 𝐶𝑄 are also shown.
For both upwind and downwind parts of the rotation, both 𝐶𝑇 and 𝐶𝑄 decrease monotonically with an increase in the
number of blades due to increased blade-wake and blade-vortex interactions, leading to degraded individual blade
aerodynamic efficiency. The downstream blades produce lower thrust and torque than the upstream blades, with the
contribution from the latter, as part of the overall rotor, increasing as the number of blades increases. The results also
reveal that the 4-bladed rotor produces negative torque for a significant portion of the downwind rotation, demonstrating
the extent of blade-wake interaction in high-blade-number VAWTs. The mid-fidelity LLFVW and high-fidelity LBM
both model these physical characteristics well. However, there is a mismatch in peak values between LLFVW and LBM
for 𝐶𝑇 and 𝐶𝑄 values, with LLFVW predicting lower values, and this mismatch improves slightly with an increase
in the number of blades. Additionally, the study demonstrates that LBM exhibits a more pronounced reduction in
blade performance with an increase in the number of blades, than LLFVW, highlighting a potential disadvantage of
vortex-based methods in modelling unsteady aerodynamic interactions and wake dynamics.

The above-mentioned unsteady force field characteristics can also be visualised from Figure 10, showing the variation
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Fig. 9 Variation of thrust coefficient 𝐶𝑇 and torque coefficient 𝐶𝑄 for a single blade over a complete rotation,
using the high-fidelity LBM and mid-fidelity LLFVW at TSR = 3.3

in blade normal forces (𝐹𝑛) over the equivalent 3D cylindrical surface traced by the VAWT blades at TSR = 3.3. Both
azimuthal and spanwise directions are compared for all four VAWT configurations between LBM and LLFVW. The
analysis indicates that normal blade forces degrade in the downwind part of rotation as compared to the upwind part,
which is well captured by both methods for all VAWT configurations. Furthermore, the decrease in peak normal forces
and the increase in the contribution of the upwind part, as compared to the downwind part, with an increase in the
number of blades are also observed. However, there are two key differences between the two methods. Firstly, LLFVW
predicts lower peak values of normal blade forces in both the upwind and downwind parts of rotation as compared
to LBM, as also seen in the thrust and torque values of a single blade and overall rotor seen earlier in Figures 9 and
8, respectively. Secondly, the 3D effects of tip vortices on the force field are more pronounced with LBM than with
LLFVW, as can be seen around ℎ/𝐻 of -0.5 and 0.5 in Figure 10. These observations further support the conclusion
that mid-fidelity vortex methods may not accurately model 3D fluid dynamic interactions, although their trends are
consistent with those of the high-fidelity LBM method.

In order to gain a deeper understanding of the impact of blade-wake and blade-vortex interactions on overall rotor
performance, it is essential to visualise the 3D VAWT flowfield. Figure 11 provides insight into instantaneous vortices
in the downstream part of the VAWT flowfield using iso-surfaces of the 𝜆2 criterion for TSR = 3.3. The size of the large
vortex structures, consisting of the coherent shed and trailing (tip) vortices, and smaller incoherent vortex structures,
increases proportionately in the flowfield as the number of blades increases. Shed vortices originate at 0◦ and 180◦
azimuth due to the change in the direction of airflow around the blade as it moves from the downwind to the upwind part
of rotation and vice versa. The coherent tip vortices shed from the tip of each blade are particularly significant, and their
effects can be observed in Figure 10 around ℎ/𝐻 of -0.5 and 0.5. These tip vortices convect downstream and create a
spiral flow pattern, also known as a "vortex ring," that wraps around the turbine’s axis. The density of these vortices in
the vortex ring increases as the number of blades increases.

The convective motion of the large vortex structures downstream is accompanied by wake expansion and progressive
disintegration into smaller-scale structures caused by flow instabilities and spatial modulation, which eventually dissipate
and mix with the ambient fluid [82, 83]. As the number of blades increases, the increase in blade vortex interaction
disturbs the ideal pressure and loading distribution along the chordwise and spanwise directions, leading to the lower
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(a) 1 blade, LBM (b) 1 blade, LLFVW

(c) 2 blades, LBM (d) 2 blades, LLFVW

(e) 3 blades, LBM (f) 3 blades, LLFVW

(g) 4 blades, LBM (h) 4 blades, LLFVW
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-20 -10 0 10 20 30 40 50 60

 F
n

 [N/m]

Fig. 10 Normal force contour for a single blade over azimuthal and spanwise directions, using the high-fidelity
LBM and mid-fidelity LLFVW, at TSR = 3.3
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(a) 1 blade (b) 2 blades

(c) 3 blades (d) 4 blades

Fig. 11 Instantaneous 3D flowfield using iso-surfaces of the 𝜆2 criterion for vortices visualization, using
high-fidelity LBM, at TSR = 3.3

aerodynamic performance of the downstream blades compared to the upstream blades (as observed earlier in Figures 8
and 9) which are exposed to undisturbed freestream flow.

Furthermore, as the number of blades increases, the downstream wake becomes stronger, resulting in lower
streamwise velocity values. This phenomenon is illustrated in Figure 12, which displays the instantaneous streamwise
velocity contours in the VAWT wake on a 2D plane located at the blade mid-span location, using both LBM and LLFVW
methods for TSR = 3.3.
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(a) 1 blade, LBM (b) 1 blade, LLFVW

(c) 2 blades, LBM (d) 2 blades, LLFVW

(e) 3 blades, LBM (f) 3 blades, LLFVW

(g) 4 blades, LBM (h) 4 blades, LLFVW

Fig. 12 Instantaneous streamwise velocity contours in the VAWT wake on a 2D plane located at the blade
mid-span location, using both LBM and LLFVW methods at TSR = 3.3
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The increase in blade number leads to more blockage to the flow, reducing the velocity induced at the upstream
blades, and this effect is further magnified at the downstream blades. Consequently, the aerodynamic performance of
downstream blades is inferior to that of the upstream blades, as evidenced by the results of thrust, torque and blade
normal forces presented in Figures 8, 9 and 10. Both LBM and LLFVW methods capture the reduction in streamwise
velocities with increasing blade numbers, but LLFVW predicts higher velocity values, and therefore less strong wake,
compared to LBM. This trend is consistent for all simulated VAWT configurations.

The strength of the downstream wake proportionately increases with the strength of the force distribution on an
airfoil or blade, such that an increase in blade number leads to a stronger wake, which is consistent with the increase
in overall rotor thrust shown in Figure 8. Moreover, the 2D vortex structures illustrated in Figure 12 for LBM are
more prominent than those for LLFVW. These structures are indicative of shed vortices, as demonstrated by a 3D
view presented in Figure 11, and the differences in vortex modelling approaches suggest that LBM is more effective in
capturing the blade vortex interaction.

After examining the wake characteristics of a VAWT in this study, it was found that the width of the velocity deficit
region at any downstream location in the near-wake increases with the number of blades. This result is consistent across
all simulations conducted using both the LBM and LLFVW methods. This is demonstrated in Figure 13, which shows
the streamwise velocity values averaged over a rotation. The values are plotted along lines situated at distances of 0𝐷
and 1𝐷 downstream from the VAWT centre at the blade-mid-span 2D plane and are illustrated in Figure 12 as black
dotted lines. Tavernier [84] similarly concluded using the Actuator Cylinder Theory when the ratio of loading in the
upwind to downwind half of rotation increases, resulting in a wider velocity deficit region, which is what happens when
the number of blades increases.
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(a) 1 blade
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(d) 4 blades

Fig. 13 Comparison of streamwise velocities, averaged over a rotation, in the downstream VAWT flowfield using
high-fidelity LBM and mid-fidelity LLFVW at two different locations at TSR = 3.3

The LLFVW method is found to predict higher streamwise velocities compared to LBM, especially at the centre
of the wake. In addition, the asymmetrical nature of the VAWT flow field is observed across all configurations, as
demonstrated by both methods used. Figure 14 visualises the instantaneous streamwise velocities experienced by the
VAWT blade at the most upstream (90◦) and most downstream location (270◦) for the 1-bladed and 3-bladed VAWT
configurations using high-fidelity LBM. An increase in the number of blades leads to a reduction in the induced velocity
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experienced by the upstream blade, which in turn results in a decrease in blade angle of attack (AoA) and aerodynamic
performance. The induced velocity further decreases for the downstream blades, resulting in an even lower AoA. These
variations in streamwise velocities are consistent with the results presented in Figure 12 on a larger scale of the overall
rotor wake.

(a) 1 blade, 270◦ (b) 3 blades, 270◦

(c) 1 blade, 90◦ (d) 3 blades, 90◦

Fig. 14 Comparison of instantaneous velocities experienced by the blade at the most upstream (90◦) and the
most downstream location (270◦) for the 1- and 3-bladed configurations, using the high-fidelity LBM at TSR = 3.3

Figure 15 reports unsteady pressure data from the VAWT obtained at two different locations, one at the rotor plane
([0,0,7𝐷]) and one out of the rotor plane ([4𝐷,0,7𝐷]), over a single rotor rotation obtained using high-fidelity LBM.
Both Figures 15 (a) and (b) show that an increase in the number of blades results in a decrease in the amplitude of
pressure fluctuations at both locations. This decrease is attributed to the reduction in the unsteady fluctuations in
overall rotor loading or thrust values, as previously shown in Figure 8. Additionally, the in-plane location exhibits more
prominent high-frequency pressure fluctuations than the out-of-plane location.

In Figure 15 (c), it is observed that the pressure fluctuations from a single blade increase proportionately with the
individual blade loading, with the highest fluctuations obtained for the case of a 1-bladed rotor. Additionally, Figure 15
(d) shows the individual contribution from both blades of a 2-bladed rotor, shifted by a phase angle of 180◦. The level
of constructive and/or destructive interference in the pressure fluctuations can be seen from this figure. For 3-bladed and
4-bladed rotors, a similar phase shift of 120◦ and 90◦, respectively, will be obtained.

Figure 16 reports the sound pressure level (SPL) values in dB/Hz over a frequency range of 20-2000 Hz obtained
using high-fidelity LBM, at the two observer locations considered in this study. The results indicate that the SPL
values for the 1-bladed and 2-bladed VAWTs are higher in the low-frequency range (20-40 Hz) compared to the other
configurations. This is attributed to the contribution of tonal blade passage frequency (BPF) noise, which arises due to
the larger amplitude of azimuthal rotor loading for these VAWTs as indicated in Figure 8. Conversely, the 3-bladed
and 4-bladed VAWTs produce more noise in the mid and high-frequency ranges. This observation is supported by the
pressure fluctuations data presented in Figure 15 (a) and (b), where high-frequency pressure fluctuations are significantly
higher in the 3-bladed and 4-bladed configurations than the other configurations. It is important to note that the noise
levels are generally higher at the in-plane location than at the out-of-plane location.

Figure 17 presents the directivity plot of the overall sound pressure level (OSPL) comparing VAWTs with varying
number of blades at TSR of 3.3. The OSPL values are obtained using high-fidelity LBM and are calculated within
the frequency range of 20-2000 Hz. For both the YZ and XY planes, noise levels exhibit an increasing trend with an
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Fig. 15 Raw unsteady pressure data for different VAWT configurations using the high-fidelity LBM at TSR =
3.3
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Fig. 16 Sound Pressure Level (SPL) spectra using the high-fidelity LBM at two different locations at TSR = 3.3

increase in the number of blades until the 3-bladed rotor, after which it decreases for the 4-bladed rotor. This observation
can be linked to the overall rotor thrust values depicted in Figure 7, where the VAWT thrust decreases for the 4-bladed
rotor following a monotonic increase up to the 3-bladed rotor. It should be noted that this study focuses on VAWTs
operating in a low Reynolds number regime, where blade loading noise is the predominant noise source [85].

On the YZ plane, both the 3-bladed and 4-bladed VAWTs exhibit an increase in noise levels at 180◦ azimuth, while a
decrease is observed at 0◦ azimuth. In contrast, the 1-bladed and 2-bladed VAWTs demonstrate relatively constant noise
levels throughout the entire 360◦ azimuth range. There are various noise sources in a VAWT [41, 79, 86, 87] and the
observed discrepancy indicates that some noise sources are more dominant in the former configurations as compared to
the latter configurations. Further investigation utilizing low-fidelity aeroacoustic prediction models [52] can provide
valuable insights into the specific contributions of different noise sources for different number of blades.
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(a) YZ plane, at blade mid-span location
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(b) XY plane, coinciding with VAWT rotational axis
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Fig. 17 Directivity plot of overall sound pressure level (OSPL) comparing VAWTs with different number of
blades at TSR = 3.3, along a circular array of 36 points situated at a distance of 7𝐷 from the origin of VAWT
([0,0,0])

V. Conclusions
This study presents a comprehensive investigation of the impact of the number of blades on the aerodynamic and

aeroacoustic properties of Darrieus vertical axis wind turbines (VAWTs). The research aims to achieve two objectives: to
facilitate the creation of a multi-fidelity simulation framework for VAWT optimization, and to examine the influence of
number of blades on VAWT performance. High-fidelity Lattice Boltzmann Method (LBM) 3D aerodynamic simulations
are conducted, and far-field noise is calculated using the Ffowcs Williams and Hawkings (FW-H) methodology.
Additionally, mid-fidelity simulations using the Lifting Line Free Vortex Wake (LLFVW) method are performed. The
investigation concentrates on examining the impact of number of blades on thrust and power performance, as well as
far-field noise. Furthermore, the study compares the 3D force-field and flow-field outcomes obtained with mid-fidelity
and high-fidelity approaches and identifies potential differences in the modeling of fluid dynamic interactions that may
result in variations in the results.

A straight-bladed Darrieus VAWT, with geometrical parameters replicated from the study conducted by Balduzzi
et al. [45], is employed in this study. The rotor configurations considered include 1-bladed, 2-bladed, 3-bladed, and
4-bladed rotors, with a solidity of 0.08 for the 1-bladed rotor and increasing proportionally to the number of blades. The
rotor aspect ratio for all configurations is 1.46. The LLFVW method is used to simulate a range of Tip Speed Ratios
(TSRs), while the LBM is used to simulate a TSR of 3.3 for all four geometries. Statistical temporal convergence is
achieved earlier for the 1-bladed rotor than for the 3-bladed rotor, for both methods, and confirmed by low uncertainty (𝑢)
values. Grid convergence results reveal that the thrust values exhibit better grid convergence than the torque values. The
finest of the four grids simulated exhibits the most favourable grid convergence and is subsequently chosen for further
flow physics analysis. For validation purposes, the power coefficient (𝐶𝑃) values obtained using LBM and LLFVW
methods are compared with reference data reported by Balduzzi et al. [45], and the results show excellent agreement.

The investigation found that the number of blades in a VAWT influences power generation, with more blades (higher
solidity) producing more power at lower TSRs, while fewer blades produce more power at higher TSRs. At low TSRs,
increasing the solidity has little effect on blade-wake/blade-vortex interaction, resulting in increased blade tangential
loading and power production. Conversely, at higher TSRs, increasing the solidity worsens the tangential loading and
reduces rotor power. Consequently, higher solidity results in a steeper 𝐶𝑃 gradient than lower solidity cases across the
entire range of TSR. The optimal TSR decreases as the number of blades increases, as indicated by 𝐶𝑃 values. Initially,
𝐶𝑇 increases with increasing TSR and blade number, but it slightly decreases at high TSR and for the 4-bladed rotor.
The study also shows that as the number of blades increases, the amplitude of variation in thrust and torque values
decreases, resulting in smoother overall rotor loading variations.
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The physical trends mentioned above are well captured by both the mid-fidelity LLFVW and high-fidelity LBM
methods. However, LLFVW predicts lower peak 𝐶𝑇 and 𝐶𝑄 values in the upwind and downwind regions compared to
LBM, except for the 2-bladed rotor where there is a good agreement. This discrepancy also exists when comparing
blade normal forces and streamwise velocities in the downstream near-wake region. This suggests that LLFVW may not
capture the complex 3D effects in VAWT flow and force fields as strongly as LBM, particularly as the number of blades
increases. As a result, the former predicts higher thrust and power values of the overall rotor compared to the latter. The
study suggests empirical modifications in the airfoil lift and drag polar values for the LLFVW method. The aeroacoustic
characteristics of all four VAWT configurations are also compared in the study. The low-frequency BPF noise was
found to be higher in VAWTs with fewer blades, due to the higher rotor loading or thrust values obtained. Whereas, the
high-frequency noise was found to be higher in VAWTs with more blades, due to a higher intensity of BVI between the
downstream blades and previously shed blade vortices. OSPL directivity plot revealed that overall noise increased with
an increase in the number of blades except for the 4-bladed VAWT for which the noise decreased.

This study examined the impact of one of the design parameters, the number of blades, on VAWT performance and
noise generation. However, given the large 3D design space of VAWTs, further investigation is necessary to assess the
impact of other geometric parameters, such as the central tower and supporting struts, aspect ratio, blade design, as well
as flow parameters, including non-uniform inflow, on aerodynamic performance and noise generation. Low-fidelity
aeroacoustic prediction studies are also suggested to understand the significance of different noise sources for different
VAWT configurations and operating conditions. Furthermore, it is essential to compare multi-fidelity approaches for
aerodynamics and aeroacoustics in all of the aforementioned studies. Accurate predictions by low-to-mid fidelity models
are crucial for efficient VAWT design optimization, improving power characteristics and reducing noise.
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