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ABSTRACT

The increasing demand of energy in the world is driving the search for more renewable and
sustainable energy sources. Renewable sources of energy areskgiorgdglobally to
overcome the depletion of fossil fuels ahd resultingenergy crisis. Moreoveuse of fossil

fuels hassignificantnegative effects on the environmemherefore, the focus is currently

on bothto ensurdong-term energy supply, as well &smonitorand minmisethe negative
effects of these sources on the environméntorder b meet renewable energy targets,
harnessing energy from all available resources such as {timdughwind turbing, is
necessary. Wind energy is one of the important sources of renewable &lergyurbine
technology has been developszhtinuously bu the maintenance of wind turbines still a

topic of interest. Horizontadxis wind turbines (HAWT) have dominated the wind energy
market due to their large size and high power generation characteristics. However, vertical
axis wind turbines (VAWT) ar@lso gaining wide acceptance owing to betapable of
producing poweeven at low speeds

The present study focuses on thantification of theeffect of steady windlow conditiors
on the performance dbavoniustype vertical axis wind turbine. THgavoniusvertical axis
wind turbine considered in this study comprises of rhldide rotor and stationaiplet
guide vanes with the arrangement most suitable farlow wind speed application.
Advanced numerical modeling tookgthin ANSYS #luent have ben used in the present
work to simulate the flown and around theSavoniusvertical wind turbine in order to
guantify the flow behavior. Sliding mesh technique has leeorporatedto simulate the
rotation of the rotor blade, which capture the flow phmeeononcaused by thetatorand the
rotor interaction,and henceroviding more accurate results. A critical analysis of the flow
acrossvertical axis wind turbine has been conducted through investigatingstétie
pressure and velocityagnitudevariatiors in the vicinity of thewind turbine.

Furthermore, the present study has also focused on the performance of a vertical axis wind
turbine undemunsteady flow conditions whereby the flowascelerated and deceleraizsl
characterised by the change in thénd velocity. The torque and power generation
capabilities of the turbine have been charactera®tl in particular theotor contribution

has been quantifiedThe effect of transient phenomena under varying torque outputs during
accelerating andecelerating flowdas also been highlighte@verall performance of the
turbine ha alsobeen quantified.
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CHAPTER 1
| NTRODUCTION

alternative for electrical energy generation by fossil or nuclear power

plants. This is primarily due to the environmental and economic
benefits. Wind is aenewable energgource thaplays akey rolein meeting
the increased energy demaritl.can be harnesseatirough various types of
wind turbines.The wind turbines are classified into two categories, namely
the Vertical Axis Wind Turbines (VAWT) and the Horizontal Axis Whd
Turbines (HAWT). The present study focuses on thsues associated with
VAWTSs. This chapter focuses on the historic development of the wind
turbines andprovides an overview of wind energy as a sourfoe electric
power generation.

I n recent years, the wind turbines have become an acceptable
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1.1. Wind Energy Evolution and Energy Crises

The depletion of fossil fuel and the pollution due to tiseof these fuel to extraaiseful
energy has become a bigger economical and environment comoemily One of the
significant developments meeting energy in thed" centuryonwardsis the development
of wind turbines to harness wind energy more efficiently to substitute the fossit.fuel
Various studies have concluded thiie wind energyis an alternative sustainable energy
source that is capable of generatemgpugh electricity to meet the demaraf business,
industrial and residentiaectorswith or without subsidiesThe evolution ofwind turbine
technology can be traced back to 200, B@h the discovery of a vertical axis wind turbine
found at the PersiaAfghan borderglating back t®200 BC.Since then the technology has
evolved in different parts of the worl@he horizontal axis wind turbine has been built later
in Netherlands and the Mediterranean [1]. Thgpesof turbinesunderwent various stages
of upgradationsas depicted in figure 1 in the USA during thé"t@ntury [2]. Furthermore,
around 6 million of small turbines were used for water pumping between 1850 anth1970
USA. Thefirst large wind turbine used to generate electricity was buitl@veland, Ohio,

in 1888 which workedat very low speed andith high solidity ratio and hach maximum
power generationapacityof 12kW.

the outbreak of California, USA [2]
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On the other hand, during 1917 and 1918 Denmark built the wind turbines that were capable
of generating 25kW of powerAlso, largescale wnd turbines were constructed in France,
Germany, Denmark and the UK during 1935 to 1970.

Gedser mill wind turbine was designed in Denmark in the early 1®6&$h hada power
production of 200kW. Tis wind turbine consisted of thrd#aded upwind rotord]. In the

late 1970sPanish government has established a programme, wiaished to commercial
development of Danish wind turbines having power ratings of around 20kW. The progress
in the wind turbinesdesignsevolved further during the oil crises of 7® and US
governmenssupportedhe research and development (R&D) progtiamnwind turbines[4].

This was a major milestone in the wind energy history.
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Afghan Border
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. N - . ; a windmill
tower mill axis windmill windmills
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” s 70 featon, 1870 steel blade 1870 first electricity % researc
1* reported windmill —w ~. . =] . ) : - findings in
S mntroduction generating wind turbine -
scientist = aerodynamics
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Figure 12 A trend of an historical development of wind turbines [5]
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The history of wind power shows a general evolution from the use of simple and light
devices driven by aerodynamic drag forces, to very heaatgrial drag devices. However,

in the modern era, increased use of light material with efficient aerodynamic lifedéas
resulted in very efficient turbineJhe historical development of wind turbinkem 1700

B.C. to 2010 has been depicted in figure 1.2.

The International Energy Agency (IEA) has carried antinvestigation to discover the
effects of greenhousgasesthat are released by the RZHU VHFWRU 7KH ,($1V
Technology perspective (ETP) has estimdbedthe emission of greenhouse gases from the
power sectorswill rise by 130% from 2005 to 2050, without theterventionof new
technologies [6]. Arenergy technology evolutiols neededo wipe out these greenhouse

gas emissions. The energy technology evolution could be renewable energy, nuclear energy,
larger energy productivity and the power generation based upon decarburisation of fossil
fuel. Accading to Energy Technology Association BLUE map scenario, the wind power
could contributetowards12% of the necessary reductionthe greenhouse gases released

by the power sector [7]. Figure 1.3 depicts the contribuino@O, reductionsthat can be
achevedfrom the different energy sectors. In addition to the, @uctionbenefit of wind

power, the emissions of pollutants like oxides of sulphur and nitrogen can also be reduced
by wind energy technologies [8]. Due to the modern technological developments, the wind
power hasachieved remarkable advaneesnergy efficiencySince 1980s, advancement in
aerodynamics, structural dynamics and miereirology has contributed to a 5% annual
increase in the energy production of the turbines [9].

Carbon Capture and Storage Wind 12%
26%

Photovoltaic System
7%

Concetrated Solar Power
7%

Hydro
2%

Geothermal
3%

Biomass
8%

N
Advanced coal |
8%

Gas (fuel switching
and efficiency)

12% Nuclear

15%
Figure 13 Contribution of CQ emissions reductions in various power sectors [7]

Concerning the present status of wind power capacities as depicted in figure 1.4, the China
managed to add new 25% over its cumulative capalkiting 2014 At the same time the
USA achieved to install alost 5GW which is almost equal tbe installed capacity by
Germanyand 30% of the Chinese cumulative capacity. As a result China has reached the
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first placein the world ranking table and Germany and the US#&elteached the second
and third place in thevorld ranking table for the installed winidrbinecapacity.
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Figure 14 Country distribution of wind power capacity installed in 2014

Furthermore, based upon the regional distribution of wind power capacity installed in 2014
EU has generated the most wind energy of 38%hne total capacity installeals shown in
figure 1.5. Asia has reached second position in producing wind enéily36% although

this hasa maximum contributiofirom China. The above discussion has indicathdt the
installed wind turbine capacity is increasing exponentially and it is expected that in future
this trend will continue. Efforts will, therefore, be needed to make these systems more
efficient, reliable and maintainable.

Africa &
Middle East

North America 1% 1%
Latin America
& Caribbean
2%

Pacific Region

Asia
36%

Europe
38%

Figure 15 Regional distribution of wind power capacihstalled in 2014 [12]
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1.2. Wind Turbines

A wind turbine is a mechanical device that converts the kinetic energy of the wind into
useful forms such as mechanical work and electrical energy. dingoto Eriksson et al.

[10], the turbines are differentiated into two categories based upon their axis of rotation.
Furthermore Erich Hau [11] carried outthe classification of wind energy converters
according to their aerodynamic funct®and conceptual designA vertical axis wind
turbine (VAWT) has a verticadxis of rotation which is perpendicular to the ground and
horizontal axis wind turbine (HAWT) has horizontal axis of rotation, which is parallel to the
ground. Figure 1.6 shows @hcomparison between the two different concepts of wind
turbines.

The operation of wind turbine is based upon the fundamental facts/¥ir8]. turbines use

the basic aerodynamirces to generate a net positive torque on a rotating shaft. This
results inthe production of mechanical power and its transformation into electricity
generation. Wind turbines produce energy only in response to the resource that is
immediately available. Theirectstorage of the wingoweris not possible [13]. The output

of a wind turbine is thus inherently fluctuating. The energy production from a large wind
farm consighg of many wind turbine may be enough to reduce the total electrical load of
certain area. The generated power from a smialdl turbinenetworkscan be stom using
backup generators and some specialised control systems

N

(VAWT) (HAWT)
Figure 16 Comparison between the two different concepts of wind turbines [11, 14]

Transient Flow Features in the Vicinity of a Vertical Axis Wind Turbine
By Atif Shahzad, School of ComputimgndEngineering, University of Huddersfield, UK (2015)



Many developments have been carried out sincdaitye scalecommercialisation of the
wind turbine technology in the early 1980s but the engineering principles of the turbine
design have changed very little. The major challenge for the modern wind industry is to
design the efficient wind turbiseto harness the wineénergy and maximise the power
generation [15, 16].

1.2.1. Horizontal Axis Wind Turbine

Wind energy converters with their axis of rotation in a horizontal position parallel to the
ground are designed almost on the basis of propeller or terkeneoncets. In HAWTS

the rotating axis of the wind turbine remains horizontal, or parallel with the ground. The
wind energy is extracted by meansaabtor on vertical planeupwind of the towerwhich

has anumber of the blades that can be pitched to conteotdtational speed of linked shaft

in the modern HAWTsTheseturbineshave the ability to produce more electricity from a
given amount of wind. Ths® turbinesare mostly suitable for larger applications. HAWTs
are generallyheavierand hence have severeoplems in high wind velocity applications
because of excessive turbulence

There are several [parameters that affect operatiteddaviours of wind turbines.
Schaffarczyk [17] has described tfidlowing important indicators that are associated with
thestandard horizontal axis wind turbine:

Horizontal axis of rotation

Mainly three bladed

Lift force is used to drive the wind turbine

Upwind arrangement of the rotor; tower downwind
Variable speed with constant tip speed ratio operation
Pitch control afterated power is reached.

~h ~h R ~h —h —

HAWTSs design improvement was a major challenge ford¢isearchers/industries in tlast

few decades. Researchers hattemptedncreased HAWT sizeith a viewto extract more
power from the wind turbines. Figure 1.7 depicts the history of the griowtie size of the
HAWTs and anticipate sizefor the future wind turbines. For the past many years, the size
of the HAWT has been increasdchmatically[17]. A suwvey in 2005showed that most of

the wind turbinehas installed capacity of abodb0kW and only 21.5% of the newly
installed wind turbine had the capacity to produce MW power. Subsequently, companies
like Dong Fang and Gold Winstarted to develomMW-levd wind turbine which increased

the capacity fron600kW to 1MW or above and by 20186.8% of the market share is
occupied by the MWevel wind turbine$5].

HAWTs do have few drawbacks such asr¢éherientation is dependent on tbpecific
direction of wnd. Furthermore, they are not suitable for generating electricity at wind
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velocity lower than 6m/s. Moreover, the HAWTs do not have the capability to withstand
severe weather conditions due to freezing rain, frost or heavy Jimse turbinesannot

bear heavy winds in excess of 50m/&nother major drawback of the HAWTis their
limitation in self-starting feature. They am@sodifficult to transport and install at various
locations due to their heavy and big components.

g 0005 2008 2010 TR,
#2000 2015 ",

? 50 m 2020
. -"\ 40 m
1995-\\\9 20m o

1990
19851030

Figure 17 Growth size of the commercial HAWTSs [17]

1.2.2. Vertical Axis Wind Turbine

The vertical axis wind turbiree(VAWT) have ashaft mountedalong thevertical axis,
perpendicular to the ground, as shown in the figure 1.5. VAW&salvays aligned with
any wind direction Vertical axis windmills and subsequently the VAWTs are older
evolutionclock thanHAWT as it was first built in 200 B.C. by Persians. They used vertical
axis rotating device to grind the grains as describeMittal [19]. The design of the wind
turbines are based upon thequired operational characteristics of the wind energy
conversion system. Moreover, it also depends upon the aerodynamic drag gekliétted.
The current wind turbines are aerodynamiit dependent [20]. Particularly, the design
proposed in 1925 by French engineer, DarrieusirjSyvhich therotation of the blades
follows a troposkien (spinning rope) pattern, with a vertical axis of rotafibis. system
uses aerodynamic lift to rotatehe rotor blades. However, this design has made the
geometric shape of the rotor blades more complicated and thus difficult to manufacture.

Vertical axis technologies have the advantagerodudng up to 50% more electricity on an
annual basis versus camntional turbines with the same swept affas systenis mostly
suitable for small wind projects and residential applicatidiese turbines areery light
weight and hencedunctionswell in severe wind conditions. The major advantagevitif

the vertical axis of rotation ishat the performance of wind turbine is adtectedthe wind
direction. Furthermore, VAWTscan generate electrical energy with the wind velocity as
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low as 2m/s and as high as 65m/s depending upon the design of the IABSE. turlnes
havethe ability to withstand at extreme weather conditions unlike HAWTs and can resist
very high wind conditions in excess of 60mFRurthermore,these systems hawe low
starting torque and require a small amount of energy to start turning. Morigdwaer lower
constuctionand transportation costs.

Furthermore,these turbinesan be installed closeto the ground. The largest VAWT
manufactured so far was the-called EO1eC made in Canada. Its height was about 100m,
the rotating mass was 880 mettons, and the rated power was supposed to be 4MW.
Unfortunately, due to severe vibration problems, the rotational speed was limited to such
low values that only 2MW was reached [17].

1.3. Types of Vertical Axis Wind Turbine

The vertical axis wind tuihes are categorised into two different types, based on their
aerodynamic design. The first VAWT type uses aerodynamic lift to rotate the rotor blade
known as Darrieus and the second VAWT type uses aerodynamic drag to rotate the blade
called as Savonius Rw. The detailed discussions on both types of VAWTickided in

the following sections.

1.3.1. Darrieus Type Vertical Axis Wind Turbine

The Darrieus type vertical axis wind turbine is named after a French engineer Darrieus G,
who patented his turbendesign in 1931 [21]. The wind turbine was manufacturec by
company from US known as FloWind. In Darrieus type VAWT, the energy is taken from
the wind through the lift force working in the direction of rotation. Lift force is
perpendicular to theesultant of two velocity componendf wind velocity and relative
velocity of airfoil to the shaft. These types of turbines hiveehighest values of efficiency
among VAWTSs Thetip speed ratis for these turbinesan be much higher resulting in a
much hgher rotating speed. However, theses wind turbguger critical problems such as

low starting torque or poor integration of assembly. A schematic of Darrieus type VAWT is
depicted in the figure 1.8.
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Figure 18 Darrieus type Vertical Axis Wind Turbine

The Darrieus type VAWT consists of set of vertically oriented airfoils connecting to a
rotating shaft [22]Unlike the common horizontalxis wind turbine (HAWT), the direction

of incoming flow is perpendicular tihe axis of rotation instead of parallel. This allows the
device to capture energy frothe wind coming from anydirection. However, the design
encountersseveral problems, including its inability to ssethrt, cyclic loads angboor
response thigh windspeeds. The aerodynantiehaviourof this wind turbine is considered

to be very complex,which make accurate performance predictions very difficult.
According toHameed et al. [23], the long blades of the Darrieus type VAWT, with high
aspect ratios, argubjected to large values of bending moments due to the centrifugal forces
that may result in the failure of the blades. Furthermore, Castelli et al. [24] noted that the
modifications to the basic Darrieus type VAWT can be miadsuit differenttip speed

ratios (TSR).

1.3.2. Savonius Type Vertical Axis Wind Turbine

The Savonius type VAWhas blades witls-shaped cross section when viewed from the

axial direction of the rotor blades [25]. A schematiSaivoniusype VAWT is depicted in

the figure 1.9. The Savonius type VAWT is invented by the Finnish engineer Savonius S. in

1922. The Savonius type VAWdapture power from wind through the action of drag force
Therefore, there is a difference in the drag coeffits along the convex and concave side of

the blades. Furthermore, accordingB$PEURVLR HW DO > bé@ngatdlaf RQL XV U
type VAWT, whereby the rotor cannot rotate faster than the speed of wind. The maximum

tip speed ratio is equal to one ordeshis report will focus on the Savonius rotor due to its

suitability for low speed environments.

Previous studies were mostly conducted on the optimization of design parameters such as
blade number, blade shape and overlap distances. Experimentak stadied out by
Sheldahl et al. [27], Sivasegaram [28], Clayton [29] and Fujisawa et al. [30] all report
varying power coefficients for Savonius rotors ranging from 0.14 to 0.33 within a TSR
range of 0.8 to 1.0. Given the high solidity of this type obmosignificant torque output
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was observed during static and rotational modes of operation makinglstiyt consistent

at low wind speeds. Due to this high solidity to low speed ratio design, the acoustic emission
from this machine during normal opeaaat is considerably less than the traditional HAWT.
With current UK planning legislation irview, this type of machine lends itself to
installation in the built urban environment where noise restrictions are of primary concern
[31].

The Savonius type VAWS are simple and cheap to design. They can withstand high wind
speeds due to its low rotational speed, unlike HAWTSs, which are stopped in severe weather
conditions as described earlier. Sketurbines generategh starting torque, which enables
themto operate at low wind speeds. On the other hand, low rotational speed limits the
power generation. Moreover, the Savonius VAWTSs have low efficiency with the power
coefficients of around 10% [32].

Figure 19 Savonius type Verticahxis Wind Turbine

One problem that was present in soofighesemachines was the 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 ictieraeffects were present on the non
torque generating blade. It was identified that unfavourable pressure gradients were the
primary cause which resulted in a countaiating torque which significantly reduced the
efficiency of the rotor. These bladetemaction effects have become one of the major
limitations of this type of turbine given torque generation is only provided by one bucket
each rotor cycle. Such limitations provide strong justification for exploring alternative
reaction type devices whiamaintain similar high levels of starting torque and provide a
more consistent power delivery.

1.4. Performance Characteristics of VAWTS

According to Colley et al. [33], the important performance parameters for wind turbines are
the torque output andth/ LS VSHHG UDWLR 765 7KH WLS VSHHG U
defined as:
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~ a
L— 1.1
al— (1.1)
Wherer is the radius of the rotor blasle & LV WKH URWDWLRQDO VSHHG RI1 V
wind velocity.Furthermorethe torque coefficient of thdAWT can be expressed as:
i
0/8 L V, (1.2)

é °a

:KHUH 7 LV WKH WRUTXH RXWSXW RI WKH 9%$:7 ! LV WKH Gt}
of the VAWT. Once the torque coefficient for the VAWT is known, the torque output can
be calculateds follows

6L SWeER #N% (1.3)

Moreover, basedn the torque and rotating speeflthe rotor, the power generated by the
vertical axis wind turbine can be calculate

2L 6 (1.4)

Where P is the power gea¢ed by the AWT. Once the power of the VAWT is obtained,
the power coefficient can be calculated

E
0 _
,@L5%®Qo (1.5)

1.5. Motivation

Although the working principle of th8avonius typ&/AWT is reasonably well understopd

the detailedaerodynamidlow featuresand the mechanical behavioare too difficult to
predict reasonably welespecially wherthe VAWT is experiencing variableind speed.

The major issue with inconsistent behaviour of wind is tihahay be difficult to estimate

the power output of th# AWT under such conditiong-urthermore, ihasbeen noted that

the instantaneous torque output from the VAWT varies significantly when a gust ofswind
acting onthe turbine. Due to fluctuatiom the instantaneous torqu@luesactingon the
turbine, the transient loadcrease®n the turbine structure and henitenay induce heavy
streses on the turbine structure. This phenomenon introduces fatigue on the turbine
strucure and may reduce its life cycle.

The present researcattempts toprovide a deegr understandingnto the physicsof
Savonius type/AWT behaviour underccelerating and decelerating wind velocity across

Transient Flow Features in the Vicinity of a Vertical Axis Wind Turbine
By Atif Shahzad, School of ComputimgndEngineering, University of Huddersfield, UK (2015)

12



the VAWT. The present study employs a CFD approach, in order to allow the VAWT
designer to extract severalerodynamic performance parameters such as pressure
fluctuations, velocity variatios and instantaneouperformance characteristics dhe
VAWT. The performance of th8avonius type/AWT has beernnvestigated numerically

for a wide range of operating andw conditions In this investigationaccuratenumerical
modek have beendevelopedfor accelerating and deceleratimgnd speedsacross the
VAWT.

1.6. Research Aims

The primary aim of this study is to investigate the effettsp speed ratio on thensteady

fluid flow phenomena irand aroundhe Savonius type/AWT. The study is designed to
carry out numericainvestigationusing a commercial CFD code ANSYS. Both local and
global flow parameters will be computed and a detailed investigation into qualitative and
guantitative parameters of interests will be carried out. A novel prediction model will be
developed for the perforance analysis dhe VAWT undera range oflow conditions The
research aims for this investigation are to:

1. Analyse the performance characteristics of a Vertical Axis Wind Turbine operating
at a constant velocity.

2. Analyse the performanceharacteristics of a Vertical Axis Wind Turbine with
acelerating and decelerating flow conditions.

1.7. Organisation of Thesis

Chapter 1 providesin ovewview of wind energy dsis and itsevolution Types of wind
turbines have been discussed in detadusing on the Savonius type VAWTs. Advantages
of VAWTs over HAWTs have been summarised. The operating principle of VAWTs has
been discussed. The performance characterisicVAWTs havealso beenintroduced
Furthermore, the motivation to carry out tetady has beestated

Chapter 2 consists ohan-depthreview of the research that has been carriecbosteady
andtransientfluid flow conditions in the vicinity othe Savonius type&/AWT. A critical
review of the literature available for thesteady flowaroundVAWTSs has beerarried out
Details of the scope of research are provided in the form of specific research objectives.

Chapter 3 documents the fundamental principles of Computational Fluid Dynamics. It
includes the CFD modelling of the VAW, including the solver settings and the
appropriate boundary conditions that have been specifieestdve the flow domain. The
meshing technique that has been used for the flow domain has been discussed. A detailed
discussion on the sliding mesh teaque used for the rotation of the rotor blades has been
presented.
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Chapter 4 includes the mesh independence testing, time step size independence testing and
the verification of the numerical results. Furthermore, transient and instantaneous
performance of &avonius type/AWT has been evaluated undsteady flow conditios
Moreover this chapter sheds light on the flow structure in the vicinity of the VAWT
through analysing and investigatinfpe pressureand velocity fields. Semiempirical
prediction toos have been developddr torque andoower coefficierd as functions otip

speed ratios.

Chapter 5focuses on the performance characteristics ofS&eonius type/AWT under
transient flowconditions, where two types of investigations have been carried out. The first
investigation corresponds to a constant rotational speed of the rotor, while the second
investigation focuses on variable rotational speed of the rotor, while the operating wind
velocity remains variable in both these cases.

Chapter 6 concludes the findings of this study, clearly mentioning the goals achieved and
additions to the existing knowledge about VAWAerformance under transient conditipns
whereby it carperform efficently over a wide range of wind velocitidg@ecommendations

for future work have also been included.
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CHAPTER 2
L ITERATURE REVIEW

he following chapter provides a detailed review of the available
T literature in the field of wind engineering with emphasis on the

performance characteristics 8avonius typeVertical Axis Wind
Turbines operating in various environmental conditions. The main areas
addessed in this chapter are associawith the flow diagnostics of
VAWTs that form the basis of this thesis. Within each of these areas,
specific limitations have been identified which have been used to define the
scope of the research. From the scope,iBpeesearch objectives 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

Energy being part of our everyday life plays an important role in our day to dayiestivit
With the development of the technology, the demand of the energy is increasing
exponentially Therefore, energy security became one of the most important concerns of the
government and in the world. Although,istknown that, the developed countriase the

major consumers of global energy, the energy consumption is increasing demands in
developing countries, where populations, economic activities and improvements in quality
of life are growing most rapidly3d]. In additionbecause of thémited reources of fossil

fuels and increased pollution from exploitation of these fuels, the world is focusing on the
renewable energy sources. There are mangaang researchefcussedto find suitable
renewable and envirsiendly sources such as solar, wirigjdro energyetc. Renewable
energyresources are undergoing rapievelopmenprocess anavind powertechnology is

one of those where extensive efforts are direcWthd power is widely recognized by
various researchers including Mohammed et34] fsthe one capable gfroviding a cost
effective, clean, renewable and sustainable source of energy.

Wind power involves converting the kinetic wind energy into electric energy using wind
turbine. Since200BC, peoplehave beenusing wind power via wind milfor various
domestic applicationsHowever, the development of the wind energy as an alternative
energy sources started aftbe energycrisis of 19731974 B6]. Since wind turbines are
recognised as a viable alternative source of energy, wind farméesémg developed
extensivelyand employed in various environmental conditions and setup. Hameed3&t al. [
has mentionedthat lots of effort has been made on the development of Horizontal axis
turbine comparéo vertical axis wind turbine.

Since, windturbine use the kinetic energy of wind, the most important precondition for
successful application of wind tune is a good wind regimgHau [39]. It is very rare to

have constant steady wind velocity all the time. The velocity of wind fluctuates augtodi

the geometric location and its surroundings. The velocity of the wind and the components of
the velocity acting on the blade diffeaad this affectshe blade performance and hence the
performance of the wind turbine. The vast majority of reseantlighed has been with the
steady wind flows and very limited amount of work has been published investigating the
VAWT performance under unsteady wind condition.

This chapter presents an examination of the effectteafdy andinsteady wind velodgs
on blades and performance of the wind turbivesed upon a review of relevant literature.
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2.2. Performance Output of Vertical Axis Wind Turbines under steady
flow conditions

As it is mentioneckarlierblades are a critical component of wind turlsinad the geometry
of the blade isconsidered as one of the most critical paramsébat affectthe performance
of turbine. Many researchesave conducted numerical and experimental anadgsto
investigate the effect of the geometrical parameters onuth@ené performance. Most of
these researchdsmve beerconducted assuming a steaolyeratingwind condition. This
chapter focuses on some of the literature available iaréeof the performance evaluation
of wind turbine under steady wind condition.

Although a lot of research work has been carried out in this researchoahgdhose
research papers have been reviewed in this chapter that are directly relevant to the proposed
work in this thesisPark et al. 39] conducted a numerical study on the performance of
savonius typevertical axis turbines by modifying their geometric features. The results
indicates that, the optimum operating condition to achieve maximum power output from the
vertical axis turbinaisedin the study occurs at a tip speed ratio of 0.17. Figure 2.1 depicts
change in the average torque and power output of a vertical axis turbine with respect to TSR
(Tip Speed Ratio) for oneomplete revolution of the turbine.
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It shows that théorque output decreases wititreaseof TSR, whereasthe average power
output initially increase up to a certain value (optimal operating condition). After
optimum point the power output starts to decrease as the value of TSR keeps on increasing
along with the reduction of torque output.

Colley et al. #0] have tried to determine the operation characterisesSavoniustype

VAWT and carried out detailedvestigaton of the design, operation and tegnostics of

vertical axis wind turbineadopting both numerical and experimental methods. In this study,

the overallperformance oSavonius-type VAWTs hasbeen quantified and thmaximum

torque coefficienand power coefficientwere found to bd.7, and 0.24espectively. It is

also been mentioned that the number of stator blades has a great impact on the torque and
power output of the VAWTS.

Sabaeifard et al4fl] conducted both experimental and CFD basederical studies to
analyse the performance output of a small s8akoniusVAWT and hence to optimise the
design of the VAWT. Multiple Reference Frame technique has been used to rotate the
blades of a two dimensional model of the VAWT. It has besported that increase in
number of blades increases the power output of the VAWT

Asim et al. 2] examined the effects of the shape of stator blades on the performance output
of a Savonius typé/ertical Axis Marine Turbine, demonstrating that curvedostéiade
performances in these turbines exhibit superior performance when compared to straight
stator blades. While the study focused on marine current turbines in particular, it suggests
that blade shape may be a significant influence on turbine perfoeman

A numerical investigation on the effect of rotor blade position on the VAWT performance
was conducted by Colley et altj, for three Savonius type/AWT configurations The
investigation was conducted using the wind velocity of 4m/s and varyingptBpded ratio
from zero to 0.6The results indicatéhat within a typical rotoblade passage, maximum
torque is obtained at a unique rotor andle addition, the torque output of the VAWT
decreases with the increment of tip speed ratio for all rotaehpositions.

The experimental study byakao,et al [44], analyse the effects of directed guidanes on
the performance output of a VAW(figure 2.2) A detail investigation was conducted on
the effects of setting agle and gap betweeantor blade andyuide vane on power coefficient
and starting characteristi& significant increment on the pealoefficientwas achieved
with implication of guided vanes. Furthermore, it has also been noticedndragse in the
setting angle increase the performaoagut ofthe VAWT.
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Figure 22 Effect of Guide Vanes on thgerformance output of a VAW R{]

Howell [45] carried out a combined experimental and computational study into the
aerodynamics and performance of a small scale vertical axis wind turbine (VAWT). The
overall performance of the turbine is determined by a wind tunnel tests, whereamtivo
threedimensional unsteady computational fluid dynamics (CFD) models were generated to
understand the aerodynamics of this performance. Wind tunnel test was conducted by
varying the wind velocity, tip speed ratio and rotor blade surface finish. The experimental
datadepicts that the rotor blade surface finish has great impact on the turbine performance.
The turbine performance degrades up to a certain wind speed known as critical wind speed.
After the critical point, smooth surface finish enhances the turbine penficen
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Figure 2.3 Cp variation with rotational velocity for turbine model with two blades, for
smooth and rough blade surfa¢4s]
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The above discussion indicates highlights that there is a scope for development of wind
turbines that haw directed entry through a walesigned stator configuration and this
configuration can be optimised in conjunction with rotor blades for better performance
output and reliable operation.

2.3. Performance Output of Vertical Axis Wind Turbines under transient
flow conditions

Wind environment and the flow field around the rotor are directly related to its torque
generating capabilities. However wind continuously changes its magnitude and direction.
The transient effect of the approachinod on the performance output of the wind turbine

is an important measure in the design of the wind turbines and plays a major role in
reducing turbine structure liteecause of fatigue effects

Under transient conditions of tlogeratingvelocity, theexcitation force experienced by the
blades vay considerably resulting in complasbratory response Furthermore increased
levels of accelerated velocity of air may result in amplified mechanical stresses. Hence it is
necessary for the designs to intude withinload calculations for wind turbingke fatigue

loads as well asccasionakxtreme loads. VAWT would behave differently under different
wind conditions and the flow field around the rotor is directly related to its torque
generating capabildis. It can be argued that, due to the location, diffesiees and weights

of turbines, small turbines experience different impact of wider range of transient wind
conditions as compared to the large turhines

Mcintosh et al. 46] conducted numerical irestigation on the VAWT performancethen
operating at a constant rotating speed under unsteady wind cordlitiaquantified iusing
unsteady performance coefficient, which is similarttie power coefficient. ie VAWT

was operating at a constant rotatispeed while encounteringfluctuating free stream of
sinusoidal naturelTheresults indicatéhatthe VAWT, at thetip speed ratio greater than the
steady state maximumshows a significant increment in the energy production. Moreover,
implementation ofoverspeed control techniques increases the energy output by 42% and
245% for contact rotation speed and tip speed ratio feedback models respectively.

Kooiman et al. 47] carried out arexperimental analysis on the effecf unsteady wind
conditions on lte @&rodynamic performance of verticaxis wind turbine within the urban
environment. Variations ithe wind speed fluctuatiamand direction was quantified and
compared to a reference case wind tunnel performance. The findings of the experiment
confirmedthat, the directioal fluctuations hae comparatively less impact on the turbine
performance Furthermore the impact of the wind speed fluctuations on the turbine
performance was quantified.
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Figure 2.4illustrates perceafge power reduction contours thi respect to wind direction
fluctuatiors and the normalized wind velocity fluctuatem dominant positive gradient for
percenage power reduction vs. normalized velocity fluctuation is detected representing
increment oihormalisedwind velocityfluctuation increases the percagépower reduction

and hence reduces the power output and the aerodynamic performance of VAWT. On the
other hand, the wind direction fluctuation shows a negative gradient signifying the
increment of wind direction fluctuian decrease the percentage power reduction and hence,
increases the power output and enhances the aerodynamic performance of VAWT.
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Figure 24 Contour plot of the percentage power reduction due to the effects of wind
directioQ 10 X F W X PavdlLiie @drmalized velocity fluctuationg) (bn the aerdynamic
performance of the VAWT47]

It is been noted that, for low velocity fluctuat®with normalized velocity fluctuation
below 0.15, the turbine performance shows minimal reduction. However, at high velocity
fluctuatiors with Normalized velocity fluctuatiamabove 0.15, the performance decreases
with a roughly linear relationship withéreasinghormalized velocity fluctuation

Hara et al. 48] conducted experimental and numerical investigatmmthechanges in the
rotational speed of a small VAWT in pulsating wiry, varying the windrequency and
amplitude parameters. Thexperimental resudtsuggest a relation between the rotational
speedwidth and pulsating wind amplitude showing that tage of change in the rotational
speed divided byhe windcycle was inversely proportional tthe moment of inertia and
was independen of the wind cycle.Moreover, he energy efficiencyf the VAWT in a
pulsating wind withconstantamplitudestayed almost constant under both changes in the
momentof inertia and in the wind cycl@dicating the independence of energy efficiency of
VAWT on the change of rotor moment of inertia and the wind fluctuation frequency
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However, the energy efficiency of VAWT decredseith large wind amplitude. The
numerical simulation of larger size VWAT showed similar trend for the effect of moment of
inertia ar wind cycle under constant load torque. Conversely, a long wind cycle and small
moment of inertia magffectthe energy efficiency depending on the torque curve.

Scheurich et a9 implemented the Vorticity Transport Model (VTM) tovestigate the
aendynamic performance and wake dynamics, both in steady and unsteady wind

conditions, of three differen{ with straight, curved and helically twisted bladee)ticat
axis wind turbines
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Figure 25 VTM -predicted variation of the power coefficients for the straigated and
curvedbladed and the helically twisted blades turbines when the rotors are operated in
unsteady wind conditions with8 8 L Grdand R = 1.5 (which corresponds tg k0.74
at A= 3:5). Error bars denote the variation of the power coefficient during one rotor
revolution in steady wind conditions [16]

Figure 2.5depicts thevariation of the power coefficient of each rotoperatingin an
unsteady wind conditions witRy (numberof rotor revolutions per gust 1:5 and for(the
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sinusoidal variation of the free stream velogip8 § L Gr & along with the variation of
the wind speedIn figure 2.5the power coefficients behavioumder unsteady wind
conditions is characterised byhysteresis loop, indicated by the arrpaleng with he three
dominant peaks per rotor revolution that characterise the variation of the power coefficients
in unsteady wind conditionsThe amplitude of the variation of the power coefficient
produced bythe helically twisted configuration in unsteaayind conditions is much
smaller, than that produced by either the straiytled or the curvelladed turbinesln
addition,the power coefficientvs tip speed ratigraph forthe straightoladed and curved
bladed turbines exhibits a steeper gradient in-opeérating range than the turbine with
helically twisted bladesreferring; he turbines with notwisted blades are less efficient
than the turbine witthelically twisted blades at constant rotationalespen unsteady wind

conditions.
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Figure 2.6 VTM-predicted aerodynamic angle of attack and sectional forces in steady and
unsteady wind conditior{46]

It has been observed from this analysis tihat instantaneous tip speeatio of a rotor
changes according to the varying free stream velocity and deviates frdip speed ratio
at which the highest aerodynamic efficiency is obtained. The associated power loss becomes
significantonly when the amplitude of the oscillatioinswind speed is highn steady wind

condition the power coefficientsdeveloped by thestraightbladed and curvebladed

turbines vaies considerably withinone rotor revolutiordue to thecontinuous variation of
the angle of attack on the blad®sd hence inducensteadiness the blade aerodynamic

loading.
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Scheurich et al.50] simulated twoVWUDLJKW EODGHV XVLQJ %YURZQTYfV 9RU
to study he aerodynamic performance and wake dynamics of a Datyipesverticalaxis

wind turine. The findings of the simulation showed good agreement exiberimental
measurementd he Voticity Transport model (VTM) was able to capture the emergence of

strong threedimensional effects in the flow near the rotor that are mediated by the dynamics

of the vorticity due to the bladeortex interactions on the rotor that is shed and trailed into

the wake behind the turbine.

Danao et al. §1] conducted CFD simulations on a micro scale VAWT operating at a
constant rotating speed under steady and adgteind inflow condition to analyses VAWT
performance under unsteady wind condition and to define the principles behind the
performance phenomenon. A wide range of incoming unsteady wind freq(ledéz,

2.91 Hz and 11.6 Hayereused for this purposghere, the maximum frequen¢¥1.6 Hz)

was equal to the VAWT rotational frequency. The findings shows that the VAWT
performance reduces in unsteady incoming wind conditmymparé to steady wind
condition. The worst condition had 75% power coefficient drop cordp@rdghe steady
condition

Further investigation on 2.9z fluctuation rate depicts a large hysteresis in the unsteady
C, of the VAWT within one wind cycleDanao et al[52] experimentallymeasured the

wind turbine performance at a wind speed of 7m/s with 7% and 12% fluctsiatiovind
velocity at a frequency of 0.5 Hz.. The results show the unsteady power coeffigient (C
fluctuates following the changes in wisdeed. The time average of the unsteaglyith a

7% fluctuation in wind velocity showed a good agreement to that with steady wind
conditions. However, with 12% fluctuations in wind speed the time average of the unsteady
C, deviates from the steady windrahtion with a drop in the meanpCThis phenomenon

refers that, unsteady winds of such amplitudes are detrimental to the energy yields from
these wind turbines. In addition, there were no significant hysteresis observed at mean tip
speed ratios A beyord peak G, for both 7% and 12% fluctuations, whereas, for méan
below peak @showed substantial hysteresis.

Numerical investigation bypanao et al. §2] aimed to study the effects of steady and

unsteady wind on the performance of a wind tunnel sS¢AMT. Authors found that when

VAWT operates in periodically fluctuating wind conditions, there will be slight
improvement of overall performance under certain operating condition. One of them is the
PHDQ WLS VSHHG UDWLR VKRXO Gadylderfdrvahde mexiRhrd W KH
2SHUDWLQJ 9%:7 DW D PHDQ WKDW LV OdeetfldientWwiK D Q IR U
FDXVH WKH 9%:7 WR UXQ LQ WKH EDQG ZLWK GHHS VWDOO
the VAWT performance coefficient reduction. Other dtinds to achieve better overall
performance from VAWT under unsteady caiwhs are that, the amplitude of fluctuation is

small (<10%), and the frequency of fluctuation is high (>1 Hz). Operation at Large
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fluctuations in wind speed causes the VAWT to luQ FRQGLWLRQV WKDW DUH C
thus reducing the performance of the wind turbine. Within realistic conditions, higher
frequencies of fluctuation marginally improve the performance of the VAWT.

2.4. Research Objectives

Based on the research aipresented in the previous chaptecan be seen that although a
number of investigations have been carried out on fluctuating wind velpthe® is
limited informationavailableregardingthe effects of sustained acceleration and deceleration
in wind velocity on the performance characteristicstloé vertical axis wind turbines.
Keeping this in viewthe following objectives have been formulated which will address the
gapsin the existing knowledge:

1. Investigation of the flow parameters and evaluatbperformance characteristics of
the VAWT operating under steady flow conditson

2. Analyzing the effects of Tip Speed Ratio on the performance characteristics of the
VAWT under steady flow conditions

3. Development of novel sem@impirical torque coefficianand power coefficient
prediction tools accounting a range of varying flow conditions for the VAWT.

4. Investigation of the flow parameters and evaluation of performance characteristics of
the VAWT operating under unsteady flow condisowith acceleratingand
decelerating wind velocitiest a constant rotational speed

5. Investigation of the flow parameters and evaluation of performance characteristics of
the VAWT operating under unsteady flow conditions with accelerating and
decelerating wind velocitiasnder variable rotational speeds
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CHAPTER 3
NUMERICAL MODELLING OF VERTICAL AXIS

WIND TURBINE

ased on the research objectives of this study that have been
B identified in the previous chapter, advanced CFD techniques have

beenused to computationally simulate the transient flow of air in the
vicinity of a Savonius type/AWT. Sliding mesh technique has been used
in order to rotate the rotor blades of the VAWT with respect to the stator
blades. For this purposeappropriate solversettigs and boundary
conditions neetb be specified, thaire discussed in this chapter.
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3.1. Introduction to Computational Fluid Dynamics

Computational Fluid Dynamics or CFD is the analysis of systems involving fluid flow, heat
transfer and assod¢ed phenomena such as chemical reactions by means of coinasiéer
simulation. The technique is very powerful and spans a wide range of industrial ad non
industrial application areas. From the 1960s onwards, the 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 the design of internal combustion engines,
combustion chambers of gas turbines and furnaces. Furthermore, motor vehicle
manufacturers ew routinely predict drag forces, undebonnet air flows and the ircar
environment with CFD. CFD is becoming a vital component in the design of industrial
products and processes.

The variable cost of an experiment, in terms of facility hire and/opethour 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, foamt®, to optimise equipment
performance.

3.2. Working of CFD Codes

There are three distinct streams of numerical solution techniques. 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 equations of fluid flow over all the control volumes of
the domain, discretisation or conversion of the resulting integral egsatito a system of
algebraic equations and the solution of these equations by an iterative method.

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

f Pre tProcessor
f Solver Execution
f Post Processor

Pre +processing consists dig input of the flow problem to a CFD programme by means of
an operatorxfriendly interface and the subsequent transformation of this input into a form
suitable for use by the solver. The user activities at theyfgecessing stage includes
definition d the geometry of the region of interest. It is called the computational domain.
Grid generation is the sub:division of the domain into a number of smaller, nan
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overlapping subtdomains. 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 at cells, which coincide with or touch the domain
boundary, are alsmcluded in pretprocessing [5B

The solver primarily consist of setting up the numerical model and the
computation/monitoring of the solution. The setting up of the numerical model includes the
following:

f Selection of appropriate physical models. These included turbulence, combustion,
multiphase etc.

Defining maerial properties like the fluid, solid, mixture etc.

Prescribing operating conditions

Prescribing boundary conditions

Prescribing solver settings

Prescribing initial solution

Setting up convergence monitors

~h ~h R K —~h —%

The computation of the solution includes:

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

f Convergence is reached when change in solution variables from one iteration to the
next is negligible. Residuals provide a mechamis help monitor this trend.

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

Figure 3.1 describes the working of the solver.

Post processingomprises 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

f Examine the results to view solution and extract usefti
data. Absolute of error =

f Visualization tools can be used to extract the ovéiai Tolerance
pattern, separation, shocks, shear layers etc.

f Numerical reporting tools are used to calculate quantitative
results like forces, moments, and average heat transfer co
efficient, flux balances, surface and volume integrated
guantities.

f Are physical models appropriate?

Print and solve the
next line

Figure 31 CFD Solver
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Is the grid adequate?

~h ~h ~h —~H —n

Due to the increased popularity of engineering workstations, many of which have
outstanding graphic capabilities, the leading CFD packages are now equipped with versatile

Are boundary conditions correct?

Can grid be adapted to improve results?
Does boundary resolution need to be improved?
Is the computational domain large enough?

data visualisation tools. These include domain geometry, grid display, vectolipttd

shaded contour plots, 2D and 3D surface plots, particle tracking, view manipulations, colour
post +script output etc. more recently these facilities may also include animation for
dynamic result display, and in addition to graphics, all codedugmtrusty 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 the rspecalists. An overview of CFD
modelling is presented in figure 3.2.

Pre-Processing

Equations solved on mesh

., Salid » Mash
Modeler Generatar

\.

+ Solver Settings
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* Post-Processing
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+ Initial Conditions

+ Moving Mesh
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Figure 32 Overview of CFD Modelling [5§

3.3. Numerical Formulation of the Fluid Flow

The governing equation of fluid flow represents mathematical statements of the

conservation laws of Physics:

f The mass of a fluid is conserved.
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f The rate of change of momentum equals the sum of the forces on adltice.
1HZWRQYV VHFRQG ODZ
f The raé of change of energy is equal to the sum of the rate of heat addition to and
the rate of work done on a fluid particle. (First law of thermodynamics)

The fluid is regarded as a continuum. For the flow diagnostics at macroscopic length scales,
the molectar structure of matter and molecular motions may be ignored. The behaviour of
the fluid is described in terms of macroscopic properties such as velocity, pressure, density
and temperature etc. These are averages over suitably large numbers of moleftuiés. A
particle or point in a fluid is then the smallest possible element of fluid whose macroscopic
properties are not influenced by individual molecules.

3.3.1. Conservation of Mass
The mass balance equation for the fluid element can be writtég]as [

Rate of increase of mass ir _ Net rate of flow of mass into
fluid element a fluid element (3.1)

For liquids, as the density is constant, the mass conservation equation is:

&EBL r (3.2)

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

e 1é 1é

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

3.3.2. Conservation of Momentum

1HZWRQYYVY VHFRQG ODZ VWDWHYV WKDW WKH UDWH RI FKDQ
the sum of the forces on therpele [56]:

Rate of increase of momentum _ Sum of forces actingn the
the fluid element - fluid particle (3.9

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

The x xcomponent of the momentum equation is found by settieagdte of change of %
momentum of the fluid particle equal to the total force in theédirection on the element
due to surface stresses, plus the rate of increase mgmentum due to sources. The
equation is as follows:

¢BE-LAE-2PELL é@EEQEERj—fES%A (3.5)

The y and z+tcomponent of momentum equation are given by:

4 'aa ! ! 16 16
éB E——"E——E Le@EQ—ERﬁESWA (3.6)
' 53 ! aa ! aa, <« A& 1é e e
éBE-MEME2L 6@ EQL ERTESTA 3.7)

3.3.3. Navier tStokes Equation

In a Newtonian fluid, the viscous stresses are proportional to the rates of deformation.
Liquids are incompressible; the viscous stresses are twice ta tate of linear
deformation times the dynamic viscosity. The Nawi&tokes equations arg7]:

¢GF-Ea @—E—E—ALe@ EQCER-ESSA (3.8)
1é 1é 1é

¢CF-Ea @—E—E—ALe@ EQ:ERCES—"A (3.9)

¢GF-Ea @—E—E—ALe@— EQ. ER-ES—A (3.10)

3.4. Pre-Processing

Further details about computational fluid dynamics and difference turbulenedscaa be

IRXQG LQ DQ\ JRRG &)" ERRN )RU UHDGHUYV LQWHUHVW
recommended hergs8-63]. The following sections provide details of the numerical
modelling that has been used in the present study. The CFD package that hasetden

achieve this is known as Ansys4]6 The preprocessing 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 of the vertical axid turbine and

meshing of the flow domain
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3.4.1. Geometry of VAWT

A three dimensional vertical axis wind turbine model, similar to Col&§}], [has been
numerically created as shown in figure 3.3. The model has 12 rotor blades and 12 stator
blades. Theadius of the core region=10.5m whereas the radii of tlietor and thestator
regions i.e.rand gare 0.7m and 1m respectively. The height of the VAWT, h=1m.

. . %}

Rotation Direction

Figure 33 Geometry of the VAWT

Figure 3.4 shows the flodomain of the VAWT. The length, width and the height of the

flow domain are 13m, 9m and 3m respectively. These dimensions have been taken from
Colley and have been used here because the validation of the CFD results, presented in
Chapter 4, will be carriedut against the published results of Colley in the next chapter.

LT

= 3m —3

Figure 34 Flow Domain of the VAWT
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3.4.2. Meshing of the Flow Domain

The mesh has been created in two 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 30mm mesh sizing, whereas the rest of the
flow domain has been meshed for 100mm mesh sizing. Figure 3.5 shows mesh in the
VAWT and in the flow domain. Mesh independence testing has been carried out, and is
discussed in Chapter 4.

4

AN
|

KRk

Loy
LRy

(b)
Figure 35 Mesh in (a) VAWT (b) Flow Domain
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3.5. Solver Execution

As the flow of air in the present studyas low speeds (4m/s) which is the annual mean
wind velocity in Huddersfield (UK), pressure based solver has been chosen for the flow
diagnostics of VAWT. In this solver, the density of the fluid remains constant and the
primary fluid flow parameter, thas being computed iteratively, is the pressure within the
flow domain.

As the interaction between the stationary (stator) and rotating (rotor) frames of references is
highly transient, an unsteady solver has been designed to simulate the flow of air. In
addition to the aforementioned 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 #8\XT) to be turbulent is

that the Reynolds number of the flow should be higher than 500,000. Furthermore, in
practical applications of VAWTSs, the velocity of tflew normally ranges from 2m/®

6m/s. These velocities correspond to Reynolds number of IB&® 410,752 for the
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 inctmamercial CFD package that has been

used in this study. Each one of these turbulence models has got its 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 regionrdtream the VAWT, k& PRGHO KDV
been chosen for the modelling of turbulence. The primary reason behind choe&ng k
model is its superiority in accurately modelling the wake regions and extreme pressure
gradients. Most recent studies also show th& kiwXence model predicts the changes in

the flow parameters in VAWTSs with reasonable accuracy.

The k& LV D WZR HTXDWLRQ PRGHO WKDW LV IXUWKHU GLYL
called Standard-k¢ PRGHO ZKHUHDV WKH VHFREGSTMNsEdAR (EST)FDOOHC
k-& PRGHO ,Q WKH SUHVIPQGHONVKDBY BBRAQN FKERE¥HI@E EHFDXV
following refinements:

f The standard4& PRGHO DQG WKH WRBRGOIVI DUWAHGRWK PXOWL
blending function, and both models are added together. The blending function is
designed to be one in the neeall region, which activates theandard k& PR GHO
and zero away from the surface, which activates the transfornteddkR G H O

f The definition of the turbulent viscosity is modified to account for the transport of
the turbulent shear stress.
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These features make the SST& P R G H OacBurateHand reliable for a wider class of

flows (e.g., adverse pressure gradient flows, aerofoils, transonic shock waves) than the
standard k& PRGHO 2WKHU PRGLILFDWLRQV -diffusién Xe@HinWKH D G (
WKH & HTXDWLRQ D@Gn i dasitd Qnatlte) mbHeD equations behave
appropriately in both the nearall and farfield zones. Further details of SST& PRGHO

can be found in any turbulence modelling text book and hence have not been included here

[63].
3.5.1. Boundary Conditions

The boundary types that have been specified are listed in the tabld8&.ihlet of the flow
domain has been specified with velocity inlet boundary type, where the inlet flow velocity is
variable. Chapter 3 is based on a constant inlet veloc#ynds, which is the average annual

wind speed in Huddersfield, UK. However, chapter 4 is based on the transient behaviour of
wind gusts, and hence both accelerating and decelerating inlet velocity conditions have been
specified. The details of this are peated in section 3.&tmospheric conditions at pressure
outlet boundary means that zero gauge static pressure has been prescribed, which again is
expected in real world conditions. Furthermore, all the walls in the flow domain have been
modelled as naslip boundaries which mean that the flow does not slip on the surface of the
walls. This is because, in real world, zero velocity gradient is observed between the walls
and the flow layer adjacent to the wall.

Table 31 Boundary tpes and conditions

Boundary Name Boundary Type Boundary Condition
Inlet Velocity Inlet Variable
Outlet Pressure Outlet Atmospheric Conditions

Surrounding Sides Stationary Walls No-Slip
Rotor Blades Rotating Walls No-Slip
Stator Blades Stationary Walls No-Slip

As the interactions between the rotor and the stator blades are highly tramstehgnce
Sliding Mesh technique has been used to rotate the rotor blades corresponding to the
stationary stator blades. The details of this techniquprasented in the next section.

3.5.2. Sliding Mesh

When a timeaccurate solution for rotestator interaction (rather than a tiraeeraged
solution) is desired, sliding mesh model should be used to compute the unsteady flow field.
The sliding mesh model is the most accurate method for simulating flowsulimplen
moving reference frames, but also the most computationally demanding. In 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 3igufer VAWTS.
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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 interface.
During the calculation, the cell zones slide (i.e. rotategtived 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, ad@pendent solution
procedure is required. The sliding mesldel 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 twaondormal
interface zones of each mesh ifaee.

The flow domain is divided into swutbomains, each of which may be rotating and/or
translating with respect to the inertial frame. The governing equations in eadorsain
are written with respect to that sdbmain's reference frame. At the boandbetween two
subdomains, the diffusion and other terms in the governing equations in ofoIsEN
require values for the velocities in the adjacentdoimain. The solver used in the present
study enforces the continuity of the absolute velocity tovipe the correct neighbour
values of velocity for the sutbomain under consideration. When the relative velocity
formulation is used, velocities in each siitimain are computed relative to the motion of
the subdomain.

Contact surface

between
Domain & Stator
Contact surface
between
Contact surface Stator and Rotor
between
Rotorand Core

Figure 36 Interfaces between different zones

3.6. Solver Settings

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

f PressuretVelocity Coupling
f Gradient, and
f SpatialDiscretisation

The NavierStokes equations are solved in discretised form. This refers to the linear
dependency of velocity on pressure and vice versa. Hence, a pressloeity is required
to predict the pressure distribution in the flow domain w#hsonable accuracy. In the
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present study, SIMPLE algorithm for pressuteelocity 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, cylinderdretsIMPLE algorithm, an approximation

of the velocity field is obtained by solving the momentum equaiibe. pressure gradient

term is calculated using the pressure distribution from the previous iteration or an initial
guess. The pressure equation isrfolated and solved in order to obtain the new pressure
distribution. Velocities are corrected and a new set of conservative fluxes is calf@fted

Gradients are needed for constructing values of a scalar at the cell faces, for computing
secondary dftision terms and velocity derivatives. GreesGauss Nodetbased gradient
evaluation has been used in the present study. This scheme reconstructs exact values of a
linear function at a node from surrounding celtentred values on arbitrary unstructured
meshes by solving a constrained minimization problem, preserving a se®rdspatial
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 interpdiatedthe cell centre values.

This is accomplished 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 presatudy, 2nd order upwind schemes have been
chosen for pressure, momentum, turbulent kinetic energy and turbulent dissipation rate. The
use of 2nd order upwind scheme results in increased accuracy of the results obtained.

3.7. Convergence Criteria

Getting to a converged solution is often necessary. A converged 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 schutidre
treated as one which predicts the solution of the flow problem with reasonable accuracy.

The default convergence criterion for the continuity, velocities in three dimensions and the
turbulence parameters in Ansys 16 is 0.001. This means that thbeohange in the
continuity, velocities and 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 inditete the changes in the
solution parameters have died out. Hence, it is often better to monitor the convergence
rather than relying on the default convergence criteria.

In the present study, torque output of the blades of the VAWT has been monitored
throuchout the iterative process. The solution has 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.
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After numerically simulating théow of air in the vicinity of VAWT, various results have

been gathered from CFD. Detailed discussions on these results are presented in the
proceeding chapters, where the next chapter deals with the optimisation of VAWT based on
blade angles.

3.8. Scopeof Work

Based on the aims and objectives of this study, the scope of the work has been defined, and

is presented in table 3.2. Chapter 4 corresponds to the steady flow conditions where the inlet

flow velocity remains constant at 4m/Bhree different prdical Tip Speed Ratios (TSR)

R DQG KDYH EHHQ FRQVLGHUHG IRU WKLV SXUSR
rotational speeds of 0.571, 1.143 and 2.286rad/s.

The first part of chapter 5 correspond to accelerating and decelerating inketvidocity

keeping the rotational speed of the rotor blades (and hence the TSR) constant. This analysis

has been carried out at0.2 only as it being the most practical case in the realdy as

mentioned by Colley [33 and this corresponds to thetor EODGHTV URWIDWLRQDO
1.143rad/s. Furthermore, the accelerapag comprises of inlet velocity change from 4m/s

to 10m/s in one revolution of the VAWT, whereas the decelerating part comprises of inlet
velocity change from 10m/s to 4m/s in one Hation of the VAWT.

ThesecondSDUW RI FKDSWHU GHDOV ZLWK WKH FDVHV ZKHUH
with the inlet flow velocity, keeping the TSR constah0.2 The acceleration ithis section

is from 4m/s to 10m/s, and deceleration froom1$9to 4m/s in one revolution of the VAWT.

The corresponding rotational speeds of the rotor blates1.143 to 2.857rad/s (for
acceleration part) and 2.857 to 1.143rad/s (for deceleration part) respediottiythese

parts of chapter 5 together covewarle range of practical scenarios for VAWTSs operating

in a variety of flow conditions.

Table 32 Scope of Work

Chapter Flow Condition v (m/s) & UDG V
0.1 0.571
4 Steady 0.2 4 1.143
0.4 2.286
TransientAccelerating 41010
, , 1.143
5 TransientDecelerating 0.2 10 to4
TransientAccelerating 41010 1.143to 2.857
TransientDecelerating 10 to4 2.857t01.143

The next chapter presents the numerical results on the performance characteristics of the
VAWT operatingunder a steady/constant inlet flow condition
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CHAPTER 4
PERFORMANCE ANALYSIS OFA VERTICAL AXIS
WIND TURBINE OPERATING UNDER CONSTANT

WIND VELOCITY

he vertical axis wind turbine design, as discussed in chapter 3, has
T been analysed, and its performance recorded, in this chapter.
Transient analysis of the VAWT has been carried out in order to
understand the complex flow phenomendsrvicinity. Detailed qualitative
and quantitative analyses, making use of local flow parameters such as
static gauge pressure and wind velocity magnitude, have been carried out.
Furthermore, three different practical tip speed ratios have been considered

in order to quantify their effect on the performance characteristics of the
VAWT.
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4.1. Grid Sensitivity Analysis

Grid sensitivity study has been carried subrder to establish that the CFD predictions are
independent of the spatial resolution of grel. Three different meshes of 2.5, 3.6 and 4.5
million mesh elements have been numerically generated. Table 4.1 shows the results
obtained from the grid sensitivity testing, which depicts that the difference in the average
torqgue output of the VAWT is.B% when the number of mesh elements increases from 2.5
and 3.6 million. Moreover, 0.56% difference in the average torque output has been recorded
when mesh density increases from 3.6 to 4.5 million elemehtselredis indicatesthat

the predictedflow phenomenara independent ahe mesh density afted.6 million mesh
elementsin the flow domain considered herand hence this particular mesh has been
chosen for further analysis.

Table 41 Grid sensitvity tersting of the WA'T

Number of Cells Average Torque Diffgr_ence w.r.t. 2.5
Output million elements
(Millions) (N-m) (%)
2.5 7.80 N/A
3.6 8.00 2.50
4.5 7.96 0.56

4.2. Time Step Independence Testing

Time step independence testing has been carried out in order to establish that the CFD
predictions are independent of the temporal discretisation of the case considessd.
different time step sizes corresponding $p2 and 3 rotation of the rotor lades have been
considered in this studyigure 4.1 depicts reduction in the variations of the instantaneous
torque output of the VAWT with increase in time step sigerthermore, table 4.2
summarises the results obtained from the time step indepenistiog, which depict that

the difference in the average torque output of the VAWT is 3.14% when the time step size
increases from®°to 2. Moreover, 1.88% difference in the average torque output has been
observed when time step size increases fréno 3°. Hence, it can be concluded thhée

time step size ofds capable opredicing the fast changing flow phenomena in the vicinity

of the VAWT with reasonable accuracgnd hence has beehoserfor further analysis.

Table 42 Time step independence testing of the VAWT

Time Step Size

Average Torque

Difference w.r.t. 1

Output
©) (N-m) (%)
1 7.71 N/A
2 7.96 3.14
3 7.81 1.88
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Figure 41 Time step indepedemce tesitng of the VAWT

4.3. Verification of Numerical Results

This section provides the verification approach used to establish the accuracy of the
numerical model considered in the present study. The predicted results obtained from the
numerical simulations have been compared agaihe experimental data in order to
establish that the numerical model represents the physical model of the realHeorde,

all the geometric, flow and solveelated parameters/variablebecome important in
verificationstudies.

The numerical resultsave been verified against the expeantal data recorded by Colley
[33] for the average torque output of the VAWT. The dimensions of the VAWT, including

EODGH DQJOHV IURP &ROOH\YV ZRUN KDYH EHHQ QRWHG
dimensions of thenodel are presented in table 4.3:

Table 43 Geometric dimensions of the VAWT

Geometric Entity Symbol Dimension
Height of the VAWT h im
Radius of Stator rs 1m
Radius of Rotor rr 0.7m
Radius of Core rc 0.5m

In the presenstudy, the low RQGLWLRQV L H have i2€nGpéctifidd similar
WR &R@3D@® \DWY G 371 stiddkesto xorrectly verify the numerical resultSigure
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4.2(a) depicts theariations in the pressure coefficient,)Cbetween angulapositions of
270*and 360 of the VAWT at a radius of 1.025m, wherg & defined as follows:

s L2 (4.2)

W ée

whereP is the locabtatic gaugeressure, Pis the free strearstatic gaugeSUHVV XUH ! LV W
density of air and vis the free strearflow wind velocity. It can be seen in figure 4.2(a) that
thenumericalmodel considered in the present study predicts the perforncaacacteristics

of the VAWT with reasonable accuracy. The average difference between the experimental

and numericalresults has been calculated to be less than 10%. Furthermore, figure 4.2(b)
depicts the variations in the normalised flow velocity, where the velocity has been
normalised with averagalet flow velocity. It can be seenhat the velocity vasdtions

predicted by the CFD model closely match with that measured expealient

0.8 -
< Experimental

04 - —Numerical

'12 T T 1

270 300 330 360

Azimuthal Angle (°)
(a)
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Figure 42 Verification of the numerical results (a) variations in pressure coefficient (b)
variations in normalised flow velocity

4.4. Performance Analysis of the VAWT

The present numerical study uses the sliding mesh technique, as mentioned in chapter 3, to
analyse the transient behaviour of the VAWT. In this approach, the rotor blades are rotating
along their central axis; chaing their position with respect to tlstatorblades, which act

DV WKH LQOHW JXLGH YDQHV IRU WKH URWRU EODGHV 7KtF
varies constantlyFurthermore as stated earlier, théAWT consists of 12 rotor and 12

stator bladeseach30° apartcorresponding tayclic flow behaviourafter periods of 30°.

Hence the current study investigates the flow phenomenon in only one of such periods. In
order to cover a wide range of investigations, four different geometrical orientafitimes

VAWT have been chosen for analysis, as showfigmre 4.3.Figure 4.3(a) refers to the

first VAWT configuration, where both the stator and rotor blades are perfectly aligned with
each other. In the second configuration, the rotor blades have ramagdby3° (or one

time step) from its adjacent stator blade, as showigime 4.3(b) The third configuration

of the VAWT represents the occasion when the rotor blade is in the middle of two stator
blades (corresponding to Afsom the first configuratn). Finally, the fourth configuration
defines the situation when the rotor blade is approaching the next stator blade3&nd is
apart from it (corresponding to 2ffom the first configuration).
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() (d)
Figure 43 ,QVWDQWDQHRXV HYDOXDWLRQ RI WKH 9%$:79V SHUIR
27°

In the present studyan effective performance analysi$ the wind turbine has been

conducted wherebythe following flow and performance parameters have been analysed
critically:

I.  Static gauge pressudistributionin the vicinity of the VAWTat a constant wind
velocity.
ii.  Flow velocity magnitude in the vicinity of théAWT at a constant wind velocity.
iii.  Instantaneous torque coefficient of the VAWT
iv.  Instantaneous power coefficient of the VAWT

Transient Flow Features in the Vicinity of a Vertical Axis Wind Turbine
By Atif Shahzad, School of ComputimgndEngineering, University of Huddersfield, UK (2015)

44



The first section hereafter comprises of the general flow field description in the vicinity of
the VAWT for a given operating conditiprwhereas the second sectideals with the
effects of TSR on the performance characteristics of the VAWT.

4.4.1. General Performance Characteristics of the VAWT

This section includes analysis on the local flow phenomena in the vicinity of the VAWT at
four different geometrical agntations of the rotor blades discussed above. Furthermore, the
performance characteristics of the VAWT have also been quantitatively analysed, at a
constant wind velocity of 4m/s and a tip speed ratio of 0.1. Figure 4.4 depicts the variations
of the statt gauge pressure in the vicinity of the VAWT for the four different geometric
configurations. The scale of the figures has been kept same throughout the analysis in order
to have an effective comparison. It can be seen in figure 4.4(a) that very higlreriess
pronounced either on the windward side of the VAWT or in the vicinity of the rotor blades 7
and 8 i.e. rb7 and rb8 (in figure 4.3). Similarly, low pressure regions are observed on the
upper and lower side of the VAWT. The overall flow phenomenainvitie VAWT show

similar trends for all the different geometrical configurations considered here. However,
substantial local variations in the static gauge pressure have been noticed for different
geometrical orientations of the rotor blades.

When a rotorblade crosses a stator blade (figure 4.4(b)), the windward section of the
VAWT depicts lower pressure. The high pressure regions in the vicinity of the rotor blades
also shrink. Hence, it is expected that the performance (torque production capabihty) of
VAWT reduces when there is some degree of misalignment between rotor and stator blades.
When a rotor blade comes exactlybetween two stator blades, it has been noticed (in
figure 4.4(c)) that more number of rotor blades exhibit higher pressure, z20ne®as the

low pressure zones shrink. This behaviour of the VAWT hints towards a possible increase in
the performance (as compared to slight misalignment between rotor and stator blades).
Possible reasons for this behaviour of the VAWT can be attriiotéioe fact that in this
particular geometrical configuration of the VAWT, there exist two equal passages between a
rotor and two stator blades, as compared to two unequal passages formed when the rotor
blades are only slightly misaligned with the stdtiades.

It can be further observed in next geometramfiguration, figure 4.4(d), that the higher
pressure regions grow significantiyhenthe rotor blade approaches a stator blath a
VPDOO GHJUHH RI PLVDOLJQPHQW EHW ZbkcQs W igrdat W Z R
interest as it portrays different behaviour of the VAWT from figure 4.4(b), where the blade
leaves the stator blade. Henceforth, the VAWT performs differently when the rotor blade
either leaves the stator blade or approaches the statte.One of the possible reasons
behind this fact is that the stator blade acts as an inlet guide vane, which directs the flow
into the rotor blade to increase the power output of the VAWT. The inlet guide vane (stator
blade) is concave shaped where maximflow is introduced on the rotor blade when it is
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approaching the stator blade, hence maximising the power output at that instant. Therefore,
the effects of a rotor blade leaving, and a rotor blade approaching a stator blade would be
completely differentas observed here.

(b)
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(d)
Figure 44 Static gauge pressure (Pa) variations in the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15° (d) 27°

Figure 4.5 depicts the local flow variations of the velocity magnitude in the vicinity of the
VAWT for four different geometric configurations. The scale of the figures has again been
kept same throughout this analysis in order to compare more effectivedy be seen from

the figure 4.4(a) that although the inlet wind velocity is 4m/sec, it has increased to 6.95m/s
within the wind turbine due to constant rotating speed of the rotor blades. The flow velocity
is high in the passages between the statora@iod blades and it is significantly lower in the
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sections where separation is taking place (upper and lower section of the wind turbine).
Furthermore, the jets are formed in the stator and rotor passages which are even pronounced
in the core section ohe VAWT.

As the rotor blades cross the stator blade there is some degree of misalignment found
between them, and it has been noticed (figure 4.5(b)) that more jets appear in the core
section of the VAWT. This behaviour of the flow is due to the unequsdguges formed
between the rotor and stator blades whereby smaller passage accelerates the flow and forms
jets. Moreover, with the further rotation of the rotor (figure 4.5(c)) brings the blade in the
middle of the two neighbour stator blades. This caugealg@assages between the rotor and
stator blade whereby the flow accelerates almost equally, hence jets have been moved
towards the leeward side of the VAWT from the core region. Furthermore, the figure 4.5(d)
depicts the rotor blade approaching the statade and it can be observed that same trend of
flow velocity is obtained as found in the figure 4.5(b) where the rotor blade is leaving the
stator blade.
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(b)
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(d)
Figure 45 Velocity magnitude (m/s) variations the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15° (d) 27°

After carrying out detailed flow feature analysis in theinity of the VAWT, figure 4.6

depicts the variations in the instantaneous tompafficientgeneratedy the VAWT in one
revolutionof its operationThe cyclic variations in the torque coefficient has been observed

by other researchers as well [34, 35], where the total number of peaks and valleys are equal
to the number of rotor blades within the VAWT. Each cyclic variation repreSnis
rotation of the rotor incounterclockwise direction. It can be seen that the highest and
lowest torque coefficients recorded &r81land0.53respectively.
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Figure 4.7 depicts the instantaneous power coefficient, which is based on the instantaneous
wind velocity of the wind turbine. Similar to torque coefficient, the power coefficient is also
cyclic in nature, with the number of peaks and valleys equalling the number of rotor blades
of the VAWT. Furthermore,tican be seen that the highest and lovpester coefficients
recorded are 0.163 and 0.106 respectively.
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rotor blades is positioned perfectly-lietween two stator blades (corresponding to figures

4.4(c) and 4.5(9. Hence, this particular geometrical configuration of the VAWT has been
chosen for further analysis in the next section of this chapter, which quantifies the effects of
TSR on the performance characteristics of the VAWT.

4.4.2. Effect of Tip Speed Ratioon the Rerformance Characteristics of the
VAWT

This section investigates the flow characteristics in the vicinity of the VAWT at a constant
inlet wind speed of 4m/s at two different tip speed ratios of 0.2 and 0.4. The predicted
results have been compared against the results at TSR of 0.1 in ordetetstand the
effects of TSR on the performance characteristics of the VAQURlitative differences in

the flow related parameters have been shown in a novel way hdiegmae of difference
contours, where difference contours show only the differeateden twdlow fields.

Figure 4.8 depicts the static gauge pressdased difference contour between TSRs of 0.2
and 0.1. The scale of the contour suggests that while the static gauge pressure in most of the
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flow domainaway from the VAWTremains the saeas TSR increases from 0.1 to 0.2,
there are significant local variations in it, especiallyhaiower and leeward sections of the
VAWT. The concave sides of rb7 and rb8 show reduction in static gauge pressure, as TSR
increases from 0.1 to 0.2, wherehs convex sides of these rotor blades depict significantly
higher pressures (upto 17.4Pa,g highdence, as TSR increases, the static gauge pressure
increases on the lower and leeward sections of the VAWT.

Figure 48 Difference contour of static gauge pressure between TSRs of 0.1 and 0.2

Similarly, figure 4.9 depicts the flow velocity magnitude based difference contour between
TSRs of 0.2 and 0.1. It can be clearly seen that there are significant local variatioas in t
flow velocity everywhere within the VAWT except in the vicinity of the windward side
stator blades. The convex side of rb8 shows a flow velocity difference of upto 5m/s. The
scale of the contour suggests that as TSR increases, the flow velocity magnitine
vicinity of the VAWT also increases.

Figure 49 Difference contour of velocity magnitude between TSRs of 0.1 and 0.2
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Figure 4.10 depicts the static gauge pressure based difference contour between TSRs of 0.4
and 0.1.In comparison with figure 4.8, it can be seen that as TSR increases further, more
areas of higher static gauge pressure appear. Moreover, the convex side of rb8 depict a
higher static gauge pressure of upto 14.7Rawever, there are more areas of lower
pressure as well, especially on the concave sides of rb8 and rb4.

Figure 410 Difference contour of static gauge pressure between TSRs of 0.1 and 0.4

Figure 4.11 depicts the flow velocity magnitude based difference cortbuedn TSRs of

0.4 and 0.1. It can be clearly seen that there are significant local variations in the flow
velocity everywhere within the VAWT, also in the vicinity of the windward side stator
blades. Hence, as TSR increases further, more areas in thayvai the VAWT get
affected.It has been observed that flow velocity can increase upto 4.7m/s near the stator
blades on the lower section of the VAWT.

Figure 411 Difference contour of velocity magﬁitude between TSRs ofAdL0.4
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After carrying out qualitative analysis on the effects of TSR on the flow fields in the vicinity
of the VAWT, the next step is to carry out an instantaneous quantitative analysis of the
performance characteristics of the VAWT. Yet again, diffeeencthe Gand G values has

been plotted here. Figure 4.12(a) depicts the difference lniet@een TSRs of 0.1 and 0.2,
whereas figure 4.12(b) depicts the difference im&@ween TSRs of 0.1 and 0.4. It can be
seen in figure 4.12(a) that the differenoeC;, with respect to Cat TSR=0.1, is mostly
negative, indicating that average; Gecreases as TSR increases from 0.1 to 0.2.
Furthermore, figure 4.12(b) depicts further decrease raldes (upte0.45 as compared to
-0.25 in case of TSR=0.2). Hendecan be concluded that as TSR increasedeCreases.
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Figure 4.13(a) depicts the difference ip lietween TSRs of 0.1 and 0.2, whereas figure
4.13(b) depicts the difference i, Between TSRs of 0.1 and 0.4. It can be seen in figure
4.13(a) that the difference in,Gwnith respect to gat TSR=0.1, is positive, indicating that
average gincreases asSR increases from 0.1 to 0.2. Furthermore, figure 4.13(b) depicts
further increase in Qvalues (upto 0.3 as compared to 0.135 in case of TSR=0.2). Hence, it

can be concluded that as TSR increasgfdeases.
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An overall comparison of instantaneousa@d G, values for the three TSRs considered here
is presented in figures 4.14 and 4.lt5can be seen in figure 4.14@hAat as TSR increases,
average Cdecreases. However, the amplitude of the cyclic variations are significantly
different for these three TSRs. Figure 4)4shows the mean instantane@igenerated by

the VAWT with the error barsndicating the maximum &ad minimum variationsin C
amplitude Based on this information, a novel seempirical prediction model has been
developed, where averageh@s been shown as a function of TSR. This prediction model is
presented in equation (4.2), with an average p&geaccuracy of more than 98%.
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Figure 414 Variation of (a) instataneous torque coefficient, and (b) the mean instataneous
torque coefficient for the VAWT dueing one revolution

%L Fsarx® Fraisu@iEra{ut (4.2)

Similarly, figure 4.5(a) depictscomparison of instantaneousg ¥&alues for the three TSRs
considered here. It can be seen in figure 4.15(a) that as TSR increases, aygragases.
However, the amplitude of the cyclic variations argnificantly different for these three
TSRs. Figure 4.15(b) shows the mean instantanegud the VAWT with the error bars
indicating the maximum and minimum variations ip 8ased on this information, a novel
semtempirical prediction model has beerve®ped, where averagg Bas been shown as a

function of TSR. This prediction model is presented in equation (4.3), with an average
percentage accuracy of more than 97%.
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The prediction models developed here are based on multiple regression analysis, where
these models are valid fror+0.1 to =0.4.

4.4.3 Summary

The main conclusions obtained from the analysis arethiegiressure distribution changes
significantly with changing rotor position with respect to the stator. The pressure
distributions are highly neaniform and peak pressure value changes both in position and
magnitude with the rotation of the rotor blad&milarly, the flow velocity distribution
changes wih changing rotor position with respect to the stator. The velocity distributions
are highly noruniform and peak velocity value changes both in position and magnitude
with the rotation of the rotor blade. Furthermore, there is a distinct jet and wake effe
noticed within the VAWT.

It has beemoticedthat increase in the tip speed raignificantly affects both the pressure

and velocity fields, where more aremsthe vicinity of the VAWT get influenced under
increased TSR. Furthermore, detailed corapae study has shown that as the TSR
increases, (decreasesvhile G, increases. Furthermore, novel seampirical prediction
models have been developed for both these performance parameters of the VAWT, as a
function of TSR.

The next chapter will discodé LQ GHWDLO WKH G\QDPLFVurkdr 8$:79V S|
variety of transient flow conditions.
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CHAPTER 5

PERFORMANCE ANALYSIS OF A VERTICAL AXIS
WIND TURBINE OPERATING UND ER VARYING
WIND VELOCITY

he performance analysis of a vertical axis wind turbine operating
T under accelerated and decelerated flow has been carried out in the
present chapter. According to the current research, advanced
Computational Fluid Dynamics based tools haeen employedo predict
the variable flow velocity in theicinity of the VAWT and the complex
flow phenomena associated with it. Hence, a thorough qualitative and
guantitative investigation has been carried out on variable wind velocity
characteristics of the VAWT. Fumérmore, the effects ofarying rotational
speed of the rotor bladesinder unsteady flow conditions on the
performance parameters have been analysed in detalil.
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5.1. Introduction

The firstpartof this chapter correspond to accelerating and decelgratiet flow velocity

keeping the rotational speed of the rotor blades (and hence the TSR) constant. This analysis

has been carried out at0.2 only as it being the most practical case in the realdwas

mentioned by Colley [33 where the correspondh URWRU EODGHYfV URWDWLI
1.143rad/s. Furthermore, the accelerating part comprises of inlet velocity change from 4m/s

to 10m/s in one revolution of the VAWT, whereas the decelerating part comprises of inlet
velocity change from 10m/s to 4m/s ineorevolution of the VAWT.

ThesecondSDUW RI WKLV FKDSWHU GHDOV ZLWK WKH FDVHV ZK
with the inlet flow velocity, keeping the TSR constant at 0.2. The acceleration in this section

is from 4m/s to 10m/s, and deceleration from 10m/s to 4m/s in one revalfitioe VAWT.

The corresponding rotational speeds of the rotor blades are 1.143 to 2.857rad/s (for
acceleration part) and 2.857 to 1.143rad/s (for deceleration part) respediottiythese

parts of together cover a wide range of practical scenariosA@&\s operating in a variety

of flow conditions.

5.2. Performance Evaluation of the VAWT operating under Transient
Flow Conditions with constant Rotating Speed

This section of the chaptercludes the performance analysis of the VAWperating under
accelerating and decelerating infeiw conditiors and at aconstant rotating speesf the

rotor blades The acceleration and deceleration sections comprises of inlet flow velocity
variations from 4m/s to 10m/s and from 10m/s to 4m/s respectively, wnenetational

speed of the rotor is kept constant at 1.143rad/s. The first part of this section corresponds to
local flow field analysis at the four different geometrical configurations of the VAWT
shown in figure 4.3. This analysis has been carried out at

x Around 7m/s inlet flow velocity
x Around 10m/s inlet flow velocity while accelerating from 4m/s to 10m/s
x Around 7m/s inlet flow velocity while decelerating from 10m/s to 4m/s

Figure 5.1 depicts the variations in static gauge pressure in the vicinity 9#WT for the
four different geometric configuratiomd the VAWT, at inlet flow velocity of around 7m/s
The scale of the contours has been kept dameffective comparison purposds can be
seen infigure 5.1(a) that the regions with hgtpressue arelocatedat the windward side
of VAWT. Similarly, regiors with lower pressureare pronounced at the upper and lower
sectionsof the VAWT. The overall trendobserved issimilar to the steady flow case
discussed in chapter. However, due to highr wind velocity, the static gauge pressure
variations are higér as well.
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When a rotor blade crosses a stator biaile a small misalignment as depicted in figaire
5.1(b), the windward section of the VAWT depicts lower pressmrecomparison to
perfectlyaligned rotor bladescenario The high pressure regions in the vicinity of the rotor
bladesare also reduced. Furthermoret has been noticed from figure %c) that more
number of rotor blades exhibit high pressure zones when the rotor blade is prdsels
in-between two neighboung stator bladeslt can be further observed the last geometric
configuration(figure 5.1(d)) that the higher pressure regions grow significantly when the
rotor blade approaches a stator blade with a small degree alfgniment between the two.
The trends shown here are inline with the one observed in case of VAWT operating in
steady flow conditioa However, thescale of the two is different, where increased inlet
flow velocity corresponds to higher static gauge pressin the flow domain.

(b)
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(d)
Figure 51 Static gauge pressure (Pa) variations in the vicinity of the VAW&)d° (b) 3°
(c) 15°(d) 27°orientation at wind velocitiesf 6.75m/s6.80m/s, 7.00m/s and20m/s
respectively and constant rotating speed of 1.143rad/s

Figure 5.2depicts the variations in flow velocity magnitude in the vicinity of the VAWT for
the four differentgeometric configurations of the VAWT, at inlet flow velocity of around
7m/s. The scale of the contours has been kept same for effective comparison purposes. It
can be seen in figure 5.1(doatthe flow velocity is high in the passages between the stator
and rotor bladesand issignificantly lower in the sections where the flow separation has
taken place (upper and lower section of the wind turbine). Furthermore, jets are formed in
the stator and rotor passagegich extend to theore section of the VAW. The flow
behaviour is similar téhat observed in case sfeady flow conditios. Furthermore,tican

be noticed in figure 5.2(b) thagéxtendedjets appear in the core section of the VAWT
whereadn figure 5.2(c) when the rotor blades areletween &tor bladesjets havebeen
diminished from the core region. Significantly higher flow velocities are observed in the
passages formed between the rotor and the stator b&idakarly in figure 5.2(d)thetrend
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observed is similar to that observed iguiies 5.2(a) and 5.2(b), while the jets formed in the
core region are further extended.
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(d)
Figure 52 Velocity magnitude (m/s) variations in the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15° (d) 27%rientation at wind velocities @&.75m/s, 6.80m/s, 7.00m/s and 7.20m/s
respectively and constant rotating speed of 1.143rad/s

Figure 5.3corresponds to the scenario where the inlet flow velocity is accelerating, and it is
around 10m/s, while the rotatial speed of the rotor blades is constant at 1.143/Blks.

scale of the contours has been kept same for effective comparison purposes; however it has
increased significantly as compared to the previous case discussed. It can be seen in figure
5.3(a) tha the regions with higher pressure are located at the windward side of VAWT.
Similarly, regions with lower pressure are pronounced at the upper and lower sections of the
VAWT. The overall trend observed is similar to the previous case discussed. Howmsver, d

to higher wind velocity, the static gauge pressure variations are higher as well.

When a rotor blade crosses a stator biaitle a small misalignment as depicted in figaire

5.3(b), the windward section of the VAWT depicts lower pressmrecomparisa to
perfectly aligned rotor blades scenarltne high pressure regions in the vicinity of the rotor
bladesare also reduced. Furthermoret has been noticed from figure ¢} that more
number of rotor blades exhibit high pressure zones when the raetoes l@re precisely
aligned inbetween two neighboimg stator bladeslt can be further observed the last
geometric configuratioiffigure 5.3(d)) that the higher pressure regions grow significantly
when the rotor blade approaches a stator blade withall degree of misalignment between

the two. The trends shown here are inline with the one observed in the previous case.
However, the scale of the two is different, where increased inlet flow velocity corresponds
to higher static gauge pressures in tbg/flomain.
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(b)
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(d)
Figure 53 Static gauge pressure (Pa) variations in the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15° (d) 27%rientation at wind velocities & 75m/s, 9.80m/s, 10.00m/s and 9.20m/s
respectively an@ constant rotating speed of 1.143rad/s

Figure 54 depicts the variations in flow velocity magnitude in the vicinity of the VAWT for

the four different geometric configurations of the VAWT irdet flow velocity of around

10m/s. The scale of the contours has been kept same for effective comparison purposes
however it has increased significantly as compared to the previous case diskussetie

seen in figure B(a) thatthe flow velocityis high in the passagésrmedbetween the stator

and rotor bladesand issignificantly lower in the sections where the flow separation has
taken place (upper and lower section of the wind turbine). Furthermore, jets are formed in
the stator and rotor pseges, which extend to the core section of the VAWT. The flow
behaviour is similar to that observed in case of steady flow conditions. Furthermore, it can
be noticed in figure 8(b) that jets appeaio merge togethein the core section of the
VAWT, whereasin figure 5.4c), when the rotor blades arebetween stator blades, jetse
primarily originating from the passages in the rotor regiSignificantly higher flow
velocities are observed in the passages formed between the rotor and the stator blades
Similarly in figure 5.4d), the trend observed is simil@rthat observed in figures % and

5.4(b), while the jets formed in the core region are further extetmdoe leeward side of

the VAWT.
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(b)
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(d)
Figure 54 Velocity magnitude (m/s) variations in the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15° (d) 27%rientation at wind velocities & 75m/s, 9.80m/s, 10.00m/s and 9.20m/s
respectively and constant rotating speed of 1.143rad/s

Figure 5.5corresponds to the scenario where the inlet flow velocity is decelerating, and it is
around 7m/s, while the rotational speed of the rotor blades is constant at 1.143wad/s.
scale of the contours has been kept same for effective comparison purposess sache

as considered in figure 5.1 in order to establish whether there are any significant variations
when the flow conditions become the same while decelerating, as compared to the same
flow conditions but while accelerating. It can be seecomparson between figures 5.1(a)
and5.5(a) that there are significant variations in the pressure field within the flow domain.
Although the general trend is the same, however, the areas of higher pressure observed in
figure 5.1(a) have reduced, while the aredHslower pressure have become bigger.
Furthermore, both the highest and the lowest pressures are lower in case of decelerating
flow conditions.

When a rotor blade crosses a stator biaitle a small misalignment as depicted in figaire
5.3(b), in comparison with figure 5.1(b)he windward section of the VAWT depicts lower
pressure. The high pressure regions in the vicinity of the rotor béaidatsoreduced.The
same trend extends to other geometrical configurations of the VAWT as welseaseibin
comparison of figures 5.3(c) and 5.1(c), and 5.3(d) and 5.1(d) respectively.
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(b)
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(d)
Figure 55 Static gauge pressure (Pa) variations in the vicinity of the VAW&)d° (b) 3°
(c) 15° (d) 27%rientation at wind velocities af.25m/s, 7.20m/s, 7.00m/s and 6.80m/s
respectivelyanda constant rotating speed of 1.143rad/sec

Figure 56 corresponds to the scenario where the inlet flow velocity is decelerating, and it is
around 7m/s, while the rotational speed of the rotor blades is constant at 1.143wad/s.
scale of the contours has been kept same for effective comparison purposess sahe

as considered in figure 5i@ order to establish whether there are any significant variations
when the flow conditions become the same while decelerating, as compared to the same
flow conditions but while accelerating. It can be seen in cormpartetweerigures 5.%7a)

and 56(a) that the variations in theelocity field in the vicinity of the VAWT is
insignificant The general trend is the sameall the different geometrical configurations of

the VAWT considered here. Similar trends havenbgecomparisorof figures 5.6b) and

5.2(b), 5.6(c) and 5.2c), and 5.6(d) and 5.2(d@spectively

(@)
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(b)

(c)

(d)
Figure 56 Velocity magnitude (m/s) variations in the vicinity of the VAWT at (a) 0° (b) 3°
(c) 15°(d) 27°orientation at wind velocities af.25m/s, 7.20m/s, 7.00m/s and 6.80m/s
respectivelyanda constant rotating speed of 1.143rad/s
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Figure 5.7 depicts the variations in the instantaneous torque coeffigemérated byhe

VAWT in threerevolutiors of its operationi.e. steady flow conditiorat 4m/s accelerated

flow condition from 4m/s to 10m/and decelerated flowondition from 10m/s to 4m/s, all

at a constant rotational speed of the rotor blades i.e. 1.143fa&/syclic variations in the
torquecoefficients have beeobserved every 30bf azimuthal angleandthe total number

peaks and valleyis one revolution of the VAWRre equal to the number of rotor bladés

the VAWT. It can be noticed from figure 5.7 that the fluctuations in the torge#icent

start to increase as the flow is acceleratedl decreases with decelerated floanditions.
Furthermore, it can be clearly seen that as the inlet flow velocity increases, the amplitude of
the cyclic variations increases significantly. The oltgrath followed by the VAWT under
accelerating and decelerating flow conditions is the same, despite the observed local
variations in the static gauge pressure in the vicinity of the VAWT.

Figure 57 Instantaneous torque coefficient of the VAWT under varialitel velocity ata
constant rotating speed of 1.143rad/s

Figure 5.8 depicts the variations in the instantaneposver coefficient of the VAWT in

three revolutiors of its operationi.e. steady fbw condition at 4m/s, accelerated flow
condition from 4m/s to 10m/s and decelerated flow condition from 10m/s to 4m/s, all at a
constant rotational speed of the rotor blades i.e. 1.143i@idAdar to figure 5.7, it can be

seen in figure 5.8 that the fluations in the power coefficient start to increase as the flow is
accelerated, and decreases with decelerated flow conditions. Furthermore, it can be clearly
seen that as the inlet flow velocity increases, the amplitude of the cyclic variations increases
significantly. The overall path followed by the VAWT under accelerating and decelerating
flow conditions is the same, despite the observed local variations in the static gauge pressure
in the vicinity of the VAWT.

Transient Flow Features in the Vicinity of a Vertical Axis Wind Turbine
By Atif Shahzad, School of ComputimgndEngineering, University of Huddersfield, UK (2015)
71



Figure 58 Instantaneous power coefficient of the VAWfder variable wind velocity at
constant rotating speed of 1.143rad/s

5.3. Performance Evaluation of the VAWT operating under Transient
Flow Conditions with variable Rotating Speed

It has been noticed in thprevious chapter that the peaks in the torque and power
FRHIILFLHQWYV VLIJQDOV RFFXU ZKHQ U-Réiweed tooGfatHV DUH
blades. Hence, this particular geometrical configuration of the VAWT has been chosen for
further analysisn this section of the chapter, which quantifies the effectsaniable

rotational speed of the roton the performance characteristics of the VAV8imilar to the

previous sectionhe acceleration and deceleration sections comprises of inlet flowtyeloci
variations from 4m/s to 10m/s and from 10m/s to 4m/s respectively, where the rotational
speed of the rotor igariable, which is summarised in table .3Qualitative differences in

the flow related parameters have been shown using difference contbars,the following

cases have been analysed

x Static pressure and velocity magnitude difference when the inlet flow velocity
changes from steady 4m/s to around 7m/s

x Static pressure and velocity magnitude difference when the inlet flow velocity
changes frontm/s to around 10m/s

x Static pressure and velocity magnitude difference when the inlet flow velocity
changes from 10m/s to around 7m/s

x Comparison in the performance outputs of the VAWT for constant and variable
rotational speeds of the rotor

Figure 5.9 dpicts the static gauge pressure based difference contour bedeesrrated
wind velocity of 7m/s and steady wind velocity of 4nfhe scale of the contour suggests
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that the static gauge pressure increases as the inlet wind velocity indreaseseag flow
conditions. Therefore, there are significant global variations in it, especially at the windward
and leeward sections of theAWT. The concave sides of rbl, rb2, rb3 and rb4 show
increase in static gauge pressure, as the wind velocity increasedmisnio 7m/s, whereas

low static gauge pressureabservedat the upper and lower section of the VAWT. Hence,
as the wind velocity increases, the static gauge pressure incogaeswindward sections

of the VAWT.

Figure 59 Difference contour of static gauge pressure betvaeerlerated wind velocity of
7m/s and steady wind velocity of 4m/s

Similarly, figure 510 depicts the flow velocity magnitude based difference contour between
accelerated wind velocity of 7m/s andastg wind velocity of 4m/sit can be clearly seen
that there are significant local variations in the flow veloityhe vicinity ofthe VAWT,
especiallyin the passages between rb23 and rb4, where thigow velocity difference of
upto 8.2n/s has beerrecorded The scale of the contour suggests thathasinlet wind
velocity increaseghe flow velocity magnitude in the vicinity of the VAWT also increases.

Figure 510 Difference contour of velocity magnitude betweagtelerated wind velocity of
7m/s and steady wind velocity of 4m/s
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Figure5.11 depicts the static gauge pressure based difference combeur the inlet flow
velocity accelerates fromn7sto 10m/s In comparison with figur&.9, it can be seen that

the overall trend of the static gauge pressure increase/decrease is théleameer, static

gauge pressure on the concave side of rb2, rb3 and rb4 has increased significantly.
Moreover it has also increased at concaige of rb7 andconvexsides of rb8upto 72Pa.

Hence, as the flow accelerates, the static gauge pressure increases in the rotor of the VAWT

Figure 511 Difference contour of static gauge pressure betwleemvind velocity at the
peak of 10m/s and accelerated wirgdocity of 7m/s

Figure 5.12 depicts the flow velocity magnitude based difference conichen the inlet
flow velocity accelerates fronn?/s to 10m/slt can be clearly seen that there are significant
local variations in the flow velocity in the vicinityf the VAWT especiallyin the [assages
between rb2yb3 and rb4, where the flow velocity difference of upto 11.3n@s been
recorded Hence,as theflow accelerateshigher flow velocities are observed in the rotor
region of the VAWT

Figure 512 Difference contour of velocity magnitude betwekea wind velocity at the peak
of 10m/s and accelerated wind velocity of 7m/s
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Figure 5.13 depicts the static gauge pressure based difference caouithe flow
deceleratesrom 10m/sto 7m/s. In comparison with figure 5.11, it can be seen that as the
inlet wind velocity decreases, the areas of higher sgaigepressure havshifted to the
leeward section of the VAWT, whereas the windward side of the VAWT depicts reduction
in static gauge pressuréhe maximum static gauge pressdiference of upto 17.6Pa has
been observedt the convex side of rb&lence, under decelerating flow conditions, the
windward side of the VAWT depicts lower, while the leeward side of the VAWT tiepic
higher static gauge pressures.

Figure 513 Difference contour of static gauge pressure between the decelerated wind
velocity of 7m/s and the wind velocity at the peak of 10m/s

Figure 5.4 depicts the flow velocity magnitle based difference contowhen the flow
velocity decelerates frohOm/sto7m/s It can be clearly seen that there are significant local
variations in the flow velocity in the vicinity of the VAWT especialiit,the upper section
of the VAWT, where the lbw velocity difference of upto 19m/s has been recorded
Hence, as th#Bow deceleratesmore areas in the vicinity of the VAWT get affected.

Figure 514 Difference contour of velocity magnitude between the decelerated wind velocity
of 7m/s and the wind velocity at the peak of 10m/s
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Table 5.1 presents the difference in instantaneous torque and power coefficients under
accelerated, peak and decelerated wietbcities. It can be seen that the instantaneous
torque and power coefficients at the constant rotating speed of the VAWT is 75.1% higher
as compared to the variable rotating speed of the VAMWAmM/s inlet flow velocityand at

the same geometrical cogdiration of the VAWT. However, itase of decelerated flow,
when the inlet flow velocity reaches 7m/s agdine percentage difference in the torque and
power coefficientsbetween constant and variable rotational speeds of the rotor, is reduced
to 52.%%. Hence, it can be concluded that the path followed by the VAWT on the torque and
power curves, under different flow conditions, is significantly differdédreover at the
peakinlet wind velocity of 10m/s, the percentage difference in the torque and mpowe
coefficients between constant and variable rotational speeds of theisof@&:.8%.

Table 51 Difference in instantaneous torque coefficients and instantaneous power
coefficients at accelerated, peak and decelerated winditre$ respectively

&RQVWDQ O9DULDEOH
Flow % Diff. % Diff.
Condition | ¥ (M/sec) ct G ct Cp in Ct in C,
Steady 7 3.142 1.257 1.794 0.718 75.1 75.1
Accelerating 10 7.018 2.807 4.037 1.615 73.8 73.8
Decelerating 7 2.899 1.159 1.900 0.76 52.6 52.5

Apart from the differences in the performance characteristics of the VAWT under a variety
of flow conditions, it is important to have a global overview of the findings of this chapter.
Figure 5.15 depicts the variations in the instantaneous torqueccad@ffjenerated byhe
VAWT in three revolutios of its operation (steady flowt 4m/s accelerated flowirom

4m/s to 10m/sand decelerated flodOm/s to 4m/swhen the rotational speed of the VAWT

is both constant (from previous section) and variable (from this secliaan beseenthat

the torque generating capability of the VAWT is higher when the rotational speed of the
VAWT is constant, whereas whenstvariable, the torque coefficient is significantly lower
Although the end points (38Gand 1080°) are the same for both these cases, torque
coefficient is considerably higher for constant rotating speed of the rotor. However, the
amplitude of torque vations is also higher in case of constant rotational speed. The
possible reason for lower; @r variable &is the factthe TSR also keeps on changing, and
as it has already been discussed in detail (in chapter 4) that as TSR incredsesases,

tha effect is prominent in figure 5.15.
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Figure 515 Instantaneous torque coefficient of the VAWT under variable flow condition

Figure 5.16 depicts the variations in the instantaneposver coefficientof the VAWT in
threerevdutions of its operatior(steady flow at 4m/s, accelerated flow from 4m/s to 10m/s,
and decelerated flow 10m/s to 4m/s) when the rotational speed of the VAWT is both
constant (from previous section) and variable (from this sectibgan be seen that the
power generating capability of the VAWT is higher when the rotational speed of the VAWT
is constant, whereas when it is variable, the power coefficient is significantly lower.
Although the end points (380and 10860) are the same for both these cases, guow
coefficient is considerably higher for constant rotating speed of the rotor.

Figure 516 Instantaneous power coefficient of the VAWT under variable flow condition
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CHAPTER 6
CONCLUSIONS

upon the results obtained from the previous chapters, whereby the

performance characteristics of a vertical axis wind turbine
operating under steady and unsteady flow conditions have beeneahalys
The major achievements and contributions to the existing knowledge are
summarised, and hasalso beerreferred back to the initial aims of this
study wherever possibleFinally, the work carried out in this study is
evaluated, and requirements féuture work, in the area of VAWT
performance evaluatiaimder unsteady flow conditionare discussed.

T he indepth conclusions have been drawn in this chapter based
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6.1. Research Problem Synopsis

To harness the energy from the wind efficierttiyough avertical axis wind turbinets
performance has to be evaluhtender different environmealt and operating conditi@n
Even though, published literature demonstrakeg a good amount oksearchwork has
beenconductedn this area, there is limitemformation available abouhe flow features
during the transignoperating conditios and the effect of the transient flewon the
performancecharacteristicef the VAWT. This is very important to understand assivery
rare to have constant steady wind velocity all the ti®WT works mostly in unsteady
flow condtions and detailed information about the flow field will be very useful in
maintaining smooth operation of such installatiomkis study has adopted a numerical
approach tointerrelate various performance parameters for A&VT operating under
unsteadyflow conditiors. This analysiswill help understandhe implications of current
limitations in literature and enhance the knowledge in the flow field arabed/AWT
under unsteady wind conditions.

The scope of this research study has been defined bylating a set of aims and
objectives to achieve those aims. The aims and objectives were formulated carefully to
represent the limitations in the literature and to predict the performance output of VAWT
more accuratelyinder transient condition€hapter Zrovides a detailed overview of some

of the current literature available and thetailed objectiveto accomplisithese aimsThis

study has proven that tHew field within and in the vicinity of the vertical axis wind
turbine under various operatingraitions can be investigated with acceptable range of
accuracy.

6.2. Research Aims and Major Achievements
This section enlistshe major achievements of this reseastidy:

Research Aim # 1: Analyse the performance characteristics of a Vertical A Wind
Turbine operating at a constant velocity

Achievement # 1. The performance of the vertical axis wind turbine has been critically
analysed numerically for various operating conditions. This inwastig focuseson the
behaviour of the VAWT operatingnder steady environmextt(constant inlet velocity)
condition. The analysis of the flow phenomenon and the performance parameters of the
VAWT reved information about the pressure and velocity variaionthe vicinity of the
VAWT. Furthermore the trasient analysis of the various geometrical configuratioh

stator and rotor bladeas been carried authrough this analysis has been established that

the flow fields are strongly dependent on operating conditions and same is true for the
performancearameters of the VAWTLt has been seen that both pressure and velocity field
are highly non uniform around the wind turbine and thesesfdtinuously change in the
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vicinity of the turbine because of complex stator rotor interaction. The tip speedffatts
thesefields considerably as well and this effect has been quantified in this investigation.

Research Aim # 2: Analyse the performance characteristics of a Vertical Axis Wind
Turbine with accelerating and decelerating flow

Achievement # 2. The major achievement of thisudyis the detailed transient analysis
of a VAWT operatingunder various flow conditions, and quantifying th#ow fields
corresponding to, and thimstantaneous torqueariations acting on th&/AWT. The
9%:7MV SHUIR W® be@rF &hallgised for different inlet condifdo quantify the
gradual change in the pressure and velocity fields during acceledattateration cycle

6.3. Thesis Conclusions

A comprehensive study has been carried out to support the existing literature regarding the
optimisation and performance characteristic¥ AiWTs. The major conclusions from each
facet of this research are summarised here.

Research objective # 1:  Investigation of the flow parameters and evaluation of
performance characteristics of the VAWT operaing under steady flow condition

This studyincludesa detailed flowfiled analysis in the vicinity of the VAWT operating in a
steady environment.he predictiongrom the numerical simulations indicate higher level of
pressure nowiniformity across the windward and the leeward sections of the VAWT. At the
top and lower sections of the VAWT, velocities have been observed to be less, indicating
susceptibility of theflow separation. It has also been noticed thatalignment of the rotor

and statobladeshassignificant effecton theflow field, and hence the torque outmftthe
VAWT. The high pressure regisrshrink in sizewith higher degree of misalignment
between the rotor and stataades The decrease in ttsze of thepressure regimreduces

the torque generating capability of the VAWT.

Research objective # 2:  Analysing the effects of Tip Speed Ratio on the
performance characteristics of the VAWT uncer steady flow conditions

It has been seen that the tip speed ratio strongly affects both the pressure and velocity fields,
as well as the torque and power outputs of the VAWIMe effect of tip speed ratio is
predominant in the ne&fAWT regions. Theseféects are more pronounced on the leeward
side as compared to the windward side of the VAWT.
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Research objective # 3Development of novel semempirical torque coefficient and
power coefficient prediction took accounting a range of varying flow conditiors of the
VAWT

The instantaneous torque output from the VAWT has been investigated and quantified for
different operating conditions. The findings depict a cyclic variation in the instantaneous
torgue outputSemiempirical predictor expressisrhavebeendeveloped for the torquend

power coefficiens of the VAWT operating in steady environment with different tip speed
ratios, considering the transient movement of the rotor blade in the vicinity of the VAWT.
The predictor tool habeenshownto predictthe torqueand poweroutpus of the VAWT

with reasonable accuracy.

Research objective #4:. Investigation of the flow parameters and evaluation of
performance characteristics of the VAWT operating under unsteady flow conditioa
with accelerating anddecelerating wind velocities at a constant rotational speed

The flow structure in the vicinity of the VAWT and its performance parameters have been
critically analysed for the transient flow conditions, where the rotational speed of the
VAWT has been keptonstant. Accelerating and decelerating inlet flow conditefifescts

the transientesponsef the VAWT considerably The results presented in this study reveal
that there are significant variations in the structure of the pressure and velocity figlds in
vicinity of the VAWT when it is being operated under accelerated and decelerated flow
conditionseven when the VAWT is operating at the same flow velocity witlsiceleration
deceleration cycle.

Research objective # 5 Investigation of the flow parameters and evaluation of
performance characteristics of the VAWT operating under unsteady flow conditioa
with accelerating and decelerating wind velocities atariable rotational speeds

It has been established that change in the rotational speed MAIMT brings about
considerable change in the flow field over and above that noticed in achieving objective 4.
The results gesented in this study indicatieat both the torque and power outputs of the
VAWT is lesswhen the rotational speed of the VAWT \exiwith the inlet wind velocity
correspondinglyas compared to a constant rotational speed of the VAWIE. effect is
predominantly the Tip Speed Ratio effect.

6.4. Recommendations for Future Work

Performance characteristics of a VAWT operating under various incoming wind velocity
conditions have been analysed in the present study, aimimgdgpe the gaps identified in
the literature. In light of the concluding remarks provided in the previou®sea vast
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potential for further research in this potential area has been unlocked. Some of the
recommended future works are suggested below to enhance the VAWT design and evaluate
the VAWT performance.

Recommendation # 1

More advanced modelling tedljnes 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. In these techniques, the VAWT
is treated as free bodpartially 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 angular velocity. The aerodynamic forces acting on the
blades are enumerated -thre-fly and necessary modifications are carried out for the
orientation of the rotor blades. These advanced modelling techniques are indeed
computationally very expensive and require massive computational power. Furthermore,
thesetools 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 vertical axis wind turbines is essential for its
widespead commercial acceptability. An investigation of the effect of the various wind
condition on the health of the VAWT and fault detection system is required that can predict
the faults in a VAWT. This type of model can predict the required maintenan@hadce

the life cycle of the VAWT. The condition monitoring strategy includes the development of
prediction models that links the severity and number of blade faults to the performance
outputs of the VAWT. However, this type analysis will require highfquarance
computation facilities capable of handling the required computational load.

Recommendation # 3

Current study adopted numerical approach to investigate the effect of variable wind velocity
on the performance characteristics of the VAWT by ysiay the pressurand velocity

field s as well as and thastantaneous torque output. However the investigation has been
conducted only on limited tip speed ratid@Jsing the wider range of tip speed ratio will
provide more irdepth understanding of théAWT performance under different operating
condition.
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