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This study investigates the impact of struts and a central tower on the aerodynamics and
aeroacoustics of Darrieus Vertical Axis Wind Turbines (VAWTs) at chord-based Reynolds
numbers of 8.12 × 104. A 2-bladed H-Darrieus VAWT is used, featuring a 1.5m diameter, a
solidity of 0.1 and a blade cross-section of symmetrical NACA 0021. The turbine design is kept
simple and straight-bladed which is essential for isolating and analyzing the specific effects
of struts and a tower. The high-fidelity Lattice Boltzmann Method (LBM) in PowerFLOW
6-2020 and the mid-fidelity Lifting Line Free Vortex Wake (LLFVW) method in QBlade 2.0
are employed, with the mid-fidelity method providing a faster analytical tool for insights into
the turbine performance. Firstly, both the LLFVW (mid-fidelity) and LBM (high-fidelity)
methods effectively capture the general trends observed in VAWT power performance. However,
the former predicts mean thrust values that are approximately 10% higher, and mean torque
values that are approximately 19% higher, in comparison to the latter. Subsequently, the
former predicts lower streamwise wake velocities relative to those predicted by the latter. These
differences increase in configurations that include struts and a tower (to 30% - 31%). Secondly,
the presence of struts and a tower leads to a reduction in both mean power (by 15% to 55%)
and thrust (by 3% to 3.6%), with a further small decrease observed when doubling the tower
diameter (power and thrust both by 0.5% to 3%). The struts predominantly affect the spanwise
distribution of blade loading, while the tower impacts the azimuthal variation of blade loading.
Additionally, the addition of struts and a tower reduces low-frequency noise (50-200 Hz) while
increasing high-frequency noise (> 300 Hz). The observed decrease in mean blade loading
results in reduced low-frequency noise, while the increase in high-frequency noise is ascribed to
the increased intensity of BWI/BVI leading to higher unsteady loading fluctuations on blades.
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𝑐 = blade chord, m
𝐶𝑇 = thrust coefficient
𝐶𝑄 = torque coefficient
𝐶𝑃 = power coefficient
𝐷 = VAWT diameter, m
𝑓 = frequency, Hz
𝐿 = blade length, m
𝑄 = VAWT torque, Nm
𝑅 = VAWT radius, m
𝑅𝑒𝑐 = chord-based Reynolds number
𝑇 = VAWT thrust, N
𝑢 = uncertainty
𝑉∞ = freestream velocity, m/s
𝜔 = VAWT rotational speed, rad/s
𝜌 = air density, kg/m3

II. Introduction
There is an increasing focus on sustainable development goals in urban areas, which contribute significantly to a

nation’s carbon emissions. By adopting urban wind turbines as a sustainable energy generation solution, cities can
make strides towards achieving carbon neutrality. According to a report by Wind Europe [1], the member states of the
European Union (EU-27) are advised to install 30 GW of wind energy annually to successfully achieve their renewable
energy objectives for 2030. However, there is a projected shortfall of 10 GW per year from 2023-2027 in meeting these
targets. In this context, urban wind turbines have the potential to serve as a viable solution for bridging this gap in
meeting the heightened demand.

The turbulent flow conditions prevalent in urban areas [2] have prompted the adoption of vertical axis wind turbines
(VAWTs) as a more suitable option compared to horizontal axis wind turbines (HAWTs) [3]. VAWTs offer several
advantages, including lower cut-in speeds, reduced noise levels, omnidirectionality (suitable for urban areas where
wind directions change frequently), and ease of maintenance [4]. As a result, the aerodynamics and aeroacoustics of
vertical axis wind turbines operating at low Reynolds numbers have gained significant attention in the past decade [2–5].
A common VAWT design [5, 6] is the straight-bladed Darrieus H-rotor [7], having airfoil-shaped blades that rotate
vertically around an axis, primarily generating torque through lift produced by the blades [8, 9]. VAWTs offer a wide
range of design possibilities [10], with the presence of a central tower and supporting struts being a critical aspect
of the design that significantly influences the aerodynamic and aeroacoustic characteristics. Various numerical and
experimental studies have been conducted to investigate the impact of the central tower and supporting struts on the
aerodynamic performance of VAWTs, which are discussed below.

Howell et al. [11] conducted wind tunnel experiments for 2- and 3-bladed Darrieus VAWTs and compared the
results with 2D and 3D CFD simulations using the RANS method. Significant differences were observed between the
power coefficients (𝐶𝑃) obtained by 2D and 3D simulations, where the former predicted values were 2-8 times higher
than the latter. This was attributed to the presence of blade tip vortices, flow divergence and additional struts and a
central tower. Similar order of magnitude differences in 2D and 3D CFD results were also obtained by various authors
[12–15]. Elkhoury et al. [16] carried out LES simulations along with wind tunnel experiments for a VAWT. The author
mentioned that the effect of connecting rods in a VAWT can only be neglected at low TSRs since their effect on 𝐶𝑃

values increases with TSR. Miao et al. [17] conducted CFD simulations using the Improved Detached Eddy Simulation
(IDDES) method using various strut profiles and found out that the profile and induced drag of struts reduce the VAWT
efficiency. The author also reported a linear increase in strut drag with an increase in profile thickness and a reduction
in strut drag with an increase in chord length. Siddiqui et al. [18] also conducted CFD simulations using the RANS
method and reported a decrease in VAWT efficiency and power production, additional profile drag and generation of
strong 3D vortices due to the addition of struts and a central hub.

De Marco et al. [19] conducted RANS simulations and showed that a balance is required in the number of VAWT
strut elements to achieve optimal aerodynamic performance, the finding of which is very similar to the effect of the
number of blades [5, 20]. Aihara et al. [21] employed the 3D RANS method to investigate the impact of struts and
towers on the distribution of blade force and VAWT rotor performance. The results indicate that while the presence
of struts significantly affects the blade force distribution and power coefficient, the tower effect does not produce
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remarkable differences. To investigate different strut profiles, Bachant et al. [22] conducted a comparative study of the
drag characteristics of a NACA 0021 airfoil and a cylinder strut. The high drag exhibited by the cylinder strut severely
impeded power generation, whereas the NACA airfoil strut experienced comparatively lower power losses and has lower
profile drag. Other authors have also suggested airfoil-shaped struts for better aerodynamic performance [23, 24].

Struts can also be modelled with mid-fidelity methods, which are capable of a faster analysis as compared to the
aforementioned CFD methods. This includes the 3D nonlinear lifting line method [25] in which the effect of struts can
be included as lifting bodies. Mendoza et al. [26] performed simulations using the 3D actuator line method and showed
that the VAWT wake structure was not significantly affected by either removing struts or the central tower and therefore
had a limited impact on overall performance.

An essential factor in increasing VAWT public acceptance is the reduction of noise generation [27, 28], which can
be affected by the presence of struts and a central tower. Although only limited studies have been conducted on noise
sources in VAWTs, 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 [29–31].

Despite the available literature, there is a lack of systematic in-depth investigations into unsteady blade loads and
downstream turbulent near-wake of VAWTs using full 3D high-fidelity numerical simulations to understand the effect of
struts and tower. Furthermore, the capability of mid-fidelity analytical aerodynamic methods to capture the effects of
struts and a central tower on VAWT force and flow field is not well understood. Therefore, the present study performs
simulations using a multi-fidelity simulation framework, which aims to combine the accuracy of the high-fidelity
method and the speed of numerical simulations of the mid-fidelity method. This is achieved by conducting high-fidelity
aerodynamic simulations using the Lattice Boltzmann Method (LBM) and mid-fidelity simulations using the Lifting
Line Free Vortex Wake (LLFVW) method for straight-bladed VAWTs. Furthermore, aeroacoustic post-processing is
performed using the Ffowcs Williams and Hawkings (FW-H) methodology to calculate the far-field noise, to identify
the impact of struts and central tower on VAWT aeroacoustic performance and noise sources.

The first objective is to compare the results obtained using the mid-fidelity and high-fidelity methods and investigate
any differences observed. Secondly, the aim is to gain insights into the different fluid dynamic interactions that arise due
to the presence of struts and a central tower. Finally, the effect of struts and a central tower on VAWT aeroacoustics
will be understood which will be crucial in developing low-noise designs. High-fidelity simulations enable accurate
resolution of flow around VAWT blades and downstream wake, while, the mid-fidelity simulation offers simplified
modelling of the flow field using vortex lifting lines and aids in only a fundamental understanding of the 3D effects such
as non-uniform blade loading and wake, dynamic stall, blade-vortex interaction, and wake recovery. A comparative
analysis between the two methods can also 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. Section IV describes the geometry and setup used. Section V presents the results obtained using both
mid-fidelity LLFVW and high-fidelity LBM for all three VAWT configurations. Finally, section VI outlines the
conclusions of the current study and suggests future recommendations.

III. Computational Methodology
This section describes the computational methodologies employed in the study, focusing on two flow solvers:

QBlade and PowerFLOW. These solvers are instrumental in analyzing the aerodynamic and aeroacoustic performance
of Vertical Axis Wind Turbines (VAWTs) under various configurations. The methodologies are chosen for their proven
accuracy and efficiency in similar low Reynolds number rotor applications, providing a comprehensive understanding of
the VAWT force and flow field.

A. Flow solver - QBlade
The lifting line method is used to compute the force and flow field because it was shown to be accurate and efficient

for similar low Reynolds number rotor applications [32–34]. This method is a part of the broader category of vortex
methods, characterized by a computational cost that is intermediate between low-fidelity momentum methods (such
as BEMT and DMS) and high-fidelity Computational Fluid Dynamics (CFD) methods, including Navier-Stokes and
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Lattice-Boltzmann approaches. 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 [35, 36]. The LLFVW algorithm is based on nonlinear lifting line formulation by Garrel [37] and is
mentioned in detail by Balduzzi [36].

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 [38] with the vortex core size, taking
into account viscous diffusion via the vortex core size that is modelled through the kinematic viscosity a, a turbulent
vortex viscosity coefficient 𝛿𝑣 , and a time offset parameter 𝑆𝑐 using the below equation:

𝑟𝑐 =

(
5.03𝛿𝑣a (𝑡 + 𝑆𝑐)

1 + Y

)1/2
(1)

The effects of unsteady aerodynamics and dynamic stall are introduced via the ATEFlap aerodynamic model [39, 40]
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 [41]. Wake reduction schemes have been implemented to lower computational
requirements [39–42]. In the present study, all results with this method will henceforth be referred to with the ’LLFVW’
nomenclature.

B. 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 [32, 43–46]. The commercial software 3DS Simulia
PowerFLOW has been already validated for aerodynamic and aeroacoustic studies on rotors in general [47–49]. 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 [50] and Shan et al. [51], while to Chen and Doolen [52] 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 [53]. 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 [54] is used. The
equilibrium distribution of Maxwell-Boltzmann is adopted [53].

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 [55], 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
[56, 57]. The model is based on the extension of the generalised law-of-the-wall model [58] 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 [52], obtained as generalization of a
bounce-back and specular reflection process, is used.

Far-field noise is computed using the Ffowcs Williams and Hawkings [59] (FW-H) acoustic analogy. In particular,
the formulation 1A of Farassat and Succi [60] extended to a convective wave equation is used in this study [61]. The
formulation has been implemented in the time domain using a source-time dominant algorithm [62]. 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. In the present study, all results with this method will henceforth be referred to with the ’LBM’
nomenclature.
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IV. Geometry and Setup

A. Wind turbine geometry
Three different geometric configurations of straight-bladed Darrieus VAWT are simulated in the current study.

The geometric models for the first two configurations are shown in Figure 1. The first configuration consists of only
two blades, without struts and a central tower. The second configuration consists of two blades along with four struts
(connected to each blade at 24% of the length of the blade) and a central tower (designated as Tower A), which is
the same geometry used by Brandetti et al. [43]. For validation, numerical findings from Brandetti et al. [43] and
experimental data from LeBlanc et al. [63, 64] are employed. It is important to note that while the reference studies
employ boundary layer (BL) trips at a 15% chord location, on both the pressure and suction sides of the blade, the
current investigation does not use them. The experimental results are present for both with and without trip, and the
latter will be used for validating the results of the current study. Finally, in the third configuration, the diameter of the
central tower is increased to twice the diameter of the second configuration and the tower is named ’Tower B’. Table 1
presents the geometric values for all configurations and Table 2 presents the geometric values for the struts and central
tower. The VAWT solidity is set at 0.1 and the rotor aspect ratio is 1 for all configurations.

(a) First configuration - only the two
blades

(b) Second configuration - two
blades, with struts and central tower
A

Fig. 1 First two VAWT geometric configurations used in this chapter; for the third configuration, the diameter of
the central tower, referred to as Tower B, is increased to twice that of Tower A while keeping the struts unchanged

Table 1 VAWT geometrical parameters for all three configurations

Blade
length (𝐿)

Rotor
diameter (𝐷)

Blade
chord (𝑐)

Blade
airfoil

1.5 m 1.5 m 0.075 m 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. Ensuring the accuracy and quality of airfoil polar data is crucial for
the accuracy of results in mid-fidelity aerodynamic simulations. To ensure this, XFoil [65] is used to obtain the lift and
drag polars for the NACA 0021 airfoil (shown in Figure 2 (a)) for Reynolds numbers ranging between 5× 104 to 1× 106.
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 [66] to
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Table 2 Geometrical parameters for the struts and central tower, labelled as Tower A, in the second configuration;
for the third configuration, the diameter of the central tower, referred to as Tower B, is increased to twice that of
Tower A while keeping the struts unchanged

Strut
length (𝐿𝑠)

Strut
chord (𝑐𝑠)

Strut
airfoil

Strut
location

Tower
diameter (𝐷𝑡 )

Tower
length (𝐿𝑡 )

0.75 m 0.06 m NACA 0018 0.36 m from blade tips 0.06 m 1.5 m

ensure a smooth extrapolation in the post-stall regime. The same method for 360◦ polar extrapolation for a VAWT is
also used by Balduzzi et al. [36].

B. Numerical setup
For the high-fidelity LBM setup, a cubic simulation volume of 100𝐷 per side is employed, with the Darrieus

geometry positioned at the centre. Boundary conditions are described in Figure 2 (b). The velocity inlet corresponds to
the freestream velocity 𝑉∞ along the Y-axis, while an ambient pressure of 101.325 kPa characterizes the pressure outlet.
The blade surface has a no-slip boundary condition.

(a) (b)

Fig. 2 Numerical setup (a) NACA 0021 airfoil (b) Schematic representation of the simulation domain for the
high-fidelity simulation

PowerFLOW constructs a Cartesian volume grid around the solid components in the domain, starting with the
smallest hexahedral cell (voxel) size and a designated number of variable resolution (VR) levels. For computational
efficiency, this study employs 17 VR levels, with higher resolutions in proximity to the blade and strut surfaces and
coarser resolutions situated further away from them. This approach helps in allocating the computational resources to
regions of significant interest and where high-flow gradients are expected. VR levels span from fine to coarse, with a
voxel size factor of 2 between successive VRs, which creates distinct VR regions. The software seamlessly integrates
the Cartesian mesh with solid components, generating a set of polygons, termed surfels, which accurately depict the
solid body surface.

Figure 2 (b) presents three red spherical surfaces enclosing the rotor flow field, which function as FW-H permeable
surfaces to eliminate hydrodynamic fluctuations arising from the VAWT wake vortices. The averaging of pressure
data obtained from all the permeable surfaces assists in reducing those 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
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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 more efficiently. 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 12 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 mid-fidelity LLFVW simulation, Table 3 outlines the values of the simulation parameters utilised which are
adopted from previous studies [32, 36].

Table 3 Simulation parameters used for the LLFVW method

LLFVW
Density 1.225 kg/m3

Kinematic viscosity 1.65 e-5 m2/s
Blade discretization 21 (cosine)

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

Turbulent vortex viscosity 20

C. Flow conditions and grid settings
In this study, the VAWT operational parameters are listed in Table 4. The system’s operational condition is quantified

using the tip speed ratio (TSR), defined as the ratio of the blade rotational speed to the freestream velocity, represented
as 𝜔𝑅/𝑉∞. Here, 𝜔, 𝑅, and 𝑉∞ denote the rotational speed, rotor radius, and freestream velocity, respectively. The
freestream velocity remains consistent at 4 m/s, aligning with the reference study by Brandetti et al. [43], while
variations to 𝜔 modify the TSR. The chord-based Reynolds number (𝑅𝑒𝑐) is calculated to be 8.12 × 104, based on the
mean velocity the VAWT blade encounters in a single rotation.

Table 4 VAWT operational setting for the high-fidelity method (LBM); mid-fidelity (LLFVW) is used for TSR 1
to 7

Parameter Value
Tip speed ratio (TSR) 4

Rotational speed 203.718 RPM
Freestream velocity 𝑉∞ 4 m/s

Chord-based Reynolds number (𝑅𝑒𝑐) 8.12 × 104

The freestream turbulence intensity (𝐼𝑡 ) and turbulence length scale (𝐿𝑡 ) are designated as 0.1% and 1 mm,
respectively. A previous study by Casalino et al. [48] suggests that these parameters likely exert negligible influence
on the evolution of the unsteady flow field. All operational conditions explored herein present chord-based Reynolds
numbers (𝑅𝑒𝑐) beneath 4 × 105.

The utilization of multiple fidelity levels in this study allows for a pragmatic balance between computational cost
and accuracy. To keep computational costs low for this investigation, the high-fidelity LBM is employed solely at TSR =
4 which gives an accurate in-depth analysis of the VAWT force and flow field. Additionally, taking advantage of faster
computations for the mid-fidelity method, it is applied across a TSR spectrum from 1 to 7 which will allow exploring a
wide range of operating conditions. This is anticipated to provide comprehensive insights into the VAWT fluid dynamic
interactions arising from the presence of struts and a tower.
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D. Grid convergence setup
For the grid convergence study, the high-fidelity LBM is utilized to simulate the first VAWT configuration, comprising

only the blades, across three distinct grid resolutions. Near the blade surface, VR regions are implemented with different
voxel densities per chord for the resolutions termed ’Grid 1’, ’Grid 2’, and ’Grid 3’. The minimum and maximum voxel
densities are designated to ’Grid 1’ and ’Grid 3’, respectively, with other VR region resolutions adjusted proportionally.
Table 5 presents the y+ values and voxels per chord for each grid resolution. The y+ value, a non-dimensional parameter,
represents the distance of the first cell centre from the computational domain wall in the wall-normal direction. This
value is derived from the mean velocity value experienced by the blade at its mid-span location during a single rotation.
The voxels per chord quantify the number of grid cells along the blade chord direction.

For the grid resolutions ’Grid 1’ and ’Grid 3’, the minimum voxel sizes are 0.826 mm and 0.413 mm, respectively.
In the computational domain of the 2-bladed VAWT, ’Grid 1’ comprises 7.06 million fine equivalent voxels, while ’Grid
3’ encompasses 24.6 million. These fine equivalent voxels are obtained from the multiplication of the total voxel count
with the time stepping rate, which is directly associated with the mesh resolution level. Evaluating the computational
resource required, in terms of CPU hours needed for 12 rotor rotations (3.53 s), ’Grid 1’ and ’Grid 3’ configurations of
the 2-bladed VAWT demand 3261 and 46380 CPU hours, respectively. These computations are executed on a Linux
workstation, powered by an AMD Ryzen Threadripper 3990X Gen3 processor with 64 cores and a 128GB DDR4
3GHz platform. Notably, both the fine equivalent voxels and CPU hours exhibit similar values across all three VAWT
configurations, with only a marginal increase for configurations including struts and tower. The physical time step for
’Grid 1’ and ’Grid 3’ corresponds to a Courant-Friedrichs-Lewy (CFL) number of 1 in the finest VR level and is 7.51 ×
10−6 s and 3.76 × 10−6 s, respectively.

Table 5 VAWT grid settings for the high-fidelity LBM simulation

Grid 1 Grid 2 Grid 3

First configuration - only blades y+ 50 33.3 25
Voxels per chord 9.1 × 101 1.36 × 102 1.81 × 102

V. Results

A. Temporal and grid convergence study
In this section, the temporal and grid convergence of the current VAWT setup is reported to check the reliability of

the results. Firstly, temporal convergence is compared between the first two VAWT configurations for both aerodynamics
and aeroacoustics. Secondly, grid convergence is investigated between different numerical grids for only the first VAWT
configuration

1. Temporal convergence
Figure 3 depicts the statistical temporal convergence characteristics of the thrust coefficient (𝐶𝑇 ) and torque

coefficient (𝐶𝑄) for two VAWT configurations: the first configuration without any struts and tower, and the second
configuration with struts and tower A. These coefficients are defined as:

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. The results are obtained using both high-fidelity LBM (for the finest grid) and
mid-fidelity LLFVW method. 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.
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(a) High-fidelity LBM
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(b) Mid-fidelity LLFVW
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(c) High-fidelity LBM
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-0.1

0

0.1

0.2

0.3

(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 3; the values are representative of the overall
rotor

All 𝑢 values depicted in the figures are calculated after the 10th rotor rotation for LBM and the 20th rotor rotation
for LLFVW (the latter takes more rotations to reach convergence, as compared to the former). These specific time
points are chosen to ensure a sufficient number of rotations for the simulation to reach a state of temporal stability and
reliability, allowing for meaningful uncertainty assessment [67]. The reported values in the figures are representative of
the overall rotor, comprising all blades and struts/tower (if present).

It is observed that temporal convergence is achieved at the same number of rotations when comparing the first
and second configurations for any given parameter. This indicates that the presence of struts and a tower does not
significantly influence the unsteady blade loading (since thrust and torque are directly derived from blade loading). A
notable difference in the number of rotations required for convergence between thrust and torque values is evident when
utilizing either of the two numerical methods. More precisely, regarding the 𝐶𝑇 values, convergence is attained after
approximately 4 rotor rotations for LBM simulations and 10 rotor rotations for LLFVW simulations. Conversely, for
the 𝐶𝑄 values, temporal convergence requires roughly 6 rotor rotations for LBM and 15 rotor rotations for LLFVW
simulations. Therefore, thrust values demonstrate faster convergence, as shown by the low uncertainty values (𝑢), in
contrast to torque values. This observation is consistent with previous studies on VAWTs operating at low Reynolds
numbers [32, 68], further corroborating the present study outcomes.

Interestingly, these outcomes are contrary to those reported by Rezaeiha [69], wherein more than 20 rotations
were necessary to attain temporal convergence in a high-fidelity CFD simulation using the incompressible Unsteady
Reynolds-Averaged Navier-Stokes (URANS) method. 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 [48].

Figure 4 illustrates the temporal convergence of unsteady pressure data for the VAWT setup without struts and
the central tower, using the high-fidelity LBM and the finest grid utilized in this study. Pressure data are sampled
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at two distinct locations, both aligned along a line parallel to the VAWT rotational axis and positioned laterally at a
distance of 2.6𝐷, the precise coordinates being (0,0,2.6𝐷) and (0.87𝐷,0,2.6𝐷). The analysis indicates that the temporal
convergence is achieved after the 6th rotor rotation for both locations.

6 7 8 9 10 11 12
-0.4

-0.2

0

0.2

0.4

0.6

(a) At location (X,Y,Z)=(0,0,2.6𝐷)

6 7 8 9 10 11 12
-0.4

-0.2

0

0.2

0.4

0.6

(b) At location (X,Y,Z)=(0.87𝐷,0,2.6𝐷)

Fig. 4 Statistical temporal convergence study for unsteady pressure data for the first configuration without
struts and tower at TSR = 4, at two different locations using the high-fidelity LBM for the finest grid 3

Consequently, keeping in mind the temporal convergence of both aerodynamics and aeroacoustics, all subsequent
results presented are based on data acquired after the 6th rotor rotation for the LBM and the 15th rotation for the LLFVW
methodology.

2. Grid convergence
Figure 5 illustrates the results of the grid convergence analysis for the first VAWT configuration without the struts

and central tower. The figure shows the fluctuation of the phase-locked normal force coefficient (𝐶𝐹𝑛) spanning three
different numerical grids employed in the LBM simulations, over a single 360◦ rotation for a single blade. The data
presented contains the sum of contributions of all points on the blade. Such an investigation is essential to understand
the independence of the derived results from the chosen numerical grid, thereby affirming the robustness and accuracy
of the simulations. The findings indicate that the normal forces exhibit satisfactory agreement between grid 2 and grid 3,
covering both the upwind and downwind segments of the rotor rotation.

0 45 90 135 180 225 270 315 360
-0.5

0

0.5

1
LBM - Grid 1

LBM - Grid 2

LBM - Grid 3

Fig. 5 Grid convergence study for phase-locked VAWT normal force coefficient 𝐶𝐹𝑛 of a single blade, using the
high-fidelity LBM for TSR = 4

The grid convergence for mean 𝐶𝑇 and 𝐶𝑄 values has been investigated for the first VAWT configuration, as shown
in Figure 6. The values represent the entire rotor, encapsulating both blades of the VAWT. The resolution of the grid is
characterized by the grid spacing (ℎ), normalized with the blade chord (𝑐). Notably, ℎ denotes the smallest grid (voxel)
dimension within the computational domain. Additionally, the figure shows the values obtained via the Richardson
extrapolation technique [68], which calculates the value of 𝐶𝑇 and 𝐶𝑄 as ℎ/𝑐 → 0. This extrapolation physically
symbolizes the approach towards the continuum threshold, wherein an infinite number of cells is utilized in the Cartesian
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grid. Furthermore, the Grid Convergence Index (GCI) (calculation of GCI is mentioned in previous studies [68, 70]) for
each respective case is listed, based on the variation between successive grid resolutions [68, 70] and is an important
parameter for estimating the potential error in the solution.

0 0.002 0.004 0.006 0.008 0.01 0.012
0.62

0.64

0.66

0.68

0.7

0.72

(a) Thrust values

0 0.002 0.004 0.006 0.008 0.01 0.012
0.03

0.04

0.05

0.06

(b) Torque values

Fig. 6 Grid convergence study for VAWT thrust coefficient𝐶𝑇 and torque coefficient𝐶𝑄 for the first configuration
without struts and tower, using the high-fidelity LBM at TSR = 4

The findings show that 𝐶𝑇 has smaller GCI values than 𝐶𝑄, suggesting that a relatively coarser grid resolution
suffices to capture converged blade loading values. In contrast, a more refined resolution is required to attain converged
blade torque (or power) values. This behaviour can be attributed to the higher sensitivity of skin friction and drag values
to the y+ values of different grids. The accurate estimation of airfoil drag across both low and high Reynolds number
flows remains an active research field [71]. For the current VAWT configuration, GCI23 consistently remains smaller
than GCI12 for both 𝐶𝑇 and 𝐶𝑄, a pattern also found in a previous study [32] when the number of blades is varied. This
implies that increasing the grid resolution can lead to more precise and reliable results since the differences related to
the numerical grid diminish, enhancing the accuracy of the simulations. Nonetheless, it is imperative to acknowledge
that the relative GCI values might exhibit significant variations in VAWT simulations, depending on factors such as the
simulated tip speed ratio and rotor scale [68].

Furthermore, findings from a previous investigation by Shubham et al. [68], utilizing a similar VAWT numerical
setup as the current study, revealed that the grid convergence of the Overall Sound Pressure Level (OSPL) (not presented
to avoid too many figures) is comparable to that of thrust values and superior to torque values. This aligns with the fact
that, in the context of VAWTs operating at low Reynolds numbers, loading noise has the most significant contribution to
the overall noise [72]. Consequently, given the favourable convergence observed for grid 3, it is prudent to select this
grid resolution for all subsequent numerical simulations. It is deemed sufficient to enable an accurate and insightful
physical analysis of the fluid dynamic interactions and noise sources in the VAWT.

B. Aerodynamics
Figure 7 shows phase-locked 𝐶𝐹𝑛 variation for a single blade throughout its complete rotation. The figure shows

the results from grid 3 of the present high-fidelity LBM setup, the mid-fidelity configuration, a reference high-fidelity
simulation [43], and experiments [63, 64]. The label ’Experiment - clean’ pertains to results without any boundary layer
(BL) trip, whereas ’Experiment - trip’ is with the BL trip positioned at 15% chord, on both the pressure and suction
sides of the airfoil, to force flow transition.

The results exhibit some differences between the LBM simulations of the present study (first configuration without
struts/tower), the benchmark LBM simulation, and the experimental study without the BL trip, especially in the upwind
part of the rotor rotation. In the downwind part, a difference is observed around the most downstream position (270◦)
amongst the previously mentioned LBM results. The BL trip is expected to cause a marked increase in blade loading
within the reference LBM simulation, particularly evident in the downwind part. Both the mid-fidelity LLFVW results
show fairly good agreement with the reference LBM results, in the upwind part of the rotation, although a mismatch is
observed in the downwind part.

In both the upwind and downwind parts of rotation, the absolute magnitudes of 𝐶𝐹𝑛 as predicted by LBM are
consistently lower than that by the LLFVW method, irrespective of the presence or absence of struts/tower. This
difference arises from the level of physical realism in modelling the induction effects in both methods. The LLFVW
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0 45 90 135 180 225 270 315 360
-1

-0.5

0

0.5

1

1.5
Experiment - clean

Experiment - trip

LBM [ref]

LBM - no struts/tower

LBM - struts/tower

LLFVW - no struts/tower

LLFVW - struts/tower

Fig. 7 Phase-locked normal force coefficient 𝐶𝐹𝑛 of a single blade using high-fidelity LBM and mid-fidelity
LLFVW of first two configurations, compared with experimental (’clean’ without BL trip, ’trip’ with BL trip)
and reference high-fidelity LBM results (LBM [ref]), at TSR = 4

method employs a simplified representation of the flow field using vortex lines and Biot-Savart law to determine the
induced velocities. This approach may not fully account for the dynamic interaction between the blades and the wake,
particularly in the downwind part of the rotor where the flow is highly 3D and unsteady. In contrast, the LBM inherently
accounts for the full range of flow physics, including turbulence, vortex shedding, and dynamic stall, which occur
in the VAWT flow field. This method provides a more accurate representation of the flow induction, as it naturally
incorporates the reduction in local flow velocity due to the aerodynamic blockage and wake formation caused by the
blades. Consequently, LLFVW may predict higher local flow velocities due to its simplified induction model, relative to
LBM and therefore larger value of normal blade forces.

Furthermore, in the context of LBM, the addition of struts and a central tower results in a reduction in blade loading
in the upwind part. Conversely, the loading remains relatively unchanged in the downwind part, except for a slight
decrease around the azimuth of 270◦, directly downstream of the central tower. This downstream effect is also well
represented by the LLFVW results, though the difference observed in the upwind part due to the struts and tower remains
negligible. As a whole, the validation of both the mid-fidelity and high-fidelity setups employed in this study is deemed
satisfactory. These validated setups can be effectively employed for an in-depth exploration of VAWT fluid dynamic
interactions and wake dynamics, offering valuable insights into the intricacies of VAWT performance.

Figure 8 depicts the instantaneous streamwise velocities encountered by the cross-sectional airfoil at various azimuth
positions, as obtained using the high-fidelity LBM. These findings can be compared with those reported by Brandetti et
al. [43] in Figure 9. Across all azimuth positions, the BL trip induces more prominent flow separation in the latter, as
compared to the present study. This leads to differences in blade loading, both in the upwind and downwind parts of
rotation, as evident in Figure 7.

It is imperative to note that the ratio of BL trip height to chord length (𝑡/𝑐) employed in both the benchmark LBM
simulation and experiment stands at 0.0067 (equivalent to 𝑡 = 0.5 mm), much higher than the values adopted for VAWTs
or alternative rotor types (0.0027 as per Pearson [73] with 𝑡 = 0.15 mm and 0.003 as per Weber et al. [74] with 𝑡

= 0.15 mm). The increased BL trip height might have resulted in its role as a bluff-body/step in the flow over the
NACA 0021 airfoil, rather than serving its designated function of forcing flow transition from laminar to turbulent
regimes. Furthermore, the BL trip has to be optimized for all different azimuthal locations, since it has been shown to
be effective only for certain azimuthal locations and not all of them [43]. This is because the blade experiences different
blade-effective velocities along the rotation. Such observations highlight the sensitivity of VAWT aerodynamics to BL
trip configurations, underscoring the need for subsequent studies to investigate their optimized design and chordwise
positioning on VAWT blades.

Figure 10 presents the computed values of mean 𝐶𝑃 and 𝐶𝑇 for the three different VAWT configurations used in
this chapter. The mid-fidelity LLFVW simulations encompass the entire spectrum of TSRs, whereas the high-fidelity
LBM simulations are specifically undertaken for a TSR of 4. The mid-fidelity data suggests that struts and tower
influence VAWT performance. Across all TSRs, introducing struts and tower (for both towers A and B) diminishes
the 𝐶𝑃 and 𝐶𝑇 values, especially at higher TSRs. At lower TSRs, blades function more independently, with limited
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(a) \ = 50◦ (b) \ = 270◦

(c) \ = 90◦ (d) \ = 220◦

Fig. 8 Instantaneous streamwise velocities experienced by a VAWT blade at different azimuth locations for the
VAWT configuration without struts and tower, using the high-fidelity LBM at TSR = 4

Fig. 9 Instantaneous streamwise velocities experienced by a VAWT blade at different azimuth locations as
obtained by Brandetti et al. [43]; 𝑢: streamwise velocity, 𝑈∞: freestream velocity (reprinted after written
permission)

blade-wake/blade-vortex interaction (BWI/BVI) due to added support structures, causing minor reductions in 𝐶𝑃 and 𝐶𝑇 .
As TSR rises, so does the induction factor and the significance of BWI/BVI. The presence of these support structures
intensifies these fluid dynamic interactions, leading to decreased blade loading and overall rotor power and thrust. For
the same reason, higher TSRs show a steeper 𝐶𝑃 gradient than lower TSRs. The VAWT self-starting capability (𝐶𝑃 at
very low TSR) remains largely unaffected by the addition of struts and tower, but a pronounced impact is observed for
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the 𝐶𝑃 at the optimal TSR (TSR = 4 here). On the other hand, the optimal TSR value remains unchanged even after the
addition of support structures.

1 2 3 4 5 6
-0.2

0

0.2

0.4

(a)

1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1
No struts/tower - LLFVW

Struts/tower A - LLFVW

Struts/tower B - LLFVW

No struts/tower - LBM

Struts/tower A - LBM

Struts/tower B - LBM

(b)

Fig. 10 Mean power and thrust values obtained for the three VAWT configurations using the mid-fidelity
LLFVW and high-fidelity LBM; line represents mid-fidelity and dot represents high-fidelity results

The thrust coefficient (𝐶𝑇 ) displays an asymptotic behaviour with increasing TSR across the three VAWT
configurations. The inclusion of struts and tower influence 𝐶𝑇 values minimally (by 0.5% - 1.6%), with deviations
slightly increasing after the TSR value of 3.5 (by 3% - 3.6%). Conversely, 𝐶𝑃 reductions are large even at lower TSRs
(15% - 21%) going even higher in the range of 40% - 55% at higher TSRs. This indicates an increased sensitivity
of tangential blade loading (affecting 𝐶𝑃) to these support structures as compared to normal loading (affecting 𝐶𝑇 ).
Additionally, enlarging tower diameter from tower A to tower B reduces both 𝐶𝑃 and 𝐶𝑇 values, but the magnitude of
this reduction is found to be relatively insignificant (0.5% - 3%).

Comparing mid-fidelity LLFVW to high-fidelity LBM at TSR 4 shows differences in 𝐶𝑃 (19%) and 𝐶𝑇 (10%).
These differences increase with the inclusion of struts and a central tower. For the VAWT without struts and tower, the
𝐶𝑃 difference between mid and high-fidelity is 0.24 (19%), but increases to 0.281 (30%) and 0.285 (31%) for the second
and third VAWT configurations, respectively, when struts and tower are introduced. Remarkably, power generation
becomes negative for the third configuration featuring tower B. A similar pattern is exhibited by 𝐶𝑇 values, where the
difference between LBM and LLFVW results grows with strut and tower additions (from 10% to 19%).

Figure 11 illustrates the 𝐶𝑇 and 𝐶𝑄 fluctuations for a single blade over a full 360◦ azimuth at TSR = 4, comparing
both methods. It also highlights the mean values for the rotation. The data reveals a decline in 𝐶𝑇 and 𝐶𝑄 due to struts
and tower, evident in both upwind and downwind rotations. This drop results from increased BWI/BVI with the addition
of support structures, diminishing the blade’s aerodynamic efficiency. The downstream blade exhibits reduced thrust
and torque values than the upstream ones, with a marked decrease near the 270◦ azimuth, directly downstream of the
central tower. This performance decrease amplifies with a broader tower diameter, leading to decreased average rotor
thrust and torque, as shown in Figure 10.

The findings also reveal negative torque generation for a substantial portion of the rotation, especially apparent
with LBM results with struts and a tower, underscoring the degrading effect of the added support structures. Both
mid-fidelity LLFVW and high-fidelity LBM exhibit the same trend observed in the azimuthal variation of 𝐶𝑇 and 𝐶𝑄.
Yet, a comparison of 𝐶𝑇 and 𝐶𝑄 values reveals that LLFVW consistently predicts higher 𝐶𝑇 and 𝐶𝑄 values than LBM
throughout the rotation. LBM also shows a higher decline in blade performance than LLFVW, with the latter displaying
only minimal differences in the upwind rotation segment. Another observation is the limitation of the LLFVW method
to capture the reduction in blade performance from upwind to downwind part of the rotation. In this context, LLFVW
predicts a lower reduction in thrust and torque values as compared to LBM, which shows that the former is unable to
capture the complex 3D fluid dynamic interactions prevalent in the downwind part of rotation. Consequently, LLFVW
predicts higher thrust and torque values than LBM.

It is important to note that XFOIL polar values (𝐶𝑙 and 𝐶𝑑 vs angle of attack 𝛼) are utilized in the analytical
formulation of LLFVW, which influence the blade angle of attack and induced velocity, and this has a significant impact
on the thrust and torque values obtained. It is suggested to modify these polars accordingly by introducing empirical
corrections in future investigations [35, 75]. An alternative approach involves using airfoil polar values for 360◦ angle
of attack obtained through wind tunnel experiments [76, 77].
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Fig. 11 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 = 4

The above-mentioned unsteady force field characteristics can also be visualized from Figure 12 which illustrates
the variation in blade normal forces (𝐹𝑛) over the 3D cylindrical surface traced by VAWT blades at TSR = 4. When
comparing azimuthal and spanwise values across VAWT configurations between LBM and LLFVW, several observations
emerge. Normal blade forces show a decline in the downwind rotation segment compared to the upwind, a trend
consistently captured by both numerical methods across all VAWT configurations. This loading fluctuation is inherent
to VAWTs and is a consequence of the complex blade-wake/blade-vortex interactions.

Additionally, the struts positioned at ℎ/𝐻 of 0.26 and -0.26 influence the spanwise blade loading distribution.
Particularly in the upwind rotation, these struts lead to a noticeable loading deficit, resulting in reduced overall blade
loading as observed in Figure 11. However, their effect reduces in the downwind part, where the blade loading is more
reduced and unsteady in nature, as compared to the upwind part. Notably, the mid-fidelity simulation does not capture
this strut effect. This behaviour might arise from the symmetrical airfoil used for the struts with a zero angle of attack,
preventing any vortex line shedding from the lifting line of the strut blades, causing no observed effect in the spanwise
blade loading in the mid-fidelity simulation.

Both mid-fidelity and high-fidelity results underscore the central tower effect, especially in the downwind rotation
segment. The presence of the tower results in a blade loading deficit, most notable at the 270◦ azimuth downstream
location. A wider tower diameter intensifies this deficit, leading to the observed dip in thrust and torque values in Figure
11. Notably, LLFVW consistently predicts higher blade loading values throughout the rotation compared to LBM. This
difference is reflected in the individual blade thrust and torque values, as depicted in Figure 11. Furthermore, LBM
more distinctly captures the 3D effects of tip vortex on the force field, apparent around ℎ/𝐻 of -0.5 and 0.5 in Figure 12.
These observations show that while mid-fidelity vortex methods capture general trends in VAWT performance, they
have limitations in accurately capturing the 3D blade vortex interactions and their effect on VAWT force field, especially
amidst support structures like struts and tower, as compared to the high-fidelity LBM approach.

To get deeper insight into blade-wake and blade-vortex interactions, Figure 13 depicts the instantaneous vortices in
the downstream region of the VAWT flow field, using iso-surfaces of the _2 criterion. Coherent tip vortices, shedding
from each blade tip, travel downstream, forming a distinct "vortex ring" spiral pattern around the turbine’s axis. This
convective motion of the large vortex structures is accompanied by wake expansion, eventually fragments into smaller
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(a) No struts/tower, LBM (b) No struts/tower, LLFVW

(c) Struts/tower A, LBM (d) Struts/tower A, LLFVW

(e) Struts/tower B, LBM (f) Struts/tower B, LLFVW

Fig. 12 Normal force contour for a single blade over azimuthal and spanwise directions, using the high-fidelity
LBM and mid-fidelity LLFVW, at TSR = 4

structures due to flow instabilities and spatial modulation, which then disperse and merge with the surrounding fluid
[78, 79]. Notably, the presence of struts and a central tower amplifies the presence of these fragmented smaller vortex
structures. This enhancement in BWI/BVI disrupts optimal pressure and loading distribution across the blade, resulting
in reduced blade loading upon the addition of struts and a tower. Such findings are consistent with data from Figures 11
and 12, underscoring the significant influence of struts and a tower in affecting VAWT performance.

These findings indicate that the mid-fidelity method might not effectively capture the complex 3D effects in a VAWT
flow and force field, especially in the near-wake region with pronounced BWI/BVI, as effectively as the high-fidelity
method does. Such discrepancies are not unexpected, given the inherent differences in fluid modelling approaches
between the two methods. However, it is noteworthy that the trends in mean and azimuthal variation of 𝐶𝑃 and 𝐶𝑇

observed by the mid-fidelity LLFVW method align with the LBM results at TSR = 4, in Figure 10, where introducing
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(a) 0◦ azimuth, no struts/tower (b) 0◦ azimuth, struts/tower A

(c) 90◦ azimuth, no struts/tower (d) 90◦ azimuth, struts/tower A

Fig. 13 Instantaneous 3D flowfield using iso-surfaces of the _2 criterion for vortices visualization, using
high-fidelity LBM at TSR = 4

struts and tower reduces power and thrust values.
Figure 14 shows the instantaneous streamwise velocity contours within the VAWT wake on a mid-span 2D plane,

contrasting results from LBM and LLFVW at TSR = 4. The increased VAWT wake strength due to the presence of
struts and tower can be observed, although the difference is minimal. The central tower causes an added velocity deficit
downstream, correlating with the reduced blade loading around the 270◦ azimuth, as shown in Figures 11 and 12.

As the tower gets wider (tower A → tower B), the velocity deficit increases, which is expected to increase BWI/BVI
due to the vortices shed from the tower, thereby altering wake dynamics. Both simulation methods depict this influence
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1

(a) No struts/tower, LBM (b) No struts/tower, LLFVW

-1 0 1 2 3

-1

-0.5

0

0.5

1

(c) Struts/tower A, LBM (d) Struts/tower A, LLFVW

-1 0 1 2 3

-1

-0.5

0

0.5

1

(e) Struts/tower B, LBM (f) Struts/tower B, LLFVW

Fig. 14 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 = 4

of the central tower, but notably, LLFVW consistently predicts reduced wake velocities across all VAWT configurations
when compared with LBM. A stronger force distribution on an airfoil or blade typically exhibits a stronger downstream
wake, marked by increased velocity deficits and vortex structures. This is in line with the increased rotor thrust values
LLFVW predicted relative to LBM, as illustrated in Figure 11. Furthermore, the 2D vortex patterns in Figure 14
from LBM are more distinct than the LLFVW results. Such patterns signify shed vortices, as observed in the 3D
representation in Figure 13. These vortical structures underscore the dissimilarity in vortex modelling approaches
between the two methods, with LBM showing a more accurate capture of blade vortex interactions than the LLFVW
method.

Figure 11 illustrated that the inclusion of struts and a central tower has a lower impact on blade loading in the
downwind part of rotation than in the upwind part. Figures 13 and 14 exhibit some observable increase in BWI/BVI due
to struts/tower, but for the downwind part, it does not cause a substantial effect on blade loading. This can be attributed
to the presence of a strong BVI already occurring in the downwind region when only the blades are present within the
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VAWT flowfield. Conversely, in the upwind part of rotation, when only the blades are present, the BVI is minimal but
gets more pronounced due to the presence of struts and central tower, resulting in a significant change in blade loading.

The differences in wake velocities between the two numerical methods are further investigated quantitatively in
Figure 15, showing streamwise velocity values averaged over an entire rotation for the three VAWT configurations.
These velocities are sampled along lines positioned 0𝐷 and 1𝐷 downstream from the VAWT centre on the blade
mid-span 2D plane, denoted by black dotted lines in Figure 14. On the centreline of the VAWT (𝑦 = 0𝐷), LLFVW
predicts increased streamwise velocities relative to LBM. This supports the previous argument on higher blade loading
for the former than the latter in Figures 7, 10 and 11. In contrast, at the 1𝐷 downstream location, LLFVW predicts
reduced streamwise velocities compared to LBM. It is worth noting the inherent asymmetry of the VAWT flow field
across all configurations, especially pronounced in the LLFVW results.

-1 -0.5 0 0.5 1
0.2

0.4

0.6

0.8

1

1.2

(a) No struts/tower

-1 -0.5 0 0.5 1
0.2

0.4

0.6

0.8

1

1.2

(b) Struts/tower A

-1 -0.5 0 0.5 1
0.2

0.4

0.6

0.8

1

1.2

(c) Struts/tower B

Fig. 15 Comparison of streamwise velocities, averaged over a rotation, in the downstream VAWT flowfield using
high-fidelity LBM and mid-fidelity LLFVW at two different downstream locations, at TSR = 4; the x-axis in the
figures is in the lateral/cross-streamwise direction

Figure 16 presents the unsteady pressure data sampled over a single rotor rotation at two specific points: on the
rotor plane (0,0,2.6𝐷) and outside the rotor plane (0.87𝐷,0,2.6𝐷). This dataset encompasses contributions from the
blades and, where present, struts and central tower. Firstly, comparing these two locations, the out-of-plane location
exhibits reduced high-frequency pressure fluctuations relative to the in-plane location. Secondly, the addition of struts
and a central tower results in only a marginal increase in unsteady pressure fluctuations, particularly at the in-plane
location, aligning with the observations from Figure 3 for the temporal convergence behaviour. Notably, all three VAWT
configurations display pronounced pressure drops around 30◦, 45◦, and 60◦ azimuths, likely due to downstream blade
interactions with the vortices shed by the upstream blades in the wake.

To gain deeper insights into the effect of struts and tower on noise generation, the noise spectra of all three VAWT
configurations are analyzed. Figure 17 presents the Sound Pressure Level (SPL) values in dB/Hz spanning 20-2000 Hz
at the two observer points. Introducing struts and tower increases SPL values for frequencies above ≈300 Hz at both
locations, a consequence of heightened BWI/BVI, as visualized in Figure 13. However, for the low-frequency range
(50-200 Hz), SPL values diminish with the inclusion of these support structures, correlating with the reduced integral
blade loading seen in Figure 11. This reduced tonal component of blade loading noise yields decreased SPL values
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(b) At X,Y,Z = (0.87𝐷,0,2.6𝐷)

Fig. 16 Sound Pressure Level (SPL) spectra using the high-fidelity LBM at two different locations, at TSR = 4

at these frequencies. Notably, this effect is more pronounced for the in-plane location, where the influence of blade
loading on the tonal component is most significant. Consistent with Figure 16, the in-plane location exhibits higher
noise levels across all frequencies compared to its out-of-plane counterpart.
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(a) At X,Y,Z = (0,0,2.6𝐷)
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(b) At X,Y,Z = (0.87𝐷,0,2.6𝐷)

Fig. 17 Sound Pressure Level (SPL) spectra using the high-fidelity LBM at two different locations, at TSR = 4

VI. Conclusions and Recommendations
The present research performs an in-depth investigation into the aerodynamics and aeroacoustics of VAWTs to

understand the effects of incorporating supporting struts and a central tower into the setup. The LBM is employed
for high-fidelity aerodynamic simulations, complemented by aeroacoustic post-processing via the FW-H approach for
far-field noise estimation. Additionally, mid-fidelity aerodynamic simulations are performed utilizing the Lifting Line
Free Vortex Wake (LLFVW) method. A straight-bladed Darrieus VAWT is utilized with 2 blades and three distinct
VAWT configurations are simulated. The rotor diameter is 1.5m and the solidity is 0.1. The first configuration is a
simple 2-bladed VAWT, the second configuration integrates four supporting struts and a central tower with the blades,
and the third configuration increases the central tower diameter to double that of the second configuration.

It is observed that the number of rotations required for statistical temporal convergence does not vary between the
first two VAWT configurations. Thrust values converge in only 4 rotor rotations with reduced uncertainty while torque
values take 10 rotations, for high-fidelity LBM. Furthermore, grid convergence analysis also shows that thrust requires
a coarser grid to converge than torque. The study reveals a reduction in mean power and thrust across all TSRs as a
consequence of the presence of struts and a tower, although the effect on the latter (3% - 3.6%) is much less than the
former (15% - 55%). The addition of these structures degrades the tangential and normal loading on each blade and
overall rotor performance, with struts particularly worsening the spanwise force distribution. This effect becomes severe
as TSR increases.

Azimuthal thrust and torque values are reduced by the presence of struts and a tower during both the upwind and
downwind parts of rotation, attributable to increased blade-wake and blade-vortex interactions (BWI/BVI) caused by
these support structures. A notable reduction in blade loading is observed around the 270◦ azimuth, directly downstream
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of the central tower. This happens due to the tower wake, the strength of which increases with tower diameter, further
reducing blade loading. Notwithstanding these effects, the inclusion of struts and tower does not compromise the VAWT
self-starting capabilities (𝐶𝑃 at very low TSR) or the optimal TSR, although it does result in a reduced optimal power
output.

The comparative analysis of the mid-fidelity LLFVW and high-fidelity LBM results proves their effectiveness in
capturing the physical phenomena arising due to struts and a tower. Nonetheless, the LLFVW results consistently
estimate higher thrust and torque values across the upwind and downwind parts of rotation relative to the LBM, a
pattern that is reflected also when calculating the mean thrust (higher by 10%) and torque values (higher by 19%) and
evaluating the normal forces on individual blades for all VAWT configurations. This suggests a potential drawback of
the LLFVW method in fully capturing the complex 3D effects within the VAWT flow and force fields, particularly in
configurations inclusive of struts and a tower. As a result, the LLFVW predicts higher integral thrust and power for the
rotor as a whole in comparison to the LBM. Due to increased blade loading, streamwise wake velocities predicted were
lower by the LLFVW method, contributing to a stronger wake, as compared to LBM. These observations highlight the
criticality of selecting an appropriate fidelity level, especially when complex 3D fluid dynamic interactions are present
in a rotor setup, and an opportunity for improvement in the predictions by the mid-fidelity method.

The investigation also compares the aeroacoustic properties across the three VAWT configurations, using only
the high-fidelity LBM. It is noted that the inclusion of struts and tower results in a decline in low-frequency noise,
correlating with the observed reduction in integral blade loading or thrust. In contrast, high-frequency noise increases
due to higher intensity of interactions between the blade and wake vortices shedding from upstream structures.

Future studies should explore the change in optimal TSR value with additional support structures, keeping VAWT
blade design and solidity constant (to allow changes in force and flow field only due to the support structures and
not any other VAWT design parameter). The airfoil polar data within the LLFVW framework can be refined and
empirical modifications be made to more accurately reflect blade-wake and blade-vortex interactions, also aligning
with experimental results. Furthermore, due to the large 3D design space of VAWTs, there is a need for high-fidelity
investigation into the effect of other geometric parameters, such as the effect of the airfoil shape, aspect ratio, blade
design and blade pitch, as well as flow parameters, such as non-uniform inflow, on both aerodynamic performance and
noise generation. An extension of the current study will explore such topics along with real-life experimental results to
be obtained from a helical-bladed small-scale VAWT installed at Nottingham Trent University, UK.
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