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Abstract. Small vertical-axis wind turbines\ind-turbines are a promising solution for sustainable energy, but
their noise emissions present a challenge to public acceptance. Numerous blade designs have been aimed at
reducing noise but often come with a decrease in wind turbine aerodynamic efficiency. In this study, the
acoustic power and torque of a 5 kW vertical-axis wind turbine (VAWT) were simulated by using different
mesh sizes and turbulence models. The simulated torque and noise of the turbine have significant sensitivity
to the mesh size, so suitable mesh sizes were determined for the near-wall and rotating regions that can be
used as a design reference for future turbines with similar operating conditions. The selection of the
turbulence model was found to affect the predicted torque by about 10% and the predicted tip noise by about
2 dB. The selected mesh size and turbulence model were then applied to simulating the effectiveness of three
common noise mitigation techniques: a mask, deflector, and wall roughness. The results showed that
deflectors are suitable for noise reduction of small VAWTS. This paper provides valuable information on
simulating noise propagation from small VAWTSs and the optimal noise reduction techniques.

1. Introduction

Taiwan has poor petrochemical energy resources and relies on imports to meet about 98% of its energy
needs. Thus, the active development of green energy has become an increasingly important issue. Owing to
Taiwan’s geography and monsoon climate, large amounts of wind energy are available. Wind power
generation offers significant environmental benefits and is a feasible option as a renewable energy resource.
Advances in aerodynamics theory, materials, and manufacturing technologies have improved the
performance and reliability of wind turbines while lowering the cost of electricity generation. Around the
world, the rise of high-density cities has led to a gradual increase in high-rise buildings, which has increased
interest in wind energy for urban environments. A vertical-axis wind turbine (VAWT) offers less power than
the conventional horizontal-axis wind turbine (HAWT), but it has a simple design, can operate at low wind
speeds, and has low noise emissions. Thus, VAWTS are suitable for urban environments with many buildings.
The global installed capacity of small wind turbines in urban areas has been growing annually since 2010
and reached 1427.5 MW in 2020 (Li et al., 2022). However, the spread of wind power generation is limited
not only by the terrarn but aIso by the n0|se generated by the wind and turbine blades which may affect
nearby re5|dents y

The analy5|s of aero- acoustrcs norseneree—ley—arr is a mature research toplc nghthlll (1952) derlved an

acoustic wave equation by using fluid mechanics theory, where the sound source term can be obtained
experlmentally or by computational f|UId dynamics (CFD).

—Proudman et al. (1952) improved upon Lighthill’s
work and derived the sound source caused by isotropic turbulence. Pradera et al. (2007) calculated various
aerodynamic parameters and noise generated by viscous fluids with low and high Reynolds numbers passing
over a cylinder and used the Ffowcs Williams—Hawkings (FW-H) equation to predict the sound pressure,
which they then transformed into the sound pressure level (SPL) through the fast Fourier transform for noise
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analysis. The|r analyt|cal results showed good agreement W|th the expenmental data. Iadamaseret—al—ézei—lé

Various experrmental and numencal techmques have been developed for mitigating the noise emissions
of wind turbines based on their aero-acoustic characteristics. Some promising noise mitigation techniques
targeting dominant noise sources have been discussed, including reducing the inflow turbulence noise,
trailing edge noise, and tip noise. Fhe-tip-noise-isa-dominantnoise source-of wind-turbines-Maizi et al. (2018)
performed a 3D numerical analysis with unsteady CFED simulations (URANS and DES) showing that a shark

tip reduced the tip noise by 7% compared with the reference tip but with a tradeoff of 3% less power. However,
their computational approach involved using a detached eddy simulation to resolve the flow field and the
FW-H equation for acoustic calculations, which was very computationally intensive. Deshmukh et al. (2018)
included the tip region in an annular domain for a parametric study of blended winglets to evaluate the
improvement in the aerodynamic and aero-acoustic performances. Their methodology significantly reduced
the computational cost, and their results showed that noise emissions were reduced by about 25% at mid-
high frequencies along with enhanced torque output. Mohamed (2016) used a CFD model combined with an
unsteady realizable k—e turbulence model to analyze the noise and efficiency of H-rotor Darrieus VAWT with
different spacings between the airfoils in every blade at different tip speed ratiovelocity-raties. The results
showed that, compared with a single blade, a double blade with 60% spacing effectively reduced the noise
by 40% across the entire frequency range but the eff|C|ency and torque were decreased e en—nn
; b —Botha et al. (2017)
compared the noise emissions of a six- bladed 2 kW VAWT measured in experiments with the two-
dimensional analytical solution and the CFD predictions. They solved RANS and DES equations in 2D and
3D simulations on ANSYS FLUENT. Their calculations demonstrate that ANSYS FLUENT give accurate
noise projections compare to analvtlcal models They suqqest that the |nflow turbulence noise can be reqarded
as the main noise source. 3 A

~Naccache et al. (2017) performed 2D experiments to verify
their CFD model. The results showed that using a shear stress transport SST k- turbulence model with a
near-wall mesh of y* < 15 could accurately predict the lift coefficient, lift—drag ratio, and power coefficient
at different azimuth angles and rotational speed ratios. This model was then applied to conducting in-depth
3D simulations. Manuel et al. (2020) performed a 3D Large Eddy Simulations (LES) and aeroacoustic spectra

for three selected configurations: an isolated NACA0012 airfoil, isolated rotating VAWT and a farm of four
VAWT were simulated. This study has aided in pointing the sources of noise in different setups and associate
them to the physical mechanisms responsible for aeroacoustic generation in VAWTs and arrays of turbines.
Weber et al. (2015) validate two different numerical methods for noise prediction of the Darrieus turbine with
3 blades of NACAOQ018 cross section with a chord length of 0.05 m using a complementary approach

consisting of experimental measurements and numerical simulations. Venkatraman et al. (2021) performed a

2D URANS numerical investigation of the effect of inflow on the noise radiated by a VAWT compared with
the experimental data presented in Weber et al. (2015) based the CFD software CFX 19.1 with SST k-
turbulence model. Excellent agreement was found for the first two Blade Passing Frequencies (BPF) with a
good agreement for the next BPF and the broadband noise level. They were using non-uniform inflow
encountered at the edge of a building, show that only higher BPF are increased in a moderate velocity gradient

v|eld|nq I|ttIe increase of overall sound Naeeaeheeeal—@%g)—shewed—ehemral—\lepmalﬁ%aswediwbme

Prevnous studles numerlcally mvestlgated the Iow frequency emissions of a generlc 5 MW wmd turbine and
evaluated the influence of a tower and steady blade deformation under uniform inflow conditions. Klein et
al. (2018) coupled the CFD solver FLOWer to the multibody simulation (MBS) solver SIMPACK with 3D
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RANS solver, which they applied to minimizing the noise emissions of a wind farm by changing the operating

modes of individual wmd turblnes Nyberg—et—al—é%@%}—sheumd—that—u&mg—a—hrgher—ﬁdel%eund

w : Abreu et aI (2022) used advanced 3D
numerlcal techniques to study Whether the ground structure on the wave path between a wind turbine and
seismic station can be changed to reduce or mitigate the noise emissions of the wind turbine. They showed
that filling trenches with water and relatively simple changes to the topography helped reduce noise emissions.
Chen et al. (2021) designed two types of deflectors to enhance the performance of a three-bladed VAWT and
found that the optimized upper deflector improved the performance by 20% and the optimized lower deflector
improved the performance by 17%.

The objective of the present study was to analyze the noise emissions of a 5 kW VAWT and the effects of
different noise reduction techniques on not only the noise emissions but also the aerodynamic torque and
acoustic power. The effects of different steady-state turbulence models and the mesh size on the results were
evaluated, and the optlmal mesh S|ze and model were then applled to analyzing three d|fferent noise reductlon
techniques._ W

mdueuen%uque&e#mes%ealawrd—wrbme&are#eryhmﬂeﬂmnce this study may contrlbute to

the spread of small-scale wind turbines in an urban setting.

2. Methods
2.1 Numerical method

Blade design for small VAWTs must consider both the power generated and noise emitted. The CFD code,
ANSYS FLUENT, is commercially available and an industrial leading software used to simulate the
aerodynamic performance of wind turbine airfoils and aeroacoustic analysis. (Yao et al., 2012, Zaareer et al.,
2023) In this study, the aerodynamic flow parameters required on and around the blade surfaces for the FW-—
H codes were obtained using 3D URANS based CFD solver ANSYS FLUENT. It was used to simulate
turbulence and acoustic models to analyze the causes of noise emissions. The governing equations were as
follows. The flow velocity was much Iess than the speed of sound, so the aerodynamic flow fleld can be
considered |ncompre55|ble g

Therefore the continuity equatlon can be wrltten as

E btV (puw) =0 )

where p is the density and uv is the velocity. The momentum equation is written as

Py =— ot =D g, )
N 0 ) oy | o%
daty
=ttt 53
7

Where_t is time, pP is the static pressure, #j-is-the-stress-tenser—u is the-dynamic viscosity, and #-is-the

wrbuleptriseasintpg is the body force —s-is—thesceoordinatesy-stheeoord note o thesccombonent
veloeity—ane-ty-is-the-y-compenent-veloeity-
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2.2 Turbulence models

Based on athe review of relevant research (Venkatraman et al. (2021); Mohamed (2016)), A URANS model

is achieved with the realizable k—¢ model and SST k—w turbulence modelswere-selected-asturbulence- models.

The flow solution is then coupled to an acoustic solver, based on the FW-H analogy for the prediction of
noise. These models modify their original two-equation versions to address phenomena such as vortices,
wake flows, and flow separation. These models can be used to simulate the turbulence generated by a blade
passing through the wind field reliably and economically. The realizable k—& model is considered more
accurate than the standard k- model at predicting the dissipation rate distribution and boundary layer
characteristics of separated and recirculating flows. The turbulence Kinetics is expressed as

a ] ) e\ ok
E(pk)+a(pkuj) —a—xj (ﬂ+;)a—xj:|+ck+cb—pE—YM+Sk (34)
The dissipation rate is expressed as

a a 2 ur\ 0e €? €

3 (PO + 5 (pewy) = PP [(M + 0—:) a_x]] +pCiSe = ploirm + Crey Caelp + Se (45)

where Gy represents the generation of turbulence Kinetic energy due to the mean velocity gradients; Gp
represents the generation of turbulence kinetic energy due to buoyancy; G, represents the generation of ®;
Ywm_represents the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate; Ci. and C» represent constants; ox and o, represent the turbulent Prandtl numbers for k and
¢, respectively. The model constants are Ci.=1.44, Co=1.9, ox=1.0, and o.=1.2. Sk and S. represent user-
defined source terms. All constants are given in the Table 1.

The SST k-w model works well in areas near and far from the wall, and it can be used at low and high
Reynolds numbers. It is more nonlinear than the k—e model and has more difficulty in converging. The model
provides a better prediction of flow separation than most Reynelds-averaged-Navier—Stokes{RANS) models,
which accounts for its good performance with adverse pressure gradients and is why it is frequently applied
in aerodynamics. The turbulence kinetics energy is expressed as (Menter,1994)

a—k+Uj & R, —,B*kcoJri (VJrUva)ﬂ
ot OX; OX; ox; | 2 2 _ @ 3k ~ (56)
R 8¢ i R ~
The specific dissipation rate is expressed as
90 Ly 99 _ 42 - pa’ I (v+o,Vp )a—w +2(1-F)o,, Lok oo
ot o X, X, @ OX, 0% 2 2 _
A at 9%t :
2 [l" éee] A 4+ D 1 C 6¥
where
k
v, =—
® (7)

(Themmrmes

(checmmRBeE

(pemnrEeE




4
F, =tanh{{min| m i 500w 46‘”2k2
M Foy v JCD,y

(pepurEeE

70

|

F3(EHE)

)

(8)
ou. BT )
R =min| 7 g',lo,ﬁ*kw "
165 i 9)
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(EmEmt: T
(Esahst: TE
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2.3 Aero-acoustic formulation

Proudman (1952) applied Lighthill's acoustic theory to complete flow fields for the first time to derive the
noise generated from isotropic turbulence with low Mach numbers (M:) and high Reynolds numbers.
However, the noise source generated by turbulent flow can be described as: (Lilley,1994)

Pa= agpothS (108)

Where pa, a., and-pg,_and e -represent acoustic power, density of the far field, anrd-an empirical constant

(=0.1), and mean rate of dissipation of energy per mass, respectively. The turbulent Mt can be expressed as:_
V2k

Mt — v2k

Qo
(119)
Where ao is the sound speed and £ is the turbulence kinetic energy. It should be noted that this sound source
model assumes isotropic turbulence and only considers the energy of turbulent disturbances. Although it
cannot provide sound sources on the frequency spectrum, it is sufficient to evaluate the magnitude of the
noise and the results of subsequent noise reduction. On the other hand, the turbulent boundary layer generated
by the motion of an object will also produce noise sources on the object surface due to its disturbances. In
order to reduce noise produced during small VAWT operation, CFD analysis for different wind turbine blades’
attack angles, coupled with the noise analysis is calculated. Sound propagation equation is solved by Lighthill
and Curle (Dinulovic,2023). The magnitude can be described as: (Curle,1955)

P, =j 1dS (120)
S

Where Pa, I, and S are the acoustic power, sound intensity, and control surface on the moving object,
respectively. | can be expressed as:

| :A\[ﬁpf
12p,7a,’ \ ot

(134)

Where Ac is the correlation area. It represents the region within which the noise patterns maintain a certain
level of similarity or correlation before dissipating or changing significantly due to various factors like
environmental conditions. Generally, the noise generated from the blade surface is the main source of noise,
while the noise caused by turbulence is relatively small. Therefore, this study mainly focuses on the noise
generated by the blade.

2.4 CFD model

The Darrieus H-VAWT considered in this study had three blades, each with a S4415 airfoil shape, chord
length of 0.7 m, height of 5.5 m, and rotation radius of 2.235 m, as shown in Fig. 1(a). For the CFD model,
all of the blades were included in the computational domain, and the blade surfaces were set as stationary
walls for the boundary condition. To simulate the rotation of a VAWT, the computational domain was divided
into a rotating region and outer-flow region. As shown in Fig. 1(b), the rotating region was a dynamic mesh
that rotated at a frequency of 60 rpm in the shape of a vertical cylinder with a radius of 3 m and height of 6.5
m, and it included the three blades. The interface between the rotating region and outer-flow region was set
to the interface to ensure the continuity of the velocity and pressure between them. The geometric shape of
the outer-flow region should have little influence on the results because it is almost unaffected by the blades.
Figure 1(c) shows the outer-flow region; to simplify the mesh generation process, it was set as a horizontal
cylinder with a length of 40 m and radius of 5 m, where the top surface was set as the velocity inlet with a
standard wind speed of 12 m/s, the bottom surface was set as the pressure outlet with a pressure of 0 Pa, and
the side surfaces were set to the symmetric boundary condition.

(BREmR: T Fpi, Ik LY TH
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Figure 1: CFD model: (a) blade geometry, (b) rotating region, and (c) outer-flow region.

2.5 Mesh division

The momentum equation has a significant impact on the wind turbine torque. Thus, both the pressure and
velocity were discretized by using the second-order upwind scheme, and the SIMPLE algorithm was used to
couple the pressure and velocity. The turbulent kinetic energy and dissipation were discretized by using the
first-order upwind scheme. The time was discretized by using an implicit first-order differential equation
with a time step of 0.01 s. An implicit scheme is employed to calculate the transient terms, so the acoustic
cases were less sensitive to the CFL number in this paper. CEL number is acceptable less than 200 based on
the FLUENT manual. Therefore, the CFL numbers 0.12 to 2 and a time step of 0.01 s were used in the paper.
Spatial discretization is more complex because the flow field has different characteristic lengths inside and
outside the boundary layer. Therefore, the entire domain was divided into three regions, all with different
mesh sizes: the near-wall region, rotating region, and outer-flow region. The near-wall region was the first
mesh layer on the blade surface, and the mesh needed to be very dense to facilitate the simulation of the
velocity gradient and shear stress on the wall surface. SST k-® model has a higher tolerance for y+, and
realizable k—¢ has s maximum y+ value less than 80 in this paper. The rotating region also required a dense
mesh to capture the wake and vortex formed after the airflow passed around the blade. The outer-flow region
was not affected by the blades, nor did it affect the blades. Thus, a coarser and unstructured tetrahedral mesh
could be used here. As shown in Fig. 2, the mesh sizes in the near-wall and rotating regions were varied to
evaluate the effect on the simulation results. The mesh type was not changed. An unstructured mesh was used
in the outer-flow region (Fig. 2(a)), and a higher-quality structured mesh was used in the more complex
rotating region (Figs. 2(a)—(d)). Table 21 presents the characteristic lengths of the four mesh sizes in the near-
wall and rotating regions. According to ASME standard (ASME V&YV 20-2009), the characteristic length of
the mesh should be varied by about 1.3 times to evaluate the significance of different mesh sizes._
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Figure 2: Divisions of (a) Mesh 1, (b) Mesh 2, (c) Mesh 3, and (d) Mesh 4.

Table 21. Characteristic lengths of different meshes in each region.

Near-wall Rotating Outer-flow
region (m) region (m) region (m)

Mesh 1 0.01 0.1 1
Mesh 2 0.003 0.1 1
Mesh 3 0.003 0.08 1
Mesh 4 0.003 0.06 1

3. Results and Discussion

CFD was used to simulate the torque and acoustic power distributions of a small VAWT in a standard wind
speed 12 m/s and rotational speed 60 rpm in this study. The effects of the mesh and turbulence models were
analyzed, and the best combination was applied to analyzing the flow field and identifying mechanisms for
torque reduction and increased noise. Finally, three commonly used noise reduction techniques were
evaluated for their effectiveness.

3.1 Effects of the mesh and turbulence models

Figure 3(a) shows the results of the mesh independence test. T is the time for one rotation. Different /T
values correspond to blade positions. For instance, t/T=0.5 means a rotation of 180 degrees. The predicted
torque was quite sensitive to the mesh size, which could cause differences of over 50%. Torque is computed

[ EfRER: 78 (3E30) Times New Roman

by multiplying the aerodynamic force on the blades by the distance from the center of rotation to the point
where the force acts. Fortunately, mesh independence could still be achieved by adjusting the mesh size in
different regions, and mesh independence_was achieved with Mesh 3 and Mesh 4. Similar results were
obtained for the predicted acoustic power on the blade, as shown in Fig. 3(b). Mesh 3 and Mesh 4 resulted in
nearly identical predictions, so Mesh 3 was selected for subsequent analysis because it had a smaller grid
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number and thus was less computationally intensive. Figure 3(c) shows that the torque predicted by the
realizable k— and SST k- turbulence models were very similar. Both models obtained three peaks and
valleys in one cycle, and the corresponding time points were almost identical except that the maximum value
predicted by the realizable k—¢ turbulence model was 11% higher than that predicted by the SST k-w
turbulence model. In addition, the realizable k— turbulence model predicted a time-averaged torque of 227.7

N-m, which was slightly higher than the value of 207.2 N-m predicted by the SST k- turbulence model.

However, the two turbulence models showed significant differences in the predicted acoustic power, as
shown in Figure 3(d) The time-averaged energy predicted by the realizable k—e turbulence model was 57%
higher than that predicted by the SST k- turbulence model. However, from an acoustic point of view, the
difference between the two predictions was about 1.5 W1.9-dB, which is still acceptable. Previous studies
have shown that the SST k—w turbulence model has a higher tolerance for y+ and is more suitable for the
geometry of different noise reduction techniques. (Menter, 1994; Menter, 2012) Therefore, the SST k-w
turbulence model was selected for subsequent analyses in this study.
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Figure 3: Effects of the mesh on the predicted (a) torque and (b) acoustic power. Effects of the
turbulence model on the predicted (c) torque and (d) acoustic power.

3.2 Simulation without noise reduction

Figure 4(a) shows the predicted torque and noise for one cycle without noise reduction. The time-averaged
torque and noise sources on the blade surface were 207.2 N-m and 5.8 x 107> W, respectively. These values
were used as benchmarks for evaluating the noise reduction techniques. The maximum noise coincided with
the minimum torque while the maximum torque increased noise to a much lesser extent than the minimum
torque. This phenomenon was further analyzed by the pressure and streamline distributions on the cross-
section combined with the turbulent Kinetic energy distribution to further understand the characteristics of
the flow field. Figures 4(b) and (c) show the pressure distributions and streamlines at /T = 0.70 and 0.82,
respectively. The wind flowed from left to right, and the blade rotated counterclockwise. At t/T = 0.70, the
attack angles of the three blades were —132°, —12°, and 108°. The attack angle is the angle at which the chord
of a blade meets the wind velocity. The wind velocity was sampled at a point. When air passed over the blade
with an attack angle of —132°, a vortex was generated behind the inner edge, which caused a low pressure
zone that made it difficult for the blade to rotate. Similarly, when the air passed over the blades with attack
angles of —12° and 108°, high pressure zones were generated in front that made it difficult for the blades to

12
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rotate. This resulted in a negative torque, which means that an external force was needed to maintain the
rotational speed. Because of the symmetry of the three blades, this phenomenon also occurred at t/T = 0.04
and 0.37. At t/T = 0.82, the attack angles of the blades were —55.2°, —175°, and 64.8°. For the blade with an
attack angle of —55.2°, the airflow generated a relatively high pressure on the outside and a large low pressure
zone on the inner leading edge, which drove the blade to produce a positive torque. No significant pressure
differences were observed for the blades with attack angles of —175° and 64.8°. The noise source caused by
turbulence was proportional to the fifth power of the turbulent kinetic energy. Therefore, the turbulent kinetic
energy distribution could be used to further analyze the noise caused by the flow field, as shown in Fig. 4(d).
Att/T =0.70, the vortex generated on the inner edge of the blade with the —132° attack angle not only reduced
the torque of the wind turbine but also generated a large amount of turbulent kinetic energy, which produced

the largest noise source. The opposing distributions of torque and noise suggest that the VAWT can be
designed to enhance torque and reduce noise simultaneously.
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Figure 4: Simulation results without noise reduction: (a) comparison between the acoustic power and

torque, pressure distributions and streamlines at (b) t/T = 0.70 and (c) /T = 0.82, and (d) turbulent
kinetic energy distribution at t/T = 0.7.

3.3 Simulation with noise reduction

Three commonly used noise reduction techniques were considered: a mask, deflector, and wall roughness.
Mesh 3 and the SST k-w turbulence model were used under the same wind speed and rotational speed
conditions as for the simulation without noise reduction. The simulated torque and blade acoustic power were
compared with the benchmark values to evaluate the effectiveness of each noise reduction technique.

3.3.1 Mask

Installing a mask on the upper and lower ends of a blade surface prevents sharp angles that cause strong
separation or vortices. In this study, a mask with a long axis of 1.2 m and short axis of 0.5 m was installed at
the upper and lower ends of the blades, as shown in Fig. 5. Figure 6(a) shows that installing the mask
decreased the average torque by 40% to 124. However, Fig. 6(b) shows that the mask did not result in a
corresponding decrease in the noise. The average acoustic power after installation was 6.34 x 1073 W, which
is a 16% increase. As discussed in Sect. 3.2, the noise source was the vortex generated inside the blade after
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the blade cut through the wind field. Therefore, adding a mask at both ends not only failed to reduce noise
but also increased the area of friction with the air, which actually increased the noise and resistance.

—

&

Figure 5: Geometric design of the mask.
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Figure 6: Effects of a mask on the (a) torque and (b) acoustic power.
3.3.2 Deflector

Figure 7 shows the deflector, which is a rectangular baffle with a length of 0.1 m, width of 0.2 m, and
spacing of 0.2 m. Figures 8(a) and (b) show the effects of installing the deflector on the torque and blade
noise, respectively. Installing the deflector increased the average torque by 169% to 564 and decreased the
blade noise by 98% to 7.86 x 107 W. Figure 8(c) shows the streamlines and pressure distribution after the
deflector was installed when the torque was at its minimum (i.e., t/T = 0.7). Compared to the pressure
distribution without the deflector (Fig. 4(b)), the vortex at the inner edge of the blade with an attack angle of
—132° detached further away from the blade surface, which resulted in a less significant impact on the blade
surface and enhanced the torque. Figure 8(d) shows the turbulence kinetic energy distribution at this time
and clearly indicates that the vortex separated from the blade. In contrast, the turbulence distribution without
the deflector (Fig. 4(c)) shows that the vortex adhered closely to the inside of the blade and continued to
affect the blade surface. However, installing the deflector did generate greater turbulent Kinetic energy
throughout the rotation area, which increased the turbulent noise and thus needed to be evaluated. Figure 8(e)
shows the noise energy caused by turbulence in the rotating region. Installing the deflector increased the
average turbulent noise kinetic energy about 10.6 times to 2.95 x 107°. After the installation of the deflector,
the main noise-generating mechanism changed from boundary layer disturbance to turbulence generated
noise. However, the noise generated by turbulence after deflector installation was still an order of magnitude
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370 less than the blade noise before installation. This indicates that installing a deflector would be effective for
noise reduction.

Figure 7: Geometric design of the deflector.
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Figure 8: Effects of a deflector on the (a) torque, (b) blade surface noise, (c) pressure distribution and
streamlines at t/T = 0.7, (d) turbulent kinetic energy distribution at t/T = 0.7, and (e) turbulent flow
noise.

3.3.3 Wall roughness

To achieve noise reduction, the blade surface can be roughened to be similar to that a golf ball. This
suppresses the boundary layer separation and reduces the vortex scale, which reduces noise emissions. In this
study, the boundary conditions for the rough blade surface were described by modifying the wall function to
account for greater wall shear stress on rough surfaces:

wr =L logy* —AB (142)
K

where k and 4B are the Von Karman constant and roughness function. With different roughnesses, 4B
can be expressed as

0 for K" <2.25
aB=Lin[ K222 ¢k Jsin [0.4258(InK," ~0811) ] for 2.25<K_* <90

x | 87.75

Lin (1+CK,Y) for K.* >90

K (153)
where Ks* is the non-dimensional roughness
K=K (164)

Y7,

Where U is friction velocity. In Eq. (174), the roughness height was assumed to be 0.01 m. Figures 9(a) and

(ExEk: =

T R

(b) show the effects of a rough surface on the torque and blade noise, respectively. Increasing the roughness
decreased the torque by about 50% from 209 to 100. However, the noise on the blade surface increases
significantly from-5.45-x-10°te-1.9x10Wabout 15 db. Figure 9(c) shows that the maximum acoustic
power of the turbulent flow decreased slightly. These results show that increasing the roughness reduced the
boundary layer and vortex, but the main noise source became the oscillating interaction between the blade
surface and the air rather than the oscillation of the turbulence and vortex.
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4. Conclusion

With the rapid advancement of computer science and technology, the use of CFD technology has

become increasingly prevalent as a formidable means of exploring the aerodynamics of wind turbines.
However, improving the performance and reducing the noise of VAWTS remains a difficult task due to their
complex aerodynamic characteristics. ANSYS FLUENT is a powerful tool for investigating the aerodynamic
and aeroacoustic behaviors of wind turbines, offering advantages such as low cost and providing a high-better
visualization. effect-of the-distribution- In this study, CFD simulations were performed to evaluate the effects
of different noise reduction techniques on a small VAWT suitable for urban settings. A suitable mesh size
and a turbulence model were determined, and the VAWT was initially evaluated to identify the reasons for
torque reduction and noise increase. The choice of turbulence model is related to the operating condition and
tolerance for y+ of the wind turbine. The SST k—w turbulence model can better predict the flow field
characteristics around the wind turbine with or without noise reduction techniques similar to the literature for
VAWTSs. Then, three different noise reduction techniques were tested, and adding a deflector was found to
increase the overall torque and decrease the blade noise. It also increased the turbulence noise, but this was
still about 90% lower than the original blade noise (57.6 db). After installing the deflector, the torque of the
blades increases by 169%, the acoustic power of the blades decreases by 98% and the turbulent acoustic
power increases up to 964%.
The results of this study can serve as an important reference for other wind turbines under similar operatlng
conditions and may contribute to the wider spread of small VAWTS in an urban setting. The aecrodynamic
performance enhancement of the small VAWT using the deflector can be done as future work, and it can be
installed on the passage between the buildings and along the rooftop with a Fluid-Structure-Interaction study.
This study is limited to only a numerical study using CFD techniques and steady-state simulations. Any
airflow unsteadiness and variations in the intermittency and variability of wind speed and rotational speed
were not considered in detail. Furthermore, the impacts of uniform and non-uniform building arrangements
in an urban area are not yet taken into consideration. Higher-order models with unsteady wind conditions,
tubercle amplitude-wavelength optimization, experimental analysis, and design optimization of the wind
turbine parameters will be the future studies.

Competing interests
The contact author has declared that none of the authors has any competing interests.

Acknowledgments
Support from the Atomic Energy Council (AEC), Taiwan is acknowledged.

References

Li, S., Chen, Q., Li, Y., Probsting, S., Yang, C., Zheng, X.. Yang, Y., Zhu, W., Shen, W., Wu, F., Li, D.
Wang, T., and Ke. S.: Experimental investigation on noise characteristics of small scale vertical axis wind

turbines in urban environments, Renew Encroy Shee&u—l:l—el—ﬁ—&epemﬂemﬁ—ﬂwesﬂga&eﬁ—eﬁ—ﬁmse
200,

970-982, https //doi. org/lO 1016/j.renene.2022.09.099, 2022.
Lighthill, MichaelHames.: On sound generated aerodynamically I. General theory, Proc, R. Soc. Lond., A
A211, 564-587, http://doi.org/10.1098/rspa.1952.0060, 1952.

22

[ EER: %0 Times New Roman



https://doi.org/10.1016/j.renene.2022.09.099
http://doi.org/10.1098/rspa.1952.0060

Proudman, 1.: The generation of noise by isotropic turbulence. Proc. R. Soc. Lond., A214., 119-132,
http://doi.org/10.1098/rspa.1952.0154, 1952.

450 Pradera. A.-Pradera, Keith, G.Keith, Jacobsen, F.-Jacebsen, Gil-Negrete, N., GH-Negrete-and Rivas, A.

Rivas:: A numerical study of fluid flow past a circular cylinder at Re = 3900 and a practical approach to noise

prediction, 14" International Congress on Sound and Vibration, 2007.

(#ste: e 517 0 %

455

Maizi, M., Mohamed, M., Dizene, R.. and Mihoubi M.: Noise reduction of a horizontal wind turbine using
different blade shapes.: Renewsable Energy.., 117, 242-256, https://doi.org/10.1016/j.renene.2017.10.058,
2018.

760 Deshmukh, S., Bhattacharya, S., Singh, V., and Kumar, R.: Aerodynamic and aeroacoustic study of

horizontal axis wind turbine with winglets.: B.Tech. Thesis.; Department of Mechanical Engineering,
MNNIT Allahabad, 2018.
Mohamed, M. H.: Reduction of the generated aero-acoustics noise of a vertical axis wind turbine using
| CFD (Computational Fluid Dynamics) techniques, Energy.-, 96, 531-544,
465  https://doi.org/10.1016/j.energy.2015.12.100, 2016.
Botha, J. D. M., Shahroki, A.—Shahrekt, and Rice, H—Riee.: An implementation of an aeroacoustic

o A L)

prediction model for broadband noise from a vertical axis wind turbine using a CFD informed methodology, (EREhk: Tuew: ah
Journal of Sound and Vibration., 410, 389-415, https://doi.org/10.1016/j.jsv.2017.08.038, (EsEReR s 7 (S Times New Roman, S G
201740-1016/-55v-2017.08.038, 2017 [E?Qﬁ*ﬁiﬁ: I (H237) Times New Roman, 8 i4: E )
. ‘ o . - . e (EsrERR: 520 (500 Times New Roman, % H)
470 Gabriel-Naccache, G., Paraschivoiu, MariusParasehivein.: Development of the Dual Vertical Axis Wind

Turbine Using Computational Fluid Dynamics.: ASME-—]J. Fluids Eng.-, 139(2), 121105,
https://doi.org/10.1115/1.4037490, 2017.

Viqueira-Moreira, M., and Ferrer, E.: Insights into the Aeroacoustic Noise Generation for Vertical Axis

Turbines in Close Proximity, Energies., 13, 41-48. https://doi.org/10.3390/en13164148, 2020. (EBuEsR: FHEy an
475 Weber, J., Becker, S., Scheit, C., Grabinger, J.. and Kaltenbacher, M.: Aeroacoustics of Darrieus Wind [E?&%ﬁ'ﬁ: FREY: 69

Turbine, International Journal of Aeroacoustics.., 14, 883-902. https://doi.org/10.1260/1475-472X.14.5-
6.883,2015.

Venkatraman, K., Christophe, J., Schram, C., and Moreau, S.: Numerical investigation of the effect of

inflow non-uniformity on the noise radiated by a vertical axis wind turbine, AIAA Aviation Forum,
480  https://doi.org/10.2514/6.2021-2216, 2021.

b Naec ha N . hivo
a a a afrty ara Y

Klein, L., Gude, J., Wenz, F., Lutz, T., and Krédmer, E.: Advanced computational fluid dynamics (CFD)—
multi-body simulation (MBS) coupling to assess low-frequency emissions from wind turbines, Wind Energ.
485  Sci., 3, 713-728, https://doi.org/10.5194/wes-3-713-2018, 2018.

23


http://doi.org/10.1098/rspa.1952.0154
https://doi.org/10.1016/j.jsv.2017.08.038
https://doi.org/10.3390/en13164148

490

"

500

505

510

Abreu, R., Peter, D., and Thomas, C.: Reduction of wind-turbine-generated seismic noise with structural
measures, Wind Energ. Sci., 7, 1227-1239, https://doi.org/10.5194/wes-7-1227-2022, 2022.
Chen, W._-H.-Chen, Wang, J. -S.-Wang, Chang, M._-H.-Chang, Mutuku, J. K., and Hoang, A. T.:et-al;

Efficiency improvement of a vertical-axis wind turbine using a deflector optimized by Taguchi approach with

modified additive method, Energy Convers. Manag., 245, 114609,
https://doi.org/10.1016/j.enconman.2021.114609, 2021.
Yao, J.i-¥ae, Yuan, W.eibinYuan, Wang, jiantiang].-Wang, Xie, Hanbinl.Xie, Zhou, HaipengH.-Zhou, Peng,

MingjunM.Peng, Sun, YengY-Sun.: Numerical simulation of aerodynamic performance for two dimensional
wind turbine airfoils, Procedia Engineering., 31, 80-86, https://doi.org/10.1016/j.proeng.2012.01.994, 2012.

Zaareer, M.oath N.—Zaareer, Mourad, A. bdel-H.amid Ismaill.—-Meourad, Darabsch, FarigT.—Darabseh,
Abdullah, KassimK.-Abdullah, ElSayed, Mestafa-M. S. A-ElSayed.:_

Aecroacoustics wind noise optimization for vehicle's side mirror base, International Journal of*
Thermofluids., 18, 100332, https://doi.org/10.1016/].ij{t.2023.100332, 2023.

Shih, ;T. -H., Liou, W. W., Shabbir, A., Yang, Z., and Zhu, J.: A New - —Eddy-Viscosity Model for High
Reynolds Number Turbulent Flows - Model Development and Validation, Computers Fluids., 243}, 227—
238, https://doi.org/10.1016/0045-7930(94)00032-T, 1995.

Menter, F. R.: Two-Equation Eddy-Viscosity Turbulence Models for Engineering Applications, AIAA
Journal., 32¢8), 1598-1605, https://doi.org/10.2514/3.12149, 1994.

Lilley, G._M.: The radiated noise from isotropic turbulence,- Theoret. Comput. Fluid Dynamics.. 6, 281—
301, https://doi.org/10.1007/BF00311842, 1994.

Dinulovic, M., Trninic, M., Rasuo, B., and Kozovic, D.: Methodology for aeroacoustic noise analysis of 3-
bladed h-Darrieus wind turbine, Thermal Science., 27, 61-69, https://doi.org/10.2298/TSCI2301061D, 2023.

Curle, N.: The Influence of Solid Boundaries upon Aerodynamic Sound. Proceedings of the Royal Society
of London. Series A, Mathematical and Physical Sciences.,, 231(H87, 505514,
http://www.jstor.org/stable/99804, 1955.

The American Society of Mechanical Engineers.: Standard for Verification and Validation in
Computational Fluid Dynamics and Heat Transfer, ASME V&V 20-2009, 2009.

Menter, F. R.: Zonal two equation k-® turbulence models for aerodynamic flows, AIAA Paper 93--2906,
https://doi.org/10.2514/6.1993-2906, 2012.

24

(#=0L: e 2517 0.35 4%



https://doi.org/10.1016/j.enconman.2021.114609
https://doi.org/10.1016/j.proeng.2012.01.994
https://doi.org/10.1007/BF00311842
https://doi.org/10.2298/TSCI2301061D
http://www.jstor.org/stable/99804

