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The performance of a vertical axis wind turbinehagind without a diffuser was studied
using direct force measurement technique applied szaled model of the rotor in a
water tunnel. The experiment was conducted atreififetip-speed ratios. The maximum
power coefficient for the turbine was found to logi&@ to 0.35 for the rotor with diffuser
and to 0.26 for the rotor without diffuser. Themefothe maximum power coefficient was
increased by 35% when the diffuser was used iconéguration.

In the second part of this work, the flow pattedasvnstream of the turbine were
studied by the particle image velocimetry (PIV)heique. Six different tip-speed ratios
were considered for each configuration (with anthaut a diffuser). The vorticity and
the streamline plots provide insight into the flglaysics in each configuration. In
addition, the swept area of a full-scale rotor walsulated for both a diffuser-augmented

and a bare turbine for a range of power outputs.
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CHAPTER 1

Introduction

1.1 Background

Wind turbines, which have been used for more tH@03/ears, convert the kinetic
energy of wind into mechanical energy. Although fimainy years the main application
of wind turbines was limited to windmills, due teetoil crisis in 1973 and the sudden
increase in the price of oil, the wind turbine teclogy was supported by the
governments of several countries as an alternaiivdossil fuels for producing

electricity on a large scale.

Although the wind power was used to sail for mdrant 5000 years, the first wind
machines were used in Persia as early as 200BCfirsh&indmills were invented in
Sistan, Iran in 7th century [1]. Those windmillsre®f the vertical axis type, with long
vertical blades. They were used to grind corn amdgpwater [1]. Figure 1.1 presents a

sketch of the first windmills in Persia with theage of the windmill structure [2].
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Figure 1.1 — Ancient Persian windmill [2]

£

The first electric wind turbine was built in Scotthin 1887 and a larger one was
built in Cleveland, Ohio in 1888 by Charles Bru€harles Brush wind turbine had a
rotor with 17 m diameter and was installed on am18ng base. His turbine has

generated 12 kW of power. A picture of Charles Brusnd turbine is presented in

Figure 1.2 [3].

Figure 1.2 - Charles Brush wind turbine, Cleveladtio



More detailed historical development of windmillsnda wind turbines is

documented in a book by Spera, which is titled “GVirurbine Technology” [4].

Wind turbines can be categorized into two typestiasn the axis in which the
turbine rotates, which are horizontal axis winines (HAWT) and vertical axis wind
turbines (VAWT). In HAWTS, the blades of the turbirotate around a horizontal axis
and they are usually pointed into the wind directiOn the other hand, VAWTSs are a
type of wind turbine in which the main rotor shafterates vertically [5]. Compared to
the HAWTS, the VAWT has several advantages. Firstlg VAWT is independent of
the wind direction, hence there is no need to aeaigontrol system for the direction
adjustment of the blades, and also the turbinebesansed in places, where the wind
direction is highly variable. Secondly, the genersitand gearboxes can be placed close
to the ground, which results in lower load on tbedr and easier maintenance. The
installation cost of the VAWT is also lower tharetlAWT. Furthermore, the noise
produced by the blades of certain types of VAWTIsvwger due to the lack of blade tips
and the ground-mounted drive train. On the otheddhéhe major disadvantage of the
VAWT is the relatively low power output for the sanswept area of the blades,

compared to a HAWT [6].

Figure 1.3 shows a HAWT near Aalborg, in Denmarll tiree different VAWTS.
Figure 1.3 (b) presents a Darrieus wind turbine diéden Islands in Canada. Figure 1.3
(c) shows a Giromill (also known as H- Darrieusforcand Figure 1.3 (d) presents a

Savonius wind turbine.



@) (b)
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Figure 1.3 — a) A horizontal axis wind turbine imlBorg, Denmark b) A Darrieus vertical axis wind
turbine (lift based) in Magdalen Islands, Canad& ¢iromill vertical axis wind turbine (lift based))
Savonius vertical axis wind turbine (drag base) ) ((@and (b) are taken from
http://www.solarnavigator.net(c) and (d) are taken frohitp://www.thegreentechnologyblog.com/




With the potential flow assumption for the air, thewer output of the wind turbines

can be expressed by the following equation,
P =/,C,pAU? (1.1)

where G is the power coefficienp is the air density, A is the swept area of blades,

U is the wind speed [5]. The power coefficient,@vhich also represents the efficiency
of the turbine, is defined as the ratio of the &stied power to the available power. The
theoretical upper bound of the power coefficiend.;593 (Betz limit) for conventional

free stream wind turbines [5].

Figure 1.4 illustrates a schematic for the enesgyaetion in a HAWT by showing
a stream tube of the wind flow. It is assumed thatair has not been compressed while

passing through the rotor. The cross section ostteam tube must expand to maintain

constant flow rate [5].

Yool

Figure 1.4 — Stream tube of the wind passing thndugbine



The air static pressure downstream of the rottess than the surrounding air pressure
level. Also, the air velocity is decreased in tlosvdstream. The region downstream of

the rotor is called the wake region. The staticpuee must be increased at the far wake
to match the atmospheric condition. Therefore,gh&mo change in the static pressure
across the rotor from far upstream to far downstrdaut the kinetic energy of the flow

is reduced [5].

1.2 Diffuser-Augmented Wind Turbine

One of the main goals of wind turbine developmenincreasing the power output of
the turbine. According to the equation (1.1), thare two parameters that affect the
value of the power - the swept area of bladesthadvind speed. Therefore the power
output can be increased by increasing one of thwseparameters. According to the
Betz limit, for the conventional wind turbines tip@wer coefficient is a limited
parameter. One of the methods to increase thetiwlewrind velocity is to use a duct
around the rotor. That design sometimes referredh d3iffuser-Augmented Wind
Turbine (DAWT). Figure 1.5 illustrates a schematichis design applied to a HAWT
and the change in the stream tube comparing ta@dhgentional (free-stream) wind

turbine.



— — = The stream tube of conventional wind turbines
————  The stream tube of diffuser augmented wind turbines

Figure 1.5 — Stream tube comparison between a atioval wind turbine and a DAWT

The duct around the rotor increases the flow réteeair trough the area swept by
the rotor, thus increasing the wind velocity at tber. Therefore the effective range of
the wind speed for generating the desired powetidsr than that corresponding to the
conventional design. DAWTSs also have higher powar ymit of rotor area than the
turbines without diffuser. Another advantage ofngsa diffuser around the blades is
that the theoretical maximum power of ducted windbine is not limited by the Betz
limit, and is related to the pressure difference #me flow rate in the duct [7]. By
analytical simulation, Riegler [8] demonstratedtttiee maximum power coefficient of
the diffuser shape ducted wind turbine is 3.3 tifmigher than the Betz limit for a free-

stream turbine.

One of the disadvantages of using the diffuseh& the overall weight of the

structure is increased and using the diffuser mékesiesign more complicated. Also,



putting a diffuser around a VAWT eliminates theepdndence of the turbine on the

wind direction, which is one of the most importadivantages of VAWTSs.

Several studies regarding the diffuser designtierAWTs have been reported in
literature. One of the early investigations for th#user-augmented wind turbines was
done by Igra [9]. In that experimental study théhauused a NACA 4412 airfoil as a
diffuser around a HAWT to present the power improeat by a factor of two. In his
later work [10], Igra investigated different NACAfails for the diffuser-profile and
also different designs by using a airfoil-ring behthe diffuser and also an airfoil-ring

at the entrance.

One of the most recent diffuser designs was don@l®y et al. [11]. The authors
suggested a diffuser with a flange at the end efdiffuser to increase the power output
of a HAWT. In that work, the authors performed ammwical and experimental
investigation to show the effect of the flange detswam. They also investigated the
effect of the entrance of the diffuser by usingiffuder with wider entrance section.
The flanged diffuser was used for a further expental study of Ohya et al. [12] to
design a commercial diffuser-augmented turbinetifeumore, Ohya at al. studied the
flange at the end of the diffuser for differentfd#fer length to design more compact

diffusers [13].

Although the majority of the diffuser developmemtsre done for HAWTS, there
are few works that focused on diffuser design f&tWT applications. In particular,
Takahashi et al. [14], studied performance of aribas vertical axis wind turbine with

a flanged diffuser. The authors compared the perdoce of the bare rotor with two



different flanged diffusers. Furthermore, a numariand experimental investigation
were done by Roa et al. for a cross flow wateritglwith and without diffuser [15].
The authors used a darrieus-shaped rotor for &pplication with two different airfoil

profiles for the diffuser.

1.3 Experimental studies of Horizontal and Vertical axis wind

turbines

Since the horizontal axis wind turbines are largedgd to generate the power, there are
several numerical and experimental studies relat¢de HAWTSs application. Whale et
al [16] studied the wake structure of a wind tuebexperimentally in a water tunnel,
using a small-scale turbine. The authors compahedexperimental results with a
numerical calculation based on Rotor Vortex Latfitethod and a custom code. The
authors also validated the experiment by a fullesexperiment in a wind tunnel [17].
Moreover, Grant [18] studied the trailing vortexading form the blades of a HAVT in
yaw by the particle image velocimetry (PIV) methodhe wind tunnel. Furthermore,
Toshimitsu et al. studied the flow structure of mdvturbine with the flanged-diffuser
[19]. The authors used the PIV technique to illastrthe flow pattern behind the
diffuser and in the cross section of the rotor. @hthors used the diffuser design which
was introduced by Ohya et al. [12, 13]. In thewdst the authors introduced the

formation of blockage vortices behind the diffudae to the pressure drop.

Even though Savonius vertical axis wind turbines @ot widely used due to the

low power output of the turbine, there are someeexpental studies of this type of



10

turbines. Fujisawa [20] studied a two-bladed Sawsnotor inside a water tunnel to
illustrate the flow pattern inside and around tawr by using the PIV method. Then
the authors compared the experimental resultstivémumerical calculation to validate

their numerical simulation.

Two of the more recent experiments regarding SaoMAWTs were performed
by Saha et al. [21] and Murai et al. [22]. Sahaleinvestigated the effect of twisted
blade on a three-bladed Savonius rotor to studyethsibility of further development of
the turbine. The authors measured the power outpuhe turbine with different
twisting angles with comparison to the untwistedde! rotor inside a wind tunnel [21].
Murai et al. illustrated the pressure field aroumdwo-bladed Savonius rotor by
performing an experiment inside a water tunnel. dtmnors discussed the influence of

the lift force during one rotation of the rotor agpside with the drag force [22].

Most of the experiments on the Darrieus VAWTs wdome to investigate the
dynamic stall of the blades in one rotation of thir, since operation of Darrieus wind
turbine directly causes the dynamic stall of thadbk. Ferreira et al. [23] studied the
dynamic stall of a straight-blade Darrieus-rotordoyexperiment which was conducted
in a wind tunnel. In that experiment, the authasualized the dynamic behaviour of
one blade of a Darrieus-rotor in one rotation bingishe Particle Image Velocimetry
(PIV) method. Afterward, the authors used the RhAges to validate a 2D numerical

study which was used for further development ofA&VT application [24].

By an experiment which was carried out by Shaibarya Fujisawa [25], the vortex

structure of a one-bladed rotor was studied byguiie PIV technique. They used a
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rotating frame of reference for the experiment, ey used a small scale rotor inside
the water tunnel to perform the PIV. Furthermoreytiextended their study from the

rotating frame of reference to a stationary fraofagference [26].

Although most of the studies on the VAWTSs were feml on the flow structure
inside the rotor, Roa et al. [15] studied the wedgion behind a Darrieus-shaped rotor
water turbine. In their study, Roa et al. focused developing a diffuser for the
presented turbine. The authors studied the flowepainside the rotor and behind the

rotor and diffuser to compare the rotor performanith and without diffuser.

1.4 Particle Image velocimetry (PIV) Fundamentals

To study the wake structure of the flow in the eatrstudy, particle image velocimetry
(PIV) method was used. PIV is an optical method ihased to visualize the flow and
to calculate the velocity field which can be used further study of the flow. This
method was used for many different applicationhsag the velocity field calculation
in thermal convection, boundary layer studies, doauic flows of a jet or around an
airfoil, vortex shading of a body inside a flow awthd and water tunnel experiments

[27].

PIV is a method for measuring the fluid velocityariwo-dimensional cross-section
of the flow field. This evaluation of velocity isode by recording the location of the
images of the seeding particles in the fluid at twanore time intervals. Subsequently,
by calculating the displacement of each partidbe &ndAy) and by knowing the time

interval between the imageat), the velocity of each particle can be calculated
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According to the fundamental definition of velogithe velocity components of each
particle equal to u(x,t)=Ax (x, t)]/At and v(y,t)= Ay (y, t)]/At where u is the velocity

component in the x-direction and v is the velo@gmponent in the y-direction. To
measure the displacement, each observation iseditinl several sections (interrogation
windows). Then, the displacement of the particleside the specific interrogation
window is calculated. Assuming constant velocity &l the particles inside a single
interrogation window, a single velocity vector che calculated representing the

particles in the interrogation window.

A general review of Particle Imaging Techniquesgigen by Adrian [28]. The
author gives a brief description of the varioustipkr imaging techniques such as
Pulsed-Light Velocimetry and Particle-Image Veloetny. The author mentioned three
modes of operation for PIV, laser-speckle mode (L,$)rticle-tracking mode (PTV)

and high image-density mode.

Adrian categorized PIV in six different groups, aiiare different types of Pulse
Codes which consist of different number of framesl gulses. They are Single
frame/Single pulse, Single frame/Double pulse, Birfgame/Multiple pulse, Multi-
frame/Single pulse, Multi-frame/Double pulse, Midfame/ Multiple pulse. According
to different illumination pulse from the laser, tbeare different image patterns in each
of the methods. Concerning single-frame recording,final image can be recorded on
a one frame of film or on an electronic frame oflee camera. On the other hand
Multiframing usually applies to cinematic film or sequencesviodko image frames

[28].
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There are four general methods for calculatingvitlecity form the images which are
recorded: Direct Autocorrelation (also known as duatrelation), Direct Cross
Correlation (also known as Cross Correlation), YgsnFringes, and Optical

Correlation [29].

In the autocorrelation method, the whole picturetteé particle images can be
digitized and fed into a computer and the velositean then be obtained by
autocorrelation. In such techniques particle imagresusually taken on a film which
enables high resolution measurements [30]. Lardecities can thus be measured

where the time interval between two exposures neayely small.

In the cross-correlation method, spatial crossetations between two sequentially
exposed flow pictures are used to determine thecueds [31]. This technique removes

the so called directional ambiguity which is inherim the other techniques.

In Young's fringe method the sequentially double4ralti-exposed particles are
first recorded in a single flow picture. Since thgmrticle images are self-correlated,
Young’s fringes can be used to extract the velegi{i32]. Young's Fringes method
uses a lens, which perform a two dimensional Foaransform of the light wave from
the interrogation window. Then the intensity of theurier transform is measured a

distance L from the lens.

The optical correlation is a two-dimensional cateln function of an interrogation
window that can be formed optically by replacing two digital FFT operations with

optical Fourier transformations [29].
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At present, the cross correlation method is thetrpopular technique to calculate
the velocity field for the PIV method. In this tetue, two sequential digital images
are divided into interrogation windows. Using theseges, the spatial shift of the
seeding particles is generated. Two sample red{omsn)andg(m, r), spatial function
s(m, n)and a noise procesggm, n)are considered where andn are the coordinates of
the interrogation window. The sample regmym, 1) is the result of translation &fm,

n) using the spatial function. This region can be wWaked by using the following

equation (spatial convolution &im, n)ands(m, n) [33]:

o

g (m, n){z Zs(k—m,l—n)f(k,l)}d(m,n), (1.2)

k=-00 |=-00

The displacement function can be found using tlserdie cross-correlation function

@,(m, n)of the sampled regions [33].

S S f(k.I)gk+ml+n)
@ g (M, N)= 7= - (1.3)

> Y k) Y S g(k.l)

o ]=-00 k=-0 ]l=-n0

k

If the value ofg, (m, n) approaches unity, it means that many particle esagatch up

with their corresponding spatially shifted partneffie highest correlation peak is
considered to represent the best match of pariicéges between the two sampled

functions [33].

Figure 1.6 shows a flowchart of the cross-correfatPIV procedure. In this

process, the complex conjugate multiplication isdutd estimate the cross-correlation
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in the frequency domain by using fast Fourier ttamss (FFT) to simplify and to
increase the speed of the process. The cross awreltechnique removes the
directional ambiguity, which is inherent in botretifoung's fringe and autocorrelation

techniques [33].

Displacement

Image 1 " f(mn) F(u,v)
O I B s L e Pt

0 Correlation | ®(u.v) w(m,n) At .
Image 2 18 (mn G (u,v) > | FFT > —Vy, Vy
(t,+ A~ > —“‘—" Eq. (1.2)

0

Figure 1.6 - Numerical processing flow-chart of Riiéthod [33]

The velocity, which is calculated at the end of tlnenerical procedure, is considered as
the interrogation window’s velocity. Therefore, thelocity of all particles in the
window is assumed to be the same. To reduce tbe eused by this assumption and
also to increase the resolution of the velocitydfi@n overlapping amount is chosen
between the windows. For example if a 75% overlagpis chosen, there are 9

generated velocity vectors in each interrogatiomdaiv.

One method to refine the velocity value for eachdew is to divide each window
to 9 cells (3 by 3 divisions) and replace the ced&ta vector of each window with the
average of the 3 by 3 data. Therefore the resutt ediminate the high frequency jitter

caused by the different location estimates of #ekpcorrelation [33].

The sources of error in the calculation of velodigld can be categorized as

follows [30], [33]:

(a) Noise, which is a random function of time apdce.
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(b) System error, which is a function of the looati
(c) Turbulent flow motions.

(d) Out-of-pattern motions, which occur when eithmarticles imaged in the
interrogation window move out of the area in thetnienage in process, or when
particles which are not imaged in the interrogatiindow move into that in the next

image in process.

(e) Flow velocity gradients, which adel/ox, ou/oy, ovlox andov/oy in the 2-d flow

which causes different velocity for the particlene interrogation window.

The PIV setup which was used in the current exparimas well as the error

analysis is discussed in Section 2.5.

1.5 Objectives

The primary goal of the current research is to ouprthe power output of a vertical
axis wind turbine. It is proposed to achieve thislgoy adding a diffuser around the
rotor. Several experiments were performed to meathg power output of the turbine
using a direct torque measurement technique. Tpergrents were conducted in a
water channel with a small-scale turbine model. Tdwperiments focused on
calculating the efficiency of the turbin@thout andwith a diffuser to investigate the

influence of the diffuser on the turbine performanc

The secondary objective of this research is toystine flow patterns downstream of

the turbine. The flow visualization was performesing the PIV technique. The flow
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patterns were used to study the dynamic flow behavibehind the rotor and diffuser
and to visualize the effects of the diffuser on finenation of the wake region behind
the rotor. Furthermore, the flow visualization da@ used to validate the numerical

simulation which can be used for further developneénhe diffuser.

Finally, the system size of the turbingth andwithout diffuser, corresponding to a

desired power output, was calculated.

1.6 Thesis overview

Chapter 2 of the thesis contains an overview ofetkgerimental apparatus and the
devices that were used to determine the power boffthe system in conjunction with
the flow visualization. The design procedure of #werimental apparatus is also
discussed in detail. The challenges of the smallesenodel implementation were
overcome during the design of the experimental gips, which is also discussed in
Chapter 2. Also, the motion control and the ditecue measurement techniques are

introduced, and the PIV setup of the current expenit is discussed.

Chapter 3 presents the results of the investigaong with the corresponding
discussion. The power output and performance curfélse turbinewithout andwith

diffuser are presented in Chapter 3, along withflthe visualization results.

Afterward, the power output and the performancéwaf designs are compared to
discuss the influence of the diffuser in detaileTtow structure behind the diffuser is

also used for further discussion on the power dudgterence between the designs.
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Finally the system size of the turbine is discussethe last part of Chapter 3 to
present the actual size of the turbinmghout andwith diffuser, corresponding to the

identical power output.

In the end, the conclusions and the recommendafamfuture are presented in

Chapter 4.
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CHAPTER 2

Experimental system and techniques

2.1 Flow Facility

The experimental study of the performance of audéf-augmented wind turbine was
done in the flow visualization water tunnel in thleiid Mechanics Laboratory of the

Department of Mechanical Engineering at the Unieisf Victoria.

A water tunnel is an experimental facility whichused to study the hydrodynamic
behaviour of submerged bodies in flowing water. Wsger tunnel is similar to a re-
circulating wind tunnel, except that the workingid is water, instead of air. With
proper scaling, the experiments can be conductddansmall-scale turbine model. The
other difference between water and air tunnelshes way that the driving force is
generated in each system. The driving force iniatuanel is usually provided by a
multi-blade impeller. On the other hand, in a watemel, the fluid is circulated by a
pump.

The water tunnel which was used for the currentystwas a closed loop re-
circulating type. This tunnel consisted of a testt®n, a filtering station and a
circulating pump with a variable speed drive asdgnithe test section was 2.5 meters

long and has a 45 émoross section. The water tunnel is shown in Figute
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Figure 2.1 — Water tunnel which was used in thesgrpent

2.2 Experimental apparatus

The objective of the current experimental studioignvestigate the effect of a diffuser
around the rotor of a VAWT. Two effects of the d#er were studied in this
experiment. The first effect was the change of pomgput of the turbine, and the

second one was the change of flow characterisébsd the rotor.

A 2D cross section (front view) of the experimerapparatus is shown in Figure
2.2. The major parts of the apparatus are indichyedifferent colors, and each color
was labelled in the legend of the schematic. A 8bematic and a picture of the

experimental apparatus are presented in Figuresnizl 2.4, respectively.
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Figure 2.2 — Cross-section schematic of the expartal apparatus

Figure 2.3 — Isometric view of the experimental aajus
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Figure 2.4 — Experimental setup inside the waten&l

In order to scale the model, the kinematic simawas chosen to match the tip-speed
ratios of the model inside the water tunnel andaitteal full scale model in the air. The
tip-speed ratioX) is a dimensionless number which can be definedhbyfollowing

equation
A=Raw/U, (2.1)

where R is the rotor radius (my, is the rotating speed (rad/sec) and U is the flow
velocity (m/s). Therefore this ratio is the ratibtbe tip-speed of each blade and the

inflow velocity.
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The tip-speed ratio is analogous to the Strouhalber (StwL/U, where L is the
characteristic length) for the turbine applicatioRer an experiment conducted in the
water tunnel, the Reynolds number (Re=GlJMwhere C is the chord length of the
blades ana is the fluid viscosity) is two orders of magnituldever than the Re of the

full-scale turbine [34].

For the geometric similarity between the model #redfull scale turbine, a scaling
factor of 0.059 was selected. The scaling parameiethe model used in the water

tunnel, as well as those of the full-scale turt@ne summarized in Table 2.1.

Table 2.1 - Scaling parameters of the turbine model

Parameter Air Water
Density (kg/nT) 1.205 998.29
Kinematic Viscosity (m?/s) 1.511 E -05 1.0047 E -06
Temperature (°C) 20 20
Veocity, U (m/s) 10 0.5
Blade Chord, C (mm) 254 15
Rotor Radius, R (mm) 381 22.5
Reynolds Number, Re
1.91 E +05 8.517 E +03
(Based on Chord length)
Diffuser dimensions:
Entry Section (mm) 1040 61.4
Exit Section (mm) 2320 137
Length (mm) 2230 131.7

The cross-section drawing of the rotor and theud#df of the model is shown in Figure

2.5, with dimensions being in mm. The rotor geomeised in the current study
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corresponded to the rotor used in an earlier numalkemvestigation by Bouhadji and
Oshkai [35]. The rotor was an optimized design oWeatical axis wind turbine
produced by PacWind Inc. The rotor is a cross-ftgpe, lift and drag base, with six

blades. Each blade had a pitch angle of 60 degree.

The diffuser profile which was used in the curretudy was based on a geometry
which was suggested by Riegler [8]. Riegler showed by using this profile for the
diffuser around a vertical axis wind turbine, th@mver coefficient is no longer limited
by 0.59 [8]. In Figure 2.5, the flow passes froghtito left of the picture. The entrance
of the diffuser, which is at the left hand sidetteé picture, has a horizontal profile. The

exit section, which is at the right hand side, iasngle of 35 degree by the horizontal

line.
131.7 .
|

o o)

Water |

Flow — —
— on
\O —

Figure 2.5 — Cross section drawing of the diffused the rotor (dimensions are in mm)
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The rotor and the diffuser were made byrégid prototyping Stereolithography (SLA)
technique, and the material used was WaterShedF¥fores 2.6 and 2.7 present the

images of the rotor and the diffuser.

The SLA technique is one of the first rapid prototypiteghniques used since the
early 1980's. In this method, a powerful beam tfwulolet (UV) light is moved by the
machine’s optical scanning system across a comtainghotosensitive liquid polymer.
The part is made of thin layers formed on top aheather. Each layer is solidified by
the ultraviolet beam at the contact point of thghtibeam and the indicated layer.
Finally the solid seamless part is generated bgtcrg each layer separately on top of

each other. The SLA was then finished by sanding.

Figure 2.6 — The rotor model made by SLA technique
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Figure 2.7 — The diffuser model made by SLA techaiq

The components of the experimental apparatus wesenabled inside a box made of
Plexiglas. The Plexiglas material provided optiaatess for flow visualization. The
box was made with an open section at entrance &ihdneorder to pass the water
through. Two walls at the sides and two platedhattop and bottom of the box made
the alignment of the rotor with the rotating sheftalong the plates easier. The entire

box containing the experimental system was plageidé the water tunnel.

In order to avoid the vibration of the system dadhe rotation of the rotor, the
rotor and diffuser were fixed at both sides. Tweesks at both sides of the rotor fixed
the rotating shaft with four bearings (two at eastie). Each of the sleeves was
attached to the top and the bottom plates of the Bloe diameter of these sleeves was

chosen to be the same as the rotor diameter tepréve unwanted flow disturbance.
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The sleeves were made of Delrin material, which aistrade name for
polyoxymethylene plastic. One of the most importatvantages of Delrin is the low
friction of the material, especially when the watused as the cooling fluid. Because
of this advantage, Delrin also was used in the ibgaapplication. Therefore, the
bearings for holding the rotating shaft were made abcut through the sleeves
themselves in order to reduce the additional mechbnpart in the system.
Furthermore, by making the bearings in this waytew#s the cooling fluid for the
bearings since they are inside the water. Anotinectfon of the sleeves was to provide
a technique to hold the diffuser around the rosorce all the connecting parts to the
rotor was rotating. A detailed drawing of the augide the sleeves is shown in Figure

2.8.

The 3D schematics of the sleeves design are ddpict&igure 2.9, (a) and (b).
Figure 2.9 (a) presents the method in which thevele have held the rotating shaft and

Figure 2.9 (b) presents the technique in which tiadiffuser was fixed by the sleeves.

Rotating Shaft

| 17

The cut through - /- /
actsas a bearing 4.

Figure 2.8 — The cut through the sleeve which asta bearing to hold the rotating shaft
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Figure 2.9 — The 3D schematic of the sleeves Witiotating shaft, b) diffuser
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Since the performance of a VAWT with diffuser is Ibager independent of the wind
direction, the functionality of the diffuser asum€tion of the wind direction should be
studied to find the applicable range of the dimttthange for the wind. Therefore, in
the experimental apparatus, there should be amysieprovide the rotation of the
diffuser around the rotor to provide different aagybf attack at the tip of the diffuser.
The rotating system was controlled by a disk atttipeof the box which was attached
to the upper sleeve. Therefore the sleeves caatated by that disk. While the sleeves

are attached to the diffuser, the diffuser rotatethe same angle as the sleeves and the
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disk. Two knobs have fixed the disk to the boxrdéfiere the diffuser was fixed during
each experiment. A 3D schematic of the design ésemted in Figure 2.10. An angle
indicator on the disk traced the changes of thdeanfj attack corresponding to the

diffuser.

Figure 2.10 — 3D schematic of the disk that wawiding the rotation of the diffuser

2.3 Motion control

The one-axis rotation of the rotor was generated abgtepper motor, HV232,
manufactured by Parker Hannifin Corporation. Thetantiad a resolution of 25000
steps per revolution with an error of 3 — 5% pepstvhich is non-cumulative from one

step to another. A stepper motor is a brushless;isgnous electric motor that can
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divide a full rotation into a large number of stef@$e motor's position can be
controlled precisely without any feedback mechaniStepper motors are constant
power devices (power = angular velocitytorque). As motor speed increases, the
torque usually decreases. The main advantage ®ftype of motors is the variable

rotating speed which eliminates the need for algear

A flexible coupling has connected the output sléfthe electric motor to the rotor
shaft which has provided the vertical and anguféset for the misalignments in the
apparatus. The motor was mounted on the load welttty as long the load cell had a
specific design for this experiment. The motor sladggo was passed through the load
cell. The exploded view of cross section of thermmtions between the motor and the

load cell, and between motor and the rotor sha#t Mastrated in Figure 2.11.

In the present experiment, the rotating speedefribtor was set to constant. While
there was no diffuser in the experiment, the rotapeed was changed form about 0.5
to 6 rps, with 0.5 rps increase after each testhéntests including the diffuser, the
rotating speed was changed from about 1 to 7 rgs @b rps difference between each
test. In order to calculate the power output of timbine at different tip-speed ratios,
each set of the experiments with different rotatspgpeds was conducted at four
constant water velocities inside the water tunfetpl, 0.533, 0.615 and 0.697 m/s.

The range of the tip-speed ratio was varied frobnt©.1.6.
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Figure 2.11 — Exploded view of the connections leetwthe electric motor, the load cell and the rotor

shaft

2.4 Direct torque measurement

The torque of the turbine was measured using aaaiseload cell (F326-23878,
Novatech Measurements Ltd). The load cell was cotedeto the LabView software
through the 16-bit resolution Digital Acquisitiogstem (DAQ). The frequency of the

data acquisition was set to 1000 Hz. To averagedthaation of each result, each
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experiment was performed 5 times. Also for eact) the average of 20000 data points
was calculated in order to get the constant anbumitorque which was imposed from

the water to the rotor.

According to Figure 2.11, the motor was connectedthe load cell directly;
therefore there are no additional mechanical garteduce the mechanical loss in the

torque measurement.

Figure 2.12 illustrates a filtered sample resuittfee rotor without diffuser at 2 rps
rotating speed and 0.451 m/s water velocity. Theriing process was done by a digital
filter using the MATLAB software. In order to reecbthe data, the motor has first been
started with a certain rotating speed while theewgump of the water tunnel was
turned off (region (a) in Figure 2.12). After théte water pump was turned on to a
specific velocity for the test (region (b) in FiguR.11). Finally the water pump was
turned off while the motor is still running to redothe residual torque of the

experiment (region (c) in Figure 2.12).

Region (a) in Figure 2.12 indicates the reactiaigque which was imposed to the
electric motor. This reaction torque was generaed result of the rotation of the
motor. The reaction force of the water which wapased to the blades also caused the

additional reaction torque to the system.

Region (b) in Figure 2.12 indicates the torque Whi@s imposed from the turbine
to the load cell due to the water movement. Thigjue was generated due to the

hydrodynamic force imposed by the water on theiteridue to the rotation of the blade
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and due to the water flow. Therefore, the torquipwiuof the turbine was calculated by

subtracting the mean value of torque between redianand (b) in Figure 2.12.

It should be noted that the hydrodynamic torqueasepl by the water is, in general,
different in regions (a) and (b), since the flovitpens corresponding to the rotating and
the stationary rotor are different. Therefore, satiton of the torque values
corresponding to these regions does not complewiginate the additional
hydrodynamic torque imposed on the system. In tresgmt study, this difference
between the additional hydrodynamic forces corredpw to the presence and the
absence of the incoming water flow was assumec tenfrall relative to the mechanical

friction losses in the system and was neglected.

Filtered Torque

0.021 B
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0.02

0.0195

0.019

Torque (Nm)
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0.018

0.0175

0.017

1
30 40 50 60 70 80 90
Time (s)

Figure 2.12 — A sample result of the torque measard
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2.5 Particle image velocimetry

Particle image velocimetry (PIV) technique was ugedbtain global, quantitative flow
patterns downstream the rotor and the diffuseruigg the PIV technique, 2D velocity
field was recorded. The isometric view of the PBtup for the current experiment is

shown in Figure 2.13.

The PIV system consisted of the laser used to geoilumination of the tracer
particles in a 2D plane, the high speed chargeiedugievice (CCD) camera, and the

PIV software to record the data and for post preiogs

Water was seeded by Mearlin Supersparkle partidiles. mean diameter of the
particles was 5 — fim with the relative density of 2.9 KgfmAlthough the density of
the particles is higher than the water density, wa¢er velocity was high enough to
keep them buoyant in the flow during the experiméftie corresponding Stokes

number was equal to 0.3E-03.
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Figure 2.13 — 3D schematic of the PIV system

The laser light sheet was generated by a dual ¢odged laser (Darvin-Duo series
by Quatronix) and the images was captured by 1924024 pixels CCD camera. The

images were processed by the LaVision DaVis 7.2vsoé.

In order to calculate the velocity field behind tio¢or, a static mask was applied to
each image to subtract the stationary parts of eaabe. Figure 2.14 (a) presents a raw
PIV image from the experimental apparatus withitleninated seeding particles for
the rotor with diffuser. Figure 2.14 (b) preserits tnask that was used to subtract the
rotor and diffuser form the image. The raw PIV imdgr the rotor without diffuser is

presented in Figure 2.15.
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Although the mask option was used primarily to sutitthe rotor and diffuser from
the raw images, there were some shadow regionsmérat also included in the mask

region. The shadow region was indicated in Figuid 2b).

(@) (b)

Figure 2.14 — The raw PIV images from the experialeapparatus, turbine with diffuser, a) withoue tmask defined b)

with the mask defined
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Figure 2.15 — The raw PIV image of the rotor withdiffuser

To calculate the velocity vector field, 16 x 16 g@iinterrogation windows with 50%
overlap between the windows were used. The veloeityors were calculated by cross-
correlation method and the vector loss due toriiigeout of the spurious vectors inside
the field was less than 1%. The resulting spa&ablution of the velocity vector field
was 1.33 vectors/mm for the rotor without diffusand 0.9 vectors/mm for the rotor
with diffuser. The total error of the calculatedoaty was less than 2 %. Figure 2.16

presents the velocity vector field correspondinth®image of Figure 2.14.
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Figure 2.16 — The velocity vector field behind thBuser calculated by the LaVision DaVis 7.2 sadte
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CHAPTER 3

Results and discussion

3.1 Power output of turbine

The power output of a wind turbine is calculatedubing the following equation:
P =,CopAUZ, (3.1)

where G is the power coefficienp is the air density, A is the swept area, and thes
inflow velocity. The power coefficient is defined ¢he ratio of the output power over

the available power in the air that is passingugtothe turbine.

Power
Co= (3.2)
pAU3
The swept area, A, is defined as the frontal afeide rotor which passes the air
through to generate the power. Therefore, for doadraxis wind turbine (VAWT), the
swept area is the height of the rotor multipliedtty rotor diameter. In (Bouhadji and
Oshkai [35]), by optimizing the position of the fdser around the rotor, it was shown
that the power output of the turbine is a functadrthe entrance area of the diffuser,

rather than the projected frontal area of the rdt@nce, in the current study, the swept

area of the diffuser-augmented VAWT was represeifgdan entrance area of the
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diffuser. It should be noted that the effective pinarea is related to the positions of the
stagnation points on the rounded leading edgeshef diffuser. In the current

experiment, the positions of the stagnation poeus] consequently the effective swept
area of the rotor, were considered to be constlaret to the small radius of the leading
adges of the diffuser. As the experiments wereoperéd in the water tunnel, the air
density and the air velocity in equation (3.1) weplaced by the water density and the

inflow velocity of the water respectively.

Traditionally, the performance of a wind turbine rispresented by the power
coefficient as a function of the tip-speed ratimc® the power coefficient and tip-
speed ratio are non-dimensional numbers, the pedoce curves allow comparison of
turbines of different size and similar type. Alsahile it is not possible to match the
Reynolds number of the scaled model to that offtiflescale turbine, the kinematic
similarity is obtained by matching the tip-speetosa Therefore, the performance of
the full-size turbine can be calculated using then-dimensional curves of the

experimental results of the scaled model insideniter tunnel.

As it was discussed in section 2.4, the directuermeasurements were performed
using a loadcell. The presence of rotating partthensystem introduced an error in
torque measurements. In order to correct for thisrethe differences between torque
values was calculated when the water pump wasdusneand off, as it was shown in
Figure 2.12. By taking a difference of those twoame&ements, the residual torque in
the system was calculated. The final value of thejue value was calculated by

subtracting the residual torque in the system. fbingue signal was digitally filtered
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using the MATLAB software. Since a constant torguees expected to be imposed by
the water on the rotor, a low pass filter was usefilter out the high frequencies of the
results. The threshold of the filtering frequencwswcalculated from the rotating
frequency of the electric motor. Therefore, forhegéest, a low pass filter was used to
cut the frequencies higher than the rotating freque The filtering process was
performed separately for each region indicated igudeé 2.12 (a sample result), to
decrease the affect of signal level variation. Tioése level of the system was kept

lower than 10% of the measured torque.

As it was mentioned in chapter 2, each data set oidgined by varying the
rotational speed of the turbine at a constant wfl@locity to obtain the torque as a
function of rotational speed. After that, the taguas converted to the power using the

following equation

P=T.o, (3.3)

where T is the torque magnitude (Nm), ands the rotational speed (rad/sec). With the
power calculated from equation 3.3, the power ¢aiefit was obtained from equation

3.2.

The water velocity in the tunnel was measured leyftequency of rotation of the
water pump. A calibration curve was used to contletpump frequency (1/s) to the
water velocity (m/s) for different water depth mettunnel. In the current experiment,
the calibration was also performed by PIV technitmebtain the flow velocity for

specific experimental conditions.
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Since the experimental hardware inside the watemdaliblocked a portion of the
tunnel cross section, the inflow velocity changee tb the change of the cross section
area. Therefore the flow blockage by the experialeapparatus must be taken into
account before the power coefficient is calculatsithg Eqn. 3.2. There are two sources
of flow blockage in the current experiment. Thetfione is the blockage by a rotating
object (the turbine rotor). The second source ésifockage by the stationary parts of
the experimental apparatus. Okajima et al [36] satggl that the velocity corrections
for stationary parts should be taken into accoantaf blockage ratios higher than 5%.
Also, Norberg [37] did not use corrections for tileckage ratio of 5%. For the current
study, the corrections for the cylindrical supleeves and the diffuser were neglected

due to the relatively low blockage ratio of thenmieh was equal to 6%.

Furthermore, Advisory Group for Aerospace Resed&dbevelopment (AGARD)
[38] suggested that for the wind tunnel applicagionotating objects have more

significant effect on the velocity than the statdonparts.

The rotation of the turbine rotor induces changethe flow velocity in the water
tunnel. Therefore, the blockage correction dudéopresence of the rotor is essential in
order to obtain correct values of the power coedfit The Mikkelsen method was used
to study the blockage correction for the currerdigie [39, 40]. The blockage ratio of
the rotor was 1.6% of the water tunnel cross secticea. Figure 3.1 presents the
variation of \/Viy as a function of Cp, where.\fs the corrected velocity by using

Mikkelsen method and ¥ is the inflow velocity.



43

1.008

1.007

1.006

w 1.005 =
] B
et B
! =
> 1004 |-
~ B
0 B
> 1.003 |- AAA
B a8
B A
PAY
- P
1.002 = ol
™ o
N b
= -3
LB
B N
1.001 = o
B Lalx
B e
- al
Gl b b by b b b b b b b
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Cp

Figure 3.1 — The ratio of corrected velocity ané thflow velocity versus the
power coefficient
From Figure 3.1, one can see that the correctioihi® current experiment is less
than 1% for the power coefficients below the Betzitl (Cp=0.59). Since the power
coefficient of the conventional VAWTs (without difer) is less than 35% [41], the

corresponding correction for the velocity magnitiglkess than 0.2%.

The velocities of 0.451, 0.533, 0.615 and 0.697 w&ee considered in the current
study. For the velocities lower than 0.451 m/s,ttrgue output of the turbine was not
high enough to obtain enough points to plot thégperance curves. Also at velocities
higher than 0.697 m/s, undesired air bubbles weremgted from the cylinder sleeves

downstream of the rotor.
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3.2 The performance of the turbine without diffuser

In Figure 3.2, the power output of the turbine withdiffuser is presented for different
water velocities as a function of the tip-speedordEach data point in the plots was
obtained by calculating the output torque of thetesyn which was converted to the
power using equation 3.3. The range of tip-sped¢id @as chosen between 0.1 and
1.15 to observe the maximum value of the powerfuoefit. The maximum power

output for the inflow velocities of 0.451, 0.533605 and 0.697 m/s was at the tip-

speed ratios of 0.63, 0.67, 0.68 and 0.71, respabgti

In Figure 3.3, the power coefficient curves aretplb versus the tip-speed ratio for
different water velocities. The values were caltedausing equation 3.3. By definition,
the power coefficient is the ratio of the powerpuitover the maximum power that can
be extracted form the flow. Hence, the Cp curveBigure 3.3 represent the efficiency
of the turbine at different tip-speed ratios. Aadting to the Cp plots, the maximum Cp
of 0.26 was observed at the inflow velocity of B58/s and the tip-speed ratio of 0.67.
The current rotor design utilized both the lift atiet drag components of the force
acting on each blade to produce the rotation. Stheelift force increases with the
increase of the Reynolds number, a correspondiogease in Cp is expected. This
trend is observed in Figure 3.3, which shows thatCp increases with the increase in
the inflow velociry. The combined scatter plot dfdata points shown in Figure 3.3 is

presented in Figure 3.4.
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Figure 3.4 — The scatter plot of the power coeffitiof the turbine without diffuser

versus the tip-speed ratio

The performance of the turbine with diffuser at zero angle

of attack

The power output of the turbine as a function @& tip-speed ratio with the diffuser

around the rotor is illustrated in Figure 3.5. Tgwver output was calculated by using

the method presented in the previous sectionusing equation 3.3. In this set of tests,

the tip-speed ratio was changed from 0.2 to 1.6% maximum power output for the

inflow velocities of 0.451, 0.533, 0.615 and 0.687% was observed at the tip-speed

ratios of 1.25, 1.2, 1.26 and 1.26, respectively.
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The Cp curves as functions of tip-speed ratio dogtqu in Figure 3.6 for four
different inflow velocities. Similar to the previswsection, each point was calculated
using equation 3.2. In accordance with Figure 816,maximum Cp was 0.355 for the
0.697 m/s water velocity and the tip-speed ratid.@6. Finally, the scatter plot of all

the four curves in Figure 3.66 is presented in FEd7.
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Figure 3.5 — The power output of the turbine wiiffuger versus the tip-speed ratio
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3.4 Time-averaged flow patterns

3.4.1 Background

Understanding the flow patterns inside and dowastréhe rotor can lead to improved
methods for prediction of power output of wind tmes. In particular, there exist
several theoretical methods for prediction of tloever output of a VAWT that are

based on the knowledge of the velocity field arothr@ rotor [6, 42]. The momentum
models can be classified as the single streamtuimeinj43], the multiple streamtube
model [44], and the double-multiple streamtube rhddB, 46]. Furthermore, other

methods are suggested to calculate the power obgméd on the knowledge of the
vortex shedding of each blade in one complete iootairherefore, the velocity field

inside the rotor and downstream of the rotor canubed to calculate the vortex
shedding from the blades [6, 47]. Furthermore viglecity field inside the rotor can be

used to optimize the blade design.

In the present study, particle image velocigné®lV) was used to visualize the flow
pattern and the wake structure of the turbine \aitd without a diffuser. By using the
PIV technique, the flow structure downstream of thibine can be studied and the

influence of the diffuser on the wake can be vigeaal.

Although in the current study the rotor and difiuseere made from a transparent

material, the region of the flow inside the rotomswoptically inaccessible due to
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parallax effects. On the other hand, the flow pattmside the diffuser could be

recorded.

The vorticity contours, the streamlines, and thieaity contours in the wake of the
turbine are presented for two different configuas: with and without the diffuser.
The out-of-plane vorticityp,, was calculated numerically from the PIV veloarsctor
fields using the following equation.

_0v _adu

0)__ -
= ax ay (3.4)

where u and v are the x- and the y-componentlofcity, respectively. The vorticity
magnitude, the streamlines, and the velocity castavere plotted using the Tecplot

software.

The time-averaged velocity fields, which were usedllustrate the steady flow
patterns, were generated from the time-averagetbrgeexported from a sequence of
instantaneous PIV images. The number of images tsedlculate the time-averaged

velocity field was chosen to be between 60 anch¥dbes.

3.4.2 Time-averaged flow patterns downstream of the turbine
without diffuser
The time-averaged flow patterns downstream of twbite without diffuser are

presented in Figures 3.8 and 3.9. The PIV image® wexorded in a 2D plane at the

center of the rotor, perpendicular to the axisodétion. The direction of rotation of the
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rotor in all of the images is clockwise and theafldirection is from left to right. Six
different tip-speed ratios were considered in order study the wake pattern
downstream of the rotor. These tip-speed ratiosOa8¢ 0.45, 0.6, 0.8, 1.0 and 1.15.

These values correspond to the range of tip-spsers presented in Figure 3.3.

Figure 3.8((a) to (f)) presents the out-of-planetiedy contours of the wake region
downstream of the rotor. Figure 3.9((a) to (f)) gmets the corresponding streamlines
superimposed on the velocity contours. Some ofvtiréices in Figure 3.9((a) to ()
were labelled to simplify the discussion. For edalbel, the subscript refers to the

specific plot, in which the label is used.

As it is shown in Figure 3.8((a) to (f)), two shéayers existed downstream of the
rotor. The shear layer at the top of the plot cstesi of negative (clockwise) out-of-
plane vorticity, and the lower shear layer consisiepositive (counter clockwise) out-

of-plane vorticity.

Similarly to the maximum values of vorticity magmie (Figure 3.8(a) to (f)), the
inclination angle of top shear layer with respecthe inflow direction decreases when
the tip-speed ratio increases. The angle betweentdp layer and the horizontal
(streamwise) direction is approximately +5Aat 0.3. This value decreases to 0°, -5°, -
10°, -15°, and -20° fok = 0.45, 0.6, 0.8, 1.0, and 1.15, respectivelysTdecrease is
caused by the change of the wake flow directiofn wie change of the tip-speed ratio.
In contrast, the angle of lower shear layer dodgschange when the tip-speed ratio
increases. This shear layer has the inclinatioteanig-5° with respect to the horizontal

direction.
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The vorticity contours show that the range of \aiyi magnitude as a function of
tip-speed ratio was increased slightly from +/-50.0/s to +/- 0.06 1/s whilé
increased. The highest vorticity magnitudes (0.08 .05 1/s) were observediat

0.3.

An additional insight into the vortical structuré tbe wake can be obtained from
the streamline plots (Figure 3.9). Figure 3.9(a)veh a large-scale vortex located at
x/D= 1.5 (vortex A). This vortex blocked the flow passing through ticgor.
Therefore, a large portion of the fast-moving flolhanged direction and resulted in a
large wake atA = 0.3. This vortical structure (vortexgAwill be referred to as a

blockage vortex.

The blockage vortex moved from x/D= 1.5 to x/D= BPem the tip-speed ratio
changed from\ = 0.3 toA = 0.45 (vortex A Figure 3.9(b)). The blockage effect of the
vortices downstream of the rotor starts to diminigth the increase of the tip-speed
ratio. Formation of elongated positive and negatiggtices downstream of the rotor
indicates the dissipation of the blockage vortiaed formation of well- defined shear

layers downstream of the rotor (Figure 3.8(c) i (f

In Figure 3.8, one can see highest vorticity magtes distributed along the shear
layers. These high values of vorticity correspowd significant flow fluctuation
downstream of the rotor. The vortices start toidete downstream of x/D = 3, 2.5 and

1.5forA=0.8, 1.0 and 1.15.

As it was mentioned above, at low tip-speed ratibg, blockage vortices (fand

Ayp in Figure 3.9(a) and (b), respectively) interfereith the flow passing through the
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rotor. When the tip-speed ratio increased (Figugc3 and (d)), the blockage vortices
dissipated and small-scale vortices were formedcoAting to Figure 3.9(c), the
blockage vortices (Aand B) convected farther downstream. This change innthlee
structure corresponded to the increase in the pawefficient (Figure 3.3). Figure
3.9(d) shows that small-scale vortices,(Bg, Cy, and ) formed at x/D =1, 1.6, 1.8

and 2 at the tip-speed ratio of 0.8.

Figures 3.9(e) and (f) present the streamlinesthadrelocity contours of the flow
downstream of the rotor for tip-speed ratios of ar@ 1.15. A recirculation region
formed in the wake and interfered with the flowgag through the rotor (regione.An
Figure 3.9(e) and region{An Figure 3.8(f)). This flow pattern is due to theh
pressure drop in the wake that existed for the liyspeed ratios. Development of this

flow structure corresponds to the decrease of tineep output shown in Figure 3.2.
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rotation direction is clockwise and the flow dilieatis from left to right.
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3.4.3 Time-averaged flow patterns downstream of the turbine

with diffuser

Figures 3.10((a) to (f)) and 3.11((a) to (f)) ilrede the time-averaged flow patterns
downstream of the rotor of the turbine with theusér. The PIV technique, which was
described in Section 2.5, was used for flow visasion. The field of view was the
same as in the previous section, i.e. along a Zheplat the center of the rotor,
perpendicular to the axis of rotation. The directad rotation of the rotor is clockwise
in all the images with the flow passing through tber from left to right. Six different
tip-speed ratios were studied through the imagesnvestigate the wake pattern
downstream of the rotor and the diffuser. The valugp-speed ratios are 0.5, 0.6, 0.8,
1.15, 1.3 and 1.6. These values correspond toatingerof tip-speed ratios presented in

Figure 3.6.

Figure 3.10((a) to (f)), show the out-of-plane oty contours of the wake region
downstream of the rotor. Since the diffuser was enafl WaterShed material, it was
possible to obtain the velocity field inside th&uber. The contour lines in Figure 3.10
represent the magnitude and the size of vorticah whe out-of-plane vorticity

magnitude for a specified range.

The corresponding streamlines superimposed ondloeity contours of the wake
region downstream of the rotor are illustrated igufe 3.11((a) to (f)). all of the
Figures 3.10((a) to (f)) and 3.11((a) to (f)) hate same range of tip-speed ratios.

Similarly to the previous section, some vorticeseMabelled for simplification of the
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discussion. The subscript of each label of theis®stindicates the sub image of Figure

3.11((a) to (f)).

The vorticity plots in Figure 3.10((a) to (f)) camh the formation of four shear
layers downstream of the rotor and diffuser. Twahef shear layers were formed at the
trailing edge of the diffuser and the other two evéormed at the rotor inside the
diffuser. The shear layers at the top of the plotsisted of negative (clockwise)

vortices, and the lower shear layers consistedsitipe (counter clockwise) vortices.

The comparison between the sub images of Figur@(@JLto (f)) shows that the
wake region is approximately symmetric with respecthe center line of the rotor.
Also, the shear layers downstream of the rotor vaéteched to the diffuser shear layers

downstream of the diffuser.

The location where the top shear layers that caigith from the diffuser and from
the rotor merge located at x/D=3.5 for= 0.5, 0.6, 1.15, and 1.3. Fbr= 0.8 and 1.6

the top shear layers form the diffuser and thernsterge at x/D=2.5.

The location where the lower shear layers thatimatgd from the diffuser and from
the rotor merge located at x/D=2.5 for 0.5, 0.8, 1.15 and 1.3. For= 0.6 and 1.6 the

lower shear layers form the diffuser and the raterge at x/D=3.5.

In accordance with Figure 3.10((a) to (f)), the langetween the top layer and the
horizontal (streamwise) direction is +15° for alltbe tip-speed ratios. This angle is
also -15° for the lower shear layers downstreanthef diffuse. Therefore the shear
layers of the diffuser are symmetrical along thezuomtal (streamwise) center line of

the diffuser.
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The angle between the horizontal (streamwise) time@nd the rotor shear layers
downstream of the rotor also are almost the samallfthe tip-speed ratios. The angles
are between +35° and +30° for the top layers afd f& the lower ones. This angle at
the reattachment point is +30° at top of the péotd -30° at bottom of the plots for all

of the tip-speed ratios.

The range of vorticity magnitude is +/- 0.05 (1f@) most of the tip-speed ratios
except forA = 0.5 andA = 1.6, which the range is +/- 0.04 (1/s) and
+/- 0.06 (1/s) respectively. The highest vortigitpagnitudes were at the shear layers for
all the tip-speed ratios, although there are soigb-tirculation vortices in the wake

region due to the highly turbulent flow downstreahthe diffuser.

The shear layers downstream of diffuser along ifheft the diffuser profile have
lower magnitude than the shear layers downstreatheofotor at the top of the plots;
on the other hand, the lower shear layers downstret diffuser have the highest

magnitude due to the rotating direction of the roto

The stream lines of the flow in Figure 3.11((a)f)o present an illustration of the
vortical structure in the wake region downstreanthefrotor. From each sub images of
Figure 3.11((a) to (f)), one can see the low-vélobackward (recirculating) flow in the
wake region. The backward flow is the result ofrhgressure drop of the flow at the
exit section of the diffuser. The backward flowrao dissipate from x/D=3 to 4 for
all the tip-speed ratios. Moreover, for all of ttig-speed ratios, presented in Figure

3.11((a) to (f)), the flow direction reverts to tfegward one at x/D=4.
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The blockage vortices downstream of the rotor whenhdiffuser are generally larger
than the blockage vortices shown Figure 3.9((affYo Figure 3.11(a) shows three
blockage vortices downstream of the rotor at x/B=2. and about 3 (AB, and G)
for A = 0.5. The blockage vortices start to dissipatermthe tip-speed ratio increases to
1.15. ForA = 1.15 (Figure 3.11(d)), one can see the formatibamall-scale vortices
which were shed form the rotor. Figure 3.11(e) @nés the stream lines at= 1.3

which corresponded to the peak of the power caefftqFigure 3.6).

Unlike the flow patterns of rotor without diffusewhich was discussed in the
previous section, the vortex shedding from therroturs both from the top and the
bottom side. This characteristic of the wake regiteates larger blockage vortices for

the small tip-speed ratios.

While there are no vortices downstream of the retdhout diffuser at high tip-
speed ratios, Figure 3.11(f) illustrates the fororabf large-scale vortices downstream
of the rotor with diffuser at x/D=1 and 2 for = 1.6. The large-scale vortices

downstream of the rotor ¢Aand B) block the flow which is passing through the rotor
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diffuser at tip-speed ratios aj A=0.5,b) A=0.6,c) A=0.8,d) A=1.15,e) A=1.3 and) A=1.6.

The rotation direction is clockwise and the flowedition is from left to right for each image.
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3.5 Comparison and discussion of the turbine performance

with and without diffuser

Figure 3.12 illustrates the power curves for theitve with andwithout diffuser. The
labels (w)” and ‘(w/0)” in the legend of the plot correspond to the camigjonswith
and without the diffuser, respectively. Also, identical coldg the symbols refer to

identical water inflow velocity.

According to Figure 3.12, power output of the tabivhen there is a diffuser around
the rotor is lower than the power output of theebator for the low tip speed ratios. The
power output increased as the tip-speed ratio ebeck8.8. From. = 0.8 tol = 0.9, the
power output from the turbine with diffuser excegdeat of the turbine without diffuser.
After reaching the maximum value of 0.19, 0.13,80d4hd 0.05 (W) for the inflow
velocities of 0.697, 0.615, 0.533 and 0.451 (méspectively, the power output of the
turbine with diffuser decreased to a value less tiie maximum power output of the

bare rotor ah = 1.4.

The reason of the low power output for the turbimi diffuser at the low values af
(A < 0.8) can be described in terms of the effectthefblockage vortices in the wake of
the rotor. As it was discussed in Section 3.4 billeekage vortices interfere with the flow
downstream of the rotor. As a result, the flow &sging around the rotor instead of

passing through it and interacting with the blades.

The flow pattern downstream of the rotor with déém was discussed in the previous
section. A schematic of the blockage vortices espnted in Figure 3.13. This figure is a

simplified outline of the flow streamlines at thake region of Figure 3.11(a) far= 0.5.
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The detailed flow pattern is shown in Figure 3.)1{&e direction of rotation of the rotor

in Figure 3.13 is clockwise, and the flow is pagdimrough the system from left to right.
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Figure 3.12 — The comparison of power output oftthbinewith andwithout diffuser

for different water velocities as a function of tifgspeed ratio
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The maximum power output of both configurations twand without diffuser) for

different water velocities and the percentage ofgrancrease are presented in table 3.1.

Table 3.1 - The maximum power output comparisothefturbine configurations with

and without a diffuser at different water velodtie

Maximum Power Increase (%)
Water Vdocit Maximum Power Maximum Power (Comparison between the
ater Veloci
(m/s) y Output (Nm) Output (Nm) maximum power output fawith
Without Diffuser With Diffuser andwithoutdiffuser
configuration)
0.451 0.038 0.048 26.7
0.533 0.066 0.082 24.3
0.615 0.096 0.131 36.6
0.697 0.136 0.195 42.9

Table 3.1 suggests that the maximum power outputhefturbine can be increased
significantly by using a diffuser around the rotdhe increase of power output for each
configuration can also be studied separately ametibn of water velocity increase. The
rate of power increase for each configuration d&snation of the rate of water velocity
increase is shown in Figure 3.14. To calculate gaht of the plot in Figure 3.14, the
comparison was performed between the each rowlieTal. According to Figure 3.14,
the percentage of power increase due to the hiigiflesw velocity is larger when the

diffuser was used in the system.
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Figure 3.15 presents the scatter plot of powerfimderfit as the function of tip-speed ratio

for the turbinewith and without a diffuser. According to Figure 3.15, the maximQ@mp

for the rotor without diffuser is about 0.26 forcaihA=0.7 and for the rotor with diffuser

is about 0.35 fok=1.3. Thus the maximum power coefficient increasg@5% when the

difftuser was mounted around the rotor.

The Cp plots in Figure 3.15 show that far < 0.4, the efficiency of both

configurations (turbine with and without diffusel§ almost identical. However, the

efficiency of the turbine without diffuser incredskster ad. increased.
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For L between 0.4 and 0.9, the efficiency (Cp) of theraithout diffuser was higher

than that of the rotor with diffuser. This phenomeris related to formation of blockage

vortices in the wake of the turbine with diffuser fow tip-speed ratios.

At A = 1.05, the turbine with diffuser reached the maxn value of Cp for the rotor
without diffuser. AtA > 1.4, the power coefficient decreased abruptlyer&fore, to
obtain higher efficiency by using the diffuser, therking range of the turbine should

correspond to the tip-speed ratios between 1.05.ahd

The range of the tip-speed ratios for which thdite performance is higher than
75% of the maximum value, is betweler 0.45 to 0.9 for the rotor without diffuser and

betweeri. = 1.05 to 1.4 for the rotor with diffuser.
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Figure 3.15 — Comparison of power coefficient af thrbinewith andwithout diffuser

as a function of the tip-speed ratio
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3.6 Comparison of system size of the vertical axis wind turbine

without and with diffuser

The system size of the turbine without and witHudiér can be calculated by using the
performance curve presented in Figure 3.15. Siheedata presented in Figure 3.15 is
dimensionless, the data can be used for the falestirbine with the air as the working
fluid. By considering the maximum power coefficigrttint as the working condition, the
dimensions of the system can be calculated foremfft power outputs. Figure 3.16
shows the defined parameters for each configuratibith are used in the following
tables. Figure 3.16(a) illustrateg Bs the diameter of the rotor without diffuser. Ufe
3.16(b) illustrates three parameters,, W, and W,. W, indicates the width of entrance of
the diffuser at upstream,,bndicates the rotor diameter for the turbine wdifiuser and

Wy indicates the width of the turbine at downstream.

—

N
)

a) b)

Figure 3.16 — System size parameters for a) tunbitteout diffuser b) turbine with diffuser
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As it was discussed in the previous section, theimmam power coefficient of the

turbine without diffuser is equal to 0.26 fax0.7. Furthermore, the maximum power
coefficient for the turbine with diffuser is 0.36rfA=1.3. The power coefficient values
can be used in equation 3.2 to calculate the qthemmeters in the equation. For this
calculation, the inflow air velocity of 10 m/s wasnsidered. The power coefficient and
the air density is also known for each configumatitherefore the swept area can be
calculated as the function of power output. Themvegea for the rotor without diffuser
is equal to the rotor diameter multiplied by theoroheight, and for the turbine with
diffuser - the entrance width of the diffuse (whultiplied by the height of the rotor. The
calculated swept areas for various power outpugspaesented in Table 3.2. It can be
observed that the swept area reduced by 25% wleeditftuser was added around the

rotor.

Table 3-2 - Swept area of the turbine with and ouitha diffuser for various power outputs

Without With
diffuser diffuser
Power Swept area Swept area
(W) A (m?) A (m?)
100 0.64 0.48
300 1.92 1.44
500 3.2 2.4
1000 6.4 4.8
5000 32 24
15000 96 72
25000 160 120
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The swept area values in Table 3.2 can be usealdalate the dimensions of the turbine

with the parameters introduced in Figure 3.16. €hasrameters are presented in Table
3.3. L1 and L2 in table 3.3 indicate the heighthaf turbine. According to these results, a
26% reduction in the rotor diameter and the rot@ight can be achieved by

implementing the diffuser.

Table 3-3 — System size of the turbine with andhauit a diffuser for various power outputs

Without diffuser With diffuser
Power (W) | D1(m) L1 (m) D2 (m) L2 (m) Wu (m) | Wd (m)
100 0.63 1.01 0.47 0.75 0.64 1.43
300 1.10 1.75 0.81 1.30 1.11 2.47
500 141 2.26 1.05 1.68 1.43 3.19
1000 2.00 3.20 1.48 2.37 2.02 451
5000 4.47 7.16 3.32 5.31 4.52 10.09
15000 7.75 12.39 5.74 9.19 7.84 17.48
25000 10.00 16.00 7.41 11.86 10.12 22.57
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Chapter 4

Conclusions and recommendations

4.1 Summary

The performance of a novel vertical axis wind toebi(VAWT) was investigated
experimentally using direct force measurements f@erticle image velocimetry (PIV).
Two different configurations were considered. Thetfconfiguration involved a bare
rotor, and the second one consisted of the sante miclosed in a diffuser. The
objectives of the thesis are involved confirmatioihthe potential for power output
increase by implementing the diffuser under theivadent inflow conditions. Moreover,
global, qualitative flow patterns downstream of timeor were obtained and critically

examined for each of the two configurations.

In the first part of the work, the power output atite power coefficient
corresponding to each configuratiomithout andwith the diffuser) were measured. The
results were obtained by an experimental test ensidvater tunnel with a small-scale
turbine. The range of tip-speed ratios for the ret@hout diffuser was from 0.1 to 1.15
and for the rotor with diffuser was from 0.2 to.8s a result of these experiments, full

performance curves were obtained for each of tleeconfigurations.
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According to the results obtained from the expeniméhe maximum output

power and the maximum power coefficient for thdiue without diffuser were observed
at the tip-speed ratio of approximately 0.7. On dtieer hand, the maximum power and
the maximum power coefficient of the turbine wittifuser were observed at the tip-

speed ratio of approximately 1.25.

The comparison between the results for the ratithout and with the diffuser
demonstrated 27% to 43% power output increase (digpg on the inflow velocity) for
the latter configuration. The maximum value of poweefficient for the turbingvithout
diffuser was found to be equal tg €0.26 forh = 0.7, and the maximum value of power
coefficient for the turbinevith diffuser was found to be equal t¢ € 0.35 fork = 1.25.
Therefore, the maximum power coefficient was inseea by 35% as a result of

implementing the diffuser.

Furthermore, foir < 0.4, the efficiency of the two configurationsithout and
with diffuser) was approximately the same. For the eanfgip-speed ratios 0.4’< 0.9,
the efficiency of the turbinevithout diffuser was larger than that of the diffuser-
augmented turbine. In contrast, for the range 66k A < 1.4, the efficiency of the

turbinewith diffuser was higher than that of the turbine witltéorotor.

In the second part of the thesis, the flow pattelmsnstream of the rotor were
studied in detail by using the PIV technique. Siikfedent tip-speed ratios were
considered for each configuration. The tip-spe¢idsacorresponded to the range of the
parameters considered in the first part of theystwihich dealt with the power output and

the power coefficient trends.
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The wake of the rotowithout diffuser consisted of two shear layers. One of the

shear layers (referred to as the upper shear iay€hapter 3 section 3.4.2 and indicated
in Figure 3.8) changed its orientation angle wehpect to the inflow direction from +5°
to -20° when the tip-speed ratio increased fiom 0.3 toA =1.15. However, the other
shear layer (referred to as the lower shear lalyad) an orientation angle of -5° with

respect to the inflow direction for the entire dolesed range of the tip-speed ratios.

In contrast, four shear layers were observed invthke of the rotomwith the
diffuser. Two of the shear layers originated atriier, and the other two were formed at
the diffuser. The shear layers that originated ftbm rotor eventually merged with the
diffuser shear layers, and the orientation anglthefshear layers remained constant for
the entire considered range of the tip-speed rafiosrefore, in contrast to the case of the

bare rotor, the turbineith the diffuser, produced a symmetric wake.

Finally, at low tip-speed ratios, blockage vorticesre observed in the wake of
both configurations. These vortices interfered wilte flow passing through the rotor.

The blockage vortices dissipated as the tip-spagalsrincreased.

4.2 Recommendations for future work

The results of the current study indicated thatdffigiency and the power output of a
cross-flow turbine can be increased by adding fuskf around the rotor. The diffuser
profile was chosen arbitrary; therefore the shdpe diffuser was not optimized. As it

was discussed in Chapter 1, there are severalrdfiffediffuser designs which are
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currently used in wind turbine applications. Algbfferent airfoil profiles should be

tested as the diffuser for the presented turbine.

The diffuser optimization can be achieved by a aataonal fluid dynamics (CFD)
study. Although CFD results should be validateckgerimental tests, the presented PIV
results can be used for that purpose. The validatdd method can be subsequently used

for further development of the diffuser.
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