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A B S T R A C T

Vertical-axis wind turbines have the potential to be installed nearby urban areas, where noise
regulations are a constraint. Accurate modelling of the far-field noise with low-order fidelity
methods is essential to account for noise early in the design phase. The challenge for the
vertical-axis wind turbine is the unsteady azimuthal variation of the flow over the blades, which
makes the prediction of the far-field noise complex with low-fidelity methods. In this paper,
the state-of-the-art of low-fidelity methods are assessed against scale-resolving high-fidelity
numerical simulations of a realistic vertical-axis wind turbine carried out with the lattice-
Boltzmann very large eddy simulations method. High-fidelity numerical data are validated
against experimental aerodynamics data of the same vertical-axis wind turbine. The low-
fidelity method is based on the actuator cylinder model coupled with semi-empirical models for
airfoil-self noise and turbulence-interaction noise. Results show a good agreement between the
high-fidelity simulations and the low-fidelity model at low frequencies (i.e. between 2 × 101 Hz
and 1 × 102 Hz), where turbulence-interaction noise is the dominant noise source. At higher
frequencies, the airfoil-self noise dominates and existing methods, based on steady airfoils, do
not correctly predict noise. This paper shows that the presented low-fidelity model predicts the
aerodynamics and the aeroacoustics of the turbine with an acceptable accuracy for a design
stage. However, improvements are needed to better predict the far-field noise for blades in an
unsteady field.

. Introduction

Depending on the orientation of the axis of rotation, wind turbines are classified as horizontal-axis wind turbines (HAWTs) and
ertical-axis wind turbines (VAWTs). The advantages of the latter are, amongst others: omni-directionality, which makes them more
uitable for installation in urban areas where wind direction variations are larger because of the presence of surrounding buildings,
nd lower maintenance cost because the generator is located on the ground [1].

When locating a wind energy system in urban areas, it is mandatory to account for noise regulations. Two major noise sources
xist for operating wind turbines: mechanical and aerodynamic. The former is caused by the dynamic response of the moving
echanical components, while the latter is generated by the interaction of the airflow with the blade [2–5]. Nowadays, the major

ocus is on aerodynamic noise, proving that mechanical noise has been already optimized [6].
Aerodynamic noise can be divided into Turbulence-Interaction (T-I) noise and airfoil-self noise. T-I noise occurs when incoming

low turbulence interacts with the blade leading edge [4,7]. For this aerodynamic noise source, it is essential to carefully describe the
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turbulent flow in terms of spectral energy content and the integral length scale of the fluctuations. For a system like a VAWT, where
the impinging turbulent flow can be self-generated (i.e. wake–airfoil interaction) or due to free-stream turbulence, characterization
of the turbulent wake is essential. However, no accurate model has been reported in the literature yet. As a matter of fact, by
comparing the analytical results of Botha et al. [8] and Pearson [9] on the QR5 rotor, a mismatch up to 10 dB is found depending
on the different correction factors applied. On the same line, Botha et al. [8] found that by increasing the intensity of the turbulent
fluctuations to 10%–15% of the free-stream velocity, an increase in the overall noise up to 5 dB was obtained.

Airfoil-self noise is the noise generated by a blade in a smooth flow [3]. Depending on the flow conditions, five airfoil-self noise
echanisms can be distinguished:

1. Laminar Boundary Layer-Vortex Shedding noise (LBL-VS);
2. Turbulent Boundary Layer-Trailing Edge noise (TBL-TE);
3. Separation-Stall noise (SS);
4. Trailing Edge Blunt-Vortex Shedding noise (TEB-VS);
5. Tip noise (TP).

For HAWTs, which usually operate at high Reynolds numbers 𝑅𝑒, (i.e. 𝑅𝑒 ≥ 5 × 105), TBL-TE noise is the most relevant noise
source. TBL-TE is caused by the scattering of the turbulent pressure fluctuations convecting over the sharp trailing edge [3].
Conversely, for VAWTs, TBL-TE noise is not the primary noise source. Pearson [9] and Botha et al. [8] showed that, at low Tip-Speed
Ratios (TSRs), the blades of a VAWT are subjected to dynamic stall. Under this condition, the shear layer separates, creating coherent
vortices which generate tonal noise (LBL-VS) [3]. When the TSR increases, dynamic stall is less relevant, and the major source of
noise is T-I noise, i.e. interaction between the turbulent near wake of a blade and the following one. Pearson [9] also demonstrated
that increasing the solidity of the rotor (𝜎) has a similar effect as increasing TSR because the induction factor is a function of both.
If small VAWTs are considered, the operating 𝑅𝑒 numbers are relatively low, (i.e 𝑅𝑒 ≤ 5 × 105), and LBL-VS noise is expected to be
the major source of noise. By modelling LBL-VS noise with the Brooks, Pope and Marcolini (BPM) approach [3], Pearson observed
a tonal peak in the frequency range between 1 × 103 Hz – 2 × 103 Hz for a full-scale rotor. However, this result does not match with
the experimental findings of Dyne [10] because of the assumption of steady incoming flow in the BPM model.

Based on the previous observations, a low-fidelity methodology to correctly predict noise for a VAWT operating at a low 𝑅𝑒
number is not available yet. To pave the way towards a low-fidelity noise prediction tool, an assessment of the noise sources is
needed. To this end, the current research investigates the aerodynamic and the aeroacoustic performance of a two-bladed H-Darrieus
VAWT using a multi-fidelity numerical approach. First, Lattice-Boltzmann Very Large Eddy Simulations (LB-VLES) coupled with the
Ffowcs Williams and Hawkings (FWH) integral solution are carried out. This is the first dataset presented in the literature where both
the aerodynamic and the acoustic fields are retrieved using the same tool, thus allowing to link far-field noise with the unsteady
aerodynamics. Then, the high-fidelity numerical results are compared with the ones obtained from a low-fidelity model, used to
predict the performance of a VAWT with very low computational time such that it can be used in preliminary design stages. The
comparison will assess the limitations of the adopted models and provide relevant information for their improvement.

The paper is structured as follows, Section 2 describes the geometry of the test case and the simulation settings. The adopted
methodologies are discussed in Section 3. The computational set-up is validated in Section 4 by means of a grid convergence study
and by comparison with experimental loading data in Section 5. Aerodynamic and acoustic results are discussed in Sections 5 and
6, respectively. The main findings are summarized in Section 7.

2. Case study

The two-bladed H-Darrieus PitchVAWT, shown in Fig. 1 and experimentally investigated by LeBlanc and Simão Ferreira [11,12],
is used in this study. In order to minimize blade deflection, two horizontal struts are used for each blade and located at approximately
25% and 75% of the blade length. The blades have a NACA 0021 profile and a chord 𝑐𝑏 equals to 7.5 × 10−2 m, while the struts have
a NACA 0018 profile with a chord 𝑐𝑠 equals to 6 × 10−2 m. The diameter 𝐷 of the VAWT is equal to 1.5m, thus resulting in a rotor
solidity 𝜎 of 0.1. The span 𝑠 and the height 𝐻 of the VAWT are equal to 1.5m. For this study, the blade pitch angle, 𝛽, is constant
and equals to 0°. More detailed information about the design of the PitchVAWT can be found in a previous work [13].

The coordinate system used in this study is shown in Fig. 1. It is a Cartesian coordinate system with the origin at the turbine’s
centre.

To further help in the interpretation of the results, the blade orbit is divided in two regions:

• upwind or fore half: 0° ≤ 𝜃 < 180°;
• downwind or aft half: 180° ≤ 𝜃 < 360°;

with 𝜃 being the blade azimuthal position and 𝜃 = 90◦ and 270◦ being respectively the most upwind and downwind positions. 𝜃 is
efined with respect to blade 1, therefore blade 2 lags blade 1 by 180◦.

The free-stream velocity 𝑈∞ is 4m∕s, corresponding to a Mach number 𝑀 of 1 × 10−2 and a chord-based Reynolds number 𝑅𝑒 of
8.26 × 104. The free-stream turbulence intensity 𝐼𝑡 is set to 1%𝑈∞, similarly as in the wind tunnel experiment. The VAWT operates at a

SR of 4, corresponding to a tip velocity 𝑉tip equals to 16m∕s. The flow conditions and the VAWT operation settings are summarized
n Table 1.

Due to the low 𝑅𝑒 number, boundary-layer transition to turbulence, where possible, is controlled using a zig-zag strip on both
irfoil sides at 15%𝑐𝑏, as in the reference experiment. The tripping has a height ℎ of 5 × 10−4 m, an amplitude 𝐴 of 2 × 10−3 m and
wavelength 𝜆 of 5 × 10−3 m (Fig. 2). The set-up specifications are summarized in Table 2.
2
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Fig. 1. PitchVAWT geometry, dimensions and coordinate system.

Fig. 2. Blade airfoil NACA0021 and zig-zag strip.

Table 1
Flow condition and VAWT settings.

Parameter Value

Free-stream velocity (𝑈∞) 4m∕s
Tip velocity (𝑉tip) 16m∕s
Tip-Speed Ratio (TSR) 4
Free-stream Mach number (𝑀) 1 × 10−2

Free-stream Reynolds number (𝑅𝑒) 8.26 × 104

Free-stream turbulence intensity (𝐼𝑡) 1%𝑈∞

Table 2
PitchVAWT design specifications [12,13].

Parameter Value

Number of blades (𝑁𝑏) 2
Span (𝑠) 1.5m
Height (𝐻) 1.5m
Diameter (𝐷) 1.5m
Solidity (𝜎) 0.1
Blade chord (𝑐𝑏) 7.5 × 10−2 m
Strut chord (𝑐𝑠) 6 × 10−2 m
Blade airfoil NACA0021
Strut airfoil NACA0018
Blade pitch angle (𝛽) 0°
Trip location (𝑥𝑡) 15%𝑐𝑏
Trip height (ℎ) 5 × 10−4 m
Trip amplitude (𝐴) 2 × 10−3 m
Trip wavelength (𝜆) 5 × 10−3 m
3
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3. Methodology and computational setup

3.1. High-fidelity simulations

The methodology and the computational setup used in the high-fidelity simulations are described in the following. The flow
ver the VAWT is computed by solving the explicit, transient, compressible LB equation, while the acoustic far field is obtained by
eans of the Ffowcs William and Hawkings (FWH) acoustic analogy [14].

.1.1. Flow solver
The LB method is used to compute the flow field because it provides accurate and efficient aeroacoustic solutions for complex

low problems, as shown in previous studies in the wind energy field [15,16]. The commercial software 3DS Simulia PowerFLOW
.5b is employed. The software solves the discrete LB equation for a finite number of directions. A detailed description of the method
s out of the scope of this manuscript but the interested reader is referred to Succi [17], Shan et al. [18], and for a complete review
o Chen and Doolen [19].

The LB method determines the macroscopic flow variables starting from the mesoscopic kinetic equation, i.e. the LB equation. The
iscretization used for this particular application consists of 19 discrete velocities in three dimensions (D3Q19), involving a third-
rder truncation of the Chapman–Enskog expansion. The distribution of particles is solved by means of the LB equation on a Cartesian
esh, known as a lattice. An explicit time integration and a collision model based on a unique Galilean invariant [20] are used.
he equilibrium distribution function of Maxwell–Boltzmann, conventionally used for small Mach number flows, is adopted [21].

A Very Large Eddy Simulation (VLES) model is implemented to take into account the effect of the sub-grid unresolved scales
f turbulence. Following Orszag and Yakhot [22], a two equation 𝑘 − 𝜖 re-normalization group is used to compute a turbulent

relaxation time that is added to the viscous relaxation time. In order to reduce the computational cost, a pressure-gradient extended
wall model is used to approximate the no-slip boundary condition on solid walls [23,24]. The model is based on the extension of
the generalized law-of-the-wall model [25] to take into account the effect of pressure gradient.

3.1.2. Noise computation
The compressible and time-dependent nature of the transient solution together with the low dissipation and dispersion properties

of the LB scheme [26] allow the extraction of the sound pressure field directly in the near field up to a cut-off frequency
corresponding to approximately 15 voxels per acoustic wavelength. In the far field, noise is computed by using the Ffowcs Williams
& Hawkings [14] (FWH) equation. The formulation 1 A, developed by Farassat and Succi [27] and extended to a convective
wave equation, is used in this study [26]. The formulation is implemented in the time domain using a source-time dominant
algorithm [28].

3.1.3. Computational domain and boundary conditions
The simulation domain is cubic with a length of 3.7 × 102 m centred at the origin of the wind turbine reference system. At the

inlet, a velocity boundary condition with a velocity equals to 𝑈∞ is set. At the outlet, the pressure is set to the ambient pressure
1.01 × 105 Pa. At the other edges of the domain, frictionless wall boundary conditions are set. No-slip boundary conditions are applied
on the VAWT. A volume of revolution is generated containing the wind turbine in a cylinder with a radial clearance of 0.4m.

Fifteen variable resolution (VR) regions are used. The resolution increases with a factor of two from one VR region to the next.
Since the main focus is the characterization of the flow around the blades, the blade path region has a higher resolution compared
to the tower region (Fig. 3(a)). The finest region is defined by an offset of 1.06 × 10−3 m from the trip both on the suction side and on
the pressure side to accurately capture the surface pressure fluctuations. The increase in resolution around the trip can be observed
in Fig. 3(b).

An acoustic sponge is implemented by exponentially varying the kinematic viscosity per unit temperature from 5 × 10−3 m2∕s K
at 16m up to 0.5m2∕s K at 47m. This is adopted to avoid that spurious reflections from the edge of the domain contaminated the
acoustic sampled data.

Simulations are seeded with the preceding simulation with a coarser grid. The flow simulation time is 2.94 s (i.e. 10 complete
turbine revolutions) requiring 3.7 × 105 CPU h/revolution on a Linux Xeon E5-2690 2.9 GHz platform. The physical time step,
corresponding to a Courant–Friedrichs–Lewy (CFL) number [29] of 1 in the finest mesh resolution level, is 2.06 × 10−7 s. The unsteady
pressure on the surface of the VAWT is sampled with a frequency of 1 × 104 Hz for a physical time of 2.65 s (i.e. 9 complete turbine
revolutions) after one transient revolution. Time-convergence has been verified as will be shown in Section 4.

3.2. Low-fidelity model

A low-fidelity model is implemented to predict the aerodynamics and the aeroacoustics of the VAWT.
The Actuator Cylinder (AC) model [30], corrected as described in Section 3.2.1, is used for the aerodynamics of the VAWT while

the noise prediction methodology is based on the work of Botha et al. [8].
For the noise model, the angle of attack 𝛼 and the velocity perceived by the blade 𝑉rel are obtained, as described in Section 5, using

hree approaches: a geometric relation, the AC model and the AC model fed with blade loading data obtained from the high-fidelity
imulations. These analytical models can be applied to calculate flow input parameters to be used in the low-fidelity prediction tool.
4

his is considered acceptable for the preliminary design phase, where some inaccuracies can be tolerated. As it will be clarified in
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Fig. 3. Distribution of the variable resolution (VR) regions in the near field: in the local rotating reference frame (Fig. 3(a)) and around the blade, in proximity
of the tip, (Fig. 3(b)). A darker colour means that the resolution is higher.

Sections 5 and 6, estimating 𝛼 and 𝑉𝑟𝑒𝑙 from high-fidelity simulations is fundamental to obtain more accurate aerodynamics and
aeroacoustics predictions suitable for final design analysis.

The approach of Botha et al. [8] uses a blade element approach to discretize the blades of the wind turbine. Each blade element
rotates in the azimuthal direction 𝜃. For each blade element and azimuthal position, the airfoil-self noise is estimated with the BPM
model [3], while the T-I noise is modelled following the approach of Buck et al. [5]. Notice that these models are applied in a
rotating coordinate system under steady flow conditions. To account for the motion of the blades with respect to the stationary
observer, the Doppler correction factor is computed [31] and the spectrum at the receiver location is obtained by applying the
methodology of Brooks and Burley [32].

3.2.1. Aerodynamic model
The aerodynamic forces on the VAWT are computed using the AC model developed by Madsen [30] coupled with airfoil

aerodynamic data obtained from Xfoil [33]. This 2D model applies the actuator disk concept to the cylindrical actuation surface
swept by the VAWT.

The reaction of the blade forces (𝐹𝑛 and 𝐹𝑡) are applied on the flow as distributed body forces (𝑄𝑛 and 𝑄𝑡) oriented perpendicular
and tangential to the actuator surface [34]. The 2D, steady, incompressible Euler equations and the equation of continuity are solved
to determine the velocity field around the AC model [35]. The induced velocities are defined as the sum of a linear solution, which
is a function of the volume forces, and a non-linear solution, which is a function of the induced forces. Since the solution of the
non-linear part is computationally expensive, the Mod-Lin solution is adopted [34]. Here, only the linear version of the AC model is
used, and a correction factor 𝑘𝑎 is applied to account for the non-linear part. The factor 𝑘𝑎 is calculated from the relation between
the induction factor 𝑎 and the thrust coefficient 𝐶𝑇 of the whole rotor. This relation considers that 𝐶𝑇 = 4𝑎(1 − 𝑎) for 𝑎 < 0.5, and
includes the Glauert correction for 𝑎 > 0.5 [30]. Fig. 4 depicts the 2D AC model together with the sign convention employed in this
research.

Once 𝑉rel and 𝛼 at each 𝜃 are known, the boundary layer integral parameters are computed with Xfoil.

Corrections applied to the aerodynamic model
Two unsteady effects characterize the VAWT’s performance: dynamic stall and flow curvature. When the airfoil experiences rapid

variations of the angle of attack, dynamic stall occurs. When the VAWT operates, each blade experiences a curvilinear inflow due
to the rotation of the rotor. As a consequence of the flow curvature effect, 𝑉rel and 𝛼 vary along the chord [36]. To correctly assess
the aerodynamics of the VAWT, these effects are modelled as follows:

• The Beddoes–Leishman (B–L) dynamic stall model [37] includes the effect of trailing-edge and leading-edge separation as well
as the unsteady inviscid wake. The B–L model consists of four sub-models: non-linear attached flow, non-linear trailing edge
separation, dynamic stall onset, vortex-induced air loads. The interested reader is referred to Leishman and Beddoes [37] for
the details.

• The flow curvature effect is taken into account by assuming that the evaluation point is at three-quarters of the chord [38].

In addition, 𝑘𝑎 is modified in the AC model, due to the heavily loaded case study (i.e. high TSR), as follows [34]:

𝑘𝑎 =

{ 1
1−𝑎 , 𝑎 ≤ 0.15

1 . (1)
5

1−𝑎 [0.65 + 0.35 exp(−4.5(𝑎 − 0.15))], 𝑎 > 0.15
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Fig. 4. 2D representation of the Actuator Cylinder (AC) model and sign convention applied.

3.2.2. Noise models
To study the acoustics of the VAWT, the noise models for the LBL-VS noise source, the TBL-TE noise source and the T-I noise

source are applied.
The implemented noise models present two important limitations:

• No blade–blade interaction is considered because the blades are modelled in isolation.
• Steady, free-stream conditions under a quasi-steady time dependence are assumed.

For simplicity, only the relevant equations will be reported. The interested reader is referred to Botha et al. [8] for further
information about the noise models.

Airfoil-self noise
Airfoil-self noise is generated when a steady flow interacts with a blade [3].
At low 𝑅𝑒 numbers (i.e. 𝑅𝑒 ≤ 5 × 105), Tollmien-Schlichting (T-S) waves can grow. They will generate vortex shedding, which

causes tonal noise through a feedback loop. This noise generation mechanism is named LBL-VS noise and is modelled with the BPM
approach [3] as follows:

SPLLBL−VS = 10 log10

(

𝛿𝑝𝑀5𝑑�̄�ℎ

𝑟2𝑒

)

+ 𝐺1

(

𝑆𝑡′

𝑆𝑡′peak

)

+ 𝐺2

[

𝑅𝑒
(𝑅𝑒)0

]

+ 𝐺3(𝛼), (2)

in which SPLLBL−VS is the Sound Pressure Level in 1/3rd octave band, 𝛿𝑝 is the boundary layer thickness at the pressure side, 𝑑 is
the span-wise size of the blade element, �̄�ℎ is the directivity function for the high-frequency limit, 𝑟𝑒 is the absolute distance to the
receiver and (𝑅𝑒)0 is the chord-based Reynolds number at 𝛼 = 0◦. For details on the Strouhal contributions, 𝑆𝑡′ and 𝑆𝑡′peak , and on
the empirical functions, 𝐺1, 𝐺2 and 𝐺3, the reader can refer to Brooks et al. [3].

At high 𝑅𝑒 number (i.e. 𝑅𝑒 ≥ 5 × 105), TBL develops over the airfoil. Because of the surface discontinuity at the trailing edge, the
surface pressure fluctuations beneath the TBL are scattered as noise. This noise generation mechanism is named TBL-TE. The SPL
in 1/3rd octave band for the TBL-TE noise (SPLTBL−TE) is obtained as the sum of three contributions: one from the attached TBL
at the pressure side (SPL𝑝), one from the attached TBL at the suction side (SPL𝑠) and one that accounts for the separated boundary
layer at high 𝛼 (SPL𝛼):

SPLTBL−TE = 10 log10
⎛

⎜

⎜

⎝

10

(

SPL𝑝
10

)

+ 10
( SPL𝑠

10

)

+ 10
( SPL𝛼

10

)

⎞

⎟

⎟

⎠

. (3)

For 𝛼 ≤ 12.5°, the terms in Eq. (3) are:

SPL𝑝 = 10 log10

(

𝛿∗𝑝𝑀
5𝑑�̄�ℎ

𝑟2𝑒

)

+ 𝐴
(𝑆𝑡𝑝
𝑆𝑡1

)

+ (𝐾1 − 3) + 𝛥𝐾1, (4)

SPL𝑠 = 10 log10

(

𝛿∗𝑠𝑀
5𝑑�̄�ℎ

𝑟2𝑒

)

+ 𝐴
(

𝑆𝑡𝑠
𝑆𝑡1

)

+ (𝐾1 − 3), (5)

SPL𝛼 = 10 log10

(

𝛿∗𝑠𝑀
5𝑑�̄�ℎ

𝑟2𝑒

)

+ 𝐵
(

𝑆𝑡𝑠
𝑆𝑡2

)

+ (𝐾2), (6)

while for 𝛼 ≥ 12.5°

SPL = −∞, (7)
6

𝑝
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SPL𝑠 = −∞, (8)

SPL𝛼 = 10 log10

(

𝛿∗𝑠𝑀
5𝑑�̄�𝑙

𝑟2𝑒

)

+ 𝐴′
(

𝑆𝑡𝑠
𝑆𝑡2

)

+ (𝐾2), (9)

in which 𝛿∗𝑝 and 𝛿∗𝑠 are the boundary layer displacement thickness at the pressure side and at the suction side, respectively and �̄�𝑙
is the directivity function for the low-frequency limit. The Strouhal contributions, 𝑆𝑡𝑝, 𝑆𝑡𝑠, 𝑆𝑡1 and 𝑆𝑡2, the empirical functions,
𝐴,𝐴′ and 𝐵, and the amplitude correction factors, 𝐾1, 𝐾2 and 𝛥𝐾1, can be found in [3].

Notice that the boundary layer parameters used in the BPM model are determined analytically. For the detailed equations, the
interested reader is referred to Brooks et al. [3].

In the work of Botha et al. [8], the airfoil-self noise is also predicted with the iTNO model [39] (i.e. an improved version of the
TNO model developed by Blake [40] and Parchen [41]). This model is found to provide accurate noise predictions for non-symmetric
airfoil at high wind speed. However, the separation-stall noise is not modelled. For this reason and for the fact that the PitchVAWT
has symmetric airfoils and operates at low wind speeds, the iTNO model is not applied in the current study.

Turbulence-interaction noise
T-I noise is produced when inflow turbulence impinges on the blade leading edge [4]. Different models have been proposed in

the literature such as the one of Paterson and Amiet [2] and the one of Buck et al. [5]. Both methodologies compute the SPL of the
T-I noise (SPLinf low) as the sum of the high-frequency and low-frequency components of the noise:

SPLinf low = SPL𝐻inf low + 10 log10

(

LFC
1 + LFC

)

, (10)

in which LFC is the blending function introduced by Lowson and Ollerhead [42] and Moriarty and Migliore [43].
On the other hand, the high-frequency component, SPL𝐻inf low, is different. For the model of Paterson and Amiet [2], the incoming

turbulence is defined with the von Kármán spectrum while for the one of Buck et al. [5] the turbulence length scale is substituted
with the turbulence dissipation rate 𝜀 by applying the Kolmogorov spectrum [44]. The value of 𝜀 is estimated with the relationship
from Taylor [45] as:

𝜀 = 𝑐𝜀
𝑘3∕2𝑡
𝐿𝑡

, (11)

in which 𝑐𝜀 = 5.5 × 10−1 is a constant selected to match the high-frequency asymptote of the Buck model to that of the Paterson and
Amiet model, 𝑘𝑡 is the turbulent kinetic energy derived from the root mean square turbulent fluctuations as the product between
the turbulence intensity at the inlet and the velocity perceived by the blade and 𝐿𝑡 = 7.5 × 10−3 m is the integral length scale of
turbulence at the airfoil inlet.

This modification leads to less complex calculations and to short measurement times. However, Botha et al. [8] demonstrates
that the two models predict the same noise spectrum. Therefore, the model of Buck et al. [5] is preferred. The sound pressure level
SPL𝐻inf low,B is:

SPL𝐻inf low,B = 10 log10

[

𝜌2∞𝑐20𝑑

2𝑟2𝑒
𝑀3𝜀(2∕3)𝑘−(5∕3)�̄�LE

]

+ 77.6, (12)

where 𝜌∞ is the free-stream density, 𝑐0 is the sound speed, 𝑘 is the wave-number (𝑘 = (2𝜋𝑓 )∕𝑉rel) and �̄�LE is the directivity function
or the low-frequency limit computed at the leading edge.

. Assessment of the high-fidelity numerical simulations

A grid resolution study is performed for the high-fidelity numerical simulations to verify that the solution does not vary with the
omputational grid. High-fidelity numerical simulations with three grid resolutions are carried out. For the three cases, the most
efined region (i.e., around the blade) has 3 × 102 (coarse), 4.24 × 102 (medium) and 6 × 102 (fine) voxels per VAWT chord. This is
chieved by proportionally increasing the resolution of each refinement region. The corresponding number of fine equivalent voxels

for the three configurations is 1.9 × 107, 3.6 × 107 and 6.9 × 107.
The time-averaged thrust coefficient 𝐶𝑇 , defined as in Eq. (13), the Power Spectral Density (PSD), expressed as dB∕Hz, and the

verall Sound Pressure Level (OASPL) of far-field acoustic pressure, indicated in dB using a reference pressure of 2 × 10−5 Pa, are
sed as integral parameters for the convergence analysis.

𝐶𝑇 = 𝑇
1
2𝜌∞𝑈2

∞𝐴rot
, (13)

In Eq. (13), 𝑇 is the time-averaged thrust (i.e. the force along inflow direction, generated by the VAWT) and 𝐴rot is the rotor
rontal area, which is equal to (𝐷 × 𝑠).

The 𝐶𝑇 is plotted in Fig. 5 for the three grid resolutions, where 𝑁 is the number of fine equivalent voxels. In the same figure,
ata from the AC models are reported as constant 𝐶 values. Results from the AC model are plotted using polars obtained from
7
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Fig. 5. The time-averaged thrust coefficient 𝐶𝑇 versus the number of fine equivalent voxels 𝑁 . The LB-VLES results are compared with results from AC model
with aerodynamic polars obtained using 𝑁𝑐𝑟𝑖𝑡 equal to 0.01, 7 and 9.

Fig. 6. Time–history of the normal force component on a single blade 𝐹𝑛. The LB-VLES results with medium resolution are compared with the LB-VLES results
with fine resolution.

Xfoil with 𝑁𝑐𝑟𝑖𝑡 equal to 0.01, 7 and 9 to stress the strong dependence of the results from the aerodynamic polars used as input.
Note that 𝑁𝑐𝑟𝑖𝑡 is used in solver as Xfoil to determine the transition location. It is based on the 𝑒𝑁 theory, which states that the
transition occurs roughly when linear theory predicts that an initial disturbance has grown by a factor of 𝑒𝑁 [33]. The choice of
sing a range of polars instead of only using the polar with the zig-zag strip was motivated by the poor performance of Xfoil at low
eynolds numbers. Specifically, 𝑁𝑐𝑟𝑖𝑡 = 0.01 represents the case of a fully turbulent flow, where the transition is amplified just after

he linear instability begins. Minor variations between the low-fidelity data with 𝑁𝑐𝑟𝑖𝑡 = 7 and with 𝑁𝑐𝑟𝑖𝑡 = 9 can be observed in
ig. 5. Results show convergence for the fine simulation case and very good agreement with the low-fidelity data with 𝑁𝑐𝑟𝑖𝑡 = 7
or 𝑁𝑐𝑟𝑖𝑡 = 9).

Time-convergence for the LB-VLES simulation is also demonstrated with a time–history of the normal force component on a
ingle blade 𝐹𝑛 in Fig. 6. Simulation results are plotted after one transient revolution and show a good agreement between the
edium and the fine resolution.

Acoustic data are obtained on two circular arrays of equally spaced virtual microphones placed at 2.6𝐷 from the centre of the
AWT. The angular spacing between the microphones is 10°. One array with 27 microphones is in the x-y plane (Fig. 7(a)), while

he other with 36 microphones is in the x-z plane (Fig. 7(b)).
In Figs. 8 and 9, the PSD as a function of frequency 𝑓 and the OASPL directivity patterns are plotted to ensure that also far-field

oise data converge. The far-field noise is computed using the FWH acoustic analogy as described in Section 3.1.2. PSD is shown for
wo microphones at 𝜃 = 0° and at 𝜙 = 0°, respectively. For the PSD, the maximum difference between the two finest grids is 2 dB∕Hz
or 𝜃 = 0°. For the low grid resolution, an overestimation of the OASPL for angles in the range 100° < 𝜙 < 300° and 135° < 𝜃 < 315° is
ound and corresponds to 1.5 dB. In overall, results show a good agreement between the medium resolution and the fine resolution,
onfirming that the fine simulation case has reached convergence also from an acoustic point of view. Based on these results, the
ine simulation will be used in the following.

. Flow field description and aerodynamic performance

low field description
A detailed analysis of the complex aerodynamic flow features is reported using data from high-fidelity simulations. This

escription is essential to understand the limitations of the low-fidelity methodology in predicting the VAWT’s aerodynamic
erformance.

An instantaneous flow field at 𝜃 = 90° is shown in Fig. 10 through iso-surfaces of the 𝜆2 criterion for vortex identification,
colour-contoured with the non-dimensional velocity magnitude 𝑉 ∕𝑈∞. The figure illustrates that most of the vortices in the near

ake of each blade are generated at the tip and the struts. While at the tip, the vortices are coherent and have a large scale, in the
roximity of the struts, they show a smaller scale already in the near wake.
8
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Fig. 7. Two circular arrays of equally spaced virtual microphones placed at 2.6𝐷 from the centre of the VAWT: array with 27 microphones in the x-y plane
(Fig. 7(a)) and array with 36 microphones in the x-z plane (Fig. 7(b)).

Fig. 8. Power Spectral Density PSD versus frequency 𝑓 for two microphones placed at 2.6𝐷 from the centre of the VAWT: 𝜃 = 0° (left-side) and 𝜙 = 0°
(right-side). The LB-VLES results with medium resolution are compared with the LB-VLES results with fine resolution.

Fig. 9. Directivity plots of the Overall Sound Pressure Level (OASPL) computed on: a circular array of 27 microphones in the x-y plane (Fig. 9(a)) and on a
circular array of 36 microphones in the x-z plane (Fig. 9(b)). The LB-VLES results with medium resolution are compared with the LB-VLES results with fine
resolution.

Because of the presence of these structures, each blade is subjected to both Blade-Wake Interaction (BWI) and Blade-Vortex
Interaction (BVI) [46]. These phenomena are better shown in Fig. 11, where non-dimensional vorticity magnitude 𝜔∕(𝑉tip∕𝑐) is
plotted at two planes: at the tip (sub-figures 1 and 2) and in correspondence of the upper struts (sub-figures 3 and 4). For each
plane, the blades are at two azimuthal positions as annotated in the figures.

In the absence of the struts, the vorticity is mostly shed when the blade is located at 𝜃 = 0°. This is expected because the
derivative of the loading is the largest in this position. Conversely, where the struts are present, the vorticity is strongly shed at
all the azimuthal positions. The interaction between the two blades is clearly visible in sub-figure 3, where the trailing edge shed
vorticity of the blade in 𝜃 = 180° interacts with the leading edge of the blade in 𝜃 = 0°. The vorticity is spread in the field and does
not interact with the leading edge of the blade in 𝜃 = 270°.
9
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Fig. 10. View of the instantaneous flow field at 𝜃 = 90° visualized through the 𝜆2 criterion for vortex visualization colour contoured with the non-dimensional
velocity magnitude 𝑉 ∕𝑈∞. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Instantaneous flow field visualized through the non-dimensional vorticity magnitude 𝜔∕(𝑉tip∕𝑐). Sub-figures 1 and 2: plane at the tip. Sub-figures 3 and
4: plane at the upper struts.

Another important aspect, that needs to be taken into account to properly model the aerodynamics of VAWTs with low-fidelity
methods, is the unsteady flow field to which each blade section is subjected during one rotation.

An inherent effect of this unsteadiness is flow separation, which is investigated in Fig. 12. Here, contours of the non-dimensional
stream-wise velocity 𝑢∕𝑈∞ at the mid plane are plotted for blade 1 at four 𝜃: 50°, 90°, 220° and 270°. As it can be observed, the
contours look discrete because of downsampling of the numerical results. At 𝜃 = 50◦, the flow is attached up to 50% of the blade
chord where separation starts. Conversely for 𝜃 = 90◦, the most upwind location, separation starts at 20% of the blade chord. At
𝜃 = 220◦, no flow separation is found in the high-fidelity simulations; separation is again visible at 𝜃 = 270◦. At this location, the
10
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Fig. 12. Instantaneous non-dimensional stream-wise velocity 𝑢∕𝑈∞ at the mid plane for four azimuthal positions 𝜃 of blade 1: 50°, 90°, 220°, 270°. The rotating
system of reference is used.

blade passes through a region with velocity deficit caused by the downstream wake of the tower, which has a significant effect on the
flow over the blade [47] and on the acoustics of the turbine (Section 6). The qualitative description given from visual inspections
of the figures is confirmed by the distributions of the pressure coefficient 𝐶𝑝 over blade 1, which are not shown for the sake of
conciseness.

Aerodynamic performance
The phase-locked normal force component on a single blade 𝐹𝑛 is shown in Fig. 13. The LB-VLES forces are obtained from a

phase-locked average over 9 rotations; the experimental forces are obtained from a phase-locked average out of approximately 200
data points per azimuthal location. The experimental loading data, presented both for clean blades and tripped blades, are measured
using a set of strain gauges on the top strut of blade 1. A full-bridge strain gauge setup is utilized in an axial configuration to
compensate for any vertical bending or temperature fluctuations which can occur while testing [12,48]. Azimuthal locations, where
experimental data have a poor signal-to-noise ratio, are not plotted. Results from AC model are only presented for two extreme
polars (i.e. 𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 = 7) because results with 𝑁𝑐𝑟𝑖𝑡 = 9 are very similar to those obtained with 𝑁𝑐𝑟𝑖𝑡 = 7. It is
important to mention that the loads from the LB-VLES simulation and the experiment are averaged over the rotor span, including
3D tip effects and vortex shedding. These 3D effects are not considered in the low-fidelity method due to its 2D formulation.

Overall a good agreement between the methodologies is found both in terms of trends and absolute values. All methods correctly
predict the 𝐹𝑛 at 𝜃 = 0°. For 15° < 𝜃 < 48° and 200° < 𝜃 < 220°, the LB-VLES show good agreement with the two experimental dataset,
while at 𝜃 = 90° and 𝜃 = 270° the LB-VLES results agree better with the clean experimental data. This is because the zig-zag strip,
used in the high-fidelity numerical simulation, is not effective at those angles, as shown in the previous figures. Even if this can be
solved by increasing the size of the zig-zag strip in the high fidelity numerical simulation, this would result in additional unwanted
noise sources and over-tripping in a range of angles of attack. The figure further shows that, upwind for 0° < 𝜃 < 180°, the AC
model results strongly depend on the polar used. Downwind, for 180° < 𝜃 < 360°, differences are mainly attributed to the inaccurate
prediction of the induction and to wake effects (3D) in the low-fidelity method.

A challenge for low-fidelity methods is to accurately predict the dynamic of 𝛼 and 𝑉rel, which vary with 𝜃 [49]. In the following,
𝛼 and 𝑉rel are obtained with three approaches: through a geometric relation, from the AC model and using the blade loads from the
high-fidelity simulations as inputs for the AC model. The latter approach has been applied because there is no agreed formulation on
how to extract 𝛼 and 𝑉rel from high-fidelity simulations [8,50]. Details on the methodology to compute 𝛼 and 𝑉rel from high-fidelity
normal blade loads are beyond the scope of the paper, and the interested reader is referred to the literature [51]. No experimental
data for 𝛼 and 𝑉rel are available.

The ones given by the geometric relation are shown in Eqs. (14) and (15), under the assumption of a constant 𝑉rot and 𝑈∞.

𝛼 = arctan
(

sin(𝜃)
)

+ 𝑝, (14)
11
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Fig. 13. Phase-locked normal force on blade 1 𝐹𝑛 versus the azimuthal angle 𝜃 during one turbine rotation. The LB-VLES results are compared with experimental
ata and results from AC model with two extreme polars (𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 = 7).

Fig. 14. Angle of attack 𝛼 (left-side) and perceived velocity 𝑉rel (right-side) versus azimuthal angle 𝜃 during one turbine rotation. The geometric relation results
re compared with the results from AC model (𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 = 7) and AC model with 𝑁𝑐𝑟𝑖𝑡 = 7 feed with LB-VLES blade load data.

𝑉rel = 𝑈∞

√

1 + 2 TSR cos(𝜃) + TSR2, (15)

where 𝑝 is the fixed pitch angle of the airfoil.
For the AC model, 𝛼 and 𝑉rel are determined with Eqs. (16) and (17).

𝛼 = arctan
(

𝑉𝑛
𝑉𝑡

)

− 𝑝, (16)

𝑉rel =
√

𝑉 2
𝑛 + 𝑉 2

𝑡 . (17)

𝑉𝑛 and 𝑉𝑡 are the normal and the tangential relative wind speed with respect to the AC, defined as:

𝑉𝑛 = 𝑉𝑥sin𝜃 − 𝑉𝑧cos𝜃, (18)

𝑉𝑡 = 𝑉𝑥cos𝜃 + 𝑉𝑧sin𝜃 + 𝑉rot . (19)

with 𝑉𝑥 = 𝑈∞(1+𝑤𝑥) and 𝑉𝑧 = 𝑈∞𝑤𝑧 the components in 𝑥- and 𝑧- directions of the velocity, respectively, 𝑤𝑥 is the x-induction and
𝑤𝑧 is the z-induction.

Both 𝛼 and 𝑉rel, computed with the three approaches, are plotted in Fig. 14. Results obtained using the geometric relation
show the most relevant differences between all the methodologies. This is because the induction is not considered. For the other
approaches, 𝛼 has a sinusoidal shape in the turbine fore half, while a flat shaped aft half. This is due to fact that the flow is
significantly affected by the blade passage in the fore aft [52]. The differences between the other approaches are smaller and it is
evident the minor impact of using high-fidelity blade loads inputs in the AC model.

6. Acoustics

6.1. Comparison between low-fidelity methodologies

To demonstrate the effect of 𝛼 and 𝑉rel on the acoustic predictions, results from the noise model with 𝛼 and 𝑉rel predicted with
the geometric relation and results from the noise model with 𝛼 and 𝑉rel predicted with the AC model for 𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 =
7 are compared in Figs. 15 and 16 as SPL versus frequency 𝑓 . The SPL is expressed in dB and is evaluated at 2.6𝐷 from the centre
of the VAWT in the x-z plane, specifically at 𝜃 = 90◦ and at 𝜃 = 270◦. The methodology has been described in Section 3.2.2.

By looking at the different SPL spectra, it is clear that the most dominant noise sources are: T-I noise below 7 × 101 Hz, TBL-TE
1 2 2 2
12

noise from 7 × 10 Hz to 3 × 10 Hz and LBL-VS noise from 3 × 10 Hz to 8 × 10 Hz.
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Fig. 15. Sound Pressure Level SPL versus frequency 𝑓 . The noise model with geometric relation inputs results are compared with results from the noise model
with AC data for two extreme polars (𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 = 7).

Fig. 16. Sound Pressure Level SPL versus frequency 𝑓 . The noise model with geometric relation inputs results are compared with results from the noise model
with AC data for two extreme polars (𝑁𝑐𝑟𝑖𝑡 = 0.01 and 𝑁𝑐𝑟𝑖𝑡 = 7).

For the T-I noise, a good agreement between the models is found both in terms of trends and absolute values. This is because the
Buck model only depends on 𝑉rel (Eq. (12)), which is very similar for the three models at 𝜃 = 90◦ (Fig. (14)). For the TBL-TE noise,
results using the geometric relation show the most relevant differences between all the methods because of the largest difference in
𝛼 (Fig. (14)).

The effect of a different 𝛼 on the SPL is clearly visible in the LBL-VS noise spectra. This is due to the fact that an 𝛼-dependent
function is used to model the LBL-VS noise (Eq. (2)).

6.2. Comparison between LB-VLES and noise model with aerodynamic data from the AC model

The comparison between LB-VLES data and low-fidelity data in Section 5 has shown the limitations of the low-fidelity
methodologies in the prediction of the VAWT’s aerodynamics. In the following, the effect of these limitations on the acoustic
prediction will be investigated by comparing the LB-VLES results with the results from the noise model with aerodynamic inputs
from the AC with 𝑁𝑐𝑟𝑖𝑡 = 7. Aerodynamic inputs from the other low-fidelity models are not considered due to their inaccurate flow
modelling. No experimental acoustic data is available for the comparison.

Fig. 17 illustrates the directivity plots of the OASPL on the two circular microphone arrays (Fig. 7). The OASPL is expressed in
dB with reference pressure equal to 2 × 10−5 Pa. Data are integrated between one Blade Passing Frequency (BPF) and 20 BPF, where
the BPF equals 6.8Hz.

An overall good agreement between the methodologies is found in terms of trends. The resulting acoustic field is slightly
asymmetric as expected from the flow dynamics of the VAWT. The main differences in the absolute values are attributed, for the
microphones located in the x-y plane, to the incoming wind speed and to 3D effects while, for the microphones located in the x-z
plane, to the non correct prediction of 𝛼 and 𝑉rel.

The previous observations are further supported by the SPL spectra in Figs. 18 to 20. Two microphones in the x-y plane and four
microphones in the x-z plane are used: 𝜙 = 20◦, 𝜙 = 270◦, 𝜃 = 50◦, 𝜃 = 90◦, 𝜃 = 220◦ and 𝜃 = 270◦.

In the figures, results from the low-fidelity method are plotted for each noise generation mechanisms. The tonal loading noise
is not modelled because for this case study, in real-life, the rotational frequency is low and out of the audible range.

At 𝜙 = 20◦, good agreement between LB-VLES and the results from the low-fidelity models is found. The two methods confirm
the dominance of the T-I noise at low frequency as well as the dominance of the TBL-TE noise at medium frequency. The small
differences in the tonal peak of the LBL-VS at 6 × 102 Hz are attributed to 3D vortex-shedding effects, which represent one of the
limitation of the low-fidelity methodology.

At 𝜙 = 270◦, the acoustic predictions of the noise model are strongly affected by the presence of the struts and of the tower
(Section 5).
13
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Fig. 17. Directivity plots of the Overall Sound Pressure Level (OASPL) computed on: a circular array of 27 microphones in the x-y plane (Fig. 17(a)) and on a
circular array of 36 microphones in the x-z plane (Fig. 17(b)). The LB-VLES results are compared with results from the noise model with AC data for 𝑁𝑐𝑟𝑖𝑡 =7.

Fig. 18. Sound Pressure Level SPL versus frequency 𝑓 obtained from two microphones in the x-y plane: at 𝜙 = 20◦ (left-side) and at 𝜙 = 270◦ (right-side). The
LB-VLES results are compared with results from the noise model with AC data for 𝑁𝑐𝑟𝑖𝑡 = 7.

Fig. 19. Sound Pressure Level SPL versus frequency 𝑓 obtained from two microphones in the x-z plane: at 𝜃 = 50◦ (left-side) and at 𝜃 = 90◦ (right-side). The
LB-VLES results are compared with results from the noise model with AC data for 𝑁𝑐𝑟𝑖𝑡 = 7.

At 𝜃 = 50◦, 90◦ and 220◦ and below 1 × 102 Hz, the differences between the LB-VLES and the noise model are small and it is
evident the relevance of T-I noise.

At 𝜃 = 270◦, the noise model predicts lower levels of T-I noise with respect to the LB-VLES. This is due to tower shadow, as
illustrated in Fig. 12. The consequent velocity deficit causes laminar flow over larger portions of the airfoil which is reflected in the
LBL-VS peak at 6 × 102 Hz [3]. At 𝜃 = 90◦, the increasing angle of attack caused by flow separation (Fig. 12), leads to a decrease in
the predicted LBL-VS peak by the LB-VLES [3]. The low-fidelity model does not capture this effect due to an inaccurate prediction
of 𝛼 and 𝑉𝑟𝑒𝑙.

Overall, no agreement in the absolute value for the TBL-TE noise is found for two reasons. First, the low-fidelity model does
not account for BVI and BWI because the blades are modelled as isolated [8]. Second, the model assumes steady flow conditions
and the occurrence of flow separation only when 𝛼 > 12.5◦ [9,53]. This condition is demonstrated to be not true for the case under
study (Section 5).

To further demonstrate the influence of the struts and the tower and the occurrence of 3D effects and blade-wake interactions,
visualizations of the instantaneous noise contribution from each solid surface at a given microphone location is computed with
𝑂𝑝𝑡𝑦𝜕𝐵-pfnoisescan [54]. The resulting unsteady surface field is Fourier transformed and then visualized in different integration
bands as SPL∕m2.
14
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Fig. 20. Sound Pressure Level SPL versus frequency 𝑓 obtained from two microphones in the x-z plane: at 𝜃 = 220◦ (left-side) and at 𝜃 = 270◦ (right-side). The
LB-VLES results are compared with results from the noise model with AC data for 𝑁𝑐𝑟𝑖𝑡 = 7.

Fig. 21. FWH integral contribution from a microphone in the x-y plane at 𝜙 = 270°.

Figs. 21 to 23 illustrate the noise source maps computed by using three different microphones: 𝜙 = 270°, 𝜃 = 50° and 𝜃 = 90°.
Since in the comparison of the SPL spectra, the noise models show to inaccurately predict the TBL-TE noise and the LBL-VS noise,
the corresponding frequency range are used in the analysis: 2 × 102 Hz–3 × 102 Hz and 5 × 102 Hz–6 × 102 Hz.

At 𝜙 = 270°, the struts and the tower are detected as the main noise sources, while the blades present lower noise contributions.
This explains the trend observed in the SPL spectrum (Fig. 18), where the low-fidelity model predicts higher noise levels for not
modelling the struts and the tower.

The influence of 3D phenomena on the overall noise contribution is evident at 𝜃 = 50°. Vortices are visible at the tip and the
bottom of the blade, while 3D effects generate from junction flows in the proximity of strut-blade connections. For this reason, the
assumptions about the 2D flow and related radiated noise are not valid, resulting in lower noise levels of the LB-VLES with respect
to the one predicted by the low-fidelity model between 2 × 102 Hz and 3 × 102 Hz (Fig. 19).

At 𝜃 = 90°, the noise source map reveals the dominance of the most upwind blade because it experiences higher flow velocity
and angle of attack. As above-mentioned, from 5 × 102 Hz to 6 × 102 Hz, the increase in the angle of attack causes a decrease in the
LBL-VS peak predicted by the LB-VLES (Fig. 19). Another cause of the lower noise contribution of the most downwind blade is
attributed to BVI and BWI, proving that the assumption of modelling blade as isolated is not true for VAWT [53].

7. Conclusions

This study assesses of the state-of-the-art of a low-fidelity noise prediction tool for a VAWT operating at a low 𝑅𝑒 number. The
two-bladed H-Darrieus PitchVAWT geometry is used, for which experimental aerodynamic data are available. The limitations of the
low-fidelity methodology are investigated through a comparison with high-fidelity data. This dataset allows to study the relation
between the aerodynamics and the aeroacoustics of the VAWT.

Upwind, the results from the AC model strongly depends on the aerodynamic polars used as input because of the complex flow
dynamic of airfoils at low 𝑅𝑒 number [55]. The influence of the polars confirms how a correct prediction of the flow is essential to
predict the aerodynamics of the VAWT correctly.

Downwind, differences in trend are found due to the inaccurate prediction of 𝛼 and 𝑉rel. These parameters cannot be correctly
computed because 3D effects, blade–blade interactions, flow separation and tower shadow are not included in the low-fidelity
model. The occurrence of 3D effects at the tip and the struts as well as BVI and BWI is demonstrated with three-dimensional
15
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Fig. 22. FWH integral contribution from a microphone in the x-z plane at 𝜃 = 50°.

Fig. 23. FWH integral contribution from a microphone in the x-z plane at 𝜃 = 90°.

flow visualization through the 𝜆2 criterion and contour of the instantaneous vorticity magnitude. Contours of the instantaneous
stream-wise velocity component also demonstrate flow separation and tower shadow, which enhance the unsteady flow field.

These aerodynamic limitations are reflected in the directivity patterns and in the SPLs. The Buck model is proven to accurately
predict the T-I noise in the absence of tower shadow. Due to the inaccurate prediction of 𝛼 and 𝑉rel and the assumption of steady
flow, the TBL-TE noise and the LBL-VS noise are not correctly modelled with the BPM approach. However, the applications of the
model themselves are reasonable since input parameters are varied in a quasi-steady way during the rotations. Overall, from the
comparison between the low-fidelity prediction tool and the high-fidelity ones, it is found that they predict the aerodynamics and
the aeroacoustics of a VAWT with acceptable accuracy for a preliminary design stage.

In future studies, the low-fidelity prediction tool will be improved as follows:

• Extracting 𝛼 and 𝑉𝑟𝑒𝑙 from the high-fidelity simulations.
• Recomputing the polars employed in the AC model by using the corrected values of 𝛼 along the rotation.
• Estimating the noise emitted by the blades by applying these corrected inputs.
• Including the aerodynamic estimation of the struts by extending the AC model to the Actuator-in-Actuator cylinder (AC-

squared) model, described in [56] and further applied to a rotor with inclined struts in Chapter 7 of De Tavernier
[57].

• Including the aeroacoustics estimation of the struts by extending the approach of Botha et al. [8] to consider the horizontal
rotation of the struts.

• Performing high-fidelity simulations of the isolated blade and strut to further compare against the analytical models.
16
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With the considered improvements, 3D effects, blade–blade interactions, flow separation, presence of the struts and tower shadow
ill be included in the low-fidelity prediction tool allowing a more accurate estimation of the aerodynamics and the aeroacoustics
f a VAWT for final design stages.
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