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The need for sustainable energy sourcesresogreater each year due to the continued depletion
of fossil fuels and the resulting energy crisis. Solutions to this problem are potentially in the form of
wind turbines for sustainable urban environmetitat have been receiving increased support. At
present a number of wind turbinefiave beendevelopedthat show significant increasen
performance compared to existing technologies. From an extensive literature, @eviember of

key issues have been highlighted which are concernedhettesign, ptimisationand diagnostics

of Vertical Axis Wind Turbines (VAWTs}hat have been used to formulate the scope of this
research.

A design procedure for ertical axis wind turbinethat features both mulblade rotor and fixed

outer stator guide vangsas been derivedn which both rotor and stator blade profiles have been
generated for a low wind speed application. In the presented wamkerical investigations have

been carried ouextensivelyto determine theoptimised design of the VAWTSIiding me#
technique has been used for the rotation of rotor blades. This new technique captures the transient
flow phenomena that occur when the rotor and the stator blades interact with each other. Hence, the
results predicted by CFD using this technique are msugberior in accuracyFurthermore, a
detailedflow field analysis of the/AWT has highlighted large asymmetries in both pressure and
flow velocity about the central axis of tMAWT in boththe stationary andhe rotating frames of
referencs.

Various gemetric parameters associated with the design of the VAWT have been investigated over
a wide range in order to analyse the effect of these parameters on the performance output of the
VAWT. These geometric parameters are the blade angles, the number sfibléte VAWT and

the size of the rotor/stator sections of the VAWT. It has been shown that all these parameters
considerably affect the performance output of the VAWT and hence have been optimised in the
present study for maximum performance output of WA&VT. One of the key elements of this

study is the development ofpeerformance prediction model of the VAWT that takes into account

the effects of the aforementioned geomietparameters of the VAWT. This novel prediction model

is both robust, usefriendly and hasshown to predict the performance output of the VAWT with
reasonable accuracy. Hence, the prediction mmatebe used by the designers of the VAWT.

Nowadays, condition based health monitoring of mechanical systems is topic of vast resedarch. Mos
of the studies in this field use experimental facilities and conventional toolboxes to handle the
output data from the sensors. With the advent of advanced CFD tools, it has now become possible
to use CFD as an effective tool for fault detection in VAWAIS attempt has been presented in this
studyregarding condition monitoring of VAWT®r sustainable urban environmelarious faults

like missing blade and slits in blade have been investigated and analysed. It has been shown that
CFD can detect thesadlts and show the effects of these faults on local flow parameters such as
pressure and velocity.
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Figure 1.1 NOVA Offshore Am-JHQHUDWRU FRQFHSW GHYHORSHG E\ :LQ(
JLIXUH SHUVLDQ :LQGPLOO > @ «««&«&KKK KKK KK KL KL KL KKK KKK KK
J)LIXUH ,QVWDOOHG ZLQG SR&Hdk xR kkWd<«RKWKH ZRUO G«

Figure 1.4 Installed capacity of top 10 countries in theldvor (a) December 2010 (b) January

R R R XS
Figure 1.5 Global Cumulative Installed Wind Capacity 1996 « « « €« « € € € « € & K

Figure 1.6 Global Annual Installed Wind Capacity 1996 « « « « « « « « « « « «

Figure 1.7GIEDO ZLQG WXUELQH PDUNHW VKDUH E\ 2(0 KRR

Figure 1.8 (a) Horizontal Axis Wind Turbine (HAWT) (b) Savonius Vertical Axis Wind Turbine
9$:7 F 'DUULHXV 9HUWLFDO $[LV :LQG 7XUELQH 9%:7 «««««

Figure 1.9 PlanviewR|l ZLQG WXUELQH VWDWRU URWRU EODGH FRQILJ

JLIXUH 'LQG WXUELQH URWRU EODGH YHORFLW\ WULDQJO
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JLIXUH 'LQG WXUELQH VWBRIR WY« E QDG « Gl J Q « « «

JLIXUH )DLOXUH QXPEHU GLVWULEXWLRQ > @ IRU 6ZHGL)\

Figure 2.1 Experimental power curves comparing the results for the S rotor with no deflector and a
small deflector at Qand 45 > @ « « €« €« & € K € € € € K € K « XXX ZZXZS

JLIXUH 7TRUTXH RXWSXW RI WKH QHZ 9%:7 GHVLJIQ > @ ««««
JLIXUH &RQYHQWLRQDO 5LGJHG DQG :LQGRZ W\SH 5RWRU!
JLIXUH 6WDWLF 7TRUTXH RQ WKH EODGHYV KDYLQJ GLIITHUHGQ
FiguUH 9DULDWLRQV LQ 3RZHU RXWSXW Z U W 7LS 6SHHG 5

J)LIXUH (lIH"'HFW RI *XLGH 9DQHV RQ WKH SHUIRUPDQFH RXW:!
JLIXUH (ITHFW RI /' RQ 3RZHU &RHIILFLHQW RI D 9%:7 > @

Figure 2.8 G vanation with rotational velocity for turbine model with two blades, for smooth and
URXJK EODGH VXUIDFHYVY > @ «««&««&&«KKKKK KKK KKK KL KKK KKK KKK

JLIXUH (I1"THFW Rl 3UHVHW 3LWFK RQ 3HUIRUPDQFH &RHIILF
Figure 2.10 Proposed Designs [B5k « « « « « & « & « & « & « & « & &« & &K & K«

JLIXUH D ORGLILHG 6WUXW 'HVLJQ E &RPSDULVRQ RI 3
Figure 2.12 Turbulent Kinetic Energy in the NeaD OO 5HJLRQ > @ ««««««
JLIXUH (ITHFW RI QXPEHU Rl EODGH¥«RQ«3RLHU &RHIILFLH
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JLIXUH O9ODULDWLRQV LQ &S EHWZHHQ ([SHULPHQWDO DQG .

Figure 4.2 Variations in normalised flow véld W\ EHWZHHQ ([SHULPHQWDO DQG

Figure 43 (a) Pressure variations af &ngular position of the VAWT having=1.689|, |
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Figure 43 (b) Velocity variations at Qangular position of the VAWT having=1.689|, |
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Figure 44 Velocity variations at various angular position of the VAWaving .=1.689, |
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Figure 45 Instantaneous torque output of the VAWT havingl.689]|, | and
/ I LCERCER GO (R R COE (AR GO (AR R (R GO O (O R (AR (O R (AR (R (¢ A LKL KK KKK KK

Figure 46 (a) Pressure variations jp¢ak instantaneous torque output of the VAWK « « «

Figure 46 (b) Velocity variations apeak instantaneous torque output of the VAWAT « « «

Figure 47 (a) Pressure variations kawest instantaneautorque output of the VAW « « «

Figure 4.7(b) Velocity variations alowest instantaneous torque output of the VAW « «
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Figure 49 (a) Pressure variatioreg O| angular position of the VAWT having=1.689, |
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Figure 49 (b) Velocity variationsat 0| angular position of the VAWT having=1.689, |
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Figure 411 (a) Pressure variationat 0| angular position of the VAWT having=11.689,

| LK KKK 67

Figure 411 (b) Velocity variationsat 0| angular position of the VAWT having=11.689, |

DQG / |(((((( LCEE COR COR GO SR GO O (R GO G COR GO (O (O (O (O (O (R (AR (I O (AR (O SO GO GO SR (O (4
Figure 412 Instantaneous torque output of the VAWK D Y L €11.689|, | and
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Figure 4.8 (a) Pressure variatiora 0| angular position of the VAWT having=21.689,
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Figure 4.B (b) Velocity variationsat 0| angular position of the VAWT having=21.689, |
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Figure 4.4 Instantaneous torque outpof the VAWT KDYLQJ . | | and
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Figure 4.5 Instantaneous torque outputs of VAWT models having ldif) H€Q<W « « « «
Figure 4.5 Effectof . RQ WKH SHUIRUPD Q Rdk dReX¥W SXdd «Re ke & $: 7

Figure 4.7 (a) Pressure variatiora 0| angular position of the VAWT having=11.689, |
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Figure 4.7 (b) Velocity variationsat 0| angular position of the VAWT having=11.689, |
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Figure 4.B Instantaneous torque output of the VAWARving .=11.689|, | and
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Figure 4.0 (a) Pressure variatiors 0| angular position of the VAWT having=11.689, |
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Figure 4.8 (b) Velocity variationsat 0| angular position of the VAWT having=11.689, |

D Q @32/357' L LEELELEK LK KK KKK KL LK K KK K

Figure 4.20Instantaneous torque output of the VAWiRving .=11.689|, | and
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Figure 4.21(a) Pressure variatiors 0| angular position of the VAWT having=11.689, |
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Figure 4.21(b) Velocity variationsat 0| angular position of the VAWT having=11.689, |
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Figure 4.22Instantaneous torque outpuf the VAWT having .=11.689|, | and
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INTRODUCTION

CHAPTER 1
| NTRODUCTION

his chapter provides an overview of current wind power tecigmd and

their associated benefits. From this review a number of key questions are

raised which correspond to recent trends observed in the micro wind energy
community and in particular the suitability of current technologies to operate
effectively within this environment. The latter part of this chapter discusses the
need for wind turbine diagnostics and how current state of the art techniques can be
implemented onto wind turbine systems to determine specific fault conditions.
Equations for the dggn ofrotor and stator bladdsve been derived. Motivation to
carry out this research and the main aims of this study are the highlight of this
chapter.
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INTRODUCTION

1.1. Wind as a source of Energy

In recent years, the number of wind turbines that have been depldyederlthe worldhas
increased considerably. According to the Global Wind Energy Council [1], thare38GW of

new wind power capacity was installed worldwide in the year 2bBfifging the total installed
capacity, by the end of 2009, to 160GW. The dgwelentand deployment of devices that generate
useful energy from the kinetic energy containethe wind are motivated largely by two objectives.
Firstly, there is a perceived neénl reduce emissions of carbon dioxide and other pollutants by
replacing bssil fuetfired power plants with renewable energy technologies. Secondly, there is a
perceiveddemand to establish an alternative to fossil fuels in the light of the finite nature and
unequal global distribution of the known coal, oil and gas resources.

The energy company BP plc [2] estimates that the generation of electricity bywibies in 2009
was over 260TWh which corresponds to merely 1.3% of the amafuetectricity generated
globally, but the share of wind energy in the electricity thagiserated worldwide is expected to
increase substantially in the coming decades. cimtribution of wind power to the future electric
energy supply will be highly dependemn governmental policies, however. Indeed, the
International Energy Agency [3] prietk, in a baseline scenario which assumes that governments
introduce no new energnd climate policies, that the share of wind energy in the global electricity
generationwill be only 5% in the year 2050. In contrast, the most ambitious scheme,-tiaeslo
BLUE Map scenario that includes the target of halving global erslgyed emissionsef carbon
dioxide by the year 2050 compared to the levels in the year 2005, projetts 2386 of the
worldwide electricity demand to be provided by wind energheyear2050. Thetarget setting of

the BLUE Map scenario is motivated by the findings of shedies that were carried out by the
Intergovernmatal Panel on Climate Change-T4 According to these investigations, substantial
changes in structure and fuion of theworldwide ecosystems are very likely to occur when global
warming, associated witincreased atmospheric concentration of carbon dioxide, exce@&ls 2
compared to thpre-iindustrial level Furthermore, it is concluded that the reductbthe emissions

of carbon dioxide by 50% by the year 2050 compared to the levtis ipear 2005 is necessary if
global warming is to be confined ta2

The curreh generation of wind turbines that are being deployed around the featldres, almost
exclusively, a thre®laded rotor with a horizontalxis configuration.In recent years, however,
there has been a resurgence of interest in both-tma@e andsmallscale verticabxis wind
turbines. The development of largeale verticabxis wind turbinesis a response to the apparent
exhaustion of the potential for significantprovement of horizontadxis turbine configurations in
the near future. For instancthe UK Energy Technologies Institute is conducting the Novel
Offshore Vertical Axis(NOVA) project [§ with the aim of installing a prototype large offshore
verticaltaxiswind turbine by the year 2020. The study hopes to demonstrate thatesticbshave
improved stability and simpler maintenance access compared to horawistalesigns. The
proposé configuration is depicted imgiure 1.1.

In contrast to current plans for providing electricity at the scale of the nagjodddy concentrating
largesaale wind turbines in onand offshore wind farms, anothgotentially effective strategy for
harvesting wind energy, particularly in the urban environmesiies on using sma#icale wind
turbines, with rotor diameters of only sevaratres. These devisean be distributed within cities
and thus contribute to a decentralisstergy supply in which the urban energy requirement is
provided by orsite energy production equipment. The design of a wind turbine that operates
efficiently within an urban area ges a significant challenge, however, since the wind irdiile
environment is characterised by frequent and often rapid changes in dirantospeed, as
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described by Mcintosh [Samongst others. In these wind conditiomsrticataxis wind turbines
might offer several advantages over horizoatas wind turbines. This is because verti@ais
turbines do not require a yaw control systemmereas horizontadxis wind turbines have to be
rotated in order to track changeswmd direction. In additionthe gearbox and the generator of a
verticalaxis turbine can be situated aetbase of the turbine, therebsducing the loads on the
towerunder unsteady wind conditions, and facilitating the maintenance of the systepririieal
advantage of thesedtures of a verticadxis configuration is to enable a somewhmire compact
design that alleviates the material stress on the tower and refgwes mechanical components
compared to a horizontakis turbine.

Figure 1.1 NOVA Offshore Aergeneratorconcept developed by Wind Power Limitiéj

1.2. Advancements in Wind Power Technologies

The mankind has been using wind power for more than thousand years for different purposes. The
earliest record showing usage of wind power for mechanical purposes igeintimcentury in

Persia. The Persian windmillO] was dragbased and was in extensive use in Arab countries
(figure 1.2) In early middle age, horizontal axis windmill appeared, and its-lsrgke production

began predominantly in England and Hollande Horizontal axis wind energy convertor usage was
wide spread. These wheels were built with around 20 blades, and in 1930s, some 8 million wheel
units were built and installed.
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Figure 1.2 Persian WindmilLO]

Half a century ago, the first wind energyneertor appeared for electricity generation purpose.
However, the first wind power plants for mass production were installed in early 1950s by a
German constructor. The project delivered the electricity far from the publicTgredblades used

in these ttbines were 10m in diameter and were aerodynamically designed. Also, these blades
could be pitched about the longitudinal axis to regulate the power capture from the wind. Some of
these turbines are still fully functional after more than 50 years in sernuring 1960 onwards,
because of the cheap availability of fossil fuel power, wind turbine technology was largely ignored.
However, in 1970 as fossil fuel price rose, the wind turbine development again gathered momentum.
This development led to mass guztion of wind turbines [1. However, because of the new
power sources like nuclear power, wind energy conversion system development got slower. The
other available energy conversion systems were producing much larger amount of electricity but
those engy sources were also producing highly radiated wastes and harmful gases. These harmful
gases resulted in greenhouse effect. Therefore, many countries signed on Climate Change
agreement (treaty) at Rio 1992: since then the use of the renewable energyesekasaccelerated.

UK is committed to reducing greenhouse gases considerably by the year 2020. Due to this
commitment, Renewable energy development program has been launched. Still, renewable energy,
including wind energy, is more expensive than othergnsources. Therefore, reduction in carbon
dioxide cannot be achieved in short term tiglo market mechanism. To promote tmsprmarket
mechanism needs to be implemented for the development of the renewable energy.

wind energy is however growing rapydlin 2006 wind turbine installation increased by 25%
across the world. UK has planned to install wind turbines to generate 2GW of electric power by
2020. In addition, wind energy industries cooperate with public sector to improve the technology
and relialdity. In Denmark more than 20% of electrical power is generated by wind energy and the
wind energy industry in Denmark has extensive research ties with universities. The main targets of
these programs are to reduce power generation costs when usingitking &ind increasing the
reliability and predictability of energy source{14].

Therefore, with the support of the government, and other stakeholders, the wind energy
development is taking place at a faster rate, and the wind power capacity is muchedlse world.

The annual report published by EWEA shows that wind energy capacity is increasing every year
throughout the worldrigure1.3shows the installed wind power capacity of the wottl [
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Figurel.3Installed wind power capacity of the warl

Figuresl.4shows installed capacity of top 10 countries in the world in January 2011 and December
2010.
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Figurel.4Installed capacity of top 10 countries in the world in (a) December 2010 (b) January
2011

Figures 1.5 and 1.6show cumulatie installed wind capacity between 1996 and 2010. The
cumulative wind power capacities increased every year, but after 2009 annual wind capacities
decreased.
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Figurel.5Global Cumulative Installed Wind Capacity 192610
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The global wind turbine manufacturing industry is dominated by a small number of original
equipment manufacturers (OEMSs). The top five OEMs, Vestas, GE, Gamesa, Enercon, and Suzlon,
had a combined 62% of the global metrkn 20@. GE is the leading USBased supplier and was
second in the world in market share in 2008. Most other companies are European and Asian OEMs.
Many European OEMs are among the most mature and competitive global companies.
Manufacturing capacity in Asia growing rapidly and five Asian companies a@v among the 13

largest OEMs.
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Figurel.7 Global wind turbine market share, by OH®008

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Hudtjeds€i¢2013)



INTRODUCTION

1.3. Wind Turbines

At present a number of wind turbines existr sustainable urban environmentth some
considerably mee advanced than others. Such technologies fall into two main categories depending
on their rotational axis relative to the ground. The first type of wind turbine is the Horizontal Axis
Wind Turbine (HAWT) which during normal operation has its axis oftiatagparallel to the ground.
These wind turbines are now considered industry standard particularly for large wind farms located
both on and off shore. An example of a typical horizontal axis machine is provided in figure 1.8(a)
where a domestic thrd#daded rotor and nacelle are depicted:

—_————— == S
e - .--L__; - . 4
lk ;I_r__L'J ) &
& \\\
‘ > H
‘ i
. i Bottom Tier
'—Jh‘
() (b) o

Figure 1.8 (a) Horizontal Axis Wind Turbine (HAWT) (b) Savonius Vertical Axis Windbine
(VAWT) (c) Darrieus Vertical Axis Wind Turbine (VAWT)

Current HAWTs have encountered a number of problems since their birth such as their
effectiveness to generate power in winds that constantly change diret@lorOh large scale
projects map systems are fitted with yawing mechanisms such that the machine can be directed
into the wind upon a change in direction. Although this control mechanism is well proven its
response times during varied wind conditions are relatively high. Further, dargeocomponent
inertias a considerable amount of power is used in directing the rotor into the primary wind
direction and hence results in further inefficiencies. Similar systems are employed in the micro
wind field in which small scale HAWTSs are fittedith a basic yawing device which consists of a

sail like paddle. Using the energy contained in the prevailing wind this paddle is yawed such that it
sits in line with the dominant stream wise flow component resulting in the rotor being subjected to
the ful force of the wind. It is seen that the most recent generation of micro HAWTSs have proven to
be widely inefficient due to this systerh7418]. Additionally, it is observed that when using this
passive paddle system further problems are experienced dhginly turbulent conditions which
result in large power fluctuations giving rise to structural and electrical instabilities. Reducing this
variation in power can therefore help prolong machine life and reduce the need for regular
maintenancel9). Such prblems have led to the development of the Vertical Axis Wind Turbine
(VAWT) as a potential successrthe horizontal axis turbine [RO

A VAWT uses similar principals as a traditional horizontal axis turbine to extract energy from the
wind using both aambination of aerodynamic lift and drag but has its axis of rotation normal to
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the ground. Vertical axis technologies have the advantage of beirdjrectional in design and
hence can accept and respond to changes in local wind direzti@3][ This ha resulted in many
micro VAWTSs outperforming equivalent horizontal axis technologies in environments where wind
direction is constantly changing. Further, vertical axis technologies have major differences in
structural dynamics, control systems and maiuee which make these machines lessiplex

and cheaper to instalFigure 1.8(b) provides an example of a typical Savonius type VAWT which
utilises the principle of aerodynamic drag as its primary torque generating mechalisugh

clear advantages ofing this technology are documented below, they have not been investigated in
sufficient detail and hence existing designs suffer from lower efficiencies when compared to more
mainstream horizontal axis machines.

X Silent running

X Low start up speed

X Only ore moving part, there is no gearbox

x Design allowsa turbine to be mounted nearerttee ground. Also suitable for commercial
roof mounting

x Giving easier access for maintenance / service

X Blends better into the environment

x Safe at high wind speeds

X Rotating dameter smaller than that of HAWT

x Safer to wildlife and birds

At this point it is important to observe two subtle differences between the Darrieus and Savonius
vertical axis rotors. The Darrieus turbine, as depicted in figure 1.8(c), operates using gmraatle
aerodynamic drag but primarily relies on aerodyitalift for torque generatianThe opposite
applies to the Savonius rotor in that its reaction type operation utilizes the principal of aerodynamic
drag and the exchange of momenturmnfriihe air tathe rotor surfaceThis report will focus on the
Savonius rotor due to its suitability for low speed environments and the similarities with the wind
turbine described in this thesis.

The basic configuration of the Savonius drag rotor hassewatcircular blades with a central gap

defined as overlap2f]. Previous studies were mostly conducted on the optimization of design
parameters such as blade number, blade shape and overlap distances. Experimental studies carriec
out by Sheldahl et akp], Sivasegana [26], Clayton R7] and Fujisawa et alB] all repat varying

power coefficientsstRU 6 DYRQLXV URWRUV UDQJLQJ IURP WR Zl
of 0.8 to 1.0. Given the high solidity of this type of rotor significant torque output sesneed

during static and rotational modes of operation making-atality consistent at low wind speeds.

Due to this high solidity/low speed design the acoustic emission from this machine during normal
operation is considerably less than the traditiogth@WT described previously. With current UK
planning legislation in mind this type of machine lent®lf to installation in the built urban
environment where noise restrictions are of primary con@8in [

One problem that was present in some machireesthe large variation in rotor torque output due

to the fixed two blade design. Upon detailed investigations into the flow fields across the machine it
was found that blade interaction effects were present on théorgure generating blade. It was
identified that unfavourable pressure gradients were the primary cause which resulted in a counter
rotating torque which significantly reduced the efficiency of the rotor. These blade interaction
effects have become one of the major limitations of this typarbfrte given torque generation is

only provided by one bucket each rotor cycle. Such limitations provide strong justification for
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exploring alternative reaction type devices which maintain similar high levels of starting torque and
provide a more consistepower delivery.

1.4. Design considerations folVertical Axis Wind Turbines

In the following section an overview of the wind turbine design specification and a step by step
design methodology is providedh@ VAWT geometryconsidered in the present study hhs

same overall geometrical dimensions as that of Co88)y [t has been chosen so that the validation

RI WKH FXUUHQW VWXG\ FDQ EH FRQGXFWdéhSst®aF bhte@istiiét & R O O |
zones as depicted in figur&.9. These zones carspond to the core, rotor and stator regions having

radii r., I and grespectivelyFurthermore, the VAWT consists of 12 equally spaced rotor and stator
blades. Thenlet DQJOH RI WKH VWDWRU EODGHV LV BIFHRE@ENWaD QW W
the blade is idine with the incident flow.

Stator Blade Passage =+ Axis of Rotation

~——Li—" Rotor Blade Passage

Figure 1.9 Plan view of wind turbine stator/rotor blade configuration

In the following, the design methodology used fothbmtor and stator blade profile computation is
described. The design equations presented aralior@nsional and correspond to an ideal flow
theory B1]. The inlet and outlet velocity triangles derived for a typical radial eftossrotor blade

are prowded infigure 1.10 Using this nomenclatura set of design equations are derived to allow

for computation of primary blade geometric features nanwiiKH VW DWRU EODrGatét RXWO
blade inletangle(/) androtor blade outlet anglé ) along with rotor blade radius (rbshown in

figure 1.1). Vg is the radial flow velocity vector at the inlet of the blade whilg M theradial

flow velocity vector at the outlet of the bladéi and Vo are the incident flow velocities armlitlet

flow velocities. Furthermore, pand My are the orthogonal components of the flow velocity vectors.
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Direction of
Rotation

Figure 1.10Nind turbine rotor blade velocity triangle

In theabove figure the direction of rotor blade rotation is taken in thectotkwise direction with

the main flow direction from right to left or radially inwards. The first stage of the rotor blade
design is to derive a relation for rotor blade inlet andjenfth respect to the flow, whirl and blade

tip velocities. This rotor blade inlet angle is subtended between the tangent of the blade and the
direction of motion. This angle can be represented by the following expression:

Zg
Zs 7t

feAL

(1.1)

This equation can be expressed in alternative form where sine and cosine functions are used on the
parameter Vas per equation (1.2).

f oAL_Z_& (1.2)

Z_Y e %o? t

Here v is defined as the blade tip velocity and allows for calculation of rotor angular velocity. Using
WKLY UHODWLRQ WKH URWRU EODGH 7LS 6SHHG 5DWLR FD
velocity relative to the frestream velocity owind speed given by:

op
L (1.3)

Modification of equation (1.2) using this relationship ¢favid gives the following:

foAL 2991 (1.4)

Z_Y e %o? t _>

This equation can be simplified for a given operating condition where rotor blade inlet angle can be
computed for a design stator outlet angle and expected tip speed ratio as per equation (1.5).

foAL 1% (1.5)

amd?»
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Using the principal of conservation of mass the following expression can be given for the
volumetric flow rate through the blade passage from inlet to outlet:

3gU:t U7 OSL @ 5, Ot 07,; US (1.6)
Simplifying equation (1.6) by removing constants yields:

Z
g (1.7)
Zge Pn

The following expression givesgVin the form of \&; Sin(/) along with a frctional constant K.
Here this constant allows for frictional losses over the surface of the blade and an initial value of
0.99 has been used for conceptual design of the rotor blade.

Zy Wl

OZN W | (1.8)

Simplification gives:

<o@L @AC%:A oA (1.9)

In the above, relations for both rotor blade inlet and outlet angles have been derived which can be
used during the design @& These relations assume the inner and outer extremes of the rotor blade
tip radii are known along with the stator blade outlet angle which has been assumed on the basis of
existing crosglow turbines. The remaining rotor blade design parameter comdsgo the blade

radius. A relation for this parameter is defined in the following section to complete the rotor blade
profile design procedure.

1.4.1. Rotor Blade derivation

This section describes the derivation of the primary rotor blade design eqwaimnallows for
computation of the full rotor blade profile. This assumes both inlet and outlet blade angles have
been computed using previous equations provided and allows for calculation of the blade profile
radius. Here two triangles namely OAC and O&®B constructed from key blade features and are
used to formulate the design equation. In order to obtain this relation two triangles are constructed
about the blade profile as shown below. Using previously described nomenclature key elements of
each trimgle can be related to critical rotor blade design parameters:

Triangle OAC:AC=rbr, OA=r. and Angle OAG180-
Triangle OBC:BC=rbr, OB=r, and Angle OBG /
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Figure 1.11Wind turbine rotor blade design

Using the cosine relation to compute side OC gibesfollowing two expressions from triangles
OAC and OBC.

6L ®E °Ft ..'»SZIF@ (1.10)
6L ©SE ©OFt ..'*SZIF A (1.112)

Solving (1.10) and (1.11) simultaneoyglives an expression to compute rbr using both inlet and
outlet angles along with and :

” n ” L ”g F . n‘}1 “ (1'12)
:6:pya m'gp pha m‘q;
or,
noon TR P? ph
L rav—P2m (113
Pva M’ pha m'q

1.4.2. Stator Blade derivation

The key feature of this cro$®w wind turbine is the use of a fixed stator guide vane to condition

the flow into the rotating rotor blade passages and enhance power generation capabilities. As
already descrilmkthe stator blade outlet angle has been used to compute the rotor blade inlet angle
such that energy losses are minimized assumingshock inlet condition. The following section
describes the design procedure for the stator blade profile when usagunation with the rotor

blade described previously. The stator blade used in this design is of fixed radius and has its inlet
blade tip tangentially constrained such that it is parallel to the main flow direction. Again two
triangles are constructed aldhe blade profile in order to derive a relation between the key blade
design parameters. Here the rotor blade inlet tjpigrof a modified form () and allows for a
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small clearance to be maintained between the two blades given variations in nogimgfact
tolerances and the nature of the fabricated prototype design. This stator blade outlet,gadus (r
taken as 0.71m from the central axis of the rotor assembly as depicted in the following figure.

90 - (ute)

sbr

rrc \}.\

Figure 1.12 Wind turbine stator blade design

Triangle OAC:OC=XB, OA=r,c and Angle AOG 0
Triangle DAB:DA=sbr and Angle ADB90- . 0

When considering XB which relates the x coordinate of position A and YB which defines the y
coordinate relative to origin O the following relation can be derived using the stator blade outlet
angle given by:

f eBL 1— (1.14)
Also relations for YB and XB can be derived using stator blade radius (sbr), stator blade inlet radius
s VWDWRU EODGH RXWOHW DQJOH . DQdEbd& HieDtip dH V XE
point A:
rLe,kFe:=EBoO (.15
F L ”qFO,,”...‘:CEB (1.16
Or in alternative form:
FL"pat<*B (1.17)
e L ”pa... “8 (1.18

Solving the above two equations yields: the following expressiong:for r
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”pa-<BL:-”;:sF-<¢.=EB (1.19

"pa--- BL "qgF e, "<.."€EB (1.20
Also,

. L'qF"a...B.."€EB (1.21)

Combining equations (1.19) and (1.21) provides a relation that allows for calculatiowloth
governs the location of point A and hence théostblade atlet tip. Hence, for a givenfrs D Q G
could be computed from the following equation:

"yas < BL :"qF;’“mY:—;”‘:‘_‘:sF-u.:EB; (1.22)

In alternative form:

! ?5A5?2qgl >e;;
o< BL @;_Y

am(>e; (2.23
Once Ohas been computed the stator blade radius (sbr) can be calculateshfration(1.21) and
hence the stator profile is fully defined for use with a rotating rotor blade. Using the design
equations deved for the rotor and stator blade profiles the wind turbine presentadithesis has
been designed.

1.5. Wind Turbine Diagnostics

Renewable energy sources such as wind energy are available without any limitations. Harnessing
this energy using wind poweechnologies allows for the potait extraction of millions of
megawattsvorldwide. In order to extract this energy effectively, the reliability of such technologies

is critical if pay back periods and power generation requirements are to be met.

Wind power technologies have experienced rapid technological advancement over the past 20 years
in aerodynamics, structural dynamics and power electronics. The integration of each of these
technologies to enhance energy extraction is paramount in the sucedssl dfirbine design and
performance. It is reported that the annual poadput ofwind turbines can be increased by the
establishment of more wind monitoring stations, improved maintenance procedures and condition
monitoring B2]. The benefits of diagntis systems that allow for characterisation of wind turbine
health are documented i8334] in which tools that allow for identification of component wear and
failure can be used to minimize wind turbine downtime. Research has therefore been focussed on
developing new Condition Monitoring Systems (CMS) and Fault Detection Systems (FQUSgfor

on wind turbines to maintain system reliability. CMS with integrated fault detection algorithms
allow for early warnings of mechanical and electrical defects toeptewmajor component failures

along with reducing side effects on other components. The need for such a system is clear and has
been shown by th&cientific Measugments and Evaluation Programwhich field tests showed

that 25% of a total number of 5508pair actions were caused by loose components, wear and
failure. Providing this early detection of component fault can be achieved, repair actions can be
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planned thus eliminating the need for reactive type maintenance. Using this strategy, machine
downtimecan be minimized considerably which is seen to have huge cost implications particularly
on off-shore applications3f.

CMS are now widely used for analysis of component condition and can be used for predictive fault
detection and preventive maintenan8ach practices are documented in the recent EN 13306:2010
Maintenance Terminology standard which can be used &rdigte remaining useful life [36The

nature of wind turbine faults is seen to vary considerably between different machines which are due
to the differences in design and system complexity. When considering the fundamental components
that make up a wind turbine system, namely rotor assembly, transmission and electronics it is clear
that such components are common to any wind power technafegge regardless of the design

and scale of the machine each is prone to component failures corresponding to the above
subsystemsFigure 1.13depicts the percentage of failure number distribution on Swedish wind
turbinesas reported ind7]. It highlights the large failure rate of blades/pitch components which is

in the order of 13.4% between 2000 and 2@4#ther studies described iBg are concerned with

types of wind turbine failure along with overall severity from a cost perspective. In this study
Kahrobaee et al report a total Cost Priority Number (CPN) of $25.5k over the period of the study
which highlights the significant costs of wind turbine faults and gives further justification for
developing improved maintenance strategies.

Distribution of Number of failures [%]

Entire unit 2,7

Hub 0,3

SOUBILE Ly Blades/Piich 13,4

,_J

e

Yaw System 6,7

Generator 5,5
Hydraulics 13,

Mechanical Brakes 1,2—
Electric System 17 5

Gears 9,8

Sensors 14.1—/ ]

Drive train 1,1

- Control System 12,9

Figure 1.13 Fdure number distribution [%] for Swedish wind power plants

It is however well accepted that at presgarticularly for large scale machindbat drivetrain

problans are most commorB89| given the lack of understanding of the flow conditions at the
installation site and standard gearbox design practice not being sufficient for turbulent wind spectra.
Such problems as documented from leading gear manufactures have resulted in a requirement for
more sophisticated condition monitoring systems that allowpfediction of specific types of

failure. At present the use of simulation based condition monitoring is at an early stage and hence
requires considerable development particularly when considering aerodynamic, structural and
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mechanical aspects which arequeed for accurate prediction of wind turbine operational
signatures. In addition and in relation to the machine described in this thesis, the use-lofahilti
technology for micro scale crefisw machines significantly increasehe probability of rabr

faults and hence any future developments in simulation based condition monitoring should have the
ability to predict micro variations in wind turbine outputs. This general research problem is
addressed in the following chapter where a detailed revidiedture in this area is conducted and

a more application based review is provided.

1.6. Motivation

From the general review carried out in this chapter a number of key areas have been identified for
further investigation in this thesis. These key areas@mneerned with the design and diagnostics of
Vertical Axis Wind Turbines(VAWTSs). VAWT provides unidirectionality and hence is well suited

to turbulent flow conditions and variations in flow directiddence, a modelling technique is
required to analysehé VAWT which can take into account these transient eff&liding mesh
technique in CFD has the ability to consider the unsteady blade interactions of the VAWT and
hence has been used throughout this study. Furthermore, it has been shown that CRBedmabe

an effective tool to predict the performance output of a VAWT with reasonable accuracy.

Optimal designing of vertical axis wind turbines is very important as far as commercial viability of
such machines is concerned. The optimal design of a VAMsidered in the present study, is
based on the blade angles. This includes the inlet and the outlet angles of the rotor blades plus the
outlet angle of the stator blades. The irdagles of the stator blades agvays aligned with the
incoming flow anchencetheir angle cannot be changed H  §. It is hence valuable to optimise

the angle of the blades in a VAWT based on the performance output. This study also provides data
for the misalignment of the blades and hence will help in providing insigbt condition
monitoring of windturbines. Anothemmportant aspect of the optimal designing of a VAWT is the
number of blades and the size of the ratatbr sections. It has been seen that tpasameters

affect the performance output of a VAWJonsderably and hence a detailed and systematic
investigation is required to understand and establish the effectsd ®® UDPHWHUV RI 9%
geometryon the overall performance output. Numerical studies have been conducted in the present
study to analyse tise effects in great detail.

A final problem identified from the general review is the requirement for wind turbine diagnostic
tools that allow for fault detection and condition monitoring. Given that new wind technologies
feature increased numbers of bladlee probability of blade faults increases considerably. Hence, a
study is required to understand the effects associated to bladetéoss the resultant torque
generating capabilities of the machine. This thesis investigates a novel area of reseadchtai
simulation based fault detection whergisrformancesignatures can be predicted and used for a
rangeof applications.

1.7. Research Aims

The specific research aims formulated for this research study are described in this section whereas
the objectivedor this study will be discussed after carrying out an extensive literature review in the
next chapter. Based on the motivation of this study, the research aims have been broken down into
the following:
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1. Optimal Design of Vertical Axis Wind Turbines basmuthe Blade Angles

2. Optimal Design of Vertical Axis Wind Tuibes based olNumber ofRotorStatorBlades
and Sze of Rotor/Stator

3. CFD Based Condition Monitoring of Vertical Axis Wind Turbines

Theaforementionedesearch aims cover a wide range of openadf the VAWTSs and hence can be
considered satisfactory for this study. Detailed literature review is presented in the next chapter
which focuses on the aforementioned research aims in order to find knowledge gaps in the existing
literature.

1.8. Organisation of Thesis

Based on the discussions presented in the previous sections, this thesis presents the body of work,
which has been carried out for the current research study.

Chaper 1 provides an overview of Vertical Axis Wind Turbin@seexpressiongor the designof
rotor and stator blades have bgeesentedA condition based health monitoring perspective for
VAWTS is also presentedzrom this overview, the motivation for carrying out this research is
described, which identifies key areas to be revieimeChapter 2.

Chapter 2 consists of a detailed review of the research that has been carried out in the area of
optimisation of VAWTSs It includes the review of published literature regardingetiect of the

blade anglesnumber of blades and size aitar/stator sectionspn the performance output of
VAWTSs. Furthermore, a review of the literature available tfa condition monitoringnd fault
detectionof VAWTS has also been presenté&ktails of the scope of research are provided in the
form of spedic research objectives.

Chapter 3 documents the fundamental principles of Computational Fluid Dynamics. It includes the
CFD modelling of theVAWTS; including the solver settings and the appropriate boundary
conditions that have been specified to sohe ftow domain. The meshing technique that has been
used for the flow domain has been discussed. Furthermore, a detailed discussiorslminthe
mesh technique used for the rotation of the rotor bledi® highlight of the chapter.

Chapter 4 shedsdit on the flow structure iINAWTS having different blade angle¥he pressure

and the velocity fields have been analysed in detail to formulateffibetsof the blade anglesn

the performance output of the VAWTANn optimal combination of the blade aegl has been
identified which corresponds to the maximum powetput ofthe VAWT. Furthermore, a torque
prediction model has been developed that takes into account these geometric parameters and link
them to the design process of the VAWT.

Chapter 5 consts of detailed studies on tledfect of the size of the VAWENd the number of
blade sin the VAWTon its performance outputhe optimal VAWT design obtained fro@hapter
4 has been numerically simulated for various rotor and statoramkblade numbs of the VAWT.
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In combination with the results from Chapter 4, an optimal design of the VAWT has been presented
Furthermore, a torque prediction model has been developed that takes into account these geometric
parameters and link them to the design psead the VAWT.

Chapter 6deals with the condition based health monitoring of the VAWTs based on missing
rotor/stator blade and slits in the rotor bladfehe VAWT. The detailed investigation reveals the
changes in the flow field within and in the vidiiof the VAWT as a blade goes missing from
either the stator or the rotor of the VAW if there is a fault within a rotor blad€he degradation

in the performance output of the WAT helps in the detection of these faults carrying distinct
signatures

Chapter7 concludes the findings of this study, clearly mentioning the goals achieved and additions
to the existing knowledge aboMAWTSs in terms of both theptimal designand thecondition
monitoring of VAWTs Recommendations for future work have alserbmcluded.
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CHAPTER 2
LITERATURE REVIEW

he following chapter provides a detailed review of the available literature in
Tthe field of wind engineering with emphasis givente vertical axisvind

turbines The main areas addressed in this chapter are associated to wind
turbine design and diagnostics which form the basis of this thesis. Within each of
these areasspecific limitations have been identified which have been used t
define thescope of the research. From swpe specificresearctobjectives of this
thesis are provided such that efforts are made to provide novel contributions in each
of the areas investigated.
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2.1. Introduction

In recent years the majorityf wind turbine research has been focussed on the development of
HILVWLQJ WHFKQRORJLHV XVLQJ ERWK H[SHULPHQWDO DQG
considerable amount of research has been communicated which documents the design and
developmenof the Vertical Axis Wind Turbine (VAWT). From a general review of literature it is
noticed that each technology produces a wide range of operating characteristics depending on both
the geometric configuration and fluid flow condition. This chapter d@mprovide a clear and
concise review of the major works conducted in this area with reference made to Darrieus, Savonius
and crosglow wind turbines. Additionally, the need for simulation based diagnostics as described

in Chapter 1 is also consideredwich a review of relevant literature in this area is documented.
Throughout this chapter emphasis will be given to reaction type wind turbines given the similarities
to the machine presented in this thesis.

2.2. Wind Turbine Optimisation

Baird et al 0] conducted a series of wind tunnel experiments on the performance output of a small
scale vertical axis wind turbine. Various blade shapes, with and without deflectors, have been
analysed for power generation from the VAWT. Pressure and power coefficientsstuap8d

blades have been drawn. It has been reported that the use of deflectors decrease the power output o
the VAWT instead of increasing(tigure 2.1)
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Figure 2.1 Experimental power curves comparing the results for the S rotor with no defle@or and

small deflector at @Gand 450 40|

Travis 41] conducted numerical studies on the aerodynamic shape optimisation of conventional
VAWT designs. Differential evolution algorithms have been used with Computational fluid
dynamics tools in order to mininesan objective function based on constraints that are represented
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by floating point values rather than binary strings. It has been shown that optimised VAWT design
shows a slight increase {2%) in the performance output of the VAWT.

Yonghai et al 42] have proposed a new design of the VAWT that increases its performance output.
The design of the new VAWT is based on a windshield attached to the end of the rotor blades.
Computational fluid dynamics based analysis has been used to analyse the perfourtutcef

this new VAWT design. It has been shown that the new VAWT design increases the torque output
of the VAWT (figure 2.2)
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Figure 2.2 Torque output of the new VAWT desidg][

Torque
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Aron [43] has conducted field test to optimise the shape of a VAW Edas the shape of the
blades. Three various shapes of a VAWT i.e. conventional, ridged and window type, have been
analysedfigure 2.3)for the torque output and it has been shown that the conventional design of the
VAWT performs better than the other twlesigns. It has also been shown that at lower wind speeds,
window type VAWT provides higher torque than ridged type VAWT whereas at higher wind
speeds the trend is opposite.

Figure 2.3 Conventional, Ridged and Window type Rot48 [

Leal [44] preselts a methodology for an automated optimization of the rotor of a vertical axis wind
turbine based on genetic algorithms. Rotor profile shape, diameter and tip speed ratio of the wind
turbine have been optimised to yield maximum power using CFD. Sevedal $it@pes have been
proposed with different twist angles and profiles.

Samuel 45 has conducted studies on the optimisation of VAWTs and presents a concept that
utilises each blade's entire rotational cycle for power generation by having adjustablenigliede
The study uses both CFD techniques and lab based tests. It has been shown that static torque anc
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optimal tip speed ratio are both greater than those with fixed blade angle design of the VAWT
(figure 2.4)

Torque (N-m)

Rotor Angle (radians)
Figure 2.4 Static Torque on the bladewing different bladangles [45]

Paul 6] carried on experimental studies on curved blade Darrieus type VAWTS to analyse the
effects of blade preet pitch on its aerodynamic performance. A VAWT has been mounted such
that its symmetrical crossectionblades intersect with the blade chord at points betwEghdéand

77 6of the chord. It has been shown that small variations in bladsepneitch/offset lead to large
variations in the aerodynamic performance of the VAWT. Efficiency and power output of the
VAWT has been shown to increase by 50%.

Colley et al 7] conducted numerical studies to analyse the effects of rotor blade position on the
performance output of a VAWT. Multiple Reference Frame approach has been used to rotate the
rotor blades of the VAWT. It has been shown that torque output of the turbireasles with an
increase in rotor tip speed ratio for all rotor blade positions. Furthermore, it has been concluded that
the VAWT power curve characteristics vary with relative rotor blade pogfigure 2.5)
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Figure 2.5 Variations in Power output w..iTip Speed Ratip47]
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Wirachai @8] conducted a series of laboratory and field tests on various blade designs of Darrieus
type VAWT. It has been reported that CFD is unable to accurately predict the performance output
of a VAWT and hence stress has beeade on performing field tests. However, the modelling
techniques incorporated within the CFD domain are not accurate enough. Only a highly simplified
model with very basic boundary conditions (not accurately capturing the transient phenomena) have
been wed that have resulted in a very crude agreement between the published and CFD results.

Manabu et al 49 have conducted experimental studies to analyse the effects of directed guide
vanes on the performance output of a VAWT. The effects of setting andlgap between rotor

blade and guide vane on power coefficient and starting characteristic have been investigated in
detail. It has been shown that use of directed guide vanes increases the peak coefficient of the
VAWT considerably. Furthermore, increasethe setting angle increase the performance output of

the VAWT (figure 2.6)

025 -
o Vane-less
020 P+ 35mm %mﬂk&;@
x 50 &gﬁt %
015 . 75 agx- 4
o S Fa
© 010 a 100 :ﬁc:ooc,oc
ol °
0.05 ~ g o
. |
0.00 a3% 2
op 0, 10 15 20 25 30
-0.05 al

(a) Power coefficient

0.15 ;
o Vane-less
35mm
010 P x 50 QDEQ%‘L%&
o 75 |ooasd|, 8
5 a 100 d % | %eq g,ﬁ
G 0.05 1o .
ey (o]
Bednagndl o
0.00
op 0B 10 15 200 x5 3P
-0.05

(b) Torque coefficient
Figure 2.6 Effect of Guide Vanes on the performance output of a VAT

Marco et al 50] conducted CFD based studies on a two dimensional model of the VAWT, having
straigh blades, in order to reduce the torque variations during the revolution by increasing blade
number. It has been shown that increase in the number of blades increases the torque output but at
the same time decreases the efficiency of the VAWT. Furthermdras observed that increase in

the number of blades reduces the variations in the cyclic torque output of the VAWT.
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CheinChang et al$1] carried out numerical studies to analyse the effects of pitch angle and blade
camber on flow characteristics andrfprmance of a small sized Darrieus VAWT. Three different
blade profiles with various pitch angles have been investigated in this study. It has been shown that
the initial acceleration of the VAWT decreases as the pitch angle increases. Furthermase incre

in the camber of the blades increases VAWT's ability ofstalfting. Hence, it has been observed

that blades of proper camber are helpful to enhance the moment coefficient at a fixed inflow wind
speedtable 2.1)

Table 2.1 The coefficient variatisrof RMS Moment and Time Averaged Reacting MomBb#jf |

i —10° —5° 0° 50 10°
NACA0012
(O 0.07696 0.07056 0.09774 0.11543 0.09056
Crts 0.09363 0.13984 0.16402 0.19564 0.27441
NACA2412
Chteans 0.09073 0.09941 0.102 0.17339 0.13726
Cuis 0.19357 020102 0.20063 0.22406 0.23361
NACA4412
Cirams 0.10338 0.09699 0.09468 0.09617 0.06906
Crs 0.1755 0.18811 0.18356 0.204 022712

Soraghanet al 2] conducted numerical studies using double multiple streamtube method to
optimise the aerodynamic performance of a VAWT having straight blades. The study introduces a
method of calulating effective lift to drag ratio based on averaged torque per cycle. It has been
shown that solidity and conning angle of a VAWT has huge impact on its optimal tip speed ratio
and power generation. Furthermore, it has been demonstrated thabtor With the same solidity

as a Virotor will operate optimally at a much lower rotational speed and attain a higher power
coefficient(figure 2.7)
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Pope b3] conducted experimental investigatioan a Zephyr type VAWT and validated the results
with numericalsimulations usingCFD tools k- 0 W X U EnXc0di@d-béerusedto perform the
transient simulations. The-3 numerical predictions are based on the time averaged Spalart
Allmaras equationsPrototype Zephyr VAWT modetonsistsof 9 stator and 5 rotor blades,
howevera modified model having stator blade guide vanes, has also been investitjated been
shownthat both numerical formulations provide correct trends for the changes of floandgs

and power coefficients for changes in the VAWT geométhe constant speed model predicts the
optimal TSR at lower wind speeds that are more likely to be found where the Zephyr turbine would
be located. The simulations also exhibit a high degreeai&bility for both configurations.

Howell [54] carried outa combined experimental and computational study into the aerodynamics
and performance of a small scale vertical axis wind turbine (VAWT). Wind tunnel tests were
carried out to ascertain overgkrformance of the turbine and twend threedimensional unsteady
computational fluid dynamics (CFD) models were generated to help understand the aerodynamics
of this performance. Wind tunnel performance results are presented for cases of different wind
velocity, tip-speed ratio and solidity as well as rotor blade surface finish. It is shown experimentally
that the surface roughness on the turbine rotor blades has a significant effect on performance. Below
a critical wind speed (Reynolds number of 30,00@) performance of the turbine is degraded by a
smooth rotor surface finish but above it, the turbine performance is enhanced by a smooth surface
finish. Both two bladed and three bladed rotors were tested and a significant increase in
performance coeffient is observed for the higher solidity rotors (three bladed rotors) over most of
the operating range. Dynamic stalling behaviour and the resulting large and rapid changes in force
coefficients and the rotor torque are shown to be the likely cause afeshtmrotor pitch angle that
occurred during early testing. This small change in pitch angle caused significant decreases in
performancdfigure 2.8)
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2.3. Wind Turbines Diagnostics

Due to recent developments in the field of wind energy and in particular the expansion of installed
capacity around the world, the need for reliable and intelligent diagnostic isoat greater
importance. As the rated capacity of wind turbines increases so does the overall system cost along
with the need to have online diagnostic capabilities. The following section describes briefly some of
the tools available not only in the fielaf wind engineering but also from the field of rotating
machinery given the similarities between the two. It assumes the reader is familiar with traditional
well established measurement techniques such as vibration, acoustic and current signal athalysis an
focuses on application issues and scope for future development in this field.

Condition monitoring and fault detection techniques have been used to predict and determine
machine faults in a diverse range of industries and are particularly commoratorgotachinery.
Hameed et al33-34] provides a general review of existing techniques used to determine wind
turbine system and component faults. The authors discuss the limitations of such technologies and
make general remarks regarding future advancesriarthis area. The major techniques described

are associated to vibration, acoustic, current signal analysis and oil spectrum analysis which have
been widely used in industry for the last 60 years. It is shown that by carrying out spectral analysis
on vibration, acastic and current signal8%-61] the nature of machine faults can be characterized
and used for predictive maintenance strategies adim@mault detection.

Andrzej et al $2] conducted a series of experimental studies on a high soliddl} soale VAWT

with different blade shapes. Wind tunnel experiments have been conducted to investigate the effects
of preset toein and toeout turbine blade pitch. The effect of blade mepaint offset was also
investigated. The results from these testspresented for a range of tip speed ratios, and compared
with an extensive data base. Results show measured performance decreases of up to 418 for toe
and increases of up to 29% for {foet blade pitch angles, relative to the zero-get pitch cas.

Also, blade mounpoint offset tests indicate decreases in performance as the mount location is
moved from midchord towards the leading edge, as a result of an inheremt t@adition(figure

2.9).
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Colley [63] conducted numerical and experimental studies on stator blade diagnostics. The
configurations of the two dimensional VAWT considered in the study comprises of 3, 6 and 12
stator blades respectively. Multiple Reference Frame (\Maiproach has been used to mimic the
rotation of the rotor blades. The tip speed ratio has been varied from 0 to 0.6 in increments of 0.1.
The results show that in the VAWT having 12 stator blades, torque output reduces as rotational
speed increased. Mamum power output of the VAWT has been noted to occur at=0SR When

stator blades are reduced to 6, power output is reduced by 50%, whereas in VAWT having 3 stator
blades, power output reduces a further 30%.

Gahatageet al [64] conducted both experimeritand numerical studies to yield maximum power

from a VAWT which inturn can be used to stir a tank. Efficiency of a basic wind turbine's design
has been shown to be a function of the shape and the number of blades. The results depict that a
provision inblade twist enhances the efficiency of the VAWT. Furthermore, it has been concluded
that a VAWT with two blades yield more power than a VAWT with three blades.

Preenet al [65] have used artificial neural networks to optimise the shape of the VAWTSss It ha
been shown that surrogate models are more efficient, less time consuming and computationally
inexpensive as compared to traditional CFD tools regarding the optimisation of VAWTs. However,
the designs proposed by these models are unrealistar as fmanfacturing techniqueavailable

are concernefigure 2.10)

Figure 210 Proposed Design$3]

Castillo[66] conducted numerical studies on the performance output of a VAWT. The aerodynamic
analysis of the VAWT has been performed using douhléiple streamtube method with variable
interference (DMSV) which is based on conservation of momentum and was developed by
Paraschivoiu §7]. It has been shown that this model performs quite well for VAWTs and can be
used as an alternative tool for aerodynamalysis of VAWTS.

Ramkissoon et al6B] conducted a series of field test on a modified design of VAWT having
NACA 0018 airfoil type blades. The modification to the design was carried out by using strut
modifiers to decrease the aerodynamic drag on theebladd hence increase the power output of
the VAWT (figure 2.11) It has been shown that using this method, the power output of the VAWT
increases up to 25% (in some cases).
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Beri et al [69] have conducted extensive CFD based studies to analyse the effects of camber airfoil
on sefVWDUWXS RI WZR GLPHQVLRQDO 9%$:7V DWamiR brceeHi\QR O
acting on cambered airfoil section have been computed from different angles of attack with fixed
pitch. It has been shown that camber airfoils have the potential istaetlait reduced coefficient of
power.

Zhang et al TO] carried out a g&s of CFD based studies to analyse the effect of numerical
schemes on the predicted aerodynamic performance of the VAWT. It has been shown that although
k-e model predicts the performance output of the VAWT with reasonable accuracy, however, the
predictal turbulent viscosity coefficient is very high. Hargreavé$] [has indicated the same
problem with ke turbulence model arfthsshown that the turbulent kinetic energy shows a spike in

the near wall regiorffigure 2.12) Hence, other models have been ssfied to be used for better
prediction of performance output in VAWTS.
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Li et al [72] conducted numerical studies to analyse the effect of solidity on the stntagled

vertical axis wind turbine. Two dimensional models of VAWTSs have been analysed for steady flow
of air through them. It has been shown that increase in solidity increases average torque output of
the VAWT. Furthermore, increase in solidity first increases the power oofptlie VAWT,
however, at higher tip speed ratios, the power output decreases.

Sabaeifarcet al [73] conducted both experimental and CFD based numerical studies to analyse the
performance output of a small scale VAWT and hence to optimise the design GAWE.

Multiple Reference Frame technique has been used to rotate the blades of a two dimensional model
of the VAWT. It has been reported that increase in number of blades increases the power output of
the VAWT (figure 2.13) Furthermore, the results redarg the effect of the solidity on the power
output of VAWT match with that of Shenmao et @] i.e. increase in solidity increases power
output at lower tip speed ratios only.
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Figure 2.8 Effect of number of blades on Power Coefficigrt]

Colley [74] conducted numerical and experimental studies on rotor diagnostics. A two dimensional
model of the VAWT has been analysed usimgitiple reference framapproacho rotate the rotor

blades. It has been shown that as a rotor blade gets detached frgdmWie the average torque

output increases. However, the experimental results show the opposite trend. It has therefore been
recommended to use a full three dimensional model for better accuracy of the results.

Atif et al [75] conducted CFD based studias the effects of cracks in the rotor blades of a vertical

axis wind turbine. Three dimensional VAWT models with various sized cracks have been analysed
using sliding mesh technique. It has been shown that as the size of the crack increases, the
amplitudeof torque variations increases considerably even though the average torque output of the
VAWT remains almost consta(figure 2.14)

Optimal Design of a Micro Wtecal Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
30



LUTERATUREEVIEW

1.1 ' " |—Healthy
—25mm Crack
—50mm Crack
1071 —100mm Crack

1.04

1.01

T/Tavg

0.98

0.95

0.92

1 1 1
0'890 pif2 pi 3pif2 2pi

Angular Position (rads)
Figure 2.4 Effect of Cracks on Torque Outputq]

Park et al T6] conducted numerical studies on the effects of missmtor blades in a vertical axis

wind turbine. Two dimensional VAWT models have been analysed using sliding mesh technique. It
has been shown that as the number of missing rotor blade increases, the torque and power outputs of
the VAWT decreases, decreagiits performance outp(figure 2.15)
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Figure 2.5 Effects of missing blade/s on Torque Output of VAW®][
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2.4. Scope of Research

The literature review presented in this chapter has shown that there are various geometric variables
within a VAWT that sigificantly affects its performance output. These geometrical features
include the blade angles, the number of blades, the size of rotor/stator sections, the height of the
VAWT etc. There is a need for a study, carried out in a systematic way that geahgfe effects

and link them to the design process of a VAWT. For this purpose, a specific range of blade angles
KDYH EHHQ FKRVHQ LQ WKH Sitd BNVE8® W MINRPG ‘to 42.86RD Q G

from 18.26t0 38.20 ZKLOH KDV #kstaht @ 99H SWDNWREHHQ NHSW FRQVWDC
GHVLIJQ UHTXLUHPHQW WKDW WKH LQFLGHQW -lire Rith &G W KH
RWKHU 7KH UDQJH RI RWKHU EODGH DQJOHV . / DQG KDV
in the manufacturing of such blades and integration of these blades withhitvesi built VAWT

shown in the next chapter (under experimental setup section). Hence, a rahfétoforiginal

VAWT to +106has been chosen for analysis in the present stadyall the results are valid in this

range of angles only. Furthermore, the number of blades has been varied between 4, 8 and 12 as the
original design contains 12 blades. Size of the VAWT has also been varied such that both the
diameter and the height tie VAWT should not exceed 1m (based on the original design of the
VAWT).

At present Vertical Axis Wind Turbines (VAWTS) are in the initial stagedevkelopment. The key
design andliagnosticchamcteristics of these machines a well understood antience primary
areas have been identified from the literature reviewirfeestigation. These areas are used to
define the general scope of this research along with spessiarclobjectives which are described

in the following section. In generalhe scope of this thesiss concerned with the design and
diagnostics of a VAWT. The first major area of this research is aimed at the investigatiotie

effect of the blade angles on the performance output of the VAWAEr transient operation using
sliding mesh techniqueThese investigations have been conducted at both micro and macro levels.
Micro level analysis is concerned with the flow fieldaracteristics across the machihéransient
modes of operatiorin general this investigation considetbe development of both pressure and
velocity fields within thestationary and rotating frames of reference namely stator and rotor blade
passages. Furthaore theunique distribution of flow around the machine is evaluated and where
possible its relatiorwith torque generating mechanisms within the rotor describktro level
analysis is aimed at understanding the machines performance characteristicguanttieation of

both the torque and power outputs of the roRigorous statistical tools halmen employed to
analyse the variations in the torque signals from the VAWT

From reviewed literaturghe torque generation capabilities of WBWT are not well documented
particularly when considerinthe angle of the blades and the angular positiaineblades within

the VAWT under transient operatiobnderstanding such characteristics is critical if the unique
behaviourof this format is to be determined and desoiparacteristicare to be highlighted. The
performancestudy is extended to consideffects related tthe number of blades and the size of the
rotor/stator sections. The highlight of these investigations is the development of the torque
prediction modelthat is both robust and user friendly. Author is not aware of any published
literatue where such a model hbsen developed for diverse geometric variables such as blade
angles, number of blades and saierotor/stator sections. Thisovel prediction modelcan be
directly used by VAWT designers while designing the blatef the VAWT.

The final area investigated in this thesis is focussed on the development of a CFD based fault
detection model which can be used to predilede faults. Although wind turbine condition
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monitoring is well documented in the form of vibration and acoutgchniques much of this
research is focussed on nbladefaults. Given the recent emphasis on mbléide rotor designs the
probability of failure is significantly increase@. detailed investigation into these faults and their
associated effects on thperformance output of the VAWT have been analysed in detail. It is
noteworthy here that the author is not aware of any published literature where CFD has been used
for flow diagnostics in VAWTSs under transient conditions. The use of sliding mesh technique
captures the unsteady complex flow phenomena which is not possible to capture using conventional
CFD tools.

2.5. Research Objectives

Based on the research aims presented in the previous chapter, and after conducting a detailed
literature review, the follving objectives have been formulated which will aid the research aims
and address the issues in the existing knowledge:

 —

. Toanalyse the effect of the rotor blade angles on the performance output of a VAWT

2. Toevaluatehe effect of the stator blade exitgh on the performance output of a VAWT

3. Toinvestigatehe effect of the rotor size on the performance output of a VAWT

4. Toformulatethe effect of the stator size on the performance output of a VAWT

5. To evaluate the effect of number of rotor blades erpégrformance of a VAWT

6. To investigate the effect of number of stator blades on the performance of a VAWT

7. TR DQDO\VH WKH HIIHFW RI D 9%$:79V KHLJKW RQ LWV SHU

8. To analysehe effect of missing rotor blade on the performance output of a VAWT

©

To investigatethe effect of missing stator blade on the performance output of a VAWT

10.To formulate the effect of rotor blade slits on the performance output of a VAWT

In order to satisfactorily achieve the aforementioned research objectives, this ustad
Computational Fluidynamictools to numerically simulate the flowithin and in the vicinity of a
VAWT. The next chapter presents the numerical modelling techniques being incorporated in this
study.
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CHAPTER 3
NUMERICAL MODELLING OF VERTICAL
AXIS WIND TURBINES

n order to investigatehe research objectives of this study that have been
identified in the previous chapter, advanced CFD techniques have been used to
computationally simulate #étransientflow of air in the vicinity of a VAWT.
The use ofCFD, alongwith a novel methodology for the rotation of the rotor
bladesthat captures the unsteady complex flow phenomemables to predict the
performance output of the VAWTor this purpos, gpropriate solver settings and
boundary conditionseeds to be specifiethat are discussed in this chapf€he
sliding mesh technique, used for the rotation of the rotor blades, is the highlight of
this chapter.
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3.1. Introduction to Computati onal Fluid Dynamics

Computational Fluid Dynamics or CFD is the analysis of systems involving fluid flow, heat transfer
and associated phenomena such as chemical reactions by means of ebagattesimulation. The
technique is very powerful and spans aevirange of industrial and nosiindustrial application

areas. Fronthe 1960s onwardghe aerospace industry has integrated CFD techniques into the
design, R&D and manufacture of aircraft and jet engines. More recently, the method has been
applied to thedesign of internal combustion engines, combustion chambers of gas turbines and
furnaces. Furthermore, motor vehicle manufacturers now routinely predict drag forces,under
bonnet air flows and the ircar environment with CFD. CFD is becoming a vital poment in the

design of industrial products and processes.

The variable cost of an experiment, in terms of facility hire and/or pessbour costs, is
proportional to the number of data points and the number of configurations tested. In contrast, CFD
codes can produce extremely large volumes of results at no added expense, and it is very cheap to
perform parametric studies, for instance, to optimise equipment performance.

3.1.1. Working of CFD Codes

There are three distinct streams of numerical solution igebs. They are finite difference, finite
element and spectral methods. Finite volume method, a special finite difference formulation, is
central to the most well established CFD codes. The numerical algorithms include integration of the
governing equatiah of fluid flow over all the control volumes of the domain, discretisation or
conversion of the resulting integral equations into a system of algebraic equations and the solution
of these equations by an iterative method.

CFD codes are structured arouhe inumerical algorithms that can tackle fluid flow problems. In
order to provide easy access to their solving power, all commercial CFD packages include
sophisticated user interfaces to input problem parameters and to examine the results. Hence, all
codescontain three main elements. These are:

X Pre xProcessor
X Solver Execution
X Post +Processor

Pre tprocessing consists of the input of the flow problem to a CFD programme by means of an
operator tfriendly interface and the subsequent transformationisfitiput into a form suitable for

use by the solver. The user activities at the prprocessing stage includes definition of the
geometry of the region of interest. It is called the computational domain. Grid generation is the sub
tdivision of the domairinto a number of smaller, notoverlapping sub+xdomains. It is also

called Mesh. Selection of the physical or chemical phenomena that needs to be modelled, definition
of fluid properties and the specification of appropriate boundary conditions atwdals, coincide

with or touch the domain boundary, are also included intjprecessing77].

The solver primarily consists of setting up the numerical model and the computation/monitoring of
the solution. The setting up of the numerical model includes$allowing:
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x Selection of appropriate physical models. These included turbulence, combustion,
multiphase etc.

x Defining material properties like the fluid, solid, mixture etc.

X Prescribing operating conditions

X Prescribing boundary conditions

X Prescribing soler settings

X Prescribing initial solution

X Setting up convergence monitors

The computation of the solution includes:

x The discretisd conservation equations are solved iteratively. A number of iterations are
required to reach a converged solution.

x Convergece is reached when change in solution variables from one iteration to the next is
negligible. Residuals provide a mechanism to help monitor this trend.

x The accuracy of the converged solution is dependent upon problem setup, grid resolution,
grid independece, appropriateness and accuracy of the physical model.

Figure3.1 describes the working of the solver.

Start
Post processing comprises the examination of the results
obtained and revision of the model based on these results.
These can be further elaborated into:

Solve the governing

equations
x Examine the results to view solution and extract
useful data. No
x Visualization tools can be used to extract the Absolute of error <
overall flow pattern, separation, shocks, shear Tolerance
layers etc.
x Numerical reporting tools are used to calculate
quantitative results like forces, moments, and Print and solve the

next line

average heat transfer -efficient, flux balances,
surface and volume integrated quantities.
x Are physical models appropriate?
x Are boundary conditions caect? End
x Is the grid adequate?
x Can grid be adapted to improve results?
x Does boundary_resolution peed toitmproved? Figure3.1 CFDSolver
X Is the computational domain large enough?

Due to the increased popularity of engineering workstations, many of whwh dutstanding
graphic capabilities, the leading CFD packages are now equipped with versatile data visualisation
tools. These include domain geometry, grid display, vector plots, line and shaded contour plots, 2D
and 3D surface plots, particle trackingew manipulations, colour postscript output etc. more
recently these facilities may also include animation for dynamic result display, and in addition to
graphics, all codes produce trusty alphanumeric output and have data export facilities for further
manipulation external to the codes. As in many other branches of CAE, the graphics output
capabilities of CFD codes have revolutionised the communication of ideas to thespeaialists.

An overview of CFD modéng is presented in figure 3.2
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Solver
Pre-Processing Equations solved on mesh
., Mesh + Transport Equations + Physical Models
e to
Maodeler Enerar + Mass | . * Turbulence
. Speu.es mass fran:tpn v Combustion
+ Phasic volume fraction v Radigtion
+ Mamentum * Multiphase
* Energy * Phase Change
* Equatiﬂn of State +  Maving Zones
+ Solver Settings , ) .
+ Supparting Physical Models s Maving Mesh
+ Material Praoperties
+ Post-Processiig + Boundary Conditions
+ Initial Conditions

Figure 32. Overview of CFD Modelling78§]

3.1.2. Numerical Formulation of Fluid Flow

The governing equation of fluid flow represents mathematical statements of the abosdas
of Physics:

x The mass of a fluid is conserved.

x 7TKH UDWH RI FKDQJH RI PRPHQWXP HTXDOV WKH VXP RI \
second law)

X The rate of change of energy is equal to the sum of the rate of heat addition to andathe rate
work done on a fluid particleF{rstlaw of thermodynamics)

The fluid is regarded as a continuum. For the flow diagnostics at macroscopic length scales, the
molecular structure of matter and molecular motions may be ignored. The behaviour ofdtie flui
described in terms of macroscopic properties such as velocity, pressure, density and temperature etc
These are averages over suitably large numbers of molecules. A fluid particle or point in a fluid is

then the smallest possible element of fluid wehosacroscopic properties are not influenced by
individual molecules.
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3.1.3. Conservation of Mass
The mass balance equation for the fluid element can be writ{@8]as

4=PREEJ?NAKBDAOEBL OAR=KABHKIHE=0EBJIPK
BHQAEHAIAJP BHQAEHOAIAJP (3.2)

For liquids, as the density is csiant, the mass conservation equation is:
&ERL T (3.2)

This equation describes the net flow of mass out of the element across its boundaries. The above
equation in longhand notation can be vert@as:

Ll EL (3.3)

This equation represents the steady, three dimensional mass conservation of the fluid or continuity
at a point in an incompressible fluid.

3.1.4. Conservdion of Momentum

1HZWRQYV VHFRQG ODZ VWDWHYV WKDW WKH UDWH RI FKDQJF
of the forces on the partic|&80]:

4=PREJ? NAKBDKI AIP QKB 5Q IKB KN ?=A® EK DA
FABHQIEEE®R PE?HA BHQE@®PE?HA (3.4)

There are two types of forces on fluid particles. These are surface forces and the body forces.
Surface forces include pmse, viscous and gravity forces while body forces include centrifugal,
coriolis and electromagnetic forces. It is a common practice to highlight the contributions due to the
surface forces as separate terms in the momentum equations and to includectseoéfbody

forces as source terms.

The x xcomponent of the momentum equation is found by setting the rate of changet of x
momentum of the fluid particle equal to the total force in thedirection on the element due to
surface stresses, plus theeraif increase of xtmomentum due to sources. The equation is as
follows:

6G E-ME-RTELEY é@EEQEERi—fES!!—f‘A (3.5)

The y and z+tcomponent bmomentum equation are given by:

6G E—ME-—ME-_2%| é@EEQEER%*ESj—fA (3.6)

lé
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6G E-HE-SPELEN é@%EQ%ER%ES!!—?A 3.7)

3.1.5. Energy Equation

The energy equation is derived from the first law of thermodynamics which stated that the rate of
change of energy of a fluid particle isuadjto the rate of heat addition to the fluid particle plus the
rate of work done on the particle:

4=PHEEJ?NAKBAANKCHE HQE=@® PE?HA
0AR = FKADA =P @ @RHBAB H QLE=@IPIE
0AR = RS KNG K KAIFDAB H QLE=@I PE ? H A
(3.8)

Conservation of energy of the fluid particle is ensured by equatingathef change of energy of
the fluid particleto the sum of the net rate of work done on the fluid particle, the net rate of heat
addition to the fluid and the rate of increase of energy due to sources. The energy eql&ifjon is

1:@ na; e aa E!:é 2 1:€ a5 1:€ a5 E
I's 1é I
a T .
L e e OF @ERCNS@ 5,
1Ké 220 1€ ax!i ag '@ ag
N 1é i i

e/7;L F@EIRQE N 2

(3.9)

3.1.6. Equations of State

The motion of a fluid in three dimensions is described by a system of five partial differential
equations, i.e. mass conservation, X, y and z momentum equations and energy equation. Among the
unknowns a& four thermodynamic variables, i.e. density, pressure, temperature and internal energy.
Relationships between the thermodynamic variables can be obtained through the assumption of
thermodynamic equilibrium.

The fluid velocities may be large, but they asuially small enough that, even though properties of

a fluid particle change rapidly from place to place, the fluid can thermodynamically adjust itself to
new conditions so quickly that the changes are effectively instantaneous. Thus, the fluid always
remains in thermodynamic equilibrium. The only exceptions are certain flows with strong
shockwaves, but even some of those are often well enough approximated by equilibrium
assumptions. The state of a substance in thermodynamic equilibrium can be descnitgzth®pf

just two state variables. Equations of state relate the other variables to the two state variables, i.e.
density and temperature. The equations of statgBa}e

LL L:ééb; (3.10)
EL E é86; (3.12)

Liquids and gases flowing at low speeds behave as incompressible fluids. Without density
variations, there is no linkage between the energy equation, mass conservation equation and
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momentum egations. The flow field can often be solved by considering mass conservation and
momentum conservation equations only. The energy equation only needs to be solved alongside the
others if the problem involves heat transfer.

3.1.7. Navier tStokes equatbns

In a Newtonian fluid, the viscous stresses are proportional to the rates of deformation. Liquids are
incompressible; the viscous stresses are twice the local rate of linear deformation times the dynamic
viscosity. The NaviertStokes equations af83]:

le le e
éGF—Ea @—E—E—AL e@-EQEERﬁ ES—A (3.12)
1é 1é
F—E @—E—E—AL e@EQ—ERF ES-A (3.13)
, 1a . - @8 1-é 1-é , é 1é 1é 1é
6G F?Ea@gETETAL e@EEQEER!—iEst (3.14)

3.2. Pre-Processing

Further details about computational fluid dynamics and difference turbulence models can be found
in any good CFD book )RU UHDGHUYfV LQWHUHVW V RéohmemRi&dNereU HJ D
[84-88]. The following sections provide detad$ the numerical modelling that has been used in the
present study. The CFD package that has been usetidvathis is known as Ansy89]. At the

time when this study was carried out, version 13.0.0 was the latest version of this package and
hence habeen used for simulations/analysis in this thesis. Th@meessing in CFD is subdivided

into two main categories, i.e. creation of the geometry and the meshing of the flow domain. This
section provides details of the geometric modelling and the medliitige hydraulic capsule
pipelines.

3.2.1. Geometry of VAWT

A three dimensional vertical axis wind turbine model, simila€tdley [30], has been numerically
created as shown in figuB3 The model has 12 rotor blades and 12 stator blades where the blade
angdes are variable in order to formulate the optimal VAWT desgtiscussed irthe next chapter)

The radius of the core regiog=0.5m whereas the radii of the stator and the rotor regions aed r

rsare 0.7m and 1m respectively. The lmigf the VAWT,h=1m.
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Figure 3.3 Geometry of the VAWT

Figure 3.4 shows the flow domain of the VAWT. The length, width and the height of the flow
domain are 13m, 9m and 3m respectively. These dimensions have been taken fron3Jjadlied [
have been used here because \thlidation of the CFD results, presented in this study, will be
carried out against the published results of Colley in the next chapter.

9m

Figure 3.4 Flow Domain of the VAWT
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Although the blade angles have already been defined in Chapter 1, figure B)Saofs the blade
angles here again. Figure 3.5(a) shows the angles related to stator blades while figure 3.5(b) shows
the angles related to the rotor blades.

Stator Blade

(@)

Rotor Blade

J

e —

Y R

(b)
Figure 3.5 Angles related {a) Stator Blades (lipotor Blades

3.2.2. Meshing of the Flov Domain

The mesh has been created in five different steps. Domain mesh has been controlled by global
sizing function i.e. maximum size of 100mm and minimum size of 0.1mm. Stator, rotor and the
core zones have been meshed for 20mm mesh sizing. The blgele lrave been meshed with
0.1mm sizing. The details of the mesh sizing being used are summarized in ti3eltable
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Table 3.1 Details of the Mesh Sizing used

Zone Maximum Size | Minimum Size Number of
(mm) (mm) Mesh Elements
Domain 100 0.1 24097
Stator 20 0.1 34075
Rotor 20 0.1 28167
Core 20 0.1 4061
Blade Edges 0.1 0.1

Figures3.6(a & b)show mesh in th# AWT and in theflow domainrespectively

&
i
s

VﬁAVA

(b)
Figure 3.6 Mesh in the (a) VAWT (b) Flow Domain
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3.3. Solver Execution

As the flow of air in thepresent stdy is at low speeds (@/sec), pressure based solver has been
chosenfor the flow diagnostics of VAWT. In thisolver, the density of the fluid remains constant
and the primary fluid flow parametehat is being solved iterativelis the pressie within the flow
domain.

As the interaction between the stationéstator)and rotatingrotor) frames of references is highly
transient, an unsteady solver has bdesignedto simulate the flow of air in the vicinity of the
VAWT. In addition to the Borementioned solver settings, there is a need to model the turbulence in
the flow as well. This is because the investigations carried out in the present study focuses on the
turbulent flow of air. The criteria for external flows (such as VAWT) to be fertius that the
Reynolds number of the flow should be higher than 500,000. Furthermore, in practical applications
of VAWTSs, the velocity of the flow normally ranges from 28¢ to 6mkec These velocities
correspond to Reynolds number of 136,917 to 410fébthe VAWT under consideration. Hence,

the flow is turbulent and a turbulence model is required to predict the parameters of turbulence in
the vicinity of the VAWT with reasonable accuracy.

There are many turbulence models available in the comm@&gEialpackage that has been used in

this study. Each one of these turbulence models has got their own advantages and disadvantages,
which can be found out in any CFD text book. As far as VAWTs are concerned, due to the
formation of a wake region downstreahetVAWT, k& PRGHO KDV EHHQ FKRVHQ IR
of turbulence. The primary reason behind choosing kKPRGHO LV LWV VXSHULRUL
modelling the wake regions and extreme pressuadignts. Most recent studialso show that k&
turbulence rodel predicts the changes in the flow parameters in VAWTSs with reasonable accuracy.

The k& LV D WZR HTXDWLRQ PRGHO WKDW LV IXUWKHU GLYLC
Standard k& PRGHO ZKHUHDV WKH VHFREGSTNSSOAISITY kB.DPROGIHEO 6 K B L
the present study, SST& PRGHO KDV EHHQ FK Reg th€foloiRdorafivietndms/ L Q F O X

x The standardk- &model and the transformed® PRGHO DUH ERWK PXOWLSO
function, and both models are added together.blérading function is designed to be one in
the neaiwall region, which activates the standdcd& model, and zero away from the
surface, which activates the transforme@®@kP RGH O

x The definition of the turbulent viscosity is modified to account for thesjport of the
turbulent shear stress.

These features make the SKT&model more accurate and reliable for a wider class of flows (e.qg.,
adverse pressure gradient flows, aerofoils, transonic shock waves) than the stagdawatlel.

Other modificationsriclude the addition of a croslffusion term in the&equation and a blending
function to ensure that the model equations behave appropriately in both tveafieard farfield

zones. Further details of S¥f& PRGHO FDQ EH IRXQG L Qndtéxt baoX and X O HQ
hence have not been included here.
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3.3.1. Boundary Conditions

The boundary types that have been specified are listdekitable3.2 The incident flow velocity
remains constant as 4m/sec throughout this study as it is a practicabpgad valuen urban
environments 7LS 6SHHG 5D WkeRt constariat D.© beRause it represents the most
common operating condition in real world practi@@olley [30]). Atmospheric conditions at
pressure outlet boundary means that zero gaagje pressure has been prescribed, which again is
expected in real world conditions. Furthermore, all the walls in the flow domain have been
modelled as nalip boundaries which mean that the flow does not slip on the surface of the walls.
This is becausan real world, zero velocity gradient is observed between the walls arftbthe
layer adjacent to the wall.

Table3.2 Boundary Typesnd Conditions

Boundary Name Boundary Type Boundary Condition
Inlet Velocity Inlet 4m/sec
Outlet Pressure Outlet Atmospheric Conditions
Surrounding Sides Stationary Walls No-Slip
Rotor Blades Rotating Walls No-Slip
Stator Blades Stationary Walls No-Slip
Core & Passages Interior Interior

As the interactions between the rotor and the stator blades are highly transient, a novel technique
has been used to rotate the rotor blades corresponding to stationary stator blades. The details of this
technique are presented in the next section.

3.3.2. Sliding Mesh

When a timeaccurate solution for rotestator interaction (rather than a tiraeeragedsolution) is

desired, sliding mesh modshould be usetb compute the unsteady flofreld. The sliding mesh

model is the mosaccurate method for simulating flows multiple moving reference frames, but

also themost computationally demandinig. the sliding mesh technique two or more cell zones are
used. Each cell zone is bounded by at least one interface zone where it meets the opposing cell zone
as shown in fjure 3.7 for VAWTs The interface zones of adjacent cell zones are associated with
one another to form a mesh interface. The two cell zones will move relative to each other along the
mesh interfaceDuring the calculation, the cell zones slide (i.e. rQtegtative to one another along

the mesh interface in discrete steps. As the rotation takes place, node alignment along the mesh
interface is not required. Since the flow is inherently unsteady, adi@pendent solution procedure

is required.The slidingmesh model allows adjacent meshes to slide relative to one another. In
doing so, the mesh faces do not need to be aligned on the mesh interface. This situation requires a
means of computing the flux across the two-nonformal interface zones of each medbrface.
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Figure 3.7 Interfaces between different zones

Theflow domain is divided into sudomains, each of which may be rotating and/or translating with
respect to thénertial frame. The governing equations in each-dolmain are written with respec

to that subdomain's reference frame. At the boundary between twalsotains, the diffusion and
other terms in the governing equations in one-cimain require values for the veltes in the
adjacent siilomain. The solver used in the present stefprces the continuity of the absolute
velocity to provide the correct neighloovalues of velocity for the subomain under consideration.
When the relative velocity formulation is used, velocities in eackdsuafiain are computed relative
to the motion othe subdomain.

3.3.3. Solver Settings

Application based solver settings are required to accurately predict the fluid flow behaviour in the
flow domain. These settings comprise:

X PressuretVelocity Coupling
x Gradient
X Spatial Discretisation

The NavierStokes quations are solved in discretised form. This refethédinear dependenaf

velocity on pressure and vice versa. Hence, a pressiglocity is required to predict the pressure
distribution in the flow domain with reasonable accuracy. In the presesy, SIMPLE algorithm

for pressurezvelocity coupling has been incorporated because it converges the solution faster and
is often quite accurate for flows in and around simple geometries such as spheres, @atiintters
SIMPLE algorithm,an approximaon of the velocity field is obtained by solving the momentum
equation. The pressure gradient term is calculated using the pressure distribution from the previous
iteration or an initial guess. The pressure equation is formulated and solved in ordeirticrebt

new pressure distribution. Velocities are corrected and a new set of conservative fluxes is calculated.

Gradients are needed for constructing values of a scalar at the cell faces, for computing secondary
diffusion terms and velocity derivativesré&n +Gauss Nodetbased gradient evaluation has been
used in the present study. This scheme reconstructs exact values of a linear function at a node from
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surrounding cell £ centred values on arbitrary unstructured meshes by solving a constrained
minimization problem, preserving a seceadder spatial accuracy.

The CFD solver stores discrete values of the scalars at the cell centres. However, face values are
required for the convection terms and must be interpolated from the cell centre values. This is
aaccomplished using an upwind spatial discretisation scheme. Upwinding means that the face value
is derived from quantities in the cell upstream, or upwind relative to the direction of the normal
velocity. In the present study!“rder upwind schemes haveem chosen for pressure, momentum,
turbulent kinetic energy and turbulent dissipation rate. The us& ofdr upwind scheme results

in increased accuracy of the results obtained.

3.3.4. Convergence Criteria

Getting to a converged solution is often necessargonverged solution indicates that the solution

has reached a stable state and the variations in the flow parameters, w.r.t. the iterative process of the
solver, have died out. Hence, only a converged solution can be treated as one which predicts the
sdution of the flow problem with reasonable accuracy.

The default convergence criterion for the continuity, velocities in three dimensions and the
turbulence parameters in Ansys 13..3.0.001. This means that when the change in the continuity,
velocitiesand turbulence parameters drops down to the fourth place after decimal, the solution is
treated as a converged solution. However, in many practical applications, the default criterion does
not necessarily indicate that the changes in the solution pararhaiee died out. Hence, it is often
better to monitor the convergence rather than relying on the default convergence criteria.

In the present study, torquaitput ofthe blades of the VAWT has been monitored throughout the
iterative process. The solutidmas been considered converged once it has become statistically
steady i.e. the variations in the torque output become negligibly small between two consecutive
rotations of the VAWT

After numerically simulating the flow adir in the vicinity of VAWT, vaious results have been
gathered from CFD. Detailed discussions on these results are presented in the proceeding chapters,
where the next chapter deals with tdpimisation of VAWT based on blade angles

3.4. Experimental Setup of VAWT

A full scale prototyp machine has been fabricated for development testing. The wind turbine uses
the same rotor/stator configuration and has a design envelope with outer diameter of 2.0m and 1.0m
in height. Within this space the machine features two distinct zones namediatbe and rotor

rings. Each of these rings contains 12 blades fabricated from 1mm thick sheet aluminium cold
rolled to create a fixed radius profile which corresponds to that computed using the design
equations. The blades are installed such that a 3f)flanspacing is maintained and hence blades

are equally spaced relative to the central axis of rotation which is concentric to the transmission
shaft. The material used is aluminium due to its lightweight and relatively stiff characteristics once
formed.Both stator and rotor blades are located between two supportbotgsabove and below

the blade end sections. In order to fix the blade in place a tab is created on the bottom of each blade
which mates to a slot in each of the rings, hence during epethe blades are held in shear. Both
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stator and rotor assemblies are located by two cradle like structures on the upper and lower sides of
the machine. At the centre of each cradle is a bearing housing which is welded to each of the
support arms which emects to the blade support rings. The vertical and radial position of the rotor

is maintained using two taper roller bearings which provides a fixed tip clearance of 10mm between
the rotor and stator assemblies. For reference the stator and rotor supgsrre laser cut to

ensure high accuracy and reduce material distortieigsire 3.8shows the full scale wind turbine
prototype.

Figure 3.8 Experimental Setup of the VAWT (a)oTdiew (b) Side View (c) Control System

The wind turbine test rig consists of a low speed wind tunnel with a 0.6m x 0.6m square test
chamber and a fulbcale prototype wind turbine as per the baseline geomegsgnted in Chapter 1

This arrangement haked wind turbine positioned downstream of the wind tunnel test chamber exit
and hence is studied under jet flow conditions. The turbine has been instrumented such that
operational and performance related data can be obtained via a data acquisition caetview

of the wind turbine system used is provided in figure 3.9.
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Figure 3.9 Wind Turbine System

The wind turbine is mounted on a square box section profile frame. The square frame is fabricated
from 40mm x 40mm x 4mm box section steel and fillet weltgether such that it is structurally

rigid. The machine is mounted to the top surface of the frame and is held in place using eight
equally spaced M10 x 60mm cap head bolts. To allow for easy access and adjustment of the
machines position relative togtwind tunnel exit, the frame work uses castor wheels such that the
machine can be aligned in any orientation. During operation the frame work is lifted off the ground
using adjustment screws which are located on mounting platforms such that the mastiiie it

high wind and rotational speeds.

3.4.1. Transmission System

The turbine consists of two zones namely the stator blade ring and the inner rotor ring each
containing twelve blades. Both blade zones are held in place using four angled support sections
which minimize flexing during operation. The rotor assembly is located on a central transmission
shaft which in turn is located with two bearing housings at the top and bottom as shown on the
above figure. To keep the transmission shaft fixed, two holgg@red in both the upper and lower
bearing carriers. Using four M10 grub screws both the rotor and transmission are held at fixed
position with zero slip. To transfer power from the shaft to the generator a simple gearing
arrangement is used to increaseegator shaft speed by a ratio of 8.3:1 relative to the input shatft.
The gearing arrangement used in this setup consists of a pair of matched, lightened and balanced
VSXU JHDUV ZKLFK DUH VI\QFKURQLVHG ZLWK D WRMidu@ WRRW
3.10.
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Figure 3.10 Transmission System

3.4.2. Power Generation

The power generation system used at the output of the turbine transmission shaft is described in the
following section. This generation system contains the generator, power analyseey reesistive
load and data acquisition system. Using this system it is possible to generate AC current, control

wind turbine rotor speed and sample +&ale instantaneous three phase current and voltage data.
This system is depicted by figure 3.11.
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Figure 3.11 Power Generation System
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The three phase current output is connected to an AC power analyser which contains a series of
current and voltage transducers and an individual power supply. As shown in the figure the primary
three phase current enterge inalyser where it is fed into an AC/DC rectifier such that a DC signal

is produced. This rectifier is required given the type of resistive load bank that is used to control
wind turbine rotor speed. On the opposite side of the analyser six terminpleseat each with a

linear G10v output. These terminals allow for acquisition of instantaneous current and voltage
which in this case is connected to a high speed data acquisition system. Two further signals taken
from the torque transducer unit namelygiee and speed are fed into the data acquisition which is
sampled with the electrical data. The output of this DAQ is then connected to a PC for post
processing.

3.4.3. Complete System

The primary apparatus used for experimental studies is a low speed winl] wumok features a
0.6m x 0.6 test chamber and 0.8m diameter axial fan. Figure 3.12 depicts the working sections of
the wind tunnel from a side elevation.

2m
Wind Tunnel’s Exit Plane A
\
\ >
—
5 / 1m
—
> Axis of Ratation
Flow Direction
I\ v

VAWT

s
— N
i

Ground

Figure 312Wind Turbine System in XZ Plane

Furthermore, figure 33shows the turbine from a plasew orientation in the XY plane. This view
provides information of how the machine is constrained in an angular direction. Here, the turbine
geometry is aligned to the test chamber wall using a parallel constraint between the outer chamber
wall and a lire that is fixed tangentially to the outer stator tip. This line is taken from the central
axis of the turbine geometry and extended radially where it meets the stator tip face.
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Figure 3.B Wind Turbine System in XY Plane

3.4.4. Instrumentation and Specifications

The major instruments used are associated to flow and rotor torque/speed measurement. The fan,
used to provide mass flow air through the wind tunnel, is of axial type operation using a pneumatic
regulator to control the pitch of the blades. The spetiba of the unit is provided in table 3.3.

7TDEOH 'LQG 7XQQHOYV $[LDO )DQ 6SHFLILFD\
Manufacturer Woods Air Flow

Model Type 71KG/40A/F Class/380/420V

Air Pressure 1.76 Kg/eni

Speed Range 0 +2950 rpm

Control Type Varofoil Pneumatic

To obtainflow field data at the exit of the wind tunnel along with the angular distribution about the
wind turbine a cobra head pressure probe has been used connected to a high speed data acquisitior

The specifications of th€obra Probare provided in table 3.4.
Table 3.4& REUD 33pecHthfovis

Manufacturer Turbulent Flow Instruments
Model Cobra 1.5mm head
Number of Velocity Component 3
Conical Head Range +45°
Frequency 1.25 KHz
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The generator used is of permanent magnet type and is connected todharhine transmission
shaft. The generator specification is provided in table 3.5.

7DEOH 3RZHU *HQHUDWRUYTV 6SHFLILFDWLR
Manufacturer Wind Blue Power
Model DC 1540
Number ofPoles 7
Output 15A at 2000rpm using 12V batter

To characterize the@erformance of the turbine both torque and speed data is taken from the
transducer unit mounted between the generator and the bottom bearing arrangement of the rotor as
per figure 3.9. The specification of the torque transducer is provided in table 3.6.

TDEOH 7TRUTXH 6SHHG 7UDQVGXFHUYYV 6SHFLIL
Torque Rating 100N-m
Speed Rating 30,000rpm

Torque Scale Equation

Torque (Nmm)=20 * V

Speed Scale Equation

Speed (rpm)¥ + 1.577/1.388

Overload Capacity

1.3 x rated torque, 2 x rated torque

Break Capaity

> 5 rated torque

Altering Torque

1 x rated torque

Protection Class

IP40

Speed Transducer

60 Pulses

Linearity Deviation

< 0.1% of full scale

Hysteresis

< 0.1% of full scale

Device Class according to DIN 51 30

Typ 0.2% (depends on measured vaki@D% rated

torque
Limit Frequency 1 kHz
Output +5V at rated torque
Load Resistance I N

Nominal Temperature Range

+10C to +60C

Temperature Influence on Zero

0.05% / 10K

Torque Control Signal

100% + .02%

Power Supply

16 +30V DC

Current Consumption

110 mA

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, SchebélComputing and Engineering, University of Huddersfield, UK (2013)

53




NUMERICAMODELLING QfERTICAAXISWIND TURBINES

Analogue data is obtained using a Sinocera AD convertor having the sq@mifs provided in
table 3.7.

7TDEOH '‘DWD $FTXLVLWLRQYYV 6SHFLILFDWLF
Manufacturer Sinocera
Model YEG
Resolution 24Bit
Number of Channels 16
Sampling Frequency 96kHz
Accuracy +0.4%

3.5. Summary

This chapter provides a summary of the CFD modellimfprigjues that have been used in the
present study. In addition to the fluid flow governing equations, a special attention has been given
to the solversettings being usedBoundary types and conditions have been mentioned in detail.
Sliding mesh concept Isabeen discussed in order to understand the modelling of this technique.
The experimental setup, along with the specifications of the various instruments used, has been
mentioned in detail.
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CHAPTER 4

OPTIMISATION OF VERTICAL AXIS WIND
TURBINES BASED ON BLADE ANGLES

SWLPLVDWLRQ RI D YHUWLFDO D[LV ZLQG WXUELC

present chapter, based on the blade angles. Recent studies have shown that

these anglesan considerably affect the performance output of a VAWT.
Hence, a thorough qualitative and quantitative analysis has been presented here that
makes use of local flow parameters such as flow velocity and pressure. The effect
of blade angles has been invgated on the global output parameters such as
torque output and power output of a VAWT. Furthermore, a neseliempirical
expressionfor torque coefficienthas been developed that takes into account the
effect of the blade angles and hence, is the igighbf this chapter.
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4.1. Mesh Independence Tests

As discussed in Chapter 3, three different meshes with 0.85, 1.7 and 3.4 million mesh elements
were chosen for mesh independence testing. The results obtained, shown in table 4.1, depict that the
difference in the average torqoetput ofthe VAWT is 6.6% between 0.85 and 1.7 million mesh
elements whereas the difference between 1.7 and 3.4 million mesh elements is 1.5%. It can
therefore be concluded that the mesh with 1.7 million elements is cageateurately predicting

the complex flow features in the vicinity of the VAWT and hence has been chosen for further
analysis.

Table 4.1 Mesh Independence Results

Mesh Sizgmillion) Average Torque OutpgN-m) Percenta((g);/s Differenc
0.85 20.17
17 21.61 6.6
34 2193 1.5

4.2. Validation of CFD Results

One of the most important steps while conducting numerical studies is the validation of the results.
This means that the results obtained from the numerical simulations are compared against
experimenthfindings to confidently authorise that the numerical model represents the physical
model of the real world. Hence, all the geometric, flow and saoblated parameters/variables
become important in validation studies.

For the present study, the numericeodel has been validated against the experimental findings for
the average torqueutput ofa VAWT consideredoy Colley [30]. Thesize of the VAWT and the
EODGH DQJOHYV |UR Pb&ehnotéits eftauratedylyalidate WD results. The geometric
details of the VAWTare shown in tablé.2

Table 4.2Geometric Detail®f the VAWT

Geometric Entity Symbol Value
Height of the VAWT h im
Radius of Stator rs Im
Radius of Rotor r 0.7m
Radius of Core re 0.5m
6WDWRU %ODGH 90°
6WDWRU %ODGH . 11.6890
5RWRU % Odd &hgle V 28.20
5RWRU % etact T\ / 32.3576
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In order to accurately validate the CFD model, same flow conditions have been specified as in
ColleyV VW XG\5land v=4m/secFigure 4.1 depicts the variations in the coefficient of
pressure () between angular position8Z06to 36000f the VAWT at a radius of 1.025m, where

C, is defined as:

0 E?Es

g L 18 & (4.1)
In equation (4.1), P is the local pressurejgthe free stream pressuee/eraged at inlet boundary),
' LV WKH GHQVLMW\thR freD kttéard Qo& vElocity (averaged at both inlet and outlet
boundaries). It can be seen in figure that the CFD model considered in the present study predicts
the performance of a VAWT with reasonable accuracy. The average difference between the
experimental and CFD results have been calculated to be less than 10%.

0.8 —Experimental

0.6 & CFD

Cp

o}

[ ]
______...--"'
~

270 300 330 360

Angular Position (*)

Figure 4.1 Variations in (hetweerExperimental and CFD Models

Furthermore, figure 4.2 depicts the variations in the normalised flow velocity, where the velocity
has been normalised with average flow velocitlugabetween angular positiors8206to 360060f

the VAWT at a radius of 1.025m. It has been shown that the velocity variations predicted by the
CFD model, considered in the present study, have a close agreement with that measured
experimentally.
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Figure 4.2 Variations in normalised flowlweity between Experimental and CFD Models

4.3. Performance Output of the VAWT

Before analysing the effect of the blade angles on the performance output of a vertical axis wind
turbine, it is necessary to first analyse the flow structure in the vicinity oV&W&T so that
important flow features can be described and an overall understanding of the local flow structure is
established.

Figure 4.3(a) depicts the pressure variations in the vicinity of a VAWT having blade aonfles
=16899 8.20D Q G 2/357 ¢at Otangular position of the VAWT. It is evident from the figure

that the windward side of the VAWT has regions of high pressure whereas the leeward side of the
VAWT shows comparatively lower pressure. This is due tofdlee that the as the incident flow
strikes the windward side of the VAWT, it transfers a large portion of its momentum to the blades
in the said region. Due to concave shape of the blades at the windward side of the VAWT, the
pressure forcesre exerted o the blades of the VAWT. Similarly, due two-slip boundary
condition at the blades, viscous forces are being exerted on the blades of the VAWT. Under the
action of the pressure and the viscous forces, the blades of the VAWT rotate.
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Figure 43(a) Pressurevariationsat Oéangular position of the VAWHaving .=1.689¢ 8.2 dand
/| 23576

As a major portion of the incident flow is being blocked at the windward side of the VAWT due to
the orientation of the blades, a relatively low pressure regiohserved at the leeward side of the
VAWT. It can be further noticed that the upper section depicts lower pressure than the lower
section. This is because the blockage effect is more severe on the upper windward section as
compared to lower windward sectiohthe VAWT due to the orientation of the blades. Hence, the
flow enters the coreegion throughthe passages formed in the lower windward section of the
VAWT.

In order to furtheranalyzethe flow structure in the vicinity of the aforementioned VAWT, eélp
variations are being depicted in figur&@). It can be seen that the flow velocity is higher at those
locations where the flow passes through the passages formed due to the orientation of the blades.
These passages are formed at the lower windsidedof the VAWT. The flow then enters the core

region and exits through the upper leeward section. Due to the blade orientation, the flow is
UHVWULFWHG WR H[LW WKH 9%$:7 WKURXJK WKH ORZHU OHHZCLC
creating a lowelocity region.
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Figure 43(b) Velocity variations at @angular position of the VAWT having=1689¢ 8.2 tand
| 23576
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An important point to note at this moment is that the formation of the flow passages changes as the
angular position of the VAW changes. This cabe seen in figure 4(a & b) where twddifferent

flow passages combinations are shown. It can be noticed that the path taken by the iogident fl
different in thecases shown and is dependent on the angular position of the VAW TedDensy,

the performance output of the VAWT will also be seen to be dependent on the angular position.

e
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(b)
Figure 44 Velocity variations of the VAWThaving .=1.689% 6DQG / dat(a) 18yb)
15 éangular position of the VAWT

In order to quantify the performance output of the VAWT considered here, the instantaneous torque
output for one revolution of the VAWT has been plotted in figuke i can 2 seen that the torque
output ofthe VAWT is cyclc with the number of peaksilleys equal to the number of rotor and
stator blades. It is observed that the amplitude of instantaneous toutue of the VAWT
decreases as the angular position of the VAWfeases. This is due to the orientation of the blades
within the VAWT.
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Figure 45 Instantaneous torque outmftthe VAWT having .=1689¢ 8.20D Q G 2/35706

In order to understand the dynamics behind the trend observed in instantaneousutpgjuefthe

VAWT, it is essential tanalyse the flow structures and the angular positions of the VAWT that
correspond to the peaks awalleys observed in figure 3. Figures 46(a & b) show the pressure

and velocity variations in the vicinity of the VAWT at that angular position which corresponds to
the peaks in the instantaneous torqueéput of the VAWT. It can be seen that peaks het
instantaneous torquautput ofthe VAWT appear when the rotor and the stator blades dneein

with each other. This results into large uniform passages for the incident flow, hence increasing the
torque output. Comparing figure6da) with figure 43(a), it can be seen from the scale in both the
figures that the maximum pressure has increased, increasing the torque output. Furthermore,
comparing figure 4(b) with figure 44(b) suggests thalarger flow passages are availab
leeward section in fige 46(b) through which flow can take place.
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Figure 46(a) Pressurgariations apeak instantaneous torque outptithe VAWT
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Figure 46(b) Velocity variations apeak instantaneous torque outptithe VAWT

Figures 4/(a & b) show the pressure amdlocity variations in the vicinity of the VAWT at that
angular position which corresponds to tadleysin the instantaneous torqoetput ofthe VAWT.

It can be seen thatlleysin the instantaneous torqoetput ofthe VAWT appear when the rotor
andthe stator blades ane such an orientation that forms raniform passages for the flow to take
place Comparing figure Z(a) with figure 46(a), it can be seen from the scaleboth the figures
that the maximumand minimumpressurs have decreased sigficantly, decreasing the torque
output ofthe VAWT. Furthermore, comparing figure7gb) with figure 46(b) suggests thdhere is
more blockage at both the windward and kbeward sectiomwhich results into reduced torque
output ofthe VAWT.
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Figure4.7(a) Pressure variations latvest instantaneous torque outpfithe VAWT
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Figure 47(b) Velocity variations alowest instantaneous torque outpéithe VAWT

Further quantifying the performance outmiftthe aforementioned VAWT, table 4.3 shows the
maximum, minimum, average, maximum amplitude and standard deviation in the instantaneous
torque output shown in figure 4.3he standard deviatioshows how much variation exists from

the averagealue and is defined as:

Av2s:
| ?25

-&f’d 8§ (4.2)

A low standard deviation indicates that the data poimtd te be very close to the mean whereas
high standard deviation indicates that the data points are spread out over a large range of values.

Table 4.3 Statistical analysis of the instantaneous torque aftthe VAWT having .=1.689¢

oDQG / §
Torque Output (N-m)
Maximum 28.36
Minimum 23.92
Average 26.60
Max - Min 4.44
Std. Dev. 1.37

After the general flow field analysis and discussions regarding the performance outet
VAWT, the effects of the bladangles shown in figure4.8, on the performance output have been
discussed in the following sections.
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Figure 4.8 Blade Angles of a VAWT

44. (IIHFW R . eRf@mahkaOuBput of VAWT

In order to analyse the effectof RQ WKH SHUIRUPDQFH RXWISNWORIGIHKH 9%
11.6890and 21.896KDYH EHHQ FKRVHQ IRU WKH £18.26M\Q&2/3S%U SRV
constant. The complete set of results can be seen in Appentliis hoteworthy at this point that

only specific range of bladea@yHVY KDYH EHHQ FKRVHQ LQ WKis 23.88%V HQW
/| TURP 6to 42.3576D Q G lURte 38.26 ZKLOH KDV EHHQ NSHSKADWV¥RQV
been kept constant because of designrequirements that the incident flow and the Rt&t EOD G H
inlet should be idine with each other7 KH UDQJH RI RWKHU EODGH DQJOHYV
keeping in mind the difficulties in the manufacturing of such blades and integration of these blades
with the inrhouse built VAWT shown in therevious chapter (under experimental setup section).
Hence, a range o0 &to original VAWT to +106has been chosen for analysis in the present study

and all the results are valid in this range of angles only.

Figures 4.9a & b) depicts the pressure andlacity variations in the vicinity of the VAWT for
.=1.6890 It can be seen that there exists a high pressure régmng upto 39.5Papn the
windward side of the VAWT whereas the pressure is lower on the leeward side of the VAWT.
Furthermore, the pressiis comparatively low on the upper section as compared to the lower
section due to the orientation of the blades.
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Figure 4.9a) Pressure variatiorsd OGangular position of the VAWT having=1.689¢ Gand
| 2.3570

Further analysing the flowrsicture in thevicinity of the VAWT, figure 4.9b) depicts that the flow

velocity is considerably high within the passages formed on the windward side due to the
orientation of the blades. The velocity goes up to as high as 8.12m/sec where the inondent flo
velocity is 4m/sec. The reduction in the effective flow area, as these passages are formed, increases

the flow velocity.

3.65e+00
3.25e+00
2.84e+00
2.44e+00
2.03e+00
1.62e+00
1.22e+00
8.12e-01

4.06e-01

0.00e+00

Figure 4.9b) Velocity variationsat Odangular position of the VAWT having=1.6899 dand
/ 0

In order to quantify the performance output of the VAWT considered here, the instantaneous torque
output for one revolution of the VAW has been plotted ifigure 4.10 It can be seen &b the

torque output of the VAWT is cyid with the number of peaksilleys equal to the number of rotor

and stator blades. It is observed that the amplitude of instantaneous torque otiteuV AW T
increases as the angular position of the VAWT increddws is due to the orientation of the blades
within the VAWT.
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Figure 4.10nstantaneous torque outmftthe VAWT having .=1.6896 6DQG / 6

Further quantifying the performance output of the aforementioned VAWT, table 4.4 shows the
maximum, minimum, average, maximum amplitude and standard deviation in the instantaneous
torque output shown in figure 4.10

Table4.4 Statistical analysis of thestantaneous torque output of the VAWT having..689¢

oDQG / 6
Torque Output (N-m)
Maximum 23.81
Minimum 19.33
Average 21.93
Max - Min 4.49
Std. Dev. 1.23

Figures 4.1(a & b) depicts the pressure amélocity variations in the vicinity of the VAWT for
.=11.6896 N HH $L82& D Q &2/3576constant.In comparison with figure 4(8), it can be

seen that the low pressure regions on the leeward side are bigger. Furthermore, the low pressure
regions onhtie upper and lower sections penetrate much further into the core region of the VAWT.
This low pressure in the core region forcesitfegdent flow to exert more force on the blades of the
VAWT, hence increasing its torque output.
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4
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Figure 4.11a) Presswvariationsat Oéangular position of the VAWT having=11.689% o]
DQG / o

Figure 4.11b) depicts the flow velocity variations in the vicinity of th&WT. In comparison with
figure 49(b), it can be seen that the flow velocity is considerably lower in theagas formed on
the windward side of the VAWT. This strengthens the argument given earlier regarding the exertion

of higher forces on the blades due to more pressure difference between the windward side and the
core region of the VAWT.

3.65¢+00
3.25e+00
2.84e+00
2.44e+00
2.03e+00
1.62e+00
1.22e+00
8.12e-01
4.06e-01
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Figure 411(b) Velocity variationsat Oéangular position of the VAWT having=11.689% 0
DQG / 0

The instantaneous torque output for one revolution of the VAWK been plotted in figure 4.12. In
comparison with figure 4.10t can be clearly seen that the torque output of thisemnotl the

VAWT is considerably higher than the one discussed earlier hawh@896 Furthermore, it can

be seen that the amplitude of instantaneous torque output remains constant in each cycle which is
FRQWUDU\ WR WKH WUHQEBIREVHUYHG HDUOLHU IRU
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Figure 412 Instantaneous torque outmftthe VAWT having .=11.689) 06DQG / 0

Table 4.5 provides the statistical analysis of the torque output from the VAWT. It is noteworthy that
WKH DYHUDJH W RA1I6886iskhighersbawfot.R16890by 7.3%. Furthermore, it can

also be seen that the maximum amplitude has decreased by 4.4% because of rimecyniés
observed in figure 4.12Analyzing the standard deviations from both the models, it can be seen that
the standard deviation ikigher in case of.=11.6896 as compared to.=1.689dalthough the
maximum amplitude has reducethis is because some additional pelkse been observed in
figure 4.12 These peaks are much lower in magnitude than the standard peaks but still contribute
significantly to the average torque output of the VAWT. It has been observed that these smaller
peaks are formed when rotor blades come exactly in between two stator blades, forming two
uniform, but smaller, flow passages. These passages are not thawestisch single large passage
formed when both the rotor and the stator blades cortieenwith each other, but still these
passages contribute significantly to the performance output of the VAWT.

Table 4.5 Statistical analysis of the instantaneous tarqtpet of the VAWT having.=11.689¢

6DQG / 0
Torque Output (N-m)
Maximum 25.71
Minimum 21.41
Average 23.53
Max - Min 4.29
Std. Dev. 1.45

Figures 4.1& & b) depicts the pressure and velocity variations in the vicinity of the VAWT for
.=21.6890 N HH $18286 D Q &2/3576constant.In comparison with figure 4.14), it can be
seen that the low pressure regions on the leeward sidevandiggerand furtherpenetrats into

the core region of the VAWT. Hence, an increase in the tayqtput is expected.
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Figure4.13(a) Pressure variatiorsg Odangular position of the VAWT having=21.689% 0
DQG / 0

Figure 4.18b) depicts the flow velocity variations in the vicinity of the VAWnN comparison with
figure 4.11b), it canbe seen that the flow velocity is considerably higher in the core region of the
VAWT while it is much lower on the windward side of the VAWT.

€400
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8.12e-01
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Figure4.13(b) Velocity variationsat Odangular position of the VAWT having=21.689¢ 0
DQG / 0

The instantaneous torque output for one revolution of the VAWEVing .=21.6896has been
plotted in figure 4.4. In comparison with figure 4,9t can be seen that the torque output of this
model of the VAWT ismarginally higher tharfor .=11.6890 Furthemore, it can be seen that the
smaller peaks are much more evident and have been shifted to the left side of th&leigcisslue

to the orientation of the blades that forms passages.
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Figure 4.4 Instantaneous torque outpoitthe VAWT having . | | DQG [/ |

Table 4.6 provides the statistical analysis of the torque output from the VAWT. It is noteworthy that
WKH DYHUDJH WRUZLX890iR MavgghAIW higRed than for.=11.6896(by 0.17%).
Analyzing the standard deviations findoth the models, it can be seen that the standard deviation is
higher in case 0f.=11.6896as compared t0.=21.6890 This is due to the fact that the maximum
amplitude of these smaller peaks in case=f1.6890is 1.6 while it is 1.1 in case 0£21.6890
Hence, the overall standard deviation of the instantaneous torque output decreas2s. 6&90

Table 4.6 Statistical analysis of timstantaneous torque output of the VAWT havin@1.689¢

oDQG / 6
Torque Output (N-m)
Maximum 25.69
Minimum 21.99
Average 23.57
Max - Min 3.70
Std. Dev. 1.05

Figure4.15 depicts the instantaneous torque outputs of the aforementioned cases on a single scale
IRU FRPSDULVRQ SXUSRYV H.689%the Yordtu¥ auBphit G \dongidemidss| tRao

for the other two models. Comparingl11.6896and .=21.689dreveals that although the maximum
instantaneous torque output 6f11.689dis higher, its average torque output is still slightly lower

than for .=21.6896because its minimum instan&sus torque output is considerably less than the
minimum instantaneous torque output frarR1.6890
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Figure4.5 , QVWDQWDQHRXVY WRUTXH RXWSXWYV RI 9%:7 PRG

As mentioned earlier, complete CFD results have been presented in Appédridixrd4.16 depicts

VRPH RI WKHVH UHVXOWYV ZKHUWsualiged M IHDQV RH VABEQ BWHKKBW!
DQG /. DFUHDVHYVY WKH DYHUDJH WRUTXH RXWSXW DQG W
increases upto a certain point after whimth these quantities start decreasing. Hence, there is an
RSWLPXP YDOXH RI . WKDW FRUUHVSRQGV WR WKH PD[LPXP
the present studis 16.6890 It is essential to mention here that the power of a VAWT can be
represergd by:

2L i U6 4.3

KHUH 3 LV WKH SRZHU RXWSXW & LV WKH DQJXODU VSHHG F
the VAWT.

Figure 4.5 Effectof. RQ WKH SHUIRUPDQFH RXWSXW RI 9%.
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45. (IIHFW RI PdRamangetOutput of VAWT

,Q RUGHU WR DQD O b¥ Ithe WdffetmbndeHdutput Rfl the VAWT, thréevalues of
22.357¢ 32.35706and 42.35®have been chosen foWKH DQDO\VLV SXUBBR¥Wdhd NHHS
=28.2dconstant. Theamplete set of results can be seen in Appendix 1.

Figures 417(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT for
[=22.3570 It can be seen that there exists a highssure region (going upto 3P4) on the
windward side bthe VAWT whereas the pressure is lower on the leeward side of the VAWT.
Furthermore, the pressure is comparatively low on the upper section as compared to the lower
section due to the orientation of the blades.

Figure 4.17a) Pressure variatiora 0Gangular position of the VAWT having=11.689) o]
DQG / o

Further analysing the flow structure in the vicinity of the VAWT, figure7éh) depicts that the

flow velocity is considerably high within the passages formed on the windward sidie doe
orientation of the blades. The velocity goes up to as high as 9.21m/sec where the incident flow
velocity is 4m/sec. The reduction in the effective flow area, as these passages are formed, increases

the flow velocity.
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Figure 4.17b) Velocityvarationsat OGangular position of the VAWT having=11.689% o]
DQG / 0

In order to quantify the performance output of the VAWT considered here, the instantaneous torque
output for one revolution of the VAWT has been plotted in figure3.4ltL.can be seerhat the

torque output of the VAWT is cyid with the number of peaksilleys equal to the number of rotor

and stator blades. It is observed that there are smaller peaks present in the first five cycles which is
due to the orientation of the blades withHie tVAWT.

Figure 4.B Instantaneous torque outmftthe VAWT having .=11.6899 obDQG / ©

Further quantifying the performance output of the aforementioned VAWT, table 4.7 shows the
maximum, minimum, average, maximum amplitude and standard deviation in the instantaneous

torque output shown in figure 4.18
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Table4.7 Statistical analysis of thestantaneous torque output of the VAWT havird.1.689¢

oDQG /| 6
Torque Output (N-m)
Maximum 25.94
Minimum 24.05
Average 25.01
Max - Min 1.90
Std. Dev. 0.62

Figures 4.16a & b) depicts the pressusnd velocity variations in the vicinity of the VAWT for
[=32.3576 N HH $2828 D Q €11.6896constant In comparison with figure 4.1d), it can be

seen that in the upper section of the VAWT, the low pressure region is significantly smaller in size
andthe pressure is considerably higher as compared to one observed in dag2.8576 This
increase in pressure on the upper section reduces the exertion of forces on the blades of the VAWT,
hence, degrading its performance output.

Figure 4.B(a) Presure variationgt OGangular position of the VAWT having=11.689¢ 0
D Q &B2/3576

Figure 4.19b) depicts the flow velocity variations in the vicinity of the VAWM comparison with
figure 4.17b), it can be seen that the flow velocity is consaty lower in thewhole flow domain
shown in the figureThis lower flow velocity observed in the vicinity of the VAWT tries to slow
down the VAWT, hence, reducing its torque and power outputs.
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Figure 4.B(b) Velocityvariationsat Odangular positiorof the VAWT having.=11.6899 0
D Q &32/3576

The instantaneous torque output for one revolution of the VA& been plotted in figure 4.20. In
comparison with figure 4.18t can be clearly seen that the torque output of this model of the
VAWT is considerablyower and the cycles have seemed to be shifted downwards on the same plot.
Furthermore, it can balso beseen thathere exists smaller peaks on each cycle and their amplitude

is significantly higher than observed in the case/«=22.35706 This suggests that the standard
deviation would be much higher f@£32.357¢as compared t¢&=22.3570
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Figure 4.20nstantaneous torque outmftthe VAWT having .=11.689) 6DQG / 0o
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Table 4.8 provides the statistical analysis of the torqueubiripm the aforementioned VAWT. It is
can be seen clearly that the average torque output for Ois considerably lower than for

/ d(by 6%). Analyzing the standard deviations from both the models, it can be seen that the
standard deviation isigher in case of Gas compared td das mentioned earlier
Table 4.8 Statistical analysis of timstantaneous torque output of the VAWT havingd.1.689¢
oDQG / 6

Torque Output (N-m)

Maximum 25.71

Minimum 21.41

Average 2353

Max - Min 4.29

Std. Dev. 1.45

Figures 4.2(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT for
[=42.3576 N HH $28286 D Q €11.6896constant. In comparison with figure 8(4), it can be

seen thathe pressure othe windward side is higher whereas on the leeward side is considerably
lower. This means that the pressure gradients in the vicinity of the VAWT are much more severe
that might give rise to unwanted vibrations and structural damage. Furthermore, dtes@sted

that the amplitude of torque output would be significantly higher than observed in the previous

cases

Figure 4.21a) Pressure variatiora 0dangular position of the VAWT having=11.6899 0
DQG / o

Figure 4.21b) depicts the flow velocity variations in the vicinity of the VAWM comparison with
figure 4.19b), it can be seen that the flow velocityaigpreciably higher in thedv passages on the
windward side of the VAWTThe reduction in the effective flow area, as these passages are formed,

increases the flow velocity.
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Figure 4.21b) Velocityvariationsat Odangular position of the VAWT having=11.6899 0
DQG /3570

The instantaneous torque output for one revolution of the VAWT has been plotted in fRflire 4.
comparison with figure 20, it can be clearly seen that the torque output of this model of the
VAWT is considerably lowerFurthermore, it can be aldme seen thate torque output is cyclic
with no intermediate peaks (as observed earlier).

Figure 4.22nstantaneous torque outmftthe VAWT having .=11.6899 oDQG / ©

Table 49 provides the statistical analysis of the torque output fleatorementioned VAWT. It is
can be seen clearly that the average torque output=##2.35706is considerably lower than for
1=32.3576(by 8.9%). Analyzing the standard deviations from both the models, it can be seen that
the standard deviation is higharcase of/=42.3576as compared td=32.357¢as mentioned earlier
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An important point to mention at this stage isthatfak QFUHDVHYVY WKH DPSOLWXGH

LQFUHDVHV DV ZHZ20B5780 32.60F) G | B3R B576W R42.357)
Table 49 Statistical analysis of thestantaneous torque output of the VAWT havimrd.1.689¢
oDQG / 6
Torque Output (N-m)
Maximum 24.42
Minimum 19.00
Average 21.51
Max - Min 5.42
Std. Dev. 1.85

Figure 4.3 depicts the instantaous torque outputs of the aforementioned cases on a single scale
for comparison purposes. It is evident that fe22.357§ the torque output is considerably higher

than for the other two modelslence, it can be concluded that asL Q FU HD V H VoutjdiKai W R U
WKH 9%$:7 GHFUHDVHYVY 7KLV WUHQG LV FRQWUDU\ WR WKH R
LQFUHDVHY DV . LQFUHDVHV XSWR D FHUWDLQ SRLQW XUV
amplitude of torque output increases signifitd©®\ DV / LQFUHDVHYV

Figure 4.3 Instantaneous torque outputs of VAWT models having diffefent

As mentioned earlier, complete CFD results have been presentedendipfi. Figure 4.2depicts

some of these results where the effect oén be clearly wualised., W FDQ EH VHHQ WKDW
D Q Gas / increases, the average torque output and the average power output of the VAWT
decreaseslmost linearlyHenceJower / PHDQV PRUH WRUTXH DQG SRZHU RXW
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Figure 424 Effect of / onthe performance output of VAWT

4.6. Effect of on thePerformance Output of VAWT

,Q RUGHU WR D QD @nYhe pevferimamte iddtpWwofRHe NAWT, threealues of 18.2)
28.20and 38 KDYH EHHQ FKRVHQ IRU WKH BIl1B&4dadhdV=33.35065 RV H
constant. The complete set of results can be seen in Appendix 1.

Figures 25a & b) depicts the pressure and velocity variations in the vicinity of the VAWT for
=18.20 It can be seen that there exists a high pressure region (going {f@a)38n the windward

side of the VAWT whereas the pressure is lower on the leeward side of the VAWT. Furthermore,

the pressure is comparatively low on the upper section as compared to the lower section due to the

orientation of the blades.

Figure 4.5(a) Pressure variatiorest OGangular position of the VAWT having=11.6890 0
DQG / 0
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Further analysing the flow structure in thiginity of the VAWT, figure 4.2%b) depicts that the

flow velocity is considerably high within the passages formed on the windward side doe
orientation of the blades. Theslocity goes up to as high as28n/sec where the incident flow
velocity is 4m/sec. The reduction in the effective flow area, as these passages are formed, increases

the flow velocity.

Figure 4.5(b) Velocityvariationsat Odangular position of the VAWT having=11.6899 0
DQG / 0

In order to quantify the performance output of the VAWT considered here, the instantaneous torque
output for one revolution of the VAWT has been plotted in figuré.4lRcan be seerhat the

torgue output of the VAWT is cyclic with the nier of peaksfalleys equal to the number of rotor

and stator bladesThe maximum torque output observed is 26r8BNwhereas the minimum is

22 .5Nm.

Figure 4.3 Instantaneous torque outmftthe VAWT having .=11.689) 6DQG / ©
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Further quantifying the performance output of the aforementioned VAWT, table 4.10 shows the
maximum, minimum, average, maximum amplitude and standard deviation in the instantaneous
torque output shown in figure 62

Table4.10 Statistical analysis of the instantaneous torque ootplé VAWT having.=11.689)

oDQG / 6
Torque Output (N-m)
Maximum 26.29
Minimum 22.50
Average 24.17
Max - Min 3.79
Std. Dev. 1.31

Figures 4.2fa & b) depicts the pressaiand velocity variations in the vicinity of the VAWT for
=28.20 N HH S$B2ZB573 D Q €11.6896constantIn comparison with figure 4.28), it can be

seen that the pressure on the windward side of the VAWT is considerably lower and on the leeward

sideLV DSSUHFLDEO\ KLJKHU WHDAQ TREMGhEssHH AL ttaser&gp YoHuR |
RXWSXW IURP WKLV 9%:7 PRGH@82:.00 EH ORZHU WKDQ IRU

Figure 4.Z(a) Pressure variatiora 0dangular position of the VAWT having=11.6899 0
anG / 0

Figure 4.Z(b) depicts the flow velocity variations in the vicinity of the VAWM comparison with

figure 4.2%b), it can be seen that the flow velocity is considerably lower in the flow passages on the
windward side whereas the flow velocityhigher in the core region. This trend is consistent with
the pressure distribution observed in figure7da? such that higher pressure corresponds to lower
flow velocity and vice versa.
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Figure 4.Z(b) Velocity variationsat Odangular position ofite VAWT having .=11.6899 0
DQG / 0

The instantaneous torque output for one revolution of the VAWT has been piofigdre 4.3. In
comparison with figure 4.26t can be clearly seen thihiere exists smaller peaks on each cycle and

their anplitude decreases as the angular position of the VAWT incredses presence of these

additional peaks suggest thtae standard deviation would be higher fe28.26as compared to
=18.20
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Figure 4.8 Instantaneous torque outmftthe VAWT having .=11.689% 6DQG / ©
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Table 4.11 provides the statistical analysis of the torque output from the aforementioned VAWT. It
is can be seen clearly that the average torque output28r2ds lower than for =18.24(by 2.6%).
Analyzing the standardeviations from both the models, it can be seen that the standard deviation is
higher in case 0f=28.2¢as compared to=18.26as mentioned earlier

Table 4.11 Statistical analysis of timstantaneous torque output of the VAWT havirgd 1.6890

oDQG / §
Torque Output (N-m)
Maximum 25.71
Minimum 21.41
Average 23.53
Max - Min 4.29
Std. Dev. 1.45

Figures 4.26a & b) depicts the pressure and velocity variations in the vicinity of the VAWT for
=38.20 N HH S$B2ZB573 D Q €11.6896consant. In comparison with figure 4.2Z&), it can be
seen that the pressure on the windward siddéightly lower. This suggests that the average torque
RXWSXW IURP WKLV 9%$:7 PRGH®@82.00 EH ORZHU WKDQ IRU

Figure 4.8B(a) Pressure variatiorad 0dangular position of the VAWT having=11.6899 0
DQG / o

Figure 4.2%b) depicts the flow velocity variations in the vicinity of the VAWM comparison with
figure 4.27b), it can be seen that the flow velocitymarginally higheiin the flow passages on the
windward side wherea# is slightly lower in the core region. This trend is consistent with the
pressure distbution observed in figure 4.28) such that higher pressure corresponds to lower flow
velocity and vice versa.
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Figure 4.3(b) Velocity variationsat Odangular position of the VAWT having=11.6899 0
DQG / 0

The instantaneous torque output for one revolution of the VAWT has been piofigdre 4.30. In
comparison with figure 4.28t can be seen th#te torque output has shifted slightb the lower

side as the minimum torque output is 2N IRU  0as compared to 21.5% IRU 0
Furthermore, it can be seen that the amplitude of the smaller peaks is considerably smaller, hence, it
can be expected that the standard deviation@@ EH ORZHWDNMRBEFRPSDUHG WR

Figure 4.30nstantaneous torque outmftthe VAWT having .=11.689) 6DQG / 0o

Table 4.12 provides the statistical analysis of the torque output from the aforementioned VAWT. It
is can be seeclearly that the average torque output f888.2ds lower than for =28.24(by 2.3%).
Analyzing the standard deviations from both the models, it can be seen that the standard deviation is
higher in case 0f=38.2¢as compared t0=28.2Gas mentioned eagl.
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Table 4.12 Statistical analysis of the instantaneous torque outpalbr689¢ dand
/ 0of the VAWT

Torque Output (N-m)

Maximum 25.30

Minimum 21.00

Average 22.98

Max - Min 4.29

Std. Dev. 1.39

Figure 431 depicts the instaaneous torque outputs of the aforementioned cases on a single scale
for comparison purposes. It is evident that £818.2¢ the torque output is considerably higher than

for the other two models. Hence, it can be concluded that &sQ F U H D V H VoutpuKdfi thé&/ R U T X
9%$:7 GHFUHDVHV 7KLV WUHQG LV WKH VDPH DS XRE\GHFUHHD VH
increases.

Figure 4.31lInstantaneous torque outputs of VAWT models having different

As mentioned earlier, complete CFD results have beeepted in Appendix 1. Figure 4.82picts

some of these results where the effect cdn be clearly visualisedW FDQ EH VHHQ WKDW
DQG / imzMases, the average torque output and the average power output of the VAWT
decreases. Henceawer PHDQV PRUH WRUTXH DQG SRZRAWhXMESIXWYV I
can be seen that there are +ioearities in the curves that arises due to complex and transient
interactions between the blades.
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Figure 4.3Zffect of on the performance outpaf VAWT

4.7. Optimal VAWT Design

After carrying out detailed analysis on the performance output of various VAWT configurations, it
has been shown that the optimal VAWT design, based on blade aoglgdered in the present
study, is the one with.=16.689¢ =18.206 D Q &2/35706 Figure 4.38a & b) depict the pressure
and velocity variations in the vicinity of the optimal VAWT design.

Figure 4.38a) Pressure variatisat Otangular position of the VAWT having=16.6890 0
DQG / 0
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Figure 4.3(b) Velocity variationsat Oéangular position of the VAWT having=16.689% o]
DQG / o6

Figure 4.3 depicts the instantaneous torque output for the optimised VAWT design. It can be seen
that in between two consecutive peaks, there existsi@ulitsmaller peaks that are generated due

to the formation of uniform passages between the rotor and the stator blades. High amplitude of
these additional peaks leads to increased torque output from the VAWT.

Figure 4.3 Instantaneous torque outmftthe VAWT having .=16.689) 06DQG / 0o

Table 4.13summarises the statistical results for the optimised VAWT design. It can be observed
that the standard deviation in the torque output is considerably low, This is because the maximum
amplitude is quite small &bugh the maximum torque output is very high. This means that the
variations in the torgue output in various cycles is appreciably lower as compared to many cases
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discussed in the previous sections. Hence, the optimised VAWT design presented herausedeing
to carry out variouanalysesn the next chapter.

Table 4.13 Statistical analysis of the instantaneous torque aitihe VAWT having .=16.6890

oDQG /| §
Torque Output (N-m)
Maximum 26.41
Minimum 24.80
Average 25.67
Max - Min 1.61
Std. Dev. 0.51

4.8. Expression for G based on Blade Angles

A detailed investigation into the effect of the blade angles on the performatpeg oia VAWT

has been carried out in the previous sectiarfgre the range of blade angles is limited for practical
purposes 7KH WUHQGV VKRZ WKDW LQFUHDVH LQ . LPSURYHV '
L Q FUH DV Hvde@adedtleGrque outputtbé VAWT. In order to quantify these results such

that they can be used in the design process of a VAWT, multiple regression analysis has been
carried out on the results obtained from CFD simulatidhge need to modify the design process of

the VAWT is hat the design process presented in Chapter 1 is based on ideal flow theory. However,
the CFD predicted results are real flow results and hence the ideal flow ta@oigtbe applied to

these results.

The three variables included in the study are theldngl . /yDv@eBas the output parameter
has been chosen to be rdimensional torque output of the VAWT. This ndimensional torque is
commonly known as Coefficient of Torque and can be represented by:
i

0 -

p L 48 ° & é (49
Where T is the torque output of the VAWT, LV WKH GHQVLW\ RI DLU $ LV W]
VAWT, r, is the radius of the rotor blades and v is the incident flow velocity. Once torque output of
the VAWT is known, coefficient of torque could be found aising equation4.1). Re-arranging

the above equation gives:
6L rave#NR% (4.5

In equation 4.4), Cr can be represented in terms of thede angles of the VAWT that results in a
particular torque output. This means that {f&an be replaced with an equation representing blade
angles of the VAWT in nowlimensonal terms.Than for a required torque output of the VAWT,
the blade angles car lzalculated and vice versa. Author is not aware of any published literature
which suchan expressiohas been developed for the design process.

% L B:UdJE (4.6)
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After performing multiple regression analysis on the results obtained from CFD simulations
(presented in Appendix 1), the following equation for the torque coefficient has bedrpeeve

55;< ° "

WL—7—77 (4.7)

:KHUH LV WKH 6WDWRU LQOHW D @drentivqed inkdbaptdd 3FIR @déw D Q
to check the validityof equation 4.7), the CFD results for £have been compared withyC
calculated from equatiort(7). It has been shown in figude35thatmore tharf0% of the data lies

within 5% error bandThe errors are due to the numerical diffusion within the sohret
interaction between the rotor and stator blades

Figure 4.3 Validation of the equatio(¥.7)

Theequation to calculate torque output of the VAWT will then be
a,-40

6L ravz{é#I}JRB m%ﬁq (4.8

It should be noted down that equation (#i8 only valid for the range of angles that has been
considered in the present study.
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4.8.1. Validation of Equation 4.8

Calculate thdlade anglesf a Vertical Axis Wind Turbine using the following data:
A 2nf v 4m/sec T  24Nm
I 0.7m

Solution: Using equation4.8):

@Q’Aﬁlm45<8
. A~ ~ AL A ~ r
tvL ravz{UsdtwUt Ur& Us xUn J 567 5s7d
@—rA @—rA
7DNLQJ WKH RSWLPXP YDOXH RI . L H z WKH UHPDLQLQJ

ULutaiwy =J@ UL szi|

4.9. Summary

A detailed investigation into the effect of the blade angles on the performance output ofitia vert
axis wind turbine has revealed the following results:

X The pressure and the velocity fields in the vicinity of the VAWT are highly unsymmetrical
and noruniform

X The instantaneous torque output of the VAWT consists of peaks and valleys equal to the
nunmber of blades of the VAWT

X ,QFUHDVH LQ . pe@dfroaddecutdyy oiMheH/AWT upto a certain value after
ZKLFK WKH WRUTXH RXWSXW VWDUWYV GHFUHDVLQJ ZLWK

X

,QFUHDVH LQ / pérfdimidrit®dunpdt\bf tINekVAWT
X ,QFUHDVH LQ [/ pérfdfmdrd®wpdt\ofthieé KAWT

x The optimal VAWT design consists 0£16.6890 6DQG / 0o

Furthermore, a novalemiempirical correlatiorfor Cy has been developéddr various blade angles
in this chapter.
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(HAPTEBD
OPTIMISATIOMFVERTICAAXISWIND TURBINES
BASED ONGEOMETRICAEATURES

Optimisation of the optimised vertical axis wind turbine, based on the results of
Chapter 4, has been presented in this chajptes. effect of the number of
blades,the size of rotor/stator regionand the height of the VAWTon the
performance output of the VAWT has been investigated in detmhuse these
geometric features affect the stapg and shutdown of VAWTsBoth local and
global parameters have been considexbile describing these effects. It has been
shown that these geometric parameters considerably affect the performamce of
VAWT. Semiempirical correlationgor torque coefficienhave been developed to
take into account these effects. Furthermore, @Inmrque prediction model has
been developed that considers all the variables taken in both Chapter 4 and 5. This
prediction model has been shown to be reasonably accurate in predicting torque
output of a VAWT.
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5.1. Effect of Number of Rotor Blades

In the previous chapter, the design of a vertical axis wind turbine has been optimised on the basis of
WKH EODGH DQJOHV ,W KDV EHHG&E1§638Z€13BHOOMR2/BIIOEO DG H [
torque and power outputs of VAWT aa¢ their maximum. Hece, this design of the VAWT has

been used in the present chapter to be optimised based on the number and size of both the rotor anc
the stator blades. This information will helpe manufacturers to desig(AWTs with maximum
performance output.

In order b analyse the effect of the number of rotor blades on the performance output of a vertical
axis wind turbine, three VAWT configurations have been chosen for analysis that constitute of 4, 8
and 12 rotor blades respectively while the number of stator blelesbeen fixed to be 12. Figure

5.1(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 4 rotor
blades. It can be seen in figure 5.1(a) that the windward side of the VAWT possess high pressure
while the leeward side hdswer pressure. Furthermore, it can be seen in figure 5.1(b) that the flow
velocity is high on the windward side and the core region, while it is comparatively lower on the
leeward side of the VAWT. It has also been observed, as previously, that treclelerates in the
passages formed between the rotor and the stator blades on the windward side of the VAWT. These
passages are formed due to the orientation and the angular position of the rotor blades.

Figure 5.1(a) Pressuvariationsat O¢angular jpsition of the VAWT havingt rotor dades

Further analysing figure 5.1(b) depicts that as there are less number of rotor blades than the number
of stator blades, there are more large passages available for the incident flow to pass through at the
windward side. Hence, the flow velocity is lower in those passages which are large, whereas the
flow velocity is higher in the passages that are smaller (for the rotor blade present on the windward
side).
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Figure 5.1(b) Velocity variationat 0Gangular position of the VAWT havingrotor blades

Figure 5.2 depicts the instantaneous torque output of the VAWT having 4 rotor blades. It can be
seen that the torque signals are cyclic and possesses 8 peaks, where 4 peaks are higher peaks and
are lover peaks. Higher peaks correspond to the orientation of the VAWT when a rotor blade is on
the windward side of the VAWT (as shown in figure 5.1). The lower peaks correspond to that
angular position of the VAWT when there is a large passage availablesforcident flow on the

windward side i.e. the rotor blades are dtattgular position.

Figure 5.2 Instantaneotrsrque output of the VAWT having 4 rotor blades
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5.3(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT havioigpr8
blades. In comparison with figure 5.1(a), it can be seen in figure 3t@(jue to additional rotor
blades, the pressure on the windward side of the VAIAS increasedonsiderably. This happens
because there is more resistance offered by the VAd\the incident flow of air and hence more
kinetic energy of the wind can be converted into the mechanical energy by the VAWT.

Figure 5.3(aPressure variatiorst O¢tangular position of the VAWT havirgrotor blades

Analysing the velocity variations in the vicinity of the VAWT having 8 rotor blades (figure 5.3(b)),

it can be seen, in comparison with figure 5.1(b), that the flow velocity is appreciably lower on the
windward side of the VAWT. It has been observed that due to higher number of rotor blades, there
is lessnumber ofpassages available for the flow to pass through the VAWT at the leeward sections.

This suggests that the torque output of the VAWT will besaterably higher for 8 rotor blades as
compared to 4 rotor blades.

Figure 5.3(b)elocity variationsat 0Gangular position of the VAWT havirgrotor blades
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Figure 5.4 depicts the instantaneous torque output of the VAWT having 8 rotor blades. As expected,
in comparison with figure 5.2, it can be seen that the torque output has increased considerably.
Furthemore, it can also be seen that there are 8 distinct peaks and valleys in the cyclic torque
signals.As observed previously, the torque output suggests that the standard deviation in the torque
output of the VAWT having 8 rotor blades will be higher thardfeotor blades.

Figure 5.4 Instantaneous torque output of the VAWT having 8 rotor blades

5.5(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 12 rotor
blades. In comparison with figure 5.3(a), it can be seen urdi.5(a) due to additional rotor
blades, the pressure on the leeward side of the VAWT is considerably lower. Furthermore, the
pressure in the upper and the lower sections of the VAWT are higher than observed in case of 8
rotor blades. This means thaethariations in the torque output of the VAWT will be significantly
lower than for 8 rotor blades.

Figure 5.5(aPressure variatioret 0éangular position of the VAWT havintg rotor blades

Analysing the velocity variations in the vicinity of the VAWT having 12 rotor blades (figure 5.5(b)),
it can be seen, in comparison with figur8(6), that the flow velocity isonsiderably higherrothe
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windward sideand the core regioaf the VAWT. Furthermore, the flow velocity on the upper and
lower sections of the VAWT is slightlyigher than for 8 rotor blades.

Figure 5.5(bMelocity variationsat 0éangular position of the VAWT havint rotorblades

Figure 5.6depicts the instantaneousdae output of the VAWT having ldtor bladeslt can be

seen that thereare additional lower peakstogether with the expected 12 higher peaks
corresponding to 12 rotor bladeBhe presence of these lower gies suggestthat the standard
deviation of the torque outpwiill be lower than forboth 8 and 4rotor blades because in 8 rotor
blades case there were no lower peaks observed and in case of 4 rotor blades the lower peaks hac
considerably higher amplitude

Figure 5.6 Instantaneous torque output of the VAWT having 12 rotor blades

Table 5.1 summarises the statistical results for the torque outputs of the VAWTSs having various
number of rotor blades. It can be seen that as the number of rotor bladeses)ctteasaverage

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
96



OPTIMISATIONFVERTICABXISWIND TURBINEBASED OKBEOMETRIC/HEATURES

torque output (Tavgalso increases. Furthermotée standard deviatiofStd. Dev.)in the torque

output is highest for 8 rotor blades and lowest for 12 rotor blades. It is also noteworthy that both the
maximum (Tmax) and the minimum(Tmin) torques increase as the number of rotor blades
increass.

Table 5.1 Effect of the number of rotor blades on the performance output of the VAWT

Number of Stator Nug:) t:grr of Tmin Tmax Tavg Std.
Blades Blades (N-m) (N-m) (N-m) Dev.

12 4 12.68 17.43 1461 1.19

12 8 18.83 26.38 22.22 2.49

12 12 24.80 26.41 25.67 0.51

Figure 5.7 depicts the instantaneous torque outputs of the VAWTSs having different number of rotor
blades. It can be seen that as the number of rotor blades increase, the torque oefmésinc
Moreover, it has been observed that for 8 rotor blades, the variations in the cyclic torque output are
considerably higher than the other two cases.

Figure 5.7 Instantaneous torque output of the VAWT having different number of rotor blades

Figure5.8 depicts the effect of the number of rotor blades on the performance output of the VAWT.

It can be seen that as the number of rotor blade increase, both the torque and the power outputs of
the VAWT increaseddence, in the present study, the optimidedign of the VAWT is the one that

has 12 rotor blade&urthermore, it can be seen that there arelim@arities in the curves that arises

due to complex and transient interactions between the blades.
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Figure 5.8 Effect of the number of rotor bladegtos performance output of the VAWT

5.2. Effect of Number of Stator Blades

In order to analyse the effect of the number of stator blades on the performance output of a vertical
axis wind turbine, three VAWT configurations have been chosen for analysis thatutercs 4, 8

and 12 stator blades respectively while the number of rotor blades have been fixed to be 12. Figure
5.9(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 4 rotor
blades. It can be seen in figure 5.9(attthe windward side of the VAWT possess very high
pressure while the leeward side has comparatively low pressure. Furthermore, it can be seen in
figure 5.9(b) that the flow velocity is high on the windward side and the core region, while it is
comparativey lower on the leeward side of the VAWT. It has also been observed that the flow
accelerates in the passages formed between the rotor and the stator blades on the windward side of
the VAWT. These passages are formed due to the orientation and the ogttlan of the rotor

blades. Note that the formation of the flow passage from windward side to the leeward side is
slightly inclined towards the upper section of the VAWT while in the previous cases; this
inclination has mostly been towards the lower isecof the VAWT. This is due to the orientation

of the rotor and the stator blades.
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Figure 5.9(aPressure variatiorst Otangular position of the VAWT having stator blades

Further analysing figure 5.9(b) depicts that as there are less numbernr dflaoikes than the number
of stator blades, there are more large passages available for the incident flow to pass through at the

windward side.

Figure 5.9(bVelocity variationsat OGangular position of the VAWT having stator blades

Figure 5.10 depistthe instantaneous torque output of the VAWT having 4 stator blades. It can be
seen that the torque signals are cyclic and possesses 24 peaks, where 12 peaks are higher peaks at
12 are lower peaks. Higher peaks correspond to the orientation of the VAMWT avstator blade is

in-line with one of the rotor blades. The lower peaks correspond to that angular position of the
VAWT when a stator blade is exactly in between two rotor blades, hence forming uniform passages

for flow to take place.
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Figure 5.10 In@ntaneous torque output of the VAWT having 4 stator blades

5.11(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 8 stator
blades. In comparison with figure 5.9(a), it can be seen in figure 5.11(a) due to addiatoral st
blades the pressure ohoththe windwardand leewardsides of the VAWT is considerably higher.
Thisis becaus¢here is more resistance offered by the VAWT to the incident flow of air and hence
more kinetic energy of the wind can be converted intonlechanical energy by the VAWT

Figure 5.11(a) Rrssure variationat 0Gangular position of the VAWT havir§) stator blades

Analyzing the velocity variations in theicinity of the VAWT having 8 stator blades (figure
5.11(b)), it can be se® in compason with figure 5.9), that the flow velocity is appreciably lower
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on boththe windwardand leewardides of the VAWT. This suggests that the torque output of the
VAWT will be considerably higher for 8 stator blades as compared to 4 stator blades.

Figure 5.11(bWVelocity variationsat OGangular position of the VAWT havirg stator blades

Figure 512 depicts the instantaneousdqoe output of the VAWT having 8 s$tat blades.As
expected, in comparison with figurelB, it can be seen that the torque output has increased
considerably. Fuhermore, it an also be seen that there areditinct peaks and valleys in the

cyclic torque signals. As observed previously, the torque output suggests that the standard deviation
in the torqe output of the VAWT having 8 sta blades will be higherhtan for 4 steor blades.

Figure 5.12 Instantaneous torque output of the VAWT having 8 stator blades
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5.13(a & b) depicts the pressure and velocity variations in itieity of the VAWT having 12

staor blades. In comparison wiffigure 5.11a), it can ke seen in figure 5.13(a), due to additional
staor blades, the pressure on the leeward side of the VAWT is considerably lower. Furthermore, the
pressure in the upper andethower sections of the VAWT isery low. This means that the
variations in the tonge output of the VAWT will besignificantly lower than for 8 star blades.

Figure 5.13(ajPressure variatiorst 0dangular position of the VAWT havintR stator blades

Analysing the velocity variations in the vicinity of the VAWT having 12 stator blades (figure
5.13(b)), it can be seen, in comparison with figure 5.1(b), that the flow velocity is considerably
higher o the windward side and the core region of the VAWT. Furthermore, the flow velocity on
the upper and lower sections of the VAWT is slightly higher than for 8 stator blades.

Figure 5.13(b)\Velocity variationsat Odangular position of the VAWT havintp stator blades

Figure 5.14 depicts the instantaneous torque output of the VAWT having 12 stator blades. It can be
seen that there are additional lower peaks, together with the expected 12 higher peaks
corresponding to 12 rotor blades. The presence of toessr peaks suggests that the standard
deviation of the torque output will m®nsiderablyower than for both 8 stator blades because there
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were no lower peaks observedcase of 8 stator blades. However, as the amplitude of lower peaks
in case of both 4nd 12 stator blades is marginally different, it suggests that the difference in the
standard deviation will also be marginally different.

Figure 5.14 Instantaneous torque output of the VAWT having 12 stator blades

Table 5.2 summarises the statisticadults for the torque outputs of the VAWTs having various
number of stator blades. It can be seen that as the number of stator blades increases, the averag
torque output also increases. Furthermore, the standard deviation in the torque output isdnighest f

8 stator blades and lowest for 12 rotor blades as expected. It is also noteworthy that both the
maximum and the minimum torques increase as the number of stator blades increases.

Table 5.2 Effect of the number of stator blades on the performance otithatVAWT

Number of Rotor NUST:t?)rr of Tmin Tmax Tavg Std.
Blades Blades (N-m) (N-m) (N-m) Dev.

12 4 16.18 17.71 17.12 0.52

12 8 20.30 25.58 22.70 1.85

12 12 24.80 26.41 25.67 0.51

Figure 5.15 depicts the instantaneous torque outputs of the TéANdving different number of

stator blades. It can be seen that as the number of stator blades increase, the torque output increases
Moreover, it has been observed that for 8 stator blades, the variations in the cyclic torque output are
considerably higér than the other two cases.
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Figure 5.15 Instantaneous torque output of the VAWT having different nushbttorblades

Figure 5.5 depicts the effect of the number of stator blades on the performance output of the
VAWT. It can be seen that as the nwenlof stator blade increase, both the torque and the power
outputs of the VAWT increaseklence, in the present study, the optimised design of the VAWT is
the one that has 12 stator bladesrthermore, it can be seen that there arelimearities in the
curves that arises due to complex and transient interactions between the blades.

Figure 5.16 Effect of the number of stator blades on the performance output of the VAWT
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5.3. Effect of Size of Rotor

In order to analyseht effect of the size of thetay on the performance output of a vertical axis
wind turbine, two VAWT configurations have been chosen for analysis that constitydg=@f.tm
and 0.2m respectively whilg-r, has been kept constant to®.3As discussed in the Chapter Jisr
the radius oftie stator, ris the radius of the rotor anglis the radius of the core regi¢see figure
3.3).

Figure 5.17a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having
r-re=0.1m It can be seen in figurels/(a) that the widward side of the VAWT possess very high
pressure while the leewardpper and lower sections has@mparatively low pressure. Furthermore,

it can be seem figure 5.17b) that the flow velocity is high on the windward side and the core
region, while it 8§ comparatively lower on the leeward side of the VAWT. It has also been observed
that the flow accelerates in the passages formed between the rotor and the stator blades on the
windward side of the VAWT. These passages are formed due to the orientatitime aantyular

position of the rotor blades.

Figure 5.7 (a) Pressure variatioas$ OGangular position of the VAWT havingr.=0.1m

Figure 5.7 (b) Velocty variations at @angular position of the VAWT havingr.=0.1m
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Figure 5.18 depicts the insti@neous torque output of the VAWT having.=0.1m. It is noticed

that the amplitude of the torque output increases as the angular position of the VAWT increases.
Furthermore, each cycle contains two distinct peaks. As the angular position of the VAWT
increases, the amplitude of the second peak in a cycle increases while the amplitude of the first peak
remains constani.hese noruniform peaks contribute towards increase in the standard deviation of

the torque output

Figure 5.8 Instantaneous toug ouput of the VAWT having-r.=0.1m

Figure 5.19(a) depicts the variations in the pressure for the VAWT havigee).2m i.e. the rotor

size is twice than the previous case. It can be clearly seen by comparing figures 5.17(a) and 5.19(a)
that the pressuranithe whole flow domain is considerably high fer.=0.2m. This is because the

VLIH Rl WKH URWRU EODGHYVY KDV LQFUHDVHG DQG KHQFH PR

mechanical energy.

Figure5.19 (a) Pressure variations aténgular position of the VAWT havingr=0.2m

Analysing the velocity variations in the vicinity of the VAWT having.=0.2m (igure 5.19(b)), it
can be seen, in comparison with figure 5.17(b), that the flow velocity is considerably higher on the
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windward side and the core region of the VAWT. Furthermore, the flow velocity on the upper and
lower sections of the VAWT is slightly higher than fer.=0.1m.

Figure 5.8 (b) Velocity variationat 0dangular position of the VAWT havirngr:=0.2m

Figure5.20 depicts the instantaneous torque output of the VAWT hayigg0.2m. In comparison

with figure 5.18, it can be clearly visualised that the torque output is considerably higher for
r-=0.2m i.e. bigger rotor corresponds to higher torque outpuiteo/AWT. Furthermore, it can be

seen that the amplitude of the second peaks decreases as the angular position of the VAWT
increases. This trend is contrary to the one observed in casg=df.1m.

Figure 5.2 Instantaneous torque output of the VAWT ingv-r.=0.2m

Table 5.3 summarises the statistical results for the torque outputs of the VAWTSs having different
rotor sizes. It can be seen that as the size of rotor increases, the average torque output increases
Furthermore, the standard deviation ie tiarque output is highefor r-r.=0.1mas expectedit is
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also noteworthy that both the maximum and the minimum torques increase esohaize
increases.

Table 53 Effect of the size of rotoon the performance output of the VAWT

r-re (M) Tmin (N-m) | Tmax (Nm) | Tavg (Nm) | Pavg (W) | Std. Dev.

0.1 16.20 18.94 17.32 29.69 0.87

0.2 24.80 26.41 25.67 44.01 0.51

Figure 5.21 depicts the instantaneous torque outputs of the VAWTSs having different rotor sizes. It
can be seen that as the size of rotor irsgethe torque output increases significantly. Moreover, it
has been observed that as the size of the rotor increases, the variations in the torque output

decreaseas expected

Figure 5.2 Instantaneous torque output of the VAWaving different size afotor

Figure 5.22 depicts the effect of the size of rotor on the performance output of the VAWT. It can be
seen that as the size of rotor increases, both the torque and the power outputs of the VAWT
increases. Hence, in the present study, the optimisgdrdef the VAWT & the one that has rotor

size=D.2m.
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Figure 5.2 Effect of the size of tor on the performance output of the VAWT

5.4. Effect of Size of Stator

In order to analyse the effect of the size of the stator on the performance output of hagica

wind turbine, four VAWT configurations have been chosen for analysis that constityig=0f T m,

0.2m, 0.3m and one with no stafog#r,=0m). r-rc has been kept constant to 0.2m as mentioned in
previous sectionkigure 5.28a & b) depicts the ngssure and velocity variations in the vicinity of

the VAWT havingno stator It can be seen in figureZ3(a) that the windward side of the VAWT
possess high pressure while the leeward, upper and lower sections have comparatively low pressure.
Furthermoreit can be seem figure 5.23b) that the flow velocity is high on the windward side and

the core region, while it is comparatively lower on thmper and lower sectiortd the VAWT. It

has also been observed that the flow accelerates in the passagssnbigte rotor blades on the
windward side of the VAWT.

Figure 5.23 (a) Pressure variations @gular position of the VAWT having no stator
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Figure 5.23 (b) Velocity variations at@ngular position of the VAWT having no stator

Figure 5.24 depicts the instantaneous torque output of the VAWT hawisgator It can be seen

that due to the absee of the stator blades, there are no double peaks in the cycle torque output of
the VAWT. The amplitude of the torque output remains constant throughout one complete

revolution of the VAWT. The torque output varies between 1inbhind 13.5Nm and constiite of

12 peaks and valleys (because of 12 rotor blades present in the VAWT). It can noticed that as
compared to the previous results, the torque output of the VAWT having no stator is considerably
low, hence, degrading the performance output of the VAWT

Figure 5.24 Instantaneous torque output of the VAWT having no stator
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Figure 5.25(a) depicts the variations in the pressure for the VAWT hayipg).1m. It can be
clearly seen by comparing figures 5.23(a) and 5.25(a) that the area of thigh presshee on
windward side of the VAWT is much bigger fofr,=0.1m. Furthermore, pressure on the upper
section of the VAWT is also considerably high.

Figure 5.25 (a) Pressure variations @gular position of the VAWT havingr,=0.1m

Analysing the velocity variations in the vicinity of the VAWT havirg,=0.1m (figure 5.25(b)), it

can be seen, in comparison with figure 5.23(b), that the flow velocity is considerably lower on the
windwad side and the core region of the VAWT. Furthermore, the flow velocity on the upper and
lower sections of the VAWTS also lower than fothe VAWT having no stator

Figure 5.25 (b) Velocity variations at@ngular position of the VAWT havingr,=0.1m

Figure 5.26 depicts the instantaneous torque output of the VAWT havig§.1m. It can be seen,
in comparison with figure 5.24, that the torque output of the VAWT has increased substantially.

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
111



OPTIMISATIONFVERTICABXISWIND TURBINEBASED OKBEOMETRIC/HEATURES

Furthermore, with the presence of stator blades, the wergain the torque output have also

increased significantly. This suggests that the standard deviation in the torque output will be higher
for r<-r,=0.1m as compared to no stator.

Figure 5.26 Instantaneous torque output of the VAWT haring0.1m

Figure 5.27(a) depicts the variations in the pressure for the VAWT hawirrg0.2m. It can be

clearly seen by comparing figures 5.25(a) and 5.27(a) that the area of thigh pressure on the
windward side of the VAWT is much bigger fafr,=0.1m.

Figure 5.27a) Pressure variations at@ngular position of the VAWT having-r=0.2m

Analysing the velocity variations in the vicinity of the VAWT havirg,=0.2m (figure 5.27(b)), it
can be seen, in comparison with figure 5.25(b), that the flow velocity is considerably lower on the

windwad side and the core region of the VAWT. Furthermore, the flow velocity ofeéveard
sideof the VAWT is also lower than fag-r,=0.1m.
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Figure 5.27 (b) Velocity variations at@ngular position of the VAWT having-r,=0.2m

Figure 5.28 depicts th@stantaneous torque output of the VAWT hauvigg=0.2m. It can be seen,

in comparison with figure 5.26, that the torque output of the VAWT has increased substantially.
Furthermore, the variations in the torque output have reduced significantly, suggestirthe
standard deviation will be much smaller thanrfer=0.1m.

Figure 5.28 Instantaneous torque output of the VAWT haning0.2m

Figure 5.29(a) depicts the variations in the pressure for the VAWT hayipgD.3m. It can be
clearly seen bycomparing figures 5.27(a) and 5.29(a) that the area of thigh pressure on the
windward side of the VAWT is much bigger fieer,=0.2m.
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Figure 5.29 (a) Pressure variations @gular position of the VAWT havingr,=0.3m

Analysing the velocity variabins in the vicinity of the VAWT havingsr,=0.3m (figure 5.29(b)), it

can be seen, in comparison with figure 5.27(b), that the flow velocity is considerably lower on the
windward side and the core region of the VAWT. Furthermore, the flow velocity oleaheard

side of the VAWT is also lower than fogr,=0.2m.

Figure 5.29 (b) Velocity variations atngular position of the VAWT having-r.=0.3m

Figure 5.30 depicts the instantaneous torque output of the VAWT havig@®.3m. It can be seen,
in comparison with figure 5.28, that the torque output of the VAWT has increased substantially.
Furthermore the variations in the torque output have reduced significantly, suggesting that the

standard deviation will be much smaller thanrfax=0.2m.
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Figure 5.30 Instantaneous torque output of the VAWT haring0.3m

Table 5.4 summarises the statistiaagults for the torque outputs of the VAWTSs having different
stator sizes. It can be seen that as the stator size increases, the average torque output increases
Furthermore, the standard deviation in the torque output is highestrfed.1m as expectedt is

also noteworthy that both the maximum and the minimum torques increase as the stator size
increases.

Table 5.4 Effect of the size of stator on the performance output of the VAWT

rsre (M) Tmin (N-m) | Tmax (Nm) | Tavg (Nm) | Pavg (W) | Std. Dev.
0 (No Sator) 10.96 13.02 11.99 20.56 1.31
0.1 12.51 17.81 14.78 25.33 1.88
0.2 18.32 20.92 20.07 34.41 0.75
0.3 24.80 26.41 25.67 44.01 0.51

Figure 5.31 depicts the instantaneous torque outputs of the VAWTSs having different statdt sizes.
can be seen that as the size of stator increase, the torque output increases significantly. Moreover, it
has been observed tHat rs-r,=0.1m the variations in the torque outmre highesas expected.
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Figure 5.31 Instantaneous torque output ef\MMAWT having different size of stator

Figure 5.32 depicts the effect of the size of stator on the performance output of the VAWT. It can
be seen that as the size of stator increases, both the torque and the power outputs of the VAWT
increases. Hence, ihé present study, the optimised design of the VA®/the one that has stator
size=0.3m.Furthermore, it can be seen that there arelmearities in the curves that arises due to
complex and transient interactions between the blades.

Figure 5.32 Effecof the size of stator on the performance output of the VAWT
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5.5. Effect of Height ofthe VAWT

In order to analyse the effect of theightof a vertical axis wind turbinen its performance output

four VAWT configurations have been chosen for analysisdbastitute oh=0.25m, 05m, 0.75m

and 1m, where h represents height of the VAWAigure 533(a & b) depicts the pressure and
velocity variations in the vicinity of the VAWT havirg height of 0.25mlt can be seen in figure
5.33(a) that the windward sidef the VAWT possess high pressure while the leeward, upper and
lower sections have comparatively low pressure. Furthermore, it can b depme 5.3(b) that

the flow velocity is high on the windward side and the core region, while it is comparatiwey

on the upper and lower sections of the VAWT. It has also been observed that the flow accelerates in
the passages between the rotor blades on the windward side of the VAWT.

Figure 5.33(aPressure variations atingular position of the VAWT hang a height of 0.25m

Figure 5.33(b)elocity variations at @angular position of the VAWT having height of 0.25m
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Figure 5.34 depicts the instantaneous torque output of the VAWT havmaight of 0.28. It is

noticed that the amplitude of the torqaatput remains constant as the angular position of the
VAWT increases. Thaumber of peaksalleys isthe same as the number of rotor blades within the
VAWT. Furthermore, each cycle contains two peaks, however, it can be clearly seen that the
smaller pealas negligible effect on the overall torque output.

Figure 5.34 Instantaneous torque output of the VAWT haaihgight of 0.25m

Figure 5.35(a) depicts the variations in the pressure for the VAWT havmggght of 0.B. It can

be seen by comparing figes 5.35(a) and 5.33(a) that the area of thigh pressure on the windward
side of the VAWT is much bigger fdr=0.5m. Furthermore, pressure on the upper section of the
VAWT is considerably low than observed in case of h=0.25m.

Figure 5.35(aPressure varteons at 0dangular position of the VAWT havirg height of 0.5m
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Analysing the velocity variations in the vicinity of the VAWT haviagheight of 0.5m(figure
5.35(b)), it can be seen, in comparison with figure 5.33(b), that the flow velocity is considerably
lower an the windward side of the VAWT for h=0.5. Furthermore, the flow velocity on the upper
section of the VAWT is relatively higher than fitwe VAWT having a height of 0.25m

Figure 5.35(bVelocity variations at @angular position of the VAWT havirg heght of 0.5m

Figure 5.36 depicts the instantaneous torque output of the VAWT haviegyht of 0.5. It can be

seen, in comparison with figure 5.34, that the torque output of the VAWT has increased
substantially. Furthermore, it can be seen that therewaresets of distinct peaks in the torque
output signalsThe amplitude of the higher peaks decreases with the increase in the angular position
of the VAWT, whereas, the amplitude of the lower peaks increétmse, the torque output is
highly norruniformfor h=0.5m.

Figure 5.36 Instantaneous torque output of the VAWT haaihgight of 0.5m
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Figure 5.37(a) depicts the variations in the pressure for the VAWT hauegght of 0.78. It can

be seen by comparing figures 5.37(a) and 5.35(a) that the atleiglofressure on the windward
side of the VAWT is bigger fon=0.75n. Furthermore, pressure on the upper section of the VAWT
is considerably higher than observed in case of h=0.5m.

Figure 5.37(aPressure variations atd@ngular position of the VAWT havirg height of 0.75m

Analysing the velocity variations in the vicinity of the VAWT haviagheight of 0.75n(figure
5.37(b)), it can be seen, in comparison with figure 5.35(b), that the flow velocity is considerably
highe in the core region of the VAWT for h=0.75. Furthermore, the flow velocity on the upper and
lower sections of the VAWT is relatively higher than fioe VAWT having a height of 0.5m

Figure 5.37(b)elocity variations at @angular position of the VAWThavinga height of 0.75m
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Figure 5.38 depicts the instantaneous torque output of the VAWT haviegght of 0.781. It can

be seen, in comparison with figure 5.36, that the torque output of the VAWT has increased
considerably. Furthermore, it can be séeat there are two sets of distinct peaks in the torque
output signalsn this case as wellThe amplitude of the higher peaks decreases with the increase in
the angular position of the VAWT, whereas, the amplitude of the lower peaks increases. Hence, the

torque output iglsohighly nonuniform for h=075m.

Figure 5.38 Instantaneous torque output of the VAWT haaihgight of 0.75m

Figure 5.39(a) depicts the variations in the pressure for the VAWT haumgight of in. It can be

seen by comparing figas 5.39(a) and 5.37(a) that the area of thigh pressure on the windward side
of the VAWT is bigger forh=1m. Furthermore, pressure on the upper section of the VAWT is
considerably lower than observed in case of h=0.75m.

Figure 5.39(aPressure variatiorst 0dangular position of the VAWT havirg height of 1m
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Analysing the velocity variations in the vicinity of the VAWT haviagheight of 1m(figure
5.39(b)), it can be seen, in comparison with figure 5.37(b), that the flow velocity is considerably
higherin the core region and the flow passages on the windward side of the VAWT. Furthermore,
the flow velocity on the upper and lower sections of the VAWT is relatively higher thaheor
VAWT having a height of 0.75m

Figure 5.39(b)Velocity variations a0 dangular position of the VAWT havirg height of 1m

Figure 5.40 depicts the instantaneous torque output of the VAWT haviegght of in. It can be

seen, in comparison with figure B,3hat the torque output of the VAWT has increaappreciably
Furthemore, it can be seen that there are two sets of distinct peaks in the torque output signals. The
amplitude of the higher peakscreases with the increase in the angular position of the VAWT,
whereas, the amplitude of the lower pedksreasesThis trends opposite to the one observed for
h=0.5m and 0.75nHence, the torque output is also highly fumiform for h=1m.

Figure 5.40 Instantaneous torque output of the VAWT haaihgight of 1m
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Table 5.5 summarises the statistical results for the torqumitsubf the VAWTSs having different
heights. It can be seen that as the height of the VAWT increases, the average torque output
increases. Furthermore, the standard deviation in the torque output is highesinfort is also
noteworthy that both the mamum and the minimum torques increase ashtight of the VAWT
increases

Table 5.5 Effect of the height of the VAWT on its performance output

Height(m) | Tmin (N-m) | Tmax(N-m) | Tavg(N-m) | Pavg(N-m) | Std. Dev.
0.25 3.79 4.29 4.07 6.98 0.20
0.5 8.96 9.56 9.11 15.62 0.15
0.75 15.93 17.20 22.14 28.08 0.33

1 24.80 26.41 25.67 44.01 0.51

Figure 5.41 depicts the instantaneous torque outputs of the VAWTSs having different heights. It can
be seen that as the height of the VAWT increasestotiygie output also increases significantly.
Moreover, it has been observed that lierlm, the variations in the torque output are highest as
expected.

Figure 5.41 Instantaneous torque output of the VAWT having different heights

Figure 5.42 depicts thefett of the height of the VAWT on its performance output. It can be seen
that as the height of the VAWT increases, both the torque and the power outputs VAWT increase.
Hence, in the present study, the optimised design of the VAWT is the one that hast aheig.
Furthermore, it can be seen that there arelmearities in the curves that arises due to complex and
transient interactions between the blades.
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Figure 5.42 Effect of the height of the VAWT on its performance output

5.6. Expression for G based e Number of Blades

A detailed investigation into the effect of thember of bladesn the performance output of a
VAWT has been carried out sections 5.1 and 5.Zhe trends show that increasehe number of

both the rotor and the stator bladesresesthe torque output of the VAWT. In order to quantify
these results such that they can be used in the design process of a VAWT, multiple regression
analysis has been carried out on the results obtained from CFD simulationsvorlariables
included inthe study are thaumber of rotor and stator bladeghereas the output parameter has
been chosen to libe torque coefficient.

After performing multiple regression analysis on the results obtained from CFD simulations
(presented in Appendi®), the following equation for the torque coefficient has been developed:

% L rawx04$8<7<05$as: (5.1)

where NSB and NRB corresponds to number of stator blades and number of rotor blades
respectively.

In order to check the validity of equatidn 1), the CFD resultfor C; have been compared withy C
calculated from equatiorb(1). It has been shown in figue43 thatmore tharB0% of the data lies
within £10% error band.The errors are due to the numerical diffusion within the sohret
interaction between the rotor and stator blades
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Figure 5.8 Validation of the equatiofb.1)

The equation to calculate torque output of the VAWT will then be:

6L ratzé#NR:04$9<7<05¢35:; (5.2)

5.6.1. Validation of Equation 5.2
Calculate thenumber of bladesequired ina Vertical Axis Wind Turbindor the following data:

A 2n? v 4m/sec I 0.7m
T 32N-m

Solution: Using equationg.2):
utL ratz UsdatwUt Ur& UsxU:04$%<7<005 ¢35,
04%Lst =J@ O583L st
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5.7. Expression for G; based on Size of Rotor/Stator

A detailed investigation into the effect of thize of rotorand statoon the performance output of a
VAWT has been carried out in sectioBs8 and 5.4 The trends showhat increase in the size of
both the rotor and the stator increases the torque output of the VAWOFder to quantify these
results such thahey can be used in the design process of a VAWT, multiple regression analysis
has been carried out on the results obtaineth CFD simulations. The two variables included in
the study are the size of rotor and stator, whereas the output parameter helsokeanto be the
torque coefficient.

After performing multiple regression analysis on the results obtained from CFD simulsaioles (
5.3 and 5.% the following equation for the torque coefficient has been developed:

48 5=

2.2 2 - 4a.88
% L srﬁu@gA @?A (5.3)

where g r, and ¢ corresponds to radiusf stator, radius ofotor and total radius of the VAWT
respectivelyNote that ..

In order to check the validity ofgeation 6.3), the CFD results for £have been compared withy C
calculated from equatiorb(3). It has been shown in figute44that all of the data lies within £5%
error band.

Figure 5.4 Validation of the equatiofb.3)

The equation to calculate tpre output of the VAWT will then be:

48 5=

2. ~2 o - 4a88
6L mzssvé#ulaﬁ@gA @’;—WA (5.4)
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5.7.1. Validation of Equation 5.4

Calculate thesize of the rotor and the stator sectimina Vertical Axis Wind Turbine using the
following data:

A 2nt v 4m/sec T 21N-m

Solution: Using equationq.4):

R R R R R " F ” r&vs{ n. F " ra(vv
ts L wsswsdtwUt U", Us xU———p l——p

”aLrM. ”er@. f..'. HanrLra.

5.8. Expression forC; based on Height of the VAWT

A detailed investigation into the effect of the height of the VAWT on its performance output has
been carried out in sections 5.5. The trends show that increase in the size of the height of the
VAWT increases the torque outpaf the VAWT. In order to quantify the results such that they can

be used in the design process of a VAWT, multiple regression analysis has been carried out on the
results obtained from CFD simulations.

After performing multiple regression analysis on thsults obtaied from CFD simulations (table
5.5), the following equation for the torque coefficient has been developed:

5849
x Ltdasxy@A (5.5

whereh si the height of the VAWTIn orderto check the validity of equation &, the CFD results
for Cy have been compared with Calculated from equation (5.9t has been shown in figuBe45
tha all of the data lies within +20 error bandThe errors are due to the numerical diffusion mith
the solverand interaction between the rotor and stator blalke equation to calculate torque
output of the VAWT will then be:

5849
L sarzvO ","° @A (5.6)

5.8.1. Validation of Equation 5.6
Calculdae the height of the Vertical Axis Wind Turbine using the following data:
A 2nf v 4m/sec T 22N-m

re 0.7m It 1m
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Solution: Using equation (5.6):

SSEVFW
tt L sarzvUsdatwUOt Urg UsxU F—SG

SLrgws

Figure 5.45validation of the equatio(b.5)

5.9. Torque Prediction Model

Various semiempirical correlationdhave been developed in the previous sections and Chapter 4.
They deal with the blade anglegyymber of rotor/stator bladesize of rotor/stator bladesnd the

height of the VAWTseparately. Howevel/AWT designers are in need of a generic design tool
WKDW DFFRPPRGDWHY DOO WKHVH GLIITHUHQW SDUDPHWHUYV
requirements, a generic torque prediction model has been developed here for VAWTs

After performing multife regression analysis on the results obtained from CFD simulations, the
following equation for the torque coefficient has been developed:

001311_12 . 5 ’&-24. 'a// ,\-513
446 6@&A RWHE42RY FLAIIYy = iy 0 2
] ] ]
XL ,al2 ,al0
Gh @A
(5.7

In order to check the validity of equatioh.7), the CFD results for £have been compared withy C
calculated from equatiorb (7). It has been shown in figuee46thatmore than 90%f the dataies
within £10% error bandThe errors are due to the numerical diffusion within the sohret
interaction between the rotor and stator blades
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Figure 5.46validation of the equatio(b.7)
The equation to calculate torque output of the VAWT will then b

—réarrsrx ravzx  rxwurpr [&SX2z p», sSdUU g Sdly

L raassO ",78 L - —— M(5.9

p rdux r_é'suv
A

5.9.1. Design Example
Calculate the torque output of a Vertical Axis Wiharbine using the following data:

\% 4m/sec T 22N-m

Solution: In order to dsign a VAWT that can generate ¥2n of torque, various geometrical
parameters need to be found out such as blade angles, number of blades and the size of the VAWT.
Hence, a €p by step procedure has been presented here

J)L[ . WR LWV RSWLPXP YDOXH RI
JURP GHVLJQ FRQVLGHWDWLRQ LV WDNHQ DV
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3. From the cost and installation space considerations, decide what VAWT size is acceptable. Here,
take both the height (h) and the total radigsofrthe VAWT aslm.

4. Within the fixed overall size of the VAWT, keeping in mind the installation space required for
drive shaft and the torque transdwcetc. decide the size of the rotor and the core sections. Here,
take r=0.7m and =0.5m.

5. Fix the number of rotaand stator blades based on the average wind velocity at that location and
the starup torque required at that wind velocity. Here, 12 rotor and 12 stator blades have been
taken (because this set generates maximum torque output).

6. Put the values calcuél in steps 1 to 5 in equation (5.8)sing trial and error (or iterative
method) FDOFXODWH WKH VHWYVY RI / DQG WKDW ZLOO JHQHUDW
Thecompleteset ofparametershatwill generatéorque output of 28-m are presnted in table 5.6.

Table 5.6 Predicted Geometrical Entities of the VAWT

h im
I 0.5m
r 0.7m
s Im
. 16.6890
/ 35.3570
3520
NRB 12
NSB 12

Scenario # 1:In the design example presented above, suppose the height of the VAWT is fixed at
0.75m, then the values of the geometric features that will result in a torque output eh 22
presented in table 5.7

Table 5.7 Predicted Geometrical Entities of the VAWT for a height of 0.75m

re 0.26m
I 0.7m
s Im
. 16.6890
/ 22.3576
18.206
NRB 12
NSB 12
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Scenario # 2:In the design example presented above, suppose the number of stator blades is 8, then
the values of the geometric features that will result in a torque output efri22¥e presented in
table 5.8:

Table 5.8 Predicted Geometrical Eias of the VAWT for 8 Stator Blades

I'e

0.485m

i

0.7m

I's

Im

16.6890

22.3576

18.20

NRB

12

Im

Scenario # 3:,Q WKH GHVLJQ H[DPSOH SUHVHQWHG DERY#&hd VXSSH
28.2¢ then the values of the geometric features that will result in a torque output oh2ake
presented in tabl5.9:

7TDEOH SBUHGLFWHG *HRPHWULFDO (QWLWLHVWDRIGNK#H 9%:7
e 0.5m
re 0.64m
I's 0.95m
1.68906
NRB 12
NRB 12
h im

Scenario #4: In the design example presented above, suppaséixed at 0.9m, then thealues of
the geometric features that will result in a torque output of22Mdre presented in table 5.10:

Table 5.10 Predicted Geometrical Entities of the VAWT f0.O9m

h

Im

i

0.7m

e

0.475m

16.6890

22.3570

18.26

NRB

12

NSB

12
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5.10. Summary

A detailed investigation into the effect of the number of blades and size of the rotor/stator, on the
performance output of the vertical axis wind turbine has revealed the following results:

X Increase in the number of rotor blades increasegdtfermanceutput of the VAWT

X Increase in the number of stator blades increasgsettiermanceutput of the VAWT

X

Increase in the size of the rotor increasep#réormanceutput of the VAWT

X

Increase in the size of the stator increasepén®rmanceutput of he VAWT

X

Increase in the height of the VAWT increases its performance output

Furthermoreanovel torque prediction model $ibeen developed in this chapter.

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
132



CONDITIONBAEEDMONITORING OFERTICABXISWIND TURBINES

(HAPTER

Conditon Based Monitoring oWERTICAAXIS
WIND TURBINES

Condition based health monitoring of vertiaxis wind turbines has been an
importanttopic of research for the past couple of decades. However, CFD based

techniques have not been employed to detecfaults in the blades of a VAWT.
Hence, condition monitoring aspect of CFD, applied to vertical axis wind turbines,
is presented in this chapter. A detailed analysis of the results, obtained after
performing CFD simulations, has been carried out ideorto understand the
complex flow structure in defective VAWTSs. The effect of various geometric faults
on the performance output of a VAWT has been investigated. It has been shown
that CFD can be used as an effective tool to detect the faults in the lofade

VAWT.
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6.1. Introduction

Recent advancements in computational modelling namely CFD have allowed for complex
simulation of fluid flow systems and in particular wingrbines Although the use of CFD is
relatively new its applications are develop with recent advancements made in the area of
optimisation and diagnostics. Given improvements in computational hardware and its use as a
simulation based condition monitoring tool is becoming more realistic. This therefore has the
potential to reduceidgnostic costs from minimizing the amount of instrumentation required when
obtaining machine signatures.

6.2. Effect of a Missing Rotor Blade

Figure 6.1(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having
12 rotor blades whe the number of stator blades are kept constant at 12. This VAWT configuration
has been termed here as healthy VAWT. It can be seen in figure 6.1(a) that the windward side of the
VAWT possess very high pressure while the leeward side has comparativelprésaure.
Furthermore, it can be seen in figure 6.1(b) that the flow velocity is high on the windward side and
the core region, while it is comparatively lower on the leeward side of the VAWT. It has also been
observed that the flow accelerates in thespges formed between the rotor and the stator blades on
the windward side of the VAWT. These passages are formed due to the orientation and the angular
position of the rotor blades.

Figure 6.1 (a) Pressure variatiat0éangular position of theealthy VAWT
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Figure 6.1 (b) Velocity variationst Oéangular position of theealthy VAWT

Figure 6.2 depicts the instantaneous torque output of the healthy VAWT having 12 rotor Iblades.
can be seen that there are additioloaler peaks, together with the expected 12 higher peaks
corresponding to 12 rotor blades. Furthermore, it is observed that as the angular position of the
VAWT increases, the amplitude of these lower peaks decreases.

Figure 6.2 Instantaneous torque ottfau healthy VAWT

6.3(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 11 rotor
blades. This configuration of the VAWT is termed here as defective VAWT. In comparison with
figure 6.1(a), it can be seen in figure 6)3dae to a missing rotor blade, the pressure in the rotor
region decreases, giving rise to highly aamform pressure field.
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Figure 6.3 (a) Pressure variations @afgular position of the defective VAWT missing a rotor
blade

Figure 6.3(b), in compason with figure 6.1(b), shows that due to a missing rotor blade of the
VAWT, the flow velocity at the location of the missing rotor blade has reduced significantly
Furthermore, the flow velocity in the core region has also reduced.

Figure 6.3 (b) Veloity variationsat O¢angular position of thdefective VAWT missing a rotor
blade

Figure 6.4 depicts the variations in the instantaneous torque output of the defective VAWT. It can
be seen, in comparison with figure 6.2, that torque variations areimform and there areon

distinct peaks and valleys as observed in case of healthy VAWT. The amplitude of torque variations
have increased substantially. Further analysing the instantaneous torque output reveals that there as
a huge peak at 9ngular position of the VAWT, wthelat 180) there exists a deep valley.
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Figure 6.4 Instantaneous torque output for defective VAWT missing a rotor blade

Figure 6.5(a & b) depicts the velocity variations in the defective VAWT at those angular positions
where a large peak and valley hdeen observed in figure 6.4. In comparison with figure 6.3(b), it
can be seen that high peak corresponds to the orientation such that the rotor and thedesitarebla
in-line with each other, hereas, the deep valley exists at that orientation wheretitreblades are
exactly in between the stator blades, forming uniform flow passages.

Figure 6.5 (a) Velocity variations at @@ngular position of the defective VAWT missing a rotor
blade
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Figure 6.5 (a) Velocity variations at 18@ngular position of the defective VAWT missing a rotor
blade

Table 6.1 summarises the statistical results for the torque outputs from both thg hedl the
defective VAWTS. It can be seen that a missing rotor blade degrades the performance output of the
VAWT by decreasing its average torque and power outputs. Furthermore, it also nottdw tha
maximum amplitude (Tma& min) for defective VAWT is onsiderably higher than for a healthy
VAWT. The variations in the instantaneous torque output of the defective VAWT (figure 6.4) have
resulted into a very high standard deviation.

Table 6.1 Effect of a missing rotor blade on theéqrerance output of the AWT

Number of Stator| Number of Rotor Tmin | Tmax | Tavg | Std. Pavg
Blades Blades (N-m) | (N-m) | (N-m) | Dev. (W)

12 12 24.80 | 26.41 | 25.67| 0.51 | 44.00

12 11 18.20 | 31.89 | 25.11| 4.76 | 43.05

Figure 6.6 depicts the instantaneous torque outputs of both the healthy aledetttove VAWTS.

By comparison, it can be seen that although the difference in the average torque oweuts is
small, however, the variations in the torque output of the defective VAWT are quite severe that
leads to the generation of vibrations in MAWT. These unwanted vibrations can damage the
structure of the VAWT, hence reducing the total useful remaining life of the VAWT.
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Figure 6.6 Instantaneous torque output of both the healthy and defective VAWTSs

Figure 6.7 depicts the average power anduerqutputs of both the healthy and the defective
VAWTS. It can be seen that the missing rotor blade degrades the performance output of the VAWT
by decreasing its average torque and power outputs.

Figure 6.7 Effect of a missing rotor blade on thdqremance output of the VAWT
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6.3. Effect of a Missing Stator Blade

Figure 6.8(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having

12 stator blades while the number of rotor blades are kept constant at 12. This VAWT configuration
has been termed here as healthy VAWT. It can be seen in figure 6.8(a) that the windward side of the
VAWT possess very high pressure while the leeward side has comparatively low pressure.
Furthermore, it can be seen in figure 6.8(b) that the flow velochigls on the windward side and

the core region, while it is comparatively lower on the leeward side of the VAWT. It has also been
observed that the flow accelerates in the passages formed between the rotor and the stator blades or
the windward side of th# AWT. These passages are formed due to the orientation and the angular
position of the rotor blades.

Figure 6.8 (a) Pressure variations @hafgular position of the healthy VAWT

Figure 6.8 (b) Velocity variations at@ngular position of the healthy VAWT

Figure 6.9 depicts the instantaneous torque output of the healthy VAWT having 12 statorlblades.
can be seen that there are additioloater peaks, together with the expected 12 higher peaks
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corresponding to 12 rotor blades. Furthermore, it is observed that as the angular position of the
VAWT increases, the amplitude of these lower peaks decreases.

Figure 6.9 Instantaneous torque ottfaw healthy VAWT

6.10(a & b) depicts the pressure and velocity variations in the vicinity of the VAWT having 11
stator blades. This configuration of the VAWT is termed here as defective VAWT. In comparison
with figure 6.8(a), it can be seen in figure @d), due to a missing stator blade, the pressure in the

stator region decreases, giving rise to highly-naiform pressure field.

Figure 6.10 (a) Pressure variations @0gular position of the defective VAWT missing a stator
blade
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Figure 6.10(b),n comparison with figure 6.8(b), shows that due to a missing stator blade of the
VAWT, the flow velocity at the location of the missing stator blade has reduced significantly.
Furthermore, the flow velocity in the core region has also reduced.

Figure 610 (b) Velocity variations at @angular position of the defective VAWT missing a stator
blade

Figure 6.11 depicts the variations in the instantaneousdarqgtput of the defective VAWHaving

11 stator bladedt can be seerin comparison with figure 6.9hat thereare12 distinct gaks in the

torque output that corresponds to the 12 rotor blades of the VAWT. Furthermore, it is observed that
as the angular position of the VAWT increases, the amplitude of torque output decreases.

Figure 6.11 Instantaneous torque output for defedfidkWT missing a stator blade
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Table 6.2 summarises the statisticalufess for the torque outputs dioth the healthy and the
defective VAWTS. It can be seen that a missing stator blade degrades the performance output of the
VAWT by decreasing its averagerque and power outputs. Furthermore, it also nated the
maximum amplitude (TmaX min) and standard deviation in the torque output defective

VAWT is considerably higher than for a healthy VAWIarge variations in the instantaneous
torque output bthe ddective VAWT (figure 6.1) have resulted into a very high standard deviation.

Table 6.2 Effect of a missindgador blade on the parmance output of the VAWT

Number of Rotor| Number of Stator | Tmin | Tmax | Tavg | Std. Pavg
Blades Blades (N-m) | (N-m) | (N-m) | Dev. (W)

12 12 24.80 | 26.41 | 25.67| 0.51 | 44.00

12 11 19.84 | 29.73 | 24.85| 1.98 | 42.60

Figure 6.12 depicts the instantaneous torque outputs of both the healthy and the defective VAWTSs.
By comparison, it can be seen that the average torque output of thévaef@dtVT is substantially

lower than of the healthy VAWT. Furthermore, the variations in the torque output of defective
VAWT are much higher than for healthy VAWT.

Figure 6.12 Instantaneous torque output of both the healthy and defective VAWTs

Figure 6.B depicts the average power and torque outputs of both the healthy and the defective
VAWTS. It can be seen that the missing stator blade degrades the performance output of the VAWT
by decreasing its average torque and power outputs.
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Figure 613 Effect ofa missing stator blade on the fmemance output of the VAWT

In order to analyse the effect of a missing rotor and stator litadetail pressure and velocity
fluctuations at strategically chosen points have been monitored. These locations/poiras/ara sh
figure 614. Furthermore, the coordinated of these points are summarised in table 6.3. It should be
noted that these points are 50mm away from the inner and the outer boundaries of the VAWT.

Figure 614 Points in the VAWT

Moreover, the monitoringf the pressure and the flow velocity has been carried out at three
different angular positions of the VAWT such that the transient interaction between the rotor and
the stator blades is captured. These angular positions correspoi®ds @p and 9|, as shown in
figure 615, where-9 | indicates the angular position when rotor blades grbehind the stator
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blades, while approaching them in an anticlockwise manneoi@esponds to the angular position
when both the rotor and the statdades are iine with each other i.e. the angular difference
between the rotor and the stator blades |isFirthermore, 9§ correspond to the angular position
when rotor blades are|@head of the stator blades.

Table 6.3 Coordinatesf the Points

ol x| ym) | z(m)
P1 0.45 0 0.5
P2 0 0.45 0.5
P3 -0.45 0 0.5
P4 0 0.45 0.5
P5 1.05 0 0.5
P6 0 1.05 0.5
P7 -1.05 0 0.5
P8 0 -1.05 0.5

The results are presented in figuré&ga &b) where figure 86(a) depicts the pressure fluctuations
while figure 616(b) represents the velocity variations at points P1 to P8 for different angular
positions of the VAWT.The greencurves represent the healthy VAWT, red represent a missing
rotor blade and thblue curves represent a missing stator blade.rtlmaseen in figure 8(a) that

at most of the points, the difference in the pressure between the healthy and the defective VAWTS is
negligibly small to be associated to the presence of defects in the VAWT. However, at P2, P3 and
P6, the pressure is codsrably lower for the VAWT having a rotor blade missing. These points are
located near the upper section and downstream the windward side of the VAWT. It can be
concluded that rotor blade faults are more severe in nature compared to the stator blads faults

as the pressure field in the vicinity of the VAWT is concerned.

Figure 615 Angular positions of the rotor blade w.r.t. the stator blade

Analysing figure 6.16(b) suggests that stator blade faults are detected much better by velocity
variations.Therefore, the differences can be visualised at P1, P6, P7 and P8 locations. Hence, it can
be concluded that various faults in VAWTSs are detectable by using CFD simulations; however,
some faults are more sensitive to one flow variable whereas anothersfamtire sensitive to
another flow variable. A more rigorous investigation is requirestmciate specific blade faults to
specific flow parameters accurately.
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P4 P8
Figure 616 (a) Pressure fluctuations at fn@ntsfor both healthy and defective VAWTs

P1 PS5

P2 P6
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P3 P7

P4 P8

Figure 616 (b) Velocity variations at the pointsr both healthy and defective VAWTs

6.4. Effect of Slits in a Rotor Blade

In order to analyse the effeat$ slit in a rotor blade, on the performance output of the VAWT,
various three different slit sizes have been chosen for analysis. These slit sizes correspond to 50mm,
100mm and 200mm, in the rotor blade that is present on the windward side of the VAWT. A
defective VAWT with 50mm slit is shown in figure 6.17.
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Figure 6.17 Slit in the Rotor Blade

Figure 6.18a & b) depicts the pressure and velocity variations in thaitycof the VAWT having

no slitin the rotor blade. It can be seen in figure8a) tha the windward side of the VAWT
possess very high pressure while the leeward side has comparatively low pressure. Furthermore, it
can be seen in figure @(b) that the flow velocity is high on the windward side and the core region,
while it is comparativig lower on the leeward side of the VAWT. It has also been observed that the
flow accelerates in the passages formed between the rotor and the stator blades on the windward
side of the VAWT. These passages are formed due to the orientation and the @ogjtitar of the

rotor blades.

Figure 6.8 (a) Pressure variations até@ngular position of the healthy VAWT
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Figure 6.8 (b) Velocity variations at @angular position of the healthy VAWT

Figure 6.1 depicts the instantaneous torque output of théthe® AWT. It can be seen that there

are additional lower peaks, together with the expected 12 higher peaks corresponding to 12 rotor
blades. Furthermore, it is observed that as the angular position of the VAWT increases, the
amplitude of these lower peafiscreases.

Figure 6.8 Instantaneous torque output for healthy VAWT

6.20a & b) depicts the pressure and velocity variations in the vicinity of the defective VAWT
having a 50mm slit in the rotor blade. In comparison with figur&(&)1it can be seemifigure
6.2(0a) that due to &0mm slit in therotor blade, the pressure in the rotor region decreases, giving
rise to highly noruniform pressure field.
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Figure 6.20a) Pressure variations até@ngular position of the defective VAWT having a 50mm
Slit

Figure 6.2Qb), in comparison with figure 63{b), shows that due to a 50mm slit in the rotor blade
of the VAWT, the flow velocity at the location of the slit has increased marginally. Furthermore,
the flow velocity in the core regiaand the upper seot of the VAWThas alsancreased

Figure 6.200b) Velocity variations at @Gangular position of the defective VAWT having a 50mm
Slit

Figure 621 depicts the variations in the instantaneous torque output of the defective VAWT having
a 50mm slit in the rotor blade. It can bersga comparison with figure 6.1¢hat the instantaeous

torque ouput of the defective VAWTIs considerably lower than for the healthy VAWT.
Furthermore, it has been observed that the variations in the torque output of the defective VAWT
are significantly higher thafor the healthy VAWT. The reason fokKtH ILUVW F\FOHYV WRU’
be less than the other cycles is the presence of the slidaatg0lar position of the VAWT. As the

slit moves away from the windward side of the VAWT, its effect becomes less significant on the
instantaneous torque output of the VAWT.
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Figure 6.2 Instantaneous torque output for defective VAWT having a 50mm Slit

6.22(a & b) depicts the pressure and velocity variations in the vicinity of the defective VAWT
having a 100mm slit in the rotor blade of the VAWT. In comparison with figu2&®), it can be
seen in figure 6.22(a) that due td@mm slit in the rotor blagl the pressure in the rotor region
decreaseturther, and thepressure fieldn the vicinity of the VAWT is highly nowniform.

Figure 6.22a) Pressure variations ati@ngular position of the defective VAWT having a 100mm
Slit

Figure 6.22(b), in comparison with figure 6.20(b), shows that due to a 100mm slit in the rotor blade
of the VAWT, the flow velocity at the location of the slit has increased marginally. Furtresrmo
the flow velocity in the core region and the upper section of the VAWT has also increased.
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Figure 6.22b) Velocity variations at @angular position of the defective VAWT having a 100mm
Slit

Figure 6.23 depicts the variations in the instantanéngsie outpubf the defective VAWT having

a 1Mmm slit in the rotor blade. It can be se@a comparison with figure 6.21hatthe difference in

the instantaneous torque output of the VAWTnegligibly small However, the variations in the
torgue outputre slightly higher, which suggests that the standard deviation for 2000mm slit VAWT
will be slightly higher than for 50mm slit VAWTRurthermore, it has been observed #sathesize

of the slit increases, its effect remains significant for a wider ramfgangular positions of the

VAWT.

Figure 6.3 Instantaneous torque output for defective VAWT having a 100mm Slit

6.24(a & b) depicts the pressure and velocity variations in the vicinity of the defective VAWT
having a 200mm slit in the rotor blade ot AWT. In comparison with figure 6.22(a), it can be
seen in figure 6.24(a) that due to a 100mm slit in the rotor blade, the pressure in the rotor region
decreases further, giving rise to highly naamform pressure field.
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Figure 6.24a) Pressure vatiians at 0dangular position of the defective VAWT having a 200mm
Slit

Figure 6.24(b), in comparison with figure 6.22(b), shows that due to a 200mm slit in the rotor blade
of the VAWT, the flow velocity at the location of the slit has increased margirkalighermore,
the flow velocity in the core region and the upper section of the VAWT has also increased.

Figure 6.2 (b) Velocity variations at @Gangular position of the defective VAWT having a 200mm
Slit

Figure 6.25 depicts the variations in the amaneous torque output of the defective VAWT having

a 200mm slit in the rotor blade. It can be seen, in comparison with figure 6.23, that the
instantaneous torque output of the defective VAWT with 200mnmssdiightly lower. Furthermore,

it has been olesved that the variations in the torque output of the defective VAWT 200mm

slit are significantly higher than for tH®0mm slit
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Figure 6.5 Instantaneous torque output for defective VAWT having a 200mm Slit

Table 6.4 presents the statistical aseyof the torque outputs of the healthy as well as defective
VAWTSs discussed above. It can be clearly seen that the presence of the defects in the rotor blade
degrades the performance output of the VAWT significantly by reducing torque and power outputs
and by increasing the standard deviation.

Table 6.4 Effect of Slit Size on the performance output of the VAWT

Szir:ﬂ'rsri)ze Tmin (N-m) | Tmax (N-m) Tavg (N'm) Pavg (W) Std. Dev
0 (Healthy) 24.80 26.41 25.67 44.01 0.51
50 19.38 25.77 21.84 37.4 1.83
100 19.06 26.18 21.8 37.4 1.89
200 18.42 25.79 21.74 37.27 1.91

Figure 6.26 depicts the variations in the instantaneous torque outputs of the defective VAWTS. It
can be seen that the torque variations are highlyumiform. As the defect in the rotor bladjets

bigger and bigger in size i.e. more severe, its impact on the performance output of the VAWT gets
more and more significant. These aamiform torque variations pose a great threat to the remaining
useful life of the VAWT by degrading its structumategrity due to severe vibrations.
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Figure 6.5 Instantaneous torque output of the defective VAWTS

Figure 6.27 depicts the variations in average torque and power outputs of the defective VAWTSs. It
can be seen that as the defect becomes larger in sitethe torque and power outputs of the
VAWT reduces.Furthermore, it can be seen that there arelim@arities in the curves that arises

due to complex and transient interactions between the blades.

Figure 6.7 Effect of Slit Size on the performancetput of the VAWT

Figure 6.28(a &b) depicts the variations in the pressure and the flow velocity at points mentioned in
the previous section. It can be seen in figure 6.28(a)thleat¢is significant pressureariations in

the vicinity of the VAWT as theeverity of the blade fault increasé®r exampleatlocation P1, as

the angular position of the VAWT increases, the pressure decreases for 50mm slit VAWT. However,
as the slit size increases (doubled and quadrupled), the trend of these variationsdiéemne

As the angular position of the VAWT increases, the pressure first increases until the rotor and the
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stator blades are 4ime with each other. As the rotor blade leaves the stator blades, the pressure
decreases. Hence, it is possible to deteetfaults using CFD although the trends are highly-non
uniform and it is suggested here that further studies should be conducted in the field of condition
monitoring of VAWTS.

Analysing figure 6.2@) suggests that blade faults are detected much betiazldgity variations.

The differences can be visualisedPdtand F locations where the flow velocity is lowest for the
biggest slit.Hence, it can be concluded that some faults are more sensitive to one flow variable
whereas another fault is more séme to another flow variable.

P1 PS5

P2 P6

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
157



CONDITIONBAEEDMONITORING OFERTICABXISWIND TURBINES

P3 P7

P4 P8

Figure 6.8 (a) Presare fluctuations at the points ftire defective VAWTSs
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P2 P6
P3 P7
P4 P8

Figure 6.8 (b) Velocity fluctuationsat the pointdor the defective VAWTs
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In this chapter CFD has been used for condition based health monitoring and fault detection in
vertical axis wind turbines. Various blade faults have been generated numerically and the torque
output of the VAWT moniired.It has been observed that a missing rotor or stator blade decreases

the torque output of the VAWT. Furthermore, as the size of the slit increases, the torque output of
the VAWT decreaseslhis shows thaCFD hasthe capability of detectingladefaults within a

VAWT andthat the fluidflow parameters can be used to analyse these fauksence concluded

here that CFD can be used as an effective diagnostics tool in the future.

6.4. Summary

A detailed investigation into the effect of a missing blad# sine of a slit in a rotor blade, on the
performance output of the vertical axis wind turbine has revealed the following results:

A missing rotor blade degrades the performance output of the VAWT

X

X

A missing stator blade degrades the performance outplg MAWT
X Presence of a slit in a rotor blade degrades the performance output of the VAWT

X Increase in the size of the slit in a rotor blade increases the degradation of the performance
output of the VAWT
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(HAPTER
Conclusions

From the results obtained in the previous chapters regarding the performance
evaluation and fault detection in vertical axis wind turbines, detailed

conclusions have been drawn in this chapter. Tlagomachievements and
contributions to the existing knowledge base are summarised and wherever possible
referenced back to the initial aims of this study. Finally, the works carried out in
this study are evaluated and requirements for future work in daechVAWT sfor
sustainable urban environmeare defined.
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7.1. Research Problem Synopsis

Use of wind turbines fosustainable urban environmeist gaining more and more acceptance
globally [1-6]. These machines need to be designed optimally for sprdad commercial
recognition[7-15]. Furthermore, there is a need to link the faults present in such machines to their
performance output in such a way that online health monitoring of these machines is possible. In
order to accomplish these goals, reskars have been trying @nalyse the effects of various
geometric parameters on the performance output of VAWTSs. Diagnostics of VAWTSs has however
been limited to experimental results. With the advent of powerful computing machines and
sophisticated softwa to analyse the flow fields, it has now become possible to computationally
model a vertical axis wind turbine and analyse the flow within these machines under various
operating conditions.

From a comprehensive review of the published literature, a nuohlienitations have been found

out which are concerned with the aforementioned points. In order to accurately predict the flow
behaviour in VAWTS, a set of aims and objectives have been formulated which define the scope of
this research study. A summary the primary aims of the thesis is provided in the following
sections of this chapter along with the major achievements and contributions. For reference, the
detailed objectives within each of these aims are given in Chapter 2.

7.2. Research Aims and Major Adievements

The main aims of the thesis defined from an extensive literature review in this area are as follows:

Research Aim # 1:Optimal Design of Vertical Axis Wind Turbines based on the Blade Angles

Achievement # 1:This study provides a detailed CHiased investigation on the optimisation of
verticals axis wind turbines based on the blade angles. Three dimensional VAWT models having
different stator blade outlet angles, rotor blade inlet angles and rotor blade outlet angles have been
numerically simuhted for the flow of air through them. Sliding mesh technique has been used in
order to rotate the rotor blades. This technique captures the transient flow phenomena occurring
during rotor/stator blade interaction and hence provides a more realistic @ppiarasuch
applications.

Based on the detailed numerical investigations, both the pressure and the velocity fields in the
vicinity of the VAWTs have been critically analysetioth qualitatively and quantitatively.
Qualitative analysis makes use of thegaure and velocity contours whereas quantitative analysis
makes use of the torque and power outputs of the VAWTs. The results presented give a clear
picture of the flow behaviour in the flow domain. Furthermore, the effects of various blade angles
on theperformance output of the VAWTs have been rigorously analyseAWT designers use

the performance parameters for designing purposes, the present study makes use of the torque
coefficient values for various cases under investigation in order to devekgmiempirical
correlation, which predicts the torque output of the VAWT for various geometric configurations
mentioned above. The development of such a prediction model for the performance output of the
VAWT that includes the effects of different bladegées is a major achievement of the present
study. It has also been shown that this prediction model is reasonably accurate.
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Research Aim # 2:Optimal Design of Vertical Axis Wind Turbines based on Number of
Rotor/Stator Blades and Size of Rotor/Stator

Achievement # 2:This study provides a detailed CFD based analysis on the optimisation of
verticals axis wind turbines based on number of blades and the size of rotor/stator. Various VAWT
models having different number of stator/rotor blades and sizetof/sbéor sections of the VAWT

have been numerically simulated until the solution has become statistically steady. Transient effects
have been accurately captured during these simulations by using advanced modelling techniques
such as sliding meslm this technique, the rotor blades physically move w.r.t. the axis of rotation
and hence the geometric relationship between stator and rotor blades constantly changes.

Based on the detailed numericataminations both the pressure and the velocity fields ie th
vicinity of the VAWTSs have been critically analysed, both qualitatively and quantitatiNdias

been shown that both the pressure and the velocity variations in the vicinity of the VAWTSs are
highly unsymmetrical and nemniform. It has also been showthat the number of stator/rotor
blades and the size of the stator/rotor sections significantly affect the performance output of the
VAWT. Based on the results from CFD simulations, sempirical correlations have been
developed using advanced statistimadls These semempirical relations relate the effects of the
number of blades and the size of the rotor/stator sections to the performance output of the VAWT.
Furthermore, a general torque prediction model has been developed using multiple regression
analysis that takes into account all the aforementioned geometrical parameters such as blade angles,
number of blades and size of sections. This prediction model is both robust aifiiendér and

can be used by VAWT designers with relative ease

Reseach Aim # 3: CFD Based Condition Monitoring of Vertical Axis Wind Turbines

Achievement # 3:This study provides a detailed CFD based investigation on the flow diagnostics
and fault detection in verticals axis wind turbines. Various blade faults have eéeeraigd in the
VAWT such as a missing stator blade, a missing rotor blade and slits in a rotor blade. Performance
output of the VAWT models have been constantly monitored for several revolutions. It has been
observed thaCFD results are quite sensitive blade faults These faults seem to degrade the
performance output of the VAWT considerably. Various statistical analyses have been provided
that shows that CFD can be used as an effective tool in the near future for vertical axis wind turbine
diagnosticsaand condition based health monitoring.

7.3. Thesis Conclusions

A comprehensive study has been carried out to support the existing literature regarding the optimisation
and condition monitoring of vertical axis wind turbings sustainable urban environmemind to

provide novel additions to improve the current understanding of the design process and geometry related
effects on the performance output of VAWTSs. The major conclusions from each facet of this research
study are summarized as follows:
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ResearchObijective # 1. To analyse the effect of the rotor blade angles on the performance
output of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects of the rotor blade
inlet and exit angles on the performance output of the VAWTas been shown that the rotor
EODGH DQJOHV [/ DQG FRQVLGHUDEO\ DIIHFW WKH SHUIRU
these angles decreases the pressure and increases the flow velocity in the vicinity of the VAWT
because decrease in theselasgnakes the rotor blades more flat, hence, offering less resistance to
the flow. Furthermore,tihas been observed that as both these angles increases, the torque and the
power outputs of the VAWT decreases. Instantaneous torque outputs show that lthel@rap

torque variations increases as these angles incidaseover an increase in the standard deviation

of the torque output has been noticed with the increase in both of these angles. Hence, it has been
recommended here that while designing a VAWHRese angles should be kept small 0

DQG 6in this study) A novel torque prediction model has been developed, using statistical
toolsthatOLQNYV WKH SHUIRUPDQFH RXWSXW RI WKH 9%$:7 ZLWK / [

Research Objective# 2. To evaluate the effet of the stator blade exit angle on the
performance output of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects of the stator blade
exit angle on the performance output of the VAWT. It has been shown that the std®ekhia
DQJOH . FRQVLGHUDEO\ DIIHFW WKH SHUIRUPDQFH RXWSX
pressure and decreases the flow velocity in the vicinity of the VAWT. Hence, more torque is
generated by the action of the aerodynamic forces on the atesVAWT. It has been observed
WKDW DV . LQFUHDVH WKH WRUTXH DQG WKH SRZHU RXWSXW
ZKLFK WKH\ VWDUWV WR GHFUHDVH +HQFH WKHUH LV DQ
torgue and power outputs thife VAWT. This angle has been found out to be 16®B8tantaneous

torque outpushow that the amplitude of torque variatialesreases as increass. A novel torque
prediction model has been developed, using statistiodd thatinks the performare output of the

9%:7 ZLWK .

Research Objective# 3: To investigate the effect of the rotor size on the performance output
of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects of the size of rotor
on the performance quit of the VAWT. It has been shown that rotor size considerably affects the
performance output of the VAWT. Increase in the size of rotor significantly increases the torque
and the power outputs of the VAWT. It has also been noticed that a smaller m¢oatge torque
signals with higher amplitude of variations than a larger rotor. Furthermore, it has been shown that
the standard deviation for a larger rotor is considerably lower than for a smaller rotor. A novel
torque prediction model has been developgsing results from CFD simulations that links the
performance output of the VAWT with the size of the rotor.
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Research Objective# 4: To formulate the effect of the stator size on the performance output
of a VAWT

Detailed CFD based investigations hdneen carried out to analyse the effects of the size of stator
on the performance output of the VAWT. It has been shown that stator size considerably affects the
performance output of the VAWT. Increase in the size of stator significantly increases the torq
and the power outputs of the VAWT. It has also been noticed that a setatergenerates torque
signals with higher amplitwedof variations than a larger gia Furthermore, it has been shown that

the sandard deviation for a larger &iais consi@rably lower than for a smaller $ta. A novel

torque prediction model has been developed, using results from CFD simulations that links the
performance output of the VAWT witihe size of the star.

Research Objectivet 5: To evaluate the effect of nurber of rotor blades on the performance
of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects of the number of
rotor blades on the performance output of the VAWT. It has been shown that number of rotor
blades considerablgffects the performance output of the VAWT. Increase in the number of rotor
blades significantly increases the torque and the power outputs of the VAWT. It has also been
noticed that VAWT with less rotor blades generate torque signals with higher ampitude
variations than a VAWT with more rotor blades. Furthermore, it has been shown that the
instantaneous torque output of the VAWT shows as many peaks and valleys as the number of rotor
blades in the VAWT.

Research Objective# 6: To investigate the effectof number of stator blades on the
performance of a VAWT

Detailed CFD based investigations have been carried out to analyse the effectauwhbtieeof
statorbladeson the performance output of the VAWT. It has been shownninaber of stator
bladescorsiderably affects the performance output of the VAWT. Increase inuhderof stator
bladessignificantly increases the torque and the power outputs of the VAWIas also been
noticed thatVAWT with less stator blades generaterque signals with higér amplitude of
variations than avAWT with more stator bladesFurthermore, it has been shown that the
instantaneous torque output of the VAWT shows as many peaks and valleys as the number of rotor
blades in the VAWT and hence the stator blades haventgssct on the instantaneous torque than
rotor blades.

Research Objective #7.7R DQDO\VH WKH HIIHFW RI D 9%$:79V KHLJKW R(

Detailed CFD based investigations have been carried out to analyse the effects of the height of the
VAWT on its performance output. It has been shown thatheight of the VAWT considerably
affects its performance output. Increase in the height of the VAWT increases its torque and power
outputs.
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Research Objective# 8: To analyse the effect of missing rotor bide on the performance
output of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects of a missing rotor
blade on the performance output of the VAWT. It has been shown that a missing rotor blade
considerably affects the perfnance output of the VAWT. A VAWT with a missing rotor blade
generates less torque than a healthy VAWT. It has been shown that a missing rotor blade has a
significant impact on the instantaneous torque output of the VAWT. Due to a missing rotor blade,
thevariations in the torque signals increase significantly, generating severe vibrations in the VAWT.
This effect degrades the performance and decreases the remaining useful life of the VAWT. It has
been observed that the standard devidtora missing rair blade is significantly higher than for a
healthy VAWT.

Research Objective# 9: To investigate the effect of missing stator blade on the performance
output of a VAWT

Detailed CFD based investigations have been carried out to analyse the effects sih@ stasor

blade on the performance output of the VAWT. It has been shown that a missing stator blade
considerably affects the performance output of the VAWT. A VAWT with a missing stator blade
generates less torque than a healthy VAWT. It has been stmaw@a missing stator blade has a
significant impact on the instantaneous torque output of the VAWT. Due to a missing stator blade,
the variations in the torque signals increase significantly. Furthermore, it has been observed that the
standard deviatiorof a missing stator blade is significantly higher than for a healthy VAWT.

Research Objective#t 10: toformulate the effect of rotor blade slits on the performance output
of a VAWT

Detailed CFD based investigations have been carried out to analyseettte effthe presence and

the size of slits present in a rotor blade, on the performance output of the VAWT. It has been shown
that the presence of a slit in a rotor blade of the VAWT severely degrades the performance output of
the VAWT by decreasing its tque and power generating capacities. It has also been shovas that

the size of the slit increases, the performance output of the VAWT gets even more degraded.
Furthermore, it has been observed that both pressure and velocity variations at stratbgisatly c
locations can help detect blade faults in VAWTs. However, a more rigorous testing is required in
order to quantifthe effectf blade faults on the performance output of the VAWT.

7.4. Thesis Contributions

The major contributions of this research stwde summarized below in which novelties of this
research are described:

Contribution # 1

One of the major contributions of this study is the use of a novel modelling technique in order to
rotate the rotor blades of the VAWT. This technique, known adingliMesh, is capable of
capturing the three dimensional transient complex fluid flow phenomena with much superior
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accuracy as compared to conventional modelling techniques available such as Single Reference
Frame (SRF) and Multiple Reference Frame (MRFhas been shown in the literature review of

this study that most of the numerical studies on the performance evaluation of vertical axis wind
turbines use the conventional modelling techniques because they are computationally less expensive
than SlidingMesh technique. However, in doing so, the accuracy of the peddietrformance

output of the VAWT isseverely limited because the transient effects are not captured accurately.
Using sliding mesh technique enables to actually rotate the rotor bladeamunteahe unsteady

effects generated during the interaction between the stator and the rotor blades. Hence, the use of
this technique is one of the major contributions of the present study.

Contribution # 2

Another major contribution of this study to theowledge base regarding vertical axis wind
turbines is the development of seempirical correlationsind a torque prediction modilat takes

into account various geometric effects of the VAWT. Author is not aware of any published
literature in which sch correlations have been presentadthis study, fivedifferent expressions
have beemeveloped thaink the geometrical features such as stator btadketangle, rotor blade

inlet andoutletangles, number of rotorégbr blades, size of rotor/stateections and height of the
VAWT, to the performance output of the VAWTUsing CFD results, and applying advanced
statistical tools on these results, a novel torque prediction model has been developed which takes
the combined effects of the aforementioqpeaameters. This prediction modelbsth robust and
userfriendly and hence can be used by VAWT designers with relativeasasieown in the design
example

Contribution # 3

The third major contribution of this study is the use of CFD tools towardstmnfased health
monitoring and fault detection in vertical axis wind turbinesas been shown in the present study
that CFD is not only capable of detecting blade faults, but campedsiact the severity of the fault/s.

It has been observed that #bdlow parameters, such as pressure and flow velocity, can be used to
detect variations in the performance output of the VAWT having blade defects. Hence, it is
considered a major contribution of the present study.

7.5. Recommendations for Future Work

The deign, optimization and diagnostics of vertical axis wind turhirfes sustainable urban
environmenthave been presented in the present study such that gaps identified in literature could
be bridged. In light of the concluded remarks provided in the qusevsections, a vast potential for
further research in this particular area has been unlocked. The main areas identified for further work
are described below which are associated to further performelated analysis, design and
optimization of VAWTS.
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CONCLUSIONS

Recommendation # 1

More advanced modelling techniques have now become available such as two degree of freedom
model, six degree of freedom model etc. Using such models, the impact of flow on rotating bodies
can be analysed with much better accuracy. Isdltechniques, the VAWT is treated as free a body,
partially or completely, and the rotor blades revolve under the action of aerodynamic forces being
generated on the blades. These advanced models do not require any inputs in terms of the rotor
blade angwdr velocity. The aerodynamic forces acting on the blades are enumeratesflgrand
necessary modifications are carried out for the orientation of the rotor blades. These advanced
modelling techniques are indeed computationally very expensive and esequiassive
computational power. Furthermore, these tools require extra computational skills in terms of writing
complex scripts to define the changing mesh structure and extraction of the data.

Recommendation # 2

Condition based health monitoring of vedi axis wind turbines is essential for its widespread
commercial acceptabilityA structured condition based health monitoring and fault detection
system is required that can predict the faults in a VAWIs leads toward predictive maintenance

and hencea catastrophic structural damage can be avoidied. condition monitoring strategy
includesthe development of prediction modéhat links the severity and number of blade faults to

the performance outputs of the VAWSuch type of research can be cafrait using advanced

CFD tools but in order to do so high performance computing facilities are required that can handle
the massive computational power required.

Recommendation # 3

It has been shown in the present study that errors arise in the prediatidel due to certain
elements like not considering the effect of the blade thickness in the computational model etc.
These errors can be minimised by using an accurate blade profile rather than a simplified one. This
can be achieved by using advanced Csditware and then integrating those designs with the
computational fluid dynamics tools. However, the translation from CAD to CFD compromises
some of the intricate details in the CAD model. Nowadays, advanced translators are available in the
market thatakes care of this issue. Hence, a real model of the blades will enable to remove some of
the errors in the torque prediction model presented in this study.

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Brbaronment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
168



REFERENCES

L& Z E »

[1] GWEC (2007) Global Wind Energy Council available at
http://gwec.net/wgcontent/uploads/2012/06/gwei8-update_FINAL.pdf

[2] EWEC (2009) Annual Report available at
http://www.ewea.org/fileadmin/files/library/publications/reports/Ewea_Annual_Report_2009.pdf
[3] BTM Consultants (2007) World market update available at
http://www.btmdk/public/WMU_2007_Sumarry.pdf

[4] Walker, J. (2009) Renewable energies: How far can they take us?

[5] WWEA (2008) World Wind Energy Report, Wind Energy Association, Bonn, Germany
available at http://www.wwindea.org/home/images/stories/worldwindenergy2€08 s.pdf

[6] WWEA (2006) New World Record in Wind Power Capacity, Bonn, Germany available at
http://www.folkecenter.dk/mediafiles/folkecenter/pdf/2006_ WWEA _ Statistik.pdf

[7] Lemming, J. (2009) Future wind energy technology and CO2 perspectives

[8] BWEA (QJODQGYV 5HILRQDO 5HQHZDEOH (QHUJ\ 7DUJH
[9] EREC (2009) Renewable energy framework directive available at
http://www.erec.org/policy.html

[10] Hassan, A. Y. Hil, D. R. (1986) Islamic Technology: An illustrated History, Caméridg
University Press, ISBN-821-422396

[11] Heier, S. (2004) Grid integration of Wind Energy Conversion Systems, Wiley

[12] Leithead, W. E. (2007) Wind Energy, Philosophical translations of Royal Society, vol. 365,
pp. 957 £970

[13] Clolow, R. (1999) Finacial for Wind Energy, Renewable Energy, vol. 16, pp. 8882

[14] Mann, J. Sorensen, J. N. Mrthorst, P. E. (2008) Editorial Wind Energy, IOP Publishing
[15] EWEA, EU energy policy post 2020 available at
http://www.ewea.org/fileadmin/files/library/pubations/reports/EU_energy_policy_post_2020.pdf
[16] Riegler, H. (2003) HAWT Vs VAWT, R&ocus

[17] B&Q pulls Wind Turbines from shelves, available at
http://www.guardian.co.uk/business/2009/feb/06/windpower

[18] Eccleston, P. Urban wind turbines may be wasdttime, The Telegraph

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
174



REFERENCES

[19] Akhmatov, V. (2007) Influence of Wind Direction on Intense Power Fluctuations in Large
Offshore Windfarms in the North Sea, Wind Engineering, vol. 31, pp:6P

[20] Eriksson, S. Bernhoff, H. Leijon, M. (2008) Evaluation different turbine concepts for
wind power, Renewable and Sustainable Energy Reviews, vol. 12, pp£1439

[21] Blackwell, B. (1974) The Vertical Axis Wind Turbine: How it works, Sandia Laboratories,
no. SLA749160

[22] Darrieus, G. (1931) Turbine Ha@J WV 5RWDWLQJ 6KDIW 7UDQVYHL
Current, United States Patent No.1

[23] Savonius, S. (1931) TheRotor and its applications, Mechanical Engineering, vol. 53, pp.
333 £338

[24] Modi, V. Fernando, M. (1989) On the Performance of theoBiais Wind Turbine, Journal
of Solar Energy Engineering, vol.111/71

[25] Sheldahl, R. (1978) Wind Tunnel performance data for two and three bucket savonius rotors,
Journal of Energy, vol. 2, pp. 166164

[26] Sivasegaram, S. (1978) Secondary parametéstiag the performance of resistariype
verticataxis wind rotors, available at http://adsabs.harvard.edu/abs/1978WIEng...2...49S.

[27] Clayton, B. (1978) Observations of the flow in and around Savonius and Darrieus rotors,
Proceedings of the First Bish Wind Energy Association Conference, Cranfield, pp+34

[28] Fujisawa, N. Shirai, H. Mizuno, Y. (1987) Hot wire anemometer measurements of flow
fields around savonius rotors in open circuit wind tunnel, Laser and hot wire/film velocimetries and
ther applications, pp.10%122

[29] Walker, S. L. (2011) Building mounted wind turbines and their suitability for the urban
scale: A review of methods of estimating urban wind resource, Energy and Buildings, vol. 43, pp.
1852 +1862

[30] Colley. G. (2013) Bsign, Operation and Diagnostics of a Vertical Axis Wind Turbines, Ph.
D. Thesis, University of Huddersfield, U.K.

[31] Peacock, A. D. Jenkins, D. Ahadzi, M. Berry, A. Turan, S. (2008) Micro wind turbines in
the UK domestic sector, Energy and Buildingd, 46, pp. 1324+1333

[32] Herbert, G. M. J. Iniyan, S. Sreevalsan, E. Rajapandian, S. (2007) A review of wind energy
technologies, Renewable and Sustainable Energy Reviews, vol. 11, ppt1145

[33] Hameed, Z. Hong, Y. S. Cho, Y. M. Ahn, S. H. So@g,K. (2009) Condition monitoring
and fault detection of wind turbines and related algorithms: A review, Renewable and Sustainable
Energy Reviews, vol. 13, pp. 439

[34] Hameed, Z. Ahn, S. H. Cho, Y. M. (2010) Practical aspects of a condition monitoring
system for a wind turbine with emphasis on its design, system architecture, testing and installation,
Renewable Energy, vol. 35, pp. 8#894

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
175



REFERENCES

[35] Caselitz, P. Giebhardt, J. Advanced maintenance and repair for offshore wind farms using
fault prediction tehniques, ISET, Division of Energy Conversion and Control Engineering,
Germany

[36] European Standards Institution (2010) EN 13306 Maintenance Terminology

[37] Ribrant, J. Bertling, L. M. (2007) Survey of Failures in Wind Power Systems With Focus on
Swedi Wind Power Plants During 1992005, IEEE Transactions on Energy Conversion, vol. 22,
pp. 167 +173

[38] Kahrobaee, S. Asgarpoor, S. (2011) Risised Failure Mode and Effect Analysis for wind
turbines (RBFMEA), North American Power Symposium (NAPS), pt1

[39] Khan, M. M. Igbal, M. T. Khan, F. (2005) Reliability and condition monitoring of a wind
turbine, in Canadian Conference on Electrical and Computer Engineering, pp+1938

[40] Baird, J. P. Pender, S. F. (1980) Optimisation of a Vertical M4isd Turbine for Small
Scale Applications, 7th Australasian Hydraulics and Fluid Mechanics Conferena2218ugust,
Brisbane, Australia

[41] Travis, J. C. (2010) Aerodynamic Shape Optimisation of a Vertical Axis Wind Turbine,
M.Sc. Thesis, Universityfarexas at Arlington, U.S.A.

[42] Yonghai, H. Zhengmin, T. Shanshan, W. (2009) A New Type of VAWT and Blade
Optimiztion, Technology and Innovation Conference (ITIC), Xian, China

[43] Aron, Z. (2007) Optimization of a Savonius Rotor Vertidais Wind Turbine for Use in
Water Pumping System in Rural Honduras, B.Sc. Thesis, Massachesetts Institute of Technology,
U.S.A.

[44] Leal. C. H. V. (2008) Optimization of the efficiency of a Savonius wind turbine for urban
media using a genetic algorithm, M.Sc. Thesistituto Tecnolégico Y De Estudios Superiores De
Monterrey

[45] Samuel, B. W. (2010) Vertical Axis Wind Turbine with Continuous Blade Angle
Adjustment, B.Sc. Massachusetts Institute of Technology, U.S.A.

[46] Paul, C. K. Mark, H. W. (1981) Effects of BladPreset Pitch/Offset on Curv&tiade
Darrieus Vertical Axis Wind Turbine Performance, Sandia Report, Sandia National Laboratories
Albuquerque, NM 87185, U.S.A.

[47] Colley, G. Mishra, R. Rao, H. V. Woolhead, R. (2010) Effect of rotor blade position on
Vertical Axis Wind Turbine performance, International Conference on Renewable Energies and
3RZHU 4XDOLW\ | &Xgdrgh, Granada, Spain

[48] Wirachai, R. (2004) Optimisation of Vertical Axis Wind Turbines, M.Sc. Thesis, School of
Engineering and echnology, Northumbria University, U.K.

[49] Manabu, T. Hideki, K. Takao, M. Yasunari K. Michiaki, O. Atsushi, M. (2009) A Straight
bladed Vertical Axis Wind Turbine with a Directed Guide Vane Row Effect of Guide Vane
Geometry on the Performance, Jourkal 7TKHUPDO 6FLHQFH YRO SS i

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
176



REFERENCES

[50] Marco, R. C. Stefano, D. B. Ernesto, B. (2012) Effect of Blade Number on a Straight Bladed
Vertical Axis Darreius Wind Turbine, World Academy of Science, Engineering and Technology,
vol. 61

[51] CheinChang C.and ChengHsiung K. (2012) Effects of pitch angle and blade camber on
flow characteristics and performance of sasatle Darrieus VAWT, Journal of Visualisation, vol.
16, pp. 65+74

[52] Soraghan, C. Leithead, W. Jamieson, P. (2013) Influence of Lbtag Ratio on Optimal
Aerodynamic Performance of Straight Blade Vertical Axis Wind Turbines, European Wind Energy
Association Annual Conference, Vienna, Austria

[53] Pope, K. Rodrigues, V. Doylea, R. Tsopelas, A. Gravelsins, R. Naterer, G. F. Tsang, E.
(2010) Effects of stator vanes on power coefficients of a zephyr vertical axis wind turbine,
Renewable Energy, vol. 35, pp. 1043051

[54] Howell, R. Qin, N. Edwards, J. Durrani, N. (2010) Wind tunnel and numerical study of a
small vertical axis wind turbgn Renewable Energy, vol. 35, pp. 43222

[55] Neumann, D. (1991) Fault diagnosis on macHows by estimation of signal spectra,
Proceedings of IFAC Symposium. (SAFEPROCESS)

[56] Widodo, A. Yang, B. S. Gu, D. S. Choi, B. K. (2009) Intelligent faudtgdiosis system of
induction motor based on transient current signal, Mechatronics, vol. 19, pp6680

[57] Kar, C. Mohanty, A. R. (2006) Monitoring gear vibrations through motor current signature
analysis and wavelet transform, Mechanical Systems @m&l3’rocessing, vol. 20, pp. 15887

[58] Tan, C. K. Irving, P. Mba, D. (2007) A comparative experimental study on the diagnostic
and prognostic capabilities of acoustics emission, vibration and spectrometric oil analysis for spur
gears, Mechanical Simms and Signal Processing, vol. 21, pp. 2233

[59] Treetrong, J. Sinha, J. K. Gu, F. G. Ball, A. (2009) Bispectrum of stator phase current for
fault detection of induction motor, ISA Transactions, vol. 48, pp. 338

[60] Schoen, R. Habetler, T. Kaan, F. Bartfield, R. (1995) Motor bearing damage detection
using stator current monitoring, Industry Applications, IEEE Transactions on, vol. 31, pp.£1274
1279

[61] Lijun, W. Lili, M. Yongliang, H. (2010) The application of Lifting Wavelet Transform in
the Fault Diagnosis of Reciprocating Air Compressor, International Conference on Intelligent
System Design and Engineering Application

[62] Fiedler, A. J. Tullis, S. (2009) Blade Offset and Pitch Effects on a High Solidity Vertical
Axis Wind Turbine, Windengineering, vol. 33, pp. 23#246

[63] Colley, G. Mishra, R., Rao, H. V. Woolhead, R. (2009) Performance evaluation of three
cross flow vertical axis wind turbine configurations, Proceedings of Computing and Engineering
Annual Researchers' Conferenceiddersfield, U.K.

[64] Ghatage, S. V. Joshi, J. B. (2012) Optimisation of Vertical Axis Wind Turbine: CFD
Simulations and Experimental Measurements, The Canadian Journal of Chemical Engineering, vol.
90

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
177



REFERENCES

[65] Preen, R. J. Bull, L. (2012) Towards the Evalatof Novel VerticalAxis Wind Turbines

[66] Castillo, J. (2011) Smalbcale Vertical Axis Wind Turbine design, B.Sc. Thesis, Tampere
University of Applied Sciences

[67] Paraschivoiu, I. Trifu, O. Saeed, F. (2009)Didrrieus Wind Turbine with Blade Pitch
Control, International Journal of Rotating Machinery

[68] Ramkissoon, R. Manohar, K. (2013) Increasing the Power Output of the Darrieus Vertical
Axis Wind Turbine, British Journal of Applied Science & Technology, vol. 3, ppt90

[69] Beri, H. Yao, Y. (®11) Effect of Camber Airfoil on Self Starting of Vertical Axis Wind
Turbine, Journal of Environmental Science and Technology, pp£302

[70] Zhang, L. X. Liang, Y. B. Liu, X. H. Jiao, Q. F. Guo, J. (2013) Aerodynamic Performance
Prediction of StraighBladed Vertical Axis Wind Turbine Based on CFD, Hindawi Publishing
Corporation, Advances in Mechanical Engineering

[71] Hargreaves, D. M. Wright, N. G. (2006) On the use of thkerkodel in commercial CFD
software to model the neutral atmospheric boundaygr, Journal of Wind Engineering, and
Industrial Aerodynamics, vol. 95, pp. 33369

[72] Li, S. Li, Y. (2010) Numerical Study on the Performance Effect of Solidity on the Straight
Bladed Vertical Axis Wind Turbine, Scientific Research Fund of Hejlang Provincial Education,
Scientific Research Foundation for the Returned Overseas Chinese Scholars

[73] Sabaeifard, P. Razzaghi, H. Forouzandeh, A. (2012) Determination of Vertical Axis Wind
Turbines Optimal Configuration through CFD Simulations, Iraéomal Conference on Future
Environment and Energy, Singapore

[74] Colley, G. (2010) Effect of rotor blade position on Vertical Axis Wind Turbine performance,
International Conference on Renewable Energies and Power Quality, Granda, Spain

[75] Shahzad, AAsim, T. Park, K. Pradhan, S. Mishra, R. (2012) Numerical Simulations of
(ITHFWV Rl )DXOWV LQ D 9HUWLFDO $[LV :LQG 7XUELQHTV 3HI
Congress on eMaintenance, Lulea, Sweden

[76] Park, K. Asim, K. Mishra, R. Pradhan, @012) Condition Based Monitoring of Vertical
Axis Wind Turbines using Computational Fluid Dynamics, 39th National Conference on Fluid
Mechanics and Fluid Power, Surat, India

[77] Versteeg, H. K. Malalasekera, W. (1995) An Introduction to Computationia Blgnamics,
Longman Scientific and Technical, U.K., ISBN: 0131274988

[78] Pozrikidis, C. (2001) Fluid Dynamics Theory, Computation and Numerical Simulation,
Kluwer Academic Publishers, U.S.A., ISBN: 038795869X

[79] Cebeci, T. Shao, J. P. Kafyeke, F. Lancteau, E. (2005) Computational Fluid Dynamics for
Engineers, Horizons Publishing, U.S.A., ISBN: 3540244514

[80] Blazek, J. (2001) Computational Fluid Dynamics Principles and Applications, Elsevier,
ISBN: 0080430090

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
178



REFERENCES

[81] Lomax, H. Pulliam, T. H. Zingg, D. W(2001) Fundamentals of Computational Fluid
Dynamics, Springer, ISBN: 3540416072

[82] Hoffmann, K. A. and Chiang, S. T. (2000) Computational Fluid Dynamics, Engineering
Education System, U.S.A., ISBN: 0962373133

[83] Munson, B. R. Young, D. F. Okiishi, T+ )XQGDPHQWDOV RI )OXLG O
Willey & Sons Inc., 4th ed., U.S.A., ISBN: 0471675822

[84] Patankar, S. V. Spalding, D. B. (1972), A Calculation Procedure for Heat, Mass and
Momentum Transfer in ThreBimensional Parabolic Flows, Heat akthss Transfer, vol. 15, pp.
1787 1806

[85] Rauch, R. D. Batira, J. T. Yang, N. T. Y. (1991) Spatial Adaption Procedures on
Unstructured Meshes for Accurate Unsteady Aerodynamic Flow Computations, Technical Report,
American Institute of Aeronautics aAdtronautics, vol. 91, pp. 1106

[86] Barth, T. J. Jespersen, D. (1989) The Design and Application of Upwind Schemes on
Unstructured Meshes, 27th Technical Report, Aerospace Sciences Meeting, Nevada

[87] Venkatakrishnan, V. (1993) On the Accuracy of Linstand Convergence to Steady State
Solutions, Technical Report, American Institute of Aeronautics and Astronautics, vol. 93, pp. 880

[88] Menter, F. R. (1994) Tw&quation EddyViscosity Turbulence Models for Engineering
Applications, American Institute @gferonautics and Astronautics, vol. 32, pp. 1598505

[89] Ansys 13.0.0 User Guide accessible at
http://www1.ansys.com/customer/content/documentation/130/wb2_help.pdf

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)
179



APPENDICES

WW E-/ly
5 5 /9 Tmin | Tmax | Tavg Std. Pavg
(N-m) [ (N-m) | (N-m) | Dev. (W)
22.357| 221 | 27.24 | 253 153 | 43.36
27.357| 23.07 | 279 | 2563 | 1.61 | 43.94
18.2 | 32.357| 22.33 | 28.01 | 25.25 | 1.79 | 43.29
37.357| 20.86 | 26.94 | 23.79 | 2.01 | 40.78
42.357| 19.71 | 26.66 | 2355 2.05 | 40.38
22.357| 23.48 | 27.82 | 26.01 | 1.41 | 44.59
27.357| 22.07 | 27.64 | 25.23 | 1.67 | 43.26
23.2 | 32.357| 21.43 | 27.27 | 2431 | 191 | 41.67
37.357| 20.68 | 26.48 | 23.41 | 191 | 40.13
42.357| 19.3 | 25.71 | 224 2.04 38.4
22.357| 26.82 | 243 | 2554 | 137 | 43.78
27.357| 21.98 | 27.33 | 24.66 | 1.74 | 42.27
1.689 | 28.2 | 32.357( 19.33 | 23.81 | 21.93 | 1.23 | 37.59
37.357| 19.8 | 26.06 | 22.87 | 1.96 39.2
42.357| 19.2 | 25,54 | 21.85 | 2.06 | 37.46
22.357| 2249 | 27.15 | 2491 | 154 | 42.69
27.357| 21.95 | 26.82 | 24.13 | 1.65 | 41.37
33.2 | 32.357| 20.38 | 26.31 | 2329 1.86 | 39.93
37.357| 19.73 | 25.88 | 22.24 | 199 | 38.12
42.357| 18.68 | 24.7 | 21.38 | 1.96 | 36.66
22.357| 19.33 | 2381 | 2193 | 1.23 | 37.59
27.357| 20.85 | 26.32 | 2352 | 1.71 | 40.32
38.2 | 32.357| 1995 | 25.66 | 22.54 | 1.86 | 38.65
37.357| 19.01 | 25.02 | 21.78 | 1.89 | 37.34
42.357| 18.54 | 24.19 | 20.86 | 1.98 | 35.76
22.357| 23.98 | 26.27 | 25.13 | 0.72 | 43.07
27.357| 23.1 | 26.32 | 2453 | 1.14 | 42.06
18.2 | 32.357| 21.63 | 26.26 | 23.98 | 1.68 | 41.11
6.689 37.357| 20.61 | 26.05 [ 22.99 1.8 39.42
42.357| 19.38 | 25.41 | 22.02 | 2.03 | 37.74
93.2 22.357| 23.65 | 26.13 | 24.82 | 0.84 | 42.56
27.357| 22.38 | 26.32 | 24.38 | 1.43 | 41.79
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32.357| 21.35 | 26.24 | 23.5 1.61 | 40.28

37.357| 20.09 | 25.65 [ 22.53 | 1.88 38.62

42.357| 18.69 | 25.3 21.71 2.2 37.22

22.357| 2294 | 26.52 | 2453 | 1.16 | 42.06

27.357( 21.98 | 26.11 | 23.79 | 1.37 | 4079

28.2 | 32.357| 20.71 | 25.73 | 2295 | 1.71 39.35
37.357| 19.3 2547 | 22.15 | 2.05 | 37.97

42.357| 18.26 | 25.01 | 21.22 | 2.22 36.37

22.357| 22.46 | 25.73 | 23.88 | 1.09 | 40.94

27.357| 21.23 | 2557 | 23.18 | 1.47 39.74

33.2 | 32.357| 19.84 | 2548 | 225 1.87 38.57
37.357( 1892 | 25.12 | 2161 | 2.05 | 37.04

42.357| 17.73 | 24.39 | 20.68 2.2 35.45

22.357| 21.68 | 25.15 | 23.23 | 1.17 39.82

27.357| 20.32 | 25.21 | 22.67 | 1.63 38.85

38.2 | 32.357| 19.47 | 25.04 | 2193 | 1.85 | 37.59
37.357| 18.39 | 2452 | 21.04 | 2.02 36.07

42.357| 17.19 24 2019 | 221 34.61

22.357| 24.75 | 26.38 | 25.6 0.56 | 43.89

27.357| 23.8 2641 | 25.14 | 0.94 43.1

18.2 | 32.357| 225 26.29 | 24.17 | 131 | 41.44
37.357| 21.28 | 25.79 | 23.36 | 152 | 40.04

42.357| 19.77 | 25.2 2241 | 1.83 38.43

22.357| 245 26.36 | 25.46 | 0.63 | 43.65

27.357| 23.44 | 26.2 2477 | 0.94 | 42.46

23.2 | 32.357| 22.14 | 26.02 | 2394 | 131 | 41.04
37.357| 20.61 | 2558 | 23.04 | 1.66 39.49

42.357| 19.43 | 25.03 | 21.98 | 1.79 37.69

11.689 22.357| 24.05 | 2594 | 25.01 | 1.45 | 42.87
27.357| 2285 | 2595 | 2431 | 1.05 | 41.67

28.2 | 32357 21.41 | 25.71 | 2354 | 1.44 40.35
37.357| 20.23 | 25.24 | 2251 | 161 38.59

42.357 19 2442 | 2151 | 152 36.87

22.357| 2341 | 2562 | 2447 | 0.74 | 41.94

27.357| 221 2554 | 23.83 | 1.18 | 40.86

33.2 | 32.357 21 25.3 2298 | 1.39 39.39
37.357| 19.78 | 2456 [ 21.98 | 1.63 37.68

42.357| 18.22 | 24.17 | 21.15 | 2.03 36.26

38.2 | 22.357| 22.61 | 25.3 23.88 | 0.87 | 40.93
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27.357| 21.65 | 25.04 | 23.21 | 1.09 39.79

32.357| 1853 | 21.85 | 20.38 11 34.94

37.357| 18.96 | 24.21 | 21.57 | 1.79 36.97

42.357| 18.21 | 23.77 | 20.62 1.8 35.34

22.357| 24.8 2641 | 25.67 | 051 | 44.01

27.357| 24.14 | 26.19 | 25.11 0.7 43.05

18.2 | 32.357| 22.7 26.68 | 2451 | 1.22 | 42.02
37.357| 21.7 2538 | 23.49 | 1.23 | 40.26

42.357| 2043 | 24.65 | 2245 | 1.39 38.49

22.357| 2483 | 26.2 2553 | 0.48 | 43.76

27.357| 23.6 27.06 25 0.96 | 42.86

23.2 | 32357 22.64 | 2561 | 24.14 | 1.01 | 41.38
37.357| 21.34 | 2495 | 23.1 1.19 39.59

42.357| 19.83 | 24.25 | 22.13 1.5 37.94

22.357| 24.36 | 27.29 | 25.28 | 0.73 | 43.33

27.357| 23.44 | 2553 | 2455 | 0.76 | 42.08

16.689| 28.2 | 32.357| 22.16 | 25.11 | 23.64 | 0.97 | 40.53
37.357| 20.71 | 24.49 | 22.71 | 1.28 38.93

42.357| 19.54 | 23.89 | 21.72 15 37.24

22.357| 2411 | 25.62 | 24.73 0.5 42.4

27.357| 229 2499 | 2398 | 0.69 | 41.11

33.2 | 32.357| 2151 | 2459 | 23.19 ( 1.04 | 39.76
37357 204 | 2403 | 2224 | 125 | 38.13

42.357| 1937 | 2342 | 21.24 | 1.34 | 3641

22.357| 2351 | 2462 | 2411 | 0.38 | 41.32

27.357| 2214 | 245 2341 | 0.75 | 40.13

38.2 | 32.357| 21.13 | 23.99 | 22.63 | 0.98 38.79
37.357| 20.19 | 23.46 | 21.68 | 1.07 37.17

42.357| 18.97 | 22.72 | 20.73 | 1.26 35.54

22.357| 24.08 | 2589 | 25.19 | 0.51 | 43.19

27.357| 23.76 | 26.53 | 24.77 | 0.78 | 42.46

18.2 [ 32.357| 22.78 | 25.06 | 24.02 | 0.79 | 41.18
37.357| 21.62 | 24.46 | 23.13 | 0.96 39.66

21,689 42.357| 20.13 | 24.78 | 2231 | 1.47 38.25
22357 2411 | 2691 | 2521 | 0.69 | 43.22

27.357| 23.84 | 2529 | 2459 | 0.54 | 42.15

23.2 | 32.357| 22.63 | 24.83 | 23.81 | 0.74 | 40.81
37.3%7 | 21.11 | 25.28 | 2299 | 1.26 39.4

42.357( 20.18 | 2351 | 2191 | 1.14 | 37.56
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22.357| 24.16 | 25.67 | 2493 | 0.47 | 42.74
27.357| 2352 | 2497 | 2429 | 0.51 | 41.65
28.2 | 32.357| 21.99 | 25.69 | 2357 | 1.05 | 40.41
37.357| 21.12 | 23.8 2256 | 0.94 | 38.68
42.357| 19.86 | 22.98 | 21.47 | 1.01 36.8
22.357| 23.77 | 25.2 2454 | 0.37 | 42.06
27.357| 22.82 | 2599 [ 23.97 | 0.83 41.1
33.2 | 32.357| 2197 | 2403 | 23.1 0.71 39.59
37.357| 20.78 | 23.17 | 22.09 | 0.78 37.86
42.357| 22.67 | 24.37 | 23.38 | 0.48 | 40.09
22.357| 23.33 | 26.1 2413 | 0.68 | 41.36
27.D7 | 22.67 | 2437 | 23.38 | 0.48 | 40.09
38.2 | 32.357| 17.65 | 23.07 | 20.33 | 1.86 34.86
37.357| 20.18 | 22.8 2161 | 0.81 37.04
42.357| 19.18 | 21.78 | 20.65 | 0.91 35.4
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APPENDICES

Number of
Number of Stator Rotor Tmin (N-m) | Tmax (Nm) | Tavg (N-m) Std.
Blades Dev.
Blades

12 12 24.80 26.41 25.67 0.51
12 8 18.83 26.38 22.22 2.49
12 4 12.68 17.43 14.61 1.19
8 12 20.30 25.58 22.70 1.85

8 8 15.61 22.38 19.71 2.14

8 4 10.31 15.73 13.25 1.44

4 12 16.18 17.71 17.12 0.52

4 8 5.23 21.72 12.16 3.99

4 4 -1.82 7.52 4.10 2.47
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12 Stator & 12 Rotor Blades

Static Pressur@a)

90 00 96
P1 2.27 -0.78 0.97
P2 -9.99 -9.54 -8.74
P3 3.57 3.95 131
P4 2.11 -2.62 -5.03
PS5 -5.53 -6.79 -6.4
P6 -8.45 -8.52 -8.14
P7 20.44 21.75 20.96
P8 5.1 -4.24 -3.24

12 Stator & 12 Rotor Blades

Velocity Magnitude(m/sec)

-90 06 90
P1 5.45 5.89 5.68
P2 0.94 1.11 1.67
P3 4.41 5.02 4.24
P4 3.03 2.37 4.23
PS5 2.26 2.08 2.26
P6 5.36 5.33 5.44
P7 4.43 4.28 421
P8 5.64 5.51 5.87

12 Stator & 11 RotoBlades

Static Pressur@a)

-90 00 96

P1 2.4 -0.78 0.99
P2 -10.39 -10.21 -9.49
P3 1.09 1.62 -0.61
P4 2.54 -1.92 -4.75
PS5 -5.44 -6.41 -6.18
P6 -9.08 -8.92 -8.71
P7 20.26 21.5 20.27
P8 -5.14 -4.17 -3
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12 Stator & 11 Rotor Blades VeI(?.city Mang.itLde(m/se"c )

-90 00 96
P1 5.42 5.89 5.72
P2 0.94 0.96 1.54
P3 4.75 4.98 4.21
P4 3.01 2.63 4.27
P5 2.25 2.07 2.21
P6 5.37 5.33 5.45
P7 4.36 4.33 4.27
P8 5.59 5.43 5.76

11 Stator & 12 Rotor Blades Static Pres“surgpa) i
90 00 926
Pl 286 | -068 | 12
P2 10.02 | 952 | -89
P3 327 | 425 | 1.98
P4 2.99 267 | -4.65
PS5 -5.62 6.8 | -6.53
P6 836 | -851 | -8.29
P7 20.33 | 21.52 | 20.82
P8 531 | -401 | -3.02

11 Stator & 12 Rotor Blades Velq_city Magrlitude(m/se“c )

-90 00 90
P1 5.65 6.21 6.04
P2 1 1.14 1.71
P3 4.06 5.55 5.17
P4 3.15 2.33 4.45
P5 2.27 2.11 2.33
P6 5.39 5.39 5.49
P7 4.23 4.24 4.16
P8 5.49 5.33 5.76
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APPENDICES

tatic P P
50 mm Slit _Static Pressure (Pa)
90 00 9§
P1 3.28 1.53 0.37
P2 -8.12 -9.18 -7.68
P3 4.43 5.68 255
P4 -5.16 2.77 -7.93
PS -7.79 -7.03 7.25
P6 -7.01 -6.12 -6.67
P7 21.61 22.11 20.26
P8 -4.68 -6.36 -4.48
Velocity Magni
50mm Slit e"omty agr?'ltude (m/se.(.:)
-90 00 94
P1 5.19 5.16 5.24
P2 0.83 0.78 0.99
P3 417 4.11 4.16
P4 2.17 2.17 244
P5 3.05 2.77 3.05
P6 5.27 5.23 5.31
P 415 | 419 | 417
P8 5.93 5.85 5.99
Static Pressure (Pa)
100mm Silit
-90 (0o} 906
Pl 113 | 284 | 023
P2 -8.98 -8.06 9.85
P3 4.81 4.29 2.54
P4 204 | -643 | -6.45
P5 741 | -859 | -7.16
PG -6.36 -6.88 6.47
P7 21.64 21.51 20.1
P8 631 | -477 | -5.14
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_ Velocity Magnitude (m/sec)
100mm Slit
906 00 90
P1 5.25 5.22 4.97
P2 0.94 1.16 1.56
P3 4.13 4.33 3.94
P4 2.53 2.26 3.32
P5 2.71 3.14 2.93
P6 5.26 5.28 5.32
P7 4.26 4.18 4.27
P8 5.76 5.8 5.93
. Static Pressure (Pa)
200mm Slit
96 00 90
P1 0.92 3.53 0.27
P2 -9.54 -8.11 -9.12
P3 5 5.18 3.42
P4 -3.43 -4.43 -6.18
P5 -7.35 -7.89 -6.96
P6 -5.56 -6.51 -6.28
P7 21.88 21.94 20.54
P8 -6.4 -5.06 -5.26
_ Velocity Magnitude (m/sec)
200mm Slit
96 00 90
P1 4.89 491 4.94
P2 0.85 0.94 2.07
P3 4.57 4.08 3.79
P4 2.52 2.07 3.11
P5 2.6 3.02 2.92
P6 5.21 5.26 5.3
P7 4.2 4.11 4.18
P8 5.85 5.88 6.01

APPENDICES

Optimal Design of a Micro Vertical Axis Wind Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)

183



LIST OPUBLICATIONS

Y d W& >/ d/KEA?

X Park, K. Asim, T. Mishra, R. (2012) Computational Fluid Dynamics based Fault
Simulations of a Vertical Axis Wind Turbines, Joat of Physics: Conference Series, vol. 364, pp.
012138

X Park, K. Asim, T. Mishra, R. (2012) Simulation Based Approach to Predict Vertical Axis
Wind Turbine Faults using Computational Fluid Dynamic§, Idternational Conference on
Throughlife EngineeringServices, Bedfordshire, U.K.

X Park, K. Asim, T. Mishra, R. Shahzad, A. Mirangwanda, G. (2012) Computational Fluid
Dynamics based Performance Optimisation of Vertical Axis Marine Current Turbifigs, 2
International Workshop and Congress on eMaintenandeal 8weden

X Park, K. Asim, T. Mishra, R. Pradhan, S. (2012) Condition Based Monitoring of Vertical
Axis Wind Turbines using Computational Fluid Dynamics™39ational Conference on Fluid
Mechanics and Fluid Power, Surat, India

X Park, K. Asim, T. and Migdla, R. (2013) Effect of Blade Faults on the Performance
Characteristics of a Vertical Axis Wind Turbine, "28nternational Congress of Condition
Monitoring and Diagnostic Engineering Management, Helsinki, Finland

X Shahzad, A. Asim, T. Park, K. Pradhan,Mishra, R. (2012) Numerical Simulations of

(IITHFWV Rl )DXOWV LQ D 9HUWLFDO $[fixterriatpGal WotkdhopQadd vV 3 H

Congress on eMaintenance, Lulea, Sweden
X

Optimal Design of a Micro Vertical Axisnd/Turbine for Sustainable Urban Environment
By Kyooseon Park, School of Computing and Engineering, University of Huddersfield, UK (2013)

184



