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Abstract

Wind turbine noise remains a significant barrier to the expansion of onshore wind energy,
as noise regulations and irritations limit the placement of turbines near residential areas.
This research investigates aerodynamic noise reduction strategies through Computational
Fluid Dynamics simulations using the RANS - Shear Stress Transport turbulence model in
COMSOL Multiphysics®. The study focuses on reducing noise by investigating different
combinations of parameters, namely; the blade shape, angle of attack, wind direction, and
surface roughness. This noise reduction is first investigated by measuring the Turbulence
Kinetic Energy, a key factor in noise generation. Subsequently, the dBA is interpreted from
the CFD data in MATLAB to make a direct comparison in terms of sound. The parameters
were tested in different combinations, with a heavier focus falling on the three selected blade
shapes of: an improved shape, a geometric fin addition, and the addition of serrations. Results
indicate that serrations on the trailing edge effectively disrupt vortex shedding, leading to
a measurable reduction in Sound Pressure Level. This could further be improved by also
reducing the number of serrations at the very tip of the blade in order to not interact with
the tip vortex formation. In addition, the improved basic shape with less rotation also shares
the same promising results. The simulations showed that a reduction of 3 dBA was achievable
with both the serrated design as well as the improved basic shape. These conclusions were
also achieved when the samples were tested using a flow tank with a Reynold’s number
similar to the computational studies. To further improve the accuracy of the models, it is
recommended to simulate using time-dependent studies that use LES modeling to enhance
turbulence resolution. Finally, refining the way the blade rugosity is modeled would be a
useful study to better understand and analyze how coatings could be used to reduce noise.
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1 Introduction

The Netherlands is moving toward a more sustainable future in terms of energy. One of their
key focuses with this movement is wind energy given their position on the coast and the lack
of high solar insolation throughout the year [1]. The Netherlands' use of wind energy spans
back centuries from early grain windmills to now producing thousands of wind turbines to
keep up with these growing renewable energy demands. By the end of 2020, the country had
a total of 2606 wind turbines, with 2144 of these being placed on shore [2]. The government
aims for wind energy to be the largest source of electricity in the country by 2030 [1], with
these expansion goals, cost and space constraints are naturally the largest hindrance towards
achieving this goal. The cost of a wind turbine usually pays itself back 6 months after the
operation begins [3], with the e ciency of the turbine sitting around 20% at its lowest and
40% at its peak depending on the wind [4].

One of the primary hindrances of these current problems is the noise produced by wind
turbines [5; 6; 7]. With varying regulations in place for how much noise turbines can produce,
any noise reduction to the design that can oer up to a dBA is highly needed to obtain
optimal energy production from the turbines [8]. Noise trade-0 s can include operating at
reduced speeds or with modi ed pitch angles to minimize sound emissions [9]. This is demon-
strated in Figure 1 [8], where the standard setting can be reduced in power to achieve a
lower noise output. This is the current state-of-the-art in wind turbine design with respect
to noise. However, these approaches can signi cantly impact the economic viability of wind
energy projects. With the growing number of turbines and the increasing need for energy,
more importance is placed understanding and reducing this noise [9]. If the standard setting
can be operated with 5 dB less noise, this means more energy per turbine [8].

Figure 1: The power produced by a wind turbine under di erent operation settings. The sacri ce
of noise shows a proportional reduction in power. Taken from [8].

The current state-of-the-art in solving this issue turns to geometric designs that could help

reduce the turbulence. This research tends to focus on disruptive designs that alter vortex
shapes. This research rarely investigates the overlapping factors that can a ect this noise
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reduction. In this research project, an approach to reduce the noise produced by wind turbines
will be found. In addition, di erent factors which in uence the noise reduction will also be
investigated. This will be executed by rst analyzing the problem and solving it numerically
and subsequently testing the designs in a ow tank.

2 Problem Analysis

There are two ways to discuss the issue of limited space for wind turbines. The rst approach
is whether there is su cient area to put wind turbines such that they are not going to inter-
fere with the e ciency of other surrounding turbines [10]. Placing turbines too close to each
other's proximity means that the turbulence from their interaction with the wind decreases
the e ciency of the next turbine, resulting in suboptimal energy harvesting [10]. The second
problem with space is nding locations far enough from populated areas due to the noise of
the turbines. Populated areas near wind turbines often complain about the noise and visual
impact of wind turbines on their communities. In addition, several long-term health impacts
have also been sourced as a problem [11]. Increasing the number of o shore wind turbines
has also become a very limited approach to this problem. Although noise is not a problem
o shore, there are limited amounts of turbines that can be placed without the need to support
them very deep underwater. Support underwater is expected to an extent, but can quickly
lead to high costs when placed in water deeper than 30 meters [12]. In addition, there are
other limitations to o shore wind turbines. Transportation and storage of their energy have
much higher costs than for turbines onshore [12]. Therefore, addressing the noise produced
by wind turbines is a tool that can be used to keep up with the increasing energy demand
onshore [9].

Noise pollution is a major concern that directly relates to their design. Several rules have
been put in place about the distance a wind turbine can be to people due to their noise
production [9]. Noise is measured on a logarithmic scale in dB or dBA. dBA are A-weighted
decibels, which adjust decibels for human hearing sensitivity by emphasizing mid-level fre-
guencies and reducing very low and high frequencies, while dB is a general measure of sound
intensity without frequency weighting. The logarithmic scale of the measurement makes any
small adjustment already impactful. Current acceptable noise levels go up to 55 dBA during
the daytime, however, these levels are already classi ed as a \serious annoyance". During
the night, acceptable noise levels are reduced to 40 dBA to avoid sleep disturbance. 40 dBA
can be compared to the noise from a loud refrigerator, typical background noise, whereas 55
dBA is the level of noise expected from a conversation [13]. Typical wind turbine noise is
around 35 to 45 dBA from 300 meters away [14]. In The Netherlands, turbines are permitted
to be 400 meters away from the nearest house [15]. This distance is already much shorter
than other countries such as Germany and Belgium whose values are more than 800 meters
from the nearest residential houses [15]. This applies to wind turbines with a higher power
output, producing energy at a capacity of more than 2 MW [16].

Although substantial e orts have been made to mitigate this issue, the increasing size of
wind farms and limited applicability in placing them close to each other result in the turn
toward noise reduction as a potential solution to place more turbines on shore.
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2.1 Problem Context

This problem has existed for decades during the scaling up of wind turbines as an energy
source [9]. It remains a problem due to the trade-o s that exist in solving it. The best shape
for noise does not necessarily harvest as much energy. Wind turbines, in their purest essence,
harvest the energy from the wind through the kinetic energy from the wind moving the tur-
bine blades. This is highly dependent on the speed of the wind naturally, but is also very
relevant to the amount of lift created by the wind. The shape and positioning of the blade
help create more lift than drag, which in turn helps the blades rotate quicker and thus have
more kinetic energy [17]. Because the goal of turbines is to produce the most energy, often
e ciency and creating the most lift are prioritized in the design stage, rather than noise [18].
Solving this problem therefore involves searching for a trade-o between noise and e ciency.

There are two main types of noise generated by wind turbines: aerodynamic and mechanical
[19]. Mechanical noise is a result of the inner workings of the turbine, and the loudest com-
ponents are often the gear train and turbines. However, these are consistent noise patterns
and are regularly improved by designing these components in the turbine. In addition, they
are within a casing as part of the wind turbine, which permits there to be some more sound
isolation The larger problem lies in the aerodynamic noise produced by the wind turbines.
Aerodynamic noise is caused by the interaction of the wind with the blades, which tends to
be the more prominent and bothersome issue given the inconsistency [19].

The aerodynamic noise stems from air interacting with a solid, resulting in disturbance of the
uid and its ow pattern [19]. This type of uid dynamics is always governed by the Navier-
Stokes equation, which is used to describe the movement in uids [20][21]. The Navier-Stokes
eqguation is also accompanied by the continuity equation, which abides by the conservation of
mass in the uid. The NS equation of motion describes the behavior of the uid velocity over
time through impact from viscosity, pressure and external forces (such as gravity). What is
rst relevant to di erentiate is that the ow is incompressible [20]. This can be di erentiated,

as the wind velocity for turbine operation does not exceed 30 m/s. As a result, the Mach
number will never exceed 0.1, permitting the assumption that the air ow is incompressible.
The governing Navier-Stokes equation is equation 1, with the stress tensofurther expanded

in equation 2, for an incompressible ow. The continuity equation is shown in equation 3,
which is the viscous stress tensor [21].

@@ut)+r (u u)=r p+r + f (1)
= ru+(ru) (2)
2t (W=0 ©

These equations govern the uid ow and hence the way the ow creates aerodynamic noise.
There are ve dierent types of aerodynamic noise. These are turbulent boundary layer
trailing edge (TBL-TE) noise, separation stall noise, laminar boundary layer vortex shedding
(LBL-VS) noise, trailing edge bluntness vortex shedding (TEB-VS) noise and turbulent in ow
noise [19]. These can be categorized to simplify where they are coming from and what e ects
they have on the ow pattern. The most prevalent noise is that produced by the trailing edge
of the blade (see Figure 2), relating to TBL-TE and TEB-VS [19; 22]. The majority of the
turbine blade is uniform in shape and therefore produces the same amount of noise along this
trailing edge [22]. The leading edge noise comes from the separation stall noise, or turbulent
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in ow noise and is responsible for the majority of LBL-VS noise [22]. The next distinction
comes from de ning turbulent ow, laminar ow and vortex shedding as it relates to the noise
categories.

Figure 2: Dierent ow patterns over a wind turbine airfoil, taken from [19].

Turbulent and laminar ow relate to another key principle that governs uid dynamics. This
is the Reynold's number of a uid. The Reynold's number is de ned as [21]:

Re = E 4)

This relation looks at a uid's velocity, density, viscosity and its length/diameter in order to
de ne whether the uid is behaving very orderly and 'smooth’, also referred to as laminar, or
whether the uid is behaving more erratic [21]. A low Reynolds number indicates that viscous
forces dominate, leading to laminar ow. In contrast, a high Reynolds humber means that
inertial forces dominate, causing turbulent ow. In Figure 3 [23], the di erence between these
two types of ow is shown visually. Within turbulent ow, vortices are formed, which are ed-
dies that arise in the uid and contribute to the energy dissipation characteristic of turbulence.

The formation of vortices contributes to vortex shedding [19]. This is the additional forma-
tion of vortices downstream from the body with which the uid interacts. The separation of
the uid from the boundary layer creates vortices due to the di erences in pressure, which
results in circular ow patterns due to high and low pressure coming from opposing sides
of the blade [23; 22]. These naturally increase with more turbulent ow as there is more
separation. Provided that this separation does not change signi cantly, the oscillations of the
vortices may remain fairly constant. But this simply results in a constant noise. Vibrations
within the solid structure are also a frequent consequence of the vortices along with the noise
formation [19].

One of the primary sources of the noise is the blade tip, the reduction in size is responsi-
ble for higher vortex formation, which produces more noise. In addition, the blade ending
also produces a tip vortex. This is a product of trailing edge bluntness vortex shedding noise
[19]. The wind speed is higher at the tip of the blade due to the centrifugal forces. The

6
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higher speed causes a greater formation of eddies, and as a result vortices. The interaction of
this turbulence with the solid materials causes there to be noise in addition to only the aero-
dynamic noise. This is an additional source of low frequency noise that causes disturbance [14].

Figure 3: The di erent ow patterns compared between laminar and turbulent ow on a wall with
no-slip condition. On the left laminar ow is represented and on the right, turbulent ow with the
higher formation of eddies, taken from [23].

In order to approach trailing edge noise, the airfoil shape itself has been considered. The
airfoils of functioning wind turbines are often custom, beginning from a standard NACA foil
shape [24]. This foil shape is the plane of the tip design, an example is provided in Figure
2 [19]. The trailing edge ow is the nal surface whereby the air interacts with the blade.
As shown in the gure, the laminar ow along the blade transitions to turbulent ow at a
certain point after the leading edge [19; 23]. This point tends to be determined primarily
by the Angle of Attack (AoA). This angle is the angle at which the wind hits the airfoll
and is responsible for determining how thick this boundary layer becomes. The thicker the
boundary layer, the more turbulent the ow becomes as demonstrated in Figure 3. Therefore,
addressing the thickness of the boundary layer is directly related to the noise produced [19].

Furthermore, the thickness of the boundary layer can also be related to the smoothness
of the surface. The smoothness, or rugosity of the surface, is relevant for developing a better
ow pattern for the air. If, for example, there was a raised piece on the wall shown in Figure
3, the ow pattern would be further disrupted on the wall, causing more disturbances behind
the blemish [25].

2.2 System Description

As discussed, frequently power reduction is the current solution to the noise problems of wind
turbines [9]. However, given the increasing demand for a solution, more research has been
dedicated towards nding a suitable trade-o between e ciency and noise. On the mechan-
ical side, new damping solutions have been introduced, which are able to suppress the noise
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produced by the drivetrain [19; 26]. These types of solution often stem from their own sec-
tors improving rather than focusing speci cally on reducing the noise of wind turbines [26].
However, on the aerodynamic side, the goal is speci c to the turbines themselves given that
this ow pattern is unique to wind turbines. With this, the biggest potential lies in the angles
and shape of the blade, as these are the most related to the ow pattern, which is responsible
for the production of noise [19; 24].

The basics of wind turbine design focus on the shape of the airfoil along the blade, but
also can look at the uniformity of the blade [19]. For example, with the rise of bio-based
design, inspiration from owls and mosquito species has led to serrations being an interest-
ing solution to noise [27]. Other studies focus more on the airfoil shape itself, investigating
whether a change in the entire trailing edge design can be better optimized for noise without
a signi cant trade-o with e ciency [28]. However, a key area lacking is the combination of

di erent in uential factors in simulations. Combining factors such as shapes and angles, as
well as other factors such as the wind direction and blade rugosity, other major contributors
to the noise situation of a wind turbine, is something which can be better explored.

With the current state-of-the-art and research pathways in mind, a system diagram was
constructed in Figure 4, which rst analyzes the relevant internal factors pertaining to the
wind turbine noise production. This system was constructed with four instruments based on
where the biggest potential lies to improve the three metrics on the right-hand side of the
diagram.

Figure 4: System description of the project. The interacting elements are shown within the box,
with the external factors placed on the right of the box, the instruments above the box and the
metrics on the left of the box.

In Figure 4 the tested parameters are listed as the wind angle, blade shape, AoA and the
surface roughness parameter. Within the system itself, a number of the elements are clearly
linked to a higher degree. The most important of which is the turbulence that is directly
related to the main metrics of TKE and SPL [21]. However, turbulence has only one internal
link in the system, which is vortex formation. More vortex formation produces more turbu-
lence. The dynamics of the vortex formation connects many more of the system elements.
Especially those that arise from the instruments.

One of these is the shape of the blade, which is the key focus of the research, as it has

8
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the greatest potential impact on the formation of vortices [28]. The wind angle has an in u-
ence on the inlet parameters and is only linked to these elements of the system. It relates to
the RPM of the turbine and the inlet velocity. These two parameters could be changed but
instead are selected to remain constant for this study. The wind velocity and RPM e ects
the amount of lift produced, a ecting the e ciency in general. This creates a higher power
output turbine. The AoA also plays a larger role in e ciency, with some airfoil shapes helping

to produce more lift up to around 25 degrees. However, the more it rotates, the more drag is
produced. This means that a suitable angle generally falls between 5 and 20 degrees for the
AOA [29]. The AoA will be investigated with literature hand in hand with the blade shape
due to the dependency and direct relation between these two variables.

The nal important instrument in this research is the surface roughness parameter, or the
rugosity of the blade. The general relation between the noise and e ciency of a blade and
its roughness is that with higher roughness there is a higher amount of vortex formation [25].
However, the extent to which this can be manipulated and the extent to which the relation-

ship a ects the noise is not yet fully developed. This makes it an important parameter to

add to the study to investigate more realistic patterns of noise formation and look at how
this parameter is in uenced by the other tested parameters.

2.3 Research Objective

This project aims to develop a wind turbine simulation design that addresses the aerody-
namic noise problem while maintaining turbine performance. This design will arise from
investigating di erent parameters as discussed in the system description. This will be done
to further explore the way these factors in uence each other in decreasing noise. Given that
the greatest sound problems prevail at the tip of the blade [19], the research will focus on
understanding the ow patterns at the blade tip, and how these can be improved, especially
in terms of noise. This additionally requires then a focus on being able to translate pressure
and velocity eld values produced by simulation into noise values measured in dBA. This will
be solved through the use of the intermediary step of the turbulence kinetic energy (TKE).
Using computational uid dynamics (CFD) as a simulation tool as well as computer-aided
design (CAD), a design will be developed in order to improve the noise produced by the
turbine. The TKE will be measured in COMSOL Multiphysics® , whereas the SPL will be
approximated with MATLAB. The suggested designs will also be tested through the use of a
ow tank. In order to make the goal measurable, an improvement of 3 dBA will be the goal,
as this is a measurable quantity that also ts within the range of possibility in accordance
with Figure 1. The purpose of the research can be summarized in the following objective
statement:

Goal Statement

To develop a complete wind turbine SST simulation which measures the e ects of blade
shape, angle of attack, wind direction and surface roughness on the TKE produced by the
wind turbine. This data will then be used to test which designs provide 3 dBA noise reduction

in terms of Sound Pressure Level.
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2.4 Research Questions

This goal will be obtained by answering a series of research questions that re ect the desired
outcome of the project.

What blade design varied by the parameters angle of attack, wind angle and blade
rugosity o ers a 3 dBA improvement to the Sound Pressure Level produced by
a wind turbine?

SQ1: Which airfoil shape from the NACA database is most suitable to base the design of an
improved blade on?

SQ2: What role does rugosity play in the formulation of turbulence and how can this variable
be tested to o er some parallels to reality?

SQ3: What contribution does the wind angle have on the noise produced by a wind turbine
and how can it be combined with the other parameters to analyze the noise production?
SQ4: How can the blade design best utilize the angle of attack to increase the lift while
minimizing noise?

SQ5: How can a ow tank be con gured and used to aid the results found computationally
and to draw conclusions about the shape of the blade?

These questions incorporate each of the instruments de ned in the system in order to nd
their relationship to the metrics.

10
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3 Design

3.1 Numerical Method

In order to be able to apply each of these mathematical models in simulation, Computational
Fluid Dynamics (CFD) will be used. CFD is governed by the Navier-Stokes equation, as
detailed above [21]. There are varying approaches to CFD, starting with the way in which
the model generates the turbulence. In the case of wind turbines, there are two main methods
applicable, the Large Eddy Simulation (LES) and Reynolds-Averaging Navier Stokes (RANS)
approach. LES directly resolves the larger turbulent structures while modeling the smaller
ones to capture more detailed transient ow behavior. On the other hand, RANS averages
the e ects of turbulence over time to solve for mean ow characteristics. LES is higher in tur-
bulence resolution in exchange for being more computationally demanding; however, RANS
is e cient in predicting the overall performance and long-term behavior of the turbine [30].

This study will utilize RANS as the approach to CFD simulations, as it has several dif-
ferent models, which can help to provide higher turbulence resolution at lower computational
cost. The two most utilized RANS models are the kappa-epsilon (R-and kappa-omega (k-)
models. The kappa (k) is the TKE whereas the other variable is the dissipation rate. The
two models vary in dissipation rate; the k- model is utilized for larger ow models with high
Reynold's numbers; it is mostly suitable for general ow but less accurate near walls. On
the other hand, k4 is much better at accurately predicting turbulence near walls and at
the boundary layers. There are also more RANS models, in particular the SST model which
combines the best e orts of the k- and k-! models [30]. With this combination of strengths,
the SST model o ers the best de nition of turbulence and will be used for the simulations.

The SST model is de ned in the following two equations, the rst describing the TKE term
k', and the second describing the speci ¢ dissipation rate " [30].

@k) ., @u;k) _ @ @k
ot ax TP Wrg (*ig 5)

(6)

@),@u)_ , ., © @ > @k@!
@t + @x tP ' +@?( (+ t)@?( +2(1 Fy) I @x@x

The relevant variables to de ne are the production term "P', the Reynold's stress tensor;”
and the Strain rate tensor S; ' [30].

@u
= i — 7
2@ 2
i = t 25 5@_;] 7 §k 7 (8)
_1 @v, @
Sj = 5 @?("‘ @x 9

The Reynold Stress Tensor,; , can also be further simpli ed to not include compressibility
e ects given the assumption of incompressible ow. Then the tern%%—i j becomes zero as

11
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r u=0.

These equations will be utilized within the computational domain. The software which will

be used for CFD is COMSOL, which has the SST model as part of the RANS turbulence
model. COMSOL utilizes Finite Element Method (FEM) in solving the simulation. FEM

is used over Finite Volume Method (FVM) for this study due to the coupling of the results

to acoustic modeling, as discussed in the following section. Furthermore, the use of complex
geometries in some of the design phases also allows greater precision in solving when working
with elements rather than through control volumes as FVM does [31; 32]. These simula-
tions will be run under frozen-rotor conditions, in order to be able to accurately depict the
turbulence surrounding the blades but with eased computational conditions [33].

3.2 Modeling Noise

In order to be able to nd the SPL, the N-S equation needs to be transformed into data that
can be interpreted using decibels. This can be done with the long-standing method of the
Ffowcs Williams-Hawkings Equation(FW-H) [34]. Using the N-S equations (equations 1, 2
3), Ffowcs, Williams and Hawkings developed the following equation for measuring the Sound
Pressure Level (SPL).

1@ 5,0 @ [oVa+ (Un Vo) (F)]

p =
@ {
3@ @ o @ (10)

The left-hand side of the equation is described as the wave operator. This describes how the
sound waves propagate through the medium, primarily the uid. On the right-hand side of
the equation there are the three contributions to sound. The rst term, which is controlled
by a time derivative, is the monopole term. This measures the sound of any monopole e ects
from volume changes in the uid. The following term is the dipole term, which looks at the
interaction of the uid on the surface of the blade and the noise that this produces [34]. The
nal term, with the stress tensor Tj , is the quadrupole term, which measures the noise e ects
of turbulence in the uid itself, making it one of the most important terms of the equation.
The stress tensorT; is central in the relation of noise to turbulence in the FW-H analogy
[34; 35]. It accounts for multiple contributions from uid motion, Reynolds stresses, pressure
uctuations, and viscous stresses, shown in the following expansion:

Ty = uiy+ p° ci( 0) i 7 (11)

Where, the viscous stress tensor,; , is expanded as:

- Gu @y 2 )
1T exTex 3t YT oand (12)
This tensor can be simpli ed under the incompressibility assumption, yielding [35; 34]:
@u @y
o= 13
! @x ' @x 13)
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Each contributor of the FW-H equation a ects the total SPL dierently. For example,
monopole noise is dominant in cases of large-scale volumetric changes, such as blade pas-
sage e ects. Dipole noise arises from blade- uid interactions, such as aerodynamic forces and
shear layers. Quadrupole noise is signi cant in highly turbulent ows, especially at high wind
speeds or around blade tips, given the presence of the stress tensor [35].

Other variables are de ned as follows.
"~ p% Acoustic pressure uctuation
" Co: Speed of sound in air at 100m altitude and 15C (343m=s)
o: Density of air at 100m altitude and 15 C (1:22kg=n7)
" Un;Vh: Normal velocity components of the uid and boundary surface.
" f: Level set function de ning the surface geometry.
(f);H(f): Dirac delta and Heaviside functions that de ne the boundary and volume.

The integration of noise predictions begins with the outputs from the SST turbulence model,
which resolves the pressure and velocity gradientp;¢ u;r v;r w). These resolved ow elds
are used in the SPL equation to calculate acoustic predictions, transforming them into SPL
estimates. The rotating domain of the turbine introduces additional factors, such as Doppler
e ects and tip noise, which are captured by the dipole and quadrupole terms [36]. The tran-
sient nature of noise is accounted for with the time derivative. However, given the use of a
frozen rotor simulation, these will be omitted from the nal SPL analysis. Furthermore, the
calculated SPLs are scaled to standard metrics by calculating with A-weighted SPL, produc-
ing values in dBA. These metrics help to provide data relative to human hearing standards
[36].

Deriving the SPL from the FW-H equation is calculated as [36]:

i}

SPL =20log,,
Pret

(14)
Where the reference pressure is 200 © Pa [36].

3.3 Boundary Conditions

The following stage of the modeling is to select the best boundary conditions given the vary-
ing parameters that will be tested within them. The inlet velocity of the wind will be a set
parameter and is set to 12 m/s, based on the measured averages as well as other studies which
use a wind speed between 7 and 15 m/s [37]. Furthermore, it can be observed that 12 m/s is
considered the nominal wind speed, as demonstrated in Figure 1 [8], after which the e ect of
the wind speed is negligible on the power output [38]. The simulation will presume incom-
pressible ow since the velocity of the wind will not exceed this 12 m/s, meaning that the
Mach number will not exceed 0.05, permitting the same assumption made earlier in Chapter 2.

The outlet is on the opposite side of the turbine and is a pressure controlled boundary.
The other surrounding surfaces are open boundaries or symmetry, with the exception of the
side below the turbine itself, which supports the stem. This boundary is a wall, along with

the stem and the turbine itself, as shown in Figure 5 [38]. The same set up will also be
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used to test the rugosity as a parameter, despite the fact that in Chapter 2 the stem is not
as interesting because it does not contribute to the noise as much compared to the blades
[25]. However, testing which e ects it has remains important for gaining insight into the full
picture. The stem will also accumulate particles over time, which means it should also be
included in the simulations.

Figure 5: The boundary conditions of the simulation set up represented visually.

Furthermore, Figure 5 also refers to a rotating domain around the turbine itself. A de ned
cylinder will be the speci c ‘rotating domain' in which the moving mesh is located. This
accounts for the movement of the turbine, without rotating the stem as well. This rotation
will be constant, with the rotations per minute (RPM) of the turbine set to 11 RPM because
this is the RPM achieved with the de ned inlet velocity. This also re ects the RPM of the
turbine with the nominal wind speed, a constant rotational speed. Above this nominal wind
speed, the RPM does not increase, meaning that this value is e ectively representative of the
fastest speed at which on shore turbines operate [8].

3.4 Airfoil Shape

The base case of the design will be a NACA 2412 foil. The parameters de ned in the system
do not focus on altering or redesigning the airfoil shape; therefore, this shape will remain
constant unless slightly altered while looking at the entirety of the blade design. The NACA
2412 foil is often used as the starting point in papers and for real turbines given its appropriate
ratio of lift to drag. In addition, its selection was based on a comparison of some of the airfolil
example shapes that often appear in articles [39; 40]. The airfoil shapes most frequently used
in research are the NACA 4405, 0012 and 2412 shapes [40]. Using XFLR5, a program that
can compare the 2D airfoil shape for a number of parameters related to lift, drag, and AoA,
these three shapes were tested for their range. Given that AoA is the main parameter that
relates to the shape of the airfoil, it is the most important to test for performance. In Fig-
ure 6, the change in e ciency measured by the lift/drag coe cient is plotted against the AoA.

The AoA of the 2412 foil shape can suitably range up to 15 degrees without sacri cing a
signi cant amount of the performance. Although its peak e ciency is lower than that of the
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Figure 6: Comparison of the 4405 (blue), 0012 (red) and 2412 (green) airfoil shapes by plotting
e ciency against AoA.

4405 pro le, it has less dramatic performance for other angles of attack. The 4405 pro le
is an airfoil optimized for performance at one AoA. With the goal of testing multiple AoAs,
this pro le is not suitable. The 0012 pro le has a more balanced performance, enabling it
to operate with a negative or positive AoA. Although similar performance in both directions
can be useful, the e ciency is not very high as shown in Figure 6. This e ciency is similar at
each of the opposite peaks, making the expected di erence from testing two di erent A0As
little to none. With the more evenly spread pro le of the 2412 pro le and relatively high peak
performance across varied angles, it is the preferred selection of airfoil shape in this research.

3.5 Parameters
3.5.1 Angle of Attack

The A0A is one of the parameters that has the largest trade-o between sound and e ciency.
Increasing the AOA leads to an increase in lift acting on the blade; however, the drag also
increases. This relation is not necessarily proportional, with a larger range in which acceptable
values can be found, highly dependent on the shape. As discussed in the previous section,
the selected airfoil choice is a NACA 2412 pro le. The data collected for Figure 6 in XFLR5
shows peak performance of the 2412 prole at a 7 degree rotation. This will be the rst
AOA to be tested, but, to look at how important the AoA is, another value should also be
tested. For this other value, a higher AoA will be chosen, as the range of values often lies
between -10 and 20 degrees (depending on the airfoil shape). However, the e ciency of the
pro le drops o quickly while approaching 20 or -10 degrees. The most suitable value that
also tests a larger di erence is at 12 degrees. This makes the two selected AoA to tésind

12 degrees.

3.5.2 Blade Shape

Larger amounts of research have begun investigating designs to reduce turbine noise by just
one or two dBA to meet noise quotas [28]. In this research, attention falls on how the for-
mation of vortices can be best disrupted to cause less noise. The disruption of the constant
patterns can best be achieved by alterations to the geometry. These alterations eventually re-
sult in constant patterns as well, but with a lower TKE value to accompany them, meaning a
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reduction in noise. However, at the same time the e ciency of the aerodynamic performance
must not be compromised. These can best be avoided by alterations in the direction of the
airfoils (x-axis direction) rather than perpendicular to the airfoil shape [28]. Some research
has focused on this approach on the perpendicular axis, looking at winglets as a potential
solution [41]. Winglets are used in aircraft design, placed on the tip of the wing which extends
upward, outward, or sometimes slightly inward. It often appears as a sharp n structure. It
is designed for e ciency purposes rather than to reduce noise, but typically these go hand
in hand given their relation to turbulence. The winglet works to enhance e ciency by mini-
mizing the drag generated by vortices at the edge of the blade, similar to the problems that
wind turbine blades face [41].

Winglets go in a perpendicular direction to the airfoil shape. But, as mentioned, parallel
additions are more friendly for supporting a solution that is aerodynamically optimal and
reduces noise. These types of alterations in the geometry can be taken in several di erent
directions. The rst thing to consider is adding to the geometry versus taking away from
it. Additions can be costly but do not alter current structures and risk damaging structural
integrity. In this way, removals are a bigger challenge as taking away from already built
structures is virtually impossible without needing to fully inspect before rehauling the design.

Looking at additions similar to the winglet but rather in the direction of the airfoil pro-

le leads to a n design. A n placed along the edge would be expected to yield a similar
disruption in vortices, but to a lesser extent than the winglets. The winglets are superior
in disrupting the vortices given the dramatic change taking place; however, this would be
expected to be counter productive for the sake of noise. A n at the tip of the blade that is
able to replicate the e ects of a winglet would be ideal, and hence a useful blade shape to test.

With looking into designs which are able to disrupt the vortices, lots of research turns to-
wards busy geometries along the trailing edge of a blade. Brushes and serrations have had
upswing in their e ectiveness in reducing noise [19; 42; 28]. These disruptive geometry styles
are capable of disrupting and scattering turbulent air ow patterns. The sharp contrast where
the smooth blade surface meets the passing air along the trailing edge is highlighted as the
primary noise maker. When used in a uniform and well positioned manner, the intensity of
the interaction between the blade and air can be broken by making it a more gradual tran-
sition. This reduces the intensity and coherence of noise-producing vortices. Furthermore,
serrations can act as multiple smaller edges, which may be able to di use sound waves and
lower the overall noise intensity [19].

2D Design for Selecting Blade Shapes

To investigate which blade shapes have the most potential to reduce noise, several di erent
designs can rst be tested in a 2D domain before moving to the 3D domain. Therefore, a
complete 2D design based on a slice of the 3D model was constructed. A 2D design is much
less computationally demanding, especially when it comes to time-dependent parameters. 2D
designs were initially run with the pro le collected from a 3D model, which takes into account

the angle of the blade on the z-axis. However, in order to be able to measure the improve-
ments expected from the blade shape, a zero-degree Ao0A is needed. The zero-degree AoA
uses the largest area of side pro le.

Figure 7 shows the largest area slice with a zero degree AoA. The gure shows the results of
running the simulation time dependently with the results showing after 30 seconds. The plot
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Figure 7: Base case slice of the 2D model

shows the results in terms of TKE, with a scale ranging from 0(blue) to 5(red) x 16 r;‘—f
given the smaller scale nature of the 2D model.

With a standard case to compare to, di erent geometrical additions were tested to deter-
mine their abilities to reduce the TKE. A selection of these di erent simulation results are
shown in Figure 8.

Of the six cases presented in Figure 8, most relate to the addition of serrations or geometric
placements on the tip of the blade. The top three simulation sets show varieties in serration
types, with varying serration length and varying lengths of placement along the turbine. The
short serrations shown in Figure ¢ produce a more intense turbulence spot than the base
case in Figure 7, as well as more intense turbulence from the trailing edge along the blade.
The extended length of serrations similarly results in more turbulence along the entirety of
the trailing edge in a sweep like motion. In Figure b, it is clear that three sweeps of vortex
formation are taking place along the blade. Figure a shows higher serrations, but not over
an extended blade length. While there is formation of turbulence along the entirety of the
trailing edge, this is at much lower intensity to the two other serration con gurations as well
as the base case slice.

The three bottom results show the e ects of adding di erent geometries to the tip of the
blade. The rst of which is the addition of a right-angled n, after con guring with di erent
ratios of the n, the best performing n of a right-angled shape used a ratio of 1.625 to 1 in
height to length. This geometry was able to produce the least turbulence in all of the simu-
lations tested in 2D. Although moving to the 3D domain may alter the way in which the n

is e ective, compared to the other geometries tested with a similar set up, it yielded hopeful
results. The other gures, which utilized a block with a rounded edge and a larger block with
a rounded edge, did not have the same e ectiveness as the n. These results indicate that the
straight line on the tip of the wing produced better aerodynamic results and less turbulence,
rather than a rounded structure.

With the 2D results, the best found blade shapes to test in simulations are a shape with
less rotation in the blade, but no additions in geometry. Secondly, serrations on the nal
guarter of the blade with a length to width ratio of 1.5 and nally, a n shape with 1.625 to

1 ratio. These will be the three main cases explored in the Results chapter.

17






	Introduction
	Problem Analysis
	Problem Context
	System Description
	Research Objective
	Research Questions

	Design
	Numerical Method
	Modeling Noise
	Boundary Conditions
	Airfoil Shape
	Parameters
	Angle of Attack
	Blade Shape
	Wind Angle
	Blade Rugosity

	Simulations

	Computational Results
	Base Case
	COMSOL Data
	Angle of Attack Comparison
	Tripped Blade Comparison
	Angle of the Wind

	Power of the Turbines
	MATLAB Data
	Wind Angle Effect on Noise
	Effect of Blade Rugosity
	Extended Area Beyond the Turbine

	Discussion

	Experimental Results
	Experimental Setup
	Experimental Results
	Improvements to the Design

	Conclusion
	Future Work

