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ABSTRACT

DESIGN AND ANALYSIS OF A VERTICAL AXIS WATER TURBINE FOR
RIVER APPLICATIONS USING COMPUTATIONAL FLUID DYNAMICS

Demircan, Eren
M.S., Department of Mechanical Engineering
Supervisor . Prof. Dr. M. Haluk Aksel
Co-Supervisor : Assist. Prof. Dr. M. Metin Yavuz

January 2014, 57 pages

The main purpose of this study is to design a Darrieus rofoe tyertical axis wa-
ter turbine using Computational Fluid Dynamics (CFD) in ortiebe used in river
currents. The CFD modeling is based on two dimensional nwailesolution of the
rotor motion using commercial Unsteady Reynolds Averagedeysstokes solvers,
Ansys Fluent and CFX. To validate the two dimensional nunaésolution, an exper-
imental Darrieus rotor type water turbine from literatusesiudied and performance
of several turbulence models are examined. A Darrieus tgp® vertical axis wa-
ter turbine is designed for low speed water currents usinga@®ivhich is an open
source sofware used to calculate the performance of thieakaixis turbines. Two
dimensional numerical modeling of the designed turbineeréqgumed and results are
compared with QBlade results.

Keywords: Vertical axis water turbine, Darrieus rotor ty@mputational Fluid
Dynamics
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HESAPLAMALI AKISKANLAR D INAM IGI KULLANILARAK NEH IR
UYGULAMALARI ICIN DIKEY EKSENLI SU TURBINI TASARIMI VE
ANAL iZi

Demircan, Eren
Yiksek Lisans, Makina Mihendigli Bolumui
Tez Yoneticisi : Prof. Dr. M. Haluk Aksel
Ortak Tez Yoneticisi : Yrd. Dog. Dr. M. Metin Yavuz

Ocak 2014 [ 57 sayfa

Bu calismanin temel amaci, Hesaplamali Akiskanlar DigafHAD) yardimiyla
nehir akimlarinda kullaniimak tzere bir Darrieus rotor tigkey eksenli su turbini
tasarlanmasidir. HAD modellemesi ticari Reynolds-ort@kiavier-Stokes ¢6zU-
culeri olan Ansys Fluent ve CFX kullanilarak rotor harekitiiki boyutlu sayisal
cozimuine dayanmaktadiki boyutlu sayisal ¢ozimu dpulamak icin, literatiirden
deneysel bir Darrieus rotor tipi dikey eksenli su turbinigdmis ve cesitli tirbilans
modellerinin performansi incelenmistir. Dikey ekseifiliktinlerin performansini he-
saplamak icin kullanilan QBlade acik kaynakli yazilimi ilésdk hizli su akimlari
icin Darrieus rotor tipi dikey eksenli bir su tirbini tasammistir. Tasarlanan ttrbinin
iki boyutlu sayisal modellenmesi gerceklestiriimis \wnsclar QBlade sonuclari ile
karsilagtiriimigtir.

Anahtar Kelimeler: Dikey eksenli su turbini, Darrieus notipi, Hesaplamali Akis-
kanlar Dinamgi
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CHAPTER 1

INTRODUCTION

In recent years, renewable energy sources draw attentstodeduction of fossil fu-
els and increasing energy demand of the world. In additemewable energy sources
are becoming popular because of global warming and envieotethconcerns. Many
investigations have been made in renewable energy field auebind, solar, ocean
wave and tidal current energy. Tidal current energy is alsmaising energy source
especially for oceanfront countries. Canada, for exampleneeet 63 % of its energy
demand from available tidal power around [1]. UK can alscegate 40 % of its elec-

tricity demand from tidal power if tidal and wave sources &vemployed gectively

2.

Tidal energy is converted into useful power by using tide¢atn turbines. They are
also called as low head turbines, hydrokinetic turbines atewturbines. Although
they are lessféicient than commercial water turbines used in hydroelegiower
stations, these turbines do not need construction of a dawatarway. Hydroki-
netic turbines harness the kinetic energy of tidal or rivexasm and convert to useful
power. These turbines are like commercial wind turbinesatpey in water stream.
Their classification and technology are similar with windoines. They are classi-
fied by their axis of rotation as horizontal axis water tudsr{HAWT) and vertical
axis water turbines (VAWT). A horizontal axis water turbinedaa vertical axis water
turbine can be seen in Figure 1.1. HAWTSs need pitch controhamgism since they
generate power in one or two way flow. On the other hand, VAW Tsameed pitch
control mechanism and they can operate regardless of flegtdin [3]. However,
VAWTSs are less #ficient than HAWTSs.



Figure 1.1: Horizontal and Vertical Axis Water Turbines [3]

Vertical axis turbines are simply categorized by their rdype. Savonious and Dar-
rieus rotor type turbines are the most well known ones angldhe shown in Figure
[I.Z2. Savonius rotor type turbine operates with the dragefameated by the flow
whereas Darrieus rotor type turbine is driven by the forceiged by the lift and drag

forces.

Figure 1.2: Savonious and Darrieus Rotor Type Turbines [4]



Over the past few decades, the usage of straight bladedeDanater turbines has
become popular in harnessing tidal power [4]. The main deskb are lower fé-
ciency compared to horizontal axis turbines and the vanati the torque generated.
On the other hand, the main advantages of Darrieus turbnegbeir geometric sim-
plicity and compactness. Furthermore, the power densitysgaare meter could be
higher than the configurations used before. In other wordsti€us turbines can be

used closer to each other than horizontal axis turbines [5].

1.1 Flow Dynamics of Darrieus Turbine

The power extracted from the flow of any medium by a hydrokeetrbine is pro-

portional to the kinetic energy passing per unit time anegigy
1
P= CpépArerS (1.1)

whereCp is the power cogicient of the turbineyp is the density of working fluidyy
is the free stream velocity amle; is turbine swept area normal to the direction of

flow. For vertical axis turbiné\ is defined as
At = 2RH (1.2)

whereR andH are being the radius and height of the turbine, respect[@ly

Straight bladed Darrieus turbine is the simplest type oficalr axis turbines that
are used both in wind and water flow. A simple straight bladedriBus turbine is
shown Figuré 113. Although the geometry of straight bladadrigus turbine is sim-
ple, flow field across the turbine is extremely unsteady arglg three dimensional.
Understanding of complex flow structures in Darrieus tugligsignificant in order
to increase the turbine performance. In Figuré 1.4, velddidngles of a Darrieus
turbine blade are shown atftérent azimuth angle positiods As the turbine rotates,
a resultant velocity is encountered due to the appropriatgbination ofVy and the
tangential velocityVy, = wR. The relative velocity for the blade at any azimuthal

position is expressed by,

Vr = V(Vo + Vy cosH)? + (V, Sing)? (1.3)
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whereV, is the free stream velocity ang is the tangential velocity [7].

Figure 1.3: Straight Bladed Darrieus Turbine [6]

Huw

I A . e e

v, !
bV |
0 =180°

Figure 1.4: Schematic of Azimuthal Position and Velocityahgle [7]

Tip speed ratiol is also an important parameter, which is the ratio of the ¢atigl
velocity to the free stream velocity and expressed as,

_wR

Q1= ==
Vo

(1.4)
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Therefore, the relative velocity can be expressed as,

Vr = Vo V1 + 21 cost + A2 (1.5)

From geometric consideration the local angle of attack bgehe blades is given by,

sing

a = arctan m) (1.6)

Another important parameter is the solidity of the turbine/hich is defined as,

Nc
= — 1.7
o R (1.7)

whereN is the number of the blades,s the chord length of one blade aRds the

turbine radius.

Total instantaneous torque and powerféoeents of the turbine are given by,

T
CT = [WZ\/OZ (18)
and
T
Cp = HF;"\/S (1.9)
Y (o

respectively, wher& stands for torque produced by the turbine and the rotational
speed of the turbine. According to equation 1.6, angle afcai versus azimuthal
positiond is shown in Figuré 115 for dierent tip speed ratios

In operation of Darrieus turbine, angle of attack seen byttineine blades change
significantly. Besides, for most of thevalues, incidence angle exceeds the static
stall angle and this causes a phenomenon called dynamiic Byghamic stall is a
situation containing a number of flow separations and relath@nts occurring on an
airfoil when it is in a rapid unsteady motion when especiatitic stall angle is ex-
ceeded. In Darrieus rotor type vertical axis water turhimssmamic stall plays an

important role on the turbine performance, noise and vidong8].



Angle of Attack versus Azimuthal Position
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Figure 1.5: Incidence Angle versus Azimuthal Blade Positigh

Laneville and Vittecod [9], described reduced frequene\Xarrieus turbines derived
from helicopter blade theory as,

(o 1 1
F'=(=2)(—— 1.10
RGDG ) (1.10)
whereanay is
1
Amax = arctanﬁ) (1.11)

For F* values smaller than 0.05, the flow is quasisteady an# foralues larger than
0.05, the flow is strongly feected by dynamic stall if the incidence angle seen by
blades exceeds the static stall angle [10]. For Darrieus tygter turbine, dynamic
stall is a dominant factor due to their low tip speed ratio higth solidity ratio.

1.2 Mathematical Modeling of Darrieus Turbine

Several mathematical models are developed in the past @r tygredict the perfor-
mance of Darrieus turbines. As Islam et al.|[11] stated terditure most studied and
best validated mathematical methods can be categorizethirge groups as,

¢ Momentum models

e \ortex models



e Cascade model

In all these computational models, basic components are,

e Calculation of relative velocities and incidence angles iiffiedent azimuthal

position of the turbine at lierent tip speed ratios.
e Calculation of the induced velocity taking into account theedle interactions.

e Mathematical expressions in order to calculate normal andential forces

occurring on the turbine blades [11].

Besides these mathematical models, with the developmeotsnputing technology
Unsteady Reynolds Averaged Navier-Stokes (URANS) modelawg ibecome very

popular nowadays.

1.2.1 Momentum Models

In momentum models, basically the turbine is divided inteattubes. The momen-
tum model is based on the calculation of the induced veldmtequating the force

on the blades with the rate of change of momentum of the flughith streamtube.

In 1974, Templin[[12] developed single stream tube modettvthe most simple mo-
mentum model for the performance calculation of Darrieubifes. In this model,
the entire swept area of the turbine is enclosed by a singdarstube as shown in
Figure[1.6. In 1974, Wilson and Lissaman|[13] proposed plaltstreamtube model
which is improved interpretation of single streamtube nholslemultiple stream tube
model, the turbine swept area is divided into a series adjgarallel streamtubes and
in each stream tube blade element and momentum theorieppliedaseparately as
shown in Figuré_1]7. In 1988, Paraschivdiul[14] developeagbt multiple stream-
tube model in which calculations are done separately fotre@s and downstream
half of the turbine as shown in Figure 11.8. The double-mldtgtreamtube model
is better than single and multiple streamtube models inetating experimental and

calculated results [11].
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Figure 1.8: Double-Multiple Streamtube Model [11]

1.2.2 Vortex Models

The vortex models uses potential flow theory and the calomatf the velocity field
about the turbine is done by the vorticity influence in the evedgion of the blades of
the turbine. The blades of the turbine is represented agfine vortices as shown in
Figure 1.9 and the strength of the vortices are determinied asrfoil codficient data
sets and using calculated relative flow velocity and angkgtalck. Vortex models are
considered to be most accurate for most of the researchees/bg its computational

cost is very high[[11].

Figure 1.9: Vortex System for a Single Blade Element [11]



1.2.3 Cascade Model

Hirsch and Mandal [15] developed a cascade model for pedooa prediction of
Darrieus turbines. Cascade principles which are widely us&atbomachineries are
applied in this model. The blades of the turbine are assumbe in a plane surface,
known as cascade, where the distance between blades istedalcircumferential
length of the turbine divided by the blade number, as showfigore[1.10. The cas-
cade model gives quite well solutions for both high soliditbd low solidity turbines

and its computation time is reasonahblel[11].

[ 1) Reference \
blade

J x I
® @ T @
/J\ > Y /—I\
F 2nR/N ' 2rR/N 1
2nR

Figure 1.10: Development of Blade into a Cascade Configuratibh [

1.3 Literature Review

In literature, most of the Darrieus turbine studies focuDamrieus wind turbines.
Darrieus watgtidal turbine studies are less compared to wind turbineissucdne of
the studies for Darrieus water or wind turbine contains mirakstudies for perfor-

mance analysis using Computational Fluid Dynamics (CFD) d@neranathematical
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models mentioned in sectidn 1.2. Experimental studiesddiopmance analysis and
parametric characterization of Darrieus turbines can Imsidered as the other type
of study for Darrieus Turbines. The other studies that shbel mentioned are ones
investigating dynamic stall phenomenon and wake strustanel the ffect of these

on the performance of Darrieus turbine.

Dai and Lam [[2] studied numerically a straight bladed Dasi¢urbine for rotor-
performance prediction using commercial URANS solver of y.n€FX. The study
initially used theoretical calculation of the performarmdehe turbine using double-
multiple streamtube model and experimental investigaliprusing a scaled-down
model. In numerical modeling, shear stress transport (8STg model is used for
turbulence modeling. The numerical results showed goodesgent with the ex-
perimental results and theoretical double-multiple sttedbe calculations. Lain and
Osorio [16] predicted the performance of the same marineentiturbine numeri-
cally using commercial URANS solver of Ansys FLUENT and conggkthe results
obtained with the study of Dai and Lam. In this study, &t model is used for tur-
bulence modeling, too. The study concludes that the degdlaopodel canféectively
predict hydrodynamic performance. Li and Calisall[17] stddihree-dimensional
and arm #ects on modeling vertical axis Darrieus tidal turbine. Ategrmethod
code DVM-UBC is used for two-dimensional and three-dimemaianodels to study
three-dimensionalféects. Both two-dimensional and three-dimensional numilerica
results are compared with the experimental results. Thdtseshows that the three-
dimensional &ects are significant when the turbine height is less than itwes the
radius of the turbine and negligible when the turbine heiglimore than seven times
the radius of the turbine. Alidadi[6] improved DVM- UBC codwit is used in study
of Li and Calisal [17] in order to predict the performance otthd vertical axis tur-
bines and this new numerical code is named as BEM-DVM. An dpétion study is
done in order to find the optimum duct shape for getting marirpower output from
the turbine. The results showed that using ducts for turlmineroves the power co-
efficient and it also decreases torque fluctuations significafittD numerical study
is carried out by Nabavi [18] and numerical results are caegbavith experimental
results. It is mentioned that numerical results show goadeagent with the experi-

mental ones using Spalart Allmaras turbulence model. Mdtipand Chatterjee [19]
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examined also the influence of duct geometry on Darrieusrerperformance. In
this study, 2D numerical study on ducted Darrieus turbingeidormed using SST
k — w turbulence model. It is stated that using a duct for the djmeraf the turbine,
reduces the torque ripple and increases the turbine peafarensignificantly. Gret-
ton et al. [20] studied a small scale prototype of a 15 kW ttdabine numerically
using Ansys CFX solver. 2D parametric study is performed moally using SST
k — w turbulence model and the results are compared with theibageatbine. An-
other 2D numerical study is carried out by Almohammadi efl] considering the
mesh independency techniques for vertical axis Darriens wirbines. The study
investigates the mesh refinement methods, namely Generaifdson Extrapolation
(GRE), Grid Convergence Index (GCI), and the fitting method &vbging transition
SST and RN - € turbulence models in modeling. It is stated that mesh indepet
solutions obtained by GRE method is promising. Another irtgodrwork done by
Almohammadi et al.[[22] is the sensitivity analysis of veatiaxis wind turbine CFD.
In this research,féect of meshing on predicted power ¢deent of the turbine is an-
alyzed by investigating theffects of cell type, aspect ratio of the cell on the blade
surface and the total number of cells in the domain. In agldjtthe éect of time
step and turbulence intensity are examined for the sinargihase. It is stated that
using quadrilateral cells in computational domain for VAWHadysis is better, since
usage of triangular cells may cause numericéudion. In addition, decreasing the
cell aspect ratio on the blade surface is an important factdD numerical solution
of VAWTSs.

Rawlings [1] studied parametric characterization of a eaftaxis Darrieus type tidal
turbine experimentally. Experiments are conducted in ehsity of British Colom-
bia (UBC) towing tank and a parametric study was conducted wki@mines the
effects of parasitic drag, cambered blades, angle of attgclkadses and shatft fairing
on turbine performance. Thetects of each characteristic on overdli@ency of the
turbine are quantified, leading to predict for the maximuficeency of the turbine
without losses. Kyozuka [23] studied a Darrieus-Savoniubihe experimentally.
Since Darrieus turbine has small starting torque a hybrriditie, composed of Dar-
rieus and Savonius turbine rotors, is proposed. Semidairtwckets with four dter-

ent configurations are used for the Savonius rotor part angdi¢ostudy is performed

12



in circulating water channel. Combined turbine was testegirgulating water chan-
nel and the ffect of attaching angle between Savonius rotor and Darriéugsmwas
studied. In addition, power generation studies of the coedbturbine are performed
in a towing tank and power céiicients were compared with the experiments con-
ducted in circulating water channel. The study showed tbathined turbine has
improvement in the starting torque. On the other hand, &t higational velocity
ratio (tip speed ratio) maximum torque is decreased by 30 #tpewed to the torque
generated by the solo Darrieus turbine. Shiono etlall [2H atudied a Darrieus
water turbine experimentally. In this study, experimemes@nducted in circulating
water channel and optimum solidity ratio and number of Idaale examined. The
optimum solidity for three bladed turbine is stated. Funtiere, It is concluded that,
the dficiency for a three bladed turbine is less than a two bladedamn& constant
solidity. However, the ability for self starting is imprayevith increasing number of

blades.

Dynamic stall is a complex phenomenon thieets the performance, noise and vi-
bration of vertical axis turbines seriously. One of the saiblat is used to investigate
dynamic stall is CFD. Nobile et all_[25], studied dynamic Isfait 2-D flow around
Vertical Axis Wind Turbine blades usingftirent turbulence models. The numerical
results are compared with the available data on the sulfjat.study shows that the
k —w SST (Shear Stress Transport Turbulence Model) can préwiadynamic stall

better than the other turbulence models.

Wang et al. [[8] also studied the dynamic stall phenomenonnstaady 2D flow
over the NACAO0012 airfoil at a Reynolds number of ordef hOmerically. In this
study, standart — w and SSTk — w turbulence models are employed. The results
obtained from numerical study are compared with the comeding experimental
data. It is concluded that the characteristics of dynanailt ist well captured by the
SSTk — w turbulence model and the SXF w model can predict the experimental
results with reasonable accuracy better than staridan model. However, the two
models sffer from capturing the flow characteristics at very high asgi€attack
where fully detached flow occurs and 3Bexts are more significant. Allet et al. [26]
studied 2D numerical solution of a single bladed VAWT with NAGA15 blade. Two

13



turbulence models, Cebeci-Smith and Johnson-King, areamglwith a finite ele-
ment turbulent solver. The normal and tangential forcessandar to experimental
results but the maximum values are over-predicted. In @amatlork of Wang et al.
[27] previous study is extended and transition SST, RNG turbulence models and
Detached Eddy Simulation (DES) is employed in order to itigage the dynamic
stall. Numerical results are compared with the experimeasaults and DES coupled
with SST kw model showed good agreement with the experiments. Feetmh
[28] studied 2D numerical simulation of a single bladed (NAGZL5) VAWT using
Spalart-Allmaras anll — e turbulence models and Large Eddy Simulation (LES) and
Detached Eddy Simulation (DES) models. The results are aoadpwith the previ-
ously performed experiments [29] . It is expressed that BEBe most accurate one
capturing the dynamic stall characteristics. It is alsoped that LES performs worse

than DES model, due to less accurate modeling of the walbnegi

1.4 Outline of the Thesis Study

In Chapter 2, two-dimensional CFD modeling of an experimeltatieus turbine is
presented. The results obtained frorffetient turbulence models are compared with
the available experimental data. In Chapter 3, design of aiéderwater turbine for
river applications is presented and the average powsdficieat results obtained from
double-multiple streamtube code QBlade are compared withdiwensional CFD
model results. In the last chapter, Chapter 4, the resultiaditigs of the study are

summarized.
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CHAPTER 2

CFD MODELING OF DARRIEUS TURBINES

2.1 Validation and Verification of 2D Numerical Solution

For validation and verification purposes, the turbine prtessk by Maitre et al.[[10]
has been used for CFD modeling and the poweffments obtained are compared
with the experimental power cfitcients. Two-dimensional (2D) numerical simula-

tion of the turbine is performed by Ansys Fluent URANS solver.

2.1.1 Experimental Set-Up

The experiments are done in hydrodynamic tunnel availabl€he Laboratory of
Geophysical and Industrial Flows (LEGI). The test sectionehsions are 1000 mm
in length, 700 mm in width and 250 mm in height. View of the expental set
up is shown in Figure 2l1. The turbine is made of three stta\{CA 0018 blades
with a chord length of 32 mm and they are equally spaced in tivawghal plane.
The turbine height is 175 mm and it contains a 22 mm shaft imdtar holding the
blades from their centers. The diameter of the turbine isri#band the blades are
modified such that the camber line conforms with the circpéh of the blades. The
geometric specifications of the turbine are given in Telle 2he free stream velocity

is 2.8 mis with a turbulence intensity of 2 % [10].
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Figure 2.1: View of The Experimental Setup [10]

Table 2.1: Geometric Specifications of the Turbine

Blade’s profile | NACA 0018
Chord Length 32 mm
Number of Blades 3
Turbine Height 175 mm
Turbine Diameter| 175 mm
Shaft Diameter 22 mm

2.1.2 Problem Domain and Grid Generation

Schematic view of the 2D calculation domain is shown in Fegi2. The sizes of
the domain are selected according to the domain size indepey study performed
by McLaren [30] and Nabavi [18]. The left hand side bounddrthe rectangle is set
as the velocity inlet, whereas, the right hand side is seh@aptessure outlet where
the pressure is atmospheric pressure. The upper and lowedaoes are set to be

no-slip walls in order to represent the water tunnel wallse Tircular ring part of the

16



domain is the rotating domain while the outer and inner domsare stationary. The
interface between the stationary and rotating domain isetealdby the sliding mesh
model (SMM).

Tunnel wall

0.5D

Velocity inlet
Pressure outlet

5D 10D

Tunnel wall

Figure 2.2: Schematic View of the Calculation Domain

Since flow dynamics of Darrieus turbine is complex due to flepasations and reat-
tachments occurring on the blades, meshing of the domaindbthe key points.
When such flow characteristics are present, using structoesth rather than unstruc-
tured mesh shows better performance for the accuracy ahilitgtaf the solution
[31]. However, the usage of structured mesh in the analyfs\i\d/Ts is difficult.
Thus, structured mesh is used only on airfoil surfaces aner aationary domain.
In the rotating domain, quadrilateral cells are used, stheg are known to be more
stable due to low numerical flision [21]. In the airfoil boundary layer, structured
mesh is created ensurinyg value near 1 with a fixed growth rate of 1.05. THis
value near 1 is required in order to ensure that the first n@ticated in the viscous
sublayer for turbulence models not using wall functionshsask — w SST and tran-
sition SST models [32)y* is a non-dimensional value describes the relative distance

of the first node from wall surface and it is expressed as,

U,
y" = p_y (2.1)
i
wherey is distance to nearest wall (node distance to wall)@and the friction veloc-

ity at the nearest wall defined by
u, = . [— (2.2)
wherer,, is wall shear stress and given as,

1
Tw = C¢ Epvg (2.3)
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whereC;s is skin friction codficient. The skin friction coicient is estimated by the

Schlichting skin friction cofficient formula expressed as [33],
Ct = [2l0g,o(R8) — 0.65]%3 (2.4)

which is valid forRg, < 10°. The first cell heighty, is evaluated based on chord
Reynolds number which is given by,

PCwR _ /lpCUo
u u

Re =

(2.5)

whereu is dynamic viscosity of water andis the chord length.

The structured boundary layer mesh around airfoil is showRigure 2.8 and mesh
of the rotating domain is shown in Figure 2.4.
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Figure 2.3: Structured Mesh Around Blade

2.1.3 Numerical Simulation

2D numerical simulation is performed by ANSYS Fluent a conuize software ca-
pable of solving Unsteady Navier Stokes equations. The SB&gorithm is used
for pressure velocity coupling. The simulations are sthvtéth first order upwind
discretization scheme for both space and time, after therétation of the turbine
temporal and spatial discretization scheme is set to semalet upwind scheme. Af-

ter sixth or seventh rotation torque produced by turbineobexs periodic and the
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Figure 2.4: Rotating Domain Mesh

results presented are taken from the tenth rotation.3ST turbulence model is em-
ployed for turbulence modeling since it shows better pentorce for complex flows
including adverse pressure gradients and flow separatiomsn VAWTS as men-
tioned in Sectiom_1]3. The numerical simulation parameateshown in Tablé Z]2.

For validation purposes, the tip speed ratio= 1.5 with corresponding rotational

Table 2.2: Numerical Modeling Parameters

Pressure Velocity Coupling Schemé&sreen-Gause Node Based
Gradient Second Order
Pressure Second Order Upwind
Momentum Second order Upwind
Turbulent Kinetic Energy Second Order Upwind
Specific Dissipation Rate Second Order Upwind
Transient Formulation Second Order Implicit

speedw = 48 rads is selected for the case study. The 1.5 case is selected since
the angle of attack seen by blades exceeds the static stgdl and dynamic stall is

dominant in this condition.
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2.1.3.1 Time Step Independency

The flow over Darrieus turbine is periodic and a proper tinep Stelection is impor-
tant in order to ensure the solution is independent of the sitep. The time step
corresponds to one degree rotation of the turbine is expiess,

T

A= 1ot

(2.6)

The time steps used for time step independence study conmés$p T, 0.5° and 025°
rotation and they are shown in Table]2.3. The total numbeelié éor the grid of the
problem domain is 266000.

Table 2.3: Time Steps Used for Time Step Independency

Time Step (s) | Corresponding Degree of Rotation (degree)
0.00036361026 1
0.00018180513 0.5
0.00009090256 0.25

The results are shown in Figure 2.5. As can be seen from FR8rehe three time
steps almost give the same results. F@50rotation time step, computational cost
is high. On the other hand, fof totation time step, the number of iterations in each

time step is high. Thus,.B rotation time step is selected for further analysis.

Power Coefficient vs. Azimuthal Position for A=1.5
09 -

—0.25deg
—0.5deg
ldeg

0.8 -

0.7 -
0.6 -
05
0.4
0.3 -
0.2 -
A
0.1 7\ \-/
|

-0.1

Cp, Power Coetticient

J

| | | | J
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©, Azimuthal Position

Figure 2.5: The Variation of Power Cfieient with Different Time Steps
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2.1.3.2 Residual Independency

The mesh used in residual independency study is the same arsdhused in Section
2.1.3.1. For residual independency study, the residualsetrto be 5x16, 1x10°

and 5x10° for all variables and the time step is set t&°Orotation time step. The
results are shown in Figure 2.6. After evaluating the resefifFigure 2.5, the resid-

Power Coefficient vs. Azimuthal Position for A=1.5

Cp, Power Coetticient

| | |
0 50 100 150 . 200
©, Azimuthal Position

250 300 30 700
Figure 2.6: The Variation of Power Cfieient with Different Residuals

uals are decided to set to 1x®0since using 5x1¢ does not produce satisfactory

results and computational cost is high when 5%16 used for the residuals.

2.1.3.3 Mesh Independency

Three meshes are generated for mesh independency studyyraraese, medium
and fine. The number of elements in these meshes are showhleiZ3.

Table 2.4: Number of Elements for Mesh Independency Study

Mesh Type| Number of Elements
Coarse 156213
Medium 218158
Fine 333703

The time step and the residuals are set as decided in S€2tibBsl and 2.1.3/2. The
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grid of the rotating domains for coarse, medium and fine neah&shown in Figure
[27 and near blade meshes are shown in Figute 2.8.

(a) Coarse

(b) Medium

(c) Fine

Figure 2.7: Rotating Domain Meshes
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Figure 2.8: Near Blade Meshes

The codficient of performance versus azimuthal position afetent meshes

are
shown in Figuré 2]9. Although, the medium and fine mesh shavilai pattern as
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Power Coefficient vs. Azimuthal Position for A=1.5
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Figure 2.9: The Variation of Power Cfieient with Different Meshes

can be seen from Figure 2.9, theyfdr from each other in especially azimuthal po-
sitions between 100and 150. For this reason, a moderate mesh is created having a
number of elements around 266000 which is the same as theusedtin time step
and residual independency studies. The comparison betwedarate and fine mesh

is shown in Figuré 2.10. The moderate mesh created fits ietfere mesh results

than medium mesh. Thus, moderate mesh is used for furthirseésa

Power Coefficient vs. Azimuthal Position for A=1.5
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Figure 2.10: Comparison between Moderate and Fine Meshes
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2.1.3.4 Flow Field Analysis

The power cofficient change with azimuthal position for the first blade fot 1.5
is shown in Figuré 2.11. In the figure, the variation of the powodficient with
azimuthal position fok — w SST, realizablé — € with enhanced wall treatment and
Spallart Almaras turbulence models are presented and shéiseare also compared

with the numerical results obtained by Maitre et al./ [10].

It is observed that the power déieient increases approximately until°98zimuthal
position and then decreases until 13@imuthal position is reached for all three tur-
bulence models. The power dheient also remains at a constant value of zero be-
tween 150 and 270. After 270 azimuthal position, there is some increase and then
decrease in the power daeient until 360. In addition, the main power production
occurs between°Cand 150 azimuthal positions for the first blade. Then the second
blade repeats the motion of the first blade and the power ptmufus completed with

the same motion of the third blade for one rotation of theihgb

Power Coefficient vs. Azimuthal Position for A=1.5 for the First Blade

— Numerical [10]
—Realizable k-e
-W
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©, Azimuthal Position

Figure 2.11: Power Cdicient Variation for the First Blade at= 1.5

The vorticity fields of the first blade between anglésafid 120 azimuthal positions
with 15° increment are shown in between Figures P.12[and 2.20 fohraetturbu-
lence models. Since the vorticity field around the bladesteesame for Dand 120

azimuthal positions, the vorticity fields are given onlyvaeén 0 and 120.
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Figure[2.11 shows that, betweeh &d 90 azimuthal positions, the power dtie
cients obtained fronk — w SST turbulence model have highest value while Spalart
Allmaras turbulence model results are the smallestkand turbulence model results
lie in between those. When the vorticity fields betweearid 90 azimuthal positions
are analyzed, as shown in Figufes 2.12 thrdughl 2.18, it isrgbd that the positive
vorticity in the pressure side of the first blade is widest$malart Allmaras turbu-
lence model an#d— e turbulence model has wider vorticity thr w SST turbulence
model. For this reason, it can be said that the powefficoent obtained might be rel-
evant with the width of vorticity in the pressure side of thade between0Oand 90
azimuthal positions and this situation may be expressetleawidth of vorticity in
the pressure side of the first blade increases, the powéiaert obtained becomes

smaller.

It is also worth mentioning that the vortex shedding aroureshaft is well modeled

by k — w SST and Spalart Allmaras turbulence models; however, thtexshedding

is not captured well bk — e turbulence model as can be seen in Figlres 2.12 through
[2.20.

(@) k—w SST (b) Realizable&k — €

Figure 2.12: Vorticity Contours at@or A = 1.5

The streamlines between 68nd 120 azimuthal positions with I5increment are
shown in Figure§ 2.21 through 2]25 and the streamlines etthurbulence models

are compared.
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(@) k—w SST (b) Realizableék — € (c) SA

Figure 2.13: Vorticity Contours at 25or 2 = 1.5

() k—w SST (b) Realizablek — e

(c) SA

Figure 2.14: Vorticity Contours at 3@or A = 1.5

(@) k—w SST (b) Realizablek — €

Figure 2.15: Vorticity Contours at 4%or 2 = 1.5
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(@) k—w SST (b) Realizableék — €

(c) SA

Figure 2.16: Vorticity Contours at 8@or A = 1.5

(@) k—w SST (b) Realizablek — e

Figure 2.17: Vorticity Contours at 7%or A = 1.5

(@) k—w SST (b) Realizabl&k — €

Figure 2.18: Vorticity Contours at 9Gor 2 = 1.5
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() k- w SST (b) Realizablék — €

Figure 2.19: Vorticity Contours at 10%or 4 = 1.5

(b) Realizabl&k — €

Figure 2.20: Vorticity Contours at 12@or 2 = 1.5
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In 60° azimuthal position, separation bubble starts to form flothal turbulence mod-
els as shown in Figuie 2.21. The sizes of the separation ésilaloé nearly the same
for k— w SST and Spalart Allmaras turbulence models while the sizleedbubble is

smaller ink — e turbulence model.

When 75 azimuthal position is reached, the sizes of the bubblesasa as shown in
Figure[2.22 and the size fér— e model is smallest and the size for Spalart Allmaras

turbulence model is larger th& «w SST model.

In 9C° azimuthal position, separation bubble obtained in SpAlmaras turbulence
model disappears and the separation bubbl& forw SST turbulence model is larger
thank — e model. From Figure 2.11, it can be seen that the poweficant obtained
by k — e model shifts a little to the right in upper peak value nedr&Ilmuthal posi-
tion. When the streamlines of these turbulence models bet@@eand 90 azimuthal
positions are analyzed, it can be said thate turbulence model predicts separation
later thark — w SST and Spalart Allmaras turbulence models. Thereforeshtieof
the power cofficient curve fork — e turbulence model to the right might be related

with its late separation estimation.

The streamlines for 105and 120 azimuthal positions are shown in Figufes 2.24
and[2.25, respectively. In 10&zimuthal positionk — w SST has larger separation
bubble thark — e model while Spalart Allmaras turbulence model does notipted
any. In 120 azimuthal position, Spalart Allmaras turbulence modetimts smallest
bubble near the blade and the separation bubblé& forw SST is larger thatk — e
model. In Figuré 2.11, it is also observed that the poweffment curve ofk — w
SST model faces a sharper drop compared to the other tudeuteadel curves after
90 azimuthal position. Hence, it is thought that this shargdroght be related to

the size of separation bubble predicted.
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60 degree

(@) k—w SST "~ (D) Realizablé— ¢

Figure 2.21: Streamlines at 6for 4 = 1.5

“T5degree

(@ k-wSST (b) Realizablek — ¢
Figure 2.22: Streamlines at 7tor 1 = 1.5
90 degree

@k=wSST (b) Realizablék —

Figure 2.23: Streamlines at 9fbr 1 = 1.5
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105 degree

(b) Realizablek — e

(a) k—w SST

Figure 2.24: Streamlines at 10for A = 1.5

(@) k—w SST (b) Realizablk — €

Figure 2.25: Streamlines at 12for 2 = 1.5
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2.2 Comparison with Experimental Results

Two dimensional numerical simulation is performed for gl $peed ratio values,
namelyd = 1,4 = 15,4 = 2,1 = 25 anda = 3, as outlined in Sectidn 2.1.1. The
2D numerical solutions obtained by usikg w SST turbulence model are compared
with the experimental results as shown in Figlres|2.26 tngu30.

Power Coefficient vs. Azimuthal Position for A=1.0
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Figure 2.26: Comparison with Experimental Resultsfer 1.0
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Figure 2.27: Comparison with Experimental Resultsfer 1.5

Figure2.26 shows that, the pattern of the numerical andx¢peramental power coef-
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Figure 2.28: Comparison with Experimental Resultsfer 2.0
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Figure 2.29: Comparison with Experimental Resultsfer 2.5
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Power Coefficient vs. Azimuthal Position for A=3.0
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Figure 2.30: Comparison with Experimental Resultsfef 3.0

ficient curves are quite fierent fora = 1.0. The primary reason might be that flow is
very unsteady for = 1.0 and th&k—«w SST model can not predict these unsteady flow
conditions. On the other hand, when the Figlires]|2.27 thrug are analyzed for

A > 15, it can be stated that the numerical powerfioeent curves show similarity
with the experimental power cfiiwient curves. For these tip speed ratio values, the
experimental lower peak values can be estimated by the mcatheurve; however,

the upper peak values are overestimated.

The comparison between numerical and experimental refsulesserage power co-
efficients in diferent tip speed ratia values is presented in Figure 2.31. As can be
seen in Figuré 2.31, For tip speed ratio valueg, 1.5, the power coficient values
obtained byk — w SST turbulence model and experimental data show similac-str
ture. In this regionk — w SST turbulence model overestimates the average power
codficients. However, for tip speed ratio values 1.0,k — w SST turbulence model
underestimate the average powerfigent. The reason might be the dynamic stall
which is dominant in this region and the flow is very unsteaalg eontains separa-

tions and reattachments.
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Average Power Coefficient vs. Tip Speed Ratio

o Experiment by Maitre et al.[10]
4 Numerical by Maitre et al. [10]
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Figure 2.31: Comparison of Numerical and Experimental Result

2.3 Comparison of Turbulence Models

The power cofficients obtained by using filerent turbulence models are compared
for different tip speed ratios. Thredidrent turbulence models, namely, Spalart All-
maras, realizable— e with enhanced wall treatment aké w SST turbulence models

are used in order to investigate the turbine performance.résults are shown in Fig-

ureqd 2.3P through 2.36.

For A = 1.0, the results for Spalart Allmaras akd w SST turbulence models show
similarities. Both models underestimate the lower peakesknd overestimate the
upper peak values when compared with the experimentaltsestihe pattern of the
numerical power curves for these two turbulence models aite dgifferent than the
the pattern of the experimental curve. On the other handptheer curve for re-
alizablek — € turbulence model shows some similarity with the experirakcirve.
The numerical power curve fdr— e turbulence model converges to the experimental
results in the lower peak region; however, it overestimatabe upper peak region
as shown in Figure 2.82.

ForA = 1.5, the results ok — w SST and realizablk — € turbulence models are quite
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Figure 2.32: Comparison of Turbulence Models ot 1.0
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Figure 2.33: Comparison of Turbulence Models ot 1.5

36

J
400



similar. They both converge to the experimental resultsfedower peak region and
overestimate in the upper peak region. According to thdteshown in Figuré 2.33,
it can be said that the power curve of Spalart Allmaras t@thcg model is similar to
the experimental power curve although it has some underastin and overestima-

tion in the lower peak and upper peak regions, respectively.

Power Coefficient vs. Azimuthal Position for A=2.0
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Figure 2.34: Comparison of Turbulence Models ot 2.0

For A = 2.0, the results of realizable— € andk — w SST turbulence models are quite
similar. For these turbulence models, it can be said thatehiglts show convergence
for the experimental lower peak values; however, the uppek walues are overesti-
mated. The results for Spalart Allmaras turbulence modehaite similar with the
experimental results and show some overprediction in tipeupeak region as can
be seen in Figurie 2.84.

For A = 2.5, the results ok — w SST and realizablk — € turbulence models are very
similar and they converge for the lower peak region and theyvoverestimation for
the upper peak values. As shown in Figure .35, it can be baidte power curve
of Spalart Allmaras turbulence model is similar to the ekxpental power curve al-
though it has some underestimation and overestimatioreithothier peak and upper

peak regions, respectively.
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Power Coefficient vs. Azimuthal Position for A=2.5
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Figure 2.35: Comparison of Turbulence Models fot 2.5
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Figure 2.36: Comparison of Turbulence Models ot 3.0

For A = 3.0, the results ok — w SST and realizablk — € turbulence models are very
similar and they converge for the lower peak region and theyvoverestimation for
the upper peak values. The pattern of the curve for Spalartakas turbulence model
is similar with the pattern of the experimental results. ldger, the results have some

overprediction and underestimation as shown in Figure.2.36

The average power cfiiients at diferent tip speed ratios are shown in Figure .37
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and compared with the experimental results. Spalart Abmandk — w SST tur-
bulence models underestimate the average poweéticeat ford = 1. The primary
reason for this can be the dynamic stall which is dominarti@régiom < 1.5. Real-
izablek — e turbulence model results have a constaffedence with the experimental
results. The reason for thisftkrence might be because of the three dimensional
and arm connection losses. Among these three turbulencelsy@palart Allmaras

turbulence model shows closest results with the experiahegsults.

Average Power Coefficient vs. Tip Speed Ratio

o Experiment by Maitre et all. [20]
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Figure 2.37: Turbulence Model Results for Average Powertidnent

2.4 Two Dimensional Numerical Solution using Ansys CFX

Another two dimensional numerical study is performed ugingys CFX commercial
sofware which solves Unsteady Navier Stokes equations. &€ulation domain is
the same as the domain mentioned in Sedtion 2.1.2. Theantletween rotating
and stationary domains are modeled as transient rotor staddel of Ansys CFX
which is the equivalent of sliding mesh model of Ansys Fluéliite time step is set
to 0.5° rotation of the turbine. The mesh has approximately 2660&@ents and it
is the same mesh used for the previous numerical studies.aB&BST transition
turbulence models are employed for turbulence modeling. advection scheme and

turbulence numerics are set to high resolution and the tesmhgiscretization is set to
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second order backward Euler scheme. In addition, residualset to 1x1® RMS
as convergence criteria. The 2D numerical solutions obthby using SST and SST
transition turbulence models are compared with the experial results as shown in
Figured2.3B through 2.42.
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Figure 2.38: Comparison of CFX Turbulence Models Resultiferl.0
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Figure 2.39: Comparison of CFX Turbulence Models.fot 1.5

The SST and SST transition turbulence model results arestlthe same for tip
speed ratios of 2.0, 2.5 and 3.0 as shown in Figures 2.40ghf@i42. However, for
tip speed ratio values 1.0 and 1.5, they shofiedént results. The reason might be
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Figure 2.40: Comparison of CFX Turbulence Modelsfot 2.0
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Figure 2.41: Comparison of CFX Turbulence Models.tot 2.5

41



Power Coefficient vs. Azimuthal Position for A=3.0

—tsr 3.0 SST CFX
—tsr 3.0 transSST CFX]
— Experiment[10]

Cp, Power Coefficient
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Figure 2.42: Comparison of CFX Turbulence Models.fot 3.0

the dominant separations and reattachments for theséues. In addition, the SST
turbulence model results for all tip speed ratios are alrtiessame as the— w SST
results obtained previously by Ansys Fluent. The comparisetween numerical
and experimental results for average powerflicoents in diferent tip speed ratia
values is presented in Figure 2.43. The SST transition mueelicts lower than SST
model forda = 1.0 andA = 1.5. The average power cfheient obtained by SST
transition model is also a negative value for= 1.0. Thus, transition SST model
does not perform better than SST turbulence model. Furthrernthe average power
codficients obtained by SST turbulence model of CFX are almostaheesvith the
results of the&k — w SST turbulence model of Fluent. It is also worth mentionimaf t

the computational cost of using CFX is twice that of Fluent.
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Figure 2.43: CFX Turbulence Model Results for Average Powertiioent

43



44



CHAPTER 3

DESIGN OF A LOW SPEED DARRIEUS TURBINE

Design of the low speed Darrieus turbine for river applmasiis performed by QBlade.
QBlade sofware is developed by the Wind Energy Group at Bedohmical Univer-
sity Department of Experimental Fluid Mechanics, led byfPRr. Christian Oliver
Paschereit. QBlade is a turbine performance calculatiomvacé integrated into the
airfoil design and analysis program XFOIL. QBlade is useddesigning both Hor-
izontal Axis and Vertical Axis WinflWater Turbines. QBlade has two sub-modules.
One of the sub-modules is HAWT design which is based on Bladmé&iie Mo-
mentum (BEM) theory. The other one is VAWT design which is basedouble -
Multiple Streamtube Model introduced by lon Paraschivddi[ In XFOIL, the user
can easily design airfoils, compute the polars and extedpdhe polar data to 360

range and integrate them into the design submodules. Tignda®cedure includes,

Design of airfoil using XFOIL.

Computation of polar data and extrapolation of the data té a6@le of attack.

Design of the turbine rotor using the airfoil created.

Turbine performance calculation over tip speed ratirange based on extrapo-
lated datal[34].

The general dimensions of the turbine that is designed ectesl to be 700 mm in
diameter and 700 mm in height which will be operating in amrigerrent having a
speed of 0.4 rs.
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3.1 Selection of the Airfoil

The selection of the airfoil is based on the commonly usdditnin Darrieus rotors.
The airfoils selected for comparison are NACA 0018, NACA 0086 AACA 0021.
The performance analysis of these three airfoils is cawigidby assuming that the
solidity ratio o is equal to 1, which is a typical value for Darrieus rotor typater
turbines. It is also assumed that the turbine has 3 bladessdBas these assump-
tions, the chord length of the airfoils is 116.67 mm. The agerpower co@cients
at different tip speed ratio values forfidirent airfoil profiles are shown in Figure B.1.

The average power cfiients for these three profiles are very equal to each other

Average Power Coefficient vs. Tip Speed Ratio
0.45 -

Cp_. ,Average Power Coefficient
av

| | | |
0 2 25
A, Tip Speed Ratio

Figure 3.1: Average Power Ciieients for Diferent Airfoils

as shown in_3]1. NACA 0021 airfoil profile is selected for fumtidesign and opti-
mization studies since it has higher average powefficoents for low tip speed ratio

values.

3.2 Optimum Solidity Ratio

In order to find the optimum solidity ratio for the selected G 0021 airfoil profile,

the performance calculations are performed over a rangelidiity ratios. The so-
lidity ratios investigated and corresponding blade cherdjhtsc, are given in Table
B.1.
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Table 3.1: Solidity Ratios and Corresponding Chord Lengths

Solidity ratio,o | Blade Chord Lengthg (mm)
0.8 93.33
1.0 116.67
1.2 140

Average Power Coefficient vs. Tip Speed Ratio

,Average Power Coefficient

c pﬂV

| | | | |
0lq is5 2 25 3 35 2
A, Tip Speed Ratio

Figure 3.2: Average Power Ciheients for Diferent Solidity Ratios

The average power cficient results for dterent solidity ratios are shown in Fig-
ure[3.2. As can be seen in Figlrel32yalue 1.0 has highest power dheient at
optimum tip speed ratio when compared withvalues 0.8 and 1.2. Thus, optimum

solidity ratio is determined to be 1.0.

3.3 Hifect of Camber on Turbine Performance

In the notation of NACA 4 digit airfoils, the first two integerspresent the camber
line while the last two integers express the thickness oftteil. First digit defines
the maximum ordinate of camber and second digit defines t&ién of maximum
camber. For example, NACA 2412 airfoil profile means 2 % canatb&lO % chord
and 12 % thickness. In order to investigate tlfe& of camber on the performance,
cambers at 20 %, 40 % and 50 % of the chord are analyzed. Thagaveower
codficients change with tip speed ratio values are given in FiguieFigurd 3.4 and
Figure[3.5 for 20 %, 40 % and 50 % of the chord, respectivelythése figures, the
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performance of cambered airfoils are compared with the bai®l, NACA 0021.

Average Power Coefficient vs. Tip Speed Ratio
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Figure 3.3: Average Power Cfieients for Cambers at 20 % of the chord

Average Power Coefficient vs. Tip Speed Ratio
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Figure 3.4: Average Power Cfieients for Cambers at 40 % of the chord

As can be seen from the results given in Figlires 3.3 throughe&hough cambered
airfoils show improvements on the start up characteristidbe turbine, they do not
improve the maximum average power ffa@ent results. Thus, the base airfoil profile
NACA 0021 is kept for further study.
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Average Power Coefficient vs. Tip Speed Ratio
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Figure 3.5: Average Power Cfieients for Cambers at 50 % of the chord

3.4 Hffect of Maximum Thickness Location

The maximum thickness of the base airfoil NACA 0021 is locate#9.10 % of the
chord. In order to examine théfect of the maximum thickness location on the per-
formance, the maximum thickness is changed to the posior6.6, % 24.2 and
% 19.2 of the chord. The comparison of the average powseficmats for ditferent

maximum thickness locations is given in Fighrel 3.6. Theltestnow that changing

Average Power Coefficient vs. Tip Speed Ratio

,Average Power Coefficient

c pﬁV

|
) 25
A, Tip Speed Ratio

Figure 3.6: Average Power Ciheients for Maximum Thickness Locations

the maximum thickness location of the airfoil does not inwerthe power coécient
results. Hence, the base airfoil profile NACA 0021 is seletbeoe the airfoil of the
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turbine.

Thus, the final design is decided to be a three bladed turbitieNMCA 0021 air-
foil profile whose maximum thickness is located at % 29.1 ef¢hord which is the

original position for maximum thickness.

3.5 Two Dimensional Computational Modeling of the Turbine

Two dimensional numerical modeling of the designed turlsreerformed by Ansys
Fluent usingk — w SST turbulence model and the average poweffmient results
obtained from CFD and QBlade are given in Figuré 3.7.

Average Power Coefficient vs. Tip Speed Ratio

o QBlade
A k-w SST

Cp_ , Average Power Coefficient
av

|
2
A, Tip Speed Ratio

Figure 3.7: Average Power Cfieient Results for CFD and QBlade

Figure[3.7 shows that the average powerfioents obtained by QBlade software is
close to the two dimensional numerical results. Thus, itlmasaid that QBlade is a
good tool in order to investigate the performance of vertisas turbines. However,
the results should be compared with experimental resutieder to fully evaluate the

performance prediction ability of the software.
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CHAPTER 4

CONCLUSION

The main aim of this thesis study is to design a Darrieus tyfme vertical axis water
turbine to be used in river currents and evaluate its pedoca by using Computa-
tional Fluid Dynamics. Due to the complex flow fields arounel thades at dierent
azimuthal positions of the turbine, the numerical modeththe turbine operation is
very important. An experimental Darrieus rotor type vetiaxis turbine is selected
from literature [10] for two dimensional numerical solutiin order to investigate
the independent parameters for modeling. Firstly, thepeddent parameters are
investigated including the time step independency, redishdependency and mesh
independency. This study is concluded by determinatiomdépendent time step
size, residual set and number of elements in the problem iddmaaed on modeling
of this three bladed turbine at the selected tip speed ratol.5, using commercial

CFD package Ansys Fluent.

Secondly, flow field of the selected tip speed raftic; 1.5, is examined using — w
SST, realizablé — € with enhanced wall treatment and Spallart Almaras turkzden
models. The power cdéigcient change with azimuthal position for the first blade is
presented for all turbulence models and the comparisoneopérformance of the
models are done based on the obtained results of vorticlty died streamline. The
power curves of dierent turbulence models have been associated with thedelat

flow fields.

Thirdly, two-dimensional numerical simulation is perfachfor tip speed ratios,

A = 10toA = 3.0 with increments of 0.5, using threeflidirent turbulence mod-
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els, namelyk — w SST, realizabl&k — € with enhanced wall treatment and Spallart
Almaras turbulence models. The power fimgent results of the turbulence models

are compared with the experimental data available.

Next, two dimensional numerical simulation is performethgscommercial CFD
package ANSYS CFX using SST and SST transition turbulenceslao@he results

obtained by CFX solver are compared with the experimentaltses

Finally, a low speed Darrieus type vertical axis water toebis designed for river
applications using QBlade which is an open source softwarehws used for calcu-

lation of the turbine performance based on double multipkasntube model. Selec-
tion of the airfoil profile, determination of the optimum &bty ratio, camber of the

airfoil and maximum thickness location are performed. Them dimensional nu-

merical modeling of the designed turbine is performed amdpared with the results
obtained by QBlade.

According to the studies mentioned above, the followingobasions can be done;

e The mesh independency study constitutes one of the mostriampgart of
two dimensional computational modeling, since selectibiirst cell height in
the boundary layer mesh of the airfoils plays an importal& determining the
forces on the blade. On the other hand, determination opieiiéent time step

and residual are trivial.

e The main power production occurs betweenadd 150 azimuthal positions
for the first blade then the second blade repeats the motithedirst blade and
the power production is concluded with the same motion otlire blade for

one rotation of the turbine.

e The power cofficient obtained might be related with the width of vorticity i
the pressure side of the blade betweemd 90 azimuthal positions and and
this situation may be expressed as the width of vorticityhm pressure side of

the first blade increases, the power ffimgent obtained becomes smaller.
e The vortex shedding around the shaft is well modeleld by SST and Spalart
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Allmaras turbulence models; however, the vortex sheddimpt captured well

by k — € turbulence model.

e The shift of the power cd&cient curve fork — e turbulence model to the right

might be related with its late separation estimation.

e The sharp drop in the power déieient curve folk —w SST model after 90az-
imuthal position might be related to the size of the sepandiubble predicted.

e Spalart Allmaras an#d — w SST turbulence models underestimate the average
power codficient forA = 1. The primary reason for this can be the dynamic
stall is which dominant in the region < 1.5. Realizablek — € turbulence
model results have a constantfdrence with the experimental results. The
reason for this dierence might be because of the three dimensidifetts and
arm connection losses. Among these three turbulence m&jstart Allmaras

turbulence model shows closest results with the experiahegsults.

e SST turbulence model of Ansys CFX gives approximately theeseenults as
thek — w SST turbulence model of Ansys Fluent and the transition S8deain
does not perform better than SST turbulence model.

e The computational cost of using CFX is twice that of Fluent.

e QBlade is a quick tool in order to analyze the performance oficad axis

turbines and the results obtained from QBlade are consisiémCFD results.

Based on the conclusions mentioned above, the followingmesendations can be
made for 2D CFD modeling of Darrieus turbines in terms of tlseiés of problem

domain, meshing and numerical modeling.

e In order the numerical solution to be independent of probtymain, It is
important to determine sizes of the domain. It is recommehllat the distance
between the inlet boundary condition and the turbine shbalfive times the
diameter of the turbine and the pressure outlet boundargliton should be
placed ten times the diameter of the turbine. In additioa,dtameters of the

rotating domain should be far enough from the blades of th#rta.
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e Meshing of the domain constitutes first major part of CFD mimdelin order
obtain mesh independent solution, a mesh having a numbé&rokats around
270000 is fine enough. The number of elements in the rotatamg gthould
form a large part of this number since the interaction of tltaglés plays an
important role on power production. In addition, the airkirfaces should be
divided into sdficient number of nodes around 500 which should be denser in
the leading and trailing edges of the airfoils in order theasations to be pre-
dicted correctly. The determination of the first cell heighthe boundary layer
mesh of the airfoils is also important since the forces onbilaeles constitute
the power generation. The first cell height should be detezthbased on chord

Reynolds number.

e Numerical modeling is the second major part of CFD modelimgthis study,
several turbulence models of Ansys Fluent and CFX are usatufoerical so-
lution. It is recommended to use Spalart Allmaras turbudemodel for numer-
ical solution since it shows significant similarity with te&perimental power
codficient curves. Itis also recommended to use Ansys Fluergadsdf CFX
because the computational cost of using CFX is higher thaanE|@although

they give approximately the same results.

As a future work, the designed turbine for low speed riverenirwill be tested in cir-
culating water channel in Department of Mechanical Enginge METU. 2:1 ratio
model will be studied experimentally as a part of a projecidied by Coordination

of Scientific Research Projects, METU. In addition to the pkohfuture work, the
performance of dferent turbulence models should be compared using PIV data of
an experimental Darrieus type vertical axis turbine. Sothercturbulence models
should also be tested and compared with PIV data in termsegbdwver coéicient.
Three-dimensional numerical modeling should also be pexo and compared with
the experimental and two-dimensional numerical resuttsddition, the experimen-

tal power curve of an experimental Darrieus turbine sho@ddcbmpared with the

QBlade results in order to fully evaluate QBlade software.
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