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Abstract: We present Large Eddy Simulations and aeroacoustic spectra for three configurations of
increasing flow complexity: an isolated NACAO0012 airfoil, an isolated rotating vertical axis wind
turbine composed of three rotating airfoils and a farm of four vertical axis turbines (with identical
characteristics as the isolated turbine), which are located in close proximity. The aeroacoustic
signatures of the simulated airfoil and the isolated turbine are validated using published numerical
and experimental data. We provide theoretical estimates to predict tonal frequencies, which are
used to identify the main physical mechanisms responsible for the tonal signature and for each
configuration and enable the categorisation of the main tonal aeroacoustic sources of vertical axis
turbines operating in close proximity. Namely, we identify wake, vortex, blade passing and boundary
layer phenomena and provide estimates for the associated tonal frequencies, which are validated with
simulations. In the farm, we observe non-linear interactions and enhanced mixing that decreases tonal
frequencies in favour of larger broadband amplitudes at low frequencies. Comparing the spectrum
with that of the isolated turbine, only the blade passing frequency and the boundary layer tones can
be clearly identified. Variations in acoustic amplitudes, tonal frequencies and sound directivities
suggest that a linear combination of sources from isolated turbines is not enough to characterise the
aeroacoustic footprint of vertical axiswind turbines located in close proximity, and that farms need to
be considered and studied as different entities.

Keywords: Large Eddy Simulations; aeroacoustics; NACAQ012 airfoil; vertical axis turbine VAWT;
wind turbine farm

1. Introduction

Vertical axis wind turbines (VAWTs) for power generation [1], also known as H-rotors or Darrieus
turbines, present complex unsteady flow phenomena and associated aeroacoustics. To date, VAWTs
have had limited use within the wind energy sector, where the three bladed horizontal axis flow turbine
has been widely adopted. However, it is thought that VAWT configurations may be advantageous for
new emergent markets such as urban environments (e.g., turbines on building roofs).

VAWT have the advantage of not requiring orientation since they rotate independently of
the stream direction and hence researchers argue that this technology is more suitable for urban
environment, as it would minimise maintenance costs through reduced control systems (e.g., yaw
mechanism). Additionally, H-rotors can be less harmful for birds and bats, since the blades move at
a slower pace [2]. Regarding noise, VAWTs usually have a tip speed, which is half the tip speed of
horizontal axis wind turbines, and therefore are more silent [2] and can be better suited for urban
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environments. A deeper review of the arguments in favour and against VAWTs and its use in urban
environments can be found in [2,3].

Recent studies e.g., [4,5], suggest a faster wake recovery for VAWTs that for horizontal turbines,
making these more suitable for farms. Additionally, VAWTs placed side by side (sometimes called
double rotor) extract more power [6-8] due to the local flow redirection enhancing the generation of
torque. Similarly, clustering VAWTs in close proximity (distances between turbine centres of two to five
diameters) increases power extraction [9-11] These studies highlight the potential of designing farms
with VAWTSs placed in close proximity for their use in urban environments, e.g., on building roofs [12].
Motivated by these recent findings, in this text we explore the physics behind the aeroacoustics of
VAWTs in close proximity.

Turbine noise may be categorised in two types: mechanical (typically low frequencies of 20-2 kHz
in large wind turbines) and flow-acoustic noise (complex broadband/tonal spectrum 20-10 kHz).
The first type has a defined tonal character and is produced by the mechanical components as the
gearbox and bearings (and/or generator or cooling systems) and may be controlled by appropriate
insulation. The second type of noise is more complex and is caused by the interaction of the blades
moving through the air and is generally called aeroacoustic. Predicting and controlling the latter is
possible through an accurate understanding of the interactions of unsteady flows through the rotor,
around the rotating blades and developed wakes.

Turbine acoustics [13,14] is a complex process and various types of acoustic sources have been
identified in the past. The most important are briefly described here: Steady loading relates to the
distribution of forces along the blade leading to broadband noise. Unsteady loading relates to the
incoming sheared and turbulent atmospheric flow and is associated to low frequency noise. Blade or
airfoil self-noise encompasses various high frequency phenomena that relate to the boundary layer and
eddies generated as the air passes the blades. Blade noise has both broadband and tonal character
and is mainly felt downstream of the turbine. Unsteady flow phenomena are responsible of this type
of noise, which includes noise generated by blunt trailing edges, turbulent boundary layers, shed
vortices, among others. These highly unsteady effects can be found in both horizontal and vertical axis
turbines, although the latter type is more prone to generate unsteady phenomena. In this category,
other complex physics such flow detachment, blade tip vortices [15] and vortex-blade interactions [16]
can be included. Wake development is another factor that can influence the acoustics of VAWTs.

The modelling of VAWT wakes using numerical techniques has been recently addressed in [17]
and by the second author of this text in [18-20]. A recent review by Du et al. [21] covers these different
aspects. Whilst tip vortices or vortex-blade interactions have a tonal character, stalled flows and wakes
produce broadband noise. In this work, we include an identification of the physical phenomena
responsible for the acoustics of isolated turbines and turbines in close proximity, and is the first step
towards understanding noise generation to design silent VAWT farms in the future.

Experiments and simulations have been used in the past to understand the aerodynamics of
VAWT, see [21] for a recent review. However, limited work exists about VAWT aeroacoustics and,
to the authors knowledge, none regarding farms of vertical axis turbines. Meaningful experimental
studies include [22,23], which provide the experimental data used in this text. Pearson’s PhD thesis [24]
provides a wide overview of VAWT noise and includes interesting experimental results. The thesis
concludes that peaks at 1-2 kHz can be expected and are attributed to boundary layer tonal noise.
We also observe these tones in this manuscript. Much of the previous work has focussed on dynamic
stall effects, which are often observed in VAWT, but are not present for our selected conditions. Indeed,
the selected experiments [22] are obtained with large tip speed ratios that prevent the blades from
undergoing dynamic stall. This facilitates to some extend our analysis and reduces the noise sources in
the upstream half of the rotor. Additional experimental work includes [25-27].

Recent numerical studies for the acoustics of VAWTs [28-30] used Large Eddy Simulation type
turbulent models, for they enhanced performance in highly unsteady regimes. These works provided
interesting insights into the effect of tip speed ratio and solidity on noise generation for isolated
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turbines. Unsteady Reynolds Averages Navier-Stokes simulations have also been used to propose
silent VAWTs [31], to study silent airfoils for VAWTs [32] and to derive broadband noise models [33].
In this work we retain a Large Eddy Simulation approach.

In summary, the prediction of aero-acoustic noise is a remarkable subject due to the complexity of
the flow features involved in the generation and propagation of sound. Here, we consider large eddy
resolved numerical simulations, where the complex physics mentioned above are taken into account
explicitly. Particular attention will be paid to the acoustic generation of the isolated VAWT and to
the modification of the acoustics when locating turbines in close proximity. We include theoretical
estimates for the various tonal frequencies expected in VAWT, which are used to analyse the obtained
spectrum. We attempt to characterise the acoustic sources to enable a deeper understanding of the
physics behind the acoustic generation in VAWT and groups of turbines in close proximity.

The contributions included in this text are summarised below:

e  We provide validation for Large Eddy Simulations of airfoils and VAWTs.

e  We propose physics-based theoretical estimates for tonal frequencies appearing in VAWTs.

e  We identify tonal frequencies in VAWT and group of four turbines in close proximity (or farm).

e  We analyse the spectra and directivities of the isolated VAWT and the farm of four VAWTs,
and identify the main physical mechanisms of noise generation.

The remainder of the text is organised as follows: First, the numerical methodology presents flow
parameters and meshes used in the study. Second, simulation results for an isolated airfoil, and isolated
VAWT and a group of four VAWTs in close proximity are presented and include validation of the
methodology and identification of the main tonal frequencies with the help of theoretical estimates.
Finally, conclusions and an outlook are included.

2. Methodology

The numerical computation of aeroacoustics presents two distinct problems: noise generation
(near field) and noise propagation (far field). Although direct computation of acoustics (near and far
field are solved together) is possible to date only for small cases, the hybrid approach is generally
preferred to lower the cost in large complex simulations. Acoustic analogies, e.g., [34-36] have enabled
a certain degree of decoupling between the generation and propagation of noise. Following these
analogies, equivalent acoustic sources can be extracted from the well resolved near field region.
These can be subsequently modelled and injected into a new simulation to predict their propagation.
The decoupling enables faster computations, since the near field that requires highly accurate flow
computations can be performed separately from the acoustic propagation, see [13,37].

More precisely, in this work the near field needs accurate predictions of the unsteady pressure
fluctuations using Large Eddy Simulations (LES). For turbines, this requires using rotating sliding
meshes. In the far field, we use a Ffowcs Williams-Hawking (FWH) analogy for the propagation of
noise up to the various microphones located far from the aeroacoustic generation region.

2.1. Solver Details

In this work we use ANSYS-Fluent (ANSYS Academic Research Mechanical, Release 18.1) to
compute the generation and to propagate the acoustics to various microphone locations. As in [28,29],
we select the LES turbulence model with Wall-Adapting Local Eddy-viscosity (WALE), to correct the
wall asymptotic behaviour and we propagate noise using the FWH approach. Convective fluxes are
discretised using a second order scheme and diffusive fluxes are approximated with a node-based
gradient approach and central differencing. Inflow turbulence levels are kept to minimum values such
that only the simulated geometry is responsible for the generation of turbulent flow structures. When
simulating rotating VAWTS, rotating sliding meshes are used to enable the relative motion of the blades
(embedded into a rotating mesh) with respect to a static outer mesh.
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2.2. Configurations and Meshes

To simulate the isolated NACAQ012 airfoil, we generate a mesh of C-grid type, whilst for the
VAWT simulations we utilise O-type grids, as shown in Figure 1. To generate the mesh for the farm of
four VAWT in close proximity, we embed four O-grids (one for each VAWT) within a larger circular

region, as depicted in Figure 2. In the figures the blue circle indicates the Ffowcs Williams-Hawking
surface, where acoustic source terms are computed.
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Figure 1. Mesh for isolated VAWT: (a) Domain mesh and (b) VAWT mesh.
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(c) Detail of the blades

Figure 2. Mesh for group of four VAWTs in close proximity (or farm): (a) Domain mesh, (b) Mesh for
four VAWTs in close proximity and (c) Detail of the blades.

Details for all simulated cases are summarised in the Table 1. All simulations are three-dimensional
to enable 3D turbulent flow to develop. The out of plane domain lengths range from 10 to 40% of the
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chord length and is discretised using typically 20 mesh elements and periodic boundary conditions.
This extension enables the development of 3D turbulence, whilst minimising the mesh size.

Table 1. Flow conditions for the NACAQ012, the isolated VAWT and the group of four VAWTs in
close proximity.

NACAO0012 (Sharp Trailing Edge)

Domain size (m): 200 x 200 x 0.1 (C-type mesh)
Number of mesh elements: 253.080

Reynolds number (chord based): Re; = 1 X 10°
Blade Chord (m): ¢ =1

Angle of Attack (degrees): 0°

Isolated Vertical Axis Wind Turbine

Domain size (m): 20 x 20 X 0.1 (O-type mesh)

Number of mesh elements: 460.740

Reynolds number (Diameter based): Rep = 4.67 X 10°
Profiles used for blades: NACA0018 (blunt trailing edge)
Turbine Diameter (m): D =1

Number of blades: 3

Blade Chord (m): ¢ = 0.25

Rotational Velocity (rad/s): w = 83.776

Wind speed (m/s): U =7

Tip speed ratio: A = 6

Range of Reynolds numbers (blade-chord based) for all azimuths:
5.81 x 10° < Repjpge < 8.15 x 10°

Group of four Vertical Axis Wind Turbines (or farm)

Domain size (m): 20 x 20 x 0.1 (O-type mesh)

Number of mesh elements: 5.053.400

VAWT configuration: as for the individual turbine

Separation between turbines (m): 2 (square shape distribution)

All simulations are run for a total time of 3 s (at least), which in the case of the VAWT and the
group of turbines is equivalent to 40 wind turbine rotations). These long time series provide enough
temporal information to perform accurate frequency analyses, even for low frequencies. We do not
perform any filtering (in time or frequency) to the signals.

3. Numerical Simulations

This section describes and discusses the results obtained for the three selected configurations.

3.1. Aeroacoustic Sources for an Isolated NACA0012 Airfoil

We simulate an isolated NACA0012 at 0° and 20°. We place a microphone at 0.5 m up the middle of
the airfoil and compare our power spectral density spectrum, obtained using LES and FWH (Kirchhoff
surface located at 0.1 m from the airfoil surface) to direct numerical simulation (DNS) results by Jones
and Sandberg [38]. They reported tonal frequency ranging from 3.83 to 4.11 Hz, when varying the
angle of attack from 0° to 2°, whilst the power spectral density (PSD) amplitudes decreased from
52x1073 to4.4x107%,

The PSD spectrum is compared to our results, in Figure 3a, for 0° angle of attack. We observe
a tonal peak at the main shedding frequency (~ 4 Hz), which is captured both by the DNS (blue
curve) and our simulation (red curve). The amplitude of this tone is well captured, however, the DNS
simulation shows a second peak above the main frequency (~ 4.5 Hz), which is not captured by our
simulation. In general, there is good agreement throughout the frequency range computed, with mild
differences for high frequencies (>14 Hz), which are attributed to the lower spatial resolution of our
LES simulation, when compared to the reference DNS. We note here that we have computed the same
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case using a unsteady RANS approach (with k-omega SST) to obtain a steady flow that resulted in
unrealistic aeroacoustic (i.e., zero amplitude for all frequencies), which highlights the importance
of selecting an appropriate turbulence model such as LES. A number of differences between our
simulations and the DNS results [38] help explain the discrepancies observed in Figure 3a. Jones and
Sandberg’s DNS results [38] are 2D and obtained using a compressible solver with Mach number 0.4,
whilst our results are 3D and incompressible. Additionally, they used ensemble averaging with 50
percent overlap and Hanning windowing, yielding smooth curves, whilst we do not perform any
treatment of the signal, which explains our noisy spectrum. Let us note that the mechanism controlling
the tonal noise for the NACAQ0012 airfoil at 0° has been a topic of debate for some time, and for this
reason we include a deeper discussion in Appendix A.

-- Jones & Sandberg 0° | - Stmulation 20°
-- Simulation 0° - Simulation 0°
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(a) Validation at 0° (b) Simulations at 20° and 0°

Figure 3. Power spectral density spectra for isolated NACA0012 airfoil at Re = 1 x 10°, microphone
located at 0.5 m above the mid-chord of the airfoil: (a) Validation with DNS data at 0° [38] and (b) Black
and red curves are our LES + FWH at angle of attack 20° and 0°, respectively.

In Appendix B, we provide estimates for the time-space scaling of the main physical phenomena
encountered in VAWT. These estimates can be used to predict the tonal frequencies, using Table A1,

which can be calculated using the flow conditions detailed in Table 1. We can estimate the frequency

y
associated to the boundary layer thickness fp;, = 1/, = M, with y = 1/5 for a turbulent

boundary layer and with the tip speed ratio A = 1 in this case (no rotation), we obtain fp;, =10 Hz.
However, let us note that it was reported by Paterson et al. [39] that the shedding frequency for isolated
airfoils can be associated to twice the boundary layer thickness. Therefore, the expected frequency
is in fact fp;, = 5 Hz, which agrees well with the value of 4 Hz reported in Figure 3. In Figure 3b,
we include the PSD spectrum at 20°, the flow is now detached over the whole upper surface, resulting
in broadband noise with higher amplitude for all frequencies. In our case, we do not observe any tonal
peak at this angle of attack. The interested reader is referred to [40] for a discussion on the mechanisms
controlling separation at high angles of attack for the NACAO0012 airfoil.

These preliminary simulations confirm the usefulness of LES and FWH techniques, and help
characterise the tonal source of airfoil noise related with the shedding frequency. In addition, they
show that only for mildly attached flows we could expect tonal frequencies, which are not present if
the flow is massively detached.

3.2. Aeroacoustic Sources for a Vertical Axis Wind Turbine

The complex flow field associated to a rotating isolated VAWT is illustrated in Figure 4, wind
is from the left. It can be seen that various flow phenomena coexist and lead to complex shedding
patterns. In what follows, we will quantify the main physical mechanisms leading to distinct tonal
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frequencies in the acoustic spectrum, but before this we compare our simulated results to experimental
data, to validate our methodology.

(@t=12s (b)t=13s
Figure 4. Velocity magnitude flow field for isolated VAWT at two instants at time: (a) t=1.2sand (b) 1.3 s.

Figure 5 shows the sound pressure level spectrum for the isolated VAWT at a microphone placed
1 m downstream the axis of the turbine (see Figure 6a for the microphone location). We compare our
simulations (black) to experimental data (red), which is extracted from [23]. Comparable experiments
for similar VAWT can be found in [22]. The experiments were performed in the anechoic closed return
(with an open test section) wind tunnel at the University of Erlangen-Nurnberg, which has a low
turbulence level of 0.15%, see [23] for details. Our simulations use the flow conditions detailed in
Table 1, which correspond to the "Full-scale” conditions detailed in [23].

Figure 5a illustrates the good agreement obtained between our simulations and the experiments.
The main tonal frequencies are well captured for frequencies between 30 and 500 Hz. We see particular
good agreement in capturing the main blade passing tonal frequency at 40 Hz. Our results do not agree
well, with the experiments, at very low frequencies (<30 Hz), which is due to the background noise (i.e.,
wind tunnel fan noise) reported in the experiments, as shown in Figure 5 of [23], where the authors
compared the sound pressure level spectrum measured with and without the turbine in the tunnel, to
show that these low frequencies are identical when the turbine is not present. Our results agree well for
frequencies where the background noise does not dominate, i.e., >30 Hz. At mid frequencies, we see
various tonal frequencies and a relatively good match with experiments, even though the magnitude in
our simulations is generally higher. Despite these discrepancies, this spectrum can help us to highlight
the main physical mechanisms responsible for the acoustic tones.

feL
- Experimental dataWeber et al. = i
BL
-- Simulation Solade fi =

75 75
% g o ﬁlar./mfs
» [} -
3 3 Foormes
gSO o 50 Frortex
2 2 T | A
@ 8 | fl
@ P |f||/\ | J|f|| |T f |
E T i 4l
825 3 | \
0 0
L = Frequencl/o(?-iz) Ly 1 i Frequencl/o(?iz) Ly
(a) VAWT validation (b) Tonal frequencies

Figure 5. Sound Pressure Level for an isolated VAWT: (a) Comparison of experimental (red) [23]
and our LES + FWH simulations (black), and (b) Annotated version highlighting the main physical
frequencies in the VAWT.
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Figure 6. (a) Microphone location and (b) Sound directivity for an isolated VAWT. Curves quantify the
Overall Sound Pressure Level (OASPL) at microphones located at 1 (blue), 2.5 (red) and 5 (green) meter
radius from the turbine centre; 180° denotes the turbine front and 0° the rear.

Now, we can start to relate the main frequencies of Figure 5, with physical mechanisms derived
in Appendix B. We start by considering the turbine wake. Past the turbine, we observe a turbine
wake with a large von Karman like flow structure, which due to the anti-clockwise rotation is slightly
lifted upwards. We can provide an estimate for the low frequency associated to the VAWT wake
(fwake) if we consider the Strouhal number St = fD/U at Re = 4.67 x 10° for an equivalent circular
cylinder given by Norberg [41]. From Norberg, we find St = 0.19, which relates to a dimensional
frequency fyuke = 1.33 Hz. This estimate agrees very well with the low frequency detected in the
annotated Figure 5b. Additionally, we have included estimates for the main physical phenomena,
including the wake time scaling in Table A3 in Appendix B. Following these estimates, we find
fwake = 1/ Twake = PPrU/ D = 7.0 Hz, if the velocity deficit at the front and rear passages are f = 7 = 1.
To obtain a frequency similar to f;,;x, = 1.33 Hz, which was obtained using the cylinder approximation,
the velocity deficit need to be 7 =~ 0.2, which leads to f;,.x, = 1.42 Hz. We depict the velocity deficits
(B and Bpr) in Appendix B for the isolated VAWT in Figure A2a, where it can be seen that § and s are
not homogeneous across the diameter but that 7 ~ 0.2 may be a reasonable value when disregarding
the high local velocities at the top of the turbine.

Near the trail of the rotating blades, wakes of small vortical structures can be observed in Figure 4.
Particularly, distinct vortices are shed as the blades rotate at the front passage, and persist after being
shed. The vortices shed during this half cycle are convected towards the rear half and may interact with
the blades when in the upward rear cycle. This mechanisms of blade vortex interactions is complex
and heavily dependent of the convection speed at the interior of the turbine (associated to turbine
solidity) and turbulent diffusion that may help diffuse the vortices and alleviate their interaction with
rotating blades. Theoretical estimates for the conditions of occurrence of blade-vortex interaction were
provided by the second author in [16]. These estimates are included in Appendix B of this text and are
used to predict the occurrence of blade-vortex interactions, which will inevitably lead to the generation
of acoustic noise. We use the inverse of the estimate for the vortex time scale, from Table A2, to quantify
the frequency associated to this phenomenon fuortex = 1/ Toortex = % ~ 85 Hzif C; = 0.5 and
16.96 Hz when C;, = 1. Tonal frequencies within this ranges are present in Figure 5b. Let us note
that the high rotational velocity, of the experimental and CFD set up, leads to very small variations
in the geometrical angle of attack AoAge, = tan~!(sin 0/ cos 6 + 1), which remains near 1.4° over the
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whole rotation cycle (i.e., dynamic stall is very unlikely). However, unsteady effects induced (for
example) by wake oscillations, are likely to increase the effective angle of attack over the cycle leading
to additional tones.

Table A2 provides an estimate of the blade-vortex interaction frequency as fgy = 1/7py = % =7B.
Assuming low turbine blockage f ~ 1, we obtain fgy = 7 Hz and fpy = 1.4 Hz if § = 0.2, which
provides a range of possible tones. The frequencies for fyoex are close to fpy and, for this reason,
we group these vortex frequencies into fyrtex. These are included in Figure 5b.

We now calculate the geometric frequencies arising from the moving blades. The blade passing
frequency (for only one blade) can be calculated easily from the turbine rotational speed f,e—piade =
w/2n = 13.33 Hz. Of course having a three bladed turbine, we expect the actual blade passing
frequency at fyiuge = 3 fone—piade= 40 Hz. This is indeed the main tonal frequency fy,4. highlighted in
Figure 5b. The second and third harmonics of the main frequency are also highlighted as f;,—piz4e for
reference. Note that the second harmonic is clearly visible in the experimental data. Additional tonal
frequencies can be identified after the main rotational frequency fy,4. and are attributed to non-integer
multiples of the identified frequencies (also known as inharmonic frequencies) but are likely resulting
from the identified main physical phenomena.

Lastly, we identify high frequencies (>1 kHz) that we relate to boundary layer scales. Estimates,
based on flat plate aerodynamics, are detailed in Appendix B and summarised in Table A1, for the
boundary layer blade scaling. Using these, we can estimate the frequency associated to the boundary
layer thickness fp;, = 1/7p1 = M ~ 2.4 kHz. As reported in Table 1, the range of Reynolds
numbers seen by the blades as they rotate (based on the chord and the combined free stream and
rotational velocity) is Repug. = 5.81 — 8.15 x 10° for all azimuthal angle, which is comparable to the
Reynolds number of the isolated airfoil Re, = 10° studied in Section 3.1 and therefore tonal frequencies
at low angles of attack are expected. As for the isolated airfoil (see Section 3.1), we follow Paterson
et al. [39] and relate the shedding frequency to twice the boundary layer thickness. Consequently,
the expected frequency is fp;, = 1.2 kHz, which is not far from the frequencies depicted in Figure 5b
(~ 1-1.2 kHz). These high frequency tones have also been reported in [28]. At higher frequencies than
fBr, harmonics and other small scale phenomena associated to the blade aerodynamics are observed.
Due to the very high mesh requirement needed to capture such small flow structures, these very high
tones are disregarded in what follows.

We complete the previous study with the noise directivity for the isolated VAWT. Figure 6a shows
the microphone location and Figure 6b depicts the directivity plot for the three circular arrays of
microphones. The figure shows the Overall Sound Pressure Level (OASPL) at each microphone; 180°
denotes the turbine front and 0° the rear. We observe a monopole shape, where the directivity is shifted
towards the rear for all microphone arrays, and is attributed to the turbine wake. The monopole
type directivity is different from that of a horizontal axis turbines, where a dipole character, with
predominance in the rotor perpendicular direction, dominates [42]. Additionally, the arrays located
further away from the turbine show larger amplitudes in the cross-flow directions. This directivity
seems to be governed by an unsteady loading, which radiates in the perpendicular direction to the
incoming flow direction.

3.3. Aeroacoustic Sources for Four Vertical Axis Turbine in Close Proximity

In this section, we analyse the acoustic footprint of a group of four VAWTS, located in close
proximity (or farm). As summarised in the introduction, previous works [9-12] have recommended
the location of groups of VAWT in close proximity to enhance power extraction. Here we only consider
one configuration and focus on the farm aeroacoustics.

Each of the turbines is identical to the isolated VAWT analysed in the previous section, and therefore
similar tonal frequencies, associated to the identified physics, are expected. Figure 7 show two snapshots
of the highly unsteady flow over the group of turbines. We observe a more complex flow pattern than
for the isolated turbine. The figure suggests that the wakes of the first row of turbines are not allowed
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to develop as they are ingested by the second row of turbines. Consequently, the second row sees a
highly unsteady flow, which is likely to generate noise of unsteady loading character. After the second
row, wakes develop but we fail to distinguish a clear von Karman like flow structure (as in the isolated
VAWT), since individual wakes fuse into a unique wider farm-wake only 1-2 diameters after the second
row of turbines.

(@t=15s (b)t=20s

Figure 7. Velocity magnitude flow field for group of VAWTs in close proximity at two instants in time:
(@)t=15sand (b)2.0s.

Figure 8 reports the sound pressure level spectra at four locations. These locations are depicted in
Figure 9a and correspond to: top (microphone u), front (microphone 2b), bottom (microphone d) and
back (microphone 2s) locations around the farm. As before, we have annotated the figures to highlight
the main frequencies observed.

The wake time scaling of Table A3 in Appendix B was used for the individual turbine to obtain a
wake frequency estimate of f,,, = 1.42 Hz, if 7 ~ 0.2. We can also find estimates for a farm with
two rows of turbines, see Table A4. When considering two rows, the effective diameter of the farm
can be approximated by 3D (three times the diameter of one turbine), and the farm-wake frequency
(denoted wake2 in Table A4) can be approximated as one third of the frequency of the isolated turbine,
which gives fuake- farm = ﬁﬁ/ﬁ?:# ~ 0.45 Hz, if Bpsp”'B""" ~ 0.2 (see Figure A2 in Appendix B). We do
not observe this tonal frequency in Figure 8, which is likely masked by the high levels of broadband
noise, at very low frequencies.

The four microphones report the main blade passing frequency fy,4., whose amplitude is not
larger than in the isolated case, which shows that there is no clear cumulative effect of having four
turbines with identical blade passing frequency. This can be quantified by considering a linear
combination of incoherent acoustic sources (see for example [42]), which results in the following
augmented sound pressure level for the farm: Ly, = 1Olog10(4(pl-nd/ pmf)z) = Liyg +10log;,(4),
where pj4 is the RMS pressure of an individual turbine, p,.y = 0.00002 Pa is the reference pressure
and L;,,; = 10 loglo((pind /Pre f)z) is the sound pressure level of an individual turbine. In Figure 5 we
observe that the main tonal amplitude for the individual turbines is L;,,; = 75 dB, and therefore if a
linear superposition of the sources was to hold for the farm, we should observe in Figure 8 a peak of
magnitude L., ~ 75dB + 64B = 81 dB. However, the maximum amplitude observed in Figure 8 is
75 dB for all microphones, which suggests that a linear superposition of sources cannot be used to
compute the overall farm footprint. Let us note that if we had considered coherent sources (instead of
incoherent), the total noise would have been L, = Liyg +2010g,y4 ~ 87 dB, which is even higher
that for incoherent sources and much higher than measured.
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Figure 8. Sound Pressure Level at various microphone locations (shown in Figure 9a) for the group

of VAWT: in close proximity: (a) Microphone u—Top, (b) Microphone 2b—Front, (¢) Microphone
d—Bottom and (d) Microphone 2s—Back.

90 OASPL

270°

(a) Microphone location (b) Sound directivity

Figure 9. (a) Microphone location and (b) sound directivity for a group of VAWTs (or farm) in close
proximity. The curve quantifies the Overall Sound Pressure Level (OASPL) at the microphones located
at a three meter radius from the turbine centre; 180° denotes the turbine front and 0° the rear.
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Returning to the blade passing frequency, fyi;4., we observe that it has smaller amplitude when
measured at the back of the farm, where broadband noise tends to dominate, which relates to the high
mixing and not clear flapping of the farm-wake. The second harmonic fj,y—pige is clearly visible in all
spectra, but has a larger amplitude in microphones u and 2b (Top and Front respectively). The third
harmonic is almost indistinguishable in all microphones. Additional (integer or non-integer) harmonics
cannot be clearly identified.

High frequency boundary layer tones fp;, are found in all microphones, but the amplitude of
this tone is 10 dB higher on the microphones located at the front (2b) and the back (2s) of the farm,
which illustrates the particular directivity of this type of noise.

For completeness, we show in Figure 9b the directivity plot for the turbine farm. We show the
Overall Sound Pressure Level (OASPL) at each microphone depicted in Figure 9a; 180° denotes the
farm front and 0° the back. Overall, the OASPL amplitudes are larger in the farm case than in the
isolated turbine. The directivity for the farm is different of that of the isolated turbine.

Here, we observe a quadrupole character, as opposed to the monopole directivity reported for
the isolated VAWT. This is likely due to the superposition of four monopole, leading to a quadrupole
directivity, in the farm case. Additionally, the directivity is shifted towards the front of the farm, which
suggests that the wider wake, and associated enhanced mixing behind the turbine, tends to dissipate
acoustic energy. Additionally, the highly unsteady flow field ingested by the second row, leads to
unsteady loading noise that modifies the directivity for the farm. We conclude that the directivity for
the farm is substantially different from the case of the isolated VAWT.

3.4. Human Perception of the Farm Acoustics

A-weighting represent the sensitivity of the human ear and shows that our perception at 40 Hz
has to be weighted by —35 dB, see [42]. Both the individual turbine and the farm show a blade passing
frequency of 75 dB (at 40 Hz), which may be A-weighted to give 40 dB(A). This level is not very high
and may be ignored when designing VAWTs and farms for urban environments. However, if larger
rotational speeds or turbines with more than three blades are considered, it is likely that the main
blade-passing frequencies becomes irritating.

In the case presented here, the main cause of discomfort is associated to the boundary layer
tones, with amplitudes of 60 dB at frequencies above 1000 Hz (where A-weighting does not attenuate
the amplitude). These tones will be responsible of discomfort if the turbines are located in urban
environments. Our study shows that farms are not likely to reduce these high frequency tones, but
that these should be minimised when designing/selecting the airfoils of VAWTs.

4. Conclusions

We have simulated and analysed the aeroacoustic spectra for three configurations: an isolated
NACAOQ012 airfoil, an isolated rotating vertical axis turbine and four vertical axis turbines in close
proximity (or farm). This systematic study has helped to identify the noise sources in the various
configurations, and associate physical mechanisms responsible of the aeroacoustic generation in vertical
axis wind turbines and farms of turbines. This type of configuration is expected to become popular in
urban environments, e.g., turbines on building roofs.

Differences between the isolated turbine and the group of turbines are reported. It has been
shown that the superposition of individual sources does not hold for the acoustic amplitudes, the tonal
frequencies and the sound directivities. Despite these differences, the isolated turbine provides
information about most of tonal frequencies that are to be expected in the farm case: the blade passing
frequency and the boundary layer tones. Additionally, a modified directivity for the farm is observed,
with respect to the isolated turbine, and is attributed to the enhanced unsteady loadings and redirection
(scattering) of noise due to the larger farm-wake, which also enhances mixing past the farm. We have
not observed new tonal frequencies arising from the interaction from the four turbines but rather a
decreased number of tones for mid-range frequencies. Despite the similarities between the isolated
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and farm spectra, it is clear that the farm case cannot be reduced to a linear superposition of noise
sources extracted from isolated turbines.
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Appendix A NACAO0012 Airfoil and Tonal Frequency at Low Angles of Attack

The appearance of one or various tones and the mechanism controlling these tones, for the
NACAQ012 airfoil at 0°, has been a topic of debate for some time. On the one hand, Paterson et al. [39],
performed an experimental study on NACA0012 and NACAOQ018 airfoils and reported a discrete tone,
which was suggested to be related to the presence of a small separation bubble on the suction side,
see Paterson et al. [39] and also Lowson et al. [43]. On the other hand, Arbey and Bataille [44] have
reported, also experimentally, that the tonal peak is in fact a superposition of a broadband peak at
a main frequency and a set of regularly spaced discrete frequencies. Later, Desquesnes et al. [45]
observed two behaviours broadband with discrete frequencies or multiple tones (one main frequency
and harmonics). They explained that this characteristic depends on the Reynolds number, angle
of attack, and that two different types of acoustic spectrum can be observed: one which exhibits a
broadband contribution with a dominant frequency together with a sequence of regularly spaced
discrete frequencies, while the other one is only characterized by a simple broadband contribution.
In fact, periodic modulation of the amplitude of the main tonal frequency produce secondary tones.
The existence of separation bubbles, which are excited through a close loop mechanism by the trailing
edge vortex shedding explained the discrepancies. Note that previous attributed this phenomenon to
a laminar separation bubble and therefore is not related to turbulence or its modelling.

Our simulations use a WALE-LES model that introduces almost no turbulent viscosity near walls
and laminar regions. For this reason, we believe that this laminar separation can be captured. In our
simulations, we have observed the two behaviours. With a coarser mesh around the profile, we did
not observe any tonal frequency, whilst the reported results use a fine grid that captures the main tonal
frequency. We have only reported this last case, because we believe that is better suited for validation
of the methodology.

Appendix B Estimation of Flow Scales in Vertical Axis Wind Turbines

This section is a summary of the work detailed in [16,46,47] that describes the range of flow
scales expected when simulating VAWTs, together with VAWT simulations and physical insights into
blade-vortex interactions. Figure A1 presents a schematic illustration of the three physical spatial scales
expected on VAWT flows: the blade scale, the vortex scale and wake scale. The blade scaling includes
near wall scales and boundary layers, the vortex scaling considers vortex shedding and blade vortex
interaction effects and finally the wake scaling includes the wake structure related to the turbine as a
whole. In this section, estimates for the length, time and velocity scales for the different phenomena,
are briefly summarised.
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Figure A1. Flow scales in VAWT turbine flows. Turbine blades of chord c rotate with an angular
velocity w at a distance R from the turbine centre.

B.1. The Blade Scaling

We can estimate the VAWT’s length scales for the boundary layer using Blasius” approximation [48]
for the flow over a flat plate (zero pressure gradient). First, let us consider the rotational speed of the
blades Uyt = wR, where w is the angular velocity and R the turbine radius. In addition, we define the
tip speed ratio is defined as A = Uyt /U, where U represents the free stream velocity. For simplicity,
the velocity that the blade experiences can be estimated as Up,q, = Ufot + U? =~ U,y = AU, which is
a valid assumption for A >> 1 (i.e., ignoring the free stream velocity U). Then, Blasius approximation
provides a boundary layer of thickness [48]: 6 ~ x/ (%)y =x/ (x)\Tu)V/ where x is the distance from
the leading edge, v is the kinematic viscosity and the exponent y relates to the boundary layer regime:
y = 1/2 for a laminar regime and y = 1/5 for a turbulent boundary layer. Setting x = c (i.e., the blade
chord), we can obtain a characteristic length scale for the blade {p; = m, where Repj0, = Cub%
is the Reynolds number based on the blade chord. An estimate for the time scale can be readily found:
. A summary of these scales is given in Table Al.

_ tp
TBL = ublude -

C
UM (Repiage)

Table A1l. Characteristic blade scales in VAWT turbines.

Length Scale Time Scale Velocity Scale Reynolds Number
pr TBL Upr = Upiade Repr = Repjage
c S AU cAld
(Repiade)! UA (Repiade )’ v

B.2. Vortex Scaling and Blade-Vortex Interaction

Vortex shedding and vortex impingement may play an important role in turbine performance.
For VAWTS, a vortex created by the upstream half of the turbine may be convected downstream,
interacting with the rear half of the turbine. An estimate for the scales corresponding to the vortex
convection and the blade-vortex interaction is here detailed. Firstly, let us assume a two dimensional
vortex with area A ~ Z¢? (the circular area covered by the two dimensional vortex), where c is the
characteristic length (the blade chord and the diameter of the vortex) and with characteristic turn
over time Tyortex = %, where w, represents the vorticity magnitude. Approximating the vorticity
as a function of the blade circulation and thus of the lift generated by the blade (Kutta-Joukowski

theorem [49]), we can write w, = %, withT = ﬁ representing the circulation and L the blade lift

force, with g the fluid density. Since L = %@U%lﬂ decC 1., with C;, the blade lift coefficient, the characteristic

vortex time can be expressed as: Toortex ® 27— - Finally the characteristic velocity of the vortex can be

- (aucy)
. Coorter . AU
estimated as Uyortex = % ~ TL
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To estimate the lengths and times of the blade-vortex (BV) interactions, let us assume a vortex
of diameter c that convects through the turbine at a velocity U,;; = BU, where § < 1 represents the
velocity deficit through the turbine (f < 1 for unblocked cases but may exceed 1 if blockage leads to
accelerated flow through the turbine) and U,,;, is the mean streamwise velocity component within the
turbine. Note that § could be negative for VAWT if the flow is reversed after the front passage. In these
cases we will assume the absolute value of velocities: |U,y,| = BIU|, which do not include explicitly
for clarity. The time for a vortex to convect from the front half to the rear half (i.e., to travel the distance

D = 2R) can be estimated as 1y = LfBY, = ﬁ%‘ Table A2 summarises these scales.

Table A2. Characteristic vortex scales in VAWT turbines.

Length Scale Time Scale Velocity Scale Reynolds Number
Coortex Toortex Uwortex Reyortex
c n’c AUC, cAUC,
(AUCy) 2 v
fBV TBV Upy Repy
D & pu DEY
B v

B.3. Wake Scaling

VAWT wake development is of foremost importance since the performance of downstream turbines
may be influenced by the shape and strength of upstream generated flow structures, influencing
aeroacoustic propagation. We can estimate the length and time scales for the near wake assuming a
wake of diameter D = 2R, and a velocity in the wake region as Uy, = pp’U, where in addition to the
induction factor § introduced in the previous section, 7 < 1 is defined as the velocity deficit due to the
rear half blade passage. The characteristic scales are detailed in Table A3.

Table A3. Characteristic wake scales in VAWT turbines.

Length Scale Time Scale Velocity Scale Reynolds Number
Cuvake TwDake WUzvake RD?SzﬁWILCIe
D ko ppru Deprtd

B.4. Farm Scaling

We can now gather together the above estimates to propose new ones when considering two
rows of turbines. We now consider a first row of turbines with characteristic velocities: U,yia, Uwakel
and a second row of turbines with velocities Ui, Uyaez- As before, we can derive estimates in
terms of the velocity deficit fs at each step within the farm, such that Ui, = U, Uyaker = BP7U,
Unziarz = BB U and Uyarer = PP7p”'F" U, where now U1 f” = Ugiarz and Upzjainf”’ = Uupaker-
Considering a characteristic length scale of the farm of £;,;,» = 3D, we can complete a table of scales
for two rows of turbines.

Table A4. Characteristic wake scales for two rows of VAWT turbines.

Length Scale Time Scale Velocity Scale Reynolds Number
Covake2 Twake2 Uuake2 SDEﬁGgMEe u
3D g
3D T popp U =

B.5. VAWT Wake and Wake-Farm Scaling

The above estimates can be calculated for the isolated VAWT and the farm. For the isolated turbine,
we extract flow velocities in cross-flow sections at the turbine center and 0.2D after the turbine and plot
the instantaneous velocity deficits in Figure A2a. It can be seen that f and pfs are not homogeneous
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across the diameter and that |ﬁ[3/| ~ 0.2 — 0.3 may be a reasonable value when disregarding the high
local velocities at the top of the turbine. The velocity deficits for the farm are shown in Figure A2b.
Here, the cross-flow sections are at the turbine centres for the two rows, in between turbines and
0.2D after the second row. The instantaneous velocity deficits show a more complex behaviour and
significant changes across the farm diameter. Disregarding local high peaks, reasonable estimates are
"8‘5/| ~ 0.2 or |Bprp"’'p"" | = 0.2. It is interesting to note that in the farm case, the velocity deficit after
the first row ( ﬁﬁ/| ~ 1) is larger that when only considering one isolated turbine, and is attributed to
the interaction with the second row. Finally, these instantaneous estimates provide guidelines for the
analysis of the acoustic tones but a more thorough study would be necessary to better quantify these
velocity deficits.

i R

Distance from the turbine centre (m)
o
1
Distance from the farm centre {m)

2+ . .
B = — BB =U e IV

p _. Uaxial fu I — BB'B"= Uaxlsl2 ru g

B = U 1 U ————— BRPPT=U, /U

-1 ! | TR R | | T | ! 1 | - I | I
-2 -1 0 1 2 -2 -1 0 1 2
Velocity Definicit through the isolated VAWT Velocity Definicit through the farm
(a) Isolated VAWT (b) Farm with two rows of turbines

Figure A2. Velocity deficits for individual VAWT and farm of turbines: (a) Isolated VAWT and (b)
Farm with two rows of turbines.
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