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ABSTRACT

This dissertation presents a study on techniques for a small and low wind speed
turbine installation based on the small and low wind speed machine performance
prediction in the wind flow obstruction area using the Computational Fluid Dynamics
(CFD) technique. A Horizontal Axis Wind Turbine (HAWT) is commonly used in the
wind energy sector compared to the other types of the machines. Small Wind Turbines
(SWTys) in the scale of wind machines being not over 10 kW in power generation are
commonly used in urban areas where are mostly surrounded by buildings that cause
obstructed wind flows to the machines. The power performance of SWTs is significantly
affected by the turbulence and wind shear. As a consequence, before installing SWTs in
such areas, it is necessary to consider the effects of some parameters in order to reduce
power loss and installation time. In this study, three units of 5 kW HAWTSs installed in
the Defense Energy Training Center (DETC) in Rayong Province, Thailand, were
studied. The three turbulent models of CFD, comprising k-g, k-®, and RNG, were applied
in the boundary conditions to investigate the performances and characteristics of wind
flows to the machines. The wind flows being studied were from two directions, the
North-East (NE) and the South-West (SW), both of which are the common wind flow
directions in Thailand. Additionally, the wind velocity profile and the site information
were collected and compared with the CFD data.

From the results of the CFD technique, the wind machines No.1 (WT1), No.2.
(WT2), and No.3 (WT3) were compared with the wind machine located without any
obstruction to the wind flow (WTO). It was found that: (1) Using the k-& model with the
wind flow from NE, the power performances of WT1, WT2, and WT3 were higher than
that of WTO by approximately 31%. For the wind flow from SW, the power
performances of WT1 and WT2 were higher than that of WTO by approximately 7%,
while the power performance of WT3 was lower than that of WTO by approximately 7%;
(2) Using the k- model with wind flow from SW, the power performances of WT1 and
WT2 were higher than that of WTO by approximately 12%, while the power of
performance of WT3 was lower than that of WTO by approximately 2%; (3) Using the
RNG model with the wind flow from SW, the power performances of WT1, WT2 were

(3)



higher than that of WTO by approximately 9%,while the performance of WT3 was lower
than that of WTO by approximately 6%. The results of the CFD technique based on the three
turbulent models showed similarities and trends in terms of power performances. Moreover, the
study also measured the wind velocity behaviors in the site compared with the CFD
technique results by using two anemometers which were installed at the same height of
the SWTs in Building A and Building C in direction of wind flow from SW to Building A
through to WT3-WT2-WT1-Building C. The measurement results from anemometers
showed that the wind velocity coming into Building A was lower than that coming out of
Building C, which were similar to the CFD investigation results. Therefore, the study
showed that the behavior of the wind flow from SW and NE passing the buildings
through to the SWTs affected an increase or decrease of power generation of the SWTs
when compared with the SWT located in the site that did not obstruct the wind flow.
Thus, it is suggested that the height of the turbine and the distance between the wind
machine and the building were the key parameters to consider before installing this kind
of the wind machines.

Consequently, the CFD technique together with the three turbulence models can
be used to predict the power performance and the installation of an SWT in any building-
obstructed wind-flow area.

Keywords: Computational Fluid Dynamics (CFD), Small Horizontal Axis Wind Turbines
(Small HAWTS), building-obstructed wind-flow area, CFD models
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CHAPTER 1
INTRODUCTION

1.1 Background and Statement of the Problems

The world increasingly needs more energy for daily life; fossil fuels have been
used for generating energy for a long time. The environmental pollution has become
a large problem, and global energy demand will increase by 1.6% annually, with nearly
a 65% increase from developing countries [1]. Many countries are confronted with
growing electricity demand and population; therefore, clean energy is being developed
to solve this problem. Some countries aim to use 100% clean energy resources for their
energy consumption [2-5], and renewable energy resources are growing fastest [6].

Thailand is the fastest-growing economy in Southeast Asia. Demand for energy
is growing every day, and environmental pollution has increased because Thailand uses
electricity generated from fossil fuel.

Wind energy is a renewable energy resource and clean; however, because wind
energy at each site or location has different characteristics, these must be understood for
improvement, which requires a long period of observation. As a result, wind turbine
design has been specified by manufacturers [7]. At the end of 2016, global wind energy
has grown, with an installed capacity of 486.8 GW.

Today, there are two types of wind turbine in the commercial market: the
horizontal-axis wind turbine (HAWT) and the vertical-axis wind turbine (VAWT).
However, the HAWT is the most frequently used for the development of electricity
power generation [8-10]. However, in some locations or at some sites, the VAWT is
used because some of the capabilities of the VAWT are more suitable than those of the
HAWT, such as noise emissions or problems in wind direction. The VAWT can capture
energy and respond to changes in wind direction more than the HAWT [11-14].
In urban areas, the buildings have a large effect due to wind direction or the roughness
caused by building obstruction. These factors can create turbulent wind flow; thus,
when operating close to buildings, VAWT can be suitable for urban areas. Therefore,
before a wind turbine is installed at a site, it is necessary to estimate the performance
and suitable location, and computational fluid dynamics (CFD) simulation techniques
are suitable for optimizing the performance of wind turbines.

In this study, using three CFD turbulence models — k-E, k-w, and the
renormalization group k-e model (RNG) model — a validation technique is presented
for site measurement in the study area — the Defence Energy Training Centre (DETC)
at Rayong Province, Thailand, which is defined as a building-obstructed wind flow area
— to investigate the power performance effect of three 5-kW HAWTSs at the site.
Consequently, this technique can be an applicable tool for prediction of power
performance effects and investigation of appropriate designs for wind turbine projects in
urban or building-obstructed wind flow areas.



1.2 General Overview

1.2.1 Renewable Energy

Fossil fuel is increasing carbon dioxide (CO2) emissions, but renewable
energy can reduce CO2 from fossil fuels [15-16]. Generally, the kinds of renewable
energy resource are often divided into the following categories.

Solar energy. An inexhaustible source of free energy on Earth is the Sun
[17]. Nearly four million exajoules (1 EJ = 1018 J) and, annually, 5 x 10* EJ [18] are
available.

Wind energy. One of the oldest renewable energy sources is wind
energy, which is created by differences of temperature at different locations on the earth
and the revolution of Earth around the sun. Since 2000, wind energy has been captured
by large wind machine farms, which have grown by up to 21% per year [19]. Only
0.22% of wind machine farms has been captured by small wind machines [20].

Biomass energy. Bioenergy can be produced from a variety of organic
material components; solid state, liquid state, and gas state are available from biomass
[21-25]. Through a variety of processes, biomass can be a convenient raw material to
produce electricity and stock [26-28].

Geothermal energy. For thousands of years, geothermal energy has used
by humans, and it is a clean, renewable energy source. Geothermal energy is created
form the temperature of volcanic activity under the earth’s surface. Geothermal energy
has reliability and low cost for generating power [29].

Hydrogen energy. Hydrogen is generated from many raw materials such
as water, coal, biomass, and biogas. Hydrogen can be catalogued as renewable energy.
Today, more than 50 million tons of hydrogen is generated globally, and 95% of that
hydrogen is generated from fossil fuels [30].

Ocean energy. Ocean energy can be classified into four groups: ocean
thermal energy conversion (OTEC), tidal current power, ocean current power, and wave
power. Because of the uncertainty of the environmental impact, few types of ocean
converter have been tested [31-33].

Hydropower energy. More than 160 countries worldwide use hydropower
to generate electricity. Dams have been constructed to create elevation for generating
electricity; after generating electricity, the water is available for irrigation and other
purposes [34].

1.2.2 Wind Energy
Heating of the atmosphere from the sun and the rotation of the earth can
produce wind, and this wind energy includes kinetic energy. The wind flow patterns on
the earth depend on terrain. Wind energy power is the third power of wind speed,
therefore. The advantages and disadvantages of wind power are as follows.
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Advantages

1) Wind energy can be found everywhere on the earth, and wind machine
convertors are inexpensive to produce.

2) Wind machines produce energy without generating pollution and with
minimal maintenance.

3) The area under the wind turbine is only used for the tower of the wind
turbine. Therefore, the area under the wind turbine tower can be used for agricultural
purposes.

4) Most wind turbine farms are in remote areas where grid line power is
not available.

5) In developing countries, wind turbine power is suitable for installation
because grid lines are not conveniently available.

6) Although wind turbine systems use electricity from grid lines for
beginning startup and control, the electricity production from wind turbine machines is
more than grid-supplied power.

Disadvantages

1) Because the wind velocity is not stable and wind machines require sufficient
wind speeds to generate electricity, wind machines must be supplemented with an
alternative source.

2) Accidents, such as birds hitting wind turbine blades, and the disturbance
of marine life in offshore installations are problems.

3) Because of the height of wind turbines, they cannot be installed in urban
areas.

4) Some production line processes, such as wind turbine blade processes, of
wind turbines can generate pollution.

5) To harvest dependable amounts of energy from wind, a large number of
turbines must be installed in sufficient quantities in rural locations. These locations must
have appropriate atmospheric wind current conditions to ensure a higher probability of
power production.

1.2.3 Wind Turbine

The kinetic energy from wind velocity is captured by wind turbine

blades and converted to electricity production. A wind turbine machine has the
following main components.

Anemometer. The anemometer is used for measuring the velocity of
wind and the transfer of wind velocity data to the wind turbine controller for control of
the wind machine system.

Wind turbine blade. A wind turbine blade is used for capturing the
kinetic energy of the wind and transferring it to the shaft of the generator.

Coupling and Brake. The coupling and brake are used to stop the
spinning of the rotor of a wind turbine machine.
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Controller. A controller is used for controlling the operation of the wind
turbine machine system and such characteristics of wind turbine machines as the
direction of the wind turbine blade and wind turbine’s direction for capturing kinetic
energy from the wind.

Gearbox. A gearbox is used for changing the speed of the wind turbine
shaft; generally, a generator needs high speed to generate electricity. When wind turbine
blades generate low speed, the gear box increases the speed from low to high.

Nacelle with drive train. The nacelle holds all components in the turbine
machinery that are connected between the wind turbine blade shaft and the wind turbine
tower.

Pitch. Pitch is used for controlling the wind turbine blade when it is
necessary to increase or decrease the angle of attack from the wind direction.

Rotor. The rotor is used for connecting the hub and wind turbine blade.

Tower and foundation. Generally, wind turbine towers are made from
tubular steel, which is used to support the nacelle.

Yaw. Wind turbine yaw is used for changing the direction of the nacelle
either for capture or moving it away from the wind velocity direction.

Yaw motor. A yaw motor is used to drive the wind turbine yaw.

1.2.4. Small Wind Turbine

Wind turbines are machines for converting the kinetic energy from wind
velocity. Large wind turbine machines are more commonly used, because they are
inexpensive compared with small wind turbines. In 2014. wind turbine power reached
approximately 369.6 GW, and this is expected to increase to 666.1 MW in 2019 [35].

When considering urban areas, large wind turbines are not suitable for
installation, because of some of the problems referred to before; small wind turbines are
considered more suitable for urban areas. Small-scale wind turbines can be classified
into two types:

(1) Classification based on the axis of rotation: vertical-axis wind turbines
(Darrieus wind turbine, Savonius Wind Turbine) and horizontal-axis wind turbines

(2) Classification based on lift and drag forces: lift type (Darrieus wind
turbine) and Drag type (Savonius wind turbine)

Small wind turbines often use direct-drive generators to generate
electricity. The wind machine uses the tail for changing direction, while large wind
turbine machines use a yaw system.
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1.2.5 Wind Turbine Site

Complex terrains have significant wind speeds, various wind directions,
and the turbulence of wind flow. Since the 1970s, the turbulence flow from complex
terrains has been studied [36], and two-dimensional [37] and three-dimensional analysis
was reported [38]. The pressure gradient along the streamline due to upstream and
downstream flow has been demonstrated by several theories [39]. The power production
from a wind turbine system is proportional to the cube of the wind speed; in other
words, if the wind speed increases 60%, the annual production of energy generated from
wind turbine systems is 36%. When the tower of a wind turbine is high, it can generate
more power than a short tower, because upper levels above the terrains have more wind
speed than bottom levels.

1.2.6 Site Measurement
In some conditions, the design of wind turbine systems and experimental
testing data can be different from the site measurement data. The complexity of such
installation areas as hills, mountains, and buildings is significant for power generation.
Real power data generated from real sites can be calculated in terms of “plant factor”.
This value is important for energy prediction.

1.2.7 Wind Turbulence
The turbulence of wind is the most significant factor for safety in wind
turbine design [40]. Wind turbulence is generated from the friction with the surface of
the earth or hills, trees, buildings, etc. The wind turbine’s responding to wind turbulence
can cause fatigue, vibration, sounds, etc. from the wind turbine machine, and the
standard tool used is a turbulence model [41]. The characteristic of the turbulence model
is a function of the changing pressure and flow velocity in fluid dynamics behaviour flow.

1.2.8 Urban Areas

An urban area is a human settlement with high population and complex
infrastructure. Wind flow in urban areas is complex, and the wind velocity distribution
and direction and the velocity gradient turbulence considerably change with building
shape and urban configuration [42]. In addition, the wind velocity increases as the
buildings become higher in relation to the surrounding urban canyons, introducing more
acceleration [43].

High-rise buildings or surrounding trees can be represented abstractly by
the wind flow effect, including downward deflection, upward deflection, low-velocity
eddies, and counter-current effects.

1.2.9 Urban Building Shape Effect on Wind Flow
Fluctuating wind speeds due to the effects of building shapes have a
significant effect on the generated wind power. Some building shapes will increase or
decrease the velocity of wind flow depending on the changing direction of wind flow.
The patterns of wind flow are complex due to turbulent flow, vortex flow, gusts of
wind, Venturi effect, etc.
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1.2.10 Venturi Effect

The Venturi effect is named after Giovanni Battista Venturi (1746—
1822), an Italian physicist. The principal of the Venturi effect is that a fluid’s velocity
increases and its static pressure decreases when flowing through a constricted area,
affecting some of its applications. Obstruction of wind flow by buildings is a common
occurrence in urban areas. The wind blowing through narrow spaces of buildings in an
urban area is seemingly faster and stronger than elsewhere. This “channelling” effect is
just one form of a larger fluid flow principle — the Venturi effect. The Venturi effect
states that, in a situation with constant mechanical energy, the velocity of a fluid passing
through a constricted area will increase, and its static pressure will decrease. The effect
utilises both the principle of continuity and the principle of conservation of mechanical
energy. The principle that states that, within a specified flow field, a decrease in
pressure occurs when there is an increase in velocity, is also known as Bernoulli’s
principle. Hence, the pressure difference described by the Venturi effect is utilised in
many different devices that can be used in a variety of applications. In other words, the
Venturi effect is the reduction in fluid pressure that results when a fluid flows through a
constricted section, and the theory states that, in a situation with constant mechanical
energy, the velocity of a fluid passing through a constricted area will increase and its
static pressure will decrease. The effect can be observed in nature and industry. The
severity of the Venturi effect is a function of the width, length, height, and size of
openings in the canyon [44].

1.2.11 Computational Fluid Dynamics
A powerful tool to model fluid flow situations is CFD. The mathematical
model and physical model are included in the CFD simulation method. CFD are
simulated before validation tests [45]. The simulations have greater potential for
accurate solutions than other methodologies. However, the CFD method requires an
understanding of fundamental physics equations and fundamental mathematical models
for creating the boundary or initial conditions of the CFD method.

1.3 Purpose of this Study

In this study, three turbulence models (k-€, k-, and RNG model) for the CFD
simulation technique were used to validate results of site measurements from the study
area (the DETC) to investigate the power performance effect of three 5-kW HAWTSs by
proving incoming and outgoing wind velocity behaviour in the study area. It is expected
that this CFD simulation technique could be used for predicting small wind turbines’
power performance before installing the turbines in a building-obstructed wind flow
area. The objective of this study are as follows.

1.3.1 To investigate the power performance of three 5-kW HAWTSs in a
building-obstructed wind flow area, DETC, compared with the power performance of a
5-kW HAWT installed in an unobstructed of wind flow area at DETC by using CFD, k-
€, k-o, and RNG turbulence models.
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1.3.2 To investigate the characteristics of wind flow or wind velocity behavior in
DETC by a site measurement technique of wind flow over the buildings to the turbines at the site.

1.3.3 To validate the power performance effect of the turbines from the CFD
investigation by comparing it with site measurements based on measured data in the
study area to confirm that the CFD technique is reliable and can be applied to predict
the power performance of small wind turbines in a building-obstructed wind flow area.

1.3.4 To recommend installing small wind turbines in a building-obstructed wind
flow area, as well as to use the CFD technique for predicting their power performance before
installing them in such an area.

1.4 Scope of this Study

1.4.1 The site of the study, the DETC, is considered a building-obstructed wind
flow area that is located near the beach at Rayong province, Thailand.

1.4.2 At the site, there are three 5-kW HAWTSs (THUNYA-5 kW HAWTSs model)
installed, surrounded by four main buildings. The wind flows across the site in the main
directions of wind flow in Thailand, namely, SW and NE.

1.4.3 The main tools of the study are three CFD turbulence models (k-¢, k-o, and
RNG) and the CFDesign V.7 commercial software program and a wind speed measuring
instrument (anemometer), namely, the Professional Touch Screen Weather Center With PC
Interface, Model No: AW002, FREQ: 443MHz to measure wind speed for site measurement.

1.4.4 The CFD simulation technique applies the Navier—Stokes equation and
continuity equation in the appropriate initial conditions, and also the boundary
conditions in the 3-D model of control volume. Each turbulence model includes two
main conditions. First is the fixed condition obtained from the buildings and the ground.
Second is the moving condition obtained from the wind turbine rotors and the air.
A wind velocity of 4.5 m/s was selected as the inlet condition, and a wind gage pressure
of 0 Pa was selected as the outlet condition. In addition, ideal air was used as the
working fluid, and the k-g, k-®, and RNG turbulence models were used for the
simulation process.

1.4.5 The CFD technique used the k-& model as wind flow from the NE and the
SW and used the k-o and RNG as wind flow from the SW at an incoming wind speed of
4.5 m/s.

1.4.6 Wind speed at the site was measured by a wind speed instrument
(anemometer), the Professional Touch Screen Weather Center With PC Interface,
Model No: AW002, FREQ: 443MHz, which was mounted on the roofs of two buildings
(Building A and Building C) at the same height as the wind turbines’ hub-height, 18 m,
in the direction of the wind flow from the SW to Building A-wind turbines-Building C
to investigate the behaviour of the wind velocity profile.

1.4.7 The behaviours of the wind velocity profile were compared by using the
investigation results from the CFD technique and site measurement technique for
validating the CFD technique.
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1.5 Benefit of this Study

1.5.1 This CFD technique can be used to predict the power performance and
installation of small wind turbines before installing them in a building-obstructed wind
flow area.

1.5.2 This CFD technique can save cost and time in wind turbine projects in
a building-obstructed wind flow area.

1.6 Dissertation Overview

CHAPTER 1 INTRODUCTION
The first chapter presents the background and a general statement of the study,
as well as its purpose, scope, and overview.

CHAPTER 2 THEORY AND LITERATURE REVIEW

The second chapter outlines the theories and previous research needed to explain
the parameters to gain more understanding of small-wind-turbine power performance
when the turbines are installed in a building-obstructed wind flow area.

CHAPTER 3 MATERIALS AND METHODS

The third chapter describes the overall methods, materials, and techniques
needed for the analysis of the CFD turbulence models (k-€, k-®, and RNG) used in this
work to investigate small wind turbines’ power performance as they are installed in a
building-obstructed wind flow area. In addition, site measurement based on the data
measurement technique is reported for validating the CFD technique.

CHAPTER 4 RESULTS AND DISCUSSION

The fourth chapter presents the effect of the small wind turbines’ power
performance as wind flows across a building-obstructed wind flow to the turbines at an
incoming wind speed of 4.5 m/s from both directions when using CFD technique. The
CFD turbulence models (k-€, k-o, and RNG) for CFD are used, as are site
measurements based on the measured data as wind flows from the SW. In addition, both
behaviours of the wind velocity profile are compared to validate the CFD technique.

CHAPTER 5 CONCLUSIONS

The fifth chapter presents conclusions and recommendations for small wind
turbines installed in a building-obstructed wind flow area, as well as the used of the
CFD technique for predicting the small wind turbines’ behaviour before installing them
into such areas.
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CHAPTER 2
THEORY AND LITERATURE REVIEW

Urban regions have complex aerodynamic characteristics. The wind velocity is
difficult to predict, due to the roughness; the gradient of wind flow behaviour based on
changes from the urban ground; or the building shape, urban heat, etc. [46-47]. In the
gaps between buildings there might be some effect from wind flow velocity, and it
might increase the wind velocity by the Venturi or channelling effect, in some cases to
typhoon-class wind speeds level [48]. The general information, theory, and literature
review of each topic concerned with the power performance effect of small HAWTSs
located in a building-obstructed wind flow area are described.

2.1 Understanding of Energy and Power

2.1.1 Energy
Energy is work done that can be defined as changes of position in physical

systems. The basic types of energy are potential energy and Kinetic energy. The
potential and kinetic energy can be divided into the forms below.

e Mechanical energy; relating to the object’s motion.

e Chemical energy; relating to the bond of elements, molecular or atomic.

e Thermal energy; relating to the vibration of atoms or molecules.

e Electrical energy; relating to the movement of electrons in atoms.

e Radiation energy; relating to electromagnetic energy.

e Nuclear energy; relating to the energy stored in the nucleus of an atom.

e QGravitational energy; relating to the position level of objects.

The five renewable energy types are: solar energy, wind energy, biomass
energy, hydropower energy, and geothermal energy. However, although the renewable
energy sources provide free and clean energy, for some types of renewable energy
source, energy conversion and storage are difficult and complex. From the law of energy,
energy cannot create and destroy, it only can be changed from one form to another [49].
The energy conservation equation describes the form of the changing of energy. When
considering a closed system and controlling the volume of the system, the energy transferring
input and output of the system always must be equal [50]. This can be described by the
continuity equation of conservation of mass in and out of the closed system.

pA1V1 = pAsV; (2.1)

where p is fluid density, A; is the section area of inlet, A, is the section area of outlet,
and V; and V; are the velocities of fluid flow for the two areas, respectively.


https://en.wikipedia.org/wiki/Density

When considering the statement of fluid motion at different positions,
Bernoulli’s equation can be developed as below.

P.+0.5pv1 ™ +pgh;=P;+0.5pv,"+pgh, (2.2)

where P; is the inlet pressure energy, 0.5pv:%is the inlet kinetic energy, pgh; is
the inlet potential energy, P, is the outlet pressure energy, 0.5pv,% is the outlet kinetic
energy, and pgh, is the outlet potential energy. The units of energy measurement used
are the International System of Units (SI) joule and British thermal unit (BTU)
kilocalories. The unit convertor can convert between Sl units and BTU units: 1 J =
0.2388 cal, 1 cal =4.1868 J, 1 BTU = 1.055, and kJ = 0.252 kcal.

2.1.2 Power
The work is done by the time called “power”; the unit of power is
described in terms of joules per second or watts. When considering the difference
between energy and power, the energy is only measured in joules, while the power is
measured in joules per time. The horsepower is one of the power units. Conversion
between watts and horsepower can be described as 746 W is equal to 1 HP.

2.2 Understanding of Renewable Energy

When reducing the use of fossil fuels, renewable energy is considered as a
clean, sustainable, free energy source that can reduce greenhouse gas emissions. Wind
energy and solar energy are the two types most often used to generate electricity [51].
The five common renewable energy sources are biomass, hydropower, solar energy,
geothermal energy, and wind energy [52]. For other resources, such as ocean energy,
few technologies have been developed [53]. However, demand and technology for each
resource should be balanced.

Renewable energy resources exist all over the world. In some areas, wind
energy is promising, whereas, in some areas, solar radiation has the greatest potential.
Thus, different renewable technologies should be selected for different areas. Renewable
energy never runs out, requires less maintenance, and has a low cost of operation.
Although renewable energy has many advantages, it has some disadvantages, such as
the need to generate higher quantities and not relying on supply and demand.

2.3 Understanding of Wind Energy and Related Topics

2.3.1 Wind Energy
To generate power from renewable energy, wind energy is utilised most.
Wind energy is mechanical energy as kinetic energy is converted to electric power by
wind machines [54]. Wind energy is a clean energy resource and can reduce greenhouse
gas emissions. Because wind energy is inexhaustible, it has been used historically to
power ships, watering systems, etc. [55]. Wind power is the third power of the wind
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speed, which is used to produce electrical power by means of wind turbine machines.
The wind turbine machine blades capture the kinetic energy from the wind and convert
it to drive the wind machine’s shaft, which connects to the generator. The three main
parameters of wind power are wind speed, air density, and swept area [56]. Because the
power from the wind turbine is the cube of the wind speed, a small increase in wind
speed results in a large increase in power. Wind turbine power is given in the equation
below.

P =~ pAV? (2.3)

Where, p is density of air (1.225 kg/m®), A is rotor swept area, and V is wind speed.
Air density varies with elevation and temperature: high temperature produces low air
density, while low temperature produces high air density. As Eq. 2.3 shows, when air
density is high, the power generation from wind machines will be high [57]. The swept
area of a wind turbine machine is 7r?, which means that a little increase in blade length
can cause a large increase in the wind turbine power [58]. If considering the increase of
rotor blade diameter and increasing wind speed, doubling the diameter can increase
power output four time, while double the wind speed increases power output eight times
[59]. Thus, wind turbines should be located where wind speeds are high and there are
few obstacles, such as trees or buildings. Obstacles can disrupt airflow, generates high
turbulent access to reduce turbine life. High turbulence and wind shear of offshore wind
turbine sites are less than those of onshore wind turbine sites.

The wind class of a wind turbine is based on three parameters indicated
by The International Electro technical Commission (IEC), as shows in Table 2.1.

Table 2.1 1EC Wind Class (m/s)

I I i v
Type (High (Medium (Low (Very Low
Wind) Wind) Wind) Wind)
Reference Wind Speed 50.0 42.5 375 30.0
Annual Average Wind Speed 10.0 8.5 7.5 6.0
(Max)
50-year Return Gust 70.0 59.5 52.5 42.0

2.3.2 Wind Turbine
A wind turbine is a device to convert wind kinetic energy to electric
power. The wind turbine blade is the first device that captures kinetic wind energy,
which is then transferred by mechanical work to the generator shaft, which will generate
the electricity. Finally, the electricity is transferred to the grid line. The significant
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parameters of wind turbine power generation are wind speed flow and swept area of the
wind turbine machine. The power curve of the wind turbine machine is plotted by the
characteristics of wind speed and quantity power output that can indicate wind turbine
efficiency [60]. The maximum of a wind turbine machine was calculated by Albert Betz
and equals 59.3%, and this is called the Betz limit or Betz's law. This is the power
coefficient and is defined as: Cp, . = 0.59.

Currently, wind turbine machines have two configurations, depending on
the rotation axis of the rotor: HAWTs and VAWTS, as Figure 2.1.
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Underground Electrical Foundation
onnections (Froat View) (Side View)

Figure 2.1 Horizontal-Axis and Vertical-Axis Wind Turbines [61]

Generally, the generators of HAWTSs are located on the top of wind machine
tower, inside the nacelles, while the generators of VAWTSs are located on the bottom of
the wind machine tower. Small HAWTSs use tails for responding and changing direction
from the wind direction, while large wind turbine machines use a yaw mechanism for
responding and changing direction [62]. VAWTSs can capture all wind directions;
therefore, the tail and yaw mechanisms are not installed in VAWTSs.

A gear box is used for increasing the rotating speed of the wind turbine shaft.
Generally, the gear box of VAWTSs can be placed near the ground to reduce tower
moment over turning, while HAWTSs located at the top tower can generate a large
moment of tower turning when wind turbine’s capture wind force.

Normally, the wind turbines can have four sizes depending on site: micro
turbines, small wind turbines, and medium wind turbines are used for domestic
applications, while large wind turbines are used for power plant systems. Micro wind
turbines and small wind turbines are mostly used for battery-charging storage that is not
connect to the grid line system, while medium wind turbines and large wind turbines
connect to the grid line system.

Wind turbines can be installed onshore and offshore. Currently, onshore wind
turbines are not as fast growing as offshore wind turbines, because onshore is difficult
to find high and quality wind speeds although large landscape for installation.
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The main parts of the small HAWT are shown in Figure 2.2, including a wind
turbine blade connected to the shaft of the generator. The shaft connects to the gear box
for increasing the speed of the rotor when connected with a high-speed generator while
sometimes not to the gear box when used for a low speed generator (permanent magnet
generator, or PMG). The nacelle also includes a yaw system for changing the wind
turbine blade direction. The tail of the small wind turbine is used for capturing wind
direction and will adjust the direction of the wind turbine machine. The tower is used
for supporting and connecting between the wind turbine hub and the ground.

Rotor blade Gearbox
Rotor

Rotor hub

with Yaw system
blade pitch
mechanism

Tower

{—~Power cable

| 7 Grid connection

J‘”__'F—(])undatLiﬁ_ Y

Figure 2.2 Major Components of a HAWT [63]

The wind turbine blade is used for capturing the force from the wind flow;
when considering the cross-section, the airfoil profile is mostly used for design. The
aerodynamic characteristics from the airfoil profile generate the lift force that is
converted to the wind turbine rotor. The major component characteristics of the airfoil
profile are shown in Figure 2.3.

Airfoil terminology

Free stream
velocity

0
Relative Tralling edge
wind velocity =0 e,

Figure 2.3 Main Parameters of an Airfoil [64]
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The characteristics of an airfoil can generate the pressure differences, Then,
force R will be generated as shown in Figure 2.4.

Lift force is the force that is vertical to the wind flow direction.
_ 1 2
RL _ CL EPAV (2.4)
Drag force is the force that is parallel to the wind flow direction.

Rp = Cp 3 pAV? (2.5)

Lift

Chord Line

Relative Wind

v

> Drag

Angle of
Attack a

Figure 2.4 Airfoil Lift and Drag [65]

The torque generated from the rotor’s rotation can be expressed as:

F =~pAV? (2.6)
where F is force from wind flow.

Hence, the torque of the rotor will be:
T =-pAV?R (2.7)
where R is the radius of the rotor.

The ratio between the velocity of the rotor tip and the wind velocity is called

the tip speed ratio:
A= > (2.8)
where Q is the angular velocity.

where p is the density of air, V is the velocity of undisturbed air flow, A is the projected
airfoil area (chord x span) and C; , Cpare the lift and drag coefficients
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The wind turbine power curve (power output vs. wind speed) is the electrical
power that can be generated at different wind speeds, as shown in Figure 2.5. This
power curve plotted only the steady-state wind flow velocity condition and does not
include the turbulence of the wind flow condition. Furthermore, the characteristic of the
real site installation of the wind turbine also affects the performance of the system.

Typical wind turbine power output

Power (kilowatts)
A Rated output speed Cut-out speed

\

|
Rated output power ~I
[
|

Cut-in speed

|

+5 12 24
Wind speed (meters/sec)

Figure 2.5 Typical Wind Turbine Power Output with Steady Wind Speed [66]

The cut-in wind speed point indicates that the minimum wind speed that can
overcome the friction force of the rotor’s rotation and cause the rotor to rotate and
produces the electrical power. The rated wind speed point indicates the maximum
power output that can generate the electrical power. The cut-out wind speed point
indicates the maximum wind speed at which the wind turbine will stop the rotor from
rotating to avoid damage from high wind speeds.

Turbine wind class is one of the factors that must be considered during the
complex process of planning a wind power plant. If there is no change in wind direction
with height, high turbulence will lower the power curve near the rated speed.
Conversely, high turbulence will enhance power performance near the cut-in speed due
to the wind speed distribution and the shape of the power curve. Wind turbines are
classified by the wind speed, Class | to Class IV, with A or B referring to the turbulence,
as shown in Table 2.2.
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Table 2.2 Wind Turbines Class | A-B to Class IV A-B

Avg. Wind

Avg. Wind

Class Speed (m/s) Turbulence Class Speed (m/s) Turbulence
1A 10 18% HIA 7.5 18%
IB 10 16% 1B 75 16%
A 8.5 18% IVA 6 18%
1B 8.5 16% IVB 6 16%

The manufacturer’s power curve, as shown in Figure 2.6, is derived from test
data in ideal wind flow conditions and at the real site installation. Although some
installation real site parameters may be close to ideal conditions, the power production
from the real site still different from the manufacturer’s power curve due to the
turbulence of wind flow from the real landscape. Therefore, expected energy production
at turbine locations requires adjustment to reflect performance based on the real conditions
experienced at the site.
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Figure 2.6 Power Curve Between Manufacturer and Site Installation [67]
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The electric power output of a wind-to-electric conversion system can be expressed as

1
P, = EpngnmnpACpVB (2.9)

where P, = electric power output, when; #»y and #nn = efficiencies of the electric
generator and the mechanical interface, respectively; and #p = efficiency of the power
conditioning equipment. The product of these efficiencies and the coefficient of
performance usually will be in the range of 20% to 35%. The electrical equipment
needed for wind-to-electric conversion depends, above all, on whether the aero turbine
Is operated at a constant speed, nearly constant speed, or variable speed. With constant-
speed and nearly-constant-speed operation, the power coefficient C, becomes a function
of wind speed. If the variable-speed mode is used, it is possible to operate the turbine at
a constant optimum C,, over a range of wind speeds, thus extracting a larger fraction of
the energy in the wind [68].

2.3.3 Turbulence of Wind

The characteristics of the turbulence of wind flow are based on fluid
dynamics, changing pressure, and changing wind flow velocity. Turbulence is the
fluctuation of wind flow in a short time scale, which is similar to dynamic load. The
fatigue is generated when the dynamics load occurs; therefore, the wind turbine blade
and some components of the wind turbine machine must be carefully designed. One
turbulence model dimension is the turbulence intensity measured over short intervals of
wind direction, as shown in Eq. 2.10.

[ = (2.10)

SN

Where u is wind velocity and g, is the standard deviation ratio at the same point and
averaged over same time period.

Generally, obstacles and topography will create turbulence for many reasons,
such as the boundary layer of the friction on the ground of the Earth. Normally, the
velocity of wind flow will increase when the height from the ground increases, but, in
complex terrain, it does not increase regularly due to turbulence. The fluctuation of
wind flow is due to the turbulent flow, which includes three dimensions: along the flow
of wind (stream wise), across the flow of wind (cross-stream), and vertically with the
flow of the wind. The turbulent flow is essentially unpredictable. Wind shear is one
cause of the turbulent flow.

The function of wind velocity and height from the ground is called wind shear.
In theory, one can assume the wind velocity at ground is equal to zero due to the friction
of the ground, and the velocity profile will distribute along the height from the ground.
Thus, when designing a wind turbine power plant, the wind shear profile is one
significant parameter for plant design. Figure 2.7 shows the wind speed changes with
respect to height.
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Figure 2.7 Wind Flow in Boundary Layer [69]

For a steady turbulent shear flow, the mean velocity profile in a small region near the
surface is described by the relationship called the Wall law.

U

1 z
“=lin (;) +B (2.11)
where u* is the friction velocity, u, is the dimensionless velocity, B is an empirical
constant related to the thickness of the viscous sublayer (B = 5.2 in a boundary layer
over a smooth flat plane; for rough walls, smaller values of B are obtained) [70]. The
constant z, called roughness is the frontier between the logarithmic zone and the inner
k — & zone. When wind speed changes direction with increased height above ground, it
Is known as the shear gradient. The wind shear formula is shown below.

U= Uy (hL)a 2.12)

ref
where U and U,..r represent the wind speed at height h, h and h,..r represent the height
of interest and the reference height, respectively, and « is the wind shear coefficient,
which depends on factors such as height, time, and location. In relation to a mild shear
gradient (@ < 0.1), wind conditions are generally uniform across a turbine’s rotor plane,
provided a condition with a sharp shear gradient (« > 0.3) is maintained.

The power law is the most common method to describe the average wind speed
as a function of height h above the ground, which is defined as follows:

% - (Z_)“ (2.13)
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in which V,, V; are wind speeds at h,, h; heights, and a is the wind shear coefficient,
which depends on factors such as height, time, and location. This coefficient is normally
considered to be 0.15-0.3, as shown in Figure 2.8.
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Figure 2.8 Wind Speed with Respect to Height for Different VValues of Shear; the
Average Wind Speed is 8 m/s at a Height of 50 m [70]

The kinetic energy and viscous damping in a fluid flow can be predicted with
the dimensionless Reynolds number. The turbulence intensity is described as turbulence
quantified as the horizontal wind speed divided by the average wind speed. The
turbulence intensity be high when wind speeds fluctuate rapidly. Conversely, turbulence
intensity is low when the wind flow is in a steady-state condition [71].

Because the turbulent effect can affect turbine loads, fatigue load, noise propagation,
etc., the power performance of the wind turbine machine is a function of turbulent flow.
It is necessary to improve power performance by investigating turbulence intensity [72]

Obstruction by buildings affects the power output of wind machines. The obstruction
generates boundary layers of wind flow that can reduce the power performance because of
turbulent wind flow. Therefore, the wind turbine machine should consider building
obstruction when installed in urban areas [73-74].

In urban area, wind flow around obstacles, as shown in the Figure 2.9,
increases speed when passing around the sides and over the top of the obstacles, while
the wind velocity behind the obstacle is decreasing and highly turbulent. Vortices are
generated on the side of, at the top of, and behind the obstacle due to turbulent flow.
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Figure 2.9 Wind Flow Around an Obstacle [75]

Obstacles, such as trees and buildings, can drastically reduce wind quality.
Therefore, they could provide a power curve of different turbulence levels combined
with the site measurement data testing to create more-accurate power production [76].

2.3.4 Wind Obstacles

When the wind blows without obstruction, it will flow in a smooth or
laminar pattern, but when wind blows over a feature such as trees, buildings, high walls,
and other structures, it can create a zone of turbulence. The wind cannot be seen, but the
wind can be predicted, including how it will react to local effects. The reduction in wind
velocity near the surface is a function of surface roughness, so wind velocity profiles are
quite different for different terrain types [77]. Rough, irregular ground and manmade
obstacles on the ground retard movement of the air near the surface, reducing wind
velocity [78-79]. Because of low surface roughness on the relatively smooth water
surface, wind speed does not increase as much with height above sea level as it does on
land. Over a city or rough terrain, the wind gradient effect could cause a reduction of
40% to 50% of the geostrophic wind speed aloft; over open water or ice, the reduction
may be only 20% to 30% [80-81].

Proper selection of a wind turbine site is critical to economic development of
wind power and must take into consideration a number of factors. In close proximity,
both downwind and upwind from the obstacle, the wind will get smoother. To find
steady winds or to escape from the turbulence zone, for the downwind turbulence zone,
estimate the height of the obstacle, multiply it by 7, and that is how far downwind is
necessary. For the upwind turbulence zone, estimate the height of the obstacle, multiply
it by 3, and that is how far upwind is necessary.
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For the wind turbine site, it is important to evaluate whether nearby obstacles
will cause turbulence to disrupt wind flow access to wind turbines. An industry rule of
thumb is that the distance between a turbine and the nearest obstacle should be at least
twice the turbine height, unless the turbine is more than twice the height of the obstacle,
in which case the distance can be less. The best locations in terms of wind resources are
typically high on mountains, in large open fields, or on the edge of bodies of water.

2.3.5 Wind Turbine Site
Wind speed is a critical factor of wind turbine performance and, thus, for

selecting the wind turbine site. The wind flow pattern is never steady; it varies with the
time of day, season, height above the surface, and features of the terrain. A suitable site
for wind turbine performance is in windy areas and far from obstacles to wind flow. The
International Electro technical Commission (IEC) sets international standards for the
wind speeds in each wind class, as shown in Table 2.3.

Table 2.3 IEC Wind Classes

. . 1 (Medium I (Low IV (Very Low
! (High Wind) Wind) Wind) Wind)
Reference Wind 50 m/s 42.5 m/s 37.5m/s 30 m/s
Speed
Annual Average 10 m/s 8.5 m/s 7.5m/s 6 m/s
Wind Speed
(Max)
50-year 70 m/s 5.5 m/s 52.5 m/s 42 m/s
Return Gust
1-year 52.5m/s 44.6 m/s 39.4 m/s 31.5m/s

Return Gust

The wind power class for wind turbines is used to consider the quality of the
wind turbine site and the average wind speed of that site. The higher the wind power
class number, the more effective the wind turbine performance. Wind speed is usually
measured in meters per second or miles per hour for rating wind turbine sites. The wind
power classes for wind turbine site as shown in Table 2.4.
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Table 2.4 Wind Power Class for Wind Turbine Site

Wind Speed (m/s)  Wind Speed (mph) Quality of Site Power Class
4 8.9 Not Acceptable 1
5 11.2 Poor 1
6 13.4 Moderate 2
7 15.7 Good 3
7.5 16.8 Very Good 4
8 17.9 Excellent 5
8.5 19 Excellent 6
9 20.1 Excellent-HI 7

2.3.6 Wind Turbines in Urban Areas

Wind energy development in urban areas will be an important issue for
future sustainable cities [82]. In urban areas, siting wind turbines is an option for on-site
energy generation, but there are many factors that need to be considered before the
installation of the wind turbines, because wind resources in urban areas are uncertain
where they can be weak and turbulent [83-84]. The performance of wind turbines in
urban areas is only effective when there is adequate wind supply. Therefore, buildings
showing either undisturbed or, even better, accelerated wind flows would be estimated
to enlarge their wind energy potential, as also found by Arriago (2009), mentioning
buildings higher than their directly adjacent buildings.

The built environment has a significant influence on the urban wind
performance. Wind turbines are mainly problematic to model in urban areas because of
the wind flows’ impact with their multiple wind turbines, which significantly reduce the
wind turbines’ efficiency. However, the trees, buildings, and other obstacles on the
ground affect the wind speed and turbulence intensity over the built environment,
specifically leading to the low mean wind speeds and high levels of turbulence. This is
an additional cause of the restart limitation of wind turbines and reduction in output [85-
87].

The wind performance differs depending on different inlet directions.
Different urban areas have their own best wind inlet direction for high wind collection
[88]. The installation of wind turbines in the building obstacle airflow areas can result in
low energy yield from the low mean wind speeds in urban areas as well as
environmental effects [89]. Due to obstacles with different characteristic interference to
wind flow, wind conditions in urban sites are complex, and the flexibility of wind
turbines in this situation has not been verified in terms of real power production or of
structural compatibility with the buildings. As a result, the wind profile in urban
locations is rather different from the typical log-law-based profile used in open
topography [90].
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The most-significant characteristic of a wind turbine is its performance.
Obstacles affect to airflow predictability and cause irregular power performance of wind
turbines, which was not adequately considered in earlier research [91].

The geometric landscapes of urban arrangements and their designs have
significant effects on wind speed, direction, and frequency. There are three main kinds
of effect of wind within urban regions.

(1) Due to the differences in building height within the urban shade layer,
buildings can employ main frictional drag upon wind speed, which generates turbulence
and gives immediate changes in both direction and speed of the wind. Eventually, this
decelerates the average wind speed within urban regions in comparison with country
regions, which might see greater speed winds.

(2) Where the geometric topographies of high structures can slow wind
speeds, they can channel airflow into urban gaps. This leads to a rise in wind speed as a
result of the overpressure of airflow between buildings (this consequence is the Venturi
effect) and can increase the incidence of turbulent winds.

(3) As an effect of temperature rises within cities, convection can
generate contained low pressure cells within urban areas in rural regions, which can
influence surface inflow from remoter rural regions into the urban metropolises. This
can lead to a better regularity and raise wind speed.

Most buildings are closely spaced; thus, airflow between them is
affected, and wind speed is improved. However, the effect of this depends on the height
of the buildings and the amount of space between them. Generally spaced buildings can
act as single buildings or isolated blocks; in contrast, as the gap decreases between
buildings, airflow becomes more and more subject to overpressure, and thus the Venturi
effect can cause variation the occurrence of airflow by constructing a complex pattern
of changes in wind direction and speed. Usually, the urban arrangement is designed in
such a way that wind speeds are often unexpected and turbulence as a result of frictional drag.

Moreover, the adjustments to airflow by urban buildings and the possible
Venturi effect caused by this means that there are vast variations in wind speed
direction, velocity, and occurrence, as a result of geometric features of urban regions.

2.3.7 Small Wind Turbines in Urban Areas

Small wind turbines are used for micro-generation, and they may have
vertical and horizontal axis. Although there is not a unique classification for small wind
turbines, IEC explains there are turbines having a rotor swept area of less than 200 m?,
associated to a rated power of around 50 kW, producing a voltage below 1,000 VV AC or 1,500
V DC [66]. The U.S. Department of Energy's National Renewable Energy Laboratory
describes small wind turbines as those smaller than or equivalent to 100 kW [92].

However, numerous nations have their own classifications of small wind
turbines. The difference of the upper capability maximum of small wind turbines ranges
from 15 kW to 100 kW for the five largest small wind states [93]. Small wind turbine
frequently has direct-drive generator, direct-current output, aero-elastic blades, and
lifetime bearing.
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The most common small wind turbine is the HAWT. Small wind
turbines, below 100 kW, might be used for a variety of applications, including on- or
off-grid houses, telecom towers, offshore stages, urban schools and hospitals, remote
monitoring, and other resolutions that contain energy where there is no electric grid or
where the grid is unstable.

Small wind turbines might be as small as a 50-W generator for ship or
motorcade use [94]. Essentially, wind turbines are located where there is high wind, and
also a wind turbine requires wind flow uniformly in the same direction, therefore,
eddies, swirls, and turbulence are difficulties. The rotor cannot extract energy from
turbulent wind, and the frequently changing wind direction due to turbulence results in
extreme wear and failure of the turbine. This means that the turbine needs to located
high enough to catch robust winds and overhead turbulent air. Small wind turbines are
suitable for urban locations, because the environmental influence is limited maintenance
costs are low, and the technology is simple, advanced, and reliable [95].

There is a need for small wind turbines in urban areas due to the space
limits and lower levels of primary energy resources; renewable-based distributed-
generation technologies in urban regions are generally employed as micro and small-
scale systems [96]. The typical assessment of small wind turbine performance in urban
regions as the steady-state performance assessment is based on the use of the
manufacturer’s power curve and annual circulations of hourly average wind speeds for
the prediction of wind turbine energy production [97].

In urban regions, small HAWTS are frequently fixed on a tower to raise
them above any nearby obstacles. They are frequently developed based on actual wind
measurement and can approximate flow properties such as mean wind speed and
turbulence levels at a possible turbine location, taking into account the size and
remoteness to any obstacle. Small wind turbines undergo turbulence and infrequently
generate major amounts of power, especially in towns and cities. Turbulence is a
complex process and can have a significant impact on the power output of wind
turbines. This is mainly essential for small wind turbines, which, in practice, are
normally installed close to buildings, trees, and other obstacles [98].

The urban landscape and related landscape complexities currently create
significant challenges to the placement of small wind turbines. Wind flow in urban
regions causes many significant issues, such as energy performance of urban wind
energy and the complex morphology of wind flow in urban regions. A significant
amount of uncertainty is attributable to the lack of consideration about how turbulence
within urban environments affects turbine efficiency. The analysis establishes that the
proposed methodologies could provide a means for installers to predict power
performance correctly for a wind turbine based on (wind speed) standard deviation and
TI clarifications [99].

34



Numerous uncertainties and mistakes are associated with geometrical
model precision, inflow conditions, turbulence models, discretisation schemes, and
numerical approaches Reynolds-averaged Navier-Strokes (RANS) Large eddy
simulation (LES) , and Direct numerical simulation (DNS). CFD techniques must be
able to predict wind flow in an urban location, and numerical simulations must be able
to help to calculate the influence of different parameters considered in order to develop
the reliability of the results. However, in terms of energy yield achieved from small
wind turbines, installation in complex topography is not mentioned [100].

Consequently, the wurban landscape and related topographical
complexities cause important challenges to the placement of small wind turbines within
urban regions due to wind resources, which in urban regions are complex. Generally,
there is a slight power that a wind turbine can use, because the obstruction environment
frequently has excessive turbulence and low velocity. However, some features of the
building location can focus wind flow: building edges or passages under elevated or
between two buildings. Researchers found that the focus effect of buildings and the
heights of buildings could increase wind power by increasing the wind power density by
three to eight times under the given conditions [101].

2.3.8 Building Features Effect

The main reason of such urban winds is the relaying of the overriding
wind field by the buildings themselves. The urban impact on wind is demonstrated in
several ways: some features raise wind speed, whereas others drop it, and all act to vary
wind direction from the dominant weather pattern. The full impact of urban regions on
the wind field has numerous features, including roughness effects. Roughness acts to
slow the wind, through aerodynamic drag, and to raise its turbulence. Its influences are
associated with the height of the roughness features: trees, buildings, etc. The excessive
effects of urban winds resulting from the wide variation of building characters, sizes,
heights, separations, and directions with respect to flow patterns and to each other create
complex wind flows within a city. Such wind flows are called urban canyon winds,
because high-rise lined streets act similar to canyon barriers. When wind hits the face of
the building, the flow separates and is diverted into numerous streams, the direction and
number depending on the angle of wind frequency related to building edges and the
"flatness" of the upwind building surface.

Building-obstructed wind flow unavoidably causes irregular power
performance of a wind turbine [102]. Generally, small wind turbines couple slight power
from the wind resources because the building’s obstruction environment frequently has
excessive turbulence and a low velocity of wind flow. However, some structures of the
building environment can focus the wind flow. Building edges, passages under the
elevated structure or between the two buildings, etc. can improve wind power utilisation
by increasing the wind power density.
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2.3.9 Venturi Effect

The Venturi effect is the rise of the fluid speed due to a decrease of the
flow cross-section [103]. This effect was originally defined for confined flows [104],
but the same terminology has been used for non-confined flow or open flows, e.g., to
describe the increase of wind speed in passages between buildings [105]. Often, the
wind speed in the passages between buildings increases due to the decrease of the flow
section. Indeed, as the passage width decreases, the resistance for flow through the
passage increases, and more wind will flow around and over the building passage. The
high resistance of the passage partly blocks the flow through the passage and diverts a
large part of the oncoming wind over and around the buildings and the passages. This
Venturi effect an explicit characteristic of non-confined flows [106-109].

2.3.10 Site Measurement
When wind flows over an obstacle, the separation of the airstream

occurs at the front corner of an obstacle, reattachment appears at the centre, and the
backflow emerges in sequence [110]. The amount of electricity at wind turbine installed
in a building-obstructed wind flow area can generate depends on the local wind speed
and characteristics of the wind flow to the turbines. The location of a wind turbine is,
therefore, crucial for maximising its overall performance. Although the power carried
by the wind is proportional to the cube of the wind speed, the actual power output
delivered by a wind turbine is more complex in such areas. Anemometers are used to
measure the average, minimum, and maximum wind speed, as well as the amount of
turbulence at the site. If two anemometers are put at different heights on the same mast,
this provides useful additional information about the wind shear — the difference in wind
speed at different heights, and can also provide useful information about the intensity of
any wind turbulence at the site. Wind direction can be measured using a separate
weathervane, wind vane, or direction indicator, but some anemometers include a
direction indicator as well. The pole, anemometer, and wind vane equipment are often
referred to as a meteorological mast, or “met mast” for short. Information on wind speed
and direction is collected by a data logger and can be analysed using computer software.

Wind speed measurement shows significant potential for approximating
the power potential of a wind plant, according to Zhang et al. [111]. Wind resource
assessment includes [112]:

e Onsite wind situation measurement

e Associations between onsite atmospheric towers to fill in lost data

e Associations between long-term meteorological condition stations and

short-term onsite atmospheric towers

e Examination of the wind shear and its distinctions

e Demonstrating the distribution of wind situations

¢ Estimation of the offered energy at the site
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2.4 Understanding of CFD

2.4.1 General Overview of CFD of the Study

CFD is a subdivision of fluid mechanics that provides numerical analysis
and algorithms to solve and analyse problems that contain fluid flows. It has been in use
since the early 1900s, and it as an instrument for evaluating airflow. CFD is the use of
functional mathematics, physics, and computational software to visualise in what way
gas or liquid flows. Computers are used to achieve the calculations essential to simulate
the interface of liquids and gases with surfaces distinct by boundary conditions; with
high-speed supercomputers, improved solutions can be achieved.

CFD is based on the Navier—Stokes equations. These equations define
how the velocity, pressure, temperature, and density of a moving fluid can be
associated; consequently, CFD is a convenient tool for analysing thermal properties and
modelling air flow. CFD software involves evidence about the size, content, and layout
of the data for calculating what will occur, quantitatively, when fluids flow, and is used
for problems of mechanical movement, such as wind turbine power performance. CFD
techniques can predict wind flow in an urban location, and numerical simulations can
assist to measure the influence of different measured parameters to increase the
reliability of the results.

However, CFD-based estimates are never 100% reliable, because the
input data might contain too abundant imprecision, the obtainable computer power
might be too slight for high numerical precision, and the methodical understanding base
may be insufficient. Numerous doubts and mistakes are associated with geometrical
model precision, inflow conditions, turbulence models, discretisation schemes and
numerical approaches (RANS, LES, DNS).

In addition to the extensive range of length and time scales and the
associated computational cost, the governing equations of fluid dynamics enclose a
nonlinear convection term and a nonlinear and nonlocal pressure gradient term. These
nonlinear equations must be solved mathematically with the appropriate boundary and
initial conditions [87]. In this study, the appropriate of CFD software, boundary
conditions, meshing, the convergence, and the turbulence model are as follows.

2.4.1.1 CFDesignV.7 Software

CFDesignV.7 software turns a 3-D computer-aided design (CAD) workstation
into a fully interactive flow bench, thermal test rig, and wind tunnel. Three-dimensional
assemblies become associative, zero-cost prototypes revealing critical engineering
information not available from physical tests. If a design change is made to the model, the
same change is seen immediately in CFD. An effective simulation starts with good CAD
techniques both in terms of model integrity and proper creation of the flow region. The first
step is to design the CAD model for the flow analysis. This means modelling the flow
geometry and optimising the model for simulation. Materials are physical substances and are
the foundation of the CFD analysis. There are two distinct material types available in an
analysis: fluids and solids.
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2.4.1.2 Boundary Conditions

The boundary conditions describe the inputs of the simulation model.
Some conditions, such as similar velocity and volumetric flow rate, describe in what
way a fluid arrives or leaves the model. Other conditions, such as similar film coefficient and
heat flux, describe the transaction of energy concerning the model and its surroundings.
Boundary conditions associate the simulation model with its surroundings. Without them, the
simulation is not definite, and in some cases cannot progress. Boundary conditions can be as
definite as any steady-state or transient ones. Steady-state boundary conditions persevere
through the simulation. Transient boundary conditions vary with time and are frequently used
to simulate an occasion or a cyclical phenomenon.

2.4.1.3 Meshing

Preceding a CFD analysis, the geometry is fragmented into small parts
called elements. The corner of each element is a node. The calculation is achieved at the
nodes. These elements and nodes create the mesh. In 3-D models, most elements are
tetrahedral, a four-sided, triangular-faced element. In 2-D models, most elements are
triangles, as shown in Figure 2.10.

Figure 2.10 Tetrahedral Triangle Elements

The CFD achieves a complete topological interrogation of the analysis
geometry and defines the mesh size and distribution on every edge, surface, and volume
in the model. Geometric curving, gradients, and proximity to adjacent geometry are all
measured when assigning element sizes and mesh distributions. Enhanced solution
robustness and good mesh transitions lead to a well-posed mathematical model. It does
not matter which selection mode (volume, surface, or edge) is stimulated. Significantly
simplified setup of analysis models results in less time spent assigning mesh sizes. In
more-efficient mesh distributions, the mesh is fine where required and coarse where it
can be enhanced, and solution precision is due to better mesh quality and mesh
transitions.

2.4.1.4 Convergence

Convergence is based on the convergence observer. Every CFD analysis
iIs made up of multiple iterations. The iteration is a numerical sweep through the entire
model. The convergence of multiple iterations is shown in Figure 2.11.
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Figure 2.11 Convergence of Multiple Iterations [113]

Early in the analysis, many results are adjusted from iteration. The convergence lines
may oscillate up and down. Horizontal convergence lines indicate when the results stop
fluctuating and that the solution is “converged”. The convergence requirement can be
stretched so previously results can be evaluated quantitatively. Trends can be considered
qualitatively previously in the analysis, and complete convergence is extended.

2.4.1.5 Turbulence Model

The turbulence model container generates a large variance in the results.
Turbulence models are essential because there are not large or affordable enough
computers to capture every scale of motion directly. Also, CFD users characteristically
need a steady-state rather than a complete-time-accurate one that captures every little
vortex. As a result, there are unsteady motions affecting the flow that cannot directly be
resolved; consequently, they must be modelled. Turbulence models are mostly classified
according to which governing equations they apply within these broader categories, and
they are further broken down by the number of additional transport equations one must
solve to calculate the model influences. In some cases, the turbulence model has a huge
effect on the results achieved from CFD.

For the flow of fluid above the flat plate, as shown in Figure 2.12, the
uniform velocity fluid hits the leading edge of the flat plate, and a laminar boundary
layer begins to develop. The flow in this region is predictable because, after some
distance, small disordered oscillations begin to develop in the fluid field, and the flow
begins to make the transition to turbulence, eventually becoming completely turbulent.
The transition between these three regions can be defined in terms of the Reynolds
number, Re = pIL/u, where pis the fluid density, 9 is the velocity, L is the
characteristic length, and u is the fluid dynamic viscosity. It is expected that the fluid
is Newtonian; the viscosity is constant with respect to shear rate. This is close or
identical because a wide range of fluids in engineering are significant, such as air or
water, because density will vary with respect to pressure, although it is assumed that
the fluid is weak compressible fluid, which means the Mach number is less than 0.3.
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Figure 2.12 Turbulence of Fluid Over a Flat Plate [114]

The CFD turbulence models, such as the standard k-&€ model (SKE), the RNG,
the realisable k-€ model (RKE), and the shear stress transport k- model (SST) are all
two-equation (2E) eddy viscosity models. In these 2E models, the Reynolds stress term
is expressed by the turbulent viscosity. The turbulent viscosity is based on the solutions
of the equations for turbulent kinetic energy (k) and specific dissipation rate (®) or
turbulent dissipation rate (£). The 2E models have advantages of computing efficiency,
but the accuracy is limited by the hypothesis of isotropic eddy viscosity.

k-epsilon model

The k-epsilon model solves for two variables: k, the turbulent kinetic energy,
and epsilon, the rate of dissipation of kinetic energy. Wall functions are used in this
model, so the flow in the buffer region is not simulated. The k-epsilon model is widely
held for industrial applications due to its good convergence rate and relatively little
memory supply. It does not exactly calculate flow fields that show adverse pressure
gradients, strong curvature to the flow, or jet flow. It does perform well for external
flow problems around complex geometries.

k-omega model

The k-omega model is like the k-epsilon, but it solves for omega, the specific
rate of dissipation of Kinetic energy. It also uses wall functions, and consequently has
similar memory supplies. Moreover, it has more difficulty converging and is rather
sensitive to the initial estimate at the solution. Hence, the k-epsilon model is frequently
used first to find an initial condition for solving the k-omega model. The k-omega
model is suitable in numerous cases where the k-epsilon model is not accurate, such as
internal flows, flows that exhibit strong curvature, separated flows, and jets.

Low Reynolds number k-epsilon

The low Reynolds number k-epsilon is like the k-epsilon model but does not
use wall functions; it solves the flow everywhere. It is a logical extension to k-epsilon
and has many of its benefits but consumes more memory. It is frequently suitable to use
the k-epsilon model to compute a good initial condition for solving the low Reynolds
number k-epsilon model. Meanwhile, it ensures that, without using wall functions, lift
and drag forces and heat flux can be modelled with higher precision.
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Renormalisation group k-epsilon

Assessments of the performances of numerous Reynolds-averaged Navier—
Stokes (RANS) models for simulating wind flows over complex topographies showed
that the RNG k—£ model provided enhanced agreement with the field data over the
standard k— € model [115]. Consequently, the current CFD simulations of wind flows
above complex topographies are achieved based on the RNG k— € model. The solutions
derivative from the standard k—€ model cannot be directly used for the RNG k- €
model.

2.4.2 CFD in Wind Engineering

The most dependable method for wind assessment in a building environment
Is to measure the wind speed directly, ideally at the position and the height of the
proposed wind turbine. However, measuring the wind speed at a site is both time
consuming and expensive, i.e., normally not appropriate for the early stages of wind
energy development. However, wind energy potential in a building environment can be
exploited in a proper condition with improvement of computer science, CFD simulation
with complex building configuration, or city models becoming accessible [116]. Because
CFD is a simulation of fluid mechanics for solving and analysing fluid flows, CFD
modelling is becoming an important tool in the wind industry to study wind flow
patterns. Accurate CFD simulations of wind flow are essential for the selection of wind
farm locations as well as the design of appropriate wind turbines [117]. They can be
functional to calculate accurate wind turbine performance with the slightest or optimal
cost and time scale. The CFD result can be associated with the experimental method. In
computational modelling of turbulent flows, the suitable model that fulfils the type of
obstruction can calculate fluid velocity and the greatest of related problems for engineering
design, which include fluid flows [118]. Additionally, the CFD methodology can be
effectively applied with the least cost and time related to the experimental method
[119], and CFD techniques can be a consistent substitute for less costly and faster
resource calculations of wind turbine applications; moreover, they afford to the governing
flow mechanism [120]. Modern CFD tools are critical for modelling wind flows over
complex urban topographies [121]. They offer location-specific, height-specific, and
time-specific wind data and give an approximation of the wind power.

Theoretical research on wind engineering can be divided into two classes:
analytical calculation and numerical calculation. But it is still difficult to fully solve a
flow problem by an analytical calculating method. This method is usually based on
experimental data from lots of wind tunnel tests. Recently, due to computer technology
developing rapidly, CFD has become more and more useful in wind engineering research.
This method is more economical than experimental methods, because it requires no
experimental devices and saves effort [122]. The accuracy of CFD methods is highly
dependent on the mathematic model chosen, so the study of CFD methods has become
important. Various computational models exist, each with its own strengths and weaknesses,
that attempt to predict accurately the performance of a wind turbine. Being able to
predict wind turbine performance numerically makes it possible to reduce the expensive
and exhaustive wind tunnel and field experimental tests. The major benefit is that
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computational studies are more economical, versatile, and higher resolution than costly
experiments [123]. In the numerical research, the 3-D unsteady flow analysis is done
using CFD; there is in both the level and the shape of the 3-D predictions and the
experimental measurements, which gives confidence that the 3-D CFD is acceptably
capturing the necessary flow physics of the aerodynamics, but it is computationally
intensive [124].

CFD methods are frequently used to advance computational resource ability
and have extended the stage where analysis of complex phenomena, such as multiphase,
free surface, and highly turbulent flows, is likely for an enormous number of design
differences in a reasonable timescale [125]. Recently, developments of CFD codes have
shown that simulations of this nature are in good agreement with experimental data
[126]. This gives confidence to the reliability of the numerical results. The CFD
program is used to transport the simulations of a finite-volume method and is also used
for the spatial discretisation of the governing equations. The numerical method must be
authorised. The study must be associated with the experimental method [127], and the
flow feature in small wind turbines will be investigated. Maturing CFD technology is
making more wind flow simulation experiments accessible, which can be authorised by
site measurement or field measurement. Project design for any wind project should not
be too work intensive, while the cost margins for project management employing CFD
software will involve specialised expertise for problem setup and preprocessing and
postprocessing tools [128]. Nevertheless, CFD simulations can be complex for an
enormous range of computational parameters set by the user. Therefore, before
undertaking any wind study scheme, a comparison of computational results with
measured data must be done for the different discretisation schemes. Moreover, each
scheme has to be verified alongside the several turbulence models with respect to grid
dependency tests [129]. Nevertheless, the wind velocity at the wind turbines’ hub height
that was predicted by the standard k-€ turbulence model was adopted rather than the
measured data, showing that wind velocity prediction by the CFD method is accurate
for wind power forecasting [130].

2.4.3 CFD Turbulence Model

CFD is a fluid mechanics simulation for solving and analysing fluid
flows. It can be useful to predict wind-turbine performance exactly at the least or
optimal cost and time scale. CFD results can be associated with experimental results. In
the computational modelling of turbulent flows, an applicable model for the obstruction
type can calculate the fluid velocity and additional related concerns for engineering
designs concerning fluid flows [131]. In computational modelling of turbulent flows, a
common objective is to achieve a model that can calculate the capacities of concentration,
such as fluid velocity, for use in engineering designs of the system being modelled.
For turbulent flows, the range of length scales and complexity of phenomena involved
in turbulence make most modelling approaches excessively costly; the computational
cost to decide all scales involved in turbulence is beyond what is feasible.
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The principal methodology in such cases is to generate numerical models to estimated
uncertain phenomena. Turbulence models are categorised based on computational
expense, which relates to the variety of scales that are modelled versus resolved. If all
the turbulent scales are not modelled, the computational cost is lower, but accuracy is
reduced.

A CFD turbulence model has the process similar to the system of mean flow
equations. It is not essential for engineers to decide the details of the turbulent
fluctuations. They only need to recognise how the turbulence affects the mean flow.
Useful turbulence models have wide applicability and must be accurate, simple, and
economical to run. In this study, the CFD turbulence models (k-€ model, k-® model,
and RNG model) are selected.

The k — & model

Most standard models are created on the RANS equations (time averaged) —zero
equation models, mixed-length models, one-equation models, two-equation models, k-¢
style models (standard, RNG, realisable), k-m models, etc. [132].
The Reynolds-averaged approach is based on decomposing the velocity as follows.

where 1, is the average velocity vector and u, is the velocity vector fluctuation. The k — ¢
model has been found to provide a more effective response to the energy production rate

than the standard k — ¢ turbulence model. The k — & model equations can be written as
follows:

p(U.V)K =V [(u + Z—;) VK] + P, — pe (2.15)
= 2
p(U.V)e =V [(u 5 f) Ve] + ey 2P = Coup = (2.16)
KZ
e = pCy— (2.17)
P, = 1, [VU + (VO)t]VT (2.18)

The standard model constants, which are applicable to the flows with high Reynolds
numbers, are provided in Table 2.5. The CFD k-¢ turbulence model is selected to
validate the performance prediction of the turbine, as the characteristics of the CFD k-¢
turbulence model is quite appropriate for the given conditions of the study:

e The CFD k — ¢ turbulence model is the most widely used model and has
been validated for applications ranging from industrial to environmental flows.
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e The model is useful for the free-shear layer flows with relatively small
pressure gradients in the confined flows where the Reynolds shear stresses are
important.

e The model can be stated as the simplest model for which only initial and/or
boundary conditions need to be supplied.

e Two equations and the von Karman constant (k), together with the eddy
viscosity stress—strain relationship, constitute the k-e model, where ¢ is the dissipation
rate of k. Many attempts have been made to develop the two-equation models to
improve the k — & model.

Table 2.5 Values of the k — £ Model Constants

CM Cel Csz Ok O,
0.09 1.44 1.92 1 1.3

The k — w model

This model is suitable for calculating the turbulence near the wall. The k — w
model is based on model transport equations for the turbulence kinetic energy, k, and
the specific w dissipation rate. These values are derived from the equations and the
characteristics of the k — w model below.

960 4 div(pkU) = div [(u + ﬂ) grad k] + P, — Bpkw (2.19)
ot Ok

9(pw)
at

+ div(pwU) = div [(u * %) grad w] + a%Pk — Bpw? (2.20)

When
=1 0,=2 a=2;=0075
Therefore, the turbulence viscosity of this model will be:

k
He=p— (2.21)

w

e One of the records is frequently used in turbulence models. It is a two-
equation model and contains two additional transport equations to signify the turbulent
properties of the flow.

o It is the flexibility that decides the scale of the turbulence, while the principal
variable, &, decides the energy in the turbulence.

e This permits a two-equation model to describe history effects like the convection
and diffusion of turbulent energy.
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The RNG model

Eddies in the range of size L and integral scale down to eddies of size L/Re3/*,
where Re = v,,,sL/v is the Reynolds number are considered. The high viscous
dissipation causes very low energy. Therefore, the 3-D Navier—Stokes equations for a
turbulent flow need a grid mesh on the order of Re®/*. When it is assumed that the Re
Is large, the numerical solver of the computational method requirements is exceedingly
high. The RNG method reduces the computational requirement by eliminating the
inertial range eddies from the equations of motion, yielding equations for averaged flow
quantities at an integral scale. The RNG-based k — ¢ turbulence model is derived from
the instantaneous Navier—Stokes equations, using RNG methods.
Transportation equations for the RNG model are:

F) d d ak
P (pk) + a_xi(pkui) = g(aklleff a_xjpk) + Gy + Gy — pe — Yy + Sg (2.22)

J
9 9 i} de € €2
% (00) + 5= (peu) = 7= (Guttors 2Pk ) + Cac £ (G + C52Gp) = Coep S+ Re+ 5. (223)

The effects of smaller scales of motion when using the RNG turbulence model
developed using RNG are as below.

e |t can be used to derive a turbulence model similar to the k-€ model and it
results in a modified form of the epsilon equation, which attempts to account for the
different scales of motion through changes to the production term.

e The RNG model in FLUENT provides an option to account for the effects of
swirl or rotation by modifying the turbulent viscosity appropriately.

e Similar k-¢ equations include an additional term in the & equation for
interaction between turbulence dissipation and mean shear, the effect of swirl on
turbulence, analytical formula for turbulent Prandtl number, and differential formula for
effective viscosity.

Hence, researchers should compare the CFD data result and experimental data
result to investigate the different discretisation schemes.

2.4.4 The Governing Equation
The behaviour of fluid flow can be solved by governing equations that
obtain the three principles of conservation: conservation of mass, conservation of
momentum, and conservation of energy. When the CFD method is used for solving, the
three principles of conservation will be used, and the Navier—Stokes equation will be
developed in the CFD method for solving. The Navier—Stokes equation can be
expressed as follows:
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Continuity equation
L 4+V-(p) =0 (2.24)
Momentum equation
JF =ma (2.25)

The Navier—Stokes equation:
%(pﬂ’) +p(U Vi) =-Vp+V-1+S,, (2.26)

where the stress tensor t is related to the strain rate by

T=u (vﬁ + (V)T — gsvﬁ) (2.27)
Energy equation
2 (ph) =L+ V- (piih) =V (@-7) + 7+ Sy + S, (2.28)

where the total enthalpy h; is related to the static enthalpy h by

he = hy + 3 (2.29)

The finite volume is used for solving in the CFD commercial program.
The partial differentials are carried out to approximate the solutions. Some parameters
in the equation can be removed when used to simplify the equations by assuming that
fluid flow is steady, isothermal, and incompressible. However, the CFD method should
be validated by experimental testing or real site measurement.
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CHAPTER 3
MATERIALS AND METHODS

The overall methods, materials, and techniques of this study of 5-kW wind
turbine performance in a wind flow obstructing building using the CFD technique are
described. The results from the CFD simulation are obtained from three CFD turbulence
models (k-€, k-0, and RNG) that affect the power performance and free spinning
rotating of the three 5-kW HAWTs (WT1, WT2, and WT3) as they are installed in a
building-obstructed wind flow area by comparing them with a 5-kw HAWT (WTO) as
an arbitrary installation in an unobstructed area. In addition, the site measurement based
on the measured data or site-estimated technique was done to obtain the results to
validate the CFD simulation results.

3.1 Wind Energy Resources in Thailand

Wind data from various sources show that the study location, DETC, has low
wind potential. The micro and small wind turbines with low cut-in and rated speed can
be effective during medium or high wind speed of even shorter durations. Wind energy
IS not as easy to capture as solar, because it keeps flowing, moving, and changing, and it
is harder to predict in cities due to complex physical features. Therefore, micro-siting of
small wind turbines in urban areas is one requirement related to power performance of
turbines in such areas. One approach is to develop the applicable tool to predict the
power performance of low wind speed and turbulence at the site.

Generally, the wind potential in Thailand from the World Bank Wind Map
Thailand Wind Resource Area is classified mostly in the poor-to-fair class, as shown in
Figure 3.1.
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Figure 3.1 Wind Potential in Thailand [133]



The wind resource map of Southeast Asia was created for the World Bank by
True Wind Solutions using Meso Map, a mesoscale atmospheric simulation system.
Although the map is believed to present an accurate overall picture of wind resources in
Southeast Asia, resource estimates for any location should be confirmed by measurement.
To utilize wind energy to generate electricity, annual monsoon characteristics of the selected
location are important. The annual monsoon characteristics of Thailand are illustrated in
Figure 3.2. Direction and speed of the wind at selected locations should continuously be
measured to obtain correct wind data for analyzing the potential of wind energy to
generate electricity.
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Figure 3.2 Monsoon Season in Thailand [134]

3.2 Conceptual Design

The power performance of the wind turbines depends on the torque and angular
velocity. This research only focuses on the power performance and free spin rotation of
the turbine rotors using the CFD technique, as well as on the wind flow velocity profile
in the site measurement technique as wind flows across the buildings and the turbines in
a building-obstructed wind flow area. Hence, when the rotor turbine rotates, the voltage
of the PMG is generated, and the voltage varies according to the rotational speed of the
rotor; thus, high speed means high power performance.

3.2.1 Model Description

The DETC in Rayong Province, Thailand, is considered a building-
obstructed wind flow area. In this case, three 5-kW HAWTS, THUNYA-5-kW HAWTS
(WT1, WT2, and WT3), are surrounded with four main buildings (building A, B, C, and
D), as shown in Figure 3.3 and Figure 3.4. The site position is latitude 12 degrees 40
minutes north, longitude 101 degrees 2 minutes east, and the height is 3 m above sea
level. The wind blows throughout the year, including the southwest monsoon season
from May to October, and the north-east monsoon season from November to January.
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The statistical wind-speed data, collected over the past 30 years (between 1968 and
1997) in Rayong Province by the Data-Processing Division of the Department of
Meteorology, shows that the average wind speed is between 2.6 and 7.7 m/s. The
highest wind speed occurs between June and August. Table 3.1 shows the model, sizing,
and alignments of the buildings and the three 5-kW HAWTSs in the DETC.

Building A

E N
W13
. WT2
WT1 \

Building D

Figure 3.3 Building and 5-kW HAWTs Model in DETC

Figure 3.4 Three 5-kW HAWTSs and Buildings in DETC

Table 3.1 Sizing and Alignment of the Buildings and the Wind Turbines in DTEC

H w L Distance. Distance  Distance
Building (m) (m) (m) from from from
WT1(m) WT2(m) WT3(m)
A 9.25 18 51 35 24 20
B 15 12 113 25 30 45
C 9.25 18 51 60 70 87.5
D 13.3 7 30 47.5 50 55
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Remarks: The wind turbines are 18 m apart. A three-dimensional model of the
buildings and wind-resource data was used as input to the three CFD models and
completed using the CFDesign commercial program. In this study, WT1, WT2, and WT3
represent the case study 5-kW HAWTS, whose performance prediction is investigated as
the wind flows across the obstructing buildings, using the CFD k-¢, k-w, and RNG
turbulence model with the CFDesign V.7 software. The results of this study are expected
to show the power performance, free spinning rotation, of WT1, WT2, and WT3 compared
with the performance, free spinning rotation, of WTO, a 5-kW HAWT arbitrarily located
in a site without obstructing buildings, after an incoming wind flow of 4.5 m/s through
the buildings and the front turbines. Afterward, the results of the WT1, WT2, and WT3
were validated with the wind flow velocity behaviour profile from site estimation or site
measurement based on the measured data results to confirm the accuracy and the
recommendation of the CFD technique.

3.2.2 Wind Turbine Specifications

Table 3.2 shows the technical data of the THUNYA-5-kW HAWT,
which is installed within the DETC area, and the THUNYA-5-kW HAWT is shown in
Figure 3.5. The power curve of the THUNYA-5kW HAWT is shown in Figure 3.6,
which describes the cut-in wind speed of the THUNYA-5-kW HAWT at 2.5 m/s, the
rated wind speed at 9.5 m/s, and the average wind speed at 4.5 m/s. In addition, Figure
3.7 shows the grid-connected inverter of the THUNYA-5-kW HAWTs in the electrical
control room of the DETC.

Table 3.2 Technical Data Sheets of a THUNYA-5-kW HAWT

Main data
Hub height 18 m
Rotor diameter 6.5m
Rated power SkW @ 9.5 m/s
Cut-in 2.5m/s
Rotor speed 200 rpm
Generator speed 200 rpm
Grid connected 220V 50 Hz
Rotor speed control Fixed pitch
Yaw mechanism Active (azimuth angle)
Breaking system Auto furling
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Figure. 3.5 A THUNYA-5kW HAWT in DETC
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Figure 3.6 Power Curve of a THUNYA-5-kW HAWT
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Figure 3.7 Grid-Connected Inverters of THUNYA-5-kW HAWTSs in Electrical Control
Room of DETC
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3.3 CFD Technique

3.3.1 CFD Boundary Conditions

When solving the CFD problems, the Navier—Stokes equation, continuity
equations, appropriate initial conditions, and boundary conditions must be applied.
Figure 3.8 shows the CFD boundary conditions of the 3-D model applied as the control
volume and using CFD k-€, k-®, and RNG turbulence models with the CFDesign V.7
software. The CFDesign setup and usability is shown in Appendix A. Each CFD turbulence
model includes two main conditions: the buildings and the ground are fixed, and the
wind turbine blades and the air are moving.

The fixed condition means the object or material in the 3-D model cannot
move when forces act on it (which include the building, ground, nacelle, wind turbine
tower, and wind turbine tailing), while the moving condition means that the object or
material in the 3-D model can move when forces act on it (which include the wind
turbine blade, air, and rotating region).

(& & & R N N N N _§ _§ 8§ §N N N _§R_§ 8 8 &R _§_ N R _R_J ~

ﬁ
Inlet condition 'Control Volume ‘Iml;tcg::i;non
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Figure 3.8 CFD Boundary Conditions as the Wind Flows from the SW

The rotating regions, which form a part of the motion module, allow for
the analysis of rotating machinery. The rotating region is an envelope that surrounds
a spinning device. Throughout the analysis, the rotating region rotates about its centre
line, and any solid within the region rotates as well. The inlet condition of 4.5-m/s wind
velocity was selected, and the outlet condition was 0-Pa wind gage pressure.

Figure 3.9 describes the rotating region of the CFD boundary conditions,
which include the moving/dynamic condition and fixed/static condition. The moving
conditions include the rotating region and turbine blade, as both parts can move when
the force of the wind velocity acts on them. However, the fixed condition includes the
turbine tailing and turbine tower, as both parts cannot move when the force of the wind
acts on them.
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Figure 3.9 Rotating Region of the CFD Boundary Condition

This model produces a steady-state solution accounting for some of the
interaction between the two frames. The quasi-steady approximation decreases when the
passing flow speed is large, relative to the turbine speed at the interface. The boundary
conditions and control volume parameters are shown in Table 3.3.

Table 3.3 also shows the model parameters applied in the CFD control
volume model, with the inlet side selected by the wind velocity and the outlet side
selected by the pressure. Ideal air was used as the working fluid, and the k-g, k-®, and
RNG turbulence model was applied for simulation.

Table 3.3 CFD Model Parameters

ParameteRianTa Unit Parameter Value

Inlet velocity m/s 4.5
Inlet total temperature K 320

Angular velocity Rad/s Free spin
Working fluid Ideal air
Fluid density kg/m® 1.225

Turbulence model k-¢, k-0, RNG

Pa 0

Outlet

Figure 3.10 shows the grid dependency of the 3-D model at 4.5 m/s of
wind velocity inlet condition. When the model is constructed with 0.25 million (coarse
mesh) grid elements, the turbine has a rotation of 141 rpm, while the construction with
0.7 million grid elements (medium mesh) increases the rotation of the turbine to 168
rpm, but the curve in this period does not show convergence because the slope of the
curve is high. The curve shows convergence at a grid number of about 3.5 million
elements (fine mesh), and the grid convergence at 4.5 m/s of the wind velocity inlet
condition is shown in Table 3.4.
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Figure 3.10 Grid Dependency of the 3-D Model at 4.5 m/s of Wind Velocity Inlet
Condition

Table 3.4 Grid Convergence at 4.5-m/s Wind Velocity Inlet Condition

Grid numberx 10°. Blade velocity (rpm)
0.25 141
0.50 162
0.75 170
1.00 172
1.50 178
2.50 185
3.50 189

3.3.2 CFD Model Description of Mesh Refinement Study

CFD modelling was conducted to assess the wind flows and estimate the
energy output system, accounting for the specific geometries of the obstacle flows. The
site geometry was modelled using CAD. The wind conditions were expressed on the
geometry model to estimate the flow conditions resulting from the interaction between
the wind flow, building structures, ground roughness, and wind turbines. A detailed
explanation is presented below.

CFD uses a Eulerian fluid flow field specification. The domain is
discretised using cell-vertex numeric (finite volume) elements. These may be
unstructured tetrahedral elements, which are used to capture the complex geometry of
the rotating domains and to allow automatic meshing for any future geometry
modifications.
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The CFD mesh adaptation system was used to refine the mesh in
specified high-volume velocity gradients for investigation. Three mesh adaptation steps
were undertaken for each model: coarse mesh, medium mesh, and fine mesh.

Figure 3.11 shows the CFD tetrahedron meshing of the wind turbine
blade. The CFD model generated 0.9 million elements for the wind turbine blade.
Figure 3.1.1(a), (b), and (c) show coarse mesh, medium mesh, and fine mesh wind
turbine blades, respectively.

N
(2

(@) Coarse Mesh (b) Medium Mesh

(c) Fine Mesh

Figure 3.11 Mesh of Wind Turbine Blades in CFD
Figure 3.12 shows the CFD tetrahedron mesh model of the buildings in
the DETC. The CFD model generated 1.0 million elements for the buildings, 0.9 million

elements for the wind turbine blade, 0.6 million elements for the rotating region, 0.5
million elements for the air, and 0.5 million elements for the ground.
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Figure 3.12 Meshing of DETC Buildings Model

3.4 Site Measurement Technique

Site estimation or site measurement based on the measured data results is used
for validating the results of the three CFD turbulence models that used for simulation.
The site measurement was done by measuring wind velocity with a wind speed
measuring instrument, Professional Touch Screen Weather Center With PC Interface,
Model No: AW002, FREQ: 443MHz. This device was used for measuring wind speed
on the roof of Building A and Building C to find out the wind velocity behaviour profile
from incoming wind speed at Building A compared to outgoing wind speed at Building
C, as follows.

e Two sets of such instruments were mounted on a pole at the same height as
the wind turbine, 18 m, on the roof of Building A and Building C, in the line of wind
flow from the SW to Building A-WT3-WT2-WT1-Building C.

¢ Wind speed was measured with two sets of these instruments as wind flow
from the SW crossed over the first instrument at Building A (incoming wind speed) to
WT3-WT2-WT1 and the second instrument at Building C (outgoing wind speed).

¢ Incoming wind speed (Vin) was compared with outgoing wind speed (Vout)
to find the wind velocity behaviour profile of site measurement for validating the wind
velocity characteristic to the turbines of the CFD investigation results.

Figure 3.13 shows the activities of the instruments set up on the poles and
mounted at the roofs of Building A and Building C at the same height as the wind
turbines hub height, 18 m.
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Figure 3.13 Instrument Installation for Measuring Wind Flow Velocity Behaviour

57



CHAPTER 4
RESULTS AND DISCUSSION

The results of the power performance effect with free spinning rotation of the
small wind turbines affected by an incoming wind speed at 4.5-m/s flow across a
building-obstructed wind flow area were obtained using three CFD turbulence models
(k-€, k-o, and RNG), and the wind flow velocity behaviour was studied using site-
estimated or site-measurement-based data. In addition, the results of the techniques are
compared to confirm whether the CFD simulation technique is reliable or needs more
improvement.

4.1 CFD k — € Model Simulation Results and Discussion

Results

The simulation results focus on the free spin rotation of WTO, WT1, WT2, and
WT3 by using the CFD k — ¢ turbulence model in the two directions of wind flow from
the NE and the SW that affect to the three 5-kW HAWTs’ (WT1, WT2, and WT3)
power performance (free spinning rotating) when compared with a 5-kW HAWT
installed at the DETC unobstructed by buildings. The incoming wind speed was 4.5
m/s. Because the power performance of the wind turbines depended on the torque and
angular velocity, when the rotor turbine rotation caused the PMG to generate the
electrical power, the voltage varied according to the rotational speed of the rotor. Thus,
high rotation meant high electrical power for the wind turbine. The results of the
CFD k — ¢ turbulence model simulation as follows.

4.1.1 Wind Velocity Profile

Figures 4.1 (al)—(d2) show the wind velocity profiles of the CFD k — ¢

turbulence model results from two directions of wind flow, NE and SW, at different
heights, 9.25, 13.30, 15.0, and 18.0 m, of the cutting plane from the ground. The points
of the cutting plane, representing the locations on the buildings’ roofs, were determined
by the inflow of the wind velocity, turbulence intensity, and recirculation zones. The
wind velocity profile indicates that, at the higher points of the cutting plane, there is
more wind velocity, and the wind flow from the NE is likely to introduce a Venturi
effect between Buildings B-C and Buildings C-D. However, the wind flow from the SW
predominantly brings about a Venturi effect between Buildings A-B and Buildings A-D.
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Figure 4.1 Wind Velocity Profile from the NE and the SW at Different Heights from
the Ground: (a) 9.25 m, (b) 13.30 m, (c) 15.0 m, and (d) 18.0 m

4.1.2 Wind Velocity Contour
Figures 4.2(a) and (b) show the wind velocity contour as wind flows
from two directions, the NE and the SW, indicating that, although the DETC has more
open terrain from the direction of the wind flow from the SW, as wind flows from the
NE across Building C to WT1-WT2-WT3-Building A, there is more wind velocity to
the turbines than when wind flows from the SW across Building A to WT3-WT2-WT1-
Building C.
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(@) Wind Velocity Contour of Wind Flow from the NE

- -

. e
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(b) Wind Velocity Contour of Wind Flow from the SW
Figure 4.2 Wind Velocity Contour of Wind Flow (a) from the NE and (b) from the SW
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4.1.3 Wind Velocity Profile Flow Over the Building
Figure 4.3 shows the profile of the wind velocity flow over the building
(using Building C as an example). The result indicates that the roughness effect on the
wind generates surface local wind shear gradients above a roof surface, as well as when
the wind flow passes over the building, leaving a low wind-speed region immediately
above the roof and then transitioning steeply to a higher wind speed zone. Consequently,
a steep wind shear gradient causes increasing wind speed at the turbine.

Steep shear gradient

Eaa o s T B e — — o o S o A A EEE e
B B T S T I M TR | - e — e g -
O e ot o o 20 S P LA e - . ——— e o o
M—;T—&_’V’/’/"/’.:—.'. ....... — . v b e e o A =

Acceeratloan!L .,
— LY L - e
Low flow

.-H.-;-aa-y'/"/f/'

P

Tortex How > *
AT EY

e L LA T T

Figure 4.3 Air Accelerating Over the Building and Creating a Steep Shear Gradient

4.1.4 Vortex Flow Vectors
Figures 4.4(al)—(d) show the vortex flow vectors at WT1, WT2, WT3,
and WTO as wind flows from NE and SW. The results indicate that the vortex flow is
seen at WT1, WT2, and WT3 from both directions, but it is not seen at WTO due to
WT1, WT2, and WT3 installed near the buildings and the turbines themselves, whereas
WTO is an arbitrary installation in an unobstructed area. Consequently, vortex flow
decreases the power performance of the wind turbines.

(al)Vortex Flow at WT1 from the NE  (a2) Vortex flow at WT1 from the SW
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(bl) Vortex Flow at WT2 from the NE (b2) Vortex Flow at WT52 from the SW

——r——

-

S

B e et
——— ey

1
b -~
e - L B
e PN Al

= ¥

.

.-
B

i , f 2
H\M\n“ e N AR g

L IR
A
- N N

(c2) Vortex Flow at WT3 from the SW

d)
(d) No Vortex Flow at WTO, as Wind Flow from Both Directions

(

(c1) Vortex Flow at WT3 from the NE

Figure 4.4 Vortex Flow Vectors to Wind Turbines from Two Directions

4.1.5 Grid Dependency and Grid Convergence

D model at 4.5 m/s of wind velocity inlet

, as well as grid convergence at 4.5 m/s of wind

The grid dependency of the 3-
velocity inlet condition as shown in Table 3.4.
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4.1.6 Calculation of Power Performance of Wind Turbine
The calculation of the power performance effect, free spinning rotating,
of wind turbine can calculate as follows (using WT1 as the example when the wind flow
from the SW):

Xi _ Nwro—Nwr1
100 NwTo
xi __ 216-200
100 216

4.1.7 CFD k-£€ Model Simulation Results

The results of the wind turbine’s power performance were calculated by
torque and the angular velocity of the rotor. In this study, using the CFD simulation
technique for investigating the wind turbine’s power performance in the free spin rotor
condition, the angular velocity of the turbine is the result of the power performance of
the wind turbines. Consequently, high angular velocity means high power performance.

Table 4.1 is the result of the power performance, with free spinning
rotation, of WTO, WT1, WT2, and WT3 using the CFD k-€ turbulence model with wind
flow from both directions, NE and SW, at an incoming wind speed of 4.5 m/s (see
Appendix B and C). The result indicates that, as wind flows from the NE, the power
performance, with free spinning rotation, of WT1>WT3>WT2>WTO0, while, as wind
flows from the SW, the power performance, with free spinning rotation, of
WT1>WT2>WTO>WTS3.

Table 4.1 Power Performance, with Free Spinning Rotation, of WT0-WT3 Using CFD
k-€ Model as Wind Flows from Two Directions at an Incoming Wind Speed

of 4.5 m/s
Direction WTs RPM/Voltage Ampere Watt

NE WTO 95 10.53 1,000.00
WT1 130 10.70 1,391.20
WT2 118 10.72 1,264.70
WT3 120 10.71 1,285.30

SW WTO 95 10.53 1,000.00
WT1 102 10.52 1,073.00
WT2 104 10.78 1,056.80
WT3 101 9.16 925.00

Remark: A THUNYA 5kW HAWT'’s generator designed 1 rom =1V
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Figure 4.5 and Table 4.2 show comparisons of the power performance
effects, with free spinning rotation, of WT1, WT2, and WT3 with WTO by using the
CFD Kk-€ turbulence model as the wind flows from the NE and the SW at an incoming
wind speed of 4.5 m/s. The results indicate that the power performances, with free
spinning rotation, of WT1, WT2, and WT3 are both higher and lower than WTO.

100

Percentage (%)

SW and NE Wind Direction

39.12

Figure 4.5 Comparison of Power Performance, Free Spinning Rotation, of WT1-WT3
with WTO, as Wind Flows from Two Directions at an Incoming Wind Speed

of 4.5 m/s

Table 4.2 Comparison of Power Performance, Free Spinning Rotation, of WT1-WT3
with WTO, as Wind Flows from Two Directions at an Incoming Wind Speed

of 4.5 mls
Effect of Wind Effect of Wind
Turbine Power Turbine Power
ind Turbi .
Wind Turbine No (NE) (SW)
(%) (%)
WTO 100.00 100.00
WTI1 139.12 107.73
WT2 126.47 105.68
WT3 128.53 92.50

The results of the CFD k-€ turbulence model simulation show that the
power performance effect, with free spinning rotation, of WT1, WT2, and WT3 as wind
flows from the NE and the SW increased and decreased when compared with WTO due
to the influence of the building-obstructed wind flow effect, as follows:
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e As wind flows from the NE, the power performance effect, with free
spinning rotation, of WT1, WT2, and WT3 is higher than that of WTO0 by 39.12%,
26.47%, and 28.53%, respectively.

e As wind flows from the SW, the power performance effect, with free
spinning rotation, of WT1 and WT2 is higher than that of WTO0 by 7.73% and 5.68%,
respectively, while the power performance effect, with free spinning rotation, of WT3 is
lower than that of WTO by 7.50%.

Discussion

4.1.8 CFD k-&€ Model Simulation Results Discussion

Normally, the geometric features of the buildings and their layouts have
major effects on wind turbines’ power performance. The buildings create turbulence and
cause unexpected changes in the wind’s speed, direction, and frequency. In addition, the
geometric features of the buildings can decrease the wind speed; however, they can also
channel the wind flow into the buildings’ canyon and lead to an increase in the wind
speed, because the Venturi effect can cause wind flow overpressure between buildings,
and this can increase the frequency of turbulent winds. If the temperature increases
within the building-obstructed area, it can create a low-pressure cell and lead to
increased wind speed and frequency. Moreover, widely spaced buildings can act as
single isolated blocks; therefore, if the gap decreases between the buildings, the wind
flow will likely become more prone to overpressure. Thus, the Venturi effect can
change the airflow frequencies by producing a complex pattern of changes in the wind
direction and speed.

Compared with WTO, because the incoming wind flow from the NE
creates a Venturi effect by channelling the incoming wind flow into the building
canyons between Buildings B-C and C-D, Buildings B and C create a steep wind shear
gradient that leads to an increase in power performance effect, with free spinning
rotation, of WT1, WT2, and WT3, higher than WTO by approximately 31%. Because
the incoming wind flow from the SW creates a Venturi effect by channelling the
incoming wind flow into the building canyon between Buildings A-B and A-D,
Buildings A and B create a steep wind shear gradient that leads to an increased power
performance effect, with free spinning rotation, of WT1 and WT2, higher than WTO by
approximately 7%. The power performance effect, with free spinning rotation, of WT3
decreased to lower than WTO by approximately 7%, because WT3 is not in the building
canyon of the incoming wind flow and is not influenced by local steep wind shear
gradients from the buildings. Also, Building A increases the vortex flow effect to WT3.

Consequently, it is evident that the geometric features and layout of the
obstructing buildings, as well as the ratio of the wind turbines’ hub height and the
distance of buildings and front turbines to the turbines are factors to shape and influence
the wind flow pattern to the turbines, causing increased and decreased power
performance effectiveness.
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42 CFDKk — ¢, k— w, and RNG Simulation Results and Discussion
Results

4.2.1 Wind Velocity Profile

Figures 4.6(al)-(d3) show the wind velocity profiles of the CFD k-&, k-
o, and RNG turbulence model results as wind flows to WT3, WT2, and WT1 with
incoming wind speed of 4.5 m/s from the SW at heights 9.25, 13.30, 15.0, and 18.0 m
from the cutting plane of the ground. The points of the cutting plane, representing the
locations on the buildings’ roofs, were determined by the inflow of the wind velocity,
the turbulence intensity, and the recirculation zones. The wind velocity profiles from the
three CFD turbulence models are indicated as follows. At the higher points of the
cutting plane from all CFD turbulence models, more wind velocity displayed the same
characteristics. The buildings’ influence was likely to introduce a Venturi effect between
Buildings A-B and A-D, and local steep wind shear gradients from Buildings A and B
caused an increased wind speed to WT2 and WT1.

D
@ 9.25m (al) k- Model (a2) k- Model (a3) RNG Model
, N | A
N :
@ 13.30 m (b1) k-¢ Model (b2) k- Model (b3) RNG Model
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7"'\? ' .
@ 18.0 m (d1) k-& Model (d2) k- Model (d3) RNG Model

Figure 4.6 Wind Flow Profile Results from CFD k-¢, k-®, and RNG Turbulence Model
Simulation, at Height (a) 9.25 m, (b) 13.30 m, (c) 15.0 m, and (d) 18.0 m

4.2.2 Wind Velocity Contour
Figures 4.7(a)-(c) show the wind velocity contour of wind flow from
CFD k-€, k-», and RNG turbulence models as wind flows from the SW with incoming
wind speed of 4.5 m/s to Building A-WT3-WT2-WT1-Building C. The results of the
three CFD turbulence models indicate that, even though there was more open terrain
near WT3, the wind velocity at WT3 was likely less than the wind velocity at WT2 and
WT1.

WTI-1 WTI-2 WT-3

(a) Wind Velocity Contour of Wind Flow from k-& Model
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(b) Wind Velocity Contour of Wind Flow from k-o Model

WI-1 WI-2 WI-3

(c) Wind Velocity Contour of Wind Flow from RNG Model

Figure 4.7 Wind Velocity Contour of Wind Flow (a) from k-€ Model, (b) from k-®
Model, and (c¢) from RNG Model

4.2.3 Vortex Flow Vectors
Figures 4.8(al)-(d) show the vortex-flow vectors at the wind turbines of
the three CFD turbulence models as wind flows with incoming wind speed of 4.5 m/s
from the SW to the turbines. The results indicate that, when the air flows across the
building, a vector direction of wind can cause a vortex beside the wind turbines. The
vortex flows of the three CFD turbulence models are seen in WT1, WT2, and WT3 with
the same characteristic, but no vortex flow is seen at WTO, as WTO is an arbitrary
installation in an unobstructed area.

@ WT1 (al) k-€ Model (a2) k- Model (a3) RNG Model
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(d) No \fdrte; FIbW;{ WTO

Figure 4.8 Vortex Flow Vectors to Wind Turbines from the three CFD Turbulence
Model Simulations

4.2.4 CFD k-€, k-o, and RNG Model Simulation Results

Table 4.3 is the result of power performance, with free spinning rotation,
of WTO, WT1, WT2, and WT3 by using the CFD k-¢, k-, and RNG turbulence models
at an incoming wind speed of 4.5 m/s (see Appendix C, D, and E). The results indicate
that, using the k-g¢ turbulence model, the power performance, with free spinning
rotation, of WT1>WT2>WTO0>WT3, while, using the CFD k- and RNG turbulence
models, the power performance, with free spinning rotation, of WT2>WT1>WTO>WT3.
Consequently, the three CFD turbulence models signify the same behaviour profile of
power performance, with free spinning rotation, of WT1 and WT2>WTO0 and WT3<WTO.
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Table 4.3 Power Performance, with Free Spinning Rotation, of WT0-WT3 Using CFD
k-€, k-, and RNG Turbulence Models as Wind Flows from the SW at an
Incoming Wind Speed of 4.5 m/s

CFD model WTs RPM/Voltage Ampere Watt
k-€ turbulence WTO 95 10.53 1,000.00
model WT1 102 10.52 1,073.00
WT2 104 10.78 1,056.80
WT3 101 9.16 925.00
k-o turbulence WTO 93 10.16 945.00
model WT1 104 9.98 1,037.99
WT2 109 9.93 1,082.40
WT3 93 9.96 926.10
RNG turbulence WTO 98 10.51 1,030.00
model WT1 104 10.54 1,096.02
WT2 109 10.45 1,139.28
WT3 93 10.52 978.50

Remark: A THUNYA 5kW HAWT's generator designed 1 rpm =1V

Figure 4.9 and Table 4.4 show the comparison of power performance
effect, with free spinning rotation, of WT1, WT2, and WT3 with WTO by using CFD k-
€, k-0, and RNG turbulence model simulation results as the wind flows from the SW at
an incoming wind speed of 4.5 m/s. The results indicate that the power performances,
with free spinning rotation, of WT1, WT2, and WT3 are both higher and lower than
WTO0. WT1 and WT2 are higher than WTO, and WT3 is lower than WTO0. Consequently,
the profiles of the wind turbines’ power performance, with free spinning rotation, from
each CFD turbulence model show the same behaviour.
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Figure 4.9 Comparison of Power Performance Effect, with Free Spinning Rotation, of
WT1-WT3 with WTO by Using CFD k-€, k-®, and RNG Turbulence Model
as Wind Flows from the SW at an Incoming Wind Speed of 4.5 m/s
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Table 4.4 Comparison of Power Performance Effect, with Free Spinning Rotation, of
WT1-WT3 with WT0 Using CFD k-€, k-, and RNG Turbulence Model as
Wind Flows from the SW at an Incoming Wind Speed of 4.5 m/s

WT Power WT Power WT Power
Wind Turbine No. Effect Effect Effect
(k-£)(%) (k-0) (%) RNG (%)
WTO 100.00 100.00 100.00
WTI1 107.73 109.84 106.48
WT2 105.68 114.54 110.62
WT3 92.50 97.76 94.11

Figure 4.9 and Table 4.4 are the comparison results of the CFD k-€, k-, and
RNG turbulence models. Simulations show that the power performance effects, with free
spinning rotation, of WT1, WT2, and WT3 compared with WTO are as follows.

e Using the k-& model, the power performance effects, with free spinning
rotation, of WT1 and WT2 increased by 7.73% and 5.68%, respectively, while the
power performance effect, with free spinning rotation, of WT3 decreased by 7.50%.

e Using the k-o model, the power performance effects, with free
spinning rotation, of WT1 and WT2 increased by 9.84% and 14.54%, respectively,
while the power performance effect, with free spinning rotation, of WT3 decreased by
2.24%.

e Using the RNG model, the power performance effects, with free spinning
rotation, of WT1 and WT2 increased by 6.48% and 10.62%, respectively, while the power
performance effect, with free spinning rotation, of WT3 decreased by 5.89%.

An increased or decreased of power performance effect, with free
spinning rotation, of WT1, WT2, and WT3 occurred after the wind flowed across the
buildings to the turbines. Consequently, the CFD k-&, k-®, and RNG turbulence model
simulation profile characteristics appear similar due to the following results: (1) Using
the k-€ model, the power performance effects, with free spinning rotation, of WT1 and
WT2 are higher than WTO by approximately 7%, while WT3 is lower than WTO
approximately by 7%. (2) Using the k- model, the power performance effects, with
free spinning rotation, of WT1 and WT2 are higher than WTO by approximately 12%,
while WT3 is lower than WTO by approximately 2%. (3) Using the k- model, the
power performance effects, with free spinning rotation, of WT1 and WT2 are higher
than WTO by approximately 9%, while WT3 is lower than WTO by approximately 6%.

71



Discussion

4.2.5 CFD k — ¢, k— w, and RNG Model Simulation Results Discussion

The results of the CFD k k-®, and RNG turbulence model simulation profiles
are the same as the results of the CFD k-€ turbulence model as wind flows from the
SW, as in Section 4.1.7. Therefore, as wind flows from the SW, the effect increases or
decreases the power performances, with free spinning rotation, of WT1, WT2, and WT3
from the CFD k-€, k-, and RNG turbulence model simulations. The reasons are the
same as for the increased or decreased power performances, with free spinning rotation,
of WT1, WT2, and WT3 from the CFD k-€ turbulence model simulation. The results of
the CFD k-€, k-m, and RNG turbulence model profiles of power performances, with free
spinning rotation, of WT1, WT2, and WT3 are similar for the following reason:

e The power performance effect, with free spinning rotation, at WT3 is
decreased probably by the wake region or vortex flow from Building A due to the
position of WT3 close to Building A.

e The power performance effect, with free spinning rotation, at WT2 is increased
probably by a Venturi effect created from the gap between Buildings A-B and A-D, and
by a local steep wind shear gradient from Building A.

e The power performance at WT1 is increased probably by a Venturi effect
created from Buildings A-B and A-D, and a local steep wind shear gradient from
Buildings A and B.

e The results of the CFD k-&, k-o, and RNG turbulence model profiles of
power performances, with free spinning rotation, of WT1, WT2, and WT3 are similar
and affirm this technique is highly reliable.

In summary, building-obstructed wind flow areas create wind power with both
low and high energy yields due to the Venturi effect, steep wind shear gradients,
vortices, etc. that cause increase and decrease in wind turbine power performance.
Moreover, the CFD turbulence model simulation technique is reliable for predicting
wind turbine power performance in a building-obstructed wind flow area.

4.3 Site Measurement Results and Discussion

Results
4.3.1 Wind Velocity Behaviour in the Site
Table 4.5 shows the measurement results of incoming and outgoing wind

speeds from the site measurement technique that was done by the Professional Touch
Screen Weather Center With PC Interface, Model No: AW002, FREQ: 443MHz. The
setup of the two instruments is shown in Figure 4.10. They were used to measure wind
speed at the same height of the wind turbines’ hub height on the roofs of Buildings A
and C as wind flows from the SW at an incoming wind speed (Vin) to Building A
across WT3-WT2-WT1 to Building C at an outgoing wind speed (Vout).
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Figure 4.10 The Setting Up of Two Wind Speed Measuring Instruments

Table 4.5 The Measuring Results of Vin and Vout as Wind Flow from the SW

Time Building A Building C Time Building A Building C
Vin, m/s Vout, m/s Vin, m/s Vout, m/s
1030 2.7 4.1 1300 4.5 5.4
1035 2.7 SN 1305 4.4 5.1
1040 3.4 4.8 1310 4.1 5.8
1045 2.7 4.8 1315 4.4 5.1
1050 2.0 3.7 1320 3.4 4.1
1055 3.4 4.4 1325 3.7 4.8
1100 3.4 4.1 1330 5.1 4.4
1105 3.1 4.1 1335 3.4 4.4
1110 2.7 4.1 1340 4.8 4.1
1115 3.7 4.1 1345 4.4 3.7
1120 2.7 4.8 1350 3.1 3.7
1125 3.7 3.7 1355 5.1 4.1
1130 3.1 3.7 1400 3.4 5.1
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4.3.2 Small Wind Turbine Characteristics in the Site Conditions

By monitoring the small wind turbines’ characteristics in the site
measurement ambient conditions, it was found that the small wind turbines are sensitive
to turbulence, as shown in Figure 4.11, because they always stop rotating before
changing the rotor to the normal direction for following the recent turbulence vector,
and often the turbines do not reach the matching maximum rpm with recent wind
velocity. In the CFD condition, the small wind turbines are fixed in the normal direction
to the SW and never stop rotating for responding to the normal direction of the recent
turbulence vector, and they also always cause the turbines’ rotation to reach the
matching maximum rpm with recent wind velocity. However, the behaviour of the wind
flow velocity profile, as shown in Figure 4.12, describes the experimental results of the
site measurement based on the measured data of incoming wind velocity at the roof of
Building A (Vin) compared with outgoing wind speed at the roof of Building C (Vout)
as the wind flows from the SW to Building A-WT3-WT2-WT1- Building C. The results
indicate that Vin at Building A is lower than Vout at Building C.
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Figure 4.12 Behaviour of Wind Velocity Profile (Vin < Vout) as Wind Flow from the
SW Passed Over the Buildings and three 5-kW HAWTSs
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Discussion

4.3.3 Behaviour of Wind Velocity in CFD and Site Measurement Comparison
Figure 4.12 and Table 4.5 indicate that the behaviour of the wind velocity
profile of the site measurement and CFD investigation are similar. This means the
accuracy of the CFD technique is validated by site the measurements. Consequently, the
CFD technique can be used to predict the power performance of small wind turbines in
a building-obstructed wind flow area.
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CHAPTER 5
CONCLUSIONS

5.1 Conclusions and Recommendations

This chapter presents the detailed results of this study, which used CFD with
site measurement characteristic results to corroborate each other, along with recommended
further work. From the references and the results of the CFD simulations and site
estimations, the conclusions and recommendations are as follows.

5.1.1 The power performance of a small wind turbine in building-obstructed
wind flow both increases and decreases power performance caused by turbulence, the
Venturi effect, and steep wind shear gradient.

5.1.2 When choosing a building-obstructed wind flow area to install small
wind turbines, the geometric features and layout of the obstructing buildings are the
major factors to be considered, as they will shape the wind flow characteristics of the
small wind turbines. This is the factor to be evaluated to increase or decrease the power
performance effectiveness of small wind turbines.

5.1.3 From the results of the CFD technique, wind machines WT1, WT2, and
WT3 were compared with a wind machine located without obstructed wind flow
(WTQ). The results found by using the differences of turbulence models applied to the
boundaries conditions are as follows.

(1) Using the k-¢ turbulence model, as wind flows from the NE, the
power performances of WT1, WT2, and WT3 are higher than that of WTO by
approximately 31%.

(2) Using the k-¢ turbulence model, as wind flows from the SW, the
power performances of WT1 and WT2 are higher than that of WTO by approximately
7%, while WT3 is lower than WTO by approximately 7%.

(3) Using the k-0 turbulence model, as wind flows from the SW, the
power performances of WT1 and WT2 are higher than that of WTO by approximately
12%, while WT3 is lower than WTO by approximately 2%.

(4) Using the RNG turbulence model, as wind flows from the SW, the
power performances of WT1 and WT2 are higher than that of WTO by approximately
9%, while WT3 is lower than WTO by approximately 6%.

5.1.4 The site testing results using two anemometers at the same height of the
SWTs on Buildings A and C show that wind velocity at incoming wind speed on
Building A is lower than outgoing wind speed at Building C, which are similar to CFD
investigation results in the three turbulence models.

5.1.5 Consequently, the CFD technique in this study using turbulence models
can be applied to predict the power performance of small wind turbines in building-
obstructed wind flow areas.



5.1.6 The ratio of wind turbines’ hub height and longer distances between
wind turbines and buildings is recommended as a key parameter of this CFD technique
for installing small wind turbines in a building-obstructed wind flow area.

From the above results, this study found that the three turbulence models can
be used to predict the small wind turbine power performance effect from building
obstruction. The turbulence model results show both an increase and a decrease of the
wind turbine performance in building-obstructed wind flows, and the results of each
CFD model are appropriate, depending on the boundary conditions.

5.2 Implications for Practice and Future Research

Further work is proposed to enhance the CFD, k-&, k-, and RNG turbulence
model to simulate each direction and to gather more results caused by changing wind
direction of wind flow patterns. A greater distance from the buildings to the wind
machine or extending the wind turbine tower in cases where the wind machine is close
to a building are recommended. However, the appropriate distance and height of the
wind machine could be well predicted using the CFD technique in comparing the results
of turbulence models. Long-term site measurements and investigations are needed for
comparison with CFD results. Further research is recommended to study building-
obstructed wind flow to achieve higher performance for small wind machines located in
obstructed wind flows.
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APPENDIX A
CFDesign Usability



CFDesign Usability

Step 1 In the menu bar select the “New~ for use the new model as shown in Figure 1

O B ¢ B

Mew Open @ Options | What's New | Start Hi

Launch = Mew Features

Design Study Bar B X

Figure 1 CFDesign Menu Bar

Step 2 In the “New Design Study~ select “Browse~ import the model file as shown in
Figure 2

& New esan sy PELGTID ——
Model
] Import into Model Diagnostics

J Design Study

Name: =

Figure 2 CFDesign Import File

Step 3 The model assessment will check the model compatible <Edge lengths, Surface
sliver, Model silvers, Part gaps, Model gaps, and interference> for preparing CFD
solving, as shown in Figure 3

Model Assessment & X
Assessmodel | Potentialmodelissues |

Edge lengths Data available

Surfaceslivers  Data available

Part gaps Data available

Model gaps . 4%

Interferences Queued

w Assess model

@
2}

Model slivers  Data available @ |
P |
®
®

Figure 3 CFDesign Model Assessment
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Step 4 Overall, the model part must be selected by the material, the wind turbine be
selected by the solid part, and the air be selected by air fluid material, as shown in
Figure 4

_,g 0@ Templates & @ U @ @ -y '00 5 Solver Manager & Direct ~E

E‘ JobMonitor | (j Surface ~ [g Select Previous |

Add/Update [ Rules Y i y Initial | Mesh Motmn Solve
Design Tools Conditions Conditions Sizing B Notifications By Select Al £
Design Study Tools ~ Setup Tasks Simulation + Selection

Design Study Bar & x
@ Geometry (meter) -

4 | Scenario 1
4 & Material
4 3 Air [Fixed]
J 10 Tunnal
4| Unassigned
J 1 blade_wind SkwW_U._...
J 2 tower wind SkW_U_...
3 3 blade_wind SkW_U._...
J 4 Tunnal_U_Rorating ...
J 5 blade_wind SkW_U._...
J 6 Tunnal_U_Rorating r... |= Property settings 1
J 7 blade_wind SkW_U_... Material Edit...
J 8 Tunnal_U_Rorating r... Material DB Name

Materials

Jo Tunnal_U_Rorating r... 3 sc“:;im: =

J 11 tower wind SkW_U... Environment Set.. [ ==
J 12 base .
J 13 base

J 14 full scale Tunnal-0...
J 15 full scale Tunnal-0...
J 16 Tunnal_U_Building C
J 17 Tunnal_U_Building B
J 18 Tunnal_U_Building A
J 19 Tunnal U _Building D LRSS 100222220107 J

J 20 tower wind SKW_U... @ Ty ) [“Remove | [ concel |

J 21 tower wind Skw_U...

Figure 4 CFDesign Material Selected

Step 5 Select the boundary condition of the model; the inlet side of model should be
selected by 4.5 mys of air flow and the outlet side by 0 Pa of pressure, as shown in

Figure 5

g N —* IGD =] Solver Manager [ Volume || g Direct
= Templates | L%
. r‘Jub Monitor ([T Surfece | Egﬁsaectprevmus
Add/Update [ Rules Geometry | Materials| Boundary [ Initial | Mesh Mntmn‘ Solve
Design | Tools Conditions| Conditions Sizing B Notifications /[ By Select AN
Design Study Tools = ‘ Sctup Tasks ‘ Simulation ~ ‘ Selection

DesignStudy Bar 9 x|

o« Geometry (meter)

- @ Scenario 1

4 & Material

4 gl Air [Fixed]
@ 10 Tunnal

4 g Concrete [Fixed]
@ 1 blade_wind Skw U_...
@ 2 tower wind Skw.U_.
@ 3 blade_wind 5kW U_...
@ 4 Tunnal_U_Rorating r..
35 blade_wind Sk ... Boundary Conditions *‘E‘
@ e Tunnal_U_Rorating r.. |= —
@ 7 blade_wind Skw_U_... e
3 8 Tunnal_U_Rorating r... Type Velocity

. Unit myfs

o Tunnal_U_Rorating r..

Time Steady State
[ 11 tower wind 5kW_U... Method Mormal Output Bar
9 12 base Direction Reverse Normal
& 13 base Spatial Variations Constant
Velocity Magnitude I
(3 14 full scale Tunnal-0..
[ 15 full scale Tunnal-0.. e

(@ 16 Tunnal_U_Building C ||
@ w7 Tunnal_U_Building B
18 Tunnal_U_Building A
@ 10 Tunnal_U_Building D
[ 20 tower wind SKW_U...

@ Boundary Conditions ; = = = L .
- . I'M -

Figure 5 CFDesign Boundary Condition of the Model
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Step 6 After selecting the boundary condition, the “Mashing> will be created as shown in
Figure 6

'@ [§ Templates & @ O @ 6 fobind ES°W°'M°“°9¢' - @ Dirt

Add/Update [T Rules Geometry  Materials' Boundary = Initial |Mesh | Motion | Solve ﬁ o MoDiog ﬁ Sufacs & e
Design ‘ Tools Conditions Conditions |Sizing B2 Notifications | () Edge By Sel
Design Study Tools v | Setup Tasks ‘ Simulation + | ]

Jesign Study Bar & x
4 Geometry (meter) -

+ [} Scenario 1

4 & Material

4 & Air [Fixed)
(@ 10 Tunnal

4 & Concrete [Fixed)
@ 1 blade_wind Skw_U._...
(@ 2 tower wind Skw_U._...
(@ 3 blade_wind SkW_U_.. |
(@ 4 Tunnal_U_Rorating ... |~
(@ 5 blade_wind SkW_U._...
@e Tunnal_U_Rorating ...
(@ 7 blade_wind SkW_U_...
@s Tunnal_U_Rorating r...
(@ 9 Tunnal_U_Rorating r...
(@ 11 tower wind Skw_U...

(@ 12 base

(@ 13 base

(@ 14 full scale Tunnal-0... mmd“ ostc swees.

(@ 15 full scale Tunnal-0... Edge mevo;:;erauon remtzd model edge count from 598 to 550 edge(s).
. Ri

(@ 16 Tunnal_U_Building C ﬂ&mm SIS

@ 17 Tunnal_U_Building B Buiding display model...
(@ 18 Tunnal_U_Building A Display model complete.

@ Performing partial diagnostic sweep.
@ 19 Tunnal_U_Building D Diagnostic sweep complete.
: mlang display model...
;i 20 tower wind SkW_U... o
(@ 21 tower wind 5kW_U... 'puw partial diagnostic sweep. ..

‘ 1J50u:\4d?ry€ .J ..... . IN) \ wmw/\c :\ ergerka Piot J
Figure 6 CFDesign Mashing

Step 7 After the model part is mashed, the model will be solved and can be changed to
the <turbulence model-, including the k- o, k-, and RNG turbulence model, as shown in

Figure 7

-g 0 Templsts & @ CJ g @ 6 .EQSEScNuMuugev & Direct ~ [y Show Al @
[Stzeg)

' Monitor Py

Add/Update [ Rules | Geometry | Materials A o ERseb Mo @) Spisr | QSBectpreion [Dedes | T |
Design Tools Conditions on: 052 Notifications | (T Edge [y Select Al [ Deselect All -
Design Study Tools + Setup Tasks |77/ simulation || Selection Type

Yesign Study Bar L ax
Q Geometry (meter) -
- 6 Scenario 1
4 & Material
4 & Air [Fixed]
@ 10 Tunnal \
4 & Concrete [Fixed) \

@ 1 blade_wind SkW_U._...
@ 2 tower wind Skw_U.
@ 3 blade_wind SkW_U_... | _
(@ 4 Tunnal U_Rorating r... |~
@ s blade_wind SkW_U_...
(@ 6 Tunnal_U_Rorating r...
@ 7 blade_wind SkW_U_...
@ 8 Tunnal U_Rorating ... [Control | Physcs | Adaptaton |
@ 9 Tunnal_U_Rorating ...
@ 11 tower wind 5kw_U...
@ 12 base £
@ 13 base
@ 14 full scale Tunnal-0...
@ 15 full scale Tunnal-0...
@ 16 Tunnal_U_Building C
@ 17 Tunnal_U_Building B
@ 18 Tunnal_U_Building A
@ 19 Tunnal_U_Building D
@ 20 tower wind SkW_U...
@ 21 tower wind Skw_U...

4 4 Boundary Conditions

Flow vl
o :
Heat Transfer

Turbuence Advanced Solar heatng
) [ Solve |||
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Figure 7 CFDesign Turbulent Model Selection

Step 8 After all steps are finished, the model will be solved, as shown in Figure 8

@ [E3 Dynamic Image g @ g 92 % Iteration/step: 160 =

E Static Image «
Summary 88 %Y 9 Global| Planes Iso Surfaces| Wall | Parts jroints)| Keport a0 Q & 0>
Image &g Animation Calculator GeAeraton 22 cove

Image | Results Tasks ~

Reporting Review ~ Iteration/Step

Yesign Study Bar & X (1) Velocity Magnitude - m/s
5.59962

@ Geometry (meter) A
- a Scenario 1 |
« &% Material
« 3% Air [Fixed]
@ 10 Tunnal
4 &% Concrete [Fixed] A
@ 1 blade_wind SkW_U_... |~
@ 2 tower wind SkwW_U_...
@ 3 blade_wind SkW_U_...
@ 4 Tunnal_U_Rorating r...
@ s blade_wind Skw_U
6 Tunnal_U_Rorating r.
7 blade_wind Skw_U.
8 Tunnal_U_Rorating r...
9 Tunnal_U_Rorating r...
11 tower wind SkwW_U... [
12 base

13 base (Pt Toble . _

14 full scale Tunnal-0... —

15 full scale Tunnal-0... S
16 Tunnal_U_Building C 4

17 Tunnal_U_Building B N

18 Tunnal_U_Building A k‘("
19 Tunnal_U_Building D
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21 tower wind S5kw_U...

< %) Boundary Conditions =N 2 A3
W R TG FEEST. Window Conver: Plot

4
3
2
1
o

Qg

Frame: 1007100

Output Bar

Iteration #160

cuguecueuaeads

ee

Start: 1 End: 1000

Figure 8 CFDesign solver

Step 9 After completely solving, torque and angular velocity can be found in summary
result file in the CFD solver, as shown in Figure 9

: y I 5 Status Fil 324 (Last) - Edit
B oF 0 08 8 8 el

[ed Static Image [ summary File | ) <4 & D 2 Vector Settings
y

Summa Global |Planes|Iso Surfaces’ ~Wall | Parts' Points | Report Add Vector: None 5
oo
Image @ Animation Calculater Generator | [T Setup File = Solve =2 Remove ~
Image Results Tacks ~ | Reporting | Review v Jteration/Step J Planes ~
Design Study Bar 8 X (1) Velocity Magnitude - m/s > A Summary “
- 69792 — —e
@& Geometry (meter) - > e ] (10 |
4 leg Scenario 1 | Job Name = Scenario1 Date created: Tue Feb 13 13:02:33 2018

4 & Material |
4 & Air [Fixed)
@ 10 Tunnal
4 & Concrete [Fixed]
J 1 blade_wind SkW_U_..
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@ 4 Tunnal U_Rorating r...
@ 5 blade_wind 5kW_U._...
@ 6 Tunnal_U_Rorating r...
J 7 blade_wind SkW_U._...

** Analysis Information
| Steady State is ON
| Turbulent Incompressible Flow is ON

m

*** Field Variable Results Summary For lteration 324

| Var Mean at  Max at  Min
1 Vx Vel +1.25742¢+000 28681 +6.00231e+000 79949 -3.26147¢+000 m/s
Vy Vel +8.07226e-002 26263 +4.76048e+000 26764 -4.52242¢+000 m/s

@ 8 Tunnal_U_Rorating r.. | V2 Vel -4.09659¢-002 35760 +4.69462¢+000 79949 -5.76436€+000 m/s
& 9 TunnalU_Rorating | Press +0.68561e-001 9244 +6.93070e+001 7182 -131191e+001 N/m*2
& 11 tower wind SkW u” Temp +0.00000e+000 300 +0.00000e+000 2717 +0.00000e+000 C N
J oA — | | TurbK +3.59092¢-001 35828 +259964€+000 2717 +181700€-008 m*2/5"2 E
12 base Procesing resats bpikn: TurbD +2.21893¢-001 11961 +1.49640e+002 16781 +3.08937¢-007 m*2/s*3
@ 13 base Results nput complete Scall +0.00000e+000 300 +0.00000€+000 2717 +0.00000e+000
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A 5 BC data structures te SV
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& 19 Tunnal_U_Building D Input processing complete Cond +128459¢-001 5 +1.10000e+000 2717 +2.56300e-002 W/m-K
e 9 ** FINITE ELEMENT SUMMARY FOLLOWS. .. SpecH +9.88016€+002 300 +1.00400€+003 5 +8.37000e+002 J/kg-K
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& Window Ce Plot
On Plane 1- Location(X=127.255 Y=125.170 7=40 8463)- Value 490343 m/s

Figure 9 CFDesign Solver Result
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APPENDIX B
CFD k-¢ Turbulence Model Result as Wind Flow from the NE



CFD k-¢ Turbulence Model Result as Wind Flow from the NE

Time  Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec) Torque N-m) Speed RPM)  Force X (N) Force Y N)  Force Z(N)
001 24552 0 174068 0.516968 -0.092353
0.01 2.67805 0 12.8947 0.0797592 -0.0759822
001 187318 0 427.809 325027 211724
001 1.104 0 569.933 557602 223992
0.02 454204 0.0468909 26.7915 0.581729 02612
0.02 442764 0.035775 449.86 333611 -20.6451
0.02 3.1948 0.0210848 606.068 52.5289 -21.851
0.03 6.82808 0.133637 38.0461 0.725862 0401232
0.03 6.77508 0.138393 33.7955 0.0466406 0.228592
0.03 7.17402 0.120337 363.345 265138 -15.6632
003 568215 0.082101 491.109 392767 -17.098
0.04 864552 0.264044 470315 0.781845 0424631
0.04 854435 0267788 423114 -0.0336484 0.510232
0.04 938421 0257351 269.636 224117 -12.5488
004 864112 0.190622 361.308 30.6903 293593
0.05 9.88862 0429161 53.0728 0.779345 039112
0.05 973415 0430973 479552 -0.101556 0.752175
0.05 109232 0436576 197.428 203871 -11.6242
0.05 979358 0.355655 260.543 19.7955 225592
0.06 10.6586 0.61802 56.7608 0.742119 -0.336074
006 10436 0.616881 51309 -0.149072 092129
0.06 119023 0.645193 151.463 11.9446 -6.53468
0.06 10.1284 0.542699 195.547 10.3559 -11.7612
0.07 11.0965 0.821585 589074 0.682908 0271947
0.07 124506 0.872511 120378 7.55813 -3.8658
0.07 103812 0.736138 152.345 54146 -7.03605
0.08 113148 1.03351 60.1454 0611378 -0.202416
0.08 109301 1.02235 54.0468 -0.181262 1.08342
0.08 127221 1.1103 100.308 531362 -2.54294
0.08 10.5221 0.934404 125282 3.03188 -5.04692
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0.09
0.09
0.09
0.09
0.1

19.0884
172567
19.9854
10.5637
21.0277

1.24961
1.2311

1.35327
1.13536
1.61417

106.894
949329
129922
108.06

114.126

0.798177
0.262075
454978
1.94752
0.73117

-0.494049
0.750898
-1.79553
-4.04966
0273896

CFD k-¢ Turbulence Model Result as Wind Flow from the NE (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec) Torque N-m)  Speed RPM) Force X N)  Force Y N)  Force Z (N)
5486 0.32607 473015 -41.7148 001713 0.048808
5486 -0.18684 43.6589 -35.8792 -0.46882 0.240094
5486 -022895 43.708 287582 03178 -0.49926
5486 -023434 343317 -18.9764 -0.0853 049914
5487 0.340863 473046 -41.8008 -0.03141 0.10442
5487 -0.14347 43.6572 -35.9677 -0.52435 0.187149
5487 -0.1655 43.7058 285529 -0.36638 -0.45528
5487 -020811 343295 -19.1966 -0.07626 -0.512
5488 0.353932 473079 -41.761 -0.022 0.164874
5488 -0.10173 43.6558 -36.2388 049777 020182
5488 -0.0787 43.7042 286284 -0.37541 -0.44529
5488 -0.19614 343275 -19.2351 -0.07081 -0.50336
54.89 0.050719 473113 -41.8633 0.095147 0.230805
5489 -0.06658 43.6548 363143 047266 0.171296
5489 -0.02356 43.7035 -29.1373 -0.36866 -0.48159
54.89 -040025 343256 -18.6075 0.03445 -0.50251
549 022333 473118 -41.8715 0.127048 0341196
549 01739 43.6542 -36.1854 -0.49464 0.170406
549  -0.03955 43.7032 -29.0092 -0.43821 -0.38627
549 -0.6984 343218 -18.2727 0.062935 -0.54899
5491 0.308476 473139 419311 0.141496 0.380095
5491 -0.19369 43.6525 -36.357 -0.51052 0.150612
5491 0.04121 43.7029 -29.1237 -0.42443 -0.38628
5491 -0.69861 343151 -18.2387 0.074493 -0.5323
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APPENDIX C
CFD k-€ Turbulence Model Result as Wind Flow from the SW



CFD k-¢ Turbulence Model Result as Wind Flow from the SW

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
secy  Torque N-m)  Speed RPM) Force X (N) Force Y (N) Force Z (N)
001 24552 0 174068 0.516968 -0.09235
001 267805 0 12.8947 0.079759 -0.07598
001 187318 0 427.809 325027 21.1724
001 1104 0 569.933 55.7602 -22.3992
0.02 454204 0.046891 26.7915 0.581729 02612
0.02 442764 0.035775 44986 333611 -20.6451
0.02 31948 0.021085 606.068 52.5289 -21.851
003 6.82808 0.133637 38.0461 0.725862 040123
003 677508 0.138393 33.7955 0.046641 0.228592
0.03 717402 0.120337 363.345 26.5138 -15.6632
003 568215 0.082101 491.109 392767 -17.098
0.04 864552 0.264044 470315 0.781845 042463
0.04 854435 0267788 423114 -0.03365 0.510232
0.04 938421 0257351 269.636 224117 -12.5488
004 864112 0.190622 361.308 30.6903 -29.3593
0.05 988862 0429161 53.0728 0.779345 039112
005 973415 0430973 479552 -0.10156 0.752175
0.05 109232 0436576 197428 20.3871 -11.6242
0.05 979358 0.355655 260.543 19.7955 -22.5592
0.06 10.6586 0.61802 56.7608 0.742119 -0.33607
0.06 10436 0.616881 51309 -0.14907 092129
0.06 119023 0.645193 151.463 11.9446 -6.53468
006 10.1284 0.542699 195.547 10.3559 -11.7612
0.07 11.0965 0.821585 589074 0.682908 027195
0.07 10.7942 0.816195 53.1378 -0.17265 1.02653
0.07 124506 0.872511 120.378 7.55813 -3.8658
0.07 103812 0.736138 152.345 54146 -7.03605
008 113148 1.03351 60.1454 0.611378 -0.20242
0.08 10.9301 1.02235 54.0468 -0.18126 1.08342
0.08 12.7221 1.1103 100.308 531362 -2.54294
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0.08
0.09
0.09
0.09
0.09
0.1

10.5221
19.0884
172567
19.9854
10.5637
21.0277

0.934404
1.24961
1.2311
1.35327
1.13536
1.61417

125282
106.894
949329
129922
108.06

114.126

3.03188
0.798177
0.262075
454978
1.94752
0.73117

-5.04692
-0.49405
0.750898
-1.79553
-4.04966
-0.2739

CFD k-¢ Turbulence Model Result as Wind Flow from the SW (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec)  Torque N-m)  Speed RPM)  Force X (N) Force Y N)  Force Z (N)
99.83 -0.00457 46.5854 343605 0.089538 0.064686
9983 002621 44.1708 29.6374 0.170634 -1.00479
99.83 0.091633 47.535 40.2323 0.547838 -0.12502
99.84 -0.17995 40.757 239956 0516273 -0.58614
99.84 -0.01161 46.5853 34315 0.067301 0.050877
99.84 -0.07077 44.1713 29.5708 0.181165 -0.9745
9984 -026722 475367 39817 0463017 0.052091
9985 -0.13505 40.7535 23.8833 0516258 -0.63005
99.85 -0.00332 46.5851 343462 0.025562 0.039276
9985 -0.13077 44.1699 29.5813 0.238344 -1.01673
9985 -0.75139 475316 393547 0.514452 0.068701
99.86 -0.03302 40.7509 24.0252 0512786 -0.64599
99.86 -0.00587 46.585 34.1477 0.105168 0.072771
9986 0.04112 44.1674 29.7848 0212274 -1.01475
9986 -1.01631 475173 38.8402 0.734958 0.092061
9987 -0.01829 40.7503 239622 0.498993 -0.64891
99.87 -0.0089 46.5849 34.074 0.152007 0.091622
99.87 0.042019 44.1682 29.8637 021975 -1.02743
9987 -0.7117 474978 38.709 0.705169 0.002594
99.88 0012824 40.75 24,0564 0.49026 -0.64755
99.88 -0.16287 46.5847 339188 0.181345 0.080055
9988 0.127362 44.169 299735 0.303615 098618
99.88 -0.68741 474843 38.6724 0.744054 -0.02297
99.89 0.007563 40.7502 24.1887 0475549 -0.61336
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99.89
99.89
99.89
999
999
99.9
999
9991
9991
9991
9991

-0.16969
0.085476
-0.55548
0.016103
-0.23662
0.091486
047753
0.004648
-0.15999
0.183031
-0.25926

46.5816
44.1714
474711
40.7503
46.5784
44.1731
474605
40.7507
46.5739
44.1748
474514

33.9493
299307
38.8164
24.0863
33.8903
299721
385414
24.1469
34.0475
30.0886
38.886

0.208409
0.35909

0.744025
0.465979
0.119593
0.302837
0.762185
0.442006
0.139447
0.259411
0.684902

0.114788
-0.98989
-0.09302
-0.60464
0.091097
-1.03678
-0.05503
-0.58825
0.120427
-1.04812
-0.0856
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APPENDIX D
CFD k-o Turbulence Model Result as Wind Flow from the SW



CFD k-® Turbulence Model Result as Wind Flow from the SW

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec)  Torque N-m)  Speed (RPM) Force X (N) Force Y N)  Force Z (N)
001 24552 0 174068 0.516968 -0.09235
001 267805 0 12.8947 0.079759 -0.07598
001 187318 0 427.809 325027 21.1724
001 1104 0 569.933 55.7602 -22.3992
002 454204 0.046891 26.7915 0.581729 02612
002 442764 0.035775 44986 333611 -20.6451
0.02 31948 0.021085 606.068 52.5289 -21.851
0.03 6.82808 0.133637 38.0461 0.725862 040123
003 677508 0.138393 33.7955 0.046641 0.228592
003 717402 0.120337 363.345 26.5138 -15.6632
003 568215 0.082101 491.109 392767 -17.098
0.04 864552 0.264044 470315 0.781845 -042463
0.04 854435 0267788 423114 -0.03365 0.510232
0.04 938421 0257351 269.636 224117 -12.5488
004 864112 0.190622 361.308 30.6903 -29.3593
0.05 988862 0429161 53.0728 0.779345 039112
0.05 973415 0430973 479552 -0.10156 0.752175
0.05 109232 0436576 197.428 20.3871 -11.6242
0.05 979358 0.355655 260.543 19.7955 -22.5592
0.06 10.6586 0.61802 56.7608 0.742119 -0.33607
0.06 10436 0.616881 51309 -0.14907 092129
0.06 119023 0.645193 151.463 119446 -6.53468
006 10.1284 0.542699 195.547 10.3559 -11.7612
0.07 11.0965 0.821585 589074 0.682908 027195
0.07 10.7942 0.816195 53.1378 -0.17265 1.02653
007 124506 0.872511 120.378 7.55813 -3.8658
0.07 103812 0.736138 152.345 54146 -7.03605
008 113148 1.03351 60.1454 0.611378 -0.20242
0.08 10.9301 1.02235 54.0468 -0.18126 1.08342
008 127221 1.1103 100.308 531362 -2.54294




0.08 10.5221 0.934404 125282 3.03188 -5.04692

0.09 19.0884 1.24961 106.894 0.798177 -0.49405
0.09 172567 12311 94.9329 0.262075 0.750898
0.09 199854 1.35327 129.922 454978 -1.79553
0.09 10.5637 1.13536 108.06 1.94752 -4.04966
0.1 21.0277 1.61417 114.126 0.73117 -0.2739

CFD k-® Turbulence Model Result as Wind Flow from the SW (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
secy  Torque N-m)  Speed RPM)  Force X (N) Force Y N)  Force Z (N)
245 0.150145 472557 30.5796 0379111 -0.10659
2451 0.058621 39.9583 16.1805 0.24233 020772
2451 0.122748 51.8733 352057 -0.22254 -0.01463
2451 -0.17256 479526 266115 0.116439 -1.54912
2451 0.141895 472586 30.0846 0.373061 -0.09567
2452 0.077241 39.9594 162101 0.242635 -0.19846
2452 0.14062 51.8756 352283 021263 -0.04716
2452 -0.15721 479493 266781 0.109388 -1.58486
2452 0.121513 472613 O\ 0.368642 -0.08885
2453 0.06521 39.9609 16.2301 0.256557 -0.14501
2453 0.151619 51.8783 35.1972 -0.22283 -0.0428

2453 -0.15315 479463 26.6596 0.116411 -1.59781

2453 0.095963 472636 294204 0.364843 -0.08137

24.54 0.077656 39.9621 16.3043 0.235802 -0.14619

24.54 0.174199 51.8812 352502 -0.22082 -0.04891

2454 -0.26391 479434 26.5329 0.147941 -1.57446

24.54 -0.0373 472655 29.1116 0.347373 -0.10527

24.55 -0.14282 39.9636 15.8841 0.229625 -0.22106

2455 0.200582 51.8845 353494 -0.21245 -0.07145

24.55 -0.28836 479384 26.5089 0.171592 -1.53995

24.55 -0.0073 472647 29.0832 0.352779 -0.08681

2456 -0.09635 39.9609 15.9483 0.214099 -0.20039

24.56 0.159931 51.8884 35.4805 -0.20909 -0.07873

2456 -0.44175 479329 262438 0.146891 -1.52003




24.56 0.026122 47.2646 29.1117 0.35383 -0.06956

24.57 -0.05921 39.959 15.9347 0.186255 -0.17142
2457 0.184423 51.8914 35.5947 -0.23033 -0.11555
2457 -0.39043 479244 264954 0.173579 -1.53227
2457 -0.09269 472651 28.8442 0.341969 -0.08755
2458 -0.09831 39.9579 15.8235 0.156392 -0.14956
24.58 -0.00217 51.8949 353521 -0.18093 -0.13659
24.58 -0.2578 47917 26.6531 0.190976 -1.55139
24.58 -0.16349 472633 28.6951 0.354371 -0.07379
24.59 -0.18806 39.956 154876 0.15181 -0.10717
24.59 0.071427 51.8949 354198 -0.18119 -0.1256

CFD k-® Turbulence Model Result as Wind Flow from the SW (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec)  Torque N-m)  Speed RPM)  Force X (N) Force Y N)  Force Z(N)
2459 -0.18119 479121 26.7861 0.190194 -1.57767
2459 -0.2305 472602 28.501 0.34894 -0.07512
246 -0.1624 39.9524 15.6061 0.128709 -0.13894
246 0.019939 51.8963 352005 -0.16581 -0.119
246 -026738 479086 26.6364 0.264386 -1.64294

246 -0.34012 472558 284432 0.320876 -0.03314




APPENDIX E
CFD RNG Turbulence Model Result as Wind Flow from the SW



CFD RNG Turbulence Model Result as Wind Flow from the SW

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec)  Torque N-m)  Speed RPM) Force X (N) Force Y N)  Force Z (N)
001 24552 0 174068 0.516968 -0.09235
001 267805 0 12.8947 0.079759 -0.07598
001 1.87318 0 427.809 325027 21.1724
001 1104 0 569.933 55.7602 223992
0.02 454204 0.046891 26.7915 0.581729 02612
002 442764 0.035775 449.86 333611 -20.6451
0.02 3.1948 0.021085 606.068 52.5289 -21.851
0.03 6.82808 0.133637 38.0461 0.725862 040123
003 677508 0.138393 33.7955 0.046641 0.228592
0.03 717402 0.120337 363.345 26.5138 -15.6632
003 568215 0.082101 491.109 392767 -17.098
0.04 864552 0.264044 47.0315 0.781845 -0.42463
0.04 854435 0267788 423114 -0.03365 0.510232
0.04 938421 0257351 269.636 224117 -12.5488
004 864112 0.190622 361.308 30.6903 -29.3593
0.05 9.88862 0429161 53.0728 0.779345 039112
005 973415 0430973 479552 -0.10156 0.752175
0.05 109232 0436576 197428 20.3871 -11.6242
0.05 979358 0355655 260.543 19.7955 -22.5592
0.06 10.6586 0.61802 56.7608 0.742119 -0.33607
0.06 10436 0.616881 51309 -0.14907 092129
0.06 119023 0.645193 151.463 11.9446 -6.53468
0.06 10.1284 0.542699 195.547 10.3559 -11.7612
0.07 11.0965 0.821585 589074 0.682908 -0.27195
0.07 10.7942 0.816195 53.1378 -0.17265 1.02653
0.07 124506 0.872511 120.378 7.55813 -3.8658
0.07 103812 0.736138 152.345 54146 -7.03605
008 113148 1.03351 60.1454 0611378 -0.20242
0.08 10.9301 1.02235 54.0468 -0.18126 1.08342
008 127221 1.1103 100.308 531362 -2.54294




0.08
0.09
0.09
0.09
0.09
0.1

10.5221
19.0884
172567
19.9854
10.5637
21.0277

0.934404
1.24961
1.2311
1.35327
1.13536
1.61417

125282
106.894
94.9329
129.922
108.06

114.126

3.03188
0.798177
0.262075
454978
1.94752
0.73117

-5.04692
-0.49405
0.750898
-1.79553
-4.04966
-0.2739

CFD RNG Turbulence Model Result as Wind Flow from the SW (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
(sec)  Torque (N-m) Speed RPM) Force X (N) Force Y (N) Force Z (N)
4984 0603213 41.1924 25735 0.253109 -0.48626
4984 0443969 46.3436 375176 0.007651 0.099881
4985 -0.00506 383817 17.858 0.049272 -0.75258
4985 047966 50.0066 36.1899 0.139008 0.044676
4985 0.582986 412039 254258 0.252011 047742
4985 0357486 46.3521 37.1558 -0.04361 0.044776
4986 -0.06043 383816 17.8209 0.071215 -0.80333
4986 -033984 499975 36.4083 0.100972 0.044263
4986 0544418 41215 25.0944 0.251042 -0.46859
4986 0.170401 46.3589 370177 -0.02811 0.025796
4987 -0.04427 383805 17.7699 0.063942 -0.81301
4987 -024865 49991 36.7074 0.076226 0.049754
4987 0483404 412254 247968 0.249497 047283
4987 -038241 463621 35937 -0.09744 0.070168
4988 -0.0424 383796 177594 0.078945 -0.8382
4988 -0.14928 499862 36.8724 0.050221 0.02366
4988 0477033 412347 249501 0.252371 046491
4988 -035984 46.3548 36.1717 -0.12573 0.172355
4989 -0.00909 383788 18.0045 0.090047 -0.86293
4989 -0.07438 499834 37.1499 0.030549 0.000716
4989 0431499 412438 247572 0.253573 -0.45072
4989 -0.64962 46.348 35707 0.07834 0.162776
499 007356 383786 179415 0.14845 -0.87616
499 003232 49982 372156 0.021291 -0.01757
499 0216308 41252 246141 0.259501 -0.40588
499 063202 463356 358143 0.177306 0.21275




4991
4991
4991
4991
4992
4992
4992
4992
4993
4993
4993

-0.05831
-0.01222
0.173416
-0.61584
-0.14292
-0.00624
0.099661
-0.52021
-0.18813
0.022721
0.169548

383772
499813
412562
46.3235
383761
499811
412595
463117
383734
49981

412614

18.1062
372111
244761
35.4664
18.1333
3722

243361
355263
18.0739
373782
243546

0.228382
0.003851
0.241772
0.188018
0.283415
0.000794
0.245744
0.189985
0.278905
0.000368
0.251521

-0.886
-0.01488
-0.38161
0.12398
-0.87169
-0.02599
-0.35969
0.089948
-0.88324
-0.0451
036318




CFD RNG Turbulence Model Result as Wind Flow from the SW (Continued)

Time Hydraulic Rotating Hydraulic Hydraulic Hydraulic
sec)  Torque N-m)  Speed RPM)  Force X (N) Force Y N)  Force Z (N)
4993 -0.13688 46.3018 35.8269 0.103443 0.018329
4994 -0.33946 383698 18.1238 0.309502 -0.84149
4994 -0.01208 499814 374015 0.00086 -0.04103
4994 0.04595 412646 242071 0.249709 -0.32969
4994 0.065066 46.2992 35.9644 0.060977 -0.0322
4995 -0.26057 383633 18.0453 0.296063 -0.86257
4995 0.024375 499812 37.554 -0.00599 -0.06572
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International Conferences
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