University of Sheffield

Department of Mechanical Engineering

Numerical Study of Trailing Edge Flow Control

for Horizontal Axis Wind Turbines

Hao Chen

Supervised by Prof. N. Qin

This thesis is submitted to the University of Sheffield in pafakfiliment of the

requirement for the degree of Doctor of Philosophy

June 2016






Abstract

Abstract

Wind turbines have been developed for more than a century and nowadays wind turbines are still
facing some challenges such as efficiency and maantze problems. Load control is considered

to be one of the most important parts for future horizontal axis wind turbine (HAWT) designs.
Deploying effective flow control devices on the blades could either increase loadsdasigff

wind speed conditionsr reduce the extreme loads, leading to either higher energy output or a
more stable energy output from the wind turbine. This study reports a research into the
performance of trailing edge flow control devices of HAWT by solving the Reynolds averaged
Navier-Stokes equations. The validation case selected for this work is the NREL Phase VI blade
with experimental data. The trailing edge flow control devices studied include microtabs and
microjets installed near the trailing edge of the rotating blade. Meegdint trailing edge is also
included in the study as a passive flow control device due to its practical interest. These trailing
edge devices are implemented on the figgdh NREL Phase VI blade, using the original
performance and flow characterist@s a benchmark. Both 2D and 3D simulations are carried out

in order to investigate the suitability of the 2D blade sectional design analysis and control for the
actual 3D rotating framework. Moreover, the study is extended to an activergmdated
offshore wind turbine, NREW 5MW wind turbine. Firstly the code to code comparison is carried
out for validation purpose. Then the trailing edge flow control devices are also deployed on this
wind turbine to find out their effectiveness. The results show theresignificant differences

when compared to the conclusions from the CFD study on the NREL Phase VI blade.
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Nomenclature

Nomenclature

A = Swipe are® of the wind turt
c = Chord | eg@DytCrsoestst i ba al aerofoil
C = Lidf tOTa@&fY i cient,

Cq = Dr dg OQfo@ TYfY ci ent ,

Coower = PoweFmt6&fficient =

Co = ssurkr e 6efihin iTedfy,

D = Drag force

Feffecti = Target force an ctrheescsr obadl o
L = Lift force

M+ = Momentum of the wNmd turbir
P = Power output of the wind tu
r = Radi al spanwise position of
R = Wind turbine blade radius
Re = ReyyYo® I"¥$7 number ,

T = Wind turbine ThruBNt (right
Y = wind speed, m/s

U, = Relative free stream wind speed
X = Chord position to the | eadi
y' = Nondi mensiconadawcel | wall di
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Nomenclature

Greek Symbol

U = Angl eAof attack (AOA),

b = Bl ade pitch angle, A

« = -s e (Ctriosrsa l aerofoil twist angl
¥ = Wind turbine rotational spe
‘ = Fluid vi's pdgiop @t his study
" = Air dehspgQTht his study use
Acronyms

2D = Two di mensi onal

3D = Three di mensional

CFD = Computational fluid dynamic
HAWT = Hori zontal axis wind turbir
VAWT = Vertical axis wind turbine

NREL = Nati onal Renewabl e Energy L
GF = fl@uwprney

DTE = Di vergent trailing edge

TSR = Tip speed rati-e= of the wind
TE = Trailing Edge
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Chapter 1

Introduction

Chapter 1  Introduction

Energy has become the most important parh@adernsociety. It exists in lots of forms such as

electrical, chemical, heat, kinetic and so on. Nowadays fossil fuel is still the main spargg

for humanconsumptiorbutit is nonrenewable andnsustainableThereforein therecentyears,

scientistsand engineeraredevoting a lot of efforts ideveloping renewable enertgchnologies,

such as bieenergy, solar energwind energytida energy, geothermal energy and wave energy

Wind energy has some obvious advantages when compared to other renewable duetgies

huge reserveand it is wide spreadnd availability.

1.1 Wind Energy Today

Wind energy is holding a more and moreanpt a nt

position in the

wor |l

year after year. Wind turbine, which is the machine converting the wind energy to usable electric

power, has been developed for more than a cenfirg.first man who transferred the wind

energy into elecicity was James Blyth in 1887. In 1931 the French aeronautical en@@eeege

Darrieus first used edoils to create rotation which pionesrthe wind turbine design. Since

then the wind turbine design has attractdte attention of engineers, whgpromoed the

development of the modern wind turbines.

In the gast decades wind energy has been

developed significantly in the world because of the energy crisis and governmental policy.

39431 47,62

2003 2004

mﬂ?sao 0200 13600 17400 2”“” 3100 -
o omm mmm

1997 1998 1999 2000 2001 2002

0,000 et

0 5909!

369,597

31864
283132 - I
2013 2014

238435 .

010 20m

197,943

159 07 9

2007 2012

2008

Source: GWEC

Figurel. Global Cumulative Installed Wirlehergy Productiod996-2014
(Souce from Global Wind Report 2018y GWEC)
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Figurel shows the outstanding development of the wind capiscihe world from 1996 to 2014

However there is still huge potential to explore more wind energy all over the. iaddrding

to the analysisrom Lu et al. (2009) a network of ladzhsed 2.5 MW wind turbines can supply

more than five times of the total use of energy worldwide.

According toTable 1 China is the country with the biggest wind enempduction at the

moment However, because dfie huge electricity demand the wigdnerated electricity only

accounted for Z8%

list.

of t he

countryads

t ot &34 bdlibnekwh last ci t y

year. It is significant to mention that there are six European countries in the top ten wind ener

Country MW % SHARE

PR China 23,196 45.1
Germany 5,279 10.2

USA 4,854 9.4

Brazil* 2,472 4.8

India 2,315 45

(anada 1,871 3.6

United Kingdom 1,736 3.4
Sweden 1,050 2.0

France 1,042 2.0

Turkey 804 1.6

Rest of the world 6,852 13.3
Total TOP 10 44,620 87
World Total 51,473 100

Table 1 Top 10cumulativewind power production countries the world

The United Kingdom has the best wind resources in Europe because of itexXposed
coastlines and low mountain rang&te WK installed 1736 MW wind energy in 2014vhich
consisting of 813MW offshore and 924MW on shore wind endrgypecember of 2014, the
wind power contributed 14% of the national electricity consumption which was a new record and
The

(Souce from Global wind report 2018y GWEC)

very close to the target ratin 2020

UKO6 s

gover nment

set

up

to legally require the British electricity suppliers to provide a proportion of their sales from

renewable energy such as wind mowor they will be penalized (@&m.gov.uk). With the

t

ou

he
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govenmental support and huge wind resources, the UK is expected to have more than 28,000

MW in 2020which secure 15% of the national energy consumgtiowit, 2012).

1.2 Modern Wind Turbines

1.2.1 HAWTs and VAWTs

A wind turbine isa tool thatin used to trasform wind energy into electricity and it can be
divided into two categories based on different constructions: vertical axis wind turbines and
horizontal axis wind turbines={gures 2). Nowadays HAWTSs are the matiype ofwind turbines
which are commerclly manufactured around the world for generating wind gnefhe reasons

for this are: 1the power coefficient of HAWT isonsiderechigher tharthat for VAWT; 2) the

rotor of HAWT is operated in the high Atmospheric Boundary Layer which can aliggss

wind speeds; 3he size of HAWT can be very large (the diameter can be more than 120m so far)

and its mechanical behauois more stable.

The modern HAWTO6s aer odynami i thd directidn mfgtorgieor ce i s
generatedrom the windturbine bades. Nowadays some specifed oi | s are used as t |
cross section in order to get a bettgCgratio, resultingin larger force in the direction of rotation

The working principle of the HAWT will be introduced in Chapter 2.

Figure2. OnshoreHAWTSs (left) and a typical VAWT (right).

(Picture fromhttp://www.windenergyplanning.com/
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|

Transformer' |
Generator ,
Gearbox =

o~

Tower—

|

Figure3. Components of HAWT(Source fromhttp://www.windpoweralternators.co.uk

A HAWT consists of some fundamental caonents as followsHigure3):

1. The rotor. It includes blades and hub of the wind turbine which is the most important part

because it is the determinant of the devel opment

2. The drive train. It includes shafts, gearplorsake system and generator. This part of HAWT is
mainly used for transferring the mechanical power from thedpged shaft to a higépeed shaft
which leading to a suitable angular velocity to drive a generator and produce electricity.

3.Nacelle. This s t he housing of the drive train and it

4. Tower and foundation. Typically, the ratio between rotor diameter and tower height is 1 to 1.5

and it is also dependent on the local geography and weather conditions.

5. Control system. This part is mainly used for power control and wind turbine protection.

1.2.2 The Development of HAWTs

The technology of HAWTS, including both aerodynamically and electrically, has been developed

for some decades. The capacity of a sitdfeNT has been developed significantyd the

largest HAWT reaches a tip height of 220m (V468-MW prototype).Figure 4 shows that the

size of HAWTs grows rapidly in recent years an
HAWT could grow to 300m andith a 250m diameter.
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With the much higher power output of large HAWTS, the load control of the wind turbine is
becoming more and more significant for both electrical requirement and wind turbine
maintenanceSmaller wind turbines were mdgtstall-controled wind turbines andhese wind
turbines do not avoid stall and are commonly with a constant rotational speed. The stall
controlled wind turbines are small and easily controlled in their working wind speed range,
however the power output of this type oAWT is relatively small and th€p is quite lowout of

the ratedwvind speed. r examplethe NREL Phase Vivind turbine studied in the presemork.
Modern large HAWTS, especially for offshore HAWTS, are mostly with variapeed and
variablepitch contol system. This type of HAWT normally changes its rotational speed and
pitch angle to fit the wind speed for the optimal AOA to reach the maximubefore the rated
wind speed. Then if the wind speed exceeds the rated wind speed, the wind turbine aogid ch
its pitch angle to maintain its power outpit stable levelHanserand Hansen (2007) classified

the modern HAWTS into four types: fixed speed wind turbines, variable speed wind turbine
concept with variable rotor resistance, variable speed wirgine concept with partialcale
frequency converter and variable speed concept witksfalle frequency converteilhe details
including the differences of the gearbox among these types of HAMTBOt be presenéd here

as this PhD study is mainly aint the aerodynamics and flow control of the HAWTSs.
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Figure4. Development history of the size of HAWTSs. (Source from IPCC 2011 report)
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1.3 Motivation and Obijectives

Improving the aerodynamic performance of the wind turbine blade is one of the mditasigni
factors to maximize the efficiency of transforming wind energy into mechanical energy.
Furthermore, load control is also important for the aerodynamic design and protection for
HAWTSs. Therefore flow control can play a significant role in both improwthe aerodynamic

performance and loaalleviationfor modernHAWTSs.

So far the research work relative to this area has gained great achievements and as a result the
efficiency has been improved to be nearly 50% today. CFD played an important andesftaeti

in researching the flow around and downstream of a wind turbine, which is relatively cheaper
than wind tunnel testing and provides more reliable results than analytical ardnspmcal

models Sgensenand Shen2002).

The comparison between CREIDd experiments can be seen clearly in the following table.

Table2. Comparison betwee@FD simulations and experiments

Experi ments CFD

1 For one quantity &1 For all desire qu:
2 The points and tir2 High resolution i1
3 For a-slcab e@r atoarey 3. For actual fl ow d¢
4. Theiopgecanditions 4. Can simulate any
a | imited range condition virtually
5 Error sources: ns. Error sources:
di sturbances by the iteration, turbul enc

However, the results of a CFD simulatiore arot fully reliable because: fhe input data may
involve uncertainties; 2he mathematical modelf dhe problem may be inadequate; tBe
computational resources may lead to the limitation of the accuracy of the results. Therefore the
validation of the employed CFD methodology is necessary with comparing the CFD results with

the actual experimental ngss.
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1.3.1 Motivation

As mentioned above, the power coefficient of some modern wind turbines can reach as high as 50%
in a particular wind speed. However, the wind speed is changing all the time which leads to lower
power coefficient in both loar and hider wind speeds. For instance, in the high wind speed
condition, the wind turbine blade begins to stall which leading to immediate reduction of the
power coefficient. Under such situation, many flow control devices including both passive and
active devicesvere researched and tested for higher efficiency of the wind turbine under various
wind speeds. According to the literature review in chapter 2, in the past few decades many flow
control devices such as microtabs, vortex generatorghetyc jets and maong flaps atthe

trailing edge were proved to be effective to increase the performance of the wind turbine in some
specified conditions.

Researchers investigated into deploying different flow control devices on the wind toldies

in both experimentadnd numerical wayy However, as compared above, the experiments are only
with specific conditions and rotor models. Therefore if the CFD simulatioteasal properly

with reliable results it will be significantly beneficial for further design and ntiodedf the wind
turbine blade.

So far most the CFD studies on the flow control devices on wind turbine blades are limited to 2D
cases because of the huge mesh generation work and computational time of-gfaldull
simulation. However the 2D simulatiorart just explain the performance afosssectioral
aerofoils Since the 3D effects can be significant for wind turbine flow phy&8DBsfull-scale
simulation is more reliable and realistic. Therefore with sufficient computational resources, the
motivationand aimof this study is to model th&D full-scale wind turbine bladie the rotating

frame with flow control devices in order to further optimize the blade design and improve the

efficiencyor for load controbf the wind turbine.

1.3.2 Objectives

CFD simulation as an effective tool for optimizing the design of the wind turbine blade, the first

steps of the study are as follows:



Chapter 1 Introduction

1) Understanding how CFD works and its limitations. This includes the goveenimations and
turbulence modelsof example Wy choosingQ 1 “Y"Ytibulence model, why the wall is

important for computation accuracy.

2) Mastering the methodology of how to generate a proper mesh for the specified geometry for
the 3D simulation]CEM CFD is selected as the mesh genenatawl for all of the cases. It is
significant to find out the criterion of good mesh and how to make the mesh capture the flow
details of the case.

3) Understanihg the theoretical detailof ANSYSFLUENT and relevant settingd his includes
manyfactorssuch as whether the flow is steady or unsteady, the boundary conditions, solvers and
time steps.

4) Post processing of the results. After the computation it is necessary to process the results to get
the figures and dataUsing proper software is able &xport helpfulfigures which showing the

flow structure and important details of the cases. In this study most digtires come from

ANSYS CFDPOST andfew of them are from TECPLOT360.

After undersanding the common methodolodkie objectives ofhis studyare as follows:

1) Carrying out a reasonablealdation of the employed CFD method. This can be done by
comparing the CFD results with the experimental results. SolfteL Phase Vwind turbine
which is a stalregulated small wind turbinés chasen because of its sufficient experimental data.
Another validation case is the NREL 5MW offshore wind turbine with 126m diameter, which is
designed from a BEMBlade Element Momentum theory, will be introduced in chapteodg.
However there is no exgerental data for this wind turbine so only code to code comparison is

carried out in the study.

2) Investigating different turbulence modeEhere are mangurbulence models so far and which
one can predict the most accurate result in the specifiedtimmgdin this case should be studied.

This part also includes the steady or unsteady flow condition study.

3) Researching intthe modern flow control déses of the wind turbine bladegrf examplethe
microtabs in the trailing edgenicrgets and vortexgenerators on the sucti@ide and so on.

Investigationinvolves what is the design process of these devices and how they work.
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4) Carrying out 3D CFD simulations dhe rotating wind turbine blade witleploying different
kinds of flow control devices.fis is the eventual objective of the study to see how to improve
the efficiencyor control the loadsf the wind turbine in relatively lower or higher wind speed. A
good effort will be needed for the mesh generation work in this part because the gedinetry o

wind turbine is complicated.

1.3.3 Innovations of the study

After reviewingtheliteratures, the possible innovations of the PhD study are as follows:

1. Mostof the existing CFD study owind turbines underestimated the power coefficient when

the gall happens under high wind speed using RANS turbulence modelling. Some researches
using DES turbulence modelling can more accurately predict the torque of the wind turbine;
however the utilized mesh size was huge such as Li el al. (2012). The mesk afFbi
simulation had more than 57 million grid points which was impossible to compute in most of the
universities or companies. In this study a relatively coarser mesh (less than 4 million grid points)
was employed in NSYSFLUENT using theQ 71 “Y"Ytiftbulence model and results show that
with a good mesh aralproperunsteady RANS solutiothe CFD is still able to accurately predict

the mechanic torque of the small st@bulated wind turbine in higher wind speed where the stall

is domirating on the suction side of the blade.

2. According to the literature review, so far there are ik researches on the 3D fidtale

wind turbine CIB modelling with different kindof flow control devices. 2D CFD studies

sectional span CFD studiemd relevant experiments showed that (see chapter 2) some flow

control devices including both passive and active devices such as microiedogets and vortex
generators can improve the wind turbinebs effic
will focus on the 3D fullscale CFD simulation of wind turkérwith deploying different kinaf

flow control devices in various wind speeds to
with the particular devices. Such simulations are more realisin #D CFD simulation.

Moreover, when compared to the experimental researches, the CFD simulation can test different

flow control devices and more flow conditions.

3. Other than the flow control devices, some innovative aerofoil design such the divexitjagt tr
edge desigmproposed by Henne and Gre@i®9]) or flatback aerofoils. These types of aerofoils

can actually provide higher,@han sharp trailing edge aerofoils however due to much higher

9
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induced G they are not suitable for aircrafts or aerospamglieations. For wind turbines, the
torgue and bending moment are the most important factors to be cahirethe design process.
Therefore investigating and comparing the performance of these aerofoil desighe wind

turbine in 3D rotating frame Bnothemovel aspedn this study.

10
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Chapter 2 Literature Review : Aerodynamics of

HAWTSs and Relevant Flow Control Devices

This chapter firstly introduces the basic definition and equations of HAWTSs including TSR,
power coefficient, andestional lift and drag forces. The numerical methodology and equations
used for the CFD simulations are introduced in the second part. Lastly the literature reviews on
the previous study on the flow control on HAWTiscluding both numerical and experimexht
studies, are illustrated.

2.1 Basic Definitions and Equations

Tip speed ratio:

In the wind turbine design the tip speed ratio (TSR) is a very important paraihétethe
ratio between the blade tip speed and the wjpebd which can be written as:

— 2.1)

where_is the TSR) is the wind turbine rotational angular velocity, R is the radius of

the wind turbine disc and is the absolute wind speed.
Power coefficient:
Theoretic#ly the energy Ppassing through a crasgction A per second is:

0 -MmY A (2.2)

where ” is the air density,”Y is the wind speed and A is the cs-section area. Thus the

power coefficient G which is the ratio between the actual power and the flow energy is:

5 — (2.3)

Accor di n dimt(l966B tee Ghas & maximum value of 16/27 = 0.593.
Lift and drag coefficients:
Lift and drag coefficients areehmain characteristics of amrafoil which can be calculated as:

11
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6 — 6 — (2.4)

where c is the chord length, L is the lift force, D is the drag force aisdhérelativeflow speed
around the erofoil. In different span position of the wind turbitdade, the chord length, flow
speed, angle of attack and Reynolds number are different, which are important to the wind turbine

performance.
Pressure coefficient:

The pressure coefficient is a yamportant parameter to therafoil, and in many reseahnes this
parameter was used to validate the accuracy of the CFD simulation. The pressure coefficient can
be calculated by the equation:

6 — (2.5)

where p is the surface pressure gnds the standard atmospheric pressure and U is the flow

speed.

Blade Element Momentum BEM) Theory:

The Bade Element Momentum (BEM) theory wdsveloped by Betz and Glauert (1935) from
Rankine and Froudeds (1878) Actuator Disk theor
and momentum theotpgether. Practically, using BEM theory for wind turbine blddsign is to

divide the blade into finite elements along the span. In the rotational plane of the rotor, these
elements will trace out annular regions acregsch the momentum balance takes place.
Therefore with using existing 2D aerofoil data and the B&bry it is able to predict the power
output of the wind turbineNowadays many mainstream wind turbine design software are based
on BEM theory because it can provide reasonably well results with short computing time.
However its disadvantages are alswious as: 1), it assumes the elements along the span work
independently which ignoring the spanwise flow effects; 2), based on sttddyflow (non
turbulent); 3), ignoring the yaw effects of the blade; 4), requiring specific tip loss correction

modelsfor higher accuracy.

12
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2.2 CFD Study on Wind Turbines

CFD enable us to solve the differential governing equations of fluid flows numerically with
computers. As mentioned above, compared to experimental analysis CFD is much faster and
cheaper but can alsoqvide acceptable results if used properly.

In an integrated CFD study there are normally three steps which are preprdi@sssojution

and posfprocessing respectively. Preprocessor includes the computational domain setting and
mesh generation. A gdamesh is significant for getting good resulthe flow ®lver is the core

of a CFD study and most of the commercial CFD codes are based on a finite volume
discretization such a8NSYS FLUENT which is used in this study. The pgsbcessing work is

for the analysis of solution results. There is some specific software for CFproasssing such

as CFDPOST and ECPLOT 360. With such software we can analysis different factors such as

pressurgsurface streamlines and so on.

The Unsteady/Reynolesveraged MvierStoke (URANS/RANS) methods is used for all the
simulations in the present work as the LES (Large Eddy Simulation) and DNS (Direct Numerical
Simulation) require huge computation time especially for the 3D simulations of wind turbines in
this study.As for incompressible fluid solution, the presstwesed coupled solver is selected for

all the simulationsReferring to the ANSYS FLUENT Theory Guide, there are some advantages

for using the coupled approach comparing to the segregated approach andt altdiust and
efficient single phase implementation for steatlte flows.In the present work, it is found that

using the coupled approach is more robust and provides much better convergences than using the
segregated algorithm. The research done bgnGh Przekwas (2010) can also be referrec as
sample which showed that the coupled approach demonstrates good numerical convergence and

computation time reduction.

2.2.1 Navier -Stokes equations:

The mathematical model of fluid dynamics is based on uhddmental mass, momentum and
energy conservatioprinciples For incompressible flows the energy equation is decoupled from

the mass and momentum conservation equations. Because the fluid properties are assumed to be
constant (not changing with differetgmperature) for incompressible flow. With such condition

means that we do not need the temperature to solve the mass and momentum conservation

13
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equations for calculating the unknown velocity and pressure distribution. After solving the
velocity and presserfield if the flow, the energy equation can be solved by itself to find the
temperature distribution. For the simulations of wind turbines, heat transfer is not a primary
concern as the flow around the wind turbine is assumed to be incompressible gitiinton
temperature. Therefori@ the present study only the mass and linear momentum equations are

solved to obtain the velocity and pressure fields.

If we combine the continuity and momentum equations into a compact -vectable form we
can get:

— PQ B '® @QYm (2.6)

v

where the vector of the conserved varialblesthe convection teri@®and the diffusion teri®

are as follows:

i , ” oo e N Il
IR BRI N S S SR
"0 "0 wne ue T et et U
The contravariant velocitgo in equation 2.7 is introduced as:
w B & ot 0E 0e (2.8)
Wherer is the static pressui@nd for perfect gs:n "'Y “Y hereY is the specific

gas constant which is 287.058 J/kg*K aifis the temperature 1, is the stress tem. For

Newtonian fluid, the shear stress terms are introduced as follows:

T -t¢= = — (29)
T -t ¢— — — (2.10)
T -t ¢— — — (2.12)
ot = = (2.12)
(S N gu— 2.13)
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[ S g— (2.14)

The equations of stress terms shown above are for general solutions. The present work uses the
RANS solution for all cases using the finite volume method therefareRetynolds averaged

momentum equation is introduced below in the tensor format:

"— "YY—  — — 'Y "00 (2.15)

Where"Y is a symmetric tensor called the strafite tensorl’Y  — — . The Boussinesq

eddy viscosity assumptions are used to model the unknown Reynolds stress terms:
t "60 ¢ Y -"1o (2.16)

Where' is calculated from turbulence models and 1pr g %

2.2.2 Turbulence models:

The laminar flow only exists at a very low Reynolds number which is:
YQ — (2.17)

Here L is the chacteristic length scale (thevaf oi | 6 s chord | ength in this
velocity and is the viscosity of the fluid. When the Reynolds number is high the flow regime
becomes turbulent and tHiew situation is complex which leading to the existence of many
turbulence model theorieBlue to the noftlosure condition of the RANS equations, different
turbulence models have been developed to close the RANS equations.begiheing of the
presem work, the SpalarAllmaras Realizable E rmodelandE 5 3 3 tirbulence models

are selected for the computation. However after comparing the results with experimental data and
the convergence history dhese threeturbulence models, thE 5 3 3 turbulence model
provides moreaccurateresultscomparing to the other two models especially at the wind speeds
higher than 10m/s where stall happefkerefore all CFD simulations in the present work are
using theE 5 3 3 irbulence model.The detail comparison and data will be found in chapter

four.
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Thel N N (phear stress transportimodel:

Menter (1994) developed the sheatress transport (SSB 5 3 3 dhodel whichblends the
robust and accurate formulation of the 5 model in the neaall region with the freestream
independence of tH® - model in the far fieldThe form ofE 5 3 34 similar as the standard
E 5 model:

. ko)

T o " o

I
T G

T_ ” —| T ”

. T~ 1 o - , o
s T 10 — W "o @) & q 1Y (2.19

) ()

In the two equations shown above, the t&dnrepresents the productions of turbulence kinetic

energyand’O represets the production of . The definitions ofO and™O are as follows.

“ » 2 hohl 070 . |_.,
0 e n o Lo (2.20)

The coefficient is given by:

T z z ‘ 7
| T T N — (2.21)
WhereY'Q —. For theE 5 3 3 odel the term is defined as equation @28). The

other model constants can be found below.

| a v p O] j{ (222

R = — ;| 5 (2.23)

1

woandg are the effective diffusivities dtand  which are given by:
®» = n w = .29

In equation (2.25) and, are the turbulent Prandtl numbers Eoand which is given by
equation (2.26). is the turbulent viscosity which is computed by equati®2q) “Yis the

magnitude of the strain rate tensor
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” —v 1 ” —v (25)
— T & — Tk
O —— (2.26)
Tﬁ_
0 OATE N &0 GO —Fh— e (2.27)
0 aoo” —ﬁ———Fp Tt (2.30)
0 OATE N & 6 i ——Fr— (2.3)

Wherewis the distanceclosest to the wall surfac@ is the crosgliffusion term which is
defined in equation (2.31) af@ is the positive portion of the crogiéfusion term.This term is
introduced because th& 5 3 3 #irbulence model blends ehstandaree 5 and standard
E rmodel together which requiring transformation for tie R model into equations based on
kand .

- QP RILRO
O ¢p Q —wi o (2.32)

The term® is the dissipation of k. Unlike the standard 4 model, inthee 5 3 3 mhodel

the™(2 is a constant equal to thus,

® "1TQg (2.33)
n vyQ — (2.34)
The term& represents the dissipationoffor theE 5 3 3 mhodel it is defined as:

AT Nt ar p OFsp (2.35)

The model constants are as follows:

| ph ™G ™EH® mrhy yiy @iy b

~

I b5 pRPX.9r p8H 5 <8N 5 pP oy TP
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Th mixlbg mrycy

The Spalart-Allmaras turbulence model:

The SpalarAllmaras oneequation turbulence model solvesmmdelledtransport equation for
turbulent viscosity which was designed for aerospace catiglh involving wall-bounded flovs
and was proved to be able to give good results for boundary layers subjected to adverse pressure

gradients. The transport equation for th& 8odel is introduced as follows:
— "0 — "uo —— " "0 — 0 " — 0 (2.36)

where"O and@ denote the turbulent viscosity and the destruction of turbulent viscosity that
occurs in the naawall region respectively, and0 are constants analis the molecular
kinematic viscosity. In the-8 model theturbulencekinetic energyk, is not calculated.

For the turbulent viscosity , it is computed from:

‘ ” L‘)"fgp (2.37)

where the viscous damping functi@ is given by:
Q —— and ..k - (2.38)

The production terrfO is modelledas:
O 0" (2.39)
where

Yk Y —"Q and M p — (2.40)

0 andll are constants and d is the distance from the w&lis a scalar measure of the

deformation tensor and in ANSYS Fluent, it is defined as:
YK 6 & Q&hyY ) (2.41)
where
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0 ¢8h k¢ Y ko QY

The mean strain rat®’ is defined as:

Y - — — (2.42)
The destruction term of the-& turbulencemodel is introduced as:
® 6 "Q - (2.43)
where:
MM Q—, Qi 0 i i hk— (2.44)

The model constants are as follows:

6 T®oun @ ch gm x®B o0& TU W

o) T cgtl ™8 p W)

The Realizablel turbulence model

ANSYS Fluentsupports three kinds & Rturbulence model which ai®TD (¢andard, RNG
(renormalization group theory) and Realizable R models. The forms for three models are
similar with transport equations for turbulent kineticergyk and turbulent dissipaticm They
are different because of: 1) the method of calculating turbulent viscositye 2yrbulent Prandtl
numbers governing the turbulent diffusion of k &@) the generation and destruction terms in

ther equation.

The Realizablee r model is developd from the StandarB R model as it has a new
formulation for the turbulent viscosity and a new transport equation for the dissipation rate
(Shih, et al.). It is calledRealizablé because it satisfies certain mathematical constrains on the
Reynolds sess and consistent with the physics of turbulent flows, which the othdt two

model are not able to meet this requirement.
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In ANSYS Flueni for the incompressible flowthe modelledtransport equations for k amdhre

introduced as:

—7Q —"® ' - — "0 0 "-%Y (2.45)
T T , T T - -
-7 - —7 — ' — —— "0'Y
T % fa T °
"0 = 0 -0 O Y (2.46)
where:

.= Q. T
0 daowd h_—U h - "h Y gYY

In equation 2.45 and 2.4®) represents the production of turbulence kinenergy which is

calculated as:
O "00 — (2.47)

And "0 is the generation of turbulence kinetic energy due to buoydrmyideal gases, is

calculated as:
O QQ—— (2.48)

where0 i is the turbulent Prandtl number for energy which is 0.85 for the RealiZabke
turbulence model an@@is the component of éhgravitational vector in th&h direction."Y and

Y are usedefined source terms and in the present studies these terms are ignored.

The eddy viscosity is calculated as:

g — (2.49)
where: 0 —— (2.50)
Yk YYY mm and m  m - (2.51)
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In equation 2.51n is the mean ratef rotation tensor viewed in a moving reference frame with

the angular velocity . The constanté and® are given by:
O 18D VgD E i %o (2.52)

where:

% -0é& i Vew fo RY YYRY - — — (2.53)

The model constants are:

6 pgth pah ps8h, PR

2.2.3 The Moving Reference Frame Function

By default, ANSYS FLUENT solves the governing equations and turbulence models of flows in a
stationary referencikame. However for someases such as the rotating blade case in the present
work, there are some significant advantages to solve the equations in a moving reference frame.
In the stationary reference frame the rotating blade will render the problenadysttowever

with deploying the moving reference frame functiand a rotationally periodic boundary
condition the flowof an assigned volume is assumed to be with a constant rotational speed and
the nonwall boundaries are surfaces of revolution (formegke velocity inlet). Therefore in this
situation the blade can be simulated as stationary wallaand steadgtate problemSuch
function in ANSYS Fluent can effectively sagemputational time and resources. In the present
work for all 3D CFD study onhe rotating blade, the moving reference frame is activated with

proper settingsor the right rotational speed

2.3 Literature review: Flow Controls for HAWTS

Researching and optimizing the design of HAWT in the aerodynamic aspect is the most effective
way to further improve the HAWDsperformance. So far many scholars have gained some
profound achievement in both the numerical and experimental flétdsen and Madsen (2011)

summarized more than 100 researches on the aerodynamics of wind turbinesSive pnd
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active flow control devices of wind turbine were comprehensively introduced which including
flaps/deformable TE, microtabs, morphing, active twist, suctionibpwsynthetic jets, active

VGs andplasma actuators.

2.3.1 Previous Studies on Micro tab

The concept of microtab for wind turbine load contsblich was derived from the Gurney flaps
concept for aircraft wingsThe conception of Gurney flap was first proposed by an automobile
racer Dan Gurney and then his idea was further coefitmy Liebeck (1978 Figure5) in AIAA
journal. Theoretically the Gurney flap increases the lift coefficien}, (@cluding the maximum

C,, at almost all AOA of the aerofoil when it is deployed on the pressure ldaeever it will

also induced higher drag coeffcit (G) therefore the lift to drag ration should be considered

carefully when such conception is applied in the aircraft design.

AIESH
TRAILING EOGE, L%
L %

VORTICES OF OFPOSITE SIGN

Figure5. The hypothesis of GF. (Liebeck, 1978)

Unlike aircrafts, the main driving force of HAWTSs is tlife force and he drag forcés much less
important in the design process. Therefore the GF concept is significant for load improvement or
control of HAWTSs. As an active flow control device some space is required inside the aerofoil for
control purpose therefore Van Daagh al. (2001) first proposed the concept of microtab which
was deployed from 0% to 10% chord position toward the trailing edge of the aefdfeil.
general proposed concegriddestinationperformanceestimationfor the studycan be seen from
Figure®6. This study carried out both 2D computational research and experiments on-fe GU
5(11)8 aerofoil and the detailedworking principle of microtab can be seen from Figure 7.
Normally for the sharp trailing edge aerofolil, referring to the Kutta conditioich is shown on

the left of Figure PA body with a sharp trailing edge which is moving through a fluid will create
about itself airculationof sufficient strength to hold the rear stagnation point at the trailing

edgg, a smallseparatiorhappens around the trailing edge. However deploying microtabs can
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shift this separation to the lower edge of the tab, which significantly changes the camber and
increases the lift of the aerofolh the right of Figure 7, it can be seen that the microtab changes
the pressure coefficient of the entire aerofoil with keeping the original aerofoil sttagp&FD

results showegbredicted the Cvery close to the experimeh results especially in lower AOA
situations.The esults showed that a 1% chord height (3mm) solid microtab at 95% x/C position
increased the @y up to 50% at @egreeAOA. Another important conclusion from this study is

that for the aerofoithe clogrthe microtab deployed to the trailing edge the mqgiiacCeases.

Control Surface ‘\ lower (pressure)

side tab extension
F

"

Conventional Control ‘/ /; —
¢ upper (suction
’ side tab extension

—= }

Translational Tab r 7
’ o (deg)
Proposed Control B

Figure6. The microtab concept proposed by Van Detral.and performance predictiof2001).
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Figure 7. Computedtreamlinesround the microtab (left) and pressure coefficiemigarison (right)
which finished by Van Dam et al. (2001).

Nakafuji et al. (2005) investigated theffects of the solidity rati@n the performance of the
microtab using a 3D RANS CFD methdd. their study the solidity ratio is defined based on
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constant hight finite microtabs which isf . The esults showed that th&

incrementis linearly related to thesolidity ratio of the microtab and the microtabs with gaps
between each other imprayéhe L/D ratio compared to the solid tab. However whether the gaps
could increase or decrease the torque of an integral wind turbine still required to be studied.
Zayas et al. (2006) researched into employing the active microtabs at the trailing edge of the
crosssectian of the wind turbine both experimentally and numericallye Micon 65 ADAMS

model HAWT was both tested experimentally and simulated in CFD method. The CFD results
were reasonable but in high AQRunderpredictedhelif t coefficient. ltwasshown that ricrotab

as an active device can not ofiugneficialfor load alleviation but also can improve the energy
generation with the microtab in the pressure surface.

Van Dam et al. (2007) numerically investigated the microtab and active microflap around the
trailing edge which wereised to reduce the aerodynarfatigue loads on wind turbine blades.

The active microflap concept can be seen from Figure 8 which can be rotated towards the
pressure side (increasing the camber) for increasing the lift force or tihensside (decreasing

the camber) for reducing the lift force of the aerofSiimilar as the microtab, microflap also
change the Kutta condition around the trailing edfiee fatigue loads of wind turbine are caused

by the cyclic loading of the structuvéhich could cause failure if some critical level of damage is
exceeded. The relevant forces include the gravitational force, the centrifugal force, the wind
thrust which is perpendicular to the plane of the wind turbine and other rapidly changing forces
because of the stall conditions. The wind thrust forces primarily contribute to fatigue damage
therefore for large wind turbines the wind thrust is also important to be investigdted.
OVERFLOW?2 CFD code was used for the unsteady ca$esiesults showethat deploying the
microtab in around 1% chord length to the trailing edge or moving trailigg flaps with around

10% chord length can effectively mitigate high frequency loads of the BTadehigh frequency

loads means the wind turbine loads are giamnin because of the turbulent wind with a
frequently changing wind speed. The results of this study showed that this kind of loads can be
effectively mitigated with deploying the trailing edge microflafmwever, thisstudy is only on

the 2D profile

Holst et al. (2013) investigated into the effects of microtab and Gurney flap on the-EX763
aerofoil profile experimentally. The Reynolds number of the tests was Re = 135000, which was
relatively low and the number was close to the root side of mostrmét®NTs. They further
researched into the effects of the gap between microtabs. Their results showed the finite

microtabs not only changed the pressure distributions in the area whereettealeployed but
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also changed thes@jlobally. However they onlyested one size (1% chord) of the microtabs

which ignored the effects of the microtabs when the height exceeded the boundary layer thickness.

o T R O BRCR AR S T B

[ AR I < I
0.98 0.99 1.00 1.01| 0.98 15509970 . 1.00 1.01
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Figure 8. The microflap concept and mesh used in the study of Van Dam et al. (2007)

Bach et al. (2014) rese&ed into both fulspan microtab and finite microtab on a span section
with AH93W174 aerofoil experimentallyThe esults showed that the lift force of the span
section can be varied by either changing the tab height or the aspect ratio of the finiHegtedrs.

tabs l& to larger differences on the lift force however they also induced much higher drag force.
Moreover they also investigated into the microtab effects on the NREL 5MW reference blade
using the BEM codeQblade, which showed that with 2% chenitrotabs deployed on the outer

30% of the blade the bending moment of the blade can be reduced by 13% by suction side tabs

and increased by 25% by pressure side tabs.

There were some more previous studies on microtabs using either experimental methods o
numerical methoddpr exampleBaek & Gaunaa(2011) using FLEX5 CFD code for comparing

the differences of theeffects of themicrotabs and trailing edge flaps in 2D condition. Their
results showed that the load reduction potential of trailing edge flapnege than twice bigger

than that of the microtallhe load reduction for horizontal wind turbine is important at upper
rated wind speed to keep the turbine components within torque limits. Because the power of the
wind increases proportional to the cuiethe wind speed therefore wind turbines needs to be
controlled for reducing torque in high winds. The flow controls introduced here control and
reduce the torque of the wind turbine in aerodynamic wagsiever, because of the limitation of

the wind tunel tests and the computational resources, there is still neither experiment nor

numerical study of the microtabs on wind turbine in a real rotating frame.
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2.3.2 Previous Study on Microjets

Oneconcept of microjetfor flow control on aerofoil$s deployng the microjets near the leading
edge on the stion side of the aerofoil. Thaurpose is to reduce the dynamic stall on the suction
side of the aerofoil for better performandédie suction side separation is caused by insufficient
momentum in the boundatayer to counteract and adverse pressure gradient. Therefore deplying
microjet near the leading edge on the suction side can effective increase the momentum of the
fluid in the boundary layer, whereby delaying separafiéigure 9) Such concept has been
studied for improving té performance of turbine bladeSor exampleBeahan et al. (2014)
experimentally studied the microjet effects on NACAQ015 aerofoil. They deployed multiple
microjets in the first 12% chord of the aerofoil on the suction sidke. esults showed that
microjets effectively suppressed the dynamic statl separatioon the suction sidat all AOAs.
Koopman & Hoeijmakers (2014) applied tangentially directed synthetic jets on the suction side
30.9% chordaway from the leading edge foioW separation controllheir results showed that

the synthetic jets could effectively increase the(Tl%) at higher AOAs and delayed the stall
(stall AOA from 13.8 degrees to 16.8 degreé€x)ch microjet concept is also suitable for stall
regulated HAWTgo0 improve their aerodynamic performance at higher wind speeds where the

induced incidence of the cressctional aerofoil is very high.

Baseline Active Flow Control

Figure 9.Estimated performance of aerofoil with leading edge synthet{d¢jatdonado et a).2010

Maldonado etl. (2010) tested a wind turbine with a cregstion shape of NACA 4415 aerofoil
and synthetic jet actuators at proper positions using the PIV technique. This studydedeide

of experimental results and it showed that using synthetic jets can neakewhover the blade

fully or partially reattached depending on the AOA and Reynolds number, and can additionally
reduce the bladeibration Several years later, Taylor et al. (2014) investigated into the leading

edge microjets on a finite span S809daaexperimentally. They appligstereoscopic Particle
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Image Velocimetry (SPIV) measuremefus capturing the streamlines and vorticity of the blade
and relevant results can be seen in FidixeThe results showed that the deployment of synthetic
jets onthe suction side near the leading edge effectively delay and relief stall of the S809 finite
span blade at higher AOAs.
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Figure10. Normalizedvelocity contour, streamlines and normalized vorticity with jets off an{iTaylor
etal., 2014)

Another micojet concept is to deploy the microjets near the trailing edge of the wind turbine
bladefor load control This microjet concegs similar to microtab, which is predicted to increase
the lift force when deployed near the trailing edgettoa pressure sidor reduce the lift force

when deployed on the suction side. Braylock et al. (2013) numerically researched into the
microjets and microtabs on the NACA0012 aerofoil using the CFD solver OVERF2OMWeir
validation on the microjet compared to the expenitakdata was quite successfliheir results
showed that both the response time and changes tq thietile NACA0012 aerofoil from these

two types of flow control devices are quite similar except for that the microjet had around 30%

lower drag compareatthat from the microtalhdr further continuous study (Cooperman et al.
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2014) also showed that using microtab and microjet can reduce the lift force variation when wind

speed changes, which can effectively protect the HAWT in gust situation.

With the larger and larger sizef modern HAWTS, the flapwise root bending moment of the
blade should beansidere carefully for maintenance issues for wind turbkirtdurley et al. (2016)

used a CFD code written by MATLAB and coped with the 2D aerofoil data tolatienthe
trailing edge microjet effects on the 5SMW NREL reference blade. Results showed that deploying
a 14 meters microjet from 3feter span to 4/eter span positionf the blade can effectively

reduce the flapwise root bending ment of the blade by.3%-28% atdifferent wind speeds.

2.3.3 Previous Study on Vortex Generators

Vortex generatorare normally appliedright to the external surface dircraft wings or wind
turbine bladesThey are deployed obliquely for a particular angle of attach withentgo the

local flow therefore they can genera&datively stronger tip vortex because they have very small
aspect ratio (AR). After the mixture of this kind of high energetic tip vortex anslalemoving
boundary layer, the energy of the boundaretafjow in the adverse pressure gradient can be
reinforced. This situation can keep the boundary flow to be attached with the surface for delaying
the separation and improving the aerodynamic lift of the aerdfoit concept has been proved

for effectiveflow separation control around the leading edge on the suction side of the aerofoll
(Lin, 2002). As for HAWTS, because the incidence of the esestional aerofoil near the root
side is relatively higher than the outer side, flow sdmaranormally happns (Figurell). Here

with the deployment of VGs the stalling can be delayed, whereby improving the aerodynamic

performance of the wind turbine.

Vronsky (2000) investigated into the wind turbine performances witfetiror traditional vane
vortex generars. His results of this experimental research showed that thetatontrol was
particular significant for the thick airfoils with higher lift coefficient. When compared to the vane
VGs, airjets are easier to control. This study providdst of expegimentaldatawhich are very
helpful for CFD study.

Rajendran and Madhu (2011) numerically researched a full wind turbine including the tower
using a fully unstructured mesh and Ansys FLUENT CFD code. The chosen turbulence model is
theE 5 3 3 model The validation work was also done, however in relatively lower wind speed

the results show large differences when compared to experimental data. The reasons were given

as some mechanical losses but not shown very clédrig.study involvedthe CFD analysis of
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some passive flow control tools such as winglet on the tip, gurney flap in the tedliggand
vortex generators. Vain VGs were simulated in the stlitlgresults showed that installing VGs
at proper positions can improve the powerduction by 4% and the gurney flap would be very

effective in lower wind speeds.

Flow is Flow is
attached atfac_l_mri
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separated

Figurell. Application sample for VGs on wind turbine blade. (Source from: http://smart

blade.com/productservices/vortesxgenerators.html

Xue et al. (2010kimulatednunerically the VGs on wind turbine blades and introduced the
theory and potential performance of the VG. The designing processes were also discussed.
However the simulation was just at a cresstion of the wind turbine but not fidtale and the

results ned to be validated.

Godard and Stanislas (2006) tested three diffdknds of vortex generatom the wind turbine

which including passive VGs, synthetic jets and round jets with continuous blowing. The
comparison amongheir three types of VGs was perfned in both coand counterotating
configurations.The esults showed that the skin friction increase of the optimized round jet
devices and standard passive VGs is similar while the slotted jets are less effective than
equivalent passive VGs. Consitgy the induced drag of the passive VGs, the round steady jets

are quite efficient because they will not produce drag when they are turned off.
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2.3.4 Overall Reviews of Wind Turbine Flow Control

Barlas and Van Kuik (2010) reviewed over a hundred of cuaristing researches on the smart
rotor control devices for wind turbines including their traditional application in aircrafts and
helicoptersdesignissues and resulting performancemgure 12 shows the comparison of thetlif
coefficient differences ofdifferent control devices. It can be seen thrailing edge flaps,
microtabs and camber control can increase the lift coefficient of the aerofoil largely. However
this finding is just for a crossection of the wind turbine and to what extent the litfficient

can improve the induced torque is not able to be shown clearly. In addition the CFD method was
alsodiscussedind the relevant challenges such as how to modeeparatedlow conditions,

how to accurate model the changed wake environmentngabsi control devices and so on.
Therefore the full scale wind turbine experimental testing and numerical modeling with these

flow control devicess necessary

Saravanan et al. (2012) tested four different winglets at the tip of a small wind turbine and
compared their performances. The pressure distribution at three x/C positions were compared and
the results showed that the winglet with 2% height of blade radius and 25% curvature ratio can
improve the wind turbine performance more significantly. Howeeeabse in each cross section

of the blade therwere only three monitors and this conditmight lead to less accurate result.
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Figure12. Comparison of control devices in terms of lift control capab{iglas & Kuik, 2010)
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The divergent trailing edgis a concept by Henne and Gregg (1991) for aircraft wings, which is
proved to be beneficial for high CI/Cd of aerofoils (Li & Wang 2007). This concept was applied
with a large scale divergent trailing edge at 3% chord length for its performance omthe wi
turbine field. Baker et al. (2006) investigated into the blunt tra#idge wind turbine aerofoils

both experimentally and numerically at a 2D condition. The experimental results showed that by
increasing thehickness of the trailingdge (8.75% and713% chord length thickness were tested

in their research), the maximum L/D can be increased from 35.5 to 44 at the Re = 666,000 flow
condition and the maximum CI can be increaBedh 1.5 to 2.16 for the 172 chord length
thickness trailingedge redesigrd aerofoil. This study also showed that increasing the thickness
of trailing-edge is able to effectively improve the lift force of the aerofoil at the 2D condition.

2.4 Literature Review: CFD Study onHAWTSs

As introduced above, CFD has some advantagenwlompared to experimental research. In
recent years since the early*2dentury a lot of researchers have done some significant and
studies on the aerodynamics of HAWTs numerically due to the fast developing computing

resources and the appearancsuyercomputers.

Saensen(2011)reviewedlots of the traditional design models and theories of the HAWT. CFD
method has been concerned mostly in recent years however in high wind speed conditions the

CFD method still cannot predict very accurate resultsusecaf theseparatedhoundary layer.

SezefUzol and Long. (2006) did-B time-accurate simulations for anaigg the flow fields

around the rotorThis research simulated three flow cases: 7m/s veiyaw, 7m/s with 36yaw

and 15m/s with Dyaw with usimg the PUMA2 solverA fully unstructured mesh was used in this
study with 3.6 million tetrahedral cells. The simulation was run in an inviscid condition and its
results were with good agreement with the experimental data except in the ?Sit(mtion

Another disadvantage is that the research did not have a comparison with the experimental data
on the torque which is one of the most important factors of the wind turbine. Moreover, the
research used a full cylinder modslthout symmetryfor simulating tle two blades NREL

turbine which increased the computation time and cost.

Monier (2011) researched into the winglet and twist aerodynamic design of wind turbine based on
the NREL Phase Vivind turbine. He used tH® - LaunderSharma (LS}urbulence model for
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simulation and the results showed good quality which may be referred in thisTtedp. - LS
model was developed by Launder and Sharma (1974) which is a classicRd_ow Reynolds
number) model with beefit of predicting bypass transition.

Esfahanian el al. (2013) combined the 2D CFD aerofoil computational results with a modified
blade element momentum method in order to reduce the computation time of the full 3D
simulation of wind turbines. Its accusawas validated with the experimental data of NREL
PHASE 1l wind turbine and showed sufficient accuracy of the power curve. However, the
selected NREL phase ii wind turbine is a constant chord wind turbine without local twist angel,
which canbe rarely sen in recent years

Sagolet al. (2011) investigated into the turbulence model which can show best performance
based on th&NREL Phase Vlturbine. This research has comprehensive comparisons among
different scales of meshes and various turbulence moddl&{® -, STDQ -,E 53 3,4
realizableQ -) in the wind speed = 7m/s situatioh.1.9 million wstructured mesh and the

E 5 3 3 trbulence model was selected to be with the best performance for simulating the wind
turbine. The comparison of moments on tlades was simated in different wind speeds and

the results showed that the shaft torque was underestimated by the simulation but the root flap
bending moment comparison showed good agreement with the experimental data. This research
used fully unstruetred mesh and the y+ setting seems to be not small enough for a much more
accurate result. Its comparison of the pressure coefficient between its results and the experimental

data showed that the resulisreconsiderablyaway fom the experimental data.

Carcangir (2008) investigated into the wake, rotati@fidct and the tip shapes of the HAWT
numerically. TheNREL Phase Vikurbine was also selected as a validatiasetising the CFD

code FLUENT and a fully structured mesh. However the maximum windl speelated in this

study was 11m/s which showed that the CFD method can predict accurate results in relatively
lower wind speeds but cannot show whether such CFD method can still predict accurate result in

the stall condition of the wind turbine.

Li el al. (2012)compared the RANS and DES computationdN&EL Phase Viexperimental

wind turbine with using an extremely fine mesh of 57 million grid points. Many cases are
simulated including different wind speeds and pitch angels. The computational shadstofqu
RANS and DES weredth accurately predicted evahl5 m/s condition but DES showed much
better transient response. However the mesh used in this research is quite refined and is not

affordable by many other researchers.
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In conclusion, using CFD matH for simulation the flow conditions and performance of wind
turbines has been proved to be with reasonable accuracy and effective. Some of these previous
studies have shown very good results with simulating theefoth wind turbine blade in a
rotating frame. However because of the complexity of the meshing progress and the large mesh
size, there is still no research on 3D CFD study on the wind turbine blade with flow control
devices (microtabs and microjets) in the rotating frame to study the spdiomiseffects. The

present study aims to fill this gap asldow extensive CFD computational results of the effects of

these two typical flow controls on the rotating wind turbine blade.
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Chapter 3 CFD Validation on NREL Phase VBlade

3.1 Introduction

The NREL Phase Viwind turbine is an experimental wind turbine of NREL which was fully
tested in the NASAAmes wind tunnel in 2001. Because of themprehensive published
information and resultsjncluding shaft torque, pressure dimént, code toexperiment
comparison and so omhis NREL casewas selected by many researchers for their CFD
validation and further studies. The present study also selects this famousgstiited wind

turbine as the validation casBecauseof the harge separation flow on the suction side of the
blade in higher wind speed situations, a big challenge is whether the CFD method can accurately
predict the aerodynamic performance (shaft torque, pressure coeffieientompared to the

experimental data

3.2 Methodology

Basically a full CFD smulation includes four stepsnodel geometrysetup, mesh generation,
CFD solver set up and computjrand post processing of the resultsthis study a full 3D single
wind turbine blade is built and fully struckd mesh is used for all cades good resolution of

the viscous boundary layers

3.2.1 Geometry Model

The geometry model dIREL Phase Viwo badewind turbine is generated ICEM CFD and
SOLIDWORKS. The a@rdoils of the turbine blade are generated ibgutting coordinates in

ICEM CFD and the blade surfacare generated in SOLIDWORKS®he geometry coordinates

and detailed data of the blade are from the official website of the NREL Améstb3 shows

the basic descriptioand parametersf the simlated bladeThe present work selects 13 cross
sectional aerofoils for generating the blade geometry and the detailed twist angles of the sections
can be found inAppendix 1. Because theNREL Phase VIwind turbine consists of two
symmetrical bladeghe caonputational domain is also symmetrical. Therefqust one blade and

a semicircle domainra generated for the simulatidirigure 13 & 14). Because there is no
detailed explanation for the blade tip MREL Phase Vikurbine, a flat tip shape is used inghi

project.
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Table 3 Basic description dREL Phase Vblade

Number of 2 Tip pitch 3 degr ec
Rotor dia 10. 06 m Bl ade pr S809
Angul ar v 7.54r ad/ Bl ade chor 0. 35087281
(Linearly
Cone degr 0 Twi st an No-hiner tw
the spa
Rotor 1l oc Upwi nd Bl ade t hi t/c = 20
Power reg Stall rec¢

AN

—_—>
Wind speed

Wind speed

N

Figure13. Cross section of the aerofoils of the blglddt) andoverview ofNREL Phase Vivind turbine
(right).

Figure 14 shows the computational domain for the CFD study which is a half cylinderhub is
not simulated in this study becaube effects from the hub to the aerodynamic performance of

the blade are very smaltven for the experiment set up for this wind tody the hub was also

36



Chapter 3  CFD Validation on NREL Phase VI Blade

not included because of the installed monitor in front of the wind turbine. Because of the present
study uses fullystructured mesh type thereforensidering the mesh topology of the domain,
ignoring the hub can effectively reduceetmumber of computational grids which is quite
significant for further complicated study on the blade with flow control devikkseover,
according to those studies which simulated the full NREL Phase Vi wind twiiim¢éhe hul for
example studies asdd et al. (2014) and Li et al. (2012), the effects from the hub on the wind
turbine blade is extremely small. Therefore because the hub effects on the flow around wind
turbine is assumed to be ignorable, many CFD studies, especially those using stresimed
methods, just simulating the blade without the hub (Sezet et al., 2006 and Martinez et al.,
2015).

The experiment was done in wind tunnel of NASA Ames Research Centre &@ith o @&
dimensionsThe NREL Phase Vivind turbine was tested on a tower with@ & height therefore
the outside domain is designed to be a haft cylinder pvighd radius in order to replicate the
distance between the wind turbine tip and the rowtall. The front surface of the domain
(velocity-inlet) is set to be 3Rp( & ) from the blade and the rear surface (preseutket) is set to

be 5R ¢ &) away from the blade.

Figure14.The whole computational domain.
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3.2.2 Mesh Generation

Herea fully structured mesh is used for this stugyng ICEM CFD As can be seen frofkigure

16, an Otype mesh is used around the sectional S809 aerofoil. This is becabiREhdPhase

VI wind turbine is a flat tip wind turbine therefore for fully struetdimesh it is very difficult to
generate Hype mesh or @ype mesh around the aerofdhen usingQ 1 "Y"Yfaf simulating

CFD problems, the walb needs to be around 1 for accuracy, therefore the mesh needs to be
very fine near the blade surface. The first boundary layer height of the blade tip is set to be
0.01mm which lead to th@ is aound 1 in Fluent. The total elements of the medium mesh for
"Q 71 "Y'Yare around 2 millionRigure 15 and B). After a good effort the mesh quality is
controlled as th®eterminant 3*3*3 and thErikssonskewnessre above 0.3.

TheDet er ndambedetf i ned as t he whichasi veedetéerir mi mdntt,he
determinant of the Jacobian matrix divided by t

this option, the determinant at eache cidstf nCer of
with a Determinant value of 1 indicating a perf
el ement degenerate in one or more edges. Negati

The Eriksson skewness an empirical criterion, obtained for a hbrdral element by dividing

the volume of the closest parallelepiped by the product of its edges. It measures the shear of the
parallelepiped closest to the current element using least squares approximation. The default range
of values is D1.

Outlet

Slip wall

Periodic Faces|

L.

Inlet

Figure15. Meshand boundary conditiorsf the whole domain
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Figure16.Blade surface mesttop) and blade crossectioral mesh(bottom).

3.2.3 Twist angle and AOA (angle of attack) of the blade

The local twist angle plus the blade tip pitch anglehis total twist angle of the cresection

which can be presented s 1", whereb is the blade tip pitch angle ands the crossectional

twist angle. This parameter is very important for the blade design because it influences the AOA
of the aerofoil ineach crossection, whereby influencing the/Cy. Figure 17 shows the change

of b+ from the root to tip of the blade.

Figure 18 shows how the wind turbine generates power from wind.the angle of attack which

can be determined by the wind speed #he local twist angle of the cressction. The Fective

which is the drive force of the wind turbine in the rotational direction is also introduced here. For
the later part of the present work thgk is used for estimating the aerodynamicfpenance

of 2D crosssectional aerofoils.
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Figure18. HAWTO s  esectioras aerofoil aerodynamic angles and forces.

In Figure18,T is the blade tip pitch angle ands the local twist angle of the sectional aerofoil.
Therefore theotal pitch angle of the aerofoil chord line to the rotation plahe is". L and D
represent the lift force and drag force of the aerofoil respectivetgpFesents the resultant force

40



Chapter 3  CFD Validation on NREL Phase VI Blade

from L and D.F; represents the induced thrust force fromUr is the resultant velocity andis

the angle of attack. From the wind turbine vortex system theory (Hansen, 2000), the incoming
wind flow is affected by the rotating wind turbine. So the induction faomdd are introduced

and the resultant flow lecity can be decomposed into axial and tangential component which are
" p wand ip & respectively. This theory is used for studying the 2D aerodynamics of
the crosssectional aerofoil of the wind turbine and it is necessary for the BEMaueln the
present work all cases are run with CFD method and proper outer boundary condition settings

therefore the induction factors are not input factors.

Figure 19 shows the angle of attack along the blade in different wind speeds. It can beaseen th
the AOA increases significantly when wind speed is getting high and the AOA will reach an
average of about 27 degree along the blade when wind speed is 15m/s. This is a very large AOA
and the aerodynamic performance of the aerofoil will keep lowerirnghwhading to very low

power coefficient of the wind turbine.

40

35 —

RN
\\
T T T
\\

W
(=]

N
w

m— | | =10mMs

AOA (degree)
N
o

[y
v

—— e J=13MS

—| ] =15MSs

10

s /_\

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
r/R

Figure19. AOA from root to tip of théblade in different wind speeds.

3.2.4 Reynolds number of the blade

As introduced in Gapter 2, Reynolds number is used to help predict whether thésflawinar
flow or turbulent flow.It can be calculated by the equatiohQQ ——, where L is the chord

length of the aerofoil in the crosgction.When the Reynolds number is low, viscous forces are

41



Chapter 3 ~ CFD Validation on NREL PhadeBlade

dominant and the laminar flow occurs while high Reynolds number means the inertial forces
dominate and the turbulefibw occurs.Table4 shows the Reynolds numbers for the root and tip

of theNREL Phase Vblade in different wind speeds respectively.

Table4. Reynolds number at the raand tipof NREL Phase Vblade

Wind speed Reynol ds( maaont Reynol dei( tniupn
5 552767 920331
7 602535 927855
10 696585 943642
13 806558 964591
15 885831 9812614

According to the results for Reynolds number in tablne flow isassumed to beirbulent in all

wind speeds and all cressctions from root to tip.

3.2.5 Fluent setup

The Ansys Fluent4.0is selected to be the flow solver for this study.
Boundary conditions

After generating the meshes, the meshes can be imported to Fluent for simulating. The boundary
condition setting is one of the most important stigpsCFD simulation. The detailed boundary

conditions of this study are shown in tablandFigure15.

Table5. Boundary conditions setting.

Part s Boundary condi't

Bl ade Nes!l i p wall
Outer Boundary Slip wal/l

I nl et Vel oicn It e/t
Periodic Faces Pedi o

Outl et Pr escuwtrleet
Il nner Boundary Slip wall
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The velocity inlet boundary conditions set in the present study is to define the wind velocity on
the front surface of the computational domain. Using this boundary condition the total (or
stagnation)pressure is not fixed but will rise, in response to the computed static pressure, to
whatever value is necessary to provide the prescribed velocity distribution (ANSYS Fluent user
guide). Because the present study assumes the flow around the wind tuidiee id
incompressible therefore no temperature will be added in the settings. It is noted that because the
moving frame motion is activated therefore the velocity must set to be Absolute reference frame
in the present study.

As for the wall boundary contitbns, which are used to bound fluid and solid regions, the present
study uses two types of this boundary condition which arslipovall and slip wall. In viscous

flows, the neslip wall boundary condition is applied for the wind turbine blade as station
because of the activated moving frame motion. The wall roughness effects are not considered in
the present study therefore these settings are kept as default. The outer and inner boundaries are
set to be slip wall because the wall shear effects ae theandaries are not considered and
therefore the wall boundary layer can be ignored. This situation means that there is no wall y

requirement for these boundaries which effectively reducing the mesh size of the whole domain.

The pressure outlet boundacpndition requires the user to define a specified static (gauge)
pressure at the outlet boundary which is the rear surface of the domain in the present study. This
value is only used when the flow is subsoiiice static pressure value is relative to dperating

pressure (101325 pa as the standard atmosphere pressure) and is set to be 0 in the present study.

The periodic boundary condition is normally applied when the physical feature and expected flow
structure have a periodically repeating nature.dksafwind turbine blade, the rotational periodic
condition is applied for the two corresponding surfaces of the domain which means all the flow

information and solution is the same at these two surfaces.

In this case the moving frame motion of FLUENT &d and the rotating speed of the blade is
constantly 7.54 rad/#\ccording to the experimental setup from the official repbs,turbulence

intensity and length are set to be 0.1% and 0.02 respectively.

Here even though in realistic the wind turbineerating in a changing wind speed condition,

but it is very hard to simulate such condition in the CFD case. Therefore in this study several

wind speeds from 5m/s to 15m/s were simulated
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performances in there cditions. So the velocitinlet boundary condition was employed with

constant wind speed in each case.

As for the symmetry boundary condition, in FLUENT it can be summarizet) agro normal

velocity at a symmetry plane) 2ero normal gradients of all iables at a symmetry plan®.u ¢ h
conditions determine a zero flux across the symr
symmetry. Since the shear stress is zero at a s
6sl i pwhweank st sc vus f | o WLUENT user Igwde)iThe mpresent work

follows the parameters of the NASA Ames wind tunnel therefore the outer wall is set to be
p@@from the blade tip and is set to be 6symmet
Using such boundary condition ignores the boundary layer at the outer wall which leading to

smaller mesh size and less computation time.

Solution method

In this project the coupled algorithm and the Gr&suss Node basedsdretization scheme are
applied The second order upwind criterion is set fog tnomentumturbulentkinetic energy and
specific dissipation ratd he simulations were set to be steadyflcondition when wind speed is
below 10m/sHowever when the wind speésihigher than 13m/ghe bladeexhibits large scale
separatiorand the flow imno longersteady Therefore unsteady simulations were carried out for
13m/s and 15m/s wind spedd these caseshe timestep size was set to be 0.0006s with 2@ sub
iterations per timetep Simulations were ruon theuniversity HPC systenilCEBERG. In the
numerical study,hite wind speed U is sgaryingfrom 5m/s to 15m/s. The rotational speed of the
wind turbine is 7.54 rad/$¢eading tathe tip speed rat®(TSR) from 2.78 to 7.6or the different

wind speeds

3.3 Results

In this part, the aerodynamic forces are analysed in the context for wind turbine energy extraction.
This is achieved by integratingpe pressure and skin friction forces and correspondingly the
moment on the blade and projecting them in the direction of rotation. Pressure distributions and
streamlines near the blade are also analysed. The comparison of the pressure coefficient
distribution with the experimental data is presented. In this dtivdyradial positions are selected

for analysis at r/R#9.3,0.47, 0.63, 0.8and 095, respectively.
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3.3.1 Wall « Study

The turbulence model selected for this studyhiski SST which requires a wallw to be
aroundonefor accuracy. As shown iRigure20, the wallw under wind speed = 10m/s is around
oneon most area of the bladéoreover,Figure21 shows y atr/R = 0.8 span sectiomhere the
value is controlled in the range from 0.2 to.Be&rause all meshes are with the same first layer
height,andthe Reynolds number of the blade near root Edelatively lower than the tip side,
the wall y varies from 0.1 to 2 along the blade. This range ‘ofsygood enougtfor the

turbulence model usetb capture the boundary layer near the blade and for computational
accuracy.

Suction Pressure

side

side

8.00e-01
700201
5.00e-01
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100e-01 e
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Figure20. Wall w contourunder wind speed = 10m/s
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Figure21. Wall y* at r/R = 0.8 span section.

45



Chapter 3  CFD Validation on NREL Phase VI Blade

3.3.2 Mesh Sensitivity Study

The mesh sensitivity study is a very important part in numerical simulations. In this study, three
mesh sizes are tested, at 1 million, iliom and 4 million, respectively, at the wind speed of 7m/s.
The computed torgues of the blade is shown in Téblhe torque from the experimental result

is 780Nm at 7m/s wind speefccording to the table it can be seen that the computed torque
showssome small variation with the changes in all three cases. The computational torque at 4
million cells gives a closer comparison with the experimental value, and the comparison is
reasonably goodConsidering the computational time and resoyrtes 4 millon cell mesh is

used in the following study without furtheefinement. The reason is that the following CFD
study on the wind turbine blade with flow control devices will keep increasing the mesh size, for
example with the same meshing methodology thehnsize will be as large as 8 million for the
turbine blade with microtabs, and the current 4 million mesh has been already proved to be able
to predict highly accurate resultSigure 22 and 23 show that the pressure coefficients at r/R =
0.47 and 0.8 arquite similar for thethree mesh sizes.

Table6.Simulaed torques of different meshes.

Mesh si zc¢ Torque (N
Imi I Iion 814
2mi I 1 i on 8009
4mi I I i on 796
-6
Wind speed = 7m/s, TSR=5.42|| " =XF
K | e 1lmilion [
“*3 2 million | —
-3 ; + 4 million
AL
1 E TH D900 120 00 s
§ +&"++.)
- | | | +-I;"+‘I’+ﬁ|'+>l|-+)|. +94 £y .
0 EM#W'HH#*’*M 'ﬁ%mﬁw
1 o
0 0.2 0.4 0.6 0.8 1

Figure22. Pressure distribution comparison of 3 meshefRat 0.47section.
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Figure23. Pressure distribution comparison of 3 mesha#Rat= 0.8section.
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In the initial study of the present wotke™Q 1 "Y"Yfifbulence modeRealizabl€éQ - model

and SA turbulence model are selected to be compared in order to find out which model can
predict more accurate resulithe equations and details of these three models were introduced in
chapter 2All these three models are tested under RANS solution with the Coupled scheme in
ANSYS Fluent.All cases were converged within 7,000 iterations according to the moment
coefficient history. The comparison between the computed results and the experimerital data
presented in Figure 24. It can be seen that the torque from the Redlxzablirbulencemodel

shows the biggest difference when compared to the experimental torque by over predicting the
torque of the blade in all wind speed cases. Both &ndQ 1 “Y"YiYodels show accurate

results for 5m/s and 7m/s wind speed cases hewtheQ | "Y"Yiodel show much better

results at 10m/s and 13m/s wind speeds. For the 15m/s wind speed case, because of the unsteady
flow conditions around the blade, bothkASand™@Q 71 "Y"YiYodels are showing some errors.
Therefore onsidering theconvergence historgnd torque predictionfom these threenodes,

thekj SST turbulence modedhows higher and stable accuracy at all speed cékesefore
considering the further study on the flow control devices, this study choosds th8ST

turbulence modefor all of the CFD cases.

This part includesesultsand graphs of the CFD study on the NREL wind turbine blade with

comparison to the experimental data in different wind speeds.
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Figure 24. Torque comparison between different turbulence Isiode

Wind speed = 7m/s, TSR = 5.42

The cutin wind speed oNREL Phase Viwind turbine is 6m/s so the 7m/s wind speed is a
relatively low speed. In this situatiptie flow is attachedround the blade.

Surface Static Pressure

-1.98e+03
-2.15e+03
-2.33e+03
-2.50e+03

Figure25. Surface stati pressure under wind speed = 7m/s (pascal)
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It is noted that here the operating air pressure for the wind turbine is set atntbhspheric

pressure which is 101,325 pa. Therefore here the absolute prgadued pressure on the surface)

is the static mrssure plus thatmospherigressure. This means that the positive value of static
pressure means the pressure on the surface is higher than the atmospheric pressure and the
negative value means tlaetual pressure on the surface is lower than the atmasppeessure.

As for the U=7m/s situatiomhich can be seen froffigure 25, the maximum pressure on the
upwind surface of the blade is around 900 pascal near tba tipe pressure sid®n thesuction

sidethe negativestaticpressurevaluemeans that ahis area the pressure on the surface is lower

than the atmospheric pressure.
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Figure26. Pressure coefficient comparison at wind speed = @trdgferent r/R sections
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Pressure coefficient (compared with experimerat data)

According to Figure 26, the pressure coefficients in different span positions from the
computational results are very close to the experimental re3iiles.CFD results predict a
relatively higher negative pressure coefficient in the leading adege around the whole blade.
Moreover from the details of pressure distribution, it can be seen that the flow on the suction side

of the blade is attached even at r/R.3 span section from the tip.
Velocity streamlines at different r/R positions

Figure 27 shows thatwhen wind speed = 7m/s the streamlines around the whole blade are well
attached along the blad€herefore the lift coefficient and power coefficient could be relatively

higher at this wind speed.

Velocity
Streamiine 1 [msA-1]

r'R =0.47

'R =0:63

'R =-0.95

Figure27. Velocity streamlines around the blade at different span position
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Wind speed = 10m/s, TSR = 3.79

When the wind speed reachesri§, stallbegins to happen around the bottom area of the blade.
The aerodynamic stall leads to wind turbine vibration and lowering tverpcoefficient of the
wind turbine and thereforeit i s significant t o a aenodyyamic s t he

perfomance undesuchsituation.

Surface static pressure

Figure 28 shows that when the wind speed reaches 10m/s, the pressure on the suetimaisid
root is not as uniform as that that from the 7m/s case. This condition is mainly due to the flow

separation at that area.

-1.108+03
-1.28e+03
-1.45e+03
-1.63e+03
-1.80e+03
-1.98e+03

-2.15e+03
o
-2.33e+03 e

-2.50e+03

Figure28. Surface static pressure under wind speed = 10m/s (pascal)

Pressure coefficient (compared with experimental da)

According toFigure 29, when the wind turlpie begins to stall, the CFi@sultspredictrelatively
less accurate results in the stall arestst/R = 0.47 span position the pressure in the first half

suction side is over predicted and in r/R = 0.63 gpasition the pressure coefficients are also
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underestimated bthe CFD result®n thesuction sideSuch situation shoulgrobably because of
the separatioron the suctions side of the bladdsing the currenE 5 SST turbulence model
with the steadyRANS solition may not able to accurately capture ttansition point as that from
the experimentsHoweverfor the other area of theladewhere no large separation happehg
current CFD methodologstill predids very accuratgesultswhen compared to the experimental
data.

6 -6
»
. —_— -—
s MR=0.3 _  cwwssr sl MR =047 _ | .cwsst
: }
-4 4% HEXP 4 uEXP
~ '
*
3 o 3
0-.0. <
(\ >
2 * 2 e o
TR 4 ST
e, W = = hid *e,
1 T -1 s 3
haE Y 4o
{ 02 0.4 ot Mo a0m,,, 1 3 02 04 06 Ty,
| | Be s | ] RPTY TR :;
0 .“ ....0"' v-.”ﬂuoooo.ob 0 4 ..lo *Hebdences
. .
1 ,L&Aﬁ: ,,,,,,,,,,,,,,,,,,, 1 M‘,,,,ﬁ,,,,,,,,,,,,,,,,
6 6
—_ E ] —_
5 ‘L 777777 r/ R - 063 . ekwSST IS O r/ R - 08 e kwSST |
b
. 4
<% wEXP -4 r SEXP
2
-
2 % .
2
2 1\ " ) TN
d \. > %,
4 *e. . '."0
SIS T Ay MDA
02 **+e 02 04 [ *e 06 0.8 1
. 7! %f:‘o’ﬂaﬁolooogoo o | L T "p"‘looo Y
. . *
. e s Rl L]
-6
s LI MR=095 | .1
4 mEXP
-3
-2
+ B ®0 o
1 il R 2PN
WY & *»
[ 0.2 4 g, 0.8 1
0 .Q‘l...‘ﬁ,-.’
2 o M2 oo“::w
1

Figure29. Pressure coefficient comparison at wind speed = 10m/s

52



Chapter 3

CFD Validation on NREL Phase VI Blade

Velocity streamlines at different r/R positions

As can be seen fromigure 30, stall happendn the area below the 8.r/R span position of the

bl

ade.

Some

obvious detached

fl

oOWwWS

can

be

performance and will decrease its power coefficamdthereforeit is significant to reducetall

of the blade.

Figure30. Velocity streamlines at different span positions (U = 10 m/s)

Velocity
Streamline 1

'R = 0.47

/R =095
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Wind speed = 13m/s, TSR = 2.92

In the 13m/s wind speed situation, the AOAs of most esestbnal aerofoi of the bladeare
very largeand therefordarge separatins happen®n the suction side from the root to near the tip
of the bladeDue to the unsteady conditions from these large separati@nslRANS solution is
carried outfor the 13m/s and 15m/s wind speed ca$ée time step is set to be 0.0006s for the
time accurate simulations with an asave setting for every 400 time stegherefore the
figures and data below are froam actuatime =2.04swhen the shaft torque of the wind turbine
is very close tahe average valuef the torqueln the present atly the flow condition of such
actual time is assumed b the average flow condition around the wind turbirtee detai of

the selection of this instantaneous time can be found in later torque calculation part.

Surface static pressureat time = 2.04%

When wind speeibk as high ad3m/s, the flowaround the blade separat@s most area othe
suction sidewhich means the blade is in fidtall situation From the computed data #te
instantaneous tim&.04s, it can be seen that the pressure ondheton side is very irregular

because of the large separatifrigure 3J.

-9.25e+02
-1.10e+03
-1.28e+03
-1.45e+03
-1.63+03
-1.80e+03
-1.98e+03
-2.15e+03 —I {
-2.33e+403 — \

-2.80e+03

Figure31. Surface static pressure under wind speed = 13m/s (ptsk 2.04)
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Velocity streamlines at different r/R positions (Wind speed = 13m/dime = 2.043%

As can be sen fromFigure32, at 13m/s speednost area of thelkde is in the stall situatiort
this wind speed the flow is quite unsteady along the suction side of theauldtlieerefore the

Figureis just fa an instantaneous time (2.04s).

Velocity
Streamline 1 [m s*-1]

rlR=0.3 'R = 0.47 r’/R =0.63

rR=0.8 R =0.95

Figure32. Velocity streamlines at different span positions (U = 13 time = 2.04%)

Wind speed = 15m/s, TSR = 2.52

Similar as the 13m/s wind speed case, the suction side of the blade has even larger separation. At
this situation the unsteady simulation is also applied and some of the detail of the frequency and
torque calculatio method can be found in later part of this chaplée instantaneous case at

time = 3.12 is selected for presenting the flow condition and pressure coefficient because at this

time the wind turbine is generating the mean torque.
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Surface static pressureat time = 3.12s

From Figure33it can be seen that because of the full span separation on the suction side of the

blade, the pressure on the suction side is fully irregular at the instantaneous time = 3.12s.

= 5e+03
-1.63e+03
-1.80e+03 \

-1.98e+03 -
-2.15e+03
-2.33e+03
-2.50e+03

Figure33. Surface static pressure undenavspeed = 15m/s (pascaiime = 3.12s

Pressure coefficient (compared with experimental data, wind speed = 15m/s)

As shown inFigure 34, the CFD simulation predicts a fully stalled situation on the whole blade
when wind speed reaches 15m/s. The reswery close to the experimental data except in the
near root area of the blade, which is fully stalled in the experimental data.
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Figure34. Pressure coefficient comparison at wind speed = 15im's = 3.12s
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Velocity streamlines at different r/R positions (Wind speed = 15m/dime = 3.123%

Figure35 shows that the blade iis a completely stadid situation.Even at r/R = 0.95 span section
the flow on the suction side is separatedsuch situation the wind turbine is not able to perform
very well and with a relatively low power coefficieRor the 15m/s wind speed case guction

side of the blade is fullith spanwise flow and Figurés®nly shows the streamlines projected on
the 2D cut plane which cannot show the real 3D flow conditions. However it is still worth
showing these figures for clear views of the large séiparatructure on the suction side of the

sectional aerofoil.

Velocity
Streamline 1 [m s*1]

-

r'R =0.47

— IR=095

Figure35. Velocity streamlines at different span positions (U = 15 tinfe = 3.12%

In summary, referring to the whole comparison of the pressure distribution between the
conputational result and experimental data it can be seen that the CFD method is able to predict
reasonably the pressure and flow condition along the blade, especially at lower wind speed range
where the blade is not stalled. When the blade is fully stalisidg theE 5 3 3 irbulence

model withthe URANS soltion show somencreaing errors when compared to experimental

datain an instantaneous flow conditioout the errors are stilh anacceptableange
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3.3.4 Surface Friction lines of Different Wind Sp eeds

T T

Wind speed = 13m/g = 2.04s) Wind speed = 15m/§ = 3.12s)

Figure36. Surface streamlines of the wind turbine from U=7m/s to 15m/s.
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Figure 36 shows the surface streamlines of the wind turbine from the wind speed 7m/s to 15m/s.

It can be seen that even in the wind speed = 7m/s situation there is some radial flow around the
suction side of the blade. When the wind speed is higher than 13méstdhe wholélade is

stalled It is noted that when separation happens on the suction side of the blade, the flow
becomes spanwise other than streamwise. This condition is because when the separation happens,
the energy of the boundary layer is not @gio to maintain the flow to be attached to the surface
and centrifugal force will draw the flow from root to tip on the suction side area of the blade.
According to the figure, for this stall regulated wind turbine, even at its designed wind speed
10m/s tle spanwise flow dominates more than half area of the suction side of the blade. This
phenomenon also shows that it is significant to simulate théefudith blade in a rotating frame

other than just study the wind turbine in aerofoil section because eofspanwise flow

interactions.

3.3.5 Torque and Power Coefficient

The CFD solveis able to generate the torque after the computatitioh has been introduced
above Therefore by using equations (1) Powengular velocity * torque and (1) 0T 2

" z ™Yoz § we can draw a power coefficient curve.

Table7. Torque and error

Wi nd Experin CFDor me %di ffere¢ CFDor time %di f fer:«

speector ¢\ump (Steady (Unstead

5m/ s 310 315 1.6% 317 2.%6
7m/ s 780 796 2 %1 801 2.%9
10n/ s 1366 1448 6 % 1455 6. 32
13n/ s 1215 1096 9.8% 1221 0. 49%
15n/ s 1183 902 23. 8% 1174 0. 76%

The torque of the single simulated wind turbine blade can be extracted from the CFD solver
directly. Both steady simulations and unsteaiiyulations are carried out to see the differences
compared to the experimental dafégure 38 shows thatn all wind speed the unsteady flow
computatiorpredict the wind turbine performanoeasonably wellising the kw SST modelThe
biggestdiscrepancyhere is at the 10m/s wind speed condition, which is with a 6.52% over

prediction of the torque.
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Table 7 shows the results from both steady and unsteady computations. It cam libasder

cases at bm/s, 7m/s and 18m/ind speeds both the steady unsteady simulations can accurately

predict the aerodynamic torque of the wind turbine within less than 7% error differences.

However for 13m/s and 15m/s wind speeds the steady simulations show much larger errors than

that framn the unsteady cases which are as high as 23.8% differences at the 15m/s wind speed case.

The comparison of both the torque andobetween the computationahdexperimendl data can

be seen in Figure 38 and.39
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Figure37. Cm convergence history for the original wind turbine at 13tofs) and 15m/gbottom, the

graph is enlarged on the right)nd speedand themean torge is calculated as shown in the graph.

From the CFD results of the RANS solution at 13m/s and 15m/s wind spbeds;, is
oscillatingwith an approximatelR0% differencébecause of the unsteady flow conditions around

the blade Therefore in order to ancately predict the unsteady conditions, the URANS solution
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is applied for 13m/s and 15m/s wind speed cases. Therefiotbef unsteady simulations thie

13m/s and 15m/s wind speedses, which are shown kigure 37, the flow became periodic due

to vortex shedding captured in the computational simulation. ©hgues for the unsteady cases

are obtainedby averaging the last cycle of the momentum coefficient from the convergence
history. In the later part the instantaneous case which is closest to théonugemis selected for

flow condition and pressure coefficient analysis. Therefore considering the computational
accuracy and time, the 5m/s, 7m/s and 10m/s wind speed cases will be run in steady flow
condition and the 13m/s and 15m/s wind speed casklenilin inthe unsteady flow condition in
further study on the flow control devices.
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Figure38. Torque comparisohetween experimental and computational data.

Figure 40 shows the comparison of tleairrentpredicted wind turbine performance with other
existing researches which were using different CFD codes. Thisdesloe studksof Saensen

et al. (2002) using EllipSys3(E 5 3 3 #irbulence modgl Pape and Lecanu (2004) using
ELSA (E 5 3 3 mode), Huang el al. (2011) usingWENO (S-A model), Mo and Lee (2012)

using Ansys FLUENT(E 5 3 3 miodel) Mahu el al. (2011) using Flueté 5 3 3 mhodel)

and Potsdam and Mavriplis (@8) using OVERFLOWand NSU3D ($A model) Most of these

studies did the cases from 7m/s wind speed to 15m/s wind speed. Therefore here the torque

comparison from 7m/s wind speedltem/s wind speed is shown.
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Figure39. Power coefficient comparisdretwesn computational and experimental results.
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Figure40. Wind turbine performance comparison with existing studies.

As can be seefrom those existing studieso and Leedés (2012) study p
accurate results when using FLUEMMh E 5 3 3 mhode| which is the same CFD solvand
turbulence model used the present studywith the comparison it can be concluded that with
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using different CFD codes and turbulence models, there will be large disagreements among the
results. In this studthe results is considerably accurate in the-stall and prestall situation.
However, as can be seen frétigure 40, for the steadystate simulationssimilar as many other
studies, when the stall begins to happen, the predicted performances by FladENWer than

the experimentatlata.However for the unsteaetate results, the CFD simulations can accurately
predict the torque of the blade at stalled wind speBds.results from present study accurately
meet the experimental results in the torqoenparison which is a big challenge in the stalling
wind speed rangeAccording to he code to code comparisom can be seen that using the

E 5 3 3 turbulence model with the ANSYS FLUENT CFD solver can normaiigdict
reasonably accurate results for thiall regulated wind turbine especially at wind speed from
5m/s to 10m/s range when the blade is not fully stalled. Moreover from the pressure coefficient
comparison between the present CFD resultseapeérimentaldata (Figure 26, 29 and 34), in
most caes the CFD results can predict highly consistent results. Therefore the validation case
carried out in this chapter show that with using proper turbulence model and boundary condition
settings, the CFD method can give accurate predictions for the wiridetudrque and flow

structures.
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Chapter4  CFD Study offrailing Edge Flow
Control Devices on NREL Phase VWIind Turbine

4.1 Introduction

Improving the aerodynamic performance of the wind turbine blade is one of the most significant
factors to maxinze the efficiency of transforming wind energy into mechanical enésgyat
progress has been made in the recent years in blade aerodynamic design and modern HAWT can
reach a relatively high power coefficietowever most of present HAWTSs are designeth \ai

rated power at apecifiedwind speed range. Beyond this wind speed range the efficiency of the
wind turbinecan drop significantly Considering the manufacturing difficulties ofr@orphing

turbine bladeto suit different wind conditions, flow contralan of f er i mproved wi
performance for a wider range of wind speed araimedrated conditionThe presentstudy on

this small stall regulated wind turbine mainly about whether the trailirgdge flow control

devices can further increase therformance of the HAWTS in rotating situation. Thisapter

mainly investigats into the impact otwo typical trailing edge flowcontrol devices (micitabs

andmicrgets) along with the concept tife divergent trailing edge f6tAWTSs.

In this chapterifstly a 2D study on the S809 aerofoil, which is the aerofoil used foNREL

Phase Viwind turbine, is carried out with deploying microtabs, microjets and DTE. This is
because most existing studies are inf@ba span section of the wind turbine ands2@ulations

are fastto compute Then full 3D simulations on the effects of trailing edge flow control devices
are carried out in the rotating frart@study the 3D effect$tudies are carried out on the effects

of the height andmanwise range of micrabs. The microtab imssumeds an active flow control
device deployed near the trailing edge. Therefore considering the thickness of the trailing edge of

S809 aerofoil, the height of the microtab tested here is only2.386 chord.
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4.2 2D Numerical Sudy of Trailing Edge Flow Control

Devices on S809 Aerofoll

4.2.1 Methodology

Before studying the performance of the flow control devices 8D eotating turbine blade, 2D
simulations of the flow control devices on a blade csesgional aerofoil were condied. Here

the selected aerofoil is S809 located at the 80% span dfRlE. PHASE VIwind turbine. The

details are shown in Tab& Themicrotaband themicrojetare deployed at the 90% chord length
position of the aerofoil section, while a 3% chord lénigeight divergent trailing edgd®TE) is

deployed for comparison. The detaiigeometries and thigD meshes are shown fiigure4l. As

noted, structured meshes were used to give high accuracy/resolution near the boundary layers and
the flow control device forcomputational accuracy.

Table8. 2D study of flow ontrol devices on S809 aerofoil

Chosen wind tu NREL PHASE VI
Span | ocatior r/ R .8
Rotati onal s p 7.b64d/ s
Sectional twis 2. 6dle9gr e e s
Wind speed 5m/id i/ s
Aerof oiéngthlor d 0. 4n5 7
Reynol ds numb¢ Arourd 10
Mi cr cti e 2% hord | engt |
Mi crepeed 6 M/ s
Di vergent trailir 3% hord | engt |

For the 2D simulations, the turbulence model is #sg “Y"Yavid all cases are run as steady

flow condtion. All cases are finished within 10,000 iterations and all {hal@es converge well.
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Figure4l. 2D mesh of S809 aerofoil and the aerofoil with 2% chord lemmthotab(top right), 3% chord
length DTE (bottom left) anthicrojet(bottom righ)

4.2.2 Results

As mentioned above, the cressction S809 aerofoil at the r/R = 0.8 span position oNREL
PHASE VIwind turbine is selected for the 2D flow control devices and DTE study. Considering
implementation requirements for timeicrotab and microjet as active flow control devices, the
3mm widthmicrotaband microjet are deployed at 90% positions on the pressure side of the

aerofoil.

Since the 2D aerofoil is for a wind turbine blade rather than an aircraft wing, focusing just on the
lift drag ratio as in many previous literatures can be misleading. Therefore in the present study we
investigate directly the effective force in the rotational direction of the blade, which drives the
turbine blade around. This effective force is the final restufiarce of the crossection aerofoil
contributing to the tonge of the wind turbineFigure 42 shows the effective force comparison
between the S809 aerofoil withnicrotaly microjet and the redesigned 3% chord length DTE
aerofoil. The results show thdt three flow control devices havositiveeffects orthe effective

force from the aerofoil from 7m/s to 10m/s wind speed range. However at 13m/s and 15m/s
conditions both DTE and microtab cases show reduction in the force while the microjet case still

shows some improvement.
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Figure42. Effective force comparison among different trailing edge flow control devices
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Figure43. 2D pressure coefficient comparison between different flow control devimgsleft: U = 7m/s;
top right: U = 10m/s; badim: U = 15m/s)

68



Chapter 4  CFD Study of Trailing Edge Flow Control Devices on NREL Phase VI Wind
Turbine

The pressure coefficient comparison between different flow control devices at 7m/s, 10m/s and
15m/s windspeeds can be seen fréfigure 43. The results show that the flow control devices
increasesignificantlythe differences of the pressureefficient between pressure side and suction

sidenear the leading edge arefathe aerofoil, especially for the lower wind speed case.
Streamlines and pressure calours

Figure 4 to 46 show the streamlines around the aerofoil at 7m/s, 10m/s and 15nd'speéeds
respectively.

Pressure
Contour 1 [Pa]

Figure44. Streamlines overview at 7m/s wind spetadp left: S809 aerofoil; top right: S809 with 2%
chord length microtab; bottom left: S809 with 3%c DTE; bottomtri§B809 with 60m/s microjet.
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Overall, the 2D computational results show that all flow control devices have local improvement
at nonstall wind speeds (5m/E0m/s) for the S809 aerofoil. However in a real 3D rotating
situation as shown in the last sectitime flow is much more complicated with strong spanwise

flows. For the higher wind speed cases, the 2D flow control results are less relevant.

In Figure44 it can be seen that there is a very small separation on the suction side of the original
S809 aerofib near the trailing edge which is now happened at the same span section in the 3D
validation case. This condition is a sign that the 2D simulation on the sectional aerofoil might not
be able to fully transfer to the real situation in the 3D rotating draituation. Moreover, it is
interesting to see thdhe deployments ofthe microtab and DTE design on the S809 aerofoil
effectively eliminate this small separation at 7m/s wind speed, while the 60m/s microjet makes it

even larger.

Pressure
Contour 1 [Pa]

Figured5. Streamlines overvieat 10n/s wind speedlop left: S809 aerofoil; top right: S809 with 2%
chord length microtab; bottom left: S809 with 3%c DTE; bottom right: S809 with 60m/s microjet.
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As shown inFigure 45, because of the high incidence of the aerofoil at 10m/s wind speed, the
flow controls are not able to cause big changes for the separations on the suction side. However at
this incidence because of the changing camber of the aerofoil, these three fil aumcepts

still show some immvement on the effective force.

Pressure
Contour 1

Figured6. Streamlines overvieat 15m/s wind speedlop left: S809 aerofoil; top right: S809 with 2%
chord length microtab; bottom left: S809 with 3%c DTBttbm right: S809 with 60m/s microjet.

When the wind speed is as high as 15m/s, the flow on the whole suction side of the aerofoil is
separatedHigure46) which leading to fast drop @, and Rgecive Therefore in this situation all

the trailing edgeléw control concepts are not able to improve the aerodynamic performance of
the aerofoil. However because of the large separation which starting from the leading edge on the
suction side, the leading edge microjetdl be requiredas the separation contrdevices for

improving the aerofoil performance, which would be studied later.
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In conclusion, from the 2D flow control devices studytb@S809 aerofoil it can be seen that in

the nonstall situation all flow control devices can effectively improve teefgrmance of the
aerofoil which contributing to the final torque of the bladelower wind speeds such as 5m/s
and 7m/s, some of the flow control devices can increase as high as080%eof the performance.
However from the validation study it is knowmat the spanwise flow is also strong for this wind
turbine, which is totally ignored in the 2D study. Therefore it is necessary to carry out 3D study

on the flow control devices in an actual rotating situation.

4.3 3D Numerical Sudy of Microjets , Microt abs and DTE

4.3.1 Methodology

The methodology for the 3D simulation of tNREL Phase Viwind turbine with different flow
control devices and the 3% chord length heighED3 the same as presented tfog validation
case. The boundary conditions and tlebae model are the same. In order to meet the Wall y
requirement the mesh size of the blade wwitbrotabis increased to an 8.2 million grid and a 6.3
million grid for the blade withmicrojetand a 4.5 million grid for the blade with 3% chord length
DTE. Figure47, 48 and 4 showthe mesh overview for the blade wiZB6c microtab, microjet

and 3%c DTE respectively.

Figure 47 Mesh overview of the blade with 2%nicrotab from 70%97% sparof the blade.
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Figure 48 Mesh overview of the blade withicrojetfrom 70%97% sparof the blade

Figure49. Mesh overview of the blade with 22 TE from 70% to tip.

The microtaband themicrojet are installefhctivated along the blade fro®6-97% along the

blade spanThe width ofboththe microtaband microgt is 3mm. The reason for this choice of

span location is due to the fact that this is the most energy/torque generating part of the blade,
which also the most highly loaded part. For the same reason the DTE is implemented between
70%-100% span.

As mentionabove, the flonof NREL Phase Vivind turbine blade becomes fully unsteady when
wind speeds higher than 10/s. Therefore here the unsteady simulations are also carried out for
13m/s and 15m/s wind speed cases with.GD06s physical timstep size Othe wind speed

cases are simulated as steady flows.

4.3.2 Results

For the higher wind speed cases, the flow became periodic due to vortex shedding captured in the
computational simulation. Th®rques for the unsteady case®ligainedby averaging the last

cycle of the momentum coefficient from the convergence history. The detailed results of the
torque andpower cefficient are shown in Figurdl The 3D results show correspondence with
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the 2D results. However for the 5m/s case, the improvement due tadlotrol from the 3D

results is much less than that shown in the 2D case. Moreover, the 3% DTE shows best
performance in the 2D aerofoil study while in the 3D rotating blade study it shows the worst
performance. All the cases for 13m/s and 15m/s wind s@gedsn in unsteady flow simulations

anda sample of the momentum coefficient convergence history and the torquiaté@iccan be

found inFigure51.

-15
-13
-11

0.0 0.5 1.0 15 20 2.5 3.0

Time (s), wind speed = 13m/s, 2%c microtab

Figure50. C,,convergence history for the wind turbine with 2#icrotabat 13m/s wind speed, thanéil

mean torque is calculated at one cycle as shown in the graph.
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Figure51. Torque comparison between the original blade and the blade with different flow control devices.
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Figure52. Power coefficient comparison.

In summary, referring to the powerefticient comparisor{Figure 52)it can be seen that in the

3D rotating situation, the traillirgdge flow control devices improve a maximum of 29% higer

C, than the original bladé60m/s microjet aPm/swind speedl Moreover, even at 10m/s, which

is thedesign speed of the blade, the 2%c height microtab and the 60m/s microjet incregse the C
by 22.2%. However, similar as the 2D results, in the stall wind speed range (highe0riah 1

the flow control devicedecrease the power output of the blade.

Surface pressure comparison

Figure53, 54 and55 show the surface pressure of the original blade and the blade with different
flow control devices at 7m/s, 10m/s and 15m/s wind speed situations respectively. In order to
show cledly the pressre around theilccontrol devices, only the blade above 0.65 span is shown

in thefigures. All the pressure contour level settings are the daone-1800 pa to 750 pahe

figure legend can be seen from Figurg.3r allfigures, the suction side is on the left whilest

pressure side of the blade is on the right.

Figure 53 shows that at the relatively lower wind speed, 7m/s, the DTE concept increases the
pressure near the trailing edge on the pressure side mostly. The suction side effects of all three

kinds of flow cantrol devices are quite similar as the original blade.
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Pressure
Contour 1 [Pa]

Original 2%c microtab 3%c DTE 60m/s microjet
Figure53. Surface pressure comparison at wind speed = 7m/s.

Figure 54 shows that the DTE shows the biggest effects on increasing the pressure near the
trailing edge on the pressure side at 10m/s wind speed. Both the DTE and microjet can to some
extent reduce the separation area on the suction side of the blade wheredamphe original

one.

Original 2%c microtab 3%c DTE 60m/s microjet

Figure54. Surface pressure comparison at wind speed = 10m/s.
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Figure % shows that when the blade fully stalled at 15m/s wind speed, the flow situation is
unsteady in all cases. The pressure contour on the suction side of the blade is fully irregular. At

this time even though the flow control devices can still increase the pressure near thesttgéding

1

Original 2%c microtab 3%c DTE 60m/s microjet

on the pressure side, the lift force cannot be improved.

Figure55. Surface pressure comparison at wind speed = 15m/s.
Crosssectional pessurecoefficient (G,) comparison

Figures 55, 57 and B show the crossectional aerofoil pressure coefficieng & two different
span positions, r/R =0.47 and r/R = 0.8 respectively. Fronfigluees it can be seen that the
trailing edgeflow control devices not only change thg & where they are deployed but also

affectthe G at the lower part of the blade.

r/R =0.47 r/R=0.8

= NREL Phase vi

= NREL Phase vi + 2%c microtab

4

* 3%c DTE

* 2%c microtab -3

; w3/00DTE
S o 2
2 * 60m/s microjet
'y Eg

+ 60m/s microjet

,.‘r

ol 1
g 04 B et [y LG s T
1
-0.23 -0.13 -0.03 0.07 0.17 0.27 0.37 -0.16 -0.06 0.04 0.14 0.24‘
X X

Figure56. Sectional aerofoil pressure coefficiemmparison at wind speed = 7m/s.
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Figure57. Sectional aerofoil prease coefficiencomparison at wind speedlm/s.
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Figure58. Sectional aerofoil pressure coefficiemmparison at wind speedl&m/s.

The left graph ofigure56 shows that at 7m/s wind speed, the aerofoil suction side €R =

0.47 section is dghtly changed bydeploying flow contral The changes from all three kinds of
concepts are quite similar which leading to small improment of the lift force of the sectional
aerofoil. The right graph ofigure 56 shows that at r/R = 0.8 section, where tloavfcontrol
devices are deployed, all flow control concepts improve the aerodynamic lift force of the

sectional aerofoil while the 60m/s outlet speed microjet shows the largest improvement.

At 10m/s wind speed, as can be seen from the left graptigafe 57, the r/R = 0.47 aerofoil
section of the blade begins to stall. The 3% chord DTE and microjet delay the stall slightly while
the microtab enhances the sectionall stélt r/R = 0.8 section, the ®f the sectional aerofoil
with the microtab is quite wiilar as the original btée while DTE and microjet show

improvement of the aerodynamic lift force.

Figure58 shows that at 15m/s wind speed, most area of the blade is in stall even for the r/R = 0.8

section. The left graph ¢figure58 shows that at r/R 6.47, where no flow control are deployed,
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all three kinds of flow controls improve the sectional aerodynantifoli€e slightly. At r/R = 0.8
which is shown in the right graph, the Gf the original blade and with flow controls is quite

similar where jist some minor improvements due to flow controls.

The G investigation shows that the flow controls also lead to aerodynamic changes at lower span
of the blade where no flow control is deployed. The results to some extent explain the reason for

the torqgueémprovement shown above.

Surfacewall shear streamlines overview(Suction side on the left, pressure side on the right)

Figure59-61 show the skin friction lines on the blade surface. It is quite interesting to observe
that at the 10m/s wind speed, whishthe design speed of the blade, the flow control devices
delay stall of the blade on the suction side. The flow on the suction side seperates from 0 to
around 0.9 span of the original blade however for the blade with the 60m/s microjet, the
seperation omhe suction side just happens from 0 to 0.75 span. When the wind speed is as high
as 15m/s, because of the high incidence large seperation happens on the suction side along the
whole blade and the flow control devices seems to hawelitite effects (se Figure6l).

In summary, from the surface friction streamlines it can be seen that at lower wind speed range
where the blade is not fully stalled and the spanwise flow is not dominanting on the suctionside,
the flow control devices can effevtively impeuhe aerodynamic performance of the blade.
However, when the wind turbine is fully stalled and all the suction side of the blade is dominated
with spanwise flow, all three kinds of flow control devices are not able to further increase the
power output othe blade because the aerodynamic performance of the sectional aerofoils are no

longer valid at this situation.
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T

[

With 3%c DTE

With 60m/s speed microjet

Figure59. Surface wall shear streamlines comparison at wind speeds= 7m/
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With 3%c DTE With 60m/s speed micjet
Figure60. Surface wall shear streamlines comparison at wind speed = 10m/s.
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Original blade (t = 2.64s) With 2%c micrdab (t = 3.48s)

With 3%c DTE (t = 1.8s) With 60m/s speed micjet (t = 2.16s)

Figure61. Surface wall shear streamlineemparison at wind speed = 15m/s.
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