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Design and Analysis of a 2kW Wind Turbine with a Flange Type Velocity Booster
for Low Wind Speeds

P. Chanaka Hasitha Weerasena

Department of Mechanical Engineering
Graduate School of Korean Maritime and Ocean University

Abstract

Demand for the energy is raising with the population growth and technological
advancement. There is a global trend to invest in renewable sources of energy to fulfil
that demand due to increasing environmental effects which fossil fuels cause on earth.
Other than this, renewable energy sources are ideal for places where there is no reliable
electrical access.

Similar situation occurred in Sri Lankan dairy industry, where small scale dairy farmers
need a reliable source of power for their milk cooling systems, wind-PV hybrid system
was proposed to fulfil their energy needs.

This study is focused on designing a wind turbine for above project. Region where this
wind turbine is to be installed is subjected to low wind conditions. Thus, wind speed
augment device is also needed, and designed.

First NREL pulse VI turbine was modelled and analyzed in Star CCM+ which is a finite
volume based commercial CFD code. Then the available experimental data was used to
compare numerical results. Comparison indicates satisfactory similarity. Thus,
numerical code can be considered as valid and later used for wind turbine analysis of this
project.

Then, a 2 kW horizontal axis wind turbine was designed using NACA 634421 and FX
76 MP 140 air foils according to Blade Element Momentum theory. Then the
performance characteristics of the turbine was evaluated using star CCM+. Power output
of the turbine at designed wind velocity 7.5 m/s and TSR 7.5 was 2273.4 W. Power
coefficient is 0.48 at this point which indicates the success of design.

Next, four flanged type velocity booster models were designed with size constrains

considering manufacturing and handling easiness. Flow behavior through these booster
X
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models were numerically analyzed. Scaled down models of 2 of these boosters were
tested in a wind tunnel and numerical data were validated against those experimental
results.

Finally previous turbine was again analyzed numerically for its performances with each
of four booster models. All four models indicated significant improvement in
performances of the turbine. Turbines with booster model 1 and booster model 3
indicated similar behavior and improve the power output by a factor of 2 compared to
the stand-alone turbine, while turbine with booster model 2 indicated slightly lower
performance with power output increase by a factor of 1.98. Booster model 4 indicated
even lower performances, but still increased the power output by a factor of 1.7. Both
booster model 1 and 3 are recommended to use for smaller turbines considering their
higher performance. Booster model 4 is also suitable, despite its comparatively lower
performance due to its compact design. Considering the power requirement and size of
this turbine, booster model 4 was selected due to its size and performance. Required
power output was achieved using scaled down turbine and booster by 25% of its original
design size. This was an additional advantage which leads to lower structural loads and

lower material usage.

Key words: Small scale wind turbine, Wind augment device, Computational Fluid

Dynamics, Flange type velocity booster

Xi
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Nomenclature

AL Upstream cross sectional area [m3]
Ay Downstream cross sectional area [m?]
a Axial induction factor [-]
a’ Tangential induction factor [-]
Aq Cross sectional area of the actuator disc [m?]
B Number of blades [-]

Chord length [m]
Cq Drag coefficient [-]
C Lift coefficient [-]
Cia Lift to drag ratio [-]
Co Coefficient of power [-]
D Rotor diameter [m]
F Force on blade [N]
f Prandtl’s tip loss factor [-]
m Mass flow rate of wind [ka/s]
N Number of blade sections [-]
Nrpm Rated rotational speed [rpm]
P1 Upstream pressure [Pa]
P, Pressure before actuator disc [Pa]
Ps Pressure after actuator disc [Pa]
P4 Downstream pressure [Pa]
R Turbine radius [-]
r Radial position on blade [m]
U, Upstream wind velocity [m/s]
U, Wind velocity before actuator disc [m/s]
Us Wind velocity after actuator disc [m/s]
Us Downstream wind velocity [m/s]
Vb Design wind velocity [m/s]
W, Tangential induced velocity in turbine region [m/s]
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W, Tangential induced velocity after turbine [m/s]
o Angle of attack []
B Pitch angle [
n Efficiency of the generator [
0 Twist angle [
A Tip speed ratio [-]
V! Local position of the blade []
p Density of air [kg/m]
] Inflow angle [°]
Q Rotational rate [rad/s]
Xiii
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2-D
3-D
BEM
CAD
CFD
Ccv
FVM
HAWT
ITCZ

PV
SST
TSR
VAWT
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Abbreviations

Two dimensional

Three dimensional

Blade element momentum
Computer aided design
Computational fluid dynamics
Control volume

Finite volume method
Horizontal axis wind turbine
Inter-tropical convergence zone
Photovoltaic

Shear stress transport

Tip speed ratio

Vertical axis wind turbine
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Chapter 1. Introduction

1.1. Background

There is a higher tendency in the world to shift into renewable sources of energy due to
the huge effect which fossil fuels are having on environment. Growth of energy demand,
shrinking the fossil fuel resources and increase of fuel price also forcing the world to do
more research on alternative sources of energy.

According to the International Energy Agency “Renewable energy is derived from
natural processes that are replenished constantly. In its various forms, it derives directly
from the sun or from heat generated from the earth. Electricity and heat generated from
solar, wind, ocean, hydropower, biomass, geothermal resources, bio fuels and hydrogen
derived from renewable resources” [1].

It is very important to develop techniques in order to harness energy from all above
sources. Wind energy, which is the focus in this study, has a tremendous development in
both research and commercial sector compared to the other sources of renewable energy.
According to the Global Wind Statistic- 2017 report published by Global Wind Energy
Council [2] worldwide wind energy capacity reached to 539,581 MW. It is expected to
increase up to 817,000 MW by the end of 2021 [3]. Global annual installed wind capacity
is higher than 40 GW until 2017 from 2011 [2]. It is also expected to increase annually
with the improvement of the technology and reduction of the cost.

Wind energy has become one of the most economical renewable energy technology in
recent years. Today, wind turbines provide secure and sustainable supply of energy due
to its proven and tested technology. At windy sites wind energy can successfully compete
with conventional energy production. Recent development of technology caused to
develop bigger, reliable and more efficient wind turbines. Especially the increase of
offshore employment of wind turbines has lead the wind energy sector to expand their

territory and capacity.
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GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2017
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Figure 1.1 Global cumulative installed wind capacity 2001-2017 [2]

1.2. Generation of wind

Atmospheric pressure differences occur due to the uneven heating of the earth by sun,
causes the wind generation. In a simple model, air would rise from the equator and sink
at the poles due to the fact that more solar radiation is absorbed in the equator than in the
poles. But due to the seasonal variation, the circulation of the wind is more complex.
Figure 1.2 shows the typical patterns of the wind. In addition to the above affects, internal
forces of the wind itself and the friction of the earth’s surface also affects the wind
patterns [4].

Air masses and

Fronts
k ~
J Sub-polar low
.............. “,---.
Y Sub-tropical

high

..... ITCZ

Sub-tropical
high

Sub-polar low

Figure 1.2 Global wind circulation patterns [5]
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1.3. Classification of wind turbines

Few methods are used to classify wind turbines. They are based on the size and scale,

lift or drag type and horizontal or vertical axis type.
1.3.1. Rotor size and scale

Wind turbines have a wide scale and size variation. Because of that a classification
system according to the various sizes is very important. Table 1.1 shows the
classification of wind turbines based on its size and scale. [6].

Table 1.1 Classification of wind turbines by rotor size

Scale Power Rating Rotor Diameter
Micro 50 W to 2 kW less than 3m
Small 2 kW to 40 kW 3mto12m
Medium 40 kW to 999 kW 12m to 45m
Large More than 1 MW larger than 46m

1.3.2. Drag and lift wind machines

Drag type wind machines will be discussed first. In these turbines the force of the wind
pushes against a surface like in an open sail, which were used in ancient Persia where
this technique started. Savonius rotor is a simple drag based wind turbine which is used
nowadays. Since the vertical rotor moves along the wind, it is impossible for the turbine
to rotate faster than the wind. This results in a very low efficiency. An example for this

type of wind turbine is indicated in figure 1.3.
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Figure 1.3 Savonius rotor wind turbine [7]

Lift type wind turbines have blades that are similar to wings of an airplane. These blades
move at a higher speed than the actual wind. They work with the wind unless against the
wind, as drag type machines do. This type of wind turbines need less materials compared
to the drag type wind turbines, due to its blades cover only a fraction of the rotor surface.
Furthermore these turbines have a higher efficiency compared to the drag type wind
turbines. [8, 9]. Due to all these reasons, lift type wind turbines are widely used around
the world.

1.3.3. Horizontal and vertical axis wind turbines

Horizontal Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT) are
classified based on the axis of rotation of the wind turbine. As indicated in their names
HAWT spins parallel to the ground while VAWT rotates perpendicular to the ground.
Most of the early stage wind turbines were VAWTS, due to their relative simplicity and
their ability to capture wind from any direction without an additional mechanism to
orient them for wind direction. But most of them were not successful.

There are three current popular design of VAWTSs namely, curved- blade Darrieus
VAWT, Savonius VAWT and Straight-blade VAWT.

4
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Several configurations of VAWTS are indicated in figure 1.4.

“\ﬁ

Cup I 2 3 4 5
anemometer Darrieus
‘egg-beater’
Savonius
rotor
Operating Furled

Evans
Musgrove

Figure 1.4 Vertical axis wind turbine configurations [10]

HAWT are the most popular among all types of wind turbines at present. Main reason
behind this is the higher efficiencies that HAWTSs’ can achieve. These HAWTSs can be

further categorized into sub categories as shown in figure 1.5.
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(A )

Single-  Two-bladed Three-bladed Multi-bladed Tip vane
bladed
e e —_— —_—
- e — —
Upwind with Upwind with Upwind with Downwind
fan tail passive  active steering active powered self-oriented
steering from side rotors  steering switched or power steered

by wind vane
Figure 1.5 Horizontal axis wind turbine configurations [10]

HAWTSs are highly sensitive to changes in blade profile, design and surface roughness
because they are lift type wind turbines. Other drawback of this type of wind turbine is
their inability to catch the wind from all directions without a yaw system. Yaw system is
responsible to orient the turbine rotor to the wind direction. Small size wind turbines use
“Passive yaw system”. It is comprises with simple roller bearing connected between the
tower and nacelle and a tail with a fin which is mounted back of nacelle which produces
corrective moment to turn the wind turbine rotor into the wind.

Larger scale wind turbines on the other hand have “active yaw system” which equipped
with a wind sensor and servo motor, which allows it to sense the wind direction and
orient accordingly. Components and their functions of a large scale HAWTSs are

indicated in figure 1.6 since this type is the most widely used wind turbine nowadays.
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Wind turbine
components
7. High-Speed shaft:

1. Rotor: The rotor is made Attaches to the generator.
up of blades affixed to a hub. 8. Generator: Converts the

The blades are shaped like mechanical energy produced by the
airplane wings and use the rotor into electricity. Different designs
principle of lift to turn wind energy produce either direct current or

into mechanical energy. Blades can
be as long as 150 feet half the
length of football field.

alternating current. The electricity may be
used by nearby appliances stored in

batteries or transferred to the power grid.

9. Heat exchanger: Keeps the generator

cool.

10. Controller: A comouter system

runs self-diagnostic tests, starts and stops
the turbine.and makes adjustments as

wind speed vary. A remote operator can

2. Pitch Drive: Blades can be rotated to
reduce the amount of lift when wind speeds
become too great.

3. Nacelle: The rotor attaches 1o the nacelle,
which sits atop the tower and encloses the

various components. P run system checks and enter new
- parameters via modem.

4. Brake: A mechanical brake acts as a - ol S omometer: M ind
back up to the braking effects of the blade 194 ] 5 nd"m“. 9:?"'98 mthe
pitch drives or as a parking brake for JePeed and passes & along o
maintenance. £ e dngs

€ 12. Wind Vane: Detects wind
5. Low-Speed Shaft: Attaches to the rotor. direction and passes it along

. to the controller, which adjusts

6. Gear Box: The rotor turns the low-speed the "yaw,” or heading, of the
shaft at speeds ranging from 20 revolutions rotor and nacelle.

per minute (rpm) on large turbines to 400 rpm
on residential units. Transmission gears
increase the speed to the 1,200—1,800 rpm

13. Yaw Drive: Keeps the
rotor facing into the wind.

required by most generators to produce 14. Tower: Because wind
electricity. Some small-scale turbines use a speed increases with height,
direct-drive system, eliminating the need for taller towers allow turbines
a gear box. 10 capture more energy.

Figure 1.6 Components of a large scale HAWT [11]
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1.4. Wind turbines with velocity augment devices

These wind turbines use a mechanism to draw more wind in to the turbine. There are
various designs and types of these turbines. But most of them are under research and
development stage.

Since the power generation from wind is proportional to the wind speed cubed, it is clear
that even a slight increase of wind velocity can contribute for higher power output of the
turbine. So, that is the main concern behind these types of devices. Additionally, these
devices can increase the wind velocity even in very low wind conditions. This enable
their ability to operate in very low wind conditions.

Turbine with flanged type diffuser which was developed in Kyushu University [12, 13]
achieved four to five times increase in output power compared with conventional wind
turbines. Due to the flange at the exit, diffuser automatically rotate accordingly to the
change in the wind direction. Hence the requirement of an additional yaw mechanism
also eliminated. Due to the vortices generated from the blade tips are considerably
suppressed through the interference with boundary layer within the diffuser,
aerodynamic noise is also reduced according to them. Additionally, safety of the wind
turbine also increased to the fact that the diffuser acting as a guard wall from damaged
or broken blades. Turbine which was developed by Kyushu University is indicated in

figure 1.7.
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Figure 1.7 Shrouded turbine developed by Kyushu University [12]

Main disadvantage of this turbine is its large structure. Its diffuser is twice the size of its
turbine. This leads to huge support structures and practically hard to implement in many
situations. Due to these reasons, one could simply increase the size of the rotor and
accomplish the same increase in energy output with less material usage, since materials
required for the rotor is much less than that needed for the diffuser. Some of the other
attempts with similar diffuser type wind turbines are indicated in figure 1.8 and figure
1.9.
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Figure 1.8 Ogin (FloDesign) wind turbine [14]

Figure 1.9 Vortec 7 turbine [14]
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1.5. Purpose of the research

A milk cooling system with a wind-PV hybrid system is proposed to Sri Lankan milk
farmers. Necessity of this system and the part which is covered under this thesis is
explained below.

Sri Lanka, as a developing economy has a steady increase in their demand for the milk.
On the other hand, 58 % of current milk supply is from small scale dairy farmers who
are mostly located in remote areas of the country. 20% of their milk is rejected in
collecting centers due to the bad quality [15]. Remaining milk price also varies from
43.25 to 77.25 Sri Lankan Rupees per litter depending on its quality. This is a huge
economical loss for both local farmers as well as for the country. Main reason behind
this milk waste is lack of cooling facilities. It takes a long time for farmers to transport
their milk to milk collecting centers. They even have to keep their milk which they got
in the evening, stored overnight until the collecting vehicle arrives next day morning. Sri
Lanka being a tropical country, is always subjected to warmer weather conditions
ranging from 20 °C to 37 °C throughout the year, which leads this milk to deteriorate
very quickly. So, an affordable cooling system is proposed. An ice-making system, as
the cooling method which is powered by a wind-solar hybrid system is proposed to
address the above issue. Ice which-will be made by the above system can later be used
to milk cooling with a specially designed insulated milk collecting tanks.

Developing a wind turbine with a flange type velocity booster for the above system is
carried out and presented here in this thesis. This method was chosen mainly, in order to
increase the power output. However, increase the wind velocity and improve the ability
to use the system even in lower wind conditions are also important aspects for choosing
this method, for the reason that most of the small-scale dairy farms where this system
will be employed are subjected to low wind conditions. Design of the wind turbine,
numerical analysis of stand-alone turbine and turbine with flange type velocity booster

is explained in coming chapters.

11
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Chapter 2. Theory behind wind turbine design

2.1. Introduction

Wind turbines are used to convert Kinetic energy into mechanical energy. The
fundamental theory of design and operation of wind turbines are derived based on an
approach conserving the mass and energy in a wind stream. This was first shown by
Albert Betz. He showed the extractable mechanical energy of a certain cross-sectional
area of an air stream is restricted to a proportion of the available energy in the stream.
Additionally, he found out that the optimal point of highest power conversion can be
determined by the ratio of the flow velocity behind the converter [16]. Classical analysis
method is based on the Momentum theory and Blade Element theory. Combined theory
is known as Blade Element Momentum Theory (BEM) which is described in this chapter.

2.2, Actuator Disc Model

Wind turbine is considered as an actuator disc in this concept. Following assumption are
made to explain the concept with momentum theory. Flow is steady, homogenous and
air is incompressible. Number of turbine blades is infinite and there is no frictional drag.
The static pressure for upstream and far downstream of the actuator disk is taken as equal
to ambient static pressure and wake is non-rotating.

Consider a steam turbine of an air stream flowing through the actuator disc as shown in
figure 2.1. Upstream of the steam tube has across sectional area of A;and a velocity of
U:. This velocity of wind slows down to Us just after the actuator disc which has a cross
sectional area of Aq, since it extracts the kinetic energy in the wind up to a certain level.
Assuming incompressible flow, the cross-sectional area of stream tube should expand in
order to accommaodate the slower moving air. Then the downstream wind continues to
expand up to A4 of cross sectional area due to static pressure drop across the actuator

disk and reach a final wind velocity of Ua.

12
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Stream tube boundary

Figure 2.1 Actuator disk model of a wind turbine

According to the continuity equation, the mass flow rate of the wind flow through the

steam tube, m1, can be written as,
m = pU; Ay = pU;Ag = pUsA, (2.)

Where p denotes the density of air.
Actuator disc induces velocity in the stream tube which is called the axial induced
velocity. It is the difference between U; and U, This velocity is non-dimensionalized

with the free stream velocity and can be written as follows,

(U1 —Up)

T (2.2)

This non-dimensional form of induces velocity a, is called axial induction factor. The

stream wise velocity component Uy, is then written as,

Uy = Uy (1 — a) (2.3)

The conservation of momentum across the actuator disk provides,

13

Collection @ kmou



(P, — P3)Ag = (Uy — UypAgU (1 —a)

(2.4)

Pressure values can be expressed in terms of the upstream and downstream velocities

according to Bernoulli’s equation as follows,

U4 = U1(1 - Za)

It is equivalent to,

(U1 + U4)

2 2

Extracted power from the wind is obtained through equation 2.4,
Power = FU,; = 2pAgUia(1 — a)?

Ratio of power extracted to available power is called power coefficient,

Power Extracted

Power Coeffient = G, = Power in the Wind

_ 2pAqUfa(1 = a)?

%PU3A¢1

(2.5)

(2.6)

(2.7)

(2.8)

Power coefficient variation with respect to the induction factor a, provides the value of

the induction factor which maximizes the power,

ac,
—=4(1-a)(1—-3a)=0
da

Physically acceptable solution is a = 2 since @ = 1 makes Cp, = 0. Then,
3

16
Pmax = 57 = 0.593
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This maximum power coefficient is called Betz limit. Due to the other factor such as
aerodynamic losses and friction, usually the power coefficient has a lower value than
this.

2.3. Angular Momentum

Flow is assumed to be unidirectional in previous analysis. But in this analysis, rotary
motion of the turbine is also included, since the rotation of the wind turbine generate
angular momentum which can be related to the turbine torque.

When the turbine disc gains a torque while the air passing through it, an equal and
opposite torque is acting on the air. As a result of this, the air passes the turbine rotates
in a direction opposite to the turbine.

Air gains an angular momentum due to this effect. Those air particles which are in the
wake, have a velocity that have two components as one in the direction parallel to axial
free steam velocity and one in the direction tangential to the rotation of turbine. Due to
this phenomenon, the Kinetic energy of air increases while static pressure of air in the
wake decreases [10].

The air entering the turbine has no rotational motion at all. But the flow exiting from the
disc does have a rotation and transformation of the motion of air takes place entirely

across the turbine region. This is shown in figure 2.2.

15

Collection @ kmou



Figure 2.2 Velocity behind the turbine disc [10]

Wi is the tangential induced velocity of air by the turbine and W is the tangential induced
velocity of air right after the turbine. These induced velocities are non-dimensiolized by

the product of turbine rotational speed and radius, Qr as follows,

Mg 2.11
a' is called tangential induction factor. Form the conservation of angular momentum, it
was found that W- is equal to half of W1 [10,18]. Then,

W, =a' Qr (2.12)
W, = 2d'Qr (2.13)
16
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An assumption for the pressure difference across the blades can be derived using a
control volume that moves with the angular velocity of the blades. The angular velocity
of air relative to the blades increases, from Q to Q+2Qa’ across the turbine disc. Both
tangential velocity and axial velocity are not the same in all radial positions.

Only an angular ring of the turbine disc which is radius r, and of radial width ér, with
area oA is considered in order to allow both induced velocity components to vary. Torque
on the ring is equal to the rate of change of angular momentum of the air passing through

the ring. Thus,

Torque = rate of change of angular momentum

= mass flow rate X change of tangential velocity X radius

(2.14)
8Q = pSAU;(1 —a)2Q0a'r?
Increment of the turbine shaft power output is,
8P = 8QQ (2.15)

Detailed analysis and information about wake can be found in the references [10 and 18].

2.4. Blade Element Theory

Forces on the blades of a wind turbine, can also be declared as a function of angle of
attack, lift coefficient and drag coefficient. Here, the blade is assumed to be divided into
N number of sections which are called blade elements. Some assumptions are made in
order to explain blade Element theory as follows.

The forces on the blade element are decided entirely by lift and drag characteristics of 2-
D air foils of blade. Span wise velocity components on the blade are neglected. No

aerodynamic interactions between blade elements.

17
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Drag and lift components are parallel and perpendicular to the relative wind direction, in
the blade element analysis. Consider a turbine of tip radius R with B number of blades,
each with cord length of ¢ and pitch angle  measured between the plane of disc and air

foil zero lift line. Pitch angle and chord length may vary along the blade span.

Figure 2.3 Definition of blade element according to the theory [10]

For a wind speed U, and angular velocity Q, the total tangential velocity experienced by
the element is (1+a%) Qr and axial velocity is (1-a) U, Hence resultant relative wind

velocity at the blade element is shown in equation 2.16.

W =\UE(1 —a)? + 02r2(1+ a')? (2.16)

There is an angle between the plane of rotation and this relative velocity direction,

18
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Figure 2.4 Velocities and forces acting on a blade element [10]

According to figure 2.4 and definitions, it can be derived that,

Up(l-2) _ (1-a)
ar(1-a) (1 -=a)ar

tang = (2.17)

Net force normal to the plane of rotation for each blade element can be written as follows,
8F = B(lcos g + d sing)dr (2.18)
Resulting torque in each blade element can be expressed as follows,
8Q = Br(lcos ¢ + d cosg)ér (2.19)

These expressions will be used later when deriving axial induction factors and tangential

induction factors in the Blade Momentum Theory.
2.4.1, Tip Losses

Pressure experienced by the pressure side of the blade is higher than the suction side of

the blade. Air tends to leak around the tip from lower to upper surface due to this reason.

19

Collection @ kmou



This effect is reducing the lift, which reduces the power production near the tip. This is
similar to the tip losses of an aircraft wing.

These losses cannot be determined directly by blade element or momentum theory due
to its 3D characteristics. But, there are some models which can be used to include the tip
losses into the calculations. The most acceptable and commonly used tip loss model was
developed by Prandtl [10]. The correction factor f must be introduced into the previously
discussed equations which are used to calculate the net force and torque according to this
model.

This factor is a function of the radius of the turbine, number of blades, the position of the
blade element and the angle of relative wind.

f(R,B,r, 9) (2.20)

Final equation of the Prandtl tip loss factor is given below,

2rsing

f= %cos‘1 (exp (——B(R — r))) (2.21)

2.5. Blade Element Momentum (BEM) Theory

Blade element momentum theory intend to model the axial induction factor and
tangential induction factors by relating the torque and force equations derived from each
blade element and momentum theories.

By equating the force relations in the theories, which are equation 2.7 and equation 2.18

with Prandtl tip loss correction, axial induction factor can be derived as follows,

2pAFU?a(1 —a) = B(lcos ¢ + d sing)ér (2.22)
0A =rdr (2.23)
L= C5pW2 (2.24)
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1 2
d = Caz PW (2.25)

Cy=Cpcosg+(Cysing (2.26)

_ 5 L, I soludut 2.27

p_an' ocal solidity (2.27)

= ! 2.28

T aFsin?s (2.28)
p'Cy

By equating the rate of change of momentum in the annular disc by using equation 2.14

and equation 2.19, tangential induction factor can be derived as follows,

2p8AFU?a(1=a)2Qa'r? = Br(lcos ¢ + d sing)ér (2.29)
Cran=C;sing —C,cos g (2.30)
/- - 2.31
@ = AFsingcos o (2:31)
= 1
0'Cran

These induction factors are used to predict velocities. Wind turbines can be analyzed for

power and thrust outputs more precisely once induced velocities are modelled accurately.

21

Collection @ kmou



Chapter 3. Design of 2kW wind turbine and flange type velocity

boosters

3.1. Determining the design wind speed

It is very important to get accurate initial design values in order to complete a wind

turbine which performs well in the site, where it will be operated.

80 31 8z

Wind Power Classification

Wind Rasourza  Wind Powar Wind Spaad®
Powar  Patantial Dansty at50m  al 50m
Class Wimz m's
1 Poor 0-200 0-58
2 Margnal 200 - 300 56-6.4
3 Moderate 300 -400 64-7.0 -G
4 Good 400 - 500 TO-7.5
5§ Excallent 500 - 600 TH5-8.0
[ 600 - 80O BO-8.8 |
T = B0D =88

1 82

#Wind spasds are based on & Weibull k value of 2.0

Figure 3.1 Average wind capacity in Sri Lanka [19]
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Turbine, which is designed here is not for a single site but for a region which has a similar
wind climate. Initial site data was obtained from “Wind Energy Resource Atlas of Sri
Lanka and Maldives” published by the ‘“National Renewable Energy Laboratory” [19].
Average wind velocity in the region is 5.5 m/s as indicated in figure 3.1. But it is expected
to increase the wind conditions in the site using a booster. So 7.5 m/s was chosen as the

design wind velocity Vp of the turbine.

3.2. Calculating the Rotor Diameter and Rated Rotational Speed

Equation 3.1 was used to calculate the rotor diameter. Estimated power coefficient Cp,
was taken as 0.45 and the efficiency of the generator I}, assumed to be 0.9. Air density

p, is 1.225 kg/m* Then the rotor diameter got a value of 4.83 m.

_e 8Pr v
D= Ty =4.83m (3.1)

Then rated rotational speed can be calculated by equation 3.2. Tip speed ratio (TSR) was

taken as 6. Nypm Was found as 178 rpm.

Nrpm = 60 [22] 1 = 178 (3.2)

3.3. Tip loss correction

Tip loss correction is one of the most important factor in BEM analysis. This concept
was introduced by Prandtl [20] to simplify the wake generated by the turbine.
Momentum of the blade element momentum equations are modified by these corrections.

Modified equation is indicated below in equation 3.3.

_F(l—w /1+(7\u)2]
—2)2
“ile L * VO (3.3)

2
f=2= cos
TT
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Here, B is number of blades and 1 denotes a variable that is, non-dimensionalized local
position of the blade from the hub to tip, and it is set to increase from 0.05 (hub) to 1
(tip). Here axial flow induction factor « is assumed to be its maximum of 1/3, which is
derived from Betz theory. The calculated tip loss factor at each local location of the blade

is shown in figure 3.2.

11

1.0 1

0.9

0.8

Prandtl's tip loss cefficient

0.7 A

0.6 T T T T
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Figure 3.2 Prandtl's Tip Loss Coefficient

3.4. Flow induction factors

Blade tip losses with localized blade position was calculated using equation 3.3. That is

the theoretical maximum value which can be obtained from the momentum theory.
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Using equation 2.28, equation 2.31 and equation 3.3 axial flow induction factor and
tangential flow induction factors can be re written with tip loss correction and expressed

in equation 3.4 and equation 3.5 respectively as below,

a=lilfo LATFATE (34)

a = ; (3.5

Calculated axial induction factor and tangential induction factors are indicated against

local position of the blade in figure 3.3 and figure 3.4 respectively.

0.34

0.32 4

0.30 A

0.28 4

Axial flow induction factor

0.26 -

0.24 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

'R

Figure 3.3 Axial flow induction factor
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Figure 3.4 Tangential flow induction factor

3.5. Air foil selection

Chosen air foils have a direct impact on turbine performance. Several factors of the air
foil, such as thickness, camber, lift, drag, lift to drag ratio and its performance at different
Reynolds numbers should be considered. Generally, a turbine with thinner blades will
cause to get higher power coefficient since they can use high performance air foils. But
this will weaken their strength and stiffness. Blade strength can be improved by using
thicker air foils to the blade. But this will lead for lower aerodynamic performance of the
turbine. Beyond this, the blade of the wind turbine experiences different flow conditions
over the blade geometry. Thus, air foils which are used in different parts of the blade are
required to have different characteristics.

Several air foils namely, AH 93 W 257, FX 76 MP 140, NACA 634421, NACA 644421,

Nasa NLF 1015, NREL S 823 were examined in order to choose the most suitable air
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foils. Finally, NACA 634421 and FX 76 MP 140 foils were selected for 20% to 60%
region of blade from root and 60% to 100% region of blade from root, respectively
considering above conditions as shown in figure 3.7. Chosen airfoils are indicated in
figure 3.5 and figure 3.6 below. Lift coefficient variation of the chosen air foils with
angle of attack and lift to drag ratio variation of the chosen air foils with angle of attack
at the estimated Reynolds number of turbine, which is 450,000, is indicated in figure 3.8
and figure 3.9 respectively.

- AirfoilTools.com

NACA 63 (4)-421

Figure 3.5 NACA 634421 airfoil [21]

- AirfoilTools.com

FX76-MP-140

Figure 3.6 FX 76 MP 140 airfoil [21]
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Figure 3.7 Air foils and their span wise locations
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Figure 3.8 Lift coefficient variation with angle of attack
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3.6. Chord length calculations

Chord length can be calculated using equation 3.6,

_2m 42p%at 36)

C
R~ BAC, (1—a) + JIn(l £ aDP

Number of blades B, Tip speed ratio 4, tangential induction factor «’, axial induction
factor a and lift coefficient of the airfoil C;, are already known from the previous steps.
So, chord lengths of all locations were calculated. Aerodynamic characteristics of used
airfoils NACA 634421 and FX 76 MP 140 are indicated in table 3.1.

Table 3.1 Aerodynamic characteristics of chosen airfoils

Airfoil RE o (deg) C Cid
NACA 634421 450,000 7.5 1.1075 87.2568
FX 76 MP 140 450,000 55 1.4135 130.6173

A broad variation of chord length observed in the region where air foils are changed due
to different aerodynamic characteristics of two airfoils. Additionally, a sharp increase of
chord length was observed towards the hub region as indicated in figure 3.9. But the
region of blade which is closer to the hub does not highly effect on the overall
performance of the turbine. But the region closer to the tip which over 65% from the hub
has a higher effect on the turbine performance thus should be optimized. Considering the
above region, the whole blade was optimized by linearizing chord lengths by
extrapolating sections lies on 70% and 90% of the blade, to reduce the manufacturing
cost while gaining on acceptable level of performance.

Final chord length distribution is indicated in figure 3.10.
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Figure 3.10 Distribution of chord length at each section

3.7. Twist angle calculations

Twist angle depends on inflow angle g and angle of attack . First inflow angle was

calculated using equation 3.7 which is indicated below.

1-«x
Au(1+at)

tang = (3.7)

Above calculated inflow angle g and optimum angle of attack were used to calculate

twist angle @ as in equation 3.8.

=0-a (3.8)
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Twist distribution with blade position is indicated in figure 3.11.
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Figure 3.11 Twist angle distribution
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3.8. Optimized blade parameters

Geometric parameters of the blade which were calculated in previous sections are

presented below in table 3.2.

Table 3.2 Geometric parameters of the blade

Lo_c_al _ Radial Chord Twist Air Foil
Position | Distance (mm) | Length (mm) | (Deg)

0.20 483 200.1 18.2 NACA 634421
0.25 603 192.3 14.5 NACA 634422
0.30 724 184.6 11.6 NACA 634423
0.35 845 176.8 9.3 NACA 634424
0.40 965 169.1 7.5 NACA 634425
0.45 1086 161.3 6.0 NACA 634426
0.50 1207 153.6 52 NACA 634427
0.55 1327 145.8 4.7 NACA 634428
0.60 1448 138.1 4.3 FX 76 MP 140
0.65 1569 130.4 3.9 FX 76 MP 141
0.70 1689 122.6 3.4 FX 76 MP 142
0.75 1810 114.9 2.8 FX 76 MP 143
0.80 1931 107.1 2.3 FX 76 MP 144
0.85 2051 99.4 1.7 FX 76 MP 145
0.90 2172 91.6 1.2 FX 76 MP 146
0.95 2293 83.9 0.5 FX 76 MP 147
1.00 2413 76.1 -0.2 FX 76 MP 148

Isometric view of the blade and rotor are shown in figure 3.12 and figure 3.13

respectively.
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Figure 3.12 Isometric view of the blade

Figure 3.13 Isometric view of the turbine rotor
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3.9. Flange type velocity booster designs

Diffuser design of Kyushu University which was discussed earlier looks promising [12
and 13]. The main drawback of this system is its size. This diffuser is larger compared
to the turbine size and thus difficult to handle. New flange type velocity boosters are
proposed in this study considering the size limitation. Here on words, this “flange type
velocity booster” will be referred as “booster” or “velocity booster”. Initial booster is
based on a similar design which was designed for a tidal current turbine [23]. So, the
maximum diameter of the booster was limited to 1.433 D, maximum length was limited
to 0.4 D and flange height was fixed to 0.173 D, where D is the minimum inner diameter
of the booster. Four different flange type velocity boosters were designed and the basic
non dimensional parameters are indicated in figure 3.14 and table 3.2 below.

Dmin ¥ - Dmax

[
-
|

Figure 3.14 Parameters of flange type velocity booster
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Table 3.3 Non dimensional parameters of the flange type velocity booster

Parameter Booster 1 Booster 2 Booster 3 Booster 4

Minimum
diameter / D D D D
(Dmin)
Flange
height / (H)
Maximum
diameter / 1.433D 1.433D 1.433D 1.433D
(Drmax)

Length /
(L)
Booster
curvature 05D - 05D 0.136 D
radius / (R)
Maximum
thickness / 0.008 D 0.008 D 0.046 D 0.046 D

(T)

0.173D 0.173D 0.173D 0.173D

04D 04D 04D 02D

Flow condition in case of “Booster only analysis and “Booster, turbine complete system
analysis” are different because the turbine resistance has an effect on the flow of the
whole system. Thus, first boosters were analyzed without the turbine and a booster-
turbine combined system was also analyzed later to understand the turbine effect on the

booster. Booster models are indicated in figure 3.15 to figure 3.22.
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Figure 3.15 Sectional 2-D drawing of booster model 1

Figure 3.16 Isometric view of booster model 1
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Figure 3.17 Sectional 2-D drawing of booster model 2

Figure 3.18 Isometric view of booster model 2
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Figure 3.19 Sectional 2-D drawing of booster model 3

Figure 3.20 Isometric view of booster model 3
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Figure 3.21 Sectional 2-D drawing of booster model 4

Figure 3.22 Isometric view of booster model 4
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Chapter 4. CFD analysis

4.1, Computational fluid dynamics
4.1.1. Introduction

Computational Fluid Dynamics (CFD) is the science of describing and analyzing fluid
flows by producing numerical solutions to a system of partial differential equations
(PDEs). Use of CFD was first started by the airplane industry. But it has expanded its
application over variety of fields, with the increase of computational power and the large
economical advantage.

Due to the fact that extensive studies of fluid flows using experiments are expensive and
time consuming, CFD plays a valuable role in many industries including wind power
industry. In addition, CFD allows the study of ideal cases which practically impossible,
as well as very small scales and time development (in slow motion) of phenomena that
otherwise would not be visible. Computers are used to solve the problems due to the fact
that the equations governing fluid flows are very complicated. Star CCM+ was used to

analyze wind turbine and the total system which was designed in this study.
4.1.2. Governing equations

Governing equations of fluid flow, which describe the processes of momentum, heat and
mass transfer, are known as the Navier-Stokes equations. Following are the core
governing equations used in Star CCM+.

The continuity equation,

dp B 4.1)
% +V(p*U)=0
The momentum equation,
d(pU) (4.2)

ot +V*(pURU) =-V, +Vo + Sy
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o indicates the stress tensor (including both normal and shear components of the stress).
Navier-Stokes equations describe both laminar and turbulent flows. But that needs a fine
mesh which is computationally expensive. Therefore, turbulence models are used to
predict the effects of turbulence with comparatively lower computational effort. These
models account for the effects of turbulence without the use of a very fine mesh. These
turbulence models modify the transport equations by adding averaging and fluctuating

components. Then, the transport equations are changed to equations below.

dp _ (4.3)
E-l' V(p * U) =0
o(pU - .
(gt ) + V* (pUQU) = =V, + V{o — pu®u} + Sy (44)

The mass equation is not modified but the momentum equation contains extra terms
which are the Reynolds stresses, pu®u and Reynolds flux, pu¢. These Reynolds
stresses need to be modeled by additional equations. In this study, the model utilized was
the Shear Stress Transport (SST) model. The advantage of using this model is that, it

combines the advantages of other turbulence models.
4.1.3. Creating the geometry

First step in STAR, is to prepare the geometry for the case to be studied. This geometry
can either be imported from external CAD-program or created directly using the 3-D
CAD module which exist within the STAR-software.

In this study, 3-D model of a wind turbines and boosters were made in SOLIDWORKS

which is a commercial computer aided design software and imported to Star CCM+.
4.1.4. Defining the simulation settings and boundary conditions

An essential part of the process in setting up a simulation is to define the relationship

between geometry parts and regions, boundaries, and interfaces.
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Geometry parts are used to define the edges, faces and vertices that make up the surfaces
of the model. But the simulation domain on which mesh is generated, and for which
physics is solved, is defined using regions, boundaries, and interfaces.

Imported CAD models were changed initially according to the required surface and
feature curve definitions. Then those were assigned to the regions. Finally boundary

conditions were applied before generating the mesh.
4.1.5. Mesh generation

Establishing a proper grid resolution is very important before attempting to solve any
CFD problem. Star CCM+ offers powerful tools to establish a better quality mesh
depending on the problem which is to be solved.

According to the Star CCM+ user guide [22] a mesh is a discretized representation of
the computational domain, which the physics solvers use to provide a numerical solution.
There are different meshing strategies in Star CCM+ and each one has its advantages
and disadvantages. Thus it is important to choose the suitable strategies depending on
the application.

In all cases “Surface Mesher” was used as the surface meshing technique. This remeshes
the initial surface to provide a quality discretized mesh that is suitable for CFD. It is used
to rectangular surface based on a target edge length supplied and can also omit specific
surfaces or boundaries preserving the original triangulation from the imported mesh.
Further refinement was done in to the surface mesh based on edges and specific surfaces.
“Trimmer” was used as the volume mesh in all cases. This model was chosen due to its
ability to model external aerodynamic flows accurately with its options to refine cells in
wake region. This technique generates a volume mesh by cutting a hexahedral template
mesh with geometry surface. Mesh was customized using volumetric controls in all three
conditions to make the mesh finer in critical regions.

“Prism Layer Mesher” used as an optional mesh model in all cases. This technique adds
prismatic cell layers next to wall boundaries. This technique projects the core mesh back
to the wall boundaries to create prismatic cells. This aids to improve the accuracy of the
flow solution as prediction of various flow features such as drag and pressure drop which

are depend on velocity and temperature gradients normal to the wall. Twelve prism layers
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were used next to the turbine boundary and five prism layers were used next to booster

wall boundary in order to achieve better results in all cases.
4.1.6. Solving the simulation

Once all the boundary conditions defined in a domain where an adequate accurate mesh
has constructed, Star CCM+ can solve for solutions.

There are several techniques which can be used to solve the governing equations
described earlier. Star CCM+ uses the Finite Volume Method (FVM). Figure 4.1
indicates a typical cell- centered Control Volume (CV). There can be arbitrary number
of cell faces (AS). The cell center, or computational node, is represented by C and the
face centers are represented by (K). Finite Volume (FV) method describes the volumes
not in terms of their computational nodes but in terms of CV boundaries.

AV

Figure 4.1 3-D cell-centered control volume
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4.1.7. Post processing

Post processing is done after simulation completed. There are number of ways used here
in order to analyze the results. Results can be exported in several forms such as graphs
and spread sheets. Visualization of the results in different formats is another widely used
method due to its simplicity and ability to understand easily. Hard copies of contours and
vectors are available. Animations can also be made. The result obtained by the turbine

simulations were analyzed in above manners and presented in next chapter.

4.2, NREL Phase VI Turbine analysis

The NREL phase 6 experiment was performed in 2001 by “The National Renewable
Energy Laboratory (NREL)” in the NASA-AMES wind tunnel with a test section of
24.4 x 36.6 m. Wind turbine was stall-regulated and had a diameter of 10.058 m. The
aim of the experiment was to provide data for validate flow models in the computation
of wind turbines. Thus, aerodynamic quantities are well documented and available for
the international science community on request and widely used by the CFD community.
This data was obtained from the NREL and used to check the accuracy of the CFD

analysis.
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Figure 4.2 NREL phase VI turbine [21]

Geometric detail of the NREL phase VI turbine blade is available in related technical
report [21]. Blade used NREL 5809 airfoil for the whole blade. All available chord length
values and twist angle values which were given section wise were used to model the
blade.

Figure 4.3, figure 4.4 and figure 4.5 indicate the 2-D sectional curves which were drawn
using above data, the enclosed 3-D CAD model of the blade and the complete 3-D

drawing of the NREL phase VI turbine rotor respectively.
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Figure 4.3 Sectional view of the blade

Figure 4.4 3-D blade model
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Figure 4.5 3-D model of the NREL phase VI turbine

An unsteady analysis was done for NREL phase VI turbine. K - Omega SST turbulence

model was used in order to get accurate results with comparatively lower computational

effect.

First simulation was run in steady state for 10,000 steps to gain more stability. Then it

was run again for 15 s in transient conditions. Flow was defined as incompressible

because there are no changes in density as air travels through turbine.

Basic setting of the simulation is indicated in table 4.1.

Table 4.1 Basic settings for NREL phase VI turbine simulation

Item Specification
Simulation type Unsteady
Turbulence model K-Omega SST
Fluid Air
Domain size 24.4m X 36.6m X 221.3m
Turbulence intensity 0.01
Turbulence viscosity ratio 10
Reference pressure 101 k Pa
Blade tip pitch 3deg
Simulation time 15s

Velocity conditions (varies)

7,10, 13, 15 m/s

Collection @ kmou
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Numerical domain and its boundary conditions are indicated in table 4.2 and figure 4.6.

Table 4.2 Boundary conditions for NREL phase VI turbine

Condition Related boundaries
Wall 3 (side walls), 5 (turbine surface)
Velocity inlet 1 (inlet)
Pressure outlet 2 (outlet)
4 (interfaces between rotating and stationary
Interface .

domains)

2

3

Figure 4.6 Numerical domain of NREL phase VI turbine case

Hexahedral mesh was used as the main type of mesh. It was fined close to the turbine
and coarsened towards the tunnel walls. 15 layers of prism mesh was used near turbine
surface to capture the boundary layer accurately. Total number of cells in the mesh is
7,055,603 with 2,276,726 cells in rotating domain and 4,778,877 in static domain.

Figure 4.7 indicates the cross sectional view of the volume mesh. Figure 4.8 indicates
the zoomed view of the volume mesh close to the turbine. Interface between the
rotational and stationary domains is also visible there. Figure 4.9 indicates the surface
mesh on turbine blade suction and pressure sides and figure 4.10 indicates the y plus

distribution along the turbine suction and pressure sides.
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Figure 4.9 Surface mesh of the blade
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Figure 4.10 Y plus values on blade surface
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4.3. 2 KW wind turbine analysis

Geometric details of the 2 kW wind turbine were calculated previously, as in chapter 3.
Finalized details of the turbine blade were taken from table 3.2.

Figure 4.11 indicates the 2-D sectional curves which were drawn using the table 3.2 data.
Figure 4.12 and figure 4.13 indicate the enclosed 3-D CAD model of the 2 kW wind
turbine blade and the complete 3-D drawing of the 2 kW wind turbine rotor respectively.

Figure 4.11 Sectional view of the blade

Figure 4.12 3-D blade model
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Figure 4.13 3-D model of the 2 kW turbine

Basic setting of the simulation ‘is indicated in table 4.3. Numerical domain and its

boundary conditions are indicated in table 4.4 and figure 4.14.

Table 4.3 Basic settings for 2 KW turbine simulation

Item Specification
Simulation type Unsteady
Turbulence model K-Omega SST
Fluid Air
Domain size 14.48 m X 107.27 m X 14.48 m
Turbulence intensity 0.01
Turbulence viscosity ratio 10
Reference pressure 101 k Pa
Simulation time 10s
Tested wind velocities (varies) 5m/s, 7.5 m/s, 10 m/s
TSR value (varies) 4,5,6,7,8,85,9,10, 11,12
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Table 4.4 Boundary conditions for 2 kW turbine

Condition Related boundaries
Wall 5 (turbine surface)
Symmetry 3 (side walls)
Velocity inlet 1 (inlet)
Pressure outlet 2 (outlet)
Interface 4 (interfaces between r(_)tating and stationary
domains)

Figure 4.14 Numerical domain of 2 kW turbine case

Hexahedral mesh was used as the main type of mesh. It was fined towards the turbine
and coarsened outwards. 12 layers of prism mesh was used near turbine surface to
capture the boundary layer accurately. Total number of cells in the mesh is 3,153,571
with 3,087,561 cells in rotating domain and 66,012 in static domain.

Figure 4.15 indicates the cross sectional view of the volume mesh. Figure 4.16 indicates
the zoomed view of the volume mesh close to the turbine. Interface between the
rotational and stationary domains is also visible there. Figure 4.17 indicates the surface
mesh on turbine blade suction and pressure sides and figure 4.18 indicates the y plus
distribution along the turbine suction and pressure sides.
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Figure 4.15 Sectional view of the volume mesh
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Figure 4.16 Zoomed sectional view of the volume mesh closer to the turbine region
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Figure 4.17 Surface mesh of the blade

0.62071

Figure 4.18 Y plus values on blade surface
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4.4. Flange type velocity booster analysis

2-D and 3-D drawing of the all four booster models were indicated in the figure 3.15 to
figure 3.22 in chapter 3. Those 3-D CAD models were used for these simulations.
Basic setting of the simulation is indicated in table 4.5. Numerical domain and its
boundary conditions are indicated in table 4.6 and figure 4.19.

Table 4.5 Basic settings for flange type velocity booster simulations

Item Specification
Simulation type Unsteady
Turbulence model K-Omega SST
Fluid Air
Domain size Diameter: 10.455 m, length: 45.305 m
Turbulence intensity 0.01
Turbulence viscosity ratio 10
Reference pressure 101 k Pa
Simulation time 10s
Tested wind velocities (varies) 7.5m/s

Table 4.6 Boundary conditions for flange type velocity booster simulations

Condition Related boundaries
Wall 4 (booster walls)
Symmetry 3 (side walls)
Velocity inlet 1 (inlet)
Pressure outlet 2 (outlet)
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Figure 4.19 Numerical domain of flange type velocity booster analysis

Hexahedral mesh was used as the main type of mesh. It was fined towards the booster
and coarsened outwards. 5 layers of prism mesh used near booster wall to capture the
boundary layer accurately. Cell count varies according to the booster model. Total cell
count in cases of booster model 1 and model 2 are 5,287,878 and 5,708,974 respectively
while cases of booster model 3 and model 4, it is 5,673,429 and 5,611,285.

Figure 4.20 indicates the cross sectional view of the volume mesh. Figure 4.21 indicates
the zoomed view of the volume mesh close to the booster. Figure 4.22 to figure 4.25

indicates the surface mesh on four booster models.
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Figure 4.20 Sectional view of the volume mesh

Figure 4.21 Zoomed sectional view of the volume mesh closer to the booster region
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Figure 4.22 Surface mesh of the booster model 1

Figure 4.23 Surface mesh of the booster model 2
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Figure 4.24 Surface mesh of the booster model 3

Figure 4.25 Surface mesh of the booster model 4

4.5. 2 kW wind turbine analysis with flange type velocity boosters

Same boosters which were previously analyzed were used with the 2 kW wind turbine
and indicated below.
Figure 4.26 to figure 4.29 indicates 3-D models of the boosters with 2 kW wind turbine.
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Figure 4.26 2 kW turbine with booster model 1

Figure 4.27 2 kW turbine with booster model 2
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Figure 4.28 2 kW turbine with booster model 3

Figure 4.29 2 kW turbine with booster model 4

Basic setting of the simulation is indicated in table 4.7. Numerical domain and its
boundary conditions are indicated in table 4.8 and figure 4.30.
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Table 4.7 Basic settings for turbine and booster combine system simulations

Item Specification
Simulation type Unsteady
Turbulence model K-Omega SST
Fluid Air
Domain size 14.48 m X 107.27 m X 14.48 m
Turbulence intensity 0.01
Turbulence viscosity ratio 10
Reference pressure 101 k Pa
Simulation time 10s
Tested wind velocities (varies) 2 mis, 4 m/f’z 7mE/)smiSG r?q/r:/s, 10 m/s,
TSR value (varies) 4,5,6,7,8,85,9,10, 11,12

Table 4.8 Boundary conditions for turbine and booster combine systems

Condition Related boundaries
Wall 5 (turbine surface), 6 (booster walls)
Symmetry 3 (side walls)
Velocity inlet 1 (inlet)
Pressure outlet 2 (outlet)

Interface

4 (interfaces between rotating and stationary

domains)

Collection @ kmou
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Figure 4.30 Numerical domain of turbine and booster combine systems

Hexahedral mesh was used as the main type of mesh. It was fined towards the turbine
and coarsened outwards. 12 layers of prism mesh was used near turbine surface and 5
layers of prism mesh used near booster wall to capture the boundary layer accurately.

Cell count varies according to the booster model and indicated below in table 4.9. Figure
4.31 indicates the cross sectional view of the volume mesh. Figure 4.32 indicates the
zoomed view of the volume mesh close to the turbine. Interface between the rotational
and stationary domains and booster are also visible there. Figure 4.33 to figure 40
indicates the surface mesh on 2 kW turbine and booster models and y plus distribution

on front and back sides of 2 kW turbine with booster models.

Table 4.9 Cell count in the mesh

Cell count
Booster ) .
model Rotatl_ng Statlp Total
domain domain

Model 1 3,080,082 2,079,429 5,159,511
Model 2 3,072,241 1,519,870 4,592,111
Model 3 3,080,082 1,323,804 4,403,886
Model 4 3,080,082 1,580,657 4,660,739
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Figure 4.32 Zoomed sectional view of the volume mesh closer to the turbine region
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Figure 4.33 Surface mesh of the 2 kW turbine and booster model 1

>y
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Figure 4.34 Y plus values on 2 kW turbine and booster model 1
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Figure 4.35 Surface mesh of the 2 kW turbine and booster model 2

lxx Wall Y+ v
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Figure 4.36 Y plus values on 2 kW turbine and booster model 2
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Figure 4.37 Surface mesh of the 2 kW turbine and booster model 3
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Figure 4.38 Y plus values on 2 kW turbine and booster model 3
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Figure 4.39 Surface mesh of the 2 kW turbine and booster model 4
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Figure 4.40 Y plus values on 2 KW turbine and booster model 4
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Chapter 5. Results and Discussion

Comparison of the NREL phase VI turbine experimental data with the CFD results are
done and discussed first in this chapter including power, torque and thrust variation of
the turbine with wind velocity. Then 2 kW wind turbine results including power, power
coefficient, thrust and torque variation against TSR are analyzed and discussed. Next
results of four booster models are analyzed and discussed. Then wind tunnel
experimental data and comparison with numerical data is discussed. Next, a total
comparison of the data obtained in 2 kW turbine and 2 kW turbine with four different
types of boosters are analyzed and discussed. Finally chosen booster model for this
application was scaled down to achieve required power output and results are presented

in this chapter.

5.1. NREL Phase VI turbine

National Renewable Energy Laboratory of United States has a huge database on
experimental data of NREL phase VI wind turbine under different conditions. It is
possible to obtain these data to validate numerical models. Upwind baseline test
sequence data was requested from the NREL and received. Those were used to compare
with the numerical data.

Turbine was in upwind position with blade tip pitch of 3 degrees. Rotational speed was
set to 72 rpm. Comparison of the experimental and numerical data is indicated below for
these conditions. Four different wind conditions were examined and thrust, torque and
power data were examined for those wind conditions.

Table 5.1 and figure 5.1 indicates the comparison of thrust variation with the wind

velocity for experimental and numerical cases.
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Table 5.1 Thrust comparison

Wind Velocity Thrust (N)
(mfs) Experimental Numerical
7 1118.75 913.72
10 1631.82 1446.27
13 1986.93 1819.09
15 2247.89 2175.09

2200 -+

2000 -+

1800 -

1600 -

Thrust / (N)

1400 A

1200 A

1000 -

800

— 0 —

—@—— Experimental data

Numerical results

10 12

Wind velocity / (m/s)

Figure 5.1 Thrust comparison

14

16

Thrust values are under predicted in numerical analysis as in figure 5.1. But the variation

has a similar pattern in both numerical and experimental values.

Table 5.2 and figure 5.2 indicate the torque comparison of experimental and numerical

data.
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Table 5.2 Torque comparison

Wind Velocity Torque (Nm)
(mfs) Experimental Numerical
7 762.4 489.05
10 1305.4 940.93
13 1220.12 912.36
15 1188.31 904.53

1400
1200 A
£ |
z 1000
(0]
)
g
o 800 A
|_
600 o
——@—— Experimental data
c/ — =0 —  Numerical results
400 T T T T
6 8 10 12 14 16

Wwind velocity / (m/s)
Figure 5.2 Torque comparison

Torque value are seem to be under predicted in numerical analysis according to figure
5.2. This could be improved by a further decrease of y plus values by make the mesh
finer.

Table 5.3 and figure 5.3 indicates the power variation with wind velocity in both

experimental and numerical analysis cases.
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Table 5.3 Power comparison

Wind Velocity Power (kW)
(mfs) Experimental Numerical
7 3.889 3.682
10 7.35 7.105
13 7.429 6.751
15 7.056 6.826

8
7 -
) 6 a
=
~
o)
3
a 51
4 -
O/ —e—— Experimental data
= \ vl Numerical results
3 T T T T
6 8 10 12 14 16

Wind velocity (m/s)

Figure 5.3 Power comparison

Power also under predicted in numerical results due to under predicted results of torque.
Overall accuracy could be increased with higher number of cells in a finer grid. But this
could not be achieved due to the computational limitations.

Figure 5.4 and figure 5.5 the velocity distribution over planes perpendicular and parallel

to the turbine rotational plane respectively.
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IZ Velocity: Magnitude (m/s)
¥ X 0.00000 1.5540 3.7679 5.6519 7.5358 9.4195

Figure 5.4 Velocity distribution in the plane perpendicular to turbine rotation

Velocity: Magnitude (m/s}
8.0000 12.000

IZ 0.00000 4.0000 16.000 20.000
Y %

Figure 5.5 Velocity distribution in the plane of the turbine rotation

5.2. 2 kW turbine

2 kW wind turbine was analyzed and obtained results are presented below. Performance
of the turbine was checked at wind velocity of 7.5 m/s while varying the TSR. Turbine
power, Cp, torque thrust values which were obtained by the numerical calculations are
indicated in the table 5.4.
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Table 5.4 2 KW turbine overall results

wind .

. Turbine Torque | Thrust/
velocity / TSR RPM Power / W Cp /Nm N
m/s

7.5 2 59.4 79.7 0.0169 12.81 91.59
7.5 3 89.0 342.53 0.0725 36.74 149.1
7.5 4 118.7 888.56 0.188 71.45 239.83
7.5 5 148.4 1508.63 0.3192 97.04 350.25
7.5 6 178.1 2027.56 0.429 108.73 | 470.11
7.5 7 207.8 2236.81 0.4732 102.75 | 564.57
7.5 7.5 222.6 2273.34 0.481 97.48 607.51
7.5 8 237.4 2247 0.4754 90.35 646.92
7.5 9 267.1 2034.32 0.4304 72.7 718.72
7.5 10 296.8 1609.27 0.3405 51.76 779.85

779.85

718.72

646.92

__ 607.51

£

— 564.57

B

2 47011

£

350.25

239.83

149.1

91.59

2 3 4 5 s 7 75 8 9 10
TSR

Figure 5.6 Thrust variation with TSR

Turbine thrust is increasing steadily with TSR as indicated figure 5.6.
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Figure 5.7 Torque variation with TSR

Turbine torque is increasing with the TSR to a maximum value of 108.7 Nm by TSR of
6. Then decreases with the TSR down to 51.7 Nm by TSR of 10 as indicated in figure
5.7.
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Figure 5.8 Cpvariation with TSR

Cp indicates its’ maximum value of 0.48 at 7.5 TSR. But has lower values other than 7.6

as in figure 5.8.
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Figure 5.9 Power variation with TSR

Power variation of the turbine is quiet similar to its C, variation graph. Turbine also
achieves its design power of 2 kW by TSR 6 and maintain above this design power up
to TSR 9. It achieves its maximum power output of 2273.34 W at TSR 7.5. Overall
performance of the turbine is up to desired level thus the design can be considered as
successful.

Figure 5.10 and figure 5.11 indicate the velocity profile of perpendicular and parallel

planes to the wind turbine’s rotational plane respectively.
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Figure 5.10 Velocity distribution in the plane perpendicular to turbine rotation
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Figure 5.11 Velocity distribution in the plane of the turbine rotation
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5.3. Flange type velocity booster models

This section presents the results obtained by the analysis of four booster models.

All four booster models were analyzed for their flow conditions at 7.5 m/s free stream
wind velocity, which is the design wind velocity of the turbine. Average wind velocity
across the plane where turbine would operate, was measured under three different
sectional area conditions. They are, total sectional area inside the booster, area related
0% to 70% of radius and area related to 70% to 90% of radius. Here onwards, area related
to 0% to 70% of radius will be referred as middle region and area related to 70% to 90%
of radius will be referred as critical region.

Figure 5.12, figure 5.13 and figure 5.14 indicate the velocity distribution over middle
region, critical region and total area of four boosters respectively.
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Figure 5.12 Velocity distribution in the middle region
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Figure 5.13 Velocity distribution in the critical region
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Figure 5.14 Velocity distribution in the total area
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Table 5.5 Average velocity distribution

Cg&ﬁ?e Booster Booster Booster Booster
y model 1 model 2 model 3 model 4
(m/s)
Critical 11.15 10.4 10.94 11.18
region
Middle 10.31 9.83 10.15 9.93
region
Total area 10.84 10.25 10.64 10.89
11.4
11.2 A
11.0
» 10.8 -
E
%‘ 10.6 A
% —e— Critical region
\ 5 Ve e
? o \\ 5
Z 102 -
10.0 - )
ie)
9.8 4 o"
9.6

T T T T
Booster model 1 Booster model 2 Booster model 3 Booster model 4

Figure 5.15 Average velocity distribution

Booster model 1 and model 3 indicates similar behavior with best performance. Booster
model 2 indicates lower performance compared to above mentioned two models. Booster
model 4 which is the compact model indicates higher average velocity in its critical

region, but poor average velocity in middle region.
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5.4. Wind tunnel experiment

Wind tunnel tests were carried out in the wind tunnel facility in the Korea Maritime and
Ocean University. That wind tunnel facility is indicated below in figure 5.16. Wind
tunnel test section is 1m X 1m. Booster models were scaled down by a factor of 0.06, in
order to minimize the blockage effect. Blockage ratio, which is the ratio of frontal
projected area of model upon the cross-sectional area of the test section is 0.16.

Figure 5.16 Wind tunnel facility

Booster models were placed in the middle of the wind tunnel using cables to minimize
the external effects on the flow around booster as indicated in figure 5.17. Wind tunnel
velocity was measured at the center of the wind tunnel, 1m ahead of the booster which
is closer to 3 diametral lengths respected to booster. Because of this, the readings can be
assumed as not getting affected by the flow patterns around the booster. Wind velocity
was measured in middle plane of the booster at 10 equally spaced radial positions as

well.
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Figure 5.17 Velocity measuring point and booster placement in the wind tunnel

Booster model 3 and booster model 4 were tested in wind tunnel for wind conditions of
5 m/s, 7.5 m/s, 10 m/s and 12.5 m/s. Wind tunnel was again numerically modeled in
order to obtain numerical data to compare with the experimental results. Time averaged

velocity readings for 30 s were taken in experimental analysis.

Figure 5.18 Booster orientation in the wind tunnel
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Figure 5.19 Velocity measuring points inside the booster

Comparison of the numerical and experimental data is indicated below figure 5.20 to
figure 5.27 and table 5.6 to table 5.13.
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Table 5.6 Velocity distribution through booster model 3 at free stream wind velocity of

5m/s
Radial Velocity readings / (m/s) Percentage /v(e(!zt):lty increase
position
Num: Exp: Num: Exp:
0.00 6.849 7.005 36.98 38.44
0.10 6.852 7.050 37.04 41.28
0.20 6.868 7.079 37.36 39.90
0.30 6.900 7.089 38.00 40.93
0.40 6.951 7.136 39.02 41.31
0.50 7.027 7.231 40.54 43.19
0.60 7.136 7.359 42.72 47.47
0.70 7.296 7.488 45.92 49.76
0.80 7.533 7.627 50.66 52.85
0.90 7.917 7.824 58.34 57.11
80

—— Numerical results
70 - ® Experimental data

Percentage velocity increase / (%)

30 A

20 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Radial position

Figure 5.20 Percentage velocity increase through booster model 3 at free stream
wind velocity of 5 m/s
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Table 5.7 Velocity distribution through booster model 3 at free stream wind velocity of

7.5m/s
Radial Velocity readings / (m/s) Percentage velocity
o increase / (%)
position
Num: Exp: Num: Exp:
0.00 10.838 10.680 4451 42.21
0.10 10.842 10.711 44.56 42.62
0.20 10.875 10.714 45.00 43.62
0.30 10.941 10.896 45.88 45.47
0.40 11.047 11.050 47.29 48.72
0.50 11.200 11.091 49.33 49.07
0.60 11.413 11.224 52.17 49.26
0.70 11.715 11.483 56.20 54.13
0.80 12.143 11.621 61.91 55.78
0.90 12.761 11.911 70.15 60.09
80
—— Numerical results
;\3 70 A ® Experimental data
Py
@
S 60 °
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S 50
o
o
>
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Figure 5.21 Percentage velocity increase through booster model 3 at free stream
wind velocity of 7.5 m/s
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Table 5.8 Velocity distribution through booster model 3 at free stream wind velocity of

10 m/s
Radial Velocity readings / (m/s) Percentage velocity
. increase / (%)
position
Num: Exp: Num: Exp:
0.00 14501 14.545 45.01 44.15
0.10 14518 14.583 45.18 47.30
0.20 14577 14.713 45.77 48.77
0.30 14.681 14.781 46.81 48.55
0.40 14.844 14.891 48.44 49.21
0.50 15.075 15.100 50.75 51.76
0.60 15.396 15.204 53.96 51.89
0.70 15.850 15.339 58.50 54.01
0.80 16.499 15.689 64.99 56.58
0.90 17.449 16.197 74.49 62.29
80
—— Numerical results
;@ 70 - ® Experimental data
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Figure 5.22 Percentage velocity increase through booster model 3 at free stream
wind velocity of 10 m/s
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Table 5.9 Velocity distribution through booster model 3 at free stream wind velocity of

12.5m/s
. Velocity readings / Percentage velocity
Raq!al (m/s) increase / (%)
position
Num: Exp: Num: Exp:
0.00 17.897 18.191 43.18 45.06
0.10 17.885 18.329 43.08 46.28
0.20 17.919 18.347 43.35 45.96
0.30 18.000 18.632 44.00 49.53
0.40 18.138 18.669 45.10 48.88
0.50 18.343 18.856 46.74 51.21
0.60 18.633 19.100 49.06 53.41
0.70 19.051 19.297 52.41 54.75
0.80 19.659 19.659 57.27 57.65
0.90 20.545 20.320 64.36 61.91
80
—— Numerical results
70 - ® Experimental data

30

Percentage velocity increase / (%)

20 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 5.23 Percentage velocity increase through booster model 3 at free stream
wind velocity of 12.5 m/s
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Table 5.10 Velocity distribution through booster model 4 at free stream wind velocity

of 5m/s
Radial Velocity readings / (m/s) Percentage velocity
adla increase / (%)
position
Num: Exp: Num: Exp:
0.00 6.383 6.311 27.66 25.97
0.10 6.390 6.284 27.80 26.18
0.20 6.403 6.292 28.06 26.35
0.30 6.439 6.306 28.78 28.96
0.40 6.477 6.353 29.54 26.81
0.50 6.531 6.378 30.62 30.43
0.60 6.652 6.413 33.04 33.60
0.70 6.780 6.663 35.60 33.26
0.80 6.977 6.670 39.54 34.75
0.90 7.566 6.858 51.32 36.61
709 —— Numerical results
;@ ® Experimental data
o 60 1
]
]
o
(&)
£ 50
2
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@ 40
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Figure 5.24 Percentage velocity increase through booster model 4 at free stream
wind velocity of 5 m/s
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Table 5.11 Velocity distribution through booster model 4 at free stream wind velocity

of 7.5 m/s

. : : Percentage velocity

Rapl!al Velocity readings / (m/s) increase / (%)

position

Num: Exp: Num: Exp:
0.00 9.570 9.486 27.60 25.64
0.10 9.580 9.488 27.73 25.67
0.20 9.605 9.517 28.07 27.74
0.30 9.670 9.631 28.93 28.07
0.40 9.739 9.663 29.85 29.88
0.50 9.833 9.730 31.11 30.60
0.60 10.047 9.819 33.96 32.15
0.70 10.271 9.992 36.95 32.17
0.80 10.606 10.112 41.41 35.01
0.90 11.598 10.426 54.64 39.20

70 A :
—— Numerical results

® Experimental data

60 -

Percentage velocity increase / (%)

20 A

0.0 0.2 0.4 0.6 0.8 1.0
Radial position

Figure 5.25 Percentage velocity increase through booster model 4 at free stream
wind velocity of 7.5 m/s
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Table 5.12 Velocity distribution through booster model 4 at free stream wind velocity

of 10 m/s

) Velocity readings / Percentage velocity

Rapl!al (m/s) increase / (%)

position

Num: Exp: Num: Exp:
0.00 12.965 12.940 29.65 27.61
0.10 12.972 13.030 29.72 28.12
0.20 13.017 13.076 30.17 28.57
0.30 13.144 13.105 31.44 30.92
0.40 13.278 13.148 32.78 30.57
0.50 13.464 13.236 34.64 31.05
0.60 13.879 13.396 38.79 32.77
0.70 14.301 13.692 43.01 34.63
0.80 14.930 14.014 49.30 39.30
0.90 16.727 14.356 67.27 42.42

70 A

—— Numerical results
® Experimental data

Percentage velocity increase / (%)

20 A

0.0 0.2 0.4 0.6 0.8 1.0

Radial position

Figure 5.26 Percentage velocity increase through booster model 4 at free stream wind
velocity of 10 m/s
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Table 5.13 Velocity distribution through booster model 4 at free stream wind velocity

of 12.5 m/s
. Velocity readings / Percentage velocity
Ra_d!al (m/s) increase / (%)
position
Num: Exp: Num: Exp:
0.00 16.279 16.065 30.23 28.21
0.10 16.331 16.061 30.65 29.52
0.20 16.401 16.103 31.21 29.13
0.30 16.589 16.238 32.71 29.39
0.40 16.782 16.451 34.26 31.61
0.50 17.043 16.572 36.34 33.54
0.60 17.615 16.790 40.92 34.32
0.70 18.185 17.090 45.48 37.93
0.80 19.022 17.526 52.18 40.66
0.90 21.402 17.957 71.22 43.77

70 A

—— Numerical results
® Experimental data

Percentage velocity increase / (%)

20 A

0.0 0.2 0.4 0.6 0.8 1.0
Radial position

Figure 5.27 Percentage velocity increase through booster model 4 at free stream
wind velocity of 12.5 m/s
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Considering the booster model 3, 35 to 70 percent of wind velocity increase can be
observed. Wind velocity profiles in all four free stream wind velocities indicates similar
pattern. But the percentage increase of the wind velocity increases with the increase of
free stream wind velocity. Flow throughout the booster indicates quite similar behavior
in both numerical and experimental cases.

When consider the booster model 4, 25 to 70 percent of wind velocity increase can be
observed. In this case also, wind velocity profile in all four free stream velocities
indicates similar pattern. When considering the percentage velocity increase values,
region closer to booster wall indicates higher gain when free stream velocity increases
but middle region does not indicates such behavior. Flow through the middle region of
this booster model indicates quite similar behavior considering numerical and
experimental cases. But the flow closer to the booster wall has lower velocity in
experimental analysis with compared to the numerical prediction. This might be due to
higher turbulence in the region. Velocity fluctuations also could affect this.

When comparing numerical and experimental data, both booster model 3 and booster
model 4 indicate considerably good agreement. Thus numerical model can be assumed

as good prediction and can be used for further analysis.

5.5. 2 kW turbine with different flange type velocity booster models

This section presents comparison between stand-alone turbine and turbine with four
booster models.
Table 5.14 and figure 5.28 indicate the torque variation of stand-alone turbine and

turbines with four flange type velocity boosters.
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Table 5.14 Torque comparison

Torque / Nm
TSR RPM . With With With With
\év(;gzgelf booster booster booster booster
model 1 | model 2 | model 3 | model 4
2 59.4 12.81 23.58 21.85 23.34 19.27
3 89.0 36.74 30.3 29.86 31.65 28.86
4 118.7 71.45 45.26 46.49 4499 66.44
5 148.4 97.04 127.96 125.63 128.83 126.03
6 178.1 108.73 189.83 188.16 191.25 155.33
7 207.8 102.75 211.09 202.85 210.96 172.98
8 237.4 90.35 188.86 180.16 188.02 163.28
9 267.1 72.7 149.07 143.53 146.66 129.64
10 296.8 51.76 105.94 105.09 106.02 99.83
250
——@——  Without booster
<O o With booster 1
——-w-——__ With booster 2 ./0\
200 - — —A — .- With booster 3 P N
— —& —  With booster 4 ﬁ/ \\Q
’g 150 A
=
P
&
I9 100 A

50 A

Figure 5.28 Torque comparison
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Torque values are lower in turbines with boosters compared to stand alone turbines in
lower TSR values, especially under TSR 4.5. All turbines with boosters show higher
torque values compared to the stand alone turbine in TSR values beyond 5. Booster
model 1 and booster model 3 shows quiet similar behavior while booster model 2 shows
slightly lower values compared to booster model 1 and 3. Turbine with booster model 4
shows even lower torque values compared to others. Stand-alone turbine achieves its
highest torque values at TSR 6 but turbines with boosters achieve their highest torque
values at TSR 7.

Table 5.15 and figure 5.29 indicate the Cp variation of stand-alone turbine and four
turbines with boosters. Cp calculation is based on turbine power output and wind power
correspond to turbine swept area and free stream velocity.

Table 5.15 Comparison of power coefficient

Cp

TSR | RPM . With With With With
\évc:f)zgeurt booster booster booster booster
model 1 | model 2 | model 3 | model 4

2 59.4 0.017 0.031 0.029 0.031 0.025

3 89.0 0.073 0.060 0.059 0.063 0.056

4 118.7 0.188 0.119 0.122 0.119 0.175

5 148.4 0.319 0.421 0.413 0.424 0.415

6 178.1 0.429 0.749 0.743 0.755 0.613

7 207.8 0.473 0.972 0.934 0.972 0.797

8 237.4 0.475 0.994 0.948 0.990 0.859

9 267.1 0.430 0.882 0.850 0.868 0.768

10 296.8 0.341 0.697 0.696 0.697 0.657
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Figure 5.29 Comparison of power coefficient

C, of turbines with boosters are more similar or lower compared to stand alone turbine
below TSR 4.5. But beyond this TSR value turbines with boosters show much higher C,,
values compared to the stand alone turbine even though all cases achieve their maximum
Cp around 7.5 TSR. Both turbines with booster model 1 and booster model 3 have a
similar behavior while turbine with booster model 2 has slightly low C, values compared
to those two. Turbine with booster model 4 has even lower performance. But still
indicates better performance compared to stand-alone turbine case.

Table 5.16 and figure 5.30 indicate the power variation of stand-alone turbine and four

turbines with boosters.
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Table 5.16 Power comparison

Collection @ kmou

. Turbine Power / W
Wind _ _ _ _
velocity /| TSR | RPM Without With With With With
m/s booster booster | booster | booster | booster
model 1 | model 2 | model 3 | model 4
2 7.5 59.4 | 42.40 87.12 83.72 87.08 71.40
3 7.5 | 89.0 | 143.09 | 294.04 | 282.54 | 293.88 | 240.98
4 7.5 |118.7 | 339.17 | 696.97 | 669.73 | 696.62 | 571.20
5 7.5 |148.4 | 662.43 | 1361.28 | 1308.06 | 1360.58 | 1115.63
6 7.5 |178.1|1144.68 | 2352.29 | 2260.33 | 2351.08 | 1927.81
7 7.5 |207.8 |1817.72 | 3735.35 | 3589.32 | 3733.43 | 3061.29
8 7.5 | 237.4|2713.32 | 5575.80 | 5357.81 | 5572.93 | 4569.63
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Figure 5.30 Power comparison

Turbines with boosters indicate much higher power output compared to stand-alone
turbine. Turbines with first three booster models could improve the power output by a
factor of 2 while turbine with booster model 4 improve the power output by a factor of
1.7 compared to stand-alone turbine. Since both booster model 1 and booster model 3
shows similar behavior, it is acceptable to choose either of them considering

manufacturing cost. Booster model 4 is also a good choice concerning its’ compact size.
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Figure 5.31 to figure 5.38 indicate the wind velocity distribution along the plane
perpendicular to turbine rotation and Vorticity around the turbine and booster models in

all four cases.

Velocity: Magnitude (m/s)
IZX_.Y 0.00000 4.0000 8.000! 7 12.000 16.000 20.000

-

Figure 5.31 Velocity distribution of turbine with booster model 1 in the plane
perpendicular to turbine rotation

Vorticity: Magnitude (/s)
14.400 19.600

{x 4.0000 9.2000 24.800 30.000

Figure 5.32 Vorticity around booster model 1
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Figure 5.33 Velocity distribution of turbine with booster model 2 in the plane
perpendicular to turbine rotation
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Figure 5.34 Vorticity around booster model 2
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Velocity: Magnitude (m/s)
8.0000 12.000

Figure 5.35 Velocity distribution of turbine with booster model 3 in the plane
perpendicular to turbine rotation
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Figure 5.36 Vorticity around booster model 3
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Figure 5.37 Velocity distribution of turbine with booster model 4 in the plane
perpendicular to turbine rotation
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Figure 5.38 Vorticity around booster model 4

It is clear that vortices are generated behind the booster, irrespective to the model. These
low pressure regions force to increase wind flow through the boosters which resulted the
output power increase of the turbine in all four cases.
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5.6. Scaled down turbine-booster system

Considering the size, performance and economical aspects, booster model 4 was chosen
for this application, which is a 2 kW wind turbine system. But due to the performance
improvement by the booster, originally designed 2 kW turbine is delivering much higher
power output than required. So the whole booster-turbine system was scaled down by
25% of its original design size. It is an advantage which gained by the application of
booster. Final results are indicated in table 5.17 and figure 5.39 below.

Table 5.17 Power variation with wind velocity

Wind Turbine
velocity / TSR RPM Power /
m/s W
2 75 79.14 40.19
3 75 118.71 135.65
4 75 158.28 321.55
5 75 197.84 628.03
6 75 237.41 1085.24
7 7.5 276.98 1723.32
8 75 316.55 2572.42
9 7.5 356.12 3662.68
10 75 395.69 5024.25
11 7.5 435.26 6687.28
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Figure 5.39 Power variation of scaled down turbine with wind velocity

According to these results, final booster-turbine system is capable of delivering required
power output of 2 kW at its’ design wind velocity of 7.5 m/s and TSR of 7.5.
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Chapter 6. Conclusions

This study focused on wind turbine design especially for low wind conditions. Since
stand-alone turbine is not sufficient to capture higher output compared to its size, wind
condition improving mechanisms were designed and analyzed. Study used finite volume
based commercial CFD code star CCM+ to simulate the performance and analyze the
results of the simulation.

First Star CCM+ CFD code’s ability to predict the wind turbine operation was checked
using NREL phase VI wind turbine experimental data. Numerical code’s predictions
were satisfactory similar to these data, even though it is slightly under predicted.
Improving the grid quality will maximize the accuracy of the code which is
computationally affordable especially in smaller size wind turbines.

Then a 2 kW wind turbine was designed according to the Blade Element Momentum
Theory. NACA 634421 and FX 76MP140 airfoils were used for root region and tip
region respectively, considering both structural strength and aerodynamic performances
of the turbine blades. Turbine shows higher performance achieving maximum Cp value
of 0.48 at its designed wind velocity of 7.5 m/s and TSR of 7.5.

Next, several booster designs were done in order to boost the performances of the turbine.
Initially booster sizes were limited by length wise and diameter wise constrains,
considering the handling and cost limitations. First booster model was inspired by a
similar design for a tidal current turbine. Then internal shape was changed in booster
model 2 with aims to reduce the manufacturing complexity. Then the thickness
dependence was checked in booster model 3. Final booster model is highly compacted
to a half of the length of other three booster models.

All four booster model were first numerically analyzed to check their ability to improve
the flow conditions. Booster model 1 and model 3 indicated best performance followed
by booster model 2. Booster model 4 indicated higher flow velocity close to its’ inner
wall but lower flow velocity towards its’ middle region compared to other three booster
models.

A scaled down models of booster 3 and booster 4 were tested in a wind tunnel and the

results were compared with numerical data. Both booster models indicated good
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agreement between numerical and experimental data. Thus, numerical model can be
considered as accurate.

Finally, turbine was numerically analyzed with four booster models. Those were
indicated a significant power boost compared to stand alone turbine case. Turbine with
booster model 1 and booster model 3 shows a similar behavior with highest power output
around 4.7 KW which is more than twice as much as stand-alone turbines maximum
power output of 2.273 kKW. These two models are suitable for smaller wind turbines.
Turbine with booster model 2 shows slightly lower performance compared to first two
booster models. Turbine with booster model 4 indicates even lower performance
compared to first three models. But considering its’ compact size and power output
increase by a factor of 1.7, it is a good choice to implement.

Booster model 4 was chosen for this application, which is a 2 KW system. It is because
of both its’ performance and economical advantage. Both booster model 4 and turbine
was scaled down by 25% of their designed size considering the required power output of
2 kW at rated wind velocity of 7.5 m/s. It is recommended to maintain 7.5 TSR value for
best performance. Material and structural loads could also minimized due to this scaling

down which is an additional advantage.
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