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Abstract

In the present study, an experimental study was conducted to investigate the

unsteady flow characteristics of the flow around the vertical axis wind turbine

and to improve the aerodynamic performance of the vertical axis wind turbine

by using tubercles. The experiments were conducted at operating condition

where Re = 1.2 × 105 based on rotor diameter and rotating speed was 300

1100 rpm. The performance factor, the power coefficient which indicates a

measure of the relative kinetic energy extracted from the flow, was measured

by a rotary torque transducer and the velocity field was obtained by using a

phase-averaged particle image velocimetry. As the rotor rotates, the dynamic

stall occurs at the blade leading edge of the suction surface. We suggested the

tubercles to control dynamic stall. By using tubercles to leading edge of the

suction surface, the stall delayed, which improve the aerodynamic performance

of the rotor.
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Chapter 1

Introduction

Wind energy has been one of the leading renewable energy sources to re-

duce dependence on fossil fuel. Most of this energy is produced using large

scale horizontal axis wind turbines (HAWTs) which can generate over 4 MW

individually with bade diameters up to 126 m as shown in Figure 1.1 (Vestas,

2018). HAWTs are very efficient when operating individually, extracting nearly

the theoretical Betz limit of 59% of the power of the wind (Vanek & Albright,

2008). However, HAWTs evolve a relatively large wake, so there is a limitation

to construct wind farm with HAWTs. Due to aerodynamic interference between

adjacent HAWTs, turbines are typically spaced 3 to 5 rotor diameters in the

streamwise direction to obtain about 90% of the power output of an isolated

HAWTs (Hau, 2013). Small scale vertical axis wind turbine (VAWTs) represent

an alternative to HAWTs with fewer restrictions on their spacing to construct

wind farm. VAWTs have advantages of insensitivity to wind direction, which is

capable of generating power without yawing into the wind direction, relatively

quiet operating condition due to slower blade rotation and a typically simple

design, resulting in low construction and maintenance cost due to fewer moving

parts and a constant blade profile along the span (Islam et al., 2007; Howell

et al., 2010; Greenblatt et al., 2013). Wittlesey et al. (2010) developed a wind

farm model based on the fluid dynamics of fish schooling, indicating a potential

increase in power density defined as power produced per unit area due to the
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decreased turbine spacing. Dabiri et al. (2011) tested this idea, using arrays

of VAWTs and claimed that a wind farm using VAWTs can have more power

density than that of HAWTs because VAWTs have less aerodynamic interfer-

ence so can be placed close to each other relatively. The representative flow

characteristic of VAWTs is known as dynamic stall. The dynamic stall occurs

when an airfoil undergoes unsteady motions at higher angles of attack than stall

angle of a steady airfoil. The kinematics of the blades of the VAWT is shown

in Figure 1.2. The blades of the VAWT experience negative and positive angle

of attack continuously by a rotation as shown in Figure 1.3. Since the blades of

the VAWT operating in unsteady flow overcome the static stall angle, the dy-

namic stall occurs (Leishmanl, 2002). During dynamic stall, large leading edge

separated vortices are formed and then they shed from the airfoil, resulting in

a performance decreases (Ferreira et al., 2009). Many studies found that dy-

namic stall occurs around the blades of VAWTs by using experimental studies

(Fujisawa & Shibuya, 2001; Ferreira et al., 2009; Edwards et al., 2015) or using

numerical simulations (Tsai & Colonius, 2016; Posa et al., 2016), and claimed

that aerodynamic performance on VAWT can be increased by delaying the stall

(Roh & Kang, 2013; Elkhoury et al., 2015). Meanwhile, in flow control stud-

ies, many researchers developed ideas to control the unsteady flow. Especially,

leading edge modification is well known for controlling unsteady flows in many

engineering applications. Miklosovic et al. (2004) investigated the effect of lead-

ing edge tubercles, which achieved separation delay of stalled airfoil. Narayanan

et al (2015) showed that the leading edge serration is effective even on airfoils

of low angle of attack. Also, Kim et al (2018) obtained increased aerodynamic

performance by using leading edge tubercles. The leading edge tubercles or

serrations induce streamwise vortices which control the unsteady flow down-

stream. These methods could be applied to the VAWT blades for controlling
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the unsteady flow characteristics. In present study, the flow around a VAWT is

investigated by using particle image velocimetry and aerodynamic performance

is measured by using torque measurement. After the flow investigation, tuber-

cles are applied to the blades of a VAWT that result in enhancement of the

aerodynamic performance and the flow fields of the VAWT with and without

tubercles are compared.
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Figure 1.1. A pictures of a large scale horizontal axis wind turbine (HAWT)
and a small scale vertical axis wind turbine (VAWT).
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Figure 1.2. The kinematics of the blades of a VAWT.
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Figure 1.3. The angles of attack variation over typical VAWT blade, for = 1.1,
1.6 and 2.0. Compared to static stall angle of attack of NACA0018 at Re =
80,000.
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Chapter 2

Experimental Set-up

2.1 VAWT model geometry

We construct a VAWT model by using three-dimensional surface data as

shown in Figure 2.1. The model shape except for the blades is composed of

three-dimensional surface data of commercial VAWT Aeolos-V 300W (Aeolos,

2018), where the scale of the model was set to 1:3. The blade consisted of a

NACA0018 airfoil with 0.9 m chord extruded to a length of 0.4 m. The rotor

had a diameter of 0.3 m, as measured by a circle tangent to the chord of each

airfoil.

2.2 Parameters of tubercles

To control the unsteady flows, we introduced the leading edge tubercles.

Two parameters are chosen to investigate the effect of tubercles. As shown in

Figure 2.2, diameter (d) of tubercles and spacing (s) between tubercles are the

parameters that determine the tubercles. For convenience, tubercles made of

hemispherical styrofoam are attached uniformly from the leading edge of the

airfoil on the suction side.
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2.3 Torque measurements

Experiments were conducted in a closed-type wind tunnel (Gttingen type),

whose test section is 0.9 m wide, 0.9 m high and 4 m long. The maximum wind

speed in the test section is 60 m/s and the uniformities of the mean streamwise

velocity and the turbulence intensity are both within 0.3% at the free-stream

velocity of 20 m/s. In all experiment, the freestream velocity was 6 m/s, i.e. a

Reynolds number based on the rotor diameter (ReD = UD/ν) was 1.2 × 105,

where D is the rotor diameter and ν is the kinematic viscosity of air. The rotor

was mounted to shafts in both directions, as depicted in Figure 2.3. The height

of the shaft was adjusted to locate the rotor at the center of the wind tunnel.

The VAWT model is rotated by BLDC motor (TM13-A2053 TM TECH-i).

And the model shaft was connected to a rotary torque transducer (T22/5NM,

HBM) between the rotor and the BLDC motor. The torque transducer present

a difference between a motor supplying and lift driven, then the positive sign

means the aerodynamic force driven torque surplus motor driven. The torque

transducer had a 0-5 Nm−1 measurement range with a maximum system error

of +0.020% rated output (i.e. + 0.001 Nm−1) in clockwise and counterclockwise

torque. An optically clear, cast acrylic sheet was suspended to be flush with

the free surface in order to eliminate surface distortion. The shaft is connected

to a ball and thrust bearing which located upper and under the test section,

minimizing a friction loss. Also, the VAWT blade is located in the center of the

test section.

2.4 Particle image velocimetry

In the VAWT, the flow characteristics are continuously changed depending

on the position of the blades due to the blowing flow, so that the aerodynamic
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performance acting on the blades also changes depending on the position of

the blades. So, it is essential to measure the flow field depending on the blade

position. To obtain the flow characteristics depending on the blade position, the

phase-averaged particle image velocimetry (phase-averaged PIV) was conducted

as shown in Figure 2.4. Since we mainly focus on the flow near the blade, we

synchronized the instantaneous velocity fields by a laser tachometer. Figure 2.3

shows the experimental setup for phase-averaged PIV. We performed PIV in two

XZ planes with tip-speed-ratio (TSR, λ = Rω/U) changes. PIV measurements

were conducted at λ=1.1 and θ = 60◦ to 90◦ as increment 10◦, and θ = 120◦,

respectively. The experiment is held at the operating point where the rotational

speed is 300 - 1100 rpm, respectively. The laser used for illumination is a Nd:Yag

laser having maximum repetition is 15Hz, and the camera is a high resolution

(2048 × 2048) CCD camera. The field of view (FOV) size is chosen by 150% of

the chord length to observe the dynamic stall phenomenon.

9



Figure 2.1. (a) geometry of VAWT model; (b) a cross section of the NACA0018
airfoil; (c) specification of VAWT model.
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Figure 2.2. Parameters for tubercles.
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Figure 2.3. Schematic diagram of the torque measurement.
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Figure 2.4. Schematic diagram of the PIV measurement.
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Chapter 3

Flow Characteristics

3.1 Aerodynamic performance of VAWT

Figure 3.1 shows the measurements of the average power coefficient, CP ,

as the tip-speed-ratio was varied. This power coefficient is a measure of the

relative kinetic energy extracted from the flow. The average power coefficient

is defined as C̄P = P̄ /(0.5ρU3A). ρ is the air density, U is the free stream

flow speed and A is the characteristic area, i.e., projected swept area of the

rotor. The average power was estimated from the torque measurements as

P̄ = T̄ ω, where T and ω are the instantaneous torque and angular velocity,

respectively. The trends in the measured power curves for the turbines are

consistent with experimental predictions by Araya et al (2017) for a 3 straight-

bladed VAWT. Reynolds number based on rotor diameter of previous research

and present study are 0.8 × 105 and 1.2 × 105, respectively. Since Bachant and

Wosnik (2014) found that turbine performance becomes nearly independent of

Reynolds number above turbine diameter Reynolds number of ReD = O(105),

the measured data could be reliable. The difference between them would be

any additional applied load, such as bearing friction, an unpowered DC motor

and so on. For CP > 0, energy is extracted from the flow on average, as in

the case of an operational VAWT. However, for CP < 0, energy is added to

flow on average. So, this model turbine operate when λ < 1.5, otherwise, it
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works to the flow. In present study, the model has a maximum value of 1.43

for CP at λ = 1.05, and Cp becomes 0 when λ is about 1.8. In other words,

if λ is less than 1.8, the VAWT model can generate the power on average, i.e.

energy is extracted from the flow on averaged, and if λ is greater than 1.8, the

VAWT model cannot generate the power on average, i.e. it work on the flow on

average. And the VAWT model produce the biggest energy at λ = 1.05, which

is called λopt.

3.2 PIV measurements

Figure 3.2 and 3.3 show the mean velocity fields with vorticity contours

along the variations of azimuthal angles (θ=60◦, 70◦, 80◦, 90◦ and 120◦) at

λ=1.05. The vorticities ωy have been normalized by the free stream speed U

and rotor diameter D. As shown in the Figure 3.2(a), the flow follows along

the blade surface of the leading edge, and then the flow shed at the trailing

edge when θ=60◦. When θ=70◦, the flow follows along the blade surface of the

leading edge and shed at the trailing edge as similar as flow motion at θ=60◦

(Figure 3.2(b)). However, the strong counterclockwise vorticity can be observed

on the suction surface at the leading edge of the blade. When θ=80◦, as it can

be seen at Figure 3.2(c), the flow separates and undergoes leading edge vortex

formation at suction surface of the blade, and indicate stronger counterclockwise

vorticity than that of θ=70◦. Then when θ=90◦, the flow undergoes dynamic

stall at the suction surface of the blade, and fully separating, which result in

the strongest counterclockwise vorticity in the measured fields (Figure 3.3(a)).

When θ reaches 120◦, the dynamic stall vortex finally falls off the blade as it

can be seen in Figure 3.3(b). This unsteady separation is assumed to be one of

the aerodynamic loss of the VAWT.
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Figure 3.1. Results of torque measurements of VAWT model without tubercles.
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Figure 3.2. Mean velocity fields with vorticity contour: (a) at θ=60◦ (b) at
θ=70◦ (c) at θ=80◦.
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Figure 3.3. Mean velocity fields with vorticity contour: (a) at θ=90◦ (b) at
θ=120◦.
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Chapter 4

Flow Control

4.1 Control ideas

To control the unsteady flows discussed in Ch. 3, we introduced the leading

edge tubercles. As depicted in Ch. 2.2, two parameters are chosen to increase

aerodynamic performance by controlling the dynamic stall. Since the full scale

of tubercles of the Humpback whales are investigated by previous researchers

(Johari et al., 2007; Fish et al., 2011), the domain of diameter (d) of tubercles

are 3 mm (d/c = 0.035) to 7 mm (d/c = 0.075) as increment of 2 mm and

the domain of spacing (s) between tubercles are 10 mm (s/H = 0.025), 20 mm

(s/H = 0.05) and 40 mm (S/H = 0.1).

4.2 Aerodynamic performance of VAWT with tubercles

Figure 4.1 shows the measurements of the average power coefficient, CP ,

on the VAWT model with and without tubercles as the tip-speed-ratio was

varied. The average power coefficient of the VAWT model without tubercles

are plotted as black diamond symbols. The change of diameter (d) of tubercles

is represented by the change of the symbol: the circle symbol is d=5 mm,

the triangle symbol is d = 3 mm and the square symbol is d = 7 mm. The

change of spacing (s) between the tubercles is represented by the change of

color: the red line is s = 10 mm, the blue line is s = 20 mm, and the purple

19



line is s = 40 mm. The parameters were tested, and we got the enhancement of

aerodynamic performance when d = 5 mm and s = 20 mm. The aerodynamic

performance, indicated as average power coefficient CP , is improved across the

all TSR, especially in λopt with about 30% efficiency

4.3 PIV measurements

Figure 4.2 to 4.6 show the mean velocity fields with vorticity contours of

VAWT model with and without tubercles along the variations of azimuthal an-

gles (θ = 60◦, 70◦, 80◦, 90◦ and 120◦) at λ=1.05. For the VAWT model with

tubercles, two types of PIV measurements are conducted to investigate the ef-

fect of the tubercles: flow field above the tubercles and flow field between the

tubercles. The vorticities ωy have been normalized by the free stream speed U

and rotor diameter D. When the θ=60◦, flow field characteristics are similar

regardless of tubercles as shown in the Figure 4.2. Flow follows along the blade

suction surface of the leading edge, and they shed at the trailing edge. When

θ=70◦, the flow characteristics are similar as flow motion of before. The flow

follows along the blade surface of the leading edge and shed at the trailing edge.

There are strong counterclockwise vorticity can be observed regardless of tu-

bercles, but the strength of VAWT models with tubercles are smaller than that

without tubercles (Figure 4.3). When θ=80◦, there are difference between the

VAWT model with and without tubercles. As it can be seen at Figure 4.4, in

the VAWT model without tubercles, the flow separates and undergoes dynamic

stall leading edge vortex formation on the suction surface of the blade, which

indicates stronger counterclockwise vorticity than that of θ=70◦. The flow char-

acteristics of VAWT model with tubercles, however, have the difference from

that without tubercles. Above the tubercle, there appears to be stronger coun-
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terclockwise vorticity than that without tubercles, but there is little vorticity

between the tubercles when compared to the other two. Unlike the other two

cases (without tubercles and above the tubercles) where the flow separates at

the leading edge, the flow between the tubercles follows along the blade surface

of leading edge. When θ=90◦, the flow undergoes dynamic stall at the suction

surface of the blade, and fully separating, which result in the strongest counter-

clockwise vorticity in the measured fields regardless of tubercles (Figure 4.5).

But strength of vorticity is differ each other: the vorticity between the tuber-

cles are much smaller than the vorticity above the tubercles and the vorticity

without tubercles. When θ reaches 120◦, the leading edge vortex finally falls off

the blades as it can be seen in Figure 4.6.

To investigate the effect of the tubercles, x,-y, plane PIV measurement is

conducted at θ=80 where the biggest difference are showed. Streamwise location

of z/c = 0.3 is chosen. Figure 4.7 shows the mean streamwise vorticity contour

with velocity contours. On the blade with tubercles, a counter rotating vortex

pair is observed between two tubercles while no significant characteristic is

observed on the blade without tubercles. Tubercles acts as a sort of bump

to generate streamwise vortices. Byun et al. (2004) showed that the bump

generate downwash motions induced by streamwise vortices. In other words,

tubercles generate streamwise vortices inducing downwash motions, which is

delaying flow separation.
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Figure 4.1. Effects of the tubercles on aerodynamic performance of VAWT.
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Figure 4.2. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at θ=60◦.
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Figure 4.3. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at θ=70◦.
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Figure 4.4. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at θ=80◦.
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Figure 4.5. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at θ=90◦.
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Figure 4.6. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at θ=120◦.
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Figure 4.7. Mean velocity fields with vorticity contour of VAWT models with
and without tubercles at x′ − y′ plane.
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Chapter 5

Summary and Conclusions

In the present study, we investigated the unsteady flow characteristics of the

flow around the vertical axis wind turbine to develop flow control ideas for im-

proving an aerodynamic performance of VAWT. The unsteady flows observed in

the VAWT are unsteady separation at blade leading dedge and vortex shedding

at blade trailing edge. Especially the dynamic stall phenomenon, resulting in a

performance decreases, is observed. Modifying the leading edge by applying the

tubercles successfully controlled the unsteady separation for the blade leading

edge. The tubercles generated streamwise vortices delaying the flow separation,

resulting in a performance enhancement.
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